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Abstract

A considerable amount of work, over the last 20 years, has
elucidated some of the reactions that take place on the surfaces of steel
worn against steel under extreme pressure lubrication conditions. However,
in most studies of the worn surfaces only one or two physical analytical
technigues have been used., 1In this study a comprehensive examination of
the surfaces has been attempted using a wide selection of physical
techniques.

The surface topography of worn specimens has been examined using
both optical and scanning electron microscopy. The distfibution of the
elements in the wear scars in conjunction with the surface topography has
been observed with an electron probe microanalyser. The chemical environment
of these elements in the wear scars has been studied with an electron
spectrometer for chemical analysis and the crystalline structures formed
using glancing angle X-ray diffraction. Metallographic technigues have
been used on taper sections (micro-indentation hardness tests and etching)
to observe the structures formed below the wear scars in the base metal.

These techniques have been applied to specimens worn under varying
loads with two groups of additives (three disulphides and two zinc dithio~-
phosphates) and two base oils. The role of these additives has been
studied under antiwear and extreme pressure conditions using the above
techniques of physical analysis and the mechanisms of their action have been

explained on the basis of the results obtained in this research.
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CHAPTER 1

INTRODUCTION

1.1 Early Tribological Theory and Practice

The problems arising when surfaces slide upon each other are not
new. Animal and vegetable fats have been used for lubricating surfaces
for the past 4000 years (1) and were used almost exclusively up until the
present century. It was not until the Middle Ages that some of the
fundamental laws of Tribology were propounded. Leonardo da Vinei (2)
clearly recognised the first two laws of friction, that the frietional
force is proportional to load and independent of apparent contact area.
These laws were later rediscovered by Amontons (3) and are now associated
with his name. In the same period Newton (4) discovered the law of
viscous flow and this formed the basis of modern fluid film lubrication
theory. Coulomb (5) confirmed Amontons' laws and added a third, namely,
that the frictional force is independent of sliding velocity.

During the eighteeﬁth century the needs of industrialisation led
to considerable improvements in bearing designs and the need for sealed
lubricated bearings was recognised. The increasing use of steam driven
machinery, with the consequent increase in speeds and loads, meant that a
greater understanding of lubrication was required so that one could design
for improved performance and reliability. Adams (6) showed that opposing
bearing surfaces must be separated by a film of lubricant and that there
must be an adequate supply of the lubricant.

In 1883, Petroff (7) investigated bearing friction using animal,
vegetable and mineral oils and coneluded that the friction could be

explained as a hydrodynamic phenomenon. Tower (8), in 1884, provided the



first evidence of pressures in the lubricant film in journal bearings in
excess of the ambient pressure. Following Tower's work, Reynolds (9)
showed that, by applying hydrodynamic principles of viscous flow to a
geometry representative of the clearance space in a journal bearing, the
motion of the surface of the shaft would produce pressures in the oil film
which could support a considerable load.

Thurston (10) was a pioneer in the field of systematic comparative
testing of lubricants and provided some of the early "rule-of-thumb"
relationships between safe "load per unit area" and speed. In 1895
Kingsbury (11) compared mineral oil, lard oil and mineral oil containing
graphite and observed, for the first time under controlled conditions, the
characteristic known as "oiliness". Kapff (12) concluded that some
property other than viscosity was influential in determining the friction.
The extensive ﬁork of Sir William Hardy (13) on boundary lubrication showed
how friction phenomena could be explained in terms of an adsorbed layer of
the lubricant, or some constituent of the lubricant, on each of the sliding

surfaces. The nature of the solid surfaces was also very important.

1.2 Types of Lubrication

Figure 1.1 shows the order of magnitude of the separation of
sliding surfaces under different conditions.

HYDRODYNAMIC LUBRICATION

In hydrodynamic lubrication (thick film lubrication) the oil film
separates the two sliding surfaces completely. The flow of oil between
the bearing surfaces produces a pressure in the oil sufficient to separate
the surfaces and the physical properties of the oil (density, viscosity,
viscosity index, ete.) determine the loads and speeds which can be used in

a particular system.
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ELASTOHYDRODYNAMIC LUBRICATION

At higher loads elastohydrodynamic lubrication (thin film
lubrication) occurs. The high pressures involved increase the viscosity of
the lubricant and the mating surfaces, which are in relative motion,
undergo elastic deformation in the contact zone, The thickness of the film
formed between the deformed surfaces is usually greater than the roughness
of the mating surfaces and consequently very little wear takes place. Both
the physical properties of the lubricant and the sliding materials have to
be considered.

BOUNDARY LUBRICATION

Under boundary or mixed lubrication (the antiwear regime) conditions



an oil film exists between the surfaces, but intermittent penetration of
this film by surface asperities occurs. The antiwear (a.w.) additive
functions by reacting with the metal asperities to form surface films
which aid the oill film in reducing intermetallic contact and wear. Both
the physical and chemical properties of the lubricant have to be considered
together with the nature of the sliding surfaces.
DRY WEAR

In dry wear the metal surfaces are in contact and asperities are
worn off., Usually under mild wear conditions oxides form on the sliding
metal surfaces thus separating them and ameliorating the wear, whereas
under severe wear conditions metallic contacts continue to take place and
high wear rates ensue,

EXTREME PRESSURE LUBRICATION

At very high loads under lubricated conditions the bulk oil film
collapses and there is catastrophic wear usually followed by welding of the
sliding surfaces. If an extreme pressure (e.p.) additive is present in the
oil the break down of the bulk oil film is not followed by welding of the
sliding surfaces. The e.p. additive reacts with the metal surface to form
an inorganic surface coating which separates the metal surfaces and prevents
welding and halts the catastrophic wear process. The physical and chemical
properties of the lubricant have to be considered and the nature of the

sliding surface.

1.3 The Origins of Extreme Pressure Additives

During the 19th century, serious efforts were made to develop
materials for use specifically as lubricants. Until mineral oils became
available on a commercial basis, most lubricants were based on animal and
vegetable fats. These were often mixed with a wide array of materials,

including alkaline soaps, lead compounds, graphite and sulphur, infact



quite a number of what were later to be called "extreme pressure additives'.
There was no systematic study of additives until the first part of this
century when tests were developed to screen a wide range of compounds.
These tests are still used, but with a much sounder basis for the choice of
additives,

With the inecreasing use of the automobile and the more exacting
conditions of lubrication, ordinary oils were no longer sufficient.
"Oiliness" additives (which are now known as boundary lubricants such as
long-chain acids, esters and amines, and natural polar molecules) were used.
The work of Hardy (13) showed that these additives were merely absorbed on
the metal surfaces and, at high loads, they became desorbed. By increasing
the hardness of the sliding members, it was possible to push the breakdown
loads a little higher, but eventually scoring or galling of metal surfaces
took place. This occurred when the real areas of contact reached high
enough pressures and temperatures to weld together. This set an operating
1imit, which was extended by using "extreme pressure" lubricants. Some of
these lubricants were tested by Mougey and Almen (14) on what is now called
the "Almen Tester"., These "extreme pressure" (e.p.) lubricants contained
compounds which appeared to react chemically with the metal surfaces and

thus separated them so that welding did not occur.

1.4 Previous Use of Physical Analytical Techniques in Lubrication Research

During the 19%0's, electron diffraction and X-ray diffraction
techniques were developed sufficiently to be applicable to lubrication
problems. Murison (15) used reflection electron diffraction to analyse
films of polar compounds on metal surfaces. These films were coated on the
metal surface and it was found that the polar molecules oriented themselves
with their carbon chains approximately normal to the surface of the metal.

Clark, Sterrett and Lincoln (16) examined the structures present in the



surface formed when chlorinated paraffin wax was rubbed onto the surface of
steel. They used X-ray diffraction and found that again the molecules had
their axes approximately normal to the surface and that in some cases the
oriented layers were hundreds of molecules thick. Germer and Storks (17)
studied stearic acid, and Beeck, Givens and Smith (18) studied a whole
range of polar compounds rubbed onto flat metal surfaces, using reflection
electron diffraction and they all found oriented films. Finch and
Zahoorbux (19) showed that for a long-chain hydrocarbon, the separation of
the "layer lines" corresponded to a spacing of 2.54i, which is the distance
between alternate carbon atoms in the aliphatic chain.

In 1941, Simard, Russell and Nelson (20) looked at films formed
under extreme pressure conditions using a reflection electron diffraction
camera with accelerating voltages between 30 and 40 kV. The additives used
were free sulphur, lead napthenate and lead napthenate plus free sulphur.
From the dynamic friction experiments they were able to identify Fe304,
FeOCH, PbSOh and PbS in the worn surfaces.

Greenhill (21) used optical interference methods to estimate the
thickness of the sulphide films formed on copper when investigating the
variation of the coefficient of friction with thickness of the sulphide
films. He also used taper-sections across wear tracks, in conjunction
with optical mierographs of the tracks, to compare the types of surfaces
and surface layers formed using different additives.

Clark, Gallo and Lincoln (22) were the first to use a radiocactive
tracer technique to study lubrication. They studied sulphurised lubrication
additives in "test-tube" type experiments, and although they produced some
valuable information they added little to the explanation of extreme-
pressure agents on actual rubbing surfaces. It was not until a decade
later that Borsoff and Wagner (23), and Loeser, Wiquist and Twiss (24, 25)

used radiotracer techniques in test situations. Borsoff and Wagner used a



lubricant with dibenzyl disulphide additive containing radioactive sulphur
535. Gears were operated under controlled conditions with this lubricant
and the worn surfaces examined for thelr radioactivity using a Geiger-Muller
(G.M.) counter with a thin window and autoradiographs, Loeser et al also
used both radiocactive sulphur 835 and P32 synthesized into Zine dithio-
phosphate molecules. They studied the e.p. films formed on cast iron cams
and tappets run in motor oils containing the radioactive Zine dithiophosphate
The amount of radiocactive material on the tappets was measured using a thin
window G.M. counter and autoradiographs. The Zinec content was measured
using X-ray spectroscopy, and ratios of Zn : S : P were measured. Sakurai,
Ikeda and Okabe (26) related their radiotracer experiments using 835 to the
kinetics of the formation of iron sulphide and the rate of wear of prepared
radioactive sulphide films. They measured the intensity of radioactivity

on the worn surfaces against running time (using a G.M., tube) and related
this to their theory of the kinetics of chemical wear.

In 1962 Godfrey (27) used several physical analytical techniques
to investigate worn steel surfaces formed in Society of Automotive Engineers
(S.A.E.) extreme-pressure tests. He used sulphurised mineral oil and
commercial gear oils, and analysed the surfaces using electron diffraction,
X-ray diffraction, emission spectroscopy and proton scattering. By using
these techniques he was able to show that oxides and sulphides were present
down to a depth of several microns below the surface. He also showed that
the sulphide was not always crystalline in form, since it was detectable in
some cases by proton scattering but not by electron or X-ray diffraction.
Using proton scattering Godfrey (27) was able to measure the amount of
oxygen in the wear scars. He found that the spinel iron oxide (Fejou) was
a major constituent and iron sulphide (FeS) a minor constituent of the e.p.

films examined, He also showed that FeC and Wistite (FeO) were present in

some cases in small amounts,



In 1968 Allum and Forbes (28) applied electron probe microanalysis
(E.P.M.A.) to surfaces worn under e.p. conditions. One advantage of the
electron probe is that it offers an opportunity to study the distribution
of active elements, such as sulphur, within the contact zone in much greater
detail than is possible by autoradiography and at the same time it provides
an electron image of the topography of the area being analysed., The
electrons penetrate to a depth of several microns, depending on their
energy and on the material present in the surface, so that the X-rays
produced by arresting these electrons can be used to give information about
the distribution of the elements with depth. Allum and Forbes (28) analysed
scars, worn under oils containing organic sulphur additives, for their
sulphur and iron content. The oxygen content was calculated by the difference
method. The variation in the sulphur content of scars formed in the 4-Ball
tester at loads above and below the initial seizure load (I.S.) was measured
for each of the additives and in one case a cross-section of a scar was used
to show the distribution of sulphur with depth below the surface. Forbes,
Allum and Silver (29) have also studied the load carrying properties of
metal dithiophosphates using E.P.M.A.

Scanning electron microscopy has the advantages of high
magnification and large depth of field compared with optical mieroscopy and
is an ideal tool for looking at worn surfaces of metals [Czichos and
Kirsche (30), Quinn and Woolley (31i].

Electron Spectroscopy for Chemical Analysis (E.S.C.A.) is
beginning to be applied to lubrication problems, although there is no actual
literature available, Worn surfaces can be observed using a beam of X-rays
and the energy of electrons ejected from the surface analysed. The
information obtained indicates the chemical environment of the elements in
the surface layers. The depth analysed is of the order of 100's of angstroms

so that surface layers as well as adsorbed material can be observed.



1.5 Hypotheses Proposed to Explain the Action of Extreme-Pressure
Additives

1.5.1 Early Ideas

Mougey and Almen (14) in 1931 developed a simulated gear test
machine and used this machine to test a range of additives. They found
that the addition of large amounts of sulphur to an oil which already
contained lead-soap as an additive, considerably increased the load~-carrying
capacity of the lead-soap additive. With this information, the fact that
flowers of sulphur had long been used to overcome over-heated bearings, and
the fact that sulphur oil is used in cutting lubricants, they suggested
that sulphur was the active ingredient in successful lead~-soap lubricants.
They proposed that lubrication at these extreme loads is accomplished by
"some medium having properties different from oil as used in ordinary film
lubrication". They showed that a fatty oil will carry pressures up to a
certain point beyond which a mineral oil will fail and at the point where
the fatty oil fails it is necessary to have a substance, such as sulphur,
which forms a film on the metal which prevents welding.

Evans (32) suggested that the film rupture strength of a lubricant
is associated with a chemical reaction between the lubricant and the bearing
metal., This idea of producing a protective film has led to the adoption of
active substances containing sulphur, chlorine, phosphorus or selenium and
he proposed that these corrosive atoms produce a layer of sulphide etec. which
keeps the metal surfaces apart.

Wear prevention agents have been found to be effective through
their chemical polishing action according to Beeck, Givens and Williams (33).
They suggested that, for instance, additives containing phosphorus form a
metal phosphide on the surface which is able to alloy with the metal,
lowering the melting point considerably, and by this action, aiding the

maintenance of a polished surface. On the other hand, extreme pressure
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agents should be corrosive in the sense of preventing polishing and should
form a high melting point reaction product that doess not form a low melting
alloy with the metal.

The electron diffraction studies of Simard, Russell and Nelson (20)
showed that for lead napthenate plus free sulphur additive, iron oxides and
hydrates, lead sulphate and sulphide, were formed on iron surfaces. They
state that the appearance of iron oxide and lead sulphate showed that

oxygen must be included in considering the reactions of e.p. lubricants.

1.5.2 Mechanisms of action of disulphides as extreme pressure agents

Prutton, Turnbull and Dloughy (34) suggested that the reaction
mechanism for disulphides and iron was:-
RS, *Fe —— 3 FeS + R S,
They were unable to ascertain whether there is a splitting of the additive
on the iron surface to give sulphur before reaction with the iron.
Hamilton and Woods (35) deduced, from reaction rates and e.p.
lubricant tests, that the overall reaction of an aliphatic disulphide ecould

be represented by

+.|..
RSSR + 2Fe (or 2Fe  + L4e) ——) 2FeS + Hydrocarbon (RR?)
Davey and Edwards (36), on the evidence of 4-Ball lubrication tests, put
forward a reaction mechanism for disulphides on steel consisting of three
steps. The first involved an adsorbed layer formed under mild loading, viz,.:
//R
R-S-S-R + Fe ————> Fe:S
N
S-R
The second involves the formation of an iron mercaptide layer, namely:
R S-R
Fe:S/ —_— Fe<
“SS-R
which will function in a similar manner to a soap film formed from a fatty-

acid under boundary-lubrication conditions. Under very severe loading, the
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mercaptide film breaks down to form ferrous sulphide, as shown below:-
/S-R
ra ~————) FeS + R-S-R
S-R
This material has good "anti-seizure" or e.p. properties. Llopes, Gamboa,
Arizmendi and Minana (37) showed that the speed of reaction of sulphides
was in the order

R-S-R ¢ R-S-S-R « R-S-H ¢ R-S_-R ¢ R—Sh-ﬂ

)

in nitrogen, but that air enhanced the reactivity of mono- and disulphides
whilst suppressing the mercaptan and higher sulphide reactions. Llopes et

alia (37) proposed the following for the disulphide reaction:-

R-S-S-R —) 2RS

2RS + 2Fe ——) 2Fe-S-R— FeS + RQS

and that oxygen increased the radical formation. Toyoguchi, Takai and Kato
(38) attributed the higher reactivity to oxidation of iron.

From S.A.E. extreme pressure tests with sulphurised mineral oil,
Godfrey (27) showed that the major compound on the worn surfaces was Fejou
whilst FeS was a minor constituent. He suggested that the sulphur
catalysed the formation of 1roﬁ oxides. Greenhill (21) found that FeS films
were not very good lubricants on their own and Sakurai, Ikeda and Okabe (26)

found that iron sulphide films seemed to absorb polar compounds more

actively than iron oxide and suggested a possible mechanism:

FeS + RSSR ~————) Chemisorption

@ 0O
\\Fb———sf/,
gy
B @,

Allum and Ford (39) demonstrated that the e.p. activity of mono-

and disulphides depended on the strength of the C-3 bond, the order of
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increasing activity being:-
diphenyl { di-n-butyl { di-sec-butyl { di-tert-butyl ¢ dibenzyl

whereas Allum and Forbes (40) showed that, for mixed lubrication (anti-wear)

the order of inereasing activity was:-
di-tert-butyl ¢ di-n-butyl { di alkyl { dibenzyl ¢ diphenyl

which followed the ease of scission of the S-S bond to form an iron
mercaptide layer., Forbes and Reid (41) carried out adsorption experiments
on iron powder and confirmed an earlier proposed mechanism for the load-
carrying action of organo-sulphur compounds as e.p. additives and indicated
the temperatures at which organo-disulphides function as e.p. additives.
Their hypothesis for the action of mono- and disulphides can be simply

shown as follows:-

R
I
$ S + 2R—p alkane, olefin, etc.

s

e R T T -

R

I

v
[j Fe surfacel l I
A

nti-wear regioh e.p. region

1.5.3 Mechanism of action of Zinc Dithiophosphates as extreme pressure
agents

Zinc Dithiophosphate additives exhibit good extreme pressure,
antiwear, antioxidant, detergent and corrosion inhibition properties. There
have been many studies of the action of the Zinc Dithiophosphates since the
early 1950's, but the detailed mechanism of their action is still not
completely understood.

In a series of publications Loeser et alia (L42,43,24,25) studied
the action of Zine Dithiophosphate using radioactive tracers and X-ray
spectroscopy techniques. They were unable to identify any definite chemical

compounds on worn surfaces of cams and tappets. However, the relative
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number of the three types of atom in the film did differ from that of the
additive, Zn[kRO)ePSé]E, where the ratio of Zn : P : S is 1 : 2 : 4, They
found that generally the films were low in sulphur content and that the
amount of zine, and particularly phosphorus, increased more rapidly than
sulphur both with running time and load. These films were not easily worn
off and they hypothesised that the mechanism of action of Zine Dithiophosphate

appeared to be related to chemical reactions of additive decomposition

products with metal surfaces to form solid films that reduced wear under
extreme-pressure conditions. They also found that the sulphur content of
the film was highly localised to contact areas subjected to high pressures,
Furthermore, sulphur-printing showed the presence of metal sulphides.

Larson (44) used Zn65, P32 and 335 radiotracers to study films
formed by Zine Dithiophosphates on copper-lead bearings. He proposed that
"the end result of zine dithiophosphate decomposition involves stripping
three or more of the alkyl groups and 1% sulphur atoms from the molecule
leaving a largely inorganic residue." Furey (45) suggested that the
phosphorus in the films could be present in the following forms; (a)
physically adsorbed zine dithiophosphate, (b) thermal decomposition
products of the additive, (c¢) varnish or lacquer deposits containing
physically or chemically bound phosphorus and (d) metal/phosphorus reaction
products. In the discussion of this paper Antler (46) suggested that zine
oxide, zlne sulphide, zinc phosphide and zine phosphate as well as more
complex inorganic compounds could be formed from zinc dithiophosphates. He
also suggested that if the divalent metal oxide ZnO was formed initially as
a decomposition product, this could react with g-Fe O. to form the spinel

23

ZnO.FeEO3 which may give relatively low friction and wear in the same way
as the spinel iron oxide (Fejoh).

Bennett (47) used interference microscopy on worn surfaces to show

that zinc dithiophosphate produced an increase in small-scale roughness
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which resulted from a reaction of additive decomposition products with the

metal surface. Asseff (48) of the Lubrizol Corporation, proposed

mechanisms for the decomposition of zine dithiophosphate. The general

structure of zinc dithiophosphates is:-

IRQ\\‘P4&¢'S S\\&P,/,OB
HO/// \\\\ /// \\\OH

S Zn S

where the R's represent a variety of alkyl and alkylaromatic radicals.

