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FUNDAMENTALS OF SURFACE
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LUBRICATION
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1.1 INTRODUCTION

The word tribology originates from the Greek word tribos, meaning rubbing.
Tribology is the science of study of interacting surfaces in relative motion
which encompasses interfacial phenomena such as friction, lubrication, adhe-
sion, and wear. It spans a wide area of knowledge and technology from molec-
ular and surface interactions to design of micro- and nano-mechanical systems.
Although the term tribology has emerged only since 1966, the history behind
it goes back to the prehistoric era, when man learned how to use force of fric-
tion for the generation of fire by rubbing two pieces of wood or flint stones
against each other [1]. Later, the tribological achievements of early civiliza-
tions in developing wheeled vehicles, mills, rolling bearings, and the use of
lubricants for transporting heavy stones were great advancements in the
course of history. After the Industrial Revolution, the need for better machin-
ery boosted the experimental and theoretical studies on different aspects of
tribology such as bearing design, better lubricants, and so forth. The beginning
of the twentieth century was accompanied by early investigations of friction
and lubrication on the microscopic scale and development of theories on the
molecular scale [1-3]. The development of modern tools such as surface forces
apparatus (SFA) in the 1960s and 1970s, atomic force microscope (AFM) in
the 1980s, and computers which allow molecular simulation of tribological

Polymer Adhesion, Friction, and Lubrication, First Edition. Edited by Hongbo Zeng.
© 2013 John Wiley & Sons, Inc. Published 2013 by John Wiley & Sons, Inc.



2 FUNDAMENTALS OF SURFACE ADHESION, FRICTION, AND LUBRICATION

processes has greatly enhanced the research and knowledge in the broad field
of tribology. One of the most exciting and rapidly growing areas of tribology
research is biotribology, which covers a vast range of interests from live cell
interfaces, artificial implants, and joint lubrication [4]. The importance of the
research in tribology becomes more vital when it comes to economy, where
more attention to friction and wear could save billions of dollars per year [5].
In this chapter, some basic concepts such as intermolecular and surface forces
and surface energy are first discussed because of their fundamental impor-
tance in tribological processes. The basic principles of adhesion, friction, rolling
friction, lubrication, and wear are discussed in Section 1.3. Section 1.4, Section
1.5, Section 1.6, and Section 1.7, respectively. The concept of real contact area
is reviewed in Section 1.8 and some of the modern tools that are used exten-
sively in tribological studies are discussed in Section 1.9. Finally, a brief review
of the computer simulations in tribology is given in Section 1.10.

1.2 BASIC CONCEPTS

1.2.1 Intermolecular and Surface Forces

As tribology deals with two interacting surfaces in relative motion, the type
of interaction that governs between the two surfaces is determinative of their
tribological behavior. The intermolecular and surface forces can be attractive
or repulsive and their range of action and magnitude can be very different.
The types of forces operating between two surfaces depend on the nature of
the interacting surfaces and medium between them. A comprehensive review
of intermolecular and surface forces is beyond the scope of this chapter and
only a brief overview is given here. The major types of nonspecific intermo-
lecular and surface forces are listed in Table 1.1.

The van der Waals (VDW) forces exist between any two molecules or
surfaces which can be attractive or repulsive, but always attractive between
similar molecules. The VDW forces originate from interaction between electric
dipole moments of the molecules. There are three major contributions to VDW
forces: (1) a force between two permanent dipoles (Keesom interaction), (2)
a force between a permanent dipole and a corresponding induced dipole
(Debye interaction), and (3) a force between two instantly induced dipoles
(London dispersion forces) [6]. The VDW interaction energy between two
molecules or surfaces is given by

E(D)=-S2r, (1.1)

and the corresponding force becomes:

dE _ 6Cypw

F(D)=-—>=-——22%, (1.2)
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TABLE 1.1 Major Types of Nonspecific Intermolecular and Surface Interactions

Type of Interaction

Main Features

VDW

Electrostatic (coulomb,
ionic, double layer)
Steric

Thermal fluctuation (i.e.,
osmotic, entropic,

A force existing between all bodies. Usually attractive,
and can be repulsive.

A force existing between charged molecules/surfaces in
liquid. Attractive or repulsive

A quantum mechanical force that is normally short
range and increases very sharply as the two molecules
get close (depending on geometry/shape or
conformation of the interacting molecules)

A temperature-dependent force associated with
entropic confinement of molecular groups. Usually

protrusion) repulsive
Hydrophobic An attractive interaction between hydrophobic
molecules or surfaces in water. Usually long range
Solvation Forces associated with local structuring of solvent

molecules between interacting surfaces. For water, it
is normally called hydration force.

A special electrostatic attractive interaction involving
positively charged H atoms covalently bonded to
electronegative atoms (e.g., N, O).

Hydrogen bonding

where D is the separation distance between the two molecules or surfaces, and
Cypw is a constant depending on the optical properties and geometry of the
interacting bodies. The VDW interaction energy between two macroscopic
bodies can be calculated assuming the interaction to be additive. Thus by
integrating the interaction energy of all the molecules in one body with all the
molecules in the other body, the two-body interaction energy would be
obtained. The result of such analysis is summarized in Table 1.2 for different
geometries in terms of Hamaker constant A,

A= ﬂzCVDWPlpz, (1.3)

where p; and p, are the number density of the molecules in bodies 1 and 2,
respectively. The Hamaker constant for two macroscopic bodies 1 and 2 inter-
acting across a medium 3 is given by the Lifshitz theory as follows [7]:

3 & —€
& +e3 & +6&

+3hpv (”12 )( )
8V2 (it +m3)" (g +n )/2{(n1+n3)/ +(n3 + 3)1/2}

(1.4)

where kp is the Boltzmann constant (1.381 x 10 J/K), ¢ is the dielectric
permittivity, n is the refractive index, 4, is the Planck’s constant (6.626 x
107" m* kg/s), and v, is the main electronic absorption frequency.
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TABLE 1.2 VDW and Electric Double-Layer Interaction Potential between Two
Macroscopic Bodies of Different Geometries with Separation Distance D (D << R),
and the Force Is Given by F(D) = -dE(D)/dD

Geometry of Two Bodies E...(D) E,..(D)"

Two atoms or r 212,62 K0
small . z,e -CIr* L€ €
molecules € — 4drejer 1+ x0

o

Two flat
surfaces (per D -A/2rD? (k2m)Ze™™P
unit area)

_( RiR, )i ( RR, )Ze”‘D
Two spheres R +R,)6D R +R,

Sphere-surface
(per unit
length)

—-AR/6D RZe™®

Two crossed

cylinders
(ger unit ~AJRR, /6D JRR, Ze P
length)
Two parallel
cylinders ' D | RR, A RiR,
(per unit R, +R, 1242D*? R +R,

“For similar constant potential surfaces of different geometries in symmetrical electrolyte solu-
tions, such as NaCl and MgSO.,.

The electrostatic double-layer force is another major interaction that exists
between two charged entities or surfaces in liquid solutions. When surfaces are
charged in an electrolyte solution, the long-range, double-layer force comes to
play a role. The electrostatic double-layer interaction energy between two
similarly charged surfaces as a function of their separation is given by:

E(D)=+Cpre™”, (1.5)

where Cp,, is a constant that depends on geometry of the surfaces, solution
conditions, and surface charge densities. The parameter //xis the Debye length
which depends only on electrolyte conditions (i.e., type and concentration)
and temperature. The Debye length is the characteristic decay length of the
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electrostatic double-layer interaction and decreases with increasing ionic
strength of the solution, which is given as:

12
1/x= (gogskBT/z Pmie(%ZiZJ ) (1.6)

where g is the dielectric permittivity of free space, & is the dielectric constant
of solution, ¢, is the elementary charge of a single electron, p.; is the number
density of ith ion in the bulk solution, and z; is the valancy of the ith ion. The
electric double-layer interaction energy for similar constant potential surfaces
of different geometries in symmetrical electrolyte solutions (such as NaCl and
MgSO,) is given in Table 1.2 in terms of an interaction constant Z defined as [7]:

7 = 64ne,e(ksT/ze,) tanh?®(zegy, /4k5T), (1.7)

where ¥, is the surface potential in millivolts and z is the electrolyte valency.

The sum of the VDW and double-layer forces between two surfaces form
the so-called DLVO theory, after Derjaguin and Landau [8], and Verwey and
Overbeek [9]. The VDW and double-layer forces depend differently on sepa-
ration distance, the former being a power law while the latter an exponential
law. VDW force is almost insensitive to solution conditions while double-layer
force is significantly affected. As a result of these differences, DLVO forces
can be repulsive or attractive depending on separation distance, solution con-
ditions, and surface properties.

Steric and bridging forces normally occur between surfaces covered by
large chain molecules (i.e., polymers, proteins) that can extend out into the
solution. The net interaction between two polymer-covered surfaces includes
the polymer—polymer and polymer—surface interactions, of which the former
normally leads to steric forces while the latter leads to bridging forces. Polymer
molecules can attach to a surface via either physical forces (physisorption)
or chemical bonds (chemisorption). The state/conformation of an adsorbed
polymer chain on a surface depends on parameters such as solution conditions,
temperature, and type of adsorption. If a polymer is completely soluble in a
solvent, then the polymer chain is expanded and conversely, in a poor solvent,
the polymer chain tends to shrink. A polymer molecule is known as an ideal
chain or freely connected chain if the monomers of the polymer chain are able
to rotate freely about each other in any direction and their movement is not
affected by the monomer-monomer interaction. In this state, the polymer
molecule has a random coil conformation and its dimension is defined by the
radius of gyration (R,) as:

_WN
g \/g >
where / is the monomer length and N is number of monomer units in poly-
mer chain. The solubility and state of a polymer in a solvent also depends on

R (1.8)
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temperature. The temperature in which a polymer molecule acts like a freely
connected chain (R = R,) is known as the theta temperature (7,) and a solvent
at T'= T, is known as theta solvent. The surface coverage I" which is the num-
ber of adsorbed polymer chains per unit area is defined as:

F = ?, (19)
where d is the mean distance between the attachment points of adsorbed
polymer chains. As two polymer-covered surfaces approach each other, a
repulsive osmotic force is experienced between them, which is known as steric
repulsion. The origin of this repulsive force is the unfavorable entropy associ-
ated with confining polymer chains between the two surfaces. When the surface
coverage is low (d > R,), also known as the mushroom regime, the repulsive
steric interaction energy between two flat surfaces is given by [7]:

E(D) =~ 36TkgzTe %, (1.10)

For high surface coverage (d < R,) known as the brush regime, the repulsive
steric force per unit area (pressure) between two flat surfaces is given by the
Alexander—de Gennes equation as [7, 10]:

kgT

[@L/D)" ~(D/2L)"] for D<2L, (1.11)
where L is the thickness of the brush layer. The first term in Equation 1.11 is
the osmotic repulsion and the second term is the elastic stretch energy of
the chains. When two polymer-covered surfaces approach, the net interaction
also depends on the forces between the polymer and the opposite surface
that can be either repulsive or attractive. If the interaction between polymer
and the opposite surface is attractive, then it is normally referred to as
the bridging forces. In general, the bridging forces depend on the type of
interaction (i.e., specific or nonspecific) between the polymer and the surface.
Therefore, there is no single expression available for describing bridging forces,
although linear or exponential dependence on distance have been observed
in certain systems [7].

