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ABSTRACT

A Computer program was used to plot the orthmhombic structure
of ;fatty acid crystals on a chosen set of axes to approximate teo
a dynamic model of boundary lubrication. By using the exact laws
of repulsive and attractive interactionsbetween molecules, changes of
the magnitude of forces due to shear and compression can be calculated.
The setting angle was derived for the system and by using different
repulsion potentials under compression, the number of molecular
layers can be gauged. Shear was developed using internal rotation,
lifting and the inclination of the molecules to the vertical. By
using statistics the effect of the polycrystalline structure of metals
may be evaluated (this also shows the anisotropy of friction data -
with respect to different crystal planes). Coefficients of friction
are of the correct order and the magnitude of the forces involved
show the correct relationships to each other for several differing

systems.
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CHAPTER 1 - INTRODUCTION AND THEORIES OF FRICTION
e e,

1.1 Introduction

1.2

1.3

This chapter contains an introduction to the different types
of friction and their explanation according to several authors.
Energy dissipation and its relevance to molecular theories is discussed
and a brief literature survey is included to cover all relevant pointse.
The basic requirements of a wundary lubricating model are also discussed.
Detailed points are sometimes deferred until the appropriate sections

of later chapters to avoid repetition.

Regimes of Friction

The fundamental regime is dry friction. It exists between any
two bodies in the absence of a third phase which could act as a
lubricant. If a lubricant is introduced between the two bodies and
a frictional force applied to cause motion, so that the lubricating
layer obeys the hydrodynamic laws of leminar flow, then the regime
is called hydrodynamic friction. The system obeys Newton's laws and
its properties are a function of viscosity.
Under higher loads and at lower speeds a coherent film can no
longer be maintained, contact of the surfaces occurs, even in the
presence of the lubricant. This region is termed boundary lubrication
and the effectiveness of boundary lubricants is governed by their ability
to adsorb on the sliding surfaces and is independent of their viscosity.
There is a great deal of confusion regarding this definition
and disagreement over the role of the lubricant. Boundary friction
(or any type) is the statistical sum of thousands of interactions
under many different conditions and cannot be thought of as a - rigorously
defined process. There are two intermediate regimes separating the

three already discussed acting as transition regions.

Classical laws of Friction

The friction force is the statistical result of atomic interactions
between two surfaces in relative motion. Irrespective of the type
of friction these forces are resolved into elementary interaction
between pairs of atoms. In reality, due to the rough metallic profile,
the interaction surface is not continuous but composed of isolated
interaction areas.

Under these conditions the 'nominal area' is greater than the
true area. When the nominal area is increased the true area for

rough surfaces will vary insignificantly, hence it follows that the
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frictional forces are independent of the nominal area as observed
by Coulomb.

The basic law governing frictional force and external load was
formulated by Amonton, the two parameters being directly proportional

to each other, the constant termed the Coefficient of Friction

i.e. F =/uN - (D

Coulomb confirmed this work and introduced a constant term A
to account for adhesive seizing of the surfaces.

i.e« F =N + A - (2)
Thus the Clas§ical laws of friction (Dry and Lubricated) can be stated
as

(a) Frictional force directly proportional to the load

i.e. Coefficient of friction independent of load.

(b) Force independent of area.

(¢c) Force depends on the nature of the sliding surfaces.

(d) Independent of sliding velocity.

The last point stems from the fact that traditionally friction
was treated as a Mechanical force which has the property of being
indépendent of velocity

In practice coefficients of friction have to be considered as
functions of several variables i.e. pressure, surface roughness,
velocity, temperature. If the conditions of the system are changed
to increase the relative importance of one of these variables the
Classical laws are broken. Investigation of the relative motion
of lubricants using atomic laws should reveal trends when considering
these parameters in turn. ,

Akhmatov states (1) that the mechanism of‘boundary friction is

determined by many factors, including

(a) Physical nature, state and properties of the solid surface.
(b) Structure and properties of lubricant molecules.
(¢} Nature of adsorption 6f the molecules.

(d) Parameters like pressure, thickness of layer, velocity,
temperature.

(e) Changes in Structure of .boundary layer during friction.

The author also states (2) that
"The laws of Amontons‘and Coulomb belong to those statistical
laws ofnature in which the outward simplicity conceals a profound

complexity of phenomena."



-0 -

1.4 Theoretical models of Friction

There are several differing views concerning the nature of
friction. The first group explains friction in terms of lifting
microasperities over each other and ideas based on geometric considerations
- it was thought that the coefficient of friction was given by the
tangent of the angle of inclination of the asperities. £.2, Euler
and today Bickermann & Gretz (3).

The second group attempts to explain friction as a result of
overcoming the forces of molecular attraction between two solids -
reflected in the work of Hardy (4), Tomlinson (5) and Deryagin (6).

This group also contains Bowden and Tabor (7) who proposed that

friction is the force required to overcome welded junctions formed
between solids as a result of molecular interaction. It also includes
Cameron (8) who was the first to try to explain boundary friction in
terms of the shearing of boundary lubricants using exact intermolecular
forces. -

The third group visualises friction as arising from the deformation
of the material penetrated by asperities. i.e. Leslie (1801) and more
recently by Epifanov and Minaev (9) who interpreted friction as being
due to shearinge. |

The fourth group consists of composite theories. The most
interesting was proposed by Coulomb (1779) who considered friction
as a combination of lifting and penetration of asperities.

The main scope of this work is an examination of Cameron's (8)
work, an attempt to explain properties of lubricant layers in terms
of the exact laws of Molecular Physics and drawing conclusions in the

light of theories of boundary friction.

1.5 Energy discsipation in Friction processes.

Consider the perfect potential of a conservative force obeying
Newton's law. -

i.e. force F e« dp

3t (Rate of change of momentum)

Potential = (3)
distance

where V

- gV
x X

also F =

Consider this perfect potential varying periodically i.e.
a sinusoidal curve representing undamped simple harmonic Motion.
If a particle is released from a position of unstable equilibrium

there will be no energy losses. i.e. Conservatidn of &Znergy.

T + V = constant T = Kinetic Energy
V = Potential Energy
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Controversy - has surrounded these ideas ever since Coulomb proposed'
his ideas of friction based on the engagement of surface asperities
and the coefficient of friction being the maximum slope of the
asperities. 7

Leslie raised objectiors, as he maintained the theory could not
explain any loss of energy in sliding, due to the periodic rise and
fall of the masses in motion. Leslie's objections have been countered
by Bikerman and Gretz (3) who explained Coulomb's idea in terms of
thermo-dynamics i.e. Leslie's argument would be valid if the system
is isothermal and reversible (Quasi-static and infinitely slow) but
if the load is allowed to fall from the top of amn asperity this
represents an irreversible process.

Bikerman's argument has been in turn countered by Tabor (10)
in his explanation of the Adhesion Theory , which considers friction
to be caused ultimately by shearing of surface forces. Here the same
problems of periodic potentials arise but the situation is quite -
different. According to the author
i.e. (a) Bikerman's concepts do not apply on a Micro scale '

(b) Without detailed analysis thermo dynamics cannot readily

be applied to the strength properties of solids.

"it cannot be applied to sliding or shear which involves large
displacements on the atomic scale. As one plane is moved over the
other, the interatomic bonds are stretched and the lattice is distorted
elastically. At some critical stress the bonds are finally broken;‘
the strain energy is then dissipated as vibrations in the lattice
and this energy can never be recovered by subsequent reformation of
the next series of bonds. The process is basically non conservative,
The making and breaking of bonds in a solid by shearing is fundamentally

a dissipative process."

i.e. F=-—l +F1
P

Force is non conservative.

Deryagin's (11) theory of Boundary lubrication starts from the
model of two identically orientated rows of molecules in intimate
contact sliding upon each other., The atomic structure of their
crystal planes determinesthe structure of their molecular fields.

The author assumed the confipguration of equipotential surfaces of
such fields to be a system of mutelly tahgental spherical surfaces
of equal radii. It is also assumed that the external pressure brings

about repulsive forces by crowding the electron clouds of the atoms.
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"Under such conditions the relative slipping should involve an
expenditure of work and consequently forces of resistance to slipping
should appear."” '

Both Tabor and Deryagin assume the diss ipation of energy when
relative motion takes place between two surfaces because there is
a continuous change in the molecular pairs balancing the load.

This concept was also used by Cameron (8) see section 1.7. The
work presented in later chapters usesthe same assumptions inherent
in all molecular theories. All the changes of energy associated
with molecular pairings balancing the load are considered dissipated
and by the absolute nature of the assumption all conclusions drawn

must have the same maximum nature.

Theories of Boundary lubrication

Deryagin (6) developed a molecular theory in which account was
taken of both repulsive and attractive molecular forces. The idea
was that friction between smooth surfaces’ resulted from 'molecular
roughness' due to repulisive forces. Adhesional forces, accounted
by attractive forces, were introduced as a corrective term to describe
departures from the Amonton law. This theory leads to a two termed

equation relating the force of friction F and the normal load N.

i.ee F 7“0 S (po + p) _ - (4)
‘/‘lo = 'true coefficient of friction'. (Deryagin)
S = area of true contact
po = specific force of molecular interaction
p = specific external pressure N = Sp.

The main feature of the equation implies a force of friction

Fo when the load N is zero.

i.e. F = Fo + N -
(Wheri/ubis the gradient of the straight line.) Denisov (12)
checked equation (4) for paraffins and fatty acids as a function
of layer thickness. Fig 1 (1) shows a set of these curves for
myristic acid. .
Another theory of Boundary lubrication is linked with Bowden
and Tabor's Adhesion theory, see fig 1 (2). The force of dry friction
is equated to the shearing of a material of mean shear strength .,
Thus we may write F = As, where A is the real contact area. As

A is directly proportional to the load it follows that

/L =£ = As = $ = shear strength - (5)
P

N Ap yield pressure
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Fig. 1 (1) Curves of Friction against Load for Myristic Acid of
different thickness. X = dry Friction, 8., & , © respectively
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Fig. 1 (2) Bowden - Tabor scheme of Boundary Lubrication.
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By an analogous argument and reference to fig 1 (2) the Boundary
frictional force may be expressed as the sum of two terms, (i) The
force ol As required to shear the metallic junctions (of is fraction
of area over which metallic junctions are formed) (ii) force to

shear the lubricant film A (1 -0U) Sg

F = A (&3 + (1-a) 3p ). - (5

Thus ifelis constant, F is proportional to A and Amontonslaw
will hold,see equation (4#). Tabor (13) concluded thatglis of the
order of 2 or Eﬁiand with good lubricants the major part of the
resistance to sliding comes from shearing of the lubricant film.
Several objections to this theory can be found in the literature,
Aktmatov (14), Toporov (15). More theories and their counter arguments

exist and several schools of thought all emphasize different aspects

when dealing with Boundary lubrication. Wwhile there are no irreconcilable

contradictions the most basic approach to understanding the problem
consists of studying the atomic and molecular interactions present in

boundary layers.

Cameron's Theory of Boundary Lubrication

Cameron (16) was the first to consider a system of crystal planes,
using X-ray information by Miller (see Chapters 2 and 3), and trying
to calculate interaction forces between a chosen molecule and the
adjacent layer as a function of pressuree.

Ideal smooth surfaces were assumed without roughness or with
their asperities squeezed flat by plastic deformation. '"Let E, be
the potential energy of one chain attached to one surface with respect
to all the other chains on the other surface, at equilibrium. This
is taken to be the same as the potential energy of a chain in one
layer of molecules in a hydrocarbon crystal with respect fo all the
other chains one level down, When one surface is moved from the
stable equilibrium position to the next equilibrium point, there
must be one point between these two positions where the total attraction
energy is a minimum. Let energy at this point be E2 then if the
distance between the two positions associated with the energies E‘
and Ez is X; the mean iorce F needed to move one chain from the

position corresponding to E‘ to that corresponding to E2 is

- - "
E1 E2 FX
Knbwing the cross sectional area of one chain and the distance X

the force/cm2 associated with a particular pressure can be calculated.

Because of the tedious nature of calculating the Van der Waals

'
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attractive potential by hand Cameron made many wrong assumptions -
concerning E2, repulsive potentials, and compressabilities. These
ojections and others in relation to the model chosen are listed
below.
(a) Cameron considered only non-polar paraffins and used
methylene end groups instead of methyl groups, thus neglecting

an all important hydrogen atom.

(b) E2 was assumed to tend to zero. As mentioned abovg’this
was entirely due to the tedious nature of the calculation,

but in this sense the model is not dynamic.

(c) The compressabilities used for monolayers were assumed to
be the same as the gap compressabilities in the lateral

planes i.e., Ec = Eab.

Many objections to the interpretation of the results have been
cited,Akhmatov (17), Van Battum and Broeder (18).
There is one interesting suggestion from the latter authors,
see fige 1 (3). The diagram represents two compressed states D (0)
and D (X), the former at the equilibrium position of the system and
the latter a compression curve at a distance X from the first. The
authors maintain the frictional energy barrier to be the sum of two
parts (a) The Interaction energy between states A and A (X), parallel
tangents and hence comparable‘stgtes of compression i.e. (E1 - E2),
(b) the work done against the external load if the distance between
the planes is increased from A to A (X).

Interaction energy

between;r planes D (0) D (X)

+

Distance between
planes

Fiz, 1 (3) Compression diagrams at the equilibrium position D (O)

and at a distance X from the first.
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Fip. 1 (L)  Variation with load of the coefficient of friction ‘ -

Coefficient of Friétion as a function of load
Several authors, Hardy (4), Whitehead (19), HKragelskii (20)

‘point out the aromalous nature of equations (1) and (2) at light.

loads; fig. 1 (4). According to Hardy, section AB refers to a . .
multimolecular boundary layer which has lost its fluidity, characteristic
of the lubricant in bulk. As the pressure -is increased; the layer
thickness is reduced by the squeezing out of the lubricant ~ and -

friction increases.

.
pa=)

AY : : : LR .
{4) can be explained by ejuation

ie. F = F°-+ ol N

wheré ok is the gradient of the straizht line. The Coefficient

1w

of friction is defined as F/N therefore it foliows

/L':g_; (Fo s ol ) = Fo_ + ol - - (6)
N : N '

If (6) is plotted and Fo is small enouch in comparison with N
then when N9 Fo, /u. will tend toel . Also it follows that /u =00

at N = O from this argument. .
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Kragelskii (20) uses a similar argument to Hardy's. i.e. As

the load increases the film thickness decreases and thin lubricant
films exhibit a greater resistance to shear, hence the frictional
force increases but less rapidly than the increase in load. Fig. 1 (1)
is used to corvborate this argument but in trying to explain fig. 1 (&%)
quantitatively, equation (5) is used which precludes the existence
of Fo.

iece F =TAr

where T = (¢+/31) Ar A

v
3

And Ar = RN® (0. the increase of the real contact area takes place

i

constant, depending on the
sliding speed

il

—~pressure

general constant.

more slowly (in all cases except that of ideal plasticity) than the

dincrease in load. (X varies from 1 to 0.6). Thus using N = ?Ar.

//b:%:oﬁﬁk‘*-x)lg -(7)

i.e. the coefficient of friction tends toward a limiting value.

Bowden and Tabor explain fig. 1 (4) in terms of their theory
of Boundary lubrication (fig 1 (2) and equation (5) ) by suggesting
that at light loads there is no appreciable break through by the solid
phase and the friction force (portion AB) represents the interaction
of the film with itself. The area of shearing is no longer proportional
to load, therefore ffrises. At higher loads the weight is supported
bymetal and the role of the lubricant is to reduce the metallic
contact. Presumably at light loads by this theory the polér molecules
are vertically orientated.

In contrast Adamson (21) maintains that figure 1 (2) represents
the situation at very light loads and at normal loads the long chain
lubricants separate the metals by lying flat. h

Again in contrast, Deryagin does not mention any deviation from
Coulomb's law at light loads unless the explanation is implicit in
equation (4), in an analagous argument to Cameron's. Likewise no
non-russian authors seem to recognise Deryagin's two term law or

-diagrams such as fig. 1 (1).

Conclusion
A —

This chapter demonstrates the differences between the major theories
of friction and the differences in interpretation of Boundary Friction,
especially in relation to light loads. The next Chapter shows the type
of model assumed (broadly based on Cameron's ideas and work) and how it
can be applied in its limit to give trends as functions of important

parameterse.
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CHAPTER 2 - DISCUSSION OF MODEL

2.1 Properties of Metallic Surfaces

2.2

(6) on normal paraffins C

If an ideal three phase frictional system is considered the
metal will account for two of the phases. The properties of the
metallic surface separate the three phases and hence will have a
dominant effect on boundary lubrication. Several two and three
dimensional statistical theories of surfaces exist (1) and Fourier
analysis (2) has been used.

A number of theories of boundary friction consider the metallic
surface to be ideally flat or plastiQSe&flat by pressure c.f. Cameron.
These theories obviously ignore the properties of real metals i.e.
the profile, crystal structure, flaws and cracks. While it is desirable
to include and tske account of all these real properties an ideal
theory must be adopted then adapted to encompass as many deviatiqns
as possible i.e. the theory must proceed step by step from an ideal
situation to a real one.

The main property of real metals is that they are polycrystalline,
thus any polar lubricant will have orientations depending on the
orientation of the crystallites of the metal., In later chapters
polycrystalline surfaces are approximated to by taking a statistical
average of shear properties as a function of angle and distance

from a fixed origin.

Crystal structure of Paraffin and Fatty Acid lubricants

A considerable amount of work was done by Muller (3) in determining
the physical parameters of paraffin crystals and how they are
packed in space. At equilibrium the structure must be consistent
with the theory of Close Packing to achieve the minimum energy
of the system, Kitaigorodskii (4).
Several crystal structures of paraffins are possible,*orthorombic;

monoclinic; triclinic which depend on the degree of inclination

from the vertical and even or odd number of carbon atoms.

The nearest derivative to paraffins are fatty acids which have
similar crystal structures if the chains are sufficiently long,
because packing is mainly due to the distribution of matter in the
chains and the effect of the end groups is limited.

Akhmatov shows (5) that the structure of stearic acid is analagous
to the structure of the corresponding paraffin. Several structures
of crystals inclined to the vertical are shown but experimental

data on the structure of fatty acid are wvery scarce. Consequently

Muller's information on the paraffin 029 H%o and Smith's parameters

21 H44 to 029 H60 are used to program a
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layer of fatty acid (by including a methyl end group for a methylene
group), see Chapter 4 fig. & (1).

Orientation of Layers to Surfaces
Tabor (7) malntalns that the first layer is orlentated vertically

to the metal and other layers are orientated at an angle to the first.
Godfrey (8) states that polar molecules, partlcularly long hydrocarbons
adsorb with preferred vertical orientation. The chemlsorptlon of’
stearic acid on oxidized steel surfmces to form a monolayer of irom
stearate is shown in fig 2 (1). Kragelskii (9) states that the first
-layer is orientated differently from other layers and that noréal

and tangential orientation are possible., The former is typical

of fatty acids in which there are different groups of atoms at each

e
. .

end. "
From Maller's work the cross sectional area of a fatty acid chain

is established at 18-20 & 2 and Zisman (10) showed that the point

at which the coefficient of friction stops falling off linearly as the
- | o
/ .

._/

7

A ' B ' /‘(‘——RIGID

approxlmatlon .

5
-

510 20 30 4 50 60 Degrees

o
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Fig. 2 (3) Graph of Enérgy against degrees for internal rotations
‘ of hydrogen atoms in methyl groups. ! o
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Fig. 2 (1) Schematic diagram representing the chemisorption of

i ————

- sbearic acid on an iron surface to form a monolayer

of iron stearate.

homologous series of fatty acids is ascended is consistent with solid
characteristics of the acids i.e. surface area 20 G -

The general .ongensus of opinion is that fatty acids are orientated
vertically in a monolayer then ori:ntated subsequently at an angle '
to the vertical. This situation was reproduced in the computer

programs.

Adsorption and formation of a boundary layer

-

One theory of-the formation of monolayers and multimoleculé}
layers is dealt with by Akhmatov (11). It briefly assumes the
formation of dimers, which are two polar molecules with the polar )
groups head on under the iﬁfluence of orientation forces (See Chapter 3)

and hydrogen bonds, of total strceugth approximately 15 ﬁuhlg/hole.

5ingle cheins are also assumed to be pressnt which are adsorbad to
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‘ & ,
the metal by virtue that their interaction energy is higher tham the

dimers. The adsorption forces are given as 13 kcal’moles. Hence it
follows that only odd numbered layers are possible i.e. monolayers,
then 3 layers, consisting of one dimer sandwiched between the monolayer
with three methyl planes. A 'pack of cards' model is sometimes
assumed when the system is subjected to tangential forces but a non
isotropic profile of pressure can be assumed across the lubricant
which implies slip about the symmetry plane. Combined interaction
forces are of the order of ILO-':~L —— 3 kcalymole. The co-valent
forces acting between the carbon atoms of the chain are of the order
of 80 h6¢g/mole. ,

Another theory is advocated by Bowden and Tabor, (12) see fig. 2 (1)
which assumes the formation of a surface soap caused by the reaction
of the metal and the lubricant by chemisorption.

If the metal surface is represented by the Herzfeld model
(alternate positive and negative charged sections) the formation of
a saturated monomolecular layer can be represented in Fig. 2 (2).
The polar groups are bound by Van der Waal's orientation forces.

