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ABSTRACT

This thesis investigates the mechanism of interaction
between oiliness reagents and extreme pressure films
produced by sulphur-type extreme pressure additives. The
effect of the interaction on friction and wear in boundary
lubrication has been studied.

A Flow Microcalorimeter is used to measure heats of
adsorption of oiliness reagents, such as stearic acid, stearyl
alcohol and methyl stearate, onto iron (II) sulphide and

iorn oxides such as a-Fe,0 Y—Fezo and Fe_,0 Heat of

273 3 374"

adsorption of oiliness reagents onto iron (II) sulphide
is significantly affected by the oxidation condition of the
surface. Production of sulphates on the surface by
oxidation results in high heat of adsorption, but the heat
of adsorption on iron (II) sulphide is found to be small.

A combination of degree of adsorption and heat of
adsorption results indicates that the chemical adsorption

of stearic acid occurs on Fe3+ at an octahedral position

in iron oxide. Fe304 and Y—Fe203, which have Fe3+ at an
octahedral position, are suitable for lubrication by an oil
containing stearic acid but oa-Fezo3 is not. On the other
hand, stearyl alcohol adsorbs on the anion site (02-) and
forms a physically adsorbed film.

Low speed friction tests at room temperature demonstrate
that the extreme pressure film produced with dibenzyl
disulphide can reduce the coefficient of friction but the
addition of oiliness reagents does not give any further drop

in the coefficient of friction.



Wear during running-in is shown to have the same

trends as coefficient of friction.
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NOMENCLATURE

Symbols used infrequently are defined in the text.

A ' : contact area

o : fraction of area

c : concentration

r : surface excess

Y : interfacial tension

DBDS : dibenzyl-disulphide

EP : extreme pressure

F : friction force

£ : coefficient of friction

AG : free energy change

H : heat or enthalpy

h : film thickness

8 : fraction of surface covered by the adsorbed
molecules

K : equilibrium constant

K* : probability to produce a worn particle

L :+ sliding distance, litre

n ¢ moles

p ¢ pressure

p* : plastic yield pressure

P : average pressure

R ¢ gas constant

S shear strength or entropy

T temperature

v total volume worn
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V* : sliding velocity

v ¢+ amount of adsorbate in the adsorbed molecules
W : load

X : mole fraction
Subscripts

ads : adsorption

BL : boundary lubrication
crit. ¢ critical

D ¢+ deformation

dil : dilution

EP : extreme pressufe film
F ¢ formation |

hydro : hydrodynamic

I ¢ immersion

i : spieces

1 or 1liqg :  liquid

m ! monolayer

plough ¢ ploughing

S : surface

sol. : solid

W ¢ load

wet : wetting
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CHAPTER 1

GENERAL INTRODUCTION

1.10 Introduction to the Project

Boundary lubrication occurs when there is an
insufficiently thick film of lubricant separating two
solid surfaces in relative motion, with the result that
there is considerable direct contact between the solids.
The role of the lubricant is then to modify the solid
surfaces chemically, so as to reduce adhesion, friction
and plastic deformation as the sliding takes place (1).

Boundary lubrication is commonly improved by
adding small amounts of one or more of three types of
chemical additive to an oil. These are known as '"oiliness",
"anti-wear'" and ''extreme pressure (EP)" additives.

The influence of these additives on the coefficient
of friction is shown in a stylized diagram (Figure 1.1).
Curve (I) is a system lubricated by a base 0il free of
friction reducing additive. Curve (II) contains an
oiliness additive, such as stearic acid, which results in
a low coefficient of friction at low temperature, but is
ineffective at high temperature. Oiliness agents are
surfactants and are believed to work by forming an adsorbed
film on rubbing solids. At high temperture desorption or
disorientation of such film makes them ineffective. Curve
(I11) shows an oil with an EP additive. The additive reacts
chemically with metal at high temperature and forms a

thick EP film on the lubricated surface, which can decrease
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friction, as shown by the Curve (II1). It is possible to
maintain a low coefficient of frictiom throughout a wide
range of temperature by a careful combination of oiliness
reagent and EP additive.

Wear behaviour of different boundary lubrication
systems is shown in Figure 1.2, in which the mean
coefficient K [(wear volume) x (load)”! x (sliding distance)*ll
on a log scale is plotted versus the load W (3). Curve (a)
represents the wear behaviour of base 0il. There are two
distinct effects of lubricant additives in a base oil, i.e.
(i) a reduction of the wear rate K' by a certain amount AK',
(ii) an increase of the load-carrying capacity wcrit. by
a certain amount AW. The additives used for the former
effect are called anti-wear additives [curve (b)] and the
additives having load-carrying capacity are EP additives
[curve (c)].

As described above, a good deal is known about the
performance of oiliness reagents, anti-wear additives and
EP additives. However less is understood of their mechanism.
In view of the great commercial importance of friction and
wear, very little work has been done on the fundamental
processes that occur (4) (5).

One possibly important insight into the mechanism
of friction and wear reducing additives has been proposed
by Cameron (6) (7) (8) and Sakurai (9) (10) (11) (12).
They suggest that the adsorption of polar compounds onto
EP films may be very effective in reducing friction and wear.

Although some preliminary heat of adsorption measurement by

Sakurai supports this hypothesis, there is insufficient data



-20-

to prove the general principle. Quantitative data are
required at various adsorption conditions.

The acquisition of such data and the testing of
Cameron and Sakurai's hypothesis form an important part
of this study, which looks at the interaction between
oiliness reagents, (stearic acid, stearyl alcohol and methyl
stearate) and the main components of an EP film (iron oxides
and iron (II) sulphide).

This project is divided into five parts. The rest
of this Chapter 1 forms a brief review of the‘pertinent
literature on adsorption and boundary lubrication. Chapters
2, 3, and 4 describe and analyse the main experimental
work carried out on heat of adsorption, degree of adsorption,
and friction respectively. Finally Chapter 5 lists the

general conclusion for the study as a whole.

1.20 Boundary Lubrication

It is convenient to classify lubrication by the film
thickness h. The following classification of three regimes
is usually described in many text books and papers (2) (3)

(5) (13).

(1) Hydrodynamic Lubrication h > 10" %mm

(2) Elastohydrodynamic Lubrication h = 1073 & 10 °mm

(3) Boundary Lubrication h = a few molecular length

The term mixed lubrication is used occasionally, and
is a combination of hydrodynamic and solid contact between
moving surfaces. This regime of lubrication is very

important in industry. Blok (14) has further classified
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the boundary lubrication regime as follows:
(a) low-pressure and temperature boundary lubrication
(mild boundary lubrication),
(b) high-temperature boundary lubrication,
(¢) high-pressure boundary lubrication,
(d) high-pressure and temperature boundary lubrication
(extreme-pressure lubrication).
In this reference, practical industrial examples are also
shown. As many lubricant additives are used to reduce
friction and wear in boundary lubrication, this type of
classification is useful for selection of appropriate

additives.

1.21 Friction Coefficient of Mixed or Boundary Lubrication

As mixed lubrication is a combination of a hydro-
dynamic film and solid contact between moving surfaces, the
total frictional force F is expressed as the sum of solid
friction at asperity peaks, liquid friction in the void

and the ploughing contribution F (13) (15).

plough

F = A[aW.S + (1 - aw) S ] (1.1)

sol liq Fplough
where
o : the fraction of area A at which solid
contact occurs
the shear strengths of solid surface layer

and of liquid respectively

w : the load
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Since the load W is supported both by solid contact
at asperity peaks and by hydrodynamic pressure generation

in the voids, W is expressed as follows:

W = A[awp* + (1 - aw) phydro] (1.2)

where
p* : the plastic yield pressure of the softer metal
phydro ¢ the hydrodynamic pressure generated between
asperity
. . "
whereas Sliq << Ssol’ phydro is only slightly less than p*,
It is therefore convenient to define an average pressure p

such that p*>§>phydro and equation (1.2) can then be

approximately represented in the form:

W = Ap (1.3)
Then, the coefficient of mixed lubrication fBL:

£ =—E=0L(SOI)+(1-0L)—SL3 (1.4)

BL W W 5 w 5 plough )

Excluding a special case such as running-in condition, the

ploughing contribution (fplough = Fplough/Ap) may be

neglected. Therefore

BL w -
P p

S ol Sli
o = 0y —— * (1 - a ) —2 (1.5)
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or

faL = % fso1 * (T - %) f144 (1.6)

As in most cases, S,. 1is smaller than SSO it is therefore

liqg
possible to reduce f

1?
BL by decreasing oo

As shown by many authors, under the boundary lubrication,
other type of films, such as adsorbed layers of surfactants
and EP films produced on the lubricated surface by EP
additives, can be effective for lubrication. Therefore,
equation (1.5) is re-written,

S S,

- sol
fBL = (1 - Zai) 5 + o

_— (1.7)
p
where
ay 3 the fraction of area of each films other than
solid contacts
Si : the shear strength of each films other than
solid contacts.
Depending on the severity of the lubrication condition, the
fraction of metal contact (1 - Zai) changes. When the values
(1 - Zui) reach a critical 1limit, seizure occurs due to
temperature increase by the intense shear strength of solid
contacts. The major role of oiliness reagents and EP
additives is to depress the increase of this value, giving

good lubrication without catastrophic seizure.
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1.22 Wear Under Boundary Lubrication

Metallic wear is a complex process and includes such
complicating factors as work hardening, oxidation of
exposed metal, metal transfer and metallurgical phase
changes. At the moment, the mechanism of wear is still
not understood and cannot be used to explain observed wear
results. Nevertheless, wear is one of the most important
features of lubrication.

According to the classification of wear by Barwell (16)
the following four different main physical mechanisms
has been distinguished:

(1) Adhesive wear

(2) Abrasive wear

(3) Corrosive wear

(4) Surface fatigue wear.
The characteristics of each process have been described in
the references (17) (18) (19) (20). One problem in under-
standing these mechanisms is that wear may start in one mode
but often moves into another (5). Peterson (21) has
explained the transfer of wear mechanism as shown in Figure
1.3. The curve (a) is for adhesive wear which occurs with
lubrication by a poor lubricant oil. If hydrodynamic
lubrication is achievéd by the increase of contact area, the
wear does not increase [curve (b)]. Assuming the rate of
formation of solid films UF and the rate of deformation of
the films UD, the small rate of wear is observed at the
condition UF >> UD [curve (c¢)]. On the other hand, if U

D
is larger than UF severe wear occurs f{curve (d)]. The
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phenomenon of the slowing down of the wear rate shown by
curve (e) is sometimes seen, it is due to thé increase of
contact area by wear or solid film formation by additives
under severe wear condition. As stated above, it is
necessary in understanding wear processes not only to
classify them systematically but also to understand the
tranéfer of mode. Several authors have described the
transitions of mode in wear behaviour (22) (23).

There have been several attempts to derive formula
expressing the microscopic observed wear (24). The essential
concept has been summarized by Archard (3) (5). The equation

for adhesive wear has been suggested as follows:

V _ K*W

where
V : the total volume worn
2 : the sliding distance

K* : the probability that any given event will
produce a worn particle

w the load

p* : the yield pressure (used in equation 1.2)
A major difficulty of this equation is an estimation of
K* (5).

Quinn (18) has explained the K* factor by using the
oxidative wear theory for severe wear. For example, the

expression for severe wear is given by:

= = + (1.9)
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where
hl,h2 : the removed layer thickness from one surface
dcl,d02 : the critical plastic displacements for each
surface
Bl,B2 : factors depending mainly on topography and

are not well defined
Quinn (18) has emphasized that the equation cannot be used
to predict wear rates without making further assumptions
about the surface model. At the moment, there is no
satisfactory theoretical model of wear processes,
T "a theoretical model to show the effect of adsorption

of polar compounds on wear in boundary condition. The

development of such models is a study for the future.

1.23 Effect of Oiliness Reagent

Oiliness reagents affect friction and wear in lubri-
cation under low load conditions, an influence due to the
adsofption of the additive onto the lubricated surface.

The strength of the adsorbed layer is therefore important.

As metal or metal oxide has polar sites on the surface,
oiliness reagents need a polar terminal group to have an
interaction with the surface. Moreover, in order for the
adsorbed film to have reasonable load carrying capacity,
the additive must be a long molecule (15) (25). For
oiliness reagents, fatty acid with long chain, such as
Stearic acid and oleic acid, long chain alcohol, fatty acid
ester and long chain amine are used in practice.

As described in Section 1.21, the fraction of solid
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contact area . in equation (1.5) is a major factor for
the coefficient of friction under boundary lubrication
conditions. As the adsorbed layer of oiliness reagents
can depress the Ay value under mild boundary conditions,
the coefficient of friction is decreased by oiliness
reagents. However, it is impossible to expect such effects
under severe boundary lubrication, because the adsorbed
film cannot exist on the surface at high temperature.
Concerning wear, the fraction of solid contact area is
included in (1 - Zai) in equation (1.7). Therefore a
similar effect to an oiliness reagent can be :expected' in
lubrication under mild boundary conditions.

The effect of oiliness reagents on friction and wear
is related to adsorption. The details of the adsorption

will be described later.

1.24 EP Additives

Although oiliness reagents have an effect in lubri-
cation under.mild boundary conditions, EP additives are
used for lubrication under severe boundary conditions.

The mechanism of the reaction of EP additives is not fully
understood. An EP additive is considered to react on the
lubricated surface due to frictional heat and to produce
solid films called EP films. Therefore, EP additives must
have the following properties:

(1) The additive must have a suitable reactivity

with metal at the high temepratures achieved

by friction. This reaction must be rapid enough
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to produce EP films which avoid metal contacts.
It is, however, impossible to use a too
reactive additive owing to the corrosive wear
by the additive (26).

(2) The EP films produced by the reaction of EP
additives must have a high melting point, low
shear strength and chemical stability. As only
a solid film is effective for severe boundary
lubrication, the EP films of low melting point
cannot have a good performance. However, the
EP films of melting point higher than that of
the metal is also meaningless.

There are chlorine-type, sulphur-type, phosphorus-type
and organo—metallic.additives used as EP additives for
steel/steel lubrication. As these additives have different
properties, a suitable combination of the additives is
necessary for any particular purpose. As the characteristics
of the EP film produced by sulphur-type EP additives is
important for this study, the details will be described
in the next section. In this section, the characteristics
of EP films produced by EP additives other'than sulphur-type
are described briefly. |

(i) Chlorine-type

The film of iron chloride decreases coefficient of
friction markedly. This is due to the low shear strength
of the material which has a layered structure like graphite.
As the melting point of iron chloride is low (ironm (II)
chloride is about 600°C, iron (III) chloride is about 300°C),

the breakdown of the films occurs at a relatively low
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temperature. The presence of water induces hydrolysis of
the films, and produces HCl, a cause of corrosion.
Analytical results of the films has shown the existence of
hydrolysed iron oxide and iron oxide as well as iron
chloride and hydrated iron chloride (27). Two reaction
schemes for the production of the film have been proposed,
i.e. (a) the reaction of metal with HCl produced as an
intermediate (28), (b) the direct reaction of metal with
the additive (29).

(ii) Phosphorus Type

Iron phosphide produced by the reaction of phosphorus-
type EP additives does not have the properties required by
a lubricant material. However, iron and iron phosphide
produce a eutectic mixture of low melting point (30), which
makes the lubricated éurface smooth (31) (32). This smoothed
surface is considered to decrease frictional heat which is
the cause of adhesion of metal. There is however no report
of detection of iron phosphide on the lubricated surface.
Only iron phosphate has been detected (32).

(iii) Organo Metallic Additives

The salts of Zn, Sb and Pb with naphthenic acid,
di-alkyl-dithiophosphate and di-alkyl-dithiocarbonic acids are
used as organo metallic EP additives. Of these additives,
Zn-dithiophosphate (ZDTP) is well known, and is used in
many kinds of oils. Two mechanisms of action of the
additive have been proposed, i.e. (a) the reactions of
reacti&e atoms such as S and P, which are included in the
additive, (b) the formation of EP film by the reaction of

the additive only or with other additives in a lubricant
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0il (33). The reaction scheme of (a) is essentially the same

as sulphur-type of phosphorus-type EP additives.

1.25 Effective EP Film Produced by Sulphur-Type EP Additive

It is stated the EP additives react with the lubricated
surface and produce EP films which have anti-wear properties
and load carrying capacity. However, the mechanism is not
easy to understand owing to the complexity of the parameters
of frictional heat, contact pressure, reactivity of new
surface by wear and mechanochemical reaction on the surface
(34) (35) (36).

Concerning sulphur-type EP additives, the details of
the mechanism of the additive in boundary lubrication have
still not been explained. However, the results of many
studies of this problem have been published. In this
section, the mechanism of friction and wear by EP films
produced by sulphur-type EP additives are summarized. The
analytical methods and analytical results of the EP films
will be described in Section 1.41 and 1.42.

The effect of EP additives in boundary lubrication is
divided into two categories, i.e. (1) the anti-wear
performance in mild boundary lubrication (anti-wear region)
and (2) the load carrying capacity in severe boundary
lubrication (EP region) (37) (38) (39) (40). The adsorbed
film of the additives has an effect of anti-wear performance,
but the solid EP film is required for the load carrying
capacity. The performance of additives is not always the

same in these two regions.
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In the EP region, (a) the formation of oxide film
and (b) the formation of sulphide film has been proposed
as a mechanism of sulphur-type EP additives. Godfrey (41)
has analysed the lubricated surface after a SAE friction
test using an 0il containing elementary sulphur. The
results of analysis show that the film of 0.5-1.0p includes
Fe304 as a main component and FeS as a minor component.

