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The main subjects of this chapter are the tri-
bological system, friction, wear and lubrication.
Regarding the tribological system essential in-
formation on structure, real contact geometry,
tribological loads, operating and loss variables
are provided. Concerning friction, the different
friction types, states and mechanisms are dis-
cussed. In the sections on wear a lot of details on
types and mechanisms of wear, wear profiles and
the determination of wear and the average life-
time are introduced. The sections on lubrication
contain relevant expositions on the lubrication
states, like hydrodynamic, elastohydrodynamic,
hydrostatic, mixed and boundary lubrication and
lubrication with solid lubricants. Lubricants like
mineral, synthetic and biodegradable oils and ad-
ditives, lubricating greases and solid lubricants are
also considered, as are the properties of lubricants,
like the dependence of oil viscosity on tempera-
ture, pressure and shear rate, and the consistency
of lubricating greases.
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9.1 Importance of Tribology

Tribology is the science and technology of interacting
surfaces in relative motion. Tribology includes bound-
ary-layer interactions both between solids and between
solids and liquids and/or gases. Tribology encompasses
the entire field of friction and wear, including lubrica-
tion [9.1].

Tribology aims to optimize friction and wear for
a particular application case. Apart from fulfilling the
required function, this means assuring high efficiency
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and sufficient reliability at the lowest possible manu-
facturing, assembly, and maintenance costs.

Friction and wear are frequently undesirable. While
friction impairs the efficiency of machine elements,
machines, and plants and thus increases the energy de-
mand, wear diminishes the value of components and
assemblies and can lead to the failure of machines and
plants. On the other hand, many technical applications
strive for high friction, e.g., brakes, clutches, wheels/
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rails, car tires/road, friction gears, belt drives, bolted
joints, and press fits. To a limited extent, wear can also
be advantageous in special cases, e.g., in breaking-in
processes.

Friction and wear are not properties specific to the
geometry or substance of only one of the elements in-
volved in friction and wear, e.g., external dimensions,
surface roughnesses, thermal conductivity, hardness,
yield point, density or structure, but rather are prop-
erties of a system. The system’s friction and/or wear

9.2 Tribological System (Tribosystem)

Friction and wear occur within a tribological system
(TS). To delimit a TS, a system envelope is appro-
priately placed around the components and materials
directly involved in friction and wear, thus virtually
isolating these from the remaining components. The
materials and components involved in friction and wear
are the elements of the TS and are characterized by their
material and shape properties. A tribological system is
described by the function to be fulfilled, the input vari-
ables (operating variables), the output variables, the loss
variables, and the structure (Fig. 9.1).

Apart from desired input variables, undesired input
variables, so-called disturbance variables, also arise.
Together with the structure, they influence the output
and loss variables of the TS.

The function of a TS is to use the system struc-
ture to convert input variables (e.g., input torque, input
speed, input type of motion, and sequence of motions)

behavior can already change seriously when one influ-
encing variable of the tribological system is marginally
modified.

Lubrication is employed to lessen friction and min-
imize wear or to prevent them entirely. In the case of
circulatory lubrication, the lubricant can additionally
remove wear particles and heat from the friction con-
tact. Other important tasks of lubrication are preventing
corrosion (rusting) and, in the case of grease lubrica-
tion, sealing the friction points.

into technically utilizable output variables (e.g., output
torque, output speed, output motion) (Fig. 9.1).

9.2.1 Structure

The elements involved, their properties, and the in-
teractions between the elements describe the structure
of a TS. The basic structure of every TS consists of
four elements: the base body, counterbody, interfacial
medium, and ambient medium (Fig. 9.1). Table 9.1 dis-
plays some TS with different elements. While the base
body and counterbody are found in every TS, the in-
terfacial medium and, in a vacuum, even the ambient
medium can be absent.

In transport and machining processes, the base body
is constantly stressed by new material zones of the coun-
terbody. Such systems are called an open TS. By con-
trast, the stressed zones of the base body and counter-

Technical function of the tribosystem

» Conversion of input variables {x}

into technically utilizable output variables {y}
Disturbance variables |

Input variables

Tribosystem structure =

Output variables

{x} — F (elements, properties, interactions) — {r}
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Material removal

Fig. 9.1 Expanded representation of a tribological system (after [9.2])
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Table 9.1 Examples of elements of tribological systems

TS Base body Counterbody
Press and shrink joints ~ Shaft Hub

Sliding bearing Journal Bearing bush
Mechanical face seal Seal head Seat

Gear train Pinion Wheel
Wheel/rail Wheel Rail

Excavated material

Excavator bucket/ Bucket
excavated material

ailil RS/ Oxide layer of
hematite (Fe,03) and

Interfacial medium Ambient medium  System type
= Air Closed

Oil Air Closed
Liquid or gas Air Closed

Gear oil Air Closed
Moisture, dust, grease Air Open

- Air Open
Cutting lubricant Air Open

Adsorption layer

magnetite (FeFe,0,)

Turning tool Cutting edge Workpiece
a) Outer [ 03-0.5um e
TTHTrr
?a(;lg;dary 0.01-10 pm Chem. realcrtime{)‘/er
. S— ]
e Layer plastically
boundary | 0.1-100 pm deformedby =
layer machining or friction
Unstresse
bulk material
Depth

Fig. 9.2a-d Boundary-layer composition in metallic materials using a tribologically loaded steel rail: (a) cross-section
diagram; (b) depth approximately 50 pm; (c) transition zone; (d) bulk material (after [9.3])

body in a closed TS are repeatedly in contact. Examples
of open and closed systems can also be found in Ta-
ble 9.1. The function in open systems mainly depends
on the wear of the base body. The counterbody gener-
ates the load; as a rule, the wear on it is not of interest.
By comparison, when systems are closed, the ability to
operate depends on the wear of both friction bodies. The
elements of the TS are characterized by a large number
of properties, largely listed in Table 9.2.

A difference is made principally between geometric
and material properties in the base body and counter-
body, which are supplemented by physical variables.
The interfacial medium and ambient medium can ap-
pear in different aggregate states, on which other impor-
tant tribological properties depend. A difference in the
material properties of the base body and counterbody is
made between bulk material and the near-surface zone.
The properties of the near-surface zone, e.g., struc-
tural composition, hardness, and chemical composition,
are particularly important for the tribological processes.
In addition, the surface roughness’s play an important
role.

Figure 9.2 shows a diagram of the possible com-
position of boundary layers in metallic materials. The

undisturbed basic structure generally has attached to
it a hardened composition of machined or deformed
layers endowed with a structure that is fine-grained
compared with the basic structure. A reaction layer and
an adsorption layer lie on top of this. Taken together
they are also called the outer boundary layer. Wear is
generally acceptable as long as it occurs in the outer
boundary layer.

As a rule, not only the near-surface zone’s material
structure but also its chemical composition differs from
those of the bulk material. This is apparent in Fig. 9.3.
The material beneath the surface already changes dur-
ing manufacturing in terms of the concentration of ele-
ments present compared with the bulk material. Other
considerable changes undergone by the near-surface
zone’s element concentrations are caused by breaking-
in or occur after a short running time.

9.2.2 Contact Geometry

It is not only the input variables, the material properties
and the physical variables of the base body and counter-
body, the interfacial medium, and the ambient medium
but also the contact areas that greatly influence friction
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Fig. 9.3a,b Auger electron spectroscopy depth profiles as element concentration in the cylinder wall at top dead center
in a diesel engine (a) before running in and (b) after 15 h running time (oil: SAE 15W-40) [9.4]

Fig. 9.4 Various types of contact areas

and wear of the base body and counterbody and the tri-
bological system’s lubrication state.

In turn, the contact areas appearing during opera-
tion depend on the form of contact (Table 9.3), the input
variables, the geometric properties of the base body and
counterbody (Table 9.1), and the other system proper-
ties.

In the contact areas, a difference is made between
the nominal or apparent contact area and the real con-
tact area (Fig. 9.4).

The nominal or apparent contact area A, corresponds
to the macroscopic contact area of the bodies in contact,
e.g., of the contact area ab of a cuboid on one plane or the
Hertzian contact area between a cylinder and a plane. Not
only the apparent contact area but also the real contact ar-
eas A, ; play a key role when the asperities of the friction
bodies meet in the apparent contact area.

The real contact areas result from the asperity con-
tacts, which occur when the friction bodies are not
completely separated by a lubricating film or in the
cases of application in which no lubricant is used (dry
friction). Not only the roughness but also the wavi-
ness on the friction body surfaces have to be taken
into account when analyzing the real contact areas. The
waviness causes so-called contour areas A. ; to form as

well as the real contact areas on the asperity contacts
within the contour areas.

As a rule, the sum of the real contact areas A,,
which is dependent on the roughness distributions and
the separation of the two friction body surfaces, is sub-
stantially smaller than the apparent contact area (A, ~
107'-107*A,). Hence the real contact pressures in the
asperity contacts are substantially higher than the nom-
inal pressure. While the nominal pressure displays elas-
tic macromaterial behavior, plastic deformation may
already have begun for a majority of the microcontacts
(real contact areas). Results of calculations have yielded
that the sum of the real contact areas is nearly pro-
portional to the normal force F;, [9.5]. In addition, as
the normal force increases, the number of real individ-
ual contacts increases, while the real individual contact
area A, ; remains roughly constant.

Apart from the real contact area, the overlap ratio &
also plays an importantrole as well. It represents the ratio
of the apparent contact area A, to a friction body’s fric-
tion area A¢. Thus, for example, the nonrotating bush of
a sliding bearing with bearing clearance has an overlap
ratio of ¢ = 1, since the apparent contact area A, for the
bearing bush corresponds to the friction area A¢. For the
rotating shaft however, the friction area Ay = db, with
shaft diameter d and bearing bush width b, is larger than
the apparent contact area A, = dby/2, with contact an-
gle y, so that the overlap ratio is ¢ < 1. For a constantly
loaded friction body, an overlap ratio ¢ = 1 means per-
manent contact, no cyclical mechanical loads (macro-
scopic), permanent frictional heat absorption, and lim-
ited microchemical reaction with the ambient medium.
For the friction body concerned, an overlap ratio of & < 1
leads to an intermittent contact, to cyclical mechanical
loading, to intermittent frictional heat absorption, and to
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Table 9.2 Tribologically relevant properties of elements
of the tribological system (Fig. 9.1)

1. Base body and counterpart
1.1 Geometric properties

® External dimensions

® Shape and position tolerances
® Waviness

® Surface roughnesses

1.2 Material properties

1.2.1 Bulk material

® Strength

® Hardness (macro, micro, and Martens hardness)

® Structure, texture, microstructure phases (distribution,
size, number type)

® Young’s modulus, Poisson’s ratio

® Residual stress

® Chemical composition

1.2.2 Near-surface zone

® Hardness (macro, micro, and Martens hardness)

® Surface energy

® Metallurgical structures, texture, microstructure phases

(distribution, size, number type)

Chemical composition

Young’s modulus, Poisson’s ratio

Residual stress

Boundary-layer thickness and structure

- o000

.3 Physical variables

Density

Heat conductivity

Coefficient of thermal expansion
Melting point

Specific thermal capacity
Hygroscopic properties

M eoeoo0oo0 o000

. Interfacial medium (lubricant)
Aggregate state (solid, liquid, gaseous)
For solid interfacial medium

— Hardness

—  Grain size distribution

—  Grain shape

—  Grain quantity, grain number

—  Number of components, mixing ratio
—  Chemical composition

® For liquid interfacial medium

Viscosity depending on temperature, pressure and
shear rate

—  Consistency

- Wettability

— Lubricant quantity and pressure

— Chemical composition

— Mixing ratio of components

3. Ambient medium

Aggregate state (solid, liquid, gaseous)
Heat conductivity

Chemical composition

Moisture

Ambient pressure

tribochemical reactions with the ambient medium in the
range Aq—A,. When both friction bodies (the base body
and counterbody) have an overlap ratio of ¢ & 1, the wear
particles can remain in the contact area and hence ad-
versely influence the further wear profile.