The gquestion of mobility of the adsorbed molecules has long been
under review. If the molecule is chemisorbed to form a metallic
soap because of the formation of a new layer, migration must seem
very doubtful and the degree of freedoms of molecular thermal motion
must be reduced. But in the case of physical adsorption migration
and motion of molecules has long been récogniéed. According to
Frenkel (13) the cros;—sectional area of the active group of an adsorbed
molecule is much lessAthe equipotential region of the neighbouring
micro-field. A summary of evidence for surface migration by polar

molecule is given by Akhmatov (1h4).

A polar molecule adsorbed on a metal surface can undergo displaceménts

within the limits of the equipotential area
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Fig. 2 (2) - Physical adsorption.

3 - (032)13 -

adsorbed by orientation forces forming a saturated monomolecular layer.

Four molecules of the fatty acid CH COOH physically '
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-(a) Dipole orientation on positively and negatively charged surfaces.
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Applicability of Elasticity theory

Three types of elasticity of boundary layers are of special
interest (a) shear (b) Compression and tension in the Z direction
(c) Coﬁpression in the XY directions. A dynamic theory of boundary
layer can only equate the kinetic friction c.f. kinetic coefficient
of friction, with the statistical result of breaking and forming of
molecular bonds. Static friction, Akhmatov (15) is defihed at the
instant of transition to sliding after initial elastic then plastic
movements. An explanation of this difference in terms of the model
will be given in later chapters.

The gquestion of (ompression and the applicability of Hookes' .
law and elastic constant is dealt with in Chapter 6, where assumptions
of the degree of isotropy of these parameters with respect to the 2

axis are made.

Internal rotations in Methyl radicals

Hydrocarbons and their derivatives form very long molecular
chains and their length is limited only by their stability to thermal
motion and velocity gradients. While still retaining the tetrahedral
angle between the C-C bonds several basic isomers of hydrocarbon
chains are possible, each having different energies. The most
stable configuration, having the lowest poténtial energy is a simple
meandric flat-trens isomer which occurs in Muller's model of paraffin
and fatty acid crystals; fig. 4 (2). Akhmatov (16) quotes a figure
of 0.5 kCQé/mole to rotate a C-C valence bond through 1°. It is
shown in section 5.6 that free rotation of chain in crystals iswery
rare and that the chains have the properties of a rigid body.

There has been a large amount of research Pitzer (17), Oosterhoff
Mizushima (19) in potential energy changes associated with rotation
about single bonds. The problem involves a calculation of the
quantum energy levels of the system, but the usual way is to assume
a potential function and then calculate the energy levels.

A frequently used potential is of the form of

V=3Vo (1-cond)

Where Vo is  the height of the potential peaks above the valleys

¢is the rotation angle, and ML is the number of peaks per revolution.
In the case of hydrocarbons in particular ethane and methyl radicals,
NLequals 3 from symmetry considerations.

ices V=3 Vo (1-w3¢) \

From the literature already cited the potential barrier is given
as 3.0 + 0.1 Rcab/mole. Pitzer (17). If the peaks of the potential
are then taken at 60°, 180° 3000 and a linear graph drawn between the

(18)
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maximum and the minimum a rotation through 20, 10, 5 degrees respectively
will take 1, 0.5, O.25’20als/mole. If a sinusoidal curve is approximated
to, the energies involved will be 0.5, 0.2 and O.l.kcals/mole
approximately. Fig. 2(3). In the model the chains were taken as

rigid and internal rotations of the end groups were introduced by

the parameters ROCK and ROT.

Conclusion

The model which will be used in this work may be summarised as follows:

a) A three phase system of metal, fatty acid and metal is assumed
with the slip plane in the symmetry plane, due to an anisotropic
compression profile in the Z direction.

b) An orthorhombic crystal packing structure is assumed with lattice
constants as given by Muller.

c¢) The monolayer is orientated vertically and other layers slightly
tilted. .

d) Eventually a polycrystalline surface is approximated to by taking
the statistical average over distance and angle i.e., random
orientation of the lubricant is taken with respect to the shearing
direction.

e) The possibility of internal rotations of the methyl group is
assumed but chain deformations, twisting and bending, are secondary
effects. '

f) Elastic constants are used for compression but the statistical
result of gliding is taken to be analagous to kinetic friction.

g) The layer is comprised of dimers which act as rigid bodies due
to the high energies involved compared to shearing along the
methyl plane.

h) The effect of the solid phase is discussed and used in conjunction
with the results obtained.

i) The types of forces and potentials present in the system are
discussed and represented in terms of Compressive data and
milti-layers.

j) Cameron's basic method of calculation is used i.e. expressing
the energy present in any process in terms of a long chain
molecule, then using the area to obtain a specific force.

k) All the energy in shearing is assumed to be dissisated, including
contributions of 1ifting and internal rotations.

1) Both point centres of forces and scattering centres as determined

by X-ray diffraction are used in all calculation.

It has been demonstrated that this model is idealistic but by
proceeding in steps then adding refinements apnroximating to reality

dgfinfte trends of behaviour and explanations of the role of a lubricant
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film can be achieved, i.e. Akhmatov states (20) "For the theory
of boundary friction a dynamic model of boundary layers would be
an important contribution. This would first involve a calculation
of the change in interaction energy of boundary layers during their

relative motion along the X-axis. "
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CHAPTER 3 « TINTBRACTIONS OF ATOMS AND MOLECULES

%.1 General Discussion

To be in a position to explain the properties of a boundary layer
one must first understand the laws governing the interaction of atoms
and molecules which . constitute such a layer. From electrostatic

theory the potential of a system of point charges is
_eo
V=§?‘), -(1)
J=1 .

where n is the total number of charges, ej is the magnitude of the
j-1h charge and ri ic the distance between the charge e_;j and the source
point.

The potential energy of a system of charges in the field of another

system can be expressed in the expansion of the function U = P(1/r)
1.e.U=-Ci +.C_% *_0_3_4-' ....... .+CI_1 . - (2)
r 2 3 ) n
r r r

Where Ch is the coefficient of the n-th term which depends on the
properties of the charges and the co-ordinates of the system.

Again using electrostatic theory the first derivative of the
energy with respect to the co-ordinate system yields the magnitude of
the force

F= -grad U . or r = - N -(3)

a
Therefore from (2) it follows that all the force terms would be

-single valued, which does not comply with our experience of bodies
-resistiné compression and extension.

It is usual to call the repulsive forces which resist compression
positive and the attractive forces which resist extension negativé. ﬂ
This implies that in the absence of external forces i.e. in the
equilibrium state, the two types of forces must balance each other

. and have a resultant of zero. Alternati&ely at equilibrium the
interaction curve (the sum of the repulsive and attractive terms)
must nave a turning point. _

By considering equations (1), (2) and'(B) it is also evident
that the rates of change of the two types of forces with respect to
distance must also be different. In compression the repulsive terms
must increase more rapidly than the attractive terms, similarly if
the body is subjected to extension the repulsive contribution must

decrease more rapidly.
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The following conclusions may then be made in relation to
equation (3)

(a) the series must have alternating signs.

{(b) the attractive terms must have lower powers than the

repulsive terms.

As is well known the accuracy of any series approximation
increases with the number of terms employed but in practice the
accuracy of experimental data on crystal properties has to\be taken
into account which limits the number of terms.

Therefore in genersl the laws of interaction between two particles

can be summarised as

U = :_:_"}. + "'(l'*)

mn

B
n
r r

All the information contained in this equation is shown in

figures 3 (1) and 3 (2),

Types of Attractive force and tueir occurance

In the discussion of attractive forces or long range forces as
they are conveniently called,it is customary to consider four classes.

(a) ZElectrostatic

(b) Induction

(¢) Dispersion

(d) Resonance

The force between two ﬁon-polar molecules, which have no resultant
angular momentum are of the dispegsive type (so called because of
some parallels to the thecry of light). When a non-polar molecule
interacts with a polar molecule both dispersion and inducticn forces
occure. vhen two polar molecules collide - electrostatic forces come
into play. v

The electrostatic and induction forces can be understood classically
and are in fact Tirst Order Perturbations. Dispersion and Resonance
forces are purely Quantum Mechanical and are Second Order Perturbations.

The attractive forces between systems of electric charges which

are as a whole neutral are called Van der Waals forces(so named vecause

they help to explain the deviations from the Perfect gas law first pointed
out by Van der Waal). As a whole they possess certain properties

(a) they are universal for such system.

(b) Single valued - implying attraction.

(c) Operate over relatively large distances.
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Fie 3 (2) Interaction force as a function of distance between two particles.
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Three basic types can be distinguished.

(1) Orientational Interactions. ‘

Keesom (1) was the first térgive a classical treatment between
permanent dipoles which results in a mutual orientation of the two
dipoles corresponding to a minimum potential energy of the system.

(2} Induction Tuteractich.

Debye (2) introduced an induced temperature independent term to
explain temperature dependence caused by displacements of centres of
gravity of electric charges in particles under the effect of a Molecular
Fieldw—r- -

But the Keesom~Lebye Theory cannot explain the observed interaction
between molecules that have no permanent electric dipoles i.e. The
type that occur in systems of paraffin and fatty acid crystals.

(3) London (3) was the first to explain this pheﬁomenon in
terms of guantum mechanics - the London dispersiqn force appearing as
second order perturbation terms.

In very simple terms the~dispersion~termé appears as follows,
see figure 3 (3), vsing two hydrogen atoms as an example.

The molecule has no dipole moment;as the probability of finding
the electron at any point on the circular orbit is the same, hence
the average dipole moment is zero. However at any given instant
the molecule does have an electric moment equal to er. Widely different
relative spatial orientations are possible correspénding roughly to attractive
and repulsive configur ations as showne.

It can be shown from Quantum Mechanics that the system exhibits
long range Londen forces uhen'considering second order perturbations
of preferred unsymmetrised wave function and short range repulsive
forces when considering first order perturbations of the symmetrisad
wave function.

London's conclusion was that the energy of attractive interaction
between an instantaneous dipole moment of a fluctuating dipole in one
molecule and the dipole it induces in the other is inversely proportional
to the sixth power of the distance bvetween them.

i.e. UD = - 96 - (5)

. r .
Slater and Kirkwood (4) using a variational method obtain the

more accurate formmla

UD=__3_eh{(g\55)—;— - (6)
' L*;g\'m

Where 8 - charge of electron

Mm: mass of electron
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N s number of clectrons in atomic shell

o = polarizability of molecules.

Thus the total Van der Waals interaction energy of a neutral
system is

U = U, + U + Uy - (7

3
It can be shown that the dispérsion forces contribute préstically
all the force to a system for small electric moments.
The most important property of dispersion forces is that they
are additive within the limit of their range and do not display a
saturation point. This means that in a neutral system such as a
boundary layer the total force on a molecule is the éum of the
individual forces between the molecule and ils rcievant neighbours.
The theory of dispersion forces breaks down completély at very
snort distances and requires cp}rection at distance above 200 &.
The latter are termed retardation forces due to Casimir and Polder (5)
and are attributed to the finite time electromagnetic wave take to
travel a larger distance, the resulting potential tekes the form

of an inverse seventh power law. The theory of Intermolecular forces

is covered in detail in reference (6)

Interactions hetween condensed phases

The problem occurs when extending the theory between particles
and molecules to so0lids and eondensed phases. Much work in these
aspects has been done by Lifshitz (7)’ and for a theory of boundary

friction the results for two parallel infinite planesmay be quoted.

———

BN Yt lger Aol

Where (8) applies to dispersion forces and (9) to retardation

icee U= =-A - (8)
1ogi°
and U= =& - (9) o

effects at longer range. A equals ﬂz qL2 C , g being the volume

density of the mulecules and C being London's constant - Reference (8).

Repulsive forces.,

In contrast to attractive forces relatively little is known about
repuisive forces. UThe theoretical origins are clear enough but the
detailed calculations and equations of interaction are usually in
disagreement with each other.ig(9); (10); (11); (12); (13).

When two atoms are brought together their charge distributions
gradually overlap (Figure 3 (4)), thereby changing the energy of the
system by creating distortions in their distributions, which are

required by the Pauli ZExclusion Frinciple. ‘‘his states that no two
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Fig. 3 (3) Representation of origin of attractive and repulsive potentials.

electrons can occupy the same quantum state, therefore some electrons
‘must be promoted to unoccupied higher energy states. This increases
the total energy of the system and gives an overall repulsive contribufion
to the interaction. _

All repulsive potentialgappear as first order perturbations with
symmetrised wave functions obeying the ixclusion Principle. As shown
by equation (4) repulsive potentials may be represented by a power law
and equation (10) is termed the Lennard-dJones potential, the parameter
B is determined by measurement to fit a particular system.

R, = B, - (10)
r

The same sort of arguments are used to explain Co-valent
bonds e.ge to explain the extreme strength of hydroéarbon chains
in paraffins and fatty acids. But in this case it is found that the
most stable form is not affected by the Lixclusion Princiﬁle and the
electrons concerned may be imagined being shared by the atoms. The

~other state possible is a parallel situation to figure 3(4). See

figure 3 (5).
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Fig, 3 (4) Electronic charge distributions overlapping as atoms

approach each other.

U A
: Spins parallel
Potential
-Energy
5.
Distance
.

spins antiparallel
(stable state)

Fip. 3 (5) Explanation of stability of Co-valent Bond
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3.5 Bummation of Forces

As stated by MHargeneu (12) it seems rather a dubious procedure
to sum the attractive and repulsive forces at intermediate distances
as they are derived by inconsistant approximations. However since a
good theoretical method is lacking most authors use a modified.
'Buckingham' or '6 - exp' potential of the form {14)

U (RL) = - AR -6 + B exp (-CR ) - (1)

Where the repulsive term is an exponential function with two
coefficients B and C, these can be used to vary the hardness of the

potential to suit different properties of the model.

3.6 Suitability to model

The total interaction potential is taken as the sum of the attractive
and.repulsive components at all distances even though at short range
(1R) the dispersion forces are no longer valid. These short distances
were never encountered, but even so the repulsive forces would be
huge in comparison, Long chain even hydro-carbons can be shown to
be electrically neutral in a stress free system and odd chains
shown to have an extremely small resultant ﬁoment equal to one
methylene contribution. The methyl end group is always neutral. (16)

From these considerations any attractive force contribution was

taken to be the total sum of dispersion forces between the configurations ..

of neutral carbon and hydrogen atoms. As polarizability is also
additive the slater-Kirkwood formula (equation 6).can be adspted to
give coefficient for C-C, C-H, H-H, and CH2 groupings i.e. treating
methyl and methylene groups as scattering centres or as interaction.:
centres coinciding with the nuclei of the C and H atoms.

The repulsive forces afe the most important for a boundary
lubricating system or any system of crystal forﬁation. Whittington
and Chapman (16) in connection witﬁzMonte Carlo study of Rotational’
Premelting in Crystals of paraffins showed the anisotropy of internal
energy is due largely to repulsion energy, the dispersion energy-
anti,rp as a constant background holding the molecules together.
Similarly Broadhurst (17) found '"the repulsion energy had the same
general angular dependence as the total energy,"” It is also stated
that C-C and C-H repulsion will play a considerably less important
part than H-H repulsion and to a first approximation can be neglected.

Salem (18) also showed that the extremely localised repulsive
forces are additive as’long as no two overlap densities occupy the

same region of space. Due to the nature of the model and nature of
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the repulsive functions it was found in any case that the total

repulsive force being the sum of egual contributions was rare..

Combinations of potentials

The Slater-Kirkwood attractive energy formula was used to
derive the coefficients 22.6 and 8.68 in kcals/mole x & 6 for CC
and CH contributions respectively and 595.0 kcals/mole for Scattering
Centre results.

In combination with the above attractive potentials five different
'6 - exp' H-H potential are used, varying from soft through to hard

(a) Barton (19)

U(R) = = 3.37R -6 + 13.207 exp (~2.434 R ) - (12)
(b) Jepdrickson (20)

U (R) = - 3.573 e . 15.93 exp (-2.434% R ) - (13)
(¢) Hendrickaan = Bartel] (21) - 4

U (R) = - 3.573 R‘6 + 21.66 exp (-2.497 R.) - (1)
(d) BRarteil (22)

U (R) = - 3.573 rE . 10.51 exp (-2.160 R ) - (15)
(e) NuLlé:,(ZB) ' . |

U(F) = - 5496 RO 4+ 100.9 exp (-2.685 R ) - (16)
(f)..ﬁlaiza (21)

U(R) =- 3.573 R -6 770.0 exp (2.4311)xld'“ - (17)

A11 the attractive potential are based on Slater-Kirkwood. The
coefficients are expressed in atomic units except Slater's revulsion
térm, which is in ergs. The larger the coefficient B (equation 11)
or the small C the harder the resulting potential will be.

In addition one Lennard-Jones potential was used with coefficient

1.35 x 10“ kcals/mole., Higchfelder (9) has used en empirical curve

fitting method to produce.
U (R = AR® 4 0.818 R7° exp ( - 2R) - (18)

As will be shown late%>harder potentials were used in connection

with compressability data by fitting polynomials to steeper H-H

curves. All the above repulsive potentials were used with both.. .

the scattering centre end point charge attraction terms.

Program of H-H interaction curve

A program was written to plot the H-H interactibn curves for equations
(125 (13); (1) (15); (17) and (18)using an I.B.M. 1794 machine,
utilizing a Calcomp Plotting Subroutine. The distancesare in angstroms
end the potentialsin keals/mole. iee figures 3(6), 3(7), 3(8), 3 (9),

3 (10), 3 (11), and 3 (12).
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Distance in Angstroms

Fie 3 (8) Graph of H-H interaction curve - see equation (13)
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CHAPTER 4 - FUNCYTION AND PARAMETERS OF MAIN PROGRAMS
b —————

Introduction

The model is considered to be a molecular lattice of novaffin -
which can be adapted to suit fatty acids. In particular the wsome
structure—of paraffin crystals as used by Camerom was constructedy —
The exact angles and dimensions as stated by the evidence of A-ray
and electron diffraction methods, were used in computer programs ﬁo
obtain models of fatty acids in boundary lubrications. These programs
could be used to shear layers, compress them, tilt and rotate radicals—
and shift the orientation to the vertical. How these programs were

written and tested will be described in this chapter and the following

one,

LATPICE and CHAIN Dimensions

The structure of the paraffin 029 60 in its orthodombic structure
as studied by Miller (1) is shown in figure 4 (1) and the basic
atomic structure of methylene chains is shown in figure 4(2).

In figure 4(1), RX = 7.426 &, RY = 4.956 £, CK = 0.948, and
CHM = 2.7733 which are the basic 1atticevreproduction parameters in the
X and Y Direction. The angle (b’) of inclination of the chains to
the X-axis in the XY plane is termed the Settiﬁg Angle and is the
minimum energy or equilibrium position of the molecules. The endx
methyl group is shown in black - the spacial arrangement of the H atoms
is not shown. .

In figure 4(2) the basic tetrahedral structure of methylene
chains is shown. In the Z plene the tetrahedral angle 28 is bhetween
the C-C bonds, and is equal to 109° 28'. Two hydrogen atoms are
linked to every carbon atom also by the tetrahedral angle. 'The
repeat distsnce of the chain (2. 5+A) 15 as shown, similarly the CH
distance is 1. 0963

Qhe theory is primarildy concerned with the effect of shear of
one layer over the next along the methyl slip plane. Thus referring to-
figuie 4(1) an arbitrary co-ordinate system is constructed to coincide
with a 'top molecule' as shown, with the 2 axis vertically out of the
diagram.

. To galculate distances between any two molecules (CC,CH,HH) all
bonds distances are resolved into XY and % components using known
parameters. i.ee. in the XY plane the C atomshave compOnents X and

Y relative to the origih. Using fig. 4 (2),
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L = 1.54 cose
Therefore
X = L cosd ' ’ - (1)
2‘ N
Y =1L sinf = (2)
2

By using the properties of the function sin and cosine the

following Boundary Conditions apply

(1) ¥=0 X=L , Y =0
(i1) ¥ = 90° X=0, Y =
(i1i) ¥ = 180° X=-L, ¥ =
(iv) Y= 270° X=0, ¥ =-L

The Summation Arrays

By using figure 4(1) as the basic building unit then reproducing
it the whole lattice can be derived. The diagram can repreccent two
concepts (1) Summing of attractive potentials by scattering centres
in which case the CH2 - CH2 distances are smaller than the exactr
atomic dimensions given in figure 4(2), (2) the first stage in summing
of point interaction sites i.e. just C-C distances.

From figure 4(1) it can be seen that four classes of distances

can be distinguished (i) CH3 and CH, groups of. top molecule with CH,,

groups of bottom molecule. ( @ (T) - 0 (B) ) - (3) similarly,
(i1) @ (T) - @ (B) - (B
(iii) 0 (T) - @ (B) - (5)
(iv) o (T - 0 (B) - (6)

Obviously some of these classes of distances when taken quadrant
by quadrant (4,B,C,D in fig. 4(1) ) will be the same because they are
all derived using the paremeters I(,RY, X, ¥, CM, CK. S

- The following convention for the summation is introduced when
writing the programs. The first letter of each summation array refers
to the Quadrant (A,B,C,D), the second to the two orientations (A,

B - see fig f (1) ) and the third to the XY orientation.

i.e. Considering; @ (T) - ® (B) the following arrays are possible.

The indices I and J signify the reproducdbility of the lattice, ftaking
the value I =1, 7 and J = 1, 10 i.e. RX (1) = 0.0; RX (2) = 7.426,

RE (3) cevenn.. RX (7) = 44,556 and RY (1) = 0.0, RY (2) = 4.956 ......

