Springer Tracts in Mechanical Engineering

Giovanni Straffelini

Friction and
Wear

Methodologies for Design and Control

@ Springer



Springer Tracts in Mechanical Engineering

Board of editors

Seung-Bok Choi, Inha University, Incheon, South Korea

Haibin Duan, Beijing University of Aeronautics and Astronautics, Beijing, P.R. China
Yili Fu, Harbin Institute of Technology, Harbin, P.R. China

Jian-Qiao Sun, University of California, Merced, USA



About this Series

Springer Tracts in Mechanical Engineering (STME) publishes the latest develop-
ments in Mechanical Engineering - quickly, informally and with high quality. The
intent is to cover all the main branches of mechanical engineering, both theoretical
and applied, including:

Engineering Design

Machinery and Machine Elements

Mechanical structures and stress analysis
Automotive Engineering

Engine Technology

Aerospace Technology and Astronautics
Nanotechnology and Microengineering

Control, Robotics, Mechatronics

MEMS

Theoretical and Applied Mechanics

Dynamical Systems, Control

Fluids mechanics

Engineering Thermodynamics, Heat and Mass Transfer
Manufacturing

Precision engineering, Instrumentation, Measurement
Materials Engineering

Tribology and surface technology

Within the scopes of the series are monographs, professional books or graduate
textbooks, edited volumes as well as outstanding PhD theses and books purposely
devoted to support education in mechanical engineering at graduate and post-
graduate levels.

More information about this series at http://www.springer.com/series/11693


http://www.springer.com/series/11693

Giovanni Straffelini

Friction and Wear

Methodologies for Design and Control

@ Springer



Giovanni Straffelini
Industrial Engineering Department
University of Trento

Trento

Italy

ISSN 2195-9862 ISSN 2195-9870 (electronic)
Springer Tracts in Mechanical Engineering

ISBN 978-3-319-05893-1 ISBN 978-3-319-05894-8  (eBook)

DOI 10.1007/978-3-319-05894-8
Library of Congress Control Number: 2015934917

Springer Cham Heidelberg New York Dordrecht London

© Springer International Publishing Switzerland 2015

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or
dissimilar methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt
from the relevant protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, express or implied, with respect to the material contained
herein or for any errors or omissions that may have been made.

Printed on acid-free paper

Springer International Publishing AG Switzerland is part of Springer Science+Business Media
(wWww.springer.com)



To my wife Fabiana, and my daughter
Beatrice



Preface

Mechanical components, manufacturing tools and the majority of engineering
systems with mating parts in relative motion may face serious failures due to wear
or unacceptable energy dissipations due to friction. The resulting costs are very
high, being a significant fraction of the GNPs of an industrialized nation, even if it
is a general feeling that large savings could be achieved with the adoption of
already existing design solutions, such as adequate choice of materials, appropriate
surface treatments, and scheduled maintenance programs.

The present text aims to provide an up-to-date overview of several aspects of
tribology and a theoretical framework to explain friction and wear-related problems,
together with practical tools for their solution. The basic concepts of contact
mechanics, friction, lubrication, and wear mechanisms are introduced, providing
simplified analytical relationships, useful for quantitative assessments. Subse-
quently, the main wear processes are revised and guidelines on the most suitable
designing solutions for each specific application are outlined. The final part of the
text is devoted to the description of the main materials and surface treatments
specifically developed for tribological applications. Tribological systems of partic-
ular engineering relevance are also presented.

The text is intended for students of undergraduate and graduate courses in the
fields of engineering, applied physics, and materials science, who must develop a
sound understanding of friction, wear, lubrication, and surface engineering. Also
technicians, researchers and professionals may find useful indications to solve tri-
bological problems related to their own work.

I would like to thank very much my colleagues from the Laboratory of Metal-
lurgy and Tribology at the Department of Industrial Engineering of the University
of Trento. Special thanks go to Stefano Gialanella, Vigilio Fontanari, Ulf Olofsson
and Luca Fambri for their invaluable help in discussing and preparing the
manuscript.
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Chapter 1
Surfaces in Contact

Friction and wear depend on the characteristics of the mating surfaces. The diffi-
culty to explain and to predict with high accuracy such phenomena reflects the
complex nature of the surfaces, which is determined by the material properties
(such as the microstructure), the geometrical irregularities, the presence of oxides
due to the interaction with the surrounding atmosphere, and the presence of organic
molecules, water vapour or other impurities adsorbed from the environment.
Therefore, when two bodies are brought into close contact, the relevant features of
their surfaces determine the nature of the interaction, which has a mechanical
character, with the formation of a stress and strain field in the contact region, and a
physical-chemical nature, with the establishment of physical or chemical bonds.

To quantitatively evaluate the contact stresses, it is convenient to introduce the
concept of smooth surface, i.e., of a surface free from geometrical irregularities.
This is obviously an ideal vision since it is impossible to produce smooth surfaces
at a molecular level. Using the contact mechanics and, in particular, the theoretical
analysis developed by Hertz for linear elastic bodies under this assumption, useful
relations for the contact stresses and deformations can be obtained. They can be
profitably employed when the bodies are in elastic and frictionless contact, with the
assumption that the radius of the contacting bodies is large compared to the contact
zone size.

This chapter firstly introduces the main concepts of contact mechanics and
the types of material response to the contact stresses. Subsequently, the micro-
geometrical characteristics of real surfaces are illustrated, showing how they affect
the contact at the microscopic level. The chapter is completed with the analysis of
the phenomenon of adhesion, which depends on the physical-chemical interactions
in the contact region.

© Springer International Publishing Switzerland 2015 1
G. Straffelini, Friction and Wear, Springer Tracts in Mechanical Engineering,
DOI 10.1007/978-3-319-05894-8_1



2 1 Surfaces in Contact

1.1 Contact Between Ideal Surfaces

1.1.1 Elastic Contact

From a geometrical point of view, the contact between two bodies may be con-
formal or non-conformal (Fig. 1.1). A conformal contact occurs when the mating
surfaces fit nearly together. Such a contact occurs, for example, in sliding bearings
(between bearing and shaft) or in drawing processes (between wire and tool). If the
contacting profiles are rather different, the contact is non-conformal, and it theo-
retically occurs at a point or along a line. A point contact is present, for example, in
rolling bearings (between ball and seat), whereas a line contact occurs in gears
(between tooth and tooth).

In the case of conformal contact, the nominal area of contact (A,) has a finite
extension and its determination is straightforward. Also in the case of non-conformal
contact, the nominal area of contact is finite because of the local deformations.
Figure 1.2a schematically shows the contact between two spheres of radius R, and

(a) (b) (c)

h

Fig. 1.1 Contacts between ideal surfaces. Conformal contact between the base of a cylinder and a
plane (a), and in a sliding bearing (b). Non-conformal contact between a sphere and a plane (c)

(b)
A
X
r 17
€]
»
YOk
K 0.51
=3
z
0 T T >
0 0.5 1
r/a

Fig. 1.2 a Point contact between two spheres and definition of the coordinates (the x-y plane is the
contact plane, and the z axis lies along the load line directed positively into the lower sphere);
b variation of contact pressure as a function of distance r from the centre of the contact area (for z = 0)
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R, (the subscripts 1 and 2 refer to the two bodies). In this case, the contact is
theoretically in a point. Indicating with E; and E, the elastic moduli of the materials
of the two spheres, the nominal (or apparent) area of contact can be evaluated from
the following relationship:

A, =n-a (1.1)

where a is the radius of the circular contact region, given by:

3-Fy-R\'’

where Fy is the applied normal force, R’ and E' are the reduced radius of curvature
and the effective modulus of elasticity, respectively. They are defined as such:

111
4= 1.3
R R R (1.3)

I 1 [1—v 1-v}

S 1.4

E 2 ( E b ) (14)

where v; and v, are the Poisson’s ratios of the materials of the two spheres.
Figure 1.2b shows the contact pressure distribution (for z = 0). According to the
Hertz theory, it is semi-elliptical:

p=-0(2=0) =pmax /1 = (2)2 (1.5)

and the maximum value, which occurs at the centre of the contact, i.e., at r = 0, and
is known as the Hertzian pressure, is given by:

3Fy
Pmax :m. (1.6)

The evolution of the corresponding surface stresses, in polar coordinates, is
illustrated in Fig. 1.3a for v; = v, = 0.3. Note that a tensile radial stress develops at
the edge of the nominal area of contact. Its maximum value (for r = a) is given by
the following:

1—2v
O-r:pmaxT (17)

The stresses along the load line (z axis) and for r = 0 are shown in Fig. 1.3b. For

symmetry reasons, they are also principal stresses. At the surface: 6, = —p,,,, and
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(a)4 (b) 1
0 2 ‘Cmax
0.2 T
U e sl . -0.2 -
0.2 Gr/p max g -0.4 - 0;=0¢@
-0.4 A !\8-4 20.6 -
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Fig. 1.3 Elastic contact of spheres (v = 0.3): a distribution of normalized Hertzian stresses o, and
o at the surface (z = 0); b distribution of normalized stresses o,, Gg, 0, and T,,x along the z axis,
i.e., moving inside one of the two spheres; ¢ schematization showing the maximum values of
Tmax and Ty,

6, =0p =12 = (1 +V)) Pmax = —0.8 pmax for v = 0.3. In Fig. 1.3b the maximum
shear stress (Tax) distribution along the z-axis is also shown. 1, is defined by:

1
Timax :§|az—ar\ (1.8)

It is oriented at 45° with respect to the contact surface and reaches its maximum
value, equal to Ty.x = 0.31pnax at a distance z,, = 0.48a from the surface (these
values are obtained with v = 0.3).

The stress field far from the z-axis is characterized by the presence of stresses
whose modulus is lower than at the load line. Of particular importance is the
occurrence of a shear stress, Ty, (i.€., normal to the z and y axes), which is due to the
lateral displacement of material beneath the flattened contact area. It is parallel to
the contact surface and is maximum at a depth of 0.5a and at a distance of = 0.87a
from the z-axis. Its maximum value is 0.25p,.x. See the schematization in Fig. 1.3c.

The parameters a, Pmax> Tmaxs Zm,» and the nominal pressure p, (defined by
Fn/A,), for the configurations sphere/sphere (point contact) and cylinder/cylinder
(line contact) are listed in Table 1.1. In the table, the relations for the mutual
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Table 1.1 Equations for the

calculation of the contact Sphere/sphere Cylinder/cylinder
parameters for elastic solids (point contact) (line contact)
a (SFNR’) 173 SFyR'
2E TE'L
5 @R’ 1= [ (4R 1
Ul ( 2Z24) — 2|+
2y ) B a 2
L 2
1— 4R 1
V2 In(22) -2
E, a 2
Pmax 31:N/27Taz 2FN/malL
Po 0.67Pmax 0.78Prmax
TMax 0-31pmax 0'3pmax
Zm 0.48a 0.786a

The parameters Ty, and z, in case of the sphere/sphere contact
are determined considering v = 0.3. The cylinder/plane and
sphere/plane contacts are special cases of the cylinder/cylinder
and sphere/sphere contacts occurring when R; (or R,) tends to
infinity

displacements, §, along the load line are also reported. The parameters a and 6 are
representative of the local elastic strains (for further details on the contact stresses
and displacements see, for example, Refs. [1-3]).

For a conformal contact, the nominal contact pressure is simply given by the
ratio between the applied normal force and the nominal area of contact (A,). The
stress distribution in the contact area, however, is strongly affected by the stress
concentration exerted by the edges. If the radius of curvature of the edge tends to
zero, the pressure at the edge tends to infinity, as schematically shown in Fig. 1.4a,
for a contact between a punch and a plane. Such stress intensification can be
alleviated by rounding the edges. Figure 1.4b schematically shows the contact
between a punch with rounded corners and a plane. A method to calculate the
contact pressures in this case is reported in Ref. [4].

(a) Fn (b) Fx

Contact
pressures

Fig. 1.4 Pressure distribution for a contact between a punch and a plane. In a the radius of
curvature of the edges tends to 0, while in b the effect of a rounding of the edges is shown
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1.1.2 Viscoelastic Contact

Some materials, like polymers, may display a particular deformation behaviour that
is affected by elastic, viscoelastic and plastic processes. Following the application
of a stress o, the total deformation g, is thus given by the sum of three terms: the
instantaneous elastic deformation, €;, the viscoelastic deformation, &,, and the
plastic deformation, &3:

g [ Ept o-t
8[281+82+S3:E+E'(1—6’“)—’—’1—0 (19)

where E is the elastic modulus, E; is the viscoelastic modulus, 7, is a damper
parameter, 1, is the viscosity parameter and t is time. As a consequence, the
nominal area of contact is greater than that predicted by the Hertzian theory, and it
increases with time. As an example, Fig. 1.5 shows the experimental dependence of
the contact deformation displacement, J, as a function of time in the case of a
polypropylene (PP) sphere pressed against an optically transparent plane [5]. In
polymers the viscoelastic contribution is particularly marked if the material contains
an amorphous phase and is at a temperature above its glass transition temperature,
T,. Polypropylene is a semi-crystalline polymer (with about 60 % of amorphous
phase) and has a T, of —14 °C (see Sect. 6.8 for further details on the properties of
polymers for tribological applications).

Similarly to elastic deformations, even viscoelastic deformations are recover-
able, although not instantaneously but over a period of time after unloading. In
addition, energy losses are associated to the viscoelastic loading and unloading
cycles. Such energy dissipation may produce a noticeable material heating (espe-
cially in the case of cycling loading) because of the very low thermal conductivity
of polymers. On the contrary, plastic deformations are permanent. The viscoelastic
and plastic processes strongly depend on temperature and their intensity increases
as temperature is increased, especially above the T,-temperature of the polymer.

Fig. 1.5 Variation of load
line displacement as a
function of time for a
polypropylene sphere pressed
against a plane (modified
from [5])

Increase of displacement, »m
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1.1.3 Elastic-Plastic and Fully Plastic Contacts

If a material behaves in a ductile manner, the applied contact force may induce a
localized plastic deformation if the equivalent stress at the most critical point
reaches the uniaxial yield stress of the material, indicated with oy. In such a case,
the contact is no longer elastic but elastic-plastic [6]. In the case of conformal
contact, yield starts at the surface first, possibly at the edges. In case of non-
conformal contact, yield starts first at the depth z,,, when Ty, reaches the shear
yield stress Ty given by ovy/2 (following the Tresca yield criterion). This means that
subsurface localized yield starts when the Hertzian pressure, py,.x, becomes equal to
1.61loy for a point contact, and to 1.67cy for a line contact. The schematic of
Fig. 1.6a illustrates the condition of elastic-plastic contact in the case of a sphere/
plane contact (where the plane has a lower hardness than the sphere). By further
increasing the applied load, the size of the plastic zone also increases. If the applied
load is removed when the contact pressure is below a specific limit, the additional
loads, of the same magnitude, which are possibly applied, give rise to elastic
deformations only. This phenomenon is also defined by the term elastic shakedown
and will be further considered in the next chapter.

If the applied load is high to the point that the plastic deformation reaches the
surface, the contact becomes fully plastic (Fig. 1.6b). The increase in the plastic
zone size from first yield is made difficult by the local stress triaxiality. Fully plastic
contact is therefore achieved when the nominal pressure (py) reaches a critical
value, called the yield pressure (py) that is greater than the uniaxial yield stress.
Typically, py = boy, where b is a constant greater than unity, which takes into
account the difficulty of the spreading of plasticity (it depends on the geometry
of the contact, the applied load, and the materials properties). As an example, in
the case of a sphere in contact with a plane, it was obtained that b = 2.8 using the
slip-line field theory.

(a) Fn

Fig. 1.6 Elasto-plastic (a) fully plastic (b) and brittle contact (c) between a sphere and a plane
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1.1.4 Brittle Contact

If the yield strength of a material is high and its fracture toughness is low, the
increase in the applied force may lead to brittle fracture at the contact surface.
The contact, in this case, is brittle [7]. A brittle contact may take place when a
micro-crack is present on the surface of one of the two mating bodies and such
micro-crack is subject to a critical opening tensile stress. Consider, for example,
Fig. 1.6c¢ that displays a sphere in contact with a plane that contains a surface micro-
crack, right in correspondence with the outer edge of the nominal area of contact.
Brittle contact occurs if the local radial tensile stress (o,), given by the relation 1.7,
is greater than the critical value, of, given by the following relation:

Kic

T 1.12v7c

where c is the length of the micro-crack and K¢ is the fracture toughness of the
material of the plane. Surface cracks formed in this way are often called C-cracks,
since their shape is conical. A brittle contact may take place even in the absence of a
surface micro-crack if the load is applied in a very concentrated point, as is the case
of the angular contact of a ceramic particle. Figure 1.7 shows the mechanism
proposed by Lawn and Swain [8]. The applied load may promote the formation of a

(1.10)

OF

(@ (b)

v A

B B

(0 ﬂ (d)
C

Fig. 1.7 Formation of radial and lateral cracks by the Lawn and Swain mechanism (modified from
[8]). a Plastic deformation at the angular contact (A) with the formation and opening of a crack
perpendicular to the surface (B); b propagation of the crack with increasing the applied load; ¢ load
removal followed by closing of the perpendicular crack and formation of new radial cracks (C) by
the action of local residual stresses; d spalling when the radial cracks reach the surface

>
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very concentrated plastic deformation due to the large and compressive local
stresses. If it is increased over a critical value, a crack is formed, and it propagates
towards the interior of the plane, perpendicularly to the surface. If the load is then
removed, the local residual stresses may induce the formation of radial cracks that
are parallel to the surface. Such cracks are formed if the initially applied load
exceeds a critical value, which is proportional to the so-called brittleness index,
given by the ratio H/K;c, where H is the material hardness.

1.1.5 Materials Response to the Contact Stresses

The materials constituting the bodies in contact can differently deform to the
applied stresses. The kind of response depends on the applied force, the properties
of the materials’ involved, and the geometry of the bodies in contact. The most
important materials’ properties are the elastic properties, such as the longitudinal
modulus of elasticity and Poisson’s ratio, the yield strength, hardness and fracture
toughness. Table 1.2 shows such properties for some engineering metals, ceramics,
and polymers.

Table 1.2 Selected mechanical properties of metals, ceramics and polymers

Materials E oy H Kic, Eloy |EMH |E/K H/K;
(GPa) | (MPa) | (kg/mm?) | (MPa m'?) m " | (m?

Metals

Ferritic- 207 400 200 140 517.5 |103.5 | 1478 14.3

pearlitic steel

Heat treated | 207 1200 | 430 80 172.5 |49 2600 54

steel

Phosphorus 110 350 120 70 3143 |91.7 | 1571 17.1

bronze

Aluminum 70 275 100 25 254.5 |71.3 | 2800 39.2

alloys 6061

T6

Ceramics

Glass 72 3600 500 0.7 20 144 102,800 | 7140

Alumina 380 5230 1400 4 72.6 [27.1 {95,000 |[3500

Si nitride 310 4250 1800 4 729 |17.2 |77,500 |4500

Si carbide 410 10,000 | 3000 4 41 13.7 102,500 | 7500

Polymers

Nylon 3 60 12 3 50 25 1000 40

HD PE 1 30 2 33 500

PMMA 3 70 30 1 95.5 |28.6 |3000 300

For ceramic materials 6y was obtained from hardness measurements using the relationship:
oy = H/3 [9]. Hardness, H, is defined by the resistance to surface penetration under a given force.
In the text, it is always expressed in kg/mm?, as obtained from Brinell or Vickers tests
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The onset of the elastic-plastic contact is relatively easy in materials with high
values of the ratio E/oy (or E/H), which is called the plasticity index. A brittle
contact, if surface micro-cracks are present, is rather easy in materials characterized
by high values of the ratio E/Ky., while the brittle contact due to action of a
concentrated point load is easy in materials with high values of the ratio oy/Kj.
(both ratios are brittleness indices). In Table 1.2, the calculated indices of the
selected materials are also reported. The data show that metallic materials would
easily provide elastic-plastic (and fully plastic) contact, while a brittle contact is
more common for ceramics. Polymeric materials do not provide easily both plastic
and brittle contacts, although they are characterized by a low yield strength and a
low toughness. Polymers may give a viscoelastic contact if the temperature is
greater than T,.

1.2 Surface Roughness

The concepts and relationships reported in the previous paragraph are strictly valid
for ideally smooth surfaces. However, a close look at the real surface of a solid
body (Fig. 1.8, first zoom) shows that it is not really smooth but consists of
asperities and valleys of variable height, typically between 0.1 and a few micro-
metres. Furthermore, a surface is usually characterized by the presence of defects
such as scratches, holes, cracks, and inclusions, having dimensions up to 10 um or
more. Thus each solid surface is characterized by a certain roughness.

Contaminations, 0.3-3 nm

10-100 nm ; e

0.1-5 um

Asperities
Plastically deformed
layer

Smooth surface

Fig. 1.8 Schematic of the microstructural characteristics of a material surface
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The surface topography is quantified by different geometric parameters. One
parameter, which is widely used in engineering applications, is the average
roughness (also known as centre line average—CLA), which is indicated with R,
and is defined by the following relation:

1 n
Ro==> Iy (1.11)
i=1

where y; are the distances from the mean line of n of points of the roughness profile,
ideally obtained by a surface normal section (Fig. 1.9). Another important engi-
neering parameter is the root-mean-square roughness. It is indicated with Ry
(or with RMS) and is defined by the following relation:

1 n
R, = /;Zyl?. (1.12)
i=1

For a Gaussian distribution of the distances (or, heights) from the mean line, the
ratio Ry/R, ~ 1.25. The parameters R, and R are typically expressed in micro-
metres and are often evaluated from data obtained using a stylus profilometer. With
this method, a diamond stylus is moved along the surface and the vertical move-
ment is measured. Several non-contact methods have been also developed, such as
optical and capacitive methods, which are better suited for soft materials. As an
example, Fig. 1.10 shows the roughness profiles of an AISI D2 tool steel surface
polished to obtain two different finishing levels. As shown in Table 1.3, the surfaces
with higher roughness are those obtained by foundry processes and hot working
processes. After cold working (often in the presence of lubrication) and machining,
surfaces with lower surface roughness are obtained (see, for example, Ref. [10]).
With super finishing processes R,-values down to 0.025 pum (or even less) may be
achieved [11].

The height readings obtained using the stylus profilometer or other methods can
be utilized to calculate several roughness parameters according to international
standards. This is often done with the measuring instruments built in software. In
addition to amplitude parameters, such as R, and R, (and relevant standard devi-
ations), spacing parameters, such as the mean spacing of adjacent asperities, or
hybrid parameters can be calculated [12]. The hybrid parameters are a combination

Yi

mean line

Fig. 1.9 Schematic of roughness profile for the evaluation of parameters R, and R
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Fig. 1.10 Roughness profiles of an AISI D2 tool steel surface metallographically polished to
obtain two different finishing levels: a R, = 0.22 um; b R, = 0.02 pm (mirror finish). Please note
that the x- and y-scales are very different, and the graphs thus give a distorted view of roughness.
The asperities and valleys are not so sharp as they appear in the roughness profiles!

Table 1.3 Typical roughness values, R, in micrometres, of surfaces obtained with different
production methods

Foundry operations Cold working processes

Sand casting 8-25 Stamping 0.6-5
Shell casting 1.54 Rolling 0.16-2
Die casting 0.8-1.6 Drawing 0.5-3
Hot working processes Machining

Forging 4-15 Turning 0.4-3
Rolling 10-25 Grinding 0.1-1.2
Extrusion 0.8-4 Lapping 0.05-0.4

of amplitude and spacing properties. An example is the mean slope of the profile
that varies on average from 1° and 5° and is generally less than 10°. It may be
evaluated from surface topography measurements data by calculating all slopes
between each two successive points of the profile and then making their average. If
obtained in this way, it is also indicated with A,. An experimental relationship
between A, and R, is [13]:

A, =0.108 - R} (1.13)
where A, is in degrees and R, in micrometres. It has been obtained by stylus
measurements on lapped and ground stainless steel plates. It has to be considered,
however, that Eq. 1.13 is valid only for the given conditions. In fact, surfaces with
different A,-values can display similar amplitude parameters and, in general, one
parameter is not able to characterize alone the topography of surfaces [14].
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If the surface of an engineering material is observed even closer (Fig. 1.8, second
zoom), the existence of different surface layers can be recognized:

(1) A deformed layer;
(2) A reacted layer;
(3) A contaminated layer;

The characteristics of the plastically deformed layer depend on the material and
the manufacturing processes. Typically, in metals a work-hardened layer is formed
with possible local microstructural modifications (such as the formation of white
layers that will be considered in Sect. 6.1.1). The reacted layer is formed sponta-
neously due to exposure to the surrounding environment. In metals, an oxide layer
is formed after exposure in air. In ferrous alloys, a mixture of Fe;O4 and Fe,O5 is
observed at the top surface layer. In addition, FeO may be present in an interme-
diate layer above the bulk. A very thin and compact layer of chromium oxide,
Cr,05, covers stainless steel. On the surface of aluminium alloys a thin layer of
amorphous Al,O5 oxide is present, possibly covered by a thicker and porous layer
of hydrate oxide. On the surface of copper two oxide layers may be present: an
innermost Cu,O covered by CuO. The surface oxides have a typical thickness of
10 nm. They are well bonded to the metal if the ratio between their specific volume
and that of the underlying metal is greater than 1. This happens in most metals such
as iron, aluminium, copper, nickel, cobalt, zinc, chromium, molybdenum (and their
alloys). In titanium, however, this ratio is less than 1. Surface oxides may be also
present on non-oxide ceramics such as carbides or nitrides. In polymers, no oxides
are present on their surface.

The outermost contaminated layer is made up of water vapour, hydrocarbons,
and gases and has a typical thickness of 2 nm. The contaminants are mainly
physically adsorbed on the surface through rather weak van der Waals forces. The
adsorption of hydrocarbons is particularly important if the component is operating
close to lubricated machinery, since oils tend to vaporize.

1.3 Real Area of Contact

When two surfaces are brought into contact only few asperities actually touch each
other, as shown schematically in Fig. 1.11. The real area of contact (A,) is therefore
given by the sum of the individual areas (A;) that form at each contact spot:

N
A=A (1.14)
i=1

where N is the number of contacting asperities. A; is therefore smaller than the
nominal area of contact, A, (it is typically 107°=107° A,).
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Q ; Plastic contact

Nominal area of
contact

Real area of contact

Fig. 1.11 Definition of nominal and real area of contact and lay out of the junction between two
plastic asperity contact

The contact at the asperities may be elastic, plastic, or mixed. Greenwood and
Williamson proposed a simplified model assuming the contact between spherically
shaped asperities with the same radius of curvature and that follow a Gaussian
height distribution [15]. They proposed the following index:

E* Jo,
¥Y=—r,/— 1.15
H Rs ( )

where E* = E'/2, H is the hardness of the softest material in contact, o, is the
composite standard deviation of the asperity height distribution, and Ry is the
composite asperity radius (1/R; = 1/R; + 1/R;). Both o, and R, can be obtained
from profilometry data. Greenwood and Williamson obtained that when ¥ < 0.61
the elastic contact at the asperity tips dominates, whereas when W > 1 the plastic
contact dominates. Therefore, the kind of contact depends on the plasticity index
and the roughness characteristics of the surfaces. With reference to the data listed in
Table 1.2, it can be then argued that in metals the contact at the asperities is almost
always plastic since the plasticity index is quite high. On the contrary, in ceramics
or polymers the asperity contacts may be prevailing elastic if their surface rough-
ness is sufficiently low. In practice, when engineering polymers and ceramics are
involved, the contact at the asperities may be assumed to be mixed.

A simple relation for A, can be obtained in the case of plastic contacts at the
asperities (Fig. 1.11). At equilibrium:

N
FN:ZPYAi :pyAr (116)
i=1

where N is the number of asperity junctions. Then

Py

A, (1.17)

The yield pressure (py) is given by boy as described in Sect. 1.1.3, and b
depends on the geometry of the asperities. To a first approximation py = H, where
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H is the hardness of the material or, better, its microhardness. In the case of elastic
contacts a relation for estimating A, can be obtained by the Greenwood and Wil-
liamson model:

(1.18)

In either plastic or elastic contacts, A, is thus independent from A, and it is
proportional to the normal load, Fy. In plastic contacts, A, decreases as the hardness
of the softest mating material is increased, whereas in elastic contacts, A, decreases
as E* is increased and the composite roughness is decreased (in particular, as the
radius if the asperity tips is increased and the scatter in the height distribution is
decreased). It is argued that as normal load is increased, the number N of asperity
contacts is increased as well, whereas the average contact size is almost indepen-
dent from load. In fact, as load is increased the size of pre-existing contact spots
increases, but new contacts of smaller size also form. N can be estimated by
assuming that each junction is circular in shape, with a mean radius r:

A, Fy

N = =— O e—
nrr  pymr?

(1.19)

This relation is valid if the nominal pressure is low (roughly less than 6y/2). In
fact, if the applied load becomes so high that A, tends to A,,, the average size of the
contact spots increases and N decreases (at the limit, when A, = A, only one macro
junction is formed).

The experimental evaluation of r is quite difficult. In the case of metals, typical
values reported in the literature are of the order of 10 °—10"° m, and it is common
that r is inversely proportional to py [16].

1.4 Adhesion Between Surfaces in Contact

If two bodies are brought into contact with an applied normal force, a force may be
required to pull the surfaces apart after removal of the normal force (Fig. 1.12a).
This force is called adhesion force, since the phenomenon of adhesion at the
asperity contacts is responsible for its appearance. As an example, Fig. 1.12b shows
the measured force between a bioskin probe and different surfaces. The maximum
negative force can be taken as the adhesion force.

The adhesion between two surfaces may be due to mechanical, chemical, or
physical interactions at the areas where the materials are in intimate contact, pos-
sibly favoured by local intense plastic deformations (Fig. 1.11). In the contact of
engineering surfaces, the adhesion at these junctions is mainly due to the formation
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Fig. 1.12 a Adhesion
between two bodies in contact
and definition of adhesion
force, Fop. b Adhesion test
between a bioskin probe and
two different surfaces. The
probe was firstly pushed
against the surfaces with a
force of 1 N. Then it was
retracted and the force
between the probe and the Y12
surface was recorded. More
negative force shows that the
probe was more stuck to the
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of rather weak van der Waals bonds and also hydrogen bonds in polymers. They
involve surface atoms that have free unsaturated bonds, or dipole-dipole interac-
tions between polar molecules. Strong interactions, characterized by chemical
bonding or interdiffusion phenomena, can occur during the deposition of thin
coatings on various substrates, as discussed in Sect. 7.5.2.

A theoretical evaluation of the adhesion forces is quite difficult. Because of this,
the thermodynamic concept of the work of adhesion per unit area has been intro-
duced. It is usually indicated with W, (where the subscripts refer to the two
materials in contact) and represents the energy that must be theoretically supplied to
separate two surfaces in contact. It is defined as the following:

Wo=y+7—7n (1.20)

where y, and vy, are the surface energies of the two bodies (more precisely, the
surface energies of the interfaces with the surrounding environment) and 7y, is the
surface energy of the interface that the two bodies form when they are in contact.
Surface energies vary between 1 and 3 J/m? for clean metals, between 0.1 and 0.5
for ceramics and are lower than 0.1 J/m? for polymers [17].
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Z;Egy lf':r ;i/f;“fi‘izz toli:‘t‘gfl‘;’ Metal |y (/m?) |Ceramic |y (/m?) |Polymer |y (/m?)
the data relate to clean Fe L5 ALO; 0.8 HDPE 0.035
surfaces and are taken from Cu 1.1 710, 0.53 PMMA | 0.045
Refs. [17, 18] Al 0.9 TiC 0.9 PA6 0.05
Ni 1.7 ZrC 0.6 PVC 0.045
Ag 0.9 PTFE 0.018
Pb 0.45
Cr 1

In Table 1.4, typical values of the surface energy for some materials are listed. In
the case of metals, the reported values refer to clean surfaces but with the presence
of an unavoidable (albeit thin) native oxide layer. The possible presence of organic
contaminants on the surfaces strongly affects their surface energy values and, in
general, tends to reduce them.

Since the determination of y;, is quite difficult, the work of adhesion is better
estimated by the following relationship:

Wiz =c(y1 +12) (1.21)

where ¢ is a constant that is 1 for the contact between identical materials, and
decreases as the tribological compatibility between the materials is decreased. The
definition of tribological compatibility is not simple. Following Rabinowicz [18],
two metals can be considered compatible when their phase diagram shows that they
have high mutual solubility (>1 %) and are capable of forming intermetallic
compounds. Two metals are partially compatible if they show a limited mutual
solid solubility, between 0.1 and 1 %. They are partially incompatible if their
mutual solid solubility is less than 0.1 %. Finally, two metals are incompatible if
their mutual solubility is negligible. Following this approach, Rabinowicz has
determined the compatibility chart shown in Fig. 1.13. With reference to experi-
mental data, the compatibility parameter, c, is then set to 1 for identical metals, 0.5
for compatible metals, 0.32 for partially compatible metals, 0.2 for partially
incompatible metals and 0.12 for incompatible metals. In the contact between
ceramics, ¢ can be set to 0.6 for compatible ceramics (such as two oxides or two
nitrides), and 0.36 for incompatible ceramics. In the contact between polymers, c
typically ranges from 0.8 to 0.95 [19]. The contacts between metals and ceramics,
metals and polymers and ceramics and polymers can be assumed to be tribologi-
cally incompatible, and ¢ can be set to 0.12 in every case.

In real contacts the adhesion force, Faop, is expected to be proportional to the
product of the work of adhesion and the real area of contact, A,, since the van der
Waals bonds form only at the asperity contacts. We may thus write: Fap ® Wi, A..
Considering Eq. 1.17 we can thus obtain an expression for the so-called adhesion
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W Mo [Cr | Co | Ni |Fe|Nb |Pt|Zr |Ti |Cu|Au |Ag|Al |Zn | Mg |Cd|Sn |Pb|In
In O A| A A|A|O A|A|A|A|m
Pb o|oojo |AJA]A]|DO 0o |o A|lm
Sn m] A A A | A Alm
Ccd Al A A|A|lo|A|A |m
Mg O A A|A|AA ]
Zn A|lA|A]A A A|lA|A|A|n
Al | A A A|A|A A|A|A |A|n
Ag | O o |o|o|o A A A |m
Au | A A A A A| A Alm
Cu o |g|A|A Al A u
Ti |[A|A | A AlA|A A u
Zr A A A ]
Pt |[AJA|JA|JA|AA|A |m
Nb | A|A |A|A|A|A|E
Fe |A|A |[AlAIA]SR o Incompatible
Ni [A|A |A]A|R o Partially incompatible
ColA|A AR Partially compatible
Cr | A|A |m A Compatible
Mo | A |m u Identical
W s

Fig. 1.13 Compatibility chart for metals (modified from [18])

coefficient, given by the ratio Fap/Fy, where Fy is the load applied to establish the
contact:

Fap Wi A Wi
FN py'Ar - H

(1.22)
where H is the hardness of the softest material in contact (if the two materials are
different). In Table 1.5, the ratio W,/H is calculated for some material pairs. It can
be noted that iron and silver are incompatible and the relative W,,/H-value is lower
than that corresponding to the Fe—Fe pair. However, iron and lead are also
incompatible, but their W,/H-ratio is quite high. This is because of the low
hardness of lead that gives rise to a large real area of contact. The Fe-polymer

Table 1.5 Calculation of the

W ,/H-values for some metal ¢ Wiz (/m?) | H (kg/mm?) W‘3/7H

pairs. H is the hardness of the (0 " m)

softer metal in contact Fe-Fe 1 3 80 0.038
Fe-Ag 0.12 | 0.29 50 0.006
Fe-Pb 0.12 | 0.23 4 0.058
Cu-Cu 1 2.2 80 0.028
Fe-Cu 0.32 | 0.83 80 0.01
Fe-Polymer |0.12 |<0.2 10 <0.002
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Fig. 1.14 Coefficient of 2 T
adhesion versus W »/H (H is i i :

the hardness of the soft metal)
obtained by McFerlane and
Tabor (modified from

[18, 22])

Coefficient of adhesion
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contact is characterized by a low Wj,/H-value because of the very low work of
adhesion given by the low y-values of polymers.

The experimental verification of relation 1.22 by tensile pulling on the interface
is quite difficult for different reasons. First of all, it is common experience that
adhesion is usually very poor in ordinary conditions. This is because surfaces are
usually very contaminated and Wy, is thus quite low. In order to carry out pull-off
force measurements with available instruments, the surfaces have to be very clean.
But despite this, two more and interrelated effects may render the experimental
determination of Fap very difficult. They are connected to the elastic deformations
at the contact asperities. After unloading, the elastic part of the local deformation is
released and the spring-back favours the detachment of the junctions. Such an effect
is particularly pronounced when an elastic contact at the asperities is prevailing and
when the dispersion in asperity heights (given by o) is quite large [20]. The highest
adhesion and the highest Fpop-values are thus achieved when the contacting
materials are soft and the local elastic deformations are low, and when all asperities
are of the same height and thus the junctions broke simultaneously during
unloading [21].

In Fig. 1.14, the classic results of McFerlane and Tabor are shown [18, 22]. The
graph shows the experimental coefficient of adhesion of a clean steel ball pressed
for 1000 s against different clean planes made of soft metals. The experimental data
highlight an increasing trend of the coefficient of adhesion with the ratio W,/H, in
good agreement with Eq. 1.22.
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Chapter 2
Friction

A tangential force, Fr, is required to start the relative motion between two bodies
kept in close contact by a normal force Fy (Fig. 2.1a). Such a force is called friction
force and is required to overcome the static friction force, Fy, which opposes the
motion. The ratio Fr/Fy = g is the coefficient of static friction. In general, pg is
independent from the nominal area of contact while it can depend on Fy and on the
properties of the mating materials and their surfaces.

To keep the two bodies moving one with respect to the other with a given sliding
speed, it is necessary to apply a tangential force to counteract the kinetic friction
force. In this case, the ratio Fr/Fy = p is the coefficient of kinetic (or dynamic)
friction. This coefficient too is generally independent from the nominal area of
contact while it may depend on Fy, the sliding speed (specially at high speeds), on
the materials in contact and on their surfaces. The coefficient of static friction is
often higher than the kinetic one, as depicted in Fig. 2.1b, although it is not
always so.

In this chapter, the influence of friction on the contact stresses and the surface
plastic deformations will be firstly outlined. Then, the adhesive interactions
between the asperities and the local plastic deformations will be considered toge-
ther. This will allow us to obtain a unified view of the origin of friction, highlighting
the role of the work of adhesion, the transfer phenomena and the initial surface
roughness. The phenomenon of stick-slip, the rolling friction, the influence of
abrasion on friction and the friction induced surface heating will be finally treated.

2.1 Influence of Friction on the Contact Stresses

The presence of friction between two surfaces in contact and in relative motion
changes the stress field in the contact region with respect to the frictionless contact
described in the previous chapter. Consider the elastic contact between two smooth
ideal surfaces. Figure 2.2 shows the contact stresses in the case of an elastic
cylinder sliding (from left to right) over an elastic-plastic flat surface, with a
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(a) Fx (b) 4

Ff =>

Time or sliding distance

Fig. 2.1 Schematic showing the forces needed to move two bodies in contact, with relevant
definition of coefficients of static and kinetic friction

Fig. 2.2 Cylinder sliding on a flat surface with friction (from left to right). Stress distribution on
the flat surface in the area of contact

coefficient of friction p." The stresses at the flat surface are indicated. The presence
of friction has two consequences [1, 2]:

(I) It induces a shear stress, 1,y, given by 1, = up;
(2) It establishes a stress in the y direction (¢’,), which is a compression stress
where the contact begins and a tensile stress at the end of contact.

Therefore, if we consider a material element at the flat surface, the sliding of a
cylinder against it induces, in addition to the Hertzian stress p due to the applied
load, a stress field characterized by an initial compression (¢/; < 0), followed by
shearing (t,y) and then by a tensile stress (¢’; > 0). Conversely, an element on the
surface of the cylinder and located at the contact front experiences a tensile stress

'If not otherwise indicated, the friction coefficient is the kinetic one.
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(¢’; > 0), an element on the load line experiences a shear stress (t,,) and an element
on the rear of the contact experiences a compressive stress (¢/; < 0).

For the calculation of the maximum values of ¢’, the following relations can be
used [3, 4]:

4
a;(max) = ;— “r. U Pmax (point contact) (2.1)
Timax) = 2 I * Pmax (line contact) (2.2)

In Fig. 2.3 the stress evolution at the load line (y = 0) for a cylinder/cylinder contact
with sliding is shown. The cylinders are in relative motion and the role of three values
of the friction coefficient is considered. The figure shows the evolution of T,,,x/Pmax as
a function of the ratio z/a, i.e., of the normalized depth. It can be noted that with a
friction coefficient slightly higher than about 0.2 the peak shear stress at the surface
reaches the maximum recorded value in the subsurface region, i.e., at z=0.786a. With
friction values greater than about 0.25, the maximum shear stress at the surface
exceeds the subsurface value. This has an important consequence on the elastic-plastic
behaviour of the materials. In fact, as p is increased over 0.25, plastic deformation
starts at the surface and at applied loads that are lower than in the frictionless contact.

In Fig. 2.4 the influence of friction coefficient on the onset of yielding (first
yielding) for a line contact is shown. As long as p < 0.25, first yielding takes place in
the subsurface region and when pp,../Ty = 3.1 (see Sect. 1.1.3), whereas for p > 0.25
first yielding takes place at the surface.

An important situation is that of repeated contacts, like repeated sliding on a
plane, or in the case of rolling-sliding. As already introduced in Sect. 1.1.3, if first
yielding occurs but p,.x is below a specific limit, elastic shakedown occurs. This
means that after first yielding a system of residual stresses is generated that allows
the load that is successively applied to be carried out entirely in an elastic manner.
The situation is depicted in Fig. 2.5a. In a frictionless contact, the elastic shakedown
limit is given by pmax/ty = 4. When friction is present, the shakedown limit is
decreased as shown in Fig. 2.4. Two boundaries are here shown. The first one
pertains to materials that behave in an elastic-perfectly plastic manner and the
second to materials that show a kinematic-hardening behaviour. In this latter

r 3
0.4 4l 0;0.2;0.3
» l’
£ s
\Q‘ v
5 02p7
=] 1
o
0 - - - T > 7/a
0 1 2

Fig. 2.3 Evolution of the maximum shear stress (t,,x) along the z-axis for a cylinder/cylinder
elastic contact, under sliding and for different values of the friction coefficient
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Fig. 2.4 Influence of friction on the first yielding and elastic shakedown limit for a Hertzian line
contact (modified from [1, 2])
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Fig. 2.5 Materials response to repeated loading. a Elastic shakedown; b cyclic plasticity, with
hysteresis loop; ¢ ratcheting with incremental plastic strain (modified from [2])

condition, the elastic shakedown limit is almost unaffected by p as long as p < 0.25,
whereas when p > 0.25 the limit is given by pp./ty = 1/

If the applied stress is larger than the elastic shakedown limit, the materials will
strain harden and will undergo a steady-state cyclic plasticity if repeatedly loaded
(Fig. 2.5b). Also in this case, a plastic shakedown limit can be recognized, above
which the material undergoes ratcheting with an incremental accumulation of
plastic strain (Fig. 2.5c).
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2.2 Friction and Plastic Deformation at the Asperities

As examined in Chap. 1, real surfaces are not perfectly flat and when they are
pressed together contact spots occur at their asperities. In most cases, like in metals,
such contacts are predominantly plastic. The presence of friction has important
consequences that will be analysed using a simple approach, with reference to the
situation in which A/A, K 1, i.e., pg K py-

If two bodies in contact are subjected to sliding with a velocity v, the junctions
tend to continuously break off and then reform in other points. A dynamic equi-
librium is thus reached characterized by the same rate of formation and breaking of
the junctions. The detachment of each junction takes place at a critical shear stress
(tm), acting at the interface between two asperities in contact. Such a shearing
process is necessary because of adhesion and it is also associated to the plastic
deformation at the asperities. In the simple scheme in Fig. 2.6, each volume element
at the asperity junction is submitted to a compressive stress, G., given by
o. = FN/A,, and at a shear stress 1,,, given by 1, = F1/A,. Due to the shear stress,
yielding is achieved when:

o> + ot = o3 (2.3)
where o is a constant equal to 4 if the Tresca yield criterion is adopted. Usually, oy
is replaced with py and the constant o assumes values larger than 4. On the bases of
experimental data, some Authors proposed o = 9, others a = 12 or a = 25.
Considering a = 12 [5, 6], Eq. 2.3 becomes:

o> + 1274 = p} (2.4)

(@) (
Fn

o e
N

> F

Fig. 2.6 Schematic showing the stresses acting on each asperity junction. a Static contact;
b sliding contact
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A consequence of the greater ease of plastic deformation at the junctions is the
increase of the real area of contact. In fact, with appropriate substitutions, Eq. 2.4
becomes:

F,
A =21+ 122 (2.5)

Py

As an example, Fig. 2.7 shows a cross section of the surface of a Ti-6Al-4V
specimen after dry sliding against a counterface of the same alloy. The maximum
contact pressure was 325 MPa (the applied load was 100 N), and the sliding speed
was 0.063 m/s. In these conditions a friction coefficient of about 0.5 was recorded
[7]. The micrograph shows a large shear deformation of the grains located at the
surface in the direction of sliding. The extent of plastic deformation decreases
moving towards the inside of the material for a thickness depth of around 20-25 um,
which is of the same order of the plastic junctions size. We can therefore say that
friction induced a considerable surface microplastic deformation by shear, which is
confined at the asperities (the comparison with the undeformed grains allows an
estimation of surface plastic deformation of more than 200 %), with an estimated
increase in A, from 100/(350 x 9.81) = 0.0291 mm? after the initial static contact, to

0.0291 v/1 + 12 -0.52 = 0.0582 mm? during sliding (with an increase of 100 %).

Considering that the uniaxial yield strength of this titanium alloy was about
980 MPa, it turns out that T, * 490 MPa (following the Tresca yield criterion) and
Pmax/Ty ¥ 0.66. From Fig. 2.4, it would seem that during sliding surface yielding is
not occurring. The discrepancy with the experimental result is due to the fact that
the relations given in Sect. 2.1 refer to ideally flat surfaces and thus give infor-
mation on the macroscopic behaviour of the solids in contact. However, at asperity
contact points, plastic yielding is certainly achieved. In addition, during sliding the
asperities may undergo a cyclic loading due to the repeated contacts, with a
continuous accumulation of plastic deformation by ratcheting, which, together with
the local compressive state of stress, leads to plastic deformations that are much
greater than those typically found after tensile testing.

Fig. 2.7 Plastic deformation
at the asperities in the

Ti- 6Al -4V alloy, subjected
to dry sliding (Fy = 100 N,
v =0.063 m/s) [7]
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In general, if the coefficient of friction is low, i.e., typically less than 0.15, the
additional plastic contribution by shearing is limited. But if friction coefficient is
comparatively high, in excess of 0.3, plastic deformation at the asperities can be
quite pronounced since local ratcheting effects become important. Such deforma-
tions involve a depth comparable to the junction size and induce a considerable
junction growth. They will also possibly promote local damage effects, contributing
to wear processes, as will be discussed in the next chapters. In the engineering
evaluations, the hypothesis of smooth surfaces that is the basis of the evaluations
described in the previous paragraph, has to be used with caution when friction
coefficient is greater than 0.3.

In addition to plastic deformation, the asperities in contact undergo local heating
and may also interact with the counterface and the surrounding environment. All
these phenomena, which will be considered in more detail in the next paragraphs,
cause the formation of a surface tribological layer (or friction layer) whose char-
acteristics contribute to determine the system response (in terms of friction and
wear) to tribological loading.

2.3 The Adhesive Theory of Friction

The theory in the first place considers that the tangential force, Fr, required to
maintain a sliding velocity, v, between two bodies in contact, on which a normal
force, Fy is acting, is due to the critical shear stress (t,,,) required to separate the
asperities in contact [8]:

Fr = TnA, (2.6)

Using Egs. 2.5 and 2.6 along with the definition of friction coefficient, the following
relationship is obtained [9]:

T 1

N=———
2
pY\/lflz(M)
py

which is graphically shown in Fig. 2.8. It can be seen that p tends to very high
values as the t,,/py ratio is increased (p tends to infinity if t,,/py tends about 0.29,
which is the maximum allowed value; such a value would be 0.5 if a is set to 4
according to the Tresca yield criterion). On the contrary, when the ratio t,,,/py tends
to low values, the coefficient of friction tends to 0. When it becomes less than, say,
0.15, the contribution of the junctions’ growth may be neglected and the relation 2.7
can be simplified in the following way:

(2.7)
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Fig. 2.8 Graphical
representation of Eq. 2.7,
which illustrates the
dependence of friction
coefficient on the ratio t,,/py

Friction coefficient

u :pT (2.8)

In the case of prevailing elastic contacts at the asperities, the use of Eqs. 1.17 and
2.5 is not valid. The real area of contact can be expressed by Eq. 1.18. Hence,
combining Eq. 1.18 with Eq. 2.6, a relation for p can be obtained:

T m

_e 2.
p=cop (2.9)

where ¢ = 3.2 1:—

To explain the magnitude of friction that is generated between two surfaces in
contact and in mutual sliding, it is therefore necessary to understand the meaning of
T The adhesive theory of friction assumes that friction is due to the adhesive
interactions at the asperities that form junctions during the contact time (roughly
given by 2r/v, where r is the average junction radius and v is the sliding velocity).
Following the ideas exposed in Sect. 1.4, it can be then proposed that 1, is a
function of Wy,, which has the dimension of a force per unit length. In a very
simplified approach, 1, is taken to be directly proportional to W1,. This means that
in the case of plastic junctions:

W2

— 2.10
poc— (2.10a)
whereas in the case of elastic junctions:
Wiz
2.10b
< (2.100)

As a matter of fact, the measurement of friction coefficient is often considered as a
quick and simple way for evaluating the adhesion (and the work of adhesion)
between two surfaces [10]. In this respect, a few significant examples are reported


http://dx.doi.org/10.1007/978-3-319-05894-8_1
http://dx.doi.org/10.1007/978-3-319-05894-8_1
http://dx.doi.org/10.1007/978-3-319-05894-8_1
http://dx.doi.org/10.1007/978-3-319-05894-8_1

2.3 The Adhesive Theory of Friction 29

(a)r4 ; (b) 085 T T r r T
o o 06f | ] | E
5 12 B $ o
B o 055 F + + 1 + 3
= b= Ir o
G 10 . @ 05F ! 1 Lt 3
8 H Feo 5@
c 08[ ] = 0451 ! 1 Co N | 3
o 5 o
F=1 S 04L | | | ] 1
B o Re
= 06 1 ! ] = Rh . °©
- Sorcr w 035F -1 | 1 1 1
0.4 I 1 I I I 0.3 I I I I I I
0 001 002 003 004 005 006 007 014 036 0318 0.2 022 024 026 028
W _/H, 107 m Total surface energy of metal, y A, nJ
12 r

(¢) 0 ————————————————y

,é 08 E -] ‘

E 0.7 -:

% 06 L > i

o ]

: 05t T«400°C T=400C :

2

§ 0.4 > 1

= °

w 03

o
0.4 0.6 0.8 1 1.2 1.4

Pull-off force, mN

Fig. 2.9 a Friction coefficient versus W ,/H for some metals sliding against themselves (modified
from [11]); b friction coefficient versus y A, for some metals sliding against SiC; ¢ friction
coefficient versus pull of force for low frequency-plasma-deposited SizN4 films in contact with
monolithic SizN4 pins (modified from [10])

in Fig. 2.9. Figure 2.9a, shows the experimental relationship between p and W,,/H
for different metal pairs [11]. Figure 2.9b displays a similar concept. It shows p as a
function of YA, for different metals, in the case of dry sliding against SiC [10]. Here
v is the surface energy of the metal, and A, is the real area of contact evaluated by
means of Eq. 1.17. The product YA, is thus proportional to W{,/H. By comparing
Fig. 2.9a, b, it is further observed that aluminium, iron and nickel display a higher
friction coefficient when sliding against themselves than against a ceramic (SiC)
counterface. This can be explained by considering that W, against SiC is lower.
Figure 2.9c shows the friction coefficient versus the pull-off force for low
frequency-plasma-deposited Si;Ny films in contact with monolithic SizN,4 pins [10].
The adhesion and friction tests were carried out at temperatures ranging from room
temperature up to 700 °C. The parameters show a clear proportionality because
both depend on adhesion. In particular, the Author stated that the increase in
temperature induced an increase in adhesion due to the removal of a surface
contamination layer. Such an effect was particularly effective for temperatures in
excess of 400 °C.

