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Foreword

Tribology is an old science, yet one that remains under active development.
Friction between solids was first measured as early as the Renaissance by Leonardo
da Vinci who discovered (and recorded in his notebooks) some extraordinary results.
Leonardo’s laws were subsequently rediscovered by the Frenchman Amontons in
the 18th century. However, another 150 years elapsed before they were completely
understood thanks to the efforts of the English school led by David Tabor in
Cambridge.

Since the early 20th century, we have learnt to reduce friction wear in engines by
combining oils with an increasing range of smart additives such as surfactants and
polymers. We now have a fair understanding of the adhesion and friction of a tyre
on the road, even in wet conditions. We are also able to manufacture rather efficient
brakes, albeit by unsophisticated techniques at times (such as with the braking of a
high-speed TGV on its tracks using a sand discharge in front of the wheels).

However, new questions are emerging; for example, we poorly understand such
phenomena as the onset of earthquakes. To probe surfaces in the laboratory, we have
access to highly innovative instrumentation such as the force microscope. We also
have powerful simulation tools. Ultimately, from the practical point of view, a
whole range of new materials is now available allowing us to reduce friction while
at the same time minimizing wear.

It is essential that this know-how be made available to students and practicing
engineers alike. In this regard, I find the present book particularly well suited to the
needs of both graduate students and professional workers in the field. I therefore
wish it every success!

P.-G. De Gennes
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Preface

Derived from the Greek word tribos, meaning friction, the word tribology was
first used in 1966 in Great Britain to describe the scientific and technical domains
focused on the study of friction, wear and lubrication.

Tribology addresses such questions as: what is the best way to reduce wear and
control friction? What materials should be used? What lubricant should be chosen to
protect a motor or manufacture a particular component? What surface treatment
should be applied to improve the wear resistance and reliability of a mechanical
system?

Despite their apparent simplicity, the problems of tribology are in fact very
complex. They involve the bulk properties of materials as well as their microscopic
surface characteristics and their interaction with the surrounding environment.

By providing solutions in fields as diverse as car manufacturing and medical
prosthesis, tribology can have a significant economic and ecological impact. For
instance, if we can reduce friction in a motor, we reduce energy consumption and
limit pollution. If we can reduce the wear in a cutting tool, we both increase
productivity and improve the quality of manufactured products. If we can limit ball
bearing and gearbox wear, then we can increase the life-span and improve the
reliability of many different mechanical systems. If we can reduce friction in an
artificial hip, then we can avoid production of wear-particles that can induce
inflammation and cause serious complications such as osteolysis or even loosening
of the joint itself.

Because tribological phenomena are by nature complex, solving them requires a
multidisciplinary approach combining techniques derived from mechanics, solid-
state physics and surface chemistry. This sometimes makes it seem like a poorly
defined subject, and raises a number of challenges for effective teaching. The
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purpose of this book is therefore to make tribology comprehensively accessible, by
illustrating its principles and its applications through a variety of case studies taken
from the scientific as well as the industrial domains. In both its content and
structure, Materials and Surface Engineering in Tribology is designed to provide a
clear, synthetic overview of the field, and therefore serve as a reference book
suitable for students, researchers and engineers alike.

Materials and Surface Engineering in Tribology is divided into three chapters:

Chapter 1 introduces the notion of a surface in tribology where a solid surface is
described from the topographical, structural, mechanical and energetic points of
view. It also describes the principal techniques used to characterize and analyze
surfaces.

Chapter 2 discusses what may be called tribology proper by introducing and
describing the concepts of adhesion, friction, wear and lubrication.

Chapter 3 focuses on the materials used in tribology. We introduce the major
classes of materials used, either in their bulk states or as coatings, including both
hard-facing protective layers and other coatings used for decorative purposes.
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Chapter 1

Surfaces

1.1. Introduction

The surface of a solid delimits its volume and defines the region where
interactions with its environment occur.

When considering the structure of a crystalline material, the surface corresponds
to a discontinuity in the periodic arrangement of atoms. The number of nearest
neighbors (8 for a body-centered cubic lattice, 12 for a hexagonal close-packed or
face-centered cubic lattice) is reduced for surface atoms, so that their vibrational
states, inter-atomic separations and associated electronic states are very different
from those of atoms within the solid’s interior [BOI 87] (see Figure 1.1).

a) b)

Figure 1.1. Centered cubic lattice showing the number of nearest neighbors
for an atom: a) within a solid; b) on its surface
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This difference between surface atoms and volume (or bulk) atoms allows us to
introduce the notions of an ideal surface and a realistic surface. An ideal surface is
defined only in terms of the topmost atomic layers spanning a dimension of only
several nanometers, whereas a realistic surface describes a region that extends
further below the outer surface, down to depths of several microns to several tens of
microns. The mechanical, physicochemical and structural properties of this region
differ noticeably from those of the material’s volume as well as those of the ideal
surface [PERR 87].

Because surface atoms possess a lower number of nearest neighbors, they are
involved in a smaller number of bonds and thus experience an asymmetric force
field. Indeed, these atoms interact only with other surface atoms and atoms situated
within the solid’s interior. This results in a certain number of dangling bonds,
directed towards the exterior of the solid, which allow the solid to interact with its
environment through the establishment of bonds aiming to re-establish the surface
atoms’ equilibrium.

The number of dangling bonds and the nature of their interactions with atoms or
molecules in the environment depend on the surface atom coordination and therefore
its crystallographic orientation. Each crystallographic plane (each grain in a
polycrystalline material) will therefore possess a specific reactivity and
physicochemical and mechanical properties different from those of other planes.
Passivation and gas adsorption kinetics, speed of corrosion, hardness, Young’s
modulus, surface energy and electron work function are all amongst the properties
that depend on the surface in this way [BERA 83, OUD 73].

1.2. The surface state

A surface can be characterized by its mechanical, physicochemical, topographic
or structural properties. The combination of these characteristics defines what we
refer to as the surface state.

1.2.1. Structural state of a surface

During shaping or machining processes, the contact between a surface and a
machining tool considerably modifies the crystalline structure of the superficial
surface layers through mechanical and thermal stresses.

Figure 1.2 shows the cross-section of a surface presenting different zones or
layers:

(i) The first zone is a contamination zone consisting of a layer of adsorbed gases
such as water vapor, hydrocarbons and other atmospheric pollutants. This surface
layer extends to a depth of a few nanometers.
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(i1) The second zone is made up of products arising from the interaction with the
environment and generally consists of oxides whose composition depends both on
the base metal and the environment.

(ii1) The third zone corresponds to a material structure that has been significantly
“work-hardened” and where the crystalline matrix is essentially destroyed. This
layer, often referred to as the Beilby layer, extends to a depth of about one micron.

(iv) The fourth zone is one which has been mechanically deformed from the
accumulation of residual stresses. Its thickness ranges from several microns to
several tens of microns.

(v) The fifth zone corresponds to the unmodified structure of the original
material.

Contamination layer (I)
(adsorbed gases)

/
e e sseee | Oxide layer (I)

L5 Work-hardened layer (III)

Modified crystalline
bulk microstructure (IV)

Crystalline bulk
microstructure (V)

Figure 1.2. Visual representation of the different layers making up the surface of a material

1.2.2. Topographic state of a surface

It is important to distinguish the topographic state of the surface on the atomic
scale from its geometric state on the micrometer scale.
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1.2.2.1. Atomic-scale topographic state [DES 87]

On the atomic scale, the surface appears as a series of steps/ledges and atomic
planes containing numerous point defects. This description of the surface is known
as the Terrace Ledge Kink (TLK) model illustrated in Figure 1.3. Moreover,
depending on their orientation, the crystallographic planes can appear more or less
smooth and therefore present varying degrees of roughness (see Figure 1.4).

Adsorbed atoms

Monoatomic ledge

Terrace

A vacancy

Figure 1.3. Visual representation of atomic-scale defects on the surface of a solid

1 (111) plane

a
) Z HHH”‘ L1 (110) plane
L1 (100) plane
mw""\HHHHHHHHHHHu”‘
x (110) direction
R [011]
b) A

@,
(110) plane (111) plane  (100) plane

Figure 1.4. a) Visual representation of several crystallographic planes of a face-centered
cubic lattice); b) the roughness of these planes differs



Surfaces 5

1.2.2.2.  Micrometer-scale  topographic  state  [MIC 89, THOMASTR 99,
THOMAST 05]

Surface machining processes such as turning, milling, polishing or sintering
inevitably induce some degree of superficial roughness (see Figure 1.5a) which can be
described by a function z(x,y) defining the topographic defects at a point (x,y) as
shown in Figures 1.5b and 1.5c.

\/v AT e

b) c)
Figure 1.5. a) 3D analysis of a surface and cross-section of a profile of that surface; b)

roughness profile of cross-section (a); c) p(z) is the function of height distribution, (z) the
mean height and (Rt) the total roughness height

In order to describe the height distribution, we consider the function z(x,y) as a
random value, introducing the probability density function p(z) as follows:

p(z)dz =prob{z <z(x,y) < z+dz} [1.1]
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where

[ pe=1 for p(z)>0 [1.2]

such that p(z)dz represents the probability that the height at a coordinate point (x,y)
is between z and z+dz.

The asymmetry parameter (Sk: Skewness) and peakedness parameter (Ek:
Kurtosis) of the height distribution relative to a Gaussian! distribution are given in
terms of centered moments (m) of order 2, 3 and 4 by the following expressions:

3) 4)
Sk=-—"__ and Er=_""__ [1.3]

3 @)
( m?® )2 (m )
The nth-order centered moment of p(z) is defined by:

max

m™ = j (z-2)" p(2)dz [1.4]

‘min

with Sk = 0 and Ek = 3 for a Gaussian distribution.

Skewness characterizes the asymmetry of p(z) relative to a Gaussian distribution.
A surface profile where the total area of holes is less than the total area of bumps will
give a positive Sk (and a peak-type profile) whereas in the opposite case (with a
valley-type profile) Sk will be negative (see Figure 1.6).

Kurtosis characterizes the peakedness of p(z) relative to a Gaussian
distribution. For Ek less than 3, the total number of points in the neighborhood of
the mean line is greater than that of a normal distribution (flattened profile).
Conversely, when Ek is greater than 3, the majority of points are far from the
mean curve, which results in a highly peaked profile (see Figure 1.7).

1 A random variable x will follow a Gaussian (or normal) distribution if its probability density is
expressed in terms of mean m and variance o as follows:

~(x=m) 2
207

firy=—r1

e
o271
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=\

Figure 1.7. Peakedness coefficient (Ek) of a roughness profile relative to a Gaussian

We can also define a cumulative probability density function by:

20

P(z)= J' p(z)dz [1.5]

“min

where P(z) is the probability for the variable z to be less than or equal to z,. The
quantity 1 — P(z,) represents the fraction of the load-bearing surface of a profile cut
at a height of z, This corresponds to the bearing ratio at z, i.e. the probability that z
is greater than or equal to z.

A plot of 1 —P(z) (expressed as a percentage) shows the evolution of the surface
(or profile) bearing ratio as a function of z, and is known as the bearing area curve or
the Abbott or Firestone curve (see Figure 1.8).
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A a) +a2 +a3 +a4
L

A .
[\/ a a a3 a \/

L: Sampling length

A
A 4

»

0%  Bearing area curve 100 %
Figure 1.8. Surface bearing area curve (or Abbott curve)

1.2.2.2.1. Normalized height distribution parameters

These parameters are given relative to a mean profile line that is defined as the
least-squares line:

— Rt: total roughness depth. This corresponds to the difference between the
maximum and minimum height in the interval considered.

Ri=z_ —7z_ [1.6]

— Rp: mean roughness depth. This corresponds to the mean of the distribution
z(x) for a given profile of length L:

1 L
Rp = —jz(x)dx [1.7]
L 0
— Ra: mean arithmetic deviation. This is defined by:
1 L
Ra=—||z(x)|dx [1.8]
L)
— Rq (or RMS): the root mean square deviation. This is defined by:

Rq = —jz(x)2 dx [1.9]
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1.2.2.2.2. Frequency parameters

In order to analyze periodic surface defects and to quantify the degree of
correlation between two given points, we use spectral analysis. In this respect, the
basic tool is the Fourier transform of the function z(x):

T(s)= [ 2(x)e ™ dx [1.10]

The energy spectral density G(s), defined as the square modulus of the Fourier
transform of z(x), can be used to analyze the periodicity of the microgeometric
surface state:

G(s)=|T(s)] [1.11]

The autocorrelation function C(p) is also used to analyze the anisotropy of the
state of the surface, and to establish the degree of correlation between two
coordinates separated by a distance p:

C(u) = }Lﬂ%jz(x)z(x+ﬂ)dx [1.12]

where C(p) gives the probability of finding two points, at the same height, separated
by a distance p. C(p) equals 1 when p = 0 and decreases pseudo-exponentially,
tending asymptotically to zero for large p. If the surface contains a periodic defect of
period A (induced, for example, by a machining process), the curve C(p) will show a
peak each time p is a multiple of A.

1.2.2.3. Experimental techniques
1.2.2.3.1. Stylus profilometers

Stylus profilometers (or 3D profilometers) are devices equipped with a
mechanical stylus consisting of a diamond tip whose radius of curvature is generally
between 1 and 2 um. The surface to be analyzed is moved under the stylus by two
stepping motors that allow orthogonal movements with micron-level steps. The
vertical movements of the stylus follow the topographic defects of the surface and
are analyzed using a sensor that generates an electrical signal which is in turn
digitized and processed by computer (see Figure 1.9). Figure 1.10 shows an example
of 3D topographic measurement of a surface.
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Sensor

Diamond stylus

Sample

Stepping motors |
(displacement x-y)

1828, Ba
microns

2,88 1829.88 microns
58 microns

Figure 1.10. Sandblasted aluminum surface
roughness parameters of the surface:
Ra = 3.1 um, Rt = 40 um, Sk = 0.03, Ek = 4.36

1.2.2.3.2. Optical systems [CHENF 00, GAS 95]

Measuring the state of a surface through optical (non-contact) methods uses a
laser beam or white light beam to scan the sample surface. In certain cases, it is
possible to use “full field” methods employing cameras to avoid the need for

scanning.
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The confocal microscope

The principle of the laser scanning confocal microscope is shown in Figure 1.11.
Small diaphragms (of a few microns in diameter) are placed in front of the laser
source and just before the detector, allowing the size of the light source to be
reduced to a point. The two diaphragms are placed in conjugate focal planes such
that a single lens can focus both incident and reflected beams.

Laser source
(displacement x-y)

P

Diaphragm
Diaphragm Detector
Mirror -1 l
Lens —™

Laserbeam ____

Sample —

/

Sample holder
(vertical displacement Az)

Figure 1.11. Principle of the confocal microscope

The laser scans the sample surface point-by-point along a line with a step x,
repeated along parallel lines separated by a step y. The beam is reflected from the
surface and then focused on the detector. This allows data collection of the 2D
topography of the surface xy at a given height z as determined by the focal plane of
the laser beam. The height of the sample is then moved by a step Az and a new
phase of data collection is carried out. The 3D representation of the surface is
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obtained through the combination of the data extracted from the different images
obtained at different heights z, with vertical and lateral resolutions of the order of
200 nm.

The interferometric microscope

The interferometric microscope consists of an optical microscope coupled to a
two-beam optical interferometer of the Michelson, Mirau or Linnik type. In practice,
an optical microscope can be converted to an interferometric microscope by
replacing the standard objective with an interferometric objective, and by the
addition of a high-resolution vertical translation stage.

The device operates as follows: a CDD camera records and digitizes a series of
interferograms formed by the combination of a reference beam (reflected from the
internal mirror of the interferometric objective) and the beam reflected from the
surface of the sample. The interferograms recorded at different heights are processed
by specialized software able to reconstruct the surface topography (see Figure 1.12).

50 um

Figure 1.12. Impression of a spherical aluminum oxide indenter on a copper surface
(topographic mapping achieved with an interferometric microscope)

Inferometric microscopes are easy to set up and have rapid data acquisition
times. It takes only a few seconds to map a surface with nanometer-scale resolution.

1.2.2.3.3. Local probe microscopes

Local probe microscopes (or near-field microscopes) are very high resolution
instruments for surface characterization that exhibit dramatically improved
performance compared with stylus or optically based profilometry. Local probe
microscopes exploit very short-range interactions between a fine probe and the
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sample surface to yield ultra-high resolution, ranging from a micron to a fraction of
a nanometer. They systematically use a scanning technique, with the image obtained
resulting from the complete scanning of the surface, which can lead to relatively
long acquisition times. The resolution of these images essentially depends on two
factors: the size of the probe and the way in which the probe—surface interaction
varies as a function of the distance to the surface.

Scanning tunneling microscope (STM)

STMs (see Figure 1.13) enable the study of topography and the local properties
of metallic and semi-conductor surfaces with angstrom-level resolution [STI 04].
The principle of operation of the STM is based on measuring the electric current that
arises due to the tunneling effect between a fine probe and the sample surface when
these are separated by a few angstroms (0.3—1 nm), and subject to a potential
difference of a few tens of millivolts (10 mV to 1 V). The probes used are generally
made of tungsten or of platinum-iridium and have radii of curvature of a few
nanometers.

Piezoelectric
tube

Detector and feedback
electronics

Figure 1.13. Principle of the scanning tunneling microscope

As the probe scans the surface, an electronic control system measures the
tunneling current and moves the probe tip away from or towards the surface to
ensure a constant current intensity (see Figure 1.13). By recording the variations of
the distance between the probe and the surface as a function of the coordinates of the
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scanned points, an atomic-scale 3D representation of the topographic surface is
obtained (see Figure 1.14).

[T - -

R R
LY

L bk N ‘.‘ ‘...‘

Figure 1.14. Silicon surface Si (111): the silicon atoms appear clearly on the picture
(STM image courtesy of Frank Palmino (FEMTO-ST, LPMO Dpt))

Atomic force microscope (AFM)

One of the main limitations of the STM is that it cannot be used to analyze non-
conducting materials. To overcome this, other techniques such as the atomic force
microscope (AFM) have been developed [BIN 86, BIN 87, FRE 04].

This microscope is sensitive to forces resulting from the interactions (see section
2.5.1) between the surface and a fine probe fixed to the tip of a coil spring plate or
cantilever with a low spring constant (0.1-10 N m™"). When subjected to these forces
(with intensity ranges of 107°~10"° N) the cantilever is subject to a deflection of a
few tens of nanometers which is recorded by measuring the variation of the laser
beam position reflected by the extremity of the cantilever (see Figure 1.15). The 3D
image of the surface can therefore be reconstructed after computer analysis of the
recorded deflections as a function of the coordinates of the points examined (see
Figure 1.16). The probes used are usually made of silicon nitride (Si;N4) and have
radii of curvature ranging from a few nanometers to a few tens of nanometers.
Atomic-scale resolution can also be achieved with this type of microscope, using an
ultrafine probe with a single atom at its tip.
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Four-quadrant photo detector
AFM signal: (A+B)—(C+D)
LFM signal: (A+C)—(B+D)

Laser beam

.
Y
Y
)

/'

Cantilever

Sample

/

Piezoelectric tube
(vertical displacement)

Figure 1.15. Atomic force microscope

100.000 nm

Figure 1.16. Atomic force microscope image of a copper coating deposited on silicon by
reactive magnetron sputtering
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When in contact mode, the tip of the atomic force microscope remains in contact
with the surface and scans its topography. The drawback of this method for soft
materials, however, is that it can scratch or deform the sample surface. In such cases,
we use the AFM in vibration mode where the probe is maintained a few nanometers
from the sample surface and subject to vibratory movement.

In contact mode, it is also possible to measure friction between the probe and the
sample. This is referred to as the friction mode and the device used is called a lateral
force microscope (LFM) [MAT 87]. As a result of frictional forces, the cantilever is
subject to distortions which modify the trajectory of the reflected laser beam (see
Figure 1.17).

The use of a four-quadrant photodetector allows the simultaneous detection of
the vertical and lateral deviations of the light beam: the former defining the
topographic state of the surface and the latter allowing friction measurements (see
Figure 1.15).

Displacement of the tip

v

a)

[

[
5]
[t
1]

b)

S I

Figure 1.17. Displacement of the tip of an atomic force microscope on the surface of a

sample comprising three areas (1, 2, 3) of a different nature. (a) The higher the friction

between tip and surface, the greater the distortion will be for the tip, (b) illustrates the
recorded signal and the evolution of lateral forces during the displacement of the tip

Atomic force microscopes can also detect and map the electrostatic and magnetic
forces at the surface of a sample. In order to do this, the AFM is used in vibration
mode with the probe placed about 0.5 micron from the surface (far field vibration



Surfaces 17

mode). At that distance, only electric and magnetic forces can be detected. Other
forces, such as the Van der Waals, chemical bonds or capillary forces (see section
2.5.1) are only detectable at closer distances (a few tens of nanometers).

Force curves

Force curves show the variations in the interaction force between the tip and
the surface within a charge/discharge (or approach/withdrawal) cycle (see Figure
1.18).

When the AFM probe is far from the sample’s surface, molecular interaction
forces are weak and the cantilever’s deflection is near zero (see Figure 1.18a).

When the piezo-electric tube is actioned in order to bring the sample into contact
with the probe, two things can occur when the surfaces are sufficiently close
together (see Figure 1.15):

1)  There is attraction and we observe that the probe jumps towards the surface
of amplitude &; > 0. This jump is due to Van der Waals-type interactions and reveals
information about their strength (this case is shown in Figure 1.18).

2)There is repulsion between the two surfaces (5, < 0).

If, once contact is established, the sample continues to be displaced towards the
probe, we observe a deflection of the cantilever (see Figure 1.18b) that varies
linearly with the displacement. Because the cantilever is flexible, it deforms
proportionally to the sample displacement, provided the probe does not indent the
surface.

If we now consider the withdrawal phase, we observe that the interruption of the
probe-sample contact occurs well beyond the position that would correspond to zero
force. We note in particular that &,, which represents the non-contact jump, is greater
than §;. &, accounts for the adhesion force between surfaces. With increased
adhesion, more energy will be required to break the contact and hence there will be
greater deflection of the cantilever 6, (see Figure 1.18c).

The adhesion force is simply obtained by multiplying 3, by k, the spring constant
of the cantilever (F,q = kd,).
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Vertical displacement of the sample

Figure 1.18. Force curve achieved with an atomic force microscope

1.2.3. Surface energy

A solid’s surface energy is a particularly important property in the understanding
and prediction of many surface phenomena such as adhesion, friction and bonding.
It accounts for the reactivity of materials and is associated with the asymmetric force
field to which the surface atoms are subjected. As we have discussed previously, it is
this asymmetry that leads to the appearance of dangling bonds that allow the solid’s
surface to interact with its environment.

The surface energy of a solid is commonly noted y (J m?), and corresponds to
the energy that must be provided to overcome the cohesion forces of the solid in
order to create a new unit area of surface [CARRE 83, COG 00, DAR 97,
DEGE 85].
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Consider two solids A and B in contact (see Figure 1.19); the energy needed to
separate them is called adhesion energy. It is expressed in the fundamental adhesion
relationship:

W:yA+yB_}/AB [1.13]

where Y, and yp are the surface energy of A and B, respectively, and yap is the
interfacial energy.

In the case of a homogenous body, or when the surface energies of A and B are
the same, Y55 is zero and the adhesion energy simplifies to:

W=y, +v, [1.14]
A A
= YaB =] — ’YA/
YB
Y
B
B

Figure 1.19. Interfacial energy y,p characterizes the contact between the two solids A and B;
the breaking of the contact yields two new surfaces of surface energy y, and yp

A solid’s surface energy is therefore directly related to the nature of the bonds
between its atoms. These bonds can be chemical (covalent, ionic or metallic) or
physical (intermolecular Van der Waals or hydrogen bonds). Covalent materials are
characterized by a surface energy between 1000 and 3000 mJ m™, while ionic
crystals have surface energies from 100 to 500 mJ m 2. Molecular crystals have even
lower surface energies that are generally less than 100 mJ m 2 (see Table 1.1).



20 Materials and Surface Engineering in Tribology

Material Sur(i:lgelfll_l%rgy
Polytetrafluoroethylene (PTFE) 17
Polyethylene (PE) 32
Polyvinylchloride (PVC) 39
Polymethyl methacrylate (PMMA) 40
Polyamide (PA6) 42
Silicon dioxide 593
Aluminum oxide 1088
Copper (111) 2499
Copper (100) 2892
Tungsten (110) 3320
Tungsten (100) 4680

Table 1.1. Surface energy values for a few materials

Surface energy is sensitive to temperature. With increased temperature the
network atoms vibrate with increasing amplitude, leading to a decrease in the
cohesion energy of the material and a decrease in surface energy.

The adsorption of contaminants on a material’s surface, or its oxidation, can also
lead to a significant drop in surface energy that can decrease by over an order of
magnitude. Mica, for instance, has a surface energy of 5000 mJ m in ultra vacuum,
while measurements in air yield a value of 300 mJ m 2.

Surface energy is generally calculated from measurements of the contact angle of
a liquid with the surface of the solid studied (see Figure 1.20). The contact angle

results from the equilibrium between the three interfacial tensions:

ysy (solid/liquid), ysy (solid/vapor), y;, (liquid/vapor)
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Ysv

A
A

Figure 1.20. Drop of liquid
in equilibrium on the surface of a solid

The equilibrium of the drop in the presence of the liquid’s vapor is represented
by Young’s equation:
Vsy =Vs TV, cosO [1.15]
For the case of liquid—solid contact, equation [1.13] can be written:
W=7, +7s — Vs [1.16]
Combining equations [1.15] and [1.16] yields:

W =y,,(1+cos8) [1.17]

W represents the adhesion energy between the liquid and the solid. When 8 =0
(perfect wetting of the solid by the liquid), # has its maximum value:

w=2y, [1.18]

1.2.3.1 Surface energy measurements

1.2.3.1.1. The Fowkes [FOW 67], Owens and Wendt [OWE 69] method

The surface energy of a solid ¥ and the surface tension of a liquid v can be
written as the sum of two components ¥ and y”:

Viv ZVLVd +]/LVP [1.19]
and

Vs = J/SVd +¥g" [1.20]
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where y? is the dispersive component of the surface energy and y” is the polar
component. The former results from the interaction between instantaneous and
induced dipoles (London’s dispersion forces between non-polar molecules; see
section 2.5.1). The latter results from interactions including at least one polar
molecule (either two permanent dipoles or one permanent and one induced dipole)
(see section 2.5.1).

d
Table 1.2 gives values for ¥,,, ¥,y and 71 for some liquids.

Liquid Yov Vi Viv
(mJ m) (mJ m™) (mJ m?)
Water 72.6 51 21.6
Formamide 58.2 18.7 39.5
Diiodomethane 50.8 23 48.5
Ethylene glycol 48.3 19 29.3
o-bromonaphtalene 44.6 0 44.6
Tricresylphosphate 40.9 1.7 39.2
Dimethyl formamide 37.5 5 325
Octane 213 0 213
Hexane 18.4 0 18.4

Table 1.2d. Surface tension values (Y.v) for a few liquids;
vy, and Yy represent the dispersive and polar components

Interfacial solid-liquid energy can be expressed as either of the two following
equations:

iz =(\/E—\/E)2 [1.21]

and

Vs =(\/E—\/E)2 [1.22]

We can therefore write:
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v = v+ v = (Vi =i ) + () [1.23]

By combining equations [1.16, 1.17, 1.19-1.23], we obtain the following:

Viv (1+C059) :{ /L:V] ,J/éjy + [}/SdV [1.24]
Viv

271y

The experimental determination of surface energy Yy is achieved through the
measurement of the contact angle # of two liquids of a known surface tension ¥r
and its two components (one polar, one dispersive).

Equation [1.24] will enable us to write a two-equation system which, when
solved, will yield the polar and dispersive components of the surface energy.
However, greater precision for s will be achieved if several (five to ten) liquids are
used.

In this case, if we plot ¥,, (1+cos8)/2\/y;, as a function of \/¥}, / 71y , we obtain

a curve with a slope of /y%, and with ordinate-axis interception at /%, .

1.2.3.1.2. The Good-Van Oss-Chaudhury method [VANO 88a, VANO 88b]

With this approach, we distinguish the dispersive interactions of the Lifshitz-Van
der Waals (or LW) type from acido-basic (or AB) type interactions, the latter being a
variant of polar interactions and occurring via the exchange/interchange of a pair of
electrons (Lewis acid). We write:

y =yt oy [1.25]

with:

y=2r'y [1.26]

where y" and y~ are parameters which show the contribution of the electron-acceptor
(Lewis acid) and the electron-donor (Lewis base), respectively.

The following equations have been proposed:

}/;LB = 2(\/}/;V}/;V +\/7/ZV}/ZV _\/y;V}/ZV _\/7;1/721/) [1.27]
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and

e =(Vrr ) [1.28]

By combining equations [1.16—1.17, 1.25-1.28], we obtain:

o (1+00s0) =2y vl v +7atir [1:29]

The experimental determination of surface energy s is achieved based on the
measurement of the contact angle 6 of three liquids of a known superficial tension

y.v as well as its three components }’f;V Vipand V., -

Equation [1.29] will allow us to write a three-equation system which, once
solved, will enable us to obtain the different components of surface energy.

1.2.4. Mechanical state of a surface

The mechanical state of a surface can be characterized using four quantities:
1)  hardness, which describes the resistance of materials to plastic deformation;

2)  Young’s modulus and the elasticity limit (or plastic flow threshold), which
characterizes a material’s elastic properties;

3) toughness, which accounts for the relative brittleness of a material,

4) residual stresses, which play an important part in the resistance of the
material to wear and cracking.

1.2.4.1. Hardness

Hardness tests consist of using indenters to make an impression on a sample
material under a normal load (F) in order to measure the surface areca (S) of the
residual impression that is left. The hardness is given by the ratio F/S.

Indenters can be of various shapes: a square-based pyramid is needed for the
Vickers test while spherical indenters are used for the Brinell test. For the Rockwell
test, we use either conical or spherical indenters and Shore hardness measurements
use two types of cones. Table 1.3 presents some values for hardness.
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Material HYV (or Shore D)
hardness

Aluminum oxide 2000

Silicon carbide 2700

Copper 108

Iron 145

Nickel 210

Aluminum 101
Polypropylene (70)
High-density (66)
polyethylene

Low-density (51)
polyethylene

Table 1.3. Some mean hardness values (they can vary according to the purity and
microstructure of materials), the Vickers scale is used for metals and ceramics hardness and
the Shore D hardness scale is used for polymers (in brackets)

1.2.4.1.1. Vickers hardness

The indenter used is a diamond square-based pyramid with an angle of 136°
between opposite faces as shown in Figure 1.21.