In the experiment, the load carrying capacity of each film
is measured. The films of Fe304 and FeS do not increase

the load carrying capacity. The presence of both, in the
surface layers of the metal, is the condition for high

load carrying capacity. From these results, Godfrey has
proposed a mechanism that the load carrying capacity of
sulphur-type EP additives depends on the oxidation of iron,
promoted by the iron sulphide as a product of the additives.
The production of iron sulphide in the lattice of iron oxide
crystal makes the oxide film porous. As a result, the oxide
grows to about 1p thick, owing to easy diffusion of oxygen
in the film. Moreover, as this type of film of iron oxide
tends to occlude oil, a high load carrying capacity is
obtained. There are some studies which support this mechanism
of iron oxide (7) (30) (42) (43) (44).

On the other hand, Allum (37) has analysed the wear
scar of a four ball test using oils containing disulphides
and show that the disulphides of high load carrying capacity
forms iron sulphide films of thickness up to 1-2uy. The
amount of iron sulphide film is in proportion to the load

carrying capacity, but the amount of iron oxide film

decreases with the capacity. From these results Allum has
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proposed a mechanism of iron sulphide films. Many authors
have supported the same mechanism (39) (45). Bancroft (46)

has found the film of FeS0, as a main component on the

4
surface of gear run with an o0il containing elementary sulphur
and has reported that this film grows to 0.3-0.5u. The
difference of the films produced by sulphur-type EP additives
may be due to the difference of the condition of friction,
though the mechanisms described above are derived from the
fesults of experiments in EP region.

In the anti-wear region, a different kind of mechanism
must be considered. In this region, although some EP film
is considered to be produced by the collision of asperities,
the adsorption of EP additives and other polar materials in
0il onto the lubricated surface is an important factor for
the anti-wear performance of the additive (6) (7) (39) (47).
The similar effect of the adsorption has been recogﬁised in
a friction test using copper The friction coefficient
decreased linearly depending on the increase of copper
sulphide, which is the reaction product between a copper

surface and DBDS (48).

1.26 Mechanism of Reaction Between Sulphur-Type EP

Additive and Iron

The mechanism of reaction between sulphur-type EP
additives and iron has been investigated by the radio-
tracer method (9) (48) (49) (50) (51), hot wire method (43)
(52) (53) and concentration analysis by many authors. The

reaction mechanism is dependent on reaction temperature
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and pressure, atmosphere and type of EP additives.
Many authors have proposed the following mechanism for
the reaction of disulphides (38) (45) (54).

(1) Adsorption onto iron surface

R
Fe| + R-S-S-R -~ Felz/ (1.10)
SR

(2) Production of mercaptide

S-R S-R
Felé_R > Fe<g p (1.11)
(3) Production of iron sulphide
Fe<JTX + FeS + RSR (1.12)

In this mechanism, monosulphide is produced as a result of
the reaction (3). This monosulphide can react with iron
at high temperature and produce iron sulphide and radicals
which form alkane, olefin, etc, by radical reactions. At
low temperature, below 150°C, the reaction occurs slowly
through (1), (2) and (3). In this case, the same mole of
monosulphide is produced by the consumption of disulphide.
However, at high temperature, 370°C-400°C, the following
process occurs:

S

-R
Fe<S_

R~ 2FeS + 2R (1.13)

In this case, there is no formation of monosulphide, therefore,

at low temperatures, the reactivity of disulphide is different
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from that of monosulphide, but at high temperature there is
no such difference.

According to Forbes and co-workers (54) (55), the
production of mercaptide occurs by cleavage of sulphur-
sulphur bond of disulphide in the anti-wear region, and the
production of iron sulphide occurs by cleavage of the
sulphur-carbon bond of the additives at high temperature
in the EP region (38) (47) (54). Therefore, the ease of
cleavage of the sulphur-carbon bond governs the load carrying
capacity of a sulphur-type EP additive, and the anti-wear
performance depends on the ease of cleavage of the sulphur-
sulphur bond. The cleavage of the sulphur-sulphur bond and
the sulphur-carbon bond is very important for the mechanism
of a sulphur-type EP additives (56). At the moment, however,
it is not certain whether the cleavages occur as a simple
thermal decomposition or a catalytic reaction by the iron
surface or materials in oil. The existence of oxygen
affects the sulphuration reaction in a complicated manner
(27) (28) (57) (58). Two separate effects can have (a) to
change the sequence of reactions leading to the formation
of intermediate products which actually intervene in the
surface reaction, and (b) the blocking of the surface by
oxygen present at the interface (43) (59).

The effect of chemical structure of sulphur-type
EP additives on the mechanism of reaction has been discussed
by Llopis and co-workers (59). The mechanisms of mono
and disulphide are explained as those described above. The
reaction mechanism proposed by these authors to explain

the action of butyl mercaptan on iron can be represented
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by the scheme:

Fe + C4HQSH > C4H8 + Fe —-——- SH2 - C4H8 + Fes + H2

(1.14)
In the case of trisulphide, as the central sulphur atom is
labile, the reaction of this labile sulphur occurs first

as follows (59):

'(R-S)zs + Fe + FeS + R282 (1.15)
This reaction is considered to occur at a lower temperature
than the reaction temperature of mono- and disulphide. The
more labile central sulphur atom in polysulphide, other than
tetra, can make the sulphuration reaétiou easily (7). It

is also confirmed that the lubrication reaction of sulphur-

type EP additives is very temperature-dependent (51) (58).

1.27 Effectiveness of Sulphur-Type EP Additive

In the previous section, the reaction mechanism of
sulphur-type EP additives with iron is described. In this
section, the relationship between the chemical structure
or reactivity of a sulphur-type EP additive and the anti-
wear performance in the anti-wear region and the load
carrying capacity in the EP region are discussed.

According to Forbes (38), the load carrying capacity

of disulphide in the EP region is:
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diphenyl<di-n-butyl<di-sec-butyl<di-test-butyl<dibenzyl
(1.16)

The same order for monosulphides is obtained. This order
follows absolutely that of bond energies of sulphur-carbon
bond formed in the literature. From these results, it has
been suggested that the observed order of load carrying
capacity can be accounted for in terms of variations of the
strength of the sulphur-carbon bond, i.e. the weaker the
sulphur bond, the less is the wear caused under extreme
pressure conditions (EP region).

In the case of the anti-wear properties in the anti-
wear region, Forbes and co-workers (55) have found the
following order of effectiveness in a series of experiments

using disulphides:

di-n-butyl<dialkyl<dibenzyl<diphenyl (1.17)

For the anti-wear property, the amount of mercaptide produced
by the reaction of the additives and the formation of the
solid film by mercaptide is important (54) (55). It is
difficult to discuss both the effects of the additives owing
to the lack of detailed information. However, concerning
diphenyl disulphide; as phenyl mercaptyl radical produced
by the cleavage of sulphur-sulphur bond can have a resonance
structure, the dissociation energy of the bond is considered
to be small. This estimation explains the good anti-wear
performance of diphenyl disulphide qualitatively.

There are other reports that investigate the effective-

ness of mono-, di- and polysulphide additives. Most of the
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authors have stated that the reactivity of additives with
iron or thermal stability are a good measure of anti-wear
property and load carrying capacity. In the practical

usage of these additives, however, too reactive additives
induce chemical corrosion of the surface. In such a case,

a specific inhibitor must be considered (7).

1.30 Adsorption and Heat of Adsorption

As described in the previous sections, the phenomenon
of adsorption of polar compounds in a lubricant oil governs
the coefficient of friction and anti-wear effectiveness in
boundary lubrication under relatively mild conditions. In
this section, the fundamental aspects of adsorption and the
applications of study of adsorption and heat of adsorption

to lubrication are briefly reviewed.

1.31 Surface Free Energy and Adsorption

Adsorption is defined as a phenomenon that results in
the concentration at interface of two phases being different
from that of the bulk phase. 1In principle Gibbs adsorption
equation can be used as the basis of adsorption theory.

The surface excess of component 2 (F2) adsorbed onto a

solid from a binary solution is given by (60):

= A dy
ly = -~ ®T 9 1n <, (1.18)
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where
C., : the concentration of component 2 in the liquid-
phase (the activity should be used at high

concentration)

Yy ¢ the interfacial tension (= the interfacial free
energy)

R : gas constant

T : temperature

It is impossible to measure y at the liquid-solid interface.
It is apparent from this equation that the surface excess
decreases with the interfacial tension. Therefore, as the
interfacial tension increases with temperature, the adsorption

decreases.

1.32 Adsorption at the Liquid-Solid Interface

The most important adsorption for lubrication takes
place at the liquid-solid interface. In this section, the
characteristics of this type of adsorption are described.

It is easy to measure adsorption on a solid directly
by the change in concentration of the bulk liquid. Assuming
the immersion of a sample solid into a binary solution of
component 1 (solvent) and component 2 (solute), the amount
of adsorption of solute onto solid is calculated by the

change in concentration AX, as follows:

2

ng = —OW—*— (1.19)
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where
ng the mole fracéion of component 2 in the adsorbed
layer
n, the total moles of component 1 and component 2

X2 : the mole fraction of component 2
W* : the weight of solid sample
Thermodynamically, adsorption is given by the surface

excess F2 as follows (60):

=1 (xS _
P2 =5 (X2 Xz) (1.20)
where
n® : the total moles in the adsorbed layer, nS = n? + n
S

Xz : the mole fraction in the adsorbed layer,
s s _ =
X1 + X2 =1, X1 + X2 1
g : the surface area of solid per unit weight

therefore

_ 1 s _ .S
Fz == (n2 X1 oy Xz) (1.21)
Assuming a dilute solution, i.e. X= 0, X3 1,
S _
n, =0 F2 ‘ (1.22)

Therefore, in the dilute solution, ng

change in concentration and equation (1.22) gives the surface

calculated by the

excess.
In the past, as the measurement of surface area of

solids has not been easy, most of the results of adsorption
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relating to lubrication are expressed in terms of unit
weight. This difficulty has been a barrier to quantitative
discussion about adsorption. The quantitative aspect of

adsorption is a major feature of this work.

1.33 Physical and Chemical Adsorption

In adsorption from a solution by a solid, there is
an interaction between the solid surface and the adsorbed
molecule. When the forces of this interaction are weak,
e.g. the Van de Waals forces, the adsorption is called
physical adsorption. Generally, physical adsorption has
a relatively rapid rate of adsorption. It is a reversible
process and the adsorption energies are of the order of
8 N 40KJ/mole.

On the other hand, when the adsorbed molecule is
bound to a surface pf a solid through a chemical bond,
the phenomenon is called chemical adsorption. In chemical
adsorption, the energy of adsorption is usually in the
order of 40 v 400KJ/mole. Most chemical adsorptions occur
slowly due to an acfivation energy for this process, and
desorption of chemically adsorbed molecule is difficult as
compared with physically adsorbed molecules (61) (62) (63).

In the boundary lubrication system, the same polar
additives in a lubricant oil are physically adsorbed. The
polar additives condense on the surface to form a solid
film (64). Many molecules pack in as closely as possible
and strengthen the film with lateral cohesive forces (63)

(65). This solid film has the ability to resist penetration
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of asperities and thus prevents metal-to-metal contact.
, As described in Section 1.31, the interfacial tension
increases with temperature, so that the coverage of
adsorbed film decreases at high temperature. In addition,
the large motion of molecules in solution at high
temperatures breaks the solid film formed by physical
adsorption. Therefore, at a high temperature, as the change
0of the film from solid state to liquid state occurs by
desorption, disorientation and melting of the film, the film
loses its capacity for anti-wear and low friction. Thus,
boundary lubrication dependent upon physical adsorption is
limited to low temperatures and conditions of low frictional
heat generation, i.e. low loads and low sliding velocities.
A well known example of chemical adsorption in boundary
lubrication is the reaction of stearic acid and reactive
- metals. The film of metal soap produced by the reaction
acts as a boundary lubricant. The metal soap formed has a
higher melting point than the acid itself and breakdown
of the film occurs at the higher soap melting point. In
the case of zinc, for example, stearic acid reacts with the
metal and forms films of metal soap on the surface, so that
the temperature of disoriéntation is enhanced to 90-95°C
which is the melting point of the zinc stearate. With
unreactive metals such as platinum, stearic acid can form
only a physically adsorbed film on this metal. In this
case, a large increase of friction coefficient occurs at
about 70°C, which is the melting point of stearic acid,
and disorientation of adsorbed molecule has been observed

at this temperature by electron diffraction analysis. As
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an example of chemical adsorption other than fatty acid
in boundary lubrication, the adsorption of l-cetene
(Cl4H29CH=CH2) on aluminium has been reported. In this case,
the transfer of m-electron from double bond to metal causes
chemical adsorption. Therefore, l-cetene is a better
lubricant than cetane on aluminium (66).

Schulman (67) has suggested that there are adsorption
other than physical and chemical adsorption as follows:

(i) Precipitation adsorption

Fatty acid adsorbs chemically on the surface of reactive
metal. When the desorption of the metal soap occurs, this
material precipitates on the surface owing to the low
solubility in the lubricant (25). This precipitation
adsorption makes multilayers, so that the further chemical
adsorption is obstructed by these layers. It is stated
that the adsorption of fatty acid onto copper, lead and zinc
becomes precipitation adsorption of multilayers (68) (117).

(ii) Sensitized adsorption

This is a combine physical adsorption and chemical
adsorption, i.e. physical adsorption on a layer of chémical
adsorption. For example, if alkyl sodium sulphate and
cholesterol exist in an 0il, the latter adsorbed physicalb
on the surface of chemically adsorbed monolayer by the

former.

1.34 Rate of Adsorption and Equilibrium of Adsorption

In the description of adsorption, it is necessary to

divide the problem into equilibrium and rate. Both of them
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are very important in boundary lubrication.
Well known equilibrium adsorption isotherms are as
follows (60):

(i) Freundlich equation: empirical equation for

adsorption of gases and dilute solutions.

1
_ b
where
X : the weight of adsorbate in the adsorbed layer
C : the concentration of the solution at equilibrium
a,b : constant
(ii) Langmuir equation: monolayer adsorption model.
_ AP
g = 1+ 5P (1.24)
where
8 ¢ the fraction of surface covered by the adsorbed
molecules
P ¢ the partial pressure of adsorbate
A,B : constants
(iii) BET equation: multilayer adsorption model
Vi C x
VETT o0+ (€< Dxl (1.25)
where
v : the amount of adsorbate in the adsorbed layer
Vo G the amount of adsorbate in the monolayer (constant)

C : constant
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X P X = P/PO (P, PO are partial and saturation
pressure of adsorbate)
Vi is usually used to calculate specific surface area
of adsorbents. However, these models are too simple to
apply to adsorption in boundary lubrication. 1In practice,
several other shapes of adsorption curbes are often observed.
A convenient classification of shapes of isotherms
for adsorption of solids from solution has been described
by Giles according to the scheme shown in Figure 1.4 (60):

The S Curve is obtained if (i) the solvent is strongly

adsorbed, (ii) there 1is strong inter-molecular attraction
within the adsorbed layer, (iii) the adsorbate is mono-
functional. The second condition can be seen frequently

in the adsorption of oiliness reagents, owing to the

additive having a long chain. The inter-molecular attractions
within the adsorbed layer are called cohesive forces, which
are important in forming useful solid films for boundary
lubrication.

The L Curve is of the so-called Langmuir type. It

can be found when there is no strong competition from the
solvent for sites on the surface.

The H Curve occurs when there is high affinity

between the adsorbate and adsorbent which is shown even

in very dilute solutions. This type of isotherm has been
shown in the study of lubrication by many authors (68) (69)
(70) (71) (72), in which the adsorption of fatty acid ontoA
metals or metal oxides has been investigated.

The C Curve indicates constant partition of the

adsorbate between the solution and adsorbent. This type
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Adsorption of Solute

Curve S Curve L Curve H Curve C

Fig.1-4,

Concentration of Solute in Liquid Phase

Typical shapes of isotherms for adsorption of solid from solution
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of isotherm is not familar in the adsorption of oiliness
reagents onto metals or metal oxides.

As described above, much useful information of
adsorption can be obtained from a classification of iso-
therms. In this study, the results heat of adsorptions
having shapes of S-curve and the L-curve were obtained.

Dynamic analysis of adsorption is also important
in boundary lubrication. In the case of physical
adsorption, the adsorbed molecule cannot stay in the
same site for a long time. Repetition of the adsorption
and desorption process occurs continuously. In order
to investigate collisions of small asperities, which is a
fundamental process for friction and wear in boundary
lubrication, a treatment of the residence time of adsorbed
molecules is necessary. To date, this has been studied

only theoretically.

1.35 Adsorption on Metal

The adsorption of oiliness reagents onto metals
and metal oxides has been investigated by many authors.
In boundary lubrication, such study is mainly confined
to physical or chemical adsorption.

Bowden and co-workers (15) (70) have investigated
the adsorption of stearic acid, stearyl alcohol and ethyl
stearate onto many metals, such as platinum, gold, zinc,
cadmium and copper, by the radio tracer technique. On
non-reactive metals, such as platinum and gold, all kinds

of oiliness reagents adsorb physically. However, on
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reactive metals such as zinc, cadmium and copper, physical
adsorption occurs with stearyl alcohol, whilst with stearic
acid, chemical reaction occurs. In the case of ethyl
stearate, the results of chemical adsorption have been
obtained with reactive metals, but there is some possibility
that the chemical adsorption actually occurred with stearic
acid as an impurity of a product of hydrolysis.

The authors (70) have also investigated the lubri-
cation breakdown temperature, shown in Figure 1.1, of the
adsorption films. The lubrication breakdown of physical
adsorption occurs at around the melting point of the
oiliness reagent (stearic acid 70°C, stearyl alcohol 58°C,
ethyl stearate 34°C). Whilst the lubrication breakdwon
temperature of chemical adsorption films is 90-120°C, which
is the melting point of the metal soap. Tabor has published
a similar study of adsorption films using an eléctron
diffraction technique (73) (74), and several other reéearchers
have recognised the formation of metal soap (62) (75) (76)
(77) (78).