9.2.3 Tribological Loads and Interactions

Tribological loads in a TS are generated by the input
and disturbance variables’ action on the system struc-
ture. They chiefly include contact, kinematic, and ther-
mal processes [9.2]. According to [9.1], the tribologi-
cal load represents “the loading of the surface of a solid
caused by contact and relative motion of a solid, liquid or
gaseous counterbody.” It is introduced via the real con-
tact areas. Plastic deformation and wear can cause the
real contact areas to change during TS operation.

When mechanical energy is converted by friction,
energy dissipates, which makes itself noticeable by
changing the thermal situation. Since the thermal be-
havior also continuously adapts to the new conditions as
a result of wear, changes to the contact geometry, and
resulting changes in the friction, dynamic rather than
static influencing variables determine the tribological
loading in a real contact.

The contact geometry, the processes occurring in
the contact, and the thermal behavior of a TS are in-
fluenced by, among other things, the load, the motion
conditions, the element properties, and the friction state.

While the apparent contact area alone is decisive in
fluid lubrication, according to [9.6], in mixed lubrica-
tion, i.e., when the dimensionless film thickness param-
eter

hmin

A= —-———, (9.1)
(R3, + Réz)l/2

with the minimum lubrication film thickness /p;, and
the root-mean-square (rms) surface roughnesses R
and Ry, of the base body and counterbody, is in the
range A < 3, in boundary lubrication with A < 1 and
for dry friction, both the apparent contact area and the
real contact areas must be considered and allowed for
(Fig. 9.4).

When there are contacts between the friction bod-
ies, interactions occur in the real contact areas and in
the near-surface zones. Afomic/molecular interactions
occur on the one hand and mechanical interactions
on the other. Whereas the former cause adhesion on
solid—solid boundary layers or are extremely important
technically in the form of physisorption and chemisorp-
tion on solid—fluid boundary layers, the latter lead to
elastic and plastic contact deformations and to the de-
velopment of the real contact areas.
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Table 9.3 Contact geometry (form of contact) of tribological systems

Form of contact Base body Counterbody
Conformal
Areal Plane Plane
Hollow cylinder Solid cylinder
Nonconformal
Line contact Plane Cylinder
Cylinder Cylinder
Pinion tooth Gear tooth
Point contact Plane Ball
Inner ring (circum- Ball

ferential direction)

The type of interaction that primarily occurs de-
pends greatly on the friction state. Thus, when a lubri-
cant is present the atomic/molecular interaction can be
disregarded more often than the mechanical.

Friction and wear in a given TS ultimately depend
on the interactions between the elements. The friction
state, the effective mechanisms of friction and wear, and
the contact state can be used to describe the interactions.

The tribological loads occurring in the real contact
areas produce tribological processes. These subsume
the dynamic physical and chemical mechanisms of fric-
tion and wear and boundary-layer processes that can be
attributed to friction and wear.

9.2.4 Operating Variables (Input Variables)
According to [9.1], the operating variables are: the type

of motion, the time sequence of motions of the ele-
ments contained in the system structure, and a number

Sketch Example application
Thrust bearings
«—>
7
v /] Sliding bearings, round

fittings, cylinder races

Thrust roller bearings

Roller, roller bearings

Gears

Thrust ball bearings

Ball bearings

of technical-physical load parameters, which act on the
system structure when the function is executed. The op-
erating variables originate from:

® Type of motion and time sequence of motions
Load

Velocities

Temperatures

Loading time.

The type of motion can frequently be attributed to
one of the basic types of motion sliding, rolling, spin,
impact or flowing or can be composed from these. The
time sequence of motions can occur regularly, irregu-
larly, back and forth, or intermittently. The sequence
of motions frequently also consists of different compo-
nents. As a rule, the normal force F,, is decisive for the
load.

Both the relative velocity between the friction bod-
ies and the entraining velocity of the lubricant in the
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contact and the slippage as a ratio of the relative
velocity to the average circumferential velocity play
a role for the velocities. The friction body tempera-
tures and the effective contact temperature produced in
operation are critically important for the temperature
variables. It is normally not possible to measure the
contact temperatures. Apart from these desired input
variables, which as a rule are specified by a technical
function, disturbance variables such as vibrations or
dust particles must be considered under certain circum-
stances.

9.2.5 Output Variables (Useful Variables)

The TS provides output variables for subsequent uti-
lization. These useful variables reflect the performance
of a function of the TS. The useful variables can differ
over extremely wide ranges depending on the main task
of the TS. In an energy-determined system, for exam-
ple, the following output variables may be desired:

® Force
® Torque

9.3 Friction

Friction can be ascribed to the interactions between
bodies’ material zones that are in contact or moving
relative to one another; it counteracts relative motion.
External and internal friction are differentiated. When
friction is external, the different friction bodies’ ma-
terial zones are in contact; when friction is internal,
material zones that are in contact belong to one friction
body or the interfacial medium.

A number of parameters can characterize friction.
Thus, depending on the application, friction is charac-
terized by the friction force Fy, the friction torque My or
the coefficient of friction f. Instead of f the symbol u is
also frequently used for the coefficient of friction. The
coefficient of friction f is formed from the ratio of the
friction force Fy to the normal force F,

F (9.2)

f

The work of friction or friction energy Wr is used to cal-
culate the frictional heat or the amount of deformation
of the friction force in solid friction. It is calculated as

W = Fest , (9.3)

with the friction distance s¢. The friction power Py is of
interest for an energy balance or efficiency calculation.

® Velocity
Motion
® Mechanical energy.

Particular material or signal variables could be in-
teresting as useful variables in a material- or signal-
determined TS.

9.2.6 Loss Variables

The loss variables of a TS are essentially represented
by friction and wear. While friction leads to losses of
force, torque or energy, wear means a progressive loss
of material.

The energy losses produced when there is friction
are converted into heat for the most part. This process
is irreversible and is called energy dissipation. Along
with the conversion of friction into heat and the genera-
tion of wear particles, the tribological process generates
other tribologically induced loss variables such as vi-
brations that frequently become apparent through sound
waves, photon emission (triboluminescence), electron,
ion emission, etc.

The friction power is a power loss and, disregarding
signs, the following applies

Py = FfAv , (9.4)

with the relative velocity Av. (The power loss is fre-
quently defined negatively.)

9.3.1 Types of Friction

Friction can be classified according to various features.
Types of friction are distinguished depending on the
type of relative motion between the friction bodies. Fig-
ure 9.5 presents the most important types of friction
with sample applications. There are three main types
of friction:

® Sliding friction
® Rolling friction
® Spin friction.

Apart from these three kinematically defined types
of friction, there can be overlaps (mixed forms),
namely:

® Sliding-rolling friction (rolling friction)
® Sliding-spin friction
® Rolling-spin friction.

299

€6|91ed



300 PartB

€6|91ed

Materials
Fig. 9.5 Types of
dynamic friction
F, J
l Sliding
o C (03] F
e %_’ 321
Rolling—sliding ‘ Sliding—spinning
S =
A, ! 7 =0
1 Y SR P - . .
(Friction gear) gl 'g; (Saucer bearing)

Rolling

Rolling—spinning

(Cylindrical
roller bearing)

Along with the types of friction shown in Fig. 9.5,
another type of friction is impact friction, which ap-
plies when a body strikes another body perpendicular or
oblique to the contact surface and possibly withdraws
again. The angular contact ball bearing is a machine
element in which sliding and rolling and spin friction
appear.

9.3.2 Friction States

Various friction states can be defined if friction is clas-
sified as a function of the aggregate state of the material
zones involved. To illustrate this, Fig. 9.6 presents dif-
ferent states of friction based on the Stribeck curve
using a radial sliding bearing as an example. Generally,
the following friction states are differentiated:

Solid friction
Fluid friction
Gas friction
Mixed friction.

In solid friction the friction acts between material
zones that exhibit solid properties and are in direct
contact. If the friction occurs between solid bound-
ary layers with modified properties compared with the
bulk material, e.g., between reaction layers, then this

(Angular contact ball bearing, assumption: balls
are outer race controlled, i.e. here is no spinning)

Spinning an

(02i =0
(Toe bearing)

is boundary-layer friction. If the boundary layers on
the contact surfaces each consist of a molecular film
coming from a lubricant, then this is called boundary
friction. In boundary friction, the lubricant’s hydrody-
namic effect can be disregarded because the velocity is
very low and/or only a very small quantity of lubricant,
insufficient to fill the lubrication gap, is present.

Fluid friction is internal friction in a lubricating
film with fluid properties and is present in a hydro-
dynamically, elastohydrodynamically or hydrostatically
produced lubricating film.

Gas friction is internal friction in a lubricating film
with gas properties and is present in an aerodynamically
or aerostatically produced lubricating film.

Mixed friction is any mixed form of the friction
states. The term is primarily used in the simultaneous
presence of boundary and liquid friction.

9.3.3 Friction Mechanisms

Solid friction can be ascribed to interactions between
the elements. As already addressed before, there are
essentially two different types of interaction, i.e., atom-
ic/molecular and mechanical. Kragelski [9.7] speaks of
friction’s “dual nature”. Hence, the friction mechanisms
can be divided into two groups. Generally a difference
can initially be made between the following four fric-
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Bearing data:
Diameter =48.0 mm
Width=21.8 mm
Clearance = 0.08 mm

Operating conditions:

Bearing load =20 kN

Operating temperature = 40 °C

Transition film thickness with hpin ¢ =2 pm
Lubricant: ISO VG 100

Material combination:
Shaft: Steel
Shell: AlSn20

f Lubricating film Prin (M)
0.0354 14
0.030 12

l«—— Boundary friction > Mixed friction ——»l«——— Fluid friction /4>
0.025 (boundary lubrication) (mixed lubrication) (fluid lubrication) / 10
/
0.020 /- Npo 8
/ min,h

0.015 / 6
/ /
Jm /

0.010 P _ NS 4

h min,m b — -
0.005 r = 2
| R '_—:_:__:—— - hmin,lr
0.01 0.1 1 10 100 1000 10 000
v (min")

Fig. 9.6 Stribeck curve, minimum lubrication film thickness, and friction states in a radial sliding bearing (f;, friction
coefficient in mixed friction, f; friction coefficient in boundary friction, f;, friction coefficient in fluid friction, Ay
minimum lubrication film thickness during the transition from fluid to mixed friction, /i, n minimum lubrication film
thickness during fluid friction, /iy m minimum lubrication film thickness during mixed friction)

tion mechanisms, compiled schematically in Fig. 9.7:

® Adhesive bond shearing

® Plastic deformation

® Abrasion

® Hysteresis losses in elastic deformation.

Adhesion is an atomically/molecularly based fric-
tion mechanism. Its frictional effect is based on the
bonds formed atomically or molecularly in the real
contact areas that separate again when relative motion
occurs, as a result of which energy loss occurs.

Deformation, abrasion, and hysteresis can be classi-
fied as mechanically based friction mechanisms. The ac-
tion of friction in deformation and abrasion can above all
be ascribed to the displacement of overlaps of asperities.
Hysteresis is based on internal friction and has a damping
effect. Different friction mechanisms frequently appear
at the same time. The friction mechanisms that are prin-
cipally acting depends on the state of friction.