Vickers indenter

Indentation imprint

Tested material

a) b)

Figure 1.21. Vickers hardness test: a) square-based pyramidal Vickers indenter;
b) residual square indentation of diagonal D
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Vickers hardness is given by the formula:

HV:1.854§ [1.30]

where F is the applied load (kg) and D is the diagonal of the residual indentation
(mm).

1.2.4.1.2. Brinell hardness

Brinell hardness is determined with tungsten carbide spherical indenters of 10, 5,
2.5 or 1 mm in diameter (see Figure 1.22).

Brinell indenter Indentation imprint

d

Tested material

a) b)

Figure 1.22. Brinell hardness test: a) Brinell indenter; b) residual impression

Brinell hardness can be expressed as follows:

0.204F [1.31]
HB=———"
n'D(D— Dz—dz)

where F is in newtons and both the diameter of the spherical indenter (D) and the
diameter of the residual impression (d) are in millimeters.

1.2.4.1.3. Rockwell hardness

When performing a Rockwell hardness test, it is the depth of the residual
indentation impression h, rather than its diameter, which is measured.
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We first apply a (minor) preliminary load of 98 N that forces the indenter into
the surface to a depth of 1. This degree of penetration is not taken into account in the
hardness measurement, but is taken as the origin or zero penetration reference point.

We then apply a (major) normalized load to the surface for a few seconds
leading to a total penetration t. The major load is then reduced to the minor load and
the depth of the residual impression h is measured and given in millimeters.

With the Rockwell B test, we use a steel spherical indenter of diameter 1.58 mm
and a normal load of 980 N. With the Rockwell C test, the load is 1470 N and we
use a conical diamond indenter with radius of curvature of 0.2 mm and apex angle of
120°.

Both the Rockwell B and Rockwell C hardnesses can be written:

HRB=130—L and HRC:lOO—L [1.32]
0.002 0.002

where h is measured in mm. The constant 0.002 has units in millimeters; therefore
the Rockwell hardness is a dimensionless number. It simply gives the ratio between
the depth of penetration of the indenter and the value of 0.002 mm, relative to an
arbitrary constant (130 for HRB hardness and 100 for HRC hardness).

1.2.4.1.4. Shore hardness

The Shore hardness test is specifically suited to polymers such as rubber,
thermoplastics or elastomers. The test is conducted with an apparatus called a
durometer and employs a calibrated spring that generates a known force on the
indenter. The apparatus records the penetration depth of the indenter and shows the
corresponding Shore hardness value on a scale graduated from 0 to 100 with these
values corresponding to maximum penetration and zero penetration (maximum
hardness), respectively.

There are two types of indenters:
1) atruncated cone with an apex angle of 35° (Shore A); and

2) asharp cone with an apex angle of 30° (Shore D).

1.2.4.2. Young’s modulus

For an isotropic material, Young’s modulus is the constant of proportionality
between the stress applied to a rod and its elastic deformation. It is generally
obtained from uniaxial tensile tests but, as we will see later, it can also be
determined from indentation tests.
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Consider a cylindrical rod of cross-sectional area S, and length L, to which we
apply a force F (see Figure 1.23). The stress ¢ = F/S, will vary as a function of the
strain € = AL/L, following the classic curve shown in Figure 1.24. The stress ¢ =
F/S, and strain € = AL/L, are both normalized relative to the initial dimensions (S,
and L) of the rod. The true stress true strain curve is obtained by considering the
true stress ¢ = F/S and the true strain € = AL/L, where S and L represent the real
dimensions of the rod at any instant during the test. The true stress true strain curve
deviates from the classic stress—strain curve for increasing strain.

o

. F
4 A
Necking ~
! \
PR g |zone = )
Lo L|{—} A

a) b) 9
Figure 1.23. Tensile test: a) at the onset of the test on a cylindrical rod;

b) homogenous strain; c) onset of necking

Figure 1.24 can be divided into three regions. Initially (region OP in the figure),
stress and strain are linearly proportional and their relationship can be expressed
using Hooke’s law:

o =Ee [1.33]

where E is the Young’s modulus.
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Figure 1.24. Stress-strain curve

This linear region is characterized by its reversible nature. If the applied stress is
removed, the rod will return to its original dimensions. This is what is known as
purely elastic strain. However, when the applied stress reaches a certain threshold
value (Re) referred to as the yield strength, deformation of the material becomes
irreversible (point P). If the applied stress is removed at the point A, the material
will not return to its original dimensions but will show evidence of residual strain
(OA”).

The region PS of the curve corresponds to irreversible or plastic deformation
and, in this region, deformation is uniform along the rod.

The point S corresponds to the onset of necking, the localized narrowing of the
rod cross-section. Plastic deformation is then no longer homogenous and the local
narrowing of the cross-section (usually in the center of the rod) is accompanied by
an increase in the stress, which passes through a maximum before decreasing to its
rupture point (R). The value of stress at point S is known as the ultimate tensile
strength of the material (Rm). Table 1.4 summarizes the values for E, Re and Rm for
some common materials.
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Material E (GPa) Re (Mpa) Rm (MPa)
Diamond 1,000 50,000 -
Silicon carbide 420 10,000 -
Aluminum oxide 350 5,000 -
Silicon nitride 260 8,000 -
Nickel 220 70 400
Iron 190 50 200
Copper 124 60 400
Silicon 107 - -
Silica glass 94 7,200 -
Gold 82 40 220
Silver 76 55 300
Lead & alloys 14 11-55 14-70
Polystyrene 3-34 34-70 40-70
Polycarbonate 2.6 - -
Polypropylene 0.9 19-36 33-36
Very  high  density | 0.7 20-30 37
polyethylene

Table 1.4. Some values for Young’s modulus (E),
yield strength (Re) and ultimate tensile strength (Rm)

1.2.4.3. Nano-indentation

This technique enables the simultaneous characterization of both the hardness
and Young’s modulus of the superficial layers of materials for depths ranging from a
few nanometers to several microns.

Unlike classic hardness tests which rely on a fixed load, nano-indentation uses a
dynamic load (P) which increases linearly with time and which enables the
monitoring of the indenter penetration (h) during the phases of loading and
unloading.
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Nano-indentation tests use a square-based pyramidal Vickers-type indenter as
shown in Figure 1.25a or, more commonly, a Berkovich-type indenter (triangular
pyramid) as shown in Figure 1.25b.

4

a) b)

Figure 1.25. Indenters used in nano-indentation tests:
a) Vickers indenter; b) Berkovich indenter

Figure 1.26 shows the impression left by the indenter under load and in the
absence of a load.

Indenter

___Initial surface

Surface after load removal

™ Surface under load__

Figure 1.26. Schematic representation of the cross-section of an indentation
under load and after unloading

Here h,,,x indicates the indenter displacement at maximum applied load (Pp.y).
Experimental tests [OLI 92] carried out on a variety of materials (such as aluminum
oxide, glass, sapphire and tungsten) have shown that the load (P) and the
displacement (h) can be related by:
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m

P=A(h-h,) [1.34]

In this expression, hy gives the residual indentation depth (in the absence of a
load). A and m are constants determined from the fitting of the experimental results
obtained for the materials mentioned above. Their values lie within the range
0.0215-0.265 for A and 1.25-1.51 for m.

Table 1.5 gives the values of m for various indenter shapes. For Berkovitch
indenters, the value is 1.5.

Indenter shape m o
Flat cylindrical indenter 1 1
Paraboloide of revolution 1.5 0.75
Conical indenter 2 0.72

Table 1.5. Theoretical values for m and o (see equation [1.41])
for three types of axially-symetric indenters [OLI 92]

During the withdrawal of the indenter, it remains in contact with the surface for a
period corresponding to its elastic recovery. This is shown in the linear section of
the unload curve of Figure 1.27.

The slope of this line, given by the derivative dP/dh at point (P, Muax)s
represents the elastic stiffness of the surface and can be expressed as:

P 2
S="1=—"F.J4 [1.35]

where P (N) indicates the load, h (m) the depth of penetration, A, (m?) the contact
area and E (Pa) the reduced Young’s modulus, expressed as:

lz[l—vf_i_l—VZZJ [1.36]
E

El E2

where E; and E, give the Young’s modulus and vy, v, the Poisson coefficients of the
indenter and the material’s surface, respectively.



Surfaces 33

Figure 1.27 shows an example of a load/unload curve. The analysis of this curve
is based on the model proposed in [OLI 92, OLI 04].

Load (P)
A

Pmﬂx

hmax

»
»

< » Displacement (h)

Figure 1.27. Indentation curve

In the case of a Berkovitch indenter (the most commonly used in nano-
indentation tests), a correction factor (§ = 1.05) is introduced in order to take into
account its asymmetric profile:

dpP 2
S="""=—pB=FEJ4 [1.37]
dh d N2 ‘
For this indenter (assuming perfect geometry), the contact area A, is given by:

A =245h [1.38]

In reality, the tip of the indenter always exhibits some geometrical imperfection
which we include through an additional correction term:

8
A, =245R2+> CR/CD [1.39]

i=1
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The coefficients C; are constants which can be determined using a procedure
described in [OLI 92].

Based on Figures 1.26 and 1.27, we can write:
By = Ry = b, [1.40]

where hg represents the elastic penetration which can be easily calculated using the
expression:

s ‘max

ho=h - gt [1.41]
S

where .= 0.75 is a geometrical factor for a Berkovich indenter (see Table 1.5).

The determination of S from the unloading curve allows hg to be calculated from
equation [1.41] and thus allows the determination of h. (h, = hy,,x — hs). A, can then
be easily calculated and the reduced elasticity modulus E can be obtained (see
equation [1.37]):

r Nz dP [1.42]

E=2ﬁ\/ATXS=2,6’\/AT.XE

Given the reduced modulus and the mechanical properties of the indenter (E; and

vy), it is then easy to determine the value of the ratio (1—1/22) / E, from equation

[1.36].

If the precise value of v, is not known, we generally take a value 0.30 for metals
and 0.20 for glass and ceramics to calculate the Young’s modulus E, of the material.

1.2.4.4. Fracture toughness

Figure 1.28 shows the different types of fractures which can occur within a
brittle material. Brittleness (the opposite of ductility) refers to the ease with which
fractures can propagate within a material. Brittleness is quantified through a
parameter known as toughness (denoted Kc), which describes the resistance of the
material to fracture propagation.
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Figures 1.28. The different types of fractures

With brittle materials such as glass, minerals or ceramics, the energy of fracture
propagation corresponds to the work needed to break the bonds ensuring the
cohesion of the solid along a plane. The corresponding energy (W) is then equal to
double the surface energy (see equation [1.14]):

W =2y [1.43]

If the energy released during the propagation of the fracture (due to the release of
elastic energy) is greater than or equal to that of the creation of a new crack surface
(due to the opening of the crack), then the fracture is able to propagate.

In the case of a material of Young’s modulus E with a fracture of length 2a (see
Figure 1.29) subject to stress o, the condition for fracture propagation is:

o> |2 [1.44]
wa

This can also be written:
oNrma > 2E, [1.45]

The first term in this inequality K = o+/7za is the stress intensity factor and the
second term Kc¢ =./2Ey defines the fracture toughness, i.e. the amount of stress
required to propagate a pre-existing crack. Table 1.6 lists some values for fracture

toughness.
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Materials Kc (MPa m™?)
Aluminum oxide 5
Silicon carbide 3
Copper 200
Iron 160
Nickel 100
Aluminum 250
Polypropylene 3
High-density polyethylene 1
Low-density polyethylene 2.5

Table 1.6. Some values for fracture toughness

Ic

Figure 1.29. Crack of length 2a within a material subject to stress o

A pre-existing crack will propagate, leading to material failure, when K reaches
the critical value Kc. Kc is generally determined from impact tests on a single-edge
notch bend specimen. However, it can also be determined using Vickers indentation
tests. Figure 1.30 shows the shape of an impression obtained on a brittle material.
The diagonal of the residual impression (D) allows the calculation of the material’s
hardness, while the length of the radial fracture (C) allows the calculation of fracture
toughness Kc using the following expression [ANS 81]:
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Ke= 0.016\/§FC3/2 [1.46]

where F is the applied load and E and H are the Young’s modulus and the Vickers
hardness for the material, respectively.

Indentation imprint

yx ¢ .
\

Radial crack

Figure 1.30. Vickers indentation of a brittle material

1.2.4.5. Residual stresses

Machining processes and different surface production processes induce, on the
superficial layers of materials, strains which generate internal “residual stresses”.
They can generally be classified into two classes: tension or compression stresses.
The first class is generally hazardous because they facilitate fracture propagation and
can cause breakup of materials and structures; conversely, the second class is
beneficial and indeed is often introduced deliberately through surface treatments
such as shot peening (see section 3.3.1.6) in order to harden the surface of a material
and improve its resistance to wear (see Figure 1.31).

b)

Figure 1.31. Effects of residual stresses (o) on fractures: a) compression stress prevents
crack propagation, b) strain stress facilitates crack propagation
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Several experimental techniques allow the measurement of residual stress in
materials. A first class of so-called “destructive” techniques is based on the cutting-
away of some stressed material and the measuring of the resulting deformation in
the adjacent material as this is due to the relaxation of the residual stresses. A second
class of so-called “non-destructive” techniques is based on the analysis of the
modifications of the physical and crystallographic properties of the material induced
by residual stresses. Non-destructive techniques include the ultrasound method for
example, which uses the influence of residual stress on the variation of the
propagation speed of ultrasound waves; the so-called “Barkhausen” technique, based
on the interaction between elastic strain and magnetization (displacement of Bloch
walls) in ferromagnetic materials; and the method of X-ray diffraction which we will
now discuss in more detail.

1.2.4.5.1. Determination of residual stress by X-ray diffraction [MAC 86, MAE 88,
SPR 80]

Crystalline networks are well-known to diffract X-rays when a family of
crystallographic planes of interplanar spacing dyy (simply denoted d) satisfies the
Bragg condition (see Figure 1.32):

2dsinf =4 [1.47]

X-ray incident beam

Intereticular distance dy
of the plane (hkl)

Diffracted beam

Figure 1.32. Principle of crystallographic X-ray diffraction
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Differentiating this relation gives:

d tan @

If the material is subjected to stress that induces lattice deformation by an
amount Ad as shown in Figure 1.33, the relative strain may then be related to the
variation in the diffraction angle 8 by the equation:

Ad _ A0 [1.49]
d tan @

We can therefore write:
A20 =-2¢ctan @ [1.50]

Equations [1.49] and [1.50] show that a variation of d will invariably induce a
variation of ¢ and, consequently, an angular displacement A26 of the diffraction
peak, as shown in Figure 1.34.

(¢

A
do + Ad
\ 4
d §
\ 4
a) b)
(o)

Figure 1.33. Impact of tractive stress on lattice deformation:
a) unstrained crystalline network (interplanar spacing dy);
b) strained crystalline network (interplanar spacing dy + Ad)
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A A26
Intensity

20

Figure 1.34. Displacement of the diffraction peak

The strain € can be defined by its three components g, &, €5 (see Figure 1.35)
and will be denoted &,

Figure 1.35. Determination of strain &,

If dy is the interplanar spacing of the unstrained crystal and d,, is the interplanar
spacing after deformation, we can write:

e v % [1.51]

where v is the angle between the normal to the sample surface and the normal to the
crystallographic planes that diffract the X-rays (see Figure 1.36).
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The normal to the plane (hkl)  The normal to the surface

Incident X-ray
beam

a) b)

Figure 1.36. X-ray diffraction by planes (hkl): a) w = 0; b) w #0

When these two planes are parallel we have y = 0, and if dv is then the
interplanar spacing of the strained group of planes (hkl), the strain is given by:

£ =—= [1.52]

Equations [1.51] and [1.52] then yield:

ey _h=dy d —d,_d,-d
(44 1 dO dO dO

[1.53]

If the strain is small, we can write dy = dr with negligible error. We can then
obtain:

£ —& = v L [154]

If we now use Hooke’s law, which allows us to express the strain in terms of the
stress, by assuming planar stresses (which is justified given the limited depth
analyzed by X-ray diffraction) the strain ¢, can be written:
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I+v . v
:TO'(” sin I//—E(O'l +0,) [1.55]

where 6, 6, and o, are defined in Figure 1.37.

931

G2 Gy

Figure 1.37. Definition of o,, stress o3 is null (state of plane stress)

If y = 0, we can use equation [1.55] and the definition of &1 to write:

€ =—%(0'1+0'2) [1.56]

1

If we combine equations [1.54], [1.55] and [1.56], we obtain:

o b~ E 1 [1.57]
v d ~1+vsin*y

Equation [1.49] then allows us to write:

e A20 [1.58]
d 2tan @

It is therefore possible to obtain:

Ad _d,—d, __ 20,720, [1.59]
d d, 2tan6,
Equation [1.57] then becomes:
:201//—2@_ E 1 [1.60]

Y 2tan6, l1+vsin’y
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We can write equation [1.60] in the form:

I+v .,
i [1.61]
z sin” ¥

A20=26,-20, =20,tan6,

Equation [1.61] is known as the “sin®y method”. It gives the variation of A26 as
a function of sin®y in terms of a straight line that passes through the origin with a
slope that allows us to calculate the surface strain o,. Experimentally, to obtain o,
A28 will have to be measured for two different angles y. However, experience
shows that a minimum of five different values of y is required to obtain sufficient
precision.

The limits of the X-ray diffraction method in determining internal stresses arise
directly from the hypotheses necessary to obtain the sin®y method. The material
must be homogenous, continuous and isotropic, and the stresses must be elastic so
that the use of Hooke’s law is justified. The stresses and strains must also be
homogenous throughout the surface analyzed and the stress state needs to be biaxial,
implying that the normal stress o3 is zero [SPR 80].

When one or more of these requirements are not satisfied, significant deviations
are observed in relation to equation [1.61]. This is particularly true in the case of
strong anisotropy (as is the case with highly-textured materials) or for large grain
polycrystalline materials.

1.2.5. Chemical composition of a surface

The chemical composition of a surface can be characterized using a number of
different analysis techniques with the same underlying principle. Specifically, an
electronic, optical or ionic probe (the primary particle beam) is directed at the
surface under study and induces the emission of secondary or backscattered particles
(photons, electrons or ions). The characterization of these secondary particles (ion
mass, electron velocity, photon wavelength) allows the identification of the emitting
atom and the composition of the surface analyzed (see Figure 1.38). In addition to
these techniques, optically-based vibrational spectroscopy can allow the material
composition to be determined through analysis of molecular vibrations (infrared and
Raman spectroscopy).
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Beam of primary particles Secondary particles
N « (toward the analyzer)
N /
N /
/
Interaction zone N\ , Y4
Moo

Material analyzed

Figure 1.38. Principle of spectroscopic surface analysis. Primary and secondary particles
are electrons, photons or ions. The characterization of secondary particles (through their
wavelength, speed, mass, etc.) enables us to define the nature of the emitting atom and
determine the sample’s composition

There has been extensive research in surface analysis techniques [AGI 90,
DAYV 88, EBE 89]; here we provide a brief description of the most widely used
techniques in the field of material science.

1.2.5.1. Energy dispersive X-ray analysis
— Primary particle: electron.
— Secondary particle: photon.
— Acronym: EDX.
— Characteristics of the technique:
- elemental analysis of materials to a depth of a few microns,
- possibility of generating X-ray images showing the distribution of elements,

- detection sensitivity in the range of 0.1-1 wt%, depending on the atomic
number, and

- not well-suited for light element analysis (Z < 11).
POSSIBLE APPLICATIONS — Analysis of precipitation and segregation in metallurgical

materials and the characterization of thick thermal oxide films and hard anti-wear
and anti-corrosion coatings.
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1.2.5.2. X-ray photoelectron spectroscopy
— Primary particle: photon.
— Secondary particle:electron.
— Acronym: ESCA, XPS.
— Characteristics of the technique:
- elemental analysis of materials,

- information about the environment of the atoms identified and the nature of
chemical bonds, and

- analysis of a surface of a few mm” to a depth of 0.1-2 nm.
POSSIBLE APPLICATIONS — Analysis of oxide films and corrosion layers in order to
determine the nature of chemical bonds of the main elements as well as that of

impurities; analysis of passivation layers; characterization of the state of chemical
bonds within polymers; and analysis of the core level and valence band.

1.2.5.3. Auger electron spectroscopy
— Primary particle: electron.
— Secondary particle: electron.
— Acronym: AES.
— Characteristics of the technique:

- elemental analysis of the top few-atom layers of solids. The depth of analysis
is 2 to 3 monolayers (of the order of a nanometer),

- local analysis (primary electron beam diameter less than 10 nm); the use of
an ion beam allows in-depth analysis alternating between analysis and ionic erosion
(down to several microns). This is also made possible by photoelectron spectroscopy
(XPS).

POSSIBLE APPLICATIONS — Analysis of adsorbed layers. Analysis of thermal or
anodic oxide films. Characterization of thin deposits and analysis of segregated
layers on surfaces or within grain boundaries.

1.2.5.4. Glow discharge optical emission spectroscopy

— Primary particle: ion.

— Secondary particle: photon.
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— Acronym: GDOS.
— Characteristics of the technique:

- simultaneous elemental analysis of dozens of elements. Analysis of all
elements, including hydrogen, possible with high sensitivity (10 ppm),

- sputtering analysis, a destructive technique which allows in-depth sample
analysis,

- analysis over large areas (of the order of cm?).
POSSIBLE APPLICATIONS — Study of diffusion gradients. Analysis of thin films or

composition gradients. Identification of molecules adsorbed on a surface and
characterization of coatings. Analysis of iron and steel materials.

1.2.5.5. Rutherford backscattering spectroscopy
— Primary particle: ion.
— Secondary particle: ion.
— Acronym: RBS.
— Characteristics of the technique:

- the analysis of the energy of backscattered helium ions after elastic collision
with the sample’s surface atoms allows the determination of their mass,

- several elements can be simultaneously analyzed over a depth of a few

microns.

POSSIBLE APPLICATIONS — Analysis of thin films. Determination of concentration
profiles. Suitable for all types of material.

1.2.5.6. Secondary ion mass spectroscopy
— Primary particle: ion.
— Secondary particle: ion.
— Acronym: SIMS.
— Characteristics of the technique:
- elemental and isotopic analysis of all elements in the periodic table,

- determination of concentration profiles of chemical elements to a depth of
several microns using ionic sputtering,
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- detection of trace elements (ppm),

- can be used to obtain ionic images showing elemental distribution.
POSSIBLE APPLICATIONS — Analysis of concentration profiles of bulk materials or
thin layers. For example, in the semi-conductors industry (analysis of silicon,
gallium arsenide or other semi-conductors; the aim is to control the dopant

concentration profiles, but also to localize and quantify impurities). Also used to
analyze metallurgical products heterogenity.

1.2.5.7. Infrared spectrometry
— Primary particle: photon.
— Secondary particle: photon.
— Acronym: IR spectrometry
— Characteristics of the technique:
- a method principally used for the analysis of organic materials,

- allows the determination of functional groups present in a material and the
nature of the different bonds in which the carbon atoms are involved,

- an essentially qualitative technique,

- allows the analysis of gaseous, liquid and solid samples, even in very small
quantities.

POSSIBLE APPLICATIONS — Analysis of plastics and lubricants such as oils or greases.
Analysis of polymer-based coatings and thin films such as paints, varnishes or
electrodeposited polymers.
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Chapter 2

Tribology

2.1. Introduction

The word tribology is derived from the Greek word tribos, meaning friction. It
was first used in the UK in 1966 to describe the scientific and technical domains
studying friction, wear and lubrication.

Tribology is now a wide-ranging, multi-disciplinary field of study and research
aimed at:

—reducing material wear and increasing the lifetime and reliability of
mechanical and mechatronic systems; and

— controlling (or optimizing) friction (note that in some cases, e.g. vehicle
brakes, we aim for maximum friction, whereas in others, e.g. skiing and surfing, the
aim is to minimize its effects).

This dual objective requires an approach that combines contact mechanics with
the physico-chemistry of surfaces and interfaces.

We will discuss these two aspects of tribology in this chapter, and present results
that illustrate the coupling and interaction between mechanics and physico-
chemistry in problems of friction and wear. However, before we enter into a detailed
treatment of these effects, we first review a few basic notions of plasticity.
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2.2. Elements of solid mechanics
2.2.1. The stress vector

When a surface dS with normal 1 (see Figure 2.1) is subject to a force dF at the
point P, the stress vector T at P is defined by the relation:

dF =TdS [2.1]

The stress vector T is the force per unit area, written as T (P, 1 ), corresponding
to the stress vector at P acting on the face of normal ni. T can be decomposed into
two parts:

T=0+7 [2.2]

where G is the normal stress and T the shear stress.

Figure 2.1. The stress vector

2.2.2. The stress tensor

To establish the state of stresses at a point P, it is sufficient to know the

components of the stress tensor o at this point.

_ O-)cx O-xy Xz

P 2.3

oc=\o, o0, O, [2.3]
c. o0, O
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If we consider a parallelepiped of sides dx, dy, dz in equilibrium as shown in
Figure 2.2, each component o;; represents the stress parallel to the direction i applied
to the face with normal j. o4 6y, and o,, are tension stresses, whereas the six other
components of the tensor are shear stresses. They are often written as t instead of o,
noted as Tyy, Tyx, Txzs Trxs Tyzs Tay-

Because the body is isotropic and in equilibrium, we can write:
0ij = 0ji

The tensor o therefore reduces to six components, and can be diagonalized in the
following form:

_ (o 0 0
oc=0 o, O [2.4]
0 0 oy

where o}, oy and oy are the principal stresses expressed in this new orthonormal
frame and the new axes are referred to the principal directions.

In the principal frame, the stress tensor therefore reduces to three components oy,
onp and Oqr-

Cur

v

Figure 2.2. Components of the stress tensor
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A given state of stress described in the principal frame by the tensor o can
therefore be decomposed into two terms

o, 0 0 o, 0 0 o,-0, 0 0
0 o, 01={0 o, 0|+ 0 c,-0, 0 [2.5]
0 0 oy 0 0 o, 0 0 o, =0,

The first term is referred to as the spherical part of the tensor o and it
corresponds to a hydrostatic pressure. The second term represents the deviatoric

stress and corresponds to the shear component of tensor ¢.

2.2.3. Yield criteria

Yield criteria are expressed as a series of equations defining particular conditions
on the components o;; of the stress tensor. They are noted in the form:

f(o,)=0 (2.6]

where fis a known function. When this condition is satisfied, yield will occur.

Equation [2.6] can be expressed as a function of the principal stresses in terms of
a new function f":

f ’(O-Iﬁo-[[’o-[[[) =0 (2.7]

2.2.3.1. The Tresca criterion

The Tresca criterion is a maximum shear stress criterion based on the notion that
yielding occurs when the maximum shear stress attains a threshold value.

Taking 6,> o;; > oy, we can write this criterion:

z =M2k=§ [2.8]

max 2

When 1, is greater than or equal to the yield shear stress for a state of pure
stress k, yielding occurs. Y gives the yield stress obtained from a tensile (or
compression) test.



Tribology 53

2.2.3.2. The von Mises criterion

This criterion is based on the notion that plastic deformation occurs when the
stored distortion strain energy attains a critical value.

Using Y and k defined above, the von Mises criterion is expressed in the
principal frame by:

(o, _0-11)2 + (o, _0-111)2 + (o _0-1)2 =2V’ =6k’ [2.9]

The two criteria have been superimposed in Figure 2.3, and we can note that the
maximum separation (E) between the two is equal to:

2 Y
_ 2y [2.10]
E 3Y \/5

a maximum difference of around 15%.

Von Mises ‘r
circle

Tresca hexagon

Figure 2.3. Representation of the Tresca and von Mises criteria in the principal frame

2.3. Elements of contact mechanics [JOH 85, WIL 94]
2.3.1. Hertz contact theory
Figure 2.4 shows three different contact geometry configurations. In the case of

elastic contact, Hertz’s theory allows us to describe the stress distribution on and
below the surface.
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a) b) <)

Figure 2.4. Different types of contacts:
a) point; b) linear, c) surface

We take a simple case of point contact, illustrated by a sphere of radius R
pushing on a plane surface under the action of a force F (see Figure 2.5).

v

|
i
!
!
!
v
z

Figure 2.5. Sphere-plane contact
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The load is distributed on a circular contact area of radius a:

1
3
a=[3FRJ [2.11]
4E
where E is defined by:
LR G [2.12]
E E E

where E; and E, are Young’s moduli and v, and v, correspond to Poisson’s
coefficients for the sphere and plane, respectively.

The pressure distribution on the contact area can be written:

P=P, 1_(Lj [2.13]
a

where r can take x-values ranging from a to —a (see Figure 2.5).

This expression shows that the contact pressure is zero at the edges and maximum at
the center. The maximum pressure Py (also called the Hertz pressure) is given by:

F
p = [2.14]
27a
and it is 1.5 times greater than mean contact pressure Py
p=" [2.15]
wa

Depending on the value of P, relative to the yield stress Y, the deformation will
be elastic, elastoplastic or plastic:

— for0< P, <1.1Y, we have truly elastic deformation;
—P,,=1.1Y corresponds to the threshold for initial plastification; and

— P, =3Y corresponds to complete plastification.

Figure 2.6 shows the surface distribution of stress o, (in the contact plane). The
stress is compressive within the contact region and tractive at its edges.
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Q

Po

v
o | >

1t

Figure 2.6. Surface stress in a sphere-plane contact
Under the surface, along the z axis, the shear stress is maximal; T, = 0.31 Pg at

the point z = 0.48a, as shown in Figure 2.7. It is at this point that the initial yielding
occurs.

