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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 which they are designed. It is thus necessary today
to deal with the lubricants at the same time as the materials con:.ti-
tuting the surfaces of frictional contact.

0-1. Some Reminders on Lubricants

0.1.1. Role of the Lubricant

The lubricant funclion consists of reducing destructive inter-
actions (frict 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 /4
values of the coefficient of friction; in other words the basic mech-
anisms of friction and wear are certainly different;
-The wear of a part is more difficult to quantiiy than the coefficient
of friction which is associated with it. Indeed, it can correspond to
an effective loss in weighc of the piece considered, but often it oc-
curs in the form of a deterioration of the surfaces in frictional con-
tact through processes of plastic deformation, adhesion, or transfer



withcut necessarily implying a weight loss;

-The ma jority of present-day lubricants are multi-functional, that is
to say that besides their proper lubricating function, they can fulfil
a certain number of also very important other functionms.

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 C.1. PROPERTIES NECESSARY IN A LUBRICATING OIL
FOR GOOD FUNCTIONNING OF INTERNAL COMBUSTION ENGINES.

Mechanical properties Physico-chemical properties
-reduction of friction forces -thermal anc oxidation stabilicy
-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

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 presentad in table 0.2 appears
to be relatively simple. Nevertheless, taking into consideration the
number of properties which 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 regine
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.

R M



TABLE 0.2.

CLASSIFICATION OF THE MOST STANDARD

LUBRICANTS, BASED ON THEIR PHYSICO-CHEMICAL STATE.

Nature of the Nature of the | Nature of Example of
continuous phase | dispersed phase | the mixture application
- gas gas bearings
gas liquid aerosol oil mists
solid aerosol powdery solid
lubricant
true or col- —
loidal solution
liquid
microcrenulation | fluids of layer
or emulsion put into shape
liquid -
true or col- . —_
loidal solution
solid
suspension graphite oils
greases
liquid solid emulsion | porous impregnated
solid materials
solid soiid earth autolubricating
materials

0.2. Objective of tha Werk

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

We have thus prouposed, 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.
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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 Ky | b, [into play by the lubricant
lubricant
Hydrodynamics | 6.7 |100 |Physical and macro- |Separation of the sur-
scopic: wviscosity 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: wviscosity 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 C.08 | 1-10|Physico-chemical Protection of surfaces

action of the addi-
tive

by rapid formation of a
tribochemical film due
to the degradation of
the anti-wear additives

h = thickness of the interface separating the surfaces

Pa= equivalent rugosity of the two surfaces

hm= molecular weight of tie additive present in the oil




Chagter I 1§

Application of the rFreezing 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 Diagram 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

1-3.3. Replication of Surtaces

I-3.4. Recovery and Cleaning of Replicates

I-4, Examination of Replicates by Electron Microscopy

I-5. Application of the Freezing Fracturing Technique in the Anhydrous
Environment Constituted by Lubricants

I-5.1. Experimental Ccnditions

I-5.2. Selection of the Paraffin Reference Base

I-5.3. Study of the Paraffin/Detergent Systenm

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

I-5.5. Application of the Freezing Fracturing Technique to the Study
ol Completely Formulated Oils

I-5.5.1. Unused 0il

15

1-5.5.2. Used 0il

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

I-6. Conclusion




Chapter I /10

Application 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. I~ the discussion of these,
we have to note the important place occupied by 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 sizé, 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 jin order to study the structure of lubricants, we
will see during the following paragraphs how to identify and/or avoid
the inr_rent artifaccs of this method.

I.1. Presentation of the Freezing Fracturing Techaique /12

Freezing fracturing is a method which allows us to study in situ
the particles of a dispersion by transmission 2lectron microscopy
(T.E.M.). This technique has particularly been developed to study the
biological eavironment 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. Favard, 1973). 1In the case of more standard dispersions, this
method allows us to estimate hesides the size, the form and structure
of the dispersed particles, their 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 liwitations, as well as its appli-
cability to the stugdy of lubricants.

