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Chapter 0	 /3

Introduction

Although lubrication has a long history, conception of present-day
lubricants still depends largely on empiricism. However, during these
last few years, a significant effort has been undertaken in a large
number of research laboratories in order to study the basic mechanisms
in the action of these products and in order to better conceive lubri-
cants, that is to say to discover the formulations best adapted to the
applications for white they are designed. It is thus necessary today
to deal with the lubricants at the same time as the materials conl.ci-
tuting the surfaces of frictional contact.

0-1. Some Reminders on Lubricants

0.1.1. Role of the Lubricant

The lubricant function consists of reducing destructive inter-
actions (frict i on, wear) at the time of relative shifting of surfaces
in contact within machinery.

To this short definition, it is necessary to add several remarks
of significance:
-The "anti-wear" lubricant (A.U.) does not necessarily procure low 	 i4
values of the coefficient of friction; in other words the basic mech-
anisms of friction and wear are certainly different;
-The wear of a parr is more difficult to quantify than the coefficient
of friction which is associated with it. Indeed, it can correspond to
an effective loss in weight of the piece considered, but often it oc-
cuzs in the form of a deterioration of the surfaces in frictional con-
tact through processes of plastic deformation, adhesion, or transfer

1
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without necessarily implying a weight loss;
-Tae majority of present-day lubricants are multi-functional, that is
to say that besides %:heir proper lubricating function, they can fulfil
a certain number of also very important other functions.

As an example, table 0.1 presents, in the case of motor oils, the
properties necessary for good functionning of internal combustion en-
gines.

TABLE 0.1. PROPERTIES NECESSARY IN A LUBRICATING OIL
FOR GOOD FUNCTIONNING OF INTERNAL COMBUSTION ENGINES.

Mechanical properties Ph sico-chemical_ properties

-reduction of friction forces -thermal and oxidation stability

-protection against all types of -detergency/dispersion (elimina-
wear tion of impurities, gums, and

deposits)
-ease of starting (pour point
depressant) -anti-foam

-anti-corrosion, anti-rust

Thus, lubricants are often complex mixtures of chemical products
with perhaps ten different compounds.

0.1.2. Classification of Lubricants
	

/S

A certain number of classifications of lubricants have been de-
fined in the literature (Schilling, 1972), these being able to be clas-
sified according to their function, their capacity to reduce energy
losses through friction, or also their tendency to reduce wear in cer-
tain machinery. It is nevertheless convenient to define them according
to the physico-chemical state in which they occur. Table 0.2 presents
such a classification of the principal lubricants currently encountered.

The characterization of lubricants presented in table 0.2 appears 	 1'6
to be relatively simple. Nevertheless, taking into consideration the
number of properties w%ich a lubricant must satisfy, it is not rare,
particularly in the case where the continuous phase is liquid, to en-
counter several physico-chemical states within the lubricant (true
solution + colloidal solution + suspension).

To this very simple classification of lubricants, it is necessary
to add another which demonstrates, according to the lubrication regime
implicated, what the Physical and/or chemical properties are which have
made a contribution. Table 0.3 presents such a classificaiton for li-
quid lubricants.

2
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TABLE 0.2. CUSSIFICATION OF THE MOST STANDARD
LUBRICANTS, BASED ON THEIR PHYSICO-CHEMdICAL STATE.

Nature of the Nature of the Nature of Example of
continuous phase dispersed phase the mixture application

'-- gas gas bearings

liquid aerosol 'oil mistsgas

solid aerosol powdery solid
lubricant

true or col-
loidal solution

liquid
microcrenulation fluids of layer

liquid —	 —_

or emulsion

-

put into shape

true or col-
-'loidal solution!

solid
suspension (graphite oils

greases

liquid solid emulsion porous impregnated

solid materials

solid	 earth autolubricatingsolid
materials

0.2.	 Objective of the Work

The work will only concern the realm of lubrication limits where
empiricism still largely governs the formulation of lubricants.

We have thus proposed, within the framework of this thesis, to
study the relationships existing between the physico--chemical proper-
ties of lubricant models and their capacity to reduce friction.

3
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TABLE 0.3. PROPERTIES OF THE LUBRICANT OPERATING
ACCORDING TO THE LUBRICATION REGIME IMPLICATED

Lubrication h h Characteristics put Role of the
regime a T; into play by the lubricant

lubricant

Hydrodynamics 6.7 100 Physical and macro- Separation of the sur-
scopic:	 viscosity faces by interaction
of the base through a thick oil film

Elasto- 2-3 30-80 Physical and macro- Separation of the sur-
hydrodynamics scopic:	 viscosity faces by a thick oil

of the base film

Mixed 0.8 10-30 Physical and physico- Separation of the sur-
chemical:	 viscosity faces by interaction
of the base, action through an oil film,
of the additives protection of the sur-

faces by slow formation
of a tribochemical film

Boundary	 0.08 1-10 Physico-chemical Protection of surfaces
action of the addi- by rapid formation of a
tive tribochemical film due

to the degradation of
the anti-wear additives

h = thickness of the interface separating the surfaces

F a= equivalent rugosity of the two surfaces

hm= molecular weight of the additive present in the oil

4



Chapter I
	

/s

A lication of the Freezing Fracturing Technique to the Study of
 -Lubricants

I-1. Presentation of the Freezing Fracturing Technique

I-2. Description of the Technique

I-2.1. Block Diagramam of Sample Preparation

I-2.2. Diagram of the Apparatus Used

I-3. Detailed Description of Different Stages in Sample Preparation

I-3.1. Freezing of Samples

I-3.2. Fracturing of Samples

I-3.3. Replication of Surfaces

I-3.4. Recovery and Cleaning of Replicates

I-4. Examination of Replicates by Electron Microscopy

I-5. lication of the Freezing Fracturing Technique in the Anhydrous
nv	 ea by Ludric

I-5.1. Experimental Ccnditions

I-5.2. Selection of the Paraffin Reference Base

I-5.3. Study of i:he Paraffin/Detergent System

I-5.4. Study of a Paraffin/Index of Viscosity Improvement System

1-5.5- 11 AEElication of the Freezing Fracturing Technique to the Stud
0 omp ete y ormu aweoils

I-5.5.1. Unused Oil

I-5.5.2. Used Oil

I-5.6. Application of the Freezing Fracturing Technique to the Study of
reases

I-6. Conclusion

/°

5



Chapter I
	

/10

Apelication of the Freezing Fracturing Technique to the Study of
Lubricants

As we have seen previously, the majority of continuous phase li-
quid lubricants occur in the form of more or less complex dispersions,
where for obvious reasons the droplet or aggregate particles have
sizes unable to exceed several microns.

In order to study the structure of this type of dispersion, a cer-
tain number of techniques has already been placed into operation. The
principal ones are grouped in table I.1. in the discussion of these,
we have to note the important place occupied uy electron microscopy
techniques in the study of dispersions, and more particularly cryo-
scouring and freezing fracturing, which allow us to obtain a signifi-
cant amount of data on the structure of the product studied (Size,
distribution of sizb, form, internal and/or external structure of the
particles, arrangement of these within the continuous phase, ...). The
advantages of these two techniques are nevertheless counterbalanced by
the numerous possibilities of artifacts (freezing, fracturing, con-
tamination) capable of leading to serious errors of interpretation.
The freezing fracturing technique having been selected as the method
for investigation 1.n order to study the structure of lubricants, we
will see during the following paragraphs how to identify and/or avoid
the in)--rent artifacts of this method.

I.1. Presentation of the Freezing Fracturing Techai.que 	 /12

Freezing fracturing is a method which allows us to study in situ
the particles of a dispersion by transmission :p lectron microscopy
(T.E.M.). This technique has particularly been developed to study the
biological environment where it allows us to obtain data on the exter-
nal and/or internal structure of micro-organisms, according to which
the fracturing unrolls at the surface or through these (E. L. Benedetti
and P. F'avard, 1973). In the case of more standard dispersions, this
method allows us to estimate besides the size, the form and structure
of the dispersed particles, ::heir arrangement within the continuous
phase (in the case where there is no freezing artifact) (S. Jostrand,
1979). This chapter has the objective of presenting; the cryo-fracturing
technique, its possibilities and its limitations, as well as its appli-
cability to the study of lubricants.

1.2. Description of the Freezing Fracturing Technique

1.2.1. Block Diagram of Sampla Preparation

The following process to prepare the sample is presented in figu-:-e
I.1. The different steps will be described in detail in the following
paragraphs.

6



TABLE I.1.	 PRINCIPAL 'TECHNIQUES USED TO STUDY DISPERSIONS /:1

Technique Data obtained Dispersion Problems Con-
to which nected with

l technique technique
applies

Standard Mass and form All dis- Dispersions
light of particles persions must not be
diffusion very absorbent

or else dilu-
tion with `heQuasi-elas-

----- ---- --
Size of All dis-

Optical
Techniques

tic light
diffusion

particles persions possibility of
perturbation
of the original

Turbidi- Size of All dis- structure
retry particles persions

Optical
microscopy

Size and
form of

Only sus-
pensions

particles

Ferro- Size of Suspensions
graphy particles of ferro-

magnetic
Mechanical Fractional particles
Techniques centrifu-

gation

Condurtometric Coulter Size of All dis- Perturbation of
Techniques counter particles persions original struc-

ture by dilu-
tion with elec-
trolyte

Chromatographic
techniques

Gel
Permeation

Mass of
Particles

Particu-
larly poly-
meric dis-
persions

Scanning ,and
transmission and
Electron
Microscopy
Techniques

Deposit of _Size and Suspensions Destruction	 f
dispersion form of structure of
on grill, particles dispersion
elimination artifact of
of conti*i- aggregation
uous phase.
Direct exam-
ination by
MET or MEB

Size and SuspensionsUltranicro- Perturbation of
tomy after form of structure by
replacement particles replacement of
of contin- continuous
uous phase phase by a
by polymer- binder
izable bin-
der 7
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Scanning and
Transmission
Electron
Microscopy
Techniques
(cont.)

TABLE I.1. (CONT.)

Technique Data obtained Dispersion Problems Con-

	

to which	 nected with
technique technique
applies

Freezing	 Size, form, All dis- 	 Artifacts of
fracturing distribution persions	 freezing,
Cryo-	 within con-	 plastic defor-
scouring	 tinuous phase,	 mation, con-

external and/	 tacination
or internal
structure

`	 MT

1	 /13

_	 CARBON[

f0 N..Ny	 _.	 ^

PIATINE

te-h. No 	 ^.

-t00 • C

-100• C

Sample	 Freezing
	

Fracturing	 Replication	 Replica
Cleaning

Figure I.1. Freezing Fracturing Technique.

Key: 1-Carbon,2-Platinum

I.2.2. Diagram of the Apparatus Used

The apparatus which we use is a freezing fracturing assembly con-
structed by the Balzers S.A. Society equipped, in our case, to operate
under ultra-high vacuum.

8
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Figure 1.2. Di -.gram of the chamber used.

Key: 1-carbon czannon;2-.^aya d Alpert gauge; (a) 3- -gelid
nitrogen circuit-4- platinum-carbon cannon (h t );5-cryo-
genic panel (g);6-sample entrance (b);7-quartz balance
head (i)•$-liquid nitrogen circuit.9-table W-10-toward
turbo-moiecular pump and primary pump (e) (f)

I.3. Detailed Description of Different Stages in Sample Preparation

I.M . Freezing of samples

Ih-order to solidify the sample(liquid or gel), it is necessary to
freeze it. However, in the case of poly-phasic compounds (dispersions),
freezing must not produce any perturbation of structure (crystalliza-
tion of the continuous phase inducing segregations of the dispersed
phase through migration of this to the borders of the growing crystals).

It is thus necessary that freezing be an actual hardening of the
system fixing the original structure of the dispersion (vitrification).
To obtain sunh a result, it is necessary to use very high speeds of
freezing, on the order of several thousandths of degrees per second.
Thts necessitates on one hand the use of small samples having a particu-
lar shape (the spherical shape being the Lest), so that freezing within

/15



the sample is carried out at a speed on the same order as at
face of the sample, and on the other rand, the use of a very low tem-
perature refrigerating agent, the speeds of cooling being a function of
the difference in sample refrigeratin g agent temperature. Table I.2
presents the different methods of freezing used and gives an approxima-
tion of the speeds of cooling obtained with each of the•.(. The low
speed of freezing obtained with liquid nitrogen is connected to the
phenomenon of calefaction being produced in this refrigerating agent
(formation of an insulating gaseous sheath at the surface of the sam-
ple).

TABLE I-2. DIFFERENT TECHNIQUES OF FREEZING.

Technique Refrigerating Size and Shape Speed of Freezing
Agent	 of Sample

Standard technique
of immersion of
the sample in the
refrigerating
agent

Liquid nitrogen 1 mm`' cylin-
77 K	 (drical

molten nitro- 1 :im 3 cylin-
gen 53K	 drical

Molten freon	 1 mm  cylin-
93 K	 drical

100 K/s

1000 to 5000 K/s

1000 to 5000 K/s

Cryojet:	 the	 (liquid propane 1 rim' cylin- 10' to 10" K/s
sample is cooled 83 K drical
by a stream of
propane

spray freezing: liquid propane spheres of 2.104 K/s
the sample is 83 K 30 m diameter
pulverized in the
liquid propane

Projection of 1-;quid helium 	 droplets of	 4.10	 K/s
droplets against 4.3 K	 30 T; diameter
s cooled copper
plate

vitrification is obtained by lowering of the meltingFreezing under
pressure point and the critical temperature of supercooling

of the sample, in order to reduce the margin of tem-
perature between the start of crystallization and
the point of recrystallization.	 The speeds of
freezing depend en the refs-igerating agent.

To understand the advantage of high speeds of cooling, we are go-
ing to take as an example t+ic freezing of water. This has been studied

10
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in extensive fashion, taking into account the very )treat application of
the technique of cryofracturing in biology W. E. Rash and C. S. Hudson,
1979). Thus, when we cool pure water below the fusion point of ice 	 /17
(273 K), it can have supercooling until impurities present in the li-
quid make the processes of cyystallization start by serving as crystal
nuclei (heterogeneous nucleation).

If no impurities exist within the water, *_hl -, can thus be main-
tained in supercooling up to the temeprature of 233 K (E. L. Benedetti
and P. Favard, 1973). Beyond, the water molecules themselves act as
crystallization nuclei (homogeneous nucleation) and the processes of
growing of ice crystals starts.

The diagram presented in figure I.3, obtained by Riehle, demon-
strates, in the case of pure water, the development of the speed of
growing of ice crystals as a function of the temperature.

WO d..d

Figure I.3. Developemnt of the speed of growing of ice crystals as a
function of the temperature in the case of pure water (Riehle, 1968).