0 0.5 1
| | »
T T > -
Po
Maximum shear stress (Ty,y)
Z
1 at —=0.48
0.5 a
1 1
.5 T
z
a v

Figure 2.7. Below-surface shear stress in the case of a sphere-plane contact

When a sphere slides on a plane, the distribution of stresses is significantly
modified. Figure 2.8 shows the new profile of the stress 6, which loses its symmetry
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and becomes a compressive stress at the front edge of the contact and a tensile stress at
the trailing edge of the contact. It is also clear that its amplitude grows sharply as a
function of the coefficient of friction p and that it can lead, in the case of brittle
materials, to the development of characteristic, crescent-shaped cracks (see Figure
2.9).

Sliding direction of the sphere

—_—
A Gxx /pO
n, >0 1.0 +
o>
05 T
20 ' '

Figure 2.8. Sliding of a sphere on a plane: alteration of surface stresses relative to friction
coefficient u (static case i.e. u = 0 and evolution after displacement with u,>u;>u)

Figure 2.9. Crescent-shaped cracks on a SiC surface
after friction with a SiC sphere moved from right to left

2.3.2. The contact area

In the case of two plane rough surfaces placed in contact and subject to a normal
load F, contact occurs at points at the tips of the asperities, as shown in Figure 2.10a. If
the normal load is increased and replaced by a new force F' > F, new points of contact
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appear and the true contact area increases (see Figure 2.10b). This can be written A, =
2 Ay (where Ay is the contact area between two asperities) and is very small with
respect to the apparent surface contact area (A, = XY), as shown in Figure 2.11. The
A,/A, ratio depends on the distribution of asperities, on the normal load and on the
yield stresses of the materials.

a)

b)

Figures 2.10. Two rough surfaces in contact under a) a load F and under b) F’ > F. When the
load increases, the number of asperities in contact also increases

A

<

Figure 2.11. Contact areas between two solids A and B: the apparent contact area (A, = XY)
and the true contact area (A, = X A,q)
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The apparent contact area is usually between 100 and 10,000 times greater than
the true contact area [BRI 92]. Note that during friction, this contact area changes,
both in terms of its total extent as well as its chemical and structural composition.

2.3.3. Plastification of asperities

For the case of a Gaussian distribution of asperities, the contact pressure is
expressed using [GRE 66]:

P=0.3{—E }3 [2.16]
a-v)H I\ B

where [ is the mean radius of curvature of the (assumed spherical) asperities and o
the standard deviation of their height distribution.

A plasticity index y has been introduced in order to determine the limit between
elastic and plastic deformation of the asperities in contact. In the case of a Gaussian
distribution of asperities, this index is expressed as the product of two factors: the
first defines the mechanical properties of the materials whereas the second accounts
for the surfaces’ topographies

The plasticity index  is written:

E o
_|__E _||o [2.17]
v Lm_w)} f;

where E, H and v represent the Young’s modulus, hardness and Poisson’s
coefficient for the softest material, respectively.

The nature of the deformation of the asperities depends on the value of W as
follows:

— Y > 1: plastic contact;
— 1>W¥>0.6: elasto-plastic contact; and

— Y < 0.6: elastic contact.

2.3.4. Adhesive contact

The contact area, as calculated above based on Hertz’s theory (equation [2.11]),
does not take into account the forces of molecular attraction (mainly Van der Waals
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forces) which can noticeably modify its dimensions. Two models can be used to
calculate the new contact area (see Figure 2.12).

The first is the Johnson, Kendall and Roberts or JKR model [JOH 71]. It is based
on an energetic criterion and supposes the forces of attraction to be confined within
the contact area i.e. are zero outside it (Figure 2.12b).

The second is the Derjaguin, Muller and Toporov or DMT model [DER 75]. It
takes into account the attractive forces outside the contact area but supposes an
unmodified sphere-plane contact profile (Hertz-type contact) (Figure 2.12c).

F

.

Attractive forces are

Attractive forces are within outside the contact area

the contact area

b) ©)

Figure 2.12. a) Sphere-plane contact showing the penetration ¢ of the sphere into the plane;
. b) sphere-plane contact showing attractive forces confined to the contact area (JKR model);
¢) Hertz contact with attractive forces outside of the contact area (DMT model)

Table 2.1 summarizes the main characteristics of the three types of sphere-plane
contacts: Hertz, JKR and DMT. Here, F,4 refers to the adhesive force required to
break the contact, a is the radius of the contact area under load F (a, under zero
load), o is the total deformation (see Figure 2.12a), R is the sphere radius, F is the
normal applied load, W is the adhesive force between the sphere and the plane and
K is given by the relation:
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2 2
1 3f1=w 1=v [2.18]
K 4 E  E
CHe”Z JKR Model DMT Model
ontact
3
Fo |0 SR 27WR

R V| (R 2% R
4 (—FJ (E(F+37ZRW+\/67[RWF+(37ZRW) )j (E[F””RW]J

[ 7] 0

1 1
67TWR? \? 27aWR? )P
K

5 i a 2 /67zWa i
R R 3 K R

Table 2.1. Some characteristic values for the sphere-plane contact

The JKR model is mainly valid for the case of high surface energy materials with
large contact areas (soft materials or large radius spheres, typically of a few mm),
whereas the DMT model is mostly valid in the case of hard materials of small radius
spheres and low surface energy.

Figure 2.13 shows the evolution of the contact area between a sharp tip and a
plane surface as a function of the normal applied load. When this load is zero, the
contact area also becomes zero in the absence of surface forces (Hertz contact).
When surface forces are acting (JKR or DMT) we note that, even when the applied
load is zero or negative, the contact area always has a non-zero value.

Contact area b

/{,_; JKR
| = DMT

==

Hertz

=

Applied load

Figure 2.13. Variation of the contact area as a function of the applied load: a
comparison of the three models Hertz, DMT and JKR
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Several authors have reported that the adhesive force due solely to surface forces
can be sufficient to induce plastification of the indented surface. Values ranging
from a few micronewtons to several tens of micronewtons have been recorded in a
vacuum between metallic surfaces [CHO 80, PAS 84, POL 77].

If y corresponds to the surface energy and we have two identical materials 1 and
2 (see section 1.2.3), we can write:

n=p=yandy;,=0 [2.19]
which allows us to write:
W=y +p—ya=2y [2.20]

Using equation [2.20] and the expressions for F,4 (see Table 2.1), we therefore
have:

— for the JKR model:

F,=37yR [2.21]
—and for the DMT model:

F,=4rnyR [2.22]

It is therefore possible to determine the surface energy of the material by
carrying out experimental measurements of F,q4 (see section 2.5.2). However, this is
only possible if the separation force, which is negative here, is applied sufficiently
slowly to the contact in order to ensure reversible behavior. When the speed of
separation increases, visco-elastic losses can occur in the material (as has been
observed with rubber for example), which result in y values as high as 100 to 1,000
times those predicted by the laws of thermodynamics [PAS 84].

Finally, we note that the adhesive contact also depends on temperature and
duration of the contact between the materials [MAU 78, MAU 84].

2.4. Friction
2.4.1. The coefficient of friction

Consider a solid parallelepiped on a horizontal plane subject to a normal load F,,.
We now progressively apply a force F parallel to the plane in order to set it into
motion and increase its speed (v) from 0 to V (see Figure 2.14). This displacement
will result in a friction force F; in the plane, in the opposite direction to the sliding
motion and opposing it. Figure 2.15a shows the temporal evolution of this force.
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Knowing F, and having determined F; experimentally, we can then calculate the
coefficient of friction p which is defined by:

_F [2.23]
=T

n

We note that the coefficient of static friction (us with Fy = Fy)) is distinct from
the coefficient of dynamic friction (ug, with Fy = Fy(g)) as illustrated in Figure 2.15a:

— Fy(s) is the maximum force to be applied to set the solid into motion; and

— Fyq) is the force applied to maintain this motion.

We often observe the evolution of the frictional force shown in Figure 2.15b.
This corresponds to the stick-slip phenomenon which results from a series of

adhesions and breakings of the contact at the contact points between opposing
surfaces (see Figure 2.11).

Direction of sliding

Figure 2.14. Definition of the tangential force F;
Interfacial friction is the origin of a solid’s resistance to sliding
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Figure 2.15. Evolution of the friction force through time:
a) sliding without stick-slip, b) stick-slip sliding

Depending on the nature of the materials and the experimental conditions,
several different types of behavior can be observed as illustrated in Figure 2.16.
They result from chemical, topographical or structural modifications of the surfaces
in sliding contact and can include oxidation, allotropic phase transformation,
amorphization, crystallization, diffusion, melting, polishing or removal of material.

Friction coefficient
Friction coefficient
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v
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Friction coefficient
Friction coefficient

» »
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Time Time

Figure 2.16. Examples of evolution of the friction force as a function of time
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In Figure 2.17, we illustrate the case of two metallic surfaces in sliding contact
and the subsequent formation and shearing of a junction of area A, showing the
transfer of matter from the softest (B) to the hardest material (A).

Sliding direction

Material A

Material B
Figure 2.17. Adhesion with transfer of matter

Under these conditions, if we rewrite equation [2.23], replacing F, with the
product At and F,, with the product AP,,,, we obtain:

z [2.24]
A P,
In this expression, t is the shear stress and Py, is the mean contact pressure.

If we adopt the von Mises flow criterion since plastification has occurred, we can
write:

P =3Y [2.25]
and:

regp =L [2.26]

where Y is the yield stress and . the critical shear stress of the softest material.

If we then rewrite equation [2.24], taking into account equations [2.25] and
[2.26], we obtain: n~0.2.

Although this is a simple model it can yield acceptable values for p, even if they
are slightly low compared to mean values obtained for metal-metal pairs. Table 2.2
presents some values for coefficients of friction of different materials.
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Materials coctcients
Metal-metal in vacuum (< 10~ Pa) >3
Meta l-metal in air 02to 1.5
Polymer—polymer in air 0.05to 1
Metal—-polymer in air 0.05t0 0.5
Metal—ceramic or ceramic—ceramic in air 0.2t00.5
Metal-metal with solid lubricant (PTFE, MoS2, 0.05to 1
graphite)
Metal-metal with oil lubricant (outside hydrodynamic | 0.1 to 0.2
regime)
Lubrication in the hydrodynamic regime 0.001 to 0.005

Table 2.2. Some values for friction coefficients

We recall that friction is extremely sensitive to the surface cleanliness and to the
ambient environment in which the materials are placed. In ultra-vacuum, there are
no adsorbed species on the surfaces and they are very reactive. This results in strong
adhesive contact and therefore high coefficients of friction. Conversely, in air or in a
reactive atmosphere, the surface is covered with a layer composed of reaction
products with the atmosphere as well as additional adsorbed species or
contaminants. This layer acts as a lubricant and considerably reduces the coefficient
of friction (see section 1.2.1).

Experiments carried out in an ultra-vacuum chamber (less than 107" Pa) have
allowed measurement of friction coefficients exceeding 10 for many metal-metal
pairs (e.g. 12 for Fe/Fe, 40 for Zr/Zr and 60 for Ti/Ti). The introduction of
increasing amounts of oxygen (or other reactive gases) in the chamber results in a
systematic reduction of the friction coefficient. The effect is enhanced as the metal
presents stronger affinity to the gas introduced [BUC 81].

2.4.2. Tribometers

Tribological tests are performed with tribometers which can operate in air or in a
controlled atmosphere, with or without lubrication. Figure 2.18 shows an example of
a ball-on- disk laboratory tribometer with a reciprocating motion. The parameters
imposed are generally the applied load, the sliding speed and the environmental
conditions (humidity and controlled atmosphere i.e. nature and pressure of gases
introduced). The quantities measured are generally the friction force, the surface
temperature, the contact resistance and the wear.
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Figure 2.18. Ball-on- disk tribometer

Depending on the particular application, tests can be conducted using a number
of different contact geometries (see Figure 2.19).

d

2

Figure 2.19. Variety of contact geometry in tribometers: a) four-ball; b) sphere/plane; c) pin-
on- disk; d) plane/plane; e) plane/cylinder; f) cylinder/plane; g—i) cylinder/cylinder
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2.4.3. Laws and theories of friction

Historically, it was Leonardo da Vinci who first attempted to provide a scientific
explanation for friction (circa 1500) and who introduced the notion of friction
coefficient. In the 1700s, Guillaume Amontons formulated the first two laws of
friction which still bear his name today:

— the friction force is proportional to the normal applied load; and

— the friction force is independent of the apparent contact area.

These laws have been verified with mostly metals. However, with very hard
materials or highly elastic materials (such as rubber), experimental results have not
agreed with theoretical predictions [BOW 50]. It also must be noted that even for
metals, when the contact pressure is lower than the plastic flow threshold, we
observe behavior which is the opposite to that described by the first law. It was
Charles-Augustin Coulomb who introduced a distinction between static and dynamic
friction coefficients, and formulated the third law of friction in the 1780s:

— the friction coefficient is independent of the sliding speed.

All three of these rules have been verified in many cases, yet they should be used
with a degree of prudence as they do not apply to all materials regardless of the
environment and types of stress. This is particularly true when sliding speeds are too
high or when too large a range of loads is used [BLAU 95].

It was in the 1950s that a microscopic approach was introduced, based on the
formation and rupture of junctions at the contact points between opposing surfaces
[BOWD 50, BOWD 64]. Under the combined effects of the applied load and the
sliding speed, the interfacial temperature increase can lead to the growth of
numerous junction points between the solids. When these junctions are weak, shear
occurs within but with little or no transfer of matter. Conversely, when they are
strong, shear occurs in the softest material which is transferred onto the harder
material. For example, this is what happens when a soft copper or copper-based
sphere is rubbed against a hard steel surface (see Figure 2.20).
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Figure 2.20. Bronze particles (light) transferred onto a steel surface (dark) by friction

In order to explain friction, a theory based on the overlapping of surface
asperities was also proposed but was soon abandoned when it was established that
carefully-polished surfaces could still have high friction coefficients.

Today, however, we know that depending on the nature of materials and the
conditions of the surfaces in contact, there exists an optimal value of roughness that
minimizes the friction. The smoother the surface and the lower the roughness, the
greater the true contact surface will be and, consequently, the greater the adhesive
friction component will be (see equation [2.27]). Conversely, the rougher the surface
and the sharper and the more numerous the asperities, the greater the plastic
deformation component will be. Between these two extremes, there exists an
optimal roughness associated with a low friction coefficient (see Figure 2.21).

It should be noted that, for a given surface state, the evolution of the friction
coefficient relative to the normal applied load is similar to that shown in Figure 2.21.
There exists an optimal load that minimizes the friction coefficient [MY'S 97].
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Figure 2.21. Impact of roughness on friction: definition of optimal roughness. The evolution
of friction relative to the applied load can be illustrated by a curve of similar shape

It is widely known that the friction force consists of two terms and can be
expressed as:

F =F,+F, [2.27]

The term Fy is due to the deformation of asperities and to the ploughing of the
softest surface by the hardest surface (plastic deformation component), whereas F, is
the force needed to shear the adhesive junctions between opposing materials
(adhesive component). For the case of polymers, friction also induces visco-elastic
losses which constitute, in most cases, the predominant factor [BRISCOEE 98].

During the friction process, only part of the dissipated energy is due to the wear
of the opposing materials. Indeed, [BRISCOEB 92] gives the following as a general
guide to the forms of energy into which “mechanical energy is converted during
friction:

— heat energy, causing an increase in the temperature of rubbing bodies;
— acoustic energy, producing audible effects;

— optical energy, including the full spectral range;

— electric energy, responsible for generating electrostatic charge;

— mechanical energy, causing wear of contacting bodies; and

— mechanical energy (or entropy), causing further comminution of wear
particles”.
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The relative contribution of these different forms of mechanical energy
expenditure will differ according to the nature of the opposing materials, the
surrounding environment and the contact conditions. There is therefore no
correlation between wear and friction, and it is indeed possible to observe significant
friction without any surface wear. Wear can therefore only be correlated with a
fraction of the energy used in the wear process itself.

2.5. Nanotribology
2.5.1. Surface forces

Surface forces play an important part in friction and their impact is particularly
noticeable with microcontacts, especially when the forces involved are low (from a
few micronewtons to a few hundreds of micronewtons).

These forces are classified into three types:
— electrostatic forces;

— capillary forces; and

— Van der Waals forces.

2.5.1.1. Electrostatic forces

These forces result from Coulomb interactions between pre-charged surfaces or
from surfaces which become charged through friction (triboelectricity). They can be
described using the classic equations of electrostatics.

2.5.1.2. Capillary forces

The humidity content of ambient air normally ranges from 30 to 60%. Under
these conditions, a film of water forms on the surface of materials and induces a new
adhesive force known as the capillary force.

Figure 2.22 illustrates the formation of a meniscus between two solids — a
sphere of radius R and a plane — separated by a liquid film. If the interaction
between the solids is negligible (as is the case when D is large relative to the range
of action of the surface forces), and if the sphere’s radius R is also large relative to
the sphere/plane distance, then the capillary force is given as a function of the
interfacial tension y; y between liquid/vapor by [DEGE 05, GEO 00]:

F=4nRy,, cosd [2.28]

This shows that the force reaches a maximum (F ., for 6 = 0) corresponding to a
capillary force that acts in the vertical direction (see Figure 2.23) [DEGE 05]. This
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result is related to equation [1.17] which shows that the liquid/solid adhesive energy
is greatest for 6 = 0.

Finally, we note that if the solids are placed in a dry environment or immersed in
a liquid, then the capillary force is zero.

Figure 2.22. Formation of a meniscus
between two surfaces separated by a liquid film

_ B AN

Figure 2.23. Variations in the capillary force when an object dipped in a liquid is withdrawn.
The capillary force reaches a maximum when 6 = 0. Figure adapted from [DEGE 05]

2.5.1.3. Van der Waals forces

Van der Waals forces result from dipole—dipole interactions, either between
polar molecules or between polar and neutral molecules (induced dipoles). They can
also arise from dispersive effects (London dispersion forces) due to electron motion
which causes the appearance of instantaneous dipoles with very short lifetimes. In
the case of solid—solid contacts, these forces can be observed by monitoring the
evolution of the force of interaction between a sharp tip and a plane surface slowly
brought into contact in a vacuum (see Figure 2.24).
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Figure 2.24. Evolution of the force of interaction
relative to the distance between a sharp tip and a surface

When the two surfaces are sufficiently close they are attracted through the effect
of Van der Waals forces. However, when the distance becomes less than about
0.2 nm (equilibrium distance D), nuclear repulsion becomes dominant. We note that
the intermolecular attraction can be stronger due to the generation of genuine
chemical bonds such as covalent or metallic bonds. On the other hand, when the
surfaces are immersed in a liquid, new forces develop which determine the nature
and the strength of the interactions [BHU 05]. Van der Waals forces can be
expressed as a function of the contact geometry, using equations [2.29-2.31] (Figure
2.25).

Interaction between two spheres

5 WA RR
R, 6D (R+R:) 220

Interaction between a sphere and a plane
D W= AR
R 6D
[2.30]

Interaction between two planes

4
We—A __
127207 [2.31]

Figure 2.25. Interaction energy (W) between two solids of different geometry
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In these expressions, A represents Hamaker’s constant, a complex function of the
dielectric (dielectric permittivity €) and optical (refractive index n) characteristics of
the materials under study and the medium separating them.

If we consider two media | and 2 interacting across a medium 3, Hamaker’s
constant can then be expressed:

4= i B by (n —n3)(n; —n3) [2.32]

4 ave e e 82 ol end)on +d) (o +d) + o+

where g; is the dielectric permittivity; n; the refractive index of medium i; k and h are
Boltzmann’s and Planck’s constants, respectively; T is the absolute temperature and
Ve is a frequency of the order 3 x 10" s™' [CAP 99, ISR 99]. Hamaker’s constant
usually takes values ranging between 10™'* and 10° J.

The expressions given in Figure 2.25 clearly show that, in all cases, the interaction
energy is proportional to Hamaker’s constant.

Consider two identical planes positioned at an equilibrium distance D, (state 1)
and separated by a sufficient distance that they do not interact (state 2). If only Van
der Waals forces are acting, the variation of the system energy will be:

A A
AW:VVstateZ_VVstatel =0_ - 2 = 2 [233]
122Dy ) 127D,

This energy is in fact twice the surface energy (y) of the planes’ material
(equation [2.20]), so we can write:

2y = Lz [2.34]
127D,

which allows us to write:

y=_A i [2.35]
247D,

A number of experimental studies allow us to take Dy = 0.165 nm [GEO 00,
ISR 99]. Equation [2.35] gives a simple relationship between surface energy and
Hamaker’s constant. To determine Hamaker’s constant, all that is required is
knowledge of the surface energy of the material determined with a simple
wettability test (see section 1.2.3).
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2.5.2. Surface forces measurements

Surface forces are primarily studied with two kinds of devices: the surface forces
apparatus (SFA) or the atomic force microscope (AFM).

2.5.2.1. The surface forces apparatus (SFA)

The principle of the SFA is to carefully bring together a mobile surface (a plane
or sphere) and a fixed surface (a plane) and to measure, during approach and
withdrawal, their forces of interaction as well as the distance between them
[GEO 94].

Figure 2.26 shows the evolution of the force depending on the phase of approach
or withdrawal for two carbon surfaces, a sphere and a plane, in a dry atmosphere.
During approach, a jump to contact resulting from Van der Waals forces occurred.
During withdrawal, some hysteresis is noted and the maximum adhesive force
(436 mN'm") can easily be deduced. Based on this quantity, the surface energy of
carbon can be calculated by applying the JKR model (see Table 2.1) and equation [2.21]:

y= Lo
3R [2.36]
Approach Adhesion Withdrawal
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Figure 2.26. Forces of adhesion of a sphere on a plane. Forces curve
obtained for two carbon surfaces with an SFA used in dry air:
a) displacement of the sphere, b) force curves [GEO 00]
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Figure 2.27 shows the impact of humidity on the force profile for two carbon
surfaces. The curves shown are for the withdrawal phase. We see clearly that the
maximum adhesive force (476 mN m™') measured in a wet atmosphere (relative
humidity 30%) is greater than the equivalent for measurements in a dry atmosphere.
Moreover, the shape of the curve clearly provides evidence for the generation of an
interfacial meniscus (the withdrawal phase is accompanied by a strong tail on the
curve).
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Figure 2.27. Force profile relative to displacement during withdrawal of the sphere from the
carbon plane, curves recorded in dry and wet conditions [GEO 00]

2.5.2.2. The atomic force microscope (AFM)

The principle of the AFM was presented in section 1.2.2.3.3. This technique
offers better resolution both in terms of the applied force as well as vertical
displacement, and also allows improved spatial resolution as the radius of curvature
of the AFM tip ranges from a few nanometers to a few tens of nanometers (whereas
spheres used in SFAs have radii of several millimeters).

We now present some measurement results obtained from experiments carried
out on immersed surfaces in different electrolytes.

Two metallic surfaces dipped in an electrolyte are brought close together.
Depending on the nature of the environment, the materials, the adsorbed species and
the pH of the solution, the surfaces may be subject to attraction or repulsion under

the action of a range of forces such as hydrophobia, hydration,Van der Waals forces
or electrostatic forces [BHU 05].
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Consider using an AFM to study the particular case of the contact between
different materials in a solution with differences in pH. We know that for a given
electrolyte, the material’s surface will develop a negative charge beyond a certain
threshold pH (pHg) and will develop a positive charge below this threshold. The
point corresponding to a surface charge of zero (pH = pHj) is known as the isoelectric
point or IEP.

As the tip of the AFM is made of silicon nitride (Si;N,) (whose IEP corresponds
to a pH of 6), then depending on the nature of the material (i.e. its IEP) brought into
contact with the tip in a given electrolyte, the two surfaces will develop same-sign or
opposite sign charges and repulse or attract.

Figure 2.28a shows force curves corresponding to the contact between the tip of
the AFM (Si3Ny4) and a silicon oxide sample, in a | mM NaCl electrolyte solution, at
pH 4 and at pH 8.5. Silicon oxide has an IEP of pH 2, so its interaction with silicon
nitride (of IEP pH 6) will be attractive between pH 2 and pH 6 (the case for pH 4)
and repulsive otherwise (the case for pH 8.5) [MARTI 95]. For the pH 4 case, we note
that there is a large degree of hysteresis corresponding to strong adhesion between the
surfaces. However, at pH 8.5 the force curve shows repulsion between the surfaces.

Figure 2.28b shows force curves for a polycrystalline nickel sample in contact
with the tip of the AFM (Si3N,) in a 1 mM NacCl electrolyte solution at pH 3.3 and at
pH 10.5. Nickel is negatively charged irrespective of pH whereas silicon nitride (IEP
pH 6) is positively charged at pH 3.3 (attraction between Ni and Si;N,), and negatively
charged at pH 10.5 (repulsion between Ni and Si;Ng). The attraction, which is
associated with a strong adhesive force, is clearly illustrated by the hysteresis in the
adhesion measured at pH 3.3 [GAV 02a].

As aresult of experiments in nanotribology, a new approach to the interpretation of
friction has been introduced by Israelachvili [ISR 94]. He has shown that friction is not
correlated to the force of adhesion (strength of formed junctions), but to adhesion
hysteresis, i.e. the energy expended during the adhesion—rupture cycle.

This energy represents the difference between the energy required to establish
and break the contact. It reflects the irreversibility of the force responsible for the
adhesion, whereas in the Tabor and Bowden model, it is the value of this force that
determines the degree of friction.

Figure 2.29 enables the unambiguous verification of this model. These results are
from the system described above and are shown in Figure 2.28a. Several force curves
were recorded at different pH levels and friction forces were measured with a lateral
force microscope (LFM) (see section 1.2.2.3.3). We note perfect correlation between
the adhesion hysteresis and the friction force.
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Figure 2.28. a) Force curve recorded at pH 4 and pH 8.5 in a solution of 1 mM of NaCl
between the silicon nitride tip of the AFM and a silicon oxide sample [MARTI 95]; b) force
curve recorded at pH 3.3 and pH 10.5 in a solution of 1 mM of NaCl between the silicon
nitride tip of the AFM and a nickel sample [GAV 02a] (see Figure 1.18
for the interpretation of force curves)
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Figure 2.29. Lateral force (friction force) (m) and expended energy (hysteresis of adhesion)
(®) measured with AFM/LFM at different levels of pH in a solution of 1 mM of NaCl between
the silicon nitride tip of the AFM and a silicon oxide sample [MARTI 95]

2.5.2.3. Application: surface forces and micromanipulation

As shown in Table 2.3, as the dimensions of an object reduce, there is an
increase in the surface area to volume ratio, which results in surface forces playing
an increasingly important role in interactions. This is perfectly illustrated in the field
of micromanipulation — the positioning and precise movement of micron-sized

objects.
Radius (m) Surface/volume (m™)
Atom 10710 3x 1010
Grain of sand 2% 1074 15x 103
Table-tennis ball 0.02 150
Soccer ball 0.1 30

Table 2.3. Some values of the surface/volume ratio
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The drive towards device miniaturization and the need to produce components
for micro-electro-mechanical systems (MEMS) motivates the need for grippers able
to hold and move micron-sized components. However, as surface forces become
greater on these scales, the force of adhesion (due to Van der Waals, electrostatic or
capillary forces) renders the micromanipulation of these objects intrinsically
difficult.

Although it is relatively easy to exploit surface forces to hold an object due to its
adhesion to the grippers it is, on the other hand, difficult to release the object and
thus free the grippers for a new manipulation. One solution to this problem consists
of tilting the grippers by some angle 0 in order to minimize the force of adhesion.

This procedure is illustrated in Figure 2.30.

a) b) ©)

f)
Figure 2.30. Micromanipulation sequence: a) approach of the gripper;

b) object—gripper contact; c) the object is taken hold of; d) the object is laid down;
e) the gripper is tilted and the object is freed; f) the gripper is removed

The gripper comes into contact with the object, adheres to it and lifts it. For this
operation to succeed, the object needs to be “torn” from the substrate on which it is
resting; in other words, the object—substrate bond must be broken. The adhesive
force between the gripper and object must therefore be greater than the object—
substrate bond. Once held by the gripper, the object must be set down in a different
position but on the same substrate. For this to be possible, the object—substrate bond
must be greater than the object—gripper bond. This can be achieved by tilting of the
gripper according to an angle 0 (with respect to the horizontal plane). This reduces
the object—gripper adhesive force (which is multiplied by a factor cos 6), which is
sufficient to make the object—substrate adhesion greater than that of the object—
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gripper. For a detailed analysis (and calculations) of the pick and place, see
[HALI 02] and [ROL 00].

Depending on the nature of the object to be moved, it is also possible to choose
two surfaces made of materials A and B and a gripper made of material C in order to
move the object from A to B without having to tilt the gripper by an angle 0. Careful
selection of the three materials can ensure that the gripper—object adhesive force is
greater than that between material A and the object, but less than the adhesion
between material B and the object.

In order for the manipulation described above to be successful, the following
double inequality between Hamaker’s constants need to be satisfied [ROL 00]:

A (object-material B) = A (gripper—object) =~ A (object—material A) [2.37]

2.5.3. Nanofriction

Figure 2.31 shows the variation of the friction force as a function of the normal
load for a silicon tip (of a few nanometers of radius of curvature) covered with an
amorphous layer of carbon, sliding on the surface of mica or carbon samples.

Because of surface forces, we note the existence of non-zero friction even with
no applied load (Ft* = 0 to 15 nN depending on the radius of curvature of the tip and
the nature of the samples tested) [PIE 99, SCH 97a, SCH 97b]. The friction force
cancels for a negative applied normal force P* (maximum adhesive force) between 2
and 50 nN.

This result illustrates the complex nature of nanotribology compared to classical
tribology, and shows that problems linked to friction and wear in microsystems
cannot be resolved through the naive transposition of laws and empirical solutions
that are valid on the macroscopic scale. Indeed, the size factor (the scaling from
macro to micro, or even nano) is not beneficial to miniaturization because, in
microsystems, the forces dissipated by friction in mechanical links are considerable
[MIN 98].
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Figure 2.31. Friction force relative to the normal load for a silicon tip covered with an

amorphous film of carbon, and sliding on the surface of mica or carbon samples. F,E" and P*
range from 0 to 15 nN and from 0 to 50 nN, respectively [PIE 99, SCH 97a, SCH 97b]

2.6. Wear

Wear, corrosion and the specific degradation of polymers under ultraviolet light
are the main modes of material degradation. Wear typically induces some degree of
material loss. In the case of a hard material A in sliding contact with a soft surface
B, we write the wear experienced by surface B as:

V_gh [2.38]
L H
where V represents the total volume of material removed, L the total sliding
distance, F,, the normal applied load and H the hardness of the softer material. K is a
(dimensionless) wear coefficient which can take values ranging from 107" (mild
wear) to 107 (severe wear).