9.3.4 Coefficient of Friction

Table 9.4 reproduces ranges of friction coefficients in
various types and states of friction [9.8]. It should
however be recalled that friction does not represent
a constant property of a material or a combination of
material properties but rather depends on the operating
variables and the system structure, i.e., on the load and
the elements involved in the friction process with their
properties and interactions.

Separation of Plastic deformation

adhesive bonds of asperities

Fig. 9.7 Basic friction mechanisms

Abrasion  Elastic hysteresis
(ploughing) (hysteresis losses)

viewed microscopi-

cally (F, normal force on apparent contact area, Fy friction
force between base body and counterbody, F; tangential

force, F, ,s normal force on asperity

contact, Av relative

velocity, t,q shear stress for shearing an adhesive bond, HV

Vickers hardness)

Table 9.4 Coefficients of friction for different types and

states of friction

Type of friction  Friction state Coefficient
of friction f

Sliding friction Solid friction 0.1-1
Boundary friction 0.1-0.2
Mixed friction 0.01-0.1
Fluid friction 0.001-0.01
Gas friction 0.0001

Rolling friction (Grease lubrication) 0.001-0.005
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9.4 Wear

As soon as the base body and counterbody come
into contact, i.e., when the lubrication film thickness
becomes too small or lubricant is unavailable, wear
occurs. Wear is a progressive loss of material from
the surface of a solid, brought about by mechanical
causes, i.e., by contact and relative motion of a solid,
fluid or gaseous counterbody [9.1]. Signs of wear are
small detached wear particles, material removal from
one friction body to the other, and material and shape
changes of the tribologically loaded material zone of
one or both friction partners.

9.4.1 Types and Mechanisms of Wear
Wear processes can be classified into different types
according to the type of tribological load and the mate-

rials involved, e.g., sliding wear, fretting wear, abrasive
wear, and material cavitation. Wear is caused by a num-

Table 9.5 Types and mechanisms of wear (after [9.1])

ber of mechanisms, the following four being especially
important:

® Surface fatigue

® Abrasion

® Adhesion

® Tribochemical reaction.

Table 9.5 provides a breakdown of wear according
to types of wear and wear mechanisms based on [9.1].

Figure 9.8 presents a chart of the effective wear
mechanisms. The wear mechanisms can occur individ-
ually, successively or concomitantly.

Surface fatigue manifests itself through crack-
ing, crack growth, and detachment of wear particles,
brought about by alternating loads in near-surface zones
of the base body and counterbody.

In abrasion microcuttings, fatigue due to repeated
ploughing, and fracture of the base body caused by the

System structure Tribological load Type of wear Effective wear mechanism
(types of motion and Surface Abrasion Adhesion Tribochemical
simplified symbols) fatigue reactions
Solid Sliding - X X
® Interfacial medium Rolling é{
(complete solid separation) Bouncipg o fes
® Solid Impacting
Solid E, Sliding wear X X X X
® Solid (solid friction,
..
boundary lubrication, Sliding [ ]
mixed lubrication) .
F, Rolling wear X X X X
Rolling % %
Revolving
F, Fretting wear X X X X
Oscillating él
Solid F, Sliding Sliding abrasion X X
® Solid and particles é (three-body abrasion)
F, Sliding abrasion X X X
(three-body abrasion)
Sliding [ |
F, Rolling abrasion X X X
S! % (three-body abrasion)
Rolling
Solid Flowing A% Material cavitation X X
® Fluid Vibrating[ ] (cavitation erosion)
Solid AT Particle erosion X X X

SRR
® Fluid and particles Flowing [ ] (erosion wear)
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Abrasion

Surface fatigue
(fatigue cracks,
spalls delamination)

(micro-cutting,
brittle fracture)

zone Adhesion

Counterbody 2

Base body 1

Outer
boundary
layer

Tribochemical reactions and
detachment of the tribologically
altered outer boundary layers

Fig. 9.8 Basic wear mechanisms viewed microscopically (F,, normal force on apparent contact surface, Fy friction force
between base body and counterbody, F, ,s normal force on asperity contact, Awv relative velocity, HV Vickers hardness)

Table 9.6 Typical wear phenomena caused by the main
wear mechanisms (after [9.1])

Wear mechanism Wear phenomenon

Adhesion Scuffing or galling areas, holes,
plastic shearings, material transfer
Abrasion Scratches, grooves, ripples

Surface fatigue Cracks, pitting
Tribochemical reactions Reaction products (layers, particles)

counterbody’s hard asperities or by hard particles in the
interfacial medium lead to wear.

In adhesion, after possibly extant protective surface
layers have been broken through, atomic bonds (mi-
crowelds) form above all on the plastically deformed
microcontacts between the base body and counterbody.
If the strength of the adhesive bonds is greater than
that of the softer friction partner, material eventually de-
taches from the deformed surface of the softer friction
partner and is transferred to the harder one. The trans-
ferred material can either remain on the harder friction
partner or detach, or even return.

In tribochemical reactions, friction-induced activa-
tion of loaded near-surface zones causes elements of the
base body and/or counterbody to react chemically with
elements of the lubricant or ambient medium. Com-
pared with the base body and counterbody, the reaction
products exhibit changed properties and, after reaching
a certain thickness, can be subject to brittle chipping or
even exhibit properties reducing friction and/or wear.

Apart from the types and mechanisms of wear, wear
phenomena are also extremely interesting for interpret-
ing the result of wear (Table 9.6). These mean the
changes of a body’s surface layer resulting from wear
and the type and shape of the wear particles accumulat-
ing. Light or scanning electron microscope images can
present this extremely clearly.

9.4.2 Wear Profiles
and Measurable Variables

Estimating the service life of components necessitates
knowing the wear profile over the loading time and/or
the rate of wear (amount of wear per loading time). Ac-
cording to [9.1, 8], different wear profiles are frequently
generated depending on the effective wear mechanism
(Fig. 9.9).

Three phases are distinguished: break-in, steady
state, and failure. During breaking-in, increased wear,
so-called break-in wear, with a degressive profile can
occur and, for example, switch over into a long-lasting
state with a constant increase of the amount of wear
(constant rate of wear) until failure is announced by
a progressive increase of wear (Fig. 9.9a).

If surface fatigue takes effect as the primary mech-
anism of wear, then measurable wear after break-in
frequently only becomes noticeable after a certain in-
cubation period during which microstructural changes,
cracking, and crack growth commence. Wear particles
only detach after the incubation period (Fig. 9.9b).
A negative amount of wear is even occasionally mea-
sured at the beginning of the wear process. This is caused
by material transfer from the wear partner (Fig. 9.9c).

In principle, the profile of the amount of wear W
over the loading time ¢ can be progressive, linear or di-
gressive (Fig. 9.9d).

A difference is made between directly measurable
wear variables, such as linear, planimetric, volumet-
ric and mass amount of wear, and related measurable
wear variables (wear rates), such as rate of wear, wear—
distance ratio, and wear—throughput ratio. As a rule,
the amount of wear can be measured. It is advisable to
use specific or relative amounts of wear in compara-
tive wear tests whenever the operating variables or the
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a) w b) w
il 1 Progressive
increase of wear
Break-in Nearly constant wear rate Failure Break-in |Incubation time| with failure
/ (no or very
// little wear)
//
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’
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s /.
- - Progressive
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0 > —=
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Fig. 9.9a=d Amount of wear as a function of loading time: (a) typical wear profile with a nearly constant wear rate;
(b) wear profile with an incubation time; (c) wear profile with negative amount of wear; (d) different wear profiles

properties of the elements involved in the wear cannot
be kept constant or are intentionally changed.

9.4.3 Determination of Wear
and Lifetime

In unlubricated tribological systems and in systems
operated in the boundary or mixed lubrication range,
practically usable information about friction and wear
can frequently only be found through experimentation
since the physical and chemical mechanisms occurring
here frequently cannot be described sufficiently exactly
theoretically so that a precise calculation of friction and
wear is often impossible.

However, mathematical equations for an approxi-
mate preliminary determination of friction and wear pro-
vide the energy balance of the friction process. If fric-
tion is approached as an energetic problem, the energy
balance forms the basis for determining the friction and
wear [9.9]. The friction force Fy and the friction coeffi-
cient f can be determined from the friction energy Wy

Wi = Wel,hys + Wpl + Waor + Waa

9.5
= fFys¢ =anA’Ut, (9.5)

where W pys is the proportion of the work of friction

from the hysteresis during elastic deformation, Wy, is
the work of friction from plastic deformation, Wy, is
the work of friction caused by abrasion, W,q4 is the work
of friction caused by separation of adhesive bonds, f is
the friction coefficient, F, is the normal force, s¢ is the
friction distance, A v is the relative velocity between the
friction bodies, and ¢ is the friction time [9.9].

The action time of a friction pair usually depends
on the wear. The anticipated lifetime Ly, under specific
operating conditions is frequently determined by cal-
culation. A function-based maximum allowable wear
is assumed. Thus, the lifetime L corresponds to the
action time for which the friction pair can be safely op-
erated.

Wear properties as a function of the friction time are
presented in Fig. 9.10. The development of wear with
its scatter as a function of the friction time is shown
for various operating conditions. The wear height Ay,
serves as the gauge of wear. The function-based wear
limit is characterized by the maximum allowable wear
height Ay .. As a rule, a wear profile exists, which
is composed of a break-in process and a steady state
(Fig. 9.10, cases 2 and 3). In addition, Fig. 9.10 also
shows the distribution densities f(¢) for the lifetimes Ly
defined by Ay 4.

Despite a large allowable wear height, case 1 is not
practicable since the friction pair here fails early and
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~V

hwalZ

hwa13

~V

Fig. 9.10 Courses of wear height A, and distribution den-
sity f(7) as a function of the friction time ¢ when allowable
wear height values have been reached for different high
stresses and different frictional states (after [9.10])

does not reach a steady state. Case 2 shows a normal
progression in pure solid friction. More favorable con-
ditions exist in case 3 (e.g., mixed friction), but the
allowable wear height is small.

The average lifetime (action time) for the median of
the distribution density results from the expression

hw,al - hw.b

Ly =t,+ At = 1
h =1t + b+ A0

; (9.6)

with the linear wear intensity 7, formed from the ratio
of the wear height A, to the friction distance s¢ (I, =
Ahy [ Asy), the break-in time #,, and the break-in wear
height Ay, . If it is assumed that the wear volume Vy, and
the work of friction Wy are proportional (Wy o V), and
the value e, as a proportionality factor is introduced as
the wear energy density, as a result of which the basic
wear equation becomes W; = ey, V,,, and if the proba-
bilistic nature of real operation is allowed for (through
the introduction of L(y)y, as y percentage lifetime, x as
the quantile (random variable) of the standardized nor-
mal distribution, and v as an empirical coefficient of
variation that represents a measure of the scatter of the
wear rate), then the following expression can be set up
for the lifetime [9.10]

(Mwai1 2 = hwp12) ewi 2

. (9.7)
ar 2T Av (1 —xv12)

LYo =toip+

with the friction shear stress tr = fF,/A,, where A,
stands for the apparent contact area, and the energy pro-
portion factor «y 5 is used to quantify the share of the
work of friction induced in friction body 1 or 2.

ey, (J/mm?)
10124
~ Fluid friction (rheological deformation)
/‘\\/
10 0% -
10 7, % Quasi-fluid friction, mixed friction
7 7%)9 (elastic deformation)

108 L Mixed friction

\\\ (elastic-plastic deformation)
Solid friction
(elastic-plastic
deformation
and shear)

10°

10* \\
10?
10° ?ailz vx}ear equation: Solid friction
= Cvih (chipping deformation)
107
= >
0" 10?2 10" 10 10°° 104 102 10°
Iy

Fig. 9.11 Wear energy density ey, as a function of the linear inten-
sity of wear /;, and the friction shear stress 7 (after [9.9])

For a survival probability of y = 50%, when there
is a standardized normal distribution, the quantile is
x =0, whereas x = —1.28 applies for y = 90%. The
coefficient of variation depends on the operating condi-
tions (common values based on [9.11] are v = 0.2—0.8;
when there is fatigue wear, v = 0.2—0.4).