RY (10) = 4h.704
Therefore . AAX (I) = CM + 2X + RX (I)
ABX (I) = RX - CK + 2X + RX (I)

Hi
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AAY (J) = 2Y + RY (J)

ABY (J) = RY/2 + RY (J)
BAX (I) = RX - CM - 2X + RX (I)
BBX (I) = CK.— 2X + RX (I)
BAY (J) = AAY (J)

BBY (J) = ABY (J)

CAX (I) = BAX (I)

CBX (J) = RY = 2¥ + RY (J)
CBY (J) = R¥R + RY(J)

DAX (I) = AAX (1)

DBX (I) = &BX (I)

DAY (J) = CAY (J)

LBY (J) = CBY (J)

This specific orientation must be used with one 2 array to give a
complete sum of distances - (see fig. 4(3)) - as the above arrays can
only be used in certain combinations to give any meaning at all.

Thus the fundamental summing procedure using the applicable array
RZO1 (M) as following bearing in mind that the sum of inverse sixths is
required.

S1 = 0.0

o1 I =1, 7,1

DOl J = 1, 10, 1

DOL M =1, 6,1

81 = 51 + 1.0/ [(aaX (D)2 + AAY ()2 + RZOL (M) ) **3] + 1.0/ ete.

1 CONTINUE

This utilizes a nested do-loop technique and is in effect the
summing up of 2 three dimensional matrix.
The seme method is used for the class @ (T) - 0(B) yieclding the
following arrays
i.e. AAXE (I) = CM + RX(I)
ABXE (I) = RX - CK + RX(I)
AAYE (J) = RY(J)
ABYE (J) = RY/2.0 + 2Y + RY(J)
BAXE (I) = RX - OM + R{(I)
BBXE (I) = CK - RX(I)
CAYE (J) = RY (J) _
CBYE (J) = RY/2.0 - 2Y + RY(J)
As will be shown later when pavameters describing displacement are
described two of the above arrays are changed to

ARYE(T) = AY(J) = ®¥(J) L p*sIn (F (MF) )




Fig b (3)

-BBX (I) and ABY (J)

T

used in CC subroutinj
B . Y

BAﬁ (I) and AAY (J)

Summation Chart for orientation 8 (T) -0 (B) in XY plane,. .
N .

A

ABX (I)-and ABY (J) ORIENTATION B

AAX (I) and AAY (J) ORIFNTATION A

ORIANTATION A BAX (I) and CAY (J)

ORIENTATION B

BBX (I).snd CBY (J)

G

BBXE(I) and ABRYV(J)

3

BAXE (I) and AY (J)

AAX (I) and CAY (J)

ABX (I) and CBY (J)

ABXE (I) and ABYV (J) ORIENTATION B

AAXE (I) and AY(J) * ORLENTATION A

=

ORI NTATION A BAXE(I) and CY(J)

ORIENTATION B BBXE(I) and CBYV(J)

- -G

ABXE (I) ana CY (J)

CABXE (I} and CBYV (9)

D

‘Fis. W(4) Summation Chart for orientation O (T) - @ (B) in XY plane,

-used in CC subroutine-
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CAYE (I) = CY(J) = RY (J) ¥ D*SIN [F (F)] ,
These XY arrays are then combined with the Z array RZEL (L) in a
similar pattern to fig 4(3).
It can be seen from.fig. 4(5) when dealing with the four expressions
(3), (&), (5) and (6) due to the symmetry properties of the parallelogram
(WXYZ),ﬁhat expressions (3) and (5) could be equal. In fact this is
the case except for the Y co-ordinates of orientation B - causing the
new arrays below to be introduced.
ABYV (J) CY/2.0 - 2Y + RY (J)
CBYV (J) CY/2.0 + 2Y + RY (J)

"

This leads to the combination of XY arrays for orientation [o(D) - &(B)]

with 2 array RZE1 (P), see fig. 4(4).

The only remeining orientation is expression (6), from fig. H(5)
this is the cother diagonal of the parallelogram ,in conjunction with
fig. 4(1) gives the new arrays.

AAXD (I) = CM - 2X + RX(I)
ABXD (I) = RX - CK ~ 2X + RX (I)
ARYD(J) = RY (J) - 2Y
BAXD (I) = RX - CM +2X + RX(I)
BBXD (I) = CK + 2¥X + X (I)
CAYD (J) = RY + 2Y + RY (J)
ABYD (J) = aBY (J)
CBYD (J) = CBY (J)
These XY arrays are combined similarly to fig. 4(3) together with

the array RZD1 (Q).

% arrays, screening effects and weicrhting factors.

By considering fig. 4(5) three Z arrays can be formed

RzEL (L), 1" - @ anal- @

ol (i), 1-@

rl () 1 - @

These correspond to expressions (3), (4), (5), (6) as shown. The
model assumes the Van der Waal forces are additive and that there is no
screening of the forces. This means that contributions to the attractive
forces take nlace from the source molecules at point 4 (fig. 4(5) ) with
point (:) as well as point 1 with point (:).

By considering the diagram there is evident symmetry in the 2
direction and to accommodate all the interactions possible while saving

computing time, one set of interactions can be weighted.

i.€s 1 ~ <z> times one
1 - (:> times two
1 - (:) times three etTC.

to whateve range is required.
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Fio, b4(5) Diagrammatic form of Z - Axis showing weighting factors. -
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L, Co-ordinates of iHydrocgen atoms in methylens ~roups
A Nd :

Fig. 4(6) depicts a plan view of a hydrocarbon chain in the orientation ’
A position. The angle” is the Setting fx.ngle and ethe tetrahedral angle,
the two hydrosen atoms will have different absolute co-ordinates X1, X2,
Y1, Y2 relative to an origin located at the Carbon atom C.

As before with the Carbon co-ordinates X, Y the hydrogen atoms

can be resolved in ¥ and Y directions. Consider the CH bond length

as HC

therefore X1 = HC cos (@ —x) . - (7)
Y1 = HC sin (@ - ¥) - (8
X2 = HC cos (@ + &) - (9)
Y2 = 0C sin (@ +¥) - (10)

The mirror orientation B can be treated exactly the same way to

give equations (7) to (10) .

.6 Co~ordinates of Hvdrowen atoms in methvl rroups.

Fig. 4(7) shows a three dimensiornal view of a methyl end groupe
Agzin the co-ordinates (X3, Y3, 43) refer to the origin C and give
absolute distances relative to C.

By concidering triangles (H1, H2, C), (4,C, H3) and using the Ccsine
Rule, angleed equals 34° 46', hence it follows ‘

X3 = HC sinel cos ¥ - (11)
Y3 = HC sineb sina’ - (12)
%% = HC cosdb - (13)

By calculsting 73 (0.9003%) and using the known velue of DCH2
(see fig. 3(5)) the value of the Z component of the H3 - H3 distance,
CRIT, at equilibrium can be found.
i.e. CRIT = (3.09 - 2 x 0,9003) = 1.2894 R
This compares with Cameronts value of 1.29 R, ' o .

4,7 CH and HH attractive potentials

By considering the spacial orientations of the hydrogen atoms
(figs. 4 (6) and & (7) and equations (7) - (13) ) in conjunction with
fig. 4 (1) and by 2dding or subtracting combinations of the co-ordinates
X1, X2, X3, Y1, Y2, Y3, to the sumrmation arrays already discussed
(section 4.3) any distance of any atom may be computed with respect
to the source molecule. [ 3 new % arrays were introduced to deal with
the H3 combinations].

The computed CH and HH distances were then summed as inverse sixth
distences and used to obtain attractive Van der Waals potentials - these
were used with the CC contribution to obtain the total e ttractive

potential of atomic centres. See figs. & (8) and & (9).
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HH Repulsive distances

For the purposes of the wmodel only HH repulsive contributions are

considered. As these are short range forces only .nearest neighbour

"interactiongneed be considered with respect to the considered molecule.

L,9

it As one unit cell is gheared over the adjécent layer this will cause
tne nearest distances to be due to differént pairs of hydrogen atoms.
Thus in the program ﬁ range of 2-3% unit cells 4§ considered, all the H-H
distances of the methyl groups are cohputed and only distances less thaa
2.6 & are considered. The repulsive subroutine uses vart of the HH
attractive subroutines arroy, »ut only using the nearest 4 array values.
The distances were computed and used in the repulsive formulae, with

the inequality condition imrnosed to reduce unnecessary computing. See
fige b (12).

- - :
Displacement Parameters

Displacement is achieved by fixing the origin and shifting the
reference molecule a distance D at an angle F (MF) with respect to the
origin. Thus by adding or subtracting the X or Y component of the
displacement to the appropriate summation arrays a new distance between

the molecules can Le formulated.

Ha (¥3Y2)

3 (X3Y%)
i

=X

Pic b () bpatial orientation of methylene group.
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An obvious Boundary Condition of the system is periodicity.
Therefore the arrays have to be Sufficiently large to impose thé same

~cut off distance i.e. 25 ﬂ, at both ends of any periodic displacement.
) (continued on page 57)

4,10 Settine Anszle

The Setting Angle is implicit in the equations.eof X, Y, X1, X2,

X3, Y1, Y2, Y3. Again an obvious Boundary Condition is a continuous

potential relief when revolving the molecules about their 4 axis.

4,11 Gompression
A very important feature of the model is the effect of compression
by a load. Compnression czn be achieved by using a simple Do-Loop to
vary the parameter DCH2, the distance between the terminal methyl groups.
This will in turn cause the H-H distances to &&mrease causing repulsion,
similafly tension can be simUlated>by incréasing the parameters DCHZ.

By using this technique with displacement,compression can be achieved

’

anyvhere,

x ,
— > X Axs

Z3

Y/

H3 |
(x;YiZs

4
Fie, 4 (7) - Spadial orientation of methyl groug.
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4,12 Shiftine from the vertical axis

4,13

It has been shown that it is generally thousght that fatty acids
crystals were displaced from the vertical. ~s shown in fig. 4Q0) this will
alter the co-ordinates X, Y, X1, X2, Y1, Y2, X3, ¥3, and introduce the
new co-ordinates %1 and Z22. The adjacent Bottom layer is also tilted
about the slip plane in the opposite direction.

When the chain is tilted about O, i.e. [y, the Co—ordinateqb increases

4
to‘? where pl = (MN + NO)

ices po = 0.77 cos (@ +p) " (Dgga' + 0.77 sin @ ) sinp .
Thus KL = pl cosx - (1)
and vl . pl sﬁnx : - (15)
je, Vhen f§ = O, —reduces to (1) and (2)

It can be shown that the co-ordinates Xi, X2, Y1, Y2 are only

affected by a cos F}'berm snd the X3, Y3, 43 terms as follows.

X3 = HC*sin (ob+p) cos & - (16)
Y3 = Ho*sin A +B) sin J - (17)
73 = HC*cos (oup ) - (18)

The new co-ords Z1 znd 23 are in fact equal to one another i.e.
71 = 22 = HC sinﬁ.

Parameters describing Internal rotation

The theory and cpplicability of the Internal Rotation of molecules
was discussed in Chapter one. By examining fig. 4(11) it will be seen
that two degrees of freedom of a methyl group are described.

By considering a straight rotation in the XY plane the parameter
ROT is used to descrine the angle rotated about CJin-radians. By Newton's
law when the shearing or dynamic process tekes place any rotation will
be accompanied by an equsl ond oprosite one in the opposing layer. ROT
will affect X1, Y1, X2, Y2, X3 and Y3-of the end group - it will also
cause disturbances in methylene groups, but this only affects the total
attractive energy slightly. The main consequence is to reduce the H-H
repblsion contributiorn. . |

The second mode of rotation is described by RbCK. This causes
a first order effect in repulsive potential, the second order effects
of Z1 and Z2 were neglected. With these two parameters, rotations in
the X,Y and 4 directions mey be described.

The comvlete co-ordinate system is now summ@rised,
1e€e X = . i - .
1ee (0.77 ces /( 9+P) + (-I-)-C—g-?- + 0.77 sin &szn})ccsx - (19)

¥ = (0.77 cos (& +P) * (-“*‘“chz + C.77sin O)sinp sinx - (20)
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(BBX(I) - X1) and (ABY(D) + Y1)

(BAX(I) - X2) and (AAY(J) + ¥2)

; (aBX(I) +»Xl)'and(ABY(Jj . zli_'f

A

. » Orientation B

"Orientation A,

(ARX(I) + X2) and LAY(J) + Y2)

(BAX(I) - X2) and CAT(J) -'Y2)-

(BBx(1) ~ xi) and (CBY(J) - Y1)

C.

- Fig. 4(8) ~ CH summation array. Ca
top hydregen molecnles

o(T) - o(B).

B

(BRXB(I) ~ X1 - X2) snd (ABYE(J) b

BAXB(I) and AY(J)

(A2X(I) + X2) and (CAY(J) = Y2) .

(ABX(I) + X1) and (CBY(J) - Y1) . ‘.~
D

rbon of reference methyl group to

combined with array RZOL, on group

Y ' TA
Y1 - 12)

(ABXE(I) + X1 - X2) and (ABYE(J) - Y1 + Y2)

AAXE(T) and AY(J)

X
BAXE(I) and CY(J) AARXE(I) end CY(J)
(BBXB(I) - X1_+ X2) and (CBYE(J) +{Y1 - ¥2)
' ‘ o (ABKE(I) + X1 - X2) and (CBYE(J)+ Y1 - ¥2)

. C
e, 4(9) Hl molecule in source
- ) bottom léyer.

D
molecule to 'top! hydrogen mcle~ules in

a
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(22)

N
| ‘ Z ?1 l
. w 4
Fig. 4 (10) Effect of tilting the chain.
; X1 = HC cos (@ - Y- ROT) cos (ﬂ+ ROCK) - (21)
X2 = HC cos (§ + ¥ + ROT) cos (B + ROCK) -
X3 = HC cos (¥ + ©I) sin (el + 20CK +@) - (23)
Y1 = HC sin (@ -¥ - ROT) cos (f+ ROCK) - (24)
Y2 = HC sin (@ +¥ + ROT) cos (g+ ROCK) - (25)
Y3 = HC sin (J + ROT) sin (6b+ ROCK +fB) - (26)
21 = Hu sinp‘ - (27)
%2 = HC sin - (28)
2% = HC cos (o + ROCK +P) - (29)
Where o = half tetrahedral angsle
8 = setting angle
f = Tilting of chain
ROT =

XY rotation
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ROCK = 2 rotation

angle cf inclination of H3 to vertical.

&

oy
(@]
il

H - C bond distance.

4,14 Prosraming Fethod

i

The main program was split into a Main Program and four attractive
subroutine (CC, CH, HH and Scattering Centres) computing inverse sixth
distances end a repulsive subroutine., The potentials and output were

) then,calculatéd in the main program.' The computer used was a CDC 6600 .
and IBM 179%. - See fig. 4 (1%) |

RuFERENCES
R

(1) Mhller A - (Proc. Roy. Soc. Allk : 542, 1927) .

,\‘

RoF

Fig. 4 (11) Internal Rotation of Methyl group.
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$IBFTC DRHH

C CALCULATION OF RELEVENT DISTANCES

C

SUBROUT [NE RH
INTEGER RsP+Q A '
COMMON AAX(121+28X( 121 +BBX(123+BAX(12)+AAXE(12)sABRXE(12)BBXE(12)
IBAXE(12) s AAXD I 12) s ABXD(12) +BBXD12)+B8AXDI 1212 AAY(1S) 4 ABY (15)sCL I (]
25)¢CBY(15)sAY{15):CY{1S)YsABYE(15)+CBYE(18)+ABYVIIS)+CBYVI15) s AAYDI
315)+ABYD(1S)1CAYDI1S)s€BYDI15)1RX(12)sRY 1 15)IRZEL (6) yRZE2(6) 1RZOT L
461 yRZO2{6)IIRZD1IIE)*CRITIX1aX2+4 X3 Y1 +Y24Y 39 SCCTySCHT v SHRATYRP2(1200)
SsRP(1200) «+SCH2 ’ .
N=0
Do 1 I=1+641
DO 2 J=1+8s1. .
RP2IN+1)=SQRTIRZO1 (1) ¥#2+(AAX ([ ) +X24+X )% %2+ AAY (J)=Y2+Y 1) %#%2)
RP2IN+2)=5SQRTI{RZO1 (1) #¥2% (BAX ([ y=X2=X Y ¥ ¥ 2+ CAAY () =Y2=Y PYH®2 ¥
RP2IN+31=SQRTIRZO1{ 1) #%24+ (ABX{ I} +X2+X 1) ##2+(ABY (J)-Y 1-=Y2) #%2)
RP2IN+4)=SQRTIRZO1 {1 )Y#%#2+(BBX{ 1) =X2-X1)#%2+(ABY(J)~Y1~-Y2) %¥%2)
RP2(HN4+5)=SQRTIRZO1 (1) ¥¥2+(BBX{)=X2~X1)##2+(CBY () +Y 1+Y2) #%2)
RP2IN+6)Y=SAaRTIRZO1 ( 11 ¥%2+(ABX{ 1 1+X24X 1 1%¥3#24+{CBY{D)+Y1+Y2)%x%2)
RP2IN+7)=SQRT(RZO2( 1) ¥#2+{AAX (11 =XB+X 1} #% 2+ (AAY(U) =Y3=Y 1} %#%2)
RP2IN+8)=5S5IRTIRZO2(1 1y 242+ ({ABX(1Y=X3+X11¥%#2+(ABY(J)+¥3~Y 1) %¥%2)
RP2(N49)=SART(RZO2( 1) #¥2+(BAX ([ ) +X3-X1)¥¥*2+(AAY (J)=-Y3--Y1)##2) -
RP2(N+10)=SQRT(RZO2 {1 ) #¥24+(BBX 1) +X3=-X1)#¥2+{( ABY I )+ Y=Y ) ¥%2) "
RP2IN+11)=SQRTIRZ02{ 1) ¥%2+(BEX{ 1)1 +X3=-X1)##*¥2+(CBY (J)~-Y3+Y ] ) *¥*2)
RP2IN+12)=SORT(RZo2( 1) ##24+{ ABX (1) =X3+X1 ) %#%*2+(CBY(J)=Y3+Y 1) ¥X2)
RP2IN413)=50RTI(RZO2{ 1) ¥%2+ 1 AAX( 1) =X3+X2) #% 2+ AAY L J) =Y 3+Y2 ) %%2)
RP2IN+14)=SQRT(RZ02( 1) *%2+(ABX{ 1) =X3+X2) ¥¥2+{ABY () +Y3+Y2) %¥%2)
RP2(N+15)=SART IRZO2 (1) %% 24+ (BAX{ [ ) +X3=X2) #¥ 2+ (AAY () ~Y3+Y2) %%2)
RP2IN+16)=SORTIRZO2( 1 )¥#2+(BaX{ [ )+ X3=X2) ¥# 2+ (ABY ( J) +Y3+Y2) #%¥2)
RPE(N+17)=SORT(Q202(1)**2+(BBX(I)+X3—X2)%*2+(CBY(J)~Y3—Y2)**2)‘
RP2(N+18)=SQRT(RZ02( 1) %%¥2+(ABX{ [ ) =X3+X2) ¥¥2+(CHY ( J)=Y3=Y2)} %%2)
RP2IN+19)=SORT(RZ02 (1) ##2+({BAX{ [ ) +X3~-X1)1#3#2+ (CAY(J)+Y2+Y 1) %¥#2)
RP2(IN+20)=SQRTIRZO2( 1) ¥%¥2+( AAX( ) ~X3+X1 ) %¥2+(CAY (J)Y+Y3+Y 1) %3%2)
RP2IN+21)=SQRTIRZO1 < 1) ¥¥24+(BAX( [)=X2=-X1)%%2+(CAY(J)=Y2+Y 1) %3#2)
RP2(N+22)1=SQRT(RZO1 L1 ) ##24+( AAX( 1)+ X2+ X1 ) ¥ %24+ {CAY(U)~Y2+Y 1 ) ¥%2)
RP2IN+23)=SQRT(RZ02( 11 *¥ 2+ (RBAX( 1) +X3=X2)#%2+(CAY(J)+Y3=-Y2)%*%2)
RP2IN+24)=SORT(RZ02( 1) ¥%¥ 2+ ( AAX (1) =X3+X2) #3#2+(CAY (J)+Y3=-Y2) %% 2)
N=N+24
2 CONTINUE
1 CONTINUE
INEQUALITY TEST
DO 3 KA=1+115241
IF (RP2{IKA) eGT 26,0 GG TO 4
GO TO 3 _ L
4 RP2(KA)Y=4,0 :
3 CONTINUE
M=0
DO 5 I=14¢601
DO 6 J=11:8s1 .
RP{M+1)1=SORTIRZO1(1)*%2+(AAY(U)=Y1-Y 1) %324+ (AAX ()4 X14X]1)#%¥2)
RP({M+2)1=SORTIRZO1 (1) ##24+ (AAY(U) =Y 1 =Y 1) #X2+(BAX( ) ~-X1=X]1)%*¥%2)
RP(M+3)=3QRTIRZOI (1) #%¥2+ (AAX( [ ) +X2+X2 ) #%2+ (AAY ( J) +Y24Y2) %%2)
RP(M+4)=SORTIRZO1 (1) ##¥2+ (BAX( [ ) =X2=X2)#¥2+(AAY () +Y2+Y 2) #%2)
RP(M+5)=SQRT({RZ0O1 (1) #%#2+ (BAX{ 1) =X 1~=X1)}#¥2+(CAY(J)+Y14+Y1)*%2)
RP(M+6)=SAQRTIRZO1 (1) #¥2+ (AAX( [} +XT+X 1) #%2+ (CAY () +Y1+Y 1) %#2)
RP (M+7)=S0RT(RZO1 (1) #%#2+ (BAX( 1) =X2=-X2)%%2+(CAY(U)=-Y2~Y2)#%2)
RP(M+8)=SQRT(RZO1 (1) #¥2+ (AAX{ [ Y+ X2+X2 )1 ¥ ¥ 2+ (CAY () =¥Y2=¥Y2)%¥%2)
RP({M+9)=SQRT{(BAX (1) +X3+X3)*#2+ (CAY (I I+YI+Y ) ® X2+ CRIT#%#2)
RP{M+10)=SQRT( (AAX( 1) -X3-=X3)##2+(CAY( J)+Y3+Y3) *¥%2+CRIT*%2)