The coefficient K is sometimes replaced by a coefficient K', which is given by:

_r
LF,

[2.39]

expressed in mm® mN™".

Several methods can be used to quantify wear, such as:

— weighing of samples once the tests have been performed;
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— quantifying the volume of removed material through the use of 3D tactile or
optical profilometers;

— filtration and analysis of the oils and wear debris found in lubricants;

— surface activation which consists of marking it with radiotracer isotopes and
monitoring the wear through analysis of the radioactive signal emitted; provided it
has been properly calibrated, the intensity of this signal can yield the depth of wear.

2.6.1. The different forms of wear

It is usual to classify wear in terms of four different categories: adhesive wear,
abrasive wear, fatigue wear and tribochemical wear (see Figure 2.32).

2.6.1.1. Adhesive wear

Adhesive wear (illustrated in Figure 2.32a) is characterized by the appearance of
junctions (or microwelds) between the surfaces that are subject to friction. When
these junctions are weak, shear occurs at the interface of the two surfaces and there
is no wear. However, when junctions are strong, the softer material is subject to
shearing and, as a consequence, is transferred onto the harder material.

2.6.1.2. Abrasive wear

Abrasive wear (illustrated in Figure 2.32b) occurs when a hard material is put
into contact with a soft material. This type of wear can cause scratches, wear
grooves and lead to material removal.

2.6.1.3. Fatigue wear

Surface fatigue wear (illustrated in Figure 2.32¢) occurs when a material is
subject to cyclical stresses. Due to strains introduced in the superficial layers of
the material, cracks that are parallel to the surface develop within the material.
When they reach a critical size, they generate flake-like debris. This phenomenon
is also referred to as delamination wear.

2.6.1.4. Tribochemical wear

Tribochemical wear (illustrated in Figure 2.32d) is a phenomenon which
involves the growth of a film of reaction products due to chemical interactions
between the surfaces in contact with each other and the surrounding environment.

One of the most common forms of tribochemical wear is tribo-oxidation wear.
The increase in temperature due to friction accelerates the growth of an oxide film
which detaches from the surface when it reaches a certain critical thickness. The
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debris thus generated can take part in the wear process or be evacuated from the
friction path.

©) d)

Figure 2.32. Main forms of wear: a) adhesive wear, b) abrasive wear;
¢) fatigue wear, d) tribochemical wear

2.6.2. Wear maps

Wear maps are used to represent the different types of wear as a function of
tribological parameters [LIM 97]. Figure 2.33 shows the wear map of a steel/steel
pair in a pin-on- disk-type contact. The different domains are plotted as a function of
normalized parameters.
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Figure 2.33. Wear map of steel including the different forms of wear as well as
corresponding values for the rates of wear [LIM 87]
The normalized speed V* is defined by:
Vi=v— [2.40]

where v is the sliding speed, a is the radius of the contact area and k is the thermal
diffusion coefficient of the metal.

The normalized pressure P* is given by:

p=toy
4

n

[2.41]
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where F, is the applied load, A, the apparent contact surface area and H the
hardness.

The normalized rate of wear is:

— [2.42]

where W is the rate of wear expressed in terms of the volume of removed matter per
unit of applied load and per unit of sliding distance and A, is the apparent contact
surface area.

2.6.3. Interface tribology: third body concept

Interface tribology distinguishes first bodies (those involved in the friction) from
the third body which comes in between and partially or completely separates this
material couple.

In dry (lubricant-free) friction, the third (or “natural”) body is made up of wear
debris forming a layer which can accommodate velocity differences between the
first two bodies. This layer ensures load-carrying capacity, protects the surfaces and
can act as a lubricant, as has been demonstrated in the case of silicon carbide
couples [TAK 94a, TAK 94b].

Liquid and solid lubricants are considered as artificial third bodies as they are
introduced into the contact area by external means.

The notion of the tribological circuit was introduced to describe the evolution of
the third body in the contact area [BERTH 88] (see Figure 2.34). Initially, wear
particles are removed from the surfaces subjected to friction and come to provide an
internal source. If a solid lubricant (or external source) is used, the third body will
comprise torn particles and lubricant. As new wear particles are removed from the
antagonistic surfaces and enter the contact area, part of the third body particles are
evacuated from the surface.
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Figure 2.34. Principle of the tribological circuit and evolution of the third body [BERTH 88]
(O.: flow of the third body escaping from the contact,; Q,,: wear flow; Q,. recirculation flow;
0O,(i): internal source flow, representing the particles detached from the first bodies; Qs(e):
external source flow, due to the artificial third body introduced in the contact; Q;. internal
flow, or flow of the third body circulating between the first bodies)

The third body can also be defined as an operator that separates the first bodies
and transmits the load (bearing) between the first bodies, while accommodating the
greater part of their difference in speed [BERTH 98].

As shown in Figure 2.35, velocity accommodation between the first bodies can
occur in five different sites, i.e. the two first bodies, the third body and the two
intermediate layers between the two first bodies and the third body [BERTH 88,
BERTH 92]. Moreover, within each site, four modes of velocity accommodation can
occur: elastic, rupture, shear and roll. There are twenty velocity accommodation
mechanisms (5 sites X 4 modes) and, depending on the nature of the materials and the
conditions, one or more of these are activated. In fact, in the course of friction, one
particular mechanism can be stopped and one or several other mechanisms can be
triggered.

Berthier provides an overview of third body theory and its uses in solving
problems involving friction and wear [BERTH 05].
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Figure 2.35. The different mechanisms of velocity accommodation [BERTH 88, BERTH 92]:
S1, 85 = Ist bodies; S2, S4 = screens; S3 = 3rd body; M1 /' = elastic mode;
M2 | | = rupture mode; M3 _—— = shear mode; M4 <22 = roll mode

2.6.4. The PV product

Even although we can currently identify and classify many different forms of
wear (abrasion, adhesion and surface fatigue), practical experience shows that wear
is often due to several mechanisms occurring simultaneously. This makes it difficult
to reliably predict the behavior of tribological systems. This complexity is mainly
due to the following six factors:

— contact pressure varies with wear as the true contact area changes;

— the chemical composition, texture and mechanical characteristics of a surface
are modified during frictional contact;

— the exact transformation undergone by the third body and wear debris, as well
as the part they play in the wear mechanism itself, are not yet fully understood;

— the results of laboratory tests can be influenced by the mechanical
characteristics of experimental instruments;

— the chemical interaction of lubricants (in particular, certain additives) with the
surfaces subject to friction and the consequences for the tribocorrosion (and wear) of
materials are problems not yet fully understood; and

— the dissipation of energy during friction is a problem not yet resolved.

From the practical point of view, the performance of a material can be described
by the maximum value of the PV product (pressure X speed) which it can withstand.
In the case of polymer—steel friction, values ranging between 0.06 MPa ms™ for
PTFE and 3.5 for polyimide have been reported. In car manufacturing, the PV
product can range from 60 to 250 MPa ms™' for a standard crankshaft (from 200 to
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250 MPams™' for abig end), and it can be as high as 650 MPams ' for racing
engines (1000 MPa ms ™' for a big end) [GEO 00, LIG 04].

2.7. Lubrication

The purpose of lubrication is to extend the lifespan of those parts subject to
friction, as well as that of the mechanisms and machine parts in which they are
involved.

Three types of lubricants are used:
— oils;
— greases; and

— anti-friction materials.

2.7.1. Oils [AYE 92, MANG 01, RUD 03]

2.7.1.1. The notion of viscosity

Lubrication oil composition is complex because, as well as containing standard
oil, they comprise a great many additives such as anti-oxidants, anti-rust products,
detergents, anti-foaming agents or extreme-pressure additives.

The principal characteristic of oil is its viscosity, usually noted n. This quantity
describes the fluid’s resistance to flow. In the SI system, it is expressed as Pa s and
in the CGS system, the unit is the Poise (1 Pas = 10 Poises). For example, the
viscosity of water is 1 mPa s at 20°C while that of a car engine lubrication oil is
10 mPa s and that of a molten polymer is of the order of 1000 Pa s.

In place of the dynamic viscosity, we sometimes use the kinematic viscosity (V)
which is defined by:

yon [2.43]

where p is the volumetric mass of the liquid. vis given in m*s™', but the Stokes (St)
where 1 ¢St=10"°m’ s is also often used.

In order to facilitate the ease of flow and contact lubrication, oil must retain its
viscosity at high temperatures yet remain fluid at low temperatures. This is usually
achieved through the use of specific additives, such as polymethacrylates, which
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guarantee oil fluidity in cold weather while allowing it to remain viscous enough to
prevent metal-metal contact at high temperatures.

2.7.1.2. The viscosity index and the SAE standard

The viscosity index or VI accounts for variations in oil viscosity as a function of
temperature. If oil viscosity varies greatly with temperature, its viscosity index is
low; conversely, a high viscosity index characterizes oils that are relatively
impervious to temperature changes. This is determined relative to two reference oils
to which are assigned indices 0 and 100. The viscosity of the oil under study is
measured at 40°C and 100°C and the values obtained are then compared with those
of the reference oils.

VI is calculated using the following equation:

v =100L=Y [2.44]
L-H
where U is the viscosity of the oil under study and where L and H are the viscosities
of the reference oils with VI =0 and VI = 100, respectively. All three oils must have
identical viscosity at 100°C.

To classify oils into categories, the American Society of Automotive Engineers
has established the SAE standard which is used universally. It defines 11 levels or
“grades” characterized by values of viscosity situated within an interval defined by
the standard. These levels of viscosity are measured in cold temperature conditions
(=5 to —40°C) for winter grades (W) and in hot conditions (100°C) for the summer
grades.

Oils satisfying the viscosity limits for either hot or cold conditions are called
monograde. Oils meeting the viscosity requirements for both hot and cold conditions
are called multigrade.

Examples of monograde oils include the following:

— SAE 10W: smaller numbers are associated with oils that retain high fluidity
even in cold conditions. The number corresponds to one of the six grades: 0, 5, 10,
15, 20 or 25.

— SAE 40: higher numbers are associated with oils that retain high viscosity even
at high temperatures. The number corresponds to one of the five grades: 20, 30, 40,
50 or 60.

Examples of multigrade oils include:
— SAE 5W20; and
— SAE 10W40.
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The numbers given before and after the letter W have the same meaning as those
described above for monograde oils.

2.7.1.3. The Stribeck curve

To illustrate the behavior of a lubricant in action, we consider in Figure 2.36 the
case of a plane bearing and monitor the evolution of the friction coefficient when it is
in use. The variation of this coefficient is plotted as a function of the Sommerfeld
number S =1 V/P, where 1 is the oil’s dynamic viscosity, V is the relative velocity of
the opposing surfaces and P is the normal load.

g '

Hydrodynamic lubrication

Friction coefficient

Mixed lubrication

Boundary lubrication

Sommerfeld number S =1 V/P

Figure 2.36. The Stribeck curve

At the start we observe a high friction coefficient due to the metal-metal contact.
In this lubrication limit zone, the mean thickness of the lubricating film is lower
than the mean roughness height of the opposing surfaces.

The second phase is called mixed lubrication (see Figure 2.36) and corresponds
to metal-metal friction in the presence of a discontinuous lubricating film. When the
lubricating film completely separates the surfaces, the friction coefficient passes
through a minimum value and then begins to increase due to viscous friction within
the lubricant. From then on, it is the rheological properties of the lubricant and its
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adhesiveness to the surfaces in contact that determine the tribological behavior of
the system. This domain corresponds to the regime of hydrodynamic lubrication
(with a continuous lubricating film) and corresponds to the optimum operating zone
of the plane bearing.

2.7.1.4. The different types of oils

2.7.1.4.1. Mineral oils

These are petroleum-based oils containing several kinds of hydrocarbons whose
nature depends on the particular crude oil used. The main hydrocarbon families
found in mineral-based oils are paraffinic, naphthenic and aromatic oils (see Table
2.4), the latter being the dominant component accounting for more than 70% of the
weight of mineral-based oils.

Name Chemical formula

Structure of linear (n-paraffin)

paraffinic-type hydrocarbon CHCH, ) —CH,

Structure of aromatic-type \‘lﬁ\”/

hydrocarbons .2

Structure of olefinic-type

hydrocarbons CH3 _‘CHE)M_CHZ_ CH=CH— CHQ_‘CHZ)JT CH3
e P -

Structure of naphthenic-type i ff T

hydrocarbons N

Table 2.4. The main types of hydrocarbons found in mineral oils

Apart from these primary constituents, mineral oils also contain oxygenated,
nitrogenated and sulfurated components that can make up as much as 3% of the total
product weight.

Finally, we note that mineral oils have a generally poorer lubrication
performance than compared to synthetic oils and that they are also more
environmentally hazardous.
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2.7.1.4.2. Synthetic oils

Synthetic oils can be classified into four main categories based on their chemical
nature: polyolefins, polyglycols, silicones and esters (see Table 2.5).

Polyolefins are largely used in engines and gear lubrication, whereas polyglycol-
based oils are used as brake fluids or as lubricants to prevent metal wear. Silicone-
based oils are noted for their very high viscosity level and can be used, for example, as
a damping liquid or sliding lubricant. Ester-based oils provide excellent resistance to
oxidation and good thermal stability. They are therefore widely used in high-
temperature systems.

Name Chemical formula

E—(CH,)—C—O—R
Aliphatic ester ok CI_B

CH, cH, CH,

| | |
Silicone CHy— »|5'I = T‘x —0 ]Sﬁ —CH,

cH, cH, | ca,

Polyglycols HO—-CH,—CH—-0-; H
CH,
i
Pol
olyalphaolefins O
(PAO) !
1

Table 2.5. The different types of synthetic oils

2.7.1.4.3. Vegetable oils

Vegetable oils are intrinsically biodegradable and non-toxic; sunflower, soya and
rapeseed oils can be as efficient as some mineral oils at low temperatures. The
development of new antioxidant additives has now overcome the main drawback of
these lubricants — their limited resistance to oxidation — and many studies have
shown that these oils can now successfully rival mineral oils of similar viscosity
[KAB 95, MAS 99]. There are strong arguments for the increased use of vegetable
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oils as environmental standards become stricter and as costs of petroleum-based
products increase, particularly considering the opportunities to cultivate fallow land.

2.7.1.4.4. Additives
Lubrication oils are systematically used together with a range of additives which
improve their rheological and chemical properties. These are grouped in two classes:

— additives acting on the properties of the lubricant such as anti-foaming,
antioxidant agents and viscosity index improvers; and

— additives interacting with the opposing surface to form a protective film (i.e.
anti-wear and extreme-pressure additives, corrosion inhibitors, detergents and
dispersing agents).

2.7.1.5. Greases

Greases consist of basic mineral or synthetic oil that is mixed with a thickener
containing an alkaline or alkaline earth element such as lithium, calcium, potassium,
sodium or barium. The properties of a type of grease and its performance at high
temperature greatly depend on the nature of its constituents. In contrast to oils,
greases are advantageous in that they do not flow and remain in the contact areas
during friction.

2.7.1.6. Anti-friction materials

Anti-friction materials are used in those cases where oils or greases are
unsuitable. They must meet three essential requirements:

— be soft and easy to shear;

— be perfectly adherent to the surfaces of the materials to be protected; and

— be stable and impervious to chemical or structural changes in the course of
their application.

These materials can be divided into four main categories:
— lamellar solids;

— sliding varnishes;

— soft metals; and

— fluorides, sulfides and oxides.

2.7.1.6.1. Lamellar solids

Graphite and molybdenum disulfide (MoS,) are the two most widely used. They
are characterized by a structure of fine layers known as a lamellar structure (see Figures
2.37 and 2.38). This results from the stacking of atomic planes that are loosely bound by
weak bonds. During friction, when shearing occurs parallel to these planes, they slide
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along one another and thus act as a lubricant in allowing the relative sliding of the
solids in contact.

These materials are generally used as thin films (ranging from a few nanometers
to a few tens of nanometers) physically deposited on the metallic surfaces expected
to undergo friction. This is usually achieved by the sputtering of a graphite or
molybdenum disulfide target onto the metallic surfaces undergoing friction. They are
also used as additives in composite materials designed for tribological applications.

These two materials are very sensitive to their environment. Graphite loses its
lubricating properties in a dry atmosphere, whereas in humid conditions the layer of
water adsorbed onto its surface grants it excellent lubricating properties. In contrast,
for molybdenum disulfide, friction and wear noticeably increase significantly with
increased humidity [FLE 97].

The tribological properties of graphite and molybdenum disulfide can be
improved through the use of certain additives such as PTFE. Thanks to its
hydrophobic nature, this additive results in improved properties for the MoS,-PTFE
composite in a humid atmosphere.

The lubricating properties of graphite can also be improved through the addition
of fluoride, which will induce the generation of (CFx),-type composition, where
fluoride atoms replace carbon atoms without modifying the lamellar structure of the
graphite. Because fluoride noticeably weakens the bonds between atomic planes, it
reduces resistance to shear which, in turn, greatly reduces the friction coefficient
[PAU 96].

While the friction and wear of graphite are greater in vacuum than in air,
molybdenum disulfide has a low friction coefficient in a vacuum (0.15 in air; 0.02 in a
vacuum) even at high temperatures. In vacuum it remains stable to 1000°C, whereas in
air it oxidizes readily at 400°C yielding MoO; and SO,. These properties make MoS,
particularly well-suited for spatial applications.
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Figure 2.37. Crystallographic structure of graphite
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Figure 2.38. Crystallographic structure of molybdenum disulfide (MoS,)

2.7.1.6.2. Varnishes

These are composite materials consisting of solid lubricant particles (usually
MoS,, graphite or PTFE) dispersed into an organic or inorganic binding agent in
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the presence of a solvent. They are applied as a thin layer (ranging from a few
microns to a few tens of microns) through spraying or dipping of previously
degreased surfaces. They can be applied equally well to metals and to flexible
materials such as rubber. Some of these coatings may be air-dried at room
temperature, but others need to be oven-dried with a drying phase ranging from a
few minutes to several hours.

2.7.1.6.3. Soft metal coatings

These are usually gold, silver, indium, lead and tin thin films that are either
deposited chemically, electrochemically, or using CVD (Chemical Vapor
Deposition) or PVD (Physical Vapor Deposition) techniques. Soft metal coatings
are interesting as they can withstand loads and working temperatures far greater
than sliding varnishes.

Studies carried on indium [BOWD 64], lead [HALL 86, PAU 96] or gold films
[ANT 88, SPA 81] deposited onto metallic substrates have clearly shown that there
exists an optimal film thickness (generally ranging between 0.1 and 1 micron) that
minimizes the friction coefficient.

Figure 2.39 shows the typical variation of the friction coefficient as a function of
the film thickness for two (ball-on- disk) steel surfaces where the disk is coated
with a soft metal film.

This curve can be interpreted as follows: when the film is very thin, some surface
asperities are not covered. As a result, the ball comes into direct contact with the
substrate, yielding a high friction coefficient and rapid surface wear. Conversely,
when the film is very thick, its ductility causes the ball to penetrate it thus increasing
the contact area and the friction coefficient. In this case, the load is principally
carried by the film.

The optimum thickness will therefore be that which allows integral coverage of
the substrate by a continuous film sufficiently thin that the load is principally
supported by the hard substrate.
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Figure 2.39. Friction coefficient of two steel surfaces as a function of the soft
metal coating thickness, optimum thickness usually ranges between
0.1 and I um [ANT 88, BOWD 64, HAL 86, PAU 96, SPA 81]

2.7.1.6.4. Fluorides, sulfides and oxides

PbO, SiO,, B,0;, CaF,, BaF, and PbS are the most common compounds used.
Unlike most solid lubricants such as graphite and molybdenum disulfide or sliding
varnishes, these materials present high thermal resilience. This means that instead of
decomposing or losing their lubricating properties above certain temperatures
(usually between 350°C and 500°C), they possess high thermal stability and can
withstand higher temperatures (ranging between 600°C and 1000°C). They are
generally applied through burnishing (the application of films of a few tens of
microns) and can be used either as pure compounds or as mixtures of the type PbO-
Si0,, CaF,-BaF, or B,O;-PbS. They can also be used in the composition of certain
sliding varnishes or certain metal alloys deposited through the plasma spraying
deposition technique.

2.8. Wear-corrosion: tribocorrosion and erosion-corrosion

Wear-corrosion refers to a specific process of material degradation which occurs
when a material is placed in a corrosive environment and is subject to friction or
erosion. In the first case (friction) we refer to the process as tribocorrosion and in the
second case (erosion) we refer to the process as erosion-corrosion.
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Under these conditions, the material degradation mechanisms involve
mechanical processes (such as abrasion, yield and fracture) as well as chemical
processes (such as passivating, dissolution and oxidation). The combination of these
mechanical and chemical (or chemo-mechanical) eftects can lead to the catastrophic
acceleration of material degradation via extensive material loss. Indeed, the effect of
synergy between mechanical wear and chemical corrosion results in a total volume
of removed material (Vt) which can in fact exceed the sum of material separately
removed through wear and corrosion.

The volume Vt is given as a function of three components:
Vi=Vw+Vc+Vs [2.45]

where Vw and Vc are the volume of material removed separately by the effects of
wear and corrosion, respectively, and Vs represents the synergistic effect between
wear and corrosion which can account for 20-70% of the total volume of material
removed [GROG 92, MIY 90, MOON 91, ZHANGT 94].

2.8.1. Tribocorrosion

Tribocorrosion phenomena are observed in a large number of applications and in
many different environments. Some typical examples of such occurrences include:

— in the moving parts of an engine such as pistons, cylinders and valves with
lubricants;

— with eyeglass frames, due to friction with the skin in the presence of
perspiration;

— with electrical connectors (when there is insertion and removal in a humid or
corrosive environment);

— with joint prostheses (when friction occurs in a physiological liquid);

— with components used in plumbing and pump technology.

Tribocorrosion is also an important aspect of chemo-mechanical polishing
(CMP) processes that affect the manufacturing of parts for micromechanics as well
as silicon wafers for microelectronics and nanotechnology.

Erosion-corrosion occurs in pipelines used to transport corrosive liquids mixed
with abrasive particles, such as an acid containing ceramic particles or seawater or
petrol containing sand. These examples mainly concern the chemical and
petrochemical industries, but erosion-corrosion attacks the majority of mechanisms
operating in environments where sand is present in significant quantities.
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Tribocorrosion studies are carried out through the use of specific set-ups
comprising an electrochemical cell and a tribometer, allowing the sample to be
subjected to friction under either a free or an applied electrochemical potential. The
main quantities measured are the coefficient of friction and the corrosion current.

Figure 2.40 shows the principle of an experimental set-up designed for the study
of tribocorrosion. When the sample is polarized, its behavior under friction is
significantly modified.

Many studies have shown the strong influence of the electrochemical potential of
a surface on its tribological behavior [MIS 93, TAK 96, YON 06].

Motion

10

Figure 2.40. Tribocorrosion analysis set-up. 1) normal applied load;
2) reference electrode, 3) electrolyte; 4) ceramic sphere; 5) sample; 6) spring plates;
7) platinum counter-electrode, 8) PTFE electrochemical cell; 9) towards
the potentiostat; 10) force sensor (adapted from [TAK 96])
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The tribocorrosion of nickel and iron in a sulfuric environment (H,SO,4 IN) is the
focus of a previous study [TAK 96]. The electrochemical behavior of nickel in this
environment is illustrated by the polarization curve as seen in Figure 2.41.

2
I(mA cm ™) Passivation
Dissolution .
(M —= NE* + 2e7) ¥
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15, : :
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Figure 2.41. Polarization curve (intensity-contact potential) of nickel
in a sulfuric environment (H,SO, 1N),; contact potentials are given relative to a
saturated sulfate reference electrode (SSE)

In the anodic domain, the curve shows a dissolution peak followed by a
passivation plateau that corresponds to the formation of a film made up of a nickel
oxide and nickel hydroxide mixture.

Several friction tests were performed on the material using an aluminum sphere
of 5 mm in diameter and a normal load of 3.5 N. A number of different polarization
potentials were used, corresponding to the cathodic domain (-1300 mV/SSE), the
dissolution domain (-300 mV/SSE), the corrosion potential (650 mV/SSE) and the
passivation plateau (500 mV/SSE).

For the samples subjected to the corrosion potential or placed in the cathodic
domain, we note only slight surface wear (see Figure 2.42¢). The sample in the
dissolution domain suffers significant losses of material due to the combined effects
of corrosion and friction wear (see Figure 2.42a). Indeed, the synergy between
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electrochemical corrosion and wear leads to a proportional rate of material loss
which increases as a function of the polarization potential and can represent up to
40% of the total loss of material (see Figure 2.43). Figure 2.42b shows that no wear
appears on the surface of the sample polarized to 500 mV/SSE in the passivation
domain, and we conclude that the passivation film provides excellent protection to
the material.

. Corrosion
Initial sample alone Corrosion
plus wear

surface

Figure 2.42. Surface states of nickel samples following a friction test in a H,SO, IN
medium. The sample potential is: a) =350 mV, b) 500 mV, c) —650 mV
(equally at —1300 mV). The reference surface (Figure 2.42a) is the initial sample
surface protected during the tribocorrosion test [TAK 97c]. Potentials were
measured relative to a saturated sulfate electrode
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Figure 2.43. Volumes of material removed by tribocorrosion as a function of the
applied potential imposed on nickel. Vw, Ve, Vs and Vt are the volumes defined in
the text (see equation [2.45]). When measured in the cathodic domain,
volume Vw (—1300 mV) is 130 ,um3 um™") [TAK 97c]

Other materials have a similar behavior to nickel. This is the case for iron when
it is in a high concentration acidic medium (H,SO4 > 10 M) [MIS 93], and for
copper [YON 06] or brass [QIU 02] when placed in a sodium laurylsulfonate
medium with the addition of 0.1 M sodium sulfate.

For the case of brass in sliding contact against a silicon nitride sphere, Figure
2.44 shows the evolution of the friction coefficient as a function of the applied
potential. When the potential is close to or greater than the corrosion potential
(—0.444 V) measured relative to a saturated calomel electrode (SCE), a passivation
film forms on the surface of the material. This acts as a lubricant and significantly
reduces the friction coefficient as well as the surface wear (the measured friction
coefficient is 0.07). Conversely, when the material is brought into the cathodic
domain, the protective oxide film disappears due to hydrogen evolution which
cleanses the surface and makes it more active. This yields a higher friction
coefficient and a lower resistance to wear (the measured friction coefficient is 0.27).

However, note that the passivation film does not necessarily always grant the
material good protection against wear. Indeed, the opposite is sometimes observed
[BIE 00]. In this work, the authors studied the behavior under friction of tungsten
against an aluminum sphere in media 0.5 M H,SO, and 0.1 M K;Fe(CN); at pH 3.
The applied load was 5 N and the sliding speed 62 mm s .
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Figure 2.44. Variation of the friction coefficient of brass against a SiO, sphere under a load
of 9.8 N in a sodium laurylsulfonate solution with 0.1 M sodium sulfate. Values for the
friction coefficient were recorded under several applied potentials [QIU 02]

Figure 2.45 shows the wear volumes measured under different applied potentials.
In an H,SO, medium and under a cathodic potential, the detected wear is negligible.
When no potential is imposed (i.e. with a corrosion potential of 60 mV), some
material wear is measured as shown in Figure 2.45a. When a potential
corresponding to the passivation of the surface (formation of tungsten oxide) is
applied (380 mV relative to an Ag/AgCl electrode), a significant increase in wear is
observed (see Figure 2.45b).

An additional test, carried out in a highly oxidizing medium (K3;Fe(CN)s) with a
corrosion potential of 380 mV relative to an Ag/AgCl electrode, recorded significant
wear comparable to that obtained in a H,SO, medium polarized in the anodic
domain.

These results clearly show that oxidation of a surface contributes to its wear. The
oxide degrades under friction and exposes the naked surface of the material which in
turn oxidizes again when in contact with the electrolyte.

Similar results have been obtained for TiN coatings deposited on a steel substrate
and subject to friction against an aluminum sphere in a borate medium (0.3 M
H;BO; and 0.075 M Na,B,0-,). When the material is polarized in the anodic domain,
the oxidation of TiN and the generation of TiO, accelerate the surface wear under
friction [BAR 01]. This is essentially due to the mechanical properties of TiO,
which are much weaker than those of the TiN compound.
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Figure 2.45. Influence of the imposed electrochemical potential on tungsten wear: a) in
H;80,4 0.5 M (under free potential E = 60 mV); b) in H;SO, 0.5 M (under imposed potential
E =380mV),; c) in K;Fe(CN)4 (under free potential E = 380 mV). The potentials are given
relative to an Ag/AgCl electrode. Friction was imposed with an aluminum sphere of 5 mm in
diameter sliding alternatively at a speed of 62 mm s~ [BIE 00]

In another publication [MIS 99], the authors studied the behavior of 34CrNiMo6
steel under friction against an aluminum sphere in a basic medium. They showed
that anodic polarization (or passivation) of the material led to the generation of a
surface oxide film that rapidly degrades under friction, whereas the same material
showed improved resistance to wear in the cathodic phase. The wear mechanism
reported by the authors consists of the growth of a weakly adhesive oxide film that
deteriorates under friction, then eliminated as wear debris. The repetition of this
mechanism of generation and degradation of the oxide film leads to the progressive
consumption of the material and increasingly severe wear.

As a rule, the composition, stability and protective performance of steel
passivation films depend on their composition, the type of electrolyte and the
imposed potential.

Contrary to 34CrNiMo6 steel, with a passivation film which degrades easily
under friction, stainless steels generate more stable surface passivation films which
grant the materials better wear resistance [JIA 93, TAK 97c]. However, under
particularly severe conditions (greater sliding speed and/or load), the passivation
film can be destroyed and the material dissolved [PON 04].
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2.8.2. Erosion-corrosion

In contrast to tribocorrosion which involves friction, erosion-corrosion is
induced by the impact of a liquid either individually or mixed with an abrasive solid.
Figure 2.46 shows the principle of a typical set-up designed for the study of erosion-
corrosion. The polarized or non-polarized sample surface is subjected to the impact
of projected corrosive liquid containing abrasive particles.