When the R group is a secondary alkyl radical, decomposition of the

dithiophosphate may be caused by the instability of the activated hydrogen

atoms on the beta carbon atoms. Thus:-

- unstable -~

® =
| | fs
=G = = O &~ 8~ 2n . Theal ey
Jias | 2
3 H CH3 s
g H H
acid ;roupﬁ/
-C=C—CH3+- -8 =2Zn + 0-C-~-C =~
ey 2
H H TSR
olefin acid

The strong acid formed could react with iron to form the corresponding iron

salt and further decomposition of the remaining secondary alkyl radical

would result in the formation of a second acid group that could also attack

the iron surface, Similarly, if R is a primary alkyl radical as shown

below:~
Relatively
stable o
@ ‘m
| | /ﬁ
e ) WS IR (0 B B - NS T Zn
‘ I P
H H
L

e
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decomposition would be at a higher temperature and follow the same pattern.
If R is an aromatic radical

= C)very stable

I

cleavage of the aromatic ring would be necessary if the same mechanism
applied and this would be unlikely because of the large energy required.
These differences in zine dithiophosphate molecules are refleected in their
behaviour as additives.

Reflection infra red spectroscopy, in eonjunction with electron
diffraction and X-ray fluorescence, was used by Francis and Ellison (49) to
determine the structure of films formed on metals using zinc dithiophosphates,
They showed that zinc dithiophosphate molecules, ZnSOh and zinec thiophosphate
were formed on metal surfaces immersed in the additive plus white oil. For
surfaces rubbed with zine dithiophosphates, POL3 ions were present on the
surface. They also suggested that the oxidation property of zine dithio-
phosphate was related to sulphate formation.

Gallopoulos (50) examined eritically the mechanism proposed by
Feng, Perilstein and Adams (51) for the decomposition of zinc dithiophosphates

This is stated briefly below:

(i) Acid and olefin formation
OH
[(HO) 5 PSS] 5 Zn——> (RO) 5 PSS Zn SSP/ + Olefin
OR
SH
(RO) o, PSS Zn SOP
OR
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(i) H?S liberation - Anhydride formation

SH

2(R0),, PSSZnOP:: PR

OR
0 0

(RO),,PSSZnS - P - S - P - SZnSSP(OR),, + H,S

OR OR

(i1i) Formation of a polymer with structure

0 0
l I
= PSS -~ 7N -8 < f -3
|
OR OR n

He concluded that this mechanism was inconsistent with the experimental
data,

Rowe and Dickert (52) showed that for metal dithiophosphates of
varying alkyl group structure and metal cation, antiwear activity can be
correlated with the thermal stability of the additive. In a later paper,
on the role of additive adsorption on wear, Rowe (53) showed that zine
dithiophosphate was either adsorbed in an oriented manner with a
configuration similar to that which it would have in the crystalline state
or decompose rapidly to form reaction products with the surface.

Allum and Forbes (29, 54) concluded that the factors determining
antiwear and extreme pressure activity are different and that the metal used
in the dithiophosphate has a greater effect on the load-bearing
characteristics than the alkyl group. From their E.P.M.A, work they
determined the amounts of Zn, P and S in the wear scars and found that
there was less sulphur in the scar in the antiwear region than in the
extreme pressure region.

Barton, Klaus, Tewksbury and Strang (55) showed that both zinc and

phosphorus containing impurities of the same relative polarity were present
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in zinc dithiophosphate, They proposed that these polar impurities were
preferentially adsorbed onto the metal surface and acted in the lubrication
mechanism in place of the zine dithiophosphate molecules. They suggested
that acid phosphates were the active impurities as had been suggested by
sevefal researchers (56, 57, 58) for the mechanism involved with tricresyl
phosphate. Barton, Klaus, Tewksbury and Strang proposed the following
mechanism:-
(i) preferential adsorption of polar zine and phosphorus impurities
onto the metal surface,
(ii) asperity contacts produce high temperatures,
(iii) chemical reaction of impurities with the metal to produce a
metal phosphate surface film.

1.6 Summary of the Present Position in e.p. Research and an Qutline of
the Research Carried Out in this Investigation

1.6.1 The Disulphides

The mechanism of action of disulphides in the e.p. region is
determined by the scission of the C-S bond rather than the S-S bond as is
the case in the antiwear region., The greater the energy density in the
sliding contact the greater the speed of the reaction. The speed of the
reaction may well depend on the nature of the metal surface and in particular
the oxide layer and/or the oxygen available. Godfrey (27) showed that a
film of Fe30h does not have e,p. lubricating properties nor does a film of
pure FeS, but the presence of both in the surface layers of the metal is
the prerequisite for high load-carrying capacity. Llopes et al (%7) showed
that oxygen increased the reactivity of disulphides and suggested that the
oxygen tended to enhance the sulphurisation reaction, whereas Toyoguchi,

Takai and Kato (38) attributed the higher reactivity to oxidation of iron.,

The detailed mechanism of the action of disulphides under highly loaded

sliding conditions and the reasons for bearing such high loads have not
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been fully explained,

1.6.2 Zinc dithiophosphate additives

The mechanisms of action of zinc dithiophosphates must be complex
and depend on a number of factors, some of which are unknown. Because of
their good antiwear characteristics, some form of adsorption of polar
compounds seems likely at lower loads, but in the e,p., region it is
possible that phosphates and sulphides are formed which protect the under-
lying metal, It is also possible that complex oxides with the spinel
structure are formed in conjunction with the above compounds and that the
role of oxygen in both disulphide and zinc dithiophosphate additives is

important.

1.6.3% Outline of research carried out in this investigation

In this investigation three sulphur additives, diphenyl, di-tert-
butyl and dibenzyl disulphide, two zinc dithiophosphate compounds, a
commercial additive (Lubrizol 1395) and a pure compound zinec dibutyl-
phosphorodithioate (ZDP) were used as additives in two base oils (a white
oil and a mineral oil). In all cases except the Lubrizol 1395 (where the
sulphur content was not known accurately) the same sulphur concentration
was used in the oil-plus-additive blends. Tests were conducted on a Shell
4-Ball Machine using both the conventional 4-Ball geometry and a 1-ball-on-
3-flats geometry, sliding EN31 steel on EN3t steel. A limited number of
tests were also carried out using lead and phosphor-bronze on EN31 steel.

Several physical analytical techniques were used to obtain as much
information as possible about the nature of the worn surfaces. Topographical
information was obtained by systematically observing the wear scaré using
optical and scanning electron microscopy. In some cases, estimates of the
thickness of the surface films were made where the worn surface had cracked

revealing the film edge on. The types of surfaces found gave a good
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indication of the way in which they were formed. Also the surface films
changed with load as well as additive indicating changing mechanisms of
lubrication.

E.P.M.A, gave quantitative and qualitative values for the
cohcentration of the elements in the surface film together with topograph-
ical data on their distribution relative to the type of surface features.
The depth of penetration of the "probing" electrons below the surface could
be varied by changing the electron accelerating potential, By a difference
technique, applied to the correction of the raw data, the oxygen and carbon
concentration was indirectly determined.

Glancing-angle X-ray diffraction provided information about the
structure of the surface films. The resolution of this technique was good
since the iron provided an internal standard, A systematic study of the
structures present in the wear scars showed up variations in composition
both with additive and load. Micro-indentation hardness tests of the
surface of the scars and the unworn regions plus hardness tests on taper
sections through the scars provides information about the surface films
and the underlying structures in the steel.

E.S.C.A. was used to study the top few hundred angstroms of the
films to gain knowledge of the chemical environment of the elements present
in the additives.

Using this wide range of physical analytical techniques, a broad
picture of the action of disulphides and zinc dithiophosphate additives was
obtained. As a result of this investigation a more comprehensive
explanation of the action of these typical e.p. agents was proposed.,

As part of the industrial research programme of this Co-operative
Award in Science and Engineering, a limited study of the action of several
additives on lead-and phosphor-bronze run against steel was carried out at
Shell Research Limited, Thornton, Cheshire, A review of this additional

(but related) work is given in the Appendix,



CHAPTER 2

EXPERTMENTAL DETATILS

2.1 The 4-Ball Machine and Test Procedures

2.1.1 The 4-Ball Machine

The test rig used was a Shell 4-ball machine (Figure 2.1) kindly
donated to the University by Shell Research Limited for this project. This
type of machine is used for assessing lubricants (59, 60}. The apparatus
was used primarily to form specimens under conditions comparable to those
described in other published works., In this way the results of the
physical analyses of the wear scars can be related to other studies.

A % inch diameter steel ball is rotated at 1500 r.p.m. under load
in the cavity formed by three other similar balls clamped in a cup
containing the lubricant to be tested, The range of loading used in these
experiments was from 70 Kgf to 220 Kgf in steps of 10 Kgf, and 220 Kgf up
to 440 Kgf in steps of 20 Kgf, depending upon whether a weight of 10 or
20 Kg was placed on the load arm.

The friction arm on the ball cup was attached with a chain to a
spring-loaded pointer which pressed against a paper-covered, rotating drum
to measure the frictional force.

Figure 2.2 shows a typical log-log plot of scar diameter versus
applied load.

The region AB is referred to as the antiwear (a.w.) region. The
wear scars are of the same order of diameter as that given by the Hertz line
which represents the diameters of the contact areas under static loading
conditions., BC is the initial seizure (I.S.) region. Here there is a

momentary breakdown of the lubricating film which is recognised by a sudden
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inerease in the measured scar diameter and a momentary deflection on the
friction trace. CD is the extreme pressure (e.p.) region and is
characterised by seizure or welding at the start of the test and by large

wear scars.

MEAN WEAR SCAR DIAMETER
mm

APPLIED LOAD Kgf

Figure 2.2

2.1.2 Extending the load range

As the lowest load that could be applied was 70 Kgf, the loading
arm was modified to extend the range down to 15 Kgf. A eylindrical load
cell (Figure 2.3) with 8 resistive strain gauges, fixed alternately parallel
and at right angles to the circumference, were connected to form a Wheatstone
Bridge (Figure 2.4). To calculate the thickness of the cylinder wall of
the load cell, it was assumed that the maximum load was 300 Kgf (660 1b)
and that the strain ¢; had to be less than 0.01% (AL/L £ 10‘h). From

basic elasticity formulae r,, the external diameter can be obtained,

1!
namely:-
E = StI‘ESS = 660 . 1 “ee (2.1)

strain ﬂ(P12-P2§) 10~ %
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r, is the internal diameter and E is the Young's Modulus (equal to 3.027 x

1OF 1bs in~2 for EN24 steel). The internal diameter (r2

0.69 ins so that it fitted onto the base plate of the 4-ball machine in

) was fixed at

the position of the ball race. From equation (2.1) r1 = 0.74 ins which
gives a wall thickness of 0.05 ins for the strain to be less than 0.01% up
to 300Kgf load. The strain gauges were Techni -Measure type FLA-6, 6mm x

2.2mm, nominal resistance 120 ohms. The change in voltage with strain is

given by:-
_l}\_r\_:'_ oot ;\J G.eg, ves|Be2)
where v = Poissons Ratio (0.3)
G = Gauge factor (2.1)
ey, = Strain (104)
AV = Change in Voltage
V = 10 volt stabilised supply

which gives AV = 1.36 millivolts at 300Kgf. The load cell was calibrated
on a hydraulic press up to 300Kgf, readings were taken several times both
loading and unloading, and a mean value obtained. Figure 2.5 is a plot of
load versus AV showing that up to 200Kgf, the loads as indicated on the

4-ball machine are accurate but, at higher loads, the actual load applied
is less than the load indicated. Using a4KXgf load as a counterbalance,

the l4-ball loading was reduced so that the range 15Kgf upwards in steps of

10 Kgf (Figure 2.6) was obtained.

2.1.3 The 3-Flats Holder

Initially all the tests were conducted using 4-ball geometry.
Unfortunately, these specimens were not a suitable size for analysis in the
electron probe. Furthermore, it was extremely difficult to spark-erode
relevant portions of the ball bearings in order to get specimens of the

correct size. An alternative was to use A" x 3”+" rollers which are,
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in fact, small enough to be analysed in the electron probe. PFigure 2.7
illustrates the final design for a 3-flats holder. The flat faces of the
steel rollers are placed uppermost in the three slots in the holder and
when the locking-nut clamps it in place in the ball-cup, the silver steel
eoné locks the rollers in position. The first design used grub screws to
lock the rollers in position, but the screws were continually seizing
through lack of lubrication because the cleaning process degreased the
threads! The flat faces of the rollers were arranged in the holder so that
the top rotating ball rested at the centre of their faces and tangent to

them.

2.1.4 Cleaning procedures

The balls and rollers were first washed in petroleum ether and
dried. They were then placed in a water cooled vapour-bath containing
boiling (40-60°C boiling point) petroleum ether for about two hours. The
balls and rollers were wrapped in tissues and stored in a desiccator ready
for use the following day.

All the removable parts of the 4-ball machine were cleaned in the
vapour-bath before and after use and allowed to cool to room temperature.
The parts were assembled without touching the eclean surfaces by hand. The
used balls and rollers were cleaned in the vapour-bath, packed in cotton

wool in test tubes and stored in a desicecator.

2.1.5 The 4-ball test procedure

At the start of a series of tests the motor rotating the upper ball
was run for several minutes to warm up. A clean holder was taken and 5
clean balls (or flats) clamped into place and a clean ball put in the chuck
on the end of the drive shaft. About 20ml of the oil blend under test was
poured into the cup and the load was applied. The friction arm was connected

and the motor switched on for one minute., When the test was completed the
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diameter of the scars on each of the lower test specimens was measured,
using a travelling microscope, parallel and at right angles to the
direction of sliding and a mean value obtained. The balls and rollers were
cleaned and stored.

Tests were conducted from 15 Kgf load upwards until welding
occurred. The mean wear scar diameter was plotted against load on a log -

log graph.

2.2 Materials

2.2.1 Balls and rollers

The balls were obtained from Shell Research Limited and carried
the Skefco specification RB 12.7 III E212 balls for 4-ball machine testing.

The composition of EN31 steel is:

Element Percentage
C 0.9 - 1.2
Si 0.10 - 0.25
Mn 0.30 - 0.75
S 0.050 max.
P 0.050 max.,
Cr 1.00 - 1.60
Ni 0.1
Fe Balance

The hardness of the balls was 835 - 10 V.P.N. (30 Kgf load). The rollers
were V4" x E’h" EN31 steel obtained from Ransome Hoffmann and Pollard Ltd.
The hardness was 855 s 10 V.P.N. (30 Kgf load). The ends of the rollers
were used and these had a scratched appearance and were not as smooth as
the cylindrical face. Talysurfs of the flat faces showed a c.l.a. of
approximately 0.015Hm.

When a ball presses on to another ball, or upon a flat surface,



both surfaces deform elastically until the load is supported. The diameter
(D) of the contact of a ball on a ball, and a ball on a flat, were
calculated using Hertzian theory (61) and the Hertz line plotted for the
two types of geometry on the graphs of mean wear scar diameter versus load.

The following equations were used to calculate the Hertzian diameters:-

Doaiy = 2

»

1.103 (@) 1/3 Ball on Ball
2E

Dflat

1
= 2 x1.109 (@)/3 Ball on Flat
E

where N = normal load = 0.4082 P, where

P = applied load on the 4-ball machine
R = radius of ball (6.35mm)
E = Young's modulus (2.125 x 10h Kg/mmej.

Using these values the Hertzian diameters are:-

1 1
- -2 /3 : = -2 /3
Dball = 87510 ° P - Dﬂat =11.,00x 10° P

2.2.2 0Oils

Two oils were used throughout the tests,
(a) Risella 29, a highly refined white oil containing mainly saturated
cyclic hydrocarbons with side chains and less than 100 p.p.m. sulphur.
This oil has been specially refined to reduce the level of sulphur
compounds and polar materials.
(b) HVI 55 consists mainly of saturated cyelic hydrocarbons with side
chains, iso-paraffins and some aromatie compounds. This oil contains
sulphur (to the extent of 1% weight sulphur), and polar compounds.

The properties of these oils are presented in Table 2.1.

2.2.% Additives
Two groups of additives were used in the tests.

(a) This group consists of 3 disulphides. Disulphides are used both in



Table 2.1

Properties of Risella 29 (SPL 758/70) and

HVI (SPL 77/65) oils

PROPERTY RISELLA 29 HVI
Appearance Clear Clear yellow
Colour (ASTM) 0.0 1.5
Specific gravity at 60°F 0.881 0.867
Kinematic viscosity at 100°F ¢& 50.50 21.79
Kinematic viscosity at 210°F ok 6.40 k.13
Viscosity Index 78 99
e il €0.05 €0.05
Pour Point (°F) -20 15
Sulphur content (% wt) <0.01 ~1.0
Aromatic content (% wt) 7.5% -




extreme pressure lubrication and in metal cutting oils. The three

compounds used in the tests are:-

(i) Dibenzyl Disulphide (DBDS), C1hH1h82’ structure

Q =
Q—m

H
H H ====L
% \\\c——-L———s~——s-——é-—-c’/, \\\C———-H
"o e e e B o

C— Ol
| |
H H

m—a
i —C)

Molecular weight 246.4 and supplied by British Drug Houses.

(ii) Diphenyl Disulphide (DPDS), c1 2!-11 082, structure

Molecular weight 218.3 and supplied by Hopkins and Williams.

(iii) Di-tert-butyl Disulphide (DTBDS), 08H1882, structure

H H
I |
Bt H—C —H
i (l: | 'y
. M R el g c O il
‘ I | b
i, H—-cl:—-H H—-clz—-H
H H

Molecular weight 178.2, provided by Shell Research Limited and 99.1% pure,

the main impurities being di-n-butyl disulphide and di-tert butyl

trisulphide.
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(b) This group consists of 2 zinec dithiophosphates, a commercial blend and
a pure compound. This class of compounds is used extensively in lubricants
for their a.w., e.p., anti-oxidant, detergent and corrosion inhibition

properties.

ine Di 4 H ;
(1) Pure Zinec Dithiophosphate (ZDP), C16 360484?2231 structure

b .

H H H H
1S U R
H = C mwe § oG sie (' = O S
H H H H
P Zn
TR \\\\\
AL T
H— C~—~C—C—C—0 [
S ey e
e H H H H o

Molecular weight 547.8 (kindly supplied by Shell Research Limited). Analysis
showed 11.8% zinc compared to 11.9% theoretically and infra red analysis was
consistent with the above structure, No free SH groups were detected.

(ii) Lubrizol 1395 (supplied by Shell Research Limited) is a blend of zine

dithiophosphate with oil, The molecules consist of mixed n- and iso- Ch and.
05 alkyl groups. The decomposition temperature is about 200°C.

1.0% by weight of dibenzyl disulphide was used at a concentration of
‘ 0.265% weight sulphur (4.06 millimoles per 100 gms of blend). This sulphur
concentration was used with all the additives (0.886% weight DPDS, 0.723%
weight DIBDS and 1.112% weight ZDP) except Lubrizol 1395 where 1% weight was
used, the sulphur content being approximately 0.2% weight. Dibenzyl and
diphenyl disulphide are powders and the oil had to be heated to about 60°C

until the additive dissolved.

2.5 The Analysis of the Worn Surfaces using X-Ray Diffraction

The glancing angle, edge-irradiated X-ray diffraction technique of

Isherwood and Quinn (62) was used to analyse the surface films formed during
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sliding. Most of the analyses were conducted on specimens from the e.p.
regions as the patterns from the scars formed at loads below initial
seizure were similar to that of an unworn ball.

A worn %" diameter ball was placed on the goniometer of a
conventional single erystal, cylindrical rotation camera of %em radius.

The wear scar was aligned so that the general surface of the wear scar was
at about 20° to the incident X-ray beam (Figure 2.8) and the edge of the
wear scar exactly in the centre of the eylindrical camera. Thus,
effectively, the area irradiated was 0,25mm in diameter when using a 0.5mm
diameter collimator. A Cobalt X-ray tube (300 watts) with an iron filter
and a 0.5mm collimator was used to produce a fine beam of Co Ko X-rays to
irradiate the specimens. With this fine collimator well resolved
diffraction patterns were obtained.

Quinn (63) has shown that the transmitted component arises mainly
from the surface films whereas the reflected component arises mainly from
the bulk of the material. Thus q~Fe lines from the bulk material tend to
be broad while those from the surface films are fine and have line widths
much less than that of the inecident beam.

The o-Fe lines 110, 200, 211, 220 were used as the internal standard
of the film. Assuming the 'd' values for these lines a graph of 20 against
distance along the film (Figure 2.9) can be used to obtain the 'd' values
for all the other lines,

As a 300 watt tube and a fine collimator were used the exposure
times required were found to be long, varying between 60 and 100 hours.
Several specimens from the e.p. region of each series of tests were analysed
using this technique.

A number of standard specimens were used to facilitate indexing of

the films obtained from worn specimens. Two flat faces intersecting at 90°

were ground on an unworn ball and the resultant edge irradiated. After
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obtaining an X-ray diffraction pattern this ball was eteched with 2% Nitol
and again irradiated. This etching process exposed the carbides. A piece
of technical grade FeS was broken from a stick and the clean broken edge
irradiated producing an FeS pattern from a specimen of similar geometry to
that of the worn balls, Finally specimens formed with each of the base

oils as lubricants were irradiated to obtain standard patterns.