Another interesting case from a design point of view concerns the sliding contact
between metals with high W, values and under vacuum conditions, where most of
the contaminants are removed from the surfaces. In such cases, very high experi-
mental values for p are often recorded, up to 10 or more for some pure metals, in
agreement with Eqs. 2.7 and 2.10a.
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Body 1: high H

Body 2: high H

Surface skin that reduces Wi»

Fig. 2.10 Schematic illustration of the concept for reducing friction in sliding bodies

It has to be clear, however, that Eqs. 2.10a, 2.10b are only guidelines to help
understanding the really complex phenomenon of friction. In fact, several aspects
make their use quite troublesome. First, the work of adhesionis strongly affected by
surface contaminants. During sliding, and in particular during running in, such
contaminants are removed from the mating surfaces and thus fresh asperities of the
sample get in repeated contact with the counterface. However, as the extent of the
actual contaminant removal cannot be predicted, it may be total or partial. Conse-
quently, even the role played in the friction process remains not fully defined.
Second, adhesion is affected by local plasticity that develops during each contact, as
shown in the previous section. Such an effect induces an adhesion hysteresis in
which the work of separating the contacts is greater than that for approaching it [12].
The thermodynamic work of adhesion given by Eq. 1.20 simply provides a broad
picture of the adhesion phenomena during sliding.

Keeping in mind such limitations, the use of Eqgs. 2.10a, 2.10b (together with
Eq. 2.7 in the case of plastic contacts at the asperities) can be nevertheless very useful,
because it provides a powerful tool for explaining the experimental results, as shown
by the examples in Fig. 2.9 and by others that will be shown in the next sections.
Equations 2.8 (or 2.7) and 2.9 also suggest an important way for reducing friction.
First, it is necessary to reduce the real area of contact and thus increase hardness H (of
the softest material in contact) and/or increase E*. Second, it is necessary to decrease
Tm, and thus Wy,. Both tasks should be accomplished together, by increasing the
hardness and/or the stiffness of the materials in contact, and realising a surface skin
able to reduce Wy,. A sketch of this concept is shown in Fig. 2.10. It forms the basis
for the development of the so-called solid lubricants (see Sect. 3.1).

2.4 Friction Between Metals, Ceramics and Polymers

In this paragraph, the concepts of the adhesive theory of friction outlined in the
previous section will be used to provide a general explanation of the friction
coefficients that are recorded in the case of dry sliding (i.e., without any lubricant)
between metals, polymers and ceramics. The influence of normal load will be also
considered.
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2.4.1 Metals

The asperity contact in metals is typically plastic. As predicted by Eq. 2.10a,
friction is expected to be proportional to the W ,/H ratio. As seen, the experimental
data in Figs. 2.9a confirms this statement in the case of different pure metals. The
comparison with some data reported in Fig. 2.9b also shows the role of the
counterface in modifying W, and thus friction. A particular behaviour is displayed
by metals such as cobalt, titanium and magnesium with a hexagonal closed packed
(hep) crystal lattice. When sliding against themselves they provide friction coeffi-
cients around 0.5, i.e., much lower than those predicted by the experimental plot of
Fig. 2.9a. For example, the pair Ti/Ti is characterised by a ratio W,/H that is
similar to that of the Fe/Fe pair, which however displays a friction coefficient
greater than 1. This behaviour can be explained by considering that hcp metals
possess a reduced ability to deform plastically (at least at relatively low tempera-
tures). Therefore, during sliding the asperity junctions deform with lower intensity
and the adhesion forces at the junctions are not able to develop fully [13].

In the case of sliding between metal alloys, friction coefficient turns out to be
lower than in the corresponding pure metals. For example, in dry sliding between
two bronzes (Cu-8 % Sn) a value of p equal to 0.6 has been recorded, against a
typical value of 1 for the Cu/Cu pair [6]. This is mainly due to an increase in
hardness of the alloy. In the case of bronzes, for example, if we set W, = 1 J/m*
and consider a typical hardness of 115 kg/mm?, from the data of Fig. 2.9a a value of
0.6 for p is obtained in agreement with the experimental result [6]. Another example
concerns steels, which display p-values in the 0.6-0.8 range, i.e., much lower than
the typical values of the Fe/Fe pairs (Fig. 2.9a).

In the case of coupling between different metals, the friction coefficient is
determined by the ratio W ,/H as far as transfer phenomena are not triggered
during sliding, as it will be illustrated in the next section. Friction coefficient is thus
expected to decrease as the tribological compatibility is reduced, and the hardness
of the softer metal (which determines the extent of the real contact) is increased. For
example, in the case of the Cu/Fe pair (that is partially compatible, see Fig. 1.13),
Wi, =0.8 J/m? (from the data listed in Table 1.4) and then a value of p around 0.5
may be predicted from the data in Fig. 2.9a, in good agreement with the experi-
mental data. In the case of bronze sliding against steel, following the same calcu-
lation, a value of p definitely below 0.4 can be inferred. As it will be shown in the
next paragraph, for this coupling an experimental value of 0.18 has been recorded.

Metal surfaces may easily undergo oxidation during sliding, with the formation
of an oxide layer (or scale) that may reduce friction coefficient, thus acting as a
lubricating skin (as schematised in Fig. 2.10). This occurs for example in iron,
copper and nickel alloys. If an oxide layer forms during sliding and covers the metal
(the mechanism is illustrated in Sect. 4.2 when dealing with the tribo-oxidative
wear), friction coefficient is reduced since the contact is ceramic/ceramic and no
more metal/metal, with a consequent reduction in Wy,. As an example, Fig. 2.11
shows the friction evolution with sliding distance for a steel/steel contact [14]. For
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Fig. 2.11 Evolution of the
friction coefficient during tests
involving steel on steel sliding
in air, medium vacuum

(1.3 Pa-MV) and high
vacuum (5 107> Pa—HV)
conditions, as specified in the
graph legend [14]
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the test in air, a friction coefficient of around 0.6 is reached at steady state. During
sliding the steel surface becomes covered with hematite (Fe,O3), as typically
reported for this type of testing. For the test in medium vacuum (1.3 Pa), the
prevailing oxide is magnetite (Fe;O,4) containing a lower fraction of oxygen. After
2000 m of sliding (probably necessary to generate and compact the oxides), the
friction coefficient drops to 0.3 thus highlighting a lubricant capacity of magnetite.
If the tests are carried out in high vacuum (5 x 1073 Pa), i.e., in the absence of
oxygen, no oxides are forming during sliding and metal-to-metal contacts still
prevails all through the test. As expected, friction coefficient raises to around 0.8.

Equation 2.10a shows that friction in metals should be independent from normal
load and this is generally true. An example is shown in Fig. 2.12a where the results
of the well-known experiments carried out by Whitehead in 1950 are displayed [8].
They refer to steel sliding against aluminium in air, and show that friction coeffi-
cient is around 1.25, in agreement with the data of Fig. 2.9a, and that it is nearly
independent from load over a very wide range. However, there are some sliding
conditions that change the picture and the normal load may play a role.

A load increase may influence the local hardness of the mating metals in two
main ways. It may induce a hardness increase by strain hardening (with a decrease
in W), or it may induce a hardness decrease by thermal softening (with an increase in
w). These two effects may cancel out, or one may be prevailing. Figure 2.12b and ¢
show two cases that may be explained in this way. Figure 2.12b refers to an
austempered nodular cast iron sliding against a pearlitic cast iron [15]. The tests
were carried out at a sliding speed of 1 m/s, and at two loads. The relevant mi-
crohardness of the worn surfaces are also shown in the graph. It can be noted that
the surface microhardness is increased as load is increased and correspondingly
friction is decreased. Figure 2.12c refers to 36NiCrMo4 steel hardened to yield
strength of 900 MPa and dry sliding against a high-speed steel [16]. Friction
coefficient is seen to increase with load and this may be attributed to the softening
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Fig. 2.12 Effect of normal load on friction coefficient. a Steel sliding on aluminium;
b austempered nodular cast ironsliding against pearlitic cast iron (the microhardness of the worn
surfaces are also indicated) (modified from [15]); ¢ 36NiCrMo4 steel sliding against a tool steel
(modified from [16])

effect due to the heat generated at the contacting asperities. This is further confirmed
by the observation that friction increases also with sliding speed that also
contributes to local heating.

2.4.2 Ceramics

In ceramics the contact at the asperities is typically mixed. It may be completely
elastic if the surface roughness is sufficiently low. Otherwise, it may be plastic if
surface roughness is high. Equation 2.10b shows that even for elastic contacts,
friction coefficient should be independent from the normal load. Figure 2.13 shows
an example in the case of alumina balls sliding against an alumina flat sample [17].
It shows that friction is around 0.4. As a matter of fact, friction coefficient in
ceramics and in dry conditions is low (around 0.3-0.7), when the normal load is
relatively low and temperature is lower than about 200 °C. Such values are actually
quite similar to those displayed by metal alloys and this may appear quite
surprisingly. In fact, ceramics are characterised by high values of hardness and
elastic modulus (see Table 1.2), and low values of the surface energy (Table 1.4). In
addition, the surface energy of ceramics is often reduced further by the reaction of
the surfaces with water vapour or other substances present in the working
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atmosphere. Therefore, low values of the friction coefficient are to be expected on
the basis of Eqs. 2.10a, 2.10b. However, during sliding the real area of contact
noticeably increases and this brings about an increase in friction. The surface tensile
stresses at the asperity contacts (see Fig. 1.3a and Fig. 2.2) induce an asperity-scale
cracking that has two main consequences. One, it induces a smoothening of the
asperities with a decrease in roughness. Second, the produced fragments may be
compacted during sliding and form surface scales that support the normal load. An
example of this last effect is shown in Fig. 2.14.

In ceramic materials the normal load exerts an important role. If it is increased
over a critical value, a macroscopic brittle contact is established and friction
coefficient may even reach values in excess of 0.8. As seen in Sect. 1.1.4, brittle

) WO:18MM

Fig. 2.14 Wear surface of alumina after dry sliding against a SiC counterface. To the right of the
picture, the presence of protective scales that support the applied load may be recognised. On the
left the presence of areas with macroscopic brittle contact, displaying intergranular fracture may be
also observed (arrow indicates the direction of sliding)
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contact occurs when the tangential stresses due to friction are high due to the
presence of critical surface microcracks. Such cracks are often present on the
surfaces of ceramic materials, originating from processing defects, such as flaws,
inclusions, and grain boundary porosity. The cracks may also originate from the
growth of asperity-scale micro cracks due to repeated contact loading during
sliding. Figure 2.14 shows, on the left, some areas of intergranular brittle fracture
occurred during dry sliding. The formation of cracks and fragments, and also the
comminution of such fragments entrapped in the contact region, all involves energy
dissipation and, consequently, an increase in the tangential force, which must be
applied to maintain the relative motion at constant sliding speed.

A particular dependency of friction on normal load is observed when A, is close
to A,. In this case, u = 1, * Ay/FN = Tu/po (Where pg is the nominal pressure).
A typical situation in which this happens is when a sphere, with a comparatively
small radius, is pressed against a plane surface. With reference to the Hertz relations
(Table 1.1), it is thus obtained that p ~ 1, Fy'’*. An example is shown in Fig. 2.15,
where friction coefficient for hemispherical diamond pin (radius 0.3 mm) sliding
against single-crystal SiC is displayed [10].

2.4.3 Polymers

Some polymers, like PTFE (polytetrafluoroethilene), give rise to very low friction
coefficients (lower than 0.1) when sliding against themselves or other materials
(specially metals), and therefore behave as solid lubricants [18]. In general, how-
ever, friction coefficient in polymers under dry sliding typically ranges between 0.2
and 1, and therefore is not that different from the values displayed by metals and
ceramics. This result can be explained, at least in the first instance, referring to
Egs. 2.10a, 2.10b. In fact, the work of adhesion in polymers is lower than in metals
and ceramics (see Table 1.4) but, at the same time, their hardness and stiffness too
are lower and the two effects are almost proportional.
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Figure 2.16 shows the relationship between friction coefficient and work of
adhesion for some polymers sliding against PA 6 [19]. The tests were carried out in
flat on flat conformal contact and at very low sliding speed (v = 0.24 pm/s) in order
to avoid thermal effects that in polymers are of paramount importance. Friction
coefficient is seen to increase with the work of adhesion. In such conditions
adhesion is reported to be the most important parameter in determining friction. In
the case of line or point contacts, however, the local deformations can be quite large
and thus the viscoelastic effects may also play an important role. As a consequence,
a viscoelastic term, [lyisco, should be added to the adhesive term of friction
(Egs. 2.10a, 2.10b). This viscoelastic contribution is given by [20]:

K

Hyisco = ﬁtan 0 (211)
where K is a constant, H is the hardness and tand is the loss factor, connected to the
hysteresis loss during the loading-unloading cycles at the contacts. This term is
particularly important when temperature is close to the glass transition temperature,
Ty, of the polymer, in correspondence of which the loss factor is maximum. An
example is shown in Fig. 2.17, where the friction coefficient is plotted as a function
of testing temperature in a scratch test on PMMA (polymethylmethacrylate; here
friction is depurated from the ploughing contribution, introduced in Sect. 2.8) [21].
The sliding velocity was 16 pm/s to avoid thermal effects. It can be noted that
friction reaches a maximum at about at about 120 °C, which is the glass transition
temperature of the polymer.

At relatively low loads, friction coefficient is almost independent from load as
predicted by Egs. 2.10a, 2.10b. As load is increased, however, friction coefficient
decreases. In fact, if the asperity contacts are mainly elastic (as it occurs quite often
at relatively low normal loads), A; tends to A, because of the low stiffness of
polymers. As shown previously, in this case p depends on Fy through the relation:
n~ 1, Fy'”. In general, however, the following relationship is obeyed: p & 1, F",
where n is typically between 0.1 and 0.3. This is because the contacts at the

Fig. 2.16 Friction coefficient 12 g
versus work of adhesion for

some polymers sliding against
PA 6 (modified from [19])
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Fig. 2.17 Friction coefficient
(depurated from the
ploughing contribution)
versus temperature in a
scratch test on PMMA
(modified from [21])
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asperities are not completely elastic and some plastic junctions may still form
during sliding. Figure 2.18 shows an example for a steel sphere sliding against two
polymers at 250 pum/s [22]. If load increases further, plastic deformation at the
asperities gains in importance and friction coefficient may start to increase [23, 24].

Polymers are widely used in coupling with themselves and metals. Metals are much
harder than polymers and surface asperities may thus exert a ploughing action that
increases friction. This topic will be analysed in Sect. 2.8, but we can say that this
contribution is of minor importance if surface roughness is sufficiently low. On the
other hand, very important are the transfer phenomena from the polymer to coun-
terface. Such transfer of material is favoured by the adhesion bonds between the polar
molecules of the polymers and the counterface and also by the mechanical ploughing
action of the asperities. The formation of a transfer layer modifies friction coefficient
since sliding occurs between similar materials. In the case of PTFE (polytetrafluo-
roethylene) transfer is quite easy since fluorine interact with the metallic counterface.
The formation of a transferred layer made of macromolecules stretched in the direction
of sliding induces in this case a decrease in friction.

Quite often, in engineering applications polymers are reinforced with fibres or
particles to increase their mechanical strength. Such additions modify the friction

Fig. 2.18 Dependency of 0,6 —
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coefficient too, depending on their specific nature. For example, in the case of
PA 6.6 dry sliding against steel a friction coefficient of 0.28 was obtained [19]. If
PA 6.6 is reinforced with 30 % glass fibres, friction coefficient increases to 0.31
(due to the ploughing effect of glass fibres), while if it was reinforced with 30 %
graphite particles, friction decreases to 0.2 (due to the solid lubricating action of
graphite).

2.4.4 Final Remarks

In this section, the adhesive theory of friction, as expressed by Egs. 2.10a, 2.10b,
have been used to explain the typical values of friction coefficient in metals,
ceramics and polymers. No lists of friction coefficients have been reported herewith,
since friction is a system property that strongly depend on the sliding conditions
[25]. We have introduced the role of oxidation (with the formation of a friction
layer), roughness, material transfer phenomena, applied load, thermal heating and so
forth. In the next sections, other parameters influencing friction (including lubri-
cation) will be introduced and discussed. Such parameters may also act differently
during sliding, giving rise to transitions in the friction coefficient. Typically a
transition always occurs after the very early stage of sliding, from the so-called
running in stage (involving the polishing of the surfaces and the removal of dirty
and contaminants) to the steady-state stage. Therefore, it cannot be a surprise if in
the literature different values of friction coefficients are found for the same sliding
materials and data collections may be contradictory or even misleading [26].

The selection of a proper friction coefficient for a specific engineering applica-
tion is thus a very difficult task. The starting point is the adhesive theory of friction
and the relations and arguments outlined in the present section. Literature data are
also very helpful but the complete knowledge of the testing conditions is important
in order to make the right choice (and to avoid mistakes). Another possibility is to
perform laboratory friction tests. In this case, the selection of the testing apparatus is
very important since it must simulate the contact conditions as close as possible to
the real situation. In some cases, like in metalworking operations, it is possible to
indirectly obtain the friction coefficient from plant data. For example, by measuring
the separating force in rolls, it is possible to evaluate the friction coefficient in cold
or hot rolling. It is therefore possible to collect experimental data in different
operating conditions and then use them as a database for successive evaluations.

2.5 Friction and Transfer Phenomena

The concept of transfer has been introduced in the previous section when treating the
friction in polymers. Transfer phenomena typically involve soft materials, like
polymers or relatively soft metals like aluminium and its alloys, forming plastic
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junctions at the contacting asperities during sliding. In general, a transferred layer of
the soft material on the harder counter surface is formed. The mechanism is
schematised in Fig. 2.19. The repeated formation of plastic junctions during sliding
induces an accumulation of plastic damage at the asperities of the softest material in
contact, i.e., of the material with the lowest mechanical strength. This may lead to the
formation of a fragment when a critical damage is reached. It may become a wear
fragment (and in this case reference is made to the adhesive wear), or it may remain
attached to the asperities of the counter material, contributing to the transfer layer.

Figure 2.20a shows, as an example, the wear surface of an AISI D2 tool steel
(with hardness of 800 kg/mm?) after dry sliding for 5 min against a bronze (Cu-8 %
Sn; hardness: 230 kg/mm?®) [6]. The presence of many bronze particles firmly
transferred to the steel counterface can be clearly appreciated. The degree of
transfer was observed to increase with sliding time. At the end of the test (10 min)
the degree of counterface coverage with transferred particles was about 30 %.
Figure 2.20b shows the friction evolution with time (normal load: 50 N; sliding
speed: 0.04 m/s). The results of two tests are reported since for the steel counterface
two surface finishing conditions were investigated: R, = 0.02 um and 0.22 pm (see
also Fig. 1.10). It can be noted that there is a first stage characterised by a low
friction coefficient, which is about 0.18 for both couplings. After about 1 min of
sliding, however, friction starts to increase reaching a value around 0.3 (in both
cases) at the end of the test. In the initial stage of sliding the contact between the
mating surfaces is actually bronze/steel. The friction coefficient of 0.18 is in good
agreement with the arguments developed in the previous section. As the transfer
phenomena starts and gradually becomes more important, friction coefficient also
increases since part of the contacts change from bronze/steel to bronze/bronze.
Friction coefficient may thus be evaluated using a rule of mixtures:

H= 0+ pyp - (1= 0) (2.12)

where L1, is the friction coefficient for the copper alloy sliding against itself (which
is about 0.6), L, is the friction coefficient for the copper alloy/steel pair, and 9 is the
degree of coverage. Setting p;; = 0.6, uj, = 0.18, it is obtained that at the end of the
test u = 0.3 and therefore & = 0.29, in good agreement with the experimental
evaluations.

Fx

Plastic junction

Transferred layer
(and possible
wear fragment)

Fig. 2.19 Schematic showing the formation of the transferred layer Transferred layer
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Fig. 2.20 Cu-8 % Sn alloy dry sliding against AISI D2 tool steel. a Appearance of the steel
surface. The arrow indicates the sliding direction. Note the presence of many black particles that
are bronze particles transferred to the steel. b Evolution of friction coefficient [6]

The phenomenon of transfer is difficult to predict. In general it starts after an
incubation period, whose duration depends on the loading parameters (normal load
and sliding velocity) and the type of contact. During sliding, transfer and also back-
transfer phenomena may occur in a dynamic equilibrium that involves the formation
of a transfer layer (or third-body) between the mating surfaces. The characteristics of
such transfer layer determine the friction and wear properties of the tribological
system. For example, the action and relevant properties of almost all solid lubricants
rely on the formation of a transfer film able to reduce the work of adhesion,
following the concept outlined in Fig. 2.10.

2.6 Effect of Temperature and Sliding Speed

Temperature significantly influences the mechanical properties of materials and
therefore the friction coefficient. Two main factors control the temperature in the
contact region:

(1) the surrounding environment (consider, for example, the heating of gears
located close to a combustion engine, or the cutting tool-piece interface, which
is heated by the intense plastic shearing of the chip);

(2) the heating due to frictional energy dissipation (due to the adhesive shearing at
the junctions).

In general, a temperature increase induces a reduction both in hardness and
in stiffness. Consequently, an increase in friction coefficient is to be expected.
However, other phenomena may accompany a temperature rise, such as surface
oxidation or particular material transformations, which also affect the contact
conditions.

The effect of the environmental heating will be considered first. Figure 2.21
shows the experimental dependence of friction coefficient from the test temperature
in the case of different materials dry sliding against themselves:
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Fig. 2.21 Dependence of friction coefficient on temperature for different materials (data from [17,
27, 28))

e a high-strength steel (hardened to about 500 kg/mm?; the data are obtained from
different literature sources);
an Al alloy (Al 6061, data from [27]);
a polymer (PEEK, data from [28]);

e a ceramic (alumina, data from [17])

In the case of the high-strength steel, the friction coefficient decreases with
increasing temperature (at least up to the temperature of 600 °C, which corresponds
to a homologous temperature of approximately 0.5, given by the ratio between the
temperature and the melting temperature of the metal, both in Kelvin). Indeed, the
steel is covered with an oxide layer, which is well supported by the underlying high
strength material. This implies that the coefficient of friction is relatively low at
room temperature. As temperature is increased, the degree of coverage also
increases and becomes almost complete at 500 °C. At this temperature the friction
coefficient has stabilised at a value of about 0.3.

Even in the case of the aluminium alloy, friction coefficient slightly decreases as
temperature is increased, at least up to a temperature of about 150 °C, which, again,
corresponds to a homologous temperature of about 0.5. Also for this alloy the
decrease in friction coefficient may be attributed to the formation of an oxide layer.
For higher temperatures, however, the friction coefficient begins to increase. This
behaviour is due to the onset of a noticeable thermal softening, aided by creep
phenomena, which renders the alloy unable to support the surface oxide layer.

In the case of the polymer (PEEK: polyetheretherketone), the friction coefficient
is substantially unchanged up to about 125 °C and then begins to increase. This
behaviour is typical of polymeric materials and is due to their high sensitivity to
temperature if they contain an amorphous phase. This polymer is partly crystalline
and has a glass transition temperature (T,) of about 148 °C. Hence, at about 130 °C
it begins to soften and also its loss factor increases, contributing to friction by
increasing the viscoelastic dissipation, as outlined in the previous section. Any
addition of reinforcing fibres (such as carbon fibres) may increase the T, of the
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composite so that the friction coefficient would remain constant up to higher
temperatures. In polymers that are 100 % crystalline, friction coefficient remains
almost constant up to their melting temperature.

Ceramic materials are characterised by melting temperatures much higher than
those of polymers and metals and therefore they are able to maintain a relatively low
coefficient of friction up to temperatures of about 1000 °C. The temperature
dependence of friction coefficient depicted in Fig. 2.21 for a sintered alumina (with a
hardness of about 1500 kg/mm?) is quite typical of most ceramics (including nitrides
and carbides). As temperature is increased, an initial increase in friction is recorded,
because of the desorption of hydrides or other products of tribo-chemical reactions
that causes an increase in the surface energy. Subsequently, the friction coefficient
decreases due to the incipient melting, in the contact regions, of the sintering
additives that are segregated at the grain boundaries. This process results in the
formation in the contact areas of a thin layer of glassy material, which behaves as a
lubricant and reduces the shear force necessary to separate the contacting asperities.
At very high temperatures (above 1000 °C), melting of the sintering additives at the
grain boundaries leads to a massive weakening of the material and the coefficient of
friction inevitably increases, reaching values even greater than 1 [29].

As mentioned above, heating in the contact zones can be also induced by an
increase in sliding speed and normal load. In Fig. 2.22, the dependence of the
friction coefficient from the sliding speed, v, in the case of high strength steel, a
polymer (PP: polypropylene) and a ceramic (silicon nitride) is shown (data from
[9, 30]). In the case of steel, the friction coefficient is little influenced by v, as long
as it is sufficiently low. However, an increase in v results in a decrease in friction
coefficient due to two main effects. The first one is a decrease in the contact time at
the asperities that reduces the possibility of forming strong junctions by adhesion.
Secondly, there is an intensification of the surface oxidation with the formation, at
very high speeds of the order of 100 m/s, of a very plastic oxide. If at these sliding
speeds the applied load is also very high (with nominal pressures of the order of one

Fig. 2.22 Dependence of the 1
coefficient of friction on
sliding speed in the case of a
polymer (PP sliding against
steel), a ceramic (silicon
nitride sliding against itself)
and high strength steel against
itself (data from [9, 30])

Friction coefficient
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Sliding speed, m/s
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tenth of the steel hardness) it is possible to reach local melting at the asperities and
friction coefficient falls to very low values, even below 0.1, since the liquid metal
film acts as a lubricant (the corresponding wear, however, becomes very high) [25].
In the case of polymers, the achievement of the conditions for the asperity melting
can take place at speeds (and pressures) much lower than for metals. The reduction
of the friction coefficient shown by the PP for sliding speed greater than about 1 m/s
is precisely due to the occurrence of asperity melting. At low speeds, polymers in
general show a continuous increase in friction coefficient with sliding speed, up to
the attainment of the melting conditions at the asperities, since a lubricant layer
during sliding is not formed. The reduction of the friction coefficient with sliding
speed shown by silicon nitride in Fig. 2.22 is quite a typical behaviour of ceramic
materials and is due to increased contact temperature, which causes the formation of
interfacial layers with lubricating characteristics.

2.7 The Stick-Slip Phenomenon

The tangential force required to trigger the relative motion between two bodies in
contact is given by Fy L, where | is the coefficient of static friction. Typically i is
greater than p of about 20-30 %. The reason lies in the fact that during the rest time
before the onset of motion, a large stress relaxation at the junctions may occur,
which causes an increase in the real area of contact and allows the adhesive forces
to fully develop. This effect is particularly important when the contacts are mostly
plastic and the mating surfaces are free from contaminants.

When the static friction coefficient is markedly greater than the kinematic one, the
phenomenon of stick-slip may occur. In this case, the tangential force experiences a
periodic instability during sliding, because of an intermittent motion. Consequently,
the evolution of the resulting friction coefficient is characterized by large oscillations
around the mean value. For example, Fig. 2.23 shows the friction coefficient as a
function of time in the case of a Cu-8 % Sn alloy sliding against itself (in the same
tribological conditions of the couplings of Fig. 2.20b) [6]. It can be clearly seen that
friction fluctuates intensely around the mean value, equal to about 0.6.

The stick-slip phenomenon can be explained in this way. A high work of
adhesion and a low sliding speed, which increases the contact time at the junctions,
may favour the formation of strong junctions that cause a significant increase in the
tangential force. Such conditions may give rise to a period with no relative motion
between the surfaces. Hence, p approaches i, during this stage (the stick stage).
Under the action of the tangential force, however, the junctions break off and the
sliding speed suddenly increases. The slip stage is thus entered. During this stage,
the junctions are weak since the adhesion forces have no time to sufficiently
develop. As a consequence, friction coefficient drops to a low value (certainly lower
than ). At this stage, the system decelerates to keep the sliding speed constant.
This slowdown may again result in the formation of strong junctions and the cycle
is repeated.
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As seen, the stick-slip is originated from phenomena taking place in the contact
region, although it is clearly influenced also by the rigidity of the tribological system,
which can accentuate or damp the oscillations. The stick-slip phenomenon produces
an intermittent motion that in most cases is not acceptable for the correct operations
of mechanical systems. In addition, it produces an audible chatter and squeal that
may be quite undesirable too. It can be prevented or minimized by reducing the work
of adhesion, so that the coefficient of static friction is lower than the kinematic one.
This may be achieved through a correct choice of the materials of the tribological
system, including, if necessary, suitable lubricants. Other beneficial effects can be
obtained by changing the sliding speed and/or the stiffness of the mating bodies.

The stick-slip phenomenon can be modelled by considering a mass pressed
against a block that is restrained by a spring and a dashpot attached to a support. In
this way it is possible to understand, for example, if harmonic oscillations may
occur at high sliding speeds, and therefore design the tribological system in order to
avoid them [30].

2.8 Contribution of Abrasion to Friction

Along with the adhesive interaction, two bodies in contact and in mutual sliding
may experience an abrasive interaction, which is characterized by large surface
plastic deformations. Such interaction takes place when a hard body exerts a
ploughing or grooving action on the surface of a softer body (in general, a hardness
difference of about 20-30 % is necessary to have an abrasive interaction).

As schematized in Fig. 2.24, it is possible to distinguish between rwo-body
abrasion and three-body abrasion. Two-body abrasion (Fig. 2.24a) takes place
when hard particles are firmly fixed in one body and are allowed to plastically
penetrate the counterface and plough groove on it. Such hard particles may be part
of the material microstructure (such as in ceramic-reinforced composites, or in
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Fig. 2.24 Scheme of two-body a and three-body b abrasion

steels or cast irons containing hard carbides), or may come from the surrounding
environment (typical examples are the sand particles that contaminate tribological
systems). Two-body abrasion may be exerted also by the hard asperities of a surface
sliding on a softer counterface. Such particular case will be treated in the next
section. Three-body abrasion (Fig. 2.24b) takes place when hard particles trapped
between two contacting surfaces are quite free to roll. This typically occurs when
both bodies in contact are comparatively hard and the particles are not able to
remain fixed in neither of the two. The hard particles may even come from a
damaging (wear) action of one of the two bodies.

Hard abrasive particles are typically ceramic particles. The first column of
Table 2.1 lists the hardness of some ceramic materials that may have an abrasive
action in different tribological systems. For example, sand (silica) particles originate
from soil re-suspension and may contaminate the mechanical systems. Alumina
(Al,0O3) or silicon carbide (SiC) particles are commonly used as grinding media
where the two-body abrasive interaction (that increases friction and, especially,
wear) plays in this case a positive role. The second column of Table 2.1 lists some
hard carbides or nitrides that may be present in the microstructure of different steels,
cast iron or hard metals. In the third column, finally, the hardness values of some
metals that may be abraded by the hard particles are listed. It can be noted that even
heat-treated steels with a hardness of 900 kg/mm? can be abraded by sand particles.

Table 2.1 Typical hardness ranges in different materials (data taken from [9] and other sources of
literature)

Material Hardness Material Hardness Material Hardness
(kg/mm?) (kg/mm?) (kg/mm?)
Diamond 6000-10,000 | Cr carbide 1600 Ferritc/pearlitic | <350
(Cr,C5) steel
Boron carbide | 2700-3700 Cr carbide 1300 Heat-treated 500-900
(Cr3Cy) steel
Silicon carbide | 2000-3000 Mo carbide | 1500 Al alloy 100-200
Alumina 1100-1800 Ti carbide 2000-3200 | Cu-Be alloy 150400
Si nitride 1400-2000 W carbide 2000-2400 | Hard Cr 500-1250
Sand (quartz) | 750-1200 V carbide 2460-3150 | Au 30-70
Glass 500 Cr nitride 2200 Ag 25-80
Ti nitride 1200-2000 | Pb 5
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Hard abrasive particles are angular in shape. A simplified model to quantify the
contribution of two-body abrasion to friction has been provided by Rabinowicz
[13]. In this model, an angular particle is represented by a cone having a given
attack angle, ® (Fig. 2.25). Following the application of a normal load, Fy;, the cone
penetrates the softer material to a certain depth, determined by its hardness (or the
yield pressure). The tangential force, Fr, necessary to horizontally move the cone
can be expressed by the product of the section of the groove (A;) to the average
stress for plastic deformation (py). A, is given by: A, = 1/2 2r r tg®, where 1 is here
the radius of the base of the cone. Therefore:

Fr = r’tg®py (2.13)

since Fy is given by: (n rz)/ZpY (note that, due to the movement of translation, only
the frontal projected area sustains the normal load), the following relation for the
abrasive contribution to friction, [i,y,, is obtained:

. Fr . 2tg®
Habr = FN -

- (2.14)

In general, the friction coefficient is then given by the sum of two contributions [8]:

W= Hag + Hypy (215)

where the subscripts ad and abr indicate the contributions of adhesion and
two-body abrasion. Such contributions have clearly different weights, depending on
the specific characteristics of the tribological system. Figure 2.26a shows the results
of scratch tests carried out on a number of polymers using hard and undeformable
cones (typically made of diamond) with varying attack angles (the experimental
data were collected in [31]). In such cases the adhesive contribution may be
neglected and the results confirm the substantial validity of Eq. 2.14. In Fig. 2.26b,
the friction coefficient expressed by Eq. 2.15 is plotted as a function of t,,,/py taking

Fig. 2.25 Scheme of the
two-body abrasive action
of a particle, which is
represented by a cone with
attack angle, ®

Load, Fn
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Fig. 2.26 a Friction coefficient versus attack angle (®) for a number of polymers (data from
scratch tests collected in [31]); the straight line is given by Eq. 2.14; b dependence of friction
coefficient on the ratio t,,,/py and the attack angle, ® (the curves are obtained using relations 2.7,
2.14 and 2.15)

into account both contributions. Note that hard abrasive particles are characterized
by ®-values, which, due to their angularity, typically vary between 5° and 30°,
giving rise to ,n-values ranging from 0.05 to 0.37.

Consider, as an example, the friction data reported in Sect. 2.4.3 regarding the
PA 66 composite reinforced with 30 % of glass fibres, dry sliding against a steel. A
friction coefficient of 0.31 was recorded. Without reinforcement, friction coefficient
was 0.28. How was the abrasive action of the glass fibres? The interaction of glass
fibres with steel has an adhesive and abrasive nature. p,q may be set to 0.1 since
glass and steel are incompatible materials. Hence, considering that 30 % of the
contact is between glass and steel, and the remaining 70 % is between polymer and
steel, from Eq. 2.15 it is obtained that: 0.31 = 0.28 0.7 + 0.1 0.3 + pap,. Therefore
Wapr = 0.084 and the average attack angle of the glass fibers is 8°.

The evaluation of the abrasive contribution to friction in the case of three-body
abrasion is much more difficult. With reference to Fig. 2.27, it is obtained that
particles trapped between the two sliding surfaces are allowed to rotate if Frh > Fye.
Therefore:

Fig. 2.27 Scheme of the three-body interaction, and free body picture showing the forces acting
on the particle
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(the distances e and h are defined in Fig. 2.27). The ratio e/h depends on the particle
geometry also on the hardness of the two bodies in contact. It also changes during
rolling making the analysis generally more complex. If the sliding friction coeffi-
cient between the particle and the ground is lower than e/h, the particle will slide
rather than roll.

It is worth noting, at the end of this section, that the model proposed by
Rabinowicz for two-body abrasion, is valid as long as the contact between the cone
(i.e., the hard particle) and the plane is plastic. If the plane is made by a ceramic
material with high hardness and low fracture toughness, the contact can be brittle
instead of plastic. In particular, the type of contact may be that described by the
Lawn and Swain model (Fig. 1.7), because of the angular nature of the hard particles.
In this case the formation of (wear) fragments may take place by lateral cracking.
Such fragments may remain trapped between the two contacting surfaces and
crushed by repeated brittle contacts. It is clear that all the energy spent in cracking
and crushing will increase the friction coefficient even if no ploughing occurs.

2.9 Effect of Initial Roughness

As said in the previous section, a two-body abrasive interaction may also occur
between the asperities of a hard body and the softer counterface. Equation 2.14 can
be then used to evaluate the ploughing contribution to friction. Since the mean slope
of the roughness profile, ®, on average varies between 1° (or less) and 5°, the
corresponding L,~values are quite low, ranging between 0.010 (or less) and 0.056.
It turns out that the initial roughness has a very low (if any) influence on friction
coefficient. More advanced models have shown that the abrasive contribution to
friction due to surface roughness may be actually greater than that predicted by the
Rabinowicz model, although the question is still open.

Some representative examples will be presented herewith on the important role
of initial roughness on friction. First, the dry sliding between the Cu-8 % Sn alloy
against the AISI D2 tool steel will be again considered. Figure 2.20b shows the
evolution of friction coefficient in the case of two tests, i.e., using a hard counterface
disc with roughness values: R, = 0.22 um, and R, = 0.02 pm (mirror finish). The
friction traces are quite similar, confirming that roughness has a limited influence on
friction. A different picture is provided by dry sliding tests of pure copper against a
heat-treated steel with two different initial roughness: R, = 0.045 pm and
R, =0.42 pm, but with a very low sliding speed: 0.003 m/s [25]. Friction coefficient
turned out to be 0.18 for the lowest roughness and 1 for the highest roughness. The
value of p = 0.18 is actually typical for adhesive friction between copper and steel,
as seen in Sect. 2.4.1. For the test with the highest disc roughness, however, a transfer
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of copper took place and contact soon became Cu/Cu with a corresponding increase
in friction coefficient. The value p = 1 is actually typical of the Cu/Cu contact. Such
a result highlights the role of roughness and sliding conditions (sliding velocity and
possibly normal load) on transfer phenomena and thus on friction. It is therefore
confirmed that roughness does not directly influence friction by its ploughing action
but it may influence it by activating or not the transfer phenomena.

Further information on this topic is provided by an investigation on pure
aluminium, dry sliding on harder 080 M40 steel with different initial roughness
values [32]. In this work, the Authors produced steel surfaces with different
R,-values, adopting different grinding processes. In particular, they obtained a
unidirectional surface texture by grinding the steel with emery papers in the same
direction; they obtained an 8-ground surface texture by moving the steel plate with
the shape of an “8” during grinding; finally, they obtained a random surface texture
by random grinding the steel surface. The results of the sliding tests are summarized
in Fig. 2.28. It can be noted that friction coefficient is independent on initial
roughness for each grinding process. However, it increases, on average, in passing
from random grinding to 8-ground, and to unidirectional texturing with sliding
perpendicular (indicated with U-PL) and parallel (indicated with U-PD) to the
grinding marks. Such transitions can be explained by considering the transfer
phenomena. Figure 2.29 shows the sliding surface of the steel plate in two con-
ditions: after the U-PL test and initial roughness of R, = 0.22 pm; after the test on
the random grinded surface with R, = 0.2 pm. In the first case, a large transfer of
aluminium (the black regions in the backscattered scanning electron micrograph
image) took place during sliding and this explains the high resulting values of
friction coefficient, around 0.7, since most of the contacts during sliding are
between aluminium and aluminium. In the second case the transfer was very lim-
ited. Consequently the recorded friction coefficient was very low, around 0.28,
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Fig. 2.28 Variation of friction coefficient with average roughness and grinding process (modified
from [32])
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Fig. 2.29 Backscattered electron SEM images of steel plates after dry sliding tests against pure
Al. a Initial roughness R, = 0.22 pm, U-PL condition; b initial roughness R, = 0.2 um, random
condition [32]

since most of the contacts during sliding are between aluminium and steel. These
results confirm that initial roughness does not have a direct influence on friction
(by ploughing) but it may influence friction by modifying the transfer phenomena.

The initial roughness is of great importance in the case of polymers sliding
against hard counterfaces, such as steels. For polymers the initial roughness of the
hard (steel) counterface has to be optimized in order to minimize friction coefficient.
Also in this case, friction is controlled by transfer phenomena, since the work of
adhesion (and thus friction) is reduced when the polymer is sliding against polymer
particles transferred to the counterface with the macromolecules that stretch in the
direction of sliding [23]. If the initial surface roughness of steel is too low, the
asperities are not able to promote an adequate transfer of the polymer. But if it is too
large, friction may be actually increased by the ploughing action. For example, in
the case of dry sliding between UHMW-PE (polyethylene with high molecular
weight) and a stainless steel, the minimum value of friction was observed for an
optimum value of the roughness around R, = 0.2 pm.

2.10 Rolling Friction

Consider a cylinder or a sphere rolling on a plane (Fig. 2.30a). It is experimentally
observed that a tangential force, Fr, is necessary to initiate and maintain free rolling
motion. The ratio F1/Fy is called rolling friction coefficient, p,. It is much lower
than the static and kinetic friction since rolling is much easier than sliding (as well
known since the invention of the wheel). Different phenomena occurring in the
contact region are responsible for rolling friction: adhesion, contact deformation
and localized slip. In general, one of these is prevailing in each specific situation.

Figure 2.30b shows a hard cylinder in contact with an elastically deformable
plane. Deformation in the contact region is exaggerated for the sake of clarity.
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(a)
Fn (b)

Fig. 2.30 a Definition of rolling friction coefficient; b Schematic showing a cylinder rolling on a
flat (the elastic deformation is deliberately enhanced for the sake of clarity)

During rolling, the asperities of the two surfaces get in contact and form adhesive
junctions. Such junctions are then separated by a tension stress when contact is
released, i.e., at the trailing end of the rolling contact. Such a contribution is
negligible in lubricated conditions but it is prevailing when conditions involving
large W,-values are encountered, as in dry contact between metals. In such con-
ditions, L, is proportional to W,/H, and therefore to the kinetic friction coefficient.
Elastic deformations in the contact region also introduce a resistance to rolling.
A tangential force, Fr, is in fact required to allow the torque Fr r to overcome the
resisting torque Fy a (both calculated with respect to point A in Fig. 2.30b), where a
is the half-width of the (rectangular) Hertzian contact (Table 1.1). At equilibrium:
Fn a=Fr R cos ©. Since O is very small, cos ® may be set equal to 1, and therefore
Ky = a/R. In a line contact p, is thus proportional to F]lq/z/(R”2 El/z) whereas in a
point contact p, is proportional to Fi>/(R*? E'3).

During rolling some localized micro-slip may also take place at the contact
region. As seen, a nominal area of contact is established also in the case of non-
conformal contacts. In the case of a sphere rolling on a flat, the contact points within
this area lie in different planes. As a consequence, pure rolling is attained in some
contact points only, whereas in the most part of the area of contact a combination of
rolling and micro-slip is established [33].

Several empirical relationships have been proposed for evaluating p,. For
mechanical rolling parts in point contact, a useful relation is the following [34]:

f, = 0.005 - - Fy/* (2.17)

where Fy is in N. For example, in lubricated hardened steel ball bearings on steel,
L, ranges between 0.0011 and 0.0015. Empirical relationships were also proposed
for the wheel-rail system where a theoretical line contact occurs. A general relation
for steel wheels free rolling on steel rails is:
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where R is the wheel radius in m. For this tribological system, L, ranges between
0.001 and 0.0024.

In the case of polymers, the contact may be viscoelastic. In this case, a contri-
bution to p, arises from the hysteresis losses during rolling (repeated) contact.
A tribological system in which this contribution is prevailing is that formed by
pneumatic tires on roads, since tires are typically made by elastomers. Ordinary car
tires that are properly inflated and aligned display p, -values between 0.009 and
0.012 [35], a factor of ten larger than those of steels. In the case of rough road
surfaces, L, increases by 5-20 % because of the increased tire deformations that in
turn increase the hysteresis losses.

A particular situation occurs in case of tractive rolling. Figure 2.31a shows two
cylinders under rolling contact, where a forque is applied to the lower cylinder to
drive the upper one at a given angular velocity. If the tangential force, Fr, is lower
than pg Fy (Where 1 is the coefficient of static friction), the torque is transmitted. In
case of tractive rolling, p, is greater than in free rolling because some slip occurs in
the contact region. Therefore, |1, is related to the length, c, of the slip area that is
established at the trailing edge (Fig. 2.31b) [33]:

F
c=2-a-[1-1-——= (2.19)
:us'FN

where a is the half width of the (rectangular) Hertzian contact (see Table 1.1).

(2.18)

(b) Load axis

stick slip
<—

Fig. 2.31 a Two cylinders under tractive rolling with a load torque applied to the driven cylinder;
b stick and slip areas in the contact region
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It has to be noted that in some applications different and more intense sliding
conditions may occur in the contact region. An example involves the contacts
between gear teeth. Here sliding may be also quite large depending on the distance
from the pitch line.

2.11 Friction and Surface Heating

Friction is due to dissipative processes occurring at the contacting asperities,
namely adhesion and plastic deformations. Most of the dissipated energy (more
than 90 %) is lost as heat that increases the temperature of the surfaces in contact.
The remaining part is stored in the materials as structural defects. The heat gen-
erated by friction per unit sliding time (units: J/s) is given by:

q =~ Frv = pFyv (2.20)

Figure 2.32 shows that the heat flux (units: J/s m?) is greater in correspondence of
the junctions, where the real section is smaller (here the heat flux is: puFyv/A,, where
A, is the real area of contact defined in Sect. 1.3). On the other hand, it is lower in
the sub-surface region where it is: uFnVv/A, (A, is the nominal area of contact).
Therefore, during sliding a higher temperature is reached at the junctions. Such a
temperature is called flash temperature (Ty), since it is attained for a very short time,
given by the contact duration of the junctions. The average temperature that is
reached just beneath the asperities is generally known as the average surface
temperature (T). It is lower than Ty and decreases moving inside of the two bodies
in contact down to the reference bulk temperature of the bodies, T,. T,, typically
room temperature, is thus the temperature far from the surface where heat flows, i.e.,
the temperature of the heat sink.

Surface heating can be responsible for microstructural transformations that are
very important with regard to the tribological behaviour of the bodies in contact.
The flash temperature, for example, can induce the direct oxidation of the asperities
or their melting. In the case of steels, it can induce local formation of austenite that,

N 2

Fig. 2.32 Schematic diagram of the flow of heat generated by friction in correspondence of the
asperities in contact
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if followed by rapid cooling, may transform into martensite. The average surface
temperature promotes other phenomena, requiring larger thermal activation. For
instance, thermal recovery, tempering or even recrystallization that leads to thermal
softening, precipitation of secondary phases or their ageing, extended surface
melting (when T, exceeds the melting point). In the case of polymers, surface
heating can cause shape distortions, softening or even localized melting. All such
phenomena limit the tribological performance of these materials. Eventually, as
seen in the next chapter, the surface heating may also play a role in lubricated
contacts and must be properly considered in the design of the lubricating systems.

2.11.1 Evaluation of the Average Surface Temperature

The approach that is followed here for the assessment of the average surface
temperature has been proposed by M.F. Ashby and co-workers and is essentially
based on the classic work of Block and Jaeger [36-38]. Consider the simple
geometric configuration of a block (body 1) sliding on a plane (body 2), shown
schematically in Fig. 2.33a. The block is the moving body. It is always in contact
with the counterface and has a length 2rg in the direction of sliding. The plane is
stationary and a surface element is in contact with the counterface only for a limited
time interval, given by 2ry/v. In Fig. 2.33b, the equivalent heat diffusion distances
are shown (in the y direction). They are indicated with 1; and I, and represent the
distances between the contact region and the point to which heat flows and where
temperature has the reference value, T,. The heat generated at the interface diffuses
inside the two bodies in contact. Assuming that heat flows by conduction in the
y-direction only, we can write:

(a) y 4 (b) T,
Fn T
v __V»
trtit e s . To
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S e * —pt—> >
2ro 2 Ly y

Fig. 2.33 a Schematic of a block sliding on a plane and b definition of the equivalent heat
diffusion distances Equivalent heat diffusion distances
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where k; and k, are the thermal conductivities of the materials of the two bodies in
contact. They depend on temperature (in most cases they decrease as temperature is
increased) but they may be considered as constant to a first approximation. From
this relation it is obtained:

ukyv 1

T-T, =2
E k k;
An 7
11 Zz

(2.22)

which gives the temperature rise and allows the calculation of Ti.

This approach can be extended to other geometries and the critical part of the
calculation relies in the estimation of the distances 1; and 1,, which depend on the
system geometry and the thermal properties of the materials. They are linked with
the fraction, vy, of heat that enters body 1 by the following relation:

1

= k)
L +22

y (2.23)

(the fraction of heat flowing into the stationary body is: 1 — 7).

In body 1, always in contact with body 2, the attainment of a steady state
condition, characterized by a temperature profile that is constant with time, is easy.
As a result, 1; is independent from time. In body 2, however, the situation is quite
different, since a surface element is in contact with the counterface for a limited
time. In this case, it can be assumed that a stationary state is attained if the sliding
speed is sufficiently low with respect to the thermal diffusivity, a, of body 2 (given
by: a = k/pc, where p is density and c is the specific heat.) A useful adimensional
parameter is thus the Peclet number, Pe, given by:

V-r
2-a

Pe = (2.24)

If it is sufficiently low, typically less than 0.1, a steady state is reached in both
bodies, and in both bodies enters the same fraction of heat. Consequently: y = 1/2,
1,/1, =k /k, and obviously 1; =1, if k; = k,. On the other hand, if Pe > 1, y < 1/2 and
most heat enters body 2. As a consequence, the thermal length 1, is time-dependent
and lower than that it would be for the steady state condition.

