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Six years after  the publication of “Lubricants and Lubrication”, its high acceptancy
motivated the publisher and the editors to realize a second edition. The result is this
largely revised and extended version.
The use of lubricants is as old as the history of mankind but the scientific analysis
of lubrication, friction and wear as an aspect of tribology is relatively new. The reduc-
tion of friction along with the reduction or even avoidance of wear by the use of
lubricants and lubrication technologies results in energy savings, the protection of
resources and also fewer emissions. These benefits describe the economic and eco-
logical importance of this field of work.
Only recently have lubricants begun to be viewed as functional elements in engi-
neering and this group of substances are also attracting increasing attention from
engineers.
This book offers chemists and engineers a clear inter-disciplinary introduction
and orientation to all major lubricant applications. The book focuses not just on the
various products but also on specific application engineering criteria.
The authors are internationally-recognized experts. All can draw on many years of
experience in lubricant development and application.
This book offers the following readers a quick introduction to this field of work:
the laboratory technician who has to monitor and evaluate lubricants; plant mainte-
nance people for whom lubricants are an element in process technology; research
and development people who have to deal with friction and wear; engineers who
view lubricants as functional elements and as media which influence service life
and increasingly safety and environmental protection officers who are responsible
for workplace safety, an acceptable use of resources along with the reduction or
avoidance of emissions and wastes.
Mannheim, December 2006
Preface, Foreword 2nd edition
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	44. 1
1.1
Preface
The most important  function of lubricants is the reduction of friction and wear and
in some cases, the relative movement of two bearing surfaces is only possible if a
lubricant is present. In times when saving energy and resources and cutting emis-
sion have become central environmental matters, lubricants are increasingly attract-
ing public awareness. Scientific research has shown that 0.4 % of gross domestic
product could be saved in terms of energy in Western industrialized countries if
current tribological knowledge, i.e. the science of friction, wear and lubrication, was
just applied to lubricated processes.
Apart from important applications in internal combustion engines, vehicle and
industrial gearboxes, compressors, turbines or hydraulic systems, there are a vast
number of other applications which mostly require specifically tailored lubricants.
This is illustrated by the numerous types of greases or the different lubricants for
chip-forming and chip-free metalworking operations which are available. Between
5000 and 10 000 different lubricant formulations are necessary to satisfy more than
90 % of all lubricant applications.
If one thinks of lubricants today, the first type to come to mind are mineral oil-
based. Mineral oil components continue to form the quantitatively most important
foundation of lubricants. Petrochemical components and increasingly derivatives of
natural, harvestable raw materials from the oleo-chemical industry are finding
increasing acceptance because of their environmental compatibility and some tech-
nical advantages.
On average, lubricating oils, which quantitatively account for about 90 % of lubri-
cant consumption, consist of about 93 % base oils and 7 % chemical additives and
other components (between 0.5 and 40 %).
The development of lubricants is closely linked to the specific applications and
application methods. As a simple description of materials in this field makes little
sense, the following sections will consider both lubricants and their application.
1
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1.2
Lubricant Sales
Lubricants today are classified into two major groups: automotive lubricants and
industrial lubricants. Industrial lubricants can be sub-divided into industrial oils
and industrial specialties. Specialties in this case are principally greases, metalwork-
ing lubricants and solid lubricant films.
Process oils are often included in lubricant statistics. These are oils which are in-
cluded as raw materials in processes, but above all as plasticizers for the rubber
industry. Process oil’s only link with lubricants is that they are mineral oil products
resulting from the refining of base oils but they often distort lubricant consumption
figures. They will not be covered in this book. However, to provide a degree of com-
parison, they have been included in the following lubricant statistics.
In 2004, 37.4 million tons of lubricants were consumed worldwide (53 % automo-
tive lubricants, 32 % industrial lubricants, including related specialties, 5 % marine
oils, and 10 % process oils). Of total industrial lubricants, 37 % were hydraulic oils,
7 % industrial gear oils, 31 % other industrial oils, 16 % metalworking fluids (includ-
ing temporary corrosion preventives whose multipurpose function often includes
lubrication), and 9 % greases.
Tab. 1.1 Regional breakdown of world demand for lubricants (without marine lubricants).
Region Amount (kT)
2004 2005[a]
North America 8,170 8,130
Latin America 3,215 3,295
Western Europe 4,705 4,635
Central/Eastern Europe 4,835 4,905
Near/Middle East 1,775 1,795
Africa 1,850 1,870
Asia-Pacific 11,580 11,870
World 36,130 36,500
a Estimated [1.4, 1.5]
Table 1.2 shows the 2004 per-capita consumption for various regions. North
America and Western Europe make up 35.9 % of world lubricant consumption even
though these regions only account for 9.4 % of the world’s population [1.1, 1.4, 1.5].