As most practial lubrication is carried out in normal
atmosphere, the surface of metals (except a few special
ones), are covered by the oxide films formed by oxygen in
the lubricant o0il. In boundary lubrication, the film of
oxide is not only effective on friction and anti-wear (44)
(79) (80) (81) (82), but also the film has an influence
on adsorption of polar compounds onto the surface (69) (72)
(79) (83). According to a study by Allen (72), iron
covered with oxides adsorbs more stearic acid than iron

without an oxide film. In the case of copper, the
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influence of oxide films is not observed. Generally the
existence of oxygen and an oxide film is necessary for the
adsorption of fatty acid onto metal (69) (78) (79). However,
there are some reports which describe the same adsorption
onto metals with and without oxide films, though the reasons
for this observation have not been explained (71) (84) (85).
In the case of adsorption of olefin onto aluminium, the
existence of the oxide film obstructs the adsorption by
blocking the film.

On lubricated surfaces, water frequently exists as
hydrates, chemically adsorbed water, physically adsorbed
water, etc. This water has an influence on adsorption
of lubricant additives. According to Hirst (86), for the
unreactive powders, TiOz, Si0, TiC, SiC, the presence of
water merely reduces the amount of acid adsorbed. On the
reactive powders, Cu, Cu20, Cu0 and Zn, it appears that
under dry conditions, the acid is physically adsorbed: the
influence of water is to initiate chemical reaction. In
addition, the influence of water depends very markedly on
the nature of the surface layer of oxide. As a consequence,
the formation of metal soap is markedly affected by water
- and oxide.

As described in Sections 1.25-1.27, the adsorption
of EP additives is very important in the anti-wear region
of boundary lubrication. However, the study of this
phenomenon is difficult, due to the reaction occuring at
high temperature, and the sulphuration reaction occurring

successively.
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1.36 Heat of Adsorption

As heat of adsorption is a good measure for expressing
the strength of adsorbed layer, the problem of stability
of an adsorbed film in boundary lubrication is frequently
discussed in terms of heat of adsorption. It is, however,
not easy to obtain exact heats of adsorption owing to the
complexity of adsorption phenomena. The adsorption at
a solid/solution interface needs careful treatment due to
the existence of solvent.

When a dried solid is immersed in a liquid, some heat
is released without dissolution or any chemical reactions.
This heat is called heat of immersion, AHI. The solid comes
into contact with the adsorbed layer, and a heat of wetting,

AHwet’is involved. Also, a heat of dilution, AH should

dil’
be considered owing to the change of composition in the

adsorbed layer by adsorption. Thus,

AHI = AHwet + AHdil (1.26)

In an experimental measurement, AHdil can be neglected

when the amount of solution is much greater than the solid.

As AHwet of solvent can be measured directly, the heat of

adsorption of solute AHads is obtained as follows:

AH 4s = AHwet:solution - AHwet:solvent (1.27)

If the measurement of AHW is carried out in the atmosphere,

et

AHads is the enthalpy change of adsorption.
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Frewing (87) has calculated enthalpy change of
adsorption indirectly from the transition temperature in
friction test. Assuming a Langmuir type adsorption isotherm,

the equilibrium constant K is:

c -5 - K ‘ (1.28)
where
K : the equilibrium constant
8 : the fraction of surface covered with the adsorbed
film
C : the concentration of adsorbate

The variation of K with temperature is given by the Van't

Hoff isochore

d log K AH
— = . _2ds (1.29)
dT RT

As AHads is independent of temperature, the equation (1.29)

can be integrated by temperature,

AH
logeK = Eﬁss + integration constant (1.30)

Assuming that the transition from smooth sliding to stick-
slip occurs when the surface concentration of the adsorbed

and oriented film decreases to a definite value, i.e. at

% M, as
C(1-78y = RT, + integration constant (1.31)
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whence

AHads
2.3 log10 C = _ﬁT;_ + constant (1.32)

where

Tt : the transition temperature

From the slope of a straight line plotting logloc
against 1/Tt, AHads can be estimated. In this method, the
following assumptions are included:

(i) As the adsorption of the Langmuir type is
assumed, the lubricated surface is homogeneous
and the inter molecule cohesive force, which 'is
a necessary factor in forming a solid adsorbed
film, is neglected.

(ii) The equilibrium of equation (1.24) can be applied

to physical adsorption, which is reversible.

In principle, therefore, it is impossible to apply
this method to chemical adsorptions such as the metal soap
formation of fatty acid.

Frewing (87) has estimated the enthalpy change of
adsorption AHads of stearic acid.and methyl stearate onto

steel as follows:

AH

ads
stearic acid 54.5/mole
methyl stearate 36.0/mole

Zisman (88) has obtained the following values of
enthalpy change from the measurement of oleophobic monolayer

breakdwon temperature on platinum surface, and Sakurai
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calculated the value from the temperature of rectification

disappearance as follows:

AHads
Zisman stearyl alcohol 41.9KJ/mole
Zisman stearic acid 41 .9KJ/mole
Sakurai stearic acid 44 .4KJ/mole

Spikes and Cameron (89) (90) have measured the
adsorption isotherm of n-octadecylamine onto stainless
steel at several different temperatures and estimated the

enthalpy change of adsorption AHa from the slope of a

ds
straight line plotting loglOC against 1/T, in which C is
equilibrium concentration at the fixed fraction of coverage
in equation (1.24). They have reported the interesting
result that the enthalpy change of adsorption is different
with temperature and the fraction of coverage.

Further advanced thermodynamical treating of adsorp-
tion has been carried out by Cameron and co-workers (91)
(92) (93) (94) (95). Although the Frewing assumption i.e.,
Langmuir type adsorption and the transition temperature of

stick-slip, are used, the following fundamental thermo-

dynamic equation has been introduced.
AG = - RT 1In K (1.33)

where
AG : the free energy change of adsorption
From equation (1.28) and the definition of free energy

change
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-4+ 85 = R0 =5y - 10O (1.34)
where

AH : the enthalpy change of adsorption

AS : the entropy change of adsorption

a. : the fraction of coverage when the transition

from smooth sliding to stick-slip occurs

As the authors have assumed that the value of oy is near %,
1n ai/(l - ai) can be neglected. Therefore,

%E-As R 1n C (1.35)

From this equation and the results of friction test,
the following values of enthalpy and entropy changes are
reported. The adsorption of cetylamine onto stainless
steel (93),

AH 54=-101KJ/mole

AS 105-230J/mole °C

The adsorption of stearic acid onto stainless steel (93),

AH 54-67KJ/mole

AS 96-134J/mole °C

The adsorption of the naturally occuring surfactant in oil

onto stainless steel (95),

AH = 114KJ/mole
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The adsorption of stearic acid onto stainless steel (91)

(determined by medium speed friction test)

AH = 168KJ/mole

This last large value has been explained as a result of
chain matching. The estimation of enthalpy and entropy
change of adsorption makes the discussion of interesting
problems such as the chain matching phenomenon possible.
However, as the theoretical analysis derived by Frewing
and Cameron includes many assumptions, the range of
application should be limited.

Groszek (96)v(105), Sakurai (10) (11) and others
(47) (55) (106) have measured heats of adsorption onto
several powders by a Flow Microcalorimeter. Although
these values are heats of adsorption measured directly,
the values are éxpressed by heat release per unit weight
or unit surface area of powders. It is therefore impossible
to compare the values with the heats of adsorption obtained
by the results of friction tests. Nevertheless, these
values are useful, as it is possible to compare the
relative strength of the adsorption film of added materials

in lubrication, such as oiliness reagent.

1.37 Heat of Adsorption and Friction Coefficient

The relationship between heat of adsorption and the
phenomenon of stick-slip has been discussed in the previous

section. In this.section, the influence of heat of
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adsorption on friction coefficient at normal lubrication
condition is discussed.

Kingsbury (107) has assumed a relationship between
o, the fractional film defect, and the ratio of the time for
the asperity to travel a distance equivalent to the diameter
of the adsorbed molecule (tz) and the average residence
time that a molecule remains at a given surface site (tr)

as follows,

(1 - a) = exp(- t/t). | (1.36)
o is defined in equation (1.1) and tz is given by

t =4 (1.37)
where

Z : the diameter of the adsorbed molecule

V* : the sliding velocity

In addition, the average residence time of adsorbed molecule

given by the following expression,

_ E
tr = to exp (RT (1.38)
where
tO : the fundamental time of wvibration of adsorbed
molecule

E : the heat of adsorption
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From equations (1.36), (1.37), (1.38) and the

fundamental equation in boundary equation [equation (1.6)],

the friction coefficient is given by,

£

f

sol

liq

{1 - expl(~ z/vt_ ) exp (- E/RT)1}

[(- z/vto) exp (- E/RT)] (1.39)

Therefore, f is a single exponential function of

sliding velocity, and a double exponential function of

temperature of heat of adsorption. However, none has ever

clarified this relationship experimentally. Further

investigation is clearly needed to justify Kingsbury's

model.

1.38

Heat of Adsorption and Wear

(108) (109).

follows:

where

A model of adhesive wear has been proposed by Rowe

o<

k
m

(1

the
the
the
the

the

The equation derived by him is shown as

s 32)t apl (1.40)
m

total wear volume

sliding surface

wear coefficient for metal-metal contact area
coefficient of friction

fractional film defect
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w : the load

Pm : the flow pressure under static loading
As o has apparent values of 0.01 or less at poor lubrication,
a good approximation of 1n (1 - a) is (- a). Therefore, the

approximation form of Kingsbury's equation (1.36), is given

by:
_ 2 -E/RT
a IT: e (1.41)
o
combining equations (1.40) and (1.41),
k vy Z
V _ ™m w -E/RT
icB -5 e (1.42)
o m

where V* : the sliding velocity

Yy = (1 + 3f2)i
Equation (1.42) states that if the values of km were known,
wear rates could be calculated for partially lubricated
systems, i.e. the rate of adhesive wear is an exponential
of heat of adsorption. This model has been confirmed by
the experiment of a copper pin sliding against a steel disk
with n-hexadecane as lubricant the heat of adsorption for
n-hexadecane by this model is 48.2KJ/mole.

On the other hand, several authors have discussed
the relationship between wear and heat adsorption as
measured experimentally. Sakurai and co-workers (10) (11)
(106) have investigated heats of adsorption of oiliness

reagents onto a-Fe_ 0 F

273’
meter. As the heats of adsorption of oiliness reagents onto

e304 and FeS by a Flow Microcalori-

FeS are large, the authors have stated that the interaction
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of polar compounds in oil with EP films produced by
sulphur-type EP additive plays an important part on anti-
wear. In a similar way, a good correlation between the
heats of adsorption and the wear-reducing ability has been
reported by Groszek (97).

The two types of study, i.e. the theoretical approach
and the experimental approach, have been described. At the
moment, however, there are too many problems to combine both

together.

1.40 Analysis of Lubricated Surface

Recently, there has been much progress in surface
analytical tools in boundary lubrication. The use of
analyses are to get information on both qualitative and
quantitative aspects, such as composition, film thickness,
energy bond and so on. If it were possible to obtain this
information in situ, it would be most valuable. However,
in most cases, it is impossible to expect such analytical
data, because most surface analytical apparatus must be
used under high vacuum conditions. Therefore, in general,
it is only possible to obtain analytical information of
surface before and after lubrication.

In this study, electron spectroscopy for chemical
anélysis (ESCA), scanning electron microscopy (SEM), X-ray
diffraction (XRD) and energy dispersive X-ray fluorescence
(EDXRF) were used for analysis of sample and test piece.
Godfrey (110) published an excellent review on the usefulness

of new surface analysis instruments. Alternative methods
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which have recently been applied to boundary lubrication

problems are also described.

1.41 Recent Development of Surface Analysis Techniques

It is possible to classify analytical techniques of
solid surfaces into two categores, i.e. methods which use
(i) electromagnetic radiation, and (ii) charged particle
such as ions and electrons. Schematic diagrams of these
methods are shown in Figure 1.5 and 1.6.

From a different point of view, it is possible to
classify methods into (i) diffraction method to investigate
periodicity of atomic arrangement and the properties of a
small mass of atoms, i.e. techniques which reveal structure
and techniques which reveal topography and shape.

(ii) spectrometry method to analyse atomic surface qualita-
tively and quantitatively and bond energy, i.e. chemical
analysis of surface.

(i) Techniques which reveal structure, topography
and shape.

X-Ray Diffraction (XRD), Electron Diffraction (ED)

give structure of crystalline material from which compounds
can be identified. XRD gives information of the depth over
than ym (52). For ED, the shorter wave length of electrons
compared to X-rays allows analysis of small crystallites
and thinner films (41). In this study, XRD was used for
analysis of powders which were used in the heat of adsorp-

tion and adsorption measurements.
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Information®

Method Qual. Quant. E St

Electron-Photoelectron Spectroscopy —_5§CA 3 g? 0o X

Electromagnetic S 1% X
Wave ‘Ellipsometry X X FAY X
IR,Raman Spectroscopy A X 0] X

Electromagnetic Wave{X-ray Spectroscopy 0] A TAY X

X-ray Diffraction A A FaX fe)

Mdssbauer Spectrometry X X o) X

Fig.1-5, Informations by incidence of electromagnetic wave into surface
* Qual. : Onalitative Analysis, Quant. : Quantitative Analysis,
£ : Bonding Energy, Str. : Structure of Atom, H : Film Thickness
O : Suitable, A : Applicable, X : Inapplicable
Information*

Method Qual. Quant. E Str.

Auger Electron Spectroscopy (o) FAY A X

Charge Particle Low Energy Electron Diffraction X X A o

Electron Electron——+High Energy Electron Diffraction A A A 0

Ton Reflection " A X TAY O

Exo Electron X X A X

Ion ——--—3Secondary Ion Mass Spectrometry (o] A X X

Electromagnetic rElectron X-ray Spectrometry 0] 0 AN X

Wave “LIon X-ray Spectrometry o] A o) X

Fig.1-6, Informations by incidence of charge particle into surface
* Qual. : Qualitative Analysis, QOant. : Quantitative Analysis,
E : Bonding Energy, Str. : Structure of Atom, H : Film Thickness,
O : Suitable, A Applicable, X ¢ Inapplicable
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Low Energy Electron Diffraction (LEED) utilizes a low

energy electron beam which is diffracted by molecules
regularly arranged on a surface. LEED reveals the location
of atoms and the structure of surface of less than half

a monolayer. Buckley (111) first used this method for
investigation of lubricated surfaces.

Scanning Electron Microscopy (SEM) provides photographs

of three-dimensional quality of surfaces at a wide range
of magnification. This is an important method for the
investigation of wear and the topography of surfaces. In
this study SEM bbserved the powders which were used in
experiments of heat of adsorption and adsorption.

(ii) Methods which provide chemical analysis of
surfaces

Electron Probe Microanalysis (EPMA) provides informa-

tion on the location and concentration of the elements on
and in surface layers by X-rays emitted from an element
which is bombarded With an electron beam. EPMA does not
give direct information on the compounds in a film. 1In
boundary lubrication, EPMA was used for investigation of
reaction of EP additives (37) (38) (47).

Electron Spectroscopy for Chemical Analysis (ESCA)

determines the elements on a surface to a depth about 208

by measuring their binding energies. From electrons emitted
from the atoms in the surface irradiated with X-ray, the
binding energy is deduced to identify the element (112).

In this study, ESCA was used to investigate the extent

of oxidation of the surface of FeS powder which was used

in the experiment of heat of adsorption and adsorption.
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Auger Electron Spectroscopy (AES) is a method which

permits analysis of the surface layers for very small areas
of a surface. This method analyses all elements heavier
than helium (33). AES can be combined with LEED and SEM.

Energy Dispersive X-ray Fluorescence (EDXRF) detects

elements heavier than sodium by exciting the specimen with
X-rays and detecting the elements characteristic X-ray. It
is rapid, non-destructive, and capable of simultaneous
multi-element analysis in the ppm range. EDXRF is very
useful in BL for detecting elements in metals, in films on
metals and in oils. In this study, EDXRF was used to measure
sulphur content on the surface of test pieces prepared for
friction and wear tests, which is described in Chapter

Four.

1.42 Analysis of EP Film

As described in Section 1.24, there are three types
of EP additive, sulphur, chlorine and phosphorus. These
additives react with metal under boundary condition and
produce an EP film which has load carrying and anti-wear
capacity. There are many publications which have reported
the results of analyses of these EP films. As the main
object of this project is to investigate interaction between
oiliness reagents and EP films produced by sulphur-type
EP additives. The results of analyses of the film and the
technique used for that analysis are described here.

Allum and Forbes (38) (47) (55) (113) first used SEM

and EPMA for analyses of sulphur and oxygen on wear scars
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from a four-ball wear test and reported that the sulphur
content increased with an increase in applied load up to

a maximum observed sulphur content of approximately 307%.

On the other hand, the oxygen content of the wear scar
decreased with an increase in sulphur content. Coy and
Quinn (39) also measured sulphur content on the scars formed
with disulphides by EPMA and reported almost the same
results as that by Allum and Forbes.

The analysis of surface films formed by sluphur
compounds by XRD have been reported by Coy and Quinn (39),
Godfrey (41), Sakurai and co-workers (22). Toy and Quinn
suggested that in the EP region, iron sulphide, FeS, was
found to be a major constituent along with increased amounts
of Fe3C in scars formed with DBDS additives. They also
reported that these scars had very small amounts of iron
oxides, a—Fe203 and Fe304, were observed.

On the other hand, Godfrey (41) described that surface
films formed by sulphur compounds in the presence of air
were composed of a mixture of iron sulphide and iron oxide,
and also suggested that Fe304 was an important material
for load carrying capacity. This kind of a mixture of Fe304
and FeS was detected with ED by Hamaguchi and co-workers
(35) (36). Buckley (29) (33) was the first user of AES
for sliding surfaces analysis and demonstrated that sulphide
films on iron surfaces were displaced by oxygen, the reverse
process hardly occurred.