2.4 Electron Probe Microanalysis of Worn Surfaces

2.4.1 Introduction

The wear scars formed on the flat faces of the rollers were
analysed using a Cambridge Instruments Microscan Mark II electron probe
microanalyser. A beam of electrons impinging on a solid surface interact
with the atoms and loose energy. Some of this energy is given off as
characteristic X-radiation from the elements present in the solid. These
X-rays can be analysed using crystal spectrometers (erystals of Gypsum or
Lithium Fluoride) and the elements identified. The intensity of the X-rays,
from the specimen relative to the intensity from standards indicates the
concentration of the elements in the specimen. In the Microscan II a
collimated beam of monochromatic electrons hits the specimen normally and
two spectrometers are mounted on either side of the specimen at a take off
angle of 20°., The electron beam can be rastered over the surface of the
specimen and a back scattered electron image of the surface observed as
well as an area distribution of the elements from the X-rays.

In accurate quantitative analysis the specimen and the comparison
standard must be as smooth and flat as possible. Unfortunately the surfaces
of wear scars are by no means flat and smooth. With this in mind, any
corrections applied to the results must be regarded as improving the overall

accuracy within the constraints of the surface roughness errors.
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2.4.2 Operating Procedures

A specimen was placed in the probe and observed in the optical
microscope. The specimen was aligned so that the wear tracks lay
diagonally across the field of view for maximum electron contrast or with
the wear tracks horizontal for maximum X-ray sensitivity. When the tracks
are diagonally across the field of view the back scattered electrons are
collected at right angles to the tracks thus giving the best contrast.
When the tracks are horizontal the X-rays are collected parallel to the
wear tracks so that there is less absorption of the X-rays by the specimen.

The analysis of the worn surfaces consisted of several parts:

(1) A visual display of the topography and the element

distributions.

(ii) Spot analyses over the wear scars.

(iii) Area analyses over the wear scars.
(iv) Area analyses at various.electron accelerating

potentials.

2.4.3 Visual Displays

At 20kV accelerating potential the area observed at minimum
magnification is approximately 0.5mm square. A polaroid camera was used to
record the electron image and the element distributions. Exposure times of
2 to 5 minutes for iron, and 30 minutes for the other elements were used.
The element distributions represent the average element content over the
depth of penetration of the electron beam, The amounts of each element
present cannot be directly related to the "whiteness" of the film as there
are a considerable number of factors to be considered (for example,

scattering cross sections, absorption, ete.).

2.4.4 Spot Analysis

To obtain information about the concentration of the elements
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spot analyses were conducted at several points over the surface of the wear
scar, front, rear, centre and sides, at least 5 points on each scar. The
crystal in the spectrometer was rotated until the ratemeter indicated
maximum counts at the relevant Bragg angle for a particular element, For
high accuracy at least 10,000 counts are necessary and for low counting
rates this means long counting times. Carbon contamination and electronic
instability affect the accuracy of long counting times, thus for low
concentrations the accuracy is lower than at higher concentrations. Five
separate counts of 10 seconds were obtained for each point and the crystal
rotated off the peak to obtain the background count rate.. Keeping all
conditions constant counts were obtained on the standard in the same way.
The count rates were corrected for background and counter deadtime and the

ratio
(Peak c/s - Background ¢/s + Deadtime c¢/s)
(Peak ¢/s - Background ¢/s + Deadtime c¢/s)

specimen

standard
obtained for each spot analysis,

Using a computer programme, corrections for absorption,
fluorescence and atomic number provided results of the corrected weight
percentage of each element present in the surface.

The correction factor (64) is

mom (1+7.) * Np
ST
where Cm = correct percentage of element m,

Kh = measured percentage of element m.

fCﬁ)mSP = absorption correction for specimen.
f(X)mST = absorption correction for standard,
7m = fluorescence correction.
N = atomic number correction.



Elements with atomic numbers less than sodium cannot be detected
on the Mieroscan II. The oxygen and carbon content of the scars can be

estimated by using a method of differences.

The computation is an iterative process and by assuming that the
difference between the total percentage of the elements measured and 100%
is oxygen and carbon , corrected percentages including oxygen and carbon

can be obtained.

2.4,5 Area Analysis

Using spot analysis of the wear scars did not appear to give a
representative picture of the surfaces. The wear scars are not flat so the
signal may be enhanced or reduced by surface effects. To overcome this
problem area analyses of the scars were used instead. An area of 150um x
150um was scanned. The analysis was conducted in the same way as for spot
analysis. The peak count rate was obtained from a line scan through the
centre of the area so that the error in Bragg angle was similar on each
side. This error was the same for the standard and thus the corrections
applied to spot analysis are equally applicable to area analysis. The
areas were scanned at the highest scan speed to minimise the effect of
variation in the number of scans per counting time. The wear tracks were
aligned horizontally so that the X-rays were collected parallel to the
tracks. As the take-off angle for the X-rays was only 20° at high loads,
when quite deep scars were produced, the count rates close to the front and
rear edges of the scar may be affected. Because of the slope of the scar
surface, surface constituents will appear more abundant whereas substrate
constituents will appear reduced as the beam will not penetrate to such a
great depth below the surface. Also the edge of the scar may absorb some

of the X-rays.
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2.4.6 Area Analysis at different Eleetron Accelerating Potentials

In order to obtain some idea of the distribution of the elements
with depth, the accelerating potential was altered to obtain varying
electron penetration, It was impossible to return to the same spot on the
surface at each accelerating potential unless the surface was marked in
some way. A number of wear secars were marked with miero-hardness
indentations 50um apart in two lines at right angles. Using these
indentations as markers the same area (150um square) was observed at each
accelerating potential (15, 20 and 25kV) by adjusting the magnificatian.
The standards were also scanned at each value of accelerating potential and

at the same magnification so that quantitative analyses could be obtained.

2.5 The Application of Scanning Electron Microscopy to the Worn Surfaces

2.5.1 Introduction

A Cambridge Instruments Stereoscan Mark 2A was used to obtain
information about the surface topography of the wear scars. The specimens,
both balls and rollers, were mounted on 0.5" diameter metal stubs with
adhesive and a strip of high conductivity paint was applied to the side of
the specimen and onto the stub so that the specimen could conduct away
electrons absorbed from the beam. If the specimen is not conducting and a
charge of electrons builds up the electron beam will be deflected near the
surface of the specimen and a poor image will be obtained. Back scattered
electrons are collected by a scintillation counter and a visual display of
the surface is produced on a cathode ray tube. Specimens can be rotated,
tilted and moved in the X, ¥y and z directions., All the specimens were
observed at normal incidence as it was only possible to observe the balls in

this position because of their size.

2.5.2 Specimen Analysis

Balls and rollers from each series of tests were observed, First,
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a low magnification picture was taken and then higher magnification pictures
of representative areas and areas ofISpecial interest were observed, The
balls and rollers were placed so that the wear tracks ran from side to side
in the field of view to give maximum contrast. Where possible the front of
the wear scar was always on the left hand side.

A problem that occurred, particularly with specimens formed at
high loads, was the build up of electrons on the surface films because of
their poor conductivity or their lack of adhesion to the bulk of the material.

With much reduced contrast these surface details could still be observed.

2.6 Optical Microscopy

Balls and rollers from each series of tests were observed at a
variety of magnifications on a Reichert microscope and interesting features
described and photographed.

A limited number of specimens from the e.p. region of the tests
were prepared so that taper sections through the films could be observed. A
film of Aluminium was evaporated over the worn end of the rollers as a
protective coating and the roller stuck onto the centre of a 13”+" diameter
disc. The disc was tapered at an angle of 11%9 approximately. The roller
and disc were placed in a press and covered with granular, conducting plastic
and a mount formed under pressure. When the disc was removed the end of the
roller was covered with clear plastic. The roller was then ground down
keeping the top surface of the mount parallel to the base until half the
wear scar was exposed so that a magnification of 5 was obtained for the taper
section. The rollers had been mounted so that the wear tracks ran parallel
to the exposed taper section. These specimens were then observed in both
the etched and unetched condition and hardness measurements taken across the

surfaces.
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2.7 Electron Spectroscopy for Chemical Analysis

A limited amount of analysis was conducted on an AET machine at
Shell Research Limited. An area of approximately 10mm x 2mm is irradiated
with Aluminium Ko radiation under a vacuum of approximately 10-9 Torr and
electrons are emitted from the top 100 or so angstroms. These electrons
pass through a double focusing spectrometer, the energy of the electrons
indicating which type of atom they originated from and the chemical
environment of the atom.

A specimen holder was manufactured to take b”#'x t”ﬂ' rollers.
The end of the rollers were masked with 0.003 inch thick platinum foil with
a small hole exposing the wear scar. The spectra obtained from scars
formed at low loads in the a.w. region were compared with those formed in
the e.p. region. Gold foil masks 0,005 inches thick were also used to cover

the unworn parts of the roller.

2.8 Miero-indentation Hardness Tests

A small number of scars were used to measure the hardness of the
surface films. Microhardness indentations were made using applied loads of
100 and 300 gms depending on the hardness of the film. The measurements
were taken on smooth areas of the scars where possible., Also the measure-
ments were taken in the centre of the scars where the surfaces were
approximately normal to the direction of the applied load, Hardness tests
were also conducted on the taper sections to give some indication of the

hardness of the subsurface structures,



CHAPTER 3

THE 4-BALL MACHINE TESTS

5.1 Results Using Base 0QOils

Standard one minute tests using both ball on ball and ball on flat
geometries, were carried out with Risella 29 and HVI oils as lubricants.
Figures 3.1 and 3.2 show the graphs of mean wear scar diameter in millimetres
(mm) versus load in kilogrammes (Kgf) for the two oils. The white oil
(Risella 29) seized at 45 and 55 Kgf for ball on ball and ball on flat
geometries respectively. Using HVI oil seizure occurred at 55 and 110 Kgf
for ball on ball and ball on flat geometries. The HVI oil, especially for
ball on flat geometry showed some extreme pressure activity whereas Risella 29
showed no such action. For the ball on flat geometry with HVI oil, initial
seizure varied between 45 and 65 Kgf and final seizure between 80 and 110 Kgf.
In the other three tests there was little variation in final seizure.

The differences observed between the tests run with the two
geometries may be explained by several factors. The surface finish of the
flat faces of the rollers was not as good as that of the balls, as the
cylindrical faces were the highly polished parts of the rollers, the flat
ends having a polished face covered with fine scratches. The geometry of a
ball on a flat surface is different to that of a ball on a ball and affects
the running conditions, for example the heat dissipation and the rate of

wear.

5.2 Results with Sulphur Additives

The results of tests carried out with oils containing 1% by weight
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of Dibenzyl Disulphide are plotted in Figures 3.3 and 3.4, There is a
considerable range to the distribution of the points between 55 and 160 Kgf.
Above and below these values the wear scar diameters were similar in all

the tests with DBDS. The onset of initial seizure varied from 45 Kgf up to
70 Kgf. At low loads before initial seizure (in the anti-wear region), the
graphs are approximately parallel to and slightly above their respective
Hertz lines indicating that the area of contact due to elastic deformation
has been increased by wearing of the surfaces. The gradient of the lines
after initial seizure (in the e.p. region) for all the tests is grealer than
the Hertz lines.

The graphs obtained from tests using 4-ball geometry have a second
step after initial seizure lying between the a.w. and e.p. regions. This
occurred using both oils. There were points above and below these lines
which fell on continuations of the lines drawn through the points in the
a.w. and e.p. regions. This second step was not apparent using Risella 29
and ball on flat geometry although up to 80 Kgf points were falling on the
continuation of the a.w. line. Using HVI oil and ball on flat geometry there
was a broad distribution above 55 Kgf through which a straight line was
drawn as the best fit. The graphs all have final seizure loads of 260 Kgf
except for HVI oil and ball on flat geometry which seized at 220 Kgf. They
all have initial seizures around 55 Kgf.

When 0.886% by weight of Diphenyl Disulphide was used as additive
the graphs of load versus wear scar diameter (Figures 3.5 and 3.6) have
final seizure loads around 180 Kgf, considerably below those using Dibenzyl
Disulphide, Using Risella 29 as base oil initial seizure occurred at 55 and
65 Kgf for ball on ball and ball on flat geometries respectively., TFinal
seizure occurred at 180 Kgf in both cases. When HVI oil was used initial

seizure occurred at 55 Kgf for ball on ball and at 35 Kgf for ball on flat.



MEAN WEAR SCAR DIAMETER mm.

0.1

10

100 1000

LOAD kgf.

FIG. 3.3 LOAD VERSUS MEAN WEAR SCAR DIAMETER.

LUBRICANT :

C el Tl

RISELIA 29 + 1.0%wt DBDS

4-Ball Geometry

1-Ball-on-3-Flats Geometry



T
IS

MEAN WEAR SCAR DIA}

10.0

1.0

10 100 1000

LOAD kgf.

FIG. 3.4 LOAD VERSUS MEAN WEAR SCAR DIAMETER.

LUBRICANT: HVI + 1.0%wt DBDS

4-Ball Geometry

X === 1-Ball-on-3-Flats Geometry



5]

TR mm.

1
-

MEAN WEAR SCAR DIAM

10.0

1.0

0.1 |

10 100 1000

LOAD kgf.

FIG. 3.5 LOAD VERSUS MEAN WEAR SCAR DIAMETER.

LUBRICANT: RISELLA 29 + 0,886%wt DPDS

4-Ball Geometry

Ko = 1-Ball-on-3-Flats Geometry



MEAN WEAR SCAR DIAMETER mm.

10.0

1.0
0.1 l
10 100 1000
LOAD kgf.

FIG. 3.6 LOAD VERSUS MEAN WEAR SCAR DIAMETER.

LUBRICANT: HVI + 0.886%wt DPDS

L-Rall Geometry

Xoe——=— 1-Ball-on-3-Flats Geometry



38

Final seizure was at 180 Kgf in both tests., There are wear scars of
intermediate size in both tests with HVT oil. These results have a much
Smaller spread than those obtained with DBDS as additive. Variations in
wear scar diameter only occurred around initial seizure where scars of
intermediate size were obtained. The transition to the €.p. region appeared
at 65 or 70 Kgf on all occasions. Before initial seizure the gradient of
the graphs follow the Hertz lines indicating that the wear rates are
similar when the load is increased. The fact that the intermediate step
only occurs when HVI oil was used suggests that competition for'the metal
surface between the additive molecules and the polar compounds in the oil
was taking place. This could lead to a partial breakdown of the film
initially causing some wear and a reduction in the pressure. This reduction
in pressure would allow the film to be re-established and protection of the
metal surface to continue so that a low wear rate was again obtained. When
the conditions became too severe, complete breakdown occurred and extreme
pressure effects were observed,

The graphs of load versus wear scar diameter (Figures 3.7 and 3.8)
using 0.723% by weight of Di-tert-butyl Disulphide as additive are similar
to those obtained using Dibenzyl Disulphide. Tnitial seizure occurred at
slightiy lower loads (45 Kgf) using DI'BDS than using DBDS. This was
followed by an intermediate step up to 80 Kgf and then on to the e.p. region
where final seizure occurred between 220 and 260 Kgf. The behaviour of
DIBDS seemed much more predictable than that of DBDS. 1In the a.w. region
the wear scar diameters at 15 Kgf were quite large indicating that a
considerable amount of wear had taken place. As the loads were increased
the wear scar diameters approached the Hertzian diameters showing that the
wear rate was decreasing with increasing load up to initial seizure, The
graphs for the two geometries, ball on ball and ball on flat, are very

Similar, showing that for this additive, the different surface finishes and
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geometries have very little effect on the overall performance of the

additive.

3.5 Results with Zine Dialkyldithiophosphate Additives

Using 1.112% by weight of pure Zine Dibutylphosphorodithioate
(ZDP) as additive the initial seizure load on the 4-ball machine tests was
increased considerably over those obtained using sulphur additives.
Figures 3.9 and 3.10 show these results. When Risella 29 was used as base
oil initial seizure occurred at 100 and 90 Kgf for ball on ball and ball on
flat geometries respectively and final seizure occurred at 140 Kgf in both
cases, The gradients of the lines in the a.w. region are less than the
Hertz lines showing that the wear rates are low. When HVI oil is used
similar results are obtained for ball on ball geometry, initial seizure
occurring at 100 Kgf and final seizure at 160 Kgf. However, when the ball
on flat results are compared there is an obvious difference in the load
range 35 to 90 Kgf. TIn this reglon using HVI oil wear scar diameters lying
on two distinet lines were obtained. Points on the a.w. line and the
intermediate line were obtained at the same loads. This difference may be
due to the competition for the surface, between the polar compounds in the
HVI oil and the active molecules in the ZDP additive, reducing the effective-
ness of the film, If this is combined with the poorer surface finish of the
flat ends of the rollers less effective boundary lubrication would occur.
The final seizure load using HVI olil was slightly higher than that obtained
using Risella 29 and may possibly be due to the e.p. activity of the base
oil as indicated by the tests conducted on the base oils alone (HVI oil has
~1% sulphur), The extreme pressure activity of this additive is very
limited in extent as indicated by the low final seizure loads.

Figures 3.11 and 3.12 show the results of 4-ball machine tests

using 1.0% by weight of Lubrizol 1395 as additive. The initial seizure load
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for ball on ball geometry was 110 Kgf for both base oils but for the ball
on flat geometry the initial seizure loads were lower at 55 and 70 Kgf for
Risella 29 and HVI base oils respectively. The slopes of the lines in the
a.w. region were less than that of the Hertz lines indicating low wear
rates similar to those obtained using pure ZDP additive. The difference in
the results for ball on ball and ball on flat geometries is similar for
both base oils and must be attributed to the surface finish of the rollers,.
If a thin protective layer was formed on a rough surface it may not be
sufficient to afford protection to the metal surfaces, The tests using
Lubrizol 1395 as additive show that it has a limited e.p. activity similar

to that of pure ZDP.

3,4 Summarizing Remarks

The base oils seize at low loads, HVI oil having some limited
e,p. activity. The sulphur additives have similar initial seizure loads
(~ 55 Kgf) and DBDS and DTBDS give similar wear graphs, DIBDS being more
predictable in behaviour. These two additives give a high seizure load.
DPDS has a much poorer e.p. activity than the other two sulphur additives.
In the a.w. region the graphs for the sulphur additives are approximately
parallel to the Hertz lines except for DIBDS which has a high wear rate at
15 Kgf'. There are differences between the graphs both due to base oils and
geometry. The two ZDP additives gave very similar results, The initial
seizure loads are high (~ 100 Kgf) but the final seizure loads are lower
than the poorest sulphur additive (DPDS). The ball on flat results,
particularly when using Lubrizol 1395 as additive, have lower initial
seizure values than those obtained with a ball on ball configuration. This
may be due to the poorer surface finish of the flat ends of the rollers
compared to the finish on the balls.

In the following chapters (4 to 7) the specimens formed in the

4.pall tests were analysed using various physical techniques.
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CHAPTER &4

ANALYSIS OF THE WORN SURFACES USING
GLANCING-ANGLE X-RAY DIFFRACTION

4,1 X-Ray Diffraction Analysis of Standards

Several standards were used as comparisons for the diffraction
patterns obtained from worn specimens. Cobalt Ko radiation was used in all
the analyses, A solid specimen of FeS, broken from a stick of technical
grade material, was irradiated for 12 hours at a glancing angle of 15°. The
o-Fe lines were used as internal standard and the results of the analyses
are presented in Table 4.1, The -Fe lines were quite broad, consequently
small variations in the 'd' values obtained from each film reguired the
results to be presented in total so that allowances for these differences
can be made. In two columns of the table, the 'd' values from cards
L - 08%2 FeS (ordered) and 11 - 151 FeS (Troilite) of the ASTM card index
are presented for reference. The edge of the specimen acts as a cut-off
for 'd' values above about 3A, consequently the higher 'd' values are
missing from all the specimens that have been analysed. Table 4.1 contains
examples of all the patterns referred to in the text of this chapter.

Two flat surfaces were ground on a ball so that they intersected
at 90° to form a sharp edge. The ball was then etched with 2% Nitol to
expose the carbides. The edge so formed was irradiated at an angle of 20°
for 7O hours, The resultant diffraction pattern contained 15 lines other
than a-Fe., These lines were compared with the 'd' values from the ASTM
card number 6-0688 Fei? (Cementite) and good agreement was obtained (see
Table 4,1)., An unetched, unworn ball irradiated for 7O hours gave 12 lines

other than ¢-Fe, which again were identified as cementite Fe C.

3
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Included in the standards are patterns obtained from worn
specimens formed when only the base olls were used as lubricants. These
patterns were very similar to those of the etched and unworn specimens.

For completeness ASTM cards 13-534, cz-Fe20 and 11-614 Fe 0, are

> 3
included in Table 4.1 under the standards section.