Specimen holder
Specimen

Towards the potentiostat

Test chamber
——

Ejector (liquid +
sand)

Test solution
Sand

Pump

Figure 2.46. Experimental set-up for the study of erosion-corrosion
(adapted from [STA 06] and [WEN 95])

As with tribocorrosion, many results in the literature show an important
synergistic effect between corrosion and erosion, as well as the influence of the
surface electrochemical potential on its resistance to wear [HAM 95, NEV 99,
YUG 95]. This synergistic effect has recently been analyzed and modeled for many
different materials. The results obtained have led to the establishment of numerous
maps allowing the definition for each speed of projection: pH couple (or imposed
electrochemical potential); the dominant mechanism underlying material removal
(corrosion, erosion, etc.); as well as the extent of surface degradation [STA 04,
STA 06].

In [NEV 99], the authors analyzed the behavior of gray cast iron under the
impact of a projected liquid solution of NaCl at 3.5%, with and without the addition
of silica sand particles.

Figure 2.47 shows the variation in the amount of material removed as a function
of the projection speed of the corrosive liquid with or without the application of a
cathodic potential to the sample (0.8 V relative to a saturated calomel electrode).
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The results clearly show that cathodic polarization enables the quantity of material
removed to be reduced by around a factor of four.
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Figure 2.47. Comparison of the total mass of material removed with and without cathodic
polarization (CP) relative to the speed of projection of the corrosive liquid (NaCl solution at
3.5% and at 18°C) on the surface of a gray cast iron sample [NEV 99]

Figure 2.48 shows the result obtained after the addition of silica sand to the NaCl
solution. The quantity of material removed increases with the quantity of abrasive
component used, with a plateau being reached when the concentration of silica sand
is around 350 mg I, The figure also shows the influence of the concentration of
salt. If the solution is made less saline and the concentration reduced from 3.5 to
0.05%, the amount of material removed is halved. Applying a cathodic potential to
the sample also provides very good results in this case.

This work also confirmed the existence of a strong interaction between wear and
corrosion. A synergistic effect amounting to between 35 and 59% of the total
material removed was found.
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Figure 2.48. The open circles (o) show the mass of removed material as a function
of the amount of sand in the NaCl solution (at 3.5%) projected onto the surface of a
gray cast iron (O). The solid squares (m) shows the same result when the
solution has reduced salinity (NaCl at 0.05%) [NEV 99]

It is important to note, however, that even if the cathodic polarization contributes
in most cases to improved wear resistance, applying a high voltage for an extended
length of time can lead to increased brittleness of the material due to hydrogen
evolution. Moreover, when in contact with hydrogen, certain materials such as
titanium form hydrides which are fragile and particularly brittle compounds. Such
behavior was demonstrated in a study devoted to tribocorrosion of the TA6V alloy
in a NaCl medium [BOUR 00]. Cathodic polarization was clearly shown to induce
rapid degradation of the surface under friction.



Chapter 3

Materials for Tribology

3.1. Introduction

The choice of a pair of materials for a particular tribological application can only
be made satisfactorily if the tribological system is completely known. This system
includes the contact geometry and contact pressure, the type of motion, the relative
sliding speed, the nature and thickness of any interfacial material (for example a
lubricant) and the atmospheric environment in which the system is placed
(temperature, humidity content and reactive chemical species); see Figure 3.1 for a
schematic illustration.

Environment (temperature,
humidity, chemical composition)

Load Body 1
Lubricant/ I
Third body * ¥

Motion

< —

L o

Figure 3.1. The contact and its environment
(two solids in contact and in relative movement)
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The analysis of tribological phenomena requires, by nature, a multidisciplinary
approach combining techniques derived from contact mechanics, surface physics
and material and interface chemistry. As a result, there are no completely universal
solutions to tribological problems. Each new case requires the very careful analysis
of the specific problem under consideration in order to find the appropriate solution.

One of the basic rules of selection of material pairs is the so-called rule of
“tribological compatibility” which states that materials which are mutually insoluble
will exhibit a low tendency to adhesion and will constitute a good material friction
pair. However, this rule should be used with caution as there are two important
reasons why its validity is not always guaranteed:

— solubility is an intrinsic bulk property of materials, whereas friction depends
primarily on surface characteristics such as hardness, crystalline structure, surface
energy and topography;

— the solubility criterion does not take into account the chemical transformations
(e.g. oxidation, phase transformation and generation of new compounds) or
structural alterations (e.g. allotropic transformation, recrystallization and hardening)
which can occur during friction and can modify the surface properties of the
materials in contact.

When selecting a material for a particular tribological application, technicians
and engineers can now choose from a wide range of materials including metals,
polymers, ceramics, composites and lubricants, and can benefit from a variety of
techniques for surface preparation, treatment and functionalization.

The present chapter will provide a review of the materials most commonly used
in the field of tribology, covering materials used in their bulk state as well as those
applied as coatings. The chapter also includes a description of the main techniques
and processes for fabricating both thin and thick films and layers.

3.2. Bulk materials
3.2.1. Metallic materials

Metals and alloys make up the class of materials most commonly used in the
field of tribology. Indeed, they are often found to be the most appropriate solution in
many applications for cases involving dry or lubricated contacts.

3.2.1.1. Iron-based alloys

This class of materials comprises steels and cast irons. For these materials, a
wide range of physical properties and mechanical and physico-chemical
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characteristics can be obtained through the careful variation of the material
composition and the appropriate choice of thermo and thermo-mechanical
treatments. Indeed, in most cases, ferrous alloys destined for tribological
applications are subjected to preliminary surface treatments that are designed to
improve their surface characteristics (as discussed later in section 3.3), and they are
generally used with a lubricant.

3.2.1.1.1. Steels

The mechanical properties and resistance to wear of the different phases of steel
differ very widely. For example, ferrite, austenite and pearlite are phases that are
relatively soft (with a hardness ranging from 100 to 300 HV), and offer little
resistance to wear. As a rule, the use of structurally homogenous materials such as
ferrite and austenite is to be avoided, and it is preferable to use pearlite or a ferrito-
pearlitic structure with carbide precipitation. Hard phases such as martensite and
bainite (of hardness ranging from 800 to 1000 HV) are particularly well-suited when
the surface is subjected to abrasive wear [LEV 94, MOOR 81].

The choice of steel microstructure used in a given application should take into
account the type of stresses the material surface will be subjected to and the type of
wear it is likely to undergo. In the case of abrasive wear, hardness should be the
primary criterion [BERA 94] whereas in the case of impact, a microstructure that
improves material ductility should be used. When there is a risk of adhesive wear,
the surface composition should be tailored to that of the opposing material. More
specifically, contact between opposing surfaces possessing the same microstructure
should be avoided, particularly in the case of homogenous phases.

The mechanical characteristics of steel can be greatly improved by the
adjunction of chromium, molybdenum, vanadium, manganese and nickel. Indeed,
when added in small quantities (1 to 4%), these elements yield a finer microstructure
and give the material greater hardness and wear resistance [MOOR 81].

Several varieties of steel intrinsically contain significant quantities of particular
elements which lead to specific material characteristics. This is for example the case
with manganese-rich steel (containing up to 15% manganese) which possesses high
corrosion resistance and remarkable mechanical properties such as high toughness.
This type of steel is therefore often used in the crushing mills found in quarries,
cement works or mines. It is also used to manufacture rails, tools and even the bars
used in prison cells. It could be argued that this material is particularly well-adapted to
this latter application because the more one tries to saw it, the harder it becomes!

In the field of friction, strongly-alloyed varieties of steel are used for a great
range of applications:
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— tool steels or high speed steels (HSS) are used in applications requiring high
resistance to wear and good mechanical properties withstanding high temperatures.
These materials are used to manufacture wear rings, injection pistons and diverse
types of machine tools. The mechanical and anti-wear characteristics of these tools
are generally improved by the deposition of ceramic-type coatings such as titanium
nitride, chromium nitride or titanium-aluminum nitride;

— stainless steels are used when good mechanical characteristics and adequate
resistance to corrosion and wear are sought. These materials are commonly used for
the fabrication of kitchen utensils and cutlery, as parts in pumps and for plumbing
applications.

3.2.1.1.2. Cast irons

Cast irons typically present good frictional properties and excellent resistance to
fatigue wear. There are two varieties of cast iron: white cast iron in which carbon is
present in the form of cementite and gray cast iron in which carbon is mainly found
in the form of either lamellar graphite (LG cast iron) or spheroid graphite (SG cast
iron). White cast iron is hard and therefore presents very high resistance to abrasive
wear. However, it is also brittle and difficult to machine. Gray cast iron, on the other
hand, is more ductile. As well as offering good resistance to wear, it possesses
excellent machining properties. It has the ability to absorb impacts and vibrations
and to withstand thermal and mechanical wear. It is widely used in engine blocks,
crankshafts, gears and other mechanical parts that are subject to cyclical stresses.
Although the presence of graphitic carbon contributes to a reduction in friction at the
surface of gray cast iron, its use in tribological applications often requires good
lubrication.

3.2.1.2. Superalloys

Superalloys are complex materials which can be iron-, nickel- or cobalt-based.
They contain significant amounts of additional elements such as aluminum,
chromium, titanium, vanadium, molybdenum and tungsten. The composition of a
typical superalloy is e.g. Cosg Cryy Niyg Fe s Moy Ws.

These materials are characterized by good resistance to corrosion and high
mechanical properties, even at high temperatures. Their excellent resistance to
corrosion and oxidation at high temperatures is due to the presence of aluminum and
chromium which form particularly stable protective oxides. They are, however,
among the most costly metallic alloys.

The most commonly used super-alloys are nickel-based materials which can
withstand temperatures up to 1100°C. In particular, they are used in the manufacture
of gas turbines and aeronautic turbojet engines where they are primarily used as
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compressor disks or turbine blades. The second most important element in the
composition of nickel-based super-alloys is aluminum. Small quantities of chromium
are also added in order to enhance corrosion resistance. The adjunction of other
elements, such as titanium and tungsten, also contributes to improved hardness
properties.

3.2.1.3. Copper-based alloys

Copper and copper-based alloys can be used without lubrication when the
contact pressure is not too high. Among copper-based alloys, bronze-lead and brass-
lead are used for bushings, rails or as bearings materials. Copper-nickel and copper-
aluminum alloys, while relatively ductile, exhibit better mechanical properties and
better resistance to corrosion than their bronze or brass equivalents. As a result, they
can be used under friction in corrosive media such as the marine environment.

Copper-aluminum alloys are less susceptible to corrosion than brass-based alloys
when placed under strain in an ammonia environment, and are principally used as
coinage alloys or for exchanger tubes in the potash and salt industries. After the
addition of iron and nickel, foundry copper-aluminum alloys are used in the
manufacture of pumps, turbines and heat exchanger plates.

The mechanical characteristics of copper-nickel alloys can be notably improved
by the addition of other elements such as iron, aluminum or silicon. These alloys are
commonly found in such applications as evaporators, heat exchangers, salt water
pipes and hydraulic circuit coolers [CEN 92].

Finally, we note that bronze-based sintered materials can yield outstanding
friction properties and excellent resistance to seizure when impregnated with oil or
solid lubricants (such as graphite or molybdenum bisulfate). This last class of
materials is widely used in friction rings (bushings, bearings, etc.).

3.2.2. Polymers [CARREG 05, TRO 82]

The surface energy of polymers is much lower than that of metals (from a few
tens to a few hundreds of mJ m~, as opposed to the 1-3Jm™ for metallic
materials). This leads to low friction coefficients and good behavior in the case of
dry friction. Conversely, these materials have low mechanical properties which limit
their use to systems involving moderate contact pressure. The addition of
reinforcement agents (such as fibers or ceramic particles) can significantly improve
the properties of these materials and make them more suitable for mechanical
applications.
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Table 3.1 presents the main polymers used in tribology. Table 3.2 lists their
characteristics.

Polymer Formula
Polyethylene
(PE) %CHQ _CHQ%
Polytetrafluoroethylene
(PTFE) {— CH,-CH %»
Polyoxymethylene r
(POM) —-CH, - O%
Polyamide r
(PA 6) ——NH —(CH); —CO+
L n
Polyamide r
(PA 11) ——W—(CHQMD—CO%—
L 1]
Polyimide - )
(PI-1) 0 5
e s g = PAtE
Oy O 2
XA C . -
:lfla {”} L
Polyetherethercetone
(PEEK) g
o D)
O 3 o
N,
n

Table 3.1. Main polymers used in tribology



Materials for Tribology 115

PEhd Polyamide 6 | Polyamide 11 POM PTFE | PEEK | Polyimide

Melting

point (°C) 130 220 185 175 330 335 388

Transitional
vitrous
temperature
Tg (°C)

-110 55 30 =50 125 145 250

Maximum
usability
temperature
(°C)
Young’s 500
modulus 2000 1000 3700 500 3700 | 2500

1200
(MPa)

80 100 80 110 250 250 260

Resistance
to traction 18-35 70-85 56 62-70 |25-36 | 100 75-100
(MPa)

Table 3.2. Some characteristics of polymers used in tribology

3.2.2.1. High-density polyethylene

It is usual to distinguish low-density polyethylene (LDPE), which is strongly
ramified with little crystalline structure, and high-density polyethylene (HDPE),
which is somewhat more crystalline, weakly ramified and has a larger elastic
modulus. The terminology ultra-high molecular weight polyethylene (UHMWPE) is
used when the average molecular weight is of the order 1 to 10 million. This type of
polyethylene is widely used in tribology, particularly in applications such as:

— ski soles: UHMWPE combines high mechanical and anti-wear characteristics
with remarkable hydrophobic properties and a low friction coefficient against snow
(ranging from 0.10 and 0.01); and

— rubbing surfaces in joint prostheses for hips and knees (see Figure 3.24).

3.2.2.2. Fluorinated polymers

The most common fluorinated polymer is polytetrafluoroethylene (PTFE) or
Teflon (the commercial name used by Dupont de Nemours). It is characterized by
remarkable chemical inertness, making it resistant to corrosive substances such as
hydrofluoric acid, nitric acid and caustic soda. It is therefore widely used in the
chemical industry. PTFE is a non-stick material which behaves outstandingly under
friction. However, its resistance to abrasion is limited and it is very susceptible to
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creep, which limits its use in mechanics. As an anti-stick material, PTFE is widely
used as a coating for pots and frying pans, in molding devices (from shoe moulds to
cake tins) or even as a coating on metallic parts used under friction. It is also used as
a lubricant additive for many polymers and sintered materials.

3.2.2.3. Polyacetal (polyoxymethylene: POM) and polyamide

These materials combine a wide range of characteristics making them
particularly well-suited for use in mechanical parts.

The main advantages of these materials are:
— their mechanical properties (high toughness, hardness and stiffness);
— their resistance to creep (for POM);

— their good frictional properties (low friction coefficient and excellent
resistance to abrasive wear);

— their chemical stability in the presence of oils or greases;
— their good resistance to solvents (for POM); and

— their good resistance to fatigue.

In contrast to fluorinated polymers, however, POM and polyamide can be
corroded by acids.

POM and polyamide are among the most commonly used polymers in
mechanical manufacturing and they provide an attractive alternative to the use of
metals. POM is therefore used to manufacture derailleur gears on bicycles, fixation
clamps, zips or ski bindings. Polyamide material is used in precision gearings,
mallet heads, pump parts or as spikes or soles for sports shoes.

3.2.2.4. Polyimide

Polyimide is an expensive material characterized by its excellent mechanical
properties (which it retains to 250°C). Polyimide is characterized by a very low
friction coefficient against most materials (0.01 to 0.1), presents excellent resistance
to wear and exhibits very low creep. When bound to reinforcement agents, it can be
used in high temperature tribological applications and under relatively heavy loads.
It is routinely used for brake linings or gearings subject to intensive use.

3.2.2.5. Polyetheretherketone (PEEK)

PEEK is a material that combines remarkable mechanical characteristics with
excellent high temperature behavior. Its melting point is 335°C and it can be used at
up to 250°C. It has good tribological properties and exhibits good resistance to
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hydrolysis and to chemical products. PEEK can withstand most solvents, acids and
bases and, as a result, is often used as a cladding material for electric cables placed
in aggressive environments such as on oil rigs, in nuclear plants or in space. It is also
used as anti-wear coating or for the manufacturing of high-quality components. On
the downside, PEEK is much more costly than most common polymers.

3.2.2.6. Friction and wear of polymers

The dominant wear mechanisms are adhesive wear, abrasive wear and fatigue
wear. In the case of metal/polymer pairs, several different types of behavior can be
observed depending on the surface state of the metal. When the metallic surface is
smooth, polymer wear mainly results from adhesion (soft polymers) or surface
fatigue (hard polymers) [OMA 86]. Initially, fatigue wear induces the elastic
deformation of asperities, and this is then followed by the appearance of cracks on
the surface. As the network of cracks becomes larger, wear particles are generated
which separate from the surface and are subsequently eliminated from the
tribological circuit. Adhesive wear is characterized by a significant transfer of
material from the polymer to the metal, which is in turn followed by a stationary
state when the friction coefficient remains stable and wear is limited.

When the opposing surface is very rough, polymer wear occurs as a result of
abrasion. As a rule, polymer wear is a function of the surface state of the opposing
metal, as shown in Figure 3.2. Smooth surfaces undergo significant wear due to
adhesion between the contacting surfaces. As roughness increases, the true contact
area decreases and, consequently, so does the friction coefficient and the wear.
However, when the roughness is too high, wear increases again due to abrasion against
the metal asperities. Between these two extremes of surfaces that are smooth or very
rough, an optimum value of roughness has been determined that minimizes the wear.
In the case of friction of polyethylene against steel, two optimum roughness values
corresponding to minimum wear have been reported: Ra = 0.1 um [DOW 76] and
Rq=10 um [BUC 81].

In contrast to metals, the resistance of polymers to abrasive wear does not
depend on their hardness. Indeed, when placed in frictional contact with an abrasive
surface, their rate of wear has been shown to be inversely proportional to the product
AR,,, where A is the elongation at break and R,, the ultimate tensile strength
[BRI 81, EVA 79].
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Figure 3.2. Variations of polyethylene wear as a function of the roughness of the opposing
surface. Wear minimum corresponds to a roughness of approximately Ra = 0.1 um
[DOW 76] or Rq = 10 um [BUC 81]

3.2.2.7. Surface treatment of polymers

There exist many types of surface treatments that can modify the physico-
chemical properties of polymer surfaces. For example, flame or corona treatments
activate the surface of a polymer by increasing the surface energy and so make the
surface more receptive to the application of glue or paint. The mechanical and
tribological properties of polymer surfaces can also be significantly improved
through ion implantation. Figure 3.3 shows results of nano-indentation tests carried
out on helium-implanted polypropylene/ethylene-propylene (PP/EPR) where
significant hardening of the surface is observed. Measurements carried out at an
indentation depth of 50 nm (for loading/unloading cycles recorded at a maximum
depth of indentation of 50 nm) following an implantation of 10'® He" cm? yielded
Young’s modulus and hardness of 26.7 GPa and 6,720 MPa, respectively, to be
compared with values of 1.9 GPa and 125 MPa for the non-implanted material.

When indentation tests were carried out at greater penetration depths, the ion
implantation effect decreased but remained significant, as seen in Figure 3.3. This
improvement of the mechanical characteristics of the surface was accompanied by a
significant decrease in friction against 100Cr6 steel. A friction coefficient of 0.16
was obtained for the 10'® He" cm ™ dose implanted sample as opposed to 0.30 for the
non-implanted sample [BRU 03].

The benefits of ion implantation on the surface mechanical characteristics of
polymers have also been noted in the case of polyamide implanted with various
elements such as Ne, C, N, O and Si. Figure 3.4 clearly shows that following neon
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implantation, the hardening of the polyamide surface increases proportionally to the
amount of implanted ions [PIV 94].
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Figure 3.3. Loading/unloading curve obtained by nano-indentation
on PP/EPR implanted with varying helium doses [BRU 03]
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Figure 3.4. Variation of the plastic deformation under indentation as a function of the applied
load for neon-implanted polyamide (300 keV): untreated material or treated material with a
dose of 10" Ne cm™ (W), 10" Ne em™ (1), 5.10™ Ne em™ (00), 5.10" Ne cm™ (#) [PIV 94]
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3.2.3. Composites

Polymers are rarely used for tribological applications on their own: they are
usually combined with either reinforcing agents (such as glass, carbon or aramide
fibers or ceramic particles) and/or lubricating agents (such as PTFE, MoS, or
graphite) to form composite materials as shown in Figure 3.5. The goal of the
composite is to improve the mechanical characteristics of the end material, as well
as its friction coefficient and resistance to wear.
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Figure 3.5. Examples of composite materials in a polymer matrix.
The reinforcing agents are: a) long fibers; b) short fibers; c) particles

The addition of 30% glass fibers to a polyamide (PA6) can increase its resistance
to traction from 80 to 150 MPa, its elasticity from 1,500 to 8,000 MPa and its
resistance to compression from 60 to 150 MPa [ZYG 89]. The enhancement of these
mechanical properties results in better resistance to wear, and this has been observed
for a number of materials such as PEEK, polyamide, polycarbonate, PTFE and
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poly-acetal [FRI 95, FRI 98, LUZ 95, ZHANGS 97]. The wear resistance typically
improves by a factor of 5-10.

In another study, volumes of PTFE from 5 to 85% were added to PEEK and the
resulting composites were subjected to several friction tests. These showed that wear
was minimized for a PTFE content of 15% [LUZ 95]. Other studies have determined
an optimum fraction of added reinforcement in order to reduce wear [WANG 06]. A
significant improvement to wear resistance at high temperatures (up to 260 °C) was
also noted in the case of the PEEK/carbon fiber composite following addition of
PTFE and graphite [PAU 96]. Other reinforcements such as silicon carbide can
significantly improve PEEK’s resistance to wear [ZHANGG 06]. In the case of
polyetherimide (PEI), the friction coefficient against 100Cr6 steel was halved, while
wear was reduced by between 60 and 80% with the addition of 5 to 20% carbon
fibers [GUI 05].

It is important to note, however, that the tribological behavior of composites can
be greatly affected by the presence of water and that it can be improved or degraded
depending on the nature of the materials in question and of the stress they are
subjected to. Water can corrode and increase the fragility of the base material-
reinforcement interface but, on the other hand, it can also decrease the contact
temperature and evacuate wear debris, which can be abrasive and contribute to
material wear [HAN 87, YAM 04].

3.2.3.1. Friction materials

Friction materials are usually metal-matrix composites designed to transform
kinetic energy into heat. The thermal conductivity of the elements of the metal-
matrix (generally iron, copper or zinc) ensures heat dissipation, while the
reinforcements (usually ceramics) give the material a high friction coefficient. These
materials are used in brake pads and torque limiters.

3.2.4. Ceramics

The remarkable properties of ceramic materials make them particularly well-
suited for tribological applications. These characteristics include:

— high values of hardness (thus high resistance to abrasion);
— a low coefficient of expansion (thus high dimensional stability);
— low reactivity (good resistance to chemicals); and

— an ability to withstand high temperatures.
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Ceramics can be classified into two categories: oxides (Al,0;, MgO, ZrO,,
etc.) and non-oxides. Among the non-oxides, two broad classes of ceramics are
particularly important in the fields of mechanics and tribology:

— nitrides (TiN, CrN, Si3Ny, etc.); and

— carbides (TiC, SiC, ZrC, etc.).

Two other ceramic materials are particularly important as a result of their very high
hardness: cubic Boron Nitride (¢cBN) and diamond.

Table 3.3 presents the characteristics of the main ceramics used in the field of
tribology.

ALO; | ZrO,/ | ZrO,/ | SiC | Si;N, | SiAION | BNC | Diamond
Y203 MgO
?fgl)““g pomt o050 | 2590 |- 2500 | 1900 3200 | 3825
Maximum use
temperature (°C) | 1800— B 1400- B B
1850 | 1500 1550 | s00 | 1500
Vickers hardness | 1800— 1450— 7000~
s00 | 1200 [1200 2300 || 20 | 1500 | 4700 | o0
Young’s 300— 290—
modulus (GPa) | 400 200 200 420 |55 290 660 | 1054
Poisson’s 0.25— 0.26—
coefficient 007 029|029 Joas | 0T 026 |- 0.07-0.1
Fracture
toughness 3-5 8-13 6—-10 354 (45 54 - -
(MPa m'?)
Linear dilation (x 25-
10°) 89 911 |[8-13 |45 |32 3 b7 |08
20°C 19932 |19 1.9 180 |18-20 |20 60 |2000
2
5 -
a‘gﬁ 500°C 112 2.1 2 68 1820 |20 - -
=88 [ 1000°C g 10 |22 2.2 40 1820 |20 - -

Table 3.3. Some characteristics of ceramics used in tribology
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Alumina-based ceramics are essentially used in the manufacturing of cutting
tools, wear parts, sealing rings, grinding wheels or as electronic or heating appliance
supports.

Zirconia ZrO, is characterized by its exceptional fracture toughness which is two
to three times higher than that of alumina (see Table 3.3), making it a material very
resistant to impacts. It can therefore be used in tribological applications requiring
material ductility for which alumina would not be suitable.

At ambient temperature and under normal atmospheric pressure, zirconia
crystallizes in a monoclinical structure which remains stable to 1,100°C, becomes
tetragonal between 1,100 and 2,300°C and becomes cubic beyond 2,300°C.

The different phase changes of zirconia are reversible but they are accompanied
by significant volumic variations. For example, because the tetragonal state is denser
than the monoclinical state, the tetragonal to monoclinical transformation during
cooling is accompanied by a volumic expansion of around 4%.

This phenomenon makes it problematic to design and manufacture engineering
parts based on pure zirconia. Indeed, during cooling, such parts tend to crack and
lose their mechanical resistance. In order to overcome this drawback, tetragonal (or
cubic) zirconia is stabilized at low temperatures by doping it with 3 to 20% (molar
percentage) of one of the following oxides: CeO,, CaO, MgO or Y,0;. Once doped,
this “partially stabilized zirconia” (PSZ) is then in a metastable state, and can
recover its thermo-dynamically favorable (i.e. monoclinical) structure under the
effect of temperature or mechanical stress.

Silicon and aluminum oxynitride (SiAION) is another ceramic with remarkable
properties: great hardness and fracture toughness, high thermal conductivity and
very good resistance to wear. It is used in the fabrication of high-speed cutting tools,
extruders and wire die plates.

Silicon carbide and silicon nitride offer excellent resistance to thermal shocks
due to their low linear expansion coefficients and their high thermal conductivities.
These characteristics make them particularly suitable for high-temperature
mechanical and tribological applications. In an oxidizing environment, they become
coated with a layer of partially hydrated SiO, which protects the surface from wear.
Because of its superior mechanical properties when compared to steel (excellent
resistance to corrosion and good behavior at high temperatures), silicon nitride is
widely used to manufacture ball bearings for aeronautical applications, machine-
tools and metrology. It is also found in other applications such as engine valves and
in the manufacture of cutting tools.
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Cubic boron nitride and diamond are characterized by their outstanding hardness
and high fracture toughness. They are widely used in high-speed machining,
particularly for hard and abrasive materials. Diamond is generally reserved for the
machining of non-ferrous materials because of its oxidation at 700°C when in
contact with iron and iron-based alloys. High-speed machining of steels is mostly
carried out using cubic boron nitride because of its more stable chemical
composition.

At the atomic level, ceramics are characterized by strong ionic-covalent bonds
which yield good mechanical properties and excellent chemical stability.

Conversely, the strength of these inter-atomic bonds is also the origin of their
fragility. In order to overcome this weakness, a second phase is often used. The
materials thus obtained are called ceramic composites. An example of such
materials is alumina reinforced with other ceramics such as titanium carbide or
silicon carbide monocrystalline fibers called whiskers. These fibers, which are less
than a micron in diameter and range between 5 and 20 microns in length, can
significantly improve the mechanical properties of the material by preventing
propagation of cracks (see Figure 3.6b).

Alumina can also be reinforced through the addition of tetragonal zirconia.
When a crack appears within the material, the tetragonal zirconia grains in the
vicinity of the crack are subjected to significant mechanical stress which triggers
the tetragonal-monoclinical transition (see Figure 3.6¢).

As noted above, this transformation is accompanied by an increase of the
material volume of the order of 4%. As they expand, the zirconia grains impose
additional compression stress on the crack, which retards its propagation (Figure
3.6¢).

Another technique is based on the introduction of microcracks and voids in the
ceramic during its manufacture, which leads to arrest crack propagation in a material
[BOWE 86].
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Crack

a)

Ceramic fiber

b)

Tetragonal zirconia c Monoclinical zirconia

Figure 3.6. Schematic representation of an alumina sample comprising a crack, subjected to
stress o: a) standard, non-reinforced alumina: the crack propagates as a result of stress; b)
alumina reinforced with ceramic fibers preventing crack propagation; c) alumina reinforced

with tetragonal zircone grains: the tetragonal to monoclinical transition of zirconia occurs as
a result of the applied stress. This transformation is concurrent with a significant dilation of
the material which prevents the propagation of the crack. Figure adapted from [BOWE 86]
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3.2.4.1. Friction and wear of ceramics

In order to understand the mechanisms of crack propagation and wear in
ceramics, we consider the case of sliding contact between a sphere of radius R and a
ceramic plane. If C is the length of a crack in the contact area and £ the normal load
applied to the sphere, it can be shown that crack propagation occurs when the
normal applied load reaches the critical value . [ZUM 96]:

7/2 3 p4/3
F. =11 z 3 * K3C1§/2 23 473 [3.1]
A-2v)y A+C u)y C"F"F
where
. 3?7: 14 +2v [3.2]
-2v

and v and E are Poisson’s coefficient and Young’s modulus, respectively, u is the
friction coefficient between the sphere and plane and K. is the fracture toughness of
the ceramic.

By introducing two new terms (H and f, the hardness and the ratio of apparent
and real contact area, respectively), equation [3.2] becomes:

F, = 2 * KCI?/I;[ 12 12 331
1.128(1-2v) 1+ C w)C""F"* E

When the applied load is equal to or greater than the critical value F,., crack
propagation occurs, which is generally followed by grain pull-out and rapid wear of
the surface (see Figure 3.7).