1.2, Description of the Freezing Fracturing Technique

I.2.1. Block Diagram of Sampla Prepaiation

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



TABLE I.1. PRINCIPAL TECHNIQUES USED TO STUDY DISPERSIONS /i1
Technique Data obtained | Dispersion | Problems Con-
to which nected with
technique | technique
applies
Standard Mass and form | All dis- Dispersions
light of particles persions must not be
diffusion very absorbent
e or else dilu-
Quasi-elas- Size of All dis- tion with che
Optical tic light |particles persions possibility of
Techniques diffusion perturbation
of the original
Turbidi- Size of All dis- structure
metry particles persions
Optical Size ani Only sus-
microscopy |form of pensions
particles
Ferro- Size of Suspensions
graphy particles of ferro-
magnetic
Mechanical Fractional particles
Techriques centrifu-
gation
Conductometric Coulter Size of All dis- Perturbation of
Techniques counter particles persions original struc-
ture by dilu-
tion with elec-
trolyte
hromatographic | Gel Mass of Particu-
techniques Permeation |Particles larly poly-
meric dis-
persions
Deposit of .Size and Suspensions| Destruction
dispersion |form of structure of
on grill, particles dispersion
elimination artifact of
of contin- aggregation
uous phriase.
Scanning ,and Direct exam-
transmission and| ination by
Electron MET or MEB
Microscopy —— e e RS U U -
Techniques Ultramicro-| Size and Suspensions| 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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TABIE I.1. (CONT.)

Technique | Data obtained | Dispersion | Problems Con-
to which nected with
technique | technique
applies

Scanning and Freezing Size, form, |All dis- Artifacts of
Transmission fracturing | distribution |persions freezing,
Eiectron Cryo- within con- plastic defor-
Microscopy scouring tinuous phase, mation, con-
Techniques external and/ tarination
(cont.) or internal

structure

\ 1

CARBONE

W

Eigégij
~100°C
Sample Freezing Fracturing Replication Replica
Cleaning
Figure I.1. Freezing Fracturing Technique.
Key: 1-Carbon;2-Platinum
1.2.2. 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.
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Figure I.2 presents the different components of the appartus. ;

canoa carbone (h)|

3

cagon
platine-o arbom(h'
--§-~=- porte-échartille~ (B)

pammeau criot TR Tl e
gENiI L (F, l e ! ) ‘ , ’
[~ circull azote i . de

-

R ~.
ete de batance---p-- e--seeefe--- cable(d)
4 quare: (§)

l o

Vers poape turbo-moléculaire et poope primairefe) (1)
Figure T.2. Dixugram of the chambecr used.

Key: 1-carbon cannon;2-layard Alpert gauge;(a) 3- _quid
nitrogen circuit d-o‘ablnum carbon cannon (h') 5-cryo-
genic panel (g); 6- -sample entrance (b), 7- -quartz balance
head (1i),8- 11qu1d nitrogen circuit, 9-tabhle (d),10-toward
turbo—moiecular pump and primary pump (e) (f)

I1.3. Detailed Description of Different Stages in Sample Preparation /15

I.3.1. Freezing of samples

Imorder to solidify the sample (liquid or gel), it is necessary to
freeze it. However, in the case of polyphasic componunds (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 such a result, it is necessary to use very high speeds of .
freezing, on the order of several thousandths of degrees per second. :
This necessitates onone hand the use of small sampies having a particu-
lar shape (the spherical shape being the Lest), so that freezing within




the sample is carried out at a specd on the same order as at the sur-
face of the sumple, and on the other hand, the use of a very low tem-
peraturc refrigerating agent, the speeds of cooling being a function of
the difference in sample?refrigerating 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 thew.. The low
speed of freezing obtained with liquid nitrogen is connected to the
phenomenom 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|Liquid nitrogen|1 mm3 cylin- 100 K/s

of immersion of 77 X drical

the sample in the 3

refrigerating rmolten nitro- |1 mm~ cylin- 1000 to 5000 ¥/s

agent gen A3K drical
Molten freon 1 mm> cylin- 1000 to 5000 K/s
93 K drical

Cryojet: the liquid propane |1 nm3 cylin- 103 to 104 K/s

sample is cooled |83 K drical

by a stream of

propane

spray freezing: liquid propane |spheres of 2-104 Kls

the sample is 83 K 30 = diameter

pulverized in the

liquid propane

Projection of liquid helium |dronlets of 4-104 K/s

droplets against (4.3 K 30 m diamecter

& cooled copper

plate

Freezing under vitrification is obtained by lowering of the melting

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 c¢n the refrigerating agent.

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

10
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in extensive fasnion, taking into account the very great application of

the technique of cryofracturing in biology (J. E. Rash and C. S. Hudson,
1979). Thus, when we cool pure water below the fusion point of ice nz7
(273 K), it can have supercooling until impurities present in the 1li-

quid make the processes of cyrstallization start by serving as crystal
nuclei (heterogeneous nucleation).