This curve shows us that the speed of growing of crystals, zero at /18
the fusion point of ice, passes through a maxinum (V >10 I/s) in the
vicinity of 263 K then decreases gradually (this being due to the in-
crease of viscosity of the mixture inhibiting molecular rearrangements
to form crystallites) until negligible speeds (V < 1 X/s) at the tem-
perature of 143 K (temperature of recrystallization of pure water).

These remarks thus simplify the necessity of passing very rapidly
from the temperature at which the processes of crystallization start to
that of recrystallization, in order that the size of crystals is negli-
gible (< 100 A) and consequently only perturb very slightly, if at all,
the original structure of the dispersion studied. The diagram pre-
sented in figure I.4 illustrates this by demonstrating the developnent
of the size of the ice crystals obtained as a function of speeds of
freezing.

i
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Figure I.4. Development of the weight (T ) of ice crystals
as a function of speeds of freezing (V C5(Riehle, 1968).

Ivey: 1-Critical speed of freezing.

The critical speed of freezing allowing us, in the case of pure
water, to obtain crystallites6 of size less than 140 A has been esti-
mated by Riehle (1968) at 10 K/s.

In the majority of samples which have been studied, the continuous /19
phase ,:onstituted by water containing some percent of products in solu-
tion (alcohols, sur:actants, ...) modifying its properties in relation
to the phenomenon of freezing. Zn these cases, tine literature point
out to us (Moor, 1964) that speeds of freezing on the order of 2.10
K/s are sufficient to vitrify in satisfactory fashion the sample and
that the temperature of recrystallization, below which the dispersion
must be maintained in order to prevent it from developing, is readjusted
up to approximately 193 K.

In the majority of our tests, relating to anhydrous environments,
the sample to be frozen occurs in the form of a cylindrical droplet of
approximately 1 rrm3 volume (figure I.1) maintained through capillary
attraction in a sample holder constituted of two capsules, pezforated
in their center, of gold nickel alloy (good thermal conductor and chem-
ically inert in relation to the products studied). Freezing is carried
out by immersion of the sample capsule into molten nitrogen (63 K) pre-
pared by storage of liquid nitrogen under primary vacuum.

In certain particular cases (continuous phase emulsion), we will
be induced to use the "spray freezing" technique in order to obtain
sufficient speeds to well vitrify this type of sample (2 • 10 4 K/s).
The principle of this method is detailed in figure I.S.

I.3.2. Fracturing of Samples

The samples, frozen in rood condition, are glen placed in a holder
capsule (figure I.2.b.) maintained at the temperature of 77 is by immer-

12
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Figure I.S. Spray freezing; techniques of free.-ing.

a) projection of the produce in the form of droplets
into the liquid propane

b) evaporation of the propane
c) addition of the binder
d) introduction of the droplet and binder mixture into the

sample portions
e) transfer of the sample portions into the liquid nitrogen

Key: 1-Vacuum.

sion in liquid nitrogen. The holder capsule is then introduced into
the vacuum chamber (figure I.2.c.), then scoured by very pure gaseous
nitrogen (nitrogen U .furnished by Liquid Air), then deposited on the
operating table (figure I.2.d.) refrigerated at 223 K by circulation of
liquid nitrogen.

The chamber is then placed under vacuum with the assistance of a
pumping group constituted of a primary blade pump and a turbomolecular
pump (figure I.2.e. and I.2.f.). Whgn the pressure on the inside of
the chamber 13 on the order of 5 . 10- mu-.Hg, the cryogenic panel (figure
I.2.g.) is cooled u^: to 77 K by circulation of liquid nitrogen. The
holder capsule is thee, tsheated up to 153 X, then opened mechanically.
The sample is then fractured by separation of the capsule constituting
the sample holder (figure I.l.c.). The new surfaces generated by frac-
turing; are representative of the internal structure of the dispersion
studied.

The temperature difference maintained between the table and the
cryogenic panel has two roles:
-Allowing the revelation of relief on the surfaces appearing at the
time of fracturing through sublimation of the continuous phase (when
this is sublimable).
-Protecting the sample from contamination.

Indeed, it is necessary to note that at low temperature the new
surface generated by the fracturing processes can be contaminated very
quickly by contaminants present in the chamber (at P=10 - mmHg), the
principal constituents of the atmosphere are H2O, CO, '0 2, H2, and
hydrocarbon vapors in the case where the secondary vacuum is obtained

j21
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with the assistance of an oil diffusion pump (Moor, 1971).

Contamination occurs according to two processes:

-Condensation of Contaminants at the Surface of the Sample

In the case of hydrocarbon vapors, the panel maintained at 77 K
suffices to protect the sample by condensing the majority c f these.

In the case of water vapor, the speed of contamination depends on
the temperature of the sample and the prevailing pressure in the cham-
ber.

The diagrams presented in Figure I.6.a. and I.6.b. demonstrate
that with our experimental conditions (turbomolecular pun.
panel maintained at 77 K, sample at 153 or 173 K, P=5 10 - ), the risks
of contamination by condensation are very limited.

(A/a
	

VC-Nd (1/6)
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Figure 1.6. Speed of contamination (V ont ) by
condensation of water vapor of one surface.

A-at the temperature of 168 K as a function of
the prevailing pressure in the chanber Q. E.
Rash and S. Hudson, 1970

B-under a nressure of 10 - mmHg as a function of
the temperature of the sample (J. E. Rash and
S. Hudson, 1979).

-Contamination by Adsorption of Molecules Present in the Chamber (HZO,..)

This type of contamination is practically inevitable, the surface
then covering one or several layers of molecules hRving the disadvan-
tage of softening of the relief and thus overesti:ation of the size of	 /23
the big particles and underestimation of that of the smgll ones. How-
ever, Moor (1971) points out that for a pressure of 10- mmHg and a
sample temperature of 173 K, the first monolayer is established in ap-
proximately one second, and that the thickness of the adsorbed layer at
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the end of one minute can be estimated at 10 or 20 X, the speeds of ad-
sorption decreasing as a function of the thickness of the layer. With
our conditions, this type of contamination can be considered as negli-
gible.

I.M. Replication of Surfaces

In the case where fracturing is followed by sublimation, replica-
tion is carried out at the time of the eud of this operation. In other
cases, replication is carried out immediately after fracturing of the
sample in such a fashion tc avoid the establishment of the replica on
a surface contaminated in too significant a fashion.

The replication operation diagrammed on figure I.1 is carried out
in the following fashion: two layers, one of 25 A of platinum, the
other of 300 R of carbon, are deposited at the surface of the sample
according to a respective incidence of 45 0 (shade) and 900 in relation
to the mean plane of the surface. The deposits are carried out with
the assistance of electron beam evaporators (figure I.2.h), the thick-
ness of the layers is determined by weight with the assistance of a
quartz balance set in the vicinity of the sample. The granulometry of
the platinum particles allows a point by point resolution by M.E.T. of
15 to 20 K. The platinum -nd carbon deposits are only separated by a
few seconds, in order to avoid the establishment of a layer of contami-
nation between them which could induce cleavage of the replica at the
time of later operations thus rendering it unuseable.

I.3.4. Recovery and Cleaning of Replicates

The material constituting the sample is dissolved (figure I.1.e.)
in a system of appropriate solvents. The replicate is then rinsed in
different very pure solvents (R.P.E. solvent Carlo Erba, bidistilled
water, ...) then arranged on a grid of T.E.M.

1.4. Examination of Replicates By Electron Microscopy

Figure I.7 presents the principle of transmission electron micros-
copy examination of a platinum carbon replicate. A schematic represen-
tation of the plate obtained, as well as the standard utilization which
is made of it are presented in figure I.7.b. and I.7.c. It is neces-
sary to note that at the time of a T.E.M. examination, the replicate
can be damaged. In particular, at very strong magnifications, recrys-
tallization of the platinum under electron beams softens the contours
of shaded objects.

1.5. Application of Freezing Fracturing Technique to the Anh,
ons	 s

In this paragraph, we present examples of applications of the

15
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Figure 1.7. Principle of examination of a iapli-
cate by transmission electron microscopy (TEM).

Key: 1-Deposit of platinum according to an angle P;
2-plate obtained by TEM;3-determination of the size
of the particle, taking into account shading.

freezing fracturing technique to the study of liquid lubricants without
detailing them completely, the objective being to demonstrate the pros-
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pects opened by this method.

I.5.1. Experimental Conditions

In all the tests which we present here, the experimental conditions
are identical and are presented in table I.3.

TABLE I.3. EXPERIMENTAL CONDITIONS AT
	

/26
THE TIME OF FREEZING FRACTURING TESTS.

Refrigerating agent

Pressure before fracturing

Temperature of fracturing

Angle of the platinum shading

Thickness of the platinum layer

'dquid nitrogen (63 K)
: 5 . 10-8 mmHg

: 153 K

: 450

: 30 A

Thickness of the carbon layer	 : 300 R

I.5.2. Selection of the Paraffin Reference Base

Before studying the dispersions of certain additives within a base,
it is necessary for us to select this in such a fashion to have a well-
defined continuous phase. Our selection is based on a pure paraffin,
n-dodecane, used in another connection to test additives in the labora-
tory (Martin, 1978).

Figure 1.8 presents a transmission electron microscopy plate (MET)
obtained on a cryofractured replicate of dodecane. Fracturing at this
spot is smooth and we do not observe any dispersed particles within the
base (base granulometry is that of the carbon particles of the repli-
cate). We thus can end with good freezing of the sample.

At the time of the next tests, the presence of dispersed particles
within the continuous phase could thus be attributed to additives pre-
viously added to the dodecane.

I.5.3. Study of the Paraffin/Detergent System

In all present-day thermal engines, lubricating oils contain de-
tergent agents (or dispersants) whose objective is to avoid floccula-
tion of particles due to fuel combustion and oxidation of the oil in
both the hot and cold parts of the engine.

When the fuel used is a low desulfurized petroleum product, com-
bustior is accompanied by formation of sulfur oxidation compounds (SO?,

17
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SO 3 , ...) inducing wear by corrosion (Desportes). In this case, the
of	 besides its lubricating action, must neutralize the corrosive a- 	 /28
gents before they can come into contact with the metallic walls. The
lubricant is then activated with "superalkalinized detergents" con-
taining a significant proportion of a basic agent, calcium carbonate,
whose role is to salify the sulfuric acid formed at the time of fuel
combustion.

Figure 1.9 demonstrates the microscopic structure of three deter-
gents dispersed to 20% with dodecane. Plates I.9.a. and I.9.b corre-
spond to calcium sulfonates of the form (CH3-(CH2)n4-SO3-(Ca)1/2 with
25 < n < 30 containing different quantities of excess calcium carbonate.

/27

Figure I.8. TEM plate carried out on a repli-
cate obtained by cryofracturing of pure dodecane.

Plate I.9.b corresponds to a calcium phenolate of complex formula
and strongly superalkalinized.

In the case of slightl_ superalkalinized sulfonates (figure I.9.a)
we note, within the continuous phase, the presence of small particles,
approximately spherical, whose diameter is on the order of 100 A (corre-
sponding to approximately two times the theoretical length of sulfonate
molecules) corresponding to the micellar dispersion of the detergent in
the dodecane.

The plate relating to very superalkalinized sulfonate (figure I.9.
b.) demonstrates spheroidal dis erred particles whose diameter may be
estimated at approximately 300	 These aggregates could correspond to

18



U.

`.. 
A10

, 50nm

jF

r	 1^

	

^• f.• tom . _.•^	 !	 r	 ^^ ^^.^'	 i

	

 

or 
J

am '	 _^ s: I	 j •	 y

r If

.-r .	 ter.•

^./ t t • r	 r . ^ r 1 •, .t ^ .^^	 t f r
O n m

Figure I.9. TEM plates obtained on replicates prepared
by cryofracturing of detergent/dodecane dispersions.

a) s l ightly superalkalinized calcium sulfonate
b) strongly superalkalinized calsium sulfonate
c) strongly superalkalinized calcium phenolate
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the particles of calcium carbonate dispersant in the form of micella by
the molecules of detergents, these already having been seen in the
literature (Watkins, 1972).

In the case of strongly superalkalini.zed phenolate (figure 1.9.0,
the particles of calcium carbonate have sizes largely greater than the
preceding ones. They have the shape of platelets of 300 A thickness
and 500 to 1000 A of length and width.

	

Cryofracturing provides us here with significant data on super-	 /30
basic detergents (state of dispersion, size and shape of dispersed
particles). Taking into account the insolubility of calcium carbonate
in oil, neutralization of the sulfuric acid produced at the time of
combustion will be a heterogeneous phase reaction. In this case, the
speed of neutralization will be limited by the specific surface of the
reactive phases, and in particular, of basic particles. The specific
surface will be optimum for spherical particles of small size. In this
exact case, the freezing fracturing technique allow us to perceive
these parameters and thus prejudge the reactivity of these additives.

1.5.4. Study of a Paraffin/Index of Viscosity Improvement System

The additives improving viscosity, of polymeric type, are intro-
duced into the bases in such a fashion to render the oils multigrade,
that is to say in order to reduce the variations of oil viscosity at
high and low temperature.

Figure I.10 represents the dispersion of a methyl polymethacrylate
of mass 100,000 within dodecane. The plate demonstrates the presence
of a great number of spherical particles cf average diameter 150 A cor-
responding to molecules, this having been confirmed by the light dif-
fusion technique (hydrodynamic diameter=180 A; mass of particles=
100,000). We observe the presence of spheres of very different sizes
(of diameter going from 50 A to 350 A), this resulting in the polydis-
persity of the polymer. Dodecane not being a good solvent of methyl
polymethacrylate, the spherical particles which we see on the plate
(I.10) correspond to dense spheres and not to a polymer molecule in the
form of statistical balls in solvent 0. It is undoubtedly for this
reason that we perceive very well the dispersed additive within the
base.

	

I.5.5. Application of the Freezing Fracturing Technique to the Stud	 /32
of omp ete y Formuiated MTs

1.5.5.1. Unused Oil

In the case of unused detergent oil presented in figure I.11, the
cryofracturing technique allows us to detect the presence of spherical
particles of diameter comprised between 100 and 300 A capable of corre-
sponding both to superbasic detergent additives and viscosity additives.
It is a question here of a limitation of the technique. However, an
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Figure I.10. TEM plate obtained from a replicate prepared by
cryofracturing of a polymetacrylate dispersion of methyl/dodecane.
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Figure 1.11. TEM plate obtained froji a replicate
prepared by cryofracturing of unused Agir, detergent oil.

additional artifice is then necessary to cancel this indetermination.
Indeed, it suffices to not dissolve the particles confined in the repli-
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cate (figure I.12) and to analyze them by Dispersive Energy x-ray Spec-
troscopy (DES) under electron beams. On the other hand, through elec-
tron micro-diffraction on these same particles, we have a measure of
distinguishing the state of the additive (crystallized or amorphous),
giving information on its reactivity. It is iisaortant to nor- that for
small size aggregates, it is necessary to use a high performa, ►ce micro-
scope. We have been able to veii`- • that these techniques were feasible
in the case of the dis^Ersion of calcium carbonate presented in figure
I.12 3 I.12, a qualitative DES analysis having revealed the presence of
calcium in the particles (JEOL 100 C PCUK micioscore).