4,2 X-Ray Diffraction Analysis of Surfaces formed using Sulphur Additives

Glancing angle X-ray diffraction patierns from specimens worn
under lubricants containing sulphur additives were obtained with exposure
times between 70 and 100 hours. All the specimens analysed showed that up
to initial seizure loads (~55 Kgf) there was very little difference
between the three additives DBDS, DPDS and DI'BDS. The patterns were very
similar tc that obtained from an unworn ball. The wear scars formed below
initial seizure were approximately the same size as the X-ray beam., This
indicates that there was insufficient surface material on the wear scars to
form a diffraction pattern and /or the surface film was not erystalline.

The X-ray diffraction patterns of scars formed at loads belween
initial seizure and 100 Kgf.show an inereasing amount of iron carbide Fejc.
The intensities of the Fejc lines were greater than the intensities of the
Fejc lines obtained from an etched ball indicating that the iron carbide is
a wear product.

Patterns obtained from wear scars formed with DPDS as additive
between 100 Kgf load and final seizure (160 Xgf) continued to show
inereasing amounts of cementite, The intensities of the Fejc lines on the
diffraction patterns obtained from scars formed at loads of 160 Kgf with
DPDS as additive are similar to the intensities of the g-Fe lines showing
that FejC is present in similar gquantities as ¢-Fe in the wear scars. There

were no detectable differences in the diffraction patterns formed when

elther of the two base oils was used with DPDS additive.
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Between loads of 100 Kgf and final seizure (~240 Kgf) the
amounts of iron carbide detected by X-ray diffraction, when DBDS and DIBDS
additives were used, were less than the amounts detected with DPDS as
additive., For these two additives iron sulphide, FeS was identified from
diffraction patterns of wear scars formed above 100 Kgf in amounts
inereasing with inereasing load. Also very small amounts of iron oxides,

G_FE2O} (haematite) and Fe_O, (magnetite) were detected., Over 30 lines

34
other than ¢g-Fe lines were obtained in most of the diffraction patterns.
These patterns are quite distinet from the other patterns obtained from
worn balls as can be seen from Table 4.1. They show that large amounts of
FeS, and small amounts of iron oxides, are formed under e.p. conditions
using DBDS and DTBDS and that only small amounts of thp are formed. Again
no differences due to base oil were detected,

4,3 X-Ray Diffraction Analysis of Surfaces formed with Zinc
Dialkyldithiophosphate Additives

Several worn specimens using both ZDP and Lubrizol 1395 as
additive in both types of oil were analysed using X-ray diffraction. Those
specimens formed at loads below initial seizure (~100 Kgf) produced diffractio
patterns very similar to the pattern of an unworn ball. About 10 lines,
other than ¢-Fe were indexed as Fejc. The surface films must be too thin
to produce diffraction patterns and /or are not crystalline in form.

When scars formed in the e,p. region were analysed using glancing
angle X-ray diffraction 10 to 14 lines other than g-Fe lines were obtained
when ZDP was the additive and over 20 lines were obtained when Lubrizol 1395
was the additive, These lines were all indexed as FQBC° The intensitles of

the Fe}C lines when ZDP was the additive were greater than the intensities

obtained from an etched ball showing that some Fe_C was a wear product.

3

When Lubrizol 1395 was used the Fejc intensities were considerably greater

than those obtained from an etched ball, indicating that considerable
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amounts of Fe3C were produced in the wear process. However, these
intensities were not as great as those observed when DPDS additive was used.

No differences due to type of base oil were observed.

4,4 Summarizing Remarks

Comparing all the results presented in Table 4.1, it is clearly
shown that in most cases the surface films formed on the wear scars are too
thin and /or are non-crystalline and do not reveal any information using
glancing angle X-ray diffraction., The amounts of iron carbide detected in
scars formed at loads below initial seizure with all the additives were
similar to the amounts found in an unworn ball and hence cannot be
attributed to the wear processes.

After initial seizure wear scars formed with DPDS as additive
C with increasing load. However, the wear

3
scars formed with D3DS and DIBDS as additives in the e.p. region showed

showed increasing amounts of Fe

inereasing amounts of FeS and small amounts of iron oxides being formed but

only a small increase in the amounts of Fe_C.

>
The Zinc Dialkyldithiophosphate additives were not detected in the
wear scars., In the e.p. region increasing amounts of Fejp were detected,
Iubrizol 1395 producing more than ZDP.
The iron carbides detected in all the wear scars, formsd under
e.p. conditions, may come from the FEBC in the steel being worn away less
gquickly than the steel and /or chemical reaction with the carbon in the

lubricants at the elevated temperatures occurring during sliding.
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CHAPTER 5

ELECTRON PROBE MICROANALYSIS OF THE WORN SURFACES

5.1 E.P.M.A., of Surfaces Worn with Sulphur Additives

5.1.1 Qualitative Area Analyses of the Worn Surfaces

Figure 5.1(a) is a photograph of the electron image representing an
area approximately 0.6mm x O.6mm of the wear scar formed with HVI + 0,886%
DPDS as lubricant, on the flat end of a roller at a load of 15 Kgf. Pits
and depressions appear as dark areas and peaks as light areas, thus
topographical features are clearly discernible, Figures 5.1(b) and (¢) are
the iron and sulphur X-ray images respectively. Element radiation appears
as bright spots on the photograph and thus a high concentration of spots
corresponds to a high concentration of the element, hence the X-ray images
show the distribution of the elements within the wear scar., Since the
overall intensities of the X-ray images depends on several factors, including
exposure time, caution must be exercised when comparing the different
photographs, For example, Figure 5.1(b) was exposed for 5 minutes and
Figure 5.1(c) for 30 minutes. The amount of sulphur was insufficient (~2%)
to affect the iron X-ray picture as Figure 5.1(b) shows a uniform
distribution of iron. The distribution of the sulphur is confined to the
wear scar and has streaks across it which follow the direction of sliding.
The black dot on the right of Figure 5.1(a) is a foreign particle. The
thick dark lines crossing Figure 5.1(a) are scratches on the surface of the
roller and have only partially been worn away in the wear secar, The
scratches that pass through the scar appear as dark lines in the sulphur

X-ray image (Figure 5.1(c)) and this suggests that the film containing

w3
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sulphur has only been formed to any depth in the load bearing areas,
Similar scars were obtained at this load using the other sulphur additives
and the other base oil.

As the load is increased the surface scratches on the rollers are
worn away completely within the wear scars leaving finely scored surfaces.
The distribution of the sulphur in the films varies from wear scar to wear
scar,

On some of the scars the sulphur in the film was concentrated in
one or two areas. This is illustrated in Figures 5.2(a), (b) and (¢), which
represent the electron image and the iron and sulphur X-ray images
respectively, of a scar formed with Risella 29 + 0.723% DIBDS as lubricant
at a load of 35 Kgf. The two dark areas on the right of Figure 5.2(a) are
debris. The sulphur X-ray image (Figure 5.2{c)) shows that they contain a
high sulphur concentration. Apart from these two particles the sulphur is
concentrated within the scar and has an uneven distribution.

On other tests the sulphur was distributed evenly over the surface
of the wear scar, Figures 5.3(a), (b) and (¢) show the electron image and
the iron and sulphur X-ray images respectively of a scar formed at a load of
45 Kgf with Risella 29 + 1% DBDS as lubricant. The finely scored surface of
Figure 5.3(b) is mirrored by the sulphur distribution in Figure 5.3(c). The
sulphur is mainly confined to the wear scar and is streaked in the direction
of sliding. The black dot on the left of Figure 5.3(a) is a foreign particle.

After initial seizure the distribution of sulphur on the surface of
the wear scars changed radically. All three sulphur additives did not give
similar sulphur contents over the whole €.p. range. DBDS and DIBDS additives
continued to give similar distributions and concentrations but DPDS as
additivo zave only small amounts of sulphur from initial seizure through to

final seizure., Before initial seizure the scars had an extensive cover of

sulphur and the surfaces were smooth. Immediately after initial seizure all
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the scars contained very little sulphur and had similar sulphur distributions
Figures 5.4(a), (b) and (¢) represent the electron image and the iron and
sulphur X-ray images respectively of part of a scar formed at a load of

65 Kgf with HVI + 1% DBDS as lubricant. The sulphur is conecentrated in the
pitted rough areas of the scar and there is very little sulphur in the
smooth tracked regions. This indiecates that the sulphur is in debris
deposited in these areas and that in the real areas of contact the film is
removed very quickly during sliding and does not afford the same protection
that was given to the worn surface bhefore initial seizure took place.

When the load is increased further the amount of sulphur in the
scars formed with DBDS and DIBDS as additives increased especially in the
tracked areas, whereas with DPDS the increase was very small, The electron
image and the iron and sulphur X-ray images respectively, are shown in
Figures 5.5(a), (b) and (c¢) of a tracked area of a wear scar formed at a
load of 140 Kgf with Risella 29 + 0,723% DIBDS as lubricant. The light
tracks of Figure 5.5(a) are the raised areas of contact and from Figure 5.5(c)
these have the highest sulphur concentrations. The iron X-ray image
(Figure 5.5(b)) has thin dark streaks where the highest sulphur concentrations
occur showing that thiek sulphur containing films have been formed. At the
same load using DPDS as additive very little sulphur was detected and a
different type of surface was formed. This will be illustrated in Chapter 6.

At even higher loads using DBDS and DIBDS as additives thick films
of iron sulphide were observed., These films appear to be formed in the loagd
bearing areas. Figures 5.6(a), (b) and (¢) show the electron image and the
iron and sulphur X-ray images respectively of part of a scar formed with
HVI + 0.723% DI'BDS as lubricant at a load of 220 Kgf, The surfece is
covered with cracks at right angles to the direction of sliding. The area
with these cracks is light and is therefore a raised track. Figure 5.6(c)

shows that this is the area with the highest sulphur concentration, the dark
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area at the bottom of Figure 5.6(a) being lower and having a lower sulphur
content. When this film breaks up it leaves rough areas covered with
debris. This is illustrated in Figures 5.7(a), (b) and (e¢), which
represent. the electron image and the iron and sulphur X-ray images
respectively of part of a wear scar formed at a load of 200 Kgf with
Risella 29 + 1% DBDS as lubricant. The top left area of Figure 5.7(a) is
rough and covered with debris and has a high sulphur content. The tracked
areas have lateral cracks crossing them and show how these areas break up
to leave a rough area covered with debris. The iron X-ray image varies in
intensity. This means that the sulphur concentration is high. The dark
areas on the iron X-ray image correspond to the brightest areas on the

sulphur X-ray image.

5.1.2 Quantitative Area Analyses of the Worn Surfaces

Each specimen was analysed for its sulphur and iron content using
area analysis (150pum x 150um), several areas on each scar being analysed.
There was a considerable spread in the amounts of iron and sulphur (and
oxygen and carbon by difference) within the wear scars. The results of
area analyses of wear scars formed at loads of 15,35,45,55,65,80,100, 140,
180 and 220 Kgf with Risella 29 + 1% DBDS are plotted in Figure 5.8. The
limits on the bars represent the maximum and minimum percentages of iron
and sulphur observed at each load when the results have been corrected and
oxygen and carbon are assumed to be the difference between 100% and the sum
of the iron and sulphur percentages, The dotted line shows the average of
the combined oxygen and earbon percentage.

Up to 45 Xgf there is between 2 and 7% sulphur, 1 and 10% oxygen
and carbon, and 85 and 97% iron in the secars. At, and just after, the
initial seizure load of 55 Kgf the amount of sulphur decreases o between
1 and 2% and from then onwards inereases with increasing load. The amounts

of iron, and conseguently oxygen and carbon, vary widely around initial
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seizure., The overall trend is for the oxygen and ecarbon content to vary
between 1 and 15% above initial seizure and for the iron content to slowly
decrease until at 220 Kgf it varies between 60 and 85%. At the highest
load the sulphur content varies between 8 and 30%.

Similar analyses were conducted on the specimens formed using
HVI + 1% D8DS. Area analyses obtained at 15,3%5,55,€65,80,100,140,180 and
200 Kgf are plotted in Figure 5.9. The variation of sulphur content was
very similar being between 2 and 7% in the a.w, region, falling to 1 to 2%
at initial seizure and increasing to between 10 and 30% at 200 Kgf. The
iron, oxygen and carbon percentages again show large fluctuations around
initial seizure. The iron percentages fell with increasing load until at
200 Kgf the range was between 67 and 88%. The oxygen and carbon varied
between about 1 and 10% over the whole load range.

When similar analyses were carried out using DIBDS as additive
there were differences in the graphs at low loads. In Figure 5.10 the
results of area analyses of scars formed at loads of 15,35,45,70,90,140,180
and 220 Kgf with Risella 29 + 0.723% DI'BDS as lubricant are presented. The
sulphur content of the scars before initial seizure varied between 0.5 and
4% and was lower than with DBDS as additive. The change after initial
seizure was less pronounced than in Figure 5.8. However, as the load
inereased the sulphur content of the scars increased at a similar rate until
at a load of 220 Kgf there was between 9 and 30% sulphur and between 61 and
84% iron. The difference (oxygen and carbon) varied between O and 14% over
the whole load range. When HVI + 0.723% DI'BDS was the lubricant, analyses
at loads of 15,35,45,80,120,180 and 220 Kgf (Figure 5.11) showed that the
amount of sulphur in the sears before initial seizure was lower than the
results with Risella 29 + 0,723% DI'BDS. In the a.w. region between 0.3 and
1.4% sulvhur was detected, Tn the intermediate region, between loads of

45 and 80 Kgf, 0.6 to 2.0% sulphur was found. At higher loads in the e.p.
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region similar amounts of sulphur to those obtained with Risella 29 + 0.723%
DI'BDS were ohserved (between 17 and 30%). The quantities of oxygen and
carbon varied between O and 14% over the whole load range, averaging around
5% at most loads.

The third sulphur additive, DPDS, behaved in a different manner to
that of DBDS and DI'BDS, Area analyses of wear scars formed at loads of 15,
35,55,65,70,100,13%0 and 160 Kgf with Risella 29 + 0,886% DPDS are presented
in Flgure 5.12. In the a.w, region, before initial seizure, the amount of
sulphur varied between ? and 6%, the iron between 87 and 98% and the balance
between O and 10%. These were similar to the distributions found with
Risella 29 + 1% DBDS in the a.w. region. After initial seizure the amount
of sulphur dropped and only rose to between 3 and 5% at 160 Kgf. This is a
much lower percentage than was obtained with the other two sulphur additives.
It appears that the rate of reaction of DPDS is not sufficient to maintain
a film under increasingly severe conditions. The final seizure load is lower
than for DBDS and DIBDS. These two additives must have a faster reaction
rate to afford protection up to much higher loads. When HVI + 0.886% DPDS
is used the results of area analyses of specimens formed at loads of 15,25,
35, 45,55,70,80,100,140 and 160 Kgf (Figure 5.13) show that there is less
sulphur in the a.w. region-than when using the other base oil. The sulphur
content varies between 1.5 and 4.5% up to initial seizure, drops to around
2% after initial seizure and at higher loads in the e.p. region varies
between 1 and 14%. Some of this sulphur at the higher loads may come from
the 1% sulphur in HVI oil. . The oxygen and carbon content varied more with
HVI oil than with Risella 29, occasionally around 20% was calculated by

difference,

5.13 Depth Analyses of Selected Specimens

The surfaces of selected wear scars were marked with mierohardness

indentations 50um apart to form two intersecting lines at right angles to
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each other. 1In this way a specified region was observed at different
accelerating potentials and the magnification was adjusted so that the same
area was observed each time (1504m x 150pm). The concentrations of ircn,
sulphur, and by difference oxygen and carbon, were obtained at 15, 20 and
25 KV electron accelerating potentials. The mass absorption coefficient for
sulphur X-rays in FeS is approximately 850 and the density of FeS is 4.6
gms/cmB. The take-off angle for the X-rays on this instrument is 20°.
Using this data sulphur X-rays generated at a depth of 2um below the surface
have their emergent intensities reduced by more than 90% due to absorption
in the Fe5. Thus there is very little contribution to the measured intensity
of the sulphur X-rays below this depth.

Table 5.1 shows the results obtained on scars formed at loads of
70, 100, 140 and 180 Kgf with Risella 29 + 0.723% DI'BDS as lubricant and
Table 5.2 shows the results on scars formed at 80, 120 and 200 Kgf with HVI +
0.723% DI'BDS as lubricant. At the lower loads there is little change in the
sulphur concentration with changing electron accelerating potential. This
is consistent with a thin film of FeS on the surface where the beam
penetration is much greater than the film thickness. At higher loads the
percentages of sulphur obtained at 20 and 25 KV are similar and less than
those obtained at 15 KV. This suggests that at 15 KV most of the electrons
are stopped within a thick FeS layer but that at 20 and 25 KV the electron
beam goes through the FeS film and the inereased penetration of the electrons
does not produce more sulphur X-rays that can be collected by the spectrometer.
Using a graph produced by Birks (65) of electron range versus energy, the
effective range of electrons is 0.7, 0.9 and 1.4 mg/cmp (1.5, ? and 3um in
Fe3) at 15, 20 and 25 KV accelerating potentials respectively., The effective
range corresponds to an absorption of over 29% of the electrons. For the

specimen worn with HVI + 0.723% DI'BDS at 200 Kgf (Table 5.2) the percentages

of sulphur at 20 and 25 KV were similar showing that the total number of



Table 5.1

Area Analyses of Selected, Marked Specimens at Different
Eleotron Accelerating Potentials using Risella 29 + 0.723%
DI'BDS as Lubricant

Load, Kgf Xv AT s %0,C
15 97.5 0.6 1.9

70 20 98.3% 0.5 1.3
25 98.1 0.5 1.4

15 90,2 4,2 5.5

100 20 93.3 3.6 3.1
25 94,9 2,8 D.3

15 88.% 9.4 2.%

140 20 90.2 7.7 2.1
25 95.2 6.7 -0.9

15 88. I 5.1 6.5

180 20 91.5 4.4 L 4
25 94,9 3.8 $e3




Table 5.2

Area Analyses of Selected, Marked Specimens at Different
Electron Accelerating Potentials using HVI + 0.723%% DI'BDS
as Lubricant

Load, Kef KV FRe a8 %0,C
15 88.5 1.6 10.0

80 20 93,4 1.3 B

25 93.3 S8 5.6

15 90.% 1.6 8.1

120 20 92.1 1.4 6.5

25 93.8 1.0 5.2

15 5.7 22,2 2.2

200 20 73.8 18.7 7.6

25 77.9 18.5 3.6
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sulphur X-rays collected in both cases were approximately the same. A
similar effect was noticed with Risella 29 + 1.0% DBDS at 200 Kgf where the
sulphur percentages were 18.8, 16.5 and 15.2 at 15, 20 and 25 KV respectively.
This suggests that up to a depth of the order of 2um there is a high
concentration (~20%) of sulphur at these high loads and that beyond that
order of depth, absorption is so great that no further inecrease in
concentration will be recorded at higher electron accelerating potentials.
Similar results were obtained when DBDS was the additive, but this
technique was not attempted with DPDS as additive because of the larger

errors involved when low sulphur concentrations are used.

5.2 E.P.M.A. of Surfaces Worn with Zinc Dialkyldithiophosphate Additives

5.2.1 Qualitative Area Analyses of the Worn Surfaces

Figures 5.14 (2), (b), (e¢), (d) and (e) show the electron image
and the iron, sulphur, phosphorus and zine X-ray images respectively of a
wear scar formed at a load of 35 Kgf with Risella 29 + 1.112% ZDP as
lubricant. The sulphur distribution is very closely associated with the
dark areas of the scar, there being little outside these regions. The zine
and phosphorus distributions are very similar in appearance and extend over
most of the wear scar. The close association of the zinec and phosphorus
distributions suggests that they are bound together in some way, whereas the
sulphur appears to have a separate action., Similar results were obtained
using HVI + 1.112% ZDP as lubricant where the scars fell on the a.w. line
close to the Hertz line (see Figure %.10). When intermediate wear scar
diameters were obtained the surfaces were pitted and the distribution of the
elements on the surface was different. Figures 5.15 (a), (b), (e}, (d) and
(e) show the electron imaze and the iron, sulphur, phosphorus and zine X-ray
images respectively of part of a wear scar formed at a load of 55 Kgf with

HVI + 1.112% ZDP as lubricant, Most of the high concentrations of sulphur,
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phosphorus and zine coinecide with pitted areas on the electron image. Two
streaks of high phosphorus and zinc content can be associated with raised,
smooth areas on the electron image. The concentrations of the elements in
the pitted area may be attributed to debris deposited there or reactions
with the fresh metal exposed when the pits were formed.

When Lubrizol 1395 was used as additive similar distributions of
the elements were observed in the a.w. region. Figures 5.16 (2), (b), (e),
(d) and (e) show the electron image and the iron, sulphur, phosphorus and
zine X-ray images respectively of a scar formed at a load of 65 Kgf with
HVI + 1.0% Lubrizol 1395 as lubricant. The highest sulphur concentrations
are again associated with the blackened areas of the wear scar. The
phosphorus and zine distributions are similar and cover most of the scar.
A surface secratch on the roller running diagonally across the wear scar has
a high sulphur concentration but it appears as a dark line across both the
phosphorus and zine X-ray images. This again indicates that the zine and
phosphorus act together and the sulphur separately.