Hydrophobic force normally refers to the attractive force between two
hydrophobic particles, surfaces, or molecules in water and aqueous solutions.
Hydrophobic force has been reported to be much stronger than the theoreti-
cally expected VDW force. Experimental force measurements between various
hydrophobic surfaces have intended to reveal the long-range nature of the
force and corresponding strong adhesion force between the surfaces [11].
The magnitude of the hydrophobic force also depends on hydrophobicity
of the surface, which is usually quantified by water contact angle measurement.
The surfaces are normally considered to be hydrophobic if the water contact
angle exceeds 90°. Nevertheless, the origin of the hydrophobic force is not fully
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understood yet. Some of the suggested mechanisms include cavitation due to
the metastability of a thin aqueous film separating the hydrophobic surfaces
[12,13], correlated dipole interactions [14], rearrangements of water molecules
near hydrophobic surfaces [15], and the bridging of nanobubbles [16, 17].

Other intermolecular and intersurface interactions that are important in
understanding the various tribological phenomena include, but are not limited
to, thermal fluctuation forces, solvation forces, and hydrogen bonding. The
reader is referred to other references for a more detailed discussion of the
topic [7, 18].

1.2.2 Surface Energy

It is useful to introduce the concept of surface energy which will be used
throughout the discussion. The energy required to separate unit areas of two
surfaces 1 and 2 from contact is referred to as work of adhesion (Wy,), and for
identical surfaces it is called work of cohesion (W};). The energy required to
increase the surface area of medium 1 by unit area is surface energy or surface
tension (%), which is related to the work of cohesion by Equation 1.12:

Wi =2y (1.12)

For solids, the term surface energy is mostly used, which has the unit of energy
per unit area (J/m?), and for liquids, the term surface tension is usually used
in units of force per unit length (N/m). The two terms are dimensionally and
numerically the same although the term surface energy is more general in the
sense that it can be applied to both liquids and solids. The surface tension of
a liquid is the magnitude of the force exerted parallel to the liquid surface
divided by the length of the line over which the force acts, which is determined
by the cohesive forces between liquid molecules. The surface energy repre-
sents the excess energy that the molecules on the surface posses compared to
molecules in the bulk of a material. There is a direct relationship between the
surface energy and intermolecular forces of a material. The intermolecular
forces that determine the boiling point and latent heat of a material also define
its surface energy [7, 19]. Therefore, it is expected that materials with high
boiling point usually have high surface energy (e.g., for mercury: y= 485 mJ/
m?, T3 = 357°C) and lower boiling point substances have lower surface energy
(e.g., for neon: y= 3.8 mJ/m?, Ty = —246°C). The surface energies and chemical
structures of some common materials are given in Table 1.3. For surfaces
between which attractive forces can be accounted for by conventional VDW
forces, the surface energy can be approximated by Equation 1.13 [7]:

A

Y San(r2s) (1.13)

where r is the interatomic or intermolecular center-to-center distance
(r/2.5~0.165 nm is commonly used) and A is the Hamaker constant. Equation
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TABLE 1.3 Surface Energy and Chemical Structure of Some Common Materials

Surface Energy

Material y (mJ/m?) Chemical Structure
Gold 1140 Au
Silver 903 Ag
Tungsten 2500 W
Aluminium 914 Al
Copper 1285 Cu
Mercury 486 Hg
Neon 3.8 Ne
Argon 9.4 Ar
Oxygen 10.7 0O,
Water 73.7 H,O
O
Acetone 23.7 )k
O
Acetic acid 27.5
OH
Benzene 28.88 £ 0.03 l J
S
o-Xylene 30.10 £ 0.3 [/L““//
\,///’
m-Xylene 28.90 £ 0.1
/r=\\
p-Xylene 2837+ 0.1 § /
Tol 285+0.3 {
oluene \ >
CjH
Phenol 40.9 0.3 (/ﬂ

Chlorobenzene 33.19+0.1 QCI
Ethylbenzene 29.20£0.2 @f\
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TABLE 1.3 (Continued)

Surface Energy

Material y (mJ/m?) Chemical Structure
Cyclohexane 25 O
n-Hexatriacontane 21 C—{HCzy—
Polytetrafluoroethylene 19 )\ ]
(PTFE) \l\
, n
Polystyrene (PS) 43
I
Nylon 4 48.5 —HN U iCH
ﬁ :
Nylon 6 38.4 ——HN— ——iCH;}
o
Nylon 6-6 43 N € ——{CHyjy ——C——NH——C i,
_ . -
Nylon 7-7 43 Y U (Ol s N T (Cl ey ——
- . -
Nylon 9-9 36 ——H‘J—~|’|'—[CH217 T——NH—{CHl
L ﬁ iy
Nylon 12 358 %HN—F—(CHZ)‘ %

(Continued)
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TABLE 1.3 (Continued)

Surface Energy

Material y (mJ/m?) Chemical Structure
|
ey, DT Gl gl e
Polyethylene 43 /[ =
terephthalate (PET) e
[
Poly(butylene 478 J/'\ P “‘“"=‘"'=‘"'=“"='“+n
isophthalate) ‘ f |
Poly methy el
methacrylate 39 fl
(PMMA) )

Low density
polyethylene 35 CH; —CH;
(LDPE) 1

Polyvinyl chloride 1 =

(PVC) e
Polyvinylidene chloride 43 . J\
(PVDC) \\“//J."I e
|
Polyvinyl fluoride N
(PVF) 3 I
Polyvinylidene fluoride s ] J
(PVDF) T
F n
Poly(trifluoroethylene) 22 : J,/KJJ[
Poly(chloroprene) 43.6 '{ \T'/ ‘v/]q

Poly(vinyl acetate) 36.5 { ¢ ]
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TABLE 1.3 (Continued)

Surface Energy

Material ¥ (mJ/m?) Chemical Structure
Poly(vinyl alcohol) 37 M
oH n
CH,OH CH,OH (I:H_QOH
oH 0. on O, OO
Amylose 37 e N o
OH OH OH
CH,OH THQOH
GO “On
Lol [\l_ho
. OH OH)
Amylopectin 35 CHeOH CHooH o, CHeOH
- —o0 o.
L OH Ty OH JOH 7 [OH ‘\]
o o o o
OH OH OH OH
ECI G T
Cellulose (from cotton) 42 R I N N
ov © omon © o O cHon T
RO..,
on 05 |
RO w
Ethyl cellulose 32 —of OF
<OR
RO’
OR n
R=H or CH,CH,
RO..
] ok
o]
OR -
RO.._
Nitrocellulose 38 o] on

RO
OR "

R=H or NO,

Data compiled from different sources, including Knovel.com and Reference [7].

1.13 predicts the surface energy of nonpolar and nonmetallic compounds well.
For metals, another attractive surface interaction (i.e., metallic bond) also
exists, which is much stronger than conventional VDW forces and is due to
electron exchange interactions at short separations. The metallic bonds are
responsible for the much higher surface energy of metals compared to other
materials (see Table 1.3). Moreover, the surface energy of metals and crystal-
line materials is very sensitive to the lattice mismatches. Since the atoms of
two mismatched lattices cannot pack together as closely as that of two per-
fectly matched lattices, the adhesion energy of mismatched interface is usually
significantly lower [7, 20]. Other contributions to the surface energy can be
from charge exchange interactions such as acid-base and hydrogen bonding.
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The surface and interfacial energies also determine the shape of a liquid
droplet on a surface. One of the most widely used methods for measuring
surface energy of a material is based on measuring the liquid droplet contact
angel 6. If a droplet of liquid 2 forms a contact angle 6 on a surface of material
1in a medium 3, the interfacial energies are related by the well-known Young’s
equation as:

Y12 + 723080 = ¥, (1.14)
If medium 3 is air, Equation 1.14 can be simplified to:
Yiz+y2cos0 =7, (1.15)

Only 7, and 6 can be directly measured by experiments, and thus there are two
unknowns in Equation 1.15: ¥, and y. Different approaches have been sug-
gested to resolve this problem. Zisman et al. [21, 22] found that a plot of cos6
versus p for a homologous series of liquids (so-called Zisman plot) usually
generates a straight line and the intercept of such plot with the horizontal line
cosf =1 is called the critical surface tension %, which can be approximated as
the solid surface energy %. This approach should be used with caution as it is
assumed that when cos@ = 1, %, is zero, which may not be necessarily true.

Another widely used method was developed by van Oss et al. [23] In the
van Oss method, the surface energy is comprised of two terms which take into
account the relative contributions from Lifshitz-VDW (y“") and Lewis acid—
base (y*?) interactions as:

y=y"+y (1.16)

The Lewis acid—base component of the surface energy is defined such that it
comprises all the electron—-acceptor and electron—donor interactions given by:

P =24ry. (1.17)

Based on Equation 1.16 and Equation 1.17, the Young’s equation can be
written as:

7>(cos@+1)= (\/J/LW LYo Jyiys +nm 72) (1.18)

Therefore, at least three different liquids should be used in contact angle
measurements to obtain the three components of the surface tension of solid
yi", ¥1, 71 in Equation 1.18 and thus the total surface energy in Equation 1.16.

1.3 ADHESION AND CONTACT MECHANICS

Adhesion is the process of attraction between two particles or surfaces which
brings them into contact. For the attracted particles or surfaces of the same
material, this process is normally referred to as cohesion. Although at first sight



ADHESION AND CONTACT MECHANICS 13

there might not be any direct relation between tribology and adhesion (while
one deals with surfaces in relative motion, the other tends to bring them into
contact), adhesion plays a crucial role in tribological phenomena, specifically
friction and wear. Adhesion also plays an important role in a wide range of
practical applications from adhesives, to cold welding of metals, to biomedical
applications. Research on developing better adhesives in automotive and aero-
space industries has continued for decades. Understanding the adhesion mech-
anisms of cells, bacteria, and proteins on biomedical surfaces is critical for the
advances of biotechnology and biomedical science. In this section, the classical
theoretical models for the adhesion or contact of two elastic surfaces are
reviewed, which are commonly known as contact mechanics theories for ana-
lyzing surface deformations, stress distribution, and strength of the adhesion
between two surfaces in contact.

1.3.1 Hertz Model

The deformation of two elastic surfaces in contact was first studied by Hertz
in 1886 [24]. Hertz assumed that no adhesion was present between the two
contacting surfaces, and analyzed the stress distribution and contact geometry
of two spheres as a function of compressive load (F,). Based on the Hertz
theory, the radius a of contact area under compressive load F, is given by
Equation 1.19 for two spheres of radii R, and R,, Young’s moduli E, and E,,
and Poisson ratio v; and v, , where R and K are given by Equation 1.20 and
Equation 1.21:

. _RF,

: : 1.19
@ =% (119)
11 1
_:_+_9 .
RR (1.20)
2 12
1 _3fl-w 1-m ) (121)
K 4 E  E

And the pressure or normal stress distribution within the contact area is
given by:

_ 3Ka(1- xz)]/2

1.22
2nR ( )

P(x) :
where x = r/a (see Fig. 1.1). According to Equation 1.22, pressure at the center
of contact region (x =0) is P(0) = (3F./2ma®) that is 1.5 times of the mean
pressure across the contact area. Hertz studied the contact of glass spheres by
using an optical microscope and verified his theory experimentally. Based on
the Hertz theory, there is infinite repulsion between the surfaces at D = 0; thus,
during the unloading process, the surfaces separate when contact area decreases
to zero as the compressive load reduces to zero (see Eq. 1.19).
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1.3.2 Johnson-Kendall-Roberts Model