For the simple configuration in Fig. 2.33a, the following relation has been
proposed for 1; [36]:

A,k
A;-h;

Il =h+ (2.25)
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where h is the block height, A, is the nominal area of contact, A; is the area between
the block and the heat sink (which may be, for example, the holder) and h; is the
heat transfer coefficient between the block and the holder. Now, if Pe < 0.1, y = 1/2
and 1, is immediately obtained from Eq. 2.23. But if Pe > 1 (i.e., almost always) a
relation is needed for obtaining l,. From Eq. 2.21, the specific heat entering a
surface element of body 2 is: k; TI;ZTO . 2% To a very first approximation, it may be

stated that the heat stored by the same surface element is: pc(Ts — Ty)lo/2. Hence:

L =2,/ (2.26)
v
Ashby and co-workers, proposed the following relationship [36]:
1/2
ro . _1|2ma
I =—=t — 2.27
Y Lov} 227)

A useful application of the above relationships is for the pin-on-disc configu-
ration, since pin-on-disc testing is very common in the tribological investigation of
the sliding behaviour of materials. As shown in Fig. 4.17, in this type of testing a pin
(with a diameter which is commonly between 5 and 10 mm) is pressed against a
rotating disk. With reference to Fig. 2.33a, the pin may be regarded as body 1,
whereas the disc is the stationary plane (body 2). 1, can be calculated using Eq. 2.25.
However, a different approach is often used, and 1 is set equal to: B r,, and B is a
constant that is obtained from experimental measurements. In general, two ther-
mocouples are placed in small holes drilled in the pin, at different distances from the
contact surface. In fact, Fig. 2.33b shows that knowing two values of temperature,
1, and then P can be estimated. In general B does not depend so much on the testing
conditions (load and sliding speed) and therefore the obtained values can be used
even for further calculations from Eq. 2.22. Typical examples are the following
[39]: Steel: B = 4.6; 7072 aluminium alloy: B = 5.4; Ti-6Al-4 V alloy: = 3.8.

For the evaluation of I,, the Eq. 2.27 can be used, assuming Pe > 1. However, the
use of such equation is possible if a surface element in contact with the pin is able to
cool down to T, before entering the contact again after one revolution of the disc. If
this is not happening, the disc heats up to an average temperature T* and the heat
flow during contact is now to a sink at T*. In order to account for this in the
calculations, it is necessary to increase the actual heat diffusion distance, 1,, over the
value calculated by Eq. 2.27. Alternatively, it is necessary to estimate T* and use it
in place of Ty. Again, a fine-tuning with experimental measurements can help in
this task.

Let us briefly consider the situation of non-conformal contacts. For a ball sliding
on a plane (point contact), an effective 1; value can be obtained by considering that
heat flow is not one-dimensional but has a spherical symmetry. The following
relation has been proposed [36]:
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SIS

l1 = rg = 0.89 - 1o (228)

where 1y is the radius of the nominal area of contact (the extension of the worn
surface has to be considered in the case of dry sliding conditions that typically
imply the occurrence of some wear).

For two rolling cylinders (denominated with 1 and 2) that are in contact along a
generatrix (line contact), 1; and I, may be simply evaluated using Eq. 2.27 where 1,
is set to the half contact width. For this, the thermal diffusivity has to be calculated
using the properties of the cylinder and the tangential surface velocity of the
cylinder. The speed v in Eq. 2.22 is the relative (or, sliding) velocity given by
[vi — va]. Also in this case, the surfaces may not be able to cool down to T, after
each revolution. As a consequence, 1; and 1, has to be properly increased, or T* has
to be evaluated. More specific relations for evaluating T, in non-conformal contacts
having circular, square and rectangular shapes can be found in [40].

Different experimental techniques have been developed for the measurement of
Ts. As already seen, thermocouples can be placed close to the contact area in the
stationary body (even just beneath the surface), and then it is possible to evaluate T,
by considering the local thermal gradient. Reliable measurements can be also
obtained by detecting the emitted thermal radiation, using pyrometers or thermal
imaging cameras. Other techniques are summarized in Ref. [30]. It is clear that the
availability of experimental data can aid in the calibration of B or the other
parameters, and this allows using with greater precision the formulas given above
and subsequently performing further assessments without the use of measuring
systems.

Table 2.2 shows selected thermal properties of some engineering materials. In
the selection of the most suitable materials for contact temperature reductions, it is
useful to consider that materials with high thermal conductivities are to be used for
the body that is not in continuous contact with the counterface (at least when Pe is
greater than 1).

For specific engineering applications, simplified relations are often used to check
for the surface heating and avoid that surface temperature exceeds a critical value.
As an example, for sliding bearings, the following relation is often used:

TS - TQ = C,uFNv (229)

where C is an experimental constant, which depends on the materials in contact and
the geometry of the tribological system (compare with Eq. 2.22). In the case of dry
sliding bearings, C ranges usually between 0.1 and 1 °Cs/Nm. If the bearings are
made of a polymeric material and have diameter of 25 mm and height of 25 mm,
with a rotating shaft made by steel, C is around 0.5 °Cs/Nm [19]. In several
applications, the control of surface heating is simply made by calculating the
dissipated thermal power (Eq. 2.20) and by verifying that it is less than an
acceptable limit value.
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Table 2.2 Density and thermal properties of some materials (data from [41])

Material Properties at 20 °C Thermal
conductivity
Density Specific Thermal Thermal At At
(g/lem®) heat, conductivity | diffusivity 100 °C | 300 °C
(kl/kg °C) | (W/m °C) (m*/s)10°
Al-4 % Cu 2.79 0.883 164 6.676 182 -
Al-20 % Si 2.63 0.854 161 7.172 168 178
Fe-0.5 % C 7.83 0.465 54 1.474 52 45
Fe-1 % C 7.8 0.473 43 1.172 43 40
Fe-18 % Cr-8 % Ni 7.82 0.46 16.3 0.444 17 19
Cu-5 % Al 8.67 0.41 83 2.33 - -
Cu-25 % Sn 8.67 0.343 26 0.859 - -
Polycrystalline diamond | 3.51 0.51 2000 110 1300 -
Alumina 3.9 0.752 30 1.02 13 a 400 °C
Si carbide 32 0.67 50 2.33 34 a 400 °C
Nylon 1.14 1.67 0.25 0.013 - -
Teflon (PTFE) 22 1.05 0.24 0.01 - -
Glass 22 0.8 1.25 0.08 - -

2.11.2 Evaluation of the Flash Temperature

An estimate of the flash temperature, T, can be made referring to the model of the
asperities in contact (Fig. 2.32, which is valid as long as A, < A,. Applying
arguments similar to those disclosed in the previous section, the following
relationship can be obtained [36]:

T, — T, = S (2.30)

The distances 1;; and 1,¢ and can be simply considered equal to the mean junction
radius, r. In case of plastic contacts at the asperities, an approximation for r is:
r = 0.01/H, where r is in m, and H is the hardness in kg/mm2 [36]. Hence, Eq. 2.30
can then be recast in the following way:

T, — T, =8.8-10* (2.31)

L v
V14 122k + k;

Again, the critical part of the calculation of the flash temperature relies in the
estimation of the radius of the junctions. Equation 2.31 has proved to be relatively
correct for many tribological systems. An experimental method that can be used to
estimate r a posteriori, is to evaluate, by microscopic observation, the size of the
wear fragments transferred to the opposing counterface [42].

When A, is close to A,, as it occurs in metalworking operations, T¢ coincides
with Ts.
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Chapter 3
Lubrication and Lubricants

A reduction of friction between two sliding surfaces can be obtained by interposing
a substance capable of reducing the shear stress, 1, necessary to allow the relative
motion. This substance, which can be solid, liquid or gaseous, is called lubricant.

Solid lubricants are materials able to strongly adhere to one or both surfaces to
be lubricated, and to realize in this way sliding planes characterized by a low value
of t,,. Liquid lubricants are interposed to the mating surfaces and their action
depends much on the lubrication regime that they establish. Lubrication regime can
be classified according to the so-called lambda factor, A, defined by the following
relation:

A:& (3.1)

/R + R,

where hp,;, is the minimum lubricant thickness between the surfaces, and Rgy; and
Ry, are their root-mean-square roughness values. The meaning of A is simply
illustrated in Fig. 3.1a. Figure 3.1b shows, as an example, the friction coefficient
versus the lambda factor in the case of two steel discs under rolling-sliding motion
with a mineral oil as a lubricant (the tests were carried out using the apparatus
described in Sect. 4.5.3). For high values of A (greater than 3), friction coefficient is
very low, whereas for low values of A (below about 0.5), friction coefficient is
rather high (around 0.1-0.2). Such results are quite general and allow us to identify
three lubrication regimes as a function of the lambda factor [1, 2]:

(1) Fluid film lubrication if A is greater than 3;
(2) Boundary lubrication if A is less than 0.5;
(3) Mixed lubrication in the intermediate region.

In addition to reducing friction, lubricant may have other functions. It may
remove heat from the tribological system (a cooling task, which is important, for
example, in machining operations), or protect the surfaces against environmental
aggression (preventing, for example, oxygen and moisture from reaching the metal
surfaces thus causing corrosion phenomena).
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Fig. 3.1 a Scheme showing the meaning of the A factor; b friction coefficient as a function of the
lambda factor in the case of two steel discs under rolling-sliding motion using a mineral oil as a
lubricant

In this chapter, the main features of solid lubricants and solid lubrication will be
introduced first. Then, the salient features of the main liquid lubricants and of the
fluid film lubrication theory will be described. Since gas lubricants (air, N,, H,, He)
are used in some special cases only, the gas lubrication will not treated herewith.
Subsequently, boundary and mixed lubrication will be considered and the important
phenomenon of scuffing described. The chapter ends with an introduction to
lubrication when large plastic deformations are involved.

3.1 Solid Lubricants

Solid lubricants are usually employed in the following situations [3]:

(1) When the points to be lubricated are inaccessible (such as in equipment
working under vacuum or in presence of toxic gases);

(2) When the absence of contaminating substances is mandatory (as in the food-
processing machines, optical equipment’s, space telescopes, etc.);

(3) When operating temperatures are particularly high (as in hot working of
metals) or low (as in cryogenic systems) for liquid lubricants.

Quite often, therefore, solid lubricants are used when liquid lubricants cannot be
employed (consider that the typical temperature range for lubricating oils varies
from —20 to 120 °C, whereas solid lubricants may operate at temperatures in excess
of 250 or 300 °C). Disadvantages related to the use of solid lubricants concern their
limited ability of heat removal from the tribological system, and their low wear
resistance.

Solid lubricants may be applied to a surface as loose powders (by simply rubbing
onto the surface; by dipping or spraying the powder suspended in a suitable
medium that will evaporate; by using a binding resin), as powders dispersed in oils
and greases, or in the form of coatings, typically obtained using different vapour
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deposition techniques (see Chap. 7 for details on such technologies). The mecha-
nism of friction reduction by solid lubricants is depicted in Fig. 2.10: the use of hard
and stiff materials, required to reduce the real area of contact, is coupled with the
formation of a skin (i.e., a powder layer or a coating) able to reduce the work of
adhesion (and thus t,,). In most cases, the solid lubricant is able to transfer to the
counterface to establish a sliding plane between the solid lubricant and itself, which
results in a large reduction in the work of adhesion.

Friction coefficient is dependent on the coverage degree, i.e., on the fraction of
the real contact area (8) covered with lubricant. Hence, the rule of mixture can be
used [4]:

f=py -6+ pg- (1=0) (3.2)

where p; and pg are the friction coefficients with and without the lubricant,
respectively. It is not easy to know in advance the coverage degree that is reached
during sliding. In general it depends on the type and amount of lubricant used, the
lubricating method, the environmental conditions (mainly temperature) and on the
tribological parameters (normal load and sliding velocity).

There are four main classes of solid lubricants [5]:

(1) Carbon-based materials (such as graphite and diamond like coatings, DLCs);
(2) Transition metal dichalcogenide compounds (TMDs, such as MoS,);

(3) Polymers (such as PTFE);

(4) Soft metals (such as Ag, Pb, In, Au).

In the following, the main characteristics of some important solid lubricants will
be presented. They are also summarized in Table 3.1.

3.1.1 Graphite

A graphite crystal is made by a large number of parallel planes where carbon atoms
are arranged with an hexagonal symmetry (Fig. 3.2a). In the planes, carbon atoms
form strong covalent bonds whereas weak van der Waals forces held the planes
together. Figure 3.2b shows the morphology of typical graphite particles. By the
application of a shear stress, the planes slide quite easily one over the other and then
transfer to the counterface. If water vapour and air are present in the surrounding
environment, gaseous molecules are adsorbed on the planes (in particular on high-
energy edge sites [5, 6]). As a consequence, the work of adhesion between the
sliding planes (a plane of graphite against an other plane of graphite) is strongly
reduced, thus reducing the friction coefficient to values typically below 0.2. To
work as a solid lubricant, graphite thus needs the presence of enough moisture of
gas (>100 ppm) to reduce the surface energy of the planes as well as of the edge
sites.
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Table 3.1 Main characteristics of some common solid lubricants (modified from [5])

Methods of use Common coating | Temperature | Typical applications Comments
thickness range operating
(nm) range, °C
Graphite
» Powder 0.2-5 —200 up to Bearings, seals, pumps * Increasing
(burnished, 400%* and valve parts, electrical | friction with
sprayed, with contacts increasing
binder; as additive temperature
in oil, grease and Effective only
composites) in the
* Coating: vacuum presence of
evaporation water vapour
* Monolithic parts and oxygen
DLC
Coating (CVD, 0.005-1 —200 up to Magnetic media (protect | Friction
high energetic 400 head slider and disk), coefficients
PVD techniques) bearings, bushings, seals, | are very
gears, razor blades, car dependent on
engines (e.g., fuel operating
injectors, camshafts, conditions
valve tappets and piston
rings), femoral heads for
hip implants
MoS,
* Powder (like 0.2-2 —150 to 350 | Widely used in industry | Basically
graphite) (MoS,) and | (specially in resin- effective in the
* Coating (PVD 400 (WS,) bonded coatings); as absence of
techniques) in air. In N, | PVD coating is mainly water vapour
or vacuum used in aerospace and oxygen
up to 800 applications
PTFE
* Powder (in 2-10 =70 up to Bearings; seals; T, around
composites, 200 automotive (seat belt —90 °C
co-deposited in Ni clips, fasteners)
layers);
* Monolithic
(reinforced) parts;
* Less used as
coatings (by
spray, sputtering,
CVD)
Soft metals (Ag, Pb, In, Au)

Coating
(electrochemical,
PVD techniques)

0.2-1 (or more in
some cases)

Bearings; rolling
bearings (in lubricated
conditions)




3.1 Solid Lubricants 65

(a) L (b) 1 KX 208KV MD:I7HM S

T
1
N
_‘l’

carbon

Ll

Fig. 3.2 a Crystal structure of graphite; b typical morphology of graphite particles

As shown in Table 3.1, graphite can be used as loose particles, thin layers and
also as monolithic components, obtained by machining carbon-graphite blocks that
are produced following particular processing routes (further details will be given in
Sect. 6.7). For example, graphite seals and special braking pads are made in this
way.

3.1.2 Diamond-Like Coatings

Diamond-Like Coatings (DLCs) are made of carbon too, but have a different crystal
structure than graphite [6]. In fact, they are made of amorphous metastable carbon
with variable short-range diamond (sp>-type) and graphitic (sp>-type) hybridization.
DLCs display high hardness, high elastic modulus and also excellent tribological
properties, i.e., low friction and high wear resistance. In order to optimize their
performances in different conditions, they are usually doped with hydrogen. They
may be also doped with N, Si, SiO that reduce the residual stresses, which may
cause the spallation of the coating. On the basis of hydrogen content, a distinction is
made between amorphous DLC (a-C) with the majority of sp*-bonds, and hydro-
genated amorphous carbon (a-C:H) with typically 10-50 at. % H that stabilizes the
sp> bonds and prevents them to transform into graphitic bonds during deposition.

The solid-lubricating performance of DLCs during sliding is due to different
factors that most probably work together. The first is the sp°—sp? transformation at
the contacting asperities because of the local temperature rise during the run-in
stage. A layer of graphite is thus transferred to the counterface and low friction is
attained because of the sliding between graphitic planes. The second is the con-
tamination of the surface and the third is the hydrogenation (if present) of carbon
atoms that reduces the surface energy [7, 8]. In this latter case, a low friction is
attained without the formation of a transfer layer. An excessive temperature rise,
however, may induce a degradation of DLCs and also a release of hydrogen, with a


http://dx.doi.org/10.1007/978-3-319-05894-8_6

66 3 Lubrication and Lubricants

Fig. 3.3 Example of DLC
coating (indicated by the
arrow) [6]

S

deterioration of the performances. For temperatures greater than 100 °C friction
starts to increase, and above 300 °C the DLCs almost loose their properties [5].

In general, the friction coefficient may range from 0.01 (very low value) to 0.5
(no solid lubricant effect), in dependence of the operating conditions, i.e., contact
load, sliding speed, temperature, counterface material and environment. A correct
selection and optimization is therefore required for each engineering applications.
As an example, H-free DLCs perform better in humid air, while hydrogenated
coatings perform better in dry or inert gas environments [5]. Figure 3.3 shows an
example of a DLC coating. The very low surface roughness of the coating after
deposition can be clearly appreciated.

3.1.3 Molybdenum Disulphide

MoS, has a layered structure very similar to graphite. A sandwich of S-Mo-S
hexagonally packed layers is held together by rather weak van der Waals forces.
Shear stresses lead the planes to slide and form a transfer layer. No water vapour
molecules are required for a solid lubricating effect. MoS, shows a low friction
coefficient in dry environments and even vacuum. Indeed, the presence of oxygen
or water vapour may oxidize molybdenum forming MoOj that increases friction,
and H,SO, that may also induce corrosive phenomena in the tribological system.

MoS; can be used in the form of powder, simply burnished onto the component
surface or sprayed with a volatile solvent. It can be also deposited using a
binder material (Fig. 3.4 shows an example) or used as a sputtered coating (PVD,
Sect. 7.5.2) in precision components. The best performances in terms of friction and
wear are obtained with MoS, coatings. Another member of the TMD family is
WS,, which displays a similar behavior as MoS,.
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Fig. 3.4 MoS, powder
bonded with epoxy resin [9] B1KX 28KV WD:18MHM §: 199 P:@0887
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3.1.4 PTFE

Some polymers with unbranched molecular chains, such as PTFE (polytetrafluo-
roethylene) and some polyamides and acetal resins, constitute another important
class of solid lubricants. As already described in Chap. 2, during sliding PTFE
forms a thin transfer layer on the counterface (the presence of fluorine atoms greatly
facilitates the adhesion to the metal surfaces). Very low friction is attained because
of the low surface energy, due to the absence of unsaturated bonds. Unfortunately,
the mechanical strength of PTFE is very low as well as its wear resistance. Different
approaches are followed to exploit the solid lubricating capacity of PTFE. For
example, it is reinforced by the use of suitable fillers or particles. As an example,
Fig. 3.5a shows the fracture surface of a PTFE seal reinforced with bronze particles.
PTFE particles are also used in polymeric composites or co-deposited in Ni-coat-
ings (Fig. 3.5b). It may be also impregnated in the open porosity of layers made by
sintering bronze powders, as shown in Fig. 3.5c. In this case, wear resistance is
provided by the bronze skeleton whereas the solid lubricating effect is continuously
provided by the PTFE.

3.1.5 Soft Metals

Low coefficients of friction (even lower than 0.1) can be obtained with thin coatings
(thickness in the 1 pm range are commonly used) of the so-called soft metals, such
as lead, silver, gold and indium. The lubricant capacity of such metals is due to their
low surface energy. For example, the surface energy of the lead is around 0.45 J/m>.
If a thin layer of lead is deposited on a steel with a hardness of 400 kg/mm?, during
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10um

Fig. 3.5 a Fracture surface of a PTFE gasket reinforced with bronze particles; b cross section of a
nickel coating on steel that contains, in the outer part, a dispersion of PTFE particles; ¢ cross
section a surface bronze skeleton made by sintered particles with an impregnation of PTFE [9]

sliding Pb—Pb contacts are realized because of transfer, and the ratio W,/H is about
0.0023 1077 m. Therefore, from Fig. 2.9a friction coefficient lower than 0.2 can be
predicted. It is clear that film thickness should be low enough to avoid increasing
the real area of contact.

Soft coatings are usually produced with electrolytic techniques and PVD
methods, like vacuum deposition and ion plating (see Sect. 7.5.2). Note that soft
metals can be easily removed during the tribological contact. Thus, their use is
generally restricted to particular applications (such as under boundary lubricated
conditions, see Sect. 3.4), and their wear life should be properly assessed. As an
example, Fig. 3.6 shows the sliding specific wear rates (see next chapter) vs. friction
coefficient for different solid lubricant coatings sliding against AISI 440C stainless
steel balls [3]. The tests were carried out in humid air as well as in high vacuum.
The lead and silver coatings display the worst behaviour in humid air and an
intermediate behaviour under vacuum. As previously stated, the MoS, coatings
display an outstanding behaviour in vacuum, whereas the DLCs show their best
performances in humid air.
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Fig. 3.6 Specific wear rates versus steady-state friction coefficient for a number of solid lubricant
coatings sliding against a stainless steel ball. a In humid air; b in ultra high vacuum (modified from
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3.2 Liquid Lubricants

When a liquid lubricant is employed, the knowledge of the lubrication regime
attained in service is of paramount importance for a correct design, including a
correct selection of the lubricant type. If A > 3 (fluid film lubrication) the lubricant
thickness in the mating region is such that no contacts among the asperities are
allowed (Fig. 3.1a). The lubricant is under pressure and is thus able to exert a
suitable force to maintain the complete separation between the two surfaces. In this
case, the physical properties of the Iubricant, such as viscosity, play the most
important role. If A < 0.5 (boundary lubrication), a thin Iubricant film covers the
asperities but it does not exert any force to separate the surfaces. In this case, the
performance of the lubricant is mainly dependent on its chemical properties, i.e., on
its ability to chemically interact with the surfaces and form a tribofilm able to
reduce friction and wear.

3.2.1 Mineral and Synthetic Oils

The main lubricating oils are mineral and synthetic. Mineral oils are largely used
due to their high performance/price ratio. They account for more than 95 % of all
lubricants production [10]. The base oils are derived from refining of petroleum
crude oil and contain organic macromolecules and impurities (such as sulphur),
depending on the provenance of petroleum. The majority of mineral oils are par-
affinic. Paraffin’s are alkanes (C,,H,, ,,) with linear or branched chains. Mineral oils
may also be naphthenic (and thus contain cyclic molecules) or aromatic (and thus
contain molecules with very stable aromatic rings). Synthetic oils are more
expensive than minerals oils. They are obtained by the polymerization of organic
molecules and are produced for specific applications (such as high temperature
applications). Synthetic oils may be based on hydrocarbons (polyolefins, ester oils
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Fig. 3.7 Scheme showing the adsorption of lubricant macromolecules on the surface of materials.
The small circles represent the polar ends whereas the lines represent the macromolecular chains

or polyglycols) or they may be based on silicones (with a —=Si—O-Si— chain that is
particularly suitable for use at high temperature). Compared with mineral oils,
synthetic oils have better thermal properties such as higher stability, higher
decomposition temperature and better oxidation resistance.

Special additives are added to base oils (in amounts typically ranging from 1 to
5 % by weight) to improve their specific performances. There are additives that
improve the wettability of the lubricant on the surfaces, such as fatty acids. Most
oils contain such molecules but they are also specifically added in lubricants for
boundary lubrication where the adhesion of the lubricant to the surfaces is para-
mount. Such molecules contain polar ends (—OH) that are able to adhere to the
metal surface (see the scheme in Fig. 3.7). In the case of steels such adhesion is very
strong since a chemisorption process is involved in bond formation among
hydroxyl groups and the oxides present on the surface of the steel. The amount of
additive should be enough to ensure complete coverage of the surfaces to be wetted
by the lubricant.

Other classes of additives for boundary lubrication are the anti-wear and the
extreme pressure (EP) additives [11]. They contain sulphur, lead and zinc com-
pounds that are able to react at the asperities during sliding because of the high local
flash temperatures, and thus form protective solid lubricant layers. An important
anti-wear additive is ZDDP (zinc dialkil dithiophosphate), which actually has
multifunctional properties including anti-wear and anti-oxidant action [12]. This
additive interacts with the steel surface (the oxides) during sliding and forms an
oxy-sulphide layer on the top of which a glassy phosphate forms. The whole
tribofilm has a thickness ranging between 100 and 1000 nm and acts as a barrier
against wear. The anti-oxidant action of ZDDP is also important, since oxidation
strongly reduce lubricant performances as temperature is increased. In fact, oxi-
dation induces an increase in viscosity and in acidity that makes the lubricant
chemically aggressive against the surface to be lubricated. Different oxidation
inhibitors are available to increase to oil life when oil temperature rise may be of
great concern. EP-additives mainly contain organic sulphur, phosphorus com-
pounds with a strong affinity to metals (e.g. steels) that during sliding promote
formation of compounds, like sulphides, with a strong solid lubricant action.

A very important property of liquid lubricants is viscosity, which is a measure of
their resistance to flow. If we consider two planes, separated by a liquid lubricant
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with thickness h, and sliding with a relative velocity v (Fig. 3.8), the shear stress, T,
(given by F1/A,) required to maintain the relative motion is given by:

v
T =10 (3.3)
where 1 is the dynamic viscosity of the lubricant (units: Pas; 1 cP = 107> Pas). The
ratio between the dynamic viscosity and the liquid density gives the kinetic viscosity
that can be measured in laboratory tests (note that oil density is around 0.9 g/cm?).
It is commonly indicated with v, and it is typically measured in mm?/s (1 mm?*/s = 1
centi Stokes, cSt). As an example, at room temperature water has a kinematic
viscosity of around 1 cSt, whereas automobile engine oils have a kinematic vis-
cosity of around 200 cSt.

Viscosity greatly depends on temperature and, in particular, it decreases as
temperature is increased, as shown in Fig. 3.9 for some industrial oils. In certain
lubricating oils, viscosity decreases by 80 % for a temperature increase of only
25 °C. The variation in temperature of viscosity may be expressed by an expo-
nential equation:

n=n, exp(=f- (T —T,)) (3.4)

where [ is the temperature viscosity coefficient and 1, is the viscosity at the ref-
erence temperature, T, (typically 20 °C). When the viscosity of a lubricant at two

Fig. 3.9 Dependence of [y
dynamic viscosity on the E
temperature in the case of
some industrial oils
denominated using the ISO
classification
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temperatures (T; and T,) is known, the oil viscosity at a temperature T, can be
estimated using the Walther equation (also adopted in the ASTM D314 standard):

= % (log T> — log Ty) + W (3.5)
where W = log log (v + 0.7), v is in mm?/s and T in K.

The viscosity of a lubricant depends also on pressure, especially if it is quite high
as it may occur in non-conformal contacts. Several relationships have been pro-
posed to express the dependence of viscosity on pressure. The simplest one is the
exponential equation:

n = neexp(op) (3.6)

where 1 is the atmospheric viscosity and a is the so-called Barus coefficient. If not
known, it can be estimated, in first approximation, by the following relationship [2]:

a= (0.6 +0.96 - Logn,) - 1078 3.7
0

where o is in m*N and 1 in Pa s. The Barus coefficient typically ranges between 1
and 2 10~ m*/N.

The International Organization for Standardization (ISO) classifies industrial oils
on the base of viscosity ranges at 40 °C (some examples are shown in Fig. 3.9).
Other classifications are used in practice, such as the SAE classification for auto-
motive applications and the AGMA classification for gears. A useful parameter that
accounts for the dependence of viscosity on temperature is the viscosity index, VI. It
is determined in relation to two reference oils at which VI-values of 0 and 100 are
assigned. In general, if oil is characterized by a low VI-value, its viscosity decreases
greatly as temperature is increased; vice versa for oils with high VI-values. In
Table 3.2 the characteristics of some mineral oils are listed.

The lubricant may be supplied in different ways: using baths, and then rings or
chains to deliver the oil in the contact region; using circulating systems, in which oil
is pumped from a reservoir in the contact region.

3.2.2 Greases

Greases are lubricating oils containing thickeners (5-20 %). They have a semi-fluid
consistency, and behave essentially as liquid lubricants with excellent performances
in boundary lubrication and good performances in fluid film lubrication. Thickeners
in greases produce a colloidal structure with the dispersion of stabilized solid
particles in the oil. In most cases, mineral oils are adopted with a well-controlled
viscosity, so that the oil is gradually released in the region to be lubricated.
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Table 3.2 Dynamic viscosity and Barus coefficient for some industrial mineral oils (from Ref. [11])

Lubricant |ISO VG | VI Dynamic viscosity at Barus modulus (10~° m*/N)
atmospheric pressure (cP)
30°Cc |60°C |100°C [30°C |60°C |100°C
High VI
32 108 |38 12.1 5.3 18.4 134
100 96 | 153 34 9.1 237 20.5 15.8
150 96 | 250 50.5 12.6 25 21.3 17.6
460 96 | 810 135 26.8 34 28 22
Medium VI
15 18.6 6.3 2.4 20 16 13
32 68 |45 12 39 28 20 16
68 63 107 23.3 6.4 29.6 22.8 17.8
75 84 122 26.3 7.3 27 21.6 17.5
100 38 171 31 7.5 28 23 18
Low VI
22 -6 307 8.6 3.1 25.7 20.3 154
100 -7 165 30 6.8 33 23.8 16
150 8 [310 442 9.4 34.6 26.3 19.5
1000 2000 180 24 41.5 29.4 25

The thickeners are metallic fatty acid soaps or a clay mineral, and grease is
usually indicated with reference to the type of thickener. Greases based on sodium,
calcium and lithium are commonly used. Lithium greases are mostly used, since
they can resist temperatures up to 200 °C. Anti-wear, anti-oxidation and EP
additives, and solid lubricant powder (such as graphite or MoS,) may be also added
to improve the grease performances. Beside good lubricating properties, greases can
remain long enough in place to protect the tribological system from external con-
taminants and corrosion. Greases are commonly used in rolling bearings.

3.3 Fluid Film Lubrication

In order to have fluid film lubrication, the lubricant in the meatus must be in
pressure, and able to exert a thrust force that maintains the complete separation
between the two surfaces (A > 3). Such force can be hydrostatic or hydrodynamic in
nature [11, 13, 14]. In the case of hydrostatic lubrication, the lubricant is supplied
and maintained under pressure by an external pump. As long as the pump feeds
lubricant in the contact area, the separation between the surfaces may take place
even in the absence of relative motion between the surfaces. This type of lubrication
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Fig. 3.10 Principle of hydrodynamic lubrication

is used in special bearings (also with gaseous lubricants, such as air), if it is
necessary to obtain very low values of the static friction coefficient.

In the case of hydrodynamic lubrication, the lubricant is able to exert a thrust
force only if there is a relative motion between the surfaces in contact. The simplest
tribological system to represent the condition of hydrodynamic lubrication is that
shown in Fig. 3.10. It consists of an inclined upper plane and a horizontal lower
plane moving with a velocity v. The lubricant adheres to both surfaces and is
dragged into the contact region, which has a converging shape in the direction of
motion. The entry section, with a height h,, is greater than that the exit section, hy,.
This configuration generates a pressure profile along the contact, which is
responsible for the hydrodynamic thrust force.

In the case of incompressible fluids (i.e., typically in the case of liquids), the
pressure evolution, p, in the meatus can be obtained by solving the Reynolds’

equation:
d dp d dp dh
— (P (=) =6-v-n-— 3.8
dx( dx>+dy< dy) P (38)

where h is the height of the meatus and 7 is the lubricant viscosity. By integrating,
the equilibrium thrust force, Fy, and the tangential force, Fr, can be obtained [11]:

6-n-v-L? 2K
Fy=—"t— " [—In(K+1)+—x 3.9
TR ( n(K+ )+K+2) (39)
n-v-L-b 6 4In(K +1)
Fr = : - 3.10
’ hy <K+2 K (3.10)

where b is the plane width and K is given by: h;/hy—1.
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Note that both forces depend on the lubricant viscosity and on the relative
velocity. If v tends to 0, no hydrodynamic force is exerted at all. Further note that h,
is the minimum lubricant thickness. To really have fluid film lubrication, A should
be greater than 3, and therefore, from Eq. 3.1, h, should be greater than

34 /Ré1 + RSZ, where Rq; and Ry, are the root-mean-square roughness values of

the two surfaces. h, can be obtained from Eq. 3.9 since, in equilibrium, the thrust
force corresponds to the normal applied force. Alternatively, the given relations can
be also used to evaluate A and therefore the effective lubrication regime. The
hydrodynamic lubrication is present, for example, in thrust and journal bearings.

A special case of hydrodynamic lubrication is the elasto-hydrodynamic lubri-
cation (also referred to as EHD), which occurs in the case of non-conformal con-
tacts. In this case, the lubricant in the contact region interacts with the elastic
deformations of the mating surfaces, and this gives rise to local variations in section
producing a converging shape in the direction of motion. The resulting thrust force
is thus connected with the elastic deformations, the lubricant viscosity, its depen-
dence on pressure, and the relative motion. Figure 3.11 shows a schematization of
the deformations in a non-conformal contact and the evolution of contact pressure.
It can be noted that pressure evolution is modified with respect to the semi-elliptical
Hertzian contact, with, in particular, the formation of an additional pressure spike at
the contact exit. Such pressure spike may even exceed the Hertzian pressure even
by 20-30 %, and this influences the performance of the tribological system since it
induces a highly localized stress concentration at the surface [15].

The calculation of h,,,;, in the case of EHD lubrication is usually carried out with
the relation proposed by Hamrock and Dowson [11, 13], which assumes that the
lubricated surfaces are smooth:

Fig. 3.11 Hydrodynamic 4
pressure distribution in an Pressure
EHD contact (the dashed line spike

represents the Hertzian
pressure distribution)

v

I hmin




76 3 Lubrication and Lubricants

Munin = 3.63 - R’ - (3.11)

GO‘49 . U0'68 0.61

woors ( N 60.73k)
where G = oF’ (dimensionless materials parameter), U = nov'/E'R’ (dimensionless
speed parameter), W = Fy/E'R’? (dimensionless load parameter), v = (v| + v3)/2,
being v, and v, the tangential velocities of the two surfaces (V' is also called the
rolling velocity), 1 is the viscosity of the lubricant at ambient pressure and at the
temperature of entry into the contact region, k is a parameter which is 1 for a point
contact and infinity for a line contact (the other parameters in Eq. 3.11 were defined
in Sect. 1.1).

To summarize, the ability of a liquid lubricant to produce fluid film lubrication is
favoured by: high tangential speeds (this is the most important parameter; if they are
excessive, however, the entrance of the lubricant in the meatus can be difficult); a
low load; a high lubricant viscosity. Lubricant temperature at entry is also an
important parameter. In fact, as such temperature is increased, both viscosity and
Barus coefficient are decreased and the hydrodynamic thrust force (and thus h,;,) is
decreased. In most mechanical systems, the oil temperature at entry is maintained in
the range between 40 and 60 °C.

3.4 Boundary Lubrication and Scuffing

When the load is high and/or the speed is low, A may be very low (lower than 0.5),
and the lubricant does not exert any supporting action. The surface asperities come
into close contact and, at least in the case of metals, local plastic contacts take place.
In this case, the role of the boundary layer, i.e., of the film that is formed on the
surface to be lubricated by physical absorption, chemical adsorption or chemical
reaction, becomes more important. As an example, Fig. 3.7 schematizes the for-
mation of a boundary absorption layer on the metal surface, due to the presence of
fatty acids in the lubricant. Since sliding involves the real area of contact (A,), the
boundary layer acts as an adhesion barrier, impeding the asperity metal-to-metal
contact. Friction coefficient is thus given by: p = t1,,/H, where 1, is the average
shear stress that is required to have a shear slip in the boundary layer. In boundary
lubrication, friction coefficient is low, typically in the range between 0.1 and 0.15,
since the surface energy of organic lubricants is of the order of 0.02 J/m?.

In this lubrication regime the occurrence of wear, i.e., of progressive material
removal from the surfaces (in general it is a mild form of wear), may be detected.
Quite often during the running in the wear of the highest asperities leads to a
reduction of roughness with a consequent increase in the A factor. The phenomenon
of wear will be described in detail in the next Chapters.

Most lubricants adopted in the case of boundary lubrication contain specific
additives, as already highlighted in Sect. 3.2.1, to optimize the friction and wear
performances. In fact, during sliding the collisions at the asperities can destroy the
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absorption layer. As a consequence, several dry asperity contacts are established
and the local temperature rise may induce an avalanche effect, with the progressive
desorption of the lubricant. This could have dramatic consequences, leading to
severe wear (often called scoring, galling or seizure). The whole phenomenon is
called scuffing, and is one of the most problematic failure modes in tribology.

If specific additives are present in the lubricant (such as anti-wear or EP addi-
tives), a stronger boundary layer is formed, often after a reaction with the metal
surface (such layer is sometimes called secondary boundary layer [16] ). As already
seen, anti-wear and EP additives contain atoms with good reactivity with the metal
substrate, which promote formation of lubricating compounds. Such boundary
layers have a complex structure and are made by a mixture of polymeric materials,
wear debris and functional molecules. In this respect, surface temperature plays a
very important role. In fact, the attainment of a critical flash temperature during
sliding is required to activate the chemical reactions at the asperities, whose
products form the protective boundary layer. Of course, if temperature is too low
the reaction rate may be insufficient to quickly form a secondary boundary film. On
the contrary, if it is too high the reaction rate may be too rapid, and chemical
corrosion rather occurs, which in turn induces excessive wear [17].

The phenomenon of scuffing is usually investigated by carrying out lubricated
tests in line or point contacts. In general, a point contact test is preferred since it
allows the attainment of very high Hertzian pressures; in this respect, the four-ball
test, described in Sect. 4.5.4, is very often employed to investigate the scuffing
resistance of a lubricant. In such a test, the applied load is increased in a step-wise
or continuous manner, in order to change the lubrication regime, i.e., to reduce the
A-factor, and to increase the local pressure. At the same time, the friction coefficient
is monitored as a function of time. Figure 3.12 schematizes a typical behaviour
when using a lubricant without additives, with anti-wear additives, and with EP-
additives [18]. At the beginning, friction coefficient is seen to increase since
lubrication regime passes from mixed to boundary lubrication. At a critical load,
known as the scuffing load (indicated with arrows in the graph) friction starts to
dramatically increase. Scuffing is then seen to propagate, and when using oil
lubricants without additives, friction coefficient rapidly rises up to values typical of
dry sliding, at which severe wear occurs, characterized by large material removal
and large increase in surface roughness. If the lubricant contains anti-wear or EP-
additives, however, the scuffing load is increased and, most importantly, the
propagation stage is made more difficult because of the formation of a secondary
boundary layer, which is able to protect the surface and to allow a satisfactory
lubrication regime. The data in Fig. 3.12 show that for the lubricant with anti-wear
additives, the friction coefficient considerably increases prior to the formation of the
secondary boundary layer. On the contrary, when using EP-additives, such a pro-
tective layer forms quite soon and friction coefficient does not rise much as the
applied load is increased.

The prediction of scuffing in a specific tribological application would be very
important, in particular when using lubricants without specific additives. However,
it is a very difficult task, and the available models are strictly applicable to specific
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Fig. 3.12 Evolution of friction coefficient with the applied load recorded in four-ball testing using
chromium steel balls and oil lubricants without and with additives. The arrows indicate the
scuffing loads (data from [18])

applications. As seen, scuffing occurs when the asperities of the mating surfaces
collide, thus inducing the local removal of the lubricant. This may occur in
boundary as well as in mixed lubrication regime. On such a basis, an EHD
breakdown criterion may be used by setting that scuffing is triggered when A-factor
becomes lower than a critical value and also lubricant viscosity is reduced below a
critical value by frictional heating [19]. A considerable uncertainty, however, arises
from the evaluation of A: Ry and Ry, do not perfectly account for the actual
asperity height distribution, and scuffing could initiate at the highest asperities
where the collisions are more probable and severe; in addition, the equation
commonly used for the calculation of h,,;, (Eq. 3.11) is approximate since it is
based on the assumption that the two surfaces in contact are smooth. Thermally
based models were also proposed. A very common criterion was early suggested by
Block: scuffing occurs when the contact flash temperature reaches a critical value,
which is around 150 °C for most lubricants and depends on lubricant resistance to
desorption [20]. To a first approximation, the flash temperature can be estimated by
using the relations of Sect. 2.11; for the estimation of T, the friction coefficient for
the upper limit of boundary lubrication could be used (p around 0.1), whereas for
the estimation of Ty, the friction coefficient for dry sliding could be used (u around
0.7 for steels) since scuffing is initiated once the collisions have removed the
lubricant from some asperities. Also in this case, however, there are a lot of
uncertainties’ that are not removed by using better temperature models. In fact, the
desorption temperature depends on the chemical composition of lubricants, and it
may also depend on pressure and other operational parameters.

The use of solid lubricants, such as soft metals, DLC or MoS, coatings, may
considerably improve the performances of tribological systems operating in
boundary lubrication conditions. In fact, when the boundary film fails, solid
lubricant can carry the load, preventing the metal-to-metal contacts that produces
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Fig. 3.13 Friction evolution of uncoated and Ag-coated SizN4 at 200 °C and in a synthetic oil [21]

wear and may lead to scuffing, therefore acting as a back-up lubricant [21, 22]. As
an example, such an effect is often exploited in lubricated bearings that are coated
with soft metals. In fact, during the run-in, the sliding speed is low and thus the
hydrodynamic force exerted by the lubricant is also low making the system working
in boundary-lubricated conditions. Beneficial synergistic effects can be also
obtained by using a liquid lubricant in combination with a solid lubricant coating.
As an example, Fig. 3.13 shows the friction evolution of an uncoated and an
Ag-coated silicon nitride sample in a synthetic oil at 200 °C [21]. In this respect, for
some applications the drastic reduction in S, P-base additives can be achieved thus
favouring the successive oil recycling procedures.

Different systems work in boundary lubrication conditions, at least during part of
their operating cycles. Examples include the piston ring and the cam/follower
systems.

3.5 Mixed Lubrication

As schematized in Fig. 3.14, mixed lubrication occurs when both a hydrodynamic
film and a boundary lubrication layer support the normal applied load, Fy. In this
case, friction coefficient typically ranges between 0.07 and 0.1, and it may be
evaluated by the following relation [23]:

p=0 p.+(1=09)p, (3.12)

where 0 is the contact area ratio, i.e., the ratio of the real contact area to the nominal
area of contact, and . and p, are the friction coefficients for the areas of contact and
for the valley regions, respectively. p. is the friction coefficient for boundary
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Fig. 3.14 Scheme of the mixed lubrication condition

lubrication, and is given by t.,,/H, whereas p, is the friction for the hydrodynamic
lubrication and is obtained by combining Eqgs. 3.9 and 3.10 (u, = F/Fyn) [24].
A complication arises when the contribution from the contact areas dominates, i.e.,
when & is high and close to 1. This situation is typical in metalworking operations,
and will be considered in the next paragraph.

A ~ 1 means that surface asperities are, on average, of the same height of the
lubricant thickness. As a consequence, some collisions may occur during sliding
between the highest asperities. In such conditions, local shear plastic deformations
easily occur. They may lead to scuffing (see the previous paragraph), wear, or be the
precursors for successive failures by contact fatigue, as shown in the next Chapter.
Such surface localized plastic deformations are also known with the term surface
distress.

However, a number of experimental investigations have shown that surface
distress does not always occur even if the tribological system is operating at low
A-values, well within the mixed lubrication regime. Two possible explanations have
been proposed. The first one considers the so-called micro-elasto-hydrodynamic
lubrication (micro-EHD): it is supposed that the lubricant interacts with the elastic
deformations at the asperities, and this gives rise to local variations in section pro-
ducing a converging shape in the direction of motion. Therefore, an EHD force is
established between two mating asperities. A second explanation (probably corre-
lated to the first one) considers the local increase in lubricant pressure that in turn
induces an increase in viscosity: the lubricant becomes so thick to behave almost as a
solid lubricant. It is clear that in such conditions no surface distress and also no
scuffing may occur. No models are still available to predict the occurrence of surface
distress (and scuffing) with adequate accuracy.

3.6 Lubricated Friction in Case of Large Plastic
Deformations

Metals display particular behaviour when the normal load is very high and the real
area of contact is close or equal to the nominal area of contact. As schematized in
Fig. 3.15 [25], the friction force tends to be independent from the normal load, and
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then friction coefficient tends to decrease with load. The situation A, <<A, is typical
of mechanical contacts, such as those occurring in gears or in cams. The situation
A; & A, is typical of metalworking operations, typically conducted in lubricated
conditions. In such operations, rigid (undeformable) tools plastically deform a work
piece, to shape it as desired.

It is still not clear which lubricating mechanism is actually operating when 9, the
contact area ratio, is close to 1 as a consequence of large plastic deformations in one
of the contacting bodies. Certainly a boundary lubrication mechanism is operative,
possibly favoured by the high local pressure. But other contributions may be
present. The oil entrapped in the valleys could, for example, exert a hydrostatic
support when pressed by the die, or it could squeeze in the contact regions exerting
a hydrodynamic pressure (often called plasto-hydrodynamic lubrication). The trend
displayed in Fig. 3.15 can be simply explained by only considering the role of
boundary lubrication. Indicating with 1, the average shear stress required to have
shear slip in the boundary layer, the tangential force is Fr = 1,A, since A, ® A,
and, consequently, p = 1,A/Fn = T/po (Where pg is the nominal pressure). This
shows that when normal load is such that A, ® A,, a further increase in load (or
pressure) is accompanied by a decrease in friction.

An estimate of the lubrication regime when a work piece is in contact with a tool
under large plastic deformations can be obtained by calculating the lubricant
thickness, h, and then the A value, using the Wilson and Walowit’s relation [26],
obtained under the approximation of smooth surfaces. In the case of a strip drawing
process (Fig. 3.16a), the relation is:

h:6.;70.og.vem/,y (3.13)
O (1—e*)

where 1 is the oil viscosity at room pressure, a is the Barus coefficient, Vepyy is the

entraining velocity, ® is the entraining angle and ¢/, is the plane strain yield stress

of the work piece. As an example, Fig. 3.16b shows the experimental values of

friction coefficient as a function of h for the drawing of an aluminium alloy sheet

with a thickness of 6 mm and a surface roughness of R, = 0.2 pm [27]. Different
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Fig. 3.16 a Schematic of the strip drawing process; b friction coefficient versus smooth film
thickness and A factor for strip drawing of an Al sheet (reduction between 0.1 and 0.15; lubricants:
V68, M320, HVI 650) (data from [27])

half die-angles were employed to obtain different h-values. As expected, friction
coefficient is seen to decrease with h. The obtained h-values are very small and this
reinforces the idea of boundary lubrication. This is confirmed by the calculation of
the corresponding A factors, which are all below 0.2, and by the observations of the
surface topographies after drawing that highlighted the occurrence of remarkable
surface distress phenomena. The comparison with the friction data reported in the
previous paragraphs (see, for example, Fig. 3.1b), shows that the friction values in
Fig. 3.16b are much lower than it would be expected for boundary lubrication
conditions. This result is in agreement with the predictions of Fig. 3.15, since strip
drawing was conducted under large plastic deformation of the work piece, and
therefore under high loading conditions.

3.7 Lubricant Selection

The lubricants described in this chapter have been mainly developed to lubricate
metallic surfaces and, in particular, ferrous alloys. The lubricating oils are also used
in tribological systems made of ceramic materials. It is clear, however, that in this
case the full potential of ceramics is not exploited, given the temperature limitations
of oil lubricants. For use at high temperature, solid lubricants based on MoS, or
TiO, should be selected. In the case of polymers, such a temperature limitation does
not exist and the use of lubricants containing organic polar molecules is particularly
effective and, therefore, recommended.



3.7 Lubricant Selection

83

Table 3.3 Comparison of the main properties of lubricants (modified from [28])

Property Solid Oil Grease
lubricant
Hydrodynamic lubrication Nil Excellent Fair
Boundary lubrication Good to | Poor to excellent Good to excellent
excellent | (depends much on (depends much on
additives) additives)
Cooling Nil Very good Poor
Ability to lubricate systems Very Excellent Poor
operating at high velocity poor
Ability to lubricate systems Good Poor (excellent in Excellent
operating at low velocity hydrostatic lubrication)
Ability to lubricate highly Good Depends on additives | Fair
loaded systems
Protection against atmospheric | Poor to Fair to excellent Good to excellent
corrosion fair
Temperature range Good to | Fair to excellent Good
excellent
Cost Fairly Low to very high Fairly high to very high
high
Life determined by Wear Deterioration and Deterioration

contamination

The choice of the optimum lubricant for each specific application is quite a
difficult task and reference to the specialized literature should be made. In
Table 3.3, the salient features of various types of lubricants are listed. They may be

useful as a first guide in the correct selection of a lubricant.
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Chapter 4
Wear Mechanisms

Wear is a damage of a surface in contact with another one, which results in the
formation of fragments (or debris) that leave the tribological system. Wear may
cause direct failure, may reduce tolerances and surface finish, or induce a surface
damage that is responsible for the subsequent failure of the component (most often
by fatigue).

The characteristics of the relative motion between two bodies in contact define
the wear processes. Some examples are schematically shown in Fig. 4.1. If the
bodies’ slide one over the other, the resulting wear process is sliding wear. If they
roll one over the other, the resulting wear process is rolling wear. A rolling-sliding
wear is obtained if the two types of motion are superimposed. When a reciprocating
sliding is present with very small displacement, the resulting wear process is called
fretting. When one of the two bodies consists in one or more hard particles that
abrade a softer surface, wear is called abrasion by hard, granular material. If a
fluid carries such abrading particles, wear is called erosion.

Despite the high number of wear processes encountered in practice, the inves-
tigation of wear damage is facilitated by the observation that each wear process is
determined by the action of a predominant wear mechanisms, and the wear
mechanisms are only four [1, 2]:

(1) adhesive wear;

(2) tribo-oxidative wear;
(3) abrasive wear;

(4) wear by contact fatigue.

An understanding of the four wear mechanisms is crucial to properly control
every wear process. This control can be done in the designing stage, when it is
possible to recognize in advance the acting wear mechanism. This control can be
also done subsequently, when there is the need to re-design a tribological system
after a wear induced failure. To achieve this task, a proper failure analysis is
required and this can be carried out only if the main wear mechanisms are correctly
understood. In this chapter the four wear mechanisms will be described, while in the
next chapter the salient features of the main wear processes will be outlined. At the
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Fig. 4.1 Examples of types of relative motion between bodies in contact and the related wear
processes: a sliding wear; b rolling wear; ¢ fretting wear; d hard particles transported by a fluid:
erosive wear (erosion)

end of this chapter, the main wear testing procedures able to simulate the different
wear mechanisms are also outlined.

4.1 Adhesive Wear

Adhesive wear takes place when the adhesion forces between the contacting
asperities exert a predominant role in the formation of wear fragments. Historically,
this mechanism is described by the theory of Archard, even if the current inter-
pretation has been improved, thanks to the developments in the observation of the
fragments and worn surfaces that have lead to a better understanding of the phe-
nomena that are actually involved.

In the study of adhesive wear, it is useful to distinguish between wear of ductile
materials (like most metals and polymers above their glass transition temperature)
and wear of brittle materials (such as ceramics and polymers below their glass
transition temperature).