If no impurities exist within the water, thi. can thus be main-
tained in sumercooling 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.

ve (Re)

2713 ' ' " 233 V T T T T T

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

This curve shows us that the speed of zrowing of crygtals, zero at /18
the fusion point of ice, passes through a maximum (V_>10 £/s) in the
vicinity of 263 X then decreases gradually (this beiﬁg due to the in-
crease of viscosity of the mixture inhibiting molecular rearrangements
to form crystallites) until negligible speeds (V_< 1 R/s) at the tem-
perature of 143 K (temperature of recrystallizatfon 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 tiis by demonstrating the developnent
of the size of the ice crystals obtained as a function of speeds of
freezing.

11
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a“

Ve (X/e)

4

s
Vitesse de congélation ¢

critique

Figure I.4. Development of tae weight (T_.) of ice crystals
as a function of speeds of freezing (Vc? (Riehle, 1568).

Key: 1-Critical speed of freezing.

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

Ir. the majority of samples which have been studied, the continuous
phase :onstituted by water containing some percent of products in solu-
tion (alcohols, surfactants, ...) modifying its properties in relation
to the phenomenon of freezing. In these cases, the literature pointz
out to us (Moor, 19%64) that speeds of freezing on the order of 2-:10
K/s are sufficient to vitrify in satisfactory fashion the sampie and
that the temperature of vecrystallization, below which the dispersion
rnust be maintained in order to prevent it from developing, is readiusted
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 mm3 volume (figure I.1) maintained through capillary
attraction in a sample holder constituted of two capsules, perforated
in their center, of goldnickel 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 X) pre-
pared by storage of liquid nitrogen under primary vacuunm.

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% K/s).
The principle of this method is detailed in figure I.5.

I.3.2. Fracturing of Samples

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

12
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Figure I.5. Spray freezing techniques of free."ing.

a) projection of the product 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-Vacuunm,

sion in liquid nitrogen. The holder capsule is then introduced into
the vacuum chamber (%xgure 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 prlnaly blade pump and a turbomolecular
pump (figure I.2.e. and I. . Uhgn the pressure on the inside of
the chamber is on the ordpr of 5 107° nmHg, the cryogenic panel (figure
I.2.g.) is cooled up to 77 K by circulation of liquid nitrogen. The
holder capsule is then reheated un to 153 X, then opened mechanically.
The sample is then fractured by separation of the capsule conscituting
the sample holder (figure I.1.c.). The new surfaces generated by frac-
turing are representative of the intermal 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 congaminated very
quickly by contaminants present in the chamber (at P=10"° mmHg), the
principal constituents of the atmosphere are Hp0, CO, COz, H2, and
hydrocarbon vapors in the case where the secondary vacuum is obtained

13
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vith 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 cf 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 purp, cryogenic
panel maintained at 77 K, sample at 153 or 173 K, P=5 107"), the risks
of contamination by condensation are very limited.

4veom /) 4 veont (R/e)
4 4
‘- -
1 -y
1] Plwnitg Téchant. (X)
| SR | Y -> y —p— >
106 104 168 168 123

Figure 1.6. Speed of contamination (V.one) by
condensation of water vapor of one surrace.

A-at the temperature of 168 K as a function of
the prevailing pressure in the chamber (J. E.
Rash and S. Hudson, 1979)

B-under a pressure 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 (H,0,..)

This type of contamination is practically inevitable, the surface
then covering one or several layers of molecules having the disadvan-
taze of softening of the relief and thus overestiisation of the size of
the big particles and underestimation of that of the smgll ones. How-
ever, Moor (1971) points out that for a pressure of 107° mmHg and a
sample temperature of 173 X, 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 R, 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.

1.3.3. Replication of Surfaces

In the case where fracturing is followed by sublimation, replica-
tion is carried out at the time of the end of this operation. In cother
cases, replication is carried out immediately after fracturing of the
sample in such a fashion tco 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 X of platinum, the
other of 300 X of carbon, are deposited at the surface of the sample
according to a respective incidence of 45° (shade) and 90° 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 &. 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.l.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.

I.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 Anhydrous
Environment Constituted by Lubricants

In this paragraph, we present examples of applications of the
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Figure I.7. Principle of examinatior. of a iepli-
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 lzﬁ
TAE TIME OF FREEZING FRACTURING TESTS.