The main limitation of the Hertz theory is that it neglects the surface energy
in the contact of two surfaces. For the first time, in 1921, Griffith pointed out
the role of surface energy in elastic contact and fracture of solids [25]. He
stated that during the formation of a crack in an elastic body, work must be
done to overcome the attractive forces between the molecules of the two sides
of the crack. He further pointed out that if the width of a crack is greater than
the radius of the molecular action, the molecular attractions are negligible
across the crack except near its end. Thus, Griffith stated that the conventional
theory of elasticity is capable of analyzing the stresses correctly at all points
of an elastic body except those near the end of a crack where molecular attrac-
tions cannot be neglected. For the same reason, there was a lot of controversy
about the stress distribution and surface deformation at the edge of contact
region until almost five decades after Griffith’s paper (see Fig. 1.1) [26-32].
Although Griffith pointed out that surface forces deform the crack and affect
the energy balance of the system, he did not quantify the model. The Hertz
theory failed to predict the contact mechanics experiments performed by
Johnson et al. using glass and rubber spheres: at low loads, the contact area
was shown to be much bigger than that predicted by the Hertz theory and
during the unloading process the contact radius reached a finite value before
detachment [33]. Almost a century after the Hertz model, in 1971, Johnson,
Kendall, and Roberts (JKR) proposed a model for contact of elastic surfaces

Hertz | JKR | DMT | Maugis

Stress distribution under compressive load
DNy | D
— r [ [
“ Y Y Y
I

Shape under compressive load
Y
6.1 — ;/r

C NN

Shape under zero load

Adhesion Force

| 3myR 47yR (3-4)mR

Figure 1.1 The main features of classical contact mechanics theories. (Modified based
on Horn, R.G; Israelachvili, J.N.; Pribac, F. (1987) Journal of Colloid and Interface
Science, 115, 480-492.) © Elsevier.
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which takes into account the role of surface forces [33]. They analyzed the
contact between two elastic spheres and stated that equilibrium condition can
be obtained when Equation 1.23 is satisfied:

dUy
da

=0. (1.23)

The total energy of the system (Uy) consists of three terms: the stored elastic
energy, the mechanical energy under the applied load, and the surface energy.
The appropriate expressions for these three components were derived and put
into Equation 1.23 to obtain the relation shown in Equation 1.24, where W,
is the adhesion energy and W,, = 2y for two surfaces of the same materials:

@ = %(FL +3TRW,y +\6TRF, W,y + (3RW,, )’ ) (1.24)

When W, =0 (non-adhesive), the Equation 1.24 (JKR theory) reduces to
Equation 1.19 (Hertz theory). At zero load (F, = 0), the contact area is finite
and given by:

P 6nR*W,, '

< (1.25)

The adhesion force (or so-called pull-off force) is the force required to sepa-
rate the spheres from adhesive contact. The corresponding adhesion force
between the spheres based on JKR theory is given by:

FJKR = SﬂRWad /2 (126)

And the normal stress distribution within the contact area is given by Equation
1.27, where x = r/a (see Fig. 1.1):

3Ka v (3KW,, " 12
P(x)=—=(1-x*)" - —“dj 1-x%)"". 1.27
(*) 27rR( * ) ( 2ra ( * ) ( )

1.3.3 Derjaguin—-Muller-Toporov Model

As shown in Equation 1.27, at the edge of contact region (i.e., x = 1), the
normal stress is tensile and infinite in magnitude, which causes each surface
to bend through a right angle along the contact edge. To resolve this unphysical
situation, Derjaguin, Muller, and Toporov (DMT) [34] proposed another
model for contact mechanics. According to DMT theory, adhesion arises from
attractive surface forces but the surface shape outside the contact area is
assumed to be Hertzian and not deformed by the surface forces. The stress
distribution within the contact area is also assumed to be the same as that in
Hertz theory. In the DMT model, the contact radius is given by Equation 1.28
and the adhesion (pull-off) force is given by Equation 1.29:
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at = g(ﬂ +27RW,,), (1.28)

FDMT = ZﬂRW,d (129)

1.3.4 Maugis Model

For a while there was some debate on which theory (JKR or DMT) is more
suitable to explain the contact area dependence on the load [26-29]. Several
models were proposed to show that either of the two theories (JKR and DMT)
was a limiting case of a more general approach [30-32, 35, 36]. In these analy-
ses, the intermolecular interaction between single asperities was described by
a potential function. For examples, Muller et al. [31,35] used a Lennard—Jones
and Maugis [32] used a Dugdale potential function. In a unified model pro-
posed by Maugis, the transition from JKR to DMT contact is determined by
a dimensionless parameter, which is proportional to the parameter proposed
by Tabor in 1977, generally known as the so-called Tabor number (7a) shown
in Equation 1.30 [26, 37],

2 \1/3
Ta= (19611;?’31') , (1.30)
20

where z, is the equilibrium separation between the two surfaces in contact,
and W,, = 2y for the cohesion case. The Tabor number depends on the size of
interacting particles, their elastic properties, and the characteristic length of
molecular interaction of the materials. For soft materials with large surface
energy and radius (i.e., Ta >> 1), JKR theory applies; while for hard materials
with low surface energy and small radius (i.e., 7a <<1), DMT model would be
more appropriate. The main features of contact mechanics theories are sum-
marized in Figure 1.1.

1.3.5 Indentation

One of the most widely used methods for determining hardness and elastic
modulus of materials is through indentation measurements. Basically an in-
denter is pushed against a sample surface through a complete cycle of loading
and unloading, and the load-displacement profile is used to determine the
hardness and elastic modulus. The indentation depth &; is the change in dis-
tance of the centers of the two approaching bodies from their (first contact
and) undeformed state (see Fig. 1.1). The indentation experiments can be used
to measure the mechanical properties of both bulk material and thin films
or surface layers at the submicroscopic and nanoscales. For a cylindrical flat
punch of radius a indenting an elastic material of Young’s modulus E and
Poisson’s ration v under applied load F,, assuming no shear stress between the
punch and the material surface, the indentation depth §; is given by Equation
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1.31. Equation 1.31 shows that the indentation of a flat punch on an elastic
plane is proportional to the applied load, which also assumes that the contact
area ma* is constant and independent of the load during indentation:

1=V’ FE

0;
E a

(1.31)
The indentation depth &; of two elastic spheres in contact as given by different
contact mechanics theories is given in Equation 1.32:

@ _F.

Hertz: 6, = —=—, (1.32a)
R Ka

2
JKR: 5, =4 _ [16mra. (1.32b)
R 3K

In typical indentation experiments, a rigid punch is used such that deformation
of the punch during the loading—unloading cycle is usually not significant. For
simple punch geometries, Sneddon proposed that the relationship between
load F, and elastic displacement &; can be generally written as [38, 39]:

FL =C1(5i)cz, (133)

where ¢; and ¢, are constants. The typical values of ¢, parameter are ¢, = 1 and
1.5 for cylindrical and spherical punches, respectively. One of the most widely
used relationships for analyzing the indentation load-displacement data is
given as [40]:

dF, 3
S="2=—"—KJA,, 134
ds;,  2\rn ! (1.34)

where S = (dF,/d§) is the slope of the unloading-displacement curve during
initial stages of the unloading as measured experimentally, K is the com-
bined modulus of indenter and specimen defined in Equation 1.21, and Ap is
the projected area of elastic contact, which is usually assumed to be equal
to the optically measured area of the hardness impression. The hardness of
the sample material is given by:

FJ_max
H=——— .
0 (1.35)

where F| .« 1s the maximum indentation load. As shown in Equation 1.34,
reliable determination of elastic modulus depends on accurate measurement
of unloading slope S and projected area A,,. For the measurement of unloading
slope, S, Oliver and Pharr proposed a power law relationship to describe the
unloading data as [40]:

FL =C3(55—C4)C5, (136)
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where the parameters c;, ¢y, and ¢s can be determined by common fitting pro-
cedures. The unloading slope S can be calculated by differentiating Equation
1.36 and computing the derivative at the maximum load F| ., and displace-
ment &, The projected area A, at maximum load F, ,, depends on the
geometry of the indenter and the depth of contact. Oliver and Pharr assumed
that the geometry of the indenter can be described by an area function F4(D),
which relates the cross-sectional area of the indenter to the distance from the
tip D.The projected contact area Ap at the maximum load can then be obtained
as [40]:

AP = FA (5i.max ) (137)

The method of Oliver and Pharr has been widely used for the characterization
of mechanical properties of different materials by indentation techniques, of
which the latest refinements and advances have been reported in a recent
review [41].

1.3.6 Effect of Environmental Conditions on Adhesion

All of the adhesion and contact models previously discussed assume contact
between perfectly smooth surfaces. In reality, many factors can affect the
contact of two surfaces, including contamination, load, surface roughness, and
liquid films. Dust contamination can severely reduce the adhesion of metallic
surfaces by preventing direct metallic contact [42, 43]. In an early study on
gold surfaces, Williamson et al. found that if surface roughness is larger than
the size of dust particles, then dust had little effect in preventing metallic
contact. In contrast, if the dust particle protrudes the surface, it prevents inti-
mate metallic contact and thus decreases the adhesion [42].

The presence of small amount of condensable vapors in the atmosphere is
another parameter which can affect adhesion. The phenomenon of condensa-
tion of vapor molecules around the contact joints between the surfaces is
known as capillary condensation and can have substantial effect on adhesive
properties of surfaces. The condensed vapor forms a liquid meniscus between
the two surfaces. As a result of the surface tension of liquid and curva-
ture effect, a pressure difference occurs between the inside and outside of the
meniscus known as Laplace pressure. The Laplace pressure of the meniscus
pulls the two surfaces together and contributes to the adhesion force. The
resulting adhesion force between a sphere of radius R on a flat surface in the
presence of the liquid meniscus is given by:

Faanesion = 4R (Y. €080+ ¥s.) = 4nRY sy, (1.38)

where 6 is the contact angle of liquid on solid surface, y; is the surface energy
of the liquid, and 7s5; and %y are interfacial tensions of solid-liquid and solid—
vapor interfaces, respectively. Usually y;cos6 exceeds y; and Equation 1.38
reduces to [7]:
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Fighesion = 47RYy, cos®. (1.39)

Thus adhesion force in the presence of the liquid meniscus is mainly deter-
mined by the surface energy of the liquid. Adhesion experiments that were
done in an atmosphere of different vapors corroborate Equation 1.39 [44].
Recent experiments on the effects of relative humidity on adhesion have
shown that adhesion regimes changes with humidity. Below a threshold rela-
tive humidity, adhesion is mainly determined by VDW forces and above that
by capillary condensation [45, 46]. However, it should be noted that when
the condensation continues and the Kelvin radius exceeds the sphere radius
R (i.e., the particle becomes effectively immersed in excess liquid), the adhe-
sion often turns to be very low due to the disappearance of the capillary term
in Equation 1.38.

1.3.7 Adhesion of Rough Surfaces

Surface roughness is another critical parameter on adhesion. Generally, adhe-
sion is conversely related to roughness for elastic surfaces [47-51]. The prob-
ability of intimate contact between two surfaces decrease with surface
roughness, which therefore decreases the adhesion. Greenwood and Williamson
[52] modeled a rough surface on which the asperities are assumed to have the
same radius f and a Gaussian distribution of asperity heights z with mean
height @ and standard deviation o, as shown in Equation 1.40. It was assumed
that the contact of each asperity follows the Hertzian model:

1

271-6 e—(Z—w)2 /20‘2' (140)

f(2)=

2

In 1975, Fuller and Tabor analyzed the adhesion between elastic solids and the
effect of roughness. The asperities on the rough surfaces were assumed to
follow the Gaussian distribution (similar to the Greenwood—Williamson
model) and the contact of each asperity followed the JKR model [48]. Fuller
and Tabor showed that the adhesion decreases with the “adhesion parameter”
(1/A.), defined as:

2/3

where Ay= % + % — %,. Fuller and Tabor’s model is valid only when the real
contact area is much lower than the apparent contact area (see Section 1.7)
and that contact breaks uniformly across the apparent contact area, but in real
situations separation of surfaces from contact could be accompanied by crack
propagation [53]. Other researchers applied different approaches such as using
single-parameter characterization [48], double-parameter characterization
[54], and fractals [55, 56] to model the surface roughness and the correspond-
ing adhesion force. Nevertheless, there is no general mathematical model for
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defining the surface roughness. Recent experimental measurement and theo-
retical modeling on adhesion of rough surfaces [56-59] showed an exponential
relation between load F, and intersurface separation u as Equation 1.42,
where u, is a constant:

F\ o< e, (1.42)

According to recent experiments and theoretical modelings, the adhesion
force decays exponentially with RMS surface roughness ¢ as [7]:

Fu(g)= Fire ', (1.43)

where ¢, is a constant and Fjxz is the JKR adhesion force for smooth surfaces
(c=0).