ESCA was used by Baldwin and Wheeler (114) to

characterise the first few atomic layers of surfaces after

wear-testing in oil formulations which contained organo-
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sulphur additives produce the same metal sulphide and the
sulphide concentration shows a correlation with wear. By
means of ESCA, Tamai (115) found evidence of mechanochemical
activity in the reaction between steel and organic sulphur

compound after mild cutting.

1.50 Scope of Research

The purpose of this thesis is to clarify the mechanism
of interaction between ciliness compounds and EP films
produced with sulphur-type EP additive, and to investigate
the effect of this interaction on friction and wear in
boundary lubrication. The following three experiments have
been carried out for this purpose.

(1) Heat of Adsorption (Chapter 2)

The measurement of heats of adsorption of stearic
acid, stearyl alcohol and methyl stearate onto
a—Fe203, Y—Fe2 39 Fe304 and FeS by a Flow Micro-
calorimeter.

(2) Adsorption (Chapter 3)

The measurement of adsorptions of stearic acid and

methyl stearate onto a—Fe203, yFe203, Fe304 and FeS.

(3) Friction and Wear (Chapter 4)

The measurement of friction and wear during running-

in by a Bowden Leben machine.
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CHAPTER TWO

HEAT OF ADSORPTION

2.10 Introduction

The heat of adsorption is a valuable parameter for
measuring the stability of adsorbed films. Frewing (89)
has proposed a relationship between the heat of adsorption
and ‘the transition from smooth sliding to stick-slip
phenomenon in boundary lubrication. Cameron and co-workers
(89)V(95) have advanced this concept and have obtained
many useful thermodynamic values such as enthalpy change
of adsorption (AHads) and entropy change of adsorption
(ASadS). In their studies, the interesting phenomenon of
chain matching between oiliness reagent and baseoil has
been partially explained (94) (95). However, as the values
obtained are calculated ones using the theoretical equation,
there are some difficulties in applying the results to
complicated phenomenon such as the influence of chemical
nature of the lubricated surface on adsorption.

As most of the theoretical study described above
assume a simple Langmuir-type adsorption, several authors
have tried to measure enthalpy change of adsorption of
Ooiliness reagents in solution directly by a Flow Micro-
calorimeter and have discussed the relationship to boundary
lubrication (10) (11) (47) (55) (96)~(106). By this kind
of study, it is possible to investigate the stabilities of
adsorbed films on the surface with differing chemical natures.

If EP additives exist in lubricant oil, then EP films as
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described in Section 1.24 are produced in boundary lubri-
cation. In the case of sulphur-type EP additives, EP films

composed of FeS and iron oxides such as Fe30 are formed.

4
Sakurai and co-workers (9)v(12) have suggested that the
interaction of oiliness reagents with FeS play an important
role in reducing wear in boundary lubrication. Cameron (6) (7)
(8) and Yagi (12) have also supported this suggestion.

This study has been designed in order to help to make
this interaction clear. For this purpose, the heats of
adsorption (the enthalpy change of adsorption) of oiliness
reagents such as stearic acid, stearyl alcohol and methyl
stearate, onto a—Fe203, y—Fe203, Fe304 and FeS were measured
by a Flow Microcalorimeter. The influence of solvent and
temperature on the heat of adsorption was investigated as
well as the heats of adsorption at room temperature.

Combining these results with the data of adsorption measure-
ment, which are shown in the next chapter, the heats of
adsorption per mole are calculated. It is possible to

compare the results obtained in this study with the

theoretical values obtained by other authors.

2.20 Experimental

2.21 Materials

Adsorbates: three kinds of oiliness reagents were used

as adsorbates for this work; stearic acid, stearyl alcohol
and methyl stearate. All three reagents were supplied by

BDH as a puriss grade. They were then purified by
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recrystallization from methanol. After two recrystallizations
stearic acid, stearyl alcohol and methyl stearate showed
melting points of 71.5-72.0°C, 60.0-60.5°C and 39.5-40.0°C,
respectively. The purities determined by GLC and elemental

analysis are listed below:

GLC Experimental Analysis
Stearic acid 99.5% -
Stearyl alcohol 99.7% -
Methyl stearate 99.5% -
DBDS 99.9% 99.9%

Solvents: n-Heptane, n-Decane and n-hexadecane were
used as solvents. They were purified by percolation through
a silica gel-alumina column, followed by continuous contact
with silica gel and alumina for a week. The solvents were
further dried by a molecular sieve (58) for at least two
days before use in adsorption experiments to ensure that the
water contents were the same for each experiment.

Adsorbent Powders: a-Fe_ 0 y-Fe,0

2°3° 273 “€3Y4
powders were used for the measurement of heat of adsorptions.

Fe,0, and FeS

a-Fe20 (>100 mesh) was purchased from Johnson & Massey Co

3

Ltd, Y-Fe203, Fe304 and FeS were purchased from High Purity

Chemicals Co Ltd, Japan. Y-Fe, 0, and Fe,0, powders were

273 374

finer than 100 mesh and FeS was finer than 200 mesh. The
exact distribution of particle sizes is shown in Photo-
graphs 2.1 to 2.4, which show secondary images of scanning
electron micrographs.

The following results are summarized from the observa-

tion of these photographs.
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Photo.2-1,

The secondary images of scanning electron micrograph

of d—FeZO
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Photo.2-2,

The secondary images of scanning electron

micrograph of J-FeZO
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a-Fe2 3 ° pillared particles of about 50 x 100p occurring
as clusters, with the surfaces of each particle
covered with very fine particles.

y-Fe203 : very fine particles below 0.5u attached to the
surface of larger particles.

Fe30 : small particles (2-3u) ocqurring in clusters of
size 10-100u.

FeS : the surfaces of the particles were smooth,
sometimes hollow, below 2u, can be seen on the
surfaces.

An estimate of specific surface area was made by the
Brunauer-Emmett-Teller (BET) method with nitrogen and
krypton. The results are listed in Table 2.1. Large
differences were noted between the results obtained from
the different methods. As the results from the nitrogen
method were found to be inconsistent at the low values,
data from the krypton method was used to calculate the
cumulative heat of adsorption per unit surface area of
powder.

The elemental compositions of the powders were
determined by chemical analysis and are listed in Table
2.2. The iron content was determined by oxidation/reduction
titration using K20r207. To measure the sulphur content,

a sample of the powder was burned in air and the gaseous

products were absorbed in hydrogen peroxide solution. The

resulting sulphuric acid was titrated by a standard alkaline
solution. A large difference was found between the experimental
data and the calculated values for iron oxides. The results

for FeS however were close to the calculated values.
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the other samples were purchased from High Purity
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TABLE 2.1

Specific Surface Area of Powders

BET Method (m2?/g)

No
Powder Kr
First Second
oa—Fe203 3.75 3.44 3.63
y-Fe203 17.99 18.85 17.00
Fe304 6.18 6.28 8.04
FeS 1.44 1.38 1.70

Chemicals Co Ltd, Japan.

Figures in parentheses indicate calculated values.

was supplied by Johson and Massey Co Ltd, and

TABLE 2.2
Chemical Component of Powder
Powder Fe 7 S %
a—Fe203 68.6 (69.9)
Y—Fezo3 63.5 (69.9)
Fe304 65.0 (78.5)
FeS 62.3 (63.5) 35.6 (36.5)
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X-ray diffraction analysis was performed in order to
characterise the structure of the samples. The main results
are given by:
a—Fe203 : the strong peaks for hematite (a—Fe203) were

confirmed, and no other peaks were detectable.
y-—Fe203 : the strong peaks for maghemite (Y-Fe203) were

confirmed, and no impurity peaks were recognised.

Fe304 : the strong peaks for magnetite (Fe304) were
confirmed. This sample includes a small amount
of wustite (Fe0) and fayalite KFeXMgY)ZO-Si 02]
as impurities.

FeS : the strong peaks for troilite (FeS) and pyrhotite

(Fel_XS) were recognised.
Prior to measurement in a Flow Microcalorimeter experi-

ment, the powders of oa-Fe, 0 Fe_0, and FeS were degassed

2737 “€3Y
at 300°C for four hours under vacuum (< 1lmm Hg). For
y-Fe203), 270°C was adopted for the degassing, to avoid

transition from Y—Fe203 to a—Fe203.

2.22 Apparatus

All of the heat of adsorption data in this work were
measured by a Flow Microcalorimeter type Mark I1 V produced
by Microscal Ltd. The Flow Microcalorimeter was designed
for the detection of heats of solute/solid of gas/solid
interaction, which are usually physical or chemical adsorp-
tions. This apparatus is made up to four units; the
calorimeter, the recorder, the vacuum system and a flow

control pump (see Photograph 2.5 and Figure 2.1).
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Photograph 2-5, View of a Flow Microcalorimeter

Vacuum Gauge Flow Control Pump

Vacuum Line (;P

Vacuum Pump

Calorimeter Recorder

E:; Drain

L\

Fig.2-1, Schematic diagram of Flow Microcalorimeter
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The calorimeter was enclosed by a draught proof enclosure

to avoid outside thermal effects. The vacuum system of this

apparatus was not used, since these experiments were confined

to the investigation of solute/solid interaction in solution.
A schematic drawing of the reaction cell in the

calorimeter is shown in Figure 2.2. The reaction cell is

surrounded by a PTFE wall. Both the inlet and the outlet

to the reaction cell are made of stainless steel. The out-

let was 500 mesh gauze to hold adsorbent powder in the

reaction cell. The total volume of the reaction cell is

about 0.17ml. The volume of adsorbent used was 0.10-0.13ml,

thus forming a bed in the reaction cell of the calorimeter,

approximately 3.2-4.2mm high, and filling the cell to a

level of 0.8-1.8mm above that of the thermistors. A pair

of thermistors (Tm) are placed in direct contact with the

adsorbent and a pair of identical reference thermistors (Tr )

f
are embedded in the PTFE above the reaction cell. Two fine
stainless steel tubes for solvent and solute are fixed in
the inlet tube supporter.

Any changes in the temperature of the cell contents,
which accompany the adsorption process, are measured by the
thermistors arranged in Wheatstone Bridge circuit as shown
in Figure 2.3. The output from the bridge is fed into a
variable range potentiometer recorder of 100uV to 5000uV
full scale deflection. Thus the departure and subsequent

return to equilibrium in the reaction cell can be monitored

and recorded.
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Fig.2-2, Schematic drawing of the cell in a Flow Microcalorimeter

S : Inlet tube‘supporter

B : Metal block

I : Inlet tube

P : PTEF cell

A : Adsorbent

M : Inert metal powder

G : Gauze forming the bottom of the cell
0 : Qutlet tube

Tm : Thermistors to measure heat release
Trf : Reference thermistors

Tc : Thermocouple to measure cell temperature
R : 0 ring
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2.23 Procedure

One of the adsorbent powders of volume 0.10-0.13ml
(the precise volume is dependent on the powder), is weighed
to the nearest milligramme and poured slowly through a
funnel into the cell which has already been filled with
n-heptane. Air surrounding the adsorbent particles is
released as soon as these are wetted with the solvent. In
order to obtain the best results it is necessary to have an
even packing of adsorbent bed and a smooth, steady flow of
fluid through it.

Then, the inlet tube is fixed in the calorimeter to
start percolation of solvent. Thermal equilibrium at room
temperature is reached in about 30 minutes and a steady
base line is established on the recorder chart. Longer
stabilization is necessary for a measurement at high
temperature. Preheating up to a few degrees higher than
the setting temperature can save a 1ot of time in stabilizing
for measurements at high temperature. Once the thermal
stabilization is established, the flow of solvent is
replaced by the flow of the sample solution. Depeﬁding on
the method of sample injection, three types of measurement can
be carried out: the saturation method, the injection method
and the percolation method.

Saturation method: this method gives information about

the cumulative heats of adsorption of the samples (96). The
flow of the solvent is stopped and the flow of solution is
continued until adsorption is completed. When adsorption

is completed, and the equilibrium between solution and powder
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is reached, heat ceases to be evolved and thermal equilibrium
is established again. A single peak is obtained on the
recorder by this procedure. By measuring the area under
the peak and multiplying this by the calibration factor

of the thermistor (k*), one can obtain the cumulative heat
of adsorption. All the heats of adsorption in this work
were obtained by this method. In the same manner, if the
flow of solution is replaced by a flow of solvent after
the saturation of adsorption has been reached, the cumula-
tive heat of desorption can be measured. Charts showing
typical peaks caused by the cumulative heats of adsorption
and desorption on applying this method are shown in Figure
2.4.

Other methods: Some authors use the injection method

(97) (99) and the percolation method (10) (11) (106) to
investigate adsorption and desorption. Although these
methods were not used in this work, a brief explanation of
them is given here.

The injection methodvis suitable for measuring the
concentration of adsorbate. A few microlitres of dilute
solution of adsorbate is introduced into the stream of
solvent. The peak of adsorption and desorption resulting
from the adsorbate's passage through the cell is recorded
subsequently. A relationship between the amount of adsorbate
injected and the peak height can be obtained if the proper
type and quantity of adsorbent is selected. It is possible
to measure the concentration of adsorbate by using this
relationship.

The percolation method has been used to determine the
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Exothermic

Endthermic

Fig.2-4,

Time ( min. )

Typical peaks of heat of adsorption and desorption

Peak I : Adsorption of methyl stearate (24.05 m Mol/1)
Peak II : Desorption of methyl stearate (2%.05 m Mol/1l)
Conditions

Adsorbent : mmwO:

Temperature : 26.5°C Flow rate : 3.30 ml/hour

Solvent : n-Heptane
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amount of adsorption. If it is possible to make a precolumn
containing an inert solid having the same interstitial volume
as the adsorbent, the amount of adsorption can be calculated
from the following equation by comparing the retention time
of precolumns containing the adsorbent and inert solid

described above.

x =1t cf/W (2.1)

where
t : the retention time difference
¢ : the concentration of solute in mg/ml

f the flow rate of solution in ml/min

W : the weight of adsorbent in the precolumns
The difficulty of this method is that a selection of an inert
solid can have the same interstitial volume as the adsorbent.

Calibration: Calibration of the calorimeter is effected

by introducing heat electrically into the adsorption bed.
This is achieved by using the calibration unit, which has a
small heating coil, in place of the standard outlet. The
reaction cell filled with adsorbent and the calorimeter may
then be uséd in the normal way. By supplying electric current
to the coil, various amounts of energy can be introduced into
the adsorbent so as to obtain a series of peaks of different
shape and size. From these procedures the calibration curve
between the heat release in the adsorbent bed and the peak
area on the chart recorder is obtained.

The layout of the calibration heater is given in

Figure 2.5. The resistance of the calibration unit including
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Fig.2-5, Microheater for calibration
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the lead was 4.38ohms and calculated value of resistance of
the lead was 0.24ohms (symbol r). Therefore the resistance
of the coil (symbol R) was 4.l4ohms. The energy dissipated
by the calibration coil was calculated from the following
equation:

W= rs,x 1000(mil J) (2.2)
where

r/(R + r) = 0.216

V : power input (volts)

t ¢ time (seconds)

Typical calibration curves derived from this procedure
are shown in Figure 2.6. As the curves were straight lines,
the thermal sensitivity of the thermistor (symbol k*) can

be given.

AH = k* A (2.3)

where

AH : heat release (mil J)

k* : thermal sensitivity of the thermistor

A : peak area on chart recorder (uV x min)
The thermal sensitivity k* was not influenced by small
changes of slow speed of solution and rate of energy
dissipation from the heater. However, temperature of
adsorbent and the type of powder have much influence on the
sensitivity. So, a range of values of k* were measured

(Table 2.3).
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TABLE 2.3
Thermal Sensitivity of the Thermistor

in a Flow Microcalorimeter

Sensitiviety (k*) = AH(mJ ) /Peak Area. (uv x min)

Powder

Temp (°C) oc—Fe203 Y-Fe203 Fe304 FeS
26.5 0.0500 0.0594 0.0608 0.0610
30 0.0518 0.0491 0.0612 0.0660
35 0.0550 0.0518 0.0648 0.0697
45 0.0591 0.0599 0.0715 0.0760
55 0.0815
65 0.0860 0.0867 0.0983 0.1030

Effective amount of powder: It is necessary to con-

firm the linerity between the amount of powder packed in
the cell and heat release, in order to obtain the quantita-
tive heat of adsorption ffom the Flow Microcalorimeter. As
no-one other than Groszek (96) has ever discussed this
problem, the influence of the amount of powder on heat
release was investigated before the series of experiments
was started.

As shown clearly in Figure 2.7, the heat release is
not directly proportional to the amount of powder. This
figure indicates that the thermistors cannot detect the
heat release from the powder situated lower than a certain

level in the cell, and that the thermistors cannot detect all
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of heat release from powders which overfill the cell.
However, it is possible to assume the concept of a dead
volume of powder, i.e. that amount which has no effect on

the heat recorded on a chart recorder. From this concept,
the effective amount of powder, which is the difference
between the total amount of powder packed in the cell and the

powder in the dead volume described above, was introduced in

this work to calculate the cumulative heat of adsorption
and desorption per unit surface area of powder.