Tab. 1.2 Per-capita consumption of lubricants in 2005 [1.4, 1.5].
Region Amount (kg p.a.)
North America 24.9
Central/Eastern Europe 12.1
Western Europe 11.8
Near/Middle East 9.4
Latin America 5.7
Asia-Pacific 3.1
Africa 2.1
World 5.6
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Global per-capita consumption decreased from 8.8 to 5.6 kg per year between
1970 and 2004, i.e. the increase in lubricant demand (+ 12.3 %) did not keep up
with the worldwide growth in population (+ 72.5 %) during this period.
Since 1975, quantitative lubricant demand has significantly detached itself from
gross national product and also from the number of registered vehicles. This quanti-
tative view, which at first glance shows a continuous decline in lubricant volumes,
gives an inadequate impression of the significance of the lubricants business today.
In almost all areas, products now have a longer life and offer greater performance,
i.e. specific lubricant consumption has declined but specific revenues have
increased noticeably. This is also confirmed by the volumetrically very important
group of engine oils: the doubling of requirements with extended oil change inter-
vals in recent years have quadrupled the cost of such oils. The efforts to increase the
life of lubricants are not based on the wish to reduce lubricant costs. Much more
important is the reduction of service and maintenance costs which result from peri-
odic oil changing or regreasing.
As about 50 % of the lubricants sold worldwide end in and thus pollute the envi-
ronment, every effort is made to minimize spillages and evaporation. An example is
diesel engine particulate emissions, about a third of which are caused by engine oil
evaporation. These high lubricant losses into the environment were behind the
development of environmentally friendly lubricants which are thoroughly covered
in this book.
A further incentive to reduce specific consumption is the ever-increasing cost of
disposal or recycling of used lubricants. But this again creates new demands on
lubricants because reduced leakage losses means less topping-up and less refreshing
of the used oil. The new oils must therefore display good aging stability.
Bearing in mind the growth potential in Asia where per-capita consumption in
some areas is extremely low (2004: India 1.1 kg, China 2.9 kg) and a continuing
reduction in volumes or stagnation in Western industrialized countries, overall a
modest global growth is forecast. This has been estimated to be 0.5 % p.a. between
2005 and 2010 [1.2, 1.4, 1.5]. The growth in value will be more pronounced because
the rapid globalization of technologies will promote high-value products even in the
new lubricant markets such as China, India or Indonesia and the machines and
plant used in these countries will be similar or identical to those used in the devel-
oped industrialized countries.
1.3
The Lubricants Industry
Worldwide, there are 1380 lubricant manufacturers ranging from large to small. On
one hand there are vertically-integrated petroleum companies whose main business
objective is the discovery, extraction and refining of crude oil. Lubricants account for
only a very small part of their oil business. At present, there are about 180 such
national and multinational oil companies engaged in manufacturing lubricants.
The 1200 independent lubricant companies mainly concentrate on the manufactur-
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ing and marketing of lubricants and view lubricants as their core business. While
the large, integrated companies focus on high-volume lubricants such as engine,
gear and hydraulic oils, many independent lube companies concentrate on special-
ties and niche business, where apart from some tailor-made lubricants, comprehen-
sive and expert customer service is part of the package.
The top 1 % of the world’s manufacturers of finished lubricants (of which there
are more than 1380) account for more than 60 % of global sales; the other 99 %
share less than 40 %. The world’s largest manufacturers of finished lubricants are
listed in Tables 1.3 and 1.4.
Tab. 1.3 World ranking of the largest manufacturers of lubricants (2005) [1.3, 1.4, 1.5].
1 Shell Great Britain/The Netherlands
2 Exxon Mobil USA
3 BP UK
4 Petrochina/Sinopec China
5 Chevron USA
6 Lukoil Russia
7 Fuchs Germany
8 Nippon Oil Japan
9 Valvoline USA
10 Idemitsu Japan
11 Conoco Phillips USA
12 CPC Taiwan
13 PDVSA Venezuela
14 Repsol Spain
15 Indian Oil India
16 Agip Italy
17 Yukos Russia
Tab. 1.4 World ranking of the largest manufacturers of industrial lubricants (2005) [1.3, 1.4, 1.5].
1 Exxon Mobil USA
2 Shell Great Britain/Netherlands
2 Petrochina/Sinopec China
4 Chevron USA
5 BP UK
6 Fuchs Germany
7 Nippon Oil Japan
8 Idemitsu Japan
9 Total France
10 Lukoil Russia
11 PDVSA Venezuela
12 Yukos Russia
13 Repsol Spain
14 Agip Italy
15 Valvoline USA
16 Conoco Phillips USA
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The  independent lubricant manufacturers also generally purchase raw materials
on the open market and they rarely operate base oil refineries. They buy their raw
materials from the chemical and oleo-chemical industry and their mineral base oils
from the large petroleum companies.