Determining the lifetime by using (9.7) not only re-
quires knowledge of the break-in time #,, the allowable
wear height hy 5, the break-in wear height Ay p, the
energy proportion factor oy, the normal force F,, the
apparent contact surface A,, the relative velocity Aw,
and the statistical variables quantile x and coefficient
of variation v but above all also information about the
friction coefficient f and the wear energy density ey, ap-
pearing in the contact.

The friction coefficient can be determined exper-
imentally or estimated through calculations [9.3, 12].
Values for the wear energy density e, are either de-
termined in tests or taken out of [9.9-11]. Figure 9.11
presents the nomogram of the basic wear equation Wy =
ewVy, with ranges for typical friction and wear states
for evaluating and classifying the tribological behavior
of friction pairs.
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9.5 Fundamentals of Lubrication

Lubrication completely or partially separates the sur-
faces of the friction bodies by selectively introducing an
interfacial medium (lubricant) that minimizes friction
and wear. Most lubricants are fluids (mineral oils, syn-
thetic oils, water, etc.), yet they can also be solid, e.g.,
for use in dry sliding bearings (polytetrafluoroethylene
(PTFE), graphite, molybdenum disulfide (MoS,), etc.).
Greases are also applied, e.g., in ball bearings and slid-
ing bearings and occasionally in gears too. Gases (air)
are also employed, e.g., in gas-lubricated bearings. Fig-
ure 9.12 reproduces the areas of application of different
lubricants. Powders, lubricating varnishes, and pastes
can be classified as solid lubricants [9.13].

Similar to friction states, different lubrication states
can also be defined (Table 9.7), to be precise: fluid film
lubrication, mixed lubrication, boundary lubrication,
and solid lubrication (lubrication with solid lubricants
and surface coatings).

9.5.1 Fluid Film Lubrication

Fluid film lubrication, i.e., the complete separation
of the frictional surfaces by a lubricating film, can
be achieved by hydrodynamic, elastohydrodynamic or
hydrostatic lubrication (Table 9.8). A load-dependent
pressure is developed in the lubricating film, as a result
of which the load can be carried.

9.5.2 Hydrodynamic Lubrication

The following conditions must be met to produce hy-
drodynamic lubrication. A viscous lubricant that ad-
heres to both the moving and the fixed friction body
must be used (adhesive effect of the lubricant). Fur-

Pressure

Mixed,
boundary

and dry Fluid film
lubrication lubrication

Velocit'y

Powders

Lubricating varnishes

Fig. 9.12 Areas of lubricant application (after [9.13])

thermore, the friction body surfaces must be converging
and the lubricant must be dragged into the converging
gap. The entraining velocity depends on the velocity at
which the lubricant is dragged into the contact and is
frequently confused with the relative velocity. The lat-
ter is decisive for friction, while the entraining velocity
is essential for load-carrying capacity.

The lubricant adhering to the surface is dragged into
the lubrication gap by the friction bodies moving rela-
tive to the minimum lubrication film thickness. Since
the gap converges in the direction of motion, the quan-
tity of oil dragged by the friction bodies accumulates in
front of the narrowest gap cross section and cannot be
completely transported by the moving friction bodies’
drag effect alone through the minimal cross section.

Thus, overpressure is inevitably produced in the
converging zone in between the sliding surfaces, which
grows to be just large enough that the difference be-
tween the quantities supplied and discharged by the
drag flow are squeezed out of the lubricant gap as a re-
sult of compressive flows (satisfaction of the condition
of continuity). The overpressure produces the friction
contact’s load-carrying capacity in equilibrium with the
external load.

Figure 9.13 presents examples of velocity distri-
butions at various points in the lubrication gap and
the pressure distribution for an inclined plane bearing
pad. The level of the average pressure developed (nor-
mally < 7MPa) is usually not high enough to cause
significant elastic deformation of the surfaces. The

Resulting velocity Resulting velocity

(pure shear flow) I
F .
Resulting l ‘ Bearing pad
velocity
VA
i Z Shear flow: h
o ¢ \\j/g
x[ [
TS
Shear flow ! By U ﬂg(iisure
Pressure flow | ) )
| Moving flat slider
| Pressure distribution
N in x-direction

Pmax

Fig. 9.13 Velocity distributions and pressure distribution
in a bearing pad
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Table 9.7 Friction and lubrication states

Fy Oxide layer

Oxide layer

Lubricant and adsorption
and reaction layers

Adsorption and
reaction layers

F Drclale e Lubricant
n P

Adsorption and
reaction layers

Friction/lubrication states
1. Solid friction/no lubrication

Direct contact of friction partners

Formation of oxide reaction layers and adsorption of gases

High wear rates probable, risk of seizing

Friction coefficients (reference values): f &~ 0.35 to > 1

Special cases

Boundary-layer friction

Friction between solid boundary layers with modified properties compared
with the bulk material (e.g., oxide layers)

Friction of pure metallic surface

Direct contact of pure metallic surfaces (e.g., in machine or scuffing pro-
cesses)

2. Boundary friction/boundary lubrication

Surfaces of the friction partners covered with a thin friction minimizing
lubrication film

Physisorption, chemisorption, and tribochemical reaction with additives
from the lubricant form friction-minimizing, lightly shearing layers on the
surfaces

Lower wear rates than for solid friction

Friction coefficients (reference values): f ~ 6 x1072-2 x10~!

3. Mixed friction/mixed lubrication

Lubrication film not thick enough to separate surfaces from each other
completely; consequence: roughness contacts

Load is partially carried by lubricating film through hydrodynamic effect
and partly by the roughness contacts

As in boundary friction, use of additives in lubricant is also important to
generate friction-minimizing absorption and reaction layers on the surfaces
Wear rates are smaller, the larger the hydrodynamic part of the load-
carrying capacity

Friction coefficients (reference values): f ~ 1073-10~"

4. Fluid friction/fluid film lubrication

Friction partners are completely separated from each other by a fluid film
that can be generated, hydrodynamically or hydrostatically

Virtually wear-free operation

Friction coefficients (reference values): f & 6 x10~*—5 x10~3

is evident that the minimum lubrication film thickness

hydrodynamic pressure is dependent on the friction
bodies’” geometry, the inclination of the surfaces to each
other, the viscosity of the lubricant, the load, and the
velocity of the lubricant dragged into the converging lu-
brication gap.

Table 9.8 specifies the correlation between the min-
imum lubrication film thickness A, and the entraining
velocity, the viscosity of the lubricant, and the load. It

increases as the entraining velocity increases and the
viscosity becomes greater, and that it decreases as the
load grows, although only with an exponent of 0.5 in
each case. The minimum lubrication film thickness is
normally greater than 1 um.

Above all, it is the lubricant’s viscosity that de-
termines the lubricating effect in hydrodynamic lubri-
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Table 9.8 Different types of fluid film lubrication

Lubrication film
pressure
distribution

vy F, load

Lubrication film pressure

Hydrodynamic [9.14]
For a given geometry

hmin 2 [ 72 = (@) 702,

v = I entraining velocity,
hmin 17 average viscosity of the lubricant in the lubricating film,

Elastohydrodynamics [9.6]

distribution for EHL a) Hard material surfaces (hard EHL)

Hertzian
stress
distributions

hmm

o
o

Gl -
Vi

E;

U1

Lubricant

Elliptical contact surfaces, given geometry

= 10.68 0. —0. —0.
Pmin A2 (")770) o049 g*—0. 117Fn0073’

~ 0.56
— utwn
- 2

entraining velocity,

viscosity of the lubricant at gap entry at p = 0,
viscosity— pressure coefficient,

=1 (
and E; Young S modulus of friction bodies 1 and 2,
and vy Poisson’s ratio of friction bodies 1 and 2,

) reduced modulus of elasticity,

F, load

b) Soft material surfaces (soft EHL)
Elliptical contact surfaces, given geometry

honin ~ (57]0)0'65E*_0'44F;0'21; h,hncm ~0.77

Bearing load F, Lubrication film Hydrostatic [9.14]
pressure

distribution (V = const.)

F, load,

=g A
F’ LubrlLant

Lubricant leakage
supply Pocket
pressure p,

cation. Friction is only generated by the shear of the
viscous lubricant. Apart from the viscosity, the rela-
tive velocity between the moving bodies’ lubrication
gap surfaces and the lubrication gap height are decisive
for friction. If both surfaces slide with the same sliding
velocity, the relative velocity is Av =0, i.e., friction
does not occur. However, when the sliding conditions
are identical, the entraining velocity in the lubrication
gap can be high (e.g., in the case of radial sliding bear-
ings, in which the shaft and bushing rotate with the

For a given geometry and constant lubricant volumetric flow

Pinin A 3/ AL 770 33F—0 33

n average viscosity of the lubricant in the lubricant cap

same speed in the same direction) so that the tribolog-
ical system then has a high load-carrying capacity and
a friction force of zero.

Elastohydrodynamic Lubrication
Elastohydrodynamic lubrication (EHL) is a form of hy-
drodynamic lubrication in which elastic deformations
of the lubricated surfaces become significant. The es-
sential prerequisites for hydrodynamic lubrication, such
as a converging lubricating film, the lubricant entraining
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velocity in the converging gap, and a viscous lubricant
between the surfaces, are also important in EHL. Elas-
tohydrodynamic lubrication is normally connected with
nonconformal surfaces (Table 9.3). There are two dif-
ferent forms of EHL: for hard surfaces (hard EHL) and
soft surfaces (soft EHL).

Hard EHL. Elastohydrodynamic lubrication for hard
surfaces (hard EHL) refers to materials with high mod-
uli of elasticity, e.g., metals. Both the elastic defor-
mations and the viscosity’s pressure dependence are
equally important in this type of lubrication. The max-
imum occurring lubricating film pressure is typically
between 0.5 and 4 GPa. The minimum lubrication film
thickness normally exceeds 0.1 wm. When the loads
are those normally occurring in nonconformal contacts
of machine elements, the elastic deformations in hard
EHL exhibit values several magnitudes greater than the
minimum lubrication film thicknesses. Furthermore, the
lubricant viscosity in the lubrication film can change by
a magnitude of 3—4 or more, depending on the lubri-
cant, pressure, and temperature.

The minimum lubrication film thickness A, is
a function of the same parameters as in hydrody-
namic lubrication, but these must be augmented by
the effective Young’s modulus E* and the lubricant’s
viscosity—pressure coefficients «. Table 9.8 indicates
that, in the relationship for the minimum lubrication
film thickness, the exponent for the normal load in
hard EHL is approximately seven times smaller than
it is in hydrodynamic lubrication. This means that, in
contrast to hydrodynamic lubrication, the load only
marginally influences the lubrication film thickness in
hard EHL. The reasons are to be found in the increase
of the contact area as the load increases in hard EHL,
as a result of which a larger lubrication area is pro-
vided to bear the load. The exponent for the lubricant
entraining velocity in hard EHL is greater than in hy-
drodynamic lubrication. Typical applications for hard
EHL are toothed gears, rolling element bearings, and
cam—follower pairs.