Fip. 4 (12) Repulsive Subroutine for Shear Program
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RPIM+11)=5QRT{{aAaX(]
RPIM+12)=SQRTU{BAX({ 1 1+X3+X3)#%#2+( AAY (1) ~Y3=Y ) % X2+CRIT%%2)
RPIM+13)=SGRTIRZO1{ 1) #%#24+(a8XK{ 1) +X1+X 1 ) #%24A3Y(J) ¥%2)
RP(M+14)=SORT(RZO1{ 1 1 ¥#2+{ABX {11 +X1+X 1 k%24CBY(U)%%2)
RP(M+15)=SQRT(RZOI( 1) **¥2+(RBX([)=X1=X1)¥*¥2+ABY( J)*%2)
RP(M+16)=SQRT(RZOI( 1) ##¥2+(BBX ([ }=X1=X1)¥¥24+CBY () *%2)
RP(M+17)=SART (L ABRX( 1) =-X3=-X3)#%*2+ABY{J)#*¥24+CRIT*%2)
RP(M+18)=SART({ABX( 1 )=X3-X3)*%*2+CBY (J)*%2+CRIT*%2)
RP(M+19)=SCRTI{(BEX( 1 )+X3+X3)##24+ABY(J)*#24+CRITHx2)
RP (M4+20)=50RT(B8BX({ 1 )+X3+X3)1#%¥24+CRBY{(I)¥X24+CRIT%¥%2)
RP{M421)=SQRT L IABX( 1 1+X24X2) ¥ %#2+ABY (J)%¥2+RZ0O1 (1) %%2)
RP(M+22)=5QRT{LAaX 1) +X2+X2 1 #%2+CBY (J) #%2+RZ01{ 1) %%2)
RP (M+23)=SQRTUIBBX( 1)-X2-Xp2)%#2+ABY () #%2+RZ01 (1) #%2)
RP (M+24)=5QRT IBBX(1)-X2=Xz)¥%x2+CBY(J)%¥¥2+RZ01 { 1) %%¥2)
M=M+24 .
CONT INUE
CONTINUE

INEQUALITY TEST
DO 7 KB=14115241
IF (RPIKB)«GTeH«0) GO TO 8
GO TO 7
RP(KB)=4 .0
CONTINUE
RETURN
END

Fig. 4 (12) - continued

Continued from section 4.9

A displacement anywhere in Quadrant A can be dchieved by

(2)  To the X arrays in Quadrant A and D, subtract D sin (MF)
(b) » " x v " "3 " ¢, add D sin (MF)
(¢) # m y n " w C " D, add D cos (MF)
(@ * "'y w w v A W Baubtract D cos (MF)

. ' : . . o
The algebra will then take care of any displacement in 3607 .

J=X3=X3)% %24+ AAY () =Y 3-Y3) XX 2+CRIT*%2)



Read
constants

Compression,
Orientation

Settins incle

Displacement

Y

.—ﬁ. Do Loop

Bond Lengths

Y

ROCK, ROT
SHIFT

Y

Y2

oummation

write, ROT,
RCCK, SHIFI

Sum revulsive
Distances

(@]
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CH; HH
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Interaction
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< STOP

—r

program showing

displacement do loop.
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CHAPTER 5 — CHECKING PROC SDURE
e — e e

5.1 Boundary conditions of the Co-ordinate system

When all the computing errors of the cc..ordinate system were
dealt with the logic of the system wes tested. The program was used
to revo.ve the molecules in the equilibrium position about their Z axis
by increasing the setting angle periodically from 0° to 3600 in steps
of 1° and printing out all the co-ordinates X, Y, X1, X2, Y1, Y2, X3,
Y3, 435

The following results were obtained.
L, ¥

0, 2% = 0.90034L, X3 = L', Y3 = 0

1
1l

X-o°
X =
x: 90°

i

L, 23 = 0.900341, X3 = 0, ¥3 = L!

1]

X=0,7

Z‘:‘- 1800
X =
&: 270(-J

X =0, Y = <L, 53 = 0.900341, X3 = 0, Y3 = -L!

These fulfill the boundary conditions as stated in Chapter kL.

-~ L, Y =0, 33 = 0.900341, X3 = -L', ¥3 = O

i

In addition by examining the equations for X1, X2, Y1, Y2 several

sign ‘changes are apparent by virtue of the relationships.
cos (—p) = cosP and sin(-p) = =~ gin (P)
at ¥ = 35° 161 (@+dk) =90, X0, 1250
at ¥ = 126 16! (@ +dk)—>180, x2<0, ¥2< 0
at Y = 216° 161 (§ +R)»270, X250, Y240
at § = 306° 16! (§ +4)—B60, X2y 0, ¥2> 0
at ¥ = 54° bkt (9 -R=0, X130, YI< O
At § = 14L° L4 (@ - 50, 10, Y1<0
At § = 234° 4hy (@ - -180, X1 <0, Y1>0
at Y = 324° bi (@ ~R—-3607 X1Y0, Y150

These results show the co-ords are internally consistent and if these

i

1]

[}

H

are added and subtracted to the summation arrays consistently then

the algebra will be correct., In some cases negative distances will

arise but in the subroutines all the distances are squared. Checks

were also carried out on all the Summation arrays - firstly to see if

they were summing correctly and secondly to inspect the sums as a function
of 8 .

i.e. (1) AAX(I) = CX + 2K + RUI)

J =0 — 3.6628 + RX(I)

J

i)

90°— 2.773 & + RX(I)

i



5.2

243

._60_.

3
¥

180 — 1.88% &+ ®X(I)
270 — 2.77% & + RX(I)

(i1) CBYE(J) = RY(J) + C¥/2.0 - 2.0Y
¥- 0 — 2.478% + RY(J)
J= 90 — 1.589 R + r7(J)
¥ = 180 —2.478 % + RY(J)
3= 270 —3.367 & + RT(J)

See figs 5(1) and 5 (2)

Boundary condition of rotations

Having shown the consistency of the individual distances the attractive
subroutines CC and CH2 were checked for symmetry as a function of Setting
Angle. A program was run and by examination of the symmetry of the C-C
bonding system in fig. 4(1) the sum of inverse sixths as a function ofzf
should be symmetrical. This is shown in fig. 5 (3); reaching a maximunm
at 180°. Similarly the subroutine CH is not symmetrical because of
tne influence of the H3 atom, nor is subroutine HH. All these subroutines
were debugged and shown to process these properties. Again in all these

. X ‘s . s O
cases the important boundary condition of continuity through 360 was

showns Fige 5(4)

Displacement and Orientation over the cell

An extremely important property of the model is periodicity about
the unit cell when the molecules are sheared over the methyl plané.
Programs were run to displace the source molecule in steps of 0.25 2
along the X axis, Y axis and diagonal in Quadrant A. These should all
be periodic from the property of the unit cell. Displacements were
carried out over wuadrsnts B,C,D to test the algebra. By calculating
the direction of shear accurately from the dimension of the cell&periodic
displacement.over 243 snd & c2lls were shown. 1In all cases using all '

permitations of attractive end repulsive potentials for varying Setting

, Angles periodicity was established.

S.lt

As far as computing technicue applies care was tasken to ensure that
the same condition regarding force range and spafial distribution apply
at all stages during displacement. Ideally this should be a sphere at what
ever range is reguired round the scource molecule. Unless this condition
was applied veriodicity could not be achieved. See figs 5(5), 5(6), 5(7),
5(8), 5(9), - for ¥ = 30° and Barton Point centre potential.

Checking with Cameron's Model

A value of the %4 distance between the H3 molecules was calculated and

compared in Chapter 4 and close agreement was achieved. Cameron (1)



[
Ny

4X = =0.23E54EE CO,Y = 0.276558F CO,X1 = 0.423662F 00,Y1 = =N, 101080F 01 SRR
~0.109423E 01,Y2 = 0,623263E~01,X3 = —0,331189F 00,Y3 = 0,.530015F AN, 73 = . 0,900341F.00-

»

S 128X = ~(0.242091E CO4Y = 0.372790F CO;XI = 0.,4089587F 00,VY1 ~0,1N18N4F 01 ' R i
e X2 = =0a109515E 01,Y2 = 0.432200E-014X3 = =0.340388F 00,Y3 = 0,524154F 0C,73 =. 0,900341F .00 -

= =0.24E561F CO,Y = 0.368506F 00,X1 = D.38R128F 00,Y1 -0.1024G87F 01 o e
- X2 ~0s 109873E 01 4yY2 = 0.241005FE=01,X3 = —0,340484F 00,Y3 = 0O.518134F Q0,723 = 0,900341F 0O .

- ce e e -~

X = =0.254954E CNyY = 0.364114E C0yX1 = 0,370180CF 00,Y1l = -0,103159F 01 B T e
= =C.109569F 01,Y2 = Q,4ST3E0E=02,X3 = =0,358474E 0N4,¥3 = O0,511988F NCQy73 = N, 9NN341F OO

]

= =0.261270E OD,Y = 0.35960SE 00,X1 = 0.35212CF 00,Y1 -ﬂ.lOB??OF‘ﬂl
~0.1095G1E 01,Y2 = =0.141548F~Q1,X3. = =0,367354F 00,Y3 = 0.505621F 00,73

0.900341£- 00::

W

H

= ~0.267506E CO4Y = - 0.354SS4E 00,X1 = 0.333953F AD,Yl = ~0.104388F 01 ST
~0.109549E 01,Y2 = ~0.33276SE~C1,X3 = -0,376122F 004Y3 = 0,499133F 00,73 = 0,900341F 0N

= ~0.273661E €0.Y = 0.350271F N0,X1 = 0.315684F 00,Y1 = =0.104856F 01 =~ ° e
~0.109475E 01,¥2 = ~0.523928F-01,X3 = ~0,384776F 00,¥3 = 0,4924€3F 00,23 = . N,9NN341IE NO:

H

= =Cs279732F CO,Y = 0.345442F C0,X1 = 0.,29731SF Q0,VY1 ~0.1N5490F 1 :
=04 1083¢€7E 01,4Y2 = =0.714907E-01,X3 = ~04393312E 00,Y3 = 0, 488702F 00,213 = 0,00N341F AN

4

~= =Ce2EST1BE €O,Y = 0.3405C7E (04Xl = 0N,27RE63E N,VY1 -0.105993F (1
~0.1092285E (314Y2 = =0.60567CE=-01,X3 = =0, 40172GF 00,Y3 = DN 4T787F4F 00,713

0.900341F 0N -

=22 133X = -0.25161€F C0,Y = 0.23546SE 00,X1 = 0,260322F 00,Y1l = —0.106464F 01

X2 = =0, 109050E QOl,¥2 = —C.109616E 0N,yX3 = —0,41N024F QC,Y3 = DJ4TIAROF DLL,73 N, S00341F 00

Fig. 5(1) Print’out showing co-ordinates X, Y, X1, Y1, X2, Y2, X3, Y3, and ZB‘ From¥ = 124° to 1330

*.
1

~ 9 _



-6 -

EXECUTION
=2=SCCY = T TELSSAF=07 =
AAX = C.3662G0F Ul U 1168E0E 02 0. 13514ne 02
ABX =0T 3150 06 S0 T4 80TRE-D270U222270F G2
BAX = Ce.37€40CE 01 0.1119GOF 02 G.186160E 02
==———RBX = 0.5 10DI0E=0I=T. 74 TTCCE 01 00149030E 02 = =
AAXE = D.,277377F 1 L.1516G € 22 (.17625(E 2
== ABXE =0 6486 GNE O CEI391I20E 2705213380 E 2= =

EBXE = U.940000F 30 (.8366C0F 01 0.157S20E 02

=———"PAXE T=0.4€53C3E-0ESG.12075CE H2-C/I95CG50E Qggafn«mﬂ,_ﬂﬁmww“;
AAXD = 0.1E84CUE J1 G.93100NE ¢1 0.167360F n2*
==———BX0 ==0.5597C0F TEDU.I30230E U2 Ci204490F 027 mmmmm=—x=x

BAXE = 0.554200E 61 0. 12G680E 12 G.203940E 02
==———8BXD =0 182900E F1703925501E DT 0.166810F G2 -r—mmuu—m=
CBYE = 0.24TBGOE ML 7127643476 11 5.1239°0E 12 3. 17T34€7E 02
ABYE S=0.247803E 0L §aT43400E CI 0. 123960F 0270,1T3460E 02 =
U. DDTO0CE=38 C.495606E 01 0.S51203E 01 0. 148680F 62
=G SE= gﬁasqxzrjEHTI—H;Iﬁsée £ 02°0.198240E 52 =
247850 OL NLTCU1239C0E 02 BI1T3460E 632
= ,ZﬁTBQQE”GT**“?43%t”E 01 Gs1239C0E 02 °0.173460E 082 ~=
S GOTHTESSE 046567 E I1 AISIL200E 01 D, 148680F 02
= AYD == 054556 COE S G591 200 "0 Col48680F 020 .198240F 02 7=

7 SCCT = (1.164BG1E-02
AAX“‘"—ﬁ.3&“86ZE »»»» B0 FNB46E 02=0 85T E 02—
=T L, T3TLAZF AT 01479765 02 G.222236F 02

E A TE T e OIS 24T 02- G861 G4 02 ——= e
T 54382G6E=T1 T, T48038F J1 [, 1400¢E4F N2
== AAXE = OS2 TT 3O E U 0T 01 GS0E = U203k TO 25 UE- 12
T ABXE =0 .6486COE 31 0L.I39120E N2 0L213380EF N2 -
= R RXE =0 e S AV GBS ST 836 6 uE =0 TS T G20 B2 —
‘"““‘”“““EAXE’i‘“U'4653CGE‘TI'F“1207CQF GZ TJ1S5050F 027
*GiSEG;’EF;*Y*””T3ﬁ2€4E‘62”01264524F n2 -

=——BAXD ===0+553862ECF0s129646E-02:04203006E-02==

BEXD = 051825626 TL GL.9251628 DI 0166 TT6E 027 -
== CBY . = = 0w 2400526810+ 7356526 31 Us123125E-02 0.1 72685F 2 -~

0 255548F 1 0LTSEI48E 01 0712467567 02°0.1742358 N2 =
=01 7481 4E=01 =04 503348 -1 £e598948E Gl 5e149455E 42—
S -487852E G102 $83452F Gl D.14TO05E ‘N2 1. 10T465EF 2 — =
G 24TBCUE ~0L= GoT434C0E 01 0.123900E 02 0.173460F N2 -
TOT24TESOETIT UTI434LE T TR 123500 E J2 GL1T346NE 02

Fig. 5(2) Part of print out - checking summation arrays as a function
' of Setting Angle. -
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Interaction energy in kcals/mole.
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assumed an angle of BOO from Miller and after calculating attractive
scattering centres distanceéj Broader (2) criticized this value and
states it is 30% down if a London—Polamsi' integration method is used.
Cameron only used a range of O 2. Uhen a computed range of 25-%0 R
was used which to 211 practical purposes is an infinite range using
Comeron's assumptions 0?8::300, and using the attractive centre
attractive potential, a value of 3_.,78253‘\’.10“3 cin -6 was obtained
which is 32% larger than Cameron's value.:

Also a2 comparison with Cemeron's value under compression can be
made althouch not precisely the same conditions were used. A program
to compute results at DCHZ2 = 3,09 R, 2.%5 R, 2.65 2 and 2.45 R corresponding
to Cameron external ioads of zero, 40, 80, and 120 tons/sq.inch was

run wi’chx = 44°, E, is using a Slater Scattering Centre potential system.

pressure DCH2 (2) Coameron kcal/mole o, {Commated)
ice. O 3,09 1.2 ' 1336

HYg) 2.85 1.52 1.388

.80 2.65 1.93 1.652

120 2.45 2.29 1.979

Cameron states the nearest H-H distances at egquilibrium are 2.58 2
and 3.15 ] (two pairs each). When the repulsive arrays were printed out
as a function on{ the nearest H-H distances at 8:= 30 were 2.582 R R
3,07 £ (two pairs each) and 2.782 g.

Frocram to calculate Setting Angzle.

The Setting ingle parameter]£ as shown in diagrams. in the previous

“chapter is a very important fixed quantity of hydrocarbon crystais.

Cameron(l) used Muller's (3) computed figure of %0° but more recently
a figure of 48% 5° is experimentally shown by Smith (4) for Coq Uy
to 029 HGO' The angle refers to the minimum energy of the crystal i.e.
the equilibrium energy vhich is a function of the angbex. To derive it
theoretically the minimum energy of a CH2 group with respect to its
own layer .is found. Ideally the sphere of influence from the chosen
molecule should incluce only scattering centres, but this is clearly an
impossibility for fatty acids, due to the polar carboxyl  group and the
methyl end group. Also near the end groups the next adjacent layer will act
also. But it will be shown that these objections are only second order
effects and they only alter the magnitude of the energies involved not
the minimum.

The program was calculated using the seme principles as before but
uging fig. 5(10) to conétruct the summation arrays instead of fige. 4(1)

i.ee a sincle methylene radical as sSource point with respect to its

immediote neighbours instead of a single chain with respect to the next

layer.
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The Summation Arrays were as follows.

AAX (I) = (D)

ABX(I) = R&/2 + RX(I)
ARY(T) = RY(J)

ABY(J) = RY/2 + 2Y + RY(J)
CBY(J) = RY/2 -~ 2Y + RY(J)

These were all the radicals in the same plane as the source and
by introducing % arrays based on the repeat distance all the distances
could be computed in accordance with fig 4(3).

Also suammation arravs for the remaining layers were introduced as

AAXO(T) = 2X + ()

ABXO(T) = RX/2 + RX(I) + 2X

ARYO(J) = 2Y + RY(J)

ABYO(J) = CY/2 + RY(J)

BAO(I) = X~ 2X + RU(I)

BBKO(I) = RY/2 + 2X + RX(I)

CAYO(J) = RY =~ 2Y + RY(J)

The repulsive distances were compounded using nearest neighbour
distances from the summation arrays and co-ordinates ¥Xl, X2, Y1, Y2,

The new program consisted of the main deck, an attractive and revulsive
subroutine.

All the resulis of all the potential combinations were printed out

as a function of@in steps of one degree. See fig. 5(11) and 5(12).

Results and Conclusions of Setting Anele Program

Ul
.
N

When the different potentialswere plotted it was found that although
the magnitude of the interaction curves differed, due to the large
variety in repulsive rotentials, they were all syrmet-ical about 180°
and they all gave a minimum at 442 1° which agrees within experimental
error of Smith's (4) results.

In fig. 5(13) the results using Barton's repulsive potential are
ploited showing a clear minimum at 44° 5nd a mean difference between maximum
and wminimum of 1.8 kcals/mole. By examining fig. 5(3) (Attractive sum
of inverse sixth as a function of Setting Angle for adjacent layers) it
is seen that the profile up to 900 hardly alters. When the total interaction
energy (repulsive plus scattering centre attraction potentials) of the top
layer with respect to the bottom layer is plotted as a function of 8'- it
is found that the results do not affect the minimum energy at 440 - i.e.

second order effect.