1.3.8 Adhesion Hysteresis

Another important aspect of adhesion process is hysteresis effects. Adhesion
hysteresis is the difference between contact properties (e.g., contact area)
during loading and unloading cycles. Adhesion hysteresis is usually defined
as [60]:

Ay=(yr—74)20, (1.44)

where ¥, is the advancing surface energy during loading and 7; is the receding
surface energy on unloading. Ay is a measure of energy dissipation during a
complete loading—unloading cycle. Thus the adhesion energy hysteresis per
unit area is given by:

Whystcrcsis = 2(7/R - YA) = ZAJ/ (145)

For purely elastic material with no adhesion hysteresis, contact radius versus
load curve would be essentially reversible for loading and unloading processes
(see for example Eq. 1.24). However, for viscoelastic materials, the loading and
unloading (contact radius vs. load) curves deviate as a result of hysteresis. The
origin of hysteresis effects can be the inherent instabilities and irreversibilities
associated with loading—unloading cycles or molecular rearrangements and
interdigitations at the interface [61]. Recent experiments on polymer surfaces
have revealed that polymers of lower molecular weight (MW) show higher
adhesion and adhesion hysteresis due to the higher degrees of dynamic molec-
ular rearrangements and interdigitation at the interface [62-64].

1.4 FRICTION

1.4.1 Amontons’ Laws of Friction

The early investigations in the broad field of tribology were more focused on
friction. One of the first scientific studies on tribology was performed by



FRICTION 21

Leonardo da Vinci (1452-1519), whose friction experiments resulted in state-
ments that are mostly known as the Amontons’ laws of friction, namely:

i. The friction force is directly proportional to the applied load.
ii. The friction force is independent of the apparent contact area.

The first law of Amontons is usually written mathematically as:

A

where Fj is friction force, F, is the normal load that presses the surfaces
together, and u is the coefficient of friction. In order to make the results of
different experiments comparable to each other, it is a common practice to
report the results of friction experiments in terms of coefficient of friction
rather than friction force itself. Euler was the first one who distinguished
between two modes of friction: static friction and dynamic friction [53]. The
force needed to initiate relative movement of two bodies initially at rest is
referred to as static friction force. When two bodies are in motion against each
other, the force that resists the movement is referred to as dynamic or kinetic
friction. Generally, the kinetic friction is lower than the static friction, but the
values may depend on the actual experimental conditions [47]. The values of
coefficient of friction for some common materials and systems are given in
Table 1.4.

The role of surface texture in friction and the concept of asperity interaction
were first introduced by Amontons in 1699 [1]. Later, in 1785, Coulomb inves-
tigated the role of surface area, nature of materials in contact, normal load,
and contact time upon friction, mostly for wooden surfaces. Coulomb also
studied the relationship between static and kinetic friction, and the third law
of friction is often attributed to him which states:

iii. Kinetic friction is independent of the sliding velocity.

Amontons’ laws of friction were originally concluded mostly based on experi-
ments on wooden surfaces, which were later found to be valid for many other
surfaces. However, it should be noted that Amontons’ laws of friction are
empirical laws, and exception to Amontons’ laws have been observed in many
systems and in various nanometric scenarios, as discussed further in this
chapter.

1.4.2 The Basic Models of Friction

In spite of about 500 years of scientific study on friction, a theory has not yet
been developed which can describe all experimental data available and predict
friction between any two surfaces. A wide range of materials already have
been tested in friction experiments such as wood [1, 65, 66], metals [67-69],
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TABLE 1.4 Typical Values of the Coefficient of Friction for Material 1 Sliding on
Material 2 at Different Environmental Conditions [7, 47]

Material 1 Material 2 Environment Static Kinetic py
Gold Silicon Vacuum (107 Pa) 1.0 -
Gold Gold Air 2.8 -
Steel Steel Air, 20°C 0.58 -
Steel Steel Glycerine, 20°C 0.2 -
Steel Steel Olive oil, 20°C 0.11 -
Tungsten Tungsten Vacuum(10~® Pa) - 3.0
Tungsten Tungsten Vacuum(10™® Pa), - 1.3
exposure to O,
Ice Ice 0°C 0.1 0.02
Ice Ice =70°C 0.5 0.09
Glass, tempered PTFE Air 0.10 0.10
Glass Glass Air 0.95 -
Silver Alumina Air - 0.37
Diamond Diamond Air 0.1 -
Sapphire Sapphire Air 0.2 -
Mica Mica Air 1.0 -
Graphite Graphite Air 0.1 -
PMMA PMMA Air 0.80 -
PTFE PTFE Air 0.08 0.07
Nylon 6/6 Nylon 6/6 Air 0.06 0.07
Polystyrene Polystyrene Air 0.50 -
Polyethylene Polyethylene Air 0.20 -
440C steel HDPE Air - 0.09
440C steel LDPE Air - 0.40
440C steel PP Air - 0.21
440C steel PVDF Air - 0.31
Mild steel Nylon 6/6 Air 0.20 0.28
Mild steel Nylon 6/12 Air 0.24 0.31
Mild steel Polystyrene Air 0.28 0.32

crystalline solids [70-72], graphite [73-76], diamond [72, 73, 75, 77], mica [78-
80], polymers [62-64, 81-83], and many more [49, 84-87]. A valuable list of
available resources about friction can be referred to a recent review paper by
Krim [88]. As pointed out by Dowson [1], there have been four major models
or approaches in the long history of friction study, as follows:

i. The geometrical or mechanistic model. The geometrical or mechanistic
model dominated most of friction studies until the beginning of the
twentieth century. In this approach, asperity interaction and forces
needed for asperities to slip over each other are believed to be the origin
of the friction force. The work of early investigators, including Amontons
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ii.

iii.

and Coulomb, who believed in the mechanical view of friction, is exten-
sively reviewed by Dowson [1]. Briefly, it was believed that mechanical
interlocking of asperities resists the motion of two bodies against each
other and the work of frictional force is equal to the work done against
the normal load in separating the asperities and sliding them over each
other. Therefore, the effect of lubrication in reducing friction was
explained by the assumption that lubricants fill the irregularities and
gaps between these asperities. However, the geometrical or mechanistic
approach could not explain a variety of experimental observations.
For example, friction between two highly polished smooth metallic sur-
faces is higher than unpolished surfaces as a result of cold welding of
asperities. If the interlocking of asperities was the origin of friction, one
should expect the unpolished surface to have higher friction. Another
example is that adsorbed films and monolayers on different surfaces
can greatly change the friction while essentially maintaining the same
surface roughness.

The molecular or adhesive model. Ewing [47] and Hardy [2] were among
the first to propose that the origin of friction is the surface forces and
molecular adhesion at the interface. According to Hardy, lubricants
reduce the molecular field of force between the solid surfaces, which in
turn reduces the friction. Prandtl [1] and Tomlinson [89] considered the
role of adhesion in the friction process and tried to analyze the friction
at the molecular level. According to Tomlinson, when two surfaces are
moved against each other, molecules are forced into each other’s atomic
fields and then separated, which is accompanied by energy dissipation
that was considered to be the origin of the friction force. Derjaguin took
into account the role of intermolecular forces, quantified the concept
proposed by Tomlinson, and derived the following relation for friction
force [3]:

il

#=m, (1.47)

where A,., 1s the real contact area and P and P, are the mean stresses
representing external forces (external load) and molecular adhesion,
respectively.

The deformation or ploughing model. In the deformation or ploughing
model, friction is attributed to the force required to move hard asperi-
ties through or over another surface. Let A, be the sum of the area of
indenting asperities perpendicular to the direction of sliding and H” be
the mean stress required to shear the junction; the friction force would
be given by:

F=AH". (1.48)
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Let H be the yield stress of the softer material and note that normal
load is applied on real contact area, one would have:

F, =A..H. (1.49)
Therefore, the coefficient of friction becomes:

_ﬂ= AH’ _ Ay

- FL ArealH Areal . (150)

In Equation 1.50, it is assumed that H is equal to H’, which is a realistic
assumption in most cases [47]. In order to quantify the Ay/A,., ratio, the
geometry of the asperities must be known. For example, for conical
asperities that make an angle 0 to the direction of sliding, the coefficient
of friction is [1]:

Ay 2

= =—tan®. 1.51
u Areal T ( 5 )

Similar expressions have been also derived for other geometries [1, 47].

Combined adhesive and ploughing model. In the fourth approach (com-
bined adhesive and ploughing model), it is believed that both adhesion
and ploughing contribute to the friction force. Friction experiments
on different metals [67, 69, 90] have shown that deformation and
wear occur not only on the surface but to a great depth beneath the
surface of the material. Thus friction is not simply a surface phenome-
non that can affect the molecules on the surface but also can lead to
deformations far beneath the surface molecular layer of the material.
Therefore, in order to explain the observed phenomena, it was proposed
that friction is due to both adhesion and ploughing. Thus, the proposed
mechanism for the metallic friction is as follows: when two surfaces are
put into contact, adhesion and cold welding occur at the points of real
contact and during sliding; force is required to shear these metallic junc-
tions and also to plough out the metal [47]. Thus friction force can be
expressed as:

El = Fploughing + F;hearing' (152)

The ploughing term is given by Equation 1.48 and the shearing term can
be written as:

Ehearing = Area]S7 (153)

where s is the tangential stress required to shear the junctions. Thus
coefficient of friction becomes:

_Areals+AOH,_i+ AO

- ArealH - H Areal . (154)
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Replacing the corresponding value of Ay/A,.. from Equation 1.51, the
coefficient of friction for conical asperities may be expressed as:

u=%+%tan9. (1.55)

Experiments on metals [47] have shown that the shearing usually occurs
within the softer material, therefore the coefficient of friction is mostly
determined by the physical properties (s and H) of the softer one of two
sliding materials. Experimental [67, 91, 92] and theoretical [93-96]
research has been done to investigate the relative contribution of either
adhesion or ploughing to the total friction force. Generally, the plough-
ing term is more dependent on the geometry of the slider and the depth
of the indentation in comparison with the adhesion term [47, 94, 96].
Nevertheless, the role of adhesion seems to dominate the ploughing in
friction between metals, although it is difficult to be generalized cate-
gorically [1].
The total friction force (Eq. 1.52) can be also written as:

The first term in Equation 1.56 is referred to as the load-controlled
contribution which mainly depends on the structure and topography
of the surfaces, while the second term is known as the adhesion-
controlled contribution which depends on both the topography and the
intermolecular forces between the surfaces [7]. Equation 1.56 also shows
that for adhesion-controlled friction (i.e., at low loads), the friction force
is not directly proportional to normal load as predicted by Amontons’
first law.