Once initial seizure had occurred the distribution of the elements
changed. Figures 5.17 (a), (b), (¢), (d) and (e) show the electron image
and the iron, sulphur, phosphorus and zinc X-ray images respectively of an
area in the centre of a scar formed at a load of 120 Kgf with HVI + 1.112%
7DP as lubricant., The highest concentrations of sulphur, phosphorus and
zine are associated with a smooth, tracked area. The streaks of sulphur
along the edges of this area indicates that the sulphur has reacted with
the surface in the load bearing region. Very little phosphorus was
detected in the e.p. scars. The results were similar for both base oils.

WYhen Tubrizol 1395 was used the same sort of distribulion was
observed. Figures 5.18 (2}, (b), (¢), (d) and (e) show the electron image

and the iron, sulphur, phosphorus and zine X-ray images respectively of

part of a wear scar formed at a load of 130 Kgf with Risella 29 * 1.0%
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Lubrizol 1395. These results in the e.p. region show different distributions
to those obtained in the intermediate region when HVI + 1.112% ZDP was used
as lubricant., There the concentrations of the elements was associated with

the pitted areas and not with the smooth tracked regions.

5.2.2 Quantitative Area Analyses of the VWorn Surfaces

The guantities of sulphur, phosphorus and zinc detected on the
wear scars using these additives were always low and varied both with load
and within each wear scar., The count rates were low and consequently the
errors involved were large, being as high as i3 50% for the lowest count
rates. Table 5.3%(a) shows the average values of iron, sulphur, phosphorus,
zinc and by difference oxygen and carbon, at loads of 15, 55 and 120 Kgf.
using Risella 29 + 1.112% ZDP as lubricant., The variations in the amounts
of each element are such that no definite conclusions can be drawn. The
indications from the atomic ratios are that the amount of sulphur increased
in the e.p. region while the amount of phosphorus decreased. The zinc
content was similar in both regions. Similar variations were obtained when
using HVI + 1.112% ZDP as lubricant. The results for specimens in the
intermediate region were similar to those in the e.p. region.

Table 5.3(b) shows the average values obtained when Risella 29 +
1.0% Lubrizol 1395 was the lubricant involved at loads of 15, 45, 65 and
130 Kgf. The same sort of results were obtained when HVI base oil was used
with Lubrizol 1395. Again the variations in the amounts of the elements was
such that no definite trends could be established. It was not possible to
assess whether there were systematic changes in the atomic ratios of the
element when comparing the results from the a.w. and e.p. regions.

From the X-ray images it was apparent that for different areas
within one scar the ratio of the elements, particularly between sulphur and
the other two elements phosphorus and zine will vary becauss of their

different spatial distributions. This may in part explain the wide



Average Element Contents of Area Analyses of Specimens VWorn
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Table 5.3

with (a) Risella 29 + 1.112% ZDP and (b) Risella 29 + 1.0%

Lubrizol 1395 as Lubricant (20 KV Accelerating Potential)

(2)
Load Average Weight percent in scar of Atomic Ratio in scar of
Kgf Fe Zn P S Q,C Zn E S
15 | 90.9 0.3 0.7 0.0 7.9 1 4.9 1.4
55 85.5 0.4 0.7 1.0 12.4 1 o P 5.1
120 89.3 0.4 0.4 1.0 8.9 1 2.1 51
()
Load Average Weignt percent in scar of Atomic Ratio in scar of
Kef Fe Zn P S 0,C Zn P s
15 90.% i 1.8 0.7 5.9 1 2.9 o
45 87.8 B.h 2.4 Vol 4,8 1 1.5 1.0
€5 87.5 1.0 0.8 2.6 8.3 1 =7 5D
130 88.4 1.0 0.8 0.9 8.9 1 1.T 2.0




variations observed in Tables 5.3 (a) and (b).

5.3 Summarizing Remarks

Specimens formed with DBDS and DPDS additives gave similar sulphur
percentages (2-7%) in the a.w. region, while those formed with DIBDS as
additive gave lower values (1-4%). The sulphur was confined to the wear
scars and had uniform or patehy distributions. There tended to be more
sulphur detected in the a.w, region when Risella 29 base oil was used. After
initial seizure the amounts of sulphur dropped to a minimum and increased
with inereasing load in the e,p. region when DBDS and DIBDS additives were
used. When DPDS additive was used the amount of sulphur observed in the e.p.
region increased by a small amount only, the increase being greater when HVI
oil was used., Avround initial seizure most of the sulphur was detected in
the pitted, rough areas of the scars but as the load was inereased the
highest concentrations of sulphur were found in the tracked regions. Depth
analyses did not add a great deal of information about the sulphur
distribution. They did show that at high loads the sulphur was distributed
to a depth of a few microns.

When zine dialkyldithiophosphate additives were used the zinc and
phosphorus had similar spatial distributions in the a.w. region, the sulphur
being separate. Quantitative results showed wide variations in the percent-
ages of the elements but generally there was more sulphur detected in the
e.p. region than the a.w. region and the reverse for phosphorus, there being

similar amounts of zinc in both regions.



CHAPTRER 6

SCANNING ELECTRON MICROSCOPY OF THE WORN SURFACES

6.1 The Topography of the Surfaces Worn with Sulphur Additives

€£.1.1 The Anti-Wear Region

Studies of wear scars formed on balls and rollers with the
scanning electron microscope show how the surface topography varies with
load and additive. The scars on the balls and rollers were, in general,
similar at eguivalent loads, that is at equivalent positions on the graphs
of load versus wear scar diameter. Unless otherwise stated all the S.E.M.
photographs are of wear scars formed on balls using an electron accelerating
potential of 20 KV.

When no additive was used the wear scars formed with Risella 29
0oil look clean and do not have a visible surface film on them. Figure 6.1
shows the wear scar formed at a load of 45 Kgf with Risella 29 as lubricant
on the flat surface of a roller., However, when HVI base oil was used the
surfaces of the scars look discoloured, Figure 6.2 shows the scar formed
at a load of 35 Kgf lubricated with HVI oil., The central strip is covered
with a film which looks darker and rougher than the two outside regions of
the scar.

When the sulphur additives were used the wear scars were again
covered with a visible surface film, TFigure €.3 shows a wear scar formed
at a load of 15 Xgf with HVI + 0.723% DI'BDS as lubricant. The scars are
very smooth and covered with fine tracks parallel teo the direction of sliding.
This photograph is typical of the surfaces obtained in the a.w. region when

sulphur additives were ussd,
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€.1.2 The Extreme Pressure Region

At initial seizure the surfaces formed with the two base oils plus
sulphur additives were different. When Risella 29 plus sulphur additive was
used flaked, deeply grooved surfaces were formed. Figure 6.4 shows the scar
formed with Risella 29 + 0.886% DPDS at a load of 55 Kgf. ILarge areas of
the centre and trailing edge of the scar surface are breaking off leaving
pitted areas of exposed metal, UWhen HVT plus sulphur additives were used
the surfaces were still pitted in the centre and towards the trailing edge
but they were much less extensive. Also the scars are more finely scored.
This is illustrated in Figure 6.5 which shows a scar formed at a load of
55 Kegf with HVI + 1,0% DBDS as lubricant.

As the load is increased the differences in the form of the wear
scars due to the type of base oil disappear and differences due to the type
of additive bcome apparent. The wear scars formed with DBDS and DIBDS
additives have similar topographies but those surfaces formed with DPDS
additive are different. At 100 Kgf with HVI + 0.885% DPDS as lubricant
scars are formed with smooth and rough areas, This is illustrated in
Figure 6.6. The rough areas have plate like structures which could be due
to localised welding between the stationary ball and the upper rotating one.
The weld must be broken immediately if seizure is not to take place and hence
strips of metal are pulled out one after the other as the welds are broken.
Figure €.7 shows a similar structure formed on a scar at a load of 45 Kgf
with only Risella 29 oll as lubricant. This type of surface structure
appears to be formed by mechanical action when there is no additive or when
the chemical reaction of the additive is insufficient to afford good
protection of the sliding surfaces. TIn contrast to these surface topographies
Figure €.8 shows part of a wear scar formed with Risella 29 + 1.0% DRDS as
lubriecant at the same load of 100 Kgf. When DBDS and DTBDS additives are

used the scars formed at this load are characterised by fine grooves forming
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a smooth surface., There are very few rough areas and no indications of
welding between the sliding surfaces.

- At 160 Kgf, just before final seizure with DPDS as additive, the
surfaces look extremely rough with only a small percentage of the total area
of the scars being smooth, Figure 6.9 shows part of a scar formed with
Risella 29 + 0.886% DPDS as lubricant at this load. Whole regions of the
scar appear to have been torn out of the surface and welding has taken place
extensively. It is apparent that the additive has not given the sliding
surfaces sufficient protection and this mode of wear cannot be sustained,
hence seizure occurs.

Yhen DBDS and DIBDS additives are used the evidence points in the
opposite direction, that is the higher the load the greater the chemical
action of the additive and the greater the proﬁection afforded to the
sliding surfaces. Figure 6.10 shows an area in the centre of a wear scar
formed with HVI + 1,07 DBDS as lubricant at a load of 170 Kgf. The surface
has broken up in places leaving fine debris on the scar (bottom left) and
raised islands remain as part of the load bearing film. The topography of
this type of secar indicates that the additive reacts with the metal to form
iron sulphide whiech breaks up under the applied load leaving debris and
fresh metal to react with the additive. Figure 6.11 is an area of a scar
formed at 200 Kgf with Risella 29 + 1.0% DBDS as lubricant. The lateral
eracks indicate that the mode of destruction of the reacted layer is stress
cracking of the film.

When applying a miecrohardness indentor to the surface of the wear
secars to carry out depth analyses on the electron probe the surface film

-

1 c.12 shows

|

broke up in places on wear scars formed at high loads. FPFi e

A

how these indentations affected the surface of a scar formed at a load of

500 Kef with HVT + 0.723% DIBDS as lubricant on a roller. Cracks spread oub



e T

SLIDING
DIRECTION

LUBRICANT : RISELLA 29 + DPDS

LOAD: 160 Kgf

SLIDING
DIRECTTION

LUBRICANT: HVT + DBDS

LOAD: 170 Kgf



SLIDING
DIRECTION
FIG, 6.11

LUBRICANT: RISELLA 29 + DBDS

LOAD: 200 Kgf
—_—
SLIDING
DIRECTION

LUBRICANT: HVI + DIBDS (Flat)

LOAD: 200 Kg?f



59

from the corners of the indentations. Figure 6.13 shows the edge of the
reacted layer on the scar when part of the surface broke away. The thick-
ness of the film exposed was estimated to be 2 to 4 mierons.

6.2 The Topograpny of the Surfaces Worn with Zine Dialkyldithiophosphate
Additives

6.2.1 The Anti-Wear Region

The surfaces formed with pure ZDP and Lubrizol 1395 additives in
the a.w. region are extremely smooth and covered with fine grooves, The
scars are similar for both the additives and with both base oils. The main
characteristic of the surfaces 1s the presence of dark discolourations
covering most of the central area of the scars. Figure 6,14 shows a scar
formed at a load of 15 Kgf with HVI + 1.112% ZDP as lubricant. These dark
discolourations are associated with concentrations of phosphorus, zire and
particularly sulphur when observed with the electron probe. The evidence
from Figure €,15, which illustrates part of the film formed on a wear scar
at a load of 35 Kgf with Risella 29 + 1,112% ZDP as lubricant, suggests that
the film is quite thick and sits on top of the metal surface. These films
are thicker than those obtained in the a.w. region using the sulphur
additives and give good protection to the metal surfaces up to loads around

100 Kef.

6.2.2 The Extreme Pressure Region

In the e.p. region the wear scars have smooth and rough areas
similar to the surfaces formed with DPDS additive. Figure 6.16 shows part

of the scar formed at 2 load of 120 Kgf with HVI + 1.0% Lubrizol 1395 as

- i - - - il . -~ - - s
lubricant, This print is very similar to Figure 6.6 and indicates that
localised welding has taken place, The smooth areas have a thin visible
film which contains sulphur phosvhorus and zine when observed with the

electron probe,
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€.% Summarizing Remarks

When HVI oil was used as lubricant a visible film was formed un

the scars similar to those formed when sulphur additives were used in t.e
a.w. region. These scars are finely scored. At initial seizure the scars
are pitted and differences due to base oil are apparent., At higher loads
DPDS additive affords little protection and rough, welded surfaces occur.
When DBDS and DTBDS are used the surfaces are covered with a thick reacted
film whiech eracks up at higher loads revealing that the thickness of the
film is of the order of 2 to 4 microns.

| When zine dialkyldithiophosphate additives were used thick films
covering most of the scars were observed and these afforded good protection
in the a.w. region up to 100 Kgf. However, these two additives gave very
little protection in the e,p. region and scars similar to those obtained

with DPDS additive were obtained.
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EHAPTER T

OTHER PHYSICAL TECHNIQUES

T.1 DMiero-indentation Hardness Tests on the Surfaces of Selected Vear Secars

The hardness of both the unworn and worn regions of selected rollers
were obltained on a Leitz Miniload Tester. A load of 300 gms was used except
when the surfaces were very soft and a smaller load (100 gms) was necessary
to stop the surface film cracking. The central areas of the scars were
tested so that the load was applied approximately normal to the surface and
the diagonals of the indentations were similar in length. Several indentations
both on and off the wear scars were made on each specimen and mean values
obtained. The results were corrected for the small loads used, The Leitz
Miniload Tester Handbook suggests adding 1.1um to the mean length of the
diagonals before looking up the hardness value in the tables. This correction
was applied to the results,

Table 7.1 shows the hardness values obtained from the selected
specimens, The hardness values off the wear scars vary between 875 and 1000
V.P.N. except in the e.p. region when DBDS and DTBDS additives were used,
when the hardness decreased from 1000 to 550 V,P,N, as the load was increased,
These hardness values are high compared to the maecro-indentation tests which
gave values around 850 V.P.N. for both balls and rollers, The instrument was
not directly calibrated, only a standard correction was made so no direct
comparison can be made with the macro-indentation tests. As all the micro-
indentation tests were conducted on the same instrument and the same
correction applied, comparison can be made between the results obtained from
the various specimens recorded in Table 7.1. When rollers worn with DPDS,

ZDP and Lubrizol 17395 additives were tested the hardness values obtained on
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the wear scars were similar to those obtained off the scars over the whole
load range. However, when rollers worn with DBDS and DI'BDS additives were
tested the hardness on the scars decreased with increasing load in the e.p,
region and the values were less than those taken off the scars. This suggests
that a soft layer is required to proteet the rubbing surfaces under e.p.
conditions., At 200 Kgf load with DIBDS as additive the film cracked when a

300 gm load was used suggesting that at room temperature the film was brittle.

7.2 Miero-indentation Hardness Tests on Taper Sections of Selected Specimens

A number of rollers were mounted in thermosetting plastic at an angle
of 11.5° to the surface of the mount and ground down to expose half the wear
scar which then formed a taper section with a depth magnification of x5. The
taper sections were polished and etched with 2% Nitol so that the structures
of the underlying material could be observed. Micro-indentation hardness
tests usinz a Vickers microscope and 100 gm applied load were made on the
taper sections. A calibration curve was obtained from a set of materials of
varying hardness tested on a macro-indentation tester and on the Vickers
micro-indentation hardness tester. All the results presented have been
corrected from this calibration grapn.

Figure 7.1 shows a taper section through a scar formed on a roller
at a load of 180 Kgf with HVI + DBDS as lubricant, The wear scar has been
covered with clear ﬁlastic prior to grinding and polishing so that the
surface of the wear s¢ar is visible. A light coloured layer has been formed
under the sear, which is thick at the leading edge of the scar and disappears
towards the trailing edse. Above this layer a thin, darker film has been
formed in the centre of the sear and below the light layer a darker area of
tempered martensite has besn formed., Below this aresa of tempered martensite
the lighter ordinary martensite can be seen, Figure 7.2 shows a series of

photographs of the structures formed below the front half of the wear scar
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illustrated in Figure 7,1, with micro-indentations visible at various points.
The indentations above the cracks near the leading edge indicated a hardness
of 64O V.P.N., the one below the crack 610 V.P,N. and the three indentations
on the left of Figure 7.2 gave hardness values of 460, 480 and 460 V.P.N.
The region under the leading edge of the scar is the hardest area and would
be expected to have had a high temperature. The hardness of the darker layer
near the surface was the same as the light coloured layer. The hardness of
the tempered martensite increased from 490 V,.P.N. near the light layer to
860 V.PB.N. when the ordinary martensite was reached at a depth of about 100um.
The hardness of the sulphide film was not obtained as the film cracked even
under lighter loads.than 100 gms. The hardness of the layers under the scar
inereased with increasing depth., This was observed for scars formed with
both DBDS and DI'BDS additives in the e.p. region and gives weight to the
results presented in Table 7.1. In Figure 7.2 flow lines can be observed in
the light surface layer. These flow lines follow the direction of sliding.
Figure 7.3 shows a taper section of a scar formed at a load of 140 Kgf
with HVI + DPDS as lubricant., A thick white layer has been formed under most
of the scar and is particularly thick at the leading edge. A dark layer of
tempered martensite has formed below the white layer. Micro-indentation
hardness tests were made at a number of points. Figure 7.4 shows a series
of these indentations in the white layer formed with Risella 29 + DPDS at a
load of 140 Kgf. The four indentations on the left of Figure 7.4 give
hardness values, taken from top to bottom, of 1070, 910, 830, 450 V.P.N. The
two other indentations give values of 910 V.P.N. on the right and 875 V.P.N.
in the centre. The hardness of the tempered martensite increases from 450
V.P.N. below the white layer to 910 V.P.N. in the ordinary martensite., The
streaked darker area near the trailing edge of the scar has a hardness of

675 V.P,N. The white layver is very hard and has not reacted with Nitol, the
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etching agent, and consequently does not appear to be the type of formation
conducive to good e.p, lubrication as the e.p. additive will also have
difficulty reacting with this structure.

Similar results to those obtained with DPDS additive were observed
with ZDP and Lubrizol 1395 additives. Figure 7.5 shows a taper section of a
scar formed at a load of 120 Kgf with HVI + ZDP as lubricant. Again a thick
white layer was formed under the scar, being thickest at the leading edge.

The white layer was surrounded by a dark tempered martensite area above the
ordinary martensite. TFigure 7.6 shows a series of indentations made near the
leading edge of the scar. The hardness of the material to the right of the
white layer was 580 V.P.N. whereas just within the white layer the hardness
was 910 V.P.N. The four indentations on the left of Figure 7.6 give hardness
values taken from top to bottom of 1050, 940, 860 and 500 V.P.N. The hard-
ness of the tempered martensite increased from 500 V.P.N. to 860 V.P.N. with
increasing depth the value of 860 V.P,N. being that of the ordinary martensite.
The white layer was again hard and unreactive, reinforeing the resultis
obtained in section 7.1, that the surfaces of the scars formed in the e.p.
region with poor e.p. additives are hard compared to those obtained with DBDS
and DI'BDS additives.

Savitskiy and Kogan (66) established that white layers arising on
friction surfaces of steels may originate by quenching or diffusion., Type I
layers were formed by quenching, had hardness values in the range 900 - 1100
Kg/mmg, and had austenitic - martensitic structures with some carbide phase.
Type IT layers were formed by diffusion of carbon, had hardness values greater
than 1200 Kg/mme, and by X-ray diffraction only iron carbide (mainly Fejﬂ)
and -Fe lines were observed, They used an alkaline solution of sodium
picrate to etch the white layers and show thelr structure. Two specimens

(formed with HVI + DPDS lubricant at 140 Kgf and HVI + ZDP lubricant at

120 Kgf) were etehed in a boiling solution of alkaline sodium picrate for
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five minutes, The resultant etched specimens showed up earbide particles
distributed randomly through the matrix and through the white layers. 1In one
case the white layer was darker than the matrix and in the other lighter than
the surrounding matrix. From this evidence it was not possible to ascertain
whether the white layers were enriched with carbides. Further work in this

area is necessary to elucidate the types of structures under the wear scars.

7.3 Results using Electron Spectroscopy for Chemical Analysis (ESCA)

Towards the end of the period of research a new ESCA machine was
installed at Shell Research Limited to replace a hand-built model used
previously, The limited amount of work conducted on the hand-built model
showed the necessity of using masks to blank off the unworn part of the
rollers, Using this instrument a roller worn with DBDS as additive at 200 Kgf
load revealed that two forms of sulphur were present in the scar. The peaks
were obtained by stacking 10 slow scans in a multichannel analyser. These
two peaks were tentatively identified as sulphide and sulphate, When a roller
formed at a load of 140 Kgf with Lubrizol 1395 as additive was observed,
zine, phosphorus and sulphur peaks were obtained., These results were obtained
near the limit of resolution of the instrument.

On the new commercial instrument an area of approximately 2mm x 10mm
is irradiated. Platinum masks were used to cover all but the wear scars.
Unfortunately, lead and sulphur peaks were observed when irradiating only the
mask, Fine gold (99.98% pure) masks were used instead of platinum but again
two sulphur peaks were observed when irradiating only the mask. These peaks
were of similar intensity to those observed wnhen a small sear was irradiated,
Tt was not possible to overcome these problems in the time available, but the

work is continuing and these problems will be solved.