C MAIN  PROGAM 5
U7 PROGRAM  SETT(INPUTsOUTPUTTAPES=INPUTs TAPEG=QUTPUT)

DIMENSION SET(500) sAHA(Z)

COMMON RX(5)sRY (7)) 9ABX{5) JARY (T) sCBY (7) s AAXO(5) +ABXO (5) yABYD (7) +BA
1X0(5) +BRXO (5) o CAYO (7)o AAYOD(T7) sRZE(6) IRZD(6) 3SET190DD (16)9E
3v4<12>,ﬁv2(q>,x1,x2 Y172

READ (S¢101n) THETAHCsCX,CY9BUKL +BART 940, CONyERGyBUKA sBTLL y BHMUL 5C
1MUL s BSLyCSL ECH29 (RZE (M) 9i1=1.96) 5 (RZ0(L) sL.=196) s (RX{I)sI=195)s (RY(J
2)yJ=197)

1010 FORMAT (10X,F12.6)

DO 7000 K=21462230

SET(K=1)=FLOAT(K=2)#3,14159/180,0

DATA (ABA(JI) »JI=1s2)/0, 444590»6940/

DD 8000 Jl=1.2

AB=ABA(JI)

X=AB%COS(SET(K=1))

Y=Ap#STHISET(K=1))

X1=HCHCOS (THETA=SET (Kwl))
Y1=SHCHSIN(THETA=SET (K=1))

X2=HCHCOS(THETA+SET (K=1))

Y2=HCH#SIN(THETA+SET (K=1))

DO 71 I=1,5

ABX(I)=RXAT)+CX/240

AAXO(I) =2.04X+RXLL)

ABXO(I)=CX/R 4042, 0%X+RX (1) , :

BAXO'I)~Cx-? N x+R XL : o T -

BBXOVI) =CX/ 20020 0*X+RX(1) o '

71 COMTINUE

DO 400 I=1959]

IF (ABX(I)4nT425.0) ABX(1)=10000,0

IF (AAXO(I),6T,25,0) AAXO(I)=10000,0

IF (ABXO(I),GTe2540) ABXO(I)=10000+0

IF (BAXO(I),6T425.0) 8AXQ(I)=100004.0

IF (BBX0O(1),6T«25.0) BEXO{I)=10000,0

400 COMNTINUE .
DO AL J=leTs]

ABY {J)=CY/2,0+2,0%Y4RY ()

CBY(J)=CY/2,0=2.0%Y+Ry (J)

AAYO(J) =240 Y+RY (J)

ABYO (J) =CY/2 40 +RY (U)

CAYN(J)=CY=2 4 0#Y+RY (J)

8l CONTINUE

DO 401 J=1,7y1

IF (ABY(J) e6Te25.0) ABY(U)=10000,0

IE (CHBY(J)i3Ta25,0) CcEY()=10000,0

IF (AAYO(J) ,GT«2540) AAYO(U)=10000,0 ST LR

IF (ABYO(J).GT.25,0) ARYo(J)=10000,0 ' T

a IF (CAYO({J).GT+25.0) CAYp(y)=10000,0
401 CONTIMNUE
. IF (AB+EQs5.4445) GO TO 104
IF (ABWFQ.0,6940) GO To 105
. 104 conyIMJE |
c cal.lL REPULSIVE SUBRQUTINE
- CALL RHH
C CALCULATE REPULSIVE ENERGIES
SUMI=(
SUM4 =0, O

. . - amem's - e - B T I T T T ST e TS

CPig. 5(11) - Setting AngieAPypgfgm—-J>
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SUM6=0.0

7001

DO 7001 KI=141641
E11=BUKI®*EXP (=BART *090(&1)/a0)*cowk?.0

“SUMI=SUNL+ELL

E14=BUKLTEXP (=BTLL®0DD (K1) /ZA0) #CONSR .0

SUMA=SUNS+E1 4
ElS:B”UL“EXP(-CMULaeﬁo(KI)/AO)%COM%E,Q
SUMS=SUMB+E: 5

E16=BSLHEXP (=CSL*Q JODU(KINZAQ) #ERGH2 40
SUM6=SUMbYELH :
CONTINUE

SUl=0e0

SU42030

SUS=0.0

SU63000

DO 7002 KJ=1s1241
E21=BUKI%EXP (=BARTHEVA (KJ) /A0) #CON®4 4 0
SUi=5Ul+E21
E24=BUKAEXP (=BTLLYEV4 (KJY /A0 4CON#4 00

T SU4=SU4+E24

7002

7003
Ciessss  TOTAL RFPyLSIVE POTEHTIALS

e

105

8000
~SUH  INTERACTION ENERGIES

L.
! r.-:»__.;u. :

© 2ESKM = ,E13,699H ESKSL = ,E13, 6/)

N

c

1000 FORMAT (1XsT13+8H SETL = spFl3e696H Rl = 4E13.696H R4
1.2 yE13,096H B6 = 4E13e6/1X98H ESKB = +E£13, 6iQH ESKBT

7000 CONTINUE

E25=8MULYEXP (=CHMULREVL (KJ) Z/A0) #C08*4 40
SUS=SUSHERS

E26=BSLAEXP (~CSLREVA(KJ) /A0) #HERGH4,0
SUe=3UG+ER6

CONT IMUE

S150e0

S4=OQD

§$5=20,1

$6=0,0

DO 7003 KL= 19841

E3]1=BUKI#EXP (= BART*EV“(KL)/AO)*CON*?.O
S1=51+£31

E34= HUKQ*EXP(“BTLL*EV“(KL)/AO)*COd*? 0
S54554+E34

E3S=BHULREXP (= CﬂuLﬂ&VE(KL)/AOI*cON*? 0
$5=55+£35

E36= a%LeExP(-CSLﬂsvz(KL)/AOJ*ERG*Q 0
S6E=S6+E36

COMTINUE

Rlzsuplesulss
R4=SUM4+5U4L 54
PHE=5UMS+5U54 55
Re=SUNM6+SU6+56
GO TO 8000 )

CALL ATTRACTIVE SUBROUTINE
COMTINUE

CALL CHp

GO TQ 8000

CONTTHUE

ESKR=R1=ECH2%SET)
ESKRT=R4=ECHZHSET]
ESKM=RG=ECHP#SETY

TESKSL=Ke=ECHZ¥SETY - - - -

WRITE (691000) KeSET1, RlQP4qR5staESKBvESKbTvESKM’EQKSL

STOP e e e v e

T EMND

Fie, 511~ Contimied .

= ,Eiw 6s6H RS
vE13.618H*~




 ISKR =

irr-8 SETLl =
.'SKB =

. ¥4 SETL =
ISKR =

L 125809E~02
a7 SETL =

e 126249E-02

N

¥3 SETL =  +390674E=02 R}

TISKB = me208363E+01 ESKB8T

W 12446TE=02 +320274E=04

e 389937E=02 Rl
~e208T7B6E+QY1 ESKBT
W 124917E=02
SET(43)

45 GET] =  +389222E=n2 R1
ISKR = =.208940E+0] ESKBT

«320274E~04

¢ 125364E~02 ,320274E=04
“ i

wh SETL = »388532E~02 R}
~+208824E+01 ESKBT

e 3202T4E~04

2 387846E=0n2 R

SKB = =,208428E+01 ESKBT

«320274E=04

-e207T775E+01 FSKBT

T 126686E-02  ,320274E04

Fie, 5(12)

= «223522E400 R4 =

nou

v387209E~02 R} =

<240886E400 R4 = 803337400 RS = ,612757E«00 R6 =

¢328751E+00
TT=e15211BE+40)1 ESKM = =e1T71176E+0l ESKSL = =,199576E%01 ‘

-
——
~

+109932E~04 +160483E~03 ,177686E=02 o257545E-04 »6427T0E=04 ,3B0794E=03 -

«588190E+00 R6 =

0 232262E400 R4 = +7788B68E+00 RS = .;170075*00
"4 154126E+0) ESKM =  =,173193E*01 ﬁsKSL = =.200312E*01" '
+109932E~04 +160483E=03 4175605E~02 " e25951TE=04 +635032E=04 ,390538E~03
e 226475E.00 R4 = 0 T61485€+00 RS = e572423E+00 R6 = .§Q9120€*00

'e1554395+01 ESKM = =,174345E+p1 $$KSL = =a2006735E*01

2109932E-04 L160483Em03 » 173529Ea02 L,2061545E=04 ;627547E-0§ 0400470E=~03

¢ 7TS1194E+00 RS = +565434E+00 R6 =
~s174633E+91 ESKSL = =.200668FE+01

1099326204  ,160483E=03 ,17T1439E~02 ,263631E=04 +620307E=04 ,410585E«03

+305085E+00
T ma1560b7E+0] ESKM = : .

i

© e22340TE+00 R4 = «T48B003E+00 RS d «S6T245E+00 R6 =
=v155968E401 ESKM =  w,174044E+0l ESKSL = =,200278E+01

v109932E~04 4160483E"03 o169380E=02 +265775E~04 2613307E~04 .420878E-03

+304910E+00

2226143E+00 R4 = #751921E+00 RS = ,577924E+00 R6 =

- _ , *+308609E+00
| =+155197E401 ESKM = =4172597E+91 ESKSL = =,199529E+01

+109932E-04 +160483E=03 ,16T334E~02 | 426797TE=04 4606540E=04 ,431343Emn3

i

- Print out showing minimum interaction engrgies

'—§4 -
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The masmitwde of the enevey at the minimum corresponds oxporirrnt~113

e R R

- - bl - . - ' N -
with the sublimntion enerpy (heciusae the enerpy of G srouss io esgerbislly.
[apLy () t S ]

the lattice encrsv) Akhmatov (5) zives this value as 2.3 kenls/mole/Cil,
. N f‘_

2

group. From nll the resulis plotted the average of this valne was

Jound to 2.1 kcnls/molo/bﬁj FEOUP . - e

Tiom the vhs it is rossible to gauge an idea of the rigidity of”

- e,
s ora

it

the molecules in crystals. i.c. Using fiz. 5(13) and assuming 16 carvon
in a chain gives a value between maximum and minimum of 36,0 hcals/molo/uﬂhiﬂ
over o ranse of approximately HSO. From the sheoe of the sraph; to rointe
the chain 5° avout the % axis recuires 0.8 kcals/mole. hen the first
progran is sheared over the X-4Adl5 using a change of angle of Z 5
from HSO the resultant chonge in the potential profile of thc anpropriate
potential is only 0.6 kcals/mole. This trend is extended to a larger
extent if harder potentials are used or larger changes of setiing angle
variation. Fip. 7(1)

dence it must be concluded that rotations about the 24 axis in
paraffin or fatty crystals to reduce potential harriers is a secona
order effect compared to other mecuanisms described later. H wever as
described in Chapter Two only comparisons can be made end undbubtedly
small rotations will occur ( . 1 - 50) under certain circumstances;
41so0 as described by Akhmatov (6) free rotation at room temperature must

be a very rare vhenomnenon.

Commresaicn of crvstals in Y directions

')

An important content of wethylene chains and crystals is their
i .. . " ; '
compressabilities and Muller (3) shows that the value of Young's MHodulus
along the 7 exis is one order of magnitude higher then in the X end ¥

axis.

The Settines anple prorran was adnpted to renresent compression-in
the XY Ql”CCt ons. (The X and Y compression of the MHain program deqcr ing

adaacc t Tayers was found to be Txiluole) with resnect <O ¢ts own layer.

Vs

By 1nspecb10n of the dlagrams of the rodel it is hard to imagine the X

l

and ¥ compresscbilities beins ecual becsuse of “he inequality of the

ell dirensicn. The results of two mrorrams describing compression in
v . . - . . - - - 4.1, 0
the XY directions are wreproduced in figs. 5(14) end 5(15) for = Li7,

It can be seen that althoush both give compressability of the rizht
mégnitudé the' i direction has the steeber gradient. Frograms far.x::BO?
were also run 1rd resulted in larger magnitudes in both directions. 1
is a very in"«:erésting fact that X-AXIS U(tru) results are very nearly equa 1

to (90) Y-AXIS rpsults, when rea1181nn tbat tne ratio of RX to RY is naarly

equal to the ratio of %4 to 30. This sugzests that for Muller's results to

y

- . \ ‘
hold the cell should be' sguave »nd §.be equal to 45°, See fims. 5(16) and 5(17)
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CHAPTTR 6 - COMFRESSADILITIES .
e P

6.1 ihe Imnortance of Comnressadbility Data

If Compression is assumed to be elastic a wmarabolic relationship
can be shown to exist between the compressive Pof@nﬁéfand the compressive
strain. If the forces are sssumed tonbe additive the same laws should
apply to solids i.e. upon compression repulsive forces should dominate
and under tension the attractive predominate.

Using the last idea a check can be made on the suitability of the potential
used in the programs.

The figures 6(1) 2nd 6(2) show the data obtained for all repulsive
potentials used,firstly combined with attractive point centres then with
Scattering centres. It can be seen that in general the former shapes do
not fit the boundary conditicns whereas the latter do. This narrows
down the use of potentials.

The other extremely important use is to test the theory of Boundary
lubrication as put forward by van Battum and Broeder (1l). The idea is to
consider the work of friction as the sum of two parts, one of which is
lifting the load to an equivalent compressive state. To test the theory,

compressive data is required at points throughout the unit cell.

6.2 diheory of elastic comnression

By assuming that a situation analogous to loote's Law exists between
the compressive deformation and external vressure, relationships cecanecting
all parameters of cnersy in boundary layers can be derived.

i.e. assuning

M=% - ’;“;‘* E— (L

imere AN comoressive strain . .

Al change of distance; L -4)

&

equilibrium distance

Blasticity modulus of compression

L
i}

external pressure

L4

Using '* %_ i.e. force is the negative gradient at any
point on sn energy distance graph
o A-d

Consider Compression from t to{ and the interaction energy to be #

e
H
i

]
St i

g

b

and ¢at these points.
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By 1nteorat1 . -

L Ms - j;“u.m i€ o .
e @ ¢o) (£ 404

Bb

2 b (p4) =4 (LAY

b (2)

And by using equation (1) it follows by introducing A the area of cross

section of the chain to give enerry /CHmin

2 ¢ -#9 (p-Po) =§é§f’
) i = sp.l) (- ¢a) 4:1:(!-[0)

It can be seen tbat zraphs of interaction energy /H%m,abaihst

(1)

distance compressed, using the given assumption will be parabolas. e

will differ (energy at equilibrium) for each type of potential and a
slidinz parabolic curve on some perspex was adapted to test the potentials;

4

and it was found that most of 1ig 6(2) potentials fitted very well. As Ao and

Jq; is the same for each case the only factor contributing to the different

gradients will be the Elasticity Eb.

itv to ®ounizrr Iavers

In relation to XY compression in Chapter j,ﬁﬁller stated that
compression in the Z plene is an order of magnitude higher than in
the XY directions. Ille attributed this to the stronger co-valent bonding
in the 2 direction a2s ovposed to the weaker polarisation forces in the

XY direction. A monolayer under an external pressure will experience .

o)

a resistance to the mutual epvroacn of the Ci, end groups &nd a
2

resistance to the mutual approach of the CHZ groups., The 1attef are
opposed by valencey forces and would not substaniaJ!y" alter the
potential profile when the model is sheared. In the literature it is
always assunied that the &aprroach of the CH3 grouns to be ecual to ihe

riodulus of the chain i.e. ikhmatov (2% althoush Cermeron (3) assumed

the CH, mutual approach to be equal to the XY modulii.

3

mrticiiy ond Copmression djacram

1rrapy number, .
b

fact thiat the yield strength of saturated

-t
o
e
4]
o]
=
'.J .
=
ot
[¢]
*
[
N
o
e
ps
'

fatty acids in boundsry layers decrezses with increasing layer thickness,

Akhnatov (4). This property of anisotropy as a function of the number of

+

C
e
O
]
]
g
D
3
473
D
v
(%
D
3
jor
4]
ct

o Coupression diasgrams end althiourh reliable data is
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scarce, Panova (5) msnaged to determine some comvression diagrams for
stearic acids '

Using this diagrem as a csulde, with the concept of infinite
and finite layers (see apvendix B) and using knovm constants of layers.
(7), (8), (9), the following blasticity constu.is were calculated as

a function of layer height.

(a) 100 molecnlar lavers.

- . 2 | oe
EI = T00Kg/cme Loy 0.5 kg cmg !
(b)Y 50 molecnlar loyers
n 3 2 . 2
By o= 1.71 x 107 kg/om By = 2.43 kg/en
(¢) 25 molecular lavers
“ﬂ""L%"jOBk/g F-Q')k:/a 700@
51 = S.7H x 1 g/cn = e Kg/em S
(a) 20 moleculsr lsvers
By = 7.35 % 107 kg/en’ £y = 10.5 kg/cm” ®700
(e) 1 wmolecular laver 6 5
5 = 100 1e/on® dp = 3.47 x 107 kg/en® A XKoo

Wheie £7 = rtftondy sofunilt Lagers and E¢ fonile
These were plotted on”log-linear paper and fresented in fig. 6(3).
Also using this diagrem and egquaticn (E)ing.<6(4) was plotted which
revresents the interaction cnergy curve against DCH2 (the layer distance)
at zero displacenent as a functlon of Elasticity, This only gives a

g
£

trend, as stressed in the Tirst Chaoter, as Panova's anisotropic
.
compressdbilities most certainly invelve unknown structural changes

of fatty aclds under pressure.

niisotropic Comvression of loyers.

Because the probable structursl changes in compression are
unknown the model must cope with the anisotropy within its parameters
j.e. the mutual anproach of CH_ groups. If the information in fig 6(3)
is plotted on & log-log scale, fig. 6(5), various conclusions cen b2
drawn. A continuous distribution of gradients ranging from approximately
- 1.5 to = 4,5, or sny number of breals in straight line gradients
representing structural chenges i.e. ~2 to =3. Akhmatov quotes (6) _
an inverse law between layer thickness and yield strength which implies
shear across the slip plane. Thus it seems reasonable to avply an

inverse proportion law governing CH, - CH, approach. Both an inverse

5 3
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fo
F3
B

A}
The concepts of gradients of physical properties in the 4 axis
is associated with liguid crystals or quasi solids. Iuks and Akhmatov
provide experimental evidence for such films differing from bulk
properties i.e. mechanical and elastic constants. Hardy attributes
the ancmalous nature to the influence of the field of the sclid
tly

the solid. & theory of elasticity varying as layer height for lon

L?;

O

phases and other authors to structural changes caused indirec

(48]

chain molecules is given by Frenkel - a full survey is given in
(6) and (7).

Afnother example of the program approaching a real Dluu% tion 1is

references (4), (5),

considered in Appendix B. The concept of 'infinite layers' is an
ideal situation where no lateral expansion can occur undef compression
ReTerence (6) )

where § is a 'steric factor! due to the resistance to an increase

so the elasticity is greater than for 'finite layers'

\

shows that the two elasticities can be related by & (Lu«ﬂ_ b4 L(EIP

==

in cross section and is a function of Poisson's ratio. For normal
solids Poisson's ratio is in the range 0.25 to 0.33 and in experiments

‘anova shows that for boundary layers of stearic acid it is 0.459. i.e.

approaching 0.5, a limiting state. References (5) and (6) gives

information of the elastic constants of stearic acid as 2@ function

E (FINITE) is 0+25 kg 2

f layer height i.es knowlng fdr 100 me.aolayers

4

and 3.47 x 105 kg/cm for a monolayer and using the slopes from
experimental curves elasticity constants can be calculated. As Poisson's
Ratio is known,infinite layers are also considered for interests sake

- usiﬁg L' = ¥ L. These relationships were plotted oan fig. 6(3) and

6(5). (The value of g is approximately 700 on the graphs.)
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6.6

and inverse square law were investigated i.e. - fige. 6. (%) yhich represents

distributions from 1 - 100 monolayers expressed in a weighting system :
from 1.0 to 0.0, The first layer is given the arvitary value of unity

the second G.5, the third,'fourth and fifth layers 0.25 etc, ‘'fhus if

the total amount of CH5 - CJEL5 gap closure is known, the gap decrease across

the slip plane can be calculated using the weighting system. Any excessive
decrease across the first few geps is assumed to be taken up by the covalent
bonds of the chain. Akhmatov assumes the chains will form a mesh structare

but as shown in Appendix II this is unreasonable using this particular

model.

Correlation of no of lavers with notential functions.

The problem remains to linlk tigs €(2) snd 6(4), the actual potential
profiles obtained and the theoretical potential profiles expressed in
terms of the mumber of layers and their slastic constants.
The method described in (6.5) was used to gauge the gap distance
between the methyl grours in the symmetry plane midway between the two
solid surfaces for 101 layers, 51, 21, 7, 5, 3 and 2 monolayér. An example
using 7 layers will illustrate the method.
N.B. Dvery suitable potentisl used with respect to Compression diagrams can thus
- be used to represent the nroperties of a slip plane under compression.

Differing layer thicknesses will be representent by a different potential.

Examnle using 7 layers

The term 7 layers is taken %o mean 7 dimers)thus inplying 7 methyl
gaps with slip taken place across the weakest gap, (the symmetry plane),
in this case the 4th Gap. Fp=™ 309 4"’

The Infinite Zlastic bodulus of 7 layers = 105 kg/cm2 from fig 6(3)
Using& = 3.09 x 7 = 21.63 2

Consider equation (1) end zn external pressure of lObr ‘.cg/cm2

c A€= 01 Lp - 2.163 8
S AL (Half profile) = 1.0815 R
Assuming anisotropic compression - shear at 4th gap. and using fig. 6(5)
withd as the smallest increment,
A Ad + 2484 + 4 bd + Ba = 1.0815
3 (See 6.7)
S Da=o0.3R :

To find representation iodulus using equation (1)
1
JEL = 3,09 R i  FPressure = 10" kg;/cm2

= th n 3.09x 10 = 3#57 X 105 kﬁ/cma

E
? 1.13

.. . 2 ..
Using Da = 113 2 ana the external. pressure lOL¥ kg/crn”™ it can be seen that
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assunming elsstic compressions the pressure needed to ceupress the

. 2 :
system by 0O.l it is equal to 7.7 x lO3 ki/em . Thus a Lennard-Jones
potential can be used to represent the properties of the slip plane

-

of 7 layers.