Refrigerating agent ! niquid nitrogen (63 K)

Pressure before fracturing : 5.10-8 mmHg

Temperature of fracturing : 153 K

Angle of the platinum shading : 45°

Thickness of the platinum layer : 30 &

Thickness of the carbon layer : 300 A&

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-
bustion is accompanied by formation of sulfur oxidation compounds (SO?,
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SO3, ...) inducing wear by corrosion (Desportes). In this case, the

oi%, 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 I.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)n—¢LSO3-(Ca)1/2 with
25 < n < 30 containing different quantities of excess calcium carbonate.

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 dispersed particles whose diameter may be
estimated at approximately 300 A. These aggregates could correspond to
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Figure I.9. TEM plates obtained on replicates prepared
by cryofracturing of detergent/dodecane dispersions.

a) slightly 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 superalkalinized phenolate (figure 1.9.c),
the particles of calcium carbonate have sizes largely greater than the
preceding ones. They have the shape of platelets of 300 X 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 pre judge the reactivity of these additives.

I1.5.4. 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 I1.10 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 & 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 &), 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
(1.10) correspond to dense spheres and not to a polymer molecule in the
form of statistical balls in solvent 6. It is undoubtedly for this
reason that we perceive very well the dispersed additive within the
base.

1.5.5. Application of the Freezing Fracturing Technique to the Study /32
of Completely Formulated Oils

I.5.5.1. Unused 0il

In the case of unused detergent oil presented in figure I.11, the
cryofracturing technique allows us to detect the presence of splicrical
particles of diameter comprised between 100 and 300 & 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 I1.10. TEM plate obtained from a replicate prepared by
cryofracturing of a polymetacrylate dispersion of methyl/dodecane.

Figure I.11. TEM plate obtained fron a replicate
prepared by cryofracturing of unused Agip 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 clectron 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 important to not- that for
small size aggregates, it is necessary to use a high performauce micro-
scope. We have been able to verif— that these techniques were feasible
in the case of the disnersion of calcium carbonate presented in figure
I.12, I.12, a qualitacive DES analysis having revealed the presence of
calcium in the particles (JEOL 1C0 C PCUK microscore).
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Figure I.12. TEM plate obtained on a replicate prepared hy cryo-
fracturing of a superalkalinized sulfonate dispersion/dodecane.

The black non-snaded particlcs are due to the presence of calcium
carbonate mounted in the replicate.

I.5.5.2. Used 0Oil

The electron microscopy plates presented in figure I.13 demonstrate

the structure of the oil previously having functionned in a thermal en-
gine. Fracturing revecled 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 emulsifiel 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
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 the case of water droplets, thus being able to
carry corrosive products (HZSOA)'
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Figure I.13. Different microscopic aspects of a used Agip detergent oil

a)
b)
c)

low magnification emulsified appearance;

spherical droplets undoubtedly constituted by water;

particles in the shape of raspberries capable of being attributed
to the existence of an inverted emulsion of oil/water%oil.
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1.5.6. Application of the Freezing Fracturing Technique to the Study
or (reases

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 aliready 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:amicroscope 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). 1In 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) ard on the other hand, through the inter-
mediary of the freezing fracturing technique (figure I1.16b 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.1l6c).

I.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 I.15. Two principal microscopic appearances of the dispersion
constituted by a hydroxy-12 lithium stearate lubricating grease.

a) dispersion of soap in the oil in the shape of fibers;
b) soap agglomerate
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Figure I1.16. Microscopic aspects of the dispersion constituted
by a hydroxy-12 lithium stearate lubricating grease.

a) soap agglomerate in which oil drops are imprisoned;
b) coiled soap fibers,
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Figure I1.17. Comparison of TEM plates obtained.

a) by the method developed by DuParquet (DuParquet pheto):
b) and ¢) by the freezing fracturing technique ;
b) coiled appearance of a fiber ;

c) section of a soap fiber revealing its structure in platelets.

4
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Chapter II 1&3

Contribution of the Molecular Structure of the Lubricant to the
Reduction of Friction

I1.1. 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.

11.2. Reactive Conditions with Hertzian Contact with Pure Sliding /43

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 juantity of reaggnt iO .1 nanogram)
-high rate of shearing (10 in the dynamic case)

We are going to examine these different points in more detailed /44
fashion by restating the principal results of contact theories.