Soft EHL. Elastohydrodynamics for soft surfaces (soft
EHL) refers to materials with low moduli of elasticity,
e.g., rubber. In soft EHL, sizeable elastic deformations
occur even at low loads. The maximum occurring pres-
sures in soft EHL are typically 1 MPa, in contrast to
1 GPa for hard EHL. This low lubricating film pressure
only negligibly influences the viscosity during the flow
through the lubrication gap. The minimum lubrication
film thickness is a function of the same parameters as in
hydrodynamic lubrication with the addition of the effec-

tive modulus of elasticity E*. The minimum lubricating
film thickness in soft EHL is typically 1 wm. Applica-
tions for soft EHL are seals, artificial human joints, tires
and nonconformal contacts in which rubber is used.

A common feature that hard and soft EHL exhibit is
the generation of coherent lubricating films as a result
of local elastic deformations of the friction bodies and
thus the prevention of interactions between asperities.
Hence, only the lubricant’s shear generates frictional re-
sistance to motion.

Hydrostatic Lubrication
In hydrostatic lubrication of friction bodies, a pocket
or recess is incorporated in one friction body’s loaded
surface into which a fluid is forced from outside at con-
stant pressure. A pump outside the bearing generates
the lubricant pressure. Hence, the lubricant pump and
the lubricating pocket into which the lubricant is fed
under pressure are the most important features of hy-
drostatic lubrication. The lubricating pocket is normally
positioned opposite the external load. The load-carrying
capacity of a contact with hydrostatic lubrication is also
assured when surfaces are not moving. When the vol-
umetric flow of lubricant into the lubricating pocket is
constant, the minimum lubrication film thickness is pro-
portional to the cube root of the ratio of the average
lubricant viscosity in the lubrication gap and the load,
i.e., the minimum lubrication film thickness is less de-
pendent on the viscosity and the load than is the case in
hydrodynamic lubrication.

Hydrostatic lubrication is mainly used: where the
friction partners’ surfaces do not have any metallic con-
tact, i.e., wear may not occur, not even when ramping up
and ramping down a machine or at low speed; where as
low a friction coefficient as possible must be produced
at low speeds; and where, as a result of less effective
lubricant entraining velocities in the lubrication gap,
the wedge effect cannot produce any bearing lubricat-
ing film hydrodynamically.

9.5.3 Boundary Lubrication

In boundary lubrication, the friction bodies are not
separated by a lubricant, the hydrodynamic lubricat-
ing film effects are negligible, and there are extensive
asperity contacts. The physical and chemical proper-
ties of thin surface films of molecular thickness control
the lubricating mechanisms in the contact. The base
lubricant’s properties are of little importance. The co-
efficient of friction is on the whole independent of the
lubricant’s viscosity. The frictional characteristic is de-
termined by the properties of the solids involved in the
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Adsorption of fetty acids (schematic)
@ carboxylic fatty ester (-COOH)
nonpolar hydrocarbon chain (hydrocarbon ester)

Adsorption of fetty acid esters (schematic)
@ carboxylic fatty ester (-COOH)

—— nonpolar long-chain hydrocarbon ester
— nonpolar short-chain hydrocarbon ester

Fig. 9.14 Adsorption on metal surfaces (after [9.15])

friction process and the boundary layers forming on the
material surfaces, which primarily depend on the lubri-
cant’s properties, particularly the lubricant additives, as
well as the material surfaces’ properties. These bound-
ary layers are formed by physisorption, chemisorption,
and/or tribochemical reaction. The thickness of the
surface boundary layer varies between 1 and 10 nm, de-
pending on the molecule size.

In physisorption, additives contained in the lubri-
cant (e.g., antiwear (AW) additives) such as saturated
and unsaturated fatty acids, natural and synthetic fatty
acid esters, and primary and secondary alcohols are
adsorbed on the tribologically loaded surfaces. Such
materials have in common a high dipole moment be-
cause of at least one polar group in the molecule
(Fig. 9.14).

The coverage of the surfaces follows the laws of
adsorption and is dependent on temperature and con-
centration. A prerequisite for the adsorption of polar
groups is that the material surface exhibits a polar char-
acter so that van der Waals bonds can form. This is
usually attained for metallic materials by oxide films
forming on the surfaces. Problems can arise for ceramic
materials however. While, for example, adsorption of
fatty acids with polar end groups occurs easily on alu-

minum oxide with ionic bonding so that friction is
diminished from a certain chain length onward, adsorp-
tion apparently does not occur on silicon carbide with
covalent bonds so that the friction coefficient is not in-
fluenced [9.2].

In chemisorption, molecules are bonded to the
surface. Substantially more-stable boundary layers de-
velop because chemical bonds with greater bonding
force are formed on the surface (e.g., the reaction of
stearic acid with iron oxide when water is present, as
a result of which metallic soap forms as iron stearate).
Chemisorbed layers have excellent lubricating prop-
erties up to their melting point. At medium loads,
temperatures, and velocities, they produce a sustained
reduction of friction.

Tribochemical reactions between elements of the
lubricant and the metallic material surface form re-
action layers that generally have more thermal and
mechanical load-carrying capacity than layers formed
by physisorption or chemisorption. For this, chlorine,
phosphorous or sulfur compounds are added to the lu-
bricants as additives (extreme-pressure (EP) additives).
The effectiveness of such EP additives depends on the
speed of reaction layer formation, which is influenced
by the reaction’s activation energy, the surface temper-
ature, and the concentration of the additive. EP active
ingredients themselves, or their thermal cleavage prod-
ucts, react with the surface metallic oxide in very short
time (107°~107"s), forming a reaction layer that ad-
heres well and shears easily (Fig. 9.15).

While only very little or no wear appears in hydro-
dynamic and elastohydrodynamic lubrication because
there are no asperity contacts, the number of asperity
contacts grows in boundary lubrication and thus so does
the rate of wear as the load increases. However, com-
pared with unlubricated conditions, the rates of wear in
boundary lubrication are substantially lower.
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Fig. 9.15 Formation of a protective layer by EP active in-
gredients of sulfur compounds. a: metal-sulfide compound;
b: metal surface (after [9.15])
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9.5.4 Mixed or Partial Lubrication

If the load in hydrodynamically or elastohydrodynam-
ically lubricated machine elements grows too large or
the lubricant entraining velocity in the lubrication gap
is too small, the lubricating film becomes too thin so
that asperity contacts appear at some points. This is
mixed friction, in which the states of boundary fric-
tion and fluid friction coexist. The lubricating film is
no longer coherent because individual surface asperities
of the paired parts penetrate it and cause direct contact
of the sliding surfaces. In partial or mixed lubrication,
the normal load is partly carried by hydrodynamic film
pressures and partly by contact of the frictional surfaces
at the asperity contacts. The transition from hydro-
dynamic or elastohydrodynamic lubrication to partial
lubrication does not happen suddenly when the load is
increased but rather the share of the load carried by
the hydrodynamic pressure buildup decreases gradu-
ally, while the share carried by the asperities grows in
equal measure.

9.5.5 Lubrication with Solid Lubricants
and Surface Coatings

In lubrication with solid lubricants and in coatings,
the most important measures for improving friction,
preventing scuffing or seizing, and minimizing wear are
applying metallic (e.g., indium) or nonmetallic layers
(e.g., synthetic resin coatings), forming reactionlayers
through chemical transformation (e.g., phosphatizing),

9.6 Lubricants

Gaseous, fluid, consistent or solid lubricants are used
in mechanical engineering. Gaseous lubricants are uti-
lized, for example, in high-speed, lightly loaded ma-
chines (e.g., ultracentrifuges, gas pumps for nuclear
power plants) or in equipment technology. The most im-
portant group of substances for fluid lubricants are the
mineral oils, as well as synthetic, animal, and vegetable
oils and even water in special applications. Greases and
adhesive lubricants are consistent lubricants. Greases
consist of mineral or synthesis oils that are thick-
ened with, for instance, soaps. There are bitumen-based
adhesive lubricants as well as bitumen-free adhesive
spray lubricants. These are principally used to lubri-
cate larger, open-toothed gears. Solid lubricants are
frequently introduced into fluid or consistent carrier
substances. Solid lubricants are used in pure form only
under special operating conditions. Among others sub-

Fig. 9.16 Solid lubrication made of lubricating varnish:
a: phosphate layer (3 wm); b: binder; c: solid lubricant;
d: base metal (after [9.15])

and using solid lubricants. Nonmetallic layers also
include layers obtained by physical vapor deposition
(PVD) or chemical vapor deposition (CVD) from the
gas phase; the layer has a thickness in the micrometer
range and can be made of, for example, titanium nitride
(TiN), titanium aluminum nitride (TiAIN), chromium
nitride (CrN) or tungsten carbide/carbon (WC/C).

Among the solid lubricants, crystalline solids with
layer lattices (lamina structure) appear particularly suit-
able. Their structure is characterized by lamellae that
can be displaced slightly with respect to each other
along glide planes. Typical representatives are graphite
(C) and molybdenum disulfide (MoS;). Certain plastics
such as PTFE are also used as solid lubricants.

Apart from these, coating layers on metals, which
are adhesive, act as lubricants, and are firm to the
touch, so-called lubricating varnishes, also play a role
(Fig. 9.16). They have a large proportion of solid lubri-
cants and can be used as dry films over a wide range of
temperatures.

stances, solid lubricants include graphite, molybdenum
disulfide, PTFE, etc.

During operation, pressure and shear stresses,
among others, act on a lubricant at different tempera-
tures. The lubricant comes into contact with gases (e.g.,
air), liquids (e.g., water), and solids (e.g., metals, seal-
ing materials, wear particles). In addition, contact with
human skin cannot be ruled out. This results in a num-
ber of requirements that a good lubricant should have.
For a particular application, it should have an appro-
priate viscosity—temperature and viscosity—pressure be-
havior, a low pour point, and preferably not be volatile,
exhibit high-temperature, shear, and oxidation stabil-
ity, and be hydrolysis and radiation resistant in special
cases. Beyond this, a good lubricant should be com-
patible with the constructional materials used and be
nontoxic and not cause any disposal problems.

9°6 | 94 1ed
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9.6.1 Lubricating Oils

Among the fluid lubricants, a difference is made be-
tween mineral oils and synthetic oils.

Mineral Qils
Mineral oils are obtained from naturally deposited
crude oil with the aid of distillation and refining. Crude
oils chiefly consist of hydrocarbons and organic oxy-
gen, sulfur, and nitrogen compounds. The exact compo-
sition of a crude oil depends on its origin (provenance).
When mineral oils are manufactured, systematic selec-
tion of the base oil and control of the manufacturing
process can produce particular compositions and thus
influence desired properties. Mineral oils are mixtures
of hydrocarbons, which can be subdivided as a func-
tion of their structure into open-chain hydrocarbons
(paraffins) and cyclic hydrocarbons (naphthalenes, aro-
matics), which can each be saturated or unsaturated.

Mineral oils’ performance characteristics change
as their working life increases. A primary reason for
diminished performance is gradual oxidization of hy-
drocarbon chains, with aromatics reacting more than
naphthenes and naphthenes more than paraffins. As
a result, sludge-like deposits can form, which im-
pede the oil supply by clogging oil feed lines and
filters. Moreover, the formation of organic acids can be
boosted, which can cause corrosion of machine parts.
This can be prevented in part by admixing additives
(e.g., antioxidants, detergent, and dispersant agents).

More information on their effect and the use of addi-
tives can be found in Sect. 9.6.1, Additives.