4.1.1 Adhesive Wear of Ductile Materials

In ductile materials, plastic junctions form at the contacting asperities during sliding
(Fig. 1.11). As mentioned in Sect. 2.5, adhesion takes place at the junctions that in
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some cases may be more resistant than the bulk. As a consequence, the tangential
displacement at some asperities may be due to fracture in the asperity bulk rather
than by shearing at the interfaces. Such a fracture results in the formation of a loose
wear fragment. As schematized in Fig. 4.2, the total wear volume, is given by: V =
h A,, where h is the depth of wear, and the wear rate is given by the ratio between
the wear volume and the sliding distance, s: W = V/s. Since wear involves the
contacting asperities, W is proportional to the contact area A,:

W:Kad-A,:Kad-ﬂ (4.1)
H

having used Eq. 1.17 to express A,. If the two materials in contact have different
hardness values, H in Eq. 4.1 is that of the softer material, since it determines the
extension of A, and produces the wear fragments. Following the Archard’s view,
the constant K4 (called the wear coefficient for adhesive wear) is representative of
the fraction of junctions that give rise to the formation of a wear fragment, i.e., it

provides the probability that a junction will form a wear fragment [3, 4].
However, it has been experimentally observed that during sliding different
phenomena occur at the asperity contacts, and they have to be taken into account to
properly understand the wear mechanism and, in particular, to clarify the meaning
of the wear coefficient. First of all, the repeated plastic deformations at the asperities
may induce local low-cycle fatigue damage or an accumulation of plastic defor-
mation by ratcheting (see Sect. 2.1) [5, 6]. These processes involve quite extensive
areas in the sub-surface contact regions and contribute to the material weakening.
Hence, they lead to the formation of a wear fragment once a critical damage is
attained. The intensity of the applied stresses is proportional to the local adhesion
forces, and therefore to Wy,. The resistance of the material to low cycle-fatigue/
ratcheting is proportional, to a first approximation, to the material hardness, H. The
adhesive wear coefficient, K,4, can be thus considered proportional to the ratio W,/
H and therefore to friction coefficient (see Eq. 2.10a). The general validity of such
observations is confirmed by the results reported in Fig. 3.6a and b, which refer to

Fx

Wear volume: V=h A,

h §

Sliding distance, s

Fig. 4.2 Definition of sliding distance and wear volume
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Fig. 4.3 Relationship between experimental adhesive wear coefficient and friction coefficient in
the case of different material pairs. The experimental data were obtained from tests conducted in
order to have the sliding adhesive wear (in the case of different materials, the wear coefficient of
the softest material is shown)

the wear behaviour of different solid lubricants. Additional results are displayed in
Fig. 4.3 for different materials pairs (in each case, the tests were carried out in
sliding condition chosen to obtain adhesive wear). Following the arguments out-
lined in Chaps. 1 and 2, the adhesive wear coefficient is then reduced as the
tribological compatibility of the mating materials is decreased and their hardness is
raised.

The typical morphology of the worn surfaces, the sub-surface damaged regions
and the wear fragments are shown in Fig. 4.4. The reported observations refer to a
titanium alloy (Ti-6Al-4V) after dry sliding against a steel counterface [7, 8]. The
occurrence of large shear plastic deformation (by ratcheting/low cycle fatigue) at
the asperities can be clearly appreciated in Fig. 4.4a. The cross section in Fig. 4.4b
shows that plastic shearing involves the sub-surface regions too. This figure also
shows the formation of a surface deformed scale that is about to leaving the tri-
bological system, i.e., to delaminate as it is often said. The morphology of the wear
fragments is finally shown in Fig. 4.4c.

In most cases, other phenomena taking place in the contact region gain in
importance in determining the friction and wear behaviour, and the whole picture
becomes more complex. For example, quite often wear fragments remain entrapped
between the contacting surfaces before leaving the tribological system. Therefore,
they can transfer on to the counterface (forming, as already seen, a transfer layer)
or, in the case of prolonged sliding, they can mix with other fragments from the
counterface, forming a mechanically-mixed layer on the surface of the bodies in
contact. In such cases, friction and wear are modified. It is almost impossible to
predict them on the basis of simple considerations (such as the W,,/H ratio), and it
is thus necessary to carry out experimental tests to achieve the required information.
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Fig. 4.4 Ti-6Al-4V sliding against a steel counterface. a Worn surface showing large shear plastic
deformations at the asperities; b plastic shearing in the sub-surface region; ¢ scale morphology of
the metallic fragments [7, 8]

Although the theory of Archard states that adhesive wear is restricted to the body
with the lowest hardness, the wear of the tribological system is in general given by
the sum of the wear volumes of the two bodies in contact. If one body is much
softer than the other, it contributes alone to wear and the hardest body in contact
may also increase in weight (and volume) after sliding because of transfer phe-
nomena. But if the two bodies have comparable hardness, both contribute to the
total wear volume. In this case, Eq. 4.1 can be used to determine the wear volume of
each body. Indicating with K,4; and K,q, the wear coefficient of material 1, the
hardest one, and material 2, the softest one, respectively, from a number of
experimental data Rabinowicz obtained that K,q; = 1/3 K4, [9].

4.1.2 Adhesive Wear of Brittle Solids

A special case of adhesive wear occurs in brittle contacts (Sect. 1.1.4). The adhesive
interaction at the contacting asperities, in fact, induces the appearance of a surface
tensile stress during sliding, as described in Sect. 2.1. Such a stress can induce the
formation of a wear fragment by brittle contact, if the material has sufficiently low
fracture toughness [10]. Consider, for example, the contact between a sphere and a


http://dx.doi.org/10.1007/978-3-319-05894-8_1
http://dx.doi.org/10.1007/978-3-319-05894-8_2

90 4 Wear Mechanisms

plane. Combining Eqs. 1.7 and 2.1 and setting v = 0.25 (the usual value of Pois-
son’s ratio in the case of ceramic materials, which are typical materials that can give
brittle contact), we get:

o p“g‘" (1+ 10p) (4.2)

If a micro-crack of length c is present on the surface of the plane (see Fig. 1.6¢),
the surface tensile stress, given by Eq. 4.2, can produce brittle fracture if it reaches a
critical value given by Eq. 1.10. Combining Eqgs. 4.2 and 1.10, the condition for
adhesion-induced brittle contact wear is given by:

5.36 - K
pmax_
Ve (1+10p)

This mechanism of wear is common in ceramic materials, which are charac-
terized by low values of Kj.. In this case, c is closely related to the size of the
crystalline grains, since defects, such as pores, are mainly located at the grain
boundaries. For example, setting ¢ = 10 pum, K. = 2 MPa m'? and p = 0.4, we
obtain that wear occurs when p.x & 380 MPa. An example of such a macroscopic
brittle behaviour is shown in Fig. 2.14 (left side of the picture). The corresponding
values of wear rate and friction coefficient are quite large. The fragments have a
blocky or plate-like shape on the scale of the grain size.

If the applied pressure is lower than the critical value given by Eq. 4.3, massive
wear by brittle contact (and fragmentation) does not occur. Fragmentation is rather
confined at the asperities, and the fragments are compacted to form surface scales
able to support the applied load (Fig. 2.14, right side). As a consequence, both wear
rate and friction coefficient are relatively low. Wear debris are finer than the average
grain size [11].

Equation 4.1 is often used to express the adhesive wear behaviour of brittle
solids too. The experimental K,q-values typically range between 10® and 1072
The highest values are attained when the applied stress is above the critical value.

(4.3)

4.2 Tribo-Oxidative Wear

Tribo-oxidative wear is due to the interaction of the surfaces with an environment
containing oxygen. Tribo-oxidative wear is thus given by a combination of oxi-
dative and mechanical actions at the contacting asperities. In general, it is
accompanied by the formation of a surface oxide scale, which avoids the metal-to-
metal contact at the asperities and may act as a sort of solid lubricant, thus reducing
friction and wear. There are different situations that may lead to tribo-oxidative
wear. First of all, it is convenient to distinguish between tribo-oxidative wear at
high temperatures, and tribo-oxidative wear at low sliding speed [12].
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4.2.1 Tribo-Oxidative Wear at High Temperatures

Tribo-oxidative wear at high temperatures may occur in two situations:

(1) at high sliding speeds, greater than 1 m/s in steels;
(2) when the contacting materials are exposed to high temperatures.

In both cases, surface temperature is sufficient to promote the direct oxidation of
the asperities.

Consider first the direct tribo-oxidation at high sliding speeds. The model here
presented is mainly due to the work by Quinn [13]. Oxidation is regarded to be
activated by the contact flash temperature, Ty, and involves the contacting asperities.
In the case of steels, Ty has to be greater than about 700 °C to trigger this type of
wear (and the average surface temperature is greater than 300-400 °C). The oxide
grows at the asperity tips and spalls off once a critical thickness, Z, is reached
(about 10 pm in steel materials). The oxide breaking thus produces wear fragments
and generates a fresh surface that can oxidize again, thus continuing the process. As
the oxidation involves the contacting asperities, the wear rate, W, is directly
dependent on the contact area, A;. W can be expressed with the following equation
[14]:

L (4.4)

where v is the sliding speed and t. is the time required to reach the critical oxide
thickness. In most cases, including the case of steels, oxidation follows a parabolic
kinetics and then: Am* = k t, where Am is the mass increase per unit area due to the
oxygen taken up to form the oxide, and k is the rate constant:

k=A-exp {_ R%} (4.5)

where A is the Arrhenius constant, Q is the activation energy for oxidation (in
steels: A ~ 10° kg/m4s and Q ~ 138 kJ/mol [14]), R is the gas constant and Ty is the
flash temperature. Am is connected with the stoichiometry of the oxide that is
formed. In the case of steels, it may be assumed that Fe;0, is formed. Then, if a
volume AV, of iron is oxidized per unit area, Am = 2/3 AVg. pre(Mo2/ME.), Where
Pre 1S the density of iron, Mg, is the molecular weight of oxygen and Mg, that of
iron. Neglecting the volume expansion that occurs in oxidation, the oxide thickness,
Z, is equal to the thickness of iron from which it originates, and thus equal to AV..
As a consequence: 7% = C? k t, where C = 3Mg.)/(2Mo» Pre) = 3.4 % 1074 m3/kg.
Since t. is given by: Z2/C? k, using Eq. 4.4 and considering A, = Fx/H, it is finally
obtained:
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Fig. 4.5 Cross section of
tribo-oxidized cast iron after
sliding against a breaking pad
[15]

\ %
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(4.6)

Equation 4.6 is similar to the relation 4.1, and the constant K, is called the wear
coefficient for tribo-oxidative wear. Koy is typically lower than 107> and strongly
depends on the flash temperature.

As an example, Fig. 4.5 shows the cross section of a pearlitic cast iron after
sliding against a braking pad [15]. The test simulated a severe braking condition,
and the average contact temperature was greater than 500 °C. It is observed that
direct oxidation took place in the surface and subsurface regions, with also some
oxide penetration at the boundaries between the graphite lamellae and the cast iron
matrix.

From a practical viewpoint, it is important to clarify the role exerted by the
sliding parameters, such as normal load, sliding speed, and ambient temperature, on
the tribo-oxidative wear behaviour of materials.

e Fn. As shown by Eq. 4.6, as Fy is increased, W is increased too. But if Fy
overtakes a critical value, the counterface may penetrate the oxide layer and
destroy it by brittle fracture. In this way a metal-to-metal contact is established,
and thus adhesive wear may occur.

e v. If sliding velocity is decreased and it is lower than a critical value (about 1 m/
s for steels), the flash temperature is too low to trigger this wear mechanism. But
if it is too high, greater than about 10 m/s for steels, severe oxidation occurs
because of the high surface heating. The oxide becomes thick and plastic, and it
flows on the metal insulating it and protecting it from wear.

o T, If Ty is increased, K,  is also increased because of the increase in flash
temperature. However, an excessive temperature rise may cause a softening of
the substrate that becomes unable to conveniently sustain the protective oxide
layer. A transition to adhesive wear may thus occur, with a consequent increase
in the wear rate.
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Fig. 4.6 Schematic of the oxidation-scrap-reoxidation mechanism, which occurs when ambient
temperature is high

A particular situation takes place in case of repeated sliding. A typical example
is given by the hot-rolling rolls (and hot working tools, in general). The surfaces
undergo oxidation during the contact with the hot strip and, most of all, a general
oxidation during the out-of-contact periods, due to environmental oxygen and also
the vapour produced by cooling water. During the subsequent sliding contact the
oxide scale can be then removed (partially or totally) and fresh metal is exposed to
the environment for a reoxidation. This wear mechanism is called oxidation-scrape-
reoxidation, and a schematic is shown in Fig. 4.6 [16]. The wear rate depends on
the oxide growth kinetic, and therefore on the surface temperature reached during
the in contact and out-of-contact periods (in between Ty and T,). If the ambient
temperature is quite high, the oxide formed during the out-of-contact periods can be
sufficiently thick and can be only partially removed during the subsequent contact.
In such a case, this type of tribo-oxidative wear is rather similar to the wear
encountered at high sliding speeds (with severe oxidation), and it is therefore quite
mild in nature.

4.2.2 Tribo-Oxidative Wear at Low Sliding Speed

Experience shows that tribo-oxidative wear, with evidence of oxide particles in the
wear fragments, can take place even at low sliding speeds, i.e., when the flash
temperature is not sufficient to trigger the direct oxidation of the asperity tips. It is
particularly important in the case of reciprocating sliding, when wear fragments can
be easily retained between the surfaces in contact. This type of tribo-oxidative wear
has been extensively investigated by Stott [16]. The proposed model is shown in
Fig. 4.7. Wear proceeds through the following steps:

(a) At the contacting asperities, metallic fragments are generated by adhesive
wear. Some may leave the tribological system and some may remain trapped
between the mating surfaces;

(b) Such fragments are strain-hardened, fractured, oxidized (oxidation is activated
by the very high surface area and the high density of surface defects) and
agglomerated;
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Fig. 4.7 Tribo-oxidative wear at low sliding speed: schematic representation of the Stott model
(see text for details) [16]

(c) If the load and sliding conditions are intense, a tribological layer made of
compacted scales is formed;

(d) If contact temperature is sufficiently high, the scales sinter and form a very
protective glaze layer on the top;

(e) The possible brittle fracture of the scales (orthogonally to the sliding direction)
leads to the generation of fragments that may remain in the contact region or
leave the tribological system.

The intensity of wear is thus given by the attainment of a dynamic equilibrium
between steps (a), (d) and (e). Depending on step (a), wear is often mixed, with the
coexistence of metallic fragments (formed by adhesion), and oxidized fragments,
formed at step (e). Equation 4.6 can be used to model the wear behaviour and K,
is determined by experimental testing (such as pin-on-disc tests). In general, dif-
ferently from the tribo-oxidative wear at high temperatures, wear rate decreases as
surface temperature is increased, since temperature determine the conditions for a
better formation of protective oxide scales.

An example of the typical morphology of the worn surfaces and the wear
fragments is shown in Fig. 4.8. The pictures refer to a Ti-6Al-4 V alloy after dry
sliding against a steel counterface [7]. On the worn surface (Fig. 4.8a), the presence
of typical scales of compacted oxides (tribological layer) can be clearly observed. In
some areas, such scales are also fragmented by brittle fracture, perpendicularly to
the sliding direction. The wear fragments (Fig. 4.8b), are composed of very small
equiaxed particles with a sub-micrometric size, which are oxide formed by the
fragmentation of the compacted scales.

The role of ambient temperature in the tribo-oxidative wear at low sliding speed
has been evidenced by Stott in a like-on-like reciprocating sliding test on a nickel
alloy (with 20 % chromium), at temperatures between room temperature and
600 °C [16]. Figure 4.9 shows the results of the tests carried out at 15 N (6 h of
sliding). Most of the oxide was NiO, and wear decreased with temperature since at
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Fig. 4.8 Ti-6Al-4V sliding against a steel counterface. a Worn surface showing compacted oxide
scales fractured perpendicularly to the sliding direction; b morphology of the wear fragments [7]

Fig. 4.9 Wear volume versus 30—
ambient temperature for like- .
on-like reciprocating sliding
of a nickel alloy (Nimonic
80A) under a load of 15 N
(modified from [16])
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higher temperatures glaze layers developed on top of the compacted debris, leading
to a more protective surface.

4.3 Abrasive Wear

As introduced in Sect. 2.8, there are two types of abrasive interaction: two-body and
three-body abrasion. In the first case, a hard particle or a hard protuberance would
plastically penetrate a softer counterface and groove it. Abrasive hard particles may
be embedded in the material microstructure (such as in ceramic-reinforced com-
posites, in steels or cast irons containing hard carbides, or in grinding wheels where
the particles are held together by a specific bonding system), or may come from the
surrounding environment (typical examples are the sand particles that contaminate


http://dx.doi.org/10.1007/978-3-319-05894-8_2

96 4 Wear Mechanisms

Fig. 4.10 a Cast iron disc abraded by the hard ingredients of a breaking pad (vertical grooves);
b bronze surface abraded by contaminating sand particles (horizontal grooves)

tribological systems). Two examples are shown in Fig. 4.10. In the three-body
abrasion, the hard particles trapped between two contacting surfaces are quite free
to rotate and their action is thus limited. In any case, the abrasive interaction can
occur only if the hardness of the hard particles is at least 20-30 % greater than that
of the weakest surface. A special emphasis will be here given to two-body abrasion,
which is a very severe form of wear. Also in this case, it is useful to distinguish
between wear of materials with a ductile or brittle behaviour.

4.3.1 Abrasive Wear of Ductile Materials

The mechanism of two-body abrasioncan be represented as shown in Fig. 2.25. The
cone represents the abrasive particle that plastically grooves the weakest surface
during its movement. If all the plastically deformed material is removed, wear is by
microcutting and it is maximum. If all the plastically deformed material flows to the
sides of the groove, wear is by microploughing and it is zero, even if the surface can
be severely damaged. A schematic of these two limiting cases is shown in Fig. 4.11.

(a) (b)

Fig. 4.11 Abrasive grooving by microcutting (a) and microploughing (b) (modified from [17])
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Consider first the wear by microcutting. From the schematisation of Fig. 2.25 it
is easily obtained that wear rate, W, is given by: A’;"Y = A,, where A, is the groove
section generated by the cone in the direction of sliding (A, = r’tg®) and s is the
sliding distance. At equilibrium: Fy = pynr®/2 = Hur?/2 (only the front half of the

moving cone supports the load), and thus [3, 4]:

2t¢g® F
w282 N

= .2 (4.7)

In general, however, microcutting and microploughing work together, and
Eq. 4.7 has to be rearranged in the following way:

F
W = Kuyr ﬁN (4.8)

where K, is the wear coefficient of abrasive wear, given by:

2tg®
7

Ky =@ - (4.9)
where @ varies between 1 and 0. When @ = 1, wear is ideally by microcutting only.
In this case Kb, = Hapr (see Eq. 2.14) and the wear coefficient is very high. On the
other hand, when @ = 0, wear is ideally by microploughing and K, = 0.

K.br thus depends on the attack angle ® and on the coefficient ®, which are also
interrelated. ® depends on several factors including:

(1) the angularity of the particles (that is, if they are more or less rounded, and this
depends on the type of the particles);

(2) the size of the particles;

(3) the hardness of the particles in relation to the hardness of the material being
abraded;

(4) the replacement, or not, of the abrasive particles;

(5) the presence of any lubrication.

Obviously, the higher the angularity of the particles, the higher ®. The attack
angle also increases with increasing particle size, given that large particles may
shatter during the contact and produce abrasive particles with sharp edges and thus
high values of ®. For example, it has been found that SiC particles in abrasive
paper, with an average diameter of 16.3 um, display an average attack angle of
about 5°. If the average diameter increases to 57.3 um, ® increases to about 10°,
and if the average diameter is 125 um, ® becomes approximately 15° [18]. In
general, a plateau is reached around 150 pm, and ® does not further increase if the
particles size overtakes this limiting value. If, moreover, the antagonist were suf-
ficiently hard, a rounding at the particles edges would most likely occur, thus
reducing ®. A particularly intense decrease in © is observed in the case of sliding
without renewal of the abrasive particles: the transfer of the abraded debris on the
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abrasive particles and even the detachment of the particles from the surface where
they are embedded, can considerably reduce ®. Conversely, in the presence of
lubrication, flowing water included, the lubricant can remove the wear fragments of
the abraded material, avoiding their accumulation that would block the abrasive
action of the particles. In addition, lubricant reduces friction between the hard
particle and the abraded surface, and these favours wear by microcutting [2].

The constant ® mainly depends on the geometry of the abrasive particles (it
increases as the attack angle is increased) and on the plastic properties of the worn
material, in particular its ductility. The latter point may be interpreted considering
that every abrasive interaction is characterized by a very intense plastic deforma-
tion, which can be also accumulated by ratcheting if the interaction is repeated.
Such deformation can lead to the formation of a wear fragment by ductile fracture
(even in the case of microploughing), if the ductility of the material is relatively
low. In general, ductility is inversely proportional to hardness, and hence a
dependence of @ on the hardness of the abraded material has to be expected. In
Fig. 4.12 such experimental dependence is shown for different metals and for high
and low values of ©. In the more general case of low ® values, @ is little dependent
from hardness (and it is quite low, lower than 0.3) as long as hardness is lower than
about 250 kg/mm?. Therefore, in this region the specific wear rate, W/Fy, decreases
as hardness is increased. But in the region 250-400 kg/mmz, @ strongly increases
as hardness is increased. This means that the specific wear rate is almost inde-
pendent from hardness (and it could also decrease as hardness is increased). If
hardness is high, greater than, say, 400 kg/mmz, @ is, again, little dependent from
hardness (and it is quite high, greater than 0.8). Also in this region, the specific wear
rate is expected to decrease as hardness is increased further. The behaviour here
described is typically found in many tribological systems and will considered in
more detail in Sect. 5.4 [2].

In the case of three-body abrasion, the coefficient K, is much lower than in
two-body abrasion, and it typically varies between 10> and 10™*. This is due to the
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fact that the particles can roll between the bodies in contact (Fig. 2.24b), dissipating
energy and also rounding their edges.

4.3.2 Abrasive Wear of Brittle Materials

In brittle materials, with low fracture toughness (Kjc), the abrasive interaction can
produce a wear fragment by the Lawn and Swain mechanism, described in the
Sect. 1.1.4 (see Fig. 1.7). In fact, the hard and angular particles may exert an
indentation on the brittle surface over which they are sliding. The subsequent
formation and propagation of lateral cracks (almost parallel to the surface of the
abraded material) can lead to the formation of fragments of wear by spallation. If
the hard particles are very rounded, they may induce a brittle fracture of the
counterface following the Hertzian brittle contact (Fig. 1.6¢).

Various models have been proposed to assess the wear rate in the case of
abrasive wear by brittle fracture. In most models, W results directly proportional to
the load applied by each abrasive particle, and inversely proportional to the
material’s hardness and fracture toughness. The model proposed by Evans and
Marshall [19] is based on the Lawn and Swain mechanism and states that:

9/8 4/5

F E

W = o3 -71/} , (—) (4.10)
K,/” - H5/® H

where 03 is an experimental constant. As an example, Fig. 4.13 shows the abrasive
wear resistance (1/W per unit time) as a function of the so-called abrasion

parameter, given by H/% . K ,10/2 The experimental relationship is almost linear, in
agreement with Eq. 4.10 (consider that the ratio E/H does not vary greatly among
brittle materials). Such equation, however, should be used with caution. In fact, it

Y
o

Fig. 4.13 Experimental
relationship between the
abrasive resistance and the
abrasive parameter for
different ceramic materials
(modified from [19])

NN W W
(= T I = ]

—
w

Abrasive wear resistance
P

(1/material removal rate, em? s)

v

(=]

5/8,, 172
H KC


http://dx.doi.org/10.1007/978-3-319-05894-8_2
http://dx.doi.org/10.1007/978-3-319-05894-8_1
http://dx.doi.org/10.1007/978-3-319-05894-8_1
http://dx.doi.org/10.1007/978-3-319-05894-8_1

100 4 Wear Mechanisms

does not properly take into account the role of microstructure. In particular, weak
grain boundaries could anticipate brittle fracture by favouring a grain boundary
separation followed by grain ejection.

4.4 Wear by Contact Fatigue

The wear mechanisms considered so far are progressive in nature: in each case the
material removal starts from the beginning of the contact and it continues almost
linearly with time. In addition, the contact phenomena are always characterized by
large plastic deformations. On the other hand, wear by contact fatigue is a typical
fatigue failure: with the application of cyclic loading, a crack is nucleated and then
it propagates up to the final fracture. This means that a wear fragment is produced
after some cycles that correspond to the fatigue life of the loaded part. In addition,
in most cases and depending on the intensity of the applied load, the overall
damaging process takes place under small-scale plastic deformation, and the worn
region appears macroscopically free from large plastic deformations. An example of
surface fatigue damage in a bearing steel is shown in Fig. 4.14 [20].

In most cases, wear by contact fatigue occurs in non-conformal contacts, when at
least one of the two bodies rolls over the other. In such cases, this wear mechanism
is also called rolling contact fatigue (RCF). Wear involves the contact regions and
is induced by the cyclic contact Hertzian stresses. The wear mechanism is rather
complex, since it is influenced by numerous factors: contact stresses, lubrication
regime (A-factor), sliding, material’s properties (e.g. mechanical strength, fracture
toughness, microstructural cleanliness), and residual stresses [21]. The phenomena
involved in this wear mechanism are simply presented with reference to the
operative lubrication regimes. Further details will be given in Sect. 5.3.

38kU X12e 1202mm 9000 B3 47 SEI
RAIMK NN LESMRT

Fig. 4.14 Examples of surface fatigue damage in a CSS 42L bearing steel [20]
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4.4.1 Contact Fatigue Under Fluid Film Lubrication

Under fluid film lubrication (A > 3), the asperities of the surfaces in contact do not
touch and friction coefficient is very low, typically lower than 0.05. Assumed that
the Hertz theory is applicable also in the case of cyclic loading, at each contact the
surfaces are submitted to the stress distribution reported in Sect 1.1. The maximum
shear stress, Tyax, 1S located at a certain depth, z,, (see Table 1.1), and the sub-
surface shear stress T,,, which is parallel to the surface (see Fig. 1.3c), changes
direction during each contact (its maximum amplitude is 0.5pax)-

Fatigue failure occurs by crack nucleation, crack propagation, and fracture. The
sequence of phenomena leading to failure is shown in Fig. 4.15. Due to the cyclic
loading, a subsurface crack nucleates after a number, N,,, of cycles. Crack nucle-
ation typically occurs at areas with high stress concentration, i.e., non-metallic
inclusions (oxides, sulphides), precipitates (carbides, nitrides) or pre-existing flaws.
Alternatively, it may also occur at soft spots in the microstructure. Quite often, the
nucleation stage is characterized by a local microstructural alteration, with dislo-
cations build-up or transformation of retained austenite (this is quite typical in heat-
treated steels), which induce a local hardening. Eventually, crack nucleation may be
indirectly induced by carbide dissolution or other phenomena that are associated
with local softening. Nucleation occurs at a depth close to z,, where a critical
combination of applied stress and microstructural defect is achieved (Fig. 4.15a).
From a mechanical viewpoint, nucleation generally occurs after an elastic shake-
down has been reached [22]. The number of cycles for crack nucleation, N,
decreases as the contact load is increased, and therefore the subsurface stress, is

(a) ——— b Rolling direction (b)

—>

N L= AN

© (d) =
W L\/

Fig. 4.15 Contact fatigue damage under fluid film lubrication. a Nucleation of a sub-surface crack
at a depth close to z,,; b crack propagation towards the surface and then parallel to the surface;
¢ crack branching to the surface (by ligament collapse) and oil pumping effect; d final formation of
a large fragment by spalling
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increased. If the elastic shakedown is overwhelmed, cracks can nucleate more easily
by low-cycle fatigue.

After nucleation, the subsurface cracks propagate driven by the contact stresses.
In general, the propagation is a mixed mode II (shear mode, which is predominant)
and mode I (tensile mode) propagation. In a simplified view, it can be assumed that
cracks initially propagate along the maximum shear stress forming an angle close to
45° with the surface. After some propagation, the cracks change direction and
propagate parallel to the surface, driven by the ty, shear stress. Subsequently they
propagate until the ligament between their tip and the surface fracture by plastic
collapse [23]. These latter two events are schematized in Fig. 4.15b, c. From this
moment, the lubricating fluid is entrapped in the crack, and exerts a pumping effect,
which increases the driving force for crack propagation. The crack may then reach
the surface also on the other side, thus producing a wear fragment by spalling
(Fig. 4.15d). The wear fragment results quite large, typically greater than 100 pm in
size.

The total number of cycles to failure, N, provides the fatigue life and is given by:
N = N, + N,,, where N,, is the number of cycles for crack propagation.

e N, mainly depends on the microstructural features promoting crack nucleation.
N, thus increases as their density and size is decreased [24].

e N, depends on microstructural defects that may offer energetically favourable
paths for crack propagation and, most importantly, on microstructural strength
and fracture toughness. In ductile materials, such as in most metals, as strength,
i.e. hardness, is increased, the crack propagation rate is decreased, since the
material strength in the plastic region at the crack tip is larger [25].

The parameter that is usually employed to quantify the stress intensity in the
contact region is the Hertzian pressure, pmax, since both 1, and 1y, are directly
proportional to it. As the Hertzian pressure is decreased, N is increased since both
crack nucleation and propagation become more difficult. As known, fatigue failure
is a statistical process, and N depends on the probability of finding a crack
nucleation site close to the region with maximum stress. At a given pressure level,
N thus depends on the maximum stressed volume, i.e., the volume of material at the
surface where T, is greater than a given value (for example, greater than 0.8 Tyj.x)-
The higher such a volume, the higher the probability of finding a critical defect, and
thus the lower N.

In materials with a brittle behaviour, the picture somewhat changes. In this case
the material matrix close to a defect possess low fracture toughness. Therefore,
microstructural defects, such as flaws or pores, may be regarded as pre-existing
cracks that are able to propagate very fast if the applied stress intensity factor is
greater than a critical threshold. In addition, brittle materials display a particular
behaviour when subjected to a point contact loading. As shown in Sect. 1.1.4, the
surface radial tensile stress (Fig. 1.3a) may lead to brittle contact with the formation
of C-cracks. The presence of a cyclic surface stress may favour such a crack
nucleation, or cause the fatigue propagation of pre-existing cracks. As an example,
Fig. 4.16 shows the crack network formed on the surface of a SizN,4 disc after a
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Fig. 4.16 Crack network on the surface of a Si3N, disc after a rolling-sliding test period of 10 h
(the arrow indicates the imposed sliding direction) [26]. Semi circular cracks are formed on the
rear of the contact because of the additional contribution to the surface tensile stress given by
friction (see Fig. 2.2)

rolling-sliding contact of 10 h against a hardened steel (contact pressure = 4.55
GPa; lubricant: emulsion of 5 % oil in water; recorded friction coefficient: 0.085)
[26].

4.4.2 Contact Fatigue in Mixed and Boundary Lubrication
Regime

The fatigue performance in fluid film lubrication can be considered as an upper
limit, since it refers to a condition of optimum lubrication. A decrease in A induces
a decrease in the contact fatigue resistance. If lubrication is mixed, a number of
asperities are brought into repeated contact. As a consequence, crack nucleation at
the surface is made easier, since the associated plastic deformation (that can be also
characterized by asperity-scale ratcheting) may easily induce the formation of
surface micro-cracks. They usually form a shallow angle with the surface because
of some sliding at the asperity contacts that may be present even in the case of pure
rolling if a torque is transmitted through the contact. Note that some micro-slip
between two mating surfaces is almost always present even in case of free rolling,
as shown in Sect. 2.10.

Geometrical discontinuities, such as grinding marks, are preferential sites for
surface micro-crack nucleation. Cracks may then propagate towards the interior of
the material if the local stress intensity factor exceeds the relevant threshold. Two
main factors contribute to the stress intensity factor. The first one is represented by
the contact stress. The presence of friction (which increases as A-factor is
decreased) induces an increase in the local stress, and the Hertzian profile is also
shifted to the surface (Fig. 2.3). The second one is due to the pumping effect exerted
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by the lubricating oil. In this case, such effect starts immediately after surface crack
nucleation. In non-conformal contacts the EHL pressure spike (Fig. 3.9) exerts an
additional hydraulic pressure at the crack tip.

In most cases, after some propagation the cracks branch towards the surface
because of the instability of shear propagation. A contact fatigue fragment is thus
formed, which is relatively small, of the order of 10 um in size. This phenomenon is
often called pitting and it may anticipate failure by spalling if the A-factor is
sufficiently low.

In brittle and hard materials, surface nucleation by plastic deformation is gen-
erally difficult. However, the high surface tensile stresses that depend on p,,.x and
friction and are amplified by the EHL effect may lead to the nucleation of micro-
cracks by asperity-scale fatigue or brittle fracture. Their propagation can produce
severe damage by pitting.

4.5 Wear Testing

The coefficient of friction and all wear responses under the action of the different
wear mechanisms, are not intrinsic materials properties, since they depend on the
tribological system, i.e., on the mating materials, the type of contact, the surface
characteristics of the mating bodies (including the possible presence of lubrication),
and so on. Therefore, it is clear that for the determination of the realistic tribological
behaviour of a given system, field tests are required. The tests should be then carried
out on the actual system in service. Such tests, however, are expensive, long-term,
complex and the results are often difficult to interpret, because it is very difficult to
make out the influence of individual variables. For these reasons, it is preferred, in
most cases, to perform laboratory tests in simpler configurations, such as:

(1) bench tests on the system of interest;
(2) accelerated tests on single components isolated from the real system;
(3) simplified tests that simulate the acting wear mechanism.

In passing from field tests, bench tests, accelerated component tests, and sim-
plified tests, the relevant costs and test durations become generally lower. In
addition, the test parameters are better controlled (specific standardized procedures
have been also developed for many laboratory tests), and the obtained results can
thus be more easily interpreted. Simplified tests can be conducted with adequate
statistical confidence, and with the possibility of comparing the performance of
different materials, even with literature data that refer to tests carried out under
nominally identical or similar conditions. However, the simplified laboratory tests
must be selected and performed with special care, and data have to be interpreted
with caution, in order to transfer safely the obtained information to the real tribo-
logical system. A correct approach is based on the preliminary identification of the
dominating wear mechanism responsible for the damage in operation, and on the
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ability to carry out laboratory tests that wear the material specimens with the same
mechanism.

A critical aspect of simplified laboratory tests regards the control of contact
temperature. In fact, the adopted test specimens are often small in size in com-
parison to the real components they intend to simulate. Therefore, they may easily
reach contact temperatures much different than those found in the real components
(often higher but not always), even if the same tribological parameters (such as
contact load and sliding velocity) are adopted. The different surface temperatures
may induce a different wear mechanism (e.g. tribo-oxidation in place of adhesion).
Its monitor and control (but adopting, for example, specific forced cooling systems,
such as jets of compressed air) is thus paramount.

The data obtained from the laboratory tests may have a direct use in designing
real tribological systems and configurations, like for instance, the sliding wear
coefficients for dry sliding bearings, or the S-N curves for gears. In most cases,
however, they are intended to produce a ranking between several candidate
materials for a given application and relevant selection criteria. Consider that in
many situations there is an uncertainty in using new materials, materials produced
with a different process route or by different manufacturers, materials obtained by
special coating techniques, and so on.

The available testing machines (tribometers) are very numerous and in most
cases the test procedures are not governed by specific standards. This paragraph
describes the main laboratory tribometers for basic simplified tests, which are able
to simulate the different wear mechanisms. Table 4.1 lists the tribometers under
consideration, together with the wear process and wear mechanism they are able to
simulate. At the end of the paragraph, a short indication on the most common
techniques for the examination of the wear products (wear debris and tracks) is
given. In fact, in order to check for the validity of the executed tests, it is necessary
to verify that the wear mechanism evidenced by the test sample is the same of that

Table 4.1 Simplified tribological tests with the related wear process and wear mechanisms that
they are able to simulate

Test machine Simulated wear Simulated wear
process mechanisms
Pin-on-disc Sliding wear Adhesive wear
Tribo-oxidative wear
Block-on-ring Sliding wear Adhesive wear
Tribo-oxidative wear
Disc-on-disc Rolling-sliding wear Contact fatigue
Adhesion/tribo-oxidation
4 Balls Rolling wear Contact fatigue
Pin abrasion test (PAT) High-stress abrasion Abrasive wear
Dry-sand, rubber-wheel wear test Low-stress abrasion Abrasive wear

(DSRW)
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met in the real components. The same examination techniques are used for the
failure analysis of the real components, a necessary step to establish which kind of
test has to be performed.

4.5.1 Pin-on-Disc

This test setup is schematically shown in Fig. 4.17. The test configuration is con-
stituted by a stationary pin with a cylindrical shape and a diameter of few milli-
metres, which is pressed against a rotating disc. The contact can be conformal or
non-conformal. In the latter case, a sphere usually substitutes the pin. In the case of
conformal contact, the edges of the contact are often rounded, in order to avoid
(especially in lubricated tests) disturbing uncontrolled effects, due to stress con-
centration (see Fig. 1.4).

The control of the contact temperature is usually attained by placing one or two
thermocouples in the pin, at a certain distance from the contact surface. The contact
temperature is then evaluated using the relations introduced in Sect. 2.11. In this
regard it should be noted that each region on the wear track on the disc gets in
contact with the pin once per each revolution. If the disc is not able to dissipate the
heat with sufficient efficiency, its temperature may rise continuously up to an
equilibrium value. The contact temperature may thus become much higher than
expected.

The depth of wear may be continuously recorded using a linear displacement
transducer. In this case the measurement may also account for the wear contribution
of the disc. Of course, the displacement of the transducer may be affected by
thermal expansion of the pin due the frictional heating and this contribution has to
be accounted for. Alternatively, wear may be measured by weighing the pin before
and after each test (or at regular test intervals), and converting the mass loss to the
volume loss using the density of the worn material. The wear of the disc is usually
low. If necessary, it can be determined by obtaining the wear track profile, as
measured with a profilometer. It is then possible to obtain a wear curve similar to

Fig. 4.17 Schematic of the load
pin-on-disc test ﬂ

Rotating disc
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those shown in Fig. 5.1. With reference to the steady state stage, the wear rate (W),
the specific wear coefficient (K,) or the wear coefficient (K) can be evaluated quite
easily. In the testing arrangement shown in Fig. 4.17, wear debris remain in the
contact region. This may be important when simulating low-sliding speed tribo-
oxidative wear. On the contrary, if the plane of the disc is vertical, all the debris
falls away from the contact region. The test configuration has to be selected with
respect to the wear mechanism to be simulated, and to the real contact conditions
that need to be reproduced.

During each test it is also possible to follow the evolution of the friction coef-
ficient. This is achieved by recording the tangential force required to restrain the
pin. Such a measurement is very useful since, inter alia, it affords the possibility to
detect the presence of transitions in the mechanism of wear that are typically
evidenced by transitions in the friction coefficient. All the test procedures have been
standardized in the ASTM G99-95 norm.

4.5.2 Block-on-Ring

In this test a stationary block is pressed against the outer surface of a rotating ring.
As shown in Fig. 4.18, the contact can be conformal or non-conformal (at least at
the beginning of the test). This test is very similar to the pin-on-disc test. It is
usually preferred when there is the need to simulate sliding conformal contacts with
large values of the nominal area of contact, and allowing the debris to be free to fall
away the contact region. This type of test is also used to investigate lubricated wear,
including the phenomenon of scuffing, in a non-conformal configuration, since it
allows for the obtainment of high contact pressures.

In the case of conformal contact, a quite long running in stage is required to
eliminate some unavoidable misalignments between the shaped block and the ring.
Wear can be quantified by weighing the block and the ring before and after each

(@) Applied load (b)

Blok
Rotating d '
Ring

Fig. 4.18 Schematic of the block-on-ring testing rig. a Conformal contact; b non-conformal
contact; ¢ block wear volume determination using Eq. 4.11
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test. In the case of non-conformal contact, the wear volume, V, is usually assessed
by measuring the size of the wear track. The following relation can be used (see
Fig. 4.18c for the meaning of the symbols):

3

d
>~ —] 4.11
12R ( )

The procedures to be followed for this type of test are given in ASTM G77-93.

4.5.3 Disc-on-Disc

In this test (also called twin disc test), two discs are in contact along a generatrix,
realizing a non-conformal line contact. Figure 4.19a shows a schematic of the test
setup. By changing the rotation velocity, rolling-sliding tests can be carried out at
different percentages of sliding. The tests can be run in dry or lubricating condi-
tions. In this case, lubricant can be taken to the contact region by means of a chain,
which drags it from a container positioned below the specimens (Amsler-type
tribometer; in this test, the discs have a diameter usually between 40 and 50 mm,
and a height of 10 mm). The lubricant temperature is controlled and maintained on
a fixed set value.

This type of test is mainly used to simulate wear by contact fatigue. By varying
the test conditions (specimen geometry, surface roughness, applied loads and
speeds), tests at different values of the lambda factor as well as of the Hertzian
pressure can be conducted. By using crowned specimens, a point contact is
established and very large contact pressures can be attained. The onset of fatigue

(a) - (b) Fx
disc @

@ disc

chain —»

<4—— lubricant

Fig. 4.19 Schematic side view of the a disc-on-disc testing rig (Amsler type), and b the 4-Ball
tribometer
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damage is usually determined in correspondence of a transition in the recorded
friction coefficient, or by the appearance of noise or vibrations. In fact, if the wear
fragments remain trapped between the bodies in contact, they induce an increase in
the coefficient of friction and also induce vibrations in the system. The surface
damage can be inferred by examining the surface state of the samples at regular
intervals. Also this tribological test is widely used for studying the resistance of
materials and lubricants to scuffing.

Different test configurations have been developed for reducing the running time.
One example is the four-roller test, in which a cylindrical specimen is loaded by
three counter discs (120° apart), giving three load applications for revolution.

4.5.4 Four-Ball Tribometer

The test setup is schematically shown in Fig. 4.19b. It realizes a point contact. The
top rotating ball is kept in contact against the three stationary lower balls immersed
in the lubricant. The load, Fy, is applied to the top ball and the load acting on each
ball is then F/3 cos¢. For each rotation of the top ball produces three contacts with
the lower balls that are typically made of an AISI 52100 steel. The eventual wear
volumes of the balls are determined by measuring the wear scars on their surfaces.
This type of test is mainly used to study the properties of lubricants (including their
scuffing resistance). The standard test procedure is described in ASTM D 4172-94.

4.5.5 Dry-Sand, Rubber-Wheel Wear Test (DSRW)

This type of test is used to evaluate the tribological behaviour of materials under
low-stress abrasion conditions. The test setup is schematically shown in Fig. 4.20.
A rotating rubber-rimmed wheel slides against the surface of a specimen in the
presence of abrasive particles, which are fed by gravity from a hopper. The

Fig. 4.20 Scheme of the

DSRW i
S test setup Hopper with

abrasive sand

Rubber

lined wheel Specimen
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procedure is described by the ASTM G65 standard. Sand particles (Ottawa sand,
Fig. 5.17b) with a size of about 200 um are used. In the procedure B, the applied
load is 130 N and the sliding distance is 1430 m. Wear is determined by weighing
the sample before and after the test. This allows obtaining the relevant wear rates
and wear coefficients. As in the block-on-ring test, wear induces a continuous
increase in the nominal area of contact.

The DSRW test can be modified to investigate the influence of specific
parameters that may play an important role under particular tribological conditions.
For example, the tests can be carried out using an abrasive slurry (ASTM B611) or
in a corrosive environment.

4.5.6 Pin Abrasion Wear Test (PAT)

This type of test is suitable for the study of the high-stress abrasive behaviour of
materials. The geometric configuration is similar to that shown in Fig. 4.17. A
cylindrical pin (the sample to be studied) slides against an abrasive paper containing
ceramic particles, typically alumina or silicon carbides. In order to avoid any
interference between the abrading particles and wear debris, a spiral track is realized
by moving the specimen towards the centre of the disc. Alternatively, a pin on
abrasive drum test is used. In this test, a rotating cylinder is covered with an
abrasive paper, and a pin is pressed against it whilst moving along a generatrix, in
order to be continuously in contact with fresh abrasives. The evolution of wear is
determined by periodically interrupting the test and weighing the pin.

4.5.7 Examination of the Wear Products

In order to understand the acting wear mechanism in a given tribological system,
with the aim of validating the laboratory tests or in the failure analysis of real
components, the observation of the worn surfaces (or wear tracks) is recom-
mended. The observation of the wear fragments, if available, can be also very
useful. Subsequently, the subsurface regions can be possibly observed, on carefully
prepared metallographic cross-sections. The latter operation can be easily carried
out in laboratory investigations on relatively small specimens, whereas it may be
more difficult in the failure analysis of real components. Table 4.2 lists some of the
most used techniques for the characterization of the worn surfaces, the wear frag-
ments and the subsurface damaged regions.

In the case of adhesive wear, very useful information is obtained from the
observations carried out using an Optical Microscope (OM), or in a Scanning
Electron Microscope (SEM), especially in the Back-Scattered Electron (BSE)
mode. As an example, Fig. 2.20a shows the wear surface of a steel after dry sliding
against a bronze. The occurrence of adhesive wear is clearly demonstrated by the
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Table 4.2 Most used techniques to characterize the wear damage

111

Worn Visual Optical Electronic Special techniques
surfaces (or, | inspection microscopy microscopy (such as XPS)
wear tracks) (SEM) equipped
with micro-
analysis (EDS)
Wear Visual Optical Electronic X-ray diffraction
fragments inspection Mmicroscopy Microscopy (XRD). Transmission
(o, debris) (SEM) equipped | electron microscopy
with micro- (TEM). Special
analysis (EDS) techniques
Sub-surface Optical Microhardness Special
regions microscopy | profiles techniques (such
as SIMS)

presence of transferred fragments that have a plate-like shape. The occurrence of
transfer is also well evidenced by SEM observations in BSE mode or using the
EDXS analysis (see, for example, Fig. 2.29).

Visual inspection and OM observations are very fruitful also for detecting wear
by tribo-oxidation. As an example, Fig. 4.21 shows the OM planar view of the
surface of a steel that underwent tribo-oxidative wear at low sliding speed. The
presence of dark scales of compacted oxides can be clearly appreciated. In some
cases such dark scales or fragments are simply detected by naked eye.

The presence of grooves on the wear surface of specimens or components is a
clear indication of abrasive wear. Such grooves can be detected by OM, as shown
in Fig. 4.10b. Such an operation can be easy accomplished when the grooves are all
aligned along the same direction. It is much more difficult when they are produced
by particles moving in different directions.

Figure 4.14 shows a steel surface damaged by contact fatigue, observed in a
SEM. This technique allows observing surfaces with a high depth of focus, and it is

Fig. 4.21 OM observation of
the wear track of a steel after
tribo-oxidative wear [27]
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therefore very useful in detecting spalled layers and pits produced by contact
fatigue. An evidence of the occurrence of this kind of damage is also given by the
limited, if any, presence of plastic deformations in the damaged areas. Indeed, in all
other cases of wear damage, extensive plastic deformation is present.
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Chapter 5
Wear Processes

In the study of the wear failures, it is usual to consider the wear processes defined
with reference to the type and geometry of relative motion between two mating
surfaces (Fig. 4.1). In general, each wear process is due to one (or more) wear
mechanisms. Table 5.1 lists some examples of tribological systems with the main
wear mechanism. In the next paragraphs, the characteristics of the main wear
processes will be outlined, including the methods to control them. The role of
materials will be also indicated, although more detailed information on the mate-
rials’ selection and surface engineering in tribology will be given in the next two
chapters.

5.1 Sliding Wear

The mechanisms that determine the surface damage in sliding systems are adhesion
and tribo-oxidation. If the tribological system is characterized by the presence of
hard particles (much harder than the two surfaces in contact), abrasive wear may
also occur. In this case wear rate is generally higher than when adhesion or tribo-
oxidation are the only acting mechanisms. For this reason, the wear process changes
into abrasive wear by hard particles, and will be considered separately in Sect. 5.4.

5.1.1 Wear Curves

During sliding between two bodies in contact (Fig. 4.2), the wear volume, V,
increases with distance of sliding, s, with the typical trends schematically shown in
Fig. 5.1a. We can distinguish three stages [1, 2]:

(1) Running in (run-in or break-in). During this stage (quite short in dry sliding),
the wear rate, W, which is given by AV/As, is usually very high. In fact, the
mating surfaces are wearing out to remove the asperity peaks and to
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Table 5.1 Main wear processes with the corresponding predominant wear mechanism and some
relevant tribological systems

Wear process Main wear mechanism Examples of relevant tribological systems
Sliding Adhesion Tribo-oxidation Sliding bearings; cam and tappets; guides;
(abrasion) seals; piston rings; disc-pad braking
system; forming dies; cutting tools
Fretting Adhesion (at run-in) Tribo- Riveted joints, bolted flanges, shrink fits,
oxidation all in the presence of vibrations;
reciprocating arms; electrical contacts; wire
ropes
Rolling Contact fatigue Rolling bearings; cam and follower
Rolling-sliding Contact fatigue Adhesion Gears; wheel-rail system
(tribo-oxidation in dry
conditions)
Impact Contact fatigue Adhesion Equipment’s with sliding and percussive
systems
Abrasion by Abrasion Ore processing machinery; tillage tools;
hard, granular sliding systems with hard particles in
materials between
Erosion Abrasion Slurry pipelines; centrifugal pumps for
slurry; turbine blades; nozzles for sand
blasters
Cavitation Contact fatigue Turbine blades; centrifugal pumps; ships’
propellers; high-speed lubricated sliding
bearings
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Fig. 5.1 a Scheme of typical sliding wear curves; b sliding wear curves for an aluminium alloy
and 304L stainless steel (pin on disc test; average pressure: 1 MPa; sliding speed: 0.8 m/s) (data
from [3, 5])

compensate for possible misalignments. Moreover they get cleaned, totally or
partially, from the contaminants.

(2) Stage 1. After run-in, a steady state stage is entered. Wear rate is usually lower
than during run-in. Very often, this is the main stage of the tribological process
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and it lasts up to the end of the component life. It is typically controlled by
adhesion, tribo-oxidation or a combination of the two.

(3) Stage 2. In some cases, a wear transition may occur after a certain sliding
distance. Wear rate may increase (curve ‘a’ in Fig. 5.1a) or it may decrease
(curve ‘b’). Such transitions are caused by a change in the wear mechanisms,
often accompanied by a change in the friction coefficient.