The production of simple lubricants normally involves blending processes but spe-
cialties often require the use of chemical processes such as saponification (in the case of
greases), esterification (when manufacturing ester base oils or additives) or amidation
(when manufacturing components for metalworking lubricants). Further manufactur-
ing processes include drying, filtration, homogenizing, dispersion or distillation.
Depending on their field of activity, lubricant manufacturers invest between 1
and 5 % of their sales in research and development.
Towards the end of the nineties, the petroleum industry was affected by a wave of
mergers which will continue. These created new and larger lubricant structures at
the merged companies. The principal reasons for these mergers were economic fac-
tors in crude oil extraction and refining which resulted in lower refining margins.
Independent lube companies also experienced a continuing concentration with
technological, safety-at-work and ecological considerations along with the globaliza-
tion of lubricant consumers playing an important role. Critical mass is becoming
increasingly important in company strategies.
1.4
Lubricant Systems
Apart from the most common lube oils, the many thousands of lubricant applica-
tions necessitate a diverse number of systems which is seldom equaled in other
product groups.
The group next to oils are emulsions, which as oil-in-water emulsions are central
to water-miscible cutting fluids (Chapter 14), rolling emulsions and fire-resistant
HFA hydraulic fluids (Chapter 11). In these cases, the lubricant manufacturer nor-
mally supplies a concentrate which is mixed with water locally to form an emulsion.
The concentration of these emulsions with water are generally between 1 and 10 %.
The annual consumption of such emulsions in industrialized countries is about the
same as all other lubricants together. From this point of view, the volumetric propor-
tion of these products (as concentrates) is significantly under-rated in lubricant sta-
tistics with regard to the application engineering problems they create and their eco-
nomic significance.
The next group of lubricant systems are water-in-oil emulsions. Their most impor-
tant application is in metal forming. These product are supplied ready-to-use or as
dilutable concentrates. Fire resistant HFB fluids are designed as water-in-oil emul-
sions too (invert emulsions).
In some special cases, oil-in-oil emulsions are developed as lubricants and these
are primarily used in the field of metalworking.
Water-based solutions in the form of non-dispersed systems are sometimes used
in chip-forming metalworking operations.
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Greases (Chapter 16) are complex systems consisting of base oils and thickeners
based on soaps or other organic or inorganic substances. They are available in semi-
liquid form (semifluid greases) through to solid blocks (block greases). Special
equipment is required for their production (grease-making plants). A group of prod-
ucts closely related to greases are pastes.
Solid lubricant suspensions normally contain solid lubricants in stable suspension in
a fluid such as water or oil. These products are often used in forging and extrusion as
well as other metalworking processes. Solid lubricant films can also be applied as sus-
pensions in a carrier fluid which evaporates before the lubricant has to function.
Solid lubricant powders can be applied directly to specially-prepared surfaces.
In the case of dry-film lubricants (Chapter 17), solid lubricants are dispersed in
resin matrices. Dry-film lubricants are formed when the solvent (principally water
or hydrocarbons) evaporates.
Molten salts or glass powder are used for hot forming processes such as extru-
sion. These are normally supplied as dry powders and develop lubricity when they
melt on the hot surface of the metal.
Polymer films are used when special surface protection is required in addition to
lubricity (e.g. the pressing of stainless steel panels). Together with greases, these
products are also used to some extent in the construction industry.
An intermediary field between materials and lubrication technology is the wide
area of surface treatment to reduce friction and wear. While the previously men-
tioned dry-film lubricants are an accepted activity of the lubricants industry, chemi-
cal coatings are somewhat controversial. These coatings are chemically bonded to
the surface of the metal. They include oxalation and phosphating (zinc, iron and
manganese). In cases when such coatings adopt the carrier function of an organic
lubricant, the entire system could be supplied by the lubricant manufacturer. If the
chemical coating is not designed to be supplemented with an additional lubricant
coating (e.g. dry film on phosphatized gear), it will probably be supplied by a com-
pany which specializes in surface degreasing and cleaning.
Even more different from traditional lubricants are metallic or ceramic coatings
which are applied with CVD (chemical vapor deposition) or PVD (physical vapor
deposition) processes. They also sometimes replace the EP functions of the lubri-
cants (Chapter 6). Such coatings are increasingly being used together with lubri-
cants to guarantee improved wear protection in extreme conditions and over long
periods of time.
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The development of  lubricants has become an integral part of the development of
machinery and its corresponding technologies. It is irrevocably and interdisciplina-
rily linked to numerous fields of expertise and without this interdisciplinary aspect,
lubricant developments and applications would fail to achieve success.