The relationship between adhesion and friction has also been studied
by using the SFA technique [97-99]. It was found that friction is directly
proportional to the adhesion hysteresis rather than adhesion itself. The
relation between adhesion hysteresis and friction is schematically shown
in Figure 1.2. The friction between two surfaces, as they move relatively
by an elemental distance 9, can be divided into a full adhesion cycle:
separating the surfaces, moving by distance 9, and then bringing them
down to contact. The adhesion energy hysteresis per unit area during
this adhesion cycle is given by Equation 1.45. However, it should be
noted that during the friction cycle molecules of the two surfaces may
not fully debond as they do during the adhesion cycle. Thus, energy loss
during friction would be a fraction of the adhesion energy hysteresis or
2QAy, where Q lies between 0 and 1. Equating the frictional work done
when two surfaces of contact area A move relatively by a distance J to
the energy loss due to adhesion energy hysteresis, one would obtain the
following relation [7]:

F6=2QAAy. (1.57)
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Figure 1.2 Relationship between adhesion hysteresis and “adhesion-controlled”
friction.

Finally, the adhesion-controlled friction force would be:

_2QAAy

(1.58)

1.4.3 Stick-Slip Friction

One of the interesting phenomena in the process of friction that has been
studied for a long time is the so-called stick-slip or intermittent motion. Instead
of moving steadily, the two surfaces stick together and then slip past each
other, which results in a sawtooth-like pattern in the friction trace (force vs.
time). A typical experimental setup for tribological studies and friction trace
with stick-slip motion is shown in Figure 1.3.

By definition, the maxima and minima of the stick-slip friction trace is
referred to as static (F;) and kinetic (F}) friction. There are two main kinds of
mechanisms for the stick-slip friction which depend on the type of friction: (1)
dry friction and (2) lubricated friction. It should be noted here that there is
still no single model available that can describe all the available experimental
data on stick-slip friction behaviors. Each proposed model of stick-slip friction
may not be generalized to other systems.

Let’s first review the proposed mechanisms for stick-slip sliding during dry
friction. Bowden and Tabor suggested that the stick-slip motion is due to the
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Figure 1.3 (a) A typical experimental setup for tribological studies and (b) a typical

friction trace with stick-slip motion (when sliding velocity is below some critical
value V).

higher static friction () between the surfaces during the “stick” as compared
to lower kinetic friction (y,) during the “slip” [47]. Based on their experiments
on metals, Bowden and Tabor concluded that the occurrence of stick-slip
motion depends on the type of metallic surfaces, the friction speed properties
of the system, and the sliding velocity. Generally stick-slip is more commonly
observed for dissimilar metals and metal combinations which show a large
difference between p, and 1, and at lower sliding speeds. As the sliding velocity
increases, the time during which the surfaces remain together at the “stick” is
reduced and the difference between y, and u, becomes less, which is accom-
panied by the decrease in the size of the fluctuations [47]. It should be noted
that most of the instruments used in friction studies were assemblies of slider—
spring where the friction force was measured by the deflection of the spring.
It was argued that at least part of the stick-slip motion could be due to the
dynamic instability of the mechanical apparatus rather than the genuine fric-
tion force generated between the surfaces [100, 101].

Another mechanism proposed for stick-slip dry friction is the surface topog-
raphy model, which attributes the stick-slip motion to the surface roughness.
As the slider rises an asperity, friction force is increased (stick), and after it
reaches the peak of the asperity, it slides down the valley rapidly (slip). Such
topographical stick-slip motion has been observed experimentally at the
molecular level using AFM [76].

The distance-dependent model or creep model suggests that during shear-
ing, a characteristic length D, should be moved before adhesive junctions
break (stick) and then the surfaces continue to slide with a lower friction force
(slip) than the original force, and after that new contacts would form. The
distance-dependent model also suggests a characteristic time 7, is needed for
adhesion and friction forces to increase after each new contact is made. This
model has been used to analyze the stick-slip motion of various systems such
as paper—paper and steel-steel. It was suggested that the distance-dependent
model can also be applied to molecularly smooth surfactant or polymer sur-
faces as well [102].
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Another proposed mechanism considers both intermolecular forces and
mechanical instability of the spring during stick-slip friction. When two sur-
faces slide over each other under dry conditions with the slider attached to a
spring, the total potential energy of the system can be considered as the sum
of the intermolecular potential energy and the potential energy of the spring.
The stick-slip motion can then be analyzed as the change in total potential
energy of the system during sliding, which depends on spring constant, sliding
velocity, and energy transfer mechanisms of the system. Therefore, in situations
where the shear force is a constant force (i.e., no minima in the potential
energy of the system), such as sliding down an inclined plane, stick-slip motion
will not occur [7].

The above proposed mechanisms for stick-slip sliding are based on dry
friction experiments where there is no lubricant between the surfaces.
Experimental results show that stick-slip motion also occurs during sliding of
lubricated surfaces [47, 103-105]. In this case, the frictional behavior of the
surfaces depends on the thickness of the confined liquid film, which in turn is
related to the applied normal load. As the thickness of the liquid film decreases,
the friction force increases (see Section 1.6 for more details about different
lubrication regimes). The friction force also increases with the viscosity of the
film. Physical properties of molecularly thin liquid films can be very different
from their bulk values due to ordering of the liquid molecules confined
between the surfaces. For example, viscosity of the confined film can be orders
of magnitude higher than the bulk viscosity since the liquid molecules are
compacted between the surfaces [7, 106]. The stick-slip motion in the presence
of a lubricant is usually due to periodic transitions between the “solid-like”
and “liquid-like” states of the confined lubricant molecules and film corre-
sponding to the “sticking” and “slipping” regimes, respectively [103-105].
However, it should be noted that occurrence of stick-slip motion during lubri-
cated friction depends on many parameters such as type of lubricant and its
molecular dimensions, type of interacting surfaces, nature of the intermolecu-
lar forces between the surfaces and between the surface and the lubricant,
normal load, sliding velocity, as well as the inertia (stiffness and mass) of the
tribological system. The stick-slip motion in lubricated friction is normally
velocity dependent and disappears above some critical driving velocity (V)
where the melted film would not be able to resolidify during the sliding (see
Fig. 1.3b).

For more complex boundary lubricants such as surfactant layers and high
MW polymer melts, the friction trace can have several maxima and minima at
different sliding velocities, leading to several smooth and stick-slip regimes.
Generally, three regimes can be considered for such systems:

(1) At very low sliding velocity (V) ~ 0), the film behaves like a liquid, fric-
tion is low (F, ~ 0) and the system is at thermodynamic equilibrium
during sliding.
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(2) At very high sliding velocity V| the lubricant chains have no time to
interdigitate and the film behaves like a solid giving rise to low friction
force F.

(3) At the intermediate regime, the sliding velocity V is low enough that
chain interdigitation occurs but not high enough to break the bonds
and therefore high energy dissipation occurs, leading to high friction
force F). Therefore, the stick-slip friction is expected at some critical
velocity in the intermediate regime where energy dissipation is
maximum and friction is high [7].

1.4.4 Directionality of Friction

The topography, structure, and alignment of the two surfaces moving against
each other have a significant impact on the friction force, as evident from the
dependence of friction force on the sliding direction, which is known as direc-
tionality. One of the well-known examples of directionality is the use of a saw
where the force needed to pull or push depends on the direction. The direc-
tionality of friction at the molecular scale has been observed experimentally
for several materials. For example, for mica surfaces it was found that the fric-
tion force depends on the mismatch angle between the two contacting cleav-
age lattices [80]. The friction force increased when the two mica surfaces
formed commensurate structures and decreased along the mismatched lattices
direction (also see Section 1.2.2 for discussion about surface energy of metals
and crystalline materials). Friction directionality has been reported for lipid
bilayer films which was attributed to different molecular alignments [107].
Very recently, friction anisotropy was also reported for exfoliated monolayer
graphene by friction force microscopy [108].

1.5 ROLLING FRICTION

The beginning of the industrial revolution was accompanied by expansion of
railways and wide usage of rolling bearings in different machines and mechani-
cal systems. This vast presence of rolling elements brought about another
subject of study, namely rolling friction. Although it has been long established
that rolling friction is far less than sliding friction, the first quantitative study
of rolling friction was done by Coulomb. Coulomb’s experiments on the rolling
of wooden cylinder over a flat wooden surface resulted in the relation shown
in Equation 1.59,

F
Froting = ko ?7 (1.59)

where F, is load, R is radius of roller, ko is a constant, and Fn, i rolling
friction force. It was believed that in rolling friction, similar as in sliding
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Figure 1.4 Dupuit’s theory of rolling friction. (a) A cylinder under applied load F,
against a flat surface before motion and (b) after rolling motion starts.

friction, the surface asperities are responsible for resistance to motion. In 1839,
Dupuit proposed another relation for rolling friction, as shown in Equation
1.60 [1]:

aning =ko % (1-60)
According to Dupuit’s theory, when a cylinder rolls on a flat surface, the rear
portion of contact region does not contribute fully to the ground reaction force
as a result of deformation. Therefore, the ground reaction is acted in front of
rolling axis as shown in Figure 1.4b.

The resisting couple (F,0) should be overcome by the drawing torque

(FroningR) before cylinder starts moving. Thus,

EollingR = FJ_S’
or
F
E’olling = 5? (161)

For a cylinder compressed against softer material, the relation between pen-
etration depth 4 and the radius of contact zone a is given by:

a* = 2Rh. (1.62)

Dupuit assumed that location of ground reaction § is proportional to the arc
of contact such that:

8 o< a o< (Rh)". (1.63)

Replacing the § in Equation 1.61 by Equation 1.63 would result in Equation
1.60. The main drawback of Dupuit’s theory is that depth of penetration 4 was
assumed to be only a function of the material properties and independent of
the load. According to Dupuit’s theory, the contact radius a is also independent
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of the load and determined solely by the radius of the cylinder, which is in
contrast to elastic deformation of solids. For example, in Hertz’ theory of
elastic contact, for a cylinder on a flat surface, the contact radius is propor-
tional to F/"*R"?, which would result in Equation 1.64 for rolling resistance of

a cylinder on a plane based on Dupuit’s theory (Equation 1.61):

Ff/2
Frouing =ko W (1-64)
The mechanism of rolling friction depends on whether a material is elastic or
plastic. It should be noted that for a material in the elastic regime, when the
load is removed, the material will return to its original undeformed state, but
the plastic regime is accompanied by permanent deformation of the material.
For example, if the friction of two surfaces occurs in the elastic regime, the
initial surface topography can be recovered, but with plastic deformation, a
permanent change in surface topography will take place, which can change
interfacial friction behavior. Bentall and Johnson showed that Equation 1.64
is valid for elastic regime but the analysis becomes more complex for visco-
elastic and plastic regimes [109]. Modern theories mostly attribute the rolling
friction to deformation losses [110] when the material is plastic, and to hyster-
esis losses [111] when it is in elastic regime.

1.6 LUBRICATION

The importance of lubrication had been realized by early civilizations when
they used mutton or beef tallow to lubricate chariot wheels or when they used
oil to help the passage of sledges over planks [1]. For a long period of time,
vegetable and animal oils such as whale oil, fish oil, or olive oil were the only
lubricants used. Industrialization, development of the railways, and textile
industry replaced these traditional lubricants by mineral oil from shale or from
wells. Soon afterwards, lubrication system became an essential part of any
machinery. However, the knowledge about lubrication mechanisms remained
primitive until the middle of nineteenth century. Since friction was known to
be related to the roughness of surfaces, it was believed that lubricants could
affect surface topography to reduce friction.