L r

 WrPA MIA

Figure I.1.2. TEM plate obtained on a replicate prepared by cryo-
fracturing of a superalkalinized sulfonate dispersion/dodecane.

The black non-shaded particics are due to the presence of calcium
carbonate mounted it the replicate.

1.5.5.2.	 Used Oil

The electron microscopy plates presented in figure I.13 demonstrate 	 i
the structure of the o_1 previously having functionned in a thermal en-
gine. Fracturing reveled the presence of numerous particles within
the continuous phase. Certain ones, black and not shaded, are of
grains of calamine which remained stuck to the replicate. The droplets
in the shape of spheres or "raspberries" were connected with the pres-
ence of emulsifiE.: water in the oil. On the other hand, we note that
the polyphasic nature of certain drops can correpsond to complex emul-
sion structures (oil/water/oil for example. These particles, carried	 /35
permanently in the oil, are due either to fuel combustion or oxidation
of the oil and can give rise to abrasive wear in the case of calamines
or corrosive wear in "he case of water droplets, thus being able to
carry corrosive products (H2SO4).

22
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Figure I.13. Different microscopic aspects of a used Agip detergent oil

a) low magnification emulsified appearance;
b) spherical droplets undoubtedly constituted by water;
c) particles in the shape of raspberries capable of beinattributed

to the existence of an inverted emulsion of oil/waterM 1.
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I.5.6. Application of the Freezing Fracturing Technique to the Study
oT Greases

The word grease employed during this paragraph is not used in the
sense that it is assigned by official nomenclature (lipids, ...). Here
it designates a class of industrial lubricants which occur in the form
of gels and are constituted by a soap dispersion (lithium stearate,...)
with a mineral oil additive. This type of product serves to permanently
lubricate machinery such as ball bearings.

Numerous authors have already studied the microscopic structure of
greases, in particular those whose soap is hydroxy-12 lithium stearate
(Anderson, Nelson and Farley, 1967; Peyrot and DuParquet, 1976). The
methods used until now are standard techniques of transmission electron
microscopy; a fine layer of grease is deposited on_-a microscope grid,
the oil is dissolved with the assistance of a solvent, the remaining
soap fibers are examined by TEM either directly or after platinum
shading (Peyrot and DuParquet, 1976). In all cases, the dispersion
structure had been destroyed. Watkins (1972) has demonstrated that
cryoscouring (fracturing is induced by a knife) was applicable to this
type of lubricant.

The plates which we show in figures I.15 and I.16 present different
aspects of the dispersion constituted by a hydroxy-12 lithium stearate
grease revealed by the cryofracturing technique. Figure I.17 demon-
strates soap fibers seen by TEM on one hand by the technique developed
by DuParquet (figure I.16a) and on the other hand, through the inter-
mediary of the freezing fracturing technique (figure I.16b and c).

In the first case, we had access to the length of the fibers; in
the second case, :he fracturing according to which develops at the sur- /37
face or through the fibers, we get information on their shape (coiled,
figure I.16b) and their internal structure (the fibers are constituted
of hydroxy-12 lithium stearate platelets, figure I.16c).

1.6. Conclusion

During this chapter, we have seen that the freezing fracturing
technique can be applied to the study of dispersions constituted by
lubricants. It gives us a significant amount of information on the
size, shape, structure, and distribution of the dispersed phase within
the continuous phase. However, the possibility of artifacts (segrega-
tion, contamination, ...) as well as the impossibility of identifying
the nature of the particles within a mixture including more than two
compounds necessitates the use of complementary techniques such as
light diffusion or XES microanalyses (dispersive energy x-ray spectros-
copy).
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Figure 1.15. Two principal microscopic appearances of the dispersion 
cOf,stituted by a hydroxy-12 lithium steara te lubricating grease. 

a) dispersion of soap in the oil in the shape of fibers; 
b ) soap agglomerate. 
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Figure 1.16. Microscopic aspects of the dispersion constituted 
by a hydroxy-12 lithium stearate lubricating grease. 

a) soap agglomerate in which oil drops ~re imprisoned; 
b) coiled soap fibers. 
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Figure I.17. Coiaparison of TFM plates obtained.

a) by the method developed by DuParquet (DuParquet photo);
b) and c) by the freezing fracturing technique
b) coiled appearance of a fiber;
c) section of a soap fiber revealing its st:-ucture in platelets.
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Chapter II	 /42

Contribution of the Molecular Structure of the Lubricant to the
Reduction  o r coon

II.1. Introduction

A test of friction on a sphere-plane simulator in the presence of
a lubricant can, from a physico-chemical point of view, break down into
several stages. Figure II.1 presents the physico-chemical development
of a friction reducer additive (R.F.) during this type of test, as well
as the recommended techniques for the study of each stage.

II.2. Reactive Conditions w-Jth Hertzian Contact with Pure Sliding 	 1143

We find a situation in the hypothesis of sphere/plane contact con-
sidered as a chemical reactor where lubricant molecules can be subjected
to transformations at the time of shearing of the interface by sliding
of the sphere on the plane. Such processes can be decomposed chrono-
logically into four stages (figure II.2).

The geometrical, metallurgical, and mechanical parameters of con-
tact lead to particular physical conditions:

—high hydrostatic pressures (,1 GPa)
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-very low quantity of reagent-10.1 nanogram)
-high rate of shearing (10 5 s in the dynamic case)

We are going to examine these different points in more detailed
fashion by restating the principal results of contact theories.

II.2.1. Elastic Static Contact with Pure Normal Load (Called Static
Case in the FollowingText)

II.2.1.1. Hertz Theory (1881)

In the case of ideally smooth surfaces and purely elastic contact,
the Hertz theory allows us to determine the actual contact surface, the
distribution of pressures on it, and the distribution of stresses with-
in materials ( see figure II.3).

Figure II . 3. Diagram representing a plane sphere Hertzian contact.

a-radius of the contact zone; P =maximum pressure in the contact;
Pm=mean pressure in the contact; ° p =radius of the sphere

Hertz obtains the fcllowing relationships ( Timoshenko, 1951):

0. . tS t' ^_5 Ws	 (2-1)

3	 ^
(2-3)

with: P =radius of curvatur of th5 sphere
E' such that 1 _ 1-v + 1-v2

I
and =respective Poisson coefficients of the materials con-
itutin the sphere and the plane

E1 and E =Young units of the materials constituting the sphere
and the lane
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Figure II.1. Diagram of the different stages followed by a
friction reducer agent R.F. during a tribological test.

Key: 1-BASE+R.F. in sliding hertzian contact;2-R.F. after
friction;3-Physical and chemical characteristics of the addi-
tive;4-Preparation of the lubricant; physico-chemical char-
acterization;5-Behavior of the additive in the vicinity of
the liquid/solid interface (accumulation);6-Physical and/or
chemical transformation of the lubricant;7-Transformation
product of the additive;8-A.I.D. cryofracturing;9-Cryofrac-
turing height di 4-:fus?on;10-Ellipsometry;ll-Resistance of con-
tact; force of friction;12-Microscopy,13-Solid.
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Figure II.2. Different stages of the development of contact.
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a=radius of the contact zone
Pm=mean pressure in the contact
PO-maximum pressure in the contact
W=normal load applied on the contact

The limit of the elastic realm is attained when Pm i.s equal to 0.4
H, H being the hardness of the softest material constituting the sub-
stances in contact, which leads to a limit value of the theoretical
pressures prevailing with such a contact on the order of several giga-
pascals.

II.2.1.2. Case of Rough Surfaces

The Hertz model can be extended to cases of rough surfaces (models
of multiple contacts of Archard, 1957 and Greenwood and Tripp, 1971).

However, in the case of very polished surfaces (ca :^- 10 nm), we can
reasonably make the hypothesis that the actual contact area coincides
with the Hertzian area (Tabor, 1972).

II.2.2. influence of the Pressure of an Interfacial Film Within the
	

/46
Sphere-Plane  ontact on the Hertz Theory

The friction properties of thin films within a hyperpolished
sphere-film contact have be2-1 widely studied up to now (Wilson, 1955;
Courtinex-Pratt, 1955; Zisman, 1957; Israelachvili, 1973; Briscoe,
1974;	 ...).

In the case of very thin films present within the interface (e <_
50 nm), these authors have acknowledged that the calculations de-
veloped by Hertz and his contemporaries remain valuable.

II.2.3. Transitory State of Contact

This stage is character:zed by the annular propagation of sliding
of the periphery of the contact up to the center of this. The pheno-
mena occurring at the interface during this period have been very
widely studied (Mindlin, 150).

Figure II.4 demonstrates the distribution of shearing stresses on
a circular contact area determined by a normally loaded spere-plane
contact (7) subjected to a tangential force M. To treat this problem
the authors have considered that the Hertz calculations remain variable
even in the presence of a tangential force.

-4-0II.2.4. Dynamic Contact with Normal Load W and Tangential Force T

When the contact zone is completely sliding, the tangential force
T takes at each instant a value which is connected to a by the relation-
ship:
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T=rW where 

r
 is the instantaneous coefficient of friction.

The average pressure with the contact is then near the value found /48
in the static case, but it is no longer hydrostatic. Courtney-Pratt et
al. have demonstrated (1955) that at the time of sliding, in the case
of soft materials, the contact area was much higher than that corre-
sponding to the static case. In our case (10006/10006 metallurgy), the
increase of the contact area is at most on the order of 10% when we
pass it from the static state to the dynamic state.

Figure II.4. Distribution of shearing pressures
and stresses with a normally loaded sphere-plane
contact (W) subjected to a tangential force M.

a) curve of distribution of pressures within the
contact zone

b) curve of distribution of shearing stresses
without sliding

c) curve of distribution of shearing stresses by
considering the sliding of an annular zone

II.2.5. Conditions of Our Tests

The tribological conditions of our tests are grouped in table II.1.

These different parameters allow us to estimate the physical and
chemical conditions prevailing with the reactor constituted by the
sphere/plane hertzian contact subjected to a shearing stress. These are
grouped in table II.2.

With such conditions, we can expect that the lubricant molecules
undergo multiple degradations.

33



TABLE II.1. GROUPING OF THE TRIBOLOGICAL PARAMETERS OF OUR TESTS

Materials	 : 10006 treated steel. Hv=880

Normal Load	 : W=1 daN

Radius of Curvature of the Sphere 	 : R=6 x 10-3 m

Equivalent Roughness of the Surfaces : < a tc10 nra

Sliding Velocity 	 : v=5 x 10-5 m/s

Temperature	 : 298 K

TABLE II.2. GROUPING OF THE PHYSICAL AND
CHEMICAL CONDITIONS PREVAILING WITH THE CONTACT

Contact area	 : 2 x 10-8 m2

Volume of Material	 : < 10-16 m2

Mean Pressure Prevailing 	 : 108 to 109 Pa
With the Contact

Shearing Rate	 v >10 3 s-1
ff

Overtemperature of Contact	 : 8 negligible
(Macroscopic)

Possible Catalytic Effect With
Contact of the Native Material

Duration of the Stress on the 	 : 3 s
Interface

II.3. Selection of Reagent

A great number of studies have already been carried out on the
reduction of friction (Bowden and Leben, 1939; Zisman, 1957) and have
brought out the anti-friction activity of amphiphilic molecules (such
as fatty acids for example). Such molecules can be represented by the
standard diagram below (figure II.5).

Non-polar portion

—0
 Polar portion

(lipophilic)	 (hydrophilic)

Figure II.5. Diagram of an amphiphilic molecule.
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The simple compounds studied most, and consequently the best 	 /50
known, are fatty acids (oleic stearic acid, ...) and their derivatives
(ester, salt, ...).

-lie additives which we have selected to successfully conduct our
study is a sequence copolymer (of complex ester type) of molecular mass
4300 answering a complex expanded formula which we diagram in the fol-
lowing fashion:

0	 0	 0	 0

	

^^	 u
PPC	 o—+-o —C 	 C

diacid	 diacid

	

radical alkyl	 C36	 C36	
C=O

	

C 14 C 16	 diacid	 I

C36

C=O

PPC

radical alkyl

The formula of different constituents of the molecule:
allsyy l radical

P.P.G.: Polyoxypropylene glycol, such that the mass of this fragment
is 1500

Diacid in C36:

The additive, which we will call ester in the rest of this work,
is an amphiphilic compound which we can diagram in the following
fashion:
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X14
PPG PPG

x"36 X30 C36 C14

This compound, already used in industrial and multipurpose oils:
-Improves the viscosity index
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-Anti-wear
-Reduces friction.

Table II.3 presents these characteristics. The selection of

such a molecule,	 despite its apparent structural complexity,	 pre-
sents certain advantages:

-Better possibility of "molecular" following through electron

microscopy due to the fart of its non-negligible size
-interesting model proposed by Furey	 (1973) in the literature

to explain the action of such additives	 (in situ polyme:-izLJ-4.on,...)
-Industrially useable additive.

TABLE II.3.	 CHARACTERISTICS OF THE COMPLEX ESTER

Characteristics Units Values

Molecular mass
by number M 7200

btu	 4e; ght Mn 12100

by Z MZ 17100

Volume mass at 20°C g/ml 0.964

ASTM culur <2

Viscosities
at	 37.8°C cst 1554
at 98.9°C cst 155.9

Viscosity	 index VIE 223

Melting point °C -24

Flash	 point	 v.o. °C 282

Conradson carbon % weight 0.15

Ester index function/kg 1.40

Hydroxyl index function/kg 0.04

Acid index function/kg 0.06

Non-saturation double bond/kg	 0.82

/52

II.4. Study of the Conditions of the Supply of Contact

II.4.1. Study of Pure Ester

A preliminary study of the behavior of the ester as a function
of temperature, under atmospheric pressure, has been carried out by
differential thermal analysis (DTA). Figure II.6 represents the
thermogram obtained for this product with normal pressure conditions
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Figure II.6. Thermogram obtained by differential
thermal analysis for pure ester.