Synthetic Qils
Synthetic-base lubricating oils are produced by chem-
ical synthesis from chemically defined structural ele-
ments (e.g., ethylene). Their development has made it
possible to systematically satisfy even extreme require-
ments (e.g., lubricant temperature > 150 °C). Accord-
ing to their chemical composition, synthetic lubricants
are subdivided into synthetic hydrocarbons, which only
contain carbon and hydrogen (e.g., polyalphaolefines
(PAO), dialkylbenzenes (DAB), polyisobutenes (PIB)),
and synthetic fluids (e.g., polyglycols, carboxylic acid
esters, phosphoric acid esters, silicon oils, polyphenyl
ethers, fluorine-chlorine-carbon oils). Typical charac-
teristics of synthetic oils are provided in Table 9.9 and
a comparison of the properties of synthesis oils with
those of mineral oil is presented in Table 9.10.

Synthetic oils have a number of advantages over
mineral oils. They have better resistance to aging (ther-
mal and oxidative stability) and thus their useful life
is three to five times longer. They exhibit a more fa-
vorable viscosity—temperature behavior (with a signifi-
cantly lower dependence of viscosity on temperature),
display better flow properties at low temperatures and
lower volatility at high temperatures, can cover ap-
plications operating at a substantially expanded range
of temperature, and are radiation and flame resistant.
Moreover, synthetic lubricants can be used to obtain

Table 9.9 Characteristics of various synthetic oils (after [9.16])

Property Mineral 0il PAO
Viscosity at 40°C (mm?3/s) 2—4500 15—-1200
Use for oil-sump temperature (°C) 100 150

Use for oil-sump temperature (°C) 150 200

Pour point (°C) —20? —40?
Flash point (°C) 220 230—260?
Evaporation losses® O 4

Water resistance® 1P ar

n-T behavior® O +to O
Pressure—viscosity coefficient (103 m?/N)°¢  1.1-3.5 1.5-2.2
Suitable for high temperatures (=~ 150°C)¢ O +
Suitable for high load® ++f ++f
Compatibility with elastomers® + +2

Price ratios 1 6

4 dependent on type of oil;

b very low, ++; low, +; moderate, O; moderate to high, O to —;
¢ excellent, ++; good, +; moderate to good, + to O; moderate, O; moderate to poor O to —; poor, —;
d difficult to separate since density is identical;
¢ measured up to 2000 bar, amount is dependent on type of oil and the viscosity;

T with EP additives;
¢ inspect when coating

Polyglycol Ester Silicon 0il  Alcoxifluorine
(water insoluble) oil
20—-2000 7—4000 4—-100000 20—-650
100—150 150 150—200 150—220
150—200 200 250 240

—40 —60? —60? —30?
200—260 220—-260 300* -

Oto— + 4F* 24
+2d +t0 0 + +

F F SFaF +t0 0O
1.2-32 1.5-45 1.0-3.0 2.5-4.4
+to O* 4F" ++ ++

++f + = +

O# Oto— ++ +

4-10 4-10 40—100 200—800
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Table 9.10 Comparison of the properties of natural and synthetic base oils for lubricants (after [9.15])

Property A
Viscosity—temperature behavior (viscosity index, VI) -
Low-temperature performance (pour point) —_
Oxidation stability (aging test) =
Thermal stability (heating under absence of oxygen) =
Volatility (evaporating loss) =

Finish compatibility (effect on coatings) AFar
Water resistance (hydrolysis test) Siais
Antirust properties (corrosion test) Sty

Seal compatibility (swelling behavior) O
Flame resistance (ignition temperature) -

Additive solubility (dissolving of larger concentrations) 4+
Lubricity (load-carrying ability) O
Biodegradability (degradability test) =
Toxicity O
Miscibility (formation of a homogeneous phase) St
Price ratio to mineral oil 1

Weighting: 1: +4;2: +:;3: O; 4: —; 5: —
A — Mineral oil (solvent neutral);

B — Rape oil;

C — Polyalphaolefin;

D - Carboxylic acid ester;

E — Neopentyl polyol esters;

F — Polyalkylenglycol (polyglycol);

G — Polyphenyl ether;

H - Phosphoric acid ester;

1 - Silicon oil;

J — Silicate ester;

K — Fluorine-chlorine-carbon oil (chlorotrifluoroethylene)

specific frictional properties, e.g., lower friction coeffi-
cients to minimize power loss in ball bearings or gears,
or higher friction coefficients to increase the transmit-
table torque in friction gears.

On the other hand, synthetic lubricants often can-
not be used as universally as mineral oils since they
have been developed for specific properties. In addition,
they are more strongly hydroscopic (water attracting),
display only slight air release characteristics (risk of
foaming), mix poorly or not at all with mineral oils, are
toxic to a large extent, and are characterized by poor
compatibility with other materials (risk of chemical re-
action with seals, paints, and nonferrous metals) and by
poor solubility for additives. They are not always avail-
able, most notably in certain viscosity classes, and they
frequently cost substantially more. Table 9.11 details
examples of typical areas of application of synthetic
oils.

Biodegradable Qils
Environmentally compatible lubricating oils are in-
creasingly being used, for example, in motor vehicles
and equipment in water protection areas and in hy-

B C D E F G H 1 ]
+ O + + O —— —— 4+ 4+
O ++ ++ + O — - 4+ +
-—- + o + — + O + 4+
- - o + ++ - + ©
O O ++ ++ O O + + ©
- ++ - - - - -— o0 -
-— ++ - - O ++ - o -
++ 4+ - - o - - o -
- ++ - - o O — 0o ©
-— - - - - - ++ 0o -
o + — o - + o — ©
++ O + + O 4+ ++ — -
++ O ++ ++ A+ -+ = -
++ 4++ O O 4+ O @ — ++ -
++ 4++ + + —-— 0 - — -
3 4 1 8 8 350 7 65 25

draulic engineering, in vehicles for agriculture and
forestry, and in openly running gears with loss lubri-
cation (excavators, mills). They are readily and rapidly
degradable, have a low water hazard class, and are tox-
icologically harmless. Their base substances have to be
degraded in a degradability test (e.g., CEC L-33-T-82)
by a defined amount within a specified time and the ad-
ditives used (up to a maximum of 5%) should be poten-
tially degradable. Native oils and native base synthetic
esters as well as fully synthetic esters and polyglycols
are used. Native oils (e.g., rape oil and natural esters)
are unsuitable for high temperatures (>70 °C) and ad-
ditionally have low thermal stability and resistance to
aging. The synthetic oils suitable for continuous high
temperatures are often used as hydraulic oils in agricul-
tural and forestry machines. Polyglycols are used, for
example, as readily biodegradable oils in water engi-
neering.

Additives
Additives are substances that either give new character-
istics to mineral, synthesis or vegetable oils or enhance
already existing positive properties. The quantity of ad-

9°6 | 94 1ed
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Table 9.11 Examples of use of the most important synthetic lubricants (after [9.17])

Product group
PAO (synthetic hydrocarbons)

Carboxylic acid esters

Neopentyl polyol esters

Polyalkylglycols (polyglycols)

Polyphenyl ethers

Examples of use

High-performance oils for diesel engines
Multigrade engine oils

Gear lubrication at high thermal stress
Compressor oils

Aircraft engine oils

Fuel economy oils (low-friction engine oils)

Base oil for high- and low-temperature greases
Applications requiring good and fast biodegradability

Applications similar to those for carboxylic acid esters but especially wherever oxidation stability and
better additive solubility are required

Metalworking fluids

Gear oils (worm gears)

Hydraulic fluids (flame resistant)
Lubricant for compressors and pumps

High-temperature lubricants (up to 400 °C)

Phosphoric acid esters

Silicone oils

Silicate esters

Fluorine-chlorine-carbon oils

Plasticizers
Flame-resistant hydraulic oils

EP additives

Heat exchange fluids

ditive used differs greatly. Thus, circulating or hydraulic
oils may only contain 0.1%, whereas special engine and
gear oils may contain up to 30% additives.

All properties of lubricants cannot be changed by
additives. However, by using additives a clear im-
provement in lubrication can be obtained by modify-
ing some properties. Thus, for example, heat dissipa-
tion, viscosity—density properties, and temperature re-
sistance cannot be influenced by additives. Improve-
ments brought about by additives are obtained for low-
temperature performance, aging stability, viscosity—
temperature properties, and corrosion protection. Only
additives can attain good cleaning performance, favor-
able dispersion behavior, antiseizing properties, and
foam inhibition.

Additives have to be matched to the base oil in terms
of quantity and composition and the presence of other
additives since they respond differently to the base oil
and are not mutually compatible in every case. For ex-
ample, there are antagonistic effects between viscosity
index improves and antifoam additives, between deter-
gent/dispersant additives and antiwear, antiseizing, and

Special lubricants for high temperatures
Base oil for lifetime lubricating greases (e.g., for clutch release bearings for motor vehicle clutches,
starters, brakes, and axle components)

Hydraulic oils for lower temperatures

Applications requiring resistance to ionizing radiation (y rays and thermal neutrons)

Safety lubricants for air and gas compressors

Lubricants for oxygen compressors and for pumps for aggressive fluids

antifoam additives, and between corrosion inhibitors
and antiwear and antiseizing additives [9.15].

A difference can be made between additives that
form surface layers and those that change the properties
of the lubricant itself. Additives forming surface layers
act as a lubricating film above all when there is insuffi-
cient lubrication, as a result of which friction is reduced
and the load-carrying capacity of sliding—rolling pairs
is improved. Among others, this group of additives in-
cludes antiwear (AW) additives, extreme pressure (EP)
additives, and friction modifiers. Adding additives that
form surface layers also has drawbacks though. Thus,
lubricants with additives oxidize faster than normal
mineral oils and corrosive acids and insoluble residues
frequently form. Hence these additives should only be
used when necessitated by the operating conditions.
Additives that modify lubricants influence, for exam-
ple, foaming behavior, corrosion behavior, sludging,
and pour point. Table 9.12 provides an overview of the
most important types of additives and their applications.

During operation, the effectiveness of some addi-
tives can decrease (exhaustion) since reaction with the
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materials or atmospheric oxygen causes their concen-
tration to drop. Once the concentration of the additive
falls below a certain value, an oil change is neces-
sary.

9.6.2 Lubricants (Lubricating Greases)

Consistent lubricants have a flow limit. No movement
occurs below a shear stress that is specific to the lu-
bricant. Only when this flow limit has been exceeded
does the viscosity drop from a virtually infinitely high
to a measurable value.

Lubricating greases consist of three components:
a base oil (75-96 wt%), a thickener (4-20wt%), and
additives (0-5wt%). Suitable thickeners can be dis-
persed both in mineral oils and in synthetic or vegetable
oils so that consistent lubricants are produced. By far,
most greases are manufactured using soaps (metallic
salts from fatty acids) as thickeners. Thus, fatty acids
are dissolved in the base oil at relatively high tempera-
tures and a suitable metal hydroxide (e.g., hydroxides of
sodium, lithium, and calcium or to a lesser extent bar-
ium and aluminum) is added subsequently. Long-chain
fatty acids come from vegetable or animal oils and
can be hydrogenated. Occasionally, not only long-chain
fatty acids but also short-chain acids such as acetic,
propionic, benzoic acid, etc. are used. Then so-called
complex soaps are produced [9.15]. Most soap com-
pounds form a fibrous matrix of interlocking particles,
which retains the base oil (Fig. 9.17).

By contrast, aluminum soaps contain a spherical gel
structure. The grease’s lubricating action is based on the
base oil being dispensed slowly and sufficiently in op-
eration under load. The delivery of the base oil depends
strongly on the temperature. The lubricating grease re-
leases less and less oil as the temperature drops and
the grease becomes stiffer and stiffer (consistency). Be-

Fig. 9.17 Fiber structure of a grease with soap thick-
ener [9.19]

yond a certain temperature limit, this eventually leads
to insufficient lubrication in the friction contact. As the
temperature increases, more and more oil is released.
Simultaneously, the grease ages and oxidizes faster and
the deterioration products produced have an adverse ef-
fect on the lubrication. A standard value is to cut the
grease’s working life and thus the relubrication inter-
val in half for every 15°C rise in temperature above
approximately 70 °C. Below 70 °C, the grease’s work-
ing life and consequently the relubrication interval can
be extended unless the temperature drops below the
lower limit. The type of base oil, its viscosity, and
the additives it contains are decisive for the lubricating
properties.