Two examples of wear curves with sliding distance transitions are shown in
Fig. 5.1b. The first curve pertains to an aluminium alloy, dry sliding against a heat-
treated steel counterface (pin-on-disc test; applied pressure 1 MPa; sliding speed
0.8 m/s) [3]. After the run-in stage (very short and not shown in the figure), Stage 1
starts. It is characterised by a low wear rate: 10> mm>/m. After 1800 m of sliding, a
transition is observed with an increase in the wear rate to 2.8 x 107> mm>/m. The
observation of the wear debris and tracks revealed that in Stage 1 wear was by tribo-
oxidation, whereas in Stage 2 it was by adhesion. The transition can be explained
using a criterion based on the attainment of a critical flash temperature: if Tg
becomes close to about 0.4-0.5 Ty, (where Ty is the melting point of the alloy in
Kelvin), it may trigger a noticeable thermal softening at the contacting asperities
[4]. As a consequence, the material is no longer able to support the oxide layer, and
wear changes from tribo-oxidation to adhesion. From the record of the contact
temperature during sliding a flash temperature of about 130 °C at the transition was
estimated. This is sufficient to induce thermal softening [4]. The second wear curve
in Fig. 5.1b pertains to an AISI 304L stainless steel dry sliding against a heat treated
steel, in a testing configuration very similar to that used for the former aluminium
alloy [5]. In this case, however, Stage 1 was characterised by quite a high wear rate,
and after the transition, occurring after 3000 m of sliding, wear rate decreased.
Wear was found to pass from adhesion to tribo-oxidation. During Stage 1 a
noticeable subsurface strain hardening was detected; the frictional heating was not
able, in this case, to soften the material, given its relatively higher melting point
and, consequently, temperature resistance. This Stage can be thus regarded as an
incubation period required for the growth of a surface oxide layer and for the
hardening of the subsurface material, which supports better the aforementioned
oxide layer [6].

5.1.2 Mild and Severe Wear
As seen in Sects. 4.1 and 4.2, wear rate, W, for adhesive as well as tribo-oxidative
wear can be expressed by the following generalised relationship:

Fy
W=kKk-Y_k,F 5.1
H N 1)
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where K is the wear coefficient and K, is the specific wear coefficient (units: m*/N).
Both coefficients depend on the active wear mechanism and can be obtained from
the experimental wear curves, like those shown in Fig. 5.1.

In the case of metals sliding in dry conditions, wear by tribo-oxidation is typi-
cally mild in nature, whereas wear by adhesion is severe. Considering a large
number of experimental data, it may be stated that mild wear is attained when:

W <5 x 107 mm®/m
K <107
K, < 107*m?/N

For larger W-, K- and K,-values, wear is severe. The boundary between mild
and severe wear is not sharp, and an intermediate region with mixed transitional
behaviour, as shown in Fig. 5.1b, may be present. As an example, Fig. 5.2 shows
the wear coefficient and the surface temperature as a function of sliding speed, for a
steel containing 0.21 % C (H: 180 kg/mm?) dry sliding at room temperature against
an AISI 52100 bearing steel (H: 850 kg/mm?) [3]. The composition of the frag-
ments and the fractions of the different phases were obtained by XRD analysis and
using the Rietveld method. The results for the tests at 0.2, 0.6 and 1 m/s are listed in
Fig. 5.2. As sliding speed is increased, i.e., as the contact temperature is raised, the
contribution of the tribo-oxidative wear increases (the oxides are 90 % of the
fragments at 1 m/s), and this explains the decrease in wear rate that approaches the
mild wear regime. The fraction of magnetite in the oxides also increases with
sliding velocity, and this also explains the recorded trend in friction coefficient that
decreased from 0.65 at 0.2 m/s to 0.51 at 1 m/s, in agreement with the observations
reported in Sect. 2.4.

A number of investigations have been carried out to determine the load and
sliding speed ranges that result in mild wear, which is regarded as an acceptable
form of wear in many applications, whereas severe wear cannot be generally tol-
erated. For this purpose, an approach based on the so-called wear maps is extremely
fruitful [7]. Sliding tests are carried out at different loads and sliding speeds, and the
relevant wear rates are reported on a graph having the speed and the load (or the
nominal pressure) on the x- and y-axes respectively. The regions with mild wear are
hence identified following the definitions given above. In addition, by means of the
analysis of wear debris and tracks, the relevant wear mechanisms are recognized
and indicated in the different regions of the map. The experimental investigations
are often completed with the record of the steady-state contact temperatures, which
may be included in the map to help in the explanation and discussion of the results.
As an example, Fig. 5.3 shows the wear map for the Al 7010 alloy, dry sliding
against an AISI 32100 steel (in a pin on disc testing rig) [8]. It can be seen that mild
wear by tribo-oxidation is prevailing at low nominal pressures and sliding speeds. A
boundary line is shown, separating the regions of mild from severe wear (by
adhesion). A second boundary line is shown: the seizure line. Above it, wear is still
by adhesion but particularly intense, with massive transfer of metallic debris onto
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Fig. 5.2 Dry sling wear of a 0.2 % C steel against bearing steel. Wear coefficient and contact
temperature versus sliding speed. The composition of the collected fragments is also indicated
(data from [3])

Fig. 5.3 Wear mechanism 30—
map for the Al 7010 alloy dry .
sliding against an AISI 32100
steel counterface (modified
from [8])

Nominal pressure, MPa
> i

e
[

o

0.“I'IHHZ.I”3“”4“”5””6
Sliding speed, m/s

the counterface. The measurements of contact temperature showed that seizure was
induced by the attainment of a critical surface temperature of 115 °C. In general,
seizure is reached when contact temperature becomes so high as to induce intense
material softening. The transition between mild and severe wear was also occurring
at a critical contact temperature: 60 °C in this case. As shown in the previous
paragraph for the Al 7072 alloy, this critical contact temperature is associated to a
critical flash temperature, able to induce asperity-scale softening.

All metals feature sliding wear maps similar to that shown in Fig. 5.3, with a
transition from mild tribo-oxidative wear to adhesive severe wear at the attainment
of a critical surface temperature. This means that wear maps strongly depend on the
geometry of the tribological system, which determines the contact temperature field,
as shown in Sect. 2.11. As a consequence, all engineering solutions aimed at
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reducing the contact temperatures (for example: increasing the dimensions of the
contacting bodies, or adopting suitable forced cooling methods) would shift the
boundary between mild to severe wear to higher nominal pressures and sliding
speeds, thus extending the region in which the tribosystem can operate safely [9]. It
is further clear that wear maps must be obtained under similar testing conditions
(with regard to the dimensions of the sliding bodies) to allow meaningful com-
parisons among different materials.

Polymeric and ceramic materials can also show mild or severe wear, but the
involved wear mechanisms are somewhat different than in metals. Polymers do not
undergo wear by tribo-oxidation. During sliding, they always undergo adhesive
wear. But if the contact temperature remains below a critical value, adhesive wear is
mild. Otherwise, if contact temperature becomes so high as to induce extensive
thermal softening at the surface (or even melting), adhesive wear becomes severe
with large material transfer, and cannot be accepted. Since the involved critical
temperatures can be comparatively low (lower, for instance, than 100 °C), an
external forced cooling system can be very important to keep the temperatures in
the right range to allow operating with sufficiently high contact pressures and
sliding speeds. Consider, in addition, that thermal conductivities of polymers are
low, and cooling by conduction may thus be negligible.

Non-oxide ceramics may undergo tribo-oxidation during sliding. However, this
is not strictly necessary to have mild wear. As shown in Sect. 4.1.2, mild wear (and,
correspondingly, a low friction coefficient) is attained when the applied pressure is
lower than a critical value. In this condition, an asperity-scale brittle contact only
may take place, and wear is mild because of the formation of protective scales of
compacted and possibly oxidized small wear fragments. But if the applied pressure
is larger than a critical value, brittle contact occurs with the formation of quite large
fragments, typical of a severe wear regime. Severe wear in ceramics may also be
induced by thermal shock phenomena. This latter aspect will be considered in Sect.
6.5.1.

5.1.3 Mild Wear of Materials

Table 5.2 shows the typical ranges of the specific wear coefficient in the case of
mild wear for different materials, all dry sliding against a high strength steel
counterface. Data were obtained from a number of investigations that were carried
using similar testing conditions (i.e., pin on disc or block on disc testing rigs, with
nominal contact areas of the order of 30 mm?). The analysis of the data allows us to
highlight some points that are worth to be remarked:

(1) In steels (but this applies also for other metals), K, decreases markedly with
increasing hardness. In fact, as hardness increases, the ability of the underlying
metal to support the oxide layer also increases.
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Table 5.2 Typical ranges for hardness and specific wear coefficient for mild wear, in case of
different materials dry sliding against high-strength steels (data taken from a number of literature

investigations)

Material Typical hardness Specific wear rate K,
(kg/mm?) (m*/N)

High strength steels 300600 ~5 x 1071

Tool steels 600-850 107107

Nitrided steels 900 (at the surface) | ~5 x 107"

Grey cast iron (with pearlitic or 300-500 3% 107165 x 1071

martensitic matrix)

Bronzes 300-400 107107

Al alloys 100-250 ~107"

Hard Chromium (coating) 900-1000 x5 % 10716

WC-Co 1000-1600 x5 x 10716

Ni-P/SiC (coating) 800-900 x5 x 1071

Polymers 10-100 107°-107"

Reinforced polymers - 2 x 1072107

Ceramics 2000-3000 107110715
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In grey cast iron, low values of K, are recorded because of the presence
graphite nodules or flakes in the microstructure. After a run-in phase, they
emerge at the surface and exert a solid lubricant action, which reduces friction
and wear.

Bronzes also display low values of K, thanks to their good hardness, their low
compatibility versus ferrous alloys (see Fig. 1.13) and their high thermal
conductivity that facilitates the removal of frictional heat, thus reducing
contact temperatures.

Aluminium alloys may provide relatively low K,-values but their hardness is
quite low and decreases considerably as contact temperature is increased. In
these alloys, the transition to adhesive wear is thus quite easy.

Some metallic coatings, such as hard chrome or nickel reinforced with ceramic
particles, are characterised by very high hardness values. Therefore, they
display quite low K,-values.

Polymers, especially polymeric composites, are characterised by low K,-val-
ues when sliding against steels or other metals. This is due to their relatively
low work of adhesion. However, their performance is strongly limited by
temperature rises.

Ceramic materials (often employed as coatings), display low values of K,.
Ceramics are generally hard, and they are able to maintain their hardness at
high temperatures. They undergo mild wear as long as contact pressure is
lower than a critical value, and they are not submitted to thermal shocks.
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5.1.4 The PV Limit

As already highlighted, tribological systems working in dry sliding should operate
in the mild wear region. For many design purposes, Eq. 5.1 can be rewritten with
reference to the depth of wear, h (see Fig. 4.1 for its definition):

h=K, po-s (5.2)
or, better, to the linear wear rate, h (units: m/s):
iz:Ka~p()~v (5.3)

In different tribological systems, a limit is set to / in order to achieve an
acceptable operating life. If we indicate with /i the allowable linear wear rate
(which is the maximum linear wear divided by the desired lifetime), Eq. 5.3 can be
recast in the following useful form:

hq
po-Vv= Fl = PVlimit (54)

a

The so-called PVy;,,;, is therefore given by the ratio between the allowable linear
wear rate for a specific tribosystem and the specific wear coefficient provided by the
materials pair, operating in the mild wear regime. Consider, for example, the case of
dry bearings. The rotating shaft is generally made by heat-treated steel. Therefore,
the materials for dry bearings have to guarantee low friction and relatively low wear
rate when sliding against steel. When using thermoplastics bearings, a linear wear
rate of about 5 x 10~* mm/h is typically requested [10]. Nylon 6.6 filled with 20 %
PTFE displays a low friction coefficient and a specific wear coefficient of
2.4 x 107'® m*/N. Therefore, from Eq. 5.4 it is obtained that PV = 0.58 MN/(m
s). In the design stage, it is thus necessary to verify that the product between the
nominal pressure on the bearing and the tangential shaft speed is below this limit.
Additionally, it is also required to verify that pressure and speed are both lower than
a maximum allowable value. In Table 5.3, typical characteristics and operating
limits for a number of materials for dry bearings are listed.

All values of the friction coefficient and the specific wear rate listed in Table 5.3
were obtained by sliding tests at room temperature. They are valid as long as the
contact temperature is lower than a critical value, above which wear changes from
mild to severe. As seen in Sect. 2.11, contact temperature depends on several
aspects, including the friction coefficient, the load and sliding speed, the geometry
of the tribosystem (in particular, its dimensions and cooling capacity) and the
ambient temperature. For sliding bearings, the average surface temperature can be
easily evaluated using Eq. 2.29. Note that the allowable maximum temperatures
listed in Table 5.3 for materials operating in dry conditions, refer to the temperature
above which extensive mechanical deterioration occurs. When the ambient
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Table 5.3 Characteristics and operating limits for a number of materials used for dry bearings
(taken from [10] and other sources in the literature; the sintered bronze impregnated with oil
operate under boundary or mixed lubrication)

Material Friction Specific wear rate | Maximum | Maximum Maximum
coefficient against steel, pressure sliding temperature
(against steel) | K, (m2/N) (MPa) speed (m/s) | (°C)

Nylon 6,6 0.2 2.4 x 10716 10 - 200

(filled with

PTFE)

PTFE 0.03-0.15 4x 107" 3.4 0.3 250

Filled PTFE | 0.1 1.4 x 107'¢ 17 5 250

(15 % glass

fibre)

Acetal resin | 0.07-0.1 49 x 107'° - - 110

(filled with

PTFE)

Carbon- 0.06-0.15 14 x 107" 4.1 13 400

graphite

Sintered 0.05-0.15 4x 107" 6.1 28 80

bronze (filled

with oil)

temperature approaches these values, the contact temperatures are much higher and
the severe wear regime is most likely entered. Correspondingly, the calculated
PVjimic should be decreased by 70 % as ambient temperature approaches such
maximum values [10].

5.1.5 The Effect of Lubrication

The presence of a lubricant film between two mating surfaces greatly reduces
friction and wear. As a matter of fact, the lubricant prevents direct contact between
the asperities, reducing the average shear stress at the junctions.

In fluid film lubrication, no wear is thus recorded because of the absence of any
contact between the asperities. However, in case of mixed or, specially, boundary
lubrication, adhesive wear may take place where metal-to-metal contacts are
established. Since lubricant greatly reduces the availability of oxygen in the contact
areas, wear by tribo-oxidation is somewhat difficult, although its contribution
cannot be excluded. Wear in lubricated sliding is really difficult to model. A
promising approach is provided by a refinement of the model presented in Sect. 3.5,
where parameter 9, i.e. the contact area ratio, has been introduced. 3 represents the
fraction of real area of contact at which boundary lubrication occurs. In the present
model, the parameter o' is introduced, which represents the fraction of boundary
film that is defective, i.e., the fraction of real area of contact that is metallic [11]
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(o' is often called the fractional film defect, and it is smaller than 5). Equation 4.1
can thus be rewritten for lubricated sliding wear:

W:dl'Kad'I;I—N:Klub'% (55)
where Ky, is the coefficient for adhesive wear in lubricated conditions.
Therefore, Ky, decreases as the A factor is increased and also depends on the
lubricant quality. In mixed lubrication, Ky, typically ranges from 10'° to 107°,
while in boundary lubrication it typically ranges between 10°® and 107> [12]. In
case of boundary lubrication, the following relation can be used as a first
approximation:

Kiwp = x Ky

where:

x = 107" for poor lubrication (o is quite high; a poor lubricant, such as water, is
used);

x=10"2 for average lubrication (o' is low; a common mineral oil is used);

x = 107 for excellent lubrication (o' is very low; lubricants with EP additives are
employed)

The evaluation of o' is rather difficult. In general, o' decreases as [10]:

e the lubricant heat of adsorption is increased (if the lubricant adsorption on the
metal surface is strong, the desorption during sliding can be more difficult);

e the surface contact temperature is decreased (desorption is due to the attainment
of a critical contact temperature; in addition, temperature also limits the
mechanical performances of the secondary boundary layerthat is formed when
EP additives are used);

e the sliding speed is decreased (in this way a shorter contact time at the asperities
is allowed).

Two important aspects have to be considered when dealing with lubricated
sliding wear: running in, and scuffing (i.e., the failure of boundary lubrication).
Figure 5.4 shows the wear evolution of a heat-treated Ni-Cr-Mo steel (H: 420 kg/
mm?) tested in a pin-on-disc and in a like-on-like configuration under lubricated
conditions [13]. The applied load was 200 N (py = 6.3 MPa) and the sliding speed
2 m/s. A quite long running in stage (see Fig. 5.1a) was recorded, characterised by
rapid wear, followed by a steady-state stage. The calculated K;,;, during the steady-
state stage is equal to 1.3 x 10, This value is representative of mixed lubrication
as confirmed by the recorded friction coefficient that was quite low, around 0.025.
During running in, Kj,;, was between one and two order of magnitudes larger than
during steady state. Adhesive wear was mainly caused by the elimination of initial
misalignments between the mating surfaces and the highest peaks in the roughness
profiles. The correct execution of the run-in stage is thus of paramount importance
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in lubricated tribological systems, since it will increase the A factor and decrease
the subsequent risk of scuffing. This fact introduces the necessity of a careful
operation at the beginning of service of lubricated machinery (like gears, bearings
and engines). A commonly adopted strategy is to operate with mild loading con-
ditions in freshly assembled surfaces, and gradually increase the loads to the design
levels [11]. In some cases, small abrasive particles are introduced between the
surfaces to help surface polishing, and therefore attain a very low roughness after
running in (such particles have to be washed out before entering service). Most
operations are still based on experience, and there is a continuous industrial need to
optimise the run-in procedures, including a reduction in the run-in times.

If the operating conditions are severe, lubricant failure by scuffing can occur
during lubricated sliding in boundary conditions. The phenomenon of scuffing has
been treated in Sect. 3.4. As seen, there is no universally accepted procedure to
predict the conditions leading to scuffing. The most common approach is to eval-
uate the average surface temperature, and make sure that it is less than the critical
value, which is around 150 °C for mineral oils. Following the arguments high-
lighted in the previous paragraph, a design procedure based on the PV;,; concept
can be possibly adopted. In order to minimise the risk of scuffing, it is useful to
select a heat resistant lubricant or to adopt lubricants with EP additives, and/or to
modify the materials at the surface, by using surface treatments that reduce friction
and/or are able to act as oil reservoirs (examples include chromium plating,
molybdenum coating and gas nitriding, see also Chap. 7). It may be also useful to
favour a high value of the A factor (by properly optimising the surface micro-
geometry and the running in stage); a low lubricant temperature (by properly
cooling the lubricant); a high thermal conductivity of the mating materials (which
favours the achievement of low contact temperatures).
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5.1.6 Control Methods for Sliding Wear

To reduce or control the progression of sliding wear, it may be useful to consider
the following guidelines:

6]
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In dry sliding involving metallic materials, make sure that wear is mild by
tribo-oxidation. This can be done by verifying that contact pressure, sliding
speed and ambient temperature are all sufficiently low, and by using alloys
with high hardness. In the case of steels, for example, if hardness exceeds
600 kg/mm?, wear is generally by tribo-oxidation.

Couple materials with similar hardness values, except when a component is
easily replaceable. In this case, it is preferable to have the replaceable com-
ponent with lower hardness, so that only this component is worn out.

Avoid couplings between tribo-compatible materials (see Sect. 1.4). When
possible, prefer metal/polymer or metal/ceramic couplings (by adopting, if
required, suitable surface treatments, see Chap. 7). When using polymers,
verify that surface temperature does not exceed a critical value, in order to
avoid transition to severe wear and thermal distortions as well. When using
filled polymers, verify that the antagonist has a hardness of at least 30 %
greater than that of the reinforcing fibres (glass fibres, with a hardness of about
500 kg/mm?, are widely employed) to avoid abrasive wear (alternatively,
design the production process of the polymer composite with the aim of
realizing a fibre-free skin on its surface).

If possible, adopt lubrication or improve its quality, aiming at high A factors
since for mixed and boundary lubrication this reduces the risk for scuffing. If
necessary, use lubricants with EP additives, or combine the use of normal
mineral oils with the employment of solid lubricants (Sect. 3.1).

Use proper self-lubricating materials (PTFE-based materials, for example), if a
low friction coefficient is required and fluid lubrication cannot be adopted. The
selection should be based on the PVy;,,;c concept; if necessary, design a proper
forced cooling system to avoid transition to severe wear.

Ensure that abrasive particles do not contaminate the tribological system.
Possibly use appropriate filtration systems and protective tools (note that
grease is a protective lubricant).

Reconsider the design of the tribological system. For example, reduce the
applied load (note that overloading can also damage the adsorbed layer of the
lubricant in the case of boundary lubrication) and, when possible, prefer
rolling (or rolling-sliding) contact to pure sliding.

When sliding against steel, materials that give the best behaviour are (in
decreasing order of performance): ceramic materials; filled polymers; bronzes;
cast irons; martensitic steels.
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5.2 Fretting Wear

Fretting damage involves contacting surfaces that are subjected to small amplitude
oscillatory movement, with displacements typically between 1 and 100 pm. In most
cases (see Table 5.1), such relative displacements are induced by vibrations
imposed to mechanical systems that normally are at rest. Contact cyclic stresses
may nucleate surface cracks by contact fatigue. Such cracks may thus be respon-
sible for subsequent fatigue failure if further bulk stresses are superimposed to one
or both components in contact. This type of damage is also called fretting fatigue.
The wear mechanisms acting during fretting wear are tribo-oxidation and contact
fatigue.

Three main fretting regimes can be recognized. They mainly depend on the
amplitude of the oscillation [14, 15]. In the following, they will be briefly described
with reference to the schematization of Fig. 5.5 that refers to a cylinder on flat
contact.

Stick regime. If the amplitude is very low (roughly less than 2—4 pm), the
junctions between the asperities in contact do not undergo sliding and the relative
motion between the two bodies in contact is simply due to elastic deformations at
the junctions. In this case, the surface damage is absolutely negligible. This con-
dition occurs when Fr < pg Fn, where pg is the coefficient of static friction
(Fig. 5.5a).

Partial slip regime. If the amplitude of the oscillation is larger (typically between
5 and 20 pm), the peripheral areas of the contact undergo micro slip, because of the
lower Hertzian pressure with respect to the centre of the contact. As shown in
Fig. 5.5b, a stick region is present at the centre of the contact, whereas at the
periphery a micro slip region is attained. Indicating with c the half-width of stick

(a) é:é displacement (b) ! (C)
Fn F

Hertzian
pressure

Fr /
microsli sli
\ jlidk‘ / \ " 13k ) P
! | 1Y
'
cracks

Microslip regions

Fig. 5.5 a Cylinder on flat contact; b partial slip regime characterised by the presence of a central
stick region and two peripheral micro slip regions; ¢ formation of surface microcracks due to
oscillatory motion
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Sliding direction
Sliding direction

Fig. 5.6 a Small surface fretting cracks at the end of the contact; b appearance of a fretting cracks
after etching [18]

region and with a the half-width of the Hertzian contact (a can be calculated using
the relation reported in Table 1.1), the ratio c/a is given by [16]:

o it (5.6)

a K- Fy
for example, if Fr is 0.5 Fy, then c/a = 0.4 if pg = 0.6. In the micro slip regions,
wear by tribo-oxidation may occur, facilitated by the alternating motion as seen in
Sect. 4.2. Wear rate is rather low (around 5 X 107" m*N in steels), but the repeated
contact shear and tensile stresses due to friction (Fig. 2.2) may induce the formation
of surface microcracks. At the boundary between the stick and micro slip regions,
they form a shallow angle with the surface since they are mainly formed by shear
stresses; at the edges of the contact, the microcracks are almost perpendicular to the
surface (Fig. 5.5¢) [17]. However, both type of cracks tend to propagate perpen-
dicularly to the surface. Figure 5.6a shows an example of small fatigue cracks
formed by fretting at the end of contact (0.34 % C steel, with hardness 135 kg/mm?*
[18]). The surface oxide layer is quite rough and crack nucleation is greatly helped
by the local stress concentrating effects exerted by oxide asperities and valleys.
Figure 5.6b shows a similar fretting crack after etching of the surface, to remove the
oxides. It is seen that the crack propagated inside the underlying steel. Such cracks
may be very dangerous in fatigue loaded parts since they accelerate the crack
nucleation stage that often covers most part of the fatigue life.

Gross slip regime. If the oscillation amplitude is greater than approximately
20 pm, the whole area of nominal contact undergoes sliding. This occurs when Fr is
close to p Fy and ¢ = a. Wear rate increases with the oscillation amplitude, until it
reaches typical steady-state values for sliding wear (by tribo-oxidation) when the
amplitude is greater than, say, 300 pm. In this case, wear may be tolerated or it may
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give rise to failures. A failure example is provided by the loss of interference in
flanged connections. At the same time, the formation of a layer of compacted oxides
prevents the formation of surface cracks, which could originate fatigue cracks.

In summary, the conditions to have:

e absence of damage (stick regime)
e surface cracking (partial slip regime)
e tribo-oxidative wear (gross slip regime)

mainly depend on the oscillation amplitude, the tribological system that determines
the coefficient of friction, the applied load and the ambient temperature.

As far as the friction coefficient is concerned, it is evident that the higher it is the
larger is the possibility for surface cracking. In fact, as friction increases the contact
stresses also increase, and the transition to the gross slip regime becomes more
difficult. But if the applied load (Fy) is particularly high, it might be more con-
venient to have a high friction coefficient, which can prevent the transition from the
stick to the partial stick regime.

High frequency of oscillation can prevent proper formation of a protective oxide
layer thus favouring the formation of surface cracks. If the system geometry
facilitates the ejection of wear fragments from the contact region, the formation of
the protective layer is further prevented or slowed down.

Ambient temperature plays an important role in systems operating in space
applications or in power plants. It has been experimentally observed that an increase
in ambient temperature above a critical value may decrease by even five times the
intensity of fretting wear. In steels, for example, such a critical temperature is
around 400 °C [19]. As described in Sect. 4.2.1, above this temperature a tribo-
oxidative wear by direct oxidation is achieved, with the formation of a thick and
protective oxide layer. Even titanium alloys, widely used in the chemical industry,
show an increase in fretting resistance as temperature rises. Titanium alloys, as will
be discussed in Sect. 6.4, display difficulty in establishing a mild wear regime by
tribo-oxidation despite their high reactivity towards oxygen. For this reason, as
temperature is increased over room temperature, fretting damage is initially
increased. However, as ambient temperature overtakes about 500 °C, fretting
damage begins to decline and then become very low, due to the formation of a thick
oxide layer by direct oxidation. Note that ambient temperature must not be too high
if an adequate fatigue resistance is required; in fact, if temperature increases too
much the material’s strength is reduced and this impairs its bulk mechanical
performances.

Different approaches can be used to avoid or to control surface damage by
fretting, although fretting is a very complex process with numerous interdependent
variables that are very difficult to consider together in the design stage.

(1) Reduce the contact stresses. This can be accomplished by lowering the contact
(clamping) load and/or by reducing friction. The use of solid lubricant coatings
typically lowers friction. In most circumstances liquid lubricants, including
greases, cannot be used, since they would be squeezed out of the contact.
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Steel ropes that form a close system able to retain grease or other lubricants
constitute an exception.

(2) Reduce excessive vibrations. When possible, a vibration analysis should be
carried out in the design stage and allowable vibration limits should be
assessed.

(3) Proper materials selection. In this respect, it is worth considering that materials
with high fatigue notch sensitivity also display a high tendency to form surface
cracks by fretting [19]. In addition, surface treatments that induce compressive
residual stresses, like shot peening, are also reported to have beneficial effects
on fretting fatigue since they prevent crack initiation and propagation.

5.3 Rolling—Sliding Wear

Rolling-sliding wear typically occurs when two surfaces are in repeated contact. As
an example, Fig. 5.7a shows two rolling cylinders that are in contact along a
generatrix. The cylinders are counter rotating, and the tangential speeds are indi-
cated with v, and v,. Surface elements of both cylinders undergo repeated contact
when the cylinders are rotating. Pure rolling is attained when v = v,. If v; # v,
sliding occurs and the sliding speed, v, is defined by: v — v,. The rolling speed, v,
is defined by: (v; + v,)/2 (in pure rolling, v, = v{ = v,). In rolling-sliding contacts,
the contribution of sliding is then quantified by the ratio between v, and v,:

(a) (b)

V2
Vi

Fig. 5.7 Rolling cylinders in contact along a generatrix. The cylinders are counter rotating and the
tangential velocity of the upper cylinder is lower than that of the lower cylinder (this may occur,
for example, in tractive rolling when the lower cylinder is the driver roller and the upper one is the
driven roller)
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Vi — |

% sliding = 100 - ——————
o skding 1/2-(V1+V2)

(5.7)

Conditions close to pure rolling occur in mechanical components such as rolling
bearings or roller-cam systems (however, as shown in Fig. 2.31, some micro slip in
the contact region is always present in case of tractive rolling). Typical examples
with rolling-sliding conditions are the teeth to teeth contact in gears, and the wheel-
rail system. Figure 5.7b shows the direction of the sliding velocity for the two
mating cylinders. In the presence of friction, which depends on the lubrication
regime and possibly on the mating materials, the contact stresses are modified as
illustrated in Sect. 2.1. In particular, Fig. 5.7c schematically shows the contact
tensile/compressive stress fields (indicated with 'y in Fig. 2.2). In some conditions,
such stresses play an important role in determining the rolling-sliding performance
of the mating bodies.

In rolling sliding—wear processes, wear mechanisms are contact fatigue and/or
adhesion/tribo-oxidation. This depends on many parameters that are quite often
interrelated. The most important one is the lubrication regime. Generally speaking,
in the case of fluid or mixed lubrication, the main wear mechanism is contact
fatigue, and wear resistance is generally provided by the achievement of an
excessive damage by spalling or pitting (if the latter is particularly intense). The
occurrence of these failures modes typically brings about noise and vibrations,
which cannot be tolerated for the correct operation of the tribological system. In
addition, noise and vibration are a clear warning that damage has started, and a
prompt to stop the system to avoid more dramatic failures. In the case of boundary
lubrication or dry contact, sliding damage is prevailing, and wear may be by
adhesion or tribo-oxidation.

5.3.1 S-N Curves and the Role of Material

The rolling—sliding wear behaviour is generally investigated using the disc-on-disc
tribometer (line contact) or the 4-ball tribometer (point contact), described in
Sect. 4.5. To obtain the S-N curves, different tests are carried out at different load
levels (expressed by the Hertzian pressure, pnax) and the number of cycles, N, to
reach fatigue damage is recorded. If the experimental data are plotted in a log-log
graph, the interpolating curve is typically a straight line, as schematized in Fig. 5.8.
N is thus given by the following exponential relationship:

where K and n are two constants. K depends on the material strength and on the
lubrication regime, whereas n mainly depends on the lubrication regime, and
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Hertzian pressure (log scale)

Number of cycles to failure
(log scale)

Fig. 5.8 Schematisation of S-N curve for contact fatigue. Examples of repeated test results are
displayed for three stress levels

increases with A factor [20]. In some cases, the analysis is complicated by the
dependence of n on Hertzian pressure. For example, in high quality steels, such as
some bearing steels, n is found to increase as pp.x 1S decreased. If Eq. 5.8 is used to
fit the mean values at each pressure level, N is thus indicated with Nsq, and provides
the number of cycles with a failure (or survival) probability of 50 %. Equation 5.8
can be also used to fit the data that give a different (typically lower) failure prob-
ability, for example Nj.

In designing for fatigue resistance, it would be useful to know the so-called
fatigue limit that in the present case is the Hertzian pressure below which an infinite
fatigue life is attained. Nonetheless, many Authors believe that fatigue failure is
reached under cyclic contact stresses even if the Hertzian pressure is very small. In
general, it is thus preferred to use the concept of endurance limit, p.,q Which is the
contact pressure that guarantees a fatigue life of at least 10% (or 5 x 107) cycles
which, for practical purposes, can be considered as infinite [21]. Equation 5.8 is
usually rewritten in the following way:

Nso = 108 - (ppe—d> (5.9)

In the case of materials with a ductile behaviour, the endurance limit scales with the
yield strength (or the hardness, H) roughly in a linear manner [22]:

Dend =a-H (510)

where a is a material constant. In fact, as hardness is increased, the dislocation
motion required to form the plastic regions necessary for crack nucleation and
propagation is made more difficult. If we simply consider a line contact, we obtain
that the Hertzian pressure, pmax, is proportional to +/Fy - E. Therefore, for a given
geometry and a given applied load, the contact fatigue life increases with the ratio
H?/E, which can be considered as a simple contact fatigue index for ductile
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Table 5.4 Ratio HY/E for some engineering materials

Material Hardness (MPa) Young’s modulus (GPa) HYE (MPa)
Low-C steel 2000 207 19.3
Heat-treated steel 6000 207 237
Carburized steel 8000 207 310
Pearlitic grey cast iron 2100 180 24.5
P-bronzes 1200 110 13
Cu-Be alloys 3000 110 82
Hardened Al alloys 1200 75 19
PMMA 300 8.6 10.4
Nylon 120 3 4.8
Alumina 14,000 300 650
Si nitride 18,000 310 1045

materials. In Table 5.4, representative values of such an index are listed for different
materials.

The most used materials in rolling—sliding applications are metals and, in par-
ticular, steels. Steels all have similar Young’s moduli and their rolling-sliding
resistance increases with hardness. The best performances are then expected by
carburised steels (or carbonitrided steels), which will be further considered in the
next two chapters. Carburising is a surface treatment that noticeably increases
surface hardness and relevant performances of steels if the fracture toughness is
correspondingly not excessively reduced, and/or the size of microstructural defects
is not too large. In addition, carburising introduces a beneficial surface layer, fea-
turing residual compressive stresses (of the order of 200-300 MPa). It is assumed
that such a stress field partially compensate the applied Hertzian stresses thus
reducing the effective contact loads. The effective maximum shear stress, T'1,.x(2), is
thus given by [21]:

Org (Z)
2

Tmax(2) + (5.11)

Thae(2) =

where o, is the residual stress that is generally assumed to be equibiassial (i.e.,
having the same value in the x-y plane) and dependent only on z (see Fig. 1.2 for
the definition of the coordinates; note that Eq. 5.11 should be modified to account
for the relaxation of the residual stresses during cyclic loading). Table 5.5 reports
some experimental data obtained for different alloys in a line contact and using
mineral oil as a lubricant [23]. The tests were carried out in almost pure rolling (0 %
sliding), and with 9 % sliding. It should be noted that the reported data were not
obtained recently. After the introduction of new production technologies, for
example the secondary metallurgy, the alloys produced today are characterised by
definitely better microstructural cleanliness and, thereby, mechanical properties.
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Table 5.5 Experimental p.,q values for different alloys rolling sliding against a tool steel with
H = 62 HRc (data from [23])

Material Pure rolling 9 % sliding
Low-C steel (H: 140 kg/mm?) 615 535
Carburized 1020 steel 1770 1610
4340 induction hardened steel (H: 50-58 HRc) 1800 1500
Grey cast iron (H: 240 kg/mm?) 650 600
Nodular cast iron (H: 260 k/mm?) 700 650
Phosphorus bronze (H: 70 kg/mmz) 400 250

Ceramic materials generally feature very high hardness values (retained also at
high temperature) and display very high values of the H*/E index. They typically
display contact fatigue lives that are longer than those of steels. However, their
performance may be limited by their low inherent fracture toughness, and the
microstructural defects may be regarded as pre-existing cracks that are able to
propagate if the applied stress intensity factor is greater than a critical threshold. In
case of contact fatigue with subsurface nucleation, we may refer to shear propa-
gation parallel to the surface, and then obtain the following relation:

AI(II =Y * Pmax * \/E (512)

where AKj is the applied stress intensity factor, Y is a non-dimensional geometric
factor of the order of 0.5 (it depends on the z/a value, where z is the distance from
the contact surface and a is the half width of the contact region, see Sect. 1.1.1), and
c is the length of the defect. Setting piax =Pend» AKn = AKpy, that is the mode 11
stress intensity threshold (if AKy < AKyy,, no propagation occurs). AKyy, is roughly
proportional to Ky, [22]. From Eq. 5.12, it is then obtained:

K
Pend = C'ﬁ (5.13)

where C is a system constant. Equation 5.13 shows that in materials with brittle
behaviour the fatigue endurance is increased if the defect size (i.e., the maximum
size, in the case of a size distribution) is reduced, and the fracture toughness is
increased. In general, the S-N curve of brittle materials is very flat. In fact, if pyax 1S
increased over penq, N decreases very rapidly since crack propagation is very fast.

In order to exploit at best the mechanical properties of ceramic materials,
components with very small defects should be produced. Today, ceramics like
silicon nitride (SizN4) are increasingly used in rolling elements of bearings, in
particular when additional properties, such as the electrical insulation, are required,
thus justifying higher production cost. But the presence of surface cracks, which
might form during the polishing process or following the subsequent handling with
unavoidable collisions, may jeopardise the reliability of the mechanical parts, and
the presence of unexpected overloads may then have serious consequences [24]. All
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this claims for the necessity of adopting a probabilistic design approach when
dealing with ceramic components that are subjected to contact fatigue loading.

It is quite interesting to consider Eqs. 5.10 and 5.13 together, as shown in the
schematization of Fig. 5.9. Generally speaking, ductile materials possess relatively
low hardness and high fracture toughness. Thus, they fall in region A. On the other
hand, brittle materials possess high hardness and relatively low fracture toughness,
which may also depend on their hardness as well. They fall in region C, and their
endurance limit depends much on defects. In the intermediate region, B, materials
possess intermediate values of both hardness and fracture toughness, and they may
behave in a ductile or brittle manner depending on the presence and size of the
defects. This is the case, for example, of carburized steels. They may achieve very
high hardness values after heat treatment but may show a lower endurance limit
than expected, because of the presence of defects (typically inclusions or
precipitates).

Finally, Table 5.4 shows that polymers typically display limited performances as
concerns contact fatigue (even if they display H*/E values similar to those of
bronzes). Such materials are consequently used in mild loading conditions, against
themselves or metals, typically when additional advantages are attained. For
example, they are often used in mild loaded gears working in dry conditions, when
low noise or high resistance to a specific environment are required. As already
highlighted, polymers are also very sensitive to temperature rises, which may also
occur during a cyclic contact loading due to their viscoelastic behaviour.

5.3.2 The Influence of Lubrication Regime

Figure 5.10 schematises the role of the lubrication regime (i.e., of the A factor) on
the rolling-sliding wear. Fatigue life is seen to increase with A reaching a plateau
for A = 3, when fluid film lubrication is attained. A further increase in A does not
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Fig. 5.10 Scheme showing rolling-sliding damage mechanisms as a function of A factor

lead to an appreciable increase in the fatigue life. If A is lower than about 1.5,
adhesive wear becomes more important, and the two wear mechanisms may have a
competitive role (wear is important also in pure rolling because of the presence of
micro slip). In this case, a simplified approach is typically adopted, and fatigue life
is firstly assessed. After checking that it is sufficiently long for the given applica-
tion, wear is considered, and the component wear life for an allowable depth of
wear is then verified. However, it is possible that the two mechanisms interact in a
negative or positive way. For instance, wear may produce a surface damage that
favours the surface nucleation of fatigue cracks. Alternatively, wear may remove,
partially or entirely, the surface cracks nucleated by contact fatigue. The subsequent
crack propagation is thus delayed and the overall rolling-sliding resistance is
increased [25]. Different parameters must be balanced in order to take advantage of
wear in limiting contact fatigue damage, and this perspective is limited to a
restricted number of systems.

Most of the experimental investigations carried out so far to assess the role of A
on the contact fatigue of materials have been focussed on steels. The researches
reported by Niemann are well known [26]. The Author proposed the following
relationships for various types of steels under pure rolling: pe,qg = 3 H for a line
contact (H is in kg/mm2 and penq in MPa), and peng = 5.25 H for a point contact (the
difference can be clearly attributed to the statistical effects described in Sect. 4.4.1).
If A > 3, Eq. 5.9 can be then used, with n > 16. Table 5.6 reports simplified
relations for the evaluation of pe,q as a function of the lubrication regime, and the

Table 5.6 Typical p.,q and n values for steels and in line contact for N5, (from different literature
sources)

Pena (MPa) n range
Rolling-sliding with boundary lubrication 1.7H <8
(A<0.5,p>0.1)
Rolling-sliding with mixed lubrication 2.25 H (or: 2.76 H =70) 8-16
Rolling-sliding with fluid film lubrication 3H >16
(A>3, n<0.07)
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relevant n-ranges. It has to be considered that fluid film lubrication is certainly
desirable but not always possible. It cannot be reached in conditions characterised
by low speed, high load and high ambient temperature. In addition, low A factors
are usually attained during the starting and stopping phases of rolling-sliding
components, when steady-state EHD conditions are not yet attained.

In the mixed and boundary lubrication regime, cracks nucleate at the surface,
favoured by sliding. Correspondingly, the oil pumping effect (Fig. 4.15) gains in
importance. As a consequence, the contact fatigue life decreases. As an example,
Fig. 5.11 shows the S-N curves for a 53MnSi4 steel [26]. The tests were carried out
on gears (line contact) at different pitch line speeds. It may be assumed that at 32 m/
s the contact conditions were in between fluid film and mixed lubrication. As the
pitch line speed is decreased, the thrust force exerted by the lubricant is reduced
(see Sect. 3.3), and the A-factor is in turn decreased, entering a mixed lubrication
regime. This produces a decrease in the contact fatigue resistance.

In case of mixed and boundary lubrication regime, propagating cracks were
observed to be more frequent on the driven cylinder (such as the upper cylinder in
Fig. 5.7). In fact, the surface of such cylinder enters the contact with a tensile stress
that opens cracks allowing lubrication to pour into them. This strongly favours the
oil pumping effect. It has been further shown that lubricant reduces friction between
the crack surfaces, and this enhances crack propagation rate [27]. Of course, all this
does not mean that lubrication should be avoided, since it strongly reduces the
intensity of the asperity contacts, therefore greatly reducing the surface damage.

Several factors can deteriorate the lubricating conditions. One of these is cer-
tainly the contamination of the lubricant by foreign particles. Such contaminants
can be mineral particles, like sand particles, or metallic particles, like cutting chips,
grinding dust or wear debris. Such contaminants may form grooves that act as
nucleation sites for further surface fatigue cracks, and may also reduce the
adsorption capacity of the lubricant. Contaminants are particularly damaging when
their dimensions are of the same order as the lubricant thickness. Figure 5.12 shows
the relative reduction in lifetime in a ball bearing due to different contaminants [28].
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Hard abrasive particles are particularly harmful. Lubricant cleanliness is therefore a
clear precondition for an adequate rolling-sliding life.

5.3.3 The Influence of Sliding

Another factor playing an important role in determining the lifetime of a component
in rolling-sliding is the fraction of sliding between the mating surfaces (Eq. 5.7). In
the case of mixed or boundary lubrication, sliding may favour the shear plastic
deformation at the contacting asperities, thus amplifying the possibility of surface
crack nucleation. Generally speaking, poor lubrication (low A-factor) and high
sliding greatly contribute to contact fatigue failure. Furthermore, sliding may induce
a temperature rise of the lubricant that, in turn, produces a reduction in the lubricant
viscosity, and then in A. Such a process may also lead to scuffing.

The experimental data in Table 5.5 show the influence of 9 % sliding in reducing
the endurance limit with respect to pure rolling for different metals. The reduction is
of the order of 10 %. Figure 5.13 shows the influence of sliding on the endurance
limit of a 100Cr6 through hardened bearing steel (50 % probability of survival)
[29]. It is seen that the reduction in endurance limit continues up to 24 % sliding
(with a reduction of 35 % in the endurance limit).

As schematised in Fig. 5.10, a low A factor induces wear (by adhesion), whose
intensity depends clearly on the amount of sliding. Sliding wear can then be cal-
culated using Eq. 5.5. With reference to the system made by two rolling cylinders
(Fig. 5.7), the evolution of the depth of wear, h, can be easily obtained:

Klub F N Vs

h= -N (5.14)
H L v

where L is the length of the contact line, v, is the tangential velocity (v or v,) and N
is the number of cycles (the other parameters were already defined). As an example,
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Fig. 5.14 shows the wear evolution of two rolling-sliding cylinders made with a
18NiCrMo5 carbonitrided steel (surface H: 700 kg/mm?; R, = 0.88 pm) and an
AISI M2 steel (H: 860 kg/mm?; Ry = 0.11 pm). The tests was carried out with
vs = 1.27 m/s, Fy = 50 N, L = 10 mm and using a mineral oil with VI = 150 as a
lubricant. The two discs behave in a different way. The carbonitrided steel shows
quite a long run-in stage, characterised by a high initial wear rate that progressively
decreases reaching a steady state after about 5 x 10* cycles. During running in, the
recorded A factor was about 0.13 and then typical of boundary lubrication. Using
Eq. 5.14 it is obtained that Ky, is 7.7 x 107 in the first testing interval. Ky, then
decreases to 5.7 x 1077 at steady state, where a mixed lubrication regime is entered
because of the reduction in the surface roughness. The hardest and smoother M2
disc displays negligible wear at the beginning of the test. A steady state wear, with
an intensity similar to that displayed by the counterface disc in its steady state
regime, is attained after about 2 x 10* cycles. Such behaviour is very similar to that
described in Sect. 5.1.5, and is typical of lubricated systems (operating under
sliding as well as rolling-sliding conditions). As mentioned in Sect. 5.1.5, the
correct execution of the run-in stage with the transition from boundary to mixed
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lubrication regime is paramount for a safe operation of the system (in particular, to
avoid scuffing).

Equation 5.14 can be also used in designing, i.e., in the evaluation of the
lifetime, N, to obtain an allowable depth of wear. This relation can be also used in
the case of dry contacts. However, the employment of K (or K,) values obtained
from simple sliding tests is not straightforward. A role is played by the distinct
stress fields present on the two rolling cylinders (Fig. 5.7). In general, the upper
(driven) cylinder undergoes larger wear than the lower (driver) one, as its surface
enters the contact in a condition of tensile stress.

5.3.4 The Influence of Lubricant

The lubricant properties play a critical role in determining the rolling-sliding wear
resistance of a mechanical coupling. The data in Tables 5.5 and 5.6 refer to tests
carried out using basic mineral oils. However, since the resistance to surface fatigue
increases with the A factor, it is clear that the lubricants characterized by high
viscosity and high Barus coefficient (especially at the working temperature) are
those that guarantee the best performance. As an example, Table 5.7 shows the
results of an experiment conducted with a 4-ball tribometer, using an AISI 52100
(100Cr6) bearing steel [30]. The tests were carried out with different mineral and
synthetic lubricants. The table shows the main properties of the lubricants, along
with the results of the contact fatigue tests, in particular the number of cycles
required to reach spalling at the Hertzian pressure of 8700 MPa (which is quite a
high pressure). As expected, the fatigue life increases with increasing both the
viscosity and the Barus coefficient of the adopted lubricant.

As already mentioned, specific additives are often added to the base oil to
improve its performance. Indeed, the use of specific additives is very effective in the
case of boundary or mixed lubrication, while in the case of fluid lubrication such
operation is not useful. Due to the high pressure adopted for the tests of Table 5.7, a
mixed lubrication regime was mostly attained. As a consequence, the Authors

Table 5.7 Influence of lubricant properties on the fatigue life of AISI 52100 balls (4-ball
tribometer, data from [30])

Lubricant Viscosity (cSt) Barus Nisq for pmax = 8700 MPa
coefficient
10 pa?
40 °C | 100 °C |23 °C |80 °C
Paraffinic mineral oil 120 13 1.6 1.1 4 x10°
Synthetic polyol ester 46 9 1.1 0.7 6 x 10*
Synthetic polyalkil glycol 68 12 1.55 0.9 2.5 x 10°
Synthetic polybutene 130 13 2.3 1.45 6 x 10°
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observed that the use of synthetic oil with EP additive induced a longer contact
fatigue life than without such an additive.

5.3.5 Control Methods for Rolling-Sliding Wear

The following guidelines can be useful for reducing or controlling the rolling-
sliding wear of mechanical components:

ey
(©))

(€))
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(©6)
)

®)

Reconsider the system design, verifying the possibility of reducing the contact
pressure.

Use materials with high hardness. Possibly use high-strength and high quality
bearing steels (such as the well-known AISI 52200, or 100Cr6, steel in the
hardened state); when using case hardened steels, verify that the effective
thickness of the surface treated layer (see Chap. 7) is sufficiently high for the
design requirements. As a rule of thumb make sure that it is greater than 2 z,
(Table 1.1). Ceramic materials, such as silicon nitride, can be used in appli-
cations where high performance products are required.

Use high-quality homogeneous materials, with a very low content of defects,
such as inclusions or flaws.

Improve the lubrication regime by increasing the A factor, that is, by reducing
the surface roughness of the mating surfaces and/or by increasing the thickness
of the lubricant meatus (for example, by reducing the operating temperature of
the lubricant or by using a lubricant with high VI index).

If the A factor is greater than 3, the lubrication is fluid and the rolling-sliding
wear resistance is maximum. In many applications, however, it is also
acceptable A less than 3 and a mixed lubrication regime is attained in service
(for example in gears). In this case, it is mandatory to avoid contamination by
foreign particles (use of filters or barrier systems).

Reduce the sliding component; this also reduces the risk of scuffing (if A is
less than 1).

In case of boundary or mixed lubrication regime, it may be convenient to use
cast iron or copper alloys against high-strength steels. Solid lubricants (typi-
cally in the form of coatings on at least one of the mating surfaces) or
lubricants with additives are also recommended in these systems. In these
lubrication conditions it is also necessary to check for the wear evolution in
order to verify that the depth of wear is lower than an allowable value at the
end of the expected component life.

In the absence of lubrication, follow the guidelines proposed in Sect. 5.1.6.
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5.4 Abrasive Wear by Hard, Granular Material

The abrasive wear by hard, granular material is generally a severe damaging pro-
cess, and the relevant wear mechanism is abrasion. The hard, granular material that
is responsible for the abrasive interaction can be extraneous to the tribological
system, or be part of it. The particulate matter present in the atmosphere is an
example of foreign particles that can contaminate a tribological system. Air typi-
cally contains 0.01 mg/m® of dust, with a maximum size between 10 and 20 pm. A
large fraction of this dust is composed of silica (with a hardness of around 1000 kg/
mm?), which can exert an abrasive interaction on many materials, including steels.
Several lubricated systems in automotive engines (like bearings, gears and the
piston-ring system) may undergo severe failures if contaminated with these hard
particles. In fact, the trapped particles may exert an abrasive action or prevent the
correct formation of the lubricant meatus. Other foreign particles may be dirt and
sand (sometimes also made of silica), which may contaminate several mechanical
parts, including pumping systems or water transport ducts.

Tribological systems in which the abrasive particles are an integral part of the
whole system are, for example, the crushing or grinding mills, the blades in
earthmoving machines, the conveyors of minerals, the moulds in powder metal-
lurgy, and the screws for the extrusion of polymeric composites (two examples are
shown in Fig. 5.15).

In general, abrasive wear by hard, granular material increases as the following
parameters increase:

Ratio of the hardness of the abrasive material to that of the abraded surface;
Amount of abrasive material involved;

Size of the abrasive particles (up to a maximum of about 150 pm);
Angularity of the abrasive particles;

Sliding amount between the particles and the worn surface.