Recording conditions:

cooling of the ester from 300 K to 100 K with
a speed of 360 K/mn

-maintenance for 5 mn at 100 K
-reheating with a speed of 10 K/mn

(1 bar). We observe vitreous transition at approximately the tempera-
ture of -78 °C, but we do not observe crystallization. This indicates
to us the possibility of goon vitrification at the time of freezing-
fracturing.

Figure II.7 is an assemblage of transmission electron microscope
plates obtained from platinum carbon replicates of pure ester prepared
by the freezing fracturing technique (c.f. chapter I) with the Same
conditions as in chapter I (table I.2). We observe in the first in-
stance the good vitrification of the system, obtained at the time of
freezing, characterized by the facies of the fracture developing within
the material (branched appearance of the fractures) obtained classi-
cally at the time of cleavage of a vitrified medium.

A finer observation of the plates reveals the granular appearance
of the surface, the product appearing to be composed of aggregates
whose diameter is estimated at 10 mm and whose arrangement does not
demonstrate any organization at moderate or long distance.
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Figure II.7. Transmission electron microscopy plate	 /55
obtained on a platinum carbon replicate of pure
ester prepared by the freezing fracturing method:

-"channeled" aspect nf the fractures;
-presence cf spheres of 1.00 A diameter.

II.4.2. -Study with the Assistance of the Freezing Fracturing Technique
o	 e a- o ecane, ster- olution

The good vitrification noted at the tirac of freezing of the n-dode-
cane (c.f. I.5.2) a1j.c,ws us =o imagine just as good vitrification of
the n-dodecane/ester solutions. Several tests have been carried out on
solutions of aifferent concentrations of ester, the conditions of
freezing fracturing manipulations being identical to that concerning
the study of the pure ester.

We only present here the results obtained with a 10% solution of
ester in the n-dodecane, the diFfer-.it aspects observed on this sample
L,eing completely represent,-,_ve of those presented by solutions of con-
centrations between 1 and 10% esr-r.

Figure II.8 presents the three aspects encountered in the solution
at the time of examination by transmission electron microscopy of the
replicates obtained oy cryofracturing of the sample. The three plates
reveal the biphasic constitution of the solution at the microscopic
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t^^^' •t.' .140 nm

Figure II.8. Different microscopic
aspects of the n-dodecane/ester solution.

a) 60-80 A spheres traced at random within the
continuous }phase

b) 60-80 A spheres traced in regular 1 hion in
beads within the continuous phase

c) coexistence of a structure platelets and 60-
80 A diameter spheres	
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156level and clearly demonstrating the existence of spheroidal particles
whose diameter is estimated at 60-80 A, dispersed within the continuous
phase. While photograph II.8a shows us a random distribution of tLese
particles, plates II.8b show us an organization into beads and plate-
lets, the latter capable of being connected with the existence of a
smectite-type mesophase within the solution. However, if this type of
organization e9cfsted at ambient temperature, the solution would be
double-cooling (in the case of the existence of a smectite). Now, we
have been able to verify that this was not the case. On the other hand
if, with the same conditions, the particles were aligned within the
solution, this would result in quasi-elastic diffusion of light,
through a function of autocorrelation composed of two exponentials, the
time constant corresponding to the second being very large in relation
to the first (Posey, 1978; Groner and Lehmann, 1980), which is not the
case as we will see in the following paragraph.

The formation of these organized phases thus can not be due only
to freezing. Indeed, it is imaginable that at the time of cooling of
the sample, certain zones of this und,,rgoing phase transitions such as
this have already been observed in thn case of microemulsions Mandan,
1979). We will thus deduce from these tests the existence of spherical
particles of 60-80 A diameter constituted by the additive. However, it
is necessary to note that contrarily to the gaussian pellets formed by
certain polymers (polystyrene in cyclohexane) which to our knowledge
have not yet been demonstrated by the freezing fracturing technique,
the particles which we see within the dodecane are more solid and more
compact than the static pellets and would correspond to micellar type
molecular aggregates.

11.4.3. Study of the n-Dodecane/.Ester Solution by Light Diffusion

The first theories, taking into account the diffusion of light by
small particles in front of the wave length, due to Einstein (1910) and
Smoluchowsky (1912) have allowed us to express the intensity of the
different fields from local fluctuations of the dielectric constant.
today, light diffusion techniques are iip to date in laboratories and
largely described in the literature (Strazielle). In the macromolecu-

hlar realm w ich interests us here, we can distinguish two developments
of these. The first is illustrated by the measurement techniques of
different intensity which lead to the determination of the mass and the
dimensions of the macromolecules. The second more recent development
concerns spectroscopy allowing us to tackle dynamic studies (determina-
tion of the radius of hydrodynamic gyration for example, ...) of the
molecules in solution from the analysis of the spectral distribution of
the diffused field and from calculation of the different correlation
functions associated with fluctuations of the physical parameters of
the medium.

II.4.3.1. Reminders Concerning the Measurement of =he Average Diffused
ntensity

The excess of diffusion due to a suspension of small particles in
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front of the wave length of the incident polarized beam within a ver-
tical plane is given by the equation:

,d R• s iLe t	 TX	 (2-4)a` M.

where AR, is the diff;cence between the Rayleigh ratio of the solution
a d the solvent

Jn is the increment of the index of the solution in relation to
%c to the so l vent. ( in g cm )
kg is the Boltzmann constant
n is the refrac • -ion index of the solution	 /59
N is the wave lirgth of the incident beam
T is the temperature in K
X is the osmot'c compressibility of the solution, where X has

the expression:	 ^^-

	

% =c M4 1
	

(2-5)

11 is the ^-&_iotic pressure of the solution.

For dilutt .olutio*is, the value of osmotic pressure can be obtained
with the ass;_ sric,,^e of an approximation, the concentration being ex-
pressed in the form of a second degree polynomial.

Thug the dependence of AR  as a function of the concentration. can
be rewritten in the form:

A _ 4 ( N. t 2` ^:^ ^	 (2-6)

with	 1 _ ( AW n• 
t
( a` )a )_. r	 (2-7)

tt a• 

where Mw is the mean particular mass by weight

A2 is the second coefficient of virial of the osmotic pressure

4 is the Avogadro number.

The relative intensities I and I diffused at 90 0 through the solu-
tion and the solvent are converted info Rayleigh ratios by using as c
reference value the intensity IB 2 diffused through benzene tri-distilled
and filtered on 0.2 pm millipore. The Rayleigh ratio then has for ex-
pression:

B R. : vr`n" x 1e2 x C(a_ )4.	 (2-8)

II.4.3.2. Measurement of Correlation Times	 /60

The quasi -elastic diffusion of light is a technique which uses the
temporal fluctuatCons of the diffused light, in order to measure the
coefficient of diffusion by movement of the macromolecules in solution.
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These temporal fluctuations are produced by Brownian movement of the
macromolecules and can be detected by measuring the function of auto-
correlation of the diffused intensity.

The correlation values of the diffused intensity are analyzed by
the standard method of accumulants ( Koppel, 1972; _ Pusey, 1975) in or-
der to obtain the mean value of the time constant r and the variance 1).
This latter measures the width of the distribution of the time constant.
It is given by the expression:

r 2 is the second order moment of the distribution. The coefficient
of diffusion is determined from the mean value of the time constant
it agreement with the relationship:

The amplitude of the vector of diffusion k is given by the ex-
presion:

qr n ,r";	
X 

A'	
(2-11)

where ^_% is the angle of diffusion, I the wave length of the inci-
dent light in the vacuum, and n the refraction index of the diffusing
med iur- .

'he variation of D with the particle concentration is generally
well described, in the case of solutions of very dilute solutions of
spherical particles by the linear relationship (Cazabat and Langevin,
1980):

J= P. (Atrc)	
(2-12)

where ^ is a coefficient of virial taking into account the volume ex-
cluded and the hydrodynamic interactions. Within the limit of very low
concentrations, D is given b ;- the relationship of Stokes-Einstein:

AST
Gr%R,y

where kB is the Boltzmann constant
T the absolute temperature
no the viscosity of the solvent
RHy the hydrodynamic rrlius of the diffusing particles.

II.4.3.3. Experimental Device and Conditions

The device presented in figure II.9 allows the measurement of the
mean diffused intensity, the current leaving the photomultiplier (P.M.)
being proportional to the intensity of light received on the P.M. cath-
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ode. If we send the electrical signal leaving the P.M. onto a dis-
criminator + correlator system, the assemblage allows us to analyze the
temporal fluctuations of the diffused intensity.

The optical source used is a Spectra-Physics laser with ionized	 /62
argon operating at 488 nm. The diffused light is collected according
to a predetermined angle by the intermediary of a system of lenses and
focused on the P.M. cathode (I.T.T., F.W. 130). For the applications
of quasi-elastic diffusion of light, the function of correlation of the
diffused intensity depending on the time is derived with the assistance
of a 48 channel digital correlator (Precision Devices and Malvern Sys-
tems Ltd.).

The polymer solutions are vacuum-cleaned by centrifugation of the
diffusion cells at 10000 t/mn for one hour.

The solutions presenting a fluorescence phenomenon when they are
illuminated by a light beam of 488 nm wavelength., we have arranged an
interferential filter in front of the P.M. in such a fashion to reduce
the contribution of the fluorescent intensity detected. With these
conditions, the intensity due to fluorescence is negligible compared to
the signal due to diffusion. This has moreover been confirmed by ex-
periments carried out at a wavelength of 632.8 nm (by using a Helium-
neon laser) which does not induce fluorescence in the samples. The
increment of the index of the solution in relation to the solvent is
measured on a Debye type differential refractometer sold commercially
by Brice Phoenix.

5C f 	 F rj^	 c^^
1

A

c ^' "Fly

Figure II.9. Principle of a measurement apparatus of diffused intensity

F1, F2, F3, F4: slits;	 L1, L2: convergent lenses. S: light source.
c: condenser;	 P: polarizer;	 C: measurement cell;	 A: analyzer;'
F: interferential filter; 	 PM: photomultiplier.

II.4.3.4. Results and Discussion

A) Measurements of Diffused - Intensity

The values presented in table II.4 are calculated from measurements
of diffused intensity by the solvent (Is) and by the different solutions
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an 3s .0
°as

RTac

3,3	 10-4 0.03	 _40.01 11 0,021

6.6	 10 4 0.03	 _N.01 22 0.021 239

9	 10 0.045 -O.MS 20 0,032 217,4

3.3	 10 0.27	 -0,05 12,2 0.19 132.7

6,6	 10 3 0.6	 :0,05	 11 0,43 119,6 24,1

1.33 10 2 1,38	 =0.05 9,7 -0,961 105.5 23.6

2.57 10 2 2,51	 -0.05 10.6 1,80 115.3 23

4,04 10 2 3,7C	 -0,05 1019 2.64 118.5	 21,5

S.4	 10 4,9E	 -0,05 11,1 3,47 120,7	 20.5

6,8	 10 2 5,8	 -0.2 11,6 4,18	 126,2	 19,9

1.00 10 1 7.2	 -0.2 14,7 4,85	 '	 159.9 15,8

1,20 10-1 7,2	 -0.2 16.8 5,70	 182,7 17,2

1,41 10 1 7,3	 0.t 19,3	 5,20	 109.5 16,7

1.60 10-1 .2	 -0.1 22,1	 5.1B	 240,3 16,6

1,80 10 1 -0.1	 25.7	 5,00 279.5 16.4	 I

2,20 10 1 6.4	 -0.1	 34,4 4,55 374,1 16

r

r

I

1
Ester

177 . a 1

OF PGG^._^;:

(I) at an angle of 90° in relation to the direction of propagation
of the incident beam.

TABLE II.4	 /63

I BZ is the intensity diffused by benzeene which
we have selected as reference substance.

The ratio I BZ /I S is in our case equal to 1.4.

The value of the ester/hexane increment measured with the as-
sistance of a Debye type differential refractometer is 0.1068 from
546 and 632.8 nm.

With a view of measuring the mass of the dispersed particles, 	 /65
we have reported in figure II.10 the values of the ratio c/i as a
function of the concentration. In the case of benzene, as reference
substance, the equation (2-8) becomes:

0. Gil T,7 X	 4 J^ a)_	 f Z J bt,

We then have:	 c 1
lim	 i Mw

c -^► 0
c

The curve i^f(c) presented in figure II.10 demonstrates a very
clear change in behavior in the vicinity of the concentration of 1.
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Figure II.10. Development of the ratio c/i as a function
of the concentration of ester solutions in hexane.

This transition leads to variations of the structure and mass of the
particles in solution and can be reconciled with the phenomenon of
critical micellar concentration observed in solutions of amphiphilic
compounds (Mittal, 1977).

From measu ements carried out in the concentration zone of 10
-2 <

c :5 7 . 10-2 g/cm , it is possible to determine a particular mass through
extrapolation to zero concentration. We obtain:

lim	 = 9.2 where M =10000_+500.
c_V0 i
	 W

In the realm of very low concentrations, we can estimate the mole-
cular mass by working out the mean of the two values of the ratio c/i
corresponding to.thelowest concentrations. The mass thus obtained is
4300, corresponding well enough to the theoretical molecular mass of
the polymer.

Thus, in the zone of concentrations less than 10 -2 g/cm3 , the a-
queous solution was molecularly dispersed within the hexane, whereas at
higher concentrations the value of the particular mass , 2 or 3 times
higher than the molecular mass, shows the existence of molecular asso-
ciations of micellar type, including two or three principal molecules
(the presence of micella including a higher number of molecules was
probably more in the minority).

/64
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/67The slp2pe of tie straight line obtained in the zone of concentra-
tion of 10' -+7 . 10- LL g/cm3 reveals the existence of a second non-zero
coefficient of virial and thus interparticular interactions.

Taking into account the polymolecular structure of the dispersed
particles, it appears reasonable to assume that these indications are
of hard sphere type. This is confirmed besides by the aspect of the
curve:

I -Is=F (c)
IBz

presented on 5igure II.11 demonstrating a maximum in the vicinity of
1.5-10- 1 g/cm . This value of the concentration is very close to that
provided by the hard sphere model developed by Vrij (1970). Similar
results have been obtained in the case of micro-emulsions (Cazabat,
1980), suspensions o' latex or particles of silica (A.K. Van Helden,
1980). We have thus taken the model of Vrij et al to analyze the re-
sults of diffused inten3ity as a function of the concentration.

s

4- /
3	 1/

2

1

c(t 0-'9/cm3

5	 10	 is	 20

I-Is
Figure II.11. Development of the ratio T' as a function

of the concentration of ester solutions fn hexane.

For hard spheres, the mean interaction potentiai, of repellent
type V(r), is given by the following relationship:

A	 '»'	 ( 2-16)
O	 r ) CNt
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where r'is the distance between the centers and GHs the diameter of the
hard spheres.