Materials for Tribology 127

Figure 3.7. Alumina surface showing significant wear of the material
characterized by grain pull-out

The mechanical surface characteristics of ceramics can also be significantly
improved by treatments such as ion implantation or laser surface melting [POS 05,
ZUM 00]. Laser surface melting involves depositing a layer of a given material onto
the surface of a ceramic before irradiation by a high-energy laser beam, capable of
melting it to form a new alloy or to precipitate new phases over a depth of a few
hundred microns. Thus, starting from a suspension of powdered ceramics, HFO,,
TiN and ZrO, films have been deposited onto the surface of alumina samples with
the addition of tungsten powder. After drying, these layers were heated to 1,500°C
before being irradiated with a CO, laser beam. Friction tests carried out with an
alumina sphere showed that the performed surface treatment resulted in a reduction
in the wear by a factor of 4-8 and a reduction in the friction coefficient by a factor
of 2 [ZUM 00].

As a general rule, the tribological behavior of ceramics is susceptible to humidity
which can impact in two ways:

— the acceleration of crack propagation and, consequently, of material wear (in
this case, the underlying physical mechanism is the breaking of inter-atomic bonds
following their interaction with water molecules); and

— the tribochemical formation of a film (generally oxide/hydroxide) that is able
to lubricate the contact and protect the surface.

Depending on the nature of the ceramic, the applied stress conditions and the
level of humidity, these two phenomena can either occur simultaneously and
compete, or occur independently. This potentially complex interaction accounts for
the often contradictory results found in work published on the tribological behavior
of oxide ceramics such as alumina and zirconia [CHENY 91, FIS 98, LAN 90,
TAK 93b, TAK 93c].
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For non-oxide ceramics, and more specifically silicon nitride and silicon carbide,
all results point to a systematic reduction of the friction coefficient when the level of
residual humidity increases.

The tribological behavior of these ceramics in the presence of humidity is
governed by the following tribochemical reactions:

Si3N4 + 6H20 -3 SlOz + 4NH3 [34]
SiC + O, + H,O — SiO, + CO + H, [3.5]
Si0, + 2H,0 — Si(OH), [3.6]

These reactions lead to the formation of a film consisting of a silicon
oxide/hydroxide compound, which protects the surface and acts as a lubricant
[LAN 90, TAK 94a, TAK 94b].

Figures 3.8 and 3.9 show the results of friction tests illustrating the beneficial
effect of humidity on friction and on the wear of the Al,O3/Al,O; and SiC/SiC pairs
[TAK 94b]. The results of the tests presented in these figures characterize friction
between a ceramic sphere of 5 mm in diameter and a plane sample at residual
humidity levels of 20, 50 and 90%.

The figures show that in dry conditions or with low humidity, friction and wear
are both significant. Moreover, when the applied load is increased, the level of wear
occurring in the material becomes catastrophic [GAV 02b] in accordance with
equation [3.3]. Indeed, this equation clearly shows that any increase in the normal
applied load or friction coefficient brings about a reduction in the critical fracture
load F., thus accelerating material wear.
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Figure 3.8. Variations in the rate of wear of A1,03/A1,0; (1) and Si/SiC(x)
couples/ pairs as a function of residual humidity. Tests were carried out with a
reciprocating tribometer operating in the sphere/plane set-up and using a 5 mm
diameter sphere under a normal applied load of 30 N. The sliding distance is
2 em and the sliding speed is 2 mm s [TAK 94b]
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Figure 3.9. Variations of the friction coefficient as a function of residual humidity:
Al,03/41,05 (%) and SiC/SiC (n) pairs (see Figure 3.8 for a description of the tests)



130  Materials and Surface Engineering in Tribology

Table 3.4 summarizes the data available in the literature in order to provide a
qualitative overview of the influence of the applied load-humidity pair on the
tribological behavior of ceramic materials when a protective and lubricating
oxide/hydroxide film forms in humid conditions.

Light load Moderate load Heavy load
Low humidity level Moderate wear | Severe wear Extensive wear
(<30%) (10*-107% (103-107% (>1073)
Moderate Low wear Transitional zone Severe wear
humidity level (107°-107% (low to severe wear) (1073-107%
(30-70%)
High humidity level Very low wear Low wear Moderate wear
> 70%) (<107%) (107°-107% (107*-107%

Table 3.4. Qualitative overview of the extent of ceramic wear as a function of the residual
humidity and contact pressure for ceramic/ceramic pairs. Order-of-magnitude values for
residual humidity (RH) as well as rate of wear (given in mm’ m~—L N~1) are given in brackets.
The notions of light, moderate or heavy load are defined relative to F, (equation [3.3]). The
data presented only applies to ceramics which become coated with a protective, lubricating
oxide/hydroxide film under humid conditions

We also note that ceramics are sintered materials and therefore have varying
degrees of porosity, impurities, agglomerates and vitreous phases at grain
boundaries. These structural or chemical defects are precisely the sites from where
cracks can develop before propagating between and within the ceramic grains.
Materials manufactured under different sintering conditions and from ceramic
powders of varying purity generally exhibit different tribological behavior. This
partly explains certain results which can at times seem contradictory. The significant
role played by these inter-granular vitreous phases needs to be stressed: indeed, at
high temperatures (typically above 800°C), these secondary phases become viscous
and radically alter the mechanical properties and tribological behavior of the ceramic
material.

Concerning metal-ceramic couples, numerous studies have shown that the
chemical reactivity of the metal is a determining factor in the tribological behavior
of the pair under friction [BUC 81, BUC 94, PEP 76, TAK 92, TAK 93a].

Ultra-vacuum studies of friction between alumina and various metals (Ag, Cu, Ni
and Fe, chosen as a function of their oxide stability which increases from Ag to Fe)
were carried out and allowed us to establish that the adhesive contact between
opposing surfaces could be perfectly correlated to the free energy of formation of the
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metallic oxides. This finding is in perfect agreement with the hypothesis that
interfacial adhesion occurs via the generation of genuine chemical bonds between
the metallic cation and the oxygen anion of alumina. When the metallic surfaces are
exposed to oxygen, dioxides and trioxides such as CuAlO, or NiAL,O; form at the
interface during friction, resulting in an increase of the metal-ceramic adhesion and a
subsequent increase of the friction coefficient [PEP 76].

In the case of transition metals, many authors have reported a strong correlation
between the filling of the valence band (d-state) and the metal’s reactivity. The
surface is less reactive as the valence band is increasingly filled, leading to lower
measured friction coefficients between the metals and various ceramics [BUC 94,
MIY 82].

3.2.5. Cermets

A cermet is a composite composed of ceramic and metallic materials. Cermets
possess both hardness and ductility as they combine a hard phase (the ceramics) and
a soft phase (the metallic binding). When a crack forms within the ceramic, its
propagation to adjacent grains is arrested by contact with the more ductile metallic
phase (see Figure 3.10).

Ceramic grains Crack Metallic binding phase

X ' 4 | P ’ ¥
Figure 3.10. Crack propagation through the ceramic grain
is stopped by the metallic phase
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Cermets can be divided into two classes: tungsten-carbide (WC)-based cermets and
other carbide-based cermets.

3.2.5.1. Tungsten-carbide (WC)-based cermets

These materials are produced from WC powders mixed into a cobalt binding
agent, subsequently sintered at a temperature of about 1,500°C. At this temperature,
the cobalt powder melts and the molten metal fills in the voids and thus binds the
carbide grains together (see Figure 3.10).

The percentage of cobalt used is 5-20% by weight and the WC grains are
generally 1-10 pm in diameter. The use of nanograins with diameters in the range of
0.1-1 pm makes it possible to generate materials presenting elevated hardness and
improved wear resistance.

When the WC-Co carbide is subjected to friction, we initially see preferential
wear of the binding phase (Co) followed by cracking and the subsequent loosening
of the carbide grains [PIR 06, SHI 05].

The hardness and wear of the material strongly depend on the concentration of
the binding phase. This is clearly shown in Figure 3.11 where we see an increase in
wear and a decrease in hardness as a function of cobalt concentration. In contrast to
the hardness, the fracture toughness increases with cobalt concentration from 8 to
14 MPa m'? as the percentage of cobalt increases from 3 to 14% [PAST 87].
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Figure 3.11. Variation of the hardness and volume wear of the WC-Co cermet
as a function of the binding phase concentration. The tribometer used is of
the pin-on-cylinder type and the applied load is 40 N [PAST 87]
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Finally, we note that the wear resistance of tungsten carbide is improved through
the addition of other carbides such as TiC, TaC and NbC or through the use of
mixed carbides such as (W,Mo)C, (W,T1)C or WC-(W,Ti)C-TaC.

3.2.5.2. Other carbide-based cermets

Examples of such composites may include TiCN-Ni, TiC-Ni, WC-TiN-TiC-Co,
(Ti,M0)CN-Ni, TiC-NiMo or TiCN-WC-Ni.

These materials are generally harder than WC-based cemented carbides and their
resistance to wear is greater. When applied to cutting tools, they can significantly
extend their lifespan and provide improved cutting quality [CEL 06, NIN 05,
WAL 06].

As well as their application to cutting tools (for wood, metal or ceramics),
cermets are also widely used as coatings on drilling heads, as well as hammering
and shaping tools used in stamping, embossing and forging.

3.3. Surface treatments and coatings [BHU 91, CART 00]

There are many different techniques for surface treatments and coatings: they
differ in their basic principles, their ease of practical implementation and the precise
way in which they modify the surface of the treated materials.

Depending on the target application and its particular requirements, we can
select techniques to modify the hardness, surface energy, friction coefficient,
residual stresses, appearance or indeed any other mechanical, physico-chemical or
aesthetic property of the surface.

Surface treatment and coating techniques can be classified into two categories:

— conversion techniques which modify the composition and/or structure of the
surface to be treated; and

— deposition techniques which coat the surface to be treated with a thin layer of a
given material.
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3.3.1. Conversion techniques
3.3.1.1. Anodic oxidation [BRA 91]

Anodic oxidation or anodization is a surface treatment procedure mainly used for
aluminum, titanium, niobium, magnesium, zinc and their alloys.

This treatment aims to develop a film on the surface of the material that is hard (to
resist abrasive wear), refractive (to act as a heat screen) and chemically stable (to resist
corrosion). Anodization is also often used as preliminary treatment before gluing or
painting in order to improve the adhesion of the glue or paint to the substrate.

The material to be treated is immersed in the electrolyte which is usually a
solution of sulfuric, chromic or phosphoric acid (although treatment in a basic
solution is also possible) and it is connected to the positive terminal (anode) of a
current source. Three types of reactions can occur at its surface (see Figure 3.12):

— dissolution: the metal is converted into metal ions in the solution;

— passivation: a thin film (generally a few nanometers thick) forms on the
surface of the metal and arrests dissolution; and

— anodic oxidation (or anodization): the metal becomes coated with a porous film
(generally an oxide/hydroxide combination) across which oxygen ions can diffuse and
oxidize the substrate, increasing the thickness of the film (which can reach several tens of
microns).

In order to predict which of the three reactions described above is likely to take
place, Pourbaix diagrams (also known as potential/pH diagrams) are used as they
allow the most thermodynamically favorable reaction to be identified (see Figure
3.13).
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Anode

Cell

Cathode

Figure 3.12. Experimental set-up for anodic oxidation: the surface to be treated is the anode
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Figure 3.13. Pourbaix diagram (potential/pH) for aluminum

showing the domain of generation of alumina
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For the case of aluminum, the reaction mechanism can be divided into three
stages.

— Stage 1: metal dissolution
Al > AP +3e [3.17]

— Stage 2: dissociation of water and O jon formation

2H,0 5 Hi0'+OH [3.18]
20H S H,0+0? [3.19]
H0' S H,O+H" [3.20]

— Stage 3: formation of alumina Al,0; (exothermic reaction)
2 AP +3 0 — ALO; [3.21]

The structure of anodic alumina films consists of a hexagonal array of cells of
varying depth, typically ranging from a few tenths to a few tens of microns (see
Figure 3.14). These films are characterized by elevated hardness (600 HV compared
to 100-200 HV for untreated aluminum alloys) and improved resistance to wear.
However, as can be seen in Figure 3.15, anodized aluminum films are more brittle
than non-anodized films.

Figure 3.14. Porous columnar alumina structure obtained through anodic oxidation
(thickness: a few microns, cell size: a few nanometers)
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a) b)

Figure 3.15. Vickers indentations showing a) the brittleness of anodized aluminum relative to
b) non-anodized aluminum which proves more ductile

The morphological and mechanical characteristics of anodic films can be
significantly improved by the use of pulsed signals (current or voltage) signals.

By imposing a current or voltage signal followed by a zero or weaker signal,
overheating due to the exothermic nature of the anodization is significantly reduced.
This prevents dissolution of the oxide film that is formed, reduces the time necessary
for electrolysis and ensures that uniform film thicknesses are obtained.

Depending on the experimental conditions (polarization potential, temperature
and composition of the electrolysis bath) alumina may naturally take on colors
ranging from light gray to dark brown, with all possible intermediate nuances. In
fact, it is possible to take advantage of the porous, columnar structure of alumina to
add coloring agents in the form of organic or mineral pigments, allowing the
manufacture of colored alumina (e.g. red, blue, green etc) for decorative purposes.

The columnar structure of alumina can equally be used as a lubricant reservoir,
thereby increasing efficiency for applications in lubricated friction.

3.3.1.2. lon implantation

Ion implantation introduces energetic ions into the surface layers of a solid.

An ion implanter is a device comprising a source that allows particular ions to be
generated in the form of a beam (see Figure 3.16). An extraction system first
removes the target ions and subjects them to an initial acceleration. The beam then
passes through a separation magnet that filters out the ion species to select only the
isotope with the desired mass/charge ratio. These ions pass through an acceleration
column subjecting them to a voltage of several hundred kilovolts, and an
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electrostatic triplet then focuses the ion beam through a scanning system that
consists of horizontal and vertical electrostatic deflection plates. This system allows
the two-dimensional scanning of the sample and thus guarantees uniformity of the
surface treatment.

[ lon source \ Acceleration
column

B T T L L L L L L P T L T
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o Deviation of
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20 kV
Power HT

supply

Figure 3.16. lon implanter

The penetration depth of the ions can range from a few nanometers to a few
microns, depending on their kinetic energy, their atomic number, their atomic mass
and the nature of the material to be implanted.

During propagation in the solid target, an incident ion loses part of its energy
through collisions with the target atoms. Atoms can then become displaced from
their sites in the solid matrix and then displace other atoms; this can lead to a
displacement cascade.

The mean energy loss for the implanted ion is expressed as the sum of two terms:

dE (dE dE
—=|— +| — =-N(S,(E)+S,(E 22
dx ( dx jnuclear ( dx ]electronic ( "( ) e( )) [3 ]

where:

— E is the energy of the implanted ion after propagation distance x within the
solid;
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— S,(E) is the nuclear stopping power (nuclear deceleration cross-section) arising
from the interaction between the implanted ion and the atomic nuclei in the solid;

— S.(E) is the electronic stopping power (electronic deceleration cross-section)
arising from the interaction between the implanted ion and the electrons of the solid;
and

— N is the atomic density of the solid (expressed as atoms per cubic centimeter).

Knowledge of analytical expressions for S,(£) and S.(E) allows the calculation
of the energy loss of the implanted ion throughout its path and allows the depth of
implantation to be determined.

The total distance covered by the ion within the solid (see Figure 3.17) is given
by:

R, :LT“’—E [3.23]
Ny S, (E)+S,(E)

0

The distribution C(x) of implanted ions perpendicular to the surface of the target
is given by the following equation for a Gaussian distribution (see Figure 3.16):

(x-R,) [3.24]

¢
C(x)=————exp| ————
) V27 NAR, b 2AR,?

where ¢ 1is the dose of implanted ions (expressed as atoms per cubic centimeters), R,
is the mean projected range of ions and AR, is the standard deviation.
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Tons

Solid

Figure 3.17. Representation of the path taken by an ion implanted into a solid
and (vight) Gaussian distribution of the implanted ions

Ion implantation induces two types of change to the surface of the solid:
structural alterations (creation of disorder) and chemical alterations (modification of
the chemical composition of the surface). These changes induce significant
modifications in the physical, mechanical and physico-chemical properties of the
implanted surfaces. In tribology, boron and phosphorus implanted into nickel have
yielded significantly improved hardness (see Figures 3.18 and 3.19) and tribological
behavior for the treated substrate [TAK 85, TAK 86, TAK 87]. Although the friction
coefficient measured between pure nickel and a 100 Cr6 steel sphere of 5 mm in
diameter was 0.95, it was reduced to 0.6 following ion implantation of 5 x 10'° B or
Pcm? and to 0.3 following ion implantation of 2.5 x 10" Pem™? or 3 x 10"
B cm*. Nickel wear was thus reduced by over an order of magnitude following the
implantation of heavy doses of metalloids.

Similar results have been obtained with many other metals: for example nitrogen
ions implanted into steel [FAY 87], titanium [PIV 87] or the Ti6Al4V alloy
[RIV 99]. We also recall that ion implantation has been successfully used to improve
the mechanical and tribological properties of polymers (see section 3.2.2.7).
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Figure 3.18. Variation of the nano-indenter penetration as a function of the applied load for

pure nickel and ion-implanted nickel with various doses of boron at 50 keV:
(0) pure nickel; (B) Ni + 10'° B cm™; () Ni + 2.3 x10" B em™ [TAK 87]
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Figure 3.19. Variation of the nano-indenter penetration as a function of applied load for pure

nickel and ion-implanted nickel with various doses of phosphorus at 125 keV':
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3.3.1.3. lon beam mixing

Ion beam mixing is a technique where a film previously deposited onto a
substrate is subjected to ionic bombardment. This treatment is generally carried out
using argon, neon, krypton or xenon beams of energies 100-500 keV, and aims to
induce substrate and film interdiffusion exchanges and the formation of a new alloy
on the surface (see Figure 3.20).

Heavy ion . beam
(Ar+, Xet, Kr+, Ne+)

A l:> AByalloy

Substrate Substrate

Figure 3.20. Principle of ion beam mixing

Ion beam mixing with multi-layered films of Fe/Ag [AMI 04], Ni/Mo [WEI 97],
Si/C [RIV 95], Cr/V [BLAN 01] and Ti-TiN [HUB 01] has yielded the formation of
new phases. Specifically, ionic bombarding of a nickel film deposited onto a silicon
substrate under certain conditions has yielded a NiSi alloy with precipitation of the
Ni,Si phase [BOUS 05]. Alloys generated in this way generally possess remarkable
mechanical [BLAN 01, WEI 97], tribological [WEI 97] and anti-corrosion [HUB 01]
properties.

Metallic films have also been deposited onto ceramics and then subjected to ion
bombardment, for example, the deposition of silver on Al,O;, ZrO, and SizNy, or the
deposition of niobium onto SiC. A significant improvement in the degree of
resistance to wear was obtained in all cases [ERC 91].
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3.3.1.4. Thermochemical treatment

Thermochemical treatments are mainly applied to steels [CONSTANT 92] and
consist of enriching the surface of the material to be treated with certain metalloids.
This process is referred to as carburizing when the metalloid in question is carbon
and nitridation when nitrogen is used. Carbonitridation indicates that both elements
are used and boronizing is used when boron is the metalloid involved.

The gaseous compound containing the carbon, nitrogen or boron, is reduced in
contact with the material undergoing treatment and the metalloid is thus deposited in
its solid state. As the material to be treated is generally heated to a temperature
ranging from 500 to 1,000°C, carbon, nitrogen or boron will diffuse to a depth
ranging from a few microns to several millimeters.

Carbon monoxide and methane are the gases used for carburizing, with the
production of carbon resulting from the three following reactions:

2CO — C + CO, [3.25]
CH4; — C +2H, [3.26]
CO+H; — C+Hy0 [3.27]

Nitridation is obtained by decomposition of ammonia gas NH; in contact with
the surface of the material which is heated to 500°C. Ammonia decomposes into
hydrogen and nitrogen as:

2NH; — 2N + 3H, [3.28]

Carburizing and nitdridation layers are characterized by significant hardness (of
700-1000 Vickers) and good residual compression stress.

Steels that have undergone this treatment are characterized by good resistance to
wear, abrasion and fatigue.

Iron borides are very hard compounds obtained by diffusion of boron. Their
hardness can range from 1,500 to 2,000 HV, which makes them particularly resistant
to abrasion. Steel boronizing is usually carried out in a solid state using boron
carbide.

3.3.1.5. Transformation hardening

Transformation hardening is another surface treatment that is also mainly applied
to steels. It consists of heating the surface of the material to be treated to 800—
1,000°C before cooling it down rapidly. Heating can be carried out under a flame,
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by induction or using an electron or laser beam. The depth thus treated can range
from a few tens of microns to several millimeters.

As this surface treatment enables hardening of the surface and embedding of
very high compression stresses, it can grant the material good resistance to both
superficial fatigue and abrasion.

3.3.1.6. Mechanical treatment

Mechanical treatments consist of modifying the surface characteristics of
materials through mechanical action. This can be carried out through sand blasting,
hammering or shot peening. The aim of these mechanical treatments is to induce
high compressive residual stresses into the surface layers, which can grant the
material improved resistance to fatigue and abrasive wear.

Of all these mechanical treatment techniques, shot peening is the most widely
used [CAS 91, FLA 91, LIE 87]. It consists of bombarding the surface being treated
with a small spherical shot at a speed of 50-100 m s~ (see Figure 3.21).
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Figure 3.21. Principle of shot peening

The compressive residual stresses introduced into the surface are generally
between —300 and —1000 MPa. The shots used are spherical glass, steel or ceramic
particles with a diameter usually ranging from 0.02 to 2 mm. Steel shots are most
commonly used in the industrial sector as the high material density enables the
introduction of compressive stresses to significant depths, i.e. up to one or more
millimeters.
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Figure 3.22 shows the profile of the residual stresses introduced into the treated
surface. It clearly shows the presence of a maximum of the compressive stresses at a
depth of Z, below the surface.

In the case of a surface intended for friction, the mechanical treatment conditions
will be chosen so that the depth Z, coincides with the zone to be subjected to the
greatest shear stresses (see section 2.3.1, Figure 2.7).
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Figure 3.22. Experimental result showing an example of the residual
compressive stress profile introduced into steel by shot peening

The kinetic energy (E) of the incident shot of mass m and density p is
proportional to the square of the projection speed v and to the cube of the diameter
d:

| S T
E = = [3.29]
5 my B od’v

By increasing the shot projection speed or the shot diameter, it is possible to
increase the induced stress level as well as the depth affected by shot peening.
However, the use of shot peening conditions that are too extreme can have adverse
effects: if the shot projection speed, diameter or hardness is too high, or if the
treatment time is too long or the degree of shot peening coverage is too high, this can
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lead to cracking of the material and rapid surface deterioration when exposed to
mechanical stress.

Furthermore, however simple its implementation may be, shot peening can only
be successfully performed provided some preliminary measures have been taken.
Indeed, the operating conditions need to be tailored to the nature of the material
being treated and to the mechanical stresses it is likely to be exposed to. It is
therefore essential to be aware of the mechanical and metallurgical characteristics of
the material in order to choose the type of shot and projection speed accordingly.

Note that it is also important for the treatment to be applied to the whole surface
so that its mechanical properties are homogenous. The proportion of the surface of
material to be treated is characterized by the degree of shot peening coverage
N, which is defined as the ratio between the surface that has been impacted and the
total area. Coverage of 100% corresponds to homogenous surface treatment.

As well as modifying the mechanical state of the surface layers of a material,
shot peening also leads to high surface roughness. The degree of roughness increases
with the diameter or projection speed of the shots, and/or with the softness of the
material undergoing treatment. The final roughness of the surface is therefore that
which is obtained after shot peening. In the case of tribological applications (under
friction), a large (uncontrolled) roughness can cause significant tearing of material
from the surface and even alter the efficiency of lubrication in the case of lubricated
contact. A simple means of reducing shot peening-induced roughness is to perform a
finishing shot peening process which, if carried out under moderate conditions, yields
a surface having a smoother micro-geometric state.

3.3.2. Deposition techniques

Deposition techniques consist of the application onto a surface of a coating of a
chosen material which is deposited either in the liquid or the gaseous phase. In order
to ensure good adhesion of the coating onto the substrate, the surface of the material
must be mechanically cleaned (through polishing, sand blasting, etc.), degreased and
then activated using a physical or chemical process. Additionally, before depositing
the coating onto the material, it is sometimes necessary to coat the surface with an
undercoat which is designed to perform at least one of the following functions:

— facilitate the adhesion of the final coating onto the substrate;

— adapt the thermal expansion coefficients in order to reduce residual stresses
within the coating (this is particularly true for high temperature processes); and

— act as a barrier layer when the aim is to avoid the diffusion of elements from
the substrate into the coating and vice versa.
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3.3.2.1. Thermal projection techniques

Thermal projection consists of melting the metal, ceramic or plastic-coating
material and projecting it onto a surface in the form of droplets. These droplets are
progressively superimposed and form deposits with thickness ranging from a few
tens of microns to several millimeters. The principal thermal projection processes
are based on the use of an electrical arc, a flame or a plasma torch (see Figure 3.23).
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Figure 3.23. Principle of thermal projection using a plasma torch

The most widely used coatings in the tribological domain are alloys such as WC-
Co, AlO;-TiO,, NiCrBSi, Cr;C,-NiCr and Cr;C,-NiAl. They are used in many
applications such as the car manufacturing industry, where thermal projection is
used on valves, piston rings, synchronization rings for gear boxes or clutch disks. In
biomedical applications, certain prostheses such as artificial hip joints are covered
with projected titanium or hydroxylapatite so as to facilitate their osteointegration
and to encourage bone regeneration [COD 99] (see Figure 3.24).
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Figure 3.24. Complete hip joint prosthesis
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3.3.2.2. Liquid-phase deposition techniques

There are two classes of liquid-phase deposition techniques:
— electrochemical deposition, which relies on an electric current or voltage
source to induce the reaction that yields the formation of the coating; and

— chemical deposition, where the electrons required for the chemical reactions
originate from the oxidation of a reducing agent contained in the bath, or from the
oxidation of the substrate.

3.3.2.2.1. Electrochemical deposition

Electrochemical deposition, also referred to as electrodeposition or
galvanoplasty, uses an electrolysis cell containing a bath in which electrodes are
dipped (see Figure 3.25).
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Figure 3.25. Principle of electrodeposition

The metal to be deposited is present in ionic form in the electrolytic bath. The
electrodes are connected to a current source. The object to be coated is negatively
polarized (cathode), while the anode consists of the metal to be deposited (except in
certain cases, such as with gold, where an insoluble anode is used). The metallic
ions in the electrolytic bath are reduced by contact with the cathode according to the
following reaction:
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M"™+ne - M [3.30]

At the same time, an atom from the anode passes into the solution:

M—M" +ne [3.31]

These two inverse reactions compensate each other and allow the M"" ion
concentration to remain constant in the solution.

In an acidic medium (pH < 5), the reduction reaction occurring at the cathode is
accompanied by the electrolysis of water and the dihydrogen evolution according to
the reaction:

2H' +2¢ — H, [3.32]

Hydrogen diffuses within the coating and it often results in the brittleness of
electrolytic deposits.

The electrical current densities used for electrochemical deposition usually range
from 0.5-50 A dm~. These values can be significantly increased if pulsed currents
are used. In this case, instead of subjecting the material to be treated to a continuous
current, it is subjected to a pulsed current. The high current densities used yield
increased deposition speed, higher density and harder coatings [MEN 00, NGU 98]
and improved functional properties with regard to corrosion [CHAS 95, KON 97]
and wear [NGU 98]. Moreover, pulsed current also yields coatings of homogenous
thickness and avoids the development of excess thickness on the edges of the coated
materials.

Figure 3.26 shows the form of the electrical signals commonly used. Two types
of pulsed currents can be defined:

— simple pulsed currents consisting of cathodic pulses with a forward on-time Tc
and a forward off-time Tr; and

— reverse pulsed currents when each cathodic pulse Tc is followed by an anodic
pulse Ta.
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Figure 3.26. Forms of pulsed currents used: a) simple pulsed current; b) reverse pulsed
current (T: period (s);T.: cathodic current application time (s); Ty: anodic current
application time (s); Jo: peak cathodic current density (A dm™); Jy: peak anodic current
density (A dm™); J: mean current density (4 dm™); Ty: rest interval (s))

The shape of the signal used can significantly impact on the morphology and
characteristics of the deposited coating. Figure 3.27 and Table 3.5 show, for example,
the case of chromium deposits for which three different types of morphologies and
corresponding hardnesses were obtained under various deposition conditions
[ADD 06].
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Figure 3.27. Chromium coatings deposited onto steel (deposition conditions are
listed in Table 3.5): a) large grains (hardness: 390 HV), b) medium grains
(hardness: 557 HV); c¢) fine grains (hardness: 724 HV) [ADD 06]
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T Je Te Ja T, Morphology Hardness | Figure
©CC) | (Adm™®) | (ms) | (A dm™) | (ms) (HV)
57.5 48 13000 48 40 Large grains 390 3.27a
57.5 36 13000 36 40 Medium grains 557 3.27b
57.5 36 5000 48 40 Fine grains 724 3.27c

Table 3.5. Conditions of chromium deposition by reverse pulsed current with no forward
off-time (T, = 0 s): values for morphology and hardness [ADD 06]

Electrochemical deposition also permits the generation of composite coatings
consisting of a metallic base combined with hard particles (such as SiC, ZrO,,
Al,O;, diamond, etc.) or with solid lubricants (such as PTFE or MoS;). These micro-
or nano-size particles are kept suspended in the electrolyte using an appropriate
agitator [BERC 03].