2.1
Lubricants as Part of Tribological Research
Tribology (derived from the Greek tribein, or tribos meaning rubbing) is the science
of friction, wear, and lubrication. Although the use of lubricants is as old as man-
kind, scientific focus on lubricants and lubrication technology is relatively new. The
term tribology was first introduced in 1966 and has been used globally to describe
this far-reaching field of activity since 1985. Even though efforts had been made
since the 16th century to describe the whole phenomenon of friction scientifically
(Leonardo da Vinci, Amontons, Coulomb), the work always concentrated on single
aspects and lubricants were not even considered. Some research work performed up
to the early nineteen seventies totally ignored the chemical processes which take
place in lubricated friction processes.
Tribology, with all its facets, is only sporadically researched. Fundamental scienti-
fic tribological research takes place at universities which have engineering or materi-
als-testing departments. Naturally, lubricant manufacturers also perform research.
The advantage of tribological research by engineering departments is the dominant
focus on application engineering. The most common disadvantage is the lack of
interdisciplinary links to other fields of expertise. Joint research projects which com-
bine the disciplines of engineering, materials, chemistry, health and safety and the
work conducted by lubricant manufacturers themselves therefore offer the best pro-
spects of practical results.
2
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2.2
The Tribological System
The tribological system (commonly referred to as the tribosystem, Fig. 2.1) consists
of four elements: the one contacting partner, the opposing contacting partner (mate-
rial pair), the interface between the two and the medium in the interface and the
environment [2.1]. In lubricated bearings the lubricant is located in this gap. In
plain bearings, the material pair are the shaft and the bearing shells; in combustion
engines they are the piston rings and the cylinder wall or the camshaft lobes and the
tappets and in metalworking, the tool and the workpiece.
The variables are the type of movement, the forces involved, temperature, speed,
and duration of the stress. Tribometric parameters – such as friction, wear, and tem-
perature data – can be gathered from the stress area. Tribological stress is the result
of numerous criteria of surface and contact geometry, surface loading, or lubricant
thickness. Tribological processes can occur in the contact area between two friction
partners–which can be physical, physical–chemical (e.g. adsorption, desorption), or
chemical in nature (tribochemistry).
2.3
Friction
The description of friction as the cause of wear and energy losses has always posed
significant problems because of the complexity of the tribological systems. There is
also no internationally-recognized nomenclature. In this discussion friction is de-
scribed according to its type, and by the combination of friction and lubrication con-
ditions, in line with the view taken by most experts.
Operational parameters:
load, kinematics,
temperature, duration
Interaction parameters:
contact mode,
lubrication mode
Tribometric
characteristics:
friction, wear
Structure of the
tribosystem
1
2
4
3
Fig. 2.1 Structure of the tribosystem according to
H. Czichos [2.1]. 1, 2. material pair; 3. interface and
medium in the interface (lubricant); 4. environment.
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2.3 Friction
2.3.1
Types of  Friction
Friction is the mechanical force which resists movement (dynamic or kinetic fric-
tion) or hinders movement (static friction) between sliding or rolling surfaces.
These types of friction are also called external friction.
Internal friction results from the friction between lubricant molecules; this is de-
scribed as viscosity (Chapter 3).
The causes of external friction are, above all, the microscopic contact points
between two sliding surfaces; these cause adhesion, material deformation, and
grooving. Energy which is lost as friction can be measured as heat and/or mechan-
ical vibration. Lubricants should reduce or avoid the micro-contact which causes
external friction.
2.3.1.1 Sliding Friction
This is friction in a pure sliding motion with no rolling and no spin (Fig. 2.2).
Figure 2.3 defines the coefficient of friction as the dimensionless ratio of the fric-
tion force F and the normal force N. The proportionality between normal force and
frictional force is often given in dry and boundary friction conditions but not in
fluid-film lubrication.
Sliding friction Rolling friction
Pure sliding
Pure rolling
v
F
v = 0
Fig. 2.2 Sliding and rolling.
F = · N
m
v
N
F
Fig. 2.3 Coefficient of friction.
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2.3.1.2 Rolling Friction
This is the friction generated by rolling contact (Fig. 2.3). In roller bearings, rolling
friction mainly occurs between the rolling elements and the raceways, whereas slid-
ing friction occurs between the rolling elements and the cage. The main cause of
friction in roller bearings is sliding in the contact zones between the rolling ele-
ments and the raceways. It is also influenced by the geometry of the contacting sur-
faces and the deformation of the contacting elements. In addition, sliding also
occurs between the cage pockets and the rolling elements.