Thiele (1963) has been able to solve the equation P y for such in-
teraction potentials and has found two somewhat slightly different ana-
lytical expressions of the osmotic pressure according to the methods
adopted to link the statistical theory with thermodynamics, a very ex-
act expression has been found by combining the two solutions of equa-
ticn P . This expression proposed by Carnahan and Starling (1969) has
the fo^lowing farm:

	

Tf = ( cR T / M ) F.(c)	 (2-17)

where R = X$ and 9 =^ ^^ C'M

with X = Avogadro number
k = Boltzmann constant
CHs = hard sphere diameter
M = mass of particles.

By deriving (2.17), we obtain:

	

OT	 .1 [ L C . f,1.) ) =	 L F(c) * f.^c, r G^

	

RTl)c	 M 1 do	 M	 J c

with all calculzticns made:
bTia (,1aL9c ) c — Gl (4-4c )

	

Rrac	 M	 (a-qc)4	 (2-18).

Here figure 11.12 represents a network of curves composed of the ex-
perimental curve:

3c-F (c)

and those calculated from relationship (2-18) for different values of
CHs-

The experimental curve presents, in the zone of concentration of
10- 2 < c <_7 . 10-2 g/cmi, a linear portion, whose extrapolation to zero
concentration allov,s us to discover the mass of the particles and whose
slope allows us to calculate the second coefficient of v3_rial. Indeed:

	

rr_ w bs,	 (2-19)Rr^ M	 M^

where

	

	 6 = %t f ^- W Vr) 1 4 YTr' d,	 (2-20)o IT

Here the experimental value of the second coefficient of virial is thus
equal to:

b = 3.56 . 10-20 cin3.

/68

Then knowing the form of

b=

the hard sphere potential

! ^ "̂a irr' de _ AIT TO

z

(2-16), we obtain:

(2-21)
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Figure IJ.12. Curve of RTT—c as a function of the concentration of ester /69

solutions in hexane:
+ experimental curve

* theoretical curve for Rhs of 28 A

• theoretical curve for Rh s of 29 A



Then this value of the hard sphere diameter is somewhat slightly dif- 	 /70
ferent from that calculated by considering the compact polymer particle:

_ (6M \ 1/3
Gc	l ,^ 1

with	 = diameter of the compact sphere
= mass of the particle = 10000
Avogadro number

d = density of the poly.-Per = 0.964
Tc=32 A

The disagreement observed between C'Hs and Kc can be due to the
existence of an attractive type interaction potential. This is
confined also by the examination of the network of curves I% as a
function of the concentration (figure II.12).	 Mc

Indeed, no calculated curve gives satisfactory agreement with the
experimental curve, the best result being obtained for CHs=29 A. In
order to take into account the attractive interaction potential, Vrij
has considered this last as a perturbation of the hard sphere potential.

If we select a function of the Van der Waals type:

FL (c ) _ - it

or its equivalent expression as a function of C:

Fs (C.) _ _ (	 ^' CL
	

(2-22)
M°

the analytical expression of the osmotic pressure by taking into ac-
count (7) becomes:

IT _ ( S	 1 ^^ ^^^ t FL ^^^	 (2-23)
\` M J

-
1T
-,q 1 ; L	 ( 2-24 )ara^ -	 M ^a-g am )

(A+Lq C. )L _ 9 3. C-" 0 -qe
	 C) IT _ Z ,r C

where	 M (a- 1c)"

or
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We thus observe that, in the case of an attractive perturbation,
the difference between the theoretical values calculated from the hard
sphere theory and the experimental values must be linear as a function
of the concentration, the slope of the straight line allowing us to
know the amplitude of the attractive function. Figure II.13 presents
the curves J.4004-	 c)_air	 as a function of the concentration for dif-

M A-q^) 	 aT^..

ferent values of C Hs . The best straight lines are obtained for values
Of C Hs between 31 and 32 A, thus very close to the diameter f'c of the
compact sphere previously calculated (Qc=32 A). It is nevertheless
necessary to remark that the attractive potential can not be treated as
a perturbation on the set of concentrations. Indeed, .for c >10%, it
interferes by one third in the value of Ii , which is not a negligible

RT d c
quantity in the face of the contribution due to the hard sphere poten-
tial. It is also interesting to note that we discover a value of GHs
of the same order of magnitude as previously ( GHs =29---'31 A).

11.4.3.4.2. Quasi-Elastic Diffusion ( ELD

The auto-correlation curves have been cnmi.a:d with simple exponen-
tials, the various having been found lower -Rn .1 in all our tests
(this corresponds to polydispersity on the .-.de;. of 1.4). The values
of the diffusioa coefficient obtained for solutions of different con-
centrations are grouped ir_ table II.4, presented in chapter II.3.1. In
order to determine the value of the hydrodynamic radius (Rh v) of parti-
cles, we have shown on figure II.13b the values of the coetficent of
diffusion as a function of the concent ation. By ext3rapolating the
linear portion of this curve (Zone 10- -+7 . 10- 2 g/cm ) to zero concen-
tration we extract the value Do. The hydrodynamic radius is then calcu-
lated from the expression:

kT

RHy = 6r7D0

where T = 298 K	 /74
k = Boltzmann constant
") = hexane viscosity
I = 0.294 cP
D o= coefficient of diffusion extrapolated at zero concentration

we find RHy = 30 ± 2 A.

II.4.3.5. Conclusion on the Results

The value of the radius of particleb found by the freezing frac-
turingg technique is in good agreement with that found by GELD (Rp = RHy
^30 A).

On the other hand, the value of the hard s phere radius found from
measurements of mean diffused intensity is not campletely in agreement
with the preceding ones (ZHs =14-16 A).
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Figure II . 13. Difference between the value of the osmotic
compressibility ^7 calculated by the solution of Carnahan and

Tc
Starling and the experimental value, both divided by RT as a
function of the c_i_ ,ncentration c in ester for different values

of tae diameter of the hard spherq.

The difference RHy - Rps is on the order of 15 A, which corre-
sponded well enough with the unfolded chain leng', of the C36 diacid
and the C13-C15 alkyl radicals situated at the end of the chain.
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t

Figure II.13b. Variation of the coefficient of diffusion as
a function of the concentration of the solutions in esters.

Then in fact, if we observe that the chains of the alkyl diacid and 	 /75
alcohols situated on the end of the chain have random strengths and are
not completely unfolded, it is then possible to propose a micellar
structure. The diagram presented in figure II.14 represents the ester
micella.
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Figure II.14. Structural model of the
ester micella ( bimolecular here)

Key: i-Poly-propyleneglycol chain;2-
C36 diacid chains;3-C13 C15 alkyl
radical chain.

With the density of polypropylene glycol being 0 . 964 and the mass of
this in the molecule being 3000, the nucleus will have for a radius:

This value is approximately that of the hard sphere radius ((`Hs
NI6 X) .	 2

II. 4.4. Study of the Adsorption of the Additive at a S olid-Liquid
Interface

Among the techniques allowing us to study adsorption of the poly-
mers at a solid / liquid interface, two types are largely used:
-Hydrodynamic techniques based on capillary viscosimetric measurements
(Orhm, 1965; Fleer, 1972) or derivatives on porous filters (Gramain,
1976), as well as measurements of electrophoresis ( Fleer, 1971).
-Ellipsometry based on the analysis of the reflection of a beam or
polarized light by a polymer film adsorbed on a surface ( Killmanll et
al., 1970, 1974, 1977; Takahasi et al., 1980).
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For the study Gf the adsorbed film of the additive, we have used
the technique of ellipsometry. Preferably, we have carried out tests
of measurement of t}^tbickness of a monomolecular ester film at the
liquid /gas interface by the Rac method of Langmuir ( 1932) which has on-
ly allowed us to form conclusions in relation to the parameter studied.
Indeed, when the liquid phase is water or a saturated solution of po-
tassium nitrate in water, the polar portions of the molecule (polypro-
pylene glycol chains) "plunge"into the liquid during compression of the
film, not allowing us to determine the value of the specific area of
the molecule in a dense monomolecular film.

II.4.4.1. Summary Description of the Experimental Method and Device

This method is based on the analysis of change in polarization
which are subjected to a luminous wave at the time of its reflection
by an interface.

In general, the two orthogonal components of the electrical field
of the polarized incident wave are modified by reflection; thus, with
the assistance of an adequate model (Malin and Vedam, 1976) by using
relative variations of phase and amplitude of the two components of the 477
electrical field. It is then possible to determine, with the assistance
of a single measurement, certain physical properties of a system such
that the real and imaginary portions of the complex refraction index,
dielectric constant of a substrate, or even the thickness and the index
of refraction of a transparent film deposited on a substrate whose
characteristics are known.

The measurements which we have carried out have been made with the
assistance of an ellipsometer whose diagram is presented in figure
II.15.

II.4.4.2. Experimentation

For practical reasons, the measurements of the thickness of the
film adsorbed have been carried out at the air/gold interface, the supp-
port being constituted of a polished glass plate covered with a 1000 X
layer of gold, this choice being guided by the necessity of ! paving very
polished and reproducible surfaces. Measurements have to be made in
air, the difference in index between the ester and the solution of this
in the dodecane being very low. The experimental process has thus been
the following: the mirror, previously cleaned with hot hexane (sohxlet)
and immersed into a solution filtered through 0.1 millipore of 1% ester /79
in dodecane. The mirror is retreated with the solution at specifi-A
intervals, rinsed with RPE hexane, then placed in the ellipsometer 	 It
is necessary to note that, at the start of a test carried out in situ
on a stabilized polymer film, we have seen that deso-otion of the poly-
mer in the presence of pure hexane was very slow. Consequently, rinsing
of the substrate with hexane does not result in appreciable desorption
of the product.
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Figure II.15. Diagram of the ellipsometer used.

Key: 1-Substrate/film: surface studied;2-rectilinear
polarization light;3-elliptical polarization light-4-
Diaphragm;'-polarizer;6-turning analyzer;7-diaphragm;
8-Collimator;9-Xe arc lamp;10-Monochromator;ll-Photo-
multiplicator;12-High pressure supply;13-Command;14-
supply;15-Calculator;16-Angular coding;17-Signal studied;
18 -With two diffraction gratings.

11.4.4.3. Results and Discussion

Figure II.16 presents values of the thickness of film adsorbed
from measurements carried out on a mirror at time t (mirror alone) and
5 mn, 30 mn, 60 mn, and 120 mn. We note that the thickness of the sta-
bilized film is on the order of 17 ± 1 A, duration corresponding to one
hour. Taking into account these results and different models of ad-
sorbed layers of polymers on the one hand (Silberberg, 1962; 1968;
Hoeve et al, 1965; 1970; 1971; Weber et al, 1976), and fatty acids
on the other hand (Hardy, 1936; Bailey and Courtney-Pratt, 1955;
Trillat, 1925; Bragg, 1925; Muller, 1928; Germer and Storks, 1939;
Brummage, 1947) we can propose a possible structure of the adsorbed
additive film. This is presented in figure II.17.

The length of U pophilic chains is on the order of 20 to 23 A (see /80
II.4.3.5). The PPG chains are connected at the surface by several
sites forming rings developing within the liquid and constituting a
film of mean thickness on the order of several A (Silberberg, 1971).
With t"iese conditions, the mean thickness of the entire film will be
less than the unfolded length of the alkyl chains. Moreover, this is
in good agreement with the mean thickness found of 17 + 1 A.

We will estrapolate these results to the case of 10006 steel.
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Figure II.16. Variation of the thickness of film adsorbed
of ester on a metallic surface (gold) as a function of time

from a 1% solution of ester in dodecane at 298 K.
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Figure II.17. Structure proposed for the adsorbed film.

a) on metallic surface
b) water/air interface (Langmuir)

II.5. Influence of the Lubricant Structure on its Anti-Friction
Properties

II.5.1. Experimental Device and Conditions

The sphere/plane tribometer used for our tests is described in de-
tai'led fashion in Appendix A, as well as the response of this system
to a known stress in order to avoid errors of interpretation. The tri-
bological parameters relative to our tests have been given in paragraph
II.2.6 within table II.1. Manipu?aitons are carried out in the follow-
ing fashion. The sphere and plane are placed in static contact in the
presence of the lubricant. The plane is then induced with uniform



rectilinear movement (V=50 pm/s) over a distance of 0.5 mm (=3 hertzian
diameters). During the sliding of the pieces on each other, the fric-
tion force and the electrical resistance to contact are measured.

II.5.2. Description of Measurements Carried Out in a Test

During our friction tests on a sphere/plane simulator, two measure-
ments are carried out:
-measurement of the friction force which allows us to obtain the coef-
ficient of friction through the relationship:

_ T

YW

where }t = coefficient of friction
= unit of fiction force

W = unit of normal force applied at contact

-measurement of electrical resistance to contact which we will attempt
to interpret in chapter III.

In the graphs presented in figure II.18, three zones can be con-
sidered:
-Zone 1 corresponding to the placement under stress of the measurement
chain (transitory state of contact-c.f. II.2.4) during which sliding
propagates annularly from the periphery of the contact up to the center
of this, and where we do not record the relative macroscopic displace-
ment of the pieces in frictional contact.
-Zone 2 during which the friction force increases up to a maximum Tmax
while simultaneously the electrical resistance to contact passes from a
value on the order of 1 SI to approximately 10 3 .L, then decreases slow-
ly to attain a minimum value when T ismaximum. This part of the graph
will be studied in chapter III.
-Zor:e 3 where the friction force IT decreases to a stable value which we
will call the dynamic friction force (?dy ). The electrical resistance
to contact then has a low value (Rc< 1 R7.

In what follows in this chapter, we will only concern ourselves
with the value of ofd , this being measured after a displacement of
three hertzian diamNers. We will study the significance of the thick-
ness of the adsorbed film and presence of micella within the lubricant
on the value of the dynamic friction force, this at the temperature at
which we have carried out the tests of light diffusion and ellipsometry.

.5.3. Variation of the Dynamic Friction Force as a Function of the
sorption Time of the Ester on Pieces in Frictional Contact

The sphere and plane are placed in the presence of the lubricant
(1% solution of ester in dodecane) for a given time. The pieces in
frictional contact are then placed in static contact, then the friction
test is carried out in the presence of the lubricant.
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Figure II.18. Graph of the electrical resistance to
contact Rc and of the friction force as a function
of the distance travelled 1 by the sphere nn the plane.

Key: 1-K in Hertzian diameter.

Figure II.18 presents the curve of development of the coefficient
of dynamic friction (Ydy=T) as a function of the time during which

the pieces have been placed in the presence of the ester solution.