11.2.1. Elastic Static Contact with Pure Normal Load (Called Stetic
Case in the Following Text)

11.2.1.1. 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;
P =mean pressure in the contact;" {=radius of the sphere

Hertz obtains the fcllowing relationships (Timoshenko, 1951):

: B wh (2-1)
m- / [5. E'p]% W”:\E
TorL3 Tat (2-2)
Tz ? (2-3)
h
with: P =radius of curvaturg of ths sphere 145
E' such that 1 _ 1-»;
E1 EZ

and V,=respective Poisson coefficients of the materials con-
s itutigg the sphere and the plane

E, and E,=Young units of the materials constituting the sphere
and the Plane
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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 chtemical 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 diffusion;10-Ellipsometry;ll-Resistance of con-
tact; force of friction;12-Microscopys13-Solid.

' 3
contact contact statique contact dynamique a
statique—élastique élastique 3 charge charge normale T et
i charge normale normale T ec force force tangentielle

tangentielle T

O

Aligentation du
contact

1

Figure II.2. Different stages of the development of contact.

Key: _1-Supply of contact;2-Static-elastic contact with normal
load W,3-Static-elast®c contact with normal load W and tangent:al
%prce T ;4-Dynamic ccntact with normal load W and tangential force
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a=radius of the contact zone
Pnp=mean pressure in the contact
Po=maximum pressure in the contact
W=normal load applied on the contact

The 1limit of the elastic realm is attained when P, is 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.

I1.2.1.2. 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 (65<10 nm), we can
reasonably make the hypothesis that the actual contact area coincides
with the Hertzian area (Tabor, 1972).

11.2.2. 1influence of the Pressure of an Interfacial Film Within the
Sphere-Plane Contact on the Hertz Theory

The friction properties of thin films within a hyperpolished
sphere-film contact have be. widely studied up to now (Wilson, 1955;
Courtinex-Prratt, 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.

II1.2.3. Transitory State of Contact

This stage is characterized 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, 1950).

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

II.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 conmnected to W by the relation-
ship:
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f;pﬁ where p is the instantaneous coefficient of friction.

The average pressure with the contact is then near the value found
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 (100C6/100C6 metallurgy), the
increase of the contact area is at most on the order of 107% 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 (T).

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.Z2.

With such conditions, we can expect that the lubricant molecules
undergo multiple degradations.
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TABLE II.1.

Materials
Normal Load

GROUPING OF THE TRIBOLOGICAL PARAMETERS OF OUR TESTS

: 100C6 treated stecl Hv=880
: W=1 daN

Radius of Curvature of the Sphere : R=6 x 1073 m
Equivalent Roughness of the Surfaces ; ca1510 n
Sliding Velocity : v=5 x 10™° m/s
Temperature : 298 K

TABLE II.2.

GROUPING OF THE PHYSICAL AND

CHEMICAL CONDITIONS PREVAILING WITH THE CONTACT

Contact area
Volume of Material

Mean Pressure Prevailing
With the Contact

Shearing Rate
Overtemperature of Contact

: 2 x 1078 p?

: £ 10'16 m2

: 108 to 109 Pa
: %)103 s—1

: O negligible

(Macroscopic)

Possible Catalytic Effect With
Contact of the Native Material

Duration of the Stress on the : 3 s
Interface
I1.3. 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).

O

Polar portion
(hydrophilic)

Diagram of an amphiphilic molecule.

Non-polar portion
(lipophilic)

Figure II.5.
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The simple compounds studied most, and consequently the best

known, are fatty acids (oleic stearic acid, ...) and their derivatives

(ester, salt, ...).

“he 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:

— PPG
diacid
radical alkyl C36

S S

. 1
o—-o0—¢ ¢—otp
diacid
C36 c=Q
diacid
€36
<=0

rvadical alkyl v

The formula of different constituents of the molecule:

1 radical

alls
P.P.G.: golyoxypropylene glycol, such that the mass of this fragment

is 1500
Diacid in C36:

NN

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:

—/

36

w N HAH A~ H
o, ~ oo N \_/

3s C36

C

14

This compound, already used in industrial and multipurpose oils:

-Improves the viscosity index
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-Anti-wear
-Reduces friction.

Table I1.3 presents these characteristics, The selectian of
such a molecule, despite its apparent structural complexity, pre-
sents certain advantages:

-Better possibility of "molecular" following through electron
microscopy due to the fact of its non-negligible size

-Tnteresting model proposed by Furey (1973) in the literature
to explain the action of such additives (in situ polym