Lubricating greases are predominantly used at low
speeds since the lubricant results in lower frictional heat
transportation than oil lubrication. The relevant tem-
perature ranges are generally from —70 to +350°C.
Lubricating greases also frequently have the job of pro-
tecting lubricating points from the infiltration of water
and dirt and keeping out small quantities of dirt with-
out disrupting the function. Tables 9.13 and 9.14 present
performance the characteristics and applications of dif-
ferent lubricating greases.

Additives mainly serve to improve particular per-
formance characteristics of the base oils. They must
be uniformly distributed and be dissolved. Additives
can improve the following properties of greases in par-
ticular: oxidation stability, corrosion protection, water
resistance, adhesiveness, and antiwear properties.

The greatest care is necessary when mixing dif-
ferent types of lubricating greases since not all types
of lubricating greases are mutually compatible (Ta-
ble 9.15). Thus, for example, sodium soap grease is
incompatible with nearly all other lubricating greases
with the exception of barium complex soap grease.
Lithium soap grease is incompatible with sodium soap
grease, aluminum complex soap grease, and bentonite
grease. In turn, bentonite grease is incompatible with
all other types of grease.

9.6.3 Solid Lubricants

Solid lubricants are used especially whenever fluid
and consistent lubricants cannot provide the lubricat-
ing action required. This is frequently the case under
the following operating conditions: low sliding speeds,
oscillating motions, high specific loads, high or low op-
erating temperatures, extremely low ambient pressures
(vacuum), and aggressive ambient atmospheres. Solid
lubricants are also used to improve particular proper-
ties of fluid and consistent lubricants, i.e., as additives,
for example, to minimize friction and wear and to guar-
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Table 9.13 Performance characteristics of mineral-oil-based lubricating greases [9.15]

Characteristic Sodium Lithium Calcium Calcium Bentonite
complex
Thickener form Fiber Fiber Fiber Fiber Platelets
Fiber length (jLm) 100 25 1 1 0.5
Fiber diameter (um) 1 0.2 0.1 0.1 0.1
Short description Long fibered Medium fibered Short fibered Short fibered Short fibered
Properties
Drop point (°C) 150—200 170-220 80—100 250—-300 ~ 300
Operating temperature  Upper (°C) 4100 +130 +50 +130 +150
Lower (°C) —20 -20 -20 -20 -20

Water resistance Not stable Good Very good Very good Good
Mechanical stability® (0.1 mm) 60—100 30—60 30—60 <30 30—-60
Corrosion protection” Good Very poor Poor Poor Good
Use
Suitability for ball bearings Good Very good Variable Variable Very good
Suitability for sliding bearings Good Good Variable - -
Primary use Low-viscosity Multipurpose - Multipurpose High-temperature

gear grease grease grease grease
Price Medium High Low Very high Very high

4 Difference in penetration after 60 and 100 000 double strokes
b Can be noticeably improved by additives

Table 9.14 Areas of application of synthetic lubricating greases [9.15]

Mineral oil (benchmark) PAO Ester oils Silicon oils Alkoxyfluorine oils
Upper limit of application (°C) 150 200 200 250 250
Lower limit of application (°C) —40 -70 -70 =75 -30
Lubrication of metals ++ ++ SRR - _
Lubrication of plastics O ++ O Sl dd
Hydrolysis resistance ++ ++ O SR B dd
Chemical resistance + + —_ dede 4+
Elastomer compatibility @) + @) dbditL 44+
Toxicity - 4 3 AF4FF AFarar
Flammability — —_— 4k AL 4+
Radiation resistance — —_ = e dedL
+-++ excellent; 4+ very good; + good; O moderate; — adequate; —— limited; ——— poor

Table 9.15 Compatibility of types of lubricating grease [9.15]

Grease type Na Li Ca Ca complex Bacomplex Alcomplex Bentonite
Na grease - - - + - -

Li grease = ar ar A - -

Ca grease = F = F = =

Ca complex = 3 4 3 = =

Ba complex F + + + + -

Al complex = = = - + -
Bentonite - - - - - -

+ compatible; — incompatible

antee antiseizure performance. Solid lubricants in the on the one hand or improve the lubricating proper-
form of powders, pastes or lubricating varnishes con- ties in oils, greases or bearing materials on the other
tribute directly to the build up of the lubricating film hand.
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Substances with a layer lattice structure (graphite,
the sulfides MoS, and WS,), selenides (WSe,), organic
substances (PTFE, amides, imides), soft nonmetals
(lead sulfide, iron sulfide, lead oxide, and silver iodide),
soft nonferrous metals (gold, silver, lead, copper, and
indium), and reaction layers on the surface (oxide, sul-
fide, nitride, and phosphate layers) are used as solid
lubricants. Graphite needs water to adhere and to reduce
shear strength (low friction) and hence is unsuitable
for use in a dry atmosphere or vacuum. Molybdenum
disulfide adheres well to all metal surfaces with the ex-
ception of aluminum and titanium. It is a highly suitable
solid lubricant for temperatures up to 350 °C but costs
more than graphite. Polytetrafluoroethylene (PTFE or
Teflon) exhibits a low friction factor at low speeds and
high loads and is suitable for temperatures from —250
to +250°C.

Their high proportion of solid lubricants (graphite,
molybdenum disulfide or PTFE) distinguishes lubricat-
ing varnishes from decorative industrial varnishes. They
can be used as a dry film at temperatures between —180
and +450°C. Lubricating varnishes with oil-resistant
binders can also be used in oily systems and are suit-
able, for example, for bypassing the critical break-in
phase without damage or for shortening the break-in
time.

9.6.4 Properties of Lubricants

The properties of fluid and consistent lubricants are
specified by data predominantly determined with stan-
dardized test procedures. It should be noted that not all
results from laboratory tests are meaningful for lubri-
cation applications. Along with viscosity, other prop-
erties of lubricants are density, specific heat, thermal
conductivity, pour point, flashpoint, fire point, foam-
ing behavior, compatibility with sealing materials, and
consistency in the case of lubricating grease. Further-
more, aging resistance is vital since it characterizes the
abatement of the lubricity and thus the useful life of
lubricating oils and determines the oil change interval
(Fig. 9.18).

Viscosity

One of a lubricant’s most important rheological prop-
erties is its viscosity. A fluid’s dynamic (or absolute)
viscosity 7 is a measure of the amount it resists a rela-
tive motion. The dynamic viscosity 7 is defined as the
shear force F required to realize the relative movement
between two planes, acting in the direction of the lu-
bricant flow between the two planes and related to the
friction area A and the velocity gradient dv/dy between
the planes (Fig. 9.19).

Operating life (h)
10°4

5
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2
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10*
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5

2 Mineral oil
10°

5 Rape oil
2
10°

0 20 40 60 80 100 120 140 160 180 200 220
Continuous lubricant temperature (°C)

Fig. 9.18 Influence of the lubricant continuous tempera-
ture on the approximate useful life of mineral-oil-based
and synthetic lubricants (after [9.17])
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Fig. 9.19 Gap flow and velocity gradient for a Newtonian
fluid

Since the shear force per friction area corresponds
to the shear stress t and the velocity gradient to the local
shear strain rate y (also called shear rate), the following
relationship applies

pe F/A T (0.8)
dv/dy y’ '

with y = dv/dy = Av/h, where Av stands for the rela-
tive velocity between the two friction bodies and # is the
lubrication gap height. The absolute value of the shear
force F equals that of the frictional force Fj.

Fluids that can be characterized with (9.8) at con-
stant temperatures and pressures are also called New-
tonian fluids. Many common fluids, especially those
with relatively simple molecular structures, fall into
this group (e.g., undoped mineral oils, synthetic flu-
ids, vegetable oils, water, and gases). The unit for
dynamic viscosity 7 is N's/m? = Pas. Engineering gen-
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erally uses mPas however, which corresponds to cP
(centipoise), which was common earlier.

The viscosity is measured with commercially avail-
able viscometers, which are standardized as rotation,
capillary, falling ball, and falling rod viscometers. Rota-
tion and falling ball viscometers determine the dynamic
viscosity 1, while the capillary viscometer used most
determines the ratio of the dynamic viscosity 1 and the
density p. This ratio is known as the kinematic viscos-
ity v, so that the following applies

V= (9.9)
0

The kinematic viscosity v is a mathematical value, i.e.,
it is not a material property. Its units are m?/s. Usually
however mm?/s is used, corresponding to cSt (centi-
stokes), which was used earlier. The kinematic viscosity
is the basic of the standardization of oils. Table 9.16
shows the 20 ISO viscosity groups (ISO VG) by ISO
3448. The basic of the viscosity groups is the mid-
dle kinematic viscosity vy, at 40 °C. Oils of a viscosity
group can vary £ 10% around the middle viscosity.

The viscosity of substances that do not behave like
a Newtonian liquid is dependent on the temperature,
pressure, shear rate, and mean molecular weight. In
addition, shear strains are dependent not only on the in-
stantaneous shear rate but also on the past shear history
(the lubricant’s memory properties).

Table 9.16 Viscosity groups by ISO 3448

ISO Middle Minimum Maximum
VG Kinematic vis- kinematic vis- kinematic vis-
cosity at 40°C  cosity at 40°C  cosity at 40 °C
(mm?/s) (mm?/s) (mm?/s)
2 2.2 1.98 242
3 32 2.88 3.52
5 4.6 4.14 5.06
7 6.8 6.12 7.48
10 10 9.00 11.0
15 15 13.5 16.5
22 22 19.8 242
32 32 28.8 35.2
46 46 414 50.6
68 68 61.2 74.8
100 100 90.0 110
150 150 135 165
220 220 198 242
320 320 288 352
460 460 414 506
680 680 612 748
1000 1000 900 1100
1500 1500 1350 1650
2200 2200 1980 2420
3200 3200 2880 3520

9.6.5 Dependence of Viscosity
on Temperature and Pressure

The viscosity of lubricating oils greatly depends on the
operating temperature. As the temperature increases, the
viscosity of the lubricating oil decreases considerably.
To design lubricated tribological contacts it is im-
portant to know the viscosity at the operating tempera-
ture since this decisively influences the lubrication film
thickness between the surfaces to be separated. The lu-
bricant’s viscosity—temperature behavior (n—T behav-
ior) is determined metrologically with viscometers and
is frequently specified by simple power and exponen-
tial equations. The following equation from Vogel has
proven to be valuable for lubricating oils used in the field

B
n(T) =Aexp (m) . (9.10)

In this equation, 71 stands for the dynamic viscosity in
Pas, A, B, and C are values specific to lubricants that
have to be determined for every lubricant, and T is the
operating temperature in °C.

Figure 9.20 shows an example for the viscosity—
temperature behavior for liquid industrial lubricants in
accordance with ISO 3448. The selection of a logarith-
mic scale on the ordinate axis and a hyperbolic scale
on the abscissa gives the viscosity curves a straight
gradient. This makes it possible to determine the n-T
behavior with only two measurements.