6.7 Representation of Potentials

By comparing fizgs. 6(2) and 6(4) and using the calculations and

arguments presented in section 6.6 the following results are presented,

N . £ (1/d) £ (3/a%)
POTSNTIAL No of layers | p(0.1 R) Fayers M |o(o.1 8)
(a) | (50 = 100) 8 | 1.367 x 107
BARTON (h) 5M 8.5 x 10
Ha-BAR () | (50 - 100)K 1.167 x 10°
(b) 5M 3.5 x 10 (7 - 51 |2.55 x 10°
Z
(a) | 11m 3.0 x 10° 100 5.0 x 107
SIATER ) | - 5w (2.1 x 10° =~ 8.5 x 1003 v Ju2 x 107
BRARTELL (a) } 1M 3,0 x 103 20M 7.5 % 1o3
(v) |2 2.1 x 107 - Bt b2 x 10°
MULLER - (a) |oM 4.5 x 107 20M 7.5 x 10°
(v) | M 7.1 x 100 By 4.2 x 10°
LiN-JONZ3  (a) (7 = 9) M 4.0 x 107
(b) |3u 2.1 x 107
R
k.
Key | plO.1 2) e pressure (kg/cmz) to compress layer by 0.l ]
= ’ - - B
M e No of layers
(a) w———— Infinite layers
(b) — Finite layers

In some cases approximations have to be made. It can be seen that
monolayers. cannot be described i.e. the case when the representation
parameters coincide with the actual pressures. Harder potentials had to

be used to describe monolayers.

6.8 New votentials to describe monolayers.

For finite layers the elasticity is 3.47 x lO6 kg/cmz, fige 6(4).

The typical repulsive potentials Arnle and B exn(-CR) were altered (because

for steeper interaction curves the repulsive contribution has to be harder)
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by increasing the ropstants A end B and decreasing C, if is found that
although the result ant intersction profiles .are harder they no longer
have an equilibrium position at DCHZ2 equal to 3.09 2.

To remedy this a completely new form of votential had to be
developed using a Polynomial fit employing a Least Squares method.
First a progrem was run compressing the system at equilibrium (D = 0.0)
printing out all the H-H repulsion distances, their conversion to energy
and the total repulsive potential.Comparisons were made of these parameters
as a functior of DCHZ and it was found that only one H-H bond was
responsible for the majority of the total repulsion potential.

Using the vlots of previous H-H potentizls as a suide (sez Chapter 3)
new curves were drawn of H~H potentials. Fifteen points were plotted
from 2.4 % to 1.4 R. These were fed into the commiter as two arrays ano

a curve to the fourth power was obtained in terms of its coefficients.

L
2

R)= ¢, v or w0, 7% s 0 R gy R
The curve is a contintus fit end standard daviations of each
point were slso obtained to zauge the accuracy of the fit, in all cases
five coefficients provided an adequate 2pprosimation. By introducing the

™

X array as exp( -~ R) instend of R an exponential series cen also be used.
i.2e ¢ﬂk = Cy + C1 exp(~ R) + C exp(»ZR)»+nCn expenR)

The potentials used to represent monclayers and multiples,

denending on the infinite oe finite apnroximeticn (a) S infinite an

1M finite fie, 7 (14)

G exp(-nk)
n G

o = 2AGET 08

o e

¢, = - 7198&0ao2
02 =  B8084480.755
03 = =400A0570.308
cbr = 73570856,864

(b) 3M infinite

GO = 5416.1517
Cl = =332542.67471
C? = 7637424417
C; = -77765166.5508
C, = 2962203201.77
N.B. #he Len-Jones approximation fitted the two exponential functiomsexactly.

hese poltentlsls were then checked for suitability and nused in the

e g c3v e . s
J?',‘f‘()i’}‘f‘:hlf.‘g - See s
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.

Introduction of WK ~nd 20T

To introduce mobility into the compréssive progrsm the parameters
ROCK and ROT can be used to alfer the orientation of the H molecules in
the wethyl oroun. Yhe compression at the orisin was generally tken to be

rigid end internal rotations introduced when a dynamic situation developed.

Conclusions
S —— o ¥

the very nature of compresgion implies the predominance of repulsive
Torces with respect to the attractive ones. Unfortunately in relation to
ronolayers and fatty acid Zayvers in reneral, how these repulisive forces
come into vlay is not known,; whether it is predominately CH, - CH

3 30
CH,

5 - CH2 or structural chenses or a combination of all three.
[asl - .
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LHAPDHR 7 - SHEAOTHG OF CTHS pODL

whear zcross the K-/ {T5

In fig. 7(1) srephs are shown of shear across the X-AiIS as a
function- of the-setting Angle.- - The graph shows the effect-of shezriang-
the Barton - Point centre interaction curve at zero compression for sebtir:
angle of BOO,'5OO, 550, 650% and 800. It can be seen that for a rotation
of 25° shout 44° the potentiallbarrier is reduced only by 2£1.5 kcals/mols.

The situation is worse for scattering centre potentials and compressive

0]

stetes. l.e. the rotation of the molecules about their longz axis has little

or no effect (see Chapter 5).

Lffect of Rotation of end grouns

In fig 7(2) the ssme notentisl is shown under conditions of rotation
and twisting-of the methyl group (i.e. S2T(+4)3 zero compression; Barton-.
point centre cneryy; shear across the X-AXIS). Values of rotation of OO,
10 15°, 20° ©, 10° and 20%:are shown
and a combination (R0T/PILT), of 20/20 also includad.

. 0
y are shown, values of rock of 07, 5

It can he seen thet values of pure Rotation displace the maximum,
but are not very effective; the velues of tilt are very effective,
cortination velues .are not displaced very much and reduce the potential
peak a congiderable smount. It must be rememhered th=t the work of rotating

the end groun must be considered npart of the enersy dissipated.

Fro;f

Q
s}

srams were run to calculate values of the potentials used as a function of

(2) Digtance -~ at 0,25 sngstroms in all directions.

(b) 00/80CK values of 0/0; 20/0, 0/5, 0/10, 0/20.

\

(¢} For Cameron's losdir s svetem -~ i.e. O, 40; 36, 120 ton/sq " revresenting

gap distances (0CH2) of 5.09; 2.55, ~.65 and .45 2. the gap compressability
5 2 . N . . . :
was takcn as 107 kg/em”™ which is the value in the a and b direction of the
cell.
Q

(d) Egr DCH2 valnes corresponding to 0, 40, 80, 120 ton/sg V' assuming the

6 kg/cm2 .

axial compressicn to be that of a monolayer i.e. B = 3.47 x 10
c

The potentials mre treated with isotropic compression conditions.

{e) In the above case the potentialswere also treated individually using

the anisotropic compression functions.

Types of Friction

In the literature distinction is drawn between Static and Kinetic
friction, #Mtatic friction being the resistance force to start the
system and kinetic being the resistance once the system is in motion.

Akhmatov (1) takes the kinetic fractinr to be the statistical result of

o

WO Y. .
broakines and

no counterpart in elastic theory.

&
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By considering fig. 7(2) and relating the force -of Iriction to X
(i.e. Force = “nerpy/Distence) Static friction may be approximeted to.
From the diagrams X 2 1.3 T 0.1 2. But this does not provide a very
satisfactory way of linking X-AZL5 shear to shesr in any direction, or
deseribing kinetic friction.

The vwrrameters depen&ent on shear in the X-AXIS can be related to
other directicns by considering the periodie boundary condition of the
cell. Tig 7(3). 'fhe X and Y axis are marked and the reproduction of the
unit cell shown with the paths of periodicity i.e. across various diagonals
of the cells. Frograms were run partly as a check of the model and partly
to eather potential profiles in comparison to the X-AXIS. It can be seen
that the paths are not evenly distributed ~nd only extend in an arc from

0 0 . .
97 -~ 767, unless a vast number of programs are run to fill in the gaps.

A far simpler method is to consider the Fnergy dissivated/em in any

path and compare it to the energy/cm in the X-direction. 7The purpose

being, that once X-AXIS parameters are known the statistical @erose will
9 ]

be a ratio to it.

sStatistics of shear related to the x-iaXIS

Using the resnlts of notential as a function of distance inherent
in fig. 7(3), equivotentinl diagrams of a unit cell can be drawn c.f. fig.7(4).
This represents a Barton-Point centre interaction energy diagram as a function
ofea (éngle of inclination), for zero compression. Six unit cells are
shown and by considering the voints A4,3,C or D any displacement in any
direction may be determined . By considering displacements in steps of 10°

- o) ) .0 . .
from 0O to 360°, of range 15 & to 60 R. an increasinsly smooth pattern

of energy/cm compared to the A-AAIS value can be ssen to occur - Figs.7(5),
72(6), 7(7), and 7(8). In all the diagrams the X-value is taken to be
unity and =11 values as a f(r,g) expressed in a ratio to unity.

It can be seen from the graphs that a Root hean Sdguare value can be
calculated from the 36 individual velves - or the average found by a
square counting method (findintacircle of equal area)., The area values
for the figs are 0.69, 0.615; C.64, 0,25 parts of the X~-£XI[5 - which if
a graph is drawn,is oscillating about the value 0.65 as the path distance
increases,

i#lso from figs. 7(4-8) it can be seen that definite dircctions of
least resistance to shear occur 3 at the diasonals of the unit cells and o
the Y-axis. This will be discussed in Chapter 9 in relation to ‘hysical
and Chemical adsorption of the molecules. It may be noted that the greatest
movement required by a single lzyer te attein a minimum is approximately
150. (300 from the disgrams:- but the layers will both move as reaction

forces are induced.)
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The cxample quoted apolies to zero load and a rigid system. As the

load increzses the origin potentials slightly alter and the equipotentials *
are pore donbe (3 slightly largev area is usad), but as the effect is
rredominately a repnlsive one the nrofiles spproximate to sinilar tricugles
which will not alter the ratio. A similar reasoning aprlies to the different
repulsive potentinls used. fig. 7(15). The ratios are altered when rotetions
of oad sreuns are considered as the effect of dissipation of the rotational
energy must be included in the ratio. Miniimums still occur about the
diagonals and the ¥ AXIS i.e. Avevage values for all exponential potential
rire expressed below as ratios to the X-AKIS.
Orientation JHAD (A) Y CUAD (B) rms
0/0 0.086 0.203 0,164 0.63
0/20 0.3 " 0.55 0.49 0.75
If a value of SHIFP (20) is considered (orientation of 20% to the
vertisal) & somewhat different picture emerges.
Crisntation CURD (a) ¥ SJOAD (B)
0/0 0,63 1.1 0.7
o/5 0.95 5.0 1.01
4
The cignificance of these results will be discussed in the next two
Chapters.
Investigation of liftines with shearing
‘e idea of. the fovee of Fwiction beine the sum of some shearing process
plus the 1ifting of one layer over the other has been put forward by
van Batsum & Broeder (See Chapter 1). This is just snother version of
Coulomb's theory of friction c. f/w flﬁe
i.e. Consider total :mergy dissapated be B ~ comprised of shearing force
L plus lifting force MN.x Ad (N equal to the load and distance raised
4q)
E= AL+ N4Ad
force = & = AL + H.4Ad z
X X X (converting energy to force over distance X)
= /= A8 + Ad i
A X - (1)

The coefficient of friction should be the sum of the shearing process

nlue Coulombk ﬂang contribution. It 15 interesting here to consider
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Bikerman 's theories (see Chapter 1) in relation to equation (1). The
author maintains that the force of friction only exhibits itself against

the external load - henijju, wonld be (B 4/X) in equation (1).

i.e. lForce = A o 4.-/(5?@ ' - (2
X
with a constant force Fo added og(lug‘()

To investigate these concents compressability curves must be
determined a2t the maximum curve profile ( D = 2.4 2 on the X-aXI8). It
was seen in Chapter 6 that only some notentizls are appropriate for the
wodels  The compressability curves of these potentials for the X-AXIS
cese ere shown in figures 7(9), 7(10), 7(11), 7(12), 7(13), 72(14) as a
function of ROT and ROCK, The loads can be calculated from the gradients
of the curves ~ the difference between comparable gradients is[lE and 4 d
can be read off the DCHZ axis., The last value must be halfed as both layers
are poling to repell each other by action and reaction forces. X was taken

so the energy dissipated / cm could pe calculated. fig. 7(15).

O

Statistics of Lifting

Frog ams were run to determine compressabilities of the layers at
several orientations and ranges - i.e. compressing at maxinum potential
protiles - fig. 7(4). It was found the A d was approximately constant
for individual potentials (proportionel to ) vhiled & differed as a
function of orientation, tilt and rotation.

Dyeical rasults were as follows:
(a) Compressing the molecules in ‘madrant A range 6.5 2, orientation
34,157 to the X-iXIS and Rotation 0/20 will c<nsure results corresponding
to a local potentisl nmawimum. The values of‘ld remained consistent to
the i=AXIS readings ( ﬁt]ﬁ&ﬂ, inferring the coefficient of friction is
aprroximately constant to W-iiI5 velues. (assuming the valnes of E do not alter
drastically with load). Volues of the decrease in the & & values compared
to X-AXT3 reodings are Barton 55%; Bartell 35k; tuller 25%; Slater 35%
and the monolayer potentials 25%. Average of 35% decrease i.e. 65% the
value of the X-AiXIS .
(v) Compressing the molecules in .uodrant B, renpe 6.5 &, orientation
145.850 to the AZ~-AXIS and rotation 0/20. Again A d values are consistent
and the average A E velue is 75% the velue of the X-AXIS.
(¢) The remaining minimum direction is the Y-AX13. Again similar results
are obtained for /20 rotations.

In general the minimum values of AE are 60-80% of X values ami/ﬂtzremains

approximately constant to the corresponding X-values.

-

LGRS

A}
~J
e

(1) Akhmatov 4.3. P
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parameters as a ratio of X-AXIS

Diagrenm of friction
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value/calculated in steps of 10 -
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CHAPTER 8 -  35SULTS
R ——— =

8.1 Results usinc Comoressability curves

By using figs 7(9-14) and equation (1), section 7.5, BE may
be found for each potential as a function of load. The energy
dissipated in kcals/mole/chain may be calculated by using the area
ofqéﬁe chains, 20 22 . Corresponding values of Ad in Angstroms
can be read off the same diagrams. 'Static' and ‘kinetic' friction
forces value for the X-axis can be calculated by dividing fAZ ﬁy
1.4 & and 7.46 R respectively (the latter to find the energy
dissipated/cm to enable the use of the averages over 360°, 7.46 &
is the length of the unit cell in the X-direction).

Using the tables presented in Chepter 6 relating compressive
distributions, number of mdnolayers (11}, potentials and pressure
/0.1 Angstroms (P [0.1 R}), results were calculated as a function
of a) Pressure

b) Rotation (ROT/ROCK), Shift
¢) 'Static and 'kinetic' friction
. d) X-AXIS value then averages.
e) Finite and Infinite layers.
NB. (1) The energzy associated with a Rotation of 20° is 0.5 kcals/mole
or 0.38 x 10 =13 ergs (4.3584 x 10 -llergs = 627.23 kcals/mole).
This can be expressed a2s 1.35 X 10° kg/cm2 and 0.25 x 10° kg/cm2

as the frictional force dissipated for 'static' and 'kinetic! in

the X-direction.

(2) Errors

(a) The main source of probable error is having to assume that
all the energy is dissipated, hence the results express a
maximun value,

(b) An error of < C.025 kcal/mole when determining HE from graphs

(¢) ¥ 0.01 £ when determining B4 from grachs

(d) The distribution associated with rotations - the above example
assumes a sinusoidal ond i.e. ROT (20) = 0.50 ¥ 0.15 kcals/mole

(e) The compressive distributions - the results will express
relative magnitudes. '

(£) The hrea of the chain — 19.0 & 1.0 8 2

Exarnle usine -clyfit Potential - SM infinite — 1} finite lavers

Fad

. . o - L, 2 .
Using fiz. 6(7) » (0.1 A) = 7.15 x 10 /en” for ini
0

Rotation ROT/R0CK = 0/20 on the X-AXIS.

inite layers.




. Slater

S - 117 -

0 3.58

Pressure’ 7.15 10.73 14,3
kcals/mole x 104
AE | 0.325 0.30 0.30 0.30 0.30
kcals/mole *o0.025| %o0.025] fo.025| +0.025] T 0.025
A 11.0 10.4 10.4 104 10.4
ergs/cm2 X 0.9 Xo.8 b 0.8' ¥ o8 ¥ 0.8
Fy (STATIC) 1.06 0.965 | 0.965 0.965 | 0.965
kg/en® x 100 | *£0.00| *o0.08| *o0.08 | fo.8| Io.08
Fp (KINETIC) 0.20 0.18 | 0.18 0.18 0.18
kg/cn® x 107 Y02 | fow2] Io.02 t 002 | fo.02
F
LIFT (ST) .3 16.6 23.2 33.2
2 3 ”””’ + + +
kg/cm” x 10 + 0.8 - 1.6 - 2.3 - 3.3
F -
L (K) 1.56 3.12 4,35 6.24
kg/cm7 x 10° ”","/ foas] Tz Yo | fo.e2
ROCK (20) sT 1.35
kg/cm2 x 107 L o.s !
ROCK (20)K 0.25 R
kg/en® x 10° Z0.08 -
Fsp 2.4 10.615 | 18.915 | 25.515 | 35.515
kg/en® x10° | Efouas| fos | fag taos | tas
Tk 0.45 1.995 | 3.56 4.8 6.65
kg/cn® x 107 20,08 Toa6] fo.3z Tou6] o065
Fig 8(1) was drawn and 82 = 0.2% % 0,07 ana MK = 0.08k T 0.012

N.B. The finite monolayer will have the same parametiyﬂk

differing load system as p(0.1 R) is different.

but a

The results obtained can be summa@rised in the following tables.

Tghle (1)

Rotation 0/0

.M
Fo
Potential

Barton

Hendrickson

-

- Static

no of layers

- X-AXIS

intercept of FN curves in kg/cm2 x 107

Infinite layvers

50 - 100™
50 - 100"

Eo

2,08
2.903

Fat

U

1.596
¥ 0.09

0.965

Finite lavers
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Table (1) Continued

Potential Infinite lavers Fo_ /7é} Finite layers
. . fo0.09] Io.05
Bartell 11M ' 1.74 0.40 3M
Yo.09| fo.ob
Muller 9 1.74 0.470 3
*o0.09| %o.045
Len-Jones 7 - 9M 0.675 0.480 3M
Yo.09| %o.045
Table (2)
Rotation 0/0 - Kinetic . X=-5XTS
Potential Infinite layers Fo_ j*éﬁ Finite lavers
Barton 50 - 100" 0.393 | Z0.094 5
Yo.02] o
Hendrickson 50 - 100" 0.293 | 0.094 5
to02] o1
Slater 1M 0.180 0.10 3 -5 M
I0.02] fo.:
Bartell EETLI 0.326 0.08 3
| ‘ fo.02} fo.o1
Muller 9 0.328 | 0.085 3
o002 fo.m:
Len~Jones 7 - 9M 0.128 0.09 BM
. Yo0.02| I o.01]
Table—(B) .
o/ STATIC X=£X1S
Potential Infinite layers Jo —_ Finite lavers
Barton 50 - 100" 2.22 0.25 5t
Hendrickson 50 - 100" 2.22 0.25 si
Slater " 2.22 0.3 3 - 5
Bartell n"* 2.02 0.15 31
Muller M 2.7 0.325 31
Len-Jdones 7 - 9M 2.02 0.215
Polyfit st 2.41 0.23 "
Polyfit M 2.71 0.23 M

Errors & 0.45 for Fo and T 0.07 for 4
4



Table (4)
T T———
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0/20  KINETIC ~ X-£¥IS

Potentisl Infinite lavers _Eg ”‘Qt Finite lavers
Barton 50 - 100" | o.u3 0.047 5M
Hendrickson| 50 = 100 _0.43 0.047 5M
Slater 1" 0.43 0.055 3.5
Bartell M 0.39%4 0.03 M
Muller ' 9M 0.55 0.04 3“
Len~Jones 7 - 9M : T 0294 0.04 3M
Polyfit |} 5 0.45 0.0b4 M
Polyfit M , 0.50 0.039 M

Errors - % 0,08 for Fo__and ¥ 0.012 for

The last table can be sumrarised as follows -~ by taking the
averages of the layer number and using the average (70%) of the Fo
value calculated in the previous chapter. The average of exXponential

polyfit potentials are used.

Table (5)

Infinite l=vers Fo 7% Fo Finite lavers
50 - 100" 0.43 0.305 5

(11 - 0) M 0442 0.309 \

5 0.45 © 0.315 A _3M

M 0.50 0.350 M

Table (5) is reproduced in figs 8(2). 4n inverse compressive function
(£ [1/4]) has been used ~ the graphs have been extrapolated to enable
the relationship between parameters to be seen more clearly.
Programs were also run to obtain compressive data on the X-AXIS
utilizing SHIFT (20). Results are sumrarised in Table (6). See fig. 8(3)

Table (6) ‘ ’

Q/0 - 8nift (20) = d--XIS

Infinite l=ver D% keal/mole a4 Fo kq/cmax 103 FTinite lavers
- 100t 0.15 0.422 0.079 5
M i
11 0.11 0.43 0.058 5
llM 0.125 042 0.067 3 - 5M
M 0.15 0.40 0.079 5
3H . M
5 - 0.175 0.35 0.093 X

The Coefficients of Friction are all in the range 0.03 - 0.05
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8.2

8.3

Effect of other comvressive distributions

A1l the information in Tables (1) - (6) represent an inverse
compression distribution. As the coefficient of friction and Fo
are shared by infinite and finite layers, and depends on (§d/X)
to a first order approximation, an inverse squére distribution,
compressive distribution,can be attributed to each potential
combination. This implies that the parameters Fo an%/l‘ will be the
same but the number of layers represented by a given combination will
differ. Fig. 8(4) shows some Force-Load systems referred to in th
tables. ‘ '

Programs were also run using Cameron's isotropic compressive

‘case of 40, 80 and 120 ton/sq" using the elastic cofistant Z o

(i.e. (1) the a and b directions of the unit cell (2) DCH2 values of
2.85 R, 2.65 2nd 2.45 R). A1l these programs yielded straight line

graphs, figs. 8(5), as a function of rotation.