If rolling motion and sliding motion combine to any significant extent, as for
gear tooth meshing, special terminology has been created. The word Wlzreibung’
which is derived from Wlzen’ (rolling, e.g. steel rolling) is used in Germany. Situa-
tions in which a high sliding/rolling ratio occur require totally different lubrication
than does pure sliding. Figure 2.4 shows this rolling friction’ during rolling and
during gear meshing.
2.3.1.3 Static Friction
The static coefficient of friction is defined as the coefficient of friction corresponding
to the maximum force that must be overcome to initiate macroscopic motion
between two bodies (ASTM).
2.3.1.4 Kinetic Friction
Different from static friction, kinetic friction occurs under conditions of relative
motion. ASTM defines the kinetic coefficient of friction as the coefficient under con-
ditions of macroscopic relative motion of two bodies. The kinetic coefficient of fric-
tion sometimes called dynamic coefficient of friction is usually somewhat smaller
than the static coefficient of friction.
2.3.1.5 Stick–Slip
Stick–slip is a special form of friction which often results from very slow sliding
movements when the friction partners are connected to a system which can vibrate.
The process is influenced by the dependence of the coefficient of sliding friction on
speed. This generally occurs when the static coefficient of friction (fstat) is larger
than the dynamic coefficient of friction (fdyn). Stick–slip is normally encountered
with machine tools which operate with slow feeds. Stick–slip can cause chatter
marks on components (Fig. 2.5).
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2.3 Friction
1
2
3
4
3
vr
v3
v3
v2
v2
v1
v1
v
N
a
b
Fig. 2.4  Wlzreibung’, mixing of rolling and sliding motions.
a. rolling in metal forming; t1, initial speed of the sheet metal;
t2, final speed of the sheet metal; t3, speed of the roller; tr,
speed difference in the roll gap (sliding part); N, neutral point
(non-slip point, pure rolling); b, engagement of gear teeth, 1, 2,
4. high sliding/rolling ratio; 3. pitch circle (pure rolling, no slip).
 


	55. 12 2 Lubricants  in the Tribological System
2.3.2
Friction and Lubrication Conditions
In tribological systems, different forms of contact can exist between contacting part-
ners.
2.3.2.1 Solid Friction (Dry Friction)
This occurs when two solids have direct contact with each other without a separating
layer. If conventional materials are involved, the coefficients of friction and wear
rates are high. Lubrication technology attempts to eliminate this condition.
2.3.2.2 Boundary Friction
The contacting surfaces are covered with a molecular layer of a substance whose specific
properties can significantly influence the friction and wear characteristics. One of the
most important objectives of lubricant development is the creation of such boundary
friction layers in a variety of dynamic, geometric and thermal conditions. Such layers
are of great importance in practical applications when thick, long-lasting lubricant films
to separate two surfacesare technically impossible. Boundary lubricating films are creat-
ed from surface-active substances and their chemical reaction products. Adsorption,
chemisorption, and tribochemical reactions also play significant roles.
Although boundary friction is often allocated to solid friction, the difference is of
great significance to lubricant development and the understanding of lubrication
Slideway
Spring
Moveable sliding block
Load
Test carriage
for lubricant
testing
Time
Time
fk
fs
1
2
a
b
Fig. 2.5 Stick–slip. a. Test equipment for stick–slip; b. Results
of stick–slip behavior of two oils; 1. oil with bad stick–slip behav-
ior; 2. oil with good stick–slip behavior; fk. relative kinematic
coefficient of friction; fs. relative static coefficient of friction.
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2.3 Friction
and wear  processes especially when the boundary friction layers are formed by the
lubricants.
2.3.2.3 Fluid Friction
In this form of friction, both surfaces are fully separated by a fluid lubricant film
(full-film lubrication). This film is either formed hydrostatically or more commonly,
hydrodynamically. From a lubricants point of view, this is known as hydrodynamic
or hydrostatic lubrication (Fig. 2.6). Liquid or fluid friction is caused by the frictional
resistance, because of the rheological properties of fluids.
If both surfaces are separated by a gas film, this is known as gas lubrication.
2.3.2.4 Mixed Friction
This occurs when boundary friction combines with fluid friction. From a lubricants
technology standpoint, this form of friction requires sufficient load-bearing bound-
ary layers to form. Machine elements which are normally hydrodynamically lubri-
cated experience mixed friction when starting and stopping.
For roller bearings, one of the most important machine elements, it has been
shown that the reference viscosity either of lubricating oils or of the base oils of
greases is not sufficient to ensure the formation of protecting lubricant layers and
the required minimum lifetime. Under mixed friction conditions it is important to
choose the appropriate lubricant, i.e. that which enables the formation of tribolayers
by anti-wear and extreme pressure additives [2.7].