Petrov was the first who conducted systematic experiments to understand
the hydrodynamic essence of lubrication. In 1883, Petrov studied the lubrica-
tion of two concentric cylinders with a film of lubricant in between. To account
for slip between the lubricant and the solid surfaces, Petrov applied the rela-
tion proposed by Navier shown in Equation 1.65 [1],

T=0V, (1.65)

where 7is the shear stress at fluid—solid interface, oy is the coefficient of exter-
nal friction, and v is the relative velocity between the fluid and the solid at the



32 FUNDAMENTALS OF SURFACE ADHESION, FRICTION, AND LUBRICATION

interface. For friction between layers of fluid he used Newton’s law of
viscosity:
du

T=1N—

1.66
23 (1.66)

where 7is internal shear stress, ) viscosity of the fluid and du/dn is the normal
velocity gradient. Applying Equation 1.65 and Equation 1.66, Petrov proposed
the following relation for friction force Fy [1]:

2rrLnV,

REE

k=

where D is the thickness of the lubricating film D =r, — r;, r; and r, are radii
of the inner and the outer cylinders, respectively, L is the length of cylinders,
o; and ¢, are the coefficient of external friction as defined in Equation 1.65 of
the inner and outer cylinders, respectively, and V| the relative velocity of rota-
tion of inner cylinder. In the limiting case of no slip at the fluid-solid interface,
Equation 1.67 reduces to:

=44, (1.68)

D

where A is the inner cylinder surface area 2zr;L. Equation 1.68 is also valid
for lubrication between two flat parallel surfaces, which is another example
where Amontons’ laws are not valid since the friction force is directly propor-
tional to the sliding velocity V|, and area A.Therefore, coefficient of friction u
for no-slip condition would become:
_h _mA

TR (1.69)

where F| is the applied load.

Soon after Petrov, in England, Tower constructed a machine to study fric-
tion and lubrication in the bearings. Tower accidentally discovered that there
is a pressure gradient in the oil film surrounding the bearing. This finding was
a great turning point in the history of tribology which stimulated the theoreti-
cal work by Osborne Reynolds on fluid-film lubrication [1]. In 1886, Reynolds
published a classic paper on theory of lubrication [112] by applying general
equation of motion, Newton’s law of viscosity, and the corresponding bound-
ary conditions to obtain pressure, velocity, and stress profiles in lubricant film
for different geometries such as parallel surfaces in relative tangential motion.
In the same paper, Reynolds also investigated the effect of temperature, load,
and velocity on the performance of journal bearing. Reynolds concluded that
metallic contact between journal and bearing occurs during the start of the
motion of journal which is accompanied by abrasion and release of small solid



LUBRICATION 33

particles. These solid particles are responsible for blackening of lubricant and
further wear in the system. It was suggested that impurities in the lubricant,
the velocity of the journal, and the difference between axis of the journal and
axis of the bearing will accelerate the rate of wear. Reynolds’ theoretical
analysis of lubrication matched very well with experimental data, which
formed the basis of fluid-film bearing design for many decades to come.

Another mode of lubrication was reported by Hardy and Doubleday in
1922. This new form of lubrication was called boundary lubrication by Hardy.
In boundary lubrication, the thickness of lubricant is in the order of size of
the molecules as opposed to fluid-film lubrication, where the surfaces are
completely separated by the lubricant film. It was shown in Hardy and
Doubleday’s systematic experiments that even very thin films of lubricant can
reduce the friction between two surfaces extensively [113, 114]. Hardy and
Doubleday measured the static coefficient of friction for three different solid
surfaces (glass, steel, and bismuth) using different lubricants (alcoholic and
paraffinic). According to their results, friction between two surfaces depends
on type of lubricant, nature of solid surfaces, and MW of lubricant. For both
types of lubricants, the coefficient of friction reduced with lubricant MW.
Hardy suggested that molecules of lubricant form a monolayer on the solid
surfaces and mask their field of force. Therefore, as the MW of lubricant
increases, the distance between the solid surfaces also increases, which dimin-
ishes the interacting force between the surfaces. The efficiency of the lubricant
also depends on the strength of adhesion of lubricant molecules on the solid
surface, which in turn depends on the intermolecular forces between lubri-
cant molecules and the solid substrate. It should be reminded that based on
Coulomb’s theory, interlocking of surface asperities was responsible for fric-
tion between two surfaces and the effect of a lubricant was to separate these
asperities. For the first time, in Hardy’s study, the role of intermolecular forces
on the friction between two surfaces was being systematically investigated.

For boundary lubrication of solid surfaces, wear of the sliding surfaces was
always reported [47]. The wear observed suggests that boundary friction
cannot be simply the result of sliding of lubricant monolayers over each other.
Bowden and Tabor proposed another mechanism of boundary lubrication,
which states that the friction force is due to both the shear of metallic junctions
and lubricating film [47]. The boundary lubrication mechanisms proposed by
Hardy, Bowden, and Tabor are shown schematically in Figure 1.5. In Figure
1.5, A is the contact area and oA is the area where lubricant monolayer is
broken under the load and intimate metallic junction occurs.

Based on Bowden and Tabor’s theory, the role of lubricant is to inhibit
intimate metallic contact between the surfaces. Thus, a good lubricant should
not only adhere well to the substrate surfaces, but also have strong (lateral)
adhesion between hydrocarbon chains to prevent monolayer breakdown. Two
commonly used methods for producing monolayers are Langmuir-Blodgett
(LB) deposition and chemical grafting of molecules into self-assembled mono-
layers (SAMs). Lubrication experiments done by AFM and friction force
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(a) (d)
Figure 1.5 Mechanisms of boundary lubrication proposed by (a) Hardy, in which
friction force is only due to interaction of lubricant monolayers; and by (b) Bowden
and Tabor, in which friction is due to shear of metallic junctions and lubricant monolay-

ers. (Reprinted from Bowden, F.P, Tabor, D. (1950) The Friction and Lubrication of
Solids. Part I. Oxford University Press. © Oxford University Press.)
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Figure 1.6 A typical Stribeck curve showing three regimes of lubrication or lubricated
friction and the corresponding film thicknesses. (Reprinted from Israelachvili, J.N.
(1999) Surface forces and microrheology of molecularly thin liquid films. In: Handbook
of Micro/Nanotribology, ed. Bhushan, B. CRC Press, Boca Raton, FL, chapter 9, p. 27.
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microscope (FFM) (see Section 1.9 for equipment details) revealed that SAMs
are more effective in reducing the coefficient of friction and have greater
durability in comparison with LB films [115]. SAMs are normally chemically
grafted to the substrate through strong covalent bonds while LB films are
usually bonded by weak VDW attraction. Thus, by choosing appropriate chain
length and terminal linking group of SAMs, it is possible to achieve effective
and optimized lubrication for various applications.

With the development of fluid-film lubrication and boundary lubrication
models, the question that remained unclear was under what condition each
model would play the important role. The experimental study by Stribeck on
friction of journal bearings resulted in an empirical curve which is now well
known as the “Stribeck curve” and shows different lubrication regimes. A
typical Stribeck curve is shown in Figure 1.6.
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The three lubrication regimes in the Stribeck curve are boundary lubrica-
tion regime, intermediate or mixed lubrication regime, and fluid-film lubrica-
tion regime. The corresponding film thickness for each of these regimes is also
shown in Figure 1.6. The boundary and fluid-film lubrication regimes have
been previously discussed briefly. The intermediate regime is normally accom-
panied by an increase in viscosity and non-Newtonian flow behavior. The
rheological properties of a film in the intermediate regime are between that
of the bulk and boundary properties.

The conventional research in tribology mostly focuses on machines and
mechanical devices. A comparatively new research area in the field is the
study of lubrication and friction processes in biological systems or so-called
biolubrication [116-120]. One of the main differences is that conventional
lubricants are oil based while biological lubricants are water based [4].
Joints, tissues, motion of blood cells in blood capillaries, and rapid movement
of gecko on walls are all examples of biological systems in which friction and
lubrication processes play important roles. A thorough understanding of these
tribological processes in biological systems is greatly needed to help develop
biolubricants which can be used in biomedical implants and nano-/microbio-
medical devices.

1.7 WEAR

From a chronological point of view, scientific studies of wear followed that
of friction and lubrication, which was partly because engineers focused more
on the functioning of machines and moving parts rather than their lifetime
and long-term reliability. Wear is loss of material from substrate surfaces as a
result of their relative motion at the interface. When two surfaces come into
contact, the nature of interfacial junctions formed determines their tribologi-
cal behavior. While at first sight wear might appear to be proportional to fric-
tion, generally there is no direct relation between the friction coefficient and
the amount of wear of different materials. For example, studies of Bowden
and Tabor on metals showed that the amount of wear could be negligible while
the friction coefficient was high and vice versa, which depended on the strength
of the metallic junctions, nature of sliding metals, and possible oxide films
present [47].

Early investigations on the wear of metallic surfaces revealed several
important aspects of wear. First, for a constant load, wear was found to be
directly proportional to the distance traversed. Thus, the amount of wear is
usually shown in mass loss per unit of distance traversed. Second, similar to
all other tribological phenomena, the amount of wear is considerably affected
by a thin layer on the material surface. For example, it was found that a thin
layer of hard metals such as rhodium or chromium can significantly reduce the
wear between metallic surfaces. These hard metals (e.g., thodium, chromium)
are hardly worn by other metals. Moreover, chromium oxide film is strongly
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attached to the chromium surface, which prevents intimate metallic junction.
Tabor did a set of wear measurements between a chrome molybdenum steel
surface and a cast iron hemispherical slider coated with a film of chromium.
He found that if the thickness of the chromium layer on the cast iron slider
exceeded 5 pum then the amount of wear would decrease to 0.005 pg/cm from
an initial value of 4 pg/cm [47]. The surrounding atmospheric conditions (i.e.,
temperature, humidity, and chemical composition) can also significantly influ-
ence the amount of wear. For example, the presence of oxygen in the atmo-
sphere normally results in the formation of oxide films on metallic surfaces.
The presence of the oxide film, in turn, will affect the wear. If the oxide film
is strongly attached to the underlying metal, as in the case of AL,O; to alumi-
num, it will act as an abrasive surface and cause heavy wear on steel, for
instance, because Al,O; crystals are much harder than iron oxides. Contrarily,
if the oxide film is soft, the amount of wear would be relatively small [47].

Understanding the mechanisms of wear in practical application can assist
in its reduction. The most common mechanisms of wear include: adhesive,
abrasive, corrosive, erosive, and fatigue, which are discussed in the succeeding
paragraphs.

As mentioned earlier, when two solid surfaces are placed into contact, adhe-
sion takes place at the interfacial junctions formed. When a tangential force
is imposed, the adhesive junctions should be broken to allow the tangential
motion to occur. Depending on the nature of the adhesive junctions, the
rupture can occur either at the interface or at the surface of the cohesively
weaker material. As a result, part of the cohesively weaker material transfers
to the cohesively stronger material. This process is known as adhesive wear
because it takes place as a result of adhesion at the interface. Adhesive wear
is the most common type of wear among rubbing metals. Many experiments
in the 1950s showed that adhesive wear is directly proportional to the distance
traversed and the normal load, and inversely proportional to the hardness of
the softer material. However, it has been noted by many researchers that there
are many exceptions to the above mentioned relation [1].

In abrasive wear, hard asperities or debris that are in relative motion with
a softer surface can cause abrasion of the surface. This type of wear is used in
many industrial applications for cutting, grinding, and polishing of many mate-
rials. For example, aluminum oxide or silicon carbide powders, which are
materials with high cohesive energy, are widely used for the polishing of sur-
faces [20]. As a result of abrasive wear process, the surface roughness of the
polished surfaces would decrease. However, abrasive wear process can be
harmful to operating machinery such as gears, bearings, and mechanical seals.
Adhesive and abrasive wear mechanisms have been shown to play important
roles in chemical mechanical polishing (CMP) processes.

Corrosive wear occurs when chemical or electrochemical reaction is accom-
panied with relative motion of a surface. Corrosion can take place on many
materials, especially metallic surfaces. The process in which the corrosion
products are removed as a result of the relative motion of surfaces is known
as corrosive wear. Because of the chemical nature of corrosive wear process,
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environmental conditions such as temperature, pressure, and chemical com-
position can significantly affect the rate of wear process. For example, the
presence of oxygen or corrosive compounds in the lubricants can usually
trigger corrosive wear. Similarly high friction coefficient commonly results in
higher temperature at the interface to promote the chemical reactions.