We have superimposed on this curve the isotherm of adsorption of
the ester at the gold/solution interface obtained in paragraph II.4.4.3.
We thus see that the coefficient of dynamic friction passes from a
value on the order of 0.19 obtained at the end of an adsorption time of
30 seconds to a value of 0.11 after 120 minutes of adsorption. The de-
crease is very rapid at the start (after 30 mn of adsorption,dyy is
not greater than 0.12), corresponding to the rapid increase of^Me mean
thickness of the adsorbed film, then decreases, the coefficient of
friction passing from 0.12 to 0.11 for respective adsorption times of
30 and 120 minutes,corresponding to a portion of the adsorption iso-
therm where the increase of the film adsorbed is slow.

Figure II.18 shows us that the mean ;thickness of the adsorbed film
influences the coefficient of dynamic friction, although the two curves
presented are not completely in agreement.

Figure 11.19 presents the developments of the electrical resistance
of contact and the friction force in zone 2 as a function of the time
during which the pieces in frictional contact have been placed in the
presence of the lubricant before carrying out the sliding. We see that
the extent of zone 2 varies as a function of the adsorption time
(lengthening of the signal of electrical resistance of contact), while
the maximum value of the friction force decreases. The thickness of
the adsorbed film thus also influences this zone.
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Figure II.19. Development of the coefficient of friction
and thickness of adsorbed film of ester as a function of
the contact time of the surfaces with the lubricant (1%

solution of ester in dodecane, T=298 K).

II.5.4. Im ortance of the Micellar Aspect of the Lubricant in the
	

/85
Reduction of Friction

In order to carry out this study, the sphere and plane are placed
in the presence of a 30% solution of ester in dodecane for 30 min, so
that the adsorbed film has attained its equilibrium thickness. The
friction test is then made in the presence of the solution. The pieces
are then rinsed with the next solution, of lower ester concentration,
and the friction test is carried out in the presence of this. The
operation is then repeated for 30, 20, 10, 1 and 0.1% solutions of es-
ter in dodecane. Figure II.20 groups the values of the coefficient of
dynamic friction as a function of the concentrations of the ester solu-
tions.

We see that the effect of concentration is very low on the value
of the coefficient of friction (approximately 10% of the mean value).
We always observe an appreciable variation when we pass from the con-
centration of 1% to 0.1% of ester, this last corresponding to the crit-
ical micellar concentration which we had discovered during light diffu-
sion tests(c.f.II/+.3.4.1). It thus appears, from our tests, that the
presence of micella in the solution contributes very slightly to the
reduction of friction.

II.5.5. Microscopic Appearance of Surfaces After Frictional Contact

II.5.5.1. Experimental Method

Examination, through transmission electron microscopy, of the sur-
faces having frictional contact was carried out on platinum-carbon
replicates with the friction scars obtained at the time of the test on
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Figure II.2U. Development of the graphs of the frictioi, force
and electrical resistance of contact as a function of the

adsorption time of the ester on the surfaces.

Key: 1-Displacement in Hertzian diameters.

the plane with treated 10006.

For this, the plane is rinsed after the test in a hexane bath
with ultrasonics, then introduced intothe vacuum chamber for cryo-
fracturing (c.f. I.2.2). After having achieved the vacuum 10-
mmHg), the replica is made through pulverization with a 30 1 layer
of platinum according to an incidence of 45°, then with a 300 A
thick carbon layer with an incidence of 90° (c.f. I.3.3). The plane
is then reduced to atmospheric pressure. The replica is detached
with the assistance of a 1% solution of Teepolin water, then rinsed
in three baths of twice distilled water. It is then deposited on a
support grid and examined by transmission electron microscopy.

II.5.5.2. Results and Discussion

Figure II.22 presents transmission electron microscopy plates
carried out on the friction marks obtained, on the one hand, during
a simple advance unidirectional test (which we have studied during
this chapter), and, on the other hand, during an alternative test,
the sphere having then carried out several advances-returns on the
plane.

In the first case (figure II.22a), we observe almost no degrada-
tion of the lubricant of cluster type or tribochemical film (Martiq

/87
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Figure II.21. Development of the coefficient of dynamic friction
as a function of the ester concentration in the lubricant solutions.

1978); on the other hand, in the second case (figure II.22b) the sur-
face is littered with cylindrical particles,arranged on the average
perpendicularly to the friction scar, composed of degradation products
of the additive formed during friction. Figure II.22c shows the de-
tail of debris, this having the form of a roll formed by rolling up of
a fine skin of degraded product (the thickness of the skin is estimated
at 100 A taking into account the overshadowing).

Formation of the tribochemical film constituting the rolls can be
explained by in situ polymerization (Redd, 1975; Furey, 1975) through
homo- or heterolytic fragmentation of the ester when this is subjected
to a high rate if shearing (De Gennes, 1974) or to photoactivator radi-
ation which can constitute the exo-electrons emitted by the metal dur-
ing sliding (Basset, 1982). Polymerization can occur according to the
type of fragmentation, in ionic or free radical fashion.

II.6. Conclusion

During this chapter, we have been able to define several signifi-
cant points:
-Study of the solution, by freezing fracturing and light diffusion
techniques, has allowed us to collect a significant amount of data on
the behavior -f the ester in solution with dodecane, and has revealed
the existence of molecular aggregates for which we have been able to
propose a structure in agreement with the results obtained.
-We have been able, with the assistance of ellipsometry, to have access
to the thickness of the ester film adsorbed at a metal/solution inter-
face, as well as at its adsorption isotherm.
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Figure II.22. TEN plates obtained from
replicates of platinum/carbon surfaces.

a) on a unidirectional friction scar simply going.
b) and c) on a friction scar obtained after several

advance-retur ns of the piece on the plane.
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-The friction tests which we have carried out allow us to see that the
coefficient of dynamic friction, as well as the friction force and
electrical resistance to contact and the friction force in zone 2, de-
pends in significant fashion on the mean thickness of the adsorbed es-
ter film on the pieces in frictional contact. On the other hand, with
stablized adsorbed film, the effect of the concentration of lubricating
solutions,and the presence of micella within these,very slightly affects
the coefficient of dynamic friction (10% of the mean value).

The figure below summarizes the results obtained: 	 /010
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Key: 1-Micella;2-Not measurable;3-Slight action:4-
Adsorption;5-Significant action; a
6-In hertzian diameters.

-Finally, microscopic examination of the friction scars has revealed
that at the time of a simple advance unidirectional test, degradations
of the additive are not discernible, and that, on the other hand, in
the case of alternative tests, the additive undergoes significant
transformations, resulting in the presence of "roll;;" in Lhe friction
scar.

A certain number of tests were necessary to complete this study,
in particular by varying the parameters such as load and temperature.
In the case of this latter parameter, this would prescribe the use of a
less volatile base than dodecane (squalane), whic.-h would give rise to a
certain number of changes in the structure of the solutions and would
pose problems for studies by light diffusion and by ellipsometry of the
behavior of the additive in solution.
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Reduction of Boundary Friction by Monomolecular Films

III.1. Use of Electrical Measurements of Contact

III.1.1. Electrical Conduction Within an Interface by Monomolecular
u r cat on

III.1.1.1. Description of the Measurement Circuit of Resistance of
ontact

III.1.1.2. Demonstration of the Phenomenon of Electrical Conduction in
an Interface by Monomolecular Lubrication During the Critical Instants
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111.1.1.3. Studv of Some Characteristics of the Electrical Contact
Phenomenon

III.1.1.4. HNti othesis Published to Interpret the Development of the
Electrical Resistance ot Contacc

III.1.1.4.1. Method of Construction in the Interface is Standard

III.1.1.4.2. Electrical Transports in the Interface Made Through
Tunnal Conduction

III.1.2. Electrical Transports Through the Monomolecular Layers

III.1.2.1. Electrical Transports Through Monolayers of Langmuir-
e

I11.1.2.2. Electrical Transports in Adsorbed Monolayers

III.1.2.3. Demonstration of Tunnel Conduction in the Case of Adsorbed
Ester Comp ex ayer of PolypropyleneGlycol'

III.1.2.4. Demonstration of Tunnel Conduction with Hertzian Contact of 	 /92
a Normally Loaded Sphere-Plane Lubricated Mcnomolecul,a—rl-y

III.2. Interpretation of the Relationship Between the Electrical
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III.2.2. Separation Hypothesis
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III.2.4. Estimation of the Variation of Thickness

111.2.5. Estimation of the Exponent
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Reduction of Boundary Friction by Monomolecular Films

III.1. Use of Electrical Measurements of Contact

III.1.1. Electrical Conduction Within an Interface by Monomolecular
Lubrication

III.1.1.1. Descrition of the Measurement Circuit of Resistance of
Contact  

Figure III.1. Diagram of the sphere/plane principle of
tribometry and the measurement circuit of the electrical

resistance of contact (RC).

Key: 1-Exponential converter;2-Piece;3-Recorder;4-Plane,

The measurement circuit of the resistance of contact which we have
used has already been described in the literature (Tonck, 1979).

Contact is supplied by a feedback loop such that the fall of pres-
sure between the materials in contact remained constant and continuous-
ly equal to 10 mV. The feedback loop acts as an exponential current
generator which gives a logarithmic scale of L.ischarge for the values
of electrical resistance to contact. Limitation of the current to 10
m ^ preserves the contact from any deterioration during measurement.
The complete system furnishes a logarithmic response for resistance
values of 1 A to 10 M IL. For the low resistances to contact, the cur-
rent regulator modifies the response of the circuit which becomes
practically linear between 0 and 1 A. The common method of rejection
is sufficiently great to avoid noise.	 The response in the frequency
of the circuit depends on the amplitude of the signal. In the most
favorable case (R c =10 I1), the upper limik. is approximately 100 K Hz.
This pressure control circuit has the advantage of not involving the
condenser, formed by the interface, in the measurement of the intensity
and thus allows us to observe instantaneous variations of the electrical
resistance to contact.
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111.1.1.2. Demonstration of the Phenomenon of Electrical Conduction
in an Intertace by Monorrior-ecular Lubrication During the iniUa I7

Instants ot Sliding

The tests were carried out with the same conditions as in chapter
II. The lubricant present in the form of a monomolecular film during
contact is the complex ester of polypropylene glycol studied in chapter
II.

Figure III.2 presents simultaneous recordings of the development
of the friction force and the electrical resistance to contact at the
time of sliding of the sphere on the plane.

RCM)

 C AI,.-%

0

T(N)

diplacamant
on diem6tr• hertsi9n

_	 Z

Figure III.2. Simultaneous recordings of the development
of the electrical resistance to contact and the friction
force as a function of displacement of the sphere on the
plane.

Key: 1-Displacement in Hertzian diameters.

A great number of recordings jointly grouping the developments of
the resistance to contact and the friction force as a function of the
displacement have allowed us to conclude that these two parameters are
correlated. In all cases, we note that total sliding (c.f. II.2.5) is
obtained for a value of tangential force on the order of 1 N corre-
sponding to a shearing concentration on the order of 40 N/mm 2 (for a
loaded contact at 10 N , and that this increases up to a maximum value
F (on the order of 2 N) at the end of a sliding distance equal to ap-
proximately one Hertzian diameter. Jointiv, we nc 	 from the start of
sliding (the sensitixity of our measurement devices does not allow us
to locate the start of the phenomenon in the transitory or dynamic
zone), an increase o the value of the resistance contact by a factor
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greater than or e-gaa3 to-io The resistance value then decreases slowly up
to a minimum value (on the order of 0.1 to 0.0111) in the majority of
cases, when the friction force is ,naximum. in order to eliminate the
possibility of an electromotive corce phenomenon created at the time of
frictional contact and already observed as well in the literature (c.f.
11.2.4), we have been induced to reverse the polarities of the measure-
ment system (the Fem adding to the pressure applied to the boundaries
of contact would avoid .4'_ when we reverse the polarities of the
measurement system, thus icdically modifying the recording). This has
allowed us to immediately reject the Fem hypothesis, the recordings not
being affected by modification of the electrical measurement system.

III.1.1.3. Study of Some Characteristics of the Electrical Phenomenon
ontact

Figure 1IT_3 demonstrates the sensitivity of the phenomenon to
micro-deteriorations of the surfaces during sliding. Indeed, the curve
recorded is practically smooth when we do not note any deterioration of
the surfaces in the :ontact area (figure III.3a). On the other hand,
we observe that the signal is very much affected when the contact area
allows a scratch to appear (figure I7I.3b), created by unevenness of
one of the surfaces or abrasive particles present during the contact.
In the case where the surfaces have deteriorated in significant fashion
(figure III.3d), the increase of resistance of contact is non-existent.
This demonstrates well the sensitivity of the electrical measurements
of contact to local deteriorations inthe hertzian zone, sudden drops of
this being theoretically explainable besides, the resistance of con-
duction at the level of the deterioration (metallic contact) being low
(0.0111) for jur_ctions of diameter greater than 0.1 Ym.

It isfor this reason that it is necessary to work .with hyper-
polished surfaces (Ra < 100 A) and eliminate as much as possible abra-
s-1.ve particles caught on the surfaces (ultrasonic bath).

Figure III.4 presents recordings obtained at different sliding
velocities.

The reproducibility of the signal obtained allows us to conclude
chat the phenomenon is independent of this tribological parameter in
the zone of velocity studied. The recording of the development of the
resistance of contact presented in figure III.5 is characteristic. In-
deed, the sphere is set to sliding, then stopped at the end of several
microns displacement, then after several seconds, it is again set to
sliding.

We note on this recording that the resistance of contact does not
drop to a low value at the stop of sliding, thus: eliminating the hypo-
thesis of a purely dynamic phenomenon. Nevertheless, the slow decrease
of the resistance of contact over time (10 in 3 sec), accompanied by a
slight decrease of the friction force, tends to demonstrate that a re-
laxation phenomenon is produced in the interface. This is confirmed by
the fact that, at the resumption of sliding, the resistance and fric-
tion force recover the val_ses which were found at the stop of sliding,
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Figure III.3. Degradation of the recordings of electrical resistance
to contact as a function of the scratches undergone by the surfaces

during sliding in the contact zone.

Lae remainder of the recording not demonstrating an y difference with
standard recording.

On the other hand, from II.5.3, the resistance of contact is cor-
related with the previous adsorption time of the ester molecules or the
pieces in frictional contact (figure II.20).

Several observations allr'w us to conclude that the phenomenon de-
scribed by the developments of the fiction force and the contact re-
sistance is characteristic of the behavio r of the monomolecularly lubri-
cated interface during the initial instant of sliding.