In 2004, Schwarze and Wiersch described a means of calculating mixed lubrica-
tion contacts over a wide range of operating conditions and applications. The perfor-
mance of the mixed friction model was demonstrated using the example of a cam
tappet contact [2.8, 2.9].
2.3.2.5 Solid Lubricant Friction
This special form of friction occurs when solid lubricants are used (Chapter 17). It
cannot be allocated to the previously mentioned forms of friction because particle
shape, size, mobility and, in particular, crystallographic characteristics of the parti-
cles justify a separate classification.
Shaft
Lubricant drain
Bearing shell
Lubricant
200 - 300 bar
Fig. 2.6 Hydrostatic lubrication
as a form of fluid friction.
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2.3.2.6 Stribeck Diagram
The friction or lubrication conditions between boundary and fluid friction are gra-
phically illustrated by use of Stribeck diagram (Fig. 2.7) [2.2].These are based on the
starting-up of a plain bearing whose shaft and bearing shells are, when stationary,
separated only by a molecular lubricant layer. As the speed of revolution of the shaft
increases (peripheral speed) a thicker hydrodynamic lubricant film is created what
initially causes sporadic mixed friction but which, nevertheless, significantly reduces
the coefficient of friction. As the speed continues to increase, a full, uninterrupted
film is formed over the entire bearing faces; this sharply reduces the coefficient of
friction. As speed increases, internal friction in the lubricating film adds to external
friction. The curve passes a minimum coefficient of friction value and then
increases, solely as a result of internal friction.
The lubricant film thickness shown in Fig. 2.7 depends on the friction and lubri-
cation conditions including the surface roughness, R.
2.3.2.7 Hydrodynamic Lubrication
Figure 2.8 demonstrates the formation of a hydrodynamic liquid film. The lubricant
is pulled into the conical converging clearance by the rotation of the shaft. The creat-
ed dynamic pressure carries the shaft.
On the basis of the Navier–Stokes theory of fluid mechanics, Reynolds created
the basic formula for hydrodynamic lubrication in 1886. Several criteria remained
Friction
coefficient
f
viscosity velocity
load
×
0,1
0,01
Film
thickness
h
0
1 2 3 4
1
2
3
4
Boundary friction (h 0)
Mixed film friction (h R)
Elastohydrodynamic lubrication (h  R)
Hydrodynamic lubrication (h  R)
®
@
¬ v
h
Surface roughness
Material pair
Lubricant film
Fig. 2.7 Stribeck graph according to H. Czichos and K.-H. Habig [2.2].
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excluded, however,  especially the influence of pressure and temperature on viscosity.
The application of the Reynolds’ formula led to theoretical calculations on plain
bearings. The only lubricant value was viscosity.
2.3.2.8 Elasto–Hydrodynamic Lubrication (EHD Regime)
Hydrodynamic calculation on lubricant films was extended to include the elastic
deformation of contact faces (Hertzian contacts, Hertz’s equations of elastic defor-
mation) and the influence of pressure on viscosity (Chapter 3). This enables applica-
tion of these elasto–hydrodynamic calculations to contact geometries other than that
of plain bearings–e.g. those of roller bearings and gear teeth.
Figure 2.9 shows the elastic deformation of the ball and raceway of a ball bearing
and Fig. 2.10 shows an example of Hertzian contacts for various pairs with non-con-
verging lubricant clearance.
2.3.2.9 Thermo-elasto-hydrodynamic Lubrication (TEHD)
TEHD lubrication theory solves the Reynolds equation, including the energy equa-
tion of the lubricant film. Calculation of the energy takes into consideration heat
convection in all directions, heat conduction in the radial direction, compression,
and heating caused by viscous and asperity friction.
TEHD lubrication theory has been applied, e.g., in important areas of automotive
engines, using a model including shear rate-dependent viscosity (Chapter 3) and
a
Shaft
Lubricant
Bearing shell
v
v
v
v
b
Fig. 2.8 Formation of a hydrodynamic liquid lubricant film.
a. Rolling, development of pressure in the hydrodynamic film;
b. Sliding, preferred geometry.
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F
F
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5
Fig. 2.10 Hertzian contacts for different pairs with non-conver-
ging lubricant clearance [2.3]. 1. Roller bearing; 2. Gear wheels;
3. Chain wheels; 4. Roller on flat path; 5. Cam lifter.
Nonloaded contact
Elastic deformation of the
rollers without lubricant film
Elasto-hydrodynamic
lubricant film:
improvement of the
contact by elastic
deformation, increased
viscosity by high pressure
Pressure
Pressure
Lubricant
entrance
Lubricant
exit
Fig. 2.9 Improvement of hydrodynamic lubrication clearance
between two rollers by Hertzian deformation (elasto–hydrodyna-
mic contact, EHD contact), pressure distribution in the Her-
tzian contact.
