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.
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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
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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)
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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:
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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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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)
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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

surface due to the adhesion (b) 10
(courtesy of Duvefelt and r
s z I

Olofsson) Z _

g 5

e I

= L

.% L

2 0

s L

L]

3 |

a - E—

§ L

-10 I 1 | | 1

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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