Results usineg Shear, Rotations and 5hift , -

In section 7.2 the pro-rams run were described and the results
and grarhs obtained are given below.

.=£:) U~in~ sn Anisotronic comnression function (f [1/d]), infinite

layers, rotation 0/20, for the X-AXIS then using the Root Mean Sgumre
value of 0.63 to find the average over 260° and spproximately O.1 to

find a minimum value along a diagonal of the unit cell.

Layers Fo (X) x 100 | Fo (AV) x 107 | Fo (MIN) x 10°  WIH)
(100 - S0)M | 0.827 0.525 0.2h5 1T ¢
9 - 11 M 1.10 : 0.690 0.375 o 042
7 -5M 3.9 2.4 1.26 , o 1.1

It can be seen that F_ follows the trend of fig. 8(2) and 8(3).
Values of/ll LIl are unreliabie and the general shape of the Force-Load
curve is asymptotic at large loads. The case of infinite layers at
light loads being the only case where the gradients are approximately
straight. See fig. 8(6).

For evemple the energy barrier for a Barton-Scattering centre
potential, rotation 0/0 (rigid), and zero pressure is 20.49 - using 0.1X
along the diagonals -~ which approximately gives a value of 3.0 x lO3
kg/cn® for F.

=@ Isotrornic Cormression

Programs were run using pressures of 0, 40, 80, 120 ton/sq"

with scattering centre potentials. By using the relationship

—A')\ = (P/EC), where A)\ is the compressive strain, p is the pressure

s



.
Sp

ecific Force kg/cm x 10°

(a) kesults representing the energy
dissipated over 1.4 R i.e. 'Static'
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y (b) Results representing energy dissipated /cm -
over the X-AXIS i.e. 'Kinetic', M~ O.Bhf -
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3-0 60 - . -0 2-:0 ‘ 150 130

Pressure kg/cm™ x 10
i : 0' h v . . t ‘

- Specific Force against pressure for a Folyfit fitted potential representing a

monolayer (finite layers) for a rotation of 200 on the X~.AXIS of the unit cell,

averaged over 3600- :
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(a) .Energy dissipated over
1.4 R on X-AXIS.

16), |
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(1) = layer height for 'finite'layers in dimers

3

o 5 - layer height for 'infinite' layers in dimers
/
/ T
lot . (b) Energy dissipated/cm over X-AXIS

3 @

r-q
50 13

average value of

'X~-AXIS', kinetic

0*2:__/ monolayer for SHIFT (20) - X-AXIS ' case

;' " 4 4 3 : | e Py 4 A >
1o - 20 3-0 o0 -0 s ’pressure kg/cm‘2 x lO_3
; .
Fig 8(2) = Graph of specific force against pressure as a function of layer height, rotation,

X-AKIS and average value,
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Specific force kg/cm x 10°
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(a) Monolayer X-AXIS, rotation 20° - 'finite' layers

[

(b) 3 and 5 dimer layers; shift (20)- X-AXIS

'finite layers'

—> o

1-¢

Tie. &(3)

’ + * v * ’ pe o
@0 - 30 ko 5e0 l

i

pressure kg/cm2 x 103
- Graph of specific, force apainst pressure as a function of layer height, rotation and shift of

chain to vertical. '
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Specific pressure - kg/cm2 x 10°

{00

(a)

Results for energy dissipated over l.4 | ~ X-AXIS, and a function
of rotation, ROT/ROCK, which can represent 9 or 3 dimer - infinite,

finite layers respectively.

(a) Energy dissipated/cm over the X~-AXIS

0/0

g_ = 0,47

0/20
a 0432

N

. | : 0/0, M= 0.085 .
Lok . - ¥ : 0/20 = 0.0k
o ' . ' > /20, //éL'"*"__" 2
5 ' 4.0 ;3',;

Pig, 8(4)

AJ 7 .
(8- opressure - kg/cm2 x 10

Graph of specific force against pressure for a Muller - Scattering Centre potential as a

function of rotation and energy dissipation.

b

= H2Tl =

3



Specific force kycm2 X 103

I~ o/

A
0/10 :
”.o.
lp-o] , - j o | 0/15
1o
071 ‘ .
0/20
Fof |
bof
s
bof
3.0 I
Ao / '
1-0
¢ — + ‘ + —> '
“ho . ] o - . JRO pressure tons/sq"

[} .
. 65 a10° ,
’2,0“0 {4 5‘)(}0 atmospheres :

Fige 8(5) - Specific force against pressure for a /% ,jca@wy WM@Z ad &W 7’77&62‘“"
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Fir. 8(6) = Force-Load diagram for a Barton-Scattering centre potential; rotation of 20°; anisotropic

N ) - )
compression, £ (1/d) - infinite layers. i . g
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and E is the modulus of compression in the & direction of a monolayer
- (3. 33 x 10" dynes/bm ), the decrease in gap distance from 3,09 f for
a load of 40 tons/sq" is 0.00618R. (i.e. DCH2 = 3.8382 R). All the
potentials were subjected to this method and for a rotation of 0/20
over the X-AXIS typical results were as follows. (8E is the potential

profile to be overcome in kcals/mole),

Potential &7 2s a function of load (kcals/mole)

Barton 0.946, 0.970, 0.998, 1.028

Slater 1.376,  1.412,  1.452, 1.492

Bartell 2.158, = 2.232,  2.296, 2.370

Muller 3,776,  3.902,  3.996, 4,122

Len~Jones 4,736, 4,890, 5.108, S5.274 ‘

The results can be summarised in the following tal%e - F, (X) is
the intercept in ko/cm x lO3 of the Force-Load Graphs (stralpht lines _
could be drawn through the points for rotations of 0/0 (rigid), 0/10
and 0/20) - figse. 8(7), 8(8) and 8(9). The minimum value is approximately
30% of the X-AXIS kinetic values along the diagonals of the cell - the
potentials are scattering centre approximations an%//QLST is the

coefficient of 'static friction' on the X=-AXIS

Potential F (X) Fo (MIN) ST
Barton 1.07 0.32 0.023
Slater 1.k2 0.b2 0.030 .
Bartell 2.08 ' 0.62 0.055
Muller 3.51 1.05 0.088
Len-Jones 4,20 1.25 0.130

If an average of the exponential rotentials is taken; F (MIN)
= 0.64 x lO3 kg/cm . For 'Static' conditions over the X—AXID the
average coefficient of friction is 0.065 aznd for ‘kinetic' conditions
2 0.02. <Ihere is an error of 2 0.002 in AL vhen reading from the
computer print outs and p 0.05 ﬂ in 'X' for 'static' cases j.e. 1.4 ¥
0.05 f.
—( _snist (20°%) ; Rotation 0/0 znd 0/5

Results were obtained for shift (20) and a slight rotation of the

molecules. Only Fo values are compared¢ - for the general shape of the
Force-Load curve is similar to fig. 8(6). Averages were taken using

the tables in section 7.4



i.e. 0/0 F_ 0/5 F_

Potential (5.C.)| % ~ds | Flv (Wing) ~ nALS TIN (iaG)
Barton 1.3 | o0.78 0.8 0.75
Bartell 2.6 1.46 1.3 1.25
Slater 1.9 1.0 0.95 0.9

Muller 5.0 3.0 2.5 2.4

It can be seen that the minimum values are approximately equal
in both cases - but the magnitudes are far larger than the results
in Table (6) and is unreliable, _

All the results are discussed in terms of present theories in

the next Chapter.
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CHAPTER 9 -~ DI3CUSSION
o S

Jhear as a function of Rotations and Inclinstion -

Bowden and Tabor (1) quote Bridgman‘s work on the effect of
pressure on organic materials i.e, the specific shear strength

increases almost linearly with the pressure. Akhmatov (2) quotes

the work of Boyd and Hobertson with regard to the shearing properties

of stearic acid i.e. the coefficient of friction changes from 0.0l

to 0.05 as a function of pressure - and the lowest average is 0.022.

In the vrevious chapter three types of results were considered -

(a) TUsing an anisotropic compression function, variable coefficients
were obtained - see fig. 8(6) - but these were unreliable and
in magnitude far too high. The shape of the curve appears to
be asymptotic at high pressures - ref (2)

(b) By considering all the potential systems with isotropic compressions
using Young's Modulus equals 3.33 x 10" dynes/cm2 - fig. 8(7).
Using an average of exponential functions a value of approximately
0.02 for was calculated for the X-4XIS.

(c) When inclining the chains to the vertical results similar to (a)
were obtained and values of Fo were approximately equal as a
function of rotation and diagonal of the unit cell. Godfrey (3)
gives several values for the shear stress of stearic acid as a
function of pressure ranzing from 25‘kg/cm2 at 250 kg/cm2 of
pressure to 140 kg/cm2 at pressures of 1000 kg/cm2 and 440 kg/cmz.
It can be seen that values of Fo are generally too high assuming all
the energy is dissipated.

Fig 9(1) shows the effect of rotation across the X-AXIS for SET

(44) - when the enmergy of rotation is considered,the minimum energy

L. . R o o
dissipation is{the range 10" - 25,

Corvressabilities and Shear

The results and method of calculation using the compréésability
diagrams - figs. 7(9 - 14) were described in Section 8.1 Figs 8(2)
and 8(3) show the same trend as fig. 1(1) with respect to the layer
héight when considering the anisotropic compression functions; £(1/d)
and.f(l/dz), The Coefficients of Friction are of the right order
(0.08 - 0.03) but again F_ is too high. No matter what compressive
distribution is used the coefficient of friction was a constant value
as a function of pressure.

These two sections have shown that by using different distributions

different traints of fatty acids films are shown, which are all claimed

in the literzture. All these processes can vrobably occur depending

on external conditions which will cause certain situations to predominate

i.e. structural differences in the crystal flanes.
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Apnlicability of Potentials

As demonstrated in earlier chapters the Scattering centres
approximation for attractive potentials gives a more complete
picture *hsn the point centre notentials. Each potential can be
used to describe a particular layer heizht - althouzh the softest
potential, Barton, only approximated to 100 - 50 monolayers. The
very nature of shear and hence boundarj friction has been shown
to be governed by the repulsive contributions and adhesion by the

attractive forces.

Results as & Tunction of Isver heicht

The similarity of the results to fig. 1(1) has been shown.
The force of friction is sensitive to the type of distribution used
~ this implies extreme sensitivity fc repulsive potentials. Any
dislocations in the system will affect the results from the maximum
values obtained. Wert and Thomson (4) state that pure crystals with
only a few dislocations deform plastically at an order of four or five -
magnitudes less than their shear modulii. This, together with any

chanze of the maximum nature of energy dissipation would alter the

magnitude of Fo.

Sometimes a 'pack of cards', mode} is used to explain shear in
boundary layers. This assumes that all the methyl planes slip over
each o*ther at the same rate, as a function of layer height. This
means that for an isotropié compressive case the methyl distances
all decrease an equal amount, so when different layer heights are
sheared the least resistance will be displayed by a monoclayer, at
a certain pressure. This is contrary to figs. 1(1), 8(2) and 8(3).
If an anisotropic function is used, shear implies relative motion

of the dimer planes i.e. viscosity effects.

Surface Jdoushness

Kragelskii (5) quotes results as a function of surface roughness,
load, thickness and coefficient of friction - fig. 9(2). This can

be explained as follows -

(a) Portion =B - roughness cen be represented by fig. 9(3) - more
specifically by the ratio (T /ﬂ MAX). Thus when the Roughness
increases this ratio decreasés. It also appears in expressions
for surface area calculations (5) and is thus proportional to

the force of friction (equation (5) - Chapter 1). So when the

roughness increases will decrease.
(b) Portion BC - For a particular layer height as the surfaces

get rougher, thinner layers will be involved in any friction
processe. From figs. 8(2) and 8(3) theré is larger friction

force associated with thinner layers - thu?/ﬂA.increases.

—— i e — -, e cas ce e e e e e G GG O U U O
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9.6 Theories of BoundamyFriction .
a— ~7
Two main points arise from all the specific force - pressure

diagrams,

(a) Coefficients of friction of fatty acids sliding on itself are
of the right order 0.l 0.02 ‘

(b) In all ceses for zero load there was an intercept on the
Force ordinate.
These are discussed in relation to theories, light loads and

adhesion in the next two sections.

9.7 Adhesion
Adhesion of molecular layers can be regarded by two arguments.

(a) Adhesion can be thought of as arising from the reverse of
compfession i.e. tension - fige 9(4). The position of the ultimate
breakdown point is not known, but along the slip plane seems
reasonable. For all the potentisals o is approximately the same
i.e. as a function of layer height, and the adhesion force is -
proportional to (¢/D). The layer heirht (h) would then be
proportional to D, as the smaller the layer the less distance

under tension to separate the layers. i.e. ddhesion force should

be ihversely proportional to h. fig. 9(5) and reference (6).

—~
o
fN

By applying Deryagin's two term friction law - Chapter 1,

equation (4) - to figs 8(2) and 8(3) the same relationship

between adhesion force and layer height can be derived.

ie. F o= (1 o+ No) where N, the external load is due to
the repulsive "forces and NO due to attractive forces.
When N = O; Foz No and when F =03 N = - No' As the
layer height increases, therefore, No will decrease -
i.e. Néié.Adhesion could also include removal of the
absorbed moleucles from the surface and any unknown

structural changes.

9.8 Licht Loads ‘
As was shown section 1.8 there are differences in the interpretaﬁion
of the action of lisht loads.
(a) Bowden and Tabor explain the rise in Mas the film interacting with
itself - i+ hez been seen that under a variety of conditions
is of the order 0.02 - 0,1 There is no mention of variation of
parameters as a function of layer height.

(b) Cameron and Kragelskii both emphasise that there is an intercent

on the Force axis and is defined as (F/N). i.e. equation (6)
- Chapter (1). Fig 9(6) shows some variations of as a function

of Fo; Althouzh this is a plausible explanation it does not really

T TR
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explaiﬁ what causes the phenomena. Adamson's suggestion that the
situation at light loads is similar to figs 1(2) and at normal loads
the chains lie flat seems rather dubious, as for large Shift values
i.e. chains approaching the horizontal; the interaction energies
were very large. Fig. 8(5) does show increasing at light loads

if a minimum energy profile is taken ﬁg‘: function of rotation.
Equation (7) - Chapter 1 - implies that at light losds the srea of
contact is not proportional to load, this must also help to explain the

effect.

9.9 Statistics of lodel, Physical and Chemical sorntion

By considering displacements every 10° across the unit cell a
Root Mean Square Value co@pared to the X-AXIS can be calculated. The
same diagrams show the anisotropy -of Fric¢tion with respect to well
defined directions, in particular along the diagonals snd Y-AXIS.
References (7) and (3) state that ?hysical adsorption of fatty acid
molecules on a surface is of the order of 3-10 kcal/mole and Chemical
is in excess of this value. Physical films could shift their orientation
to the surface so that the shear direction is in effect acrcss the
disgonal - this would entale a redistribution of ¥ 150 znd in
consequence must take up a certain amount of work. Chemical films
would probably be less inclined to line up along a minimum slip plene.
Fitzgerald (7) states that coefficient of friction will be
highest in the direction of closest spacing, which can be seen to
occur in the diagrams describing friction parameters as a function
of distance and anzle. ‘'Kinetic friction', was assumed to be due to the
gliding of one layer relative to the next and 'static' due to the

initial displacement which could involve elastic and plastic forces.

9.10 Model and narameters used in the vrozranm

(a) Internal rotations make an appreciable difference in the potential

' profile - ROCK being the more effective.

(b) The minimum shift value is 20° to the vertical and internal
rotations are not so effective - this system gives the lowest
F0 value. L&. 60 ‘ﬁ{’i/cmz o

(c) The Setting Anzle was calculated to be 440,

(d) Compressions in the a and b directions are of the same order.

(e} Rotation of the chain are secondary effects.

(f) A larger lattice size on the X~-AXIS would give lower results

assuming the same energy dissipation maxirum.
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9.11 Effect of S0lid Phase
Harding (8) assumes the constant A in the force of attraction of
two solid surfaces fA = AJ6TT R3 to be 10_12 ergs, see Chapter 1 -

equation (8). The force at 20 R separation is 0.17 fergs /cma. For
. very low values of Fo the solid contribution would be 2 10% - at
4 R separation the contribution is negligible. The guestion does
arise how the solid surface affects the properties of the crystals -
i.e. surface deformation, polycrystalline structure, the composition

of the surface force and profile.
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CHAPTER 10 - CONOCLUSION AND FUTURE WORK
————— W ]

10.1 Conclusions

As friction is of a statistical nature it is surprising how

many quantitative results can be predicted by use of an idealised

system. The main advances achieved in this work may be listed as

(2)

(b)

- (e)

(@)

(e)

()

Coefficients of friction were of the right order, i.e. 0.1
—30.03; only one excention was found.

The magnitude of the frictional force was greater than
experimental results by a factor of two to four times, but
changes in the assumptions of energy dissipation or dislocations
in the crystal structure would diminish the wvalues obtained.
Such.reductions are to be expected from other published worke.
The basic sensitivity of friction forces with respect to
repulsive forces has been shown. By the use of differing
potential systems different molecular layer heichts can be
represented and the relatjonship between the numbter of layers
and force has been shown. Using this and compression diagrans
some experimental results with respect to surface roughness and
adhesion can be explained.

There is no evidence that the rise in coefficient of friction
at light load can be explained by lubricant films sliding on
themselves but rather this phenomené is more likely to be due
to changes in the area of contact with load.

The anisotropy of calculated frictional forces with respect b
direction in ideal crystals has been shown. Ninimum shear
planes are pressnt and an elementary statistical process can
be envisaged by considering a root mean sguare value over 3600.
Twisting of the cheins has been shown to be a second order
effect compared with internal rotations or lifting and the
setting angle has been calculated theoretically znd shown

to agree excellently with practice.

10.2 Improvenments of %2 redel znd future work

(a)

(b)

(¢)

Similar work could e done for different crystal structures of
fatty acids i.e. monoclinic and triclinic systems, to augment
work already done.

Direct substitution of the hydrogen atoms and changing the
lattice parameters would lead to systems of more practical
nature i.e. flmerire chain compounds and F.T.F.Z.

A sinusoidal internal rotation potential could be developed to

give a more accurate rortrayal of the minimum enerzy paths.

o e s o e R U SU UP P . O G o g e i s i e s
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(d) The model could be adapted to incorporate a statistical
Fourier representation of metal surfaces.

{e) A random liquid model of long chain molecules could
be investigated for the szke of comparison with crystal

structures.

00000000000
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APPENDIX A - CHAIN MESHING UNDER CCOMPRES5ION
L — W ¥

(a) 

(v)

(¢)

It has been seen that the chains can resist huge pressure

| by deformations of a few tenths of Angstroms in the

Z direction. i.e. DCH2 values.

A”;rogram was run to reduce DCHZ from 3.09 ] ot the
equilibrium, to negatiQe values representing the chains
in a meshed positione.

When considering values of DCH2 approaching zero, the
repulsive forces predominated, but with respect to
negative values of DCH2 the attractive forces tended to

dominate.

It appears that chain meshing would be an unlikely process unless

accompanied by internal rotations to overcome the potential or by

structural changes.
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EPPIDTN B - IUTINITN AND FINITE

= LAYERS
{see Akhmatov - Ta 253)
Consider a boundary layer having a thickness d and extending
infinitely in the X and Y direction
=0 A B
S:;// > oD
; &
a
q l//// q
/.
C D
_ 1 .
Consider ABCD within the layer - spply pressure
thickness will alter to
d=d (1-K:)

P
o

H

and the layer
1 (B= Young Modulus)
E
But there will be a lsteral pressure q in an infinite layer
which will prevent lateral extensions - therefore the distance
a' = do (1 - ')

]
decreased will bz less than d i.ei‘d
-vwhere gof '¢ot

T Poissens tabe L
or E' > E
Where ' is the modulus for an infinite layer
E is the rmodulus for a finite layer.
Akhmatov states that

3

elastic compression can be applied
to layers of finite dimension if the pressure p does not exceed the
resistance to rlastic flow in the XY plane i.e. 10

- 10 kgm/cmz.

e g enoeren i
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APPENDIX C - MAIN SUBROUTINE OF THE MAIN PROGRAM
S— S ——— e ———————eery

The program reproduced (see Chapter 4 for the flow chart), represents
rotating a methyl group through %60° (ROT) at a point 2.4 Angstroms
on the X-EXIS at a compression value of DCH2 - 2.85 & (40 tons/sq" -
’ Cémeroﬁs loading system). The range of influence of the molecules

is 22.2 %.

The program ran on a CDC 6600 machine, time limit 300 seconds

and core - space 30,000 units.