The viscosity index (VI) is also frequently used in
practice to specify viscosity—temperature behavior. The
viscosity index is a measure of the slope of the straight
lines of viscosity—temperature compared with a refer-
ence lubricant. The higher the VI, the more favorable
the n—T behavior. A high VI is characterized by a rela-
tively mild change of viscosity as temperature changes
and a low VI by a relatively intense change. Oils that
hardly tend to thicken at low temperatures and that do
not become low viscosity too fast at high temperatures,
i.e., oils with a high VI, should be preferred when ma-
chine parts to be lubricated have to operate over a wide
range of temperatures. Common paraffin basic oils ex-
hibit a VI of 90—100, synthetic lubricants have a VI of
approximately 200 and above.

The viscosity of lubricating oils increases as the
pressure rises. The viscosity’s pressure dependence
only really becomes noticeable at high pressure though.
The influence of the pressure decreases as the temper-
ature increases. The viscosity of mineral oil increases
more strongly as the pressure increases as the viscosity—
temperature curve becomes steeper. The viscosity—
pressure behavior can be approximated by

n(p) =no(T)expla (p—pu)l. (9.11)
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Fig. 9.20 Dependence of the dynamic viscosity 1 on the
temperature 7 for the ISO VGs (Table 9.16) at density p =
900kg/m? and VI = 95 in accordance with ISO 3448

In the equation, 1o(T) is the viscosity at 1bar and
the corresponding operating temperature, « is the
viscosity—pressure coefficient, and p, is the ambient
pressure; « is dependent on the base oil (mineral or syn-
thetic) and the additives (Tables 9.12 and 9.17).
Reference [9.1] provides an expression that simul-
taneously reproduces the dependence of the dynamic

1 (Pa)

0 1 2 3 4 5 6 7 8 9 10
p (x10° bar)

Fig. 9.21 Viscosity of the lubricating oil ASME-31G as
a function of pressure and temperature [9.21] (ASME-31G
is roughly equivalent to a lubricating oil ISO VG 46).
Dash-dotted lines: calculations based on (9.11), dashed
lines: calculations based on (9.12), continuous lines:
ASME measurements

viscosity 7 on the state variables pressure p and tem-

perature 7'
1)(D+ECL5_T }

(9.12)

P —Du

B
T.p) = Aexp | ——
n(T.p) = Aexp [ ( 2000

C+T

The dependence of the dynamic viscosity on the tem-
perature is represented by the coefficients A, B, and C
(Vogel equation) and the dependence on the pressure
is described by the coefficients D and E. Tests are em-
ployed to determine the coefficients A—E. Figure 9.21
presents the viscosity of a lubricating oil as a function
of pressure and temperature.

Table 9.17 Viscosity—pressure coefficient o and examples of increasing viscosity for different lubricants [9.20]

Type of oil a250¢(x108 m?/N) "7'",;% at25°C % at 80°C
Paraffin basic mineral oils 1.5-2.4 15—-100 10-30
Naphthene basic mineral oils 2.5-3.5 150—800 40-70
Aromatic solvent extracts 4.0-8.0 1000—200 000 100—1000
Polyolefines 1.3-2.0 10-50 8-20

Ester oils (diester, dendritic) 1.5-2.0 20—-50 12—-20
Polyether oils (aliph.) 1.1-1.7 9-30 7-13

Silicon oils (aliph. subst.) 1.2—-14 9—16 7-9

Silicon oils (arom. subst.) 2.0-2.7 300 -

Chlorinated paraffin (depending on level of halogenation) 0.7—5.0 5—20000 -
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Fig. 9.22a,b Typical flow curves of different lubricants.
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9.6.6 Dependence of Viscosity
on Shear Rate

When the rheological properties are independent of
time, the flow properties of viscous lubricants can be
easily described. Then the shear stress 7 in the lubri-
cant is a simple function of the local shear rate y, i.e.,
T = f(y). If this function is linear so that the shear stress
is proportional to the shear rate, then a Newtonian fluid
exists and the proportionality coefficient is the dynamic
viscosity, which also remains constant when shear rates
vary (Fig. 9.22a). Pure mineral oils generally exhibit
Newtonian properties up to relatively high shear rates
of 10°-10°s~!. At higher shear rates, which occur rel-
atively often in tribological contacts such as toothed

gears, ball bearing, cam-follower pairs, etc., the viscos-
ity’s constancy frequently disappears and the viscosity
decreases as the shear rate increases. The lubricant be-
gins to behave like a non-Newtonian fluid, i.e., the
viscosity now depends on the shear rate.

Pseudoplastic behavior, also known as shear thin-
ning, is characterized by a decrease of viscosity as
the shear rate increases (Fig. 9.22a). Dilatant fluids
manifest the opposite of pseudoplastic behavior, i.e.,
thickening of the lubricant as the shear rate increases
(Fig. 9.22a). Dilatant fluids are normally suspensions
with a high solid content.

The flow properties of greases can be compared
with those of a Bingham substance. In order to generate
a flow, a threshold shear stress must first be overcome
(Fig. 9.22b). This means that grease behaves like a solid
at first. Once the threshold shear stress 1 is exceeded,
the lubricating grease then flows, for example, with
constant viscosity like a Newtonian fluid or even pseu-
doplastically or dilatantly.

Consistency of Lubricating Greases
The behavior of a lubricating grease is frequently de-
scribed by its consistency (plasticity). Penetration ac-
cording to ASTM D-217 and ASTM D-1403 is used as
a characteristic. To determine the penetration, the pen-
etration depth of a standard cone with predetermined
dimensions into the surface of a lubricating grease is
measured in a penetrometer after a penetration time
of 5s at a temperature of 25°C (in units of 0.1 mm).
A difference is made between unworked and worked
penetration. Unworked penetration is measured in the
unused lubricating grease, whereas worked penetration
in measured in already sheared grease that has been
worked under standardized conditions in a standard
lubricating grease mixer. The higher the worked pen-
etration, the softer the grease. Table 9.18 shows the
relationship between penetration and consistency class.

Table 9.18 NLGI consistency classes and applications of lubricating greases (after [9.2]) (NLGI — National Lubricating

Grease Institute)

NLGI  Penetration Consistency Sliding Ball

class (0.1 mm) bearings bearings
000 445—-475 Almost fluid

00 400—430 Semifluid

0 355—-385 Extra soft

1 310—340 Very soft

2 265—295 Soft 1F +

3 220-250 Medium 4F F

4 175-205 Relatively firm +

5 130—160 Firm

6 85—115 Very firm

+ Primary fields of application

Centralized lubri- Gears Water Block
cating systems pumps greases
aF aF
+ +
+ +
+ +

+

+

J’_

321

9°6 | 94 1ed



322

6| 9 Med

Part B

Materials

References
9.1  Gesellschaft fiir Tribologie: Tribologie — Verschlei, 9.12 D. Bartel: Simulation von Tribosystemen — Grund-
Reibung, Definitionen, Begriffe, Priifung, GfT Ar- lagen und Anwendungen, 1st edn. (Vieweg, Wies-
beitsblatt, Vol. 7 (GfT, Moers 2002) baden 2010)
9.2  H. Czichos, K.-H. Habig: Tribologie-Handbuch; Rei- 9.13 P. Deyber: Mdoglichkeiten zur Einschrankung von
bung und Verschleif3, 3rd edn. (Vieweg, Wiesbaden SchwingungsverschleiB. In: Reibung und Verschleif3
2003) von Werkstoffen, Bauteilen und Konstruktionen, ed.
9.3 S. Engel: Reibungs- und Ermiidungsverhalten des by H. Czichos (Expert-Verlag, Grafenau 1982) p. 149
Rad-Schiene-Systems mit und ohne Schmierung, 9.14 0.R.Llang, W. Steinhilper: Gleitlager (Springer, Berlin,
Dissertation (Universitdit Magdeburg, Magdeburg Heidelberg 1978)
2002) 9.15 U.J. Mdller, J. Nassar: Schmierstoffe im Betrieb, 2nd
9.4 A. Gervé, H. Oechsner, B. Kehrwald, M. Kopnarski: edn. (Springer, Berlin, Heidelberg 2002)
Tribomutation von Werkstoffoberflichen im Mo- 9.16 G. Poll: Walzlager. In: Dubbel - Taschenbuch fiir
torenbau am Beispiel des Zylinderzwickels, FVV-Heft, den Maschinenbau, 24th edn., ed. by K.-H. Grote,
Vol. R497 (FVV, Frankfurt am Main 1998) 1. Feldhusen (Springer, Berlin, Heidelberg 2014)
9.5 J.A. Greenwood, J.B.P. Williamson: The contact of pp. 516—531
nominally flat surfaces, Proc. R. Soc. A 295, 300-319  9.17 G. Niemann, H. Winter, B.-R. HGhn: Maschinenele-
(1966) mente Band 1; Konstruktion und Berechnung von
9.6 B.J. Hamrock: Fundamentals of Fluid Film Lubrica- Verbindungen, Lagern, Wellen, 4th edn. (Springer,
tion (McGraw-Hill, New York 1994) Berlin, Heidelberg 2005)
9.7  J.W. Kragelski: Reibung und Verschleifs (VEB Technik, 9.18 W.J. Bartz: Additive - Einfilihrung in die Problematik.
Berlin 1971) In: Additive fiir Schmierstoffe, ed. by W.). Bartz (Ex-
9.8 K.-H. Habig: Tribologie. In: Dubbel - Taschen- pert, Renningen-Malmsheim 1994)
buch fiir den Maschinenbau, 24th edn., ed. by 9.19 G.W. Stachowiak, A.W. Batchelor: Engineering Tri-
K.-H. Grote, J. Feldhusen (Springer, Berlin, Heidel- bology, 2nd edn. (Butterworth-Heinemann, Boston
berg 2014) 2001)
9.9  G. Fleischer, H. Groger, H. Thum: Verschleif und Zu- 9.20 D. Klamann: Schmierstoffe und verwandte Produkte.
verldssigkeit (Verlag Technik, Berlin 1980) Herstellung-Eigenschaften-Anwendung (VCH, Wein-
9.10 K. Wachter: Konstruktionslehre fiir Maschineninge- heim 1982)
nieure (Verlag Technik, Berlin 1989) 9.21 Gesellschaft fiir Tribologie: Zahnradschmierung,
9.11 H. Thum: Verschleifteile (Verlag Technik, Berlin 1992) GfT-Arbeitsblatt, Vol. 5 (GfT, Moers 2002)

Ludger Deters

Institute of Machine Design

Otto von Guericke University Magdeburg
Magdeburg, Germany
ludger.deters@ovgu.de

Dirk Bartel

&

Ludger Deters was Professor of machine elements and tribology at the Otto von
Guericke University Magdeburg for almost 23 years. He retired at end of September
2016. Prof. Deters received his PHD degree from the mechanical engineering
department of the University of Clausthal in 1983. From 1983 to 1994 he worked in
executive positions in different development and design departments of the machine-

building industry. His main research activities at the University of Magdeburg include
tribology, lubrication, slider and rolling bearings, wheel/rail contacts, and friction and
wear of combustion engine parts.

Institute of Machine Design

Otto von Guericke University Magdeburg
Magdeburg, Germany
dirk.bartel@ovgu.de

Dirk Bartel is Professor at the Otto von Guericke University Magdeburg.
In 2000 he completed his PhD and in 2009 his habilitation. Since 2016
he is the head of the institute of competence in mobility (IKAM) and
the chair of machine elements and tribology and since 2018 managing
director of the Tribo Technologies GmbH. Scientifically, he and his team

deal with the development of models for the simulation of lubricated
and unlubricated tribosystems and the experimental study of these at the
model, component and assembly level.



	9 Tribology
	9.1 Importance of Tribology
	9.2 Tribological System (Tribosystem)
	9.3 Friction
	9.4 Wear
	9.5 Fundamentals of Lubrication
	9.6 Lubricants
	References