The electrochemical deposition of composites such as Au-PTFE [REZ 05] or Ni-
PTFE [PEN 98] can significantly reduce the friction coefficient of a metal compared
to its pure state. Moreover, the embedding of hard, usually ceramic, particles into
the coating generally leads to improved resistance to abrasion and to increased
material hardness. This is true of several compounds such as Ni-SiC [GAR 01,
GROS 01], Ni-Al,O; [GAN 04, SHR 01] or Ni-TiO, [LOS 99]. Figure 3.28 shows the
variation of the hardness as a function of the volume fraction of ZrO, introduced in
the case of the Ag-ZrO, composite. We see that the increase in hardness is
proportional to the increase in the volume of embedded ceramic.
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Figure 3.28. Hardness of a Ag-ZrO, deposit as a function of the
volume fraction of zirconia [GAY 01]
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In the case of the Ni-SiC composite, the mechanical characteristics of the
material have been shown to depend on the volume fraction of SiC and its
granularity (see Figure 3.29) [GROS 01]. Another study reported hardness values
ranging from 650 to 1300 HV and an increased resistance to wear proportional to the
percentage of siliceous carbide (see Figure 3.30) [ABD 06].
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Figure 3.29. Variation in the hardness of the Ni-SiC composite as a function of the size and
volume fraction of ceramic particles. Mean diameter of grains: 1 um (<¢); 0.75 um (O);
0.5 um (A) [GROS 01]
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Figure 3.30. Rate of wear as a function of the volumic percentage of silicon carbide in a
Ni-SiC composite coating deposited onto an iron substrate. The wear tests were carried
out using a pin/cylinder set-up. The cylinder was made of steel (of hardness 63 HRC)
and its rotating speed was 30 rotations per minute (0.1 m s!). The applied load
was 40 N and the fixed test duration was 0.5 hour [ABD 06]



154  Materials and Surface Engineering in Tribology

3.3.2.2.2. Chemical deposition

In the case of chemical deposition, the reduction of metallic ions does not require
the use of a current generator. The necessary electrons are provided either by
oxidation of a reducing agent present in the bath or by oxidation of the substrate
which must necessarily be less noble than the metal to deposit. In the case of
chemical nickel deposits, the hypophosphite ion is very often used as a reducing
agent.

The two main reactions occurring in the solution are:
H2P072 + H2O —> H2P073 + 2HJr +2e [333]

This reaction, corresponding to the reduction of hypophosphite ions, liberates
electrons which will in turn enable the reduction of Ni ** ions into metallic nickel:

Ni**+2e — Ni [3.34]
The total reaction is therefore:
Ni** + H,PO ", + H,0 — Ni + H,PO 5 + 2H" [3.35]

Commercially available baths can also be used to deposit nickel-boron or nickel-
phosphorus alloys particularly onto steels and copper-based or aluminum-based
alloys. These deposits are amorphous, characterized by good hardness (500—-1000
HV) and good resistance to wear. They are usually deposited as thin films ranging
from 15 to 40 microns.

The main advantage of the chemical deposition technique over the electrolytic
technique is that it allows homogenous deposits covering the whole surface of the
material to be treated, irrespective of shape.

As with electrochemical deposition techniques, chemical deposition can
successfully be used to apply a number of different composite deposits.

3.3.2.3. Vapor-phase deposition techniques

A distinction is generally made between physical vapor deposition processes
(PVDs) and chemical vapor deposition processes (CVDs) [GAL 02].

The characteristics of the coatings generated with these surface treatments
depend on the technique chosen and the experimental conditions. Vapor phase
deposition techniques have a wide range of applications: they may be applied as
anti-reflection coatings for optical lenses, as thin films for electronic components or
connectors or as decorative or anti-wear coatings.
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3.3.2.3.1 Chemical processes (CVD and PACVD)

CVD deposits are the product of a chemical reaction between the heated
substrate and one or several reactive gases that are introduced into the experimental
reaction chamber (see Figure 3.31a).

As an illustrative example, we can see how titanium carbide and silicon oxide
can be prepared according to the following reactions:

TiCly (g) + CH.4 (g) — TiC (s) + 4HCI (g) [3.36]
SiH, (g) + 0, (g) — SiO, (s) + 2 H, (g) [3.37]

The substrate temperature usually ranges between 500 and 1,500°C. These
relatively high temperatures mean that this process cannot be applied to materials
having a low melting point and, in the case of steels, to those having a tempering
temperature higher than that at which the coating forms on the substrate.

Moreover, when the thermal expansion coefficient of the deposit and substrate
are too different, the coating may exhibit high residual thermal stresses which can
potentially cause it to peel off.

In order to overcome the drawbacks of classic CVD, other techniques have been
developed. These techniques, known as plasma-assisted chemical vapor deposition
(PACVD) and plasma-enhanced chemical vapor deposition (PECVD), are based on
plasma generated by the creation of an electric discharge in the reaction chamber.

The high temperature required for the activation of the chemical reaction in the
classic CVD technique is partly replaced by the action of the electrons accelerated
within the plasma. The deposition temperature can therefore be significantly reduced
to about 300°C (see Figure 3.31b).

The electrical discharge used is at a high frequency of 13.56 MHz in order to
allow deposition of insulating films. Indeed, the deposition of such films would not
be possible using a direct current as it would rapidly stop the discharge.

This technique can be applied to yield a number of metallic and ceramic
materials with remarkable mechanical and tribological characteristics [PAW 03,
RIC 94].
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Figure 3.31. Vapor phase chemical deposition:
a) CVD; b) PACVD

3.3.2.3.2. Physical processes

PVD refers to several types of processes operating under low pressure conditions
(ranging from 10 to 10™' Pa) and at low temperatures (between 100 and 500°C).

A distinction is generally made between three types of physical processes:
— thermal evaporation;
— ionic deposition; and

— sputtering.
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Thermal evaporation

This technique consists of vaporizing the source material to be subsequently
deposited onto the substrate by heating it in a vacuum (usually ranging from 102 to
107 Pa). The atoms that are evaporated are then progressively deposited as a film
onto the surface of the substrate to be treated. The most commonly used vaporizing
sources are wires or foils heated with an electrical current. The material to be
deposited can also be sublimed under the impact of an electron beam [GAL 02,
RIC 94]. Moreover, it is possible to significantly improve the density of the film as
well as its adhesion and its mechanical properties by carrying out ionic
bombardment during its growth: an ion beam (generally argon) is then aimed at the
substrate and bombards the film as it grows. This particular technique is known as
ion beam-assisted deposition (IBAD) (see Figure 3.32).
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Figure 3.32. lon beam assisted deposition (IBAD)

Prior to thermal evaporation the ion beam is used to clean the surface of the
substrate through ionic etching, which consists of removing the contamination layer of
surface oxides. This significantly increases the reactivity of the surface and so ensures
better adhesion of the deposited films.
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lonic deposition

Ionic deposition (or ion plating) consists of evaporating the deposition material
inside a chamber and subsequently creating a discharge by negatively polarizing the
specimen to be treated. The ionized atoms are attracted to the surface of the
specimen, which is subjected to ionic bombardment throughout the deposition
process. In addition, reactive gases such as oxygen, nitrogen or hydrocarbides can
also be injected into the reactor to form oxides, nitrides or carbides, respectively.
This technique of ionic deposition is referred to more specifically as reactive ion
plating (RIP).

At elevated deposition speeds, this technique allows the formation of dense
coatings that exhibit good adhesion to the substrate.

Sputtering

This technique consists of applying a continuous voltage of a few hundred volts
between the material to be deposited (cathode) and the material to be coated (anode)
in the presence of argon in a vacuum ranging from 10" to 10~ Pa. This results in the
ionization of the accelerated argon atoms that bombard the cathode, causing the
ejection of surface atoms which leave the target with high kinetic energy and are
deposited onto the substrate (see Figure 3.33).
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Figure 3.33. Principle of sputtering

Reactive gases other than argon can also be injected into the reactor. For
example, oxygen or nitrogen can be used, and these gases combine with the atoms
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ejected from the target to form oxide or nitride films. This technique is referred to as
reactive sputtering and allows films of TiN, CrN, AIN, SiO, or TiON to be easily
obtained.

After deposition of the coating, it is possible to negatively polarize the sample
being treated in order to attract argon ions and thus submit it to ionic bombardment.
This treatment can also be performed during film preparation. It effectively
increases the density of the deposition material and yields improvement in the
interface quality and in the adhesion between different layers for multi-layered
material deposition. This has been clearly demonstrated in the case of multilayered
TiN/AIN films [THOB 99, THOB 00]. In addition, ionic deposition can also be
assisted by a beam of argon ions that bombard the film during growth. Many alloys
such as TiB,, SiC or NiTiN have been produced in this way and deposited onto
silicon, steel and TA6V substrates [RIV 00].

However, applying a continuous voltage to the cathode does not allow the
sputtering on targets made of insulating material, because sputtering is rapidly
arrested by the accumulation of surface charge. This problem is solved using a radio
frequency system where an alternating voltage is applied to the cathode. With this
technique, argon ions bombard the surface of the target material and eject the
surface atoms during the negative-going polarization phase. When the polarization is
reversed, the cathode attracts the electrons which then neutralize the positive surface
charge.

The deposition speed depends on a number of parameters such as the sputtering
yield of the target material, the kinetic energy of the argon ions and the reactor
geometry. The deposition speed can be greatly increased by fitting the sample-
holder with a magnetron (Figure 3.34) in order to apply a strong magnetic field
using magnets placed behind the target. Electrons therefore follow the magnetic
field lines and follow a helical path. This significantly increases the length of their
trajectory and, as a result, the number of their collisions with argon atoms. The
ensuing increase in the number of argon ions leads to greater sputtering and enhanced
deposition speeds.

Films produced through cathodic sputtering are generally characterized by a
columnar structure with a morphology that depends on the pressure and on the ratio
between the deposition temperature (T) and melting point of the material deposit
(Tm).

Figure 3.35 shows a schematic representation of typical microstructures obtained.
For a relative temperature (T/Tm) between 0 and 0.4, the structure obtained is porous
and the columns are very thin (see Figure 3.35a). When the relative temperature is
between 0.6 and 0.8, the columns join together and the structure of the material is
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denser (see Figure 3.35b). At higher relative temperatures (T/Tm ranging from 0.8 to
1), we observe recrystallization and the growth of grains (see Figure 3.35c). For
relative temperatures in the range 0.4 to 0.6, the structures are poorly-defined. It is
important to note, however, that these temperature ranges can vary slightly as a
function of the pressure [MES 84, THOR 74].

Substrate

Sputtered atom

Figure 3.34. Principle of the magnetron. Under the effect of the magnetic field,
the electrons take on a helicoidal trajectory. The atoms of the target are sputtered
under the impact of the argon ions and are deposited onto the substrate

a) b) ¢)

Figure 3.35. Schematic representation of the microstructure of a film deposited by sputtering:
a) porous microstructure made up of fine columns, b) wider columns of a less porous
structure; c) recrystallization and growth of grains
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Sputtering set-ups always place the target material and sample to be coated
opposite one another (see Figure 3.33), allowing for the generation of column
deposits perpendicular to the surface of the sample. Modifying the angle of the
sample-holder to a certain degree relative to the target makes it possible to achieve
oblique films. However, use of this glancing angle deposition (or GLAD) technique
is currently somewhat limited [BUZ 04, SATOM 00, SET 99].

Experimentally, it is observed that there is always a difference between the angle
between the normal to the surface and the direction of incident particle flux (o) and
the angle between the normal and the direction of column growth (B) (see Figure
3.36). The angle a is generally between 3 and 2 B.

Normal to substrate

Flux of particles

Figure 3.36. Definition of the incident particle angle (o) and of the glancing angle () of the
columns relative to the substrate (adapted from [LIN 03a])

Figure 3.37 shows the microstructure and surface morphology of some oblique
chromium films deposited onto silicon for various angles a. It is clearly seen that the
surface topography can be modified by changing the incident angle of the primary
particles. It is therefore possible to obtain surfaces of varying porosity and
roughness and with a tailored distribution of hills and valleys.

The possibility to produce surfaces with topographically engineered surfaces
makes this technique a very important tool for tribological applications.
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Figure 3.37. Microstructure and surface morphology of oblique chromium films
as a function of various angles o. [LIN 03b]
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Apart from oblique films such as shown in Figure 3.37, it is also possible to
deposit zigzag-structured films consisting of successive layers alternately inclined in
opposite directions relative to the normal to the surface of the sample. This is shown
in Figure 3.38. To achieve this, it is necessary to tilt the sample in two directions
relative to the incident particle flux, alternatively (+a and —a). If, in addition to this
inclination, the sample is also subjected to a (continuous) rotation in its reference
plane (see angle ¢ in Figures 3.39 and 3.40), it may be possible to generate C-
shaped, S-shaped or even helix-shaped films [LIN 03a, SATOM 00, VANP 05].

Figure 3.38. Zigzag-shaped chromium films. The inclination angle a is 50°
and n indicates the number of deposited layers in each case [LIN 04]
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Figure 3.39. Schematic representation showing the movements of a sample-holder
that allows the deposition of successive layers with different microstructures
(figure inspired from [LIN 03a])
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Figure 3.40. Schematic representation of the principle of controlled deposition using the
GLAD technique. Two motors allow the sample to undergo rotations in two orthogonal
planes, thus allowing the desired structure to be obtained (see Figure 3.4) [VANP 04]
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Figure 3.41 shows an example of a multilayered coating produced using several
different materials and comprising several kinds of microstructures [VANP 04].
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Figure 3.41. Composite multilayered film showing the possibilities of the GLAD
technique [VANP 04]. Layer a: TiO, right-handed helix, 450 nm step, 3 turns;
layer b: SiO, zig-zag 1650 nm thick; layer c: SiO,vertical posts 600 nm thick;

layer d: SiO; left-handed helix 580 nm step, 3 turns

These GLAD-generated films represent a new class of materials suited to
multiple applications. Indeed, due to the possibility to engineer the surface of a
material through the deposition of structured films (zigzags, helixes, columns, etc.)
of controlled porosity, GLAD opens up opportunities for very diverse applications
such as humidity or gas sensors. Indeed, it has been shown that sensors based on
such topographically structured materials exhibit improved performance,
particularly with regard to their shorter response times compared to conventional
sensors. Other applications in the field of photonics, energy storage, display
technology and magnetic data storage have also demonstrated the wide applicability
of this technique [SATOM 00].

As a consequence of their specific structural properties, these materials are
expected to become increasingly important for tribological applications. An
unfortunate result of their very recent emergence, however, is that only a limited
number of publications have explored this domain. We highlight here three
significant studies. In the first study [SET 99], the authors used nano-indentation to
study the mechanical behavior of helicoidal SiO films, and showed that the films
exhibit a genuine spring effect when deformed (Figure 3.42). Two years later, the
same group published additional results concerning the mechanical characterization
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of films generated using the GLAD technique [SET 01]. More recently, another
group [LIN 06] modeled the behavior of zigzag-structured chromium layers under
nano-indentation. The calculated hardness, toughness and Young’s modulus were
found to be in good agreement with experimental measurements.

Figure 3.42. Elastic deformation or “spring effect” of helix or zigzag-shaped films subjected
to nano-indentation (based on experimental results [SET 99])

Apart from the spring effect illustrated in Figure 3.42, the potential of these
materials to yield controlled roughness and porosity means that materials perfectly
adapted to lubricated friction can be produced. Moreover, oblique columnar
structures should enable the development of surfaces presenting anisotropic friction
characteristics. Indeed, Figure 3.37 clearly shows that if a sphere is placed under
friction against an oblique columnar film, the friction will vary according to the
sliding direction of the sphere relative to the angle of the columns.

3.4. Hard anti-wear and decorative coatings

Vapor deposited hard coatings are mainly used as anti-wear materials, but they
can also be used in decorative applications when they combine low abrasive wear
and attractive colors.

3.4.1. Hard anti-wear coatings

3.4.1.1. Transition metal nitrides

Simple or mixed nitrides such as TiN, AIN, TiAIN, CrN or ZrN have been
extensively studied, and some are used more specifically as anti-wear
coatings/materials. They are deposited using the PVD or PACVD techniques in the
form of a layer with thickness ranging from one to five microns.
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Titanium nitride (TiN) is the most commonly used of these materials. From the
crystallographic point of view, it is characterized by a face-centred cubic lattice as
shown in Figure 3.43. TiN hardness can range from 1400 HV to 4000 HV depending
on the deposition technique and conditions [TAK 97a].
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Figure 3.43. The face-centered cubic lattice of titanium nitride

Titanium nitride readily oxidizes at 500°C yielding TiO,, and this significantly
impairs its mechanical properties. This material decomposition, under conditions of
extreme stress, restricts its use. To overcome this, titanium is therefore often used in
conjunction with aluminum in the form of a ternary solid solution TiAIN. Due to the
formation of the protective oxides Al,O; and TiAlO, this mixed nitride has much
better mechanical and tribological properties [RAU 00] and significantly increased
resistance to oxidation than TiN [CHU 97, JOS 95].

TiN, TiCN and TiAIN are widely used as coatings for cutting, stamping and
metal embossing tools. Because it is chemically more stable, TiAIN allows cutting
to be carried out even without lubrication and at greater speeds than with TiN and
TiCN.

The addition of silicon also results in significant improvements in the mechanical
and thermal properties of TiN. The compound TiSiN produced through PECVD is a
nanocomposite material made of TiN nanoparticles in an amorphous matrix of SiNXx.
It is characterized by good hardness (50-70 GPa), excellent resistance to oxidation
and, even with relatively low levels of silicon (5%), it remains stable up to
temperatures of the order of 800°C [DIS 99, LI 92, VEP 95, VEP 00].
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The addition of silicon also has beneficial effects on the tribological properties
and ability of other nitrides — such as zirconium nitride — to withstand high
temperatures [PIL 06]. In addition, silicon results in the formation of a
nanocomposite material made of nanocrystals less than 10 nm in size.

The characterization of the tribological properties of ZrSiN as a function of the
quantity of added silicon has shown that the friction coefficient (see Figure 3.44)
and rate of coating wear drop sharply when the silicon content reaches 7.6% (see
Figure 3.45a and 3.45b) [PIL 06]. This can be partly accounted for by the
amorphization of the material, partly by the oxidation of silicon under friction and by
the generation of a mixed film made of hydrated silicon oxide and hydroxide, which
protects the surface and behaves as a lubricant [BERTR 00, LIUC 01, SATOT 94].

Friction coefficient

Time (min)

Figure 3.44. Variation in the friction coefficient as a function of time for a PVD film of ZrSiN
(using a ball-on-disc tribometer). The sphere is a 5 mm diameter alumina ball,
the load is 25 N and the sliding speed is 5 mm s~! [PIL 06]
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b)

Figure 3.45. Wear path at the end of the friction test described in Figure 3.44 for:
a) ZrSiN containing 3.3% silicon (similar results were obtained for a silicon content
of 0 and 4.9%); b) ZrSiN containing 7.6% silicon [PIL 06]

Chromium nitride is characterized by greater thermal stability [NAV 93] and
better resistance to wear [HUA 94, SATOT 94, YAO 97] and corrosion [BERTR 00,
LIUC 01] than titanium nitride. As a result, it offers an attractive alternative to TiN
for the coating of tools and wear parts.

For example, stamping tools made of X160CrMoV12 steel were coated with
CrN or TiN for an industrial application aimed at the production of copper contacts
for electrical components. These were then subsequently tested and compared to
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their untreated equivalents. The stamping was carried out under Iubricated
conditions at a speed of 350 stamps per minute. The comparative lifespan of treated
and untreated tools is presented in Figure 3.46.
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Figure 3.46. Comparative lifespan of X160CrMoV12 steel stamping tools
when untreated, coated with CrN or coated with TiN [TER 96]

The lifespan of CrN-coated stamping tools is 14 times greater than that of their
untreated equivalents and 3.5 times greater than those coated with TiN. Moreover,
copper has been shown to adhere significantly to TiN coatings and to induce a
significant transfer of metallic material unto the ceramic. However, in the case of
CrN coatings, the transfer of material and the friction coefficient proved extremely
low (0.25 for CrN but 0.35 for TiN) [TER 96].

When deposited using reactive sputtering, CrN can exhibit a wide range of
mechanical and microstructural characteristics, depending on specific deposition
conditions [HAE 02]. In particular, the bias voltage of the sample plays a very
important part. For example, the hardness of a chromium nitride film measured at
700 HV for an unbiased sample was increased to 2100 HV with a —150 V applied
bias. When measured using wear tests, the coating lifespan was found to increase by
a factor of ten using a substrate biased to —225, =300 or 900 V when compared to
deposition on an unbiased substrate.
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In the same study [HAE 02], the authors have clearly shown that the total gas
pressure and the N,/Ar pressure ratio plays an equally important part in determining
both the microstructure characteristics (grain size, roughness and porosity) and the
mechanical and tribological properties of the films. In particular, they demonstrated
that film microstructures characterized by high roughness and extensive, deep
porosities presented excellent behavior under lubricated friction because the
porosities acted as lubricant reservoirs.

3.4.1.2. Carbon-based films

Carbon-based films are an important class of materials for tribology. They are
usually generated using the PVD or PECVD techniques.

Diamond-like Carbon or (DLC) generated using PECVD combines high values
for hardness (2000—10 000 HV) with a low friction coefficient (0.1-0.2) and great
chemical stability [BUL 95, GRI 93, LEH 96, LIUY 96].

DLC is made from a mixture of graphite (sp> hybridization state) and diamond (sp’
hybridization state). Its properties can vary considerably as a function of the
graphite/diamond ratio and the proportion of hydrogen it contains. Its mechanical
properties can be rapidly degraded when the temperature exceeds 400°C [TAK 03].
In this case, there is a sharp drop in the coating hardness due to the dehydrogenation
of the material and the transformation of the carbon atoms from the sp’ to the sp’
form.

The tribological behavior of DLC is also very sensitive to humidity, but
published results in the field are often contradictory [AKI 04, BUL 95, GRI 93,
LEH 96, LIUY 96, TAK 03]. Some publications suggest that higher rates of
humidity trigger a reduction in the friction coefficient and an improvement in wear
resistance, but many others argue that the opposite occurs.

These contradictory results are partly due to differences in the composition and
microstructure of the different films analyzed. Indeed, there is an important volume
of hydrogen contained in the films, the graphite/diamond ratio and the degree of
purity and density of the films. These data are not always provided in sufficient
detail in the published material.

DLC makes an excellent anti-wear coating, and is particularly well-suited for
cutting tools used in the machining of copper-aluminum alloys. However, because
of a strong reaction between the carbon and iron, it cannot be used for the machining
of steels.
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DLC is also often used to coat the moulds required for plastic or aluminum
injection molding. Moreover, as it is bio-compatible, it is also the preferred material
coating for the surfaces subject to friction in hip and knee prostheses.

Another material, carbon nitride (or CNy), is also worth mentioning for its
superior mechanical and tribological properties. Indeed, these properties are similar
to — if not better than — those of DLC, but CNy can also withstand high temperatures
without degradation [TAK 03].

Carbon nitride films have been the subject of much experimental research as a
result of theoretical calculations that showed that the hardness of the crystalline
compound C;N, was equivalent to, if not greater than, that of diamond [LIUA 89,
LIUA 90]. However, the synthesis of this material remains the subject of some
controversy because its method of production is not yet fully understood or
reproducible. However, it has been possible to generate and characterize numerous
CNy compounds that do not have the stoichiometry of the C;N4 compound. It has
also been shown that carbon nitride films deposited by sputtering and containing
10% nitrogen had better wear resistance and a lower friction coefficient than pure
carbon films generated under the same conditions [KHU 96].

Another study has shown that the hardness of films generated using the
sputtering technique could increase from a value of 9 GPa with pure carbon coatings
to 25 GPa for carbon nitride films with an 18% nitrogen concentration [CUT 96].
However, many published results argue that high rates of nitrogen tend to reduce
material hardness due to the increase of sp and sp” carbon at the expense of sp’
carbon [DEGR 98].

An increase in the friction coefficient and an improvement in resistance to wear
have also been observed with an increase in the quantity of nitrogen [KUS 98].

Another noteworthy carbon-based coating is the WC/C compound produced
through PVD with hardness ranging from 1500 to 2000 HV. By alternating hard
tungsten carbide with lubricating carbon layers, it is possible to obtain a high-
performance multilayered material well-adapted to the coating of tools used in the
machining and embossing of aluminum and metallic sheets with high Young’s
modulus [POD 04, WANS 99]. This coating can be applied directly onto the tools or
deposited as a final coating after prior treatment of the substrate with an initial film
of TiN, which enhances the adhesion of the WC/C coating to the substrate and also
acts as a diffusion barrier. Other nitride films such as CrN can also be deposited in
this way.
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3.4.1.3. The role of the substrate

Hard coatings should always be applied onto hard substrates to guarantee
maximum efficiency.

A useful guideline is that a hard coating of 1500 HV should never be applied
onto a substrate with hardness lower than 700 HV. Indeed, softer substrates
subjected to friction will undergo plastic deformation and thus be strained to the
extent that the hard but brittle coating will crack and peel off from the substrate (see
Figure 3.47).

This has been clearly shown in a comparative study of three distinct layers of
TiN (2100 HV), TiCN (2600 HV) and DLC (3800 HV) deposited onto two
substrates of different hardness: 35CrMo4 steel of hardness 250 HV and
X85WMoCrV06.05.04.02 steel of hardness 880 HV [TAK 97b].

Scaling of the

/ coating \

Plastic deformation

Figure 3.47. Behavior of a ceramic layer deposited onto a steel substrate subject to friction.
When the substrate is soft, it deforms plastically and causes the coating to peel off.
The minimum hardness required for the substrate is about 700 HV

In order to optimize the properties of hard coatings, multilayered deposits of
graded hardness such as TVTIN/TCN/DLC, TV/TiN/WC/C or TiN/TiCN/CN
[MOR 04] have provided excellent results under friction.

More complex systems with composite films also exhibit high performance. This
is, for example, the case with the multilayered coating Ti/TiN/TiCN/TiC/(Ti-
DLC)/TiC/(Ti-DLC) in which the titanium film improves the adhesion of the
coating to the steel substrate, while the intermediate layers support the load and act
as diffusion barriers or crack breakers. The outer DLC layer in this case is designed
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to lubricate the contact by reducing the friction coefficient [VOE 96] (see Figure
3.48).

DLC (a: CH) Matrix

TiC
Ti-DLC
Graphite
TiC /
Ti
Ti-DLC
TiC
TiCN
TiN
Ti
Steel substrate

Figure 3.48. Example of a multilayered coating [VOE 96]

3.4.2. Decorative coatings

The oxide, nitride, oxinitride, oxicarbide or carbonitride coatings of certain
elements such as Ti, Zr, Cr or Al allow layers of different colors to be produced and
are therefore particularly well-suited for decorative purposes. The manufacturing of

spectacle frames, jewellery, watches and cutlery provide numerous examples of such
applications.

Film and coating color is described using the CIE system introduced by the
International Lighting Committee (Comité International de [’Eclairage). With this
system, color is expressed using three parameters or coordinates L*, a* and b*.
The coordinate L*, which expresses luminosity, ranges from 0 for a black object
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to 100 for a white object and varies continuously between these extremes. L* is
represented as a vertical axis, whereas the horizontal plane comprises the two axes
a* and b*. The coordinate a* indicates position between red and green (positive
values of a* indicate red while negative values of a* indicate green), whereas the
coordinate b* indicates position between yellow and blue (positive values of b*
indicate yellow while negative values of b* indicate blue) (see Figure 3.49).

Yellow

Black

Figure 3.49. Representation of a point P at coordinates L, a, and b in the color space L*a*b*

We limit ourselves here to coatings produced using PVD (generally applied
using reactive cathodic sputtering) as this technique is the most widely used in
industry within the decorative sector.

The substrates that can be used with this deposition technique are those that can
withstand temperatures of the order 200°C without degassing.



176  Materials and Surface Engineering in Tribology

Among the coating materials that are used, titanium dioxide (TiO,) has the
advantage of generating so-called interferential films where the color varies as a
function of the film thickness. For example, it is possible to obtain white films for
coating thicknesses less than a few nanometers, yellow films when the thickness
exceeds 40 nm, red films for thicknesses around 50 nm, and blue and green films for
thicknesses between 50 and 100 nm [MANA 04].

The fact that the films are based on optical interference, however, has limited the
widespread use of TiO, coatings on an industrial scale. In fact, only flat surfaces can
be coated satisfactorily using this technique and, for complex surface geometries,
different parts of the substrate are not coated with the same thickness, leading to
differences in colors. Moreover, titanium dioxide films are brittle and their hardness
is limited; the combined interferential nature of the coating and its low abrasion
resistance therefore limits the use of this material in decorative applications.

In contrast to TiO,, titanium nitride (TiN) is a hard, non-interferential coating
which presents good resistance to abrasion and appears golden yellow. Its
remarkable mechanical properties and its attractive color mean that it is one of the
materials most widely used for decorative purposes.

However, the radiance and golden yellow color of TiN are not rigorously
identical to those of gold and, in spite of systematic work carried out on the
production of TiN films under varying experimental conditions, it has not been
possible to achieve a genuine golden yellow color [MANA 04].

There is no possible combination of the three parameters a*, b* and L* for the
different layers generated that corresponds totally to the reference parameters of the
gold standards (according to the normalized NIHS colors or Normes de Il'Industrie
Horlogere Suisse). Indeed, even when two parameters coincide with the
characteristics of one of the gold standards, the third is very far from the expected
value. It is for this reason that in industrial applications such as watch-making,
jewellery and accessories, the 1 pm thick film of TiN is coated with a additional
layer of “gold flash” one-tenth of a micron thick.

This solution, widely used in industry, does however present a major drawback.
In particular, the thin layer of gold (a soft material) erodes relatively quickly and
reveals the slightly darker titanium nitride layer, which causes the surface to look
tarnished [CONSTANTI 06]. To solve this problem, most research in the field has
been aimed at developing hard, genuinely gold-like films. Among some of the
solutions envisaged are mixed TiN/ZrN films, TiZrN films or multilayered TiN/ZrN
coatings.
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These multilayered TiN/ZrN coatings appear to open up interesting
opportunities. Indeed, alternate nanometer-scale films of TiN/ZrN deposited using
reactive cathodic sputtering have managed to reproduce the gold standards 1N14,
2N18 and 3N18 by combining TiN (golden-yellow but too reddish) and ZrN
(golden-yellow, but too greenish). Optimizing the experimental process has yielded
the same color values as the IN and 2N gold standards for the a* and b* values.
However, the third value L* requires further improvement [CONSTANTI 06,
MANA 04].

Between the hard, non-interferential golden-yellow titanium nitride and the
softer, interferential titanium dioxide, the class of titanium oxinitrides TixN,O,
presents intermediate properties that yield hard, non-interferential coatings
presenting desirable colors for decorative applications. Indeed, depending on the
oxygen/nitrogen ratio, titanium oxinitrides can take on a wide range of colors
[MARTIN 02, VAZ 04].