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2.4 Wear
simulation of  the lubrication conditions for the main crankshaft bearing of commer-
cial automotive engines [2.10].
2.4
Wear
According to the German DIN standard 50 320, wear is defined as the progressive loss
of material from the surface of a contacting body as a result of mechanical causes, i.e.
the contact and relative movement of a contacting solid, liquid, or gas to the body.
2.4.1
Wear Mechanisms
Wear is created by the processes of abrasion, adhesion, erosion, tribochemical reac-
tions, and metal fatigue which are important to lubrication technology.
2.4.1.1 Abrasion
Abrasive wear occurs principally when one body is in contact with another, harder
body. The contamination of lubricants with abrasive media (such as sharp quartz
particles) can also cause abrasive wear. Abrasion causes the surface peaks to break-
off or it gouges further abrasive particles from the surface. This form of wear can
combine with other wear mechanisms.
2.4.1.2 Adhesion
This is the most complex of wear mechanisms. Molecular and atomic interactions
between the two friction partners can tear material particles out of the contact faces.
This is preceded by formation of a spot joint between the two materials, a process
which is often called cold welding. Adhesion takes place when the boundary lubri-
cant layer in the lubricant or other protective layer (e.g. metal oxide) is broken down.
The shearing of these micro spots is a significant part of friction.
2.4.1.3 Tribochemical Reactions
The chemical reactions which occur in tribological conditions is referred to as tribo-
chemistry. It is sometimes wrongly assumed that these reactions are governed by
some special laws. Nevertheless, for better understanding of the specific reaction
conditions the laws applying to tribological contact should be observed. This applies,
in particular to thermal effects (flash temperatures) which are not readily macrosco-
pically recognizable, to frictional effects which lead to chemically reactive surfaces
where the valences of the metal’s structural matrices play a role in wear and defor-
mation. The removal of reaction layers thus formed constitutes tribochemical wear.
2.4.1.4 Surface Fatigue
Surface fatigue is the result of periodic loads in the contact zones. Frequent spot
loading leads to surface fatigue which is a result of material fatigue. A thick, separat-
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ing lubricant film either minimizes or eliminates this problem. Machine elements
which are subjected to periodically severe loads in the contact zone are particularly
prone to this type of damage.
2.4.1.5 Erosion
Erosive wear which is a loss of material from a solid surface occurs during the
impingement on a surface by a fluid containing solid particles.
2.4.1.6 Fretting
The contacting partners are part of a system which oscillates at small amplitude.
Most of the previously mentioned types of wear are included in fretting wear and
this explains why fretting wear is seen as a separate form. Besides mechanical com-
ponents tribochemical reactions play an important role. Oxidation creates layers and
fretting wear is sometimes known as fretting corrosion. Fretting wear can be
avoided if suitable surface-active additives are added to lubricants (especially as
pastes for threaded fasteners).
2.4.1.7 Cavitation
Materials can be damaged by imploding gas and vapor bubbles entrained in lubricat-
ing oils or hydraulic fluids. In systems which carry lubricants, the elimination of
dragged-in air, low boiling point substances, or the use of surface active components
scale-down the gas bubbles and thus reduce cavitation.
The condition of surfaces effected by cavitation can be further damaged by corro-
sion. This process can be controlled by the use of specific inhibitors.
2.4.2
Types of Wear
There are several criteria which could be used to classify the different types of wear.
For example, according to the types of (kinematic) friction which lead to wear (slid-
ing wear, rolling wear, fretting wear), according to wear mechanisms (adhesive wear,
abrasive wear, tribochemical wear) or according to the shape of the wear particle.
There is also highly specialized wear terminology for different lubricant applica-
tions; this is oriented to the geometry of the various bearing faces (e.g. clearance
and crater wear in the field of chip-forming tools).
2.4.3
The Wear Process
Wear can be measured gravimetrically, volumetrically or in terms of area over a peri-
od of time or against increasing load. Uniformly decreasing wear which stabilizes at
a very low level can be described as running-in wear. This can be controlled by the
tribochemical reactions of the additives in the lubricants. Wear can occur at relative-
ly constant speed and ultimately lead to the functional failure of the bearing. Wear at
an increasing wear rate can lead to progressive wear. In time, the material damage
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caused by  wear will also lead to the failure of a component. To facilitate projection of
possible functionality, the concept of failure analysis was introduced.
Analysis of machine element failure as a result of wear and lubrication can be per-
formed by use of practically oriented tests. Determination of the effect of different
greases on the projected failure of roller bearings has become increasingly important.
2.4.4
Tribomutation
Gerv [2.6] introduced this term to describe the processes of friction and wear from
the tribosystem. His aim, in particular, was to separate the interpretation of wear
from the confusing association with material characteristics and to highlight much
more complex processes in the tribosystem in which lubricants are also included.