In order to obtain linerity between the heat of
adsorption and the amount of powder, it is important to
estimate the exact dead volume of powder. Table 2.4 shows
that the dead volume is dependent on type of powder used.
Experiment has shown that it is independent of type of solu-
tion and release of different heats of adsorption. Figure
2.7 shows that an identical dead volume is observed for
three different solutions. From these results, the postula-
tion of constant dead volume in measurements at different
temperatures and with solutions of different concentrations
is adopted to avoid excessive preliminary experiments. To
obtain results in the linear part of the curve, it is necessary
to keep the volume of powder below a certain level depending
on the type of powder used. It was usually found desirable
to use the maximum volume up to this level, as small volumes.
of powder gave poorly reproducible results. Therefore the
amount of powder packed in the cell was selected carefully
in this work. The effective amount of powder and the amount
of powder packed in the cell for each sample are listed in

Table 2.4.
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TABLE 2.4
Effective Amount of Powder and the Amount

of Powder Packed in the Cell

Powder Effective Packed
a—Fe203 36émg 70mg
Y—Fe203 49mg 6 0mg

Fe304 148mg 250mg

.FeS 195 or 145mg 300 or 250mg

Heat of dilution: Heat of dilution is inevitable in

the measurement of heat of adsorption with a Flow Micro-
calorimeter (96), but it is possible to estimate the magnitude
of it by using solids having negligible adsorptive capacity.
One of the results of a heat of dilution determined, is

shown in Figure 2.8. In this experiment, steel particles
having a surface area of 0.21m2/g were used as an adsorption
bed in the cell of a Flow Microcalorimeter, and the stearic
acid solution (20mMol/%) was used as an adsorbate. The

heat release in this experiment was so small that it was
difficult ot obtain reproducible results. The peak area

for the heat release on the chart recorder was less than

20uV x min. This means that the heat of dilution of

20mMol/2 stearic acid solution by n-heptane is less than about
ImJ. Compared with the heat of adsorption measured in this

study, this value is small enough to neglect.
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.30 Results

—

2.31 Heats of Adsorption at Room Temperature

The results of cumulative heats of adsorption at
room temperature (26.5°C) are presented in Figures 2.9
to 2.12 and relate to adsorption on a-Fe203, Y—Fe203,
Fe304 and FeS respectively, where the cumulative heat
evolved is reported as mil Joule (mJ) per m? of adsor-
bent surface area. All of these results were obtained
by the saturation method using n-heptane as a solvent.

The cumulative heats of adsorption on a-Fe203 at
26.5°C are shown in Figure 2.9. In this figure, the
results of three oiliness reagents, stearic acid, stearyl
alcohol and methyl stearate, were compared at various

concentrations. The order of the heats of adsorption for

the oiliness reagent with different functional groups is:

Alcohol >> Acid > Ester

The heat of adsorption of stearyl alcohol has not only a
large value, but also has a two step heat release (at
about 15mMol/2). As explained by many authors, this
secondary enhancement of heat depends on change of angle
of the adsorbed molecule (71) (99). For methyl stearate,
the heat of adsorption is so small that it is difficult to
find the same trend of secondary enhancement such as in
stearyl alcohol.

The cumulative heat of adsorption of stearic acid on
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Y-Fe203 was completely different from that on a-Fe203.

In this case, the heat of adsorption was quite high and the
saturation step was not achieved right up to the solubility
limit. The heat of adsorption of stearyl alcohol was
similar to that on a-Fe203 however, the secondary increase
of heat with concentration of solution became more vivid.
For methyl stearate, the value of heat of adsorption became
higher and reached saturation at higher concentration
compared to a—FeZOS.

Figure 2.11 shows the heat of adsorption on Fe304.

The curve of heat of adsorption for stearic acid revealed

that the saturation of the heat occurred at a concentration
of 4 to 8mMol/% and then the heat increased slowly at high
concentration. The heat of adsorption of stearic acid onto
Fe304 was not large, compared to that on Y—Fe20 . The heat

3

203 and Y-Fezo3 showed a secondary

increase at high concentration, however, no such trend was

of adsorption onto wa-Fe

seen in the case of Fe304.

stearyl alcohol onto Fe304 at concentrations higher than

10mMol/% was almost same as that of the primary saturation

The heat of adsorption of

with a-Fe203 and y-Fe2

heat of adsorption of methyl stearate onto Fe304 was very

small compared with stearic acid and stearyl alcohol.

0,, which was about 100mJ/m2. The

The heats of adsorption onto FeS were small in compari-

son with a—Fe203, Y—Fe203 and Fe304, as shown in Figure 2.12.

The curve of heat of adsorption of stearic acid onto FeS

was similar to that onto Fe304, however, the amount of heat

was not the same as, but close to, that onto a-FeZOS.

heat of adsorption of stearyl alcohol was not large, but

The
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showed the phenomenon of secondary increase of heat. The
heat evolved after the secondary was not as high as that
onto iron oxide powder. The heat of adsorption of methyl
stearate was very small (< 10mJ/m?2).

Comparing the heats of adsorption of each oiliness

reagent, the following order was obtained:

Stearic acid Y-—Fe203 >> Fe304 > FeS oc-Fe203
Stearyl alcohol a—Fe203 4" Y—Fe203 >> Fe304 > FeS
Methyl stearate y—Fe203 > oc-Fe203 > Fe304 > FeS

2.32 The Influence of Temperature on Heat of Adsorption

The heats of adsorption of oiliness reagents onto iron
oxide and iron sulphide were measured at several different
temperatures to investigate the influence of temperature.
The powders and the oiliness reagents measured in this
section were 1imited to those which showed especially
interesting adsorption phenomena at room temperature.

As far as lubrication is concerned, it is desirable to
measure the heat of adsorption at fairly high temperatures.
However, it is very difficult to oeprate a Flow Micro-
calorimeter at high temperature for the following three
reasons; firstly, the sensitivity of thermistors decreases
at high temperature; secondly, the thermal effect from
outside at high temperature is so large that it is not easy
to obtain a thermally stable condition; and thirdly, the
heat of adsorption detected by the Flow Microcalorimeter

became small at high temperature. Moreover, as the volatility
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of n-Heptane used in this work as a solvent limited the
upper temperature, the maximum temperature adopted in the
experiment described in this section was 65°C.

The results for the temperature effect on heat of
adsorption are shown in Figures 2.13 to 2.19. The heats
of adsorption of stearyl alcohol onto a—F9203 at several
different temperatures are shown in Figure 2.13. 1In Section
2.21, the phenomenon of two steps increase of heat of
adsorption was seen at room temperature. The secondary
increase of this phenomenon was shifted to high concentra-
tion of stearyl alcohol at high temperature. As described
in Section 1.34, the secondary increase depends on attractive
interactions between adsorbed molecules. This attractive
interaction became weak at high temperature and the secondary
increase of heat was not seen at 45°C in the range below
20m Mol/%.

Figure 2.14 revealed the heats of adsorption of
stearic acid onto y—Fe203 at several different temperatures.
The reduction of heat with temperature was seen at all
concentrations up to 20m Mol/2. The effect of temperature
on heat release changed remarkably at low temperatures.

The heat of adsorption decreased by about one third when the
temperature was increased form 26.5°C to 30°C.

The effect of temperature on heat of adsorption of
stearyl alcohol onto Y—Fe203 was shown in Figure 2.15. As
seen in the case of a—FeZOB, the secondary increase of heat
release was shifted to higher concentration with temperature

and disappeared at temperature higher than 35°C. Comparing

the results of y—Fe203 with that of a—Fe203, most of the
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trends of results of were similar. Only the secondary
increase of heat of adsorption was influenced at temperature
lower than 35°C. In the region higher than this temperature,
the heat of adsorption at all concentratios was reduced
with temperature.

The temperature effect on heats of adsorption of
stearic acid and stearyl alcohol onto Fe304 were shown
in Figures 2.16 and 2.19 respectively. The influence of
temperature on these heat of adsorption were the same as

the cases of oa-Fe, 0, and y-Fe, 0

273 273"
decreased with temperature. Although the heat of adsorption

The heats of adsorption

of stearic acid at 26.5°C had a slight secondary increase
at high concentration, this increase also diappeared at
higher temperature.

The results of heats of adsorption of stearic acid and
stearyl alcohol onto FeS were shown in Figures 2.18 and
2.19 respectively. The temperature effects observed with
FeS were similar to those with Fe304.

Comparing the amount of heat of adsorption onto each
powder at 45°C, the following brder was obtained.
0, > Fe,0, > FeS

273 374

Stearyl alcohol oz—Fe203 4Y Y-Fe203 3 Fe304 > FeS

In the case of stearic acid, the same order as that at 26.5°C

Stearic acid y-Fe

was obtained, however, the order of heat of adsorption of
stearyl alcohol was different from that at 26.5°C shown in
Section 2.31. No difference was found in the heat of

adsorption of stearyl alcohol onto iron oxide powders.
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2.33 The Influence of Solvent on Heat of Adsorption

The results described in Section 2.31 and 2.32 were
obtained by using n-heptane as a solvent. In this section,
the influence of solvent on heat of adsorption was
investigated using n-heptane, n-decane and n-hexadecane.

As described in Section 2.32, it is so difficult to measure
heat of adsorption at high temperature that the investi-
gation was confined to y--FezO3 and Fe304, which had large
specific surface areas, to obtain large heat of adsorption.
In the Flow Microcalorimeter measurement, the peak area for
heat of adsorption on chart recorder is in proportion to
the surface area of powder packed in the cell.

All of the results obtained in this section are shown
in Figures 2.20 to 2.23. Figure 2.20 shows the effect of
solvent on heat of adsorption at different temperatures.

In the case of n-decane and n-hexadecane, the results at
85°C were obtained because these solvents had high boiling
points. As shown clearly in Figure 2.20, the effect of
solvent extends from low to high temperature. The large
n-paraffin solvent molecules result in higher heats of
adsorption.

The effect of solvent on heat of adsorption of stearyl
alcohol onto y—FeZO3 is seen in Figure 2.21. As the stearyl
alcohol solution of 8.0m Mol/%2 was used in this experiment,
the heat of adsorption from n-heptane had a value on the
plateau between the primary and the secondary increase,
which are shown in Figures 2.10 and 2.15. At low tempera-

ture, there were many differences between heats of adsorption
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from each solvent, however, these differences became small
with temperature and approached the same value at the
temperature over 60°C. The results from n-hexadecane

showed a large increase of heat release at low temperature.
This phenomenon is considered to be related to the secondary
increase of heat of adsorption. In the adsorption from
n-hexadecane, the secondary increase occurs at lower concen-
tration.

The influence of solvent on heat of adsorption of
stearic acid and stearyl alcohol onto Fe304 are shown in
Figures 2.22 and 2.23. 1In this case, there is little
effect of solvent on heat release in coantrast to Y-Fe203.

In Section 2.31 and 2.32, the amount of heat of
adsorption for each powder was compared at 25.5°C and
45°C respectively. In the similar way, the comparison of
the heat release of 8.0m Mol/% solutions at 85°C is shown
as follows:

Stearic acid y-Fe,0, > Fe, 0

273 374

Stearyl alcohol y-Fe,0, > Fe,0

273 374
The vivid difference was seen in the heat of adsorption of
stearyl alcohol, though such difference was not seen in the
heats of adsorption of the solution 8.0m Mol/z at 26.5°C and
45°C.

The effect of temperature on heat of adsorption at

high temperature also illustrated from Figures 2.20 to 2.23.

Concerning stearic acid, the heats of adsorption onto y-Fe,0

2

and Fe304 became constant in the region above 65°C. On the

other hand, the heat of adsorption of stearyl alcohol

decreased slowly with temperature. These results can be
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explained by the classification of physical and chemical
adsorption. Although the details are described in Section
2.43 and 2.44, the adsorption of stearyl alcohol is dominated
by physical adsorption and the adsorption of stearic acid

onto Y-Fe203 and Fe304 includes some chemical adsorption.

As chemical adsorption is accelerated with temperature and
physical adsorption decreases with temperature, it is possible

for these two processes to cancel each other at high

temperature.

2.40 Discussion

2.41 Heat of Adsorption by a Flow Microcalorimeter

Groszek (96)~(105) has used a Flow Microcalorimeter
to measure heat of adsorption and published many papers about
adsorption related to lubrication. However, the values of
heat of adsorption reported by different authors have not
always been the same, as will be described in the next
section. Therefore, in this section the problems of a Flow
Microcalorimeter are iﬁvestigated.

In this study, heat of adsorption was calculated
using the concept of an effective amount of powder which was
described in Section 2.21. No other authors have ever used
this method. Groszek (96) (99) used the method of adjust-
ment of the bottom height of the cell in a Flow Microcalori-
meter by inert powder to reduce the dead volume to zero.

If the complete adjustment were achieved, the linear relation

between heat release and amount of powder poured into the
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cell could be obtained. However, as the Flow Microcalori-
meter used in this study has been produced recently,

the cell shown in Figure 2.2 has been modified to have

a small dead volume for various powders (116). It is
therefore possible to use the method of correction with

an effective amount of powder, which is explained in Section
2.23.

In order to compare the results by Groszek with the
results in this study, Groszek kindly provided a standard
sample of Graphon, which had cumulative heat of adsorption
by’n—dotriacontane 4.53J/g as shown in reference (96). The
results of this sample by the Flow Microcalorimeter used
in this study are shown in Figure 2.24 (a) and (b).

Figure 2.24(a) shows the calibration curve obtained by the
heater, which is shown in Figure 2.25, bedded in 60mg
Graphon. Figure 2.24(b) shows the relation between the
cumulative heat of adsorption of n-dotriacontane and the
amount of Graphon. This relation is almost linear in the
lower range and the dead volume in this experiment is the
volume which is equivalent to 1lmg of Graphon. Assuming
that the effective amount of Graphon is 49mg in the experi-
ment 60mg Graphon, the value of the cumulative heat of
adsorption is 6.89J/g.

This value is 63% higher than that given by Groszek
There are many possible reasons for this difference, but
most significant is the concept of dead volume of powder,
which was adopted in this study, but which Groszek did
not employ. If zero dead volume were assumed in this

study, the difference between this and Groszek's results
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decreases to 24%. Another important cause is the change
of nature of the Graphon surface. - As the Graphon provided
by Groszek had been kept in a bottle for several years,
the sample was degassed as described in Section 2.21. The
results of heat of adsorption in reference (96) were obtained
using the Graphon without any pretreatment such as degéssing.
Consequently, there might be some difference in the nature
of the Graphon surface between the two samples. Generally
degassing would be expected to increase adsorption.

No further investigation were carried out to clarify
the causes of this difference. It is, however, necessary
to use the 63% correction when the results in this stu&y

are compared with results by Groszek.

2.42 Comparison of Heat of Adsorption Results with Those

of Other Authors

Groszek (99) and Sakurai (10) (11) have reported heat
of adsorption of oiliness compounds on iron oxide by a Flow
Microcalorimeter. A comparison of results in this study
with results obtained by them was carried out, and reported
in this section.

Groszek (99) has measured heats of adsorption of stearic
acid and stearyl alcohol onto a-Fe,0 0, and Fe_ 0

273’ 273 37°4°
These results are listed in Table 2.5, in which chemical

y-Fe

analysis of the powders were also shown. He used the same
solvent, n-heptane, as in this study, but He did not
describe the temperature. For reference, the results

obtained in this study at the same condition (except
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temperature) are also listed in the table. There is
considerable difference 1in heats of adsorption of stearyl
alcohol onto cL-FeZO3 between the results by -Groszek and
those obtained here, in spite of the use of similar

a-Fe203 which both had very high purity about 3m2/g surface
area.

As shown in Figures 2.9 and 2.13, the heat of adsorp-
tion of stearyl alcohol has a secondary increase with
concentration. Moreover this secondary increase is
influenced critically by temperature and bed condition of
powder (the shift of the secondary increase to high concen-
tration by use of inert powder to adjust the dead volume
of powder was observed in preliminary experiments). The
value after secondary increase is shown in Table 2.5.
However, the value obtained by Groszek may be on the
plateau between primary and secondary increase. This is
possibly the main reason for the discrepancy, and also
the differencé in sensitivity of the instrument, which
was described in the previous section.

There is also much difference in heat of adsorption
of stearic acid onto a-Fe203. In this study, all powders
were degassed under vacuum condition at high temperature

(300°C). Concerning a-Fe,0 it was noticed that this

273’
degassing process reduced heat of adsorption. This
degassing process may be one of the reasons that small
value is obtained in this study.

Although there are many differences in the results
of heat of adsorption onto Y—Fe203 and Fe304, it is

impossible to compare it directly, owing to the difference
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TABLE 2.5

Comparison of Heat of Adsorption with

Results in the Literature (Reference 99)

Heat of Adsorption (mdJ/m?2)

Sample Stearyl Alcohol Stearic Acid
18.5m Mol/% 3.5m Mol/%
a-Fe203 155 (150) 113 ( 40)
Y—Fe203 402 (620) 42 (210)
Fe304 251 (110) - (=)

Figures in parentheses indicate results obtained in this
study.
Specific surface area and analytical results of the samples
in reference (99) are given by,
a-Fe203 : Sample used as spectroscopic standard.

Total impurity content: 5ppm

Specific surface area by BET method: 3m2/g
y-Fe203 ¢ Principally Y-Fe203 containing 0.1 to 1.0wt}%

quantities of Al, Cu, Si and Ni.

Specific surface area by BET method: 19m2/g
Fe304 : Fe304 containing 10wt’ Mn, traces of Al, Cu, Si.

Specific surface area by BET method: 9m2/g
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of powders used in both experiments. Some impurities in
powder sometimes result in large heat of adsorption.
Sakurai and co-workers (10) (11) recently reported
heats of adsorption of stearic acid, stearyl alcohol and
F

methyl stearate onto a-Fe20 0, and FeS using a Flow

3° “€37%
Microcalorimeter. They measured heat of adsorption at the
siﬁilar condition to this study. The comparison of results
both in this study and by Sakurai are shown in Figure 2.25.
The main characteristic of Sakurai's results is that heats
of adsorption onto Fe304 and FeS are much greater than that
onto a-Fe203. However, same results were not obtained in
this study as shown in Figure 2.25. In this study, there
was little difference between heats of adsorption onto
a~Fe203 and that onto Fe304 and the heat of adsorption onto
FeS was small in contrast to that by Sakurai. From the
results obtained here, it is impossible to expect a strong
interaction between oiliness compounds and FeS film on a
surface, as described by Sakurai.

It is well known that FeS is easily oxidised by air.
The difference of results onto FeS may be due to the
oxidation condition on the surface of FeS powder. To make
clear this problem, the following investigation was carried
out. In order to investigate the effect of degree of oxida-
tion on heat of adsorption, FeS powder used was oxidised
in water for 24 hours and dried by the same method as the
original FeS powder.