As an example, Fig. 5.16 schematically shows the wear rate of different materials
as a function of the hardness of various mineral granules [20]. It is shown that wear

(a)

ot

Fig. 5.15 Examples of tribological systems that are typically damaged by abrasive wear by hard,
granular materials. a Conveyor of granular materials (low-stress abrasion); b crushing mill of
mineral ores (high-stress abrasion) (modified from [20])
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Fig. 5.16 Schematization showing wear rate of various materials as a function of the hardness of
abrading minerals (modified from [20])

Fig. 5.17 Stereo microscope pictures of a Gambia sand (k = 0.62), and b Ottawa sand (k = 0.6)
[31]

rate starts to increase when the hardness of the abrasive particle is sufficiently high.
In addition, wear rate is seen to decrease with the hardness of the abraded
counterface.

Figure 5.17 shows stereomicroscope pictures of two types of sand. By using an
image analyser interfaced with an optical microscope, it is possible to evaluate the
average size of the particles and also their shape factor, which is a simple evalu-
ation of their angularity. A useful parameter for the shape factor is the roundness
factor, «:
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(5.15)

where A is the area and p the perimeter of the two dimensional projection of the
particles. k increases as roundness increases, and it theoretically assumes the value
of 1 for particles with a spherical shape. Using a DSRW test (Sect. 4.5.5), it has
been obtained that the abrasive wear rate of a steel (H: 140 kg/mmz) increases from
5.5 x 107"? m*/N when using the Gambia sand to 1.4 x 10" m*/N when using the
more angular Ottawa sand [31].

A phenomenon that can further accelerate abrasion wear is corrosion. This may
occur when the abrasive interaction takes place in wet or aggressive environments.
Two models have been proposed when ferrous parts are involved [32]. The first is
the differential abrading cell model, where the fresh abraded surface acts as an
anode where iron is oxidized, and the oxide is then removed leading to additional
wear. The second one is the galvanic-cell model, where the mineral granules are
cathodic and the mating steel parts are anodic. In oxygen-rich sulphide environ-
ments, steels with high chromium content were found to perform better than those
with low chromium content, because of the formation of a protective Cr-rich oxide
[33].

In the choice of the most suitable material for a specific application, it is useful to
distinguish between low-stress abrasion and high-stress abrasion [34]. When the
contact stress between the hard particles and the abraded surface is high, wear by
brittle contact may be induced (see Sect. 4.3.2). On the other hand, if contact stress
is low enough, this contribution can be neglected and the materials that show the
best behaviour are those with the highest hardness, including ceramic materials.

5.4.1 High-Stress Abrasion

High-stress abrasive wear is typical of different tribological systems, including:

e Crushing and grinding components in mills (the contact stresses between the
mineral particles to be processed and the surface of liners and grinding media
are very high, and they induce also the fracture of the granular material);

e blades and buckets of earth-moving machines;
tillage tools used in agriculture (in very hard soils);
machine parts subjected to grinding operations (in this case, advantage is taken
from wear in obtaining very smooth and precise surfaces).

Figure 5.18 schematically shows the high-stress abrasive wear resistance of
different materials as a function of their hardness [35]. From the observation of the
figure, the following general information can be achieved:

(1) Polymers. Because of their low hardness, they show a very low abrasion
resistance. Thermoplastics and thermoset polymers with high hardness also


http://dx.doi.org/10.1007/978-3-319-05894-8_4
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Fig. 5.18 High-stress abrasion resistance of different classes of materials as a function of their
hardness (modified from [35])

display low abrasion resistance because of their brittle behaviour. In some
applications a minimum of abrasion resistance is required; the polymers that
provide the best performance are high hardness polyurethanes (they are
elastomers), and UHMWPE (a thermoplastic polymer).

(2) Pure metals and unhardened alloys. Such materials do not display high
hardness (especially pure metals) but their abrasion resistance may be high
because of their remarkable strain hardening ability that increases surface
hardness during the abrasive interaction.

(3) Work-hardened metals. They possess high hardness but their abrasion resis-
tance is less than expected. In fact, they have a limited in-service hardening
capability, and also a rather low ductility.

(4) Heat-treated steels. They have high hardness and good ductility, and therefore
display an appreciable abrasion resistance.

(5) Ceramic materials. They are characterized by very high hardness but their
abrasion resistance is lower than expected, since it is limited by their low
fracture toughness, which may favour abrasive wear by brittle fracture.

(6) White cast irons. They contain a large amount of hard carbides that are
cemented together into a metal matrix that provides them with increased
fracture toughness. Correspondingly, their performances may be very good.

It should be noted, moreover, that in metals abrasive wear resistance increases
with hardness up to 200-300 kg/mm? and then reaches a plateau. This can be
explained by considering Fig. 4.12, which shows that parameter @ strongly
increases with hardness in the range 250-400 kg/mm?® As a consequence, W
(compares Eqgs. 4.8 and 4.9) becomes almost independent from H.

Figure 5.19a shows the results of different experiments carried out with the Pin
Abrasion Test (PAT), which simulates the high-stress abrasion (Sect. 4.5.6), using


http://dx.doi.org/10.1007/978-3-319-05894-8_4
http://dx.doi.org/10.1007/978-3-319-05894-8_4
http://dx.doi.org/10.1007/978-3-319-05894-8_4
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Fig. 5.19 a High-stress abrasive wear of a number of ferrous alloys (data from [36]). b High-stress
abrasive wear of chromium white cast ironswith different carbide content and worn using two
types of abrasives (data from [35])

alumina particles as abrasives [36]. The tests were conducted on different ferrous
materials:

e two austenitic stainless steels (AISI 304);

e a series of martensitic steels with medium carbon content, heat-treated to
hardness values in the range between 300 and 700 kg/mm?;

e two tool steels (AISI D2);
a chromium white cast iron containing a high fraction of carbides;
two tool steel obtained by powder metallurgy (PM) and reinforced with TiC
particles.

In Fig. 5.19a the specific wear rates are reported, as given by the ratio between
the recorded wear rates and the applied load. First of all, it can be noted that the
recorded wear rates are all well above 1072 m%/N, showing that wear was very
severe in every case. It is further noted that the austenitic stainless steel (AISI 304)
with lower hardness displays a lower wear rate than the other one. This can be
explained by considering the capability of the former steel to undergo noticeable
strain hardening in the contact regions. As expected, martensitic steels show a
decrease in the wear rate as their hardness increases. The tool steels have a hardness
that is similar to that of the hardest martensitic steels, but their wear rates are lower.
This can be explained by considering that such steels contain several hard and
relatively large carbides in their microstructure, which are able to counteract the
damaging action of the abrading particles. This behaviour is even more pronounced
in the chromium white cast iron and in the two PM steels reinforced with very hard
titanium carbides (H: 20003200 kg/mm?). These latter results are quite general:
the materials with the best resistance to high-stress abrasive wear will contain hard
particles firmly embedded into a hard but sufficiently tough matrix.

It is also clear that a role is played by the dimension and amount of such hard
reinforcing particles, as well as by their hardness with respect to that of the abrasive
particles. This is shown by the experimental results reported in Fig. 5.19b, related to
different chromium white irons with a carbide content ranging from 7 to 45 % (and
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a hardness between 720 and 840 kg/mm?). The tests were carried out with a PAT
tribometer, using two types of abrasive particles: alumina particles (hardness around
1600 kg/mmz) and SiC particles (hardness around 2500 kg/mmz) [35]. When using
alumina particles, which have a hardness value that is comparable to that of the
carbides, the increase in the carbide fraction in the white iron also increases the
abrasion resistance. The abrasive action involves the martensitic matrix: carbides, as
mentioned before, protect the material from excessive wear. However, when using
SiC abrasive particles, a greater wear rate is obtained. In addition, wear rate was
found to increase with increasing carbide content in the white iron. This behaviour
can be explained by considering that cast iron carbides undergo brittle fracture
under the action of the much harder SiC particles. Wear is thus greater than
expected, and parameter @ (Eq. 4.9) becomes greater than 1 since the fragmented
carbides are expelled from the material during the wear process.

As already noticed, despite their high hardness ceramic materials display a lower
high-stress abrasion resistance than expected. For example, it has been found that
the specific wear rate under high-stress abrasion of alumina ceramics with a
hardness of 1300 and 1970 kg/mm? was 4.4 x 10""" m*/N and 8.54 x 10™'> m*/N,
respectively [37]. The fracture toughness of ceramics can be improved by pro-
ducing the so-called cemented carbides (or hard metals), which are made by hard
ceramic particles (for example, WC particles) embedded in a ductile metal matrix
(typically made of cobalt) that imparts the material a significant level of toughness.
The high-stress abrasion resistance of a WC-10 vol. % Co with a hardness of
1780 kg/mmz, was found to be 1.1 x 1072 m*N [38] (in substantial agreement
with the trend displayed by the materials in Fig. 5.19a).

5.4.2 Low-Stress Abrasion

The low-stress abrasion wear typically occurs in:

e conveyors of mineral particles;
e sliding systems with entrapped abrasive particles;
e tillage tools used in agriculture (in normal working conditions).

Specific wear tests have shown that white irons with high carbide content, hard
metals and ceramic materials can provide high resistance to low-stress abrasive
wear, and are therefore excellent candidates in many applications in which this
mechanism is active. In all cases, the interacting forces exerted by the hard particles
are sufficiently low to avoid fracture and removal of the hard and brittle micro-
structural constituents. Figure 5.20 shows the results of DSRW tests for a number of
materials and coatings (this type of test simulates low-stress abrasion, see Sect. 4.5.
5). The following points can be highlighted:
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The values of the specific wear rates are all much lower than those displayed
in high-stress abrasion (compare data in Fig. 5.20 with those reported in
Figs. 5.19).

A general trend can be recognized: wear decreases as hardness is increased.
As expected, materials containing hard phases in their microstructure, such as
AISI D2 tool steel, chromium white cast iron, and WC-Co, display a very high
abrasion resistance.

Electroless nickel deposits, alumina grown on aluminium after hard anodizing,
WC-Co coatings obtained by plasma spraying (all these surface engineering
techniques will be described in Chap. 7), display lower wear resistance than
expected, since they are usually quite defective, as they may contain pores and
cracks. This shows that ceramics may provide high low-stress abrasion
resistance if they are sufficiently free from embrittling defects.

5.4.3 Control Methods for Abrasive Wear by Hard, Granular

Material

To reduce or to keep abrasive wear under control, the following guidelines are
suggested:

(@)

Low-stress abrasion.

(1) If possible, reduce or eliminate the content and size of the abrasive
particles (using filters or protecting systems such as seals).

(2) Choose materials with hardness 30 % greater than the hardness of the
abrasive particles (or having a hardness that is greater than 150 kg/mm?).
The materials that provide the best wear resistance are, in decreasing
order:


http://dx.doi.org/10.1007/978-3-319-05894-8_7
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hard metals, alumina and other ceramics;

hard chromium plating;

Ni-Cr or high chromium white cast irons;

weld hard facings, made by hard metals or based on Cr-Mo-W-Nb
alloys;

high carbon, Cr-Mo martensitic steels;

austenitic manganese steels (Hadfield steel, see Sect. 6.1).

If hard particles are trapped between two mating surfaces, it may be
suggested to use a hard and a soft surface; the hard particles get
embedded into the soft surface preserving it from excessive wear, and
they only abrade the hard counterface.

Reconsider the design of the tribological system and reduce the contact
loads.

(b) High-stress abrasion.

(D

2

Depending on the application, choose materials that combine high
hardness and adequate fracture toughness. In a first instance, refer to the
list of materials given above with the exception of ceramic materials. In
the presence of impact loads, an increased fracture toughness is required,
and the most suitable materials are Hadfield steels and martensitic steels.
Since this type of wear may be particularly intense (linear wear can
amount to some millimetres per day in rock crushers or mills), it is
important that the components are easily replaceable and that the mate-
rials also have relatively low cost. In such cases, fine-grained HSLA
steels and Hadfield steels can be a good choice.

5.5 Erosive Wear

Erosive wear takes place when solid particles or liquid droplets impact a surface, as
schematically shown in Fig. 5.21a. In the case of solid particle erosion (SPE), wear
damage is essentially due to the mechanism of abrasive wear. In case of liquid
droplet erosion (LDE) and the liquid jets erosion (also called, cavitation erosion),
wear is mainly due to contact fatigue, although a number of other damaging
parameters may play an important and interrelated role.

5.5.1 Solid Particle Erosion

This wear process is characterized by the action of hard particles that are trans-
ported by a fluid and abrade a softer surface. The main tribological parameters


http://dx.doi.org/10.1007/978-3-319-05894-8_6

150 5 Wear Processes

(a) (b) High impact

N 1
R - --
4--" " g---------

Low impact angles

Fig. 5.21 a Scheme of the erosive process: a solid particle is impacting a target surface with
velocity, v, and an impact angle, ®; b erosive interactions in a straight and bend pipe

affecting this wear process are the impact velocity and the impact (or attack) angle.
Figure 5.21b schematically shows the abrasive interactions occurring in a pipe for
hydraulic or pneumatic transportation. Other typical tribological systems that can
face problems of solid particle erosion are cyclone separators, pump impeller
blades, water turbines, transport systems for granulated material. The solid particle
erosion process is also used to advantage in some technological processes, such as
sand blasting, shot peening, cutting by abrasive jets. In some cases, the fluid may
also exert a corrosive action, and corrosion can therefore become the predominant
mechanism of surface degradation. A typical example is the erosion of a stainless
steel or a steel painted surface: the surface damage, with the removal of the pro-
tective layers, may expose the metal to the aggressive action of the fluid carrying
the abrasive particles.

The abrasive interaction with ductile materials can occur by microcutting or
microploughing, as shown in Sect. 4.3.1 The wear volume, V, can be evaluated
using Eq. 4.8, which can be rewritten in the following way (considering that
2tg®/7'[ = l’l'abr):

Fy - Fr- L
V:cb-uab,.NTS:cb- ;S:cb.ﬁ (5.16)

where L is the work done by the hard particles on the abraded surface. In the case of
solid particle erosion, such a work is roughly given by % mv?, where m is the total
mass of erosive particles and v their average impact velocity. After substitution, the
following relation is obtained [39]:

IIlV2

) R 17
Vv SPE " 57 (5.17)

where @gpg; is a constant that is representative of the efficiency of the erosive process.
It is also called wear coefficient for erosive wear, and varies between 0 and 1.
It is theoretically O when the interaction is by microploughing and involves just a
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displacement of material, and it is 1 when all the material deformed by the particles is
removed by microcutting. Therefore, the main factors that influence ®gpg are:

(1) The impact angle ®. The erosive wear in ductile materials is expected to be
maximum at small impact angles, in correspondence of which the shear stress
exerted on the surface is maximum. Such a stress typically induces a con-
siderable plastic deformation, which is incremented by repeated collisions up
to the fulfilment of the critical conditions for fracture, either by low cycle
fatigue or by ratcheting.

(2) Morphology of the particles. Angular particles are more effective than rounded
particles to produce a microcutting interaction.

(3) The hardness of the target material. A mentioned in Sect. 4.3.1, microcutting is
favoured in materials with low ductility and high hardness.

The two most used testing equipment’s to directly evaluate solid particle erosion
are the gas-blast rig and the centrifugal erosion accelerator (described in Sect. 5.6).
The results are in general referred to the erosion rate, E, given by the ratio between
the mass of eroded material and the mass of erosive particles striking the surface
[39]. From Eq. 5.9, the following relation is therefore obtained:
p -V

E = Ogpg -
SPE " g

(5.18)

where p is the density of the eroded material.

From a large number of experimental investigations, it has been obtained that
®gpg; is quite low, and typically varies between 5 x 107 and 10~". In addition,
DgspE, and thus E, were found to depend on several interrelated factors, showing that
the model expressed by Eq. 5.10 is very simplified indeed. Let us consider first the
role of impact velocity. If it is too low, the deformation of the target material is
elastic, and wear may occur just by contact fatigue. If v is high (generally speaking,
larger than 10 m/s), a very extensive and localized plastic deformation occurs,
under a quite large strain rate (in the range 10*-107 s7! [40]). Such a high strain rate
noticeably increases yield stress, and thus hardness, of the material, even if this
effect may be partially counterbalanced by the softening induced by local thermal
heating. Such a change in hardness modifies ®@gpg and also renders rather unreliable
the use of room temperature (static) hardness, H, in Eq. 5.10. When considering the
effect of v, E is then expressed by: E = E, v", where E, is a constant. It has been
experimentally obtained that the n-values would range between 2 and 3 in metals
and polymers with a ductile behaviour, and between 3 and 5 in brittle materials
[40]. As an example, Fig. 5.22a shows the erosion rate for two steels, showing the
role of the impact angle and the impact velocity [41]. The ®gpg—values were found
in the range 6 x 107*-2 x 107!, and the n-values were in the range 1.6-3.62. The
relevant role of velocity is also obtained by comparing the data for 304L with those
reported in Fig. 5.22b at room temperature [42].
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Fig. 5.22 Erosion rate as a function of impact angle for a 304L stainless steel and a 16Mo3 steel,
tested at room temperature (a) (modified from [41]), and a 304L stainless steel tested at room and
high temperature (b) (modified from [42])

Another parameter that may play a role and is not considered in Eq. 5.10, is
particle feed rate, which is the mass of eroding particles per unit area and time. As
the feed rate increases, the erosive wear also increases since the probability of
having local repeated contacts (and therefore plastic strain accumulations) increases
too. But over a specific limit, the wear rate decreases since the arriving particles
may interfere with the rebounding ones. Such a threshold was found to be around
10,000 kg/m?s in metals, and just 1000 kg/m?s for elastomers [40].

Solid particle erosion is also influenced by ambient temperature. Different sys-
tems operate at high temperature and may wear by erosion, such as heat exchangers,
gas and steam turbines. In general, the erosion rate increases with increasing
temperature, because of the corresponding decrease in hardness. Figure 5.22b
shows the erosion rate in a stainless steel tested at room temperature and 500 °C
[42]. In hardened steels, however, erosion rate may decrease if temperature rise is
limited to 200-300 °C, since the hardness decrease induces an overwhelming
decrease in @gpg. In stainless steels and high temperature alloys, such as Ni- or Co-
alloys, the erosion rate increases continuously as temperature is increased up to
800 °C or more. In oxygen-rich environments, the metal surface may undergo direct
oxidation, and erosion may thus induce a tribo-oxidative form of wear that syn-
ergically increases the overall wear rate.

Figure 5.23 shows the variation of the erosion rate with the impact angle for an
Inconel 718 Ni-base superalloy tested at 538 °C using chromite particles at an
impact velocity of 305 m/s [43]. The maximum wear rate is at about 20°, indicating
the ductile behaviour of the material. In order to reduce the high erosion rates
(compare the data with those of Figs. 5.22), a ceramic CVD titanium carbide
coating was deposited on the superalloy. The results in Fig. 5.23 show that the
improvement was really significant, with a reduction in the erosion rate of nearly
two orders of magnitude. In addition, it is shown that the erosion rate increases with
the impact angle and reaches a maximum for ® = 90 °C. This behaviour is typical
of brittle materials, which undergo brittle contact during the abrasive interaction.
A shown by Fig. 1.7, the normal component of the contacting load is responsible
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for the brittle contact by the Lawn and Swain mechanism that produces fragmen-
tation by spalling.

To minimize the erosive wear it is first necessary to reduce the amount of erosive
particles (by filtration, for example) and also reduce, if possible, their impact
velocity (which strictly depends on the speed of the fluid that carries the particles).
In the choice of the optimum material it is necessary to consider the impact angle
and the impact velocity. If the impact angle is low, hard materials should be
preferred, whereas when it is close to 90°, high-strength ductile materials would
perform better. If possible, changing the equipment design in order to optimize the
impact angle can provide a wear reduction without changing the wear resistant
material. As far as the impact velocity is concerned, it has to be considered that the
erosive wear at high impact velocity can be regarded as a high-stress abrasive wear,
while the erosive wear at low impact velocity can be regarded as a low-stress
abrasive wear. Table 5.8 lists some recommended materials for the different com-
binations of impact velocity and angle. Note the possibility of using elastomers in
case of high impact angles and low impact velocity. Elastomers are capable of being
subjected to high deformations and recover their initial shape on unloading, if the
contact stress is not too high.

Table 5.8 Recommended materials with high resistance to solid particles erosion

High impact angle Low impact angle
High Martensitic steels with low and Martensitic steels with high C content
impact medium C content Ni-base alloys Ni-base alloys Cemented carbides
velocity
Low Elastomers Ceramics Cemented carbides High Cr
impact white cast irons Martensitic steels
velocity
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5.5.2 Erosion by Liquid Droplets

Erosive wear can be also induced by the impact of liquid droplets against the
surface of a solid. Tribological systems that may display this wear process are pipes
or valves used in water pipelines, blades of low pressure steam turbines (the
abrasive action is due to the moisture drops) and the windows of airplanes flying in
the rain.

High impact velocity (usually well above 100 m/s) induces high impact pres-
sures due to the water-hammer effect, which may even exceed the yield strength of
the impinged material. After an incubation period, wear typically increases in an
almost linear wear with time. Wear damage is characterized by the formation of
pits, that increase in number and depth as the exposure to the liquid impact
increases. The wear mechanism resembles low-cycle contact fatigue. Therefore,
materials that provide the best performance against liquid droplet erosion are those
that combine high hardness with adequate fracture toughness.

Different factors influence wear rate, including flow velocity and impact angle.
Figure 5.24 shows the wear rate as a function of impact angle for three steels [44].
Wear rate decreases as the ultimate tensile strength (UTS) of the target material is
increased (note that UTS is generally proportional to fatigue strength). In addition,
it is also observed that wear rate increases rapidly with the impact angle, and is
maximum for ® = 90°. This is a general result, since only the normal component of
the velocity of the impinging drops determines the impact pressure and is therefore
responsible for the surface damage. Wear rate, V, is often expressed by the fol-
lowing experimental relationship:

V=K-V'"-sin"® (5.19)

where K, n and m are materials’ constants. Note that a threshold velocity also
exists, below which erosion does not take place.
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Fig. 5.25 Events that lead to cavitation wear (modified from [45])

5.5.3 Cavitation Erosion

Cavitation erosion is a particular case of erosion by liquid droplets. The damaging
process is schematically shown in Fig. 5.25 [45]. Cavitation may occur in a liquid
when the static pressure becomes lower than the vapour pressure of the liquid itself,
and vapour clouds are therefore nucleated. Such clouds may then enter regions with
higher pressure, and thus collapse emitting a shock wave in the liquid. One or more
bubbles present near the solid surface are then reached by the wave, and start to
oscillate, thus forming liquid micro-jets that impact at high velocity the solid sur-
face. The impact pressure may be very high because of the water-hammer effect.
After an incubation period, surface damage begins to occur with the formation of
pits that increase in number and depth with time.

Regions with low and high static pressure may arise following an intense var-
iation in the liquid velocity, such as when a liquid flows in a Venturi section. They
may also form between surfaces under high-frequency oscillatory motion. During
recession, a decrease in pressure is observed, whereas during the approach phase
the local pressure increases. This wear process is typically encountered in turbine
blades, pumps and high-speed lubricated bearings. Besides wear, cavitation pro-
duces vibration, loss of efficiency and noise.

5.6 Process-Oriented Wear Tests

In this paragraph some special laboratory testing devices are described, which are
commonly used to simulate particular wear processes. In most cases, such testing
rigs provide results that are in agreement with those produced by the tribometers of
Table 4.1, but in other cases the results may be different since the basic tribometers
may not be able to account for all particular testing conditions that may play an
important role in wear dynamic.

In addition to the common pin-on-disc and block-on-ring testing rigs, the sliding
wear process may be also investigated using the reciprocating pin on a plate test,
schematized in Fig. 5.26a (ASTM G133). It is typically used to investigate sliding
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Fig. 5.26 Schematic configuration of different process-oriented wear tests. a Reciprocating pin on
plate; b gas blast erosion test; ¢ centrifugal erosion accelerator; d vibratory apparatus for cavitation
erosion

wear when the wear debris has to remain trapped in the contact region. It is also
used to simulate fretting wear, by maintaining the amplitude of motion lower than
250 pm.

Wear by solid particle erosion can be investigated using the gas-blast erosion
test, schematized in Fig. 5.26b. The abrading particles are accelerated by a high-
pressure air stream, directed onto the specimen target (in a similar test device the
abrasive particles are carried by a liquid jet). Adjusting geometrical and working
parameters can vary the impact velocity and the impact angle. Figure 5.26¢ shows a
schematized side view of a centrifugal erosion accelerator. It uses rotation to
accelerate the particles against more than one specimen located in the rim perimeter
and fixed at the desired impact angle.

The liquid impingement erosion can be investigated using a test apparatus that is
in principle very similar to that schematized in Fig. 5.26b. A jet nozzle is used and
liquid water, rather than a gas, can be directed against the specimen with a given
velocity. The velocity is set by adjusting the water pressure in the inlet of the
nozzle.

Figure 5.26d finally shows the configuration of a test apparatus for cavitation
erosion. A cyclic variation of pressure in the liquid between two solid surfaces is
induced by using a high-frequency oscillatory drive. Pressure is increased during
the approach phase and it is decreased during the recession stage.
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Chapter 6
Materials for Tribology

Different engineering parts are subjected to tribological loading, such as sliding at
different loads and speeds, abrasive interactions with hard particles or repeated
contact stresses. Therefore, it is necessary to select materials according to specific
engineering requirements, and then to verify their ability to perform adequately
under the acting wear conditions. In this respect, for applications with demanding
tribological loadings, materials with specially designed tribological properties have
been developed.

In the previous chapter, indications for the use of materials that better resist
different wear processes were given. This chapter provides a more detailed over-
view of the engineering materials that are more frequently employed in tribological
applications. For each class of materials, an outline of the relevant behaviour with
respect to sliding wear, characterized by the mechanisms of adhesive and tribo-
oxidative wear, wear by contact fatigue, and abrasive wear by hard granular
material, will be provided. Specific surface treatments may be also adopted to
improve the tribological properties of materials; they will be considered in the next
chapter.

6.1 Steels

Steels are widely used in tribological applications, in like-on-like couplings or in
combination with other materials. Particular steel grades have been developed for
specific applications. Some examples are:

(1) tool steels;

(2) bearing steels;

(3) Hadfield steels (austenitic steels with high abrasion resistance);

(4) martensitic stainless steels for applications in aggressive environments.

By varying the chemical composition and/or by appropriate heat treatments
(including surface treatments), it is possible to obtain steels with a wide a range of

© Springer International Publishing Switzerland 2015 159
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Table 6.1 Surface phenomena that can occur at a steel surface during tribological interaction
(modified from [2])

Phenomenon Type of steel Strain Temperature
induced induced

(1) Stress relieving All - X

(2) Recristallization All X X

(3) Tempering Martensitic - X

(4) Strain hardening All X -

(5) Strain-induced » Hadfield steel X -
martensitic transformation » Some austenitic stainless

steels

» Martensitic steels containing
retained austenite

(6) Thermal martensitic Quench hardenable steels - X
transformation

(7) Precipitation hardening High alloy steels - X
(8) Oxidation All - X
(9) Melting All - X

properties, as concerns mechanical strength and fracture toughness [1, 2]. In par-
ticular, hardness values up to 800-1000 kg/mm? can be attained.

During the tribological interactions, plastic deformations and energy dissipation
with related temperature rise usually take place at the contacting asperities. In steels,
both phenomena may produce local microstructural changes that are very important
from the viewpoint of tribology. They are summarized in Table 6.1. The phe-
nomena numbered from 1 to 3 all cause a reduction in hardness at the contacting
asperities, while a material hardening is induced by the phenomena from 4 to 7.
Oxidation (no. 8 in the table) induces the formation of a surface oxide layer, which,
under particular conditions, may decrease friction and wear. Melting (no. 9 in the
table) may only occur under particularly severe sliding conditions.

6.1.1 Sliding Wear

In case of mild wear steels display specific wear coefficients (K,) typically ranging
from 107" to 107" m*N. For adhesive wear, K, takes much higher values, typ-
ically around 10™'> m?*N. The iron oxides have a hardness in the range
300—600 kg/mm? that strongly decreases as temperature is increased [3]. Therefore,
the use of a steel with high hardness is very important. In fact, a suitably hard steel
would be particularly capable to support the oxide layer and, in addition, not to be
abraded by the oxide fragments during sliding. This is well shown in Fig. 6.1a, for a
C60 steel (a non-alloy steel containing 0.6 % C) after different thermal treatments,
like: normalizing, to obtain a hardness of 200 kg/mm?; quenching and tempering to
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Fig. 6.1 a Specific wear rate as a function of hardness for a C60 steel, subject to dry sliding with
po= 1.3 MPa and v = 0.1 m/s. The steel hardness was changed by adopting suitable heat treatments
(modified from [4]). b Wear map for steels, in case of relatively low sliding speeds and applied
pressures (from different literature references)

obtain a hardness of 300 and 450 kg/mm?; and quenching and stress relief to obtain
a hardness of 600 kg/mm?. When hardness exceeds 450 kg/mm? wear is mainly by
tribo-oxidation and the corresponding K,-values are typical of mild wear. It is worth
recalling that this process is fully effective when fragments are allowed to remain in
the contact region.

In order to be able to compare the behaviour of materials with different hardness
values, the concept of normalized pressure has been introduced. It is defined as the
ratio between the nominal pressure and the materials’ hardness (that of the softer
one, if the mating materials are different):

Fy

P

T3

(6.1)

For example, the data in Fig. 6.1a show that at v = 0.1 m/s the transition between
adhesive and tribo-oxidative wear occurs for hardness values between 400 and
450 kg/mm?, i.e., for a normalized pressure about 3 x 10~*. Using this information
and additional data taken from the literature (referring to pin-on-disc tests with the
fragments able to remain in the contact region), it is possible to construct the wear
map shown in Fig. 6.1b. It can be observed that at low sliding speeds, typically
lower than 0.1 m/s, the boundary between tribo-oxidative (mild) wear and adhesive
(severe) wear is mainly dependent on the normalized pressure. In fact, it is deter-
mined by the ability of the steel (in relation to the applied pressure) to support the
layer of protective oxides forming on its surface. For sliding speeds in excess of
0.1 m/s, the frictional heating gains in importance and the boundary between tribo-
oxidative and adhesive wear is controlled both by normalized pressure and sliding
speed, i.e., by the attainment of a critical surface temperature, at which softening is
so intense to prevent the steel substrate to properly sustain the surface oxide layer
(item 1 in Table 6.1).
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Using the data collected by Lim and Ashby [5], it is possible to construct a
complete wear map for steels under dry sliding. It is schematically shown in
Fig. 6.2. It may be noted that for high normalized pressures (greater than about 0.2),
seizure occurs regardless of the sliding speed. Under these conditions, the actual
area of contact approaches the nominal one, and wear (by adhesion) becomes
extremely severe, with intense material transfer. A new region is introduced at high
sliding speeds and high normalized pressures, i.e., melting wear. In this region,
frictional heating is so high to induce melting of the asperities, and wear is con-
sequently severe. At high sliding speeds (greater than 1 m/s) and lower normalized
pressure, melting cannot occur and (mild) tribo-oxidative wear by direct oxidation
occurs (Sect. 4.2.1). If the sliding speed is between 1 and 10 m/s, martensite can
form in the contact regions during sliding (item 5 in Table 6.1). Such a formation is
a consequence of the attainment of high flash temperatures that induce local au-
stenitization, and by the following rapid cooling caused by the intense heat removal
exerted by the bulk material. Such a martensite layer (which is sometimes called
white layer because of its appearance after metallographic etching), helps sup-
porting the surface oxide layer, counteracting the thermal softening. For particularly
high speeds (v > 10 m/s), the oxide layer becomes very thick and it plastically
spreads onto the contact surface, thereby contributing to an efficient dissipation of
heat and thus preventing the attainment of high average surface temperatures.

To ensure the best performance in dry sliding, steels should then possess high
hardness and they should also be able to maintain a relatively high hardness even
with increasing contact temperature. The best candidates for dry sliding applications
are therefore:

e nitrided steels;
e (00l steels;
e carburized steels;
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Table 6.2 Chemical compositions and typical mechanical properties of some tool steels

Type of Hardness | Charpy-V Material Typical chemical composition
steel (kg/mmz) impact (AISI %C | % % % |% Other
energy (J) code) Mn |W |Ccr | Mo

Cold 650-850 |3 o1 09 |1 0.5 |05 |- -

work tool D2 15 |03 |- [12 |1 |1%V

steel

Hot work | 400-700 |15 HI11 0.35 |- - 5 1.5 |1 % Si,

tool steel 0.4 %V
H13 0.35 |- - 5 15 [1%V

High- 800-1000 |8 T15 1.5 |- 12 |4 |- 5%V

speed 3% Co

steel M2 08 |- |6 |4 |5 [2%vV

e heat treated (martensitic) steels;
e bearing steels.

Nitrided and carburized steels will be described in the next chapter. Here the
attention will be firstly focussed on tool steels, which have been specially devel-
oped for the production of processing tools, such as dies and moulds, that are
intensively subjected to sliding wear (mainly under dry or boundary lubricated
conditions). Tool steels are classified into three groups: cold work steels, hot work
steels, and high-speed steels. Table 6.2 shows the chemical compositions, typical
hardness and impact fracture energy values of some common tool steels (after
quenching and tempering). The steels are indicated according to the AISI
(American Iron and Steel Institute) code.

After machining and heat treatment, tool steels will generally have a micro-
structure comprising a martensitic matrix and a carbide dispersion of the added
elements. As an example, Fig. 6.3 shows the microstructure of two widely used
steels, AISI D2 and AISI M2. Cold work tool steels (series W, A, O, and D) have a

Fig. 6.3 Microstructures of the AISI D2 (a) and AISI M2 (b) tool steels. Note the presence of
quite large primary carbides in AISI D2
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high carbon content (>1 %), and contain other alloying elements such as chromium,
tungsten and manganese. Chromium, which is particularly present in steels of D
series, and tungsten form relatively large primary carbides (typically around 10 pm
in size), while manganese is added to increase matrix hardenability. These steels are
fairly cheap and have a maximum operating temperature of 200-300 °C. Hot work
tool steels have a low carbon content and correspondingly display a high fracture
toughness. If tempered at about 600 °C after quenching, they acquire a high
hardness, due to the precipitation of fine carbides (secondary hardening). Because
of this, they are able to maintain a high hardness up to temperatures of about
540 °C. Finally, high-speed steels feature a high carbon content, and other alloying
elements such as tungsten, chromium and vanadium. They are characterized by
high hardness, retained even at high temperatures, as they also display a secondary
hardening. Fracture toughness of high-speed steels is clearly lower than that of hot
work tool steels. Some high-speed steels also contain cobalt, which provides an
increased hardness at high temperatures.

In order to obtain mild tribo-oxidative wear in dry sliding, it is suggested to use
steels containing small and uniformly dispersed carbides, to avoid any possible
abrasive action from the largest carbides. This is also important in case of sliding
under boundary lubrication conditions.

Figure 6.4 schematically shows the dependence of hardness on the environ-
mental temperature, in the case of hot work tool steels and high-speed steels. Note
that even the AISI D2 cold work tool steel is able to maintain a hardness of about
400 kg/mm? up to 600 °C, if it has been previously quenched and tempered to a
hardness of about 700 kg/mm?.

Heat-treated martensitic steels may achieve quite high hardness values (typically
up to 800 kg/mm?), depending on carbon content, alloying elements and heat-
treatment cycle. Steels with a high amount of alloy elements may contain some
retained austenite (RA) in their microstructure after the heat treatment. The role of
RA on the sliding resistance of steels (as well as on their contact fatigue behaviour)
has not yet completely clarified. It is believed that if RA is unstable (i.e., it contains
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a small amount of alloying elements) and can then easily transform into martensite
by surface shear deformation, its role is positive in that it induces a local strength
increase (the amount of RA, however, has to be controlled to avoid excessive
distortions associated with the austenite to martensite transformation). If RA is
stable, however, it does not harden during sliding, and it may become a weak
microstructural region, where an intense plastic deformation can concentrate.

In applications where high fracture toughness and ductility are required, or when
thermal treatment is difficult to be performed, martensitic steels are not suitable, and
pearlitic steels may be preferable. Due to the intense surface plastic deformation
during sliding, the cementite lamellae of these steels are oriented in the direction of
sliding, significantly increasing the mechanical strength and thus the wear resis-
tance. Typical pearlitic steels contain 0.7 % carbon and 1.5 % manganese that
reduces the pearlite interlamellar spacing. Pearlitic steels with a hardness between
300 and 350 kg/mm?, display a sliding wear resistance that is comparable to that of
bainitic and martensitic steels [6].

6.1.2 Wear by Contact Fatigue

The steels that guarantee the best resistance against contact fatigue are the so-called
bearing steels, which are specially developed to produce the rolling elements and
raceways of bearings. These steels are characterized by high hardness, excellent
dimensional stability in service, and high degree of homogeneity and microstruc-
tural quality. These steels are produced with a very low content of inclusions, such
as oxides, sulphides and nitrides, and a high surface finish. As said, the reduction in
concentration and dimension of the inclusions decreases the probability that an
inclusion of a critical size is found in the most stressed area, i.e., close to the
distance z,, from the surface (Table 1.1). Steels with extreme cleanliness are now
produced using special secondary metallurgical technologies, such as vacuum
induction melting (VIM) and vacuum arc remelting (VAR).

The most common bearing steel is the AISI 52100 (also indicated with 100Cr6),
which contains 1 % carbon and 1.45 % chromium [7]. This steel is quenched and
tempered at about 160 °C to ensure the obtainment of high hardness, typically
between 650 and 1000 kg/mm?. To increase its dimensional stability, the steel is
often subjected to a soaking at —80 °C before tempering, aiming at completely
eliminate residual austenite present after quenching (usually about 6 %). It is clear
that the in-service temperature should not exceed 200 °C to avoid microstructural
softening. In order to obtain higher surface hardness values, and thus higher contact
fatigue resistance, specific steels may be exposed to a carburizing (or carbonit-
riding) treatment, obtaining a graded microstructure with a carbon enrichment at the
surface and consequent introduction of compressive residual stresses. The M50 NiLL
steel (typically containing 0.13 % C, 3.5 % Ni, 4 % Cr, 4.25 % Mo, 1.2 % V) is
commonly used in the carburized state, with a surface hardness of about 750 kg/
mm? and a hardness greater than 550 kg/mm? for a depth of at least 1.5 mm [8].
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Fig. 6.5 Contact fatigue life of different high strength steels tested in (a) fluid film lubrication, and
in (b) boundary lubrication. The Hertzian pressure was 2800 MPa and the oil temperature was
maintained at 90 °C (a) and 95 °C (b) (modified from [9])

Surface treated steels retain a good fracture toughness in the bulk and are thus very
suitable for engineering applications that require both high contact fatigue resis-
tance and high fracture toughness. In some applications, such as in advanced
aerospace engines, wind turbines and high-speed railways, a further increase in
hardness and fatigue strength may be required. It can be achieved by using high
nitrogen martensitic steels, where the sum of the carbon and nitrogen content is
tuned between 0.6 and 0.8 %. Figure 6.5 shows the results of bearing life tests
carried out on several high-strength steels with a rather high contact fatigue
resistance (Cronidur 30, X30CrMoN15-1, containing 0.38 % N, 15 % Cr and 1 %
Mo; it is used in the martensitic state) [9].

In case of ambient temperatures exceeding 200 °C, other types of steels are
required, such as the M series of the high-speed steels (e.g., AISI M2) that display
the secondary hardening phenomenon. In the presence of corrosive environments
(commonly encountered, for example, in aircraft engines and in the paper industry),
martensitic stainless steel containing at least 17 % chromium are employed. An
example is the AISI 440C, with nominal chemical composition: 1 % C, 0.4 % Mn,
0.3 % Si, 17 % Cr, 0.5 % Mo. With a suitable heat treatment, it can reach a hardness
level similar to that of tool steels. Because of the presence of carbon, however, this
steel also contains large eutectic carbides in its microstructure, which may reduce
corrosion resistance and also fatigue strength. For these reasons, steels with lower
chromium content may be used instead. When using the abovementioned high
nitrogen martensitic steels (containing 13 % Cr approx.), the formation of large
eutectic carbides is avoided and the corrosion resistance, in specific environments,
in maintained [7].

6.1.3 Abrasive Wear by Hard, Granular Material

According to what reported in Sect. 5.4, the steels with the best abrasive wear
resistance are those with a microstructure constituted by high carbon martensite and
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hard and large carbides. It should be noted that martensitic steels (without large
carbides) can reach maximum hardness values of about 1000 kg/mm?, inadequate
for many abrasive particles, including silica particles that are the most common
natural abrasives. The presence of large and hard carbides in the microstructure is
then paramount for steels to gain an excellent resistance to abrasive wear (see, for
example, the behaviour of the AISI D2 tool steel in Fig. 5.19a).

Steels are commonly used in applications where abrasive wear is present,
because they can retain some ductility even when they possess high hardness, and
also because of their relatively low cost. The most commonly used steels are, in
descending order [10]:

(1) Cold work tool steels and high-speed steels, containing 1-1.6 % C (hardness
about 800-900 kg/mm?);

(2) Hot work tool steels, containing about 1 % C (hardness about 600-900 kg/
mm?);

(3) Martensitic steels, containing about 0.7 % C and possibly other alloying
elements to increase their hardenability (hardness about 600 kg/mmz);

(4) Pearlitic Cr-Mo steels containing 1 % C (hardness about 350 kg/mm2 only, but
greater ductility than tool steels);

(5) Austenitic manganese steels, like the Hadfield steels containing 12—14 % Mn
and 1 % C. These steels have initial hardness values around 200 kg/mmz, but
due to the strain-induced martensitic transformation (item 5 in Table 6.1) they
achieve hardness values in the range 400—500 kg/mm? in the contact region.

The austenitic manganese steels, such as the Hadfield steels, are used if high
fracture toughness is required, for example when the mechanical parts have to stand
impact loads. These steels are therefore mainly used in applications characterized
by high-stress abrasion wear. Since they are quite difficult to machine by chip
removal (due to the hardening effect during cutting), they are mainly used in the as-
cast state, or as deposited surface layers. Manganese steels harden during plastic
deformation because of the shear-induced transformation of austenite into mar-
tensite. If such a transformation can take place during the tribological interaction,
the abrasion resistance of these materials increases dramatically. The martensitic
transformation is favoured if the austenite is unstable, that is, if relatively low
concentrations of carbon and manganese are present [11]. It should be noted that
manganese steels contain a certain amount of carbides (iron and chromium car-
bides) in their microstructure after solidification. Therefore, they should be sub-
mitted to a solution treatment at about 1050 °C before being placed in service in
order to obtain a fully austenitic microstructure.

Figure 6.6 summarizes, in a simplified way, the abrasive wear resistance of
various ferrous alloys, including white irons that will be discussed in the next
section.

In many applications, abrasion occurs in the presence of an aggressive envi-
ronment. When the environment is very aggressive and the abrasive action is
limited, austenitic stainless steels can be used: next to a very high corrosion
resistance in specific environments, they can ensure a sufficient abrasion resistance
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Fig. 6.6 Schematization
showing the abrasion
resistance of different ferrous
alloys (modified from [12])
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exploiting their ability to work harden during deformation (see Fig. 5.19a). In other
applications, however, higher hardness may be required, and the martensitic
stainless steels, such as AISI 440, should be employed.

6.2 Cast Iron

Cast irons are Fe—C alloys with a carbon content between 2 and 4 % and a silicon
content between 1 and 3 %. They are very suitable for the production of castings
and are then commonly used for manufacturing particular mechanical components
(including large parts or components with very complex shapes). High levels of
silicon allow carbon to solidify in the form of graphite. On the other hand, if silicon
content is relatively low and the cooling rate, during solidification, is high, carbon
forms carbides, whose composition depend on the alloying elements. Table 6.3

Table 6.3 Main characteristics of cast irons

Cast iron Hardness % C Microstructure Observations
Grey Moderate <3 Lamellar graphite; Most common iron
(200 kg/mm?) matrix: F, P, B, M
Ductile Moderate 2.5-4 Spheroidal graphite; | High fatigue resistance;
(or nodular) | (=350 kg/mmz) matrix: F, P, B, M, complex shapes
AF
White High (420-600 kg/ |4.2-5.6 |Large eutectic and Alloying elements can
mm?) secondary carbides be profitably added (Ni,
Matrix: M, B Cn)
Malleable Moderate ~2.5 “Flowerlike” nodular | Properties similar to
(250 kg/mmz) graphite steels
Matrix: F, P

F ferrite, P pearlite, B bainite, M martensite, AF ausferrite; modified from [1]
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Fig. 6.7 Microstructure of a a pearlitic grey iron, and b an ADI characterized by a graphite
fraction of 7.2 %, an average nodule count of 195, a mean nodule diameter of 15 pm, and an
amount of retained austenite of 25 % [14]

summarizes the main types of cast irons and relevant features. The matrix micro-
structure of graphitic cast irons is typically similar to that of steels. Within the
family of ductile (or nodular) irons, austempered ductile irons (ADIs) have recently
reached a widespread diffusion. They are obtained following an austempering
treatment that usually comprises austenitisation between 850 and 950 °C, followed
by quenching in a salt bath furnace at 250-400 °C. The material is then kept at this
temperature for a time suitable to stabilize austenite, and then it is cooled down to
room temperature. An ausferritic (AF) microstructure is obtained, characterized by
the presence of bainitic ferrite plus carbon stabilized austenite, that increase strength
and ductility [13]. As an example, Fig. 6.7 shows the microstructure of a pearlitic
grey iron and an austempered ductile iron.

Cast irons are characterized by an attractive combination of mechanical prop-
erties and advantages, concerning cost and manufacturing. The high hardness that is
obtainable with thermal treatments and the addition of alloying elements, allow cast
irons to be used in several tribological applications. For example, if sliding wear
problems are of concern, grey or ductile cast irons are widely used, in like-on-like
applications or against steel or copper alloys (such as bronzes). In the case of
abrasive wear processes, white cast irons are profitably used, indeed.

6.2.1 Sliding Wear

Grey and ductile cast irons are commonly employed in tribological systems char-
acterized mainly by sliding wear, both in dry and in boundary lubricated conditions.
Typical applications are disc brakes, piston rings, cylinder liners, cam-follower
systems and gears. The applications relate mostly to situations where lubrication,
particularly fluid film, is difficult to obtain, or, on the contrary, undesirable.

The high sliding wear resistance of grey or ductile iron is due to the presence of
graphite, which acts as a solid lubricant during sliding. In fact, during the run-in
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Fig. 6.8 a Cross section showing a graphitic lamella emerging at the surface during dry sliding;
b graphite is rubbed on the wear surface thus exerting a solid lubricant effect [15]

phase graphite protrudes from the surface and is interposed between the two mating
bodies. This is shown, for example, in Fig. 6.8, referring to a pearlitic grey cast iron
after dry sliding against a friction material [15]. This phenomenon may thus work
together with the formation of a surface oxide, which ensures the establishment of a
mild tribo-oxidative wear. As a result, a reduction in friction and sliding wear are
attained. As shown in Table 5.2, the pearlitic or martensitic grey cast irons are
characterized by specific wear coefficients similar to those of tool steels, although
their hardness values are significantly lower.

As observed in steels, a transition to severe adhesive wear may occur if the
contact pressure increases above a critical value. Figure 6.9 shows the experimental
dependence of the nominal pressure, at the transition from mild to severe wear, on
the carbon content, i.e., on the fraction of graphite flakes, in the case of a pearlitic

Fig. 6.9 Nominal contact 0.35 e ABAE REAS
pressure at the transition - [ Severe wear
between mild and severe wear 03[ s
s K dz10 /N
as a function of carbon %, 025 i "
content, in a pearlitic gray L L Sy — O
cast iron dry sliding against in g 02k / ° \\\ ]
high strength steel (modified 5 ¥ \ ]
from [16 = . ]
Leh g Sl F 7 Mild weear \ """""" E
£ o . K, around 2 107'® m*/N g ]
§ oos | :
£ 005
0 [

2.8 2.9 3 3.1 3.2 33 3.4 3.5
Carbon content, %


http://dx.doi.org/10.1007/978-3-319-05894-8_5

6.2 Cast Iron 171

grey cast iron (with microhardness of the pearlite matrix around 440 kg/mm?) [16].
It can be noted that the transition pressure displays a maximum at about 3.05 % C.
This maximum is due to the fact that an increase in graphite content increases the
solid lubricant effect and, at the same time, induces a decrease in the load-bearing
area, i.e., in the fraction of metal that supports the contact stress. For a given grey
cast iron, the transition pressure also decreases with increasing the sliding speed, as
observed in steels and in other alloys, because of the thermal softening effect at the
contact regions.

If the graphite is present in the form of nodules (or spheroids, ductile or nodular
cast iron) instead of lamellae the sliding wear resistance is higher in the presence of
relatively high nominal pressures. Indeed, while the lubricating effect of the
graphite remains almost unchanged, the spheroids give rise to a lower stress con-
centration thus reducing the tendency to subsurface damage influencing adhesive
wear. However, at relatively low loads the geometry of the lamellar graphite is
preferable, since the feeding of the contact surface by graphite flakes is easier. In
addition, lamellar graphite realizes a greater thermal conductivity than nodular
graphite, inducing a better capacity of remove the frictional heat from the contact
surface.

Regarding the influence of the matrix microstructure, it has to be observed that
ferritic or austenitic matrices are generally to be avoided because they are too soft.
Cast irons are then preferably to be used with pearlitic, martensitic or austempered
matrix microstructures. In general, if ambient temperature is lower than 250 °C,
ADI is superior to quenched and tempered ductile irons with comparable hardness
values, because the strain-induced transformation of retained austenite and the
strain hardening of bainitic ferrite contribute to the oxidation wear resistance by
better supporting the surface oxide layer [17].

As mentioned before, grey and ductile irons are also satisfactory employed in the
case of lubricated sliding under boundary conditions. In this respect, it has to be
further observed that ductile iron with an austempered microstructure may display
an higher scuffing resistance than heat-treated steels, since free graphite reduces
friction and hence the temperature rises at the contacting asperities.

6.2.2 Wear by Contact Fatigue

Gray and ductile cast iron with a pearlitic or austempered microstructure are
employed in many applications where contact fatigue damage may occur, such as in
gears or cams. The main advantages are the possibility of obtaining near-net shapes
with casting techniques, and also the high machinability by chip removal.

Grey cast irons display a resistance to contact fatigue that is only about 60 % that
of the fatigue resistance of steels with the same hardness level. This reduction is due
to the negative effect of the graphite lamellae, which exert a stress concentration at
their edges, facilitating the nucleation of fatigue cracks. In addition, the lamellae
also provide an energetically favourable path for crack propagation. Because of
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this, grey cast irons are typically characterized by a value of the coefficient n in
Eq. 5.8 that is definitely higher than that of steels. Ductile iron displays a better
contact fatigue resistance, especially after austempering. The graphite nodules, in
fact, facilitate the nucleation phase, although to a lower extent than the lamellae, but
they do not provide any favourable path for the subsequent crack propagation.
Indeed, when the propagating crack intersects graphite nodules it may be stopped or
at least slowed down in its propagation rate. The contact fatigue endurance limit of
ductile irons is therefore only 10-15 % lower than that of steels of the same
hardness [18]. Thanks to their ausferritic microstructure, ADIs are characterized by
a relatively high fracture toughness that makes them particularly attractive for the
production of gears.