JOB (UMEMO70+CM30000+T300¢DO) SUTCL IFFE HELP
FUN{(Seeses¢11610)
LGOe
.8
- € MAIN PROGRAM
PROGRAM HELP ( INPUT +QUTPUT»TAPES=1NPUT s TAPE6=0UTPUT)
INTEGER R+«P«Q
- DIMENSION SET(362)sF(20)+pDA(100)+5L UE(120)9+ABA(2)
COMMON AAX(12)9ABX(12)¢BBX(121¢BAX(12)+AAXE(12)+ABXE(12)+8BXE(12)«
1BAXE(12)+AAXD(12)+ABXD(12)+8BXD{12)+BAXD(12) +AAY(1S5)+ABY (15)+CAY (}
25)sCBY(15)sAY(15)+CY(15)sABYEC1IS)+CEYE(15) + ABYV(15)+CBYVI15) 2 AAYDI
315)1ABYD(15)+CAYD(15)+CBYD(153sRX(12)sRY(1S)RZEL (6)+RZE2(6) sRZO1 (
-46)'RZO2(6)'RZDI(6)'CRIT~X1'XZOX30Y1'Y20Y3'SCCT:SVHToSHHTORP2(1200)
5eRP(1200) +SCH2
READ(5+1000) THETA HC'ALPHAOAI9A298UCK1'BUCK2‘BUCKM9C1!C2vC3~H1
1H2+H3+BUK11BUK2+BUK318UK S +BMUL +B8SL 'R JH+BHEARTsHEB+BTLL *AC1CCNE
2RGICMUL ¢ CSL A CHIUXsUY sCMICK s (RX(I)eI=197)e(RY(J)eU=1s10)
1000 FORMAT (10XsF1246)

-

00 00 0 000

% I 35336 36 K 3 I 36 3 3 I 3 3K 56 I I A 3 3 3 3534 36 353 I 630363 W I A H X X TR N X
X-AXIS  COMPRESSION :
. SETTING ANGLE FIXED AT 44 DEGREES
K=46 ) ' o~
SET(K-1)={FLOAT(K-2)%3+14159)/180.,0
CONSTRUCT DISPLACEMENT LOOP )
D=2+48 '
CONSTRUCT ‘ DISPLACEMENT PARAMENTERS
MF=1
ORT=0,0
F(MF)=ORT#3.14159/18040
. C COMPRESSION LOOP
c
DCH2=2.850
C -
DO7000 KR=24+362+10
c

Ccob DEF INE BOND LENGHTS

DATA (ABA(JI)+JI=102)/0+48445+066940/
- DO 8000 JlI=1.2

AB=ABA(JI)

C ~INCREASE Y3 CO-0ORD--DECREASE X3 CO-=0ORD=- IE«H3 AVOIDING EACH OTHER
ROT=FLOAT(KR~2)

C INTRODUCE COORDINATE AFFECTING ALL H MOLECULES

‘ HINROT=ROT*3+14159/18040 ,

C INTRODUCE TILTING CO-0RDI (ROCK)==—ecmmaam—a (X3e¢Y342Z23)

- TILT=060 : .

ROCK=TILT*#3.14159/180.0

X=AB#COS(SET(K=-1))

Y=AB#SIN(SET(K=~1))

X1 =HC#COS(THETA=SET(K~1)~HINRQOT)

Y1=HC*#¥SIN(THETA-SET(K-1)~HINROT)

X2=HC*COS(THETA+SET(K-1)+HINROT)

Y2=HC¥SIN(THETA+SET(K~1)+HINROT)

X3=HC*SIN(ALPHA+ROCK) *COS(SET (K=1)+HINROT)

Y3=HCH#¥SIN(ALPHA+RQCK ) ¥SIN(SET(K=1)+HINROT)




= 147 -

-

. Z3=HC*COS (ALPHA+ROCK)

DISPLACEMENT IN QUADRANT A

CONSTRUCT X SUMMATION ARRAYS

fnnano

DO 71 I=1+7s1
AAX( 1)=CM+2,0%X+RX( 1 )=-D*COS(FIMF)}
ABXE (1) =UX=CK+RX(1)-D¥*¥COS(F(MF))
ABXD(I)==D*COS(F(MF ) )+UX—=CK=240%X+RX( 1)
ABX( 1) =UX=CK+2 ¢ 0%X+RX(1)—=C*COS{F{MF))
BAX{1)=UX—=CM=2 0% X+RX (1) +D*COS{F(MF))
BBX( I )=CK=240*¥X4+RX{( I )+D*¥COS(F(MF))
AAXE(1)Y=CM+RX (1) =D*COS(F{MF))
BBXE(1)=CK+RX(1)+D*¥COS(F{(MF}))
BAXE (1) =UX=CM+RX({1)+D*COS(F(MF))
AAXD( 1) ==~D*COS{F(MF ) )+CM=2,0%X+RX( 1)
BAXD( 1 )=D*COS(F(MF) ) 4+UX=CM+2+0%X+RX (1) A

_ BBXD(1)=D*COS(F(MF ) )4CK+20%X+RX(1) . : ) N

" 71 CONTINUE , -

. CHPEITEIDTTIDIIIDSIDDD :RANGE OF INFLUENCE TEST ¥R XEXXHFXEERHFHHREXHLAHXXXAHENK

DO 400 I=1¢741
IF (AAX(1)eGTe2242)
IF (ABX(1)eGTe2242)
IF (BAX(1)eGTe22.2)
IF (BBX(1)eGTa22e2)
IF (AAXE(1)eGT e2242)

AAX(1)=10040
ABX(1)=100.0
BAX(1)=10040
BBX(1)=1C040
AAXE(1)=10040 ‘ : -

IF (ABXE(1)eGTa22.2)" ABXE{1)=100.0
IF (BBXE(1)eGTe22+2) BBXE(1)=10C+C
IF (BAXE(1)eGTe22.2) BAXE(1)=100.0
IF CAAXD(1)eGTe2242) AAXD(1)=10040
IF (ABXD(1)eGTe2242) ABXD(11)=100.0
IF (BBXD(1)eGTe22.2) BBXD(1)=100.0
IF (BAXD(I1)eGTe2242) BAXD(13=10040
400 CONTINUE

C -

’ DO 403 I=1e701
IF (AAX(1)elTe=2242) AAX(1)=100.0
IF (ABX(I1)elTe—=22¢2) ABX(11=100.0
IF (BAX(I)elTea=2242) BAX(13)=100.0
IF (BBX(I1)el.Te-22.2) BBX(1)=100.0
IF (AAXE(I)el.Te=22.2) AAXE(1)=10040

N IF (ABXE(1)eLTe=2242) ABXE(1)=10040
IF (BBXE(I)el.Te—=2242) BBXE(I)=100.0
IF (BAXE(I)elLTe=2242) BAXE(1)=10040

. ‘IF (AAXD( (1) el Te=22e2) AAXD(I)=10040
IF (ABXD(1l)elLTe=2242) ABXD(I1)=1000 .
IF (BBXD(I)elLTe=22¢2) BBXD(1)=100¢D
IF (BAXD(1)elLTe=22¢2) BAXD(1)=10040
. 403 CONTINUE
C CONSTRUCT Y SUMMATION ARRAYS
c - .

v e s Pt s o 4+, 42 A < emnen

DO

81 J=14+1041

AAY(J) =2 0*¥Y+RY (J)=D*SINI(F (MF} )
CAY(J)=UY=240XY+RY(J)+D*SIN(F(MF )}
ABY(J)==D¥*SIN(F (MF))+RYL{ J)1+UY/2.0

CBYE(J)=D¥SIN(FIMF) I+RY (J)+UY/72e0=-20%Y

ABYE(J)==D*SIN(F(MF))I+RY (J)+UY/72,0+2.0%Y -




81

148 -

ABYD(J)==DASIN(FIMFIIERY( JI+UY/ /2,0

ARYD(J) ==DHSINIFIMF I J+RY () =2 JO*Y
CAYD(J)=DHSIN(F (MF I I+RY(JI+UY+2,0ORY

T ABYV(J)ISUY /2402 0% Y4+RY( J)=DXSINIF{NMF))
CBYV(J)IZUY/ 2042, 0%Y4HRY L JI+DESINIF(MF )
AYLII=RY (J)~D*SINIF(MF)) '
CYCII=RY LIV +DESIN(F {MF ) )
TBY(J)=UY/2.0+RY{ JY+DESIN(F {MF})

LBYD (N =RY (N +DESINIFIMF ) )+UY /7240

CONTINUE :

T EEFREFEZETXREXERLHTRERE RANGE TEST %33 B3 X33 33630 K306 3638 303830 36 3630 36 3030 36 H 50 38 6 3¢

noao

401

H04

601

non

602
600

DO 401 J=141041

IF (AAY(UJ)eGTe2242)
IF (ABY(J)eGTe2242)
IF (CAY(UJ)eGTea2242)
HF (CBY(JU)eGTe22+2)
IF (AY{(J)eGTe2242)
IF (CY(U)YeGTe22e2)
IF(ABYE(J) eGTe22.2)
IFL(CBYE(U) eGT e2242)
IF(ABYVI(U)«GTe2242)
IF(CBYV(U)eGTe2242)
EFLAAYD(J) eGT e2242)
IF(ABYD(J) eGTe2242)
IF(CAYD(J) eGT e22.2)
IF(CBYD(J)eGTe2242)
CONTINUE

DO 404 JU=1+41041
'IF’(AAY(J).LT.—22.2)
IF (ABY{(J) el Te~224,2)
IF (CAY(JU) elLT e=2242)
IF (CBY(U)el.Te=22.2)

IF (AY(J)elTe—22.2)

IF (CY(J) el Te=22¢2)
EF (ABYE(J) oL T e =2242)
IF(CBYE(U)YelLTe~2242)
IF(ABYV(J) el Te~2262)
IF(CBYV{U) el Te=2242)
IF(AAYD (U)ol Te~2242)
IF(ABYD(J) el Ta=2242)
IF(CAYD(J) el.Te=2242)
IFA(CBYD(UJ)elL Te=-22,2)
CONTINUE

AAY(J)=100.0
ABY(J)=100,0
CAY(JI=10040
CBY(J1=10040
AY(J)=10060
CY(UJ)=100.0
ABYE(J)=100,0
CBYE(J1=10040
ABYV(U)=10040
CBYV(U)=100.,0
AAYD{(J)=100.0 -
ABYD(J)=100.0
CAYD(J)=10040
CBYD(J)=100.,0

AAY(J)=10040
ABY(J)=10040
CAY(J)=100.0
CBY(JUI=100.0
AY{(J)=100.0
CY(J)=10040
ABYE(J)=100.0
CBYE(J)=100.0
ABYV(J)=10040
CBYV(JU)=1004.0
AAYD(J)=1C0.0
ABYD(J1=100.0
CAYD(J)=100.0
CB8YD(U)=100.0

CONSTRUCTION OF Z ARRAYS

DO 600 JAz=14641

IF (UALEQel) GO TO 601
RZO1(JAI=RZO1(JA=-1)+2.54

GO TO 602
RZO1 (JA)Y=DCH2
GO TO 602
CONTINVE
CONTINUE

DO 603 JB=14+6141
IF(JUBeEQs1)

GO TO 604

RZ0O2(JB)Y=RZ02(JB-1)+2+54



. GO TO 605
604 RZ02(JB)=(DCH2-Z3)
GO TO 603
- 605 CONTINUE
. 603 CONTINUE

 CRIT=(DCH2-2e0%23)

o0 o0

DO 606 JC=14641
IF(JCeEQel) GO TO 6C7
RZE1(JUC)=RZE1(JC~1)+254
GO TO 608 -

607 RZE1(JC)=(DCH2+(2,54/240))
GO TO 606

608 CONTINUE

606 CONTINUE

OO0

DO 609 JUD=1+6+1 : -
IF (JD¢EQel) GO TO 610 o -
RZE2(JD)=RZE2(JD~1)+2.54% ) S
GO TO 611

610 RZE2(JD)I=(DCH2+(2¢54/2e0)~23)
GO TO 609

611 CONTINUE

609 CONTINUE

DO 612 JE=1+Sel
IF(JUE+EQel) GO TO 614
RZD1(JE)=RZD1 (JE-1)+2.54
GO TO 615

614 RZD1(JE)=DCH2+2+54
GO TO 612

615 CONTINUE

612 CONTINUE ' s

IF (ABeEQe0¢6940) GO TO 902
WRITE (6+5)

5 FORMAT (1H1+//20X+56H COMPRESSION READINGS FOR SETTINGS ANGLE AT
144 DEGREES /20X s56H-=——==———=====— - - -

2mmmm—me—e/)
"WRITE(6+100) DCH2 :
100 FORMAT (40X+8H DCH2 = +F744/40X410H==—=me=ce=/40X+ ] OH-———=——=—= /)

WRITE (6+9000) D
9000 FORMAT (20X+5H D = sFSe3/)

c
WRITE (6+¢306) KsROT*TILT+CRIT+DCH2+ORT
306 FORMAT (SXe6HSET = +113+6HROT = sF8e4s7HTILT = sF84497HCRIT = +F94S
19 7HDCHZ = +FBe4+6HORT = 1F8e4/)
c CALL REPULSIVE SUBROUTINE
CALL RHH
c

WRITE (64300) ' ~
300 FORMAT (20Xs+67H LIST OF SMALLEST DISTANCES AND CORRESPONDING REPUL
1SIVE POTENTIALS )

S o e e g



CH®ERN*

SUM UP RELEVENT DISTANCES #%% ) -

SUM1=0.,0

SUM2=060

SUM3=060

SUMA=0.0

SUMS5=060

SUME=0.0

SUM7=0.0

SUM9=0,.0

DO 7001 KA=1+41152¢1

IF (RP2(KA)eEQe4.0) GO TO 7001

C

Cx%% BUCK-EXP POTENTIALS *#**

C

C BARTON KCALS/MOLE

c’ :
E11=BUK1*EXP(-BART¥RP2(KA)/AD) ¥CON*240
SUM1=SUM1+E11

C HENDERSON KCALS/MOLE

C
E12= BUKZ*EXP(-BAQT*Rpa(KA)/AO)*CON*Z-O
SUM2=SUM2+E 12

c HENDERSON—BARTELL KCAL S/MOLE

c .
E13= BUK3*EXP(-HEB*RP2(KA)/AO)*CON*E.O
SUM3=SUM3+E13

C BARTELL "S/MOLE

C
E14=RUK4XEXP(-BTLL¥RP2(KA)/AC)*CON%*2,0
SUM4=SUM4+E14

C MULLURS POT -

L

E15S= BMUL*EXP(-CMUL*RPZ(KA)/AO)*CON*Z.O
SUMS=SUMS+E15

€~ SLATERS HELIUM MODEL

301

302
7001

E16=BSL¥EXP (=CSL*RP2(KA)7AD)*ERG*240
SUM6=SUM6E+E16
6-12 POT -

El1 7=RLJUH* 2., 0/(RP2(KAY®X*12)
SUM7=SUM7+E17

E19=(2,0%CON*0,818*%¥RP2{KAI**(S/21 ¥EXP (-~ 2.0*RP2(KA)/A0))/(AO**(5/2)

1)

SUMS=SUMS+E19

IF (RP2(KA)eLTel1le8) GO TO 301
GO TO 7001

CONTINUE

RP2D=RP2(KA)

WRITE (6¢302) KAoRPZDoEll05120E139EI4OE150E15!E17

FORMAT (1X414+8B(E136))
CONTINUE

SU1=0.0

SU2=060

SU3=040

SU4=040

- SUS=0.0

SU6=060




oo

&ﬂ’:0.0

Blig=0,0

VO 7002 KB=1+115241

IF (RP(KB)«EQe4.0) GO TO 7002

BARTON KCALS/MOLE

EZ!—BUKI*EXP(—BART*RP(KB)/AO)*CON
SU1=5SU1+E21]

HENDERSON KCALS/7MOLE

E22=BUKZ2*EXP{~BART*RP (KB) 7A0) *CON
SU2=5U2+E22

HENDERSON-BARTEL L KCALS/MOLE

E23=BUK3*EXP ( ~HEB*RP (KB ) /AD) *CON
SU3=SU3I+E23 -
BARTELL S/MOLE
E24=BUK4*EXP(—BTLL*RP (KB ) /A0)*CON
SU4A=SUSs+E24

MULLURS POT -
E25=BMUL*EXP{ ~CMUL*RP (KB ) /A0 ) *CON

SUS=SUS+E25 )

SLATERS HEL+UM  MODEL

I3

304

E26=BSL*¥EXP(—~CSL¥RP(KB)/7AQ)*ERG
SU6=SUL+E26

6-12 POT -
E27=RLJIH/(RP(KB)*%12)
SU7=SU7+E27
HIRCHFELDER

E29=(CON*¥0 ,S18*¥RP(KB)I*X X (S/2)#EXP{ -2 JO0#RP (KB )7A0) )/(AO**(S/?_) )

SU9=SU9+E29

IF (RP(KB)eLTe1e8) GO TO 303
GO TO 70C2

CONTINUE .
RPD=RP(KB) '

WRITE (6+42304) KB«RPDIE21 «sE22+E23¢E24+E25+E26¢E27

FORMAT (10X+14+8(E13e6))

F002 CONTINUE

C
<
C

SuM  TOTAL OF REPULSIVE POTS

RI=5UM1+SU1
R2=5SUM2+5U2

- RE=5UME+5US

non

RS=SUMS+5US ‘
REeE=5UMBE+5U§
R7=8UMT7+5U7
RO=SUM9+5U9

KCALS/MOLE

CALL ATTRACTIVE DISTANCES SUBROUTINES

cALL cc

CALL CHD

CALL HH

ECC1=A1*SCCT*ERG
ECH1=A2%SCHT*ERG

EHH1=8UCK 2%¥CONXSHHT * ( AO% %6 )
EATR=ECC] +ECH1 +EHH1

GO TO 8000

CONTINUE

CALL CH2

win, it il e il

“v.‘ & P

oo b R b0




!%;ﬂi;,m;,_"_“;iwéﬂ“Uﬂ;w~;~;“;;”“,,N,f;;;;i;lﬁg;iwm;;m_,.ﬁﬂ.~1 _

GO TO 8000
8000 CONTINUE

e — e Dy

C
_DATA ECH2/595.0/
EAT2=SCH2*ECH2
. ESKB2=R1-EATZ2
ESKBT2=R4-EAT2
ESKM2=RS-EAT2
ESKSL2=R6—-EAT2
ELJ2=R7-EAT2 ,
ESKH2=R9-EAT2
c
- C SUM ATTRACTIVE POT AND REP POT TO OBTAIN INTERACTION ENERGY
C .

' ESKB=SUM] +SU1-(A]#¥SCCT+A2#SCHT) #ERG-BUCK2*CONX¥SHHT* { AO¥%*6)
ESKH=SUM2+SU2—({ A1 #SCCT+A2%SCHT ) ¥ ERG-BUCK2¥CON*SHHT#* (AO¥%6)
ESKHBT=SUM3+5U3-( A1 #SCCT+A2#SCHT )} * ERG-BUCK2*¥CON*#SHHT* ( AO%*%*6)
ESKBT=S5UM4+SUG=-( A1 ¥SCCT+A2%SCHT ) ¥ERG—BUCK2¥CON#SHHT* (AO%%6)
ESKM=SUMS+5UB={ A1 #SCCT+A2%SCHT ) #ERG-BUCKM¥CON*¥SHHT* ( AO¥*¥#6)
ESKSL=SUM6+SUG~(A1¥SCCT+A2%SCHT ) ¥ERG— 8UCK2*CON*SHHT*(AO**6]
ELJ=SUM7+5U7=-(C1#SCCT+C2%¥SCHT+C3%¥SHHT)

ESKHCH=RO- (A1 #SCCT+A2¥SCHT ) ¥ERG=-BUCK2*¥CON¥SHHT*# (AO*¥*6)
C WRITE OUTPUT

: WRITE (64500)
" 500 FORMAT (10X«24HSUM OF DISTANCES CLASSES)
" WRITE (6+800) SCCTs+SCHT s SHHT

800 FORMAT (6X48H SCCT = +E136698H SCHT = sE13e698H SHHT

- WRITE(64+505)
505 FORMAT (25Xs20HREPULSIVE POTENTIALS)
WRITE (5+4501)

sE13e67)

.501 FORMAT (12xoéHBARTON-4X-7HBARTELL-3XoGHSLATEQ-2Xv9HLEN-JONESo2X-11

AHHIRCHFELDER)

WRITE (64801) R10R49R6-R7-R9
801 FORMAT (10X+s5E10,47)

WRITE (6+504)

504 FORMAT (SOXs26HTOTAL ATTRACTIVE POTENTIAL)

WRITE (6+804) EATReEATZ2

804 FORMAT (S50X+8H EATR = +E136+8H EAT2 = sE13e6/)

WRITE (6+502)
502 FORMAT (30X+21HATTRACTION POTENTIALS)
WRITE (6+802) ECC{+ECH1+EHH]

802 FORMAT (6Xs8H ECC1 = sE13¢618H ECHI = +E136+8H EHH1

VRITE (64503)

= +E1366)

503 FORMAT (S50Xs19HINTERACTION ENERGYS/13X+4HESKB Y 6X4HESKH ¢ 5X s 6HE SKHB
2T 14X +5HESKBT 16X 4 HESKM 1 6X 1 SHESKSL 15X ¢ 3HEL J 95X+ 1 1HHIRCHFELDER)
WRITE (6+803) ESKBoESKH-ESKHBToESKBToESKM-ESKSL.ELJoESKHCH

- 803 FORMAT (10X+s8E1044/)
WRITZ (6.8C7)

807 FORMAT (40X+39HSCATTERING CENTERS-INTERACTION ENERGIES/22X+5SHESKB2
" 198X +6HESKBT 298X s 5HESKM2 98X 16HESKSL2 98X s 4HEL J2+ 8Xs SHESKH2)

WRITE (61806) ESKaauESKBTE»ESKM2.ESKSL2oELde.ESKﬁz

806 FORMAT (20X+16E13.6)
7000 CONTINUE

STOP

END

e e e e e e