The analytical results of both non-oxidised (the

original FeS) and oxidised FeS by ESCA are shown in Table 2.6,

in which the following summary of results are included:
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TABLE 2.6

Analytical Results of FeS Powder by ESCA

Original Sample Oxidised Sample
Element
Signal
Binding Energy eV Relative Intensity Binding Energy eV Relative Intensity
C(1s) 285 1.27 285 0.75
O(ls) 1. 530.0 0.62 530.0 0.66
2. . 531.6 0.40 531.7 0.43

A 3. 533.3 0.08 533.3 0.08
. .
n Fe(2p 3/2) 710.5 1.0 710.5 1.0

S(2p)

1. Sulphide 161.9 0.033 ND

2. Sulphate 169.1 ~ 0.016 169.3 _ 0.053

Notes

1. Binding energies are reference to carbon (1ls) = 285 eV
2. Intensities are ratioed to that of Fe(2p) =1

3. ND = not detected
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(1) The surfaces of both the original and oxidised FeS
are almost oxidised. ;

(2) The oxygen peack can be deconvoluted into three b&nding
states which are typical of an air-formed FeZOS/FeOOH
film on metallic iron.

(3) The ferrous sulphide is recognisable on the surface of
non-oxidised FeS (the original FeS) but on the
oxidised FeS the sulphide is apparently all converted
to sulphate,

From these analytical results, it becomes apparent that the

results of heat of adsorption supposedly onto FeS, which

are shown in Sections 2.31 to 2.33, actually relate not

only to the interaction between oiliness compounds and FeS

but also that between oiliness compounds and a film

including iron oxide, sulphide and sulphate.

The results of heat of adsorption measurement with
both original and oxidised FeS are illustrated in Figure
2.26. The large increase of heat of adsorption of stearic
acid and stearyl alcohol by oxidation of FeS was recognised.
This change is large enough to expect some change of
interaction between powder and oiliness compound, even
allowing for the possibility of changes in the surface area
of powder by oxidation. This large increase of heat of
adsorption may be due to the strong interaction between
oiliness reagent and sulphate.

Careful inspection of Figure 2.26 shows that the curve
of heat of adsorption of both oiliness reagents onto three
kinds of FeS are similar, i.e. the heat of adsorption of

Stearic acid saturates at low concentration and that of
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stearyl alcohol increases with concentration.

It is impossible to avoid any oxidation on a surface
of FeS unless this material is treated under high vacuum
conditions or in an inert atmosphere. In experiments done
by Sakurai, the weighing and filling up of powder were
carried out in normal atmosphere. Therefore, it is natural
to consider that the surface of FeS used by Sakurai has
been oxidised to some extent. Judging from the results in
Figure 2.26, the surface of FeS used by Sakurai should be
more oxidised than the original FeS used here. Consequently,
the heat of adsorption reported by Sakurai is quite high.

There are many differences in heats of adsorption on
oc—Fe203 between results in this study and that in reference
(10) (11). As described in Section 2.41, the heat of
adsorption on oc—Fe203 had a tendency to decrease by a degassing
process at high temperature. This difference may be due to
difference of temperature for degassing before use (Sakurai's
350°C, in this study 300°C).

In order to investigate the causes of this difference,
a—Fe203 powder, which had the same specification, was
purchased from the company which supplied the oc—Fe203 powder
used in reference (10) (11) (106). Although particle size
(100-200 mesh) and purity (99.9%) were the same, there was
much difference in the surface area of the powder. The
surface area of this powder was so small that it was impossible
to obtain reliable data by the BET method (0.27m2/g).
Therefore, as it is meaningless to compare these results

directly, the results of heat of adsorption onto this powder

are given in Appendix A for the purpose of reference.
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2.43 Reversibility of Adsorption

A comparison of adsorption with desorption gives useful
information about the classification into physical and chemical
adsorption. Generally speaking, a compound which has weak
polar radical like alcohol, usually adsorbs physically on
metal or metal oxide and this process is reversible. On the
other hand, a compound which has strong polarity like fatty
acid, sometimes adsorbs chemically on metal or metal oxide
and makes a metal soap. Most chemical adsorption is an
irreversible process (15) (70).

In lubrication it is stated that oiliness reagents,
fatty acid, alcohol, ester, adsorb physically or chemically
on lubricated surface and affect on friction and wear in
boundary lubrication. It is interesting to investigate
which kind of adsorption is effective on friction and wear
in boundary lubrication.

As cumulative heats of desorption were measured by a
Flow Microcalorimeter, heats of desorption of the same system
were easily obtained by the change of flow from solution to
solvent. The cumulative heat of adsorption is the heat
change when the replacement of solvent molecules by adsorbate
molecules occurs. The cumulative heat of desorption means
the heat change by the replacement of adsorbate molecules
by solvent molecules. Cumulative heats of desorption from
a—Fe203, Y—Fezo3 and Fe304 were measured by change of flow
of solution to solvent after completion of adsorption
(completion means that no further detectable heat was evolved).

In experiment on a Flow Microcalorimeter, it is possible to
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repeat this process of adsorption and desorption indefinitely.
The results were shown in Figures 2.27 to 2.29. The
values of cumulative heat of adsorption in these figures
are not always identical to those shown in Sections 2.31
to 2.33. The reason for this is that the values in Sections
2.31 to 2.33 are average of 2-4 experiments but the results
in Figures 2.27 to 2.29 are values from a single experiment.
The results can be classified into two groups. The
first group has the trend that there is no change of value
between the first run and the following run. On the other
hand, in another group there was some decrease of value
after the first run. The adsorption of the first group is
considered to be entirely reversible but the second group
clearly includes some irreversible effects. Assuming that
the difference of heat change between the first run and the
following run depends on an irreversible process and that the
ratio of the reversible process is proportional to the ratio
of the value at first run and the average value of the
following run, then the following results are obtained:

Percentage of Reversible Process

Adsorbent Adsorbate % of reversible
- process
a-Fe203 Stearic acid 100%
Stearyl alcohol 100%
Y-Fezo3 Stearic acid 75%
Stearyl alcohol 1007
Feg0, Stearic acid 12%
Stearyl alcohol (KA
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The three kinds of iron oxide have different
characteristics. Adsorption of stearic acid and stearyl

3

alcohol onto a-Fe203 are 100% reversible. Adsofption of

stearyl alcohol onto Y-Fe203 is also 100% reversible but
that of stearic acid includes 257 irreversible process. 1In
the case of Fe304, stearic acid is only 12} reversible and
stearyl alcohol is 77% reversible. There are two reasons
for irreversibility, i.e. one is porosity of surface and
another is chemical adsorption on the surface. It is
reasonable to consider that irreversibility of stearyl
alcohol is related to porosity and that of stearic acid
depends on both porosity and chemical adsorption. Therefore
y—F9203 has not porosity but has high activity for chemical
adsorption of stearic acid. As shown in Section 2.31, there
was much difference in the heat of adsorption of stearic
acid between a-Fe203 and y—Fe203, despite that the heats

of adsorption of stearyl alcohol onto both a-Fez:‘O3 and
y-Fezo3 were similar. This difference may be due to chemical
adsorption onto Y-Fe203.

Fe304 has both aspects of porosity and chemical
adsorption. The literature suggests that sulphur type EP
additives form Fe304 on a lubricated surface as well as FeS,
and Fe304 produces a porous surface which can store oil to
reduce friction and wear (41). The results obtained here
support this suggestion, even if there are many assumptions
on the way to this conclusion.

Many authors have reported chemical adsorption onto

metal or metal oxide. In those experiments, the equilibrium

condition of chemical adsorption is achieved after a long



-131-

reaction time (68) (90) (91) (92) (99). However the heat
change detected by a Flow Microcalorimeter was complete in

an hour. Therefore, the adsorption process in this study
should be considered to be limited to initial rapid processes.
It is necessary to consider that the chemical adsorption
described above occurs rapidly and this process is not the

same as those described in the literature.

2.44 Heat of Adsorption onto Iron Oxide

In this study, many results concerning heat of adsorp-
tion of oiliness reagents onto iron oxide, i.e. cumulative
heat of adsorption, effect of temperature, effect of solvent,
reversibility or adsorption, were obtained. From them
it is possible to tentatively discuss the relationship
between adsorption phenomena and the crystallographic
characteristics of each iron oxide.

Each iron oxide used in this study has characteristics
as shown below (118):

cx—Fe203 (hematite)

The most stable sesquioxide of iron which has a very
narrow range of-homogeneit?T"Ail'Fe3+'ions‘are in-the- -
octagonal position of the rhombohedral structure.

Y—Fezo3 (maghemite)

Fe3+ ions are dispersed ar randomly tetragonal and
octagonal positions of an inverse spinal structure.

Fe,0

€39

8 Fe2 ions and 16 Fed'

ions occupy the following

positions of an inverse spinal structure:
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8 Fe3+ ions - tetragonal

8 Fe?® ions - octagonal

8 Fe3+ ions - octagonal

As adsorption of stearic acid onto o-Fe, 0, is 100%

273
reversible and the heat of adsorption is not great, a-Fe203
should be considered to be relatively inactive for adsorption

3+

of stearic acid. Therefore Fe ions in an octangonal position

are not favoured sites for adsorption of stearic acid. The

fact that stearic acid can absorb chemically onto both

3+

y-Fe203 and Fe, 0, indicates that Fe ions in tetragonal

374
positions may be active sites for that adsorption. Although
there was much difference between the heat of adsorption of
stearic acid onto Y-Fezo3 and onto Fe304 as shown in Figures
2.10 and 2.11, the heats of adsorption per mole of stearic
acid onto both Y-—Fezo3 and Fe304 are almost the same as shown
in the next chapter. . This fact supports the mechanism of
adsorption of stearic acid, described above.

As the adsorption of methyl stearate released only a
small amount of heat, it is not necessary to consider chemical
interaction like stearic acid.

The adsorption of stearyl alcohol onto a-Fe203,
and Fe304 releases the same level of heat in the region

y—Fe203
where there is no secondary increasing. This suggests that
these adsorptions occur in the same mechanism. Therefore

the author proposes that adsorption of stearyl alcohol

occurs on the position of the anion (02_). The secondary
increase of heat of adsorption, which was observed in
adsorption of stearyl alcohol onto a-Fe,0, and y-Fe

273
be influenced by crystallographic characteristics. For

203, must
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further discussions about this problem, however, information

of geographical surface structure of a crystal of each iron

oxide is necessary.

From these limited results,‘a mechanism of adsorption
is proposed, which is shown in Figure 2.30. The main
features of the proposal are described as follows:

(1) Adsorption of stearyl alcohol onto iron oxide occurs
at an anion site (02-) as a physical adsorption. The
molecule adsorbs horizontally at low concentrations,
but in the case of a-Fe203 and Y-Fe203 vertical
adsorptions occur at high concentrations. These two
types of adsorption form different monolayers with
differént thicknesses.

(2) Chemical adsorption of stearic acid onto iron oxide
occurs on Fe3+ ions at tetragonal positions. However
the Fe3+ ion at the octagonal position and the Fe2+

ion are not active for chemical adsorption.

(3) The cleavage of dimer does not occur when stearic acid

adsorbs physically on iron oxide.

2.45 Heat of Adsorption of DBDS

It is well known that sulphur-type EP additives such
as DBDSVproduce sulphides and oxides on a lubricated surface
of steel under high temperature and high pressure conditions
in boundary or extreme pressure lubrication. However, this
reaction must be a '"supressed reaction" to control corrosion
wear. It is desirable for sulphur-type EP additives not to

have any chemical reaction with iron oxide at low temperature.
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The cumulative heat of adsorption of DBDS onto iron
oxide (a—Fe203, Y-—Fe203 and Fe304) were investigated, and
the results were compared with those of oiliness reagents.
The result onto Y-Fezo3 is illustrated in Figure 2.31.
Saturation was achieved at 20m Mol/% and the amount of heat
of adsorption after saturation is about 19mJ/m2?, which is
about half of that of methyl stearate. This adsorption was
almost 100% reversible.

Although the measurement of heat of adsorption onto
a—FeZO3 and Fe304 were tried, the heat release was so small
that any reliable data was not obtained by the disturbance
of heat of dilution, which was described in Section 2.23.

It has become clear that the heat of adsorption of DBDS onto
iron oxide is small in comparison with that of oiliness
compounds and that there is no particular chemical interaction
between DBDS and iron oxide at room temperature. The lack

of room temperature chemical interaction is to be expected

of an EP additive, since continuous reaction would produce

unacceptable corrosive wear.

2.50 Conclusions

The following conclusions may be drawn from the results
of heat of adsorption measurements of oiliness reagents onto
iron oxides and iron (II) sulphide by a Filow Microcalorimeter.
(1) Comparing the heats of adsorption of each oiliness

reagent onto iron oxides and iron (II) suphide at room

temperature, the following order was obtained:
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Stearic acid y-Fezo3 >> Fe,0, > FeS v a-Fe,0

374 273
Stearyl alcohol a-Fe203 v Y—Fezo3 >> Fe304 > FeS
Methyl stearate Y—Fe203 > a—Fe203 > Fe304 > FeS

(2) Heat of adsorption of oiliness reagents onto iron
oxides and iron (II) sulphide is sensitive to
temperature. This is especially observed at low
temperature, where a large decrease in heat of
adsorption is obtained for a small increase in
temperature.

(3) Solvent affects heat of adsorption onto y-Fe

273
but not onto Fe,O

37°4°

(4) Heat of adsorption of oiliness reagents onto iron (II)
sulphide is significantly affected by the oxidation
condition of the surface. Oxidation increases adsorp-
tion.

(5) From (4) it is suggested that the interaction of.
oiliness reagents with iron sulphate is significantly
stronger than with iron (II) sulphide.

(6) A mechanism of adsorption of oiliness reagent onto
iron oxides is proposed as follows:

. Stearyl alcohol adsorbs on the anion site (02')
and forms a physically adsorbed film.

. Stearyl alcohol adsorbs horizontally at low concen-
tration and adsorbs vertically at high concentration.
However this change does not occur in the adsorption
onto Fe304.

. The chemical adsorption of stearic acid occurs on Fe3+

at tetragonal position in iron oxide. The other sites
such as Fe ' at octagonal and Feo ' are not active

for chemical adsorption of stearic acid.
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CHAPTER THREE

ADSORPTION

Chapter Two described the acquisition of heat of
adsorption data using a Flow Microcalorimeter. In this
chapter data on the degree of adsorption is obtained. By
combining the two, it is possible to obtain further informa-
tion about the phenomenon of adsorption and its relationship
to lubrication. Because of its importance in boundary
lubrication, the adsorption of polar compounds, e.g. fatty
acids, alcohols, esters and amines on metals and metal oxides
has been measured by many investigators.

Bowden (15) (70), Daniel (71) and Greenhill (84) (119)
have studied the nature of adsorption of these polar compounds
on metals and metal oxides and have discussed its relation
to lubrication. They considered the formation of adsorption
film by fatty acids, the effect of oxide film on adsorption
and the reversibility of adsorption. Cook (68) (69) showed
similar results for adsorption on metal, where the existence
of a mixed film of polar compounds and solvent was found.

In all of the studies mentioned above, metals or
metals covered by oxide film were used as adsorbents. Some
authors obtained results of adsorption on iron and iron
oxide. However, these results were not complete enough
to elucidate the mechanism of the effect of oiliness compounds
and sulphur-type EP additives on friction and wear, which is

the main subject of this thesis. Sulpher~type EP additives
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such as DBDS produce many products like Fe304, a—FeZOS,

l—xSx and FeSO4 on the surface of steel (22) (37)

(39) (41) (46).

FeS, Fe

The purpose of these adsorption experiments is to
obtain adsorption isotherms of polar compounds on iron
oxide and iron sulphide and to show the relation between
adsorption isotherm and heat of adsorption. From both of
these results, it is possible to comprehend the adsorption
phenomena thermodynamically and to discuss the mechanism of
oiliness reagents mentioned above.

Radioactive tracers are a useful method of obtaining
adsorption data due to their high sensitivity. Many authors
have used this method (68) (70) (72) (90). However, as
the purpose of this experiment was to measure the amouﬁt
of adsorption of polar compounds on powders with large
surface areas, the change in concentration of adsorbates,
as determined by IR spectrometry, gave enough information.
The IR carbonyl peak was found to be very sensitive to
concentration changes of stearic acid and methyl stearate,
but the OH adsorption for stearyl alcohol was obscured by
solvent peaks. Therefore, only adsorption isotherms for
stearic acid and methyl stearate were obtained in these

experiments.
3.20 Experimental

3.21 Materials

The oiliness reagents, stearic acid and methyl stearate
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were used as adsorbates, and n-heptane was used as the solvent
in these experiments. The analytical data and purification
methods of these compounds has been described in Section

Fe, 0, and

2.21. The adsorbent powders, a-Fe, 0 Y-Fe2 39 304

2°3°
FeS mentioned in Section 2.21 were used.

3.22 Procedure

5Sm]l and 15ml sample bottles with plastic caps were
used as adsorption cells. Prior to the measurement of
adsorption, it was confirmed that this kind of sample bottle
would prevent loss of n-heptane for several hours at room
temperature. The rate of adsorption was investigated first.
15ml sample bottles were used as adsorption cells. About
0.5m1 powders were weighed out to the nearest 0.lmg in a
cell, and placed in an o0il bath of temperature 26.5 * 0.3°C.
Then, 8ml of solution containing 20.0m Mol/% adsorbate was
poured into the cell. After 1, 2, 4 and 6 hours, about 1ml
of the solution was withdrawn from the cell to measure
concentration. During the adsorption reaction the cell was
shaken occasionally to increase contact of adsorbate with
adsorbent.

For the measurement of the adsorption isotherms, a
5m]1 sample bottle was used as an adsorption cell. 0.1-0.3ml
powder was weighed and was poured into the cell. 1In a
similar way to the experiment of adsorption rate, the cell
was placed in the oil bath controlled at 26.5 = 0.3°C.