111.1.1.4. H ypothesis Published to Interpret the Development of the
El ectrical Contact Resistance

II1.1.1.4.1.	 Method of Conduction in the	 Interface is Standard

In the simple case of a sphe?e/plane hertzian contact in the pres-
ence of a very narrow isolating laver (h=0.1 pm) ; homogeneous, of
thickness h and electr i cal conductivity C, in which the type of conduc-
tion is standard ohmic fiim). the expression of total resistance is
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Figure III.4. Recordings of the electrical contact
resistance at different sliding velocities.

a) 20 pm/s b) 50 }un/s c) 200 pm/s

Key: 1-Displacement in ym.

after Holm (1967):

RT = -4 	 t h	 + r—Rt	 (3-1)
10<r	 cTTrai

6 = electrical resistance of the materials constituting the sphere and
plane;

Rt = transitional resistance of insulator/metal (negligible) at radius
of the contact area calculated from the Hertz theory.
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Figure III.5. Recording of the electrical contact resis-
tance during a test where the piice is stopped after several
microns of displacement, then in movement at the end of
several seconds.

Key: 1-Restarting of piece;2-Stop of piece.

The first term of expression 3-1,
-
due to constriction of the cur-

rent lines with contact, always has a sufficiently low value (it is on
the order of 10- 2 Ain our case); we can thus write, for resistances
greater than 1 A:	 h (3-2)

R'T = < ITa2

With these conditions, an increase of the contact resistance by a
factor of 10 3 was accompanied either by an increase of the thickness,
by a decrease of the contact area, or finally by a variation of the
electrical conductivity.

As we have seen in paragraph II.2.4, the contact area increases
very slightly at the time of sliding, which goes to counter the increase
of contact resistance.

An increase of thickn ss, in the case of a thickness of separation
of 3 nm (taking into account the results of ellipsometry presented in
chapter II.4.4.3) results in a thickness of 3 pm. To verify this we
have proceeded to place an inductive pick-up into position on the
measurement face of friction in order to record the variation of thick-
ness of the interface. The recording presented in figure III-6 pre-
sents simultaneous developments of the friction force, thickness of the
interface, and contact resistance. The slope of the recording of the
thickness is due to the absence of parallelism of the plane; however
it is necessary to note that it does not present at the start any sig-
nificant variation of the thickness. The smallest measurable variation
with this apparatus being 30 nm, we have carric..i out an even finer man-
ipulation. The recording presented in figure III.7 has been accom-
plished with the assistance of a Talystep roughometer of 2 nm height
which we have modified into a tribometer by replacing the diamond with
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Figure III.6. Simultaneous recording of the friction force
of the electrical contact resistance and the variation of
thickness of the interface during a friction test in the
presence of a 1% ester solution in dodecane.

Key: 1-displacement in 0 hertzian.

Figure 111.7. Friction tests carried out on a plane
of 10006 steelwith a roughometer (Talystep) whose diamond
has been replaced by a 10006 steel ball of 3 mm diameter.

a) recording of variations of dried thickness;
b) and c) recording of variations of thickness in

the presence of the ester solution.
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a hyperpolished 10006 steel ball of 3 mm radius. The plane is consti-
tuted of a flame-polished thin glass plate covered with a 1000 A layer
of cobalt. Sliding of the sphere on the plane is carried out in the
presence of the lubricant (solution of ester complex in dodecane).

The recording of the development of the thickness of the interface
during sliding does not reveal any appreciable variation of this. It
is thus possible that the thickness of the interface varies, but with a
very low proportion, the increase occurring below the resolution of the
roughometer. The hypothesis of in increase of the thickness of the in-
terface by a factor on the order of 10 3 can thus be rejected. Thus, it
only remains to invoke a variation of the electrical conductivity of
the interface to explain, in the case of an ohmic film, the variation
of resistance.

The decrease of the electrical conductivity of the interface can
be due to changes of physical or chemical states occurring in the in-
terface at the start of sliding (transition phase, orientation, crystal-
lization, ..., degradation of the lubricant, ...). However, taking in-
to account the factor involved in the change of conductivity, it seems
to us unlikely that these types of phenomena occurring in the inter-
face themselves alone explain the variation of contact resistance.

/104 -I11.1.1.4.2. Electrical Transports in the Interface Made Through
Tunnel on uction

The thickness of the interface being less than 10 nm, we find our-
selves in the range of distance where tunnel conduction can occur.

This hypothesis has already been proposed by certain authors
(Tripp, Snowball and Williamson, 1966). We will see in the following
chapter that a slight variation of thickness, on the order of several
angstroms, can be at the origin of a significant variation of the tun-
nel resistance which could explain thn fact that we do not observe sig-
nificant increase of the thickness of the interface during sliding with
the roughometer equipped with tribometer.

111.1.2. Electrical Transports Through the Monomolecular Layers

II1.1.2.1. Electrical Transports Through Monolayert of Lan- gmuir-
o gett Type

A certain number of authors (B. Mann and H. Kuhn, 1979; K.H.
Gundlach and J. Kadlec, 1973; E. Polymeropoulos, 1978) have demon-
strated that electrical transports through monomolecular layers de-
posited by the Langmuir-Blodgett method operate by a tunnel conduction
process.

Application of a low pressure to the boundaries of a monolayer
(h =20-30 A) contained between two electrodes induces the passage of a
tunnel current through thi- 	 This current, due to the presence of free

72



The conductivity
h the thickness 1
of Bethe (1430):

(3-3)

potential

electrons in the metals, have a current density of j.
(continuous current) then decreases exponentiallv wit
of the insulating layer. It is given by the equation

2
Q=(L) v^0 	 e2 (2mil ) i exp (- (2mlo)l)

h
obtained from an ideal barrier model of the following
(figure III.8) with:

VIMO

e=electron charge
m=electron mass
h=Planck constant

Energy of electron extraction from the metal toward the insulator:

= (b 1 +^ )-K	
_/ 105

4)1' (t 2 of metals 1 and 2 in vacuum
K=electron affinity of the insulator

Equation 3.3 can be rewritten more simply in the forr:i:

(3=(-,v )
v-^0 = b exp(-2al)	 (3-4)

2	 1	 .1
with	 b=e 

2m	
a= 2m

h 2

The resistance of the junction having for expression:

R= V 2 	 (3-5)

j Tr a

V=pressure at the boundaries of the junction
j=tunnel current density
a=radius of the junction

By combining 3.4 and 3.5:

R= 12 exp(2al)	 (3-6)
b7ra

We thus observe that the value of the resistance of a junction	 /106
constituted by two electrodes separated by a monolayer of Langmuir-
Blodgett type depends on the thickness of this and that a slight varia-
tion of 1 induces a significant variation of this resistance, taking
into account the exponenet intervening on 1.

IJI.1.2.2. Electrical Transports in Adsorbed Monolayers

Polymeropoulos and Sagiv (1978) have demonstrated, by graphing
the characteristics of I=f(V) at 77°K of junctions constituted of two
aluminum electrodes, separated by an adsorbed fatty acid layer, that
electrical transports in the adsorbed monolayers are carried out by a
tunnel conduction process. However, they have had problems in graphing
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Figure III.8. Idealized barrier potential by Bethe repre-
senting two electrons of different metals separated by a
thick steel monolayer subjected to low pressure.

the unnel characteristics of such junctions at ambient temperature
(295 K), a phenomenon of conduction through the impurities contained in
their adsorbed layers superimposing on the tunnel conduction at this
temperature, thus capablo of being due to the presence of impurities in
the separation products or even to the operational method used by the
authors.

III.1.2,3. Demonstration of Tunnel Conduction in the Case of an
Adsorbed ster Complex Layer ot Polypropylene Glycol

In order to verify that, inthe case of an adsorbed ester complex
monolayer of polypropylene glycol, electrical transports occur through
tunnel conduction; we have graphed the characteristic I=f(V) of a
10006 steel adsorbed layer junction measurement. Figure III.9 presents
the diagram of the principle of the installation used to graph the
characteristic of the junction.

	

R
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eV

r

Figure III.9. Installation used to graph the characteristic
I=f(V) of a mercury/adsorbed layer junction o r ester/10006
steel.

Key: 1-Adsorbed layer;2-Steel;3-Cathode oscilloscope;4-
pressure generator.
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The measurements are carried out in the following fashion:
The 10006 steel ball is soaked for 1^ mn in a 5% ester solution in
dodecane, then rinsed in RPE acetone. It is then deposited at the sur-
face of the mercury (junction area =1 cm 2 ). We then apply to the
boundaries of the junction a pressure rise of -0.3 to +0.3 v. The
characteristic I=f(V) is recorded on a cathode oscilloscope and the
curve is )hotographed.

Figure III.10 presents a recording of the characteristics. /108

Figure III.10. Characteristic I=f(V) of a 10006 steel/
mercury junction (vertical line) and a 10006 steel/adsorbed
ester complex/mer^urNr junction.

We observe that the metal/mercury junction has an almost zero re-
sistance, while the 10006 steel/adsorbed layer/mercury junction pre-
sents a characteristic I=f(V) corresponding to a tunnelconduct'_on pyo-
cess. Indeed, the resistance is very high for low pressures (R:10 11)
and decreases progressively and with measurement when we increase the
pressure at the boundaries of the junction (R ^_'10 3 JL for V=0.3 v). The
recording presented in figure III.10 is in good agreement with tunnel
conduction through the ester complex monolayer of polypropylene glycol.

111.1.2.4. Demonstration of Tunnel Conduction w:th Hertzian Contact of
.i Normally Loaded p ere-P ane Lubricated Macromo ecu ar v

The difficulties encoLitered during tests of recording of the
characteristics I=f(V), in the case of a function constituted by hertz-
ian contact of a sphere-plane lubricated molecularly by an adsorbed es-
ter layer are connected to the contact parameters:
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of the junction in the case of static contact;
the resistance of the junction with time when
aced ( see chapter IT.1.1.3).

Despite these different problems, we have been able to record
characteristics I=f(V) of such junctions. The installation used is
presented in figure III.11.

Go4tte de
	

R

solution
lubril innt,t,,,°D,^

Figure III.11. Installation used for recording of j
characteristics I=f(V) of junctions constituted by a
sphere/adsorbed layer/plane Hertzian contact.

Key: 1-Drop of lubricating solution;2-Piece;3-plane;4-
Adsorbed film;5-Cathode oscilloscope;6-Pressure generator.

The measurements were carried out according to the following pro- 	 /111
cess. The piece and the plane are placed in the presence of a 5% ester
solution in dodecane for 15 mn, then they are placed in contact under a
load of 10 daN. Recording of the characteristic is made as in chapter
111.1.2.3.

Figure III.12a represents a recording of the characteristic of a
sphere-plane static contact. The resistance for low applied pressurE!s
to the boundaries of contact is on the order of 0.211. We rote a
slight inflexion of the curve beyond 0.15 v tending to demonstrate that
we are in the presence of an IN tunnel characteristic.

The recording presented in figure III.12b is that of the same con-
tact which has slid over tens of microns. The characteristic has been
graphed immediately after the stop of sliding. We note that the re-
sistance for low values of applied pressure is on the order of 50 A,
this higher than in the case of static contact. The curve presents an
inflexion beyond 0.2 v demonstrating a decrease of the resistance
measured while the pressure at the boundaries of the junction is in-
creased.

This thus confirms, at the start of these tests, that the conduc-
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Figure III.12. Recording of I/V characteristics of Hertzian contact.

a) static contact; b) contact having some sliding.

tion involved in a loaderi and monomolecularly lubricated sphere-plane
hertzian contact is of tunnel type. However, it is necessary to note
that the char:zc t-eristics I=f(V) are unstable over time at ambient tem-
perature (contact developed c.f.. 111.1.1.3), but it ha, not yet been
technologically po3sible for us to carry out the standard tests at low
temperature in order to eliminate the processes of conduction by im-
purities and avoid modifications of the interface due to passage of a
significant currant_ In this (0.1 to 2 A).

II1.2.	 Inter pretation of the Relationship Between the Electrical
Coontact  Kesistance and t e oe icient ol Friction

77
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III.2.1. Experimental Curves

Tunnel resistance varying as a function of the thickness of the
interface in almost exponential fashion (I11.1.2.1), we have taken the
values of the coefficient of friction as a function of the logarithm of
the correpsonding electrical contact resistance (thus to a close factor
of the thickness). Figure III.13 presents a network of curves taken
from recordings of the same type as those presented in figure III.2.

M.

Figure IJI.13. Curve r=f(log Rc) obtained from severaL tests.

We see that the development of the coefficient of friction as a
function of the logarithm of electrical contact resistance is well re-
producible.

In the following part of this work, we will interest ourselves in a
mean curve presented in figure I1I.14.

III.2.2. Separation Hypothesis

By representing expression 3.6 of the tunnel electrical resistance
of a junction of thickness, h:

R =	 ex  (9..
b q I.

we then have:
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Figure I11.14. Mean curve y-f(log Rc drawn from values of figure II1.13.

As the network of curves obtained by Polymeropoulcs (1978) pre-
sented in figure 3.15 shows us, variation of the value of the conduc-
tivity (thus of the resistance) by a factor of 10 corresponds to a
relative variation in thickness comprised between 0.01 and 0.05, ac-
cording tc; the type of junction studied. With these conditions, the
resistance of the junction Ro corresponding to a thickness h o and the
variation of thickness h corresponding to a variation of R by a factor
n, we rave:

6%R° = A r Io 9 h. . 3t;.	 (3-8)
lot 9,= loo, nRo =A ♦ Ioc,(h..	 ♦ p(h.+Ch)	 (3-9)

!^ + «^'	 ^oo^nR. = A 11oo^h,+(jh,+ Io45 (a+J t
/ 

+(jGh
ho/

I^yR ° + lz"5e rah )̀ * 3^h

h°
^h << i	 l0 9 (-1 . 

?o l - 
^h

(3-10)
where	 "•	 (3-11)

With /Ahx (Ahx « ho), the variation of thickness corresponding to an in-
crease of resistance Ro by a factor of nX . Ey'redoing the preceding
calculation, we obtain:

/115

x loon ^ QF'" .f ('^ p11,^	 (3-12).
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Figure III.15. Network of curves obtained by Polymeropoulos
(1977) representing the logarithm of - tunnel conductivity as
a fimct r - of the thickness of the irs^ilati..g monolayer 1.

a) Al%Gn,Al junction
b) Al/Cn/Au junction
c) Al/Cn/Mg

By combining 3.11 and 3.12 we obtain:
Ahx = x Ah	 (3-13).

We thus see that if for a given resistance R o , he thickness of
the interface h o for incrEases of Ro byy factors n, n , n 3 , nx corre-
spond to increases of thickness Ah, 2	 x Ah; it is for this
reason that, besides the logarithmic Ecale cf the electrical contact
resistance, we have taken on figure 111.14 an ar')itrary scale of thick-
ness, the thickness ho co:-responding to log R,=1, 4h are taken in such

00
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a fashion that the approximation 3.10 log ( 1 + fe )^ ^ remains valid.