Erosive wear occurs when a particle (solid, liquid, or gas) impinges a surface
which results in loss of material from the surface. Along the nature of particle
and surface, impingement velocity and angle are also important factors in
determining the rate of erosive wear. Some studies have tried to reveal the
role of cohesive energy of a material in the rate of erosive wear. For metals,
it was found that as the binding energy of metal-metal bonds increases, the
amount of erosive wear would decrease [20].

When a material undergoes cyclic loading—unloading, localized structural
damage will occur gradually. This process is called fatigue, and loss of material
as a result of this process is known as fatigue wear. Fatigue is usually accom-
panied by formation of cracks on the surface or subsurface region. Progres-
sion of these cracks will eventually generate wear particles. Generally, as the
number of cycles increases, the probability of fatigue wear also increases.

1.8 REAL CONTACT AREA

In practice, a completely flat surface does not exist. Any real surface has some
peak-and-valley pattern which is detrimental in its tribological behavior. When
two solid surfaces are brought into contact, they are connected to each other
through these irregularities, and their real contact area is normally far less than
the apparent contact area. Thus knowledge about the topography of surfaces
is a priority for tribological studies. Many methods have been developed
through the past decades for topography analysis of the surfaces such as
optical interference, electron microscope, and AFM, some of which will be
discussed in the next section.

As mentioned earlier, when two surfaces come into contact, they contact
each other through the peaks of asperities, and at the points of intimate contact
these asperities can undergo plastic deformation readily while the bulk of the
material do not deform. As load increases, the intimate contact area between
the asperities will increase to distribute the load over larger area, and elastic
deformation in the bulk of material starts. Further increase in the load will
result in plastic deformation of both the asperities and the bulk of the material,
although each asperity may still retain its identity. The analysis by Bowden
and Tabor [47] showed that for any type and shape of surface asperities, the
real contact area is almost proportional to the load:

= (1.70)

where P, is the mean yield pressure of the asperities (yield pressure is the
limit of elastic regime above which material undergoes plastic deformation).
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According to Hertz’s theory of elastic deformation, contact area is propor-
tional to F7” and this might seem contradictory with Equation 1.70. However,
it should be noted that as soon as the surfaces are brought into contact, plastic
deformation of the surface asperities occurs and the real contact area increases
proportionally with load, while the bulk of material deforms elastically and
the apparent contact area increases with FZ?. This trend continues until the
onset of plasticity in the bulk of the material. Greenwood and Williamson
argued that the deformation in the real contact area does not necessarily need
to be plastic [52]. They proposed a statistical model for the topography of
rough surfaces (see Section 1.3.7) and provided a criterion, the plasticity index,
v, to determine whether the intimate contact is elastic or plastic:

E |o

where 1/E’=(1-v{)/E, +(1-Vv3)/E,, H is hardness, ¢ here is the standard
deviation of the height distribution of asperities, and f is the radius of curva-
ture of asperities. The plasticity index y combines the material and topo-
graphic properties of the solids in contact. The deformation of asperities is
elastic for y< 1 and plastic for w> 1. Many similar statistical models have
been proposed afterwards [121-125]. The ratio of the real contact area to the
apparent contact area also depends on the geometry of the surfaces, which
could be as high as 1:2 for a cylinder on a grooved surface or as low as
1:100,000 for two flat surfaces [47].

Different methods have been developed for the measurement of real
contact area. Three of these methods are briefly reviewed as follows. In 1939,
Bowden and Tabor did a classic experiment to investigate the real contact area
through the measurement of electrical resistance between two conducting
surfaces [126]. Suppose that two conducting surfaces are brought into contact
with the radius of contact area of a, which is very small compared to the size
of the surfaces. If electric current is passed through the contact area, as a result
of constraint in the flow of current stream, an electric resistance called spread-
ing resistance (Rg) will be given by:

_ 1
2all’

o (1.72)
where II is the electric conductivity of the material. Therefore, by measuring
the electric resistance and knowing the value of electric conductivity, the
real contact area can be determined. One limitation of this method is that it
can be used mainly for conductive surfaces which can pass electric current
easily such as metallic surfaces. It should be noted that even for metallic sur-
faces, the formation of oxide layers on the surfaces can complicate the data
analysis [47].

Another method to determine the real contact area is mainly based on
Equation 1.70. Assuming plastic flow, the yield pressure (P,,) can be measured
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by indentation experiments and real contact area can be then calculated as a
function of applied load based on Equation 1.70.

The third method is based on optical interferometry by using polarized
white light [127, 128]. When two surfaces are brought into contact and white
light is passed through them, the interference fringes in the real contact area
would be dark based on optical path difference of reflected light. The real
contact area can be then determined by an image processing method on the
interference pattern.

1.9 MODERN TOOLS IN TRIBOLOGY

All tribological phenomena occur on material surfaces. Characterization of
the surface properties of materials is needed for in-depth understanding of
their tribological phenomena. Various techniques have been developed for the
chemical and topographical characterization of material surfaces. A brief over-
view of some of the most widely used techniques for surface analysis and
tribological studies are discussed in the succeeding sections.

1.9.1 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is also known as electron spectros-
copy for chemical analysis (ESCA). XPS has been used extensively for chemi-
cal analysis of material surfaces which gives quantitative information on
elemental composition of the surfaces. Following the early experiments by P.D.
Innes, Moseley, Rawlinson, and Robinson on photoelectric effects, Kai
Siegbahn and his group at the University of Uppsala in Sweden made signifi-
cant progress in developing the XPS techniques in the 1950s and 1960s [129].
XPS measurements require ultra-high vacuum (UHV) conditions. In a typical
XPS measurement, a source of X-ray generates and impinges X-ray photo-
electrons on the material surface, which excite the electrons of atoms on the
surface and cause them to leave the surface. The kinetic energy and number
of the excited electrons are measured by a detector. The kinetic energy of the
excited electron is directly related to its binding energy—the energy of an
electron bounded to a particular atom, which also depends on the chemical
group which the atom is attached to. Thus, by measuring the binding energy
of the excited electrons, information about the chemical nature of the surface
can be obtained, which is important for understanding many tribological phe-
nomena. The probing depth of XPS ranges from 1 to 12 nm, which makes it
suitable for chemical analysis of solid films and surfaces.

1.9.2 Scanning Electron Microscopy

Scanning electron microscope (SEM) is a powerful tool for studying surface
topography, electrical conductivity, and fracture pattern of material surfaces,



40 FUNDAMENTALS OF SURFACE ADHESION, FRICTION, AND LUBRICATION

which provides excellent physical picture of materials surfaces in various tri-
bological studies. In a typical SEM measurement, an electron beam is emitted
from an electron source and then accelerated and focused on a specimen
surface. After the electron beam hits the surface, energy exchange occurs
between the electron beam and the sample surface and results in the emission
of secondary electrons, which are common in all SEMs. The emitted secondary
electrons strike the detector and the resulting signal is amplified and displayed
as brightness of the cathode ray tube. It should be noted that other types of
signals can also be generated by an SEM which include backscattered elec-
trons, characteristic X-rays, light, specimen current, and transmitted electrons.
For example, SEM images using the signal of backscattered electrons can
provide information about the distribution of different elements on the speci-
men surface, as the signal intensity of backscattered electrons is strongly
related to the atomic number of the specimen. SEM can also provide useful
information about the crystalline nature of solids, which can be used for ana-
lyzing surfaces in tribology [20].

1.9.3 Infrared Spectroscopy

Infrared spectroscopy (IR) has been widely used for characterizing the chemi-
cal structures of monolayers, chemisorbed species, and substrate surfaces in
various tribological studies. IR is based on the fact that each molecule or
chemical bond absorbs specific frequencies of light which are characteristic of
their chemical structure. Absorption occurs when the IR frequency matches
the vibrational frequency of a bond and therefore valuable information on the
chemical structure of materials can be obtained.

1.9.4 Optical Tweezers or Optical Trapping

Optical tweezers (OT) employ radiation pressure to measure interaction
forces between two particles, which have been also used to study the interac-
tions of polymers and biomacromolecules. Electromagnetic radiation exerts
forces upon any surface exposed to it, which is known as radiation pressure,
and was first deduced theoretically by James Klerk Maxwell in 1871. In OT, a
small particle can be trapped by the radiation pressure via a highly focused
laser beam to generate forces on the particle, of which the size can range from
~10 um [130, 131] down to atomic levels [132]. In a typical OT measurement,
the applied force ranges from 1 to ~1000 pN, and the deflection of the laser
beam is used to measure the distance/displacement with a typical resolution
of ~1 nm. However, the use of laser beams in OT usually involves heating of
the sample, which can be a limiting factor for biological samples due to their
sensitivity to temperature. The distinctive feature of OT is the excellent control
over the applied force which allows the best time-dependent control of forces
between single molecules [133].



MODERN TOOLS IN TRIBOLOGY 41

Repulsion

VAR
£ ==
~ O_—— Approach
Force Q >
Cantilever A/_

Displacements
ADg _ >

§/ ~ Tip

2 Attraction

)_ y Jump out
I ‘

Piezoactuator

(a) (b)

Figure 1.7 (a) Schematic of the working principle of an AFM and (b) typical normal
force versus distance curve obtained using an AFM.

1.9.5 Atomic Force Microscope (AFM)

The first AFM was developed by Binnig, Quate, and Gerber in 1986 as a modi-
fied combination of the scanning tunneling microscope (STM) and the stylus
profilometer, which was usually used for the study of surface roughness [134].
AFM has been extensively used to measure interfacial forces, surface adhesion
and friction, as well as to characterize surface topography at the nano- and
atomic scale. The basic key components of a typical AFM include laser diode,
photodiode, cantilever and tip, piezoactuator or piezoelectric tube (PZT)
scanner, and feedback control circuit. A schematic drawing of the working
principal of AFM is shown in Figure 1.7a.

As shown in Figure 1.7, AFM consists of a flexible cantilever beam with a
sharp tip at one end. The AFM cantilever is usually made of silicon or silicon
nitride with typical spring constant of 0.01-100 N/m, and the radius of curva-
ture of the tip is in the range of 5-100 nm. There are different methods to
determine the spring constant of a cantilever. For a rectangular cantilever with
cross-section of width of w, length L, thickness 7., and Young modulus of E, a
simple expression for calculation of the spring constant is [135]:

_F _Ewg
7z, 4D’

(1.73)

c

where F'is the applied force to the end of the cantilever and Z, is the deflec-
tion of the cantilever at its end. For a V-shaped cantilever, a commonly used
expression for the spring constant is [135]:
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where o is the opening angle (see Fig. 1.7). The experimentally measured
values for spring constant usually deviate from the theoretical values, which
is normally due to the nonuniformity of the thickness of cantilever (¢.) and
deviation of Young’s modulus of a thin layer from that of the bulk material.
Thus, it is always better to calibrate the spring constant of cantilever before
force measurement. A general method to measure the spring constant is by
applying a known force to the cantilever and then measuring its deflection to
get the spring constant as K, = F/Z.. Another widely used method is based on
the change in the resonance frequency when a known mass is attached to the
end of the cantilever. For a rectangular cantilever, the spring constant is cal-
culated as [135]:

An*M
SRETORITE (L7)
where Vj is the initial resonance frequency and Vj is the resonance frequency
of the cantilever after mass M is attached. Hutter and Bechhofer proposed
another widely used method to determine the spring constant of cantilever
from the power spectral density of cantilever fluctuations due to thermal noise,
which does not attach any mass and has been used in many models of com-
mercial AFMs [136].