Then, a specified volume of solution, which was measured

with a pipet, was poured into the cell. After four hours
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the top of the solution was decanted to another bottle with
a close cap. The concentration of this solution was deter-

mined by IR spectrometry to obtain an adsorption isotherm.

3.23 Measurement of Concentration

As both stearic acid and methyl stearate have a
carbonyl group, it was convenient to use IR spectrometry
to measure the concentration directly by the use of liquid
cells with NaCl windows, because there were no adsorption
peaks by solvent (n-heptane) in the region of wavelength
for carbonyl groups (517000m-1). The IR spectrometer used
was a Perkin Elmer Model 580B. The calibration curve is
shown in Figure 3.1, in which a linear relationship for

both reagents is obtained.

3.24 Calculation of Adsorption Value

Assuming that the change of concentration of solution
in contact with powder depends on adsorption, the adsorption
value can be calculated directly.

Example calculation: 2ml stearic acid of 20.0m Mol/2

concentration was contacted with 100mg y-Fe203. Absorbance

of the solution by IR was 0.585.
(i) From the calibration curve in Figure 3.1, con-
centration of stearic acid is 14.6m Mol/%.
(ii) Depletion of stearic acid

-3 2
(20.0 - 14.6)'x 10 b4 1000 moles

1.08 x 10-5 moles
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Fig.3-1, Absorbance of carbonyl absorption in IR vs.
concentration of adsorbate

Slope
Stearic Acid 25.0 (m Mol/1l)/(Absorbance)
Methyl Stearate 37.6 "
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(iii) Adsorption per gram Y—Fe203
_1.08 x 107°
1071

moles/g

1.08 x 10™% moles/g

(iv) Adsorption per m? y-Fe,O

273
1.08 x 10 X 17 moles/m

6.3 x 106 moles/m?2

6

Consequently, adsorption is 6.3 x 10 ° moles/m?2

at an equilibrium concentration of 14.6m Mol/2%.

3.30 Results

3.31 BRate of Adsorption

Rate studies of adsorption were undertaken to estimate
the time to attain an equilibrium value. The adsorbates
studied here were limited to stearic acid and methyl
stearate. The results are illustrated in Figure 3.2, in
which the time dependence of adsorption for initial six
hours is shown.

As described in 3.22, the amounts of adsorption shown
in Figure 3.2 ‘was calculated from the concentration change
of solution with an initial concentration 20.0m Mol/% in
contact with adsorbent. Therefore, the concentration of
adsorbate at each measurement point depended on the extent

of adsorption. In the case of Y-Fezo as this powder could

3’
adsorb much stearic acid, the concentration of stearic acid
at each measurement was quite low, compared with other powders.

Therefore, if the concentrations of adsorbate were controlled
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to the same level for all powders and adsorbates, possibly
the different results from it shown in Figure 3.1 might
be obtained.

The figures show the rapid achievement of equilibrium,
except for the adsorption of stearic acid onto Fe304 (Figure
3.1(c)). In most of the cases, equilibrium conditions were
achieved within two hours. Four hours adsorption was enough
for a complete adsorption isotherm.

The adsorption of stearic acid onto Fe304 increased,
however, gradually after a rapid initial process. Smith (77)
and Cook (68) observed such increases in the case of
adsorption of stearic acid onto iron oxide, and suggested
the possibility of chemical reaction between the acid and
the iron oxide. Considering the data obtained in this work,
this reaction of stearic acid, can have occurred with Fe

374’
but not with other iron oxides like a-Fezo3 and Y-Fe203.
The increasing speed of adsorption of stearic acid onto
Fe304 after a rapid initial process was not as high as the
speed measured by Smith and Cook. As Fe304 used in the
present work was pure, it was expected there would be more
reaction between the acid and Fe304.
However, Hirst (86) investgmwthe influence of water
on the reaction between metal oxide and stearic acid and
found a large effect of water on this reaction. It is
therefore conceivable that the reason for the differences

in results is due to a difference in water content of

solution and powder.
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3.32 Adsorption Isotherm

The adsorption isotherm of stearic acid and methyl
stearate on iron oxide and iron sulphide at 26.5°C is
illustrated in Figure 3.3, in which the isotherms are
‘presented in Mol per m? of adsorbent. The characteristic
features of each adsorption isotherm are described below.

a-Fe2 3¢ The curves for adsorption isotherms of
stearic acid and methyl stearate are almost the same, only
minor difference of isotherm levels revealed by Mol per m?
was observed. There were no comprehensive differences in
the isotherms presented by gram per m2. Therefore the
difference of isotherm level in Figure 3.3(a) is dependent
on the dimensions of each adsorbate molecule. Comparing the
isotherms with the data on the heats of adsorption shown in
Figure 2.9, the difference of heats of adsorption between
stearic acid and methyl stearate is a little larger than
the difference of degree of adsorption isotherm. This is
due to stearic acid adsorbing on a—Fe203 more strongly than
methyl stearate.

y-Fez 3t The shape of the isotherm of stearic acid
onto y-Fe203 is similar to that of the heat of adsorption.
(Figure 3.3(b) and Figure 2.10). These two curves show an
initial rapid increase with concentration at low concentrations
and a secondary increase at high concentration near the
solubility limit of stearic acid in n-heptane at 26.5°C.
Also, the isotherm of methyl stearate is similar to that of
methyl stearate onto a-Fe203. Therefore y-Fe203 powder has

particularly active sites for stearic acid adsorption on the
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surface.

Fe304: The adsorption isotherms are illustrated in

Figure 3.3(c). As shown in the previous section, the

adsorption of stearic acid onto Fe304 achieved equilibrium
conditions slowly. However, as the increase of adsorption
after the rapid initial process was relatively small, the
adsorption isotherm in Figure 3.2(c) was obtained from the
concentration change of solution in contact with Fe304
powder after four hours. This was in accordance with the
assumption of equilibrium condition after four hours
adsorption. The amount of adsorption of stearic acid onto
Fe304 was not as large as onto y-Fe, 0, but was a little

273

greater than onto a-Fe,0 The adsorption isotherm of

273°

methyl stearate onto Fe304 was small compared with that
onto oz-Fe203 and Y—Fe203.

FeS: Although the surface of FeS powder used in this
work was oxidized as shown in Table 2.6, it was nevertheless
used to obtain adsorption isotherms of stearic acid and
methyl stearate. The amount of adsorption of methyl
stearate was similar to that onto iron oxide deécribed
above. The adsorption isotherm of stearic acid showed a
different trend, however, i.e. it was quite small at low
concentration but increased at high concentration.

Inspection of Figure 3.3(a) (b) and (¢) revealed that
the following order of level of adsorption isotherm for iron
oxide is obtainable.

Stearic acid vy-Fe, 0, >> Fe,0, > a-Fe,0

273 374 273

Methyl stearate a—Fe203 = y—Fe203 > Fe304

The order of increasing adsorption c¢f stearic acid is the
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same as that of heats of adsorption, which is described in
Section 2.31. On the other hand, the order for methyl
stearate did not coincide with that of heats of adsorption,
i.e. the heat of adsorption on Y—Fe203 was bigger than that
on oa-Fe, 0,.

273

3.40 Discussions

3.41 Heat of Adsorption per Mol

In this study, as both data of adsorption isotherms
and heats'of adsorption for stearic acid and methyl stearate
were obtained, it was possible to calculate the heat of
adsorption per Mol. As this parameter was, under the
condition used, the enthalpy change of adsorption AHads’
further thermodynamic analysis is possible.

The results of calculating AHads are listed in Table
3.1 and Figures 3.4 and 3.5, in which the values are
presented in KJ/Mol for convenience of discussion. The
enthalpy change of adsorption of stearic acid and methyl
Stearate onto a-Fe203 were about 25KJ/Mol and about
13KJ/Mol respectively. These enthalpy changes did not vary
with the concentration of adsorbate. So there was little
difference in the amounts of adsorption with concentration.
If it is assumed that entropy change is not large, due to
the low coverage density of adsorbate on the surface of Fe3 4’
the free energy changes by adsorption AGads are ,
for stearic acid:

AG

R

AR = 25KJ /Mol

ads ads
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TABLE 3.1

Heat of Adsorption per Mole (I)

a) on—Fe203
Solution Adsorption Cumulative
(Mol/%) (Mol/m2) Heat of Adsorption.
(mJ/m2) (KJ/Mol)

Stearic Acid

4 x 1073 1.35 x 1078 35 26.0

8 1.55 40 26.0
12 1.60 40 24.7
16 1.63 40 24.7
20 1.66 40 23.9
Methyl Stearate

4 x 1073 1.10 x 1078 12 10.9

8 1.30 16 12.2
12 1.33 18 13.8
16 1.39 ‘ 20 13.8
10 1.40 20 13.8

b) Y—Fe203
Solution Adsorption Cumulative
(Mol/2) (Mol/m2) Heat of Adsorption
(mJ/m2) (KJ/Mol)

Stearic Acid

4 x 1073 3.00 x 1078 230 76.7

8 4.80 355 73.4
12 5.70 420 73.7
16 6.20 485 77.9
20 7.30 585 79.6
Methyl Stearate

4 x 1073 0.83 x 10°° 30 34.8

8 1.05 100 94 .7
12 1.15 110 96.0
16 1.25 115 91.8
20 1.35 117 86.7
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TABLE 3.1

Heat of Adsorption per Mole (II1)

c) Fe304
Solution Adsorption Cumulative
(Mol/2) (Mol/m2) Heat of Adsorption
(mJ/m2) (KJ/Mol)
Stearic Acid
4 x 1073 1.70 x 10”8 125 73.7
8 1.90 130 72.7
12 2.05 155 75.8
16 2.25 180 79.6
20 2.45 210 85.5
Methyl Stearate
4 x 1073 0.40 x 105 8 20.1
8 0.50 10 20.1
12 0.52 12 23.0
16 0.55 12 21.8
20 0.55 12 21.8
d) FeS
Solution Adsorption Cumulative
(Mol/ %) (Mol/m2) Heat of Adsorption
(mJd/m2) (KJ/Mol)
Stearic Acid
4 x 1073 0.40 x 10°° 52 130.0
8 0.60 55 91.8
12 1.10 68 62.0
16 1.50 75 49,9
20 1.70 80 46.9
Methyl Stearate
4 x 1073 0.22 x 106 5 23.0
8 0.25 6 23.9
12 0.30 7 23.0
16 0.35 8 23.0
20 0.40 8 20.0
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for methyl stearate:

i

AG AH = 13KJ/Mol

ads ads
These values of free energy change by adsorption indicate
physical adsorption. According to the reversibility results,
which are shown in 2.43, the adsorption of stearic acid onto
a-Fe203 was 100% reversible. These results suggest that only
physical adsorption can occur on the surface of a—Fe203.

Concerning y-Fe,0 enthalpy changes AHads of stearic

273
acid and methyl stearate adsorption are 73-80, 86-96KJ/Mol
respectively. These levels are fairly high for physical
adsorption. Spikes and Cameron (89) (90) reported similar
high heats of adsorption and they explain their data using
the equation provided by Salem, in which equation a high
dispersion energy is caused by interactions between hydro-
carbon chains as follows:

2

W, =-5.2x 10” (Nc/Ds) KJ /Mol (3.1)

where

Wd : dispersion energy

NC : number of carbon atoms to interact
D : distance (in nanometer) between two interacting

chains
For a hexagonal adsorption assay, the energy due to lateral
interaction is negligible for densities of packing below
0.5nm? /molecule, but increases to 80KJ/Mol at 0.3nmZ/molecule.
In these experiments, n-heptane was used as a solvent. There-
fore the lateral interactions between solvent and adsorbate

are less than half of that for the adsorbate even if a
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mixed absorbed film of solvent and adsorbate exists. The
high enghalpy change of stearic acid adsorption on Y-Fe203
may be due to such lateral forces as high coverages.
However no reason was found for the high enthalpy change
for methyl stearate.

The enthalpy changes for adsorption of stearic acid
onto Fe304 are high, -though the coverages are lower.
Moreover, the enthalpy change rises with concentration of
adsorbate. Inspection of reversibility of adsorption
suggests. that the adsorption of stearic acid onto Fe304
includes both chemical and physical adsorption, and that the
former is time dependent. It is possible that the increase
of the enthalpy with concentration may be due to increasing
chemical adsorption ratio at high concentration.

Adsorption of methyl stearate onto Fe304 caused an
enthalpy change of about 21KJ regardless of concentration of
adsorbafe. It has been found that chemical reactions between

iron oxide and esters can occur at room temperature. As

mentioned previously, Fe, 0, is more reactive to oiliness

374
compounds than to iron oxide a-Fe203. Therefore, the
enthalpy change of methyl stearate adsorption on Fe304 is

a little larger than on a-Fe203.

A noteworthy trend is observed in the enthalpy change
for adsorption of stearic acid onto FeS, i.e. the enthalpy
change decreases rapidly with concentration. This trend
is the opposite of that with Fe304. This result suggested
the existence of a small amount of material highly reactive

with stearic acid, on the surface. At low concentrations

the majority of stearic acid adsorbed on this reactive
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material, however this amount of such highly reactive material
was not enough to adsorb much stearic acid at high concentra-
tion. It may be this reactive material that is rapidly
oxidised, as described in Chapter 2, resulting in an observed
marked drop in heat of adsorption.

As described above, it has been suggested that the
variation of enthalpy change of adsorption with concentration
depends on both the lateral interaction and the heterogeneity
on surface of adsorbent.' The differential enthalpy change
of adsorption by concentration can take concrete form of this
concept.

The results in Figures 3.4 and 3.5 were cumulative,
so that heats of adsorption at higher coverages were
averages of the heats of all the sites covered. Differential
heats of adsorption give the heat of adsorption on each set
of sites progressively occupied as adsorption proceeds.

They can be calculated from the results of cumulative enthalpy
change (Figures 3.4 and 3.5) and the adsorption isotherm
(Figure 3.3). Because of errors arising in their computation,
differential enthalpy changes are not accurate enough at low
coverages of adsorbed films. An interesting result has been
obtained in the differential enthalpy change of stearic acid
(Figure 3.6). The figure shows the rapid increase of differ-
ential enthalpy change of stearic acid on Y—Fe203 at the
coverage 0.6v0.7 of a monolayer. This suggests the lateral

interaction of adsorbed molecules at high coverages.
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3.42 Thermodynamic Aspect of Adsorption

In the previous section, the enthalpy change of
adsorption per molecule was estimated. This enthalpy
change is considered to be a good parameter for expressing
strength of adsorption of an adsorbate onto the solid
surface. Therefore, this parameter can be used to discuss
the stability of adsorbed layer under boundary lubrication.
However, it is useful to investigate the other thermodynamic
variables (free energy, entropy, etc) of adsorption also,
in order to understand the relationships between the
adsorption phenomena and boundary lubrication.

Frewing (87) obtained the enthalpy change of adsorption
from the equation derived from a Van't Hoff equation and
assumed that the transition from smooth sliding to stick-
slip occurs when the surface concentration of the adsorbed
and oriented film decreases to a definite value. Many
authors have used this theory based on the Van't Hoff
equation. He argued as follows: The original form of

Van't Hoff equation is the the Gibbs-Helmholtz equation.

3(AG/T),
(377 = T2 (3.2)

As this equation assumes constant pressure, it is impossible
to apply it to the equilibrium condition of the contact area
where pressure changes. If the adsorption equilibrium of a
surface in contact with bulk lubricant oil is considered,
this equation can be applied precisely. In Equation (3.2),

the concentration in the bulk phase is used. The Van't Hoff
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isochore is derived from the Gibbs-Helmholtz equation by the

assumption of constant pressure.

d In K _ AH

dT - -R'-,fz (3.3)

where

AH

enthalpy change of adsorption

K

equilibrium constant
Assuming that AH is independent of T, the equation can

be integrated

_ AH
InK = g + constant (3.4)
Here, assuming the Langmuir type adsorption for equilibrium to
be constant and that the coverage limit of adsorbed film for

smooth sliding, (which is mentioned above), is 8 at T

t
9 _ AH

1n L =5 - RTt + const. (3.5)

whence
_ AH

2.3 logloc = - ﬁT; + const. (3.6)
where

Tt : value of the transition temperature

C : concentration

From the slope of a straight line obtained on plotting loglOC
against 1/Tt’ the enthalpy change of adsorption can be obtained.

From this equation and the results of friction tests, the
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following enthalpy changes of adsorption onto mild steel
were obtained.

Stearic acid 54.5KJ /Mol

Methyl stearate 36.0KJ/Mol

As the fest pieces used by Frewing were mild steel, the
surfaces were covered by an oxide film. Therefore as the
enthalpy change of adsorption is related to the interaction
between iron oxide and adsorbate, it is possible to compare
the enthalpy change here with heat of adSorption obtained in
this study, which is shown in Table 3.1. These results are

reasonable if the a-Fe,0 y-Fe,0 Fe_,0, and other type

2”3’ 2737 “°3°4

of iron oxide cover the surface of the test piece.

On the other hand, Spikes and Cameron (89) (90)
obtained enthalpy éhanges of adsorption of n-octadecylamine
on stainless steel, using the data of adsorption isotherms.
They used the following equation which used bulk concentration
instead of the equilibrium constant in the Van't Hoff equation.
d(1ln c) AH

Wi/ p =R (3.7)

[
where

' ¢ adsorption density
They proposed three regions of adsorption which had enthalpy
changes. (1) 21KJ/Mol at low temperature and low coverages,
(2) a high value increasing to 100KJ/Mol at high coverage,
and (3) 33 to 55KJ/Mol above 35°C. These results were
interesting because the enthalpy change of adsorption is

dependent on temperature and adsorption density. The depen-

dence of enthalpy change of adsorption on adsorption density
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was also observed here. Daniel (71) noted similar increases
for octadecanoic acid adsorption on nickel. However, it is
not easy to identify its cause, though Spikes and Cameron
tried to explain it by lateral forces.