The function y=f ( log RC ) can be written in the form of a sum p of two
functions:

= fl + f2 ( h)	 (3-14)

fl being a constant for a given test corresponding to the .asymptotic
value of the coefficient of friction toward which the curve approaches
(3.14);
f2 (h) is a more complex function for which we will determine the form

For fl we have taken the value of the coefficient of friction es
tablished at the end of five advance -returns of the sphere on the plane
at the time of the execution of the manipulation which has allowed us
to obtain c-.irve 3.14.

fl = 0.11.

We will ret -.jrn to this hypothesis in the conclusion of this chap-
ter.

1116

III.2.3. Determination of the Analytical Expression of the Function

The curve }u =f2 (h) presented in figure II1.16 not being identi-
fiable by a simple exponential, we have been induced to identify it
with another type of function. For this, we refer to the literature.
A certain number of theoretical friction models influence the thickness
of the interface in the expression of the coefficient of friction
(Lifshitz, 1960; Dcryagin, 1934) in particulariin-the form p=k with
1 <_n < 6.	 hn

We thus are going to attempt to identify f2
the type:	 k

i2 (h) = n
h	 -

We obser%e that for ho we have:

(h) with a function of

(3-15)

/117

(= '_6)

h. + x aim -4

^	 h.
F' (h.. w oh) = CA.) - 	

IAM

rA+x^,n n.1 ♦ nx^ 4 C X1^^JL .+r^0^l^we jjave:

for

with

we will have:

(3-17)

Cnce x/ h ,< 1, we can neglect the terms of degree

o
hen obtain:
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(ti..xo}: ash.} .	 a
.1. "^.p(*^=	 (3-18)

with p = C2

By expressing f2 ( ho + y 4h) we also obtain:

Fsch.•ych) _ FIN.) .	 A	 i	 ( 3-19)
-4.esYi +p(y0^+}

h. \ b.

from 3.18 and 3.19 we derive:

Ott n k-6 * p I  h N2. _ ^.Ch.),	 0-20)

and

(3-21)

By multiplying both sides of 3.20 by the factor -y 2/x2 then by adding
the expression obtained in 3.21 we arrive at:

where{^- ^ r n	 (Y- ^ _ ^') {^F'(h.`y°M' _ I [f^(h.,a^,)^"^	
(3-2t)	 /118

The values of f 2 (h) for ho, ho + x A h, ho + y p h, - x e r y being f fixed,
can be seen on graph 3.14.

We can thus calculate the product n h for different values of x

and Y . The exponent n and the variation o thickness being constants,
to verify if we also have a law of k it suffices to verify over a

hn
large portion of the curve the constancy of the product n ^.

0

Table III.1 groups the values calculated of n 
H-0-

in the interval

[h - 6 Oh, ho + 5 Ah] determined on the scale of the abscissa of curve
3.?4, as well as the absolute uncertainties on the results. We observe
that the values of the product are relatively constant over the portion
of the curve studied. The mean value calculated from the results pre-
senting a relative uncertainty lower than 15% is:

n	 = 0.15 + 0.02.
0
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TABLE III.1. VALUES OF THE PRODUCT n '/119
CALCULATED IN THE INTERVAL (h0`5Ah, ho+SAhl.

h -sa" -4&h •34Mh -2ah - (1h
h

;ht 0.061 0.047 0.034 0.031 0.026
• 0.002 • 0.002 • DAM « 0.001 • O.GM

na

• Sph O.M2 OAS 0.15 011S 0.15 0.16
« 0.001 • 0.02 + 0.02 • 0.32 0.02 • 0.06

• 445h 0.014 0.14 0.14 0.14 0.14 0.15
• 0.0M « 0.03 « 0.02 • 0.02 « 0.02 • O.W6

• 3dh 0.013 0.15 0.15 0.15 0.15 0.15	 j
• 0.001 ! 0.03 • 0.03 + 0.03 • 0.02 ± 0.06

t• 2Qh 0.017 0.14 0.14 0.14 0.15 0.15
• 0.001 + 0.35 0.05 - 0.04 ' 0. 05

+	 h 0.019 DOS 0.15 0.15 0.15 0.16
• 0.001 • 0.09 • 0.09 • 0.04 + O.07 • 0.05

- II h 0.026 0.16 0,16 0,16
• 0.0`, • 0.09 • 0.09 • 0.01

- 2Ah 0.031 0.16 0.16 .^,.16
• 0.001 + 0. OS • 0.05 0.06

- 3.0 h 0.034 0.16 0.16
• 0.001 . 0.03 . 0.05

- 4&h 0.047 0.15
• 0.002 • 0.05

To calculate the mean nalue of n Ah we only
fo

take into account the values whose relative
uncertainty is less than 0.15.



The mean value calculated from four points of the curve :
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111.2.4. Estimation of the Variation of Thickness

--

	

	 When hl and h2 are two thicknesses corresponding to two values of-
electrical contact resistance Rcl and R c2 . We select h2 such that
h2=hl+gh, it then suffices to observe by taking into account 3.7 that:

6S +0fei ^ to^ Rea = Sh
A
	 ^

with	 l.^n	 (^.? - C a.) _ -+ . Ft {A.)
^i+^so ler^iiy ^ tujRt^ i lftw *^^

or
f^O..) - n K 	 fVC

where	 sti;o	 L-&•s a"	 4 h,	 (3-23 )

if we select two thicknesses h 3 and h4 corresponding to two values Rc3
and Rc4 such that h4=h3+Ah i we will have in the same fashion:

	

nth•) 1=nth+	 -	 .Fat ti.^ (3-24)I;,,	 _

if we take:

	

h3 = hi + m Ah	 (m,4 h« hi)

we have:
a + (3^h4 	}_ A'

lha #P)

/120

by dividing member to member 3.24 by 3.23 we obtain:

&O.) -F NO

d1^o ^(M) - fstM)	 E+'s Fit ti.)

if we take h l=ho and h3=ho+m Ah:

FIN) - Fe t h.)
oti - m-^ lin•	

'"PA ifta" _ f,Cti^) _a(+.	 Sb-sG F,(b.)-f,(M)	 F!(h..^	 J
IoyRc.. _IgRc^ 	 /



dh - 0.04 + 0.01

111.2.5. Estimation of the Exvonent n

The value of the product n Ah found

n	 = 0.15 + 0.02 with h = 0.04 + 0.01.R70

n 4 + 2

in chapter III.2.4 being

We can calculate n. We find:

/121111.3. Conclusion

At the time of shearing of ar. interface of sliding by monomolecu-
lar lubricant, we have demonstrated that the electrical transports in
this were made by tunnel conduction. With these conditions, taking in-
to account the results derived from the literature and certain hypothe-
ses, we have been able to make a quantitative approach of the varia-
tions of thickness of the interface during sliding and define one of
the aspects of the reduction of friction. The hypothesis according to
which we have broken down the coefficient of friction in the form of
two functions:

N = fl + f2 (h) with fl=0.11
has been suggested to us by the results obtained by Hirst and Moore
(1978) in E.H.D. These authors have demonstrated, from the model of
viscosity of liquids of Eyrijng (1940), which in a contact subjected to
a high rate of shearing (10 -10 5 s-1 ), the coefficient of traction T/W
(=coefficient  of friction) due to the fluid contained in the interface
has for an expression:

T = tangential force
W = normal load
70= characteristic shearing stress of the product
V^ activation volume of the product under shearing
U"p= activation volume of the product under pressure

= viscosity of the fluid
S = rate of shearing.

For high pressures (=1 GPa), the ratio T/W tends toward a limit
value (li$ ^ 0 T = Vp) depending solely on the activation volumes Vp and

W v`
VV of the product s udied. In t'ie majority of the cases studied by
Hirst and Moore, 0.07 .4 T t0 .13. The value fl=0.11 which we have fixed_p

with the hypothesis is thus not aberrant, taking into account the re-
sults of Hirst and Moore, and would thus correspond, with the coeffi-
cient of limited friction, to a purely molecular contribution of the
additive.

/122
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The contribution f2 (h) which we have been able to-identify for a
function of the type k with z <n S6 can be reconciled with certain

elementary_ friction theories (Lifshitz, 1960; Akmatov, 1966; Post-
hikov, 1978) involving interactions between corxieed phases (electro-
dynamic interactions of k }, This becomes significant whe rn- the sur-

faces in frictional contact are only separated by a very small thick-
.ness. As we have seen above, the ratio Vp/V Z is approximately 0.1 for
a great number of products. This would thus signify that for a reducer
of friction to be effective and produce coefficients of friction on the
order of 0.1, this is capable of reducing the electrodynamic forces
either by its physical properties (dielectric constant, ...) or by
separating the pieces in frictional contact in sufficient fashion.
This would appear to be in agreement with the results of 2isman (1957)
and Hardy (1936), these having demonstrated for the series of 1_inear
fatty acids that coefficients of friction on the order of 0.1-were ob-
tained from C12-C14 molecules, the coefficient of friction being greater
than 0.1 for shorter hydrocarbon .-: chains of acids (T/W!20.3 for a C8
acid(Hardy) and equal to 0.1 for longer chains TjW=0.1 for C12-C14...
C18 acids (Hardy).

General Conclusions	 /123

During the work presented here, having the objective of the study
of the reduction of friction by boundary lubrication, we have been able
to define a number of significant points.

Application of the freezing fracturing technique to the study of
the microscopic structure of lubricants has allowed us to obtain in-
teresting results., particularly the forms in which the additives are
dispersed within the base.

We have been able
chemical pror- 	 of
ttiat the a .n at
tion pieceb in contact
dispersion of the addi
of friction of this.

to demonstrate the influence of the physico-
the additive in solution in a pure base, such
the liquid-solid interface, constituted by fric-
with the lubricating solution, or the micellar
tive within the base, on the reducing properties

Finally, we have been able to demonstrate specific properties of
the interface in frictional contact studied:
-The electrical conduction of which this is the center has been able to
be assimilated by non-standard conduction of tunnel type. Th?s has al-
lowed:

-on fte one hand, with the hypothesis of the model of Bethe to
study the relationship existing between the coefficient of friction and
the variation of thickness of the interface;

-on the other hand, this type of electrical transport occurring at
the level of the interface by sliding would theoretically allow us to
study molecular transformations of the additive during frictional con-
tact (inelastic tunnel electron spectroscopy).
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A-1__--Description of_ the _	 a-Plane Simulator

Figure A-1 demonstrates the installation necessary to carry out
measurements of electrical contact resistance and friction force.

The system for measurement of the friction forca is detailled in
figure A-2. It is compcsed:
-of a movable portion constituted by the plane-support P, being able to
be propelled by a uniform rectilinear movement, on which is attached
the plane P used for the experiment;
-of an attached portion constituted by arm b on which is attached the
piece with the front hemispheric end P serving for frictional coii:act.

Measurement of the friction force is carried out during sliding,
by deformation of the force pick-up q (piezo-electric quartz of stiff-
ness 50 N/Ym). The stiffness of the measurement system is 1 Nlym.

A-2 Response of the Measurement System to a Known Impulse

The objective of this study is to see if the chain of measure-
ments faithfully reproduces that which occurs in the interface, this
in order to avoid making impi•)per interpretations. To study the re-
sponse of the system to a known impulse, two methods were possible:
-mechanically modelling of the arms and simulation;
-experiment.

Taking into account the complexity of the chain of measurements,
we have preferred to study its response experimentally. For this, it
is necessary to apply between the piece and the plane an impulse of
known form and value.

A-2.1 Description of the Experiment

Figure A-3 demonstrates the assembly of the installation which has
necessitated this experiment.

In order to apply a known impulse between the plane and the piece,
we have had recourse to a cylindrical magnet A, of the same size as the
pieces used, attached to the base, and to an electromagnet B, of the
same mass as the cuvette-plane system, attached on the plane support P
(see figure A-4).

The force which we would like to apply between the two parts of
the system (arm + piece and plane + plane support) is produced by pas-
sage of a current in the coil of electromagnet B. The generator assem-
bly of frequency + power amplifier (g + A figure A-3) allows us to send
into the coil a known and modulated current i (in our case we will use
a square signal).
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Figure A-1. Photograph of the installation used for our friction tests.

p- mo^.:.'^le plane support; m=drive motor of the plane • e-recording;
c=cuvetto contain i ng the pane and lubricant; a=-load amplifier;
b=measurPmc^nt arms of the friction force;
q-force pick-up constituted by a piezo-electric quartz;
rc=measurement circuit of electrical contact res^stance.
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Figure A-2. Detail of the measurement arm and plane.

w=normal load applied on the contact; Pa=100 steel plane;
b-measurement arm; a=piezo-electric quartz;
c=cuvette containing the plane and lubricant;
P-100 steel piece with hemispheric end;
p=movable support of the plane.
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Figure A-3. Installation necessary for the study
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of the impulse response of the measurement system.

g= frequency generator; a=load amplifier; A=power amplifier;
b=measurement arm of friction force; o=cathode oscilloscope;
B=coil constituting the electromagnet; c=recorder;
p=movable support of plane.
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Figure A-4. .)etail of the system allowing the study 	 /138
of the impulse response of the chain of measurements.

b=measurement arm of the friction force;
q=force pick-up: piezo-electric quartz;
A=cylindrical magnet in place of the piece;
B=coil of the electromagnet;
p=movable support of the plane.
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I
The force F exerted between the two parts of the system is a func-

tion of the - ntensity I of the current passing into the coil:
F = 10 - '"f n I S

B=intensit y of magnetic irAuction
S=cross section of the piece subjected to the attraction of the electro-

magnet
n=number of spirals per meter of the coil
I=intensity of current passing into the coil.

During our tests, we will thus record the intensity of the current
passing into the coil and the signal delivered by the force pick-up.

A-2.2. Results and Discussion

Figure A-5 presents the recordings on cathode oscilloscope of the
current passing into the coil and the signal delivered by the quartz.

response of the	 / 140
applied between the
sing into the coil (re-
to eliminate with our
original signal by the

We see on the assemblage of plates that the
measurement system follows very well the impulse
arm and the plane represented by the current pas
sponse of the arm > 1 kHz). This thus allows us
conditions the possibility of deformation of the
measurement system.
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Figure A-5	 Simultaneous recordings of the current
passing into the coil (thus of the force applied)

and the signal furnished by the fore pick-up.

a) the amplifier at the exit of the generator amplified by pressure:
-the graph above corresponds to the signal furnished by the quartz;
-that of the bottom corresponds to the current passing in electromagnet.
b) the amplifier at the end of the frequency generator amplified current•
-graph above corresponds to the signal furnished by the quartz;
-graph below corresponds to the current passing into the coil.
c) superimposition of the current passing into the electromagnet and the

signal furnished by the quartz.
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