Forces as small as 10" N between an AFM tip and a sample surface can
be detected by monitoring the deflection of the cantilever beam. Different
techniques have been used for measuring the deflection of the cantilever
beam, including optical deflection, optical interference, capacitance, and
tunneling current [137]. Among these techniques, laser beam deflection tech-
nique is one of the most common methods used in commercial AFMs. As
shown in Figure 1.7, a laser beam is directed toward the top surface of the
cantilever near the tip, and the reflected laser beam is detected by a photode-
tector. The differential signal detected by the four quadrants of the photode-
tector provides a direct measurement of the cantilever deflection. The PZT
used in AFM scanner is a piezoelectric material that can expand or contract
when an electric voltage is applied, which has two main designs in an AFM
system. In a small-sample AFM, a sample surface is mounted on a PZT scanner
which can move the sample in x-, y-, and z-directions. In a large-sample AFM,
the cantilever is mounted on a PZT scanner for the measurement of large
samples, which normally has relatively lower lateral resolution than the design
of small-sample AFM due to the vibrations generated by the cantilever
movement [137].

AFM is widely used for the study of surface topography with two different
imaging modes: contact mode and tapping mode. In contact mode, a feedback
control mechanism is employed to adjust the distance between the tip and
sample surface by regulating the voltage applied to the PZT scanner while
keeping the cantilever deflection (or the force) constant. The movement of
PZT scanner in the z-direction is thus a direct measure of the roughness of
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the sample surface. In tapping mode imaging, the cantilever tip does not
contact the sample surface but taps it. In this mode, the cantilever/tip assembly
is vibrated sinusoidally at a frequency slightly higher than its resonance fre-
quency (350-400 kHz). A feedback control system is used to maintain a
constant oscillating amplitude of the cantilever/tip by adjusting the distance
between the tip and the sample surface in the z-direction. Thus in tapping
mode, set point is the constant oscillating amplitude of the cantilever. The
feedback signal sent to the z-direction piezo to keep the set point constant
provides a measure of the sample roughness. Imaging in the tapping mode
generally causes less damage to the sample surface than in the contact mode,
thus tapping mode is preferable for measuring topography of soft surfaces.
The cantilever specifications for the tapping and contact modes are normally
different. Contact mode imaging is based on controlling the force between the
tip and sample surface, thus a relatively soft and sensitive cantilever (0.06—
0.6 N/m) with low resonance frequency (13-40 kHz) is preferred. Tapping
mode is based upon adjusting the oscillating amplitude of the cantilever/tip
assembly, therefore a relatively stiffer cantilever (15-60 N/m) with higher
resonance frequency (250-400 kHz) is more commonly used [137].

One of the major applications of AFM is to monitor the interfacial and
adhesion forces. A typical force—distance curve obtained using AFM is shown
in the illustration of Figure 1.7b. During the force measurement, the sample
surface is moved toward the tip by the z-direction piezo at a constant velocity.
When the sample and the tip are far away from each other, there is no force
between them. As the cantilever tip is close to the sample surface (from 1 to
>10 nm), the intermolecular and surface forces between the tip and sample
result in the deflection of the cantilever. It should be noted that force—distance
curves are usually normalized by dividing the force F by the radius of curva-
ture of the surface R, as the absolute forces exerted between two surfaces are
proportional to the interacting area (or number of molecules involved). As a
result, the normalized forces F/R (with a unit of newtons per meter [N/m] or
joules per square meter [J/m?]) obtained in one experiment can be compared
with theoretical values or other experiments.

There are two limitations or challenges which should be noted in AFM
force measurements. First, the radius of curvature of the AFM tip is usually
not well defined in AFM experiments as a result of difficulties during the
manufacturing process [138]. Moreover, tip wear, which is the change in shape
and/or size of the tip during force measurements, is one of the major problems
with AFM force measurement that further complicates the determination of
radius of curvature. To overcome this issue, SEM has been commonly used to
characterize the size and shape of AFM tips before and after experiments.
However, it should be noted that the tip surfaces need to be conductive for
SEM imaging and the typical space resolution of SEM is of the order of 10 nm
(although 1 nm resolution can be achieved in some cases) [135]. Second, the
zero separation normally cannot be determined directly in AFM force mea-
surements, and usually the linear part of the force curve in the contact regime
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is assumed to be the zero separation. In most applications, this method will
not cause any problem; but for highly deformable surfaces, soft materials, or
for situations where strong repulsive forces are present, the interpretation of
the results can become rather complicated.

AFM has been modified by utilizing a sensor which is capable of measuring
lateral forces to be used as so-called friction force microscope (FFM) or scan-
ning force microscope (SFM) [76]. The principle of FFM or SFM is the same
as AFM: lateral forces cause bending and torsion of the cantilever which
deflects a laser beam. The deflection of the laser beam is detected by photodi-
odes. However, the calibration of lateral forces (relationship between bending
and torsion of the cantilever and the amount of force applied) is more com-
plicated than just applying the Hook’s law. For lateral force calibration, several
parameters such as geometrical dimensions of cantilever, elastic modulus, tip
height, position of the tip with respect to cantilever, and sensitivity of the
photodiodes must be known. As an alternative, in situ calibration of lateral
forces can be done using sample surfaces with well-defined profiles [137]. As
has been discussed earlier in this chapter, for fundamental understanding of
friction, wear, lubrication, and adhesion, it is necessary to appreciate mecha-
nisms and processes at the nanoscale and molecular level. For example, the
macroscopic contact between two surfaces is the result of microscopic or
nanoscopic contact of many asperities at the interface. Therefore, it is impor-
tant to study single asperity contact at the nanoscale. FFM is a modern tool
that can be used in the nanoscale study of friction, lubrication, and wear. There
are several specific advantages for FFM in nanotribology studies, including: (1)
the contact area is very small which enables the measurement of localized
friction force, (2) the apparent and the real contact area are mostly the same,
and (3) purely elastic regime conditions can be achieved when loading forces
are sufficiently low [138]. For example, for wear studies, a hard tip (usually
diamond) can be mounted on a stiff cantilever beam and an area on a sample
surface is scanned at various normal loads. Another example is the friction
study on graphite surfaces using FFM, which revealed the “stick-slip” mecha-
nism of friction at the atomic scale [73,76]. The role of topography, atmosphere
conditions, normal load, and sliding velocity on friction and wear can be all
thoroughly investigated in the nanoscale by FFM. The effect of scanning direc-
tions on friction at micro- and nanoscales has been investigated. It was found
that friction depends on scanning direction which originates from anisotropy
in surface topography [137]. It was also found that nanoscratches are respon-
sible for wear initiation [137]. Therefore, for zero-wear conditions, the surfaces
should be free of nanoscratches and contact stresses must be lower than the
hardness of the softer material in order to minimize plastic deformation. It was
also found that water adsorption, temperature, and the formation of meniscus
at the AFM tip play important roles in the adhesion and friction measurement
of various materials and surfaces [137]. Briefly, AFM/FFM is a sophisticated
tool which has helped researchers understand the atomic origin of many tri-
bological phenomena, which will lead to more efficient engineering designs.
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1.9.6 Surface Forces Apparatus (SFA)

The SFA was originally developed by Tabor, Winterton, and Israelachvili [139-
141]. Since then, significant advances have been made on the SFA design and
technique such as SFA Mk [, II, 111, and SFA 2000, which have been widely
used to measure both normal and lateral forces between surfaces in vapors
and liquids in many engineering and biological systems, for example, VDW
forces, electrostatic forces, adhesion forces, friction and lubrication forces,
hydrophobic interactions, and specific and nonspecific biological interactions
[142-146]. SFA is principally similar to AFM except that SFA measures inter-
actions between two large surfaces while AFM measures interactions between
a fine tip and a surface. It should be noted that the distances measured in SFA
are absolute distances, as different from in AFM. The distance resolution in
SFA is ~0.1 nm and force sensitivity is ~1 nN.

A section view through the center of an SFA 2000 chamber is shown in
Figure 1.8a. The basic components of SFA 2000 are micrometers, upper disk
holder, lower disk holder attached to force springs, and the main stage which
contains single-cantilever spring. To manipulate the distance between the
interacting surfaces, there are four levels of control which cover the angstrom
to the millimeter range and their specifications are shown in Table 1.5.

SFA measures the interactions between two curved surfaces in a crossed-
cylinder configuration, which locally corresponds to a sphere (of the same
radius R) against a flat plane based on the Derjaguin approximation [7], which
correlates the force F(D) between the two curved surfaces and E(D) the
interaction energy per unit area between two flat surfaces:

F(D)

ED)=7 %

(1.76)
The distance is measured in SFA using an optical technique called multiple-
beam interferometry (MBI) by employing fringes of equal chromatic order
(FECO). Mica has commonly been used as a supporting substrate in SFA
experiments due to its transparent and molecularly smooth nature (for basal
plane). Other materials such as sapphire, silica sheets, and polymers have also
been used as supporting substrates for SFA experiments [7].

SFA have been widely used in fundamental studies of various friction and
lubrication processes. A section view of SFA 2000 with the attachments for
friction and lubrication experiments is shown in Figure 1.8b. The motor on
the friction device is able to move the upper surface at constant or variable
speed with respect to the lower surface. There are two double-cantilever
springs with appropriate strain gauges attached. When a lateral force is applied
to the upper surface, the springs will deflect and forces can be monitored
through the voltage signals from the strain gauges. A piezoelectric bimorph
slider device as shown in Figure 1.8b can also be used in SFA to measure the
friction or lubrication forces. During the experiments, a triangular input signal
is applied to the biomorph slider device which allows the lower surface to
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TABLE 1.5 Distance Controls and Their Specifications in SFA [142]

Positional Range of
Level of Control Type of Control Accuracy (A) Movement (um)
Coarse Differential micrometer 2000 2000
Medium Differential micrometer 500 200
Fine Differential spring mechanism 2 10
Extra fine PZT <1 1

move at a constant speed laterally in both directions, while the friction force
is still monitored through the top friction device.

Other techniques have also been developed to investigate the intermolecu-
lar and surface interactions, such as micropipette, osmotic stress and osmotic
pressure techniques, total internal reflection microscopy (TIRM), and reflec-
tance interference contrast microscopy (RICM). The main features of some
commonly used techniques in tribological studies are summarized in Table 1.6,
in which D is the distance or surface separation and AD is the relative
displacement.

1.10 COMPUTER SIMULATIONS IN TRIBOLOGY

Rapid development of computer hardware and methodologies within the past
two decades enables the study and modeling of tribological processes at the
molecular scale. One of the most commonly used types of simulations is the
molecular dynamics (MD) simulation. The basic principle and methodology
of MD simulation have been extensively described in previous review articles
and books [147-149]. Briefly, in MD simulations, an interaction potential is
first defined between “particles” (typically atoms or molecules), and the forces
exerted on each particle from all the other particles in the system is calculated.
The initial and boundary conditions are specified and equations of motion for
all particles are integrated and solved numerically. The computation is repeated
in discrete time steps to get the trajectories of the particles in space and time.
MD simulations have been used in molecular studies of many tribological
processes, including adhesion and indentation [61, 150-153], the nature of
stick-slip motion [105], the origin of friction [138, 150, 154-158], wear [13§],
and lubrication [159]. However, due to computational restrictions, MD simula-
tions are currently limited to tens of nanoseconds of real time and dimensions
of tens of nanometers, which have too short time and small dimensions of
space compared to many real tribological processes [4]. In spite of all these
advancements, fundamental questions such as the origin of energy dissipation
associated with fiction, relationship between adhesion, friction, and wear, and
a grand theoretical model for prediction of tribological processes under dif-
ferent experimental conditions are yet to be answered.
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