A way to improve further the contact fatigue resistance of nodular cast irons is to
increase the density of graphite nodules, and, consequently, to reduce their average
size. Typically the nodular cast irons contain a density of nodules between 200 and
250 nodules/mm?. By increasing the cooling rate during solidification (and,
simultaneously, using high levels of silicon which promotes graphitization), cast
irons containing more than 1000 nodules/mm? can be obtained [19].

6.2.3 Abrasive Wear by Hard Particles

As mentioned, white cast irons possess high resistance to abrasive wear. In par-
ticular, high-chromium white cast irons with high content of primary carbides of the
type (Fe, Cr),C; are widely used. These materials typically contain: 1.2-3.5 % C,
0.3-1.5 % Si, 0.4-1.5 % Mn, 15-32 % Cr, 0.5-3 % Mo, 1-3 % Cu and have
hardness ranging from 850 to 900 kg/mm?. The nickel-chromium martensitic white
cast irons are also commonly used in practice. The addition of nickel, which does
not form carbides, increases hardenability of the alloy, i.e., its attitude to form
martensite even at relatively low cooling rates. These irons typically contain:
2.6-3.6 % C, 0.4-1 % Si, 0.4-0.8 % Mn, 1-2.5 % Cr, 3.5-5 % Ni and have
hardness values between 560 and 700 kg/mm?.

After solidification, white cast irons achieve a microstructure consisting of
carbides in an austenitic matrix. Because of the high content of alloying elements
austenite is stabilized at room temperature. These irons may be then used in the as-
cast condition in applications with low-stress abrasive wear. In fact, during the
abrasive interactions the austenite transforms into martensite, as already observed in
the manganese steels. However, to get the best abrasive wear resistance, including
the high-stress abrasion resistance, it is necessary to heat treat the alloys to obtain a
fully martensitic matrix microstructure. Since austenite is stabilized by chromium, a
soaking treatment is initially carried out at 900—-1000 °C to promote the precipi-
tation of chromium carbides thus destabilizing the austenite. Subsequently, the
quenching and relieving treatment is performed to obtain the martensitic matrix.

Figure 6.10 shows a typical microstructure of a martensitic white cast iron. Note
the presence of primary carbides that form a three-dimensional network giving rise
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Fig. 6.10 Typical
microstructure of a
martensitic white cast iron

to high hardness but also noticeable brittleness. In many applications, as in the case
of the cylinders for rolling mills, the solidification aims at obtaining a surface rim of
white cast iron and a core of nodular (ductile) cast iron, able to provide the com-
ponent an adequate fracture toughness (the process used is centrifugal casting).
The abrasive resistance of white cast irons depends on several factors, such as the
type and volume fraction of the carbides, the matrix hardness, the hardness, size, and
the angularity of the abrasive particles. As already remarked, chromium carbides
have a hardness of about 1500-1800 kg/mm” and therefore may well resist the
abrasive action of particles with lower hardness (such as silica or alumina).
However, they do not offer adequate resistance in the case particles, such as those of
SiC, with higher hardness (see also Fig. 5.19b). To increase the abrasive wear
resistance of the white irons in the latter case, it is therefore necessary to introduce
alloying elements, such as vanadium, capable of forming harder carbides (Table 2.1).

6.3 Copper Alloys

Copper alloys are used in several tribological applications characterized by sliding
wear or wear by contact fatigue in mixed or boundary lubrication (such as in gears,
bearings, seals, just to mention some important examples), especially when the
counterface is made of steel and the environment is aggressive. Beside quite
excellent tribological properties (except the abrasion resistance, which is very low),
copper alloys are characterized by other attractive engineering properties, such as
high thermal conductivity and high corrosion resistance in many environments. The
main copper alloys used in tribology are:

(1) Cu-Zn alloys (at the base of the brass family);
(2) Cu-Sn alloys (conventional bronzes);
(3) Cu-Al alloys (aluminium bronzes);
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Fig. 6.11 Typical microstructure of an as cast CuSn12 alloy (a) [20], and of an extruded Cu-2 %
Be-0.5 % (Co + Ni) alloy (b) [21]

(4) Cu-Be alloys (beryllium bronzes);
(5) Cu-Ni alloys (nickel bronzes);

Other elements used in copper alloys are lead, manganese and phosphorus,
which remains from the refining operation. Copper alloys are used both in the as-
cast and wrought condition. They are also easily machined by chip removal. As an
example, Fig. 6.11, shows the microstructure of the widely used as cast CuSn12
alloy, and of an extruded Cu-Be alloy. The as-cast alloy is segregated with an
interdendritic solidification phase that is made by the a phase, a copper rich solid
solution of tin in copper, and the & phase, an intermetallic compound with com-
position Cujz;Sng. This latter compound, characterized by a jagged shape in
Fig. 6.11a, is hard and brittle. The microstructure of a Cu-2 % Be alloy (containing
also 0.5 % Co + Ni), Fig. 6.11b, displays a grains and Co-Be-Ni precipitates
(beryllides). The matrix hardness is given by a fine dispersion of metastable Cu-Be
precipitates.

Copper alloys can be hardened by work hardening and, in some cases, also by
heat treatment. The maximum attainable hardness is about 300 kg/mm?, except for
Cu-Be alloys that can reach values around 400 kg/mm? after solution treatment and
age hardening.

Bronzes are widely used in tribological applications in the case of sliding wear.
The coupling between bronzes and steel is characterized by K,-values as low as
107'5 (Table 5.2). This excellent sliding resistance is due to several reasons: the
easy formation, during sliding, of a compact oxide layer that is adequately sup-
ported by the underlying matrix; the low compatibility between copper and iron that
reduces the tendency to adhesive wear (and its contribution when present); the high
thermal conductivity that avoids reaching high contact temperatures that could
soften the material. For example, by means of dry pin-on-disc tests, it has been
obtained that pure copper (H: 102 kg/mm?) displays a K,-value of 3.2 x 10~'* m?/N
[22]. When using a age hardenable CuBe alloy (H: 342 kg/mmz), K, decreases to
6.16 x 10~ m*N. But when using an age hardenable CuBeNi alloy, characterized
by lower hardness (H: 242 kg/mm?) but higher thermal conductivity, the recorded
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K, was 4 x 107'> m*/N. The resistance to adhesive wear is important during the
run-in stage and also when wear fragments do not stay in the contact region and
thus mild tribo-oxidative wear cannot be fully established.

Bronzes too have good performances under boundary lubrication. In particular,
they afford a high resistance to scuffing thanks to their low compatibility versus
steel. A typical application is constituted by the coupling between a bronze crown
and a hardened helical screw in worm gearing. Here the contact is characterized by
prevailing sliding conditions, and a boundary lubrication is attained. Figure 6.12a
shows the wear evolution for a cast CuSnl2 alloy, during rolling—sliding test
carried out at three Hertzian pressures, with a sliding velocity of 3.74 m/s (a
synthetic polyglcycolic oil containing anti-scuffing additives was used) [20]. In all
cases, a run-in stage was observed. After run-in, wear rate was almost negligible at
260 MPa. At 325 MPa, K, resulted typical of boundary lubrication. At 350 MPa,
after run-in, a steady state stage was firstly observed, but after about 1300 km of
sliding, a transition with a noticeable increase in the wear rate was recorded. Such
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Fig. 6.12 Boundary lubricated rolling-sliding wear test of a CuSnl2 cast alloys against a
hardened steel (sliding speed: 3.74 m/s; synthetic polyglycolic oil). a Wear curves obtained at
three load levels; b subsurface crack paths; ¢ preferential crack path through brittle dendritic
phases [20]
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an increase was found to be due to the onset of damage by contact fatigue. Surface
and sub-surface fatigue cracks were found to nucleate and propagate (Fig. 6.12b, c),
aided in this by the brittle inter-dendritic phases rich in tin and lead.

Copper alloys containing lead between 25 and 40 % are widely used in self-
lubricating bearings. Lead is virtually insoluble in copper (Fig. 1.13), and during
sliding it is spread onto the surface by lowering the coefficient of friction, with a
mechanism similar to that shown by graphite in grey irons. Better mechanical
properties are displayed by lead bronzes (here the amount of lead is usually between
1 and 10 %) or by aluminium bronzes (5—11 % Al). These alloys are suitable for the
realization of bearings loaded by high nominal pressures (above 1 MPa) or for the
manufacturing of gears. Similar to the Cu-Sn-Al alloys are the Cu-Sn-Mn alloys,
containing up to 1 % Mn.

A special mention deserve the so-called beryllium bronzes (Cu-Be alloys), which
can be precipitation hardened if the concentration of beryllium is greater than
1.3 %, thus achieving a tensile resistance comparable to that of steels. The high
mechanical strength and corrosion resistance, both in marine and several industrial
environments, make them particularly suited for power gears. Figure 6.11b shows
the microstructure of a typical Cu-Be alloy. Different Cu-Be alloys are available
from the market. In general, as alloying is increased, mechanical strength is also
enhanced whereas thermal conductivity is decreased. Therefore, the optimal alloy
composition can be selected on the basis of the required performances.

A particular class of bronzes are those obtained by powder metallurgy. They
have a typical content of tin around 10 % and, most importantly, they usually
contain up to 10 % of residual porosity that provides self-lubricating properties. The
porosity, in fact, is infiltrated with lubricant, which expands during operation as
temperature increases and spreads between the mating surfaces. In this way, the
lubricant ensures a typically mixed lubrication [23]. In order to prevent the
occurrence of adhesive wear during the run-in stage, i.e., when the oil is still leaking
from the pores, 1-3.5 % graphite is added to the material.

Finally, phosphor bronzes are mentioned. They are particularly important for
applications (such as gears) where contact fatigue under mixed or boundary
lubricated conditions is encountered. Phosphorus forms hard precipitates with
copper carrying the contact load, whereas the surrounding softer matrix is worn thus
forming reservoirs for the lubricating oil [24]. These materials have a hardness of
around 100 kg/mm? and may have a fatigue strength (for a life of 107 cycles) above
400 MPa.

6.4 Aluminium and Titanium Alloys

Aluminium and titanium alloys are characterized by attractive engineering prop-
erties. Both have a relatively low density (around 2.7 g/cm® for aluminium alloys
and 4.5 g/cm? for titanium alloys) and high corrosion resistance in many aggressive
environments. Titanium alloys are also biocompatible, and can be used as
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Fig. 6.13 Morphology of the wear debris (a) and of the worn track (b) in the case of an Al-7072
alloy after dry sliding at 1 MPa and 0.2 m/s against a 52100 steels [27]. The tribolayer is very
compact and dense in some regions (see arrow 1), whereas it is rather fragmented in others (see
arrow 2)

orthopaedic and osteosynthesis materials. However, albeit for different reasons,
both have a limited resistance to nearly all wear mechanisms.

Aluminium alloys are characterized by a relatively low hardness (they reach
hardness values of about 250 kg/mm?) that considerably decreases as temperature
increases. Aluminium alloys, in fact, begin intense thermal softening at a temper-
ature around 100 °C. Consequently, at this temperatures both their friction coeffi-
cient and specific wear coefficient start to noticeably increase. The transition from
mild tribo-oxidative wear to severe adhesive wear occurs at relatively low values of
applied pressure and sliding speed. It has to be further noted that the protective
action of alumina, which is at the basis of tribo-oxidative wear, is not as efficient as,
for example, the Fe-oxides in steels, since it does not display any ductility, i.e., any
ability to spread onto the wear surface. Moreover, its adhesion to the substrate is
low [25]. In Al-alloys the protective layer that is formed under tribo-oxidative wear
is typically a mixture of oxides originating also from the counterface. As an
example, Fig. 6.13 shows the morphology of the wear debris (a) and of the worn
track (b) in the case of an Al-7072 alloy after dry sliding at 1 MPa and 0.2 m/s
against an AISI 52100 steel [26]. The fragments appear to be small and equiaxed;
they originate from the brittle fragmentation of the tribolayer, i.e., from regions 2 in
Fig. 6.13b, that is formed by aluminium and iron oxides.

In aluminium alloys adhesive wear is particularly severe, since it is characterized
by intense transfer phenomena. These alloys are then unsuitable for sliding appli-
cations that may give rise to relatively high contact temperatures. For example, they
are poorly suitable for non-conformal contacts, which are typically characterized by
high contact pressures [27]. Aluminium alloys are therefore mainly used in con-
ditions of conformal contact, such as in sliding bearings, that work under relatively
mild loading conditions. A common alloy used in plain bearings is the Al-20 % Sn
alloy, consisting of a ductile phase (tin, practically insoluble in aluminium) in a
relatively hard matrix. Lead can be also added in place of tin.
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The sliding resistance of aluminium alloys can be enhanced by reinforcing them
with ceramic particles. Aluminium matrix composites typically contain 20 % of
alumina or SiC particles. The presence of these particles shifts the boundary
between mild tribo-oxidative wear and severe adhesive wear to higher nominal
pressures and sliding speeds [28]. These composites, however, are still quite
expensive, especially for the complex production process they require. Another
method that can be employed to improve the sliding wear resistance of aluminium
alloys, consists in growing a surface layer of aluminium oxides by hard anodizing
or in the deposition of thin films (Chap. 7).

Titanium alloys also show a poor wear resistance, although they may posses
high mechanical strength and they do not undergo thermal softening as aluminium
alloys (note that titanium has a melting temperature of 1670 °C compared to 660 °C
of aluminium). In case of dry sliding wear, titanium alloys show typical K,-values
that are around 10™'> m?/N, even if the wear mechanism is tribo-oxidation [29].
This is due to several reasons: titanium oxides possess low protection properties
since the ratio between their specific volume and that of the metal is less than 1. In
addition, the oxides are not adequately supported by the underlying material that,
during sliding, it is not able to strain-harden enough. Indeed, it undergoes con-
siderable plastic deformation that localizes easily in shear bands that weaken the
microstructure [30]. This last tendency my also promote intense material transfer
during adhesive wear, making seizure quite easy to occur.

Also for titanium alloys various surface treatments have been proposed to
improve wear resistance, including thermal oxidation (like aluminium, titanium
displays a high affinity for oxygen), anodizing, nitriding, ion implantation, or the
deposition of ceramic coatings, which will be presented in the next chapter. It is
worth noting that thermal oxidation is a simple and cost effective treatment, able to
reduce the friction coefficient and the wear rate in different tribological systems.
However, the thickness and compactness of the oxide layer has to be optimized
since it is quite brittle and shows a tendency to damaging and removal even at quite
low applied loads [31].

Another method for reducing friction and wear in sliding or sliding-rolling is the
use lubrication. However, in titanium alloys the use of conventional lubricating oils
is not quite effective, and specific research is still ongoing for the development of
lubricants that could be suitable for these alloys. Table 6.4 shows the experimental
results of tribological tests carried out in a disc-on-disc configuration using discs
made of the Ti-6 % Al-4 % V alloy (with a hardness of 350 kg/mm?* and a yield
strength of 900 MPa) and a common SAE 15 W/40 lubricating oil [32]. At a

Table 6.4 Results of rolling-sliding tests (10 % sliding) performed using Ti-6 % Al-4 % V discs,
lubricated with common SAE 15 W/40 oil (data from [32])

Hertzian pressure, MPa A factor Coefficient of friction Wear

640 0.4 0.065 (0.3) Scuffing

320 0.5 0.034 K, =2.64 x 10 m¥N
226 0.6 0.034 K, =212 x 107" m*N
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Hertzian pressure of 640 MPa, the coefficient of friction was initially around 0.065,
but, soon after, a transition to a much greater value, around 0.3, was observed. This
is a typical value for dry sliding. As a matter of fact, after the transition wear
became particularly intense with values of K, around 10~'* m?N. This result is
quite unexpected since at this load level the ratio p,,../ty is very low (less than 2).
In this condition, steels would show a contact fatigue life in excess of 10® cycles.
The observed transition was caused by scuffing. In fact, during the initial stages of
the test, the thin natural surface oxide layer (1.5-10 nm thick) is removed since
lubrication is mixed (A = 0.4). As a consequence, the lubricant is no longer able to
properly wet the surface of the metal, since the ionic bonds of the oxide layer favour
the anchoring of the polar molecules of the lubricant, and scuffing may start. The
low thermal conductivity of titanium and its alloys (around 6.7 W/mK) plays clearly
an important role in favouring the onset and propagation of scuffing.

In the tests at lower Hertzian pressures, scuffing was not observed. However,
wear was still present and the specific wear coefficient went up to around 2 x 10~
m*/N, which is about two orders of magnitude lower than the typical value for dry
conditions. This means that a boundary lubrication regime was attained during the
tests, even if the lambda factor was around 0.5-0.6, a typical value for mixed
lubrication. Again, this behaviour is due to the poor wettability of titanium alloys by
lubricating oils.

6.5 Advanced Ceramics

Several natural ceramics, such as rocks (silica or aluminosilicates), marble (mainly
made of calcium carbonate), or traditional ceramics, such as glass, clay products
and concrete, have been used for centuries, and are used also today, for tribological
applications, such as in floors or as grinding tools. In the past decades, the so-called
advanced ceramics, such as alumina, zirconia, silicon nitride, silicon carbide and
sialon (containing alumina and silicon nitride in different compositions), have been
developed. They are ideal for wear resistant applications, thanks to their high
hardness, high chemical inertness in many environments, and low density. In
particular, their ability to retain high hardness at high temperatures, as shown in
Fig. 6.14, is particularly important in tribology.

However, all ceramics possess quite low fracture toughness, typically around
5 MPa m"?, and can display brittle contact and wear by brittle fragmentation. To
minimize this problem, advanced ceramics are produced in a very controlled
manner, in order to reduce the content of defects, especially on the surface. In
addition, special ceramic composites have been also developed, containing
toughening phases in their microstructure or having laminated structures designed
to induce compressive stresses at the surface. It is clear that the use of highly
controlled production routes and/or special materials has a significant impact on the
manufacturing costs. Therefore, it is often preferred to deposit a ceramic layer on a
different substrate, such as a metal, which is less expensive and is also tougher.
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Monolithic advanced ceramics are typically produced by powder routes; the
most used techniques are liquid phase sintering, hot isostatic and dry pressing,
injection moulding and slip casting. With these techniques, finished components
with complex shapes can be manufactured. Standard parts with simple geometries,
e.g. plates or bars, are also produced. They can be then machined and assembled
together and/or with metallic parts to obtain the final part [27].

Table 6.5 lists some advanced ceramics that are used in tribological applications,
along with relevant physical-mechanical properties. In the table, the constant f is
also included. It expresses the dependence of the material hardness on temperature
according to the following relationship:

Table 6.5 Physical and mechanical properties of some advanced ceramics (data obtained from
different literature sources)

Material Density | Elastic Hardness B (1074, °C) | Kie Thermal
(g/cms) modulus (kg/mmz) (MPa m'?) | shock
(GPa) resistance
(AT, °C)

Alumina 39 380 1700 8.5 2-4 200

(ALO3)

Partially 5.8 200 1300 10 500

stabilized

zirconia (PS

ZI‘Oz)

Sialon 32 300 1430-1850 | 4.4 6-7.5 510

(Si3Al;05Ns)

Silicon 32 310 1400 3.8 4 700

nitride (SizNy)

Silicon 32 410 3100 10 4 300400

carbide (SiC)
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H=Hy ¢ " (6.2)

where T is the temperature in °C, and Hy is the hardness at room temperature. It
should be noted that all the listed values are only indicative, because the materials
properties depend very much on the manufacturing process and on the composi-
tional characteristics (such as the residual porosity, grain size, purity, and so on).

Advanced ceramics are particularly suitable in applications characterized by
sliding wear and low-stress abrasive wear. Examples include cutting tools, sealing
rings, manufacturing dies, which are mainly made by alumina, or zirconia when
some fracture toughness is required, as in presence of impacts. Other examples are
ball bearings (especially operating at high temperature) and engine valves, which
are mainly made by silicon nitride or silicon carbide [33]. Ceramic particles are also
used as abrasives for grinding wheels.

6.5.1 Sliding Wear

In case of dry sliding against a steel counterface, the specific wear coefficient, K,, of
ceramics is quite low, typically between 10™'® and 107" m*N (see Table 5.2). In
the case of couplings between ceramic materials, K, can vary between 10~'% and
even 10”'® m?/N. Therefore, by a proper selection of a tribological pair it is possible
to achieve very low wear rates. The dry sliding behaviour of ceramics is charac-
terized by three main damage mechanisms [34, 35]:

(1) For small loads and low sliding speeds, wear is mild and K, typically assumes
values that are less than 10> m?N. During running in, the brittle fragmen-
tation of the highest asperities produces wear debris that are compacted and
possibly oxidized during sliding, forming protective scales such as those shown
in Fig. 2.14. As a consequence, wear is mild and possibly by tribo-oxidation.

(2) Asload is increased, a transition to severe wear may occur. Wear is dominated
by macroscopic brittle contacts, with the formation of wear fragments due to
the propagation of cracks under the action of the surface tensile stress origi-
nated by friction (see Sect. 4.1.2). The fracture is often intergranular, as
shown, again, in Fig. 2.14.

(3) At high sliding speeds, a transition to severe wear may occur even if the
contact stresses are relatively small. In fact, the low thermal conductivity of
ceramics favours the attainment of high flash temperatures. They can induce
the formation of surface tensile thermal stresses that may in turn form surface
cracks, which then produce wear fragments.

The possibility of having severe wear of type (2) is lower in materials with high
fracture toughness (see Eq. 4.3), while the possibility of having severe wear of type
3 is lower in materials with high thermal shock resistance. The thermal shock
resistance is expressed by the critical temperature interval, AT,, the material can
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withstand without breaking. In a simplified view, an abrupt temperature change,
AT, can induce a tensile stress given by

o, =E-a-AT (6.3)

where o is the coefficient of thermal expansion. To estimate AT, the relation 1.10
can be used:

ch

AT, ~ ————————
1.12-E - o \/7c

(6.4)

where c is the size of a pre-existing surface microcrack that may trigger the brittle
fracture. As mentioned in Sect. 4.1.2, ¢ is most often equal to the grain size. Typical
values for AT, are included in Table 6.5.

It is therefore clear that the materials with the largest values of both K;. and AT,
are those with the best sliding wear resistance, since the transition to severe wear is
displaced to high Hertzian pressures and high sliding speeds. From Eq. 4.3, it is
obtained that the transition to type (2) severe wear is avoided if:

(1+10p) 'pmax\/f7
ch

<3 (6.5)

where d is the average grain size. It has been obtained that the transition to type (2)
severe wear is avoided if [36]:

yu |vENH
AT, \| kpc

<0.04 (6.6)

where vy is here the fraction of heat that enters the sliding body (it is defined by
Eq. 2.23). Table 6.6 shows the experimental transition values for the Hertzian
pressure and sliding velocity in the case of Al,03/Al,O3; and SiC/SiC pairs,
obtained using a pin-on-disc test in a sliding point contact [36].

To complete the picture, it has to be considered that sliding wear of ceramics is
also affected by ambient humidity. If it is increased, it may induce a decrease in K|
thus favouring wear. Most importantly, humidity may interact with the ceramic
surface and produce oxide/hydroxide molecules by tribochemical reactions. Such

Table 6.6 Transition values for the Hertzian pressure and sliding speed from mild to severe wear
for two ceramic pairs

Coupling Hardness (k g/mmz) Hertzian pressure (MPa) v (m/s)
Al,03/A1,03 1660 ~1820 ~0.3
SiC/SiC 3140 ~1600 ~1.5

Data obtained with a pin-on-disc test, operating in dry sliding and in a point contact (data from

[36D)
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molecules may act as soft lubricants, reducing both friction and wear (see also
Sect. 2.6) [37]. These effects have been throughout recorded in alumina, silicon
nitride and silicon carbide. Figure 6.15 shows, as an example, the experimental
dependence of friction and wear on the ambient humidity, in case of the SiC/SiC
coupling [38]. The same beneficial effects are obtained in the case of sliding in
water [39]. It is also reported that the formation of a tribochemical layer on ceramics
may greatly help with water lubrication, improving in this respect wear resistance of
mechanical parts that operate in the presence of water, such as seals or bearings in
water pumps.

A reduction of the transition pressure from mild to severe wear is typically
observed as temperature is increased up to 300-500 °C, as shown in Fig. 6.16 for an
alumina/alumina coupling. This is mainly due to the increase in the friction coef-
ficient (see Eq. 6.5), due to the desorption of the tribochemical layer. However, at
particularly high temperatures, i.e., above about 800 °C, wear becomes mild again.
As shown in Fig. 2.21, at these temperatures the incipient melting of the sintering
additives and impurity inclusions, mainly those at the grain boundaries, takes place.
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It causes the formation of a glassy layer that reduces friction and, in turn, makes
more difficult the transition to severe wear. To further reduce wear at high tem-
peratures, solid lubricants such as MoS, can be employed.

6.5.2 Wear by Contact Fatigue

Silicon nitride, typically produced by hot isostatic pressing, is currently used in the
production of balls and rolls for rolling bearings, especially of the hybrid type, i.e.,
bearings having a steel raceway. These bearings are particularly suitable in extreme
applications, such as at high temperature and/or high speed (the low density of the
material reduce the centrifugal forces). It has been verified that rolling bearings
made of silicon nitride can be effectively lubricated using mineral oils, obtaining a
lubrication degree that is similar to that found in steel components. The contact
fatigue life of these materials is comparable or superior to that of the best bearing
steels [40]. In order to reduce the possibility of surface nucleation of fatigue cracks,
all ceramic parts must be carefully produced with a very low roughness and low
defectiveness, such as the residual pores or grinding cracks, which should be
smaller than 2 um (see Sect. 8.10).

6.5.3 Abrasive Wear by Hard, Granular Material

Ceramics are particularly suited for applications with low-stress abrasion such as in
conveyors of mineral particles where alumina is widely used. Ceramics are also
used in the case of erosive wear, when both the impact velocity and the impact
angles are relatively low (Table 5.8). For example, alumina and silicon carbide
(with higher hardness than alumina) are used for gas turbine parts, sinter plants,
sealing bearings, powdered coal lines, just to mention some applications where high
erosion resistance, even at high temperature, is required [41]. In general, the erosion
rate typically increases with temperature. As an example, Fig. 6.17 shows the
erosion rate as a function of temperature for a silicon carbide and a silicon carbide-
titanium diboride composite [42]. The tests were conducted using silicon carbide
particles as erodent, with a particle velocity of approximately 70 m/s and an impact
angle of 90°. The wear increase with temperature is consistent with the Lawn and
Swain mechanism (Fig. 1.7). In fact, as temperature rises, the materials hardness is
lowered, the plastic zone at the contact is larger and the residual stresses that drive
lateral crack propagation are also larger. However, it should be noted that the
erosion rate of ceramics also depends on the product: H" Kjg, where n = —0.15 and
m = —1.3 [43]. As temperature is increased, the erosion rate may remain unaffected
or even decrease if the fracture toughness increase with temperature has an over-
whelming effect.
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6.6 Cemented Carbides

Cemented carbides, also called hardmetals or cermets, have been developed with
the objective of obtaining ceramic materials with improved fracture toughness.
These materials are produced by sintering powder mixes of metal carbides, such as
WC, TiC and TaC, and about 3-30 % of metal powder, such as cobalt or nickel.
During sintering, the metallic powder melts forming a liquid film that wets the
carbide particles thus activating the sintering process. The result is a material
characterized by high hardness and stiffness, coupled with a fracture toughness of
about 15 MPa ml/z, i.e., definitely larger than that of advanced ceramics. This is
because the metallic film (also called: binder) renders more difficult both crack
nucleation and propagation.

Most cemented carbides contain tungsten carbides in a cobalt matrix. Materials
containing different fractions of other carbides, such as TiC and TaC (the so-called
ternary carbides) are also produced. Table 6.7 summarizes some types of cemented
carbides, indicated with the ISO designation, with their compositions and main
mechanical properties. It can be noted that these materials display high hardness, high
values of the elastic modulus (it is about three times that of steel), and a high density.

Table 6.7 Composition and mechanical properties of some common cemented carbides

Designation wC TiC + TaC | Co Density | Hardness Elastic modulus
ISO (%) (%) (%) | (gem®) | (kg/mm?) (GPa)

P20 79 13 8 12.1 1580 530

P40 85 5 10 13.4 1420 540

K20 94 6 14.8 1650 610

K40 89 11 14.1 1320 560

M20 82 10 8 13.3 1540 560

M40 86 6 10 14 1380 530
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In general, as the metallic fraction is increased, fracture toughness also increases
whereas hardness decreases. Therefore, the selection of a suitable cemented carbide
depends on the design requirements. Another important microstructural parameter is
the average carbide grain size. It is typically between 1 and 6 um, but also submicron
(0.5-0.8 pm), ultrafine (0.2-0.5 pm) and nano (<0.2 pm) powders can be used.
Generally speaking, as grain size is decreased, hardness is increased without
penalizing fracture toughness.

Cemented carbides possess excellent resistance to sliding wear and to abrasion
wear, even at high temperatures. They are commonly used in the construction of
machining tools, sliding bearings, seals, components or parts subject to abrasive
wear, chains, rolls for rolling, punches for moulding plates, matrices for extrusion.
Two limitations characterize these materials: the low formability and the high cost.
It is then necessary to fully exploit the potentiality of powder metallurgy for pro-
ducing near net shape components. The allowed machining processes are electro-
discharged machining (EDM) and grinding. Because of this, cemented carbides are
often deposited as surface layers by the HVOF technique (Fig. 7.18).

6.6.1 Sliding Wear

Cemented carbides display a very high sliding wear resistance. Table 5.2 shows that
they are characterized by K, values around 5 x 10™'® m?*/N when dry sliding against
steel. In general, wear rate decreases as hardness is increased, i.e., as the amount of
metallic binder and the average carbide grain size are decreased. Figure 6.18 shows
the experimental dependence of hardness and K, with the binder content, for a WC-
Co hardmetal with a carbide grain size of around 1 pm, dry sliding against steel (H:
200 kg/mmz) [44]. It has been observed that wear was characterized by the pro-
gressive removal of the cobalt binder, accompanied by the brittle fracture and
fragmentation of the carbide grains.

As shown in Fig. 6.14, cemented carbides are able to retain a relatively high
hardness also at high temperature. Therefore, they are also used in dry sliding,
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where high temperatures are reached in the contact regions, such as in cutting tools.
Under these conditions these materials exhibit excellent wear resistance when
mating cast iron or non-ferrous alloys, but they do not afford a good performance in
sliding against steel. In fact, at high contact temperatures (above 800 °C) tungsten
carbide grains decompose and then carbon diffuses easily into the austenitic steel
phase of the counterface (the chip in case of cutting tools). This leads to a con-
siderable reduction in mechanical strength with a corresponding increase in adhe-
sive wear. However, it has been verified that the addition of titanium and tantalum
carbides significantly increases the wear resistance, because these carbides are more
stable at high temperature.

6.6.2 Abrasive Wear by Hard, Granular Material

Cemented carbides display a high abrasion resistance under low-stress as well as
high-stress abrasion (Sect. 5.4). Figure 6.19 shows the results of abrasion tests
carried out using silica particles in the size range 125-180 pum and a testing
apparatus similar to the DSRW (but using a metal wheel without a rubber rim) [45].
The results are in the typical range of low-stress abrasion, and highlight the role of
the fraction of binder and, most importantly, the role of the grain size. In particular,
it is noted that the specific wear rate is very low when the grain size is below 1 pm.
Authors observed that the ultrafine grades behave as a one-phase material, without
the fragmentation and displacement of the individual WC grains during the abrasive
interaction. Ultrafine materials were obtained by sintering nanocrystalline powder
produced by the spray conversion process and contained 0.8 % vanadium carbide as
grain growth inhibitor.
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6.7 Graphite and Diamond

Graphite and diamond are two allotropic forms of carbon. They are characterized by
very different properties but both are quite important in tribology.

Graphite has the crystal structure shown in Fig. 3.2a. The adsorption on the
carbon planes of molecules from the external environment, such as water vapour,
provides this material the capability of a solid lubricant. As a solid lubricant,
graphite is typically employed as a powder (Sect. 3.1.1). In many applications it is
also used as monolithic component. In this latter case, the process route consists in
mixing fine natural coal or coke with natural graphite (in the typical ratio 80/20)
together with pitch. The mix is then extruded or compression moulded to obtain
finished parts with simple geometry, or blanks such as rods, plates and tubes to be
further machined and assembled. The products are sintered at about 1000 °C, and
the remaining porosity is removed by hot isostatic pressing or it is impregnated with
a phenolic resin or a metal.

The main properties of graphite are:

e Low density (about 1.8 g/cm®);

e Low hardness (less than 100 kg/mm?);

e Low elastic modulus (between 15 and 20 GPa, depending on the porosity
content;

e High thermal conductivity (which varies from 20 to 180 W/mK, and can even
reach values of 400 W/mK in products with a high graphite content).

The properties of industrial graphite depend much on the characteristics of the
starting materials and the production route. For example, by sintering at high
temperature (above 2500 °C) and for long times, the degree of graphitization is
increased, and materials with increased thermal conductivity are obtained [1].

Industrial graphite is employed in several tribological applications characterized
by sliding wear, quite often in dry conditions. The extruded grades are mainly used
in dry bearings and electrical bushes (Table 5.3), while the compression moulded
grades are mainly employed in more demanding applications, in terms of applied
load and sliding velocity, like mechanical seals, piston rings and vanes in vacuum
pumps and compressors. The surface hardness of graphite can be increased by a
silicon enrichment to form silicon carbide. The siliconized grades are used, for
example, in the production of braking parts in racing applications. For high tem-
perature applications, the so-called carbon-carbon composites are also produced.
They are made from graphite reinforced with carbon fibres, and are widely used in
the production of aircraft braking parts, and also for special aerospace applications
and in the glass industry.

Since the materials usually contain up to 15 % of abrasive ash, graphite has to be
coupled with sufficiently hard surfaces, such as hardened steel (with hardness
typically greater than 500 kg/mm?®), chromium plated materials, materials coated
with advanced ceramics such as silicon carbide. At relatively small loads and low
sliding velocities, sliding wear (by adhesion) is mild and the friction coefficient is
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low. Typical values of friction coefficient are in the range 0.06 and 0.2, and the
specific wear rate is around 10™'> m?/N. If the contact temperature reaches a critical
value of about 350 °C, the surface desorption of the water molecules takes place
and the so-called dusting wear regime is entered. The friction coefficient increases
to 0.4-0.5, and also wear rate increases [40]. For the estimation of contact tem-
perature, it has to be considered that the specific heat of graphite ranges between
0.71 and 0.83 kJ/kg °C, and is around 1.4 kJ/kg °C for carbon-carbon composites
[46].

Diamond is characterized by the highest hardness (up to 10,000 kg/mm?) of all
known materials, the highest modulus of elasticity (around 1000 GPa), the highest
thermal conductivity (around 2000 W/m °C) and the lowest coefficient of thermal
expansion (0.8 x 107'® °C™") [47]. In industrial applications, the synthetic poly-
crystalline diamond (also referred to as PCD) is typically used. PCD powders are
obtained from graphite, by heating it at high temperature and high pressure in the
presence of a catalyst. Diamond powder is used as a super-abrasive in grinding and
polishing. It may be also sintered with metallic binders (such as cobalt and nickel)
to obtain particular parts, such as machining tools where PCD is typically sintered
on a hard metal. The applications of PCD machining tools are substantially similar
to those of cemented carbides, with the difference that the high hardness allows
working extremely abrasive materials, such as metal matrix composites and
ceramics. PCD tools are also not suitable for cutting ferrous alloys, since the high
contact temperatures allow carbon to diffuse into the ferrous alloy that is typically
austenitic, and the tool may be severely damaged.

The polycrystalline diamond is also produced as a coating by CVD (Chemical
Vapour Deposition). During deposition, the temperature of the substrate is variable
between 700 and 1000 °C. The coatings cannot be realized on steels since the
deposition temperature is too high. They are typically realized on cemented car-
bides. A limitation for the use of these coatings is given by the poor adhesion with
substrate that can be improved by suitable surface treatments before diamond
deposition, such as mechanical scratching or chemical etching to remove the cobalt
from the surface in the case of deposition on Co-based cemented carbides [48].
Another possible limitation is given by the high surface roughness, due to the
faceted morphology of the coatings (Fig. 6.20 shows an example).

The polycrystalline diamond is characterized by a very low coefficient of friction
(between 0.02 and 0.05) in the case of dry sliding against itself or a ceramic
material. Figure 6.21 shows the evolution of friction coefficient in the case of dry
sliding of a PCD against granite. The tests were conducted in a block on ring
configuration, at three loads: 200, 400 and 600 N. It is noted that during a short
running in stage the friction coefficient is higher than 0.1 but then it decreases
reaching very low values. Such low values are determined by a combination of high
hardness and low surface energy. It is believed that the low surface energy of PCD,
which gives rise to a low work of adhesion, is due to adsorption of water molecules
from the external environment [40]. The specific wear rates are also very low,
between 1077 and 107'° m*/N.



190 6 Materials for Tribology

Fig. 6.20 SEM micrograph showing the faceted morphology of a CVD PCD deposited on WC-
Co [48]
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Fig. 6.21 Evolution of the friction coefficient in the case of dry sliding of a PCD against granite

6.8 Polymers

Polymeric materials are widely used in tribology, especially in applications where
dry sliding wear occurs (in particular against a metal counterface). They are often
produced with the addition of short fibres or particles, to increase their strength, or
to provide them with self-lubricating properties. Among the advantages of using
polymers are: low compatibility versus metals (due to the low surface energy), high
chemical inertness in several aggressive environments, self-lubricating properties,
low density (around 1 g/cm?), ability to absorb vibrations and shocks. In addition,
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polymers can be quite easily shaped, mainly by extrusion and injection moulding.
Semi-finished rods, tubes, plates and sheets are also produced, and they are easily
machined and joined together. Examples of applications include plain bearings
(typically operating in the absence of lubrication), various types of gears (with the
additional characteristic of being little noisy due to their damping capability), piston
rings (running dry), seals, biomedical applications (several polymers show excellent
biocompatibility). In comparison to metals, polymers have the disadvantage of a
lower strength (partially limited by the use of reinforcements) and a lower tem-
perature resistance.

Polymers are divided into two groups: thermoplastics and thermosets.
Thermosetting polymers are stronger and stiffer than thermoplastics but they do not
show a melting phenomenon and are more difficult to process and shape.
Thermosets include phenolic materials, epoxy resins and polyimides. Thermoplastic
polymers are most widely used in tribological applications. In the solid state they
can be amorphous or partially crystalline. Figure 6.22 provides a schematic rep-
resentation of the main mechanical properties of thermoplastics with respect to
temperature (T,: glass transition temperature; Ty melting temperature), in the case
of amorphous polymers and 100 % crystalline polymers (partially crystalline
polymers display intermediate behaviour). Depending on the position of T, (and Ty)
with respect to room temperature, four classes of materials can be recognized:

e A: Amorphous materials with high T,-values (including polycarbonate, PC,
with T, = 150 °C, and polymetyl methacrilate, PMMA, with T, = 105 °C). At
room temperature they are mainly hard and brittle since room temperature is far
below their T,. These polymers display brittle behaviour since their chains are
interlocked, making plastic flow difficult. In the presence of surface cracks, these
materials exhibit brittle contact.
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Fig. 6.22 Effect of temperature on hardness and ductility of polymers. Regions A, B, C and
D identify four classes of polymers that at room temperature show a distinctive mechanical
behaviour (see text for more details)
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e B: Amorphous materials with low T,-values (including rubber with T, =73 °C).
At room temperature they are largely above their T, and they are therefore very
soft and display high fracture strain.

e C: Partially crystalline materials with high T,-values (including polyamides, PA,
like Nylon 66 with T, = 55 °C, polyether ether ketone, PEEK, with T, = 148 °C).
At room temperature they are quite hard and strong, and they fracture at a limited
elongation (of the order of 5 %). These materials my give brittle contact at low
temperature.

e D: Partially crystalline materials with low T,-values (including high-density
poliethylene, HDPE, with T, = —100 °C, polyoximethylene, POM, with
T, = =80 °C and typically a low content of amorphous phase, polytetraflu-
oroethilene, PTFE, with T, = =90 °C). At room temperature they are quite hard
and ductile. They typically give a viscoplastic contact.

The most common polymers employed in tribology are: polyamide (PA, like
Nylon 66); polyacetals or polyoximethylene (POM); polytetrafluoroethilene
(PTFE); high-density poliethylene (HDPE) and ultrahigh molecular weight pol-
yetylene (UHMWPE); polyimide (PI). In most engineering applications they are
employed with the addition of different types of particles or short fibers, i.e., in the
form of composites. Table 6.8 lists some characteristics of polymers used in tri-
bology. The data are only indicative because they may vary greatly depending on
the type of polymer and production process.

6.8.1 Sliding Wear

Polymeric materials display a high sliding wear resistance against metals, and in
particular against steel, as long as the contact temperature remains sufficiently low
to allow the establishment of mild wear regime (Sect. 5.1.2). The coupling between
polymers and metals is characterized by a low tribological compatibility. Moreover,
metals possess a relatively high thermal conductivity that helps in reducing the
contact temperature. However, the initial roughness of the metal counterface has to
be properly optimized in order to minimize wear, as already seen for the friction
coefficient (Sect. 2.9). An example of the experimental dependence of K, on surface
roughness of the steel counterface is shown in Fig. 6.23a for Nylon 66 [17]. In
general, optimal R,-values are between 0.2 and 0.4 pm.

Figure 6.23b shows the specific wear rate of a Nylon 66 as a function of sliding
speed [49]. A transition from mild to severe wear is observed at a sliding velocity of
around 10 m/s, in correspondence of which the contact temperature reaches the
critical value of 250 °C that causes an excessive softening of the material. As shown
in Sect. 2.11, different parameters determine the contact temperature between two
sliding bodies: sliding speed, applied pressure, friction coefficient, counterface
material, ambient temperature and system geometry. Figure 6.24 shows the dry
sliding wear map of a polyimide containing 15 % of graphite, obtained using a
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Table 6.8 Main characteristics of some polymers widely used in tribological applications

Material Density | Elastic Maximum K, (m*N) | Observations
(g/em®) | modulus | operating
(GPa) temperature
(§(®)
HDPE 0.96 0.4-1.2 120 107" to Used for piping, toys,
10715 houshold ware

UHMWPE is used in
orthopedic implants

Polyamide (nylon 66) | 1.14 33 180 107 10 Widely used in gears,
1071 bearings, bushes
Polyamide + graphite | 1.2 4 180 ~1071 Graphite reduces
friction and wear

Polyacetal (POM) 1.4 29-33 | 140 ~107" Excellent dimensional

stability; high
mechanical properties;
recommended for
precision parts

PTEE (teflon®) 2.1-22 |0.48-0.76 | 260 10713 Produced by powder
sintering; excellent
self-lubricating
properties; high
chemical inertness

PTFE + glass or 260 ~10714 Reinforced to increase
carbon fibers strength
Polyimide 1.42 2-3 320 ~3 x 107" | Excellent mechanical

properties (up to
250 °C). Quite

expensive
Polyimide + graphite | 1.5 5-14 320 ~3 x 107'® | Graphite reduces
friction and wear
Phenolics 1.4 50 200 ~107"
Phenolics + PTFE 1.4 50 200 ~2 x 10716

The specific wear rate, K,, refers to dry sliding tests against steel; data obtained from various sources in
the literature

thrust-bearing tester with a steel counterface [50]. For this material, the transition
from mild to severe wear occurs when a surface critical temperature of 395 °C is
reached. In the investigated tribological conditions, the limit value of the product
between the applied pressure and sliding speed at which the contact temperature
reaches 395 °C is 1 MPa m/s at 14 m/s, and 12 MPa m/s at 1.71 m/s. Table 6.9 lists
some maximum PV limits (whose meaning is different to the PVy,; concept
introduced in Sect. 5.1.4) for several polymeric materials dry sliding against a steel
counterface and obtained using a similar testing geometry [50].

As said, polymeric composites containing particles or short fibres are commonly
used in different applications. To reduce friction and wear (both determined by
adhesion), lubricants such as PTFE and graphite flakes are typically employed,
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Fig. 6.23 Specific wear rate of Nylon 66: a role of the counterface roughness (counterface:
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whereas glass, carbon and aramid fibres are used to increase the mechanical
strength and the Young’s modulus. In some cases, both types of fillers are added
together, to optimize the properties. For example, polyamide 66 (Nylon 66) com-
posites containing both reinforcing and self-lubricating additions are often used.
Typical compositions are: 20 % glass + 20 % PTFE; 30 % carbon + 15 % PTFE/
silicon 0il; 15 % aramid fibres + 10 % PTFE. As a further example, consider the
polyimide composites listed in Table 6.9. The graphite containing composites
display the best wear resistance (high PV limit), but they also display quite a high
friction coefficient (around 0.31) during the run-in stage. With the addition of
PTFE, the friction coefficient is 0.1 from the beginning of sliding. It should also be
noted that polymers reinforced with hard fibres, such as glass fibres, could exert an
abrasive action against the counterface material. Glass has a hardness of about
500 kg/mm? (Table 2.1) and the antagonists should therefore possess an hardness in
excess of 700 kg/mm? in order to avoid abrasive wear. When using steels, they
should be heat-treated or nitrided.
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Table 6.9 Maximum PV limits for several polymeric materials (modified from [50])

Material Maximum | Maximum Material Maximum | Maximum
PV limit contact PV limit contact
(MPa m/S) | temperature (°C) (MPa m/s) | temperature (°C)
PI-15 % 12 395 PTFE 0.064 260
graphite
PI-40 % 12 395 PTFE 0.45 260
graphite 15-25 %
glass
PI-15 % 3.6 260 PTFE- 0.71 260
graphite- 25 %
10 %PTFE carbon
Acetal 0.27 120 PTFE- 0.66 260
60 %
bronze
Acetal-PTFE 0.12 120 Nylon 66 |0.14 150

A special mention has to be devoted to PTFE-based composites. Because of the
high viscosity of PTFE even at high temperature, these materials are produced by
mixing PTFE and fillers, pressing and sintering. Unreinforced PTFE is character-
ized by very high wear rates (Tables 6.8 and 6.9), but with proper additions wear
resistance is greatly increased while maintaining the self-lubricating properties. It is
supposed that fillers increase the load bearing capacity of the material and also
favour the formation of a stable and compact transfer layer [51]. Recently it has
been shown that the addition of low amounts of nano-fillers can decrease the PTFE
wear by 4 orders of magnitude [52]. As an example, PTFE nanocomposites rein-
forced with a-alumina display an ultra-low steady state specific wear rate of around
107'® m?N, after a run-in period necessary to form a high performing transfer layer
[53].

A particular class of polymeric composites are the organic friction materials.
They are used in automotive brake pads typically sliding against a grey pearlitic
cast iron disc. These materials contain a thermosetting phenolic polymer (10-40 %
in volume) that holds together a large amount of different additives [54]:

e Reinforcements, such as metal (steel, copper and bronze), carbon, glass and
aramid fibres;

e Friction modifiers, such as graphite and metal sulphides particles that act as
solid lubricants, and Al,0O5, MgO and silica particles that act as abrasives;

e Fillers, such as vermiculite (a Mg silicate), barium sulphate and mica particles
that improve the manufacturability and reduce cost.

At low loads and sliding speeds, dry sliding wear is mild. The specific wear rate
of the organic friction materials is typically between 5 x 10™'> and 5 x 10™"* m*/N.
The friction coefficient is between 0.3 and 0.6, depending on the material com-
position. The so-called low-metallic pads contain a low amount of metal rein-
forcements and a high amount of abrasives and they are thus characterized by a
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higher friction coefficient and also a higher wear than the so-called NAO pads, that
constitutes an other important class of organic friction materials.

At high loads and sliding speeds, severe wear occurs. The transition takes place
when a critical contact temperature in the range of 200-300 °C is attained [54]. At
this temperature, the thermal degradation of the phenolic polymer occurs. This
causes an increase in the wear rate, which then exponentially rises with contact
temperature, and a decrease in the friction coefficient. Such a decrease has to be
reduced to a minimum by carefully selecting the materials ingredients, in order to
avoid jeopardizing the braking effectiveness. In applications where the attainment
of quite high temperatures is usual (such as in train or aeroplane brakes), it is
necessary to employ more resistant materials, such as sintered metals and carbon-
carbon composites.

6.8.2 Abrasive Wear by Hard, Granular Material

Because of their low hardness, a very low abrasion resistance characterizes poly-
meric materials. In applications where a minimum abrasion resistance is required, it
is appropriate to employ ultra-high molecular weight polyethylene (UHMW PE, a
thermoplastic polymer) or elastomeric polyurethanes with high hardness.

Elastomers are a class of polymers with an adequate resistance to low-stress
abrasion (at least in some applications). In particular, they display a good resistance
to solid particle erosion wear in case of low impact velocity. This behaviour is
mainly due to their low elastic moduli and high elastic limit, resulting in a high
elastic deformation and rebound capability. Beside natural rubber, the elastomers
that are mainly used are styrene butadiene rubber (SBR), for example in the pro-
duction of automobile tires; chloroprene (CR), for example in the production of
gaskets or conveyors; polyurethanes, for example in the production of idlers,
cyclones and screens [27].

In case of relatively low impact velocities, elastomeric materials display ®gpg-
values (representative of the efficiency of the process), in the range 10°~107 [55],
and therefore similar, or lower, than those of steels. Table 6.10 shows the results of

Table 6.10 Normalized erosion rates for different engineering materials (data from [56])

Material Hardness (kg/mm2) Relative erosion resistance
AISI 1018 254 1

Natural rubber 40 Shore A 14

Natural rubber 60 Shore A 3.6

Polyurethane 90 Shore A 1.1

35 % Cr 5 % C white iron 780 5.8

27 % Cr 3 % C white iron 621 3.1

Martensitic stainless steel 308 1.1

WC-3.3 % Co 2300 59
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erosive tests carried out at low impact angles (lower than 10°), an impact velocity
ranging from 14 to 24 m/s and using SiC erosive particles with high angularity [56].
The tests were conducted on two natural rubbers, a polyurethane and several
materials for use in comparable applications. The results are expressed in terms of
the relative erosion resistance (RER) by dividing the erosion rate of the reference
AISI 1018 steel by that of the tested material. The results show that the natural
rubbers, in particular the softer one, exhibit better erosion resistance than the
polyurethane and also the martensitic stainless steel. The softest rubber also shows a
better performance than the two cast irons under study. This behaviour was
attributed by the Authors to the higher propensity of natural rubber to elastic
recovery. As expected, the hard metal displays the best behaviour.

The applicability of elastomers in engineering applications is limited to a defined
temperature range, between their T, and their melting or decomposition tempera-
ture, which is typically in the range 80-130 °C.
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Chapter 7
Surface Engineering for Tribology

The functional modification of the surfaces is in many cases the best way to control
the tribological damage of a component. Following a surface engineering approach,
it is possible to choose the base material, or substrate, with tailored properties
(for example, special mechanical or workability properties) and delegate to the
modified surface the role of counteracting the tribological loadings. In most cases,
the choice of a proper surface treatment results in cost saving, since it allows using
cheaper substrate materials. The use of a low-cost substrate may compensate the
additional costs of the surface treatment, required to improve system performances
[1-4].