66

7.4 Summarizing Remarks

The hardness of the wear secars is very similar to that of the unworn
EN%1 steel in most cases. The exceptions are the wear scars formed with ©BDS
and DIBDS additives in the e.p. region. For these scars much lower hardness
values were obtained indicating that the sulphide film is much softer than
the steel. The micro-indentation hardness tests on the taper section show
that the structures under the wear scars formed with DBDS and DIBDS additives,
in the e.p. region, have a lower hardness value than the ordinary unworn
steel and that no thick white layer has been formed. For the other additives
used, the structures under the wear scars consist of a ﬁhick, hard white
layer, thickest at the leading edge, supported on a softer tempered martensite
layer.

The ESCA results at present do not give much information about the
chemical environment of the atoms present on the worn surfaces but work is
in progress to overcome the initial problems encountered and obtain some

very useful results.
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CHAPTER B8

DISCUSSION

8.1 Comparison of Besults with other Published Work

The results of the wear tests show the differing effects of the
various additives, geometries and base oils. When no additives were used
Risella 29 oil had no e.p. activity whereas HVI ail did, especially when
used with 3 flats geometry. HVI oil contains polar impurities and approx-
imately 1% by weight sulphur and these can act as e.p. agents at higher loads.

The %-ball results using the sulphur additives were similar to those
obtained by Allum and Ford (39). Table 8.1 shows the initial and final
seizure loads obtained by Allum and Ford with a 0.3%02% weight sulphur
concentration (4.63 millimoles per 100 gms of blend) compared to 0.265%
weight sulphur (4,06 millimoles per 100 gms of blend) in these tests, both
using a highly refined paraffin oil. There is good agreement between the
two sets of results both for initial seizure (I.S.) and final seizure (W.L.)
loads. Also the form of the graphs are similar, both sets having intermediate
regions or steps between the a.w. and e.p. reginmes,

The results obtained with zine di-butyldithiophosphate and Lubrizol
1395 additives are not so easily correlated with other published work. The
nearest comparison found in the published literature was with the results of
Allum and Forbes (54), who used a series of zine dithiophosphates in a
highly refined paraffin oil at a concentration of 0.236% weight sulphur
(8.0 milliatoms of sulphur ver 100 gms of blend) compared to 0.265% weight
sulphur (8,12 milliatoms of sulphur per 100 gms of blend) with ZDP in this

work. Table 8.2 shows the initial and final seizure loads for ZDP and



Table 8,1

Comparison of e.p. results for a series of disulphides at a
concentration of 0,302% weight sulphur (Allum and Ford) and
0.265% weight sulphur (Thesis) in paraffin oil

THESIS ALLUM AND FORD
ADDITIVE I.8. Kgf W.L. Kgf 1.8. Ketf W.L. Ksf
DBDS 55 260 60 240
DIBDS b5 240 50 220
DPDS 55 180 60 170
Table 8.2

Comparison of e.p. results for a series of zine dithiophosphates

at a concentration of 0,23%6% weight sulphur (Allum and Forbes)

and 0.265% weight sulphur (Thesis) in paraffin oil

ADDITIVE Sy Kt W.L, Kegf
ZDP 100 140
Thesis
Lubrizol 1395 90 150
7Zn di-(4-methyl pentyl-2)dithiophosphate €0 155
Zn di-n-hexyl dithiophosphate ] 150
7n -(2,2,dimethyl (pentyl)dithiophosphate 85 140
7Zn di-n~dodecyl dithiophosphate 100 150
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Lubrizol 1395 compared to those of Allum and Forbes, These results show
that all the additives have comparable final seizure loads indicating
similar e.p. activity, The variations in initial seizure loads shoyw
different a,w., activities. Both ZDP and Lubrizol 1395 compare favourably in
their a.w, activity with the additives used by Allum and Forbes.

When the one-ball-on-3-flats geometry was used there were small
variations in initial and final seizure loads compared to those obtained with
4-ball geometry. Also when HVI oil was used there were again small
differences compared to the results using Risella 29 base o0il, The main
purpose of using the rollers was to extend the use of physical analytical
techniques. As the wear test results for the two types of geometry are
similar, the results of the physical analyses, whether on ball or roller,
can be used in direct comparisons with the results of other published work.

The 4-ball tests cannot be used to explain the action of the
additives, Physical and chemical analytical techniques must be used in
conjunction with other tests and the lU-ball results to get a complete pileture,
The interactions during the rubbing process in the 4-ball machine must be
considered as this is a dynamic test where several variables are changing
continually. Dorinson (67) considered the inter-relations of these
variables and states that qualitatively, "the interaction of the following
factors can be recognised (a) primary generation of heat at the rubbing
surfaces, (b) breakdown of the elastohydrodynamic film with the possible
concomitant formation of a protective coating or the occurrence of an anti-
seizure reaction with the additive, (c) penetration of heat into the body of
the ball from the rubbing surface, (d) wear at the rubbing interface with
additional generation of heat and (e) relaxation of the contact pressure as
the area of the contact zone increases through wear, secondary effects being
decreased rate of depth wear, decreased heat flux and partial or full re-

establishment of a fluid lubricant film". Because of these complex inter-
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relations the behaviour of lubricant additives in the L4-ball tests must
continue to be viewed empirically. Consequently, the analysis of specimens
formed in the U4-ball machine must be placed in the context of the test
procedure and any inferences to more generalised applications of the .
additives must be treated with considerable circumspection. For instance,
it is particularly relevant to remember that in the e.p. region the mean
pressure has been reduced considerably by the wear. Typically at 15 Kgf
load (a.w. region) the mean pressure on a ball with a scar of 0.%mm diameter
is 87 Kgf/mm2, whereas the mean pressure at a load of 140 Kgf with a scar
diameter of 2.5mm (DPDS, ZDP and Lubrizol 1395 additives) has decreased to

L Kgf/mme. For a scar diameter of 1.8mm at 140 Kgf load (DBDS and DIBDS
additives) the mean pressure is 22.5 Kgf/me. These are macroscopic pressures
the load being carried by the real areas of contact., From the above 'macro-
pressures' the percentapge of the apparent area of contact which actually
constitutes the real area of contact is greater in the a.w. than in the e.p.
region assuming the same pressure can be born by the real areas 6f contact
in both regimes. In practice this will not be the case because of the
different temperatures involved under the two sliding conditions.

The X-ray diffraction analyses show that in the a.w. region for
all oils and additives no film can be detected on the wear scars. This
obviously does not preclude the presence of thin and /or non-crystalline
films. In the e.p. region inecreasing amounts of cementite Fejp were found

in the scars formed with DPD3, ZDP and Lubrizol 1395 additives and with DBDS

and DTBDS additives FeS, Fe,0,, a-F and Fejc were detected. Godfrey (27)

e O
2 2 >
showed that for sulpaurised mineral oil run in the S.A.E. machina there were
several constituents to the e.p. film formed. He showed by X-ray and electiron
diffraction of stripped films from the worn surface, that 1‘4‘930)‘L was the major

constituent and an iron carbide, FeC, and iron sulphide were also present,
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By emission spectroscopy he found concentrations of silicon significantly
greater than in the base metal. Because of these structures in the worn film
he suggested that several mechanisms occur during e.p. lubrication. The fact
that oxides are only detected when appreciable amounts of iron sulphide are
present, and that these are only found on surfaces where good protection was
afforded up to high loads confirms the ideas of several authors EGreenhill(21];
Simard, Russell and Nelson (20); Godfrey (27); Toyoguchi, Takai and Kato (38ﬂ
namely that oxygen and active sulphur compounds complement each other in e.p.
lubrication. Godfrey (27) suggests that FejOl+ is the major constituent and
FeS the minor, whereas the reverse appears to be true from the diffraction
and E,P.M.A, results of specimens worn with DBDS and DIBDS additives.

Sakurai and Sato (68) found from X-ray diffraction studies of
specimens formad using Bareroft's (69) hot-wire corrosion technique that when
DPDS additive was used in white oil the corrosion rate at 490°C was very
similar to that obtained with white oil alone. The wire was of pure iron
and the corrosion product on the surface was Fejoh. When they used DBDS as
additive the corrosion rate was extremely high and iron sulphide FeS was the
main reaction product, They also used a 0,5% weight conﬁentration of ‘zinc
di-isobutyldithiophosphate in white oil and found that at 380° and 480°C the
corrosion rate was slower than with white oil alone., They suggest that zine
di-isobutyldithiophosphate forms a polymer product which retards oxidation
of the iron,

C were detected with DPDS,

)

7DP and Lubrizol 1395 additives in the e.p. region and that no oxides were

The observation that large amounts of Fe

detected suzgests that the rate of formation of oxides and sulphides at
thege loads is insufficient to form an effective thick film lubricant., The
large guantities of Fei? may be due to breakdown of the lubricant and

formation of Fe,C at the high contact temperatures and preferential wear of
A

the steel leaving an excess of carbides in the surface layers.
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The E.P.M,A. results are consistent with the X-ray diffraction
results in several ways. The elements detected on the surface of the scars
(sulphur in the case of the sulphur additives and zinec, phosphorus and
sulphur for the zine dithiophosphate additives) in the a,w, region formed a
sufficiently thin layer to leave the iron X-ray image unaffected. This was
also true in the e.p. region when DPDS, ZDP and Lubrizol 1395 were used as
additives., When DBDS and DTBDS additives were used the iron X-ray image was
increasingly affected by the sulphur as the load was increased. TFigures
5.7 (a), (h) and (e) show that the highest concentrations of sulphur are
associated with decreases in the iron X-ray intensities. The highest
concentrations of sulphur detected (31% weight) suggest that a thick film of
FeS (36.5%_weight sulphur) has been formed in these areas and is consistent
with the X-ray diffraction results,

From the quantitative electron probe analyses (Figures 5.8 to 5.13)
the amount of sulphur detected in the scars decreases to a minimum at and
after initial seizure. Also the sulphur that is observed at initial seizure
is concentrated in the pitted areas (Figures 5.4(a) and 5.4(c)) and not the
load bearing areas. Figures 5.1(a) and 5.1(c) show that, in the a.w. region,
the sulphur is concentrated mainly in the load bearing areas, note the dark
lines across the sulphur X-ray image where polishing scratches cross the
scar. Similarly, Figures 5.5(2) and 5.5(c) show the same effect in the e.p.
region., This indicates that at initial seizure the additive is not
providing good protection to the rubbing surfaces, This is consistent with
the hypothesis that there are two distinct modes of action of these sulphur
additives under the a,w. and e.p. conditions. When the transition from the
a,w, mode occurs there is a range of loads at and above initial seizure where
neither mechanism gives adeguate protection toc the rubbing surfaces. The
increasinz amounts of sulphur detected when DBDS and DI'BDS show that the

e.p. mode of action is functioning, whereas the very limited amount of
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sulphur detected in the e,p, region when DPDS was used suggests that the €.P.
activity of DPDS is too slow to give good protection,

Wnen ZDP and Tubrizol 1395 were used as additives the distribution
of the elements in the a.w., and to a lesser extent in the e.p. region, showec
that zinc and phosphorus were always closely associated spatially. The
sulphur distributions were different and more localised than zine and
phosphorus in both regzimes, The three elements were mostly restricted to
the load bearing areas of the sears in the e.p. region and not in the torn,
welded areas. The atomic ratios (Tables 5.% and 5.4) show that the trend is
for the sulphur to increase with increasing load relative to the zinc content,
while the phosphorus decreases with inereasing load.

In the E,P.M.A. results of Allum and Forbes (28) they also detected
increasing amounts of sulphur with increasing load in the e.p. region for a
series of disulphides, They infer that the oxygen content (by the difference
method) decreases with increasing sulphur content whereas in these analyses
the difference, which as they state can be oxygen and carbon, varies
considerably from point to point within one sear and with load. The general
trend is for the difference (oxygen and carbon) to increase slightly at the
highest loads but no great weight can be placed on the accuracy of the oxygen
and carbon contents because of the method used to obtain these results. The
X-ray diffraction analyses of scars formed with DPDS as additive suggest
that the main difference is in fact carbon as very intense Fe3C lines were
observed. Fejc does however only contain 7% by weight earbon compared to

28 and 30% by weight oxygen in Fe On and a-Fe?03 respectively, thus there

would be four times more Fezc than elther of the oxides for the same weights
of carbon and oxygen. Yhen FeS, Fejﬁ, Fe_ 0, and 3—?0905 were detected by

X-ray diffraction with DBDS and DTBDS additives there was more oxyzen than
carbon as the difference (the sum of oxygen and carbon) was still approx-

imately 8% by weight as measured by E.P.M.A. This is the same amount



detected when DPDS additive was used but now the oxide lines are clearly
distinguished, the Fejc lines being much less intense than those ohserved
with DPDS additive. Thus the main constituent found in the wear scars when
DBDS and DIBDS additives were used was FeS, the oxides and carbide being
minor constituents. No quantitative analysis of the X-ray diffraction
patterns was attempted because the diffraction lines were fine and a large
number of them on each pattern were faint, Micro-densitometer traces only
gave reasonable peak intensities fpr a small number of lines, a considerable
number were unresolved.

The quantitative E.P.M,A, results obtained with the zinc dithio-
phosphate additives highlight the difficulty of looking at thin films where
the quantities involved are very small leading to large statistical errors
in the results, Forbes, Allum and Silver (29) show that in the a,w., region
the average atomic ratios Zn:P:S are 1:1.9:0.3 for zine di-Umethyl pentyl
dithiophosphate additive and in the e.p. region 1:2:2.2 showing that there
is more sulphur compared to zine in the e.p. region than the a,w. region.
However, they indicate that the zinc, phosphorus and sulphur are accumulated
in the pitted areas of the scars in the e.p. region whereas Figures 5.17 and
5.18 indicate that the elements are concentrated in the smooth tfacked areas
of the scar. Only around initial seizure were similar distributions obtained
(Figure 5.15). It must be remembered that the concentrations were extremely
low and that the chemical structures of the zine dithiophosphates were
different.

The similar zine and phosphorus distributions indiecate that
possibly zine phosphate and iron phosphate are adsorbed on the metal surface
to form the load bearing film in the a.w. region, the small amount of sulphur
playing only a minor role. The concentrations of sulphur (Figure 5.17(e)) on

the load bearing areas of the scars and the inereased ratio of sulphur

suggest that the limited e,p. activity of the zinc dithiophosphales is due
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to the presence of sulphur in the molecules.

Scanning electron microscopy reinforces the results so far
discussed. The sulphur additives give smooth finely scored wear scars in
the a.w, region and optically visible thin films. At initial seizure, there
are noticeable differences in the scars formed with the sulphur additives
when Risella 29 and HVI oils are used. The polar impurities in the HVI oil
may give a limited protection in this region where neither a.w. nor e.p.
modes of action of the sulphur additives are functioning adequately., In the
e.p. region the surfaces formed with DBDS and DIBDS as additives are covered
with thick reacted layers whereas with DPDS as additive a torn welded
surface was observed with very little evidence for the presence of a reacted
film. The reacted layers on the scars formed with DBDS and DIBDS are thick
(2 to & pm) and erack across the direction of sliding before being removed
from the surface as debris., This indicates that a brittle fracture
mechanism may be operating and causing the break-up of the film. The load
bearing areas are generally very smooth even on the scars formed with DPDS
as additive. Using ZDP and Lubrizol 17395 additives the wear scars formed in
the a.w. region are very smooth and are covered, particularly in the central
region of the scar (Figure 6.14), by a dark film. In the e.p. region the
scars are similar to those obtained with DPDS as additive showing that there
has bheen very little e.p. activity.

Miero-indentation hardness testing of a range of rollers worn with
the various lubricants showed that the surface hardness of the unworn part

of the rollers was around 1000 V,P.N. (300 gm load) compared to 855 V.P.N.

(30 Kif load) for the normal hardness test, This difference shows that no
direct comparison ecan he made between macro- and micro-indentalion tests
unless ecalibration proceduress nave been carried out, The hardness of the

scars were all similar to or Jjust below the unworn hardness excepu those

5 oy TiIPRNY. i+1 -3 1 " A3 £y &x
formed in the e.p. region with DBDS and DTBDG additives. The hardness of
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the unworn part of the rollers was also reduced to around 800 V.P.N. at the
highest loads while the hardness of the scar was down to 400 V.P.N. Mott (70)
quotes micro-indentation hardness values for pyrrhotite FeS, 214 V.P.N. and
for pyrites FeSQ, 840 to 1130 V.P.N. Pyrrhotite was identified in the wear
scars formed with DBDS and DI'BDS as additives by X-ray diffraction and is

by far the softer of the two iron sulphides, The hardness of the worn
surfaces Tormed under e.p., conditions with DBDS and DTBDS additives can be
explained in terms of an iron sulphide layer.

The optical micrographs of taper sections reveal that for the sears
worn with DBDS and DIBDS additives in the e.p. regilon there were only thin
white layers formed under the scars compared to the thick layers observed
with DPDS, ZDP and Tubrizol 1335 additives. The hardness of the various
structures formed under the scars with DBDS and DIBDS additives showed that
the hardness increased from the surface downwards until the ordinary marten-
sitic hardness was reached (860 V,P,N.). With the other additives a thick
white layer was formed which was hardest immediately below the surface of
the scar. The white layer was supported on a softer layer of tempered
martensite, These results suggest that the good e.p. film does not allow
the metal to get as hot as the metal in the poor e.p. case and conseguently
a hard white layer is not allowed to form. TIf a thiek white layer has
formed an e,p. additive is less likely to function adequately as this layer

is hard and unreactive.

8.2 Discussion of the Mode of E,P. Action of the Disulphides

Having compared the results of the present work, where possible;
with other published research, the mechanisms of action of the additives in
the e.p. region have to be explained. To explain the results the mode of

3

action in the a.w. region mist be considered first. With the disulphide

additives a visible film containing sulphur is formed and is sufficiently
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thin to leave the iron X-ray image, obtained in the electron probe,
unaffected by the film. There is a decrease in the amount of sulphur =t
initial seizure suggesting that the film has broken down and been removed,
This indicates that the film was not bound to the surface tightly enough to
withstand the severe conditions of temperature and load and in fact may
desorb at initial seizure. Davey and Edwards (3€) suggest that initially
the disulphides are adsorbed on the surfaces and then form iran mercaptides.
Groszek (71) showed that in his adsorption tests disulphides adsorbed at a
greater rate on iron oxide than on pure iron. Sakurai, Tkeda and Okabe (26)
sugrested that some iron sulphide was formed initially and that this had an
adsorption activity greater than iron oxide and consequently the disulphide
molecules can chemisorb more easily on the iron sulphide., Allum and Forbes
(hO) hypothesised that seission of the sulphur - sulphur bond to form iron
mercaptides was the mechanism involved in the a.w. region. However, in a
later paper Forbes and Reid (41) modify this mechanism and state that the
scission of the sulphur - sulphur bond is not a prerequisite to explain the
differences in the a.w. properties of organiec disulphides. They indicate
that the differences can be explained by the physical properties of the
film formed by adsorption of the disulphides onto the metal surface. It is
not possible to indicate the exact mechanisms involved in the light of the
present work but it is clear that the film is chemisorbed as the lack of
sulphur at initial seizure suggests that the film is removed very gquickly
and has not formed an inorganiec layer. Also at initial seizure a difference
due to the base oils is apparent whereas at all other loads no difference
due to base oll can be detected. This indicates that at initial seizure
the conditions change and a different mode of action is required. The polar
impurities and sulphur in the HVI oil gave a smoother less plitted surface
than when Risella P29 was used as the base oil., The pitting of the surface

at initial seizure may well be due to a fatigue mechanism. When a film
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gives good protection the stresses produced at the asperities are spread
through the film and distributed over a wider area. If, however, there is
considerable metal to metal contact there will be higher stressing of the
surfaces locally and concomitant thermal stressing which could lead to large
areas cracking up and being removed.