Similar values of enthalpy changes have been reported
by other authors. Frewing (87) and Daniel (71) obtained
enthalpy changes of adsorption of fatty acid. In this case,
they considered the heat of dimerization because normally
fatty acids exist in solution as dimers. They used 29KJ/Mol
for heat of dimerization of stearic acid as a result of
hydrogen bonding. Therefore a heat of dimerization of
29KJ /Mol must be borne in mind to compare results obtained
in this study with their data directly. If adsorption of
stearic acid were a chemical one and it made metal soap, it
is natural to consider heat of dimerization because the
adsorbed molecule exists as a salt of carbonic acid. However,
in the case of physical adsorption, it is possible to adsorb
on surface as a dimer, it is not necessary to discuss the
effect of dissociation heat of dimer on enthalpy change of
adsorption.

It is impossible to estimate the degree of dissociation
of fatty acid dimer, even if such dissociation occurs. As
discussed in Section 2.44, the adsorption of stearic acid
on a—Fe203 should be considered physical owing to reversi-
bility of the heat of adsorption. The heat of adsorption
of stearic acid on a-Fe203 is about 25KJ/Mol as éhown in
Table 3.1. This value is too low to consider dissociation

of dimer which has about 29KJ/Mol bonding energy. Therefore

this result confirms that stearic acid can exist as a dimer
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when physical adsorption occurs.

On the other hand, the adsorption of stearic acid on
y-Fe203 and Fe304 should be considered as a mixture of
physical and chemical adsorption. Therefore the enthalpy
change shown in Table 3.1 includes a significant part of
the dissociation heat of dimer. The author estimates the
degree of chemical adsorption of stearic acid on Y-Fezo3
and Fe304 from the results reversibility, in which the ratio
of chemical adsorption. of Y-Fezo3 and Fe304 were 257 and
88% respectively. Assuming that chemically adsorbed stearic
acid is monomeric and that stearic acid is adsorbed physically
as dimer, a correction of enthalpy change in Table 3.1 can be
done byAputting heat of dimerization as 29KJ/Mol. The
corrected values for Y-Fe203 and Fe304 are 7 , 26 KJ/Mol
respectively. Therefore the estimated value of enthalpy change.
for y-Fe,0, is 80-8'TKJI /Mol and that for Fe 0, is gg~112KJ /Mol.

In this study, adsorption isotherms were obtained as
shown in Figure 3.3. A method to derive free energy change
from an adsorption isotherm was described by Spikes (90) and

Daniel (71). According to a fundamental thermodynamic equation,

free energy change AG is
AG = - RT 1n K (3.8)

Therefore, as an exact value of equilibrium constant K is
obtainable, free energy change of adsorption can be calculated.
However, it is not easy to get an equilibrium constant of
adsorption in solution, because the treatment of adsorption

from solution involves a satisfactory treatment of the solution
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itself as well as that of the interfacial phenomenon of
adsorption.

| Spikes (90) used a perfect adsorption system by
Everett (120) to obtain a rough estimate of the free energy
change of adsorption. In this model, a preferential
adsorption of molecules from a perfect binary solution by
a Langmuir-type adsorbing surface was assumed, i.e. the

following phase exchange reaction was used.
WS + @ ¥+ (S (3.9)

As an ideal mixture is assumed here, it is possible to write

the equilibrium constant as follows:

x5 x5

K = ;I—Eg (3.10)

1 72
where

K : equilibrium constant of adsorption

Xi ¢ concentration of component 1 (solvent) in
adsorbed phase (mole fraction)

Xi : concentration of component (solvent) in solution
(mole fraction)

Xg : concentration of component 2 (adsorbate) in
adsorbed phase (mole fraction)

2

X2 : concentration of component 2 (adsorbate) in

solution (mole fraction)
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Everett obtained the following equation:

2 L2
‘lez =L} v 2 (3.11)
(n A% /m) n
where
n® : the total adsorption of component 1 and 2
per gram of solid
nOAX%/m : the apparent adsorption of component 1 per

gram of solid

The precise derivation of this equation has been described
elsewhere by Everett (120) and Spikes (90). Thus n° and Kl’
can be calculated from the slope and intercept of a linear
plot. From the equilibrium constant K, the few energy
changes of adsorption AG can be calculated using Equation (3.8).

The application of the equilibrium equation is limited
to a reversible process. Only adsorption isotherms of both
stearic acid and methyl stearate onto a-Fe203 in this study
were reversible. As other adsorption isotherms included
some part of an irreversible process, it was therefore
impossible to obtain the free energy change of these
adsorptions. Equation (3.11) is applied in Figure 3.7 using
three adsorption isotherms described above, which were taken
from Figure 3.3. Figure 3.7 showed straight lines plots
almost to zero concentration, which indicated that assumptions
for the model aloﬁe were correct and that adsorption isotherms
used for this analysis were Langmuir-type isotherms. From
Figure 3.7 and Equﬁtions (3.8) and (3.11) the free energy

change AG and equilibrium constant K were obtained as follows:
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Equilibrium Free Energy Change AG

Adsorption Constant K (KJ/Mol)
a-Fe 0, - Stearic Acid 5.7 x 10° 39
a—Fe203 - Methyl Stearate 3.9 x 106 38

The free energy changes obtained here were different from
the free energy change of adsorbate and that of solvent
n-heptane, according to the assumption of equilibrium constant
in Equation (3.9). As n-heptane used here as a solvent can
absorb physically on the adsorbent with a small free energy
change, the absolute free energy changes of adsorption,
which are measured in an inert solvent, are a little higher
than the values estimated above. Normally it is said that
physical adsorption has 8-40KJ/Mol free energy. Therefore,
the values obtained here are very high if they are assumed
physical adsorption.

In Section 3.41, the enthalpy changes of adsorption
per one mole were calculated, they were shown in Table 3.1.
Combining these results and the estimate of free energy
change discussed above, it is possible to calculate entropy

change of adsorption AS from the following equation.
AG = AH - TAS (3.12)

AS for adsorption of stearic acid and methyl stearate onto
aFe,0, is 42-48J.deg°C.mol-1, 79—92J.deg°C.mol_1 respectively.
Cameron (93) estimated AS of adsorption of fatty acid
94-134J/mole deg C from results of friction tests. There

are differences between both results. However, there is the

effect of solvent on entropy change to be considered as
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Cameron has reported in chain matching phenomena in lubrication.
In order to compare both results, it is necessary to investi-

gate the effect of solvent.

3.43 Structure of Adsorbed Film

It is not easy to investigate structure of adsorbed
films in situ at a contact point under lubrication. However,
many authors have reported studies of organic compounds in
equilibrium conditions by X-ray diffraction, electron-
diffraction (65) (73) (74) and contact angle measurement
(121) (122). It has been stated that the structure of the
film is dependent on the type of polar organic compound,
equilibrium concentration of solution and temperature. In
this study, adsorption isotherms and heats of adsorption of
stearic acid, stearyl alcohol and methyl stearate onto iron
oxide were obtained. From these results, the nature of
adsorption of these long chain compounds is deduced.

It is well known that a long chain alcohol in benzene
adsorbs on metal diagonally at low concentrations and adsorbs
vertically at high concentration (71). In the results of
heats of adsorption in this study, the increase of heat
release which was considered to be in accordance with this
result was seen in the adsorption of stearyl alcohol onto
a—Fe203 and y-Fe203, but was not onto Fe304. (Figures 2.9,
2.10 and 2.11). As discussed in Section 2.44, the author
has proposed that the adsorption of stearyl alcohol occurs

by an interaction between hydrogen atom of hydro radical

X 2-
and oxygen iron (0° ) of iron oxide. This interaction was
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to be a physical adsorption and the surfaces of a-Fe203
and Y-Fezo3 were assumed to be homogeneous for adsorption
of stearyl alcohol as this process was 100% reversible as
described in Section 2.43. For an adsorption like this,
it is therefore possible to ascribe the cause of secondary
increase of heat of adsorption described above, as due to
the change of angle of the adsorbed molecule.

Assuming 20.582 as the cross-sectional area per
adsorbed stearyl alcohol molecule and 23.83 as the length
of each molecule, the area occupied by a molecule adsorbed
almost horizontally is about 12282. This value is about six
times as much as that of a vertically adsorbed molecule. In
the results illustrated in Figures 2.9 and 2.10, comparing
the height of plateau after primary increase with that after
secondary increase, there is about six-fold difference. This
value is near the ratio of the cross-sectional area of
vertically adsorbed molecules and that of almost horizontally
adsorbed molecules. This indicates that the stearyl alcochol
molecule adsorbs on u-Fe203 or Y-Fe203 surface almost
horizontally at the condition of the plateau between primary
and secondary increase of heat of adsorption. Assuming a
monolayer at-the condition of vertical adsorption, this plateau
is at about one sixth monolayer.

The establishment of monolayer described above, is
influenced by temperature, solvent and adsorbent. Inspection
of Figures 2.13 and 2.15 show that the monolayer is attainable
only at low temperatures below 45°C when n-~-heptane is used as

a solvent. On the other hand, as seen in Figure 2.21, the

monolayer is obtained at low concentrations of adsorbate when
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a solvent of large molecules is used. This solvent effect
may be related to the phenomena of chain matching discussed
by many authors (92) (93) (123) (124) (125), although more
data is necessary to state this coneretely.

Summarising the structure of adsorbed layers of
stearyl alcohol, the monolayer, which is the state of vertical
adsorption, can be obtainable under limited conditions such
as low temperature and high concentration of adsorbate. In
most cases, stearyl alcohol adsorbs almost horizontally and
the density of adsorbed molecule is about one sixth of that
of the monolayer.

It.is reported that stearic acid adsorbs on metal or
metal oxide almost vertically at first adsorption. However,
at more advanced adsorption, the molecule inclines slightly
and forms a simple rhombic structure (73) (74). In this case
the structure is not continuous but consists of islands of
102-103§.

In this study, only Y-Fezo3 produced a high density
adsorbed film és shown in Figure 3.2. Assuming 20.582 for
the cross-section of the adsorbed acid in the similar way
to stearyl alcohol, 8.1 x 107% mole of stearic acid can
adsorb on a solid of 1m? as a monolayer (72). On the basis

of this calculation, even the adsorption onto a-Fe, 0, cannot

273
achieve a monolayer. The adsorption isotherm of stearic acid
onto a-Fe,0, has a saturation at about 1.5 x 10 %Mo1/m2 .
This is about 0.2 of a monolayer. As for Fe,O that is 0.2

374°
to 0.3 of a monolayer. Many authors have suggested the

existence of mixed films of adsorbate and solvent molecules

(25) (68) (69) (122). From an experiment of adsorption
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of stearic acid in n-hexadecane, Cook (68) (69) reported that

0.2 to 0.3 of a monolayer of stearic acid was adsorbed within

a few minutes after contact between adsorbent and solution.

This confirms the results of adsorption onto cx—Fe203 and Fe304.
The author suggests the existence of mixed film of

stearic acid and n-~-heptane in the adsorption onto a-Fe203

and Fe304. However, the adsorption of stearic acid onto

Fe304 increases steadily as shown in Figure 3.2(c). This is

due to chemical adsorption of stearic acid. After enough.

chemical adsorption the film is considered to approach a

monolayer.

3.50 Conclusions

The following conclusions may be drawn from the results
of the adsorption experiments.
(1) For adsorption of stearic acid and methyl stearate
onto iron oxides and iron (II) sulphide. For all
systems except stearic acid on Fe304 equilibrium was
reached within two hours.

(2) At room temperature the order of levels of adsorption

at saturation are given by,

Stearic acid Y-Fezo3 >> Fe304 > u—Fe203 > FeS
Methyl stearate a—Fe203 N y—Fe203 > Fe304 > FeS
(3) The coverage of stearic acid adsorbed film on y-Fe, 0

273
increases up to a complete monolayer at high concentra-

tion. However on a-Fezos, Fe30 and FeS, only 0.2 to

4
0.3 of a monolayer is achieved even at high concentration.

(4) The coverage of adsorbed film of methyl stearate on all
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(6)
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adsorbent tested at room temperature is below 0.2 of

a monolayer.

The values of cumulative enthalpy change were calculated.
The values for stearic acid and methyl stearate on

o-Fe,0, are almost constant at low levels (below 25KJ/Mol)}.

273
The values on Y—Fe203 are higher (above 70KJ/Mol). For
Fe304, the value of stearic acid is high (75-85KJ/Mol),

whereas that of methyl stearate is low (about 20KJ/Mol).
The cumulative enthalpy change of stearic acid onto

FeS is very high and decreases with concentration of
stearic acid.

The results of adsorption isotherms supports the
mechanism of adsorption which is proposed in Chapter

2.
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CHAPTER FOUR

FRICTION AND WEAR

4.10 Introduction

In Chapters 2 and 3, extensive data on adsorption of
oiliness reagents was obtained. This chapter describes
friction and wear experiments using the same chemiéal
systems as in Chapter 2 and 3 to investigate the relationship
between adsorption and friction and wear. The main purpose
of this work was to study the effects of interaction between
oiliness agents and EP films.

Slow speed friction tests with a Bowden Leben machine
were used. The merits of this slow speed test are (i)
simplicity of the system and (ii) low frictional heating
and thus minimal disturbance of the adsorption equilibrium
on the surface of rubbing. An EN31 steel ball bearing and
a mild steel flat were used as test pieces. For some
specimens, the surface of the mild steel was covered with
an EP film formed by reaction with DBDS in n-dodecane at
216°C.

These tests determined:

(i) the coefficient of friction on each of ten
successive traverse during running-in,

(ii) the wear track width on a flat test piece after

ten traverses.



-173-

4,20 Experimental

4.21 Materials

DBDS of purity described in Section 2.21 was used to
form reaction films with iron on the mild steel test pieces
(See Section 4.23). The ociliness reagents used in these
experiments were stearic acid, stearyl alcohol and methyl
stearate. The purification method and the analytical
results of these additives were described in Section 2.31.
n-Hexadecane purified, by the technique described in Section

2.21 was used as a base o0il in these experiments.

4.22 Apparatus

In this experiment, a modified Bowden Leben machine
was used to investigate the friction coefficient and wear
during running-in. The details of this machine are in
reference (126). A general view of the apparatus is shown
in photograph 4.1. It consists of four basic parts;

(1) Horizontal carriage and drive system,

(2) Control system and heater,

(3) Loading arm and lifting mechanism,

(4) Recording unit.

(1) Carriage and drive system: The carriage is designed

to move on two stainless steel rails by means of a lead
screw connected to a special DC motor and a tachogenerator
via a gearbox. The traverse speed of the carriage is

variable between about 10mm.s_1 and 0.025mm.s_1. In this



Photograph 4-1, View of a Bowden Leben Machine
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experiment, all the measurements were carried out at a

constant speed of 0.87mm.s >.

(2) Control system and heater: The direction of travel

of the carriage is contrblled by two heavy duty relays,
which switch the motor and tachogenerator windings. These
relays can also operate other circuits such as a variable
resistor in the speed controller, which enables different
speeds to be used for the two directions of travel. The
relays can be triggered by micro-switches mounted on one of
the rails which senses the position of the carriage.

In this experiment, the position of the micro-switches
was adjusted to provide 40mm track length, and the traverse
speed for traction direction and reverse direction were
set to 0.87mm.s” ' and 10mm.s * respectively. In addition,
a few seconds were needed to 1lift and lower the loading arm.
Therefore the out-of-contact time in this experiment was
44-45 seconds.

A stainless steel trough is fixed onto the carriage
described above. Around the trough a tubular electric
heater is clamped. The input from the control unit enables
a wide range of heating rates to be obtained. All of the
experiments in this work were carried out at a constant
temperature of 25 £ 0.5°C, controlled manually, to measured
on the surface of lower test piece by a copper/constantan
thermocouple.

(3) Loading arm and lifting mechanism: Friction was

measured by a set of strain gauges, mounted on the canti-
lever, which were wired as a Wheatstone bridge and connected

to a purpose-built regulated power supply of about 6.2V.
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This machine is equipped with a special arrangement for
automaticaaly lifting and gently lowering the arm, as
described in reference (126). However, this action was
considered to be too fierce for the mild steel specimen
used, therefore the lifting and lowering of the arm was
done by hand. Loading was controlled by weights on the
loading arm, i.e. four loads, 0.63, 1.63, 2.63 and 4.63kg
respectively.

(4) Recording unit: A X-Y recorder was used to record

the friction force signal from the strain gauge. The X -

axis of the recorder was set to time.

4.23 Preparation of Test Piece

EN31 steel ball bearings (1/4 inch) were used as an
upper testpiece in all the experiments. These balls were
already polished and required no further mechanical
preparation.

The flat lower test pieces of length 55mm were cut
from a commercially available mild steel bar. The upper
and lower faces were then precision ground to a very fine
finish resulting in specimens about 5mm thick. The upper
surfaces of the specimens were further polished with emery
paper in water. At first, a 350A paper was used and then
the surface was polished in the direction of sliding with
a 600 paper. Surface roughness of the test piece was not
measured.

From the polished specimens, eight kinds of test

piece were prepared by a reaction with DBDS at 216°C and
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acid immersion into 0.01N—H2804. The purpose of this process
is the formation of EP film and then the removal of the
sulphides from the film. The formation of EP films by a
reaction with DBDS was carried out by refluxing a 0.05Mol/2
solution of DBDS in n-dodecane. This reaction condition
was selected by consideration of reactivity of DBDS, i.e.
this additive can produce EP film at the temperature over
150°C (6) but starts thermal decomposition at 230°C (12).
Three reaction times, 1, 2 and 3 hours, were adopted to
prepare test pieces with EP films of three different
thicknesses.

Although the EP film produced by the reaction in this
way is not always the same as that formed on lubricated
surface by frictional heat, sulphides, oxides and sulphates
are included in the film. The main purpose of this study
is the investigation of the effect of interaction between
EP film and oiliness reagents on friction and wear in
boundary lubrication, in particular, the interaction between
sulphides and oiliness reagents. Therefore the influence
of removal of sulp<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>