The choice of the optimal surface treatment is a complex task, given the high
number of parameters that are involved and also the high number of available
technologies. The choice should be primarily driven by the need of counteracting a
specific wear mechanism that is expected to operate in the tribological system under
consideration. Note, in this regard, that a particular surface treatment might be also
requested to improve the corrosion resistance of the treated part in specific
environments.

In Sect. 3.1 some surface treatments specifically targeted at reducing the friction
coefficient are described. This chapter is mainly focussed on the available surface
treatments for improving the wear resistance of materials. Relevant technological
aspects of each treatment and the performances of the treated surfaces under dif-
ferent wear conditions will be outlined, to help the designer in the correct selection
of a proper surface treatment.

7.1 Surface Functional Modifications: General Aspects

Surface engineering treatments can be broadly divided into four categories:

Treatments for microstructural modification;

Thermochemical diffusion treatments;

Chemical conversion coatings;

Surface coatings (including: metallic plating, thin and thick coatings).

© Springer International Publishing Switzerland 2015 201
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In Table 7.1 the main surface treatments used in tribology are listed. Some
special aspects, to be thoroughly considered in the selection process are:

(1) the types of materials that have to be treated with the selected technology;

(2) the process temperature, i.e., the temperature reached by the substrate during
the treatment;

(3) the maximum hardness of the surface layer;

(4) the thickness of the hardened surface layer.

The knowledge of the maximum temperature reached by the substrate during the
treatment cycle is important to verify if the substrate can actually sustain the
treatment. For example, steels should not be subjected to a coating treatment with
the CVD technique at a temperature of 1000 °C, because they would loose their
mechanical strength (as a matter of fact, CVD coatings are generally realized on
hard metals). Furthermore, it should also be considered that treatments carried out at
temperatures above around 500 °C easily induce geometrical distortions in the
treated parts. If necessary, appropriate preheating or post-heating cycles should be
performed, to minimize the effects of too high heating and cooling rates.

The hardness and thickness of the treated layers are definitively the two most
important parameters from the tribological point of view. In some treatments, such
as the thermochemical diffusion treatments, a hardness gradient is attained rather
than a uniform hardness in the surface layer. As an example, Fig. 7.1 shows the
typical hardness profiles resulting from carburizing and nitriding treatments of
steels. The profiles were obtained from microhardness tests on metallographically
prepared cross sections. It is shown that hardness is maximum at the surface and
then decreases moving towards the interior of the material, reaching finally the
typical value of the substrate. The treatment thickness is defined by the effective
thickness, which is the thickness of the material layer with hardness greater than or
equal to a given value, which is typically fixed at 550 kg/mm?>.

In the case of coatings, the maximum surface hardness is that of the coated
material, and the treatment thickness is given by the coating thickness.

In case of wear by adhesion, tribo-oxidation and abrasion, the maximum contact
stress is reached at the asperities. To counteract the damage associated to these
mechanisms, it is therefore necessary to select treatments able to induce a very high
hardness right in the outer layer of the treated part. For example, ceramic coatings
on high-speed steels obtained with the PVD technique are particularly suitable for
improving the tribological resistance of cutting tools that, in operation, undergo
adhesive (and, possibly, abrasive) wear. For abrasion, it is obviously necessary to
consider also the hardness of the abrasive particles and choose a surface treatment
able to produce a sufficiently high surface hardness (along with an adequate fracture
toughness in case of high-stress abrasive wear). In case of damage by contact
fatigue, the maximum contact stress is located at a certain depth (the depth z,,, as
illustrated in Sect. 1.1), and it is therefore necessary to choose a treatment capable
of giving an adequate effective thickness. As a rule of thumb, a high hardness
should be assured for a depth of at least 2z,,,.
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Table 7.1 Main characteristics of some widely employed surface treatments
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Treatment Metals treated Processing Maximum Typical
temperature (°C) | surface hardness thickness (mm)
(kg/mmz)
Treatments for microstructural modification
Surface rolling Steels, Ti, and Ni Room
alloys temperature
Shot-peening Steels, Ti, and Ni Room
alloys temperature
Flame hardening Hardenable steels and | 850-1100 500-600 1-6
cast irons
Induction hardening Hardenable steels and | 850-1100 500-700 0.2-2
cast irons
Laser hardening Hardenable steels and | 850-1100 500-700 0.1-0.6
cast irons
Thermochemical diffusion treatments
Carburizing and Low carbon steels 800-1100 700-900 0.05-1.5
carbonitriding
Nitriding Nitriding steels 500-600 800-1200 0.025-0.5
Tool steels (hot
working and HSS)
ITon implantation All 200-600 600-1100 <1073
Chemical conversion coatings
Phosphate coatings Steels, Al alloys 25-95 (drying at | — Up to 0.01
200 °C)
Hard anodizing Mainly Al alloys 0 >1100 0.04-0.05
Surface coatings
Hard chromium Most ferrous and non | <70 700-1200 0.001-0.5
ferrous alloys
Electroless nickel Most ferrous and non | Room Up to 1000 0.001-0.025
ferrous alloys temperature
(ageing between
200 and 500 °C)
Physical vapour All metals 150-500 2000-2500 (TiN) | 0.001-0.003
deposition (PVD)
coatings
Chemical vapour All metals (with the 800-1000 2800-3000 (TiC) |0.001-0.01
deposition (CVD) limitation of the (lower
coatings process temperature) | temperatures
in new
techniques)
Thermal spray All metals <200 700-2000 0.5-1
coatings
Hardfacing by Steels and non 1200-1600 800-2000 3-10

welding

ferrous alloys with
melting point greater
than 1100 °C
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Fig. 7.1 Typical microhardness profiles in carburized and nitrided steels

A special aspect to consider in surface engineering is the possible presence of
residual stresses in the treated areas. Residual stresses are elastic in nature and they
can be compressive or tensile. Generally speaking, compressive residual stresses are
beneficial while tensile stresses may accelerate the tribological damage. Surface
modification and thermochemical diffusion treatments mainly induce compressive
residual stresses at the surface, while coatings may feature either compressive or
tensile residual stresses [3, 4].

In the case of coatings, two additional parameters should be also carefully
addressed:

(1) the ability of the substrate to adequately support the coating;
(2) the adhesion of the coating on to the substrate.

Wear-resistant coatings are harder and less deformable than the substrates. If
they have to stand high and very localized stresses, as it occurs in non-conformal or
angular contacts, the substrate may deform plastically, and the coatings may not be
able to accommodate such a deformation. Coatings may then fracture in a brittle
manner, as schematized in Fig. 7.2. This phenomenon can be limited by increasing

load

plastic deformation

Fig. 7.2 Fragmentation of a hard coating deposited onto a soft substrate after the application of a
concentrated contact load (modified from [2])
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the hardness of the substrate, that is, by reducing the difference in hardness and
deformability between the coating and the substrate. As a rule of thumb, such a
difference should not be in excess of 800 kg/mm? in the case of ceramic coatings.
Another possibility is to increase the thickness of the coating. However, it must be
considered that an excessive thickness might not be acceptable, especially if the
coating is ceramic, since the probability of finding a critical defect for brittle contact
would increase with the coating thickness.

Surface coatings can be fully effective if they are well anchored to the substrate,
i.e., if the adhesion coating-substrate is sufficiently high. The adhesion depends on
the physic-chemical interactions, which take place at the interface, and are greatly
influenced by the presence of contaminations and defects. From a mechanical point
of view, the adhesion can be quantified through a number of tests, including pull-
off, indentation, scratch or fracture mechanics tests. In the pull-off test (see the
schematic in Fig. 7.3a), the coated specimen is bonded on two rods, and subjected
to a tensile test up to the detachment of the coating. The stress for the detachment is
representative of the coating-substrate adhesion. If the adhesion is very high, the
detachment occurs inside the adhesive resin (typically, an epoxy resin with a
strength of around 300 MPa is used). This is clearly a limitation of this test. This
test is widely used to determine the adhesion of coatings obtained by thermal
spraying techniques, which are often characterized by a low adhesion.

A very simple test often used in the evaluation of the adhesion between thin
ceramic coatings (such those obtained with the PVD and CVD techniques) and the
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substrate is the indentation test (Fig. 7.3b). It is generally carried out using a
Rockwell C indenter. A number of tests at increasing applied loads are carried out,
and the critical load for the detachment of the coating is determined. This
detachment is caused by the compressive radial stresses that originate in the sub-
strate following the plastic deformation and that are transmitted back to the coating.
The coating may then detach because of compressive instability if the adhesion with
the substrate is relatively low.

In case of thin ceramic coatings on metal substrates, the work of adhesion, W5,
typically ranges from 15 to 100 J/m” [4]. Such values are clearly much higher than
those reported in Table 1.5, since the adhesion between a coating and the substrate
is mainly due to strong chemical-physical interactions, and not to weak van der
Waals interactions, as it occurs at the contacting asperities during sliding.

The adhesion of the coatings can also be assessed by the so-called scratch test.
As schematized in Fig. 7.4a, a diamond stylus with a spherical tip, with a radius of
curvature of 200 pm, is pressed against the coating and made to slide with an
increasing applied load up to the detachment or fragmentation (Fig. 7.4b). The
occurrence of coating damage is revealed by an increase in the acoustic emission
that is recorded during the test with a microphone. The critical load at which the
detachment of the coating is observed then gives an indication of the adhesion
coating-substrate. The test is qualitative in nature, since the critical load also
depends on the hardness of the substrate (see Fig. 7.2), the nature and intensity of
the residual stresses, the friction coefficient between the stylus and the coating, and
the fact that the coating can be also damaged by fragmentation, i.e., by brittle
contact.

Fracture mechanic tests avoid all these problems. With these tests a crack is
propagated at the interface between the coating and the substrate, and the energy
spent in the propagation is evaluated. These tests are clearly quite complex and
costly [5].

(a) increasing applied (b)
load

scratch
direction

Fig. 7.4 Schematization of the scratch test to determine the adhesion of coatings
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7.2 Treatments for Microstructural Modification

In this type of treatments, the surface microstructure of a material is modified
without altering its chemical composition. The objective is usually achieved by
work hardening with mechanical treatments such as rolling or shot peening, or by
inducing a martensitic transformation with surface heat treatment.

7.2.1 Mechanical Treatments

In surface rolling (a process that is however rarely used in tribology), plastic
deformation is induced by a hard cylinder that rolls on the surface with an applied
load able to induce a fully plastic contact (Sect. 1.1.3). In shot peening, a jet of
small spheres (with a diameter in the range 0.2-2 mm) made by steel, ceramic or
glass, is directed towards the surface to be treated with a velocity typically ranging
from 40 to 120 m/s. Each ball induces a surface elastic-plastic or fully plastic
contact. By adjusting the intensity of the treatment, a proper degree of surface
hardening can be obtained. Shot peening is not much used to work harden soft
metals, but rather to treat case hardened steel parts, with the aim of transforming the
residual austenite into martensite, as will be seen in the next paragraph. Shot
peening and surface rolling find some application in the closure of surface pores of
sintered components obtained by powder metallurgy, to improve their sliding or
contact fatigue resistance. However, in order to be really effective a re-sintering
process, to weld the surface of pores that have been put in close contact by the
plastic deformation, should follow the treatment. Otherwise, the closed pores may
still behave as cracks and therefore easily trigger the wear by contact fatigue.

7.2.2 Surface Heat Treatments

Surface heat treatments are generally conducted on hardenable steels that contain a
sufficient amount of carbon (0.3-0.5 %) to provide surface hardening by martensitic
transformation. With flame hardening, relatively large parts can be manually
treated, while with the automated induction hardening, parts of lower dimensions
are usually treated. In induction hardening, the surface of a steel part is rapidly
austenitized by the magnetic field of a water-cooled copper coil, and then quenched
by spraying of water or other fluids. In case of laser or electron beam heating, the
subsequent forced cooling is not necessary. The heating, in fact, is very intense and
confined to a thin surface layer, so that quenching is directly induced by the
surrounding material, which behaves as a low-temperature thermal reservoir.
Surface heat treatments are commonly used for critical machine parts such as
gears, shafts and bearings that may be damaged in service by contact fatigue. In
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fact, the quite high surface hardening accompanied by a relatively high case depth
(see Table 7.1) produce beneficial effects on contact fatigue resistance, which can
be appreciated by considering the schematization of Fig. 7.5. Figure 7.5a shows a
typical microhardness profile obtained by surface hardening. It can be converted
into an endurance limit profile. In fact, the endurance limit, usually given in terms
of the Hertzian pressure, can be also expressed in terms of T,,,x, by setting Te,q = €
H, where c is a constant and H is the material’s hardness. In heat-treated steels, the
endurance limit at 10® cycles and A > 3 is given by peng = 3 H (see Table 5.6). In
the case of a line contact, Ty,.x = 0.3 pmax and thus t.,q ® H, i.e., ¢ 1 (in the case of
mixed lubrication, pe,qg = 2.25 H, and ¢ = 0.75). It can be then stated that a life of
108 cycles is exceeded as long as, at each depth z, Tyax < Tena [6]-

But this is not the whole picture. To the high contact fatigue resistance of surface
hardened steels and cast irons contributes also the presence of compressive residual
stresses possibly present in the outer layer. They are determined by the surface
martensitic transformation, which occurs with volume expansion with respect to the
neighbouring phases. The thermal cycle may contribute a further mechanical term
to building up the compressive stress field [7]. For example, Fig. 7.6 shows the

Fig. 7.6 Microhardness
profile and residual stress
profile for an induction
hardened AISI 4340 steel
(modified from [8])

1000}

500 [

MPa or HV 0.05

Residual stress or microhardness,
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0 2.5
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microhardness profile and the residual stress pattern in a disc made of an AISI 4340
steel firstly heat treated to achieve a quenched and tempered microstructure with
hardness 367 HV and then fast induction heated and hardened [8]. The evolution of
the circumferential, o, and longitudinal, o, stress components is reported (the
radial component is O at the surface, and it is positive, although quite low, moving
towards the interior of the disc). In the case region, both o, and o, are compressive
and at a certain depth they assume comparable values. In the transitional region
between the case and the core, i.e., between a fully martensitic and a tempered
microstructure, both o, and o, increase in value and become tensile. In general,
higher compressive stresses are obtained at increasing the difference between case
and core hardness. On the basis of a number of experimental data, Lang have
proposed the following relations [9]:

os=—125-(H—H,) for (H-H,)<300

o, =0.2857-(H—H.)—400 for (H-H.) > 300 (7.1)
where o, is the residual stress in MPa (setting 6, = 6, = 6,), H is the hardness (in
kg/mm?), and H, is the hardness of the core (in kg/mm?). These approximate
relations are nonetheless useful for a preliminary evaluation, since the experimental
determination of the residual stress profile is time consuming and expensive. The
beneficial effects of residual stresses on the contact fatigue behaviour can be
appreciated by considering Eq. 5.11 and the schematization of Fig. 7.5c. To a first
approximation it can be supposed that no stress relaxation takes place during the
fatigue loading. This assumption decreases in validity if the A-factor is decreased,
since the plastic deformations at the contacting asperities can relieve the residual
stresses.

Because of the heat cycle and the phase transformations, the surface hardened
parts display geometrical distortions after the treatment, and they must submitted to
a final grinding operation. This should be carefully conducted to avoid introduction
of residual tensile stresses at the surface.

Consider now the wear damage by adhesion and tribo-oxidation. The perfor-
mance of surface heat treated steels can be considered quite similar to that displayed
by through hardened steels (Sect. 6.1.1). In fact, the presence of residual stresses at
the surface does not play an important role. Such stresses are elastic and they are
relieved during sliding by the high deformations at the asperities and the consequent
local heating. The same reasoning is valid for the abrasive wear. Considering the
maximum hardness that can be obtained at the surface, surface hardening is clearly
not sufficient to solve the problem of the abrasion of steels by hard particles such as
silica contaminants. However, it might be a very good choice in the case of low-
stress abrasion.
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7.3 Thermochemical Diffusion Treatments

The main thermochemical diffusion treatments of steels are carburizing and
nitriding.

7.3.1 Carburizing

In this treatment, the steel part is heated in the austenitic field (at about 900 °C) in
an appropriate medium and the surface is enriched in carbon by diffusion, up to
values not exceeding 1 %. It is subsequently quenched in oil, to obtain high surface
hardness by the martensitic transformation. After quenching the steel parts are
tempered at about 170-180 °C. The treatment is indicated for steels containing less
than about 0.4 % of carbon, to ensure high fracture toughness in the core. Figure 7.1
shows a typical microhardness profile obtained after carburizing.

Like surface heat treatments, carburizing is well suited to withstand the adhesive
and tribo-oxidative wear, and wear by low-stress abrasion. However, carburizing
finds its best application in mechanical parts that experience contact fatigue dam-
age, because of the high surface hardness, the high effective thickness (Table 7.1),
and the presence of compressive residual stresses in the case region. The onset of
residual stresses is due to the martensitic transformation and depends on many
interrelated factors, including steel composition, size and geometry of the treated
part, and treatment parameters [7]. Figure 7.7a schematizes a typical residual stress
profile and its role on the evolution of 1,,,x. Figure 7.7b shows a comparison of T,,.x
with two Tq-profiles that can be obtained from the microhardness profiles as
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Fig. 7.7 Schematizations showing: a the influence of residual stresses on the Hertzian stress
profile; b two typical unsuitable endurance limit profiles that produce contact fatigue damage by
spalling (profile 1; damage is by pitting if the A-factor is low) or case-crushing (profile 2)
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outlined in the previous paragraph. The expected contact fatigue life is attained if
T max < Tena OVer the entire depth. Two critical situations can be encountered:

(1) When the surface hardness, i.e., the surface endurance limit, is too low in
comparison to the T',,.-profile. In this case, a crack prematurely nucleates in the
subsurface region, giving damage by spalling. Residual stresses move between
the surface and z,,, the region of crack nucleation and propagation. In case of low
A-factors, the crack nucleates at the surface giving damage by pitting.

(2) When the effective thickness is too low in comparison to the t',,,-profile. In
this case, the crack prematurely nucleates close to the boundary between case
and core. This type of damage is a form of spalling that is commonly called
case crushing.

As already mentioned, the process parameters have to be carefully optimized.
For example, by increasing the treatment time a larger hardness thickness may
result, well above 1 mm. In case of gas carburizing, however, infernal oxidation in
the surface layers can be too severe, hence reducing the fatigue properties [10]. In
addition, the increased carbon content at the surface would induce larger residual
austenite content. The role of residual austenite on the contact fatigue resistance is
not clear as yet and conflicting results are reported in the literature [11]. In case of
carbonitriding, i.e., surface enrichment with carbon and nitrogen, the amount of
retained austenite can be quite high. In this case, the treated parts are often sub-
mitted to a shot peening treatment, with the objective of inducing the transformation
of residual austenite into martensite. In this way, an increase in hardness and, above
all, in the compressive residual stresses is attained. As shown in Fig. 7.8, the
compressive residual stress after shot peening is maximum at a certain depth into
the material, owing to the elastic-plastic contact between the spheres and the sur-
faces [12].

The carburized parts may undergo geometrical distortions, a problem that can be
solved by mechanical finishing to obtain the correct final geometry. Such operations
involve the removal of surface layers and must be carried out with particular care.
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7.3.2 Nitriding

Another important thermochemical diffusion treatment for steels is nitriding. In this
case, the surface hardening is obtained by nitrogen diffusion, which hardens the
steel by solid solution and for the formation of a fine dispersion of nitrides.
Therefore, the nitriding steels contain nitride former elements, such as chromium,
molybdenum or aluminium. The treatment is carried out over a temperature range in
between 500 and 590 °C, with the steel in the ferritic state, and it takes longer time
than carburizing (a typical nitriding treatment would last for 30 h). This sort of
treatment is very attractive indeed, since it allows obtaining very high surface
hardness values (greater than those obtainable with carburizing, see Table 7.1 and
Fig. 7.1) and it might not require finishing operations.

Figure 7.9 shows the typical morphology of the surface layers of a steel after gas
and plasma nitriding [13]. The surface is characterized by an outer compound layer,
also called white layer, consisting of a mixture of € and y' iron nitrides, and a sub-
surface layer, called diffusion layer. The thickness and properties of the white layer
depend on the treatment parameters. Generally, gas nitriding produces a thick layer,
with a thickness of around 10-15 pm or more, which is also porous in its outer
part. Plasma nitriding produces a narrow and compact layer, with a thickness of
about 3 um. Figure 7.1 shows a typical microhardness profile in the diffusion layer.
The effective thickness is lower than in carburizing, but the diffusion layer displays
higher thermal resistance. In fact, the hardness of martensitic carburized layers
starts to decrease after exposure at temperatures of about 200 °C, whereas the
nitrided layers retain their original hardness even after exposures up to about
400 °C. In both the compound and diffusion layers, residual compressive stresses
are present. They originate from the precipitation of the nitrides that have a lower
density, and therefore a higher specific volume, than the matrix. This also means
that hardness and residual stress are correlated since they both depend on the

(a) (b)

Fig. 7.9 Cross sections of a gas (a) and plasma (b) nitrided 42CrAIMo7 steel [13]. The arrows
indicate the thickness of the compound layer
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precipitation of the nitrides. As an example, Fig. 7.10 shows the experimental close
relationship between the microhardness and the residual stress in the diffusion layer,
in the case of an AISI M2 tool steel gas nitrided at 570 °C for 8 h [14].

The nitriding treatment is particularly suitable to improve sliding wear resis-
tance. In dry sliding, the white layer is removed in the run-in stage if its
thickness is low and the contact pressure is sufficiently high. Therefore, wear
resistance is actually provided by the diffusion layer. Wear occurs mostly by tribo-
oxidation and the specific wear coefficient is very low, around 5 x 107> m*N
(as reported in Table 5.2), since the diffusion layer possesses a high ability to
sustain the layer of compacted oxide wear debris. Moreover, the diffusion layer
displays high thermal resistance, and local temperature rises due frictional heating
soften it to a lesser extent than observed in carburized or through hardened steels.
This latter property produces an increase in the critical temperature for the transition
from mild to severe wear. As shown in the wear map of Fig. 7.11 [15], this
transition would take place at higher values of normalized pressure and sliding
speed compared to what observed in normalized or quenched and tempered steels.
In general, it is not necessary to remove the white layer before service, since iron
nitrides possess a hardness that is quite similar to that of the diffusion layer.

In case of dry sliding with relatively low applied pressure and in presence of a
quite thick compound layer, the compound layer itself provides the wear resistance.
In this case the best performances are attained when the compound layer is made of
just one iron nitride (preferably, € nitride) and it contains a few pores [13]. But in
case of sliding under boundary lubrication, the presence of some porosity on the
outer part of the compound layer is beneficial, since pores act as lubricant reser-
voirs. The compressive residual stresses in the compound layer also help in closing
any possible surface crack. In this respect, it has to be further considered that
nitriding induces an increase in surface roughness. An increase of R, from 0.5 pum
before nitriding to 1.5-2 pum after nitriding is quite common. Such an increase
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Fig. 7.11 Wear map of nitrided steels dry sliding against a hardened steel counterface (data from
[15]). For comparison, the boundary between mild and severe wear for normalized and quenched
and tempered steels is also reported (from Fig. 6.1b)

clearly causes a decrease in the A-factor, which is only partially limited by the
polishing of the higher asperities that occurs during running in [16].

Nitriding is also well suited for tribological applications characterized by abra-
sive wear, in particular low-stress abrasion. This is due to the quite high hardness
achieved in the external regions of the nitrided layer, which can be in excess of
1250 kg/mm?. As an example, Fig. 7.12 shows the specific wear coefficient for an
untreated steel (H: 391 kg/mm?), a nitrided steel and a chrome plated steel, obtained
using a modified DSRW testing rig [17]. The test has been conducted at three
temperatures under low-stress abrasion to simulate the wear process occurring
inside the barrel of an injection-moulding machine of glass-filled polymers. The
nitrided steel (with a surface hardness of 1284 kg/mm? compared to 1125 kg/mm?*
of the chromium plated steel) shows the best performances at all temperatures.
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Finally, nitriding is also well suited to withstand wear by contact fatigue,
especially in case of mixed or boundary lubrication conditions. This is because the
surface hardness is very high and the case also contains compressive residual
stresses. The effective thickness, however, is relatively low and this reduces the
possibility of sustaining high contact pressures under well-lubricated conditions. It
has to be further noticed that the increased roughness after nitriding tends to reduce
the A-factor. As seen, such a decrease is partially reduced by some polishing during
running in. In most cases, the polishing is carried out before the mechanical part is
put into service. If the white layer is thick, it remains in place and contributes to the
high pitting resistance of the nitrided parts [11].

7.3.3 Other Treatments

Boronizing is another diffusion treatment of steels. It involves a surface enrichment
with boron. The maximum surface hardness is between 1550 and 2000 kg/mm? and
is provided by the formation of quite a thick compound layer made by iron borides.
The effective thickness values are similar to those obtained after nitriding.

A very high abrasion resistance can be achieved with the Toyota Diffusion (TD)
process, which allows obtaining surface layers with hardness values from 2500 to
3800 kg/mm?. This treatment is typically employed for tool steels. It is conducted in
a salt bath and promotes the formation of very hard vanadium and titanium
carbides.

The surface treatment that provides the smallest case thickness is ion implan-
tation. It involves high-energy ions that strike a surface (a metal or a ceramic) and
penetrate for an average depth in the 0.1 um range, depending on the implantation
conditions, like acceleration voltage and kind of ions. The treatment is typically
carried out using different types of ions, including nitrogen, carbon, boron and
phosphorus ions. After implantation, components are usually submitted to an
annealing process to restore the crystal lattice and activate some diffusional pro-
cesses. This treatment is indicated for applications characterized by adhesive and
abrasive interactions under very low contact stresses.

7.4 Conversion Coatings

Conversion coatings are produced by a mild corrosion of a metal surface, capable to
form a layer of products that are adherent to the metal. The main conversion
treatments of tribological interest are phosphating and anodizing.
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7.4.1 Phosphating

The phosphating treatment is typically made on ferrous alloys, by spraying or
immersion of the parts in a bath of diluted phosphoric acid, containing specific
additives. The treatment produces a uniform layer of hydrated phosphates of the
metal present in the bath (typically zinc or manganese). As an example, Fig. 7.13
shows the surface morphology of a zinc phosphate layer realized on steel [18].

The thickness of the phosphate layer is difficult to be measured experimentally.
In general the specific weight of the phosphating layer is considered. It is deter-
mined by weighing the part before and after the treatment. For tribological appli-
cations, heavy treatments are carried out, with specific weight in the range of
1040 g/m*. To a first approximation, 1 g/m* corresponds to a thickness of about
0.5 pm. As shown in Fig. 7.13, the phosphate layer is quite porous and the porosity
may range from 3 to 13 %. Thanks to this porosity, the phosphate layers display a
high capacity to take up oils or solid lubricants with clear advantages for both
sliding friction and wear resistance.

Zinc phosphate layers are mainly used as a support for the subsequent appli-
cation of oils and soaps in the manufacturing processes by plastic deformation, such
as wire and tube drawing, cold stamping and deep drawing of metal sheets.
Manganese phosphate layers, realized by immersion in a heated solution
(90-98 °C), are typically used as self-lubricating and anti-wear coatings, especially
in applications characterized by a low A-factor and hence possible scuffing prob-
lems, such heavily loaded and slow gears. In fact, the oil retained in the porosity
greatly helps lubrication. In addition, the layer can slightly deform under contact
and this allows for a better distribution of the involved contact stresses. In general,
the layer is partially worn out after running in but the conditioning of the contacting
surfaces produces long-lasting beneficial effects. The annealing of the coatings at an
optimized temperature in the range of 250-450 °C, can induce the formation of

Fig. 7.13 Morphology a zinc
phosphate coating formed on
a steel surface [18]
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cracks perpendicularly to the surface by dehydration. Such cracks do not trigger
brittle fracture but rather act as additional reservoirs for lubricating oil. This gives
rise to an increased resistance to wear and scuffing [19].

7.4.2 Anodizing

Anodic oxidation is an electrochemical conversion process aimed at producing a
hard and adherent oxide layer on a metal surface. It is mainly used for aluminium
alloys (only certain Al-Cu and Al-Si alloys do not anodize well). Titanium, mag-
nesium and zinc alloys are also anodized. The coatings can be obtained for deco-
ration purposes (a thickness of some micrometers is sufficient), architectural
purposes (a thickness of 10-20 pm is required), and for protective purposes, against
corrosion and wear (a layer thickness of 50 pm is typically employed). Since the
coating is formed by the dissolution of the metal surface, a layer with a thickness of
50 pum induces an increase in surface level of 25 pum only.

The anodization of aluminium alloys is typically conducted in a bath of sul-
phuric acid. To obtain protective coatings, the so-called hard anodizing process is
used, which is characterized by a careful control of the process parameters that
include cold electrolyte (<10 °C) and vigorous stirring of the solution. The layers
are made up by a mixture of alumina and hydrated alumina, and are relatively
porous. Pores are typically 200-350 nm in size and are oriented perpendicularly to
the metal surface. Because of the presence of porosity and of the hydrated oxides,
the hardness of the layers ranges between 350 and 600 kg/mm?, i.e., well below the
hardness of alumina (1600-2600 kg/mm?). These layers are characterized by a quite
high surface roughness that depends on the process parameters (a typical value is
R, = 2.5 um). It can be reduced by grinding. Hard anodic layers are mainly used for
applications that need low-stress abrasion and corrosion resistance. Examples are
automotive brake callipers and pistons, pump components (operating in erosive
media), pneumatic cylinder tubes and valve spools [20].

Aluminium alloys are characterized by a very low hardness (typically between
100 and 180 kg/mm?) and therefore by a comparatively quite high abrasive wear.
After hard anodizing, the surface hardness is considerably increased and the specific
wear rate under low-stress abrasion (determined by DSRW) assumes values around
107" m?/N (see Fig. 5.20) that may be acceptable for many applications. The
resistance to solid particle erosion depends on different parameters. The residual
porosity induces a brittle behaviour, and thus the erosion rate increases with the
impact angle [21]. In most cases, the resistance of the untreated alloy, which
behaves in a ductile manner, is better than that of the anodized one. The residual
porosity influences also the dry sliding behaviour of the treated parts. The specific
wear coefficients are around 10~ '* m?%/N. However, it has to be considered that hard
layers can cause severe abrasive wear of the counterface, since alumina has a high
hardness and the layers may posses a quite high roughness. At the same time the
friction coefficient is quite high (greater than 0.6) because of the contribution given
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by the abrasive interaction. In order to reduce friction and wear (of both the treated
alloy and the counterface), the porous layer can be impregnated with oil, or coated
with solid lubricants, such as PTFE or MoS,. Different techniques can be used to
apply the solid lubricants, as topcoats or as integral parts of the coating. The most
commonly used solid lubricant is PTFE, which can induce a 50 % decrease in the
wear of both the treated alloy and the counterface [20].

Very hard layers can be obtained using the micro arc-oxidation (MAO) tech-
nique, also know as plasma electrolytic oxidation (PAO). The deposition process is
completely different from hard anodizing, and leads to the formation of surface
layers with hardness in the range 1400-1800 kg/mm?. Typically the hardness is
lower on the external porous part of the layer, which can be eventually removed by
grinding, and higher in the internal pore-free part made by melting-solidification
processes of the aluminium alloy. This treatment produces a noticeable increase in
the low-stress abrasion and sliding resistance of Al-alloys [21]. Since friction is still
quite high under dry sliding, self-lubricating topcoats, such as PTFE or DLC layers,
can be further deposited onto the MAO layers.

7.5 Surface Coatings

The main surface coatings are listed in Table 7.1. For the ease of discussion, they
can be further classified into: metallic plating, thin coatings and thick coatings.

7.5.1 Metallic Plating

The metallic deposits of greatest interest in tribology are hard chromium and
electroless nickel deposits. Both can be obtained on almost all metals.

7.5.1.1 Hard Chromium Plating

Hard chromium plating is produced by electrodeposition from solutions containing
chromic acid and a catalytic anion. Thanks to its nanocrystalline microstructure, the
hardness of the as-deposited layers is quite high, between 800 and 1200 kg/mm?>.
The coatings can be relatively thin (about 2 um) for decorative purposes, or have
greater thickness, from 20 to 300 pm for industrial applications. In case of thick
coatings, the thickness may not be uniform, and excessive built-ups on external
corners have to be removed by grinding and lapping. The coatings are also char-
acterized by multiple cracks perpendicular to the substrate surface. They form
during the production process because of the co-deposition of hydrogen that result
in the formation of hexagonal chromium hydride. This hydride has a tendency to
release hydrogen gas that induces the formation of residual tensile stress and hence
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vertical cracks [22]. Hydrogen can also diffuse into the substrate inducing its
embrittlement. In most cases the chromium coatings are submitted a dehydroge-
nation treatment (typically at 190 °C for 4 h) that also reduces the intensity of the
residual stresses. Hard chromium plating is widely used to increase corrosion
resistance in specific environments and to increase the wear resistance under sliding
and low-stress abrasion. Typical applications include piston rings, valves, hydraulic
rods, dies, moulds, rolling mills. These coatings are also employed in rebuilding
operations (if the wear thickness is lower than 250 um). A great drawback of this
treatment is the presence of hexavalent chromium in the electrolyte that is envi-
ronmentally harmful.

In general, hard chromium deposits are characterized by high sliding wear
resistance, in particular when sliding against a steel counterface and when the
coated part is under continuous contact with the counterface. In this condition, wear
can be by tribo-oxidation with the formation on the coating of a protective layer of
oxides coming from the steel antagonist. The recorded specific wear rates are very
low, around 5 x 107'® m%*N [23]. The corresponding friction coefficient is around
0.6, as typical of the steel-steel pair under dry conditions. If the plating is realized
on the part that is not in continuous contact with the antagonist (such as on the disc
in the case of the pin-on-disc test, just to give an idea), the situation changes. The
wear of the steel counterface may not be sufficient to establish a mild tribo-
oxidative wear condition, and the plating wears by adhesion. Typical specific wear
rates are in the 4 x 107'* m*N range [24]. However, the corresponding friction
coefficients are, in this case, 0.4 or lower and this can be an advantage in many
applications. In case of adhesive wear, incorporating hard nanoparticles in the
plating can decrease the specific wear coefficient. For example, a chromium coating
containing 1.13 % of SiC nanoparticles displayed a specific wear coefficient of
around 1.4 x 10™'* m?/N [25].

To optimize the sliding wear performance of hard chromium coatings it is nec-
essary to choose a subsurface material that is capable to sustain the plating without
extensive deformation (see Fig. 7.2). In this respect, the chromium plating may be
successfully realized on a martensitic steel substrate. In addition, the plating thick-
ness should be optimized in order to avoid plating damage by brittle contact. In case
of skin-pass rolling mills, an optimized thickness of about 10 pm has been obtained
[26]. Hard chromium plating is particularly suitable in boundary-lubricated condi-
tions, since the vertical cracks in the layers may act as lubricant reservoirs. However,
it has to be noted that plating increases the surface roughness. For example, R, may
increase from 0.1 to 1.15 pm after the deposition.

Regarding the wear behaviour under abrasion, hard chromium coatings display
an excellent performance in case of low-stress abrasion, as is apparent from the
analysis of the data in Fig. 5.20.
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7.5.1.2 Electroless Nickel Plating

Electroless nickel (EN) plating is regarded, together with thermal spray coating, as a
suitable candidate for the replacement of hard chromium plating that has adverse
health and environmental effects. These coatings are realized by a chemical
reduction of nickel ions on a catalytic surface. Since no electric current is applied,
the plating is quite uniform in thickness, irrespective of the shape. EN plating can
be classified into three classes: pure metallic plating, alloy plating and composite
plating. The most popular coatings are binary Ni-P and Ni-B alloys. In the
as-deposited condition they are almost amorphous and display high corrosion
resistance. However, the wear resistance is quite low, although the hardness may be
around 600 kg/mm” in Ni-P coatings and 650-750 kg/mm” in Ni-B coatings.
Higher hardness values can be obtained through heat treatment at 300—400 °C that
converts the amorphous layer into a microcristalline nickel matrix containing NisP
or Ni;B precipitates. A peak hardness of 1000-1200 kg/mm?, i.e., comparable to
that of hard chromium coatings, can be attained [27]. This treatment induces an
increase in wear resistance (both under sliding and low-stress abrasion conditions)
but a decrease in the corrosion resistance. EN plating is used in valves, aluminium
piston heads, components in the aircraft industry, and in automotive parts such as
fuel injectors, pinion ball shafts and disk brake pistons [28].

The sliding wear resistance of properly heat-treated EN coatings is comparable
to that of hard chromium coatings. As an example, Fig. 7.14 shows the results of
dry sliding tests of a Ni-P plating with a thickness of about 20 pum in the as
deposited and in different thermal treatment conditions that allowed obtaining
hardness values from 650 to 1000 kg/mm?. The tests were carried out in a disc-on-
disc configuration with rotating plated disc, and counterface disc made with an AISI
M2 tool steel kept fixed. The specific wear rate is seen to decrease as hardness is
increased and it reaches the typical value of hard chromium coatings for a hardness
of 1000 kg/mm? (the peak value). Wear was by adhesion/abrasion, and the recorded
friction coefficient was around 0.3 in all cases.
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Fig. 7.15 a Knoop indentation (load = 50 g) on the Ni-P/SiC layer showing the formation of
brittle cracks; b Knoop indentation (load = 50 g) on the internal Ni-P layer and the Ni-P/PTFE
layer [30]

The low-stress abrasive wear of EN coatings is generally much lower than hard
chromium coatings, as shown in Fig. 5.20. However, recent proprietary Ni-B
coatings have shown a wear resistance that is comparable or better than that of
chromium coatings [29]. In case of abrasive interaction, the phosphorous (or boron)
content and the treatment cycle should be optimized to avoid an excessive plating
brittleness that would increase wear by favouring brittle contact.

The properties of EN plating can be improved with the co-deposition of hard
particles, such as SiC, WC, alumina or diamond, to increase the wear resistance, or
solid lubricant particles, such as Teflon, graphite or MoS,, to reduce friction
coefficient. The incorporation of hard particles increases hardness and sometimes
also brittleness, whereas the presence of soft particles reduces hardness. Figure 7.15
shows the microstructure of two Ni-P/SiC and Ni-P/PTFE composite coatings [30].
Hard composite coatings display better wear resistance than EN coatings under
sliding as well as low-stress abrasion. The hard particles, however, can abrade the
counterface. This effect can be reduced, or eliminated, by employing micro- or
nanoparticles, or by co-depositing SiC and graphite particles together. When using
Ni-P/PTFE composite coatings, the friction coefficient can be reduced below 0.1
[31]. However, because of the lower hardness, wear resistance of these coatings is
lower and this has to be taken into account in design.

7.5.2 Thin Coatings

It is usual to define thin coatings (or thin films) hard ceramic coatings (such as
nitrides, carbides, oxides or polycrystalline diamond) obtained by two families of
vapour-phase deposition techniques, called physical vapour deposition (PVD) and
chemical vapour deposition (CVD). These coatings usually have a thickness
between 2 and 10 pm, and are particularly suited to improve sliding wear and
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low-stress abrasive wear. For this reason they are widely used for cutting tools, and
since the late 1980s the golden coloured TiN coatings have become very popular
for this application. Thin coatings are also employed in forming dies and moulds,
and are continuously proposed for new tribological systems in industry. These
coatings are also currently used in decorative applications.

The possibility of using thin coatings in case of damage by contact fatigue is
being also explored, despite the limited thickness of the coatings. Analytical and
finite element models have shown that, depending on the coating thickness and the
ratio between the elastic modulus of the coating and that of the substrate, the
tangential maximum stress, Ty,x, can be shifted to the interface coating-substrate, or
even inside the coating [32]. The fatigue strength is then increased if the coating is
free from defects, and if the adhesion coating-substrate is high enough to withstand
the high interfacial stresses. In case of mixed or boundary lubrication, fatigue crack
would mainly nucleate at the surface and the use of thin films is therefore quite
promising for increasing the fatigue life of the component. In general, the use of
thin coatings has to be evaluated in a case-by-case basis considering also the
relevant cost.

7.5.2.1 Coating Technologies

In the CVD processes, gaseous chemical reactants are introduced into a closed
reactor where they are thermally activated and react to form a thin coating on the
part to be treated [4]. The process temperature is around 1000 °C and this technique
is thus mainly used to coat hard metals that can tolerate such high temperatures.
With this technique it is possible to deposit different carbides, nitrides and oxides,
including multiple coatings. The most popular CVD coatings are TiN and TiC. The
adhesion with the substrate is excellent because the high process temperature
induce formation of chemical bonds across the interface. In the plasma assisted
CVD technique (PA CVD), the gaseous reactants are activated by plasma ignited
around the components. In this way, the process temperature can be lowered to
300-500 °C, or less, and the technology becomes suitable also for high strength
steels. This technique is also used to deposit polycrystalline diamond.

The PVD processes require a lower coating temperature (500 °C or less) and are
conducted under sub-atmospheric pressure. They can be used to obtain coatings on
any metal and also on polymers. The main PVD processes are:

e Evaporation. A physical mean, such as an electron beam, promotes the evap-
oration of a metal (the target) and the vapour condenses on the work piece. If a
reactive gas (nitrogen, oxygen, or hydrocarbon) is introduced into the reactor,
the gas reacts with the ionized metal vapour to form a compound that is
deposited on the work piece. For example, TiN is obtained by using a titanium
target and nitrogen.

e Sputtering. The target is bombarded by inert gas ions (typically argon ions) and
the liberated ions are attracted to the work piece. The use of reactive gases
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allows deposition of compounds. Sputtered films generally display a better
adhesion on the substrate than the evaporated coatings.

e Jon-plating. The target metal is evaporated and the atoms enter an argon plasma.
Some atoms are ionized and attracted to the work piece. Others are accelerated
towards the work piece by the thermal collisions. Also in this case, the presence
of reactive gases allows the deposition of compounds. This process is widely
used in numerous applications.

Because of the relatively low process temperatures, the adhesion between the
coating and substrate may be weak. In order to favour it, a careful surface prepa-
ration of the substrate to remove the contaminants and increase the surface reac-
tivity is required. It may include ultrasonic cleaning and sputter etching. In addition,
a metallic interlayer is firstly deposited to aid adhesion. For example, in the case of
TiN and TiAIN coatings a 0.1-0.2 pum titanium interlayer is usually deposited.
A limitation of the PVD process is the difficulty to coat cavities deeper than their
width.

7.5.2.2 Main Types of Thin Coatings

Table 7.2 shows the main available commercial coatings. Some additional obser-
vations on the main coating systems are reported herewith:

e TiN. It has excellent general tribological properties. It is widely used to coat
cutting and stamping tools. Its relatively low oxidation resistance at high tem-
peratures gives a limitation to their operating conditions.

e TiCN. It possesses higher hardness than TiN and therefore better wear resis-
tance, in particular by low-stress abrasion. TiC is very much suited for the
deposition of hard sandwich coatings on hardmetals, such as TiC/Al,O3/TiN
coatings, because of its improved adhesion to the carbides of the substrate.

e TiAIN. It has greater hardness than TiN and, most of all, greater thermal
resistance. During sliding at high temperature, a layer of protective aluminium
oxide is formed on the surface of the coating.

Table 7.2 Typical properties of some commercial thin coatings

Coating | Typical Process Micro Colour | Maximum
type thickness (um) | temperature (°C*) | hardness application
(HV 0.05) temperature (°C)
TiN 14 350-450 2400 Gold 600
TiCN 14 450 3000 Silver 400
TiAIN 1-3 450 3500 Brown | 800
AICrN 14 450 3000 Grey 1100
CrN 1-10 450 1800 Silver 700
WC/C 1-5 250 1000-2000 Black 300

“They refer to a typical PVD process
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AICrN. It shows the best oxidation resistance.
CrN. Widely used where it is necessary a good sliding wear resistance and
protection against corrosion.

e WC/C. It has a lamellar structure, consisting of alternating layers of hard WC
nanoparticles and layers of amorphous carbon. The hard particles increase the
hardness of the coating, whereas the amorphous carbon induces a solid lubricant
behaviour.

Thin coatings contain residual stresses that are formed during the manufacturing
process [3, 4]. They typically have two contributions, namely the intrinsic and
thermal stresses. The intrinsic stresses are due to the growth mechanisms of the
coating. They are typically compressive in nature and their intensity decreases as
the process temperature is raised. Thermal stresses would build up on cooling from
the process temperature and are induced by the different thermal expansion coef-
ficients between coating and substrate. The thermal residual stress, o, can be
supposed to be biaxial, and it can be evaluated by the following relation:

O =1 Ea (0g — o) (Ty — T) (7.2)

— v
where E4 and vq4 are the Young’s modulus and the Poisson’s ratio of the coating, aq4
and oy are the thermal expansion coefficient of the coating and the substrate, T4 is
the process temperature and T is the final temperature after cooling.

In Table 7.3 typical values of the coefficients of thermal expansion and elastic
properties of some thin coatings are listed. As an example, consider the case of PCD
deposited onto a hard metal substrate. Using Eq. 7.2 and the data listed in Table 7.3,
a thermal residual stress of —2 GPa is obtained if the deposition temperature is
850 °C and the coating is cooled down to 25 °C. As a matter of fact, PCD coatings
obtained by CVD typically contain compressive residual stresses that are only
thermal in nature owing to the high processing temperature [33]. On the other hand,
in PVD TiN coatings obtained at 200-300 °C, the thermal part is only 25 % of the
residual stress [34].

Table 7.3 Typical thermal expansion coefficients and elastic properties of some coatings and
substrates materials (taken from different literature sources)

Coating | Coefficient of thermal expansion (°C) | Young’s modulus (GPa) | Poisson’s ratio
TiN 9.3 x 10°° 500 0.25

TiC 8.3 x107° 450 0.17

CrN 0.7 x 107° 350

PCD 285 x 10°° 1000 0.2

HSS 11.9 x 107 215 0.3

WC/Co |5x107° 620 0.22
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Table 7.4 Experimental measurements of residual stresses in different coatings (data from [34])

Coating/ Deposition Typical residual stress (GPa) | Typical thickness (um)
substrate process

CrN/tool steel PVD -1 4

TiN/HSS PVD -4 4-5

TiN/hard metal | PVD -4 4

TiC/hard metal CVD +0.2 4

PCD/hard metal | CVD -2 10

The analysis of the thermal expansion coefficients listed in Table 7.3 shows that
the thermal residual stresses in coatings on tool steels and hard metals are,
respectively, compressive and tensile. In general, the residual stresses depend
greatly on the process parameters and on the features of the coatings. Table 7.4
summarizes the results of experimental measurements of residual stresses in dif-
ferent coatings [34]. If the residual stress is high and the coating/substrate adhesion
is low, the easy detachment of the coating, even after cooling, can be observed. This
problem is particularly important in PCD coatings, characterized by poor adhesion
when realized on WC-Co that has not been properly pre-treated [35].

7.5.2.3 Tribological Properties of Thin Coatings

As said, thin coatings are particularly suitable to increase the wear resistance by
sliding and low-stress abrasion. The lifetime, t, of a coated component under sliding
can be simply obtained by Eq. 5.2:

h

t=—
Ka'pO'V

(7.3)

where h is here the coating thickness, K, is the specific wear coefficient, p, and v
are the nominal contact pressure and sliding velocity respectively. For a given set of
Po and v values, t increases if K, decreases and h increases. However, as thickness
is increased, the presence of defects in the coating also increases. Therefore, the
thickness has to be optimized in order to obtain the longest possible lifetime. An
interesting opportunity is given by the realization of sandwich or multilayer coat-
ings. Multilayer coatings have a laminated structure, consisting of periodically
repeated lamellae. The lamellae can act as crack stoppers thus reducing the dam-
aging role of defects.

In hard coatings, K,-values are typically in between 10" (or lower) and 10™"4,
i.e., very similar to the values of bulk ceramics. As an example, Table 7.5 reports
the friction and wear rates of three ball counterbodies dry sliding against a TiAIN
coating, deposited by PVD onto a WC-12 % Co substrate [36]. The specific wear
rates of the balls and the coating are listed. In the TiAlN/steel pair, a quite severe
wear of the steel ball is observed, with the formation of a transfer layer rich in iron
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Table 7.5 Friction and wear rate of TiAIN sliding against steel, SiC and Al,O3 (data from [36])

Sliding pairs Friction coefficient K, ball (m*/N) K, coating (m?*/N)
TiAIN/steel 0.3 2.8 x 107" Negligible
TiAIN/SiC 0.17 413 x 107'° 1.7 x 10716
TiAIN/ALO; 1-0.6 (decreasing) 5.7 %1071 23x 1070

oxides on the coating. As a consequence, the wear of the coating is almost negli-
gible. The occurrence of material transfer is quite typical in the case of sliding of
relatively soft surfaces against hard coatings. Quite often this transfer also induces
an increase in friction that could favour the premature damage of the coating. In the
TiAIN/Al,O3 pair, a typical mild adhesive wear of ceramic materials is observed. In
the TiAIN/SiC pair, a tribolayer is formed during sliding. It firstly involves the
oxidation of SiC and the reaction of SiO, with moist air to form different hydrides.
As a consequence, a boundary lubrication is established and both friction coefficient
and wear rates are particularly low.

If premature failure of the coatings takes place during sliding, the lifetime
predicted by Eq. 7.3 is not attained. Three main factors may induce premature
failure:

(1) atoo low hardness of the substrate beneath the hard coating;
(2) the fragmentation of the coating by brittle contact;
(3) the flaking of the coating.

As shown in Fig. 7.2, if the hardness if the substrate is too low and a point or
angular load is applied to the coated part, plastic deformation may be initiated at the
substrate/coating interface. If the coating is unable to accommodate this deforma-
tion, it will fracture by bending. The hardness difference between coating and
substrate can be minimized by depositing the coating on a hard metal or a mar-
tensitic steel (such as a tool steel). A further improvement can be achieved by the
so-called duplex treatments, which typically comprise a nitriding process followed
by the coating deposition. In general, a plasma or low-pressure nitriding is carried
out, since with these techniques the formation of the compound layer is limited or
avoided. In fact, the presence of the compound layer decreases the adhesion
between the coating and the substrate, because it tends to decompose during the
deposition. The nitrided diffusion layer provides support for the coating, and also
increases the adhesion of the substrate with nitride coatings, such as TiN, TiAIN,
and CrN coatings.

The fragmentation of the coating by brittle fracture, schematized in Fig. 7.16b, is
also called cohesive fracture. It is favoured by the presence of defects in the coating
that can induce brittle fracture if the applied tensile stress overwhelms a critical
value (see Eq. 4.3). The flaking of the coating (Fig. 7.16c) is also called adhesive
failure. It is favoured by a low coating/substrate adhesion and by the presence of
compressive stresses that induce debonding and buckling. In both cases, the hard
fragments can also act as abrasives, thus increasing the wear rate.
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Fig. 7.16 During sliding, friction induces a compressive stress in front of the slider and a tensile
stress behind it (a). The tensile stress favours cohesive fracture within the coating (b), whereas the
compressive stress favours adhesive fracture between coating and substrate (c¢)

The stress state within a coating plays then a crucial role. It is given by the sum
of three contributions: the contact Hertzian stress (which ma