Spikes (72) suggests that for DBDS additive in oil below 80°C there
is no irreversible chemical action with steel, between 80 and 110°C there is
a chemically adsorbad film, probably of iron mercaptide and above 110°C there
is scission of the ecarbon - sulphur bond to form iron sulphide. This reaction
is quite slow until a temperature of around 150°C is reached. This may
explain the poor protection afforded at initial seizure where there is break-
down of the adsorbed film and the formation of iron mercaptide and possibly
iron sulphide. It is not until more severe conditions are reached that the
temperature is sufficlently high for the reaction rate to increase so that
a thick film of iron sulphide can be formed. The intermediate step
between the onset of initial seizure and the e.p. region can be thought of
as the region where adsorption of the molecules has failed, but the reaction
rate for iron sulphide formation is still low and iron mercaptide, iron
sulphide films are the load bearing layers. Once more severe conditions have
been reached the e.p. activity of the disulphides is determined by the ease
of scission of the carbon - sulphur bond to form iron sulphide, The order of

increasing e.p. activity is the same as that observed by Allum and Ford (33),

namely,
diphenyl « di-tert-butyl < dibenzyl
and follows the order of ease of scission of ths carbon - sulphur bhond.
The thick film formed by the two good disulphide e.p. additives
(DBD3 and an3) consists of mainly iron sulphide and iron oxide with some
iron earbide. Llopis et alia (37) has shown that oxygen enhances the rate of

S 3 1 L ey e s pyer ey Aot §or i
formation of iron sulphide from disulphides but Suppresses ine action of



mercaptans. This again supports the results that there is poor protection
afforded at initial seizure and then inereasing amounts of iron sulphide are
produced in the e.p. region giving good protection,

Having formed these thick films of iron sulphide and iron oxide with
the good e.p. additives, why do they afford good protection? Bowden and
Tabor (73) say that only a solid film properly interferes with potentially
damaging asperity contaets, whereas a liguid film allows high friction and
wear., Godfrey (74) states that the important physical properties of the
501lid film lubricant are (a) melting point, (b) shear strength and (c¢) hard-
ness, with adhesion, lack of cohesion and rates of formation as other major
factors involved., Russell, Campbell, Burton and Ku (75) showed that there
was a sudden inerease in friection when the melting point of a number of hydro-
carbons had been reached. Peterson (76) showsed that for high temperature
lubrication thermal softening is one of the predominant factors affecting
failure. Thus a high melting point film is required for a good e.p. surface.
Bowden and Tabor (77) proposed that the frictional force is given by

FzA{aS + (1 - a)

metal Slubricant;

where A = Area vhich supports the load; ¢¢ = Fraction of A over which break-
down of the film occurs and Smetal and Slubrieant are the shear strengths of
the metal and lubricant junctions respectively, Thus a low shear strength
film is required for low friection and low running temperature. Piggott and
Wilman (78) used Fe30u, a—FeEO} and FeS films on mild steel dises lubricated
with paraffin oil. They observed abrasive wear due to the relatively hard
oxide and sulphide particles abrading the softer mild steel. Thus the hard-
ness of the films has to be kept as low as possible to avoild abrasive wear,

From the Handbook of Physiecs and Chemistry (79) the meltinz points of the
= 3

following materials were obtained:
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Material Melting Point °C
FeS 1195
Fe, 0, 1565
Fe,0, 1540

Godfrey (74) quotes shear strengths for the following materials as:

Material Shear Strength Kgﬁ/mm2
Fe§ 20
Fego3 23
Steel ~ 30
Fe32 23

Mott (70) gives the micro-indentation hardnesses of the following materials

as:?
Material Hardness V.P.N.
FeS 214
Fegoj 1100
FejoLt 480
FeS9 840 - 1130

The above properties show that for a film consisting mainly of iron
sulphide with a measured hardness of 400 V.P.N., compared to 1000 V.P.N, for
EN31 steel, the criteria that a good e.p. film has high melting point and
moderately low shear strengzth and hardness have been fulfilled., Appeldoorn,
Goldman and Tao (80) use the Pilling and Bedworth rule (81) that the integrity
of a film is strongest if the volume quotient @ is the same as the metal from
which the film was formed. They quote values of @ for the oxides of gFeO =

172, ﬂWP o = 2.15 and ﬁme = 2.1, They say that it would be expected
- -."}" -'5 & -

[
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L
from the values of @ that thase oxides would be quite easily rubbed off,

even under mild conditions. Hauffe (82) quotes a value for FeS of @, .= 2,57
8o

i
and thus the sulphide filnm would be less adherent than the oxide films. The

cohesion hetween iron sulphide and iron is also much lower than bhetween iron
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and iron. Also the reaction rates are high at the high sliding temperatures
occurring in the e.p. region. Tao (83) developed a mathematical model for
oxidative wear. He used a parabolic rate law and predicted a higher rate
constant and a lower activation energy for oxidation in corrosive wear than
in static corrosion at the same 'hot spot' temperature. Stafford and
Manifold (84) state that the formation of iron sulphide on iron was also a
diffusion controlled process following a parabolic law. Fe cations diffuse
many times faster than S anions in the FeS lattice. Indeed the rate of Fe
cation diffusion is very high in the FeS lattice thus the rate of oxidation
and sulphidation is enhanced by the presence of the iron sulphide. The
oxides play a vital part in the load bearing film as instanced in the case

of the mild dry wear of steels (85). The combination of FeS and FeBOu thus
gives greater reaction rates and better load bearing properties than either
one on their own. Because the formation of the film is an Fe cation diffusion
process it might be expected that a porosity would develop at the iron - iron
sulphide interface due to the greater rate of outward diffusion of the Fe
cations compared to the inward diffusion of the § anions. The film may
plastically deform back onto the retreating metal or form a void. Stafford
and Manifold (84) show that a duplex scale is formed in their corrosion tests.
The thick outer friable layer had a coarse grain structure (Figure 6.13 shows
the worn film has this structure) and the thin innerlayer a finely erystalline
structure which was mechanically strong. The boundary between the two layers
was the original iron surface. 1In the light of this evidence and that from
the dry wear work of Quinn (88) a limiting film thickness can be hypothesised
which was reached at the highest loads with DBDS and DIBDS as additives.

The eracking across the direction of sliding would then be brittle fracture
bacause of the lack of adhesion with the underlying metal, Also because of

the friable or erumbly nature of the film the large blocks of debris that
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broke off the surface would break up quickly to form small wear particles as
evidenced by the debris shown in Figure 6.10. Further the micro-indentation
tests did break the film up (Figure 6.12). Thus the criteria suggested by
Godfrey (74) for the functioning of a good e.p., film are satisfied by the
properties of the iron sulphide, iron oxide film formed in these L-ball

tests with D3DS and DIBDS as additives. However, as Godfrey points out data
concerning the melting points, shear strengths and hardness values, need to
be obtained under high pressure, high shear rates and high temperatures before
a complete understanding of e.p. lubrication can be found.

When the data on the poor e.p. disulphide additive is examined the
explanations for the mode of action up to initial seizure load are the same
for the other disulphides but from there onwards the similarities end. Sato
and Sakural (£83) found no iron sulphide formed in their hot wire experiments
at a temperature of 430°C with DPDS and Forbes and Reid (41) with their
adsorption tests on iron powder found very little sulphur present on the
iron even after 24 hours at 150°C. They state that DPDS does not break down
via the scission of the carbon - sulphur bond and consequently has a very
low reaction rate with iron. Thus in the e.p. region there is no thick film
formed and welding or metal to metal contact occurs at relatively low loads.
Only F93C was detected, other than @-Fe, by X-ray diffraction and small
amounts of sulphur using E.P.M.A. Taper sections reveal that a hard white
layer has been formed immediately below the surface of the wear scar. This
layer may be formed as a consequence of poor e.p. protection that leads to
high running temperatures and welding of the surfaces. However, once this
layer has been formed it may further inhibit the reaction which was taking

place and thus hasten tl

.

12 approach of final seizure

8.3 Discussion of the Mode of fAetion of the Zine Dithiophosphates

Uhen the mode of action of zine dialkyldithiophosphate additives in
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the a.,w. region is considered there is evidence to support a number of
mechanisms, none of which has been proved conclusively. The present work
does indicate that the zine and phosphorus act together in some way possibly
forming an adsorbed zine phosphate and / or phosphate layer on the iron
surface, The ratio of the elements Zn:P:5 in the a.w. region was similar to
that obtained by Loeser et alia (25) and Allum et alia (29),namely that there
was a low sulphur ratio compared to the ratio of the elements in the original
additive molecule. The explanation of Barton et alia (55) that both
phosphorus and zine containing polar impurities are preferentially adsorbed
on the worn surface to form the load bearing film is similar to the ideas

put forward for the mechanism of action of tricresyl phosphate. Bareroft
and Daniels (5A), Beiber, Klaus and Tewksbury (57), and Forbes, Upsdell and
Battersby (58) all indicate that for trieresyl phosphate additive, the
additive molecule decomposes on the metal surface to give acid phosphates;
these may further decompose to give inorganic metal salts, Similarly,
Barton et alia proposed that the polar impurities in zine dithiophosphate are
preferentially adsorbed on the surface and asperity contacts then produce
high temperatures and chemical action with the bearing metal takes place to
produce a metal phosphate surface film, This hypothesis does not explain
why the pure ZDP additive, which has very few polar impurities, behaves in a
similar manner to Lubrizol 17935, which does have polar 1mpur1ties,in these
tests. Furey (45) suggested that varnish or lacquer deposits containing
physically or chemically bound phosphorus could be formed on the load-bearing
areas when zine dithiophosphate additives were used, Feng et alia (51)

proposed that a polymer was produced from zine dithiophosphates with structure

4
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Gallopoulos (50) throws doubt on the actual mechanism of formation of the
polymer proposed by Feng but Sakurai and Sato (€8), in their "hot-wire"
experiments found evidence for the formation of a polymer product. The
atomic ratios of Zn:P:S are 1:2:3 in the polymer which goes some way towards
explaining the low concentrations of sulphur found by Loeser et alia (25)
and Allum et alia (29). The Scanning Electron Microscope prints (Figures
6.14 and £.15) show a thick dark film, the blackness being attributable to
low atomie number elements. This film has the appearance of a varnish or
lacquer and further reinforces the idea that polymers are produced in the
a.w. region with zinc dithiophosphate additives.

After initial seizure very small amounts of the three elements
zine, phosphorus and sulphur wers found on the load bearing regions, Loeser
et alia (25) found metal sulphides, using sulphur printing, in localised
high pressure areas of the worn specimens used in his tests. Forbes (87)
considered that metal dithiophosphates act primarily as a,w, additives with
moderate e.p. activity due to the presence of sulphur atoms in the zine
dithiophosphate molecule, Table 8.2 supports this idea as the final seizure
loads for all the zine dithiophosphates listed are similar showing that the
various structures of the molecules have very little effect on the e.p.
performances. Streaks of sulphur found in the load bearing regions of the
wear scars support this idea that it is primarily the sulphur in the additive
that gives the e.p, activity. The small amounts of zine, phosphorus and
sulphur in the load bearing region may mean that to a limited extent the
additive was able to act as a boundary lubricant once a sufficiently large
scar had been formed. The type of surface formed in the e.p. region with
the zine dithiophosphate additives was very similar to that formed with
DPDS as additive. Also the taper seetions showed that the same structures

were formed under the secars. The thick white layer could have the same
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effect as stated for e.p. activity of DPDS additive, that is to further

reduce the limited activity that was taking place,

8.4 Areas for Future Work

From the discussion of the results obtained in this thesis there
are several areas where further work would be useful. These areas fall into
two broad groups, physical properties of the films and the chemical mode of
formation of these films. The actual physical properties of the films
formed under rubbing e.p. conditions of high prassure, shear rate and
temperature, rather than static test data, are important in learning what
exactly happens during the sliding process. E.S.C.A. has a great potential
in obtaining understanding about the chemical environment of the elements
detected, The role of oxygen, and to a lesser extent carbon, in the sliding
process needs further consideration. An electron probe microanalyser that
can detect the very light elements such as oxygen and carbon will shed light
on the relative abundance of oxides and carbides and their positions relative
to the load bearing surface, Metallographic studies of the strudtures
formed under worn surfaces would help understand the interaction of the
lubricant with the metal and the sorts of temperatures involved in the

sliding orocess.
8.5 Conclusions

The following conclusions can be drawn from the work presented.

(i) There is no difference in the results due to the type of base
oll except at initial seizure when the sulphur additives are used.

Then the HVI oll affords slightly better protection,
(ii) The disulphides form adsorbed films in the a.w. region.

(iii) At initial seizure this mode of action fails and there is no
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really effective lubrication.

(iv) The e.p. activity of the disulphides follows the order of the
ease of scission of the carbon -~ sulphur bond, namely

diphenyl <& di-tert-butyl <« dibenzyl

(v) The good e.p. additives (DBDS and DI'BDS) form thick solid iron
sulphide films (with 2 small amount of oxide) which are

relatively soft and sit on a softened metal substrate.

(vi) These good e.p. films have the properties required for e.p.

lubrication,

(vii) The poor e.p. sulphur additive (DPD3) does not form a thick

film and welds at a low load.

(viii) There is very little sulphur in this film and it is hard and

sits on a thick, hard, unreactive metal substrate.

(ix) The zine dithiophosphate additives are extremely good a.w.

additives and possibly form a polymer on the worn surface.

(x) The zine dithiophosphates are poor e.p. additives and do not

form a thieck film under e.p. conditions.

(xi) Their e.p. activity is due to the sulphur in the additive

molecule,

(xii) The scars formed in the e.p. region are similar to those formed
with DPDS additive and the substrate has the same structure,

namely a thick white layer.
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APPENDTIX

The work presented in this seetion consists of a report on the
research carried out at Shell Research Limited, Thornton, Cheshire, during

the summer of 1972 as part of the C.A.P.S. Studentship,

Introductigg

This research was carried out as a basic study of the action of
some oils on the wear of two bronzes, lead and phosphor, worn against steel.
The wear tests were conducted on a 4-ball machine and using "Physical
Methods of Analysis" on the worn surfaces, an understanding of the inter-

actions that oeccurred during sliding can be obtained.

Experimantal Procedure

The basic experiments were carried out on a Stanhope U4-Ball Machine.
The ball pot assembly was modified to take three 0.25 x 0,25 inch bronze
rollers, against which the top steel ball was rotated. The bronze rollers
were clamped in position when the locking nut was tigtened, forcing the cone
against the sides of the bronze rollers (sse Chapter 2).

Loads up to 500 Kgf were applied in all the tests and the coefficient
of friction measured. The tests were of one minute duration, the top ball
rotating at 1500 revolutions per minute,

Both balls and rollers were cleaned in a vapour bath of SBP 2 before

and after each test and the specimens stored in a desiccator.

Materials

=

Tne upper ball was of EN31 steel, The two bronzes used for the
lower rollers were:-

41 PR 1= e = 7 A
Phospnor Bronze BGH63

[ ol -~ o ” =
(94.5% Cu; 5.25% Sn; 0.19 P)
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Iead Bronze LB
(8-10% Sn; 13-17% Pb; Balance Cu).

The flat ends of the rollers were machined with a diamond tool to
give a surface finish of the order of 15 microinches c.l.a.

The following oils were used:- Risella 29 (SPL 758/70)

HVT (SPL 77/65)

plus the following additives at a concentration of 1% by weight :-

Dibenzyl Disulphide (DBDS)

Lubrizol 1335 (SPL 122/77)

Tritolyl Phosphate (TTP) (SPL 768/71)

Two fully formulated oils were also tested.

Theory

An estimate of the Hertzian dlameter for a steel ball on a bronze flat

Radius of Hertzian contact 'a' = 73ﬁ?.(K1 + K,) .R1R2.
H1 & R2
D
Hhete Ki — (1'“01) 'Qsteel = 0,30 Ref. A.1
—?EE;“ Yironze™ 0.38

e = BARSE 10" Kg/mn®

B mlelen 10" Ke/mn

B 0.914 x 10“ Kg/mme

Rsteel = 6.35 mm

R = 0D
bronze

P

i

the normal load at each of the three contacts, and

P = 0,408 W, where V' is the applied load,

& 15 TR T iy e RS
Diameter of contact = 22 = /3w 0,.4082 W.(X, + K.) R =
- "/';* s steel
N



4
Diameter 0.123 W :5mm (W in ¥gf) (p.b. = Phosphor Bronze)

PeDe

1
Diameter 0.12914/3nm1 (W in Kgf) (1.b. = Lead Bronze)

1.b,

i

An estimate of the maximum Hertzian pressure q

R 4 73
Qo = ona? " 27 | 3P(Ky * K R

steel

: . 1= 2
(a ) 51.75 W/2Ke/mm> (W in Kgf)

‘o’ Phosphor Bronze

(a))

o [ead Bronze

it

1
47.21 Vr/ﬁKg/me (W in Kgf)

(The Mean Pressure P = &5 a, the maximum pressure).

Results

Figures A.1 to A.4 are plots of the load versus mean wear scar
diameter plotted on a log - log scale for all the oils and the two bronzes.

Figure A,5 shows a typical friction versus time plot.

Friction

A

| - Time

plg. .5
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After the initial seizure the frietion holds steady and decreases very slowly
as the run proceeds, The friction inereased slowly with load, startinz at
~0,02 at 14 Kgf and increasing to ~0,08 at 500 Kgf for most tests. Tha
coefficient of friction was caleulated using the average value of the friction
in the steady region.

The specimens obtained from the L-ball tests were analysed using:
the following techniques:-

1. Optical Miecroscopy

2. Glancing Angle X-Ray Diffraction

5. Electron Probe Microanalysis (EPMA)

Iy

. Scanning Electron Microscopy (SEM)

5+ Electron Spectroscopy for Chemical Analysis (ESCA)

Optieal Microscopy

Figure A.6 shows a cross-section of the phosphor bronze indicating
a single phase structure. Figure A.7 shows a coarse grained lead bronze
structure, Both prints are x 1000 magnification and are etched eross-sections
through the wear scars, the section plane being parallel to the direction of
sliding. Both micrographs show that the worn surfaces do not produce any
marked deformation of the underlying bronze matrix. The surfaces are
disturbed to a depth of a few micrometres only.

Depletion and deformation of the matrix only occurred in one case;
namely lead bronze lubricated with HVI + 1% weight DBDS at a load of 500 Kgf.
Figures A.8 and A,9 show cross-sections through the worn surface parallel to
the direction of slidingz. Figure A.8 shows the central area of the scar,
where to a depth of the order of 100 micrometrss the bronze has boen depleted
and deformed, The trailing edge of the wear sear is shown in Figure A.O,

The dark grey areas are lead and above these, near the surface, a layer of

copper is visible, The wear in this specimen was calastrophie and conseguently
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the temperatures at the surfaces were high enough to melt the bronze.

The surface of the wear scars have a thin overlay of material
(Figure A,10), apart from a thin coating of oxide over all the surface,
which is thickest in the centre of the scar. This overlay of material has a
thickness of several micrometres at the higher loads.

Ovbservations of the steel balls showed inereasing amounts of bronze
beingz smeared on the wear tracks as the load was ralsed (Figure A.11). In
general there appeared Lo be more bronze smeared near the sides of the wear
track than directly in the centre. Also, there was more transfer of leaded
bronze than phosphor bronze.

Miero-hardness tests on the Vickers Mieroscope were inconeclusive as
the curvature of the wear sears reduced the accuracy of the measurements,
thus giving a wide scatter to the results and no systematic variation of thé

hardness across the surface of the scars could be detected.

Glancing Angle X-Ray Diffraction

This technique gave very little information about the surfaces of
the wear scars. Initially the whole face of the wear scar was irradiated
using Cobalt radiation (Figure A.12). Only the lines associated with the
bronzes appeared on the film., The exposure times were two to three hours
using a one kilowatt tube and a Debye-Scherrer powder camera and using a
300 watt tube with a 3 em diameter single crystal camera exposures up to

60 hours were used, TIn each case 2 one millimetre diameter collimator was

used,

Some of the rollers were sectioned so that the X-ray beam could
penetrate through the ecentral area of the wear scars (Figure A.13). Looking
throuzh these cross-ssctions produeced no further lines.

Anotlher technique was to earefully serape the surface of the wear

sear and stick the material removed onto a fibre, The fibre was then placed
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in a powder camera and rotated whilst being irradiated. Agaln only the
bronze lines were observed,

Glancing angle diffraction from the wear tracks of the steel balls
was attempted. The resultant patterns indicated the presence of iron (k lines),
bronze (5 lines) and a—F9203 (7 lines).

Black particles were observed in the oil when lead and phosphor
bronzes were run at loads of 14, 28, 77 and 126 Kgf in Risella 29 + 1% weight
DBDS as lubricant. These particles were centrifuged out of the oil and
stuck on a fibre and then irradiated in a powder camera., The resultant

pattern showed that these particles contained bronze and Copper Sulphide
oy e

Electron Prohe Microanalysis

A range of specimens have been analysed using the electron probe
microanalyser. The quantities of the elements present in the surface layers
were quite small, up to about 5% by weight. Because of these low levels of
concentration, no systematic quantitative analysis was carried out on the
specimens,

Figure A.14% (a), (b) and (c¢) represent the electron, sulphur X-ray
and copper Y-ray images respectively, of the trailing edge of the wear scar
on & phosphor bronze roller worn under a load of 500 Kgf with Risella 29 +
1% weight DBDS as lubricant. The area of high sulphur concentration on the
sulphur X-ray image appeared as a bluish—blﬁck rough area, when viewed under
an optical microsecope, indicating that the area may be covered with copper
sulphide. Similar prints were obtained at loads of 45, 126 and 200 Kgf.

The quantity of each element present ecannot be directly compared as the
count rates for each element are different for the same concentration, hence
the "whiteness" of the prints will be dissimilar for different elements even

1f exposure time, specimen current, ete, are held constant., However, if the
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exposure times, specimen current, ete. are held constant for a particular
element then a good gqualitative estimate of the variation in the concentration
of an element with load ean be obtained. Using the above and some spot
counts, it was apparent thal the guantity of sulphur on the surface of the
wear scars inereased with increasing load. A similar analysis was carried
out on lead bronze rollers worn with HVI + 1% weight DBDS as lubricant apd
again the quantity of sulphur in the surfaces of the wear scars Increased
with incresasing load.

Analysis of the lead bhronze rollers worn with HVI + 1% weight TTP
as lubricant did not show the presence of phosphorus in the scars at any
load. The non-detection indicates that the quantity of phosphorus present
is extremely small and if present at all, it is in the form of a thin film.