Accordingly, friction and wear are purely system-related values. Gerv created the
basis for his friction and wear concepts by conducting numerous sensitive wear
measurements in the nanometer range using the established radionuclide wear
measurement technique [2.4, 2.5] and by successful ion implantation such as that
used in metal-cutting tools and wear parts in combustion engines. He described the
two most important tribological properties Tpi (once for wear and once for friction)
in the equation:
Tpi = fi(r, P (M, G, L) e, s
where r are running conditions, e.g. speed, load, temperature and others, P are pa-
rameters such as M materials, G micro and macrogeometry, and L the lubricant and
the lubrication conditions, e are environmental conditions such as humidity, dust,
temperature and s is the life of the tribosystem.
Figure 2.11 demonstrates the system dependence of wear rate for changing run-
ning conditions for two parameters. For the running conditions r1, the wear rate for
parameter p1 is significantly lower than for parameter p2; this is reversed for r1.
Figure 2.12 shows the alteration of the material caused by tribomutation. The
materials M1 and M2 at differing running times (t1 and t2) show wear occurring in
the reverse order. Tribomutated materials have changed their tribological character-
istics.
Changes to the material caused by tribomutation, which often occur under the
surface of the material down to a depth of 150 nm, and which are reinforced by sur-
face wear, can be quantified by sensitive methods of analysis of material composi-
tion. Gerv explained the material change caused by tribomutation by the part of the
friction energy which is not consumed by heat generation and the binding energy of
the wear particles.
Tribological system analysis and the associated tribomutation questions the prac-
tical application of a series of friction and wear tests. Apart from what happens dur-
ing running-in, other friction and wear phenomenon can be explained while the
metalworking process along with the cutting fluid must be seen as an important
influence on the tribological properties of a component.
Figure 2.13 shows the possible changes under tribologically stressed surfaces.
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Friction and wear development is highly influenced by the changed conditions
created by tribomutation.
2.4.5
Nanotribology
The preceding chapter on tribomutation and Fig. 2.13 reveal that deeper knowledge
of frictional and wear processes on the micro and nano scale can enable explanation
of different tribological phenomena. This implies the need for novel measurement
methods or adaptation of current measurement procedures to the new tasks, the
M2
t2
M1
t1 Lifetime
Wear
Fig. 2.12 Tribomutation. Wear of tribosystem under constant running
conditions with different materials (according to H. Gerv [2.6]).
P2
r2
P1
r1 Running conditions
Wear
rate
Fig. 2.11 Tribomutation. System dependence of wear rate for changing
running conditions for two sets of parameters (according to A. Gerv [2.6]).
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development and  application of which constitute an essential part of nanotechnol-
ogy in general and of nanotribology in particular. This enables visualization and
measurement of different criteria up to the molecular scale. In the last ten years
public interest in nanotechnology and nanotribology has grown substantially,
because they are expected not only to enable theoretical explanation of different phe-
nomena but also to improve economical realization [2.11]. Gerv [2.12] assigns three
functions to micro and nanotribology:
1. Analysis of the movement of single atomic groups in relation to the basic
material and measurement of unequally distributed friction forces with nano-
meter resolution. In addition, the new definition of topographical roughness
is relevant to understanding of the interrelationship between roughness and
friction. This also includes experimental and theoretical analysis of frictional
interactions at the atomic level, excitation of lattice oscillations, and related
reduction of the bond strength of the lattice elements, finally leading to wear.
2. Nano and microtribology implies measurement and calculation of classical
and tribological characteristics.
3. Examination of the effects of frictional phenomena on macroscopic tribosys-
tems in the millimeter and micrometer range. This includes tribomutation.
A recently started interesting project detected the effects of tribomutation on
the piston–liner system of automotive vehicles. It was proved that produc-
tion-related material changes (different cutting, grinding, and honing pro-
cesses, special metalworking fluids, dry cutting) had an effect on the friction
and wear properties of engine components [2.13].
10 nm
0
10 nm
100 nm
Adsorption and chemisorption of lubricant components
Chemical reaction layers (EP-additives, oxide layers)
Subsurface structures influenced by friction, wear
and chemical components (e.g. Rebinder layers);
changes by tribomutation
Unchanged metal structure
Hydrodynamic lubricant film
Fig. 2.13 Lubrication conditions and possible changes by tribomutation.
 




Download Now

AboutSupportTermsPrivacyCopyrightCookie PreferencesDo not sell or share my personal informationEverand
EnglishCurrent LanguageEnglish
Español
Portugues
Français
Deutsche




© 2024 SlideShare from Scribd 