Rigure A.15 (2), (b), (e), {d) and (e) represent the electron image
and the sulphur, phosphorus, zine and copper X-ray images respectively of
the same area of the wear scar on a phosphor bronze roller worn under a load
of 500 Kzf with Risella 29 + 1% weight Lubrizol 1325 as lubricant. As there
is 0,.1% phosphorus in the bronze, the phosphorus X-ray image does not give
a reliable indication of the amount of phosphorus present in the surface
film due to the phosphorus from the additive. The sulphur and zine X-ray
images show that they are present in the wear scar and in the debris. The
quantities of zine and sulphur varied considerably with load and with
position on the wear scars. TFrom the analysis it was not possible to
establish whether the quantities of these elements varied consistently with

load as in the case of dibenzyl disulphide additive,

Seaming Electron Microscooy

At low loads (11‘.’1 tn ";""’ :'\’-_.":'-p\ ,‘;‘.r‘gir_‘}o'f,'.-\_’ fMnelyr soored scars were
obtained for all the oils (Figure A.1£) on both broazes, but as the load was

inéreased most of them exhibited a "tiled roof" effect apound the edzes of
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the scars (Figure A.17). This effect is in the same direction on all parts
of the scars where it is observed. The direction in which all this material
appears Lo be squeezed is towards the centre of the holder, that is towards
the axis of rotation, This can be explained if one considers the motion of
the ball whilst rotating, As the bronze is worn away the ball moves down
(Figure A.18) the face of the roller and the centre of the wear scar moves
across ths face of the roller towards the axis of rotation. This movement,
if associated with the flow of the bronze, is in one direction only, hence
the "tiled roof" effect in one direction.

From optical micrographs of cross-sections through wear scars, the
centre of the scars at high loads (over 126 Kgf) appear to have rough over-
lays of material. This was confirmed using the Stereoscan (Figure A.19),
where the rough areas appear to be on top of the tracked region. This over-
lay also appears less conducting (white areas on print) suggesting that it
is not bound to the surface very firmly and /or that it contains oxides,
sulphides, ete. which have been formed during sliding. There appears to be
no satisfactory explanation for this phenomenon. It may be formed when the
ball has stopped rotating at the end of the run, when material is transferred
back to the bronze from the ball.

When dibenzyl disulphide was used as the additive the wear scars
had a much more reacted, flaked appearance (Figure A.20) when compared to
the scars obtained with the base oils and the other additives. This
indicates that the sulphur has reacted readily with the bronze under extreme

pressure conditions.

Electron Spectroscopy for Chemical Analysis

Two steel specimens were used in this preliminary study, one worn
in Risella 29 + 1% weight Tubrizol 1395, and the other in Risella 29 + 1%

weight D3DS, The surface of the rollers was masked off using aluminium folil,
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leaving only the wear scar exposed. Carbon, sulphur and oxygen peaks were
found on the DBDS scar, the sulphur lines showing the presence of sulphlde
and sulphate components, Similarly, for the Lubrizol scar, ecarbon, sulphur,
phosphorus and zinc were detected.

During a short visit to K/SLA with Mr. G.D. Galvin in August two
specimens were examined using a Varian ESCA. A holder had been adapted to
take the specimens, The first spscimen had been heated in Risella 29 + 1%
weight TLubrizol 1395 for two hours at 150°C. No iron peak was observed but
zlne, sulphur and phosphorus were all detected indicating that the specimen
was covered by a layer thicker than the X-rays could penetrate (>1OO E.) r
The second specimen was a wear scar approximately 1.0mm in diameter on one
face of the roller worn in Risella 29 + 1% weight Lubrizol 1335. The scar
presented less than 1% of the irradiated area. Again, no iron peaks were
detected but sulphur, phosphorus and zine were all present. When the wear
scar was blanked off approximately the same amount of zinc was found,
indicating that the film covered the whole surface of the roller and not
Just the wear scar.

No examination of the bronze specimens was carried out in the time

available, but this technique can be applied in the future.

Conelusions

AW.J. de Gee et al. (A.2) found that there were critical loads for
various bronzes and oils. Interpolating from his data to the 4-ball machine
indicates that the anti-wear region will occur at loads below a few hundred
grammes, hence all the tests were ecarried out in the extreme pressure region,
From Figures 1 to 4 it is apparent that only DBDS additive gives appreciably
greater wear scars than the base oils particularly at lower loads.

The slope of a number of the graphs of load versus mean wear Sscar

diameter changes hetween 50 and 12€ Xgf. One explanation for this could be



the difference in activation energies between monoclinie Cu0 (~20 Keals)
and ecubic Cu?O (~40 Keals) when the transition temperature (~500°C) is
reached (A.3).,

There was very little deformation of the bulk material around the
wear scars even at the highest loads used except in the one case (HVI + DBPS
and lead bronze) where extreme deformation occurred. The amount of transfer
of bronze to the steel balls was greater for the lead bronze than the
phosphor bronze, A recent paper by Vaessen and de Gee (A.4) suggests that
effective boundary films are formed on a thin transferred film of bronze on
the steel, rather than on the steel itself., Also, the formation in the
bronze of finely dispersed tin oxide particles is beneficial, surplus
phosphorus inhibiting the formation of such particles.

X-ray diffraction indicates that if any surface films are formed,
they are extremely thin. Copper sulphide was detected in the wear particles
using DBDS as additive showing that some reactions had taken place.

Electron probe microanalysis of the surfaces indicates that both
DBDS and Lubrizol 1335 reacted with the surfaces, whereas TTP did not appear
to although this is not conclusive. The amount of sulphur in the wear scars
for DBD3 increased with inereasing load, whereas no such pattern could be
established for the Lubrizol 13)5. Also very high concentrations of sulphur,
when DBDS was used, were associated optiecally with blue-black areas which
were most probably copper sulphide,

The Stereoscan pictures show that smooth wear scars are obtained at
low loads (up to 12€ Xgf) and at higher loads the centre of the wear scars
have an overlay of material, which may be deposited, from the transferred
material on the balls, at the end of the tests when the balls have stopped
rotating and before the load is removed. Also the "tiled roof"” effect can be

explained in terms of the flow of bronze at extreme pressures at the centre
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of the wear scar moves towards the axis of rotation,

Electron spectroscopy for chemical analysis can give valuable
information about the surface elements and the chemical reactions that have
taken place,

As a preliminary study of the wear of bronzes on steel using various
oils and additives, the above conclusions show that the mechanisms involved

are complex and further work is required to elucidate them.
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AN APPLICATION OF ELECTRON

PROBE MICROANALYSIS AND X-RAY
DIFFRACTION TO THE STUDY OF SURFACES
WORN UNDER EXTREME PRESSURE
LUBRICATION

R. C. COY*

T. F. J. QUINN*

Electron probe microanalysis and a glancing-angle, edge-irradiated X-ray diffraction film technique have been

used to examine the topographies, compositions and structures formed in the surfaces of En 31 steel specimens

which have been slid against each other under conditions of extreme pressure lubrication. Various sulphur and
phosphorus compounds were used as additives in the lubricant.

1 INTRODUCTION

THis PAPER describes some preliminary investigations into
the mechanisms of extreme pressure lubrication using oils
containing sulphur and phosphorus compounds as addi-
tives. Most of the specimens were kindly supplied by
Mr E. S. Forbes (B.P. Research Centre, Sunbury-on-
Thames). Each of these specimens had been one of the
lower three balls in a typical four-ball test machine run for
1 min at a load beyond the initial seizure load for the par-
ticular lubricant and additive concentration, and at an
angular speed of 1500 rev/min. A few specimens were pro-
duced under the same running conditions in the authors’
laboratory on a modified version of the four-ball tester. In
this modification the central ball was rotated against the
flat ends of three roller bearings (4 in diameter and 1 in
long) held as shown in Fig. 94.1. This ‘1-ball-on-3-flats’
geometry readily allows the wear scar to be viewed in the
electron probe microanalyser without having to carry out
the difficult task of cutting a very hard specimen into a
suitable size.

Both types of specimen were analysed for the sulphur,
phosphorus and iron distribution within the wear scar
using the microanalyser. This instrument provides an
‘electron picture’ of the topography of the wear scar and a
corresponding picture of the relative concentrations of the
particular element in question within the same area as that
covered by the ‘electron picture’. Selected specimens were
also examined with a glancing-angle, edge-irradiated
X-ray diffraction film technique to determine some of the
compounds present in the wear scars.

The results are discussed in terms of their relevance to
current ideas regarding the mechanism of extreme pres-
sure lubrication with additives containing sulphur and
phosphorus compounds.

The MS. of this paper was received at the Institution on 2nd February

1972 and accepred for publication on 16th May 1972. 34
* The University of Aston in Birmingham, Birmingham B4 7ET.
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2 EXPERIMENTAL DETAILS
The lubricants used in these experiments were liquid
paraffin to which 1 per cent by weight of the following
compounds had been added:

Phosphorus additives
. Cyclohexylammonium dibutyl phosphate (c.d.b.p.a.)
. Dibutyl phosphite (d.b.p.i.)
. Dibutyl phosphate (d.b.p.a.)
. Tricresyl phosphate (t.c.p.)

W U B =

Sulphur additives

5. Di-n-butyl disulphide (d.n.b.d.s.)
6. Diallyl disulphide (d.a.d.s.)
7. Dibenzyl disulphide (d.b.d.s.)

Electron probe microanalysis was carried out on the
wear scar formed on one of the lower balls of the four-ball
machine for each of the extreme pressure experiments
with the above compounds as additives. A limited amount
of analysis was also carried out on the wear scar formed on
one of the flats used in the t.c.p. and d.b.d.s. additive ex-
periments with the modified specimen geometry men-
tioned earlier. The analyser was set to detect X-rays
originating from phosphorus, sulphur or iron in the speci-
mens. Copper phosphide (Cu,P), cadmium sulphide
(CdS) and iron (Fe) were used as standard specimens for
the quantitative analysis. ‘X-ray pictures’ were used to in-
dicate areas of high concentration of these three elements
in each of the wear scars, and spot analyses were then
carried out in these regions.

The glancing-angle, edge-irradiated X-ray diffraction
film technique (x)T is particularly relevant to the analysis
of surface structures present in worn surfaces. It imposes
no restrictions upon specimen geometries. With this tech-
nique, one must ensure that the general surface of the

1 References are given in Appendix 94.1.
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0-5 in dia.EN 3] ball

0-25inx0-25in EN3I roller

Fig. 94.1, The specially designed ‘1-ball-on-3-flats’
modification of the normal four-ball machine

‘Diffraction line

Shadow edge
Incident

— beam

Wear scar

Cylindrical film

X-ra
bmy

05india.EN 31 ball

Fig. 94.2. Diagram of the irradiation geometry used for
obtaining the glancing-angle, 2dge-irradiated X-ray
diffraction patterns (wear scar size exaggerated for
the sake of illustration)

wear scar lies at about 20 to the incident X-ray beam and
that the edge of the wear scar is exactly in the centre of the
cylindrical camera used to record the diffraction maxima.
This is shown in Fig. 94.2. Provided one uses a fine colli-
mator (say 0-5 mm diameter), a well-resolved diffraction
pattern will be obtained. For example, Fig. 94.3 shows a
typical pattern obtained by irradiating with X-rays the
surface of a wear scar formed on one of the lower balls of
the four-ball machine lubricated with the d.b.d.s. additive.
The X-rays originated from a cobalt tube, and the ex-
posure time was about 60 h.

3 RESULTS.
3.1 Electron probe microanalysis

Analysis of the scars formed under extreme pressure con-
ditions with c.d.b.p.a., d.b.p.i. and d.b.p.a. as additives,
showed about 15, 5 and 5 per cent phosphorus respec-
tively, while 7o phosphorus could be detected for the t.c.p.
specimen. The amounts of iron in these four scars were
70, 80, 80 and 75 per cent respectively. The remainder, in
each case, could possibly be oxygen, but the particular in-
strument used for this investigation is unable to detect
such a low atomic number element. In the next section, it
will be shown that this limitation can be overcome to some
extent by the use of an X-ray diffraction technique to
determine the structure of the surface compounds.
Analysis of the d.n.b.d.s., d.a.d.s. and d.b.d.s. additive
specimens showed that sulphur concentrations of about
20 per cent were present in the surfaces formed under ex-
treme pressure conditions. Fig. 94.4 is a typical example
of a ‘sulphur picture’ (magnification x 150) obtained with
the microanalyser set to scan the wear scar formed on one
of the lower balls of the ‘four-ball’ geometry using d.a.d.s.
as the additive. The bright streaks show the presence of

Fig. 94.3. Glancing-angle, edge-irradiated X-ray diffraction pattern from a surface worn
under extreme pressure conditions with dibenzyl disulphide (d.b.d.s.) as the additive

Instn Mech Engrs
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Fig. 94.4. ‘Sulphur picture’ of part of the wear scar formed under extreme
pressure conditions with diallyl disulphide (d.a.d.s.) as the additive

(‘four-ball’ geometry)

Fig. 94.5. ‘Electron picture’ of the region shown in Fig. 94.4

sulphur in the surface. Fig. 94.5 is the ‘electron picture’
for the same area. Comparison reveals that the sulphur lies
in the raised grooved regions comprising the real areas of
contact. This was confirmed by the ‘iron pictures’ (not
shown here) in which the areas of high sulphur concentra-
tion in Figs 94.4 and 94.5 were shown to be areas of
apparently low iron concentration, thereby indicating the

Instn Mech Engrs

presence of a thick (i.e. > 1 pm) sulphur-containing film
above the iron. Figs 94.6 and 94.7 respectively show the
‘sulphur picture’ and the ‘electron picture’ for a region
very close to the edge of the scar formed on one of the
flats in the ‘1-ball-on-3-flats’ geometry, using d.b.d.s. as
the extreme pressure additive. Once again, the presence of
sulphur in the contact areas is most evident.

c94/72
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Fig. 94.6. ‘Sulphur picture’ from a region near the edge of the wear scar formed
under extreme pressures with dibenzyl disulphide (d.b.d.s.) as the additive

(“1-ball-on-3-flats’ geometry)

Fig. 94.7. ‘Electron picture’ of the region shown in Fig. 94.6

3.2 X-ray diffraction analysis

One would not expect the phosphorus and sulphur found
in extreme pressure surfaces to be present in their ele-
mental forms. Using X-ray diffraction it should be possible
to determine the particular form in which the sulphur or
phosphorus exists, as well as finding out which other
compounds are present in the worn surfaces. A full

Instn Mech Engrs

X-ray diffraction analysis of all the specimens used in this
investigation is beyond the scope of this paper. For the
present, it is sufficient to describe just two X-ray diffrac-
tion analyses, namely that relating to the pattern shown in
Fig. 94.3 (from the wear scar formed with d.b.d.s. as addi-
tive) and that relating to the pattern from a wear scar
formed with t.c.p. as additive.

co4/72
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Table 94.1. Identification of the compounds giving rise to There were 38 diffraction lines in the X-ray diffraction
the glancing-angle X-ray diffraction patterns pattern from the d.b.d.s. scar and 17 lines in the pattern
from the t.c.p. scar. Both patterns contained the four

Dibenzyl disulphide scar Tricresyl phosphate scar broad white lines corresponding to the 2:03, 1-43, 1:17
E oFe and 1-01A interplanar spacings of «-iron. These were

a-Fe,0, e-Fey 0y used for calibrating the pattern (x). About 15 of the lines

g:‘é::o* g:&?;o‘ in the d.b.d.s. pattern correlated strongly “_rith a-Fe 0y,

FeS about 12 with Fe;0, and about 7 lines with FeCr,O,.

FeS correlated strongly with 15 of the lines not fully

Fig. 94.8. Scanning electron micrograph of the wear scar on a ball worn with
tricresyl phosphate (t.c.p.) as additive

Fig. 94.9. Scanning electron micrograph of the wear scar on a ball worn with
dibenzyl disulphide (d.b.d.s.) as the additive

Instn Mech Engrs C€94/72
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explained by the other identifications. The 13 lines in the
pattern from the t.c.p. scar not attributable to «-iron
could, in fact, be explained in terms of a mixture of
«-Fe,04, Fe;O, and FeCr,0,. It is interesting to note
that no phosphorus compounds were detectable in the
X-ray diffraction pattern obtained from the t.c.p. scar.

The analyses of the diffraction patterns from these two
specimens are summarized in Table 94.1. Thus, one can
sce that the use of X-ray diffraction analysis has

(@) confirmed the presence of a sulphur compound in
the d.b.d.s. surface,

(b) confirmed the non-detection of phosphorus by
electron probe microanalysis of the t.c.p. worn surfaces,
and

(¢) indicated the presence of oxygen (in the form of
oxides) which is normally beyond the detection limits
for a conventional electron microprobe.

It is interesting to compare the worn surface topo-
graphies of these two specimens. Figs 94.8 and 94.9 are
low-magnification scanning electron micrographs of the
t.c.p. and the d.b.d.s. scars respectively. Clearly, the t.c.p.
scar is much rougher and more severely worn than the
d.b.d.s. scar,

4 DISCUSSION

This study of the surfaces formed during wear under con-
ditions of extreme pressure lubrication has revealed that

the combined use of electron probe microanalysis and the

glancing-angle, edge-irradiated X-ray diffraction film
technique can provide useful information not readily
available by more conventional techniques. Furthermore,
if one supplements the ‘electron picture’ (which one ob-
tains with the microprobe and which is of fairly low reso-
lution) with a few micrographs from the scanning electron
microscope, the information is even more reliable and use-
ful. For instance, scanning electron microscopy indicates
that the worn surface topography is much smoother when
using d.b.d.s. as an extreme pressure additive than when
t.c.p. i1s used. The sulphur additive provides a scored,
smooth surface with large flat plateaux, much like the sur-
face obtained under mild dry wear (e.g. see Quinn (2)),
whereas the phosphorus additive appears to provide a
much rougher surface. Clearly, any further work along the
lines of this investigation must include much more scan-
ning electron microscopy.

The electron probe microanalysis of the scars formed
with the sulphur additives has confirmed the findings of
Allum and Forbes (3) that large percentages of sulphur are
present. The present results, however, suggest that the
sulphur is in the real areas of contact, i.e. the raised
smooth islands, and in the debris, whereas Allum and
Forbes (3) tend to detect sulphur mainly in the debris.
These authors detected very little sulphur in the raised
areas of contact (e.g. see Fig. 5(b) of reference (3)). This
apparent difference in distribution may not be significant
if the mechanism of extreme pressure lubrication involves
the continuous formation and removal of the load-carry-
ing film formed on the real areas of contact,

Most of the previous work on the action of organic
phosphorus compounds as additives (4)—(6) tends to be
concerned mainly with their antiwear properties, especially
in the case of t.c.p. Electron probe microanalysis appears
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to have been carried out in very few instances. Forbes et
al. (7), reporting some work on the application of electron
probe microanalysis to surfaces formed under extreme
pressure lubrication using metal dialkyl dithiophosphates
as additives, have shown that the metal, the sulphur and
the phosphorus are all present in the same regions of the
wear scar, in particular, in the rough arcas below the
smooth real areas of contact. The present results indicate
that c.d.b.p.a., d.b.p.i. and d.b.p.a provide small amounts
of phosphorus-containing layers within the scars, while
the t.c.p. additive provides an wundetectable amount of
phosphorus within the immediate surface of the scar. This
could mean that the phosphorus-containing layers are
formed with much smaller film thicknesses than those
occurring in extreme pressure lubrication with sulphur
additives. In fact, this could be the source of the in-
feriority as extreme pressure additives of some phosphorus
compounds compared with the sulphur compounds.
Clearly, further work is required to elucidate the role of
the phosphorus compound formed at the real areas of
contact in protecting the surfaces under extreme pressure
conditions. Such work must involve a technique (such as
Auger spectroscopy) that has the ability to resolve the
presence of elements in the uppermost layers of the worn
surfaces. For example, the non-detection of phosphorus
X-rays in the electron probe microanalysis of the t.c.p.
scar does not preclude the possibility of an extremely thin
film of a phosphorus compound being present. Unfor-
tunately, the technique of Auger spectroscopy does not
have the spatial resolution necessary to determine whether
or not the phosphorus is in the real areas of contact within
the scar.

The same criticism applies to the results obrained using
the glancing-angle, edge-irradiated X-ray diffraction tech-
nique. Although the technique failed to detect any phos-
phorus compounds in thet.c.p. scar, this does not preclude
the possibility of a thin film (say less than about 1 pm)
being present. Also, the X-ray diffraction technique does
not have the spatial resolution mentioned in the last para-
graph. Nevertheless, the X-ray diffraction analyses of the
d.b.d.s. scar has revealed the presence of FeS which, with
the electron probe microanalysis, enables one to postulate
that the sulphur in the additive has reacted with the iron,
or iron oxides, in the real areas of contact to form iron sul-
phide.

In conclusion, it is obvious that more work is required
in order to determine which compounds are formed in the
surfaces of the wear scars formed with various sulphur and
phosphorus compounds as extreme pressure additives.
The role of the oxide films in extreme pressure lubrication
also needs further elucidation.
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