TiNyO, films have recently been generated using the reactive sputtering
technique with pulsed gases [CHAP 05, MARTIN 02]. Many ternary compounds
ranging from TiN to TiO, were thus obtained and characterized, showing that the
shift from nitride to oxide is paralleled by a gradual decrease in hardness, the
Young’s modulus and conductivity.

Regarding the colors obtained, the films are interferential within the composition
range (between 30 and 100% oxygen); however, when oxygen content is between 0
and 30%, they are non-interferential and present much higher values for hardness
than TiO,.

Increasing the oxygen content has yielded a varied palette of colors. It has been
possible to continuously vary the color from golden yellow for TiN to metallic
bronze, and then blue, purple, and dark and light green for compounds higher in
oxygen content.

Red is a rare and highly sought-after color in decorative applications. It is
therefore significant that recent research has reported that the Fe-O-N system has
made it possible to obtain compounds presenting the same reddish color as hematite
(a-Fe,03). Iron-oxinitride films were then generated using magnetron sputtering by
simultaneously injecting oxygen and nitrogen into the experimental reactor
[PET 06].

Carbonitrides are yet another class of coatings which must be mentioned as they
offer interesting solutions for decorative applications. Indeed, these materials are
characterized by high mechanical properties and highly sought-after colors. The
principal examples are titanium carbonitride (bronze, gray), titanium/aluminum
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carbonitride (black, gray and aubergine), chromium carbonitride (gray) and zirconia
carbonitride (brass yellow) [CAT 05].

3.5. Characterization of coatings: hardness, adherence and internal stresses
3.5.1. Hardness

We define three degrees of hardness principally differentiated by the depth of
indentation (d) as summarized in Table 3.6. The load required to reach these depths
will vary according to the material being tested. With nano-hardness, the required
load ranges from a few micronewtons to several hundreds of millinewtons. With
micro-hardness, the required load ranges from a few tens of millinewtons to a few
newtons. Finally, with macro-hardness the required load ranges from a few newtons
to several tens of newtons.

Nano-hardness | Micro-hardness | Macro-hardness

Indentation depth

(um) 0.001-1 1-50 50-1000

Table 3.6. The three types of hardness

As a consequence, the choice of hardness test will be tailored to the type of
material under study as well as to the application envisaged. Nano-hardness will
therefore be preferred to characterize thin layers (less than a micron) while micro-
hardness will be used to analyze the effects of surface treatments such as shot
peening or thermochemical treatments (carburizing, nitridation, etc.). Macro-
hardness will typically be used to measure the hardness of steels following
treatments such as quenching or tempering.

In section 1.2.4.1, we described the basic principles of the hardness test and the
different methods used to measure the hardness of materials. In the case of coated
materials, carrying out hardness tests presents two major difficulties. Specifically,
measurements carried out under very light loads can be affected by a size effect due
to the close proximity of the surface (see section 3.5.1.1), while measurements
performed under very heavy loads can be affected by the proximity of the substrate
(see section 3.5.1.2).
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3.5.1.1. The indentation size effect

Hardness is a mechanical property of the material and its value (determined
experimentally) should therefore not depend on the measurement test conditions.
However, we note that measured hardness values are systematically higher when the
load (and penetration depth) is lower. Many reasons have been suggested to account
for this indentation size effect (ISE): work hardening; the presence of a superficial
oxide layer; the influence of impurities segregating on the surface after annealing of
the material; the presence of a free surface acting as an obstacle to dislocation
movements; or even elastic return. Indeed, although elastic return is often negligible
in macro- and micro-hardness, it becomes significant when the impressions obtained
present indentation depths ranging from a few tens to a few hundreds of nanometers
[BUL O0la]. Another theory based on the concept of geometrically necessary
dislocations (GND) to accommodate the deformation gradient in the plastified zone
has also been suggested [NIX 98].

Two expressions are generally used to characterize the influence of the ISE on
the hardness:

— Model 1 [NIX 98]

H d*

— = 1+ —
H, d

where H is the measured hardness, Hy is the measured hardness for an indentation

depth large enough so that ISE is not present, d is the indentation depth and d* is a

characteristic length that depends on the shape of the indenter determined from the

fitting of the experimental points by the model.

[3.38]

— Model 2 [BUL 01a]

H=H, +§ [3.39]

where H is the measured hardness, Hy is the measured hardness for an indentation
depth large enough so that ISE is not present, d is the indentation depth and k is a
constant determined from the fitting of the experimental points by the model as
shown in Figure 3.50. It clearly shows the validity of the model and illustrates the
significant influence of elastic return on the ISE. Indeed, nano-indentation tests
carried out using a blunt-tip indenter clearly yielded greater elastic return than those
performed with a sharp-tip indenter.
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Figure 3.50. Hardness variation with plastic depth for PVD TiN,
comparing experimental data (symbols) with model fits (solid lines).The
indentation size effect behavior is clearly visible and depends on
indenter geometry and data analysis method [BUL 01a]

3.5.1.2. Hardness tests for coated materials

The experimental determination of the mechanical and tribological properties of
coatings is often a delicate procedure due to the proximity of the substrate which can
significantly affect measurement results.

In the case of hardness tests, if h and d represent the thickness of the coating and
the depth of penetration of the indenter into the surface (see Figure 3.51), then as the
ratio d/h increases beyond a critical value (d/h). the measurements will be affected
by the proximity to the substrate. The hardness measured will therefore be
overestimated or underestimated depending on whether the hardness of the substrate
is higher or lower than that of the coating (see Figure 3.52).
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Figure 3.51. Indentation of a coated material
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Figure 3.52. Hardness variation with the d/h ratio (see Figure 3.51). H is the hardness of the
substrate: a) the coating is harder than the substrate; b) the coating is softer than the
substrate. The indentation size effect has been neglected



182  Materials and Surface Engineering in Tribology

Many models have been designed to analyze hardness tests performed on coated
materials, as described in the following.

3.5.1.2.1. Buckle’s model [BUC 65]

Using experimental data, Buckle was the first to suggest a model allowing the
influence of the substrate to be taken into account. He divided the volume under
stress into twelve layers of equal thickness d parallel to the surface and attributed to
each layer a relative weight P; and hardness H; (see Figure 3.53). The contribution of
a given layer i to the total hardness measured will be given by the product H;P;. The
layer thickness is related to the indentation depth by the relation h = nd, where n is
an integer corresponding to the order (i) of the last layer d which still forms part of
the coating, with the zone i= n+1 then belonging to the substrate.

F

0.5
100

Figure 3.53. Buckle’s model of indentation. The volume under stress is divided into twelve
layers of equal thickness d parallel to the surface [BUC 65]

If the hardness of the substrate is given by H; and if Hyis the hardness of the
film, Buckle’s model allows the hardness of the coated material (noted H, and
hereafter referred to as composite) to be expressed:
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i — i=1 i=n+l [340]

This equation gives the hardness of the composite for an indentation depth d.

If we write:
n 12
25 2k
= ilzzl and b= i:1n2+1 [3.41]

2R P

i=1 i=1
then equation [3.40] may be written:

H,, =aH, +bH, with a+b=1 [3.42]

c

If n is known, equations [3.41] can be used to calculate the values of the
coefficients a and b for different values of d or d/h. Figure 3.54 shows the variation
of a as a function of the d/h ratio. It is interesting to note that if the d/h ratio is lower
than 0.1, the measurement is only weakly influenced by the proximity of the
substrate. This observation forms the basis of the so-called one-tenth rule of thumb
that states that hardness measurements of a coated material can be deemed reliable
and unaffected by the substrate provided the depth of penetration of the indenter
does not exceed one-tenth of the coating thickness. This rule, established
experimentally based on Vickers hardness tests, is generally valid for this type of
hardness but only in the case of hard coatings deposited onto soft substrates. When
the coating is softer than the substrate, a significant pill-up forms around the
indentation due to the plastification of the soft film (see Figure 3.55) and this
considerably affects the predictions of the model. Indeed, this pill-up partially
withstands the applied load as reported in [CHA 88] and confirmed in [IOS 96].
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Figure 3.54. Variation of a (see equation [3.41]) with d/h ratio (see Figure 3.51)

Generally speaking, publications report values for the (d/h). ratio ranging
between 0.07 and 1 [BEE 05, CHE 95, 10S 05, KOR 98]. Table 3.7 presents some
results obtained with different coatings. These results confirm that the one-tenth rule
is generally true in those cases when the coating is harder than the substrate.
However, significant variations are noted in the reverse situation when the substrate
is harder than the coating.
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Figure 3.55. Indentation of a nickel film (hardness = 250 HV) deposited onto
a harder steel substrate of hardness 700 HV; a pill-up forms around the indentation
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Reference Substrate | Coating Relative Critical
publication hardness depth
(Hcoating/Hsubstrate) (d/h)c
[HUM 83] Stainless TiC 20 0.10
Steel TiN 15 0.14
[TAZ 78] | Glass Cu, Ag, <0.10%* 1
Au
[BAN 85] | Silicon Al <0.10* 0.20-0.40
Quenched Cu 0.30 0.22
steel (4135
(SAE))
[LEB 85] Tempered Cu 0.50 0.29
steel (4135
(SAE))
Quenched NiB 1.30 0.15
steel (4135
(SAE))
Steel (1018 NiB 6.40 0.09
(SAE))
Stainless CrN 10 0.10
[KOR 98] | steel M304
Tool steel TiN 4.33 0.10
ASP23
[BEE 05] Silicon Cu 0.17 0.30
Aluminum Al,O5 36 0.10-0.15
[CHE 95] | Silicon Al,O5 0.75 0.40-0.50
Sapphire Al O, 0.36 0.70-0.90
Copper Ni 2.08 0.12
Iron Ni 1.40 0.16
[DURO91] | Steel C48 Ni 0.56 0.33
Quenched Ni 0.25 0.47
steel C48

Table 3.7. Values for the critical ratio (d/h). for some
coating/substrate pairs (*estimated values)

3.5.1.2.2. The Jonsson and Hogmark model [JON 84]

This model is expressed in terms of the ratios of the surface areas of Vickers
indentations made on the film and substrate, and gives the composite hardness as:

Af. A
HV, =—-HV, +—HV, [3.43]
A A

where A = A; + A,, the sum of the areas onto which HV;and HV, hardnesses are
applied, respectively (see Figure 3.56).
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The hardness of the coating can be expressed as:

HV —HV,
HV, = HV, +———— [3.44]
2wl (hj
D D

where D is the diagonal of the indentation, h is the thickness of the coating and C is
a geometric constant that takes the value 0.5 if the coating undergoes plastic
deformation and 1 if the coating deformation is of the brittle type.

This model generally yields reliable results when the depth of indentation is
significant (d/h > 1) and the deformation is of the brittle type. However, for less
significant depths of indentation, greater variations are noted between experimental
values and the predictions of the model [KOR 98].

Cracks

M A

i 4
% /
?
i é‘
Substrate é ’
a b

Figure 3.56. The Jonsson and Hogmark model. Indentation of a film showing
(a) a brittle-type deformation and (b) the definition of areas A, and Ay [JON 84].

A more realistic approach to describe the hardness of a coated material involves
considering the volume resulting from the deformation rather than the surface area
subjected to this deformation. This is the approach used in the following models.
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3.5.1.2.3. The Burnett and Rickerby model [BUL 0la ,BUR 87a]

This model is an improvement on the Sargent model [SAR 79] which suggests
that the composite hardness can be expressed using the following equation:

[3.45]

where V (Vi + Vy) is the total volume that undergoes plastic deformation between
the indenter and a hemisphere with a diameter equal to the indentation diagonal. V;
and V; are the part of V contained in the film and the substrate respectively (see
Figure 3.57a). H,, H, and Hy are the hardness values for the composite, the substrate
and the film.

When a Vickers indenter is used, the volume V can easily be calculated from the
expression suggested by Lawn ef al. [LAW 80]:

bes
_D(E P
R= 5 (Hj cotan”3& [3.46]

where R is the radius of the plastically deformed zone, § is the half angle at the
summit of the indenter between two opposite vertices (74° for a Vickers indenter), D
is the diagonal of the indentation and E and H are the Young’s modulus and the
hardness of the material being tested, respectively.

When the film thickness is known, calculating V allows the volumes V and V¢
to be determined. If the substrate hardness is also known, the experimental
determination of H, can then yield the coating hardness H; using equation [3.45].
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Figure 3.57. Schematic representation of deformations induced by indentation; a) the
volumes considered in the case of the Sargeant model, expected modifications to plastic zone
morphology when b) there is no adhesion between film and substrate; and c) when adhesion
is strong. Eyand E; are the Young’s moduli for the film and substrate. Hyand H; are the film

and substrate hardness [BUL 01b, BUR 87b]

Burnett and Rickerby have improved this model by modifying the definition of
the volumes V¢ and Vi (see Figures 3.57b and 3.57c) to take into account the
variation between the shape of the true deformation relative to the geometrically-
ideal spherical shape. Considering two hemispheres of radii R; and R, on either side
of the film-substrate interface, the authors have introduced an interfacial parameter
to take into account the interaction between the coating and the substrate.

The following expressions have been proposed:
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—Case 1: Hy < H¢

c

v,
H = 7’11[ +%;{3Hs [3.47]

where V=V, + 1V, ;

s

— Case 2: Hy < H{

v v,

H, :?Hﬁ# 1'H, [3.48]
W3

where V=2V, +V,.

Based on experimental tests carried out on different coatings, the authors have
proposed the following expression for y:

_(EALY [3.49]
& EH, .

where E¢ and E; are the Young’s modulus for the film and the substrate, and n has a
value between 1/2 and 1/3.

Other models based on a law of mixtures, including fractional volumes for the
coating and the substrate, have also been suggested. Two such models are presented
below.

3.5.1.2.4. The Chicot and Lesage model [CHI 95]

This model is based on the superposition of two hypothetical systems
representing the volumes resulting from plastic deformation in the film and in the
substrate respectively. This model yields the following expression for the
composite hardness:
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H =H +

b % 3 b2 %
et (2 e 3
2 D|| E, E, DJ |\ E, E
X(Hf' _Hs)

[3.50]
where &, D, h, Hy, Eg, Hg and E; are as previously defined.

When the diagonal of the impression D is greater than the coating thickness h,
equation [3.50] is reduced to:

b b
- Sl B A, _
H,=H + 2tan fD [EfJ +[ ] (H,-H,) [3.51]

3.5.1.2.5. The Korsunsky ef al. model [KOR 98]

This model is based on the analysis of the energy required to generate an
indentation and yields the equation:

H,-H,
H =H +—1—
: d
1+k(j
h

where k is a constant that depends on the film thickness. The other terms have been
defined above.

[3.52]

A number of other models have also been suggested, including e.g. the Puchi-
Cabrera model [PUC 02], the Bhattacharya and Nix model [BHA 88] or the
Lebouvier, Gilormini and Felder model [LEB 85]. Comparative studies of these
models are to be found in [IOS 05] and [BEE 05].

3.5.2. Coating adhesion
Independently of its mechanical properties, a coating must adhere perfectly to its

substrate in order to act as a genuine protective layer against wear. This is why the
deposition of protective film coatings is always preceded by some mechanical



Materials for Tribology 191

and/or chemical treatment designed to cleanse the surface and activate it in order to
optimize the adherence of the film to the substrate. It is also common to deposit an
intermediate film (or binding layer) between the substrate and the final coating. A
nickel film is therefore systematically deposited onto copper-based substrates before
the application of a gold coating, a silicon film is applied onto steels before they are
coated with DLC and a pure titanium film is applied before the deposition of TiN
film onto steel substrates.

The very definition of adhesion remains complex and the fundamental
mechanisms are varied; they can include mechanical binding, electrostatic forces,
diffusion, wetting or chemical bonding [COG 00, DAR 03, ROC 91].

For the case of the combination of two solids A and B having surface energies yu
and yg, the thermodynamic adhesion work or the Dupré adhesion energy is given by
the fundamental adhesion relation (see equation [1.13] in section 1.2.3). Adhesion
therefore appears as a true material property which needs to be considered in the
same way as any other physical constant.

Adherence, also referred to as “practical adhesion”, is given by the force or the
energy necessary to break the bonds between the coating and the substrate.

Coating detachment never occurs suddenly and completely, but rather arises as a
result of the propagation of a crack which gradually breaks the interfacial bonds,
liberating elastic energy and allowing the dissipation of irreversible work at the head
of the crack [MAU 84]. The crack can propagate when the adhesion energy W is
less than the strain energy release rate G (i.e.: W < G). Physically, the quantity G-W
represents the driving energy responsible for the crack propagation. W and G can be
related by the expression [MAU 78]:

G-W =WF(V,T) [3.53]

If the mechanical properties of the materials are known, G can easily be
calculated from geometrical considerations such as the size of the pre-existing crack,
contact geometry or type of stress.

Equation [3.53] shows that the strain energy release rate depends on two terms:
the adhesion energy and a function F(V,T) of the temperature (T) and speed of
propagation of the crack (V) which accounts for the viscoelastic losses within the
material. F(V,T) is a viscoelastic material property for a given mode of propagation.
Adherence will therefore be more significant when the adhesion energy and the
viscoelastic losses are high. These losses are particularly significant for polymers
and this allows us to “understand why the separation of two glued objects requires
such an enormous amount of energy which is at least 10000 times greater than that
corresponding to the forces of attraction between molecules” [BAR http].
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3.5.2.1. Methods for adherence testing

A distinction is usually made between two main classes of techniques: non-
destructive and destructive. With non-destructive techniques, an optical or acoustic
probe is used to scan the coated material to detect defects or inhomogenities (such as
cracks, blemishes, porosity or bubbles) at the film—substrate interface. The most
widely used of these methods are acoustic and ultrasound techniques which exploit
the fact that material faults or discontinuities modify the propagation speed of
acoustic waves or cause wave reflection. Holographic interferometry and infrared
thermography are two additional techniques of this type [BAR http].

Destructive techniques can be divided into two categories. In the case of sealed
joints or for coatings made of ductile or weakly adhesive materials (such as paints,
varnish or polymers), the techniques used can include cross-cutting, cleaving,
peeling, blister tests, or three or four point flexion tests. When adherence is high,
such as with metallic or ceramic coatings, indentation or scratch techniques are
generally used. A selection of these techniques is now presented in more detail
[BEN 04, COG 00, DAR 03].

3.5.2.1.1. The peeling test

This test consists of applying a force F at an angle 6 to a band of width b
deposited onto a substrate, as shown in Figure 3.58. This force is gradually increased
with time until the onset of the peeling of the film (maximum force = peeling force
Fp). The process is then continued at a constant speed until peeling is complete. At
the end of the test, it is necessary to check the state of both the band that has peeled
off and that of the substrate, in order to ascertain that no lengthening or plastic
deformation has occurred, and that all the energy expended during the peeling of the
band has been used to break the bonds at the interface between the band and the
substrate.

/F

9

Figure 3.58. Schematic representation of the peeling test principle
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In the case of an inextensible film of width b subjected to a peeling force F, the
strain energy release rate can be written:

F
G= [7'} (1-cos ) [3.54]

Peeling tests only yield reliable results in the case of low adherence. In fact,
when adherence energy is high, the experimental results can be strongly affected by
a significant extension of the band or by large dissipation of energy through plastic
or viscoleastic deformation.

When the system tested does not behave strictly elastically, the peeling force will
depend on the geometric and mechanical properties of the band and substrate
[COG 00].

3.5.2.1.2. The blister test

The test consists of creating an opening in the substrate through the selective
removal of material without altering the initial thickness of the coating. A pressure P
is then applied to the film using a fluid (generally a gas), causing the film to deform,
as shown in Figure 3.59. It gradually expands and blisters to a critical value J.
corresponding to a pressure P, before starting to peel off from the substrate. The
strain energy release rate is given by the expression:

G=CPS. [3.55]

with values for C generally ranging from 0.5 to 0.65 [BEN 04, COG 00]. P, is
expressed in MPa, 8 in pm and G in J m 2.,

Substrate Substrate

Figure 3.59. Schematic representation of the blister test principle
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3.5.2.1.3. The scratch test

The scratch test [BUL 90, STE 85] applies a sharp indenter perpendicular to the
surface to be treated with an applied load (F) that increases linearly with time. As
the indenter penetrates the surface of the material, we subject the material to a
sliding movement with a speed of a few millimeters per minute.

Scratch tests are usually carried out using a Rockwell indenter (a conical
indenter with an apex angle of 120° and a radius of curvature of 200 um), with a
load ranging between 1 and 200 N, a loading rate of 10 N min"' and a sliding speed
of 10 mm min ™"

Figure 3.60 shows the principle of this experimental set-up. The damage
commonly observed during the sample motion falls into three main categories:

— semi-circular Hertzian cracks (at the beginning of the test: low load);
— cohesive scaling due to internal rupture within the film (medium load); and

— adhesive scaling due to interfacial rupture at the film-substrate interface (at the
end of the test: high load).

\l/ Acoustic emission
Scratching stylus detector

Sample motion

-

Figure 3.60. Scratch test principle (adapted from [CSM 08])

During the test, we generally measure the tangential force T and the acoustic
emission (AE) generated during the cracking or scaling of the surface (see Figure
3.61).

The critical load corresponding to the onset of adhesive scaling is denoted Lc
and can be used to characterize the adherence of coatings. However, it is important
to note that there are some discrepancies and debates in the literature concerning the
definition of Lc in terms of its particular degradation mode, as well as its detection
and characterization. Some authors find that measurement of the tangential force is
satisfactory, while others use primarily acoustic emission. Both methods involve
observing the scratches and using optical or scanning electron microscopy in order
check the state and mode of coating degradation.
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Figure 3.61. Acoustic emission (AE) and tangential force measured during the scratch test

Careful analysis of scratches has enabled five modes of coating degradation to be
identified (see Figure 3.62) [BUR 87b]. The triggering of a particular degradation
mode depends on many factors that can be divided into two categories: intrinsic
factors that depend on the particular experimental conditions and extrinsic factors
that depend on the nature and properties of the coating and substrate (see Table 3.8
below) [BUL 06].

For example, it is known that when the radius of curvature of the indenter, the
thickness of the coating or the hardness of the substrate increase, it induces Lc to
increase (see Figure 3.63). On the other hand, Lc decreases when the level of
residual stresses present in the coating increases [BUL 90, BUL Ola].

Intrinsic Extrinsic

Loading rate [BUL 89, STE 87, VAL Properties of the substrate (hardness,

86] elastic modulus/elasticity) [STE 87]

Sliding speed [BUL 89, STE 87, VAL | Properties of the coating (thickness,

86] hardness, elastic modulus/elasticity,
residual stresses) [BUL 89, STE 87]

Radius of curvature of the indenter Friction coefficient [THO 98, VAL 86]

[BUL 89, VAL 86]

Indenter wear [BUL 89] Surface roughness [STE 87]

Stiffness / design of the measuring

device

Table 3.8. Intrinsic and extrinsic factors impacting on the scratch test [BUL 06]
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Figure 3.62. Schematic representation of coating failure modes in scratch tests
Plan and profile views of a) spalling failure; b) buckling failure, c) chipping failure;
d) conformal cracking, e) tensile cracking [BUR 87b]
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Figure 3.63. Variation of Lc relative to the coating thickness of sputter-ion TiN deposited
onto engineering steels: (A) stainless steel; (0) carbon steel; (®) tool steel (M2) [BUR 87b]

When considering the impact of roughness on adherence, it can be said that
increasing the substrate roughness makes it possible to improve the mechanical
binding of the coating, and hence to increase Lc. However, increasing the roughness
can also lead to the appearance of many defects likely to cause the onset and
propagation of interfacial cracks.

The influence of the roughness on Lc is not completely clear, and the results
reported by many authors are often contradictory, notably due to the particular
choice of the method used to determine Lc. However, when roughness becomes too
large, most authors notice degradation in the adherence.

Figure 3.64 presents results from a work focused on the characterization of the
adherence of TiN films deposited onto steel substrates. It can clearly be seen that Lc
is constant or increases slightly between Ra = 0.01 and 0.05 um, but that it decreases
significantly when the values for Ra are higher. A similar result was reported in
[STE 87] where the authors observed a significant decrease in adherence when
values for Ra are greater than 0.1 pm.
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In another study [WIK 01], finite element modeling was used to show that high
surface roughness generates significant stresses at the interface between the coating
and substrate, which can cause coating detachment. The predictions of the model
were verified by the qualitative analysis of many ceramic coatings (such as TiN,
TiC, CrN, diamond or TiB;) deposited onto steel or cemented carbides.

In [TAK 97a] the authors carried out a study of TiN films deposited onto steel
substrates of varying roughness (Ra=0.35 pm, Ra=0.15pm and Ra = 0.02um) and
subjected them to scratch tests under constant loads. The analysis of these scratches
under a scanning electron microscope clearly showed that adherence decreases as a
function of the increase in roughness. Figure 3.65 shows an example of adhesive
scaling obtained in the case of TiN film deposited on a steel substrate and scratched
under an applied load of 5 N.

3000 4 Stainless steel
- m 2pm
= o 4um
3
E 2000 Carbon steel
= A Zpm
A Adpm
o 1000 4
(4]
0 T T T T
] noz 0.04 0.0g 0.0g 01

Surface Eoughness B, [pm]

Figure 3.64. Variation of Lc relative to the surface roughness of TiN films deposited onto
stainless and carbon steels. L.drops rapidly when R, exceeds about 0.05 um [BUL 90]

Figure 3.65. Damage for scratch testing of a 3 um thick TiN coating deposited by PVD onto a
steel substrate. The applied load is 5 N and the arrow shows the sliding direction
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The different modes of degradation are classified as a function of the
coating/substrate hardness ratio [BUL 97, BUL 06] (see Figure 3.66). For soft
coatings (hardness < 5 GPa) deposited onto either hard or soft substrates, we see
significant plastic deformation of the coating which leads to its rupture. However,
for hard coatings (hardness > 5 GPa), two types of behavior may be observed:

— soft substrates (cohesive rupture within the coating); and

— hard substrates (lateral cracks and chipping as well as interfacial ruptures and
adhesive scaling).

Bulk Fracture

Interfacial Failure

Plastic
Deformation

Substarte hardness

Tough-thickness Fracture

Coating hardness

Figure 3.66. Schematic representation of the dominating scratch test failure modes
as a function of the coating and substrate hardness [BUL 06]

The scratch test is characterized by the ease and speed with which it can be
performed. However, the results it yields are to be considered with much caution.
Many modes of material degradation can occur, with each requiring the definition of
several corresponding critical forces.

Generally speaking, scratch tests are better suited to the characterization of
adherence in hard coatings deposited on soft substrates. In these conditions, the
scaling and rupturing of the film occur at the interface between the film and the
substrate and the critical load Lc characterizes the adherence of the coating

[BUL 06].
3.5.2.1.4. Interfacial indentation

This test requires the use of a pyramidal Vickers indenter to perform an
indentation at the interface between the coating and the substrate (see Figure 3.67)
[CHI 96]. Films of varying thickness are tested under increasing loads and the radial
crack length is measured. If a logarithmic scale is used to plot the length of the crack
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as a function of the applied load, the points lie on a straight line. When several lines
corresponding to the different films are plotted, the intersection of these lines
corresponds to the critical load (P.) of the crack onset, irrespective of the coating
thickness (Figure 3.68). If a. is the critical length of the half-diagonal of the
indentation below which cracking does not occur, the interfacial toughness can be
expressed using the relation:

bes
K. =0.015 f} [Ej [3.56]
a2 \ M

c

where

[3.57]

where E, Hy, E, and H; are the Young’s moduli and hardness values for the
substrate and the film, respectively.

\1/ P Substrate

Coating TS

Figure 3.67. Schematic representation of the interfacial indentation test
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Lna Film thickness 1< Film thickness 2 < Film thickness 3

____________ Apparent Hardness

LnF

Figure 3.68. Variation of Ln a relative to Ln P: a is the length of the half diagonal of the
Vickers indentation and P is the applied load during the interfacial indentation test [CHI 96]

3.5.3. Residual stresses in coatings
3.5.3.1. Origin of internal stresses

When a coating is produced at high temperatures (e.g. the thermal oxidation of
silicon or PVD or CVD deposition of coatings), residual thermal stresses can appear
in the deposited film as the materials return to ambient temperature. The stresses
arise from the difference in the coating and substrate expansion coefficients, and the
film-substrate system can deform if the substrate is sufficiently thin and ranges from
a few tens to a few hundreds of microns.

For the case of a thick substrate, it is possible to reduce its thickness using either
mechanical machining or chemical or electrochemical dissolution (Figure 3.69).
When the substrate becomes sufficiently thin, the residual stresses cause the
combined deformation of the film—substrate pair. The shape of the deformation —
convex or concave — indicates tension or compression stresses, respectively.

The two main techniques used to determine the nature of internal stresses are X-
ray diffraction and the Stoney method, based on measurements of the radius of
curvature of the coating/substrate composite.
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Figure 3.69. Characterization of residual stresses within a coating
after thinning of the substrate
3.5.3.2. Determining residual stresses using X-ray diffraction

This technique, which is based on the measurement of the displacement of
diffraction peaks, has been introduced in Chapter 1 (section 1.2.4.5.1).

3.5.3.3. Determining internal stresses by radius of curvature measurements
(Stoney’s method)

When the form of the coating-substrate system develops curvature under the
effect of internal stresses, the mean stress ¢ in the film is calculated using [STO 09]:

o=—2>2> 2
6,0hf (I-vy) [3.58]
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where hg, vy and E; represent the thickness, Poisson’s coefficient and the Young’s
modulus of the substrate, respectively. The parameter hy is the film thickness and p
is the radius of curvature.

Note that this equation is only correct when the thickness ratio (h¢hs) is about
5-10%. For thick coatings, Stoney’s equation must be modified as proposed by Roll
[ROL 76].

Figure 3.70 shows the shape of three steel samples coated with a 3 pm thick film
of TiN, TiCN or DLC (diamond-like carbon) deposited onto a thinned steel substrate
(prepared as shown in Figure 3.71) using the PVD technique. A dozen points were
measured using a mechanical profilometer and it was possible to determine the
quadratic equation y(x) = ax” + bx + ¢ to best fit the measured deformation. The
radius of curvature is simply given by the relation: p = 1/y"(x) = 1/2a and the mean
stress ¢ is calculated using equation [3.58] [HOU 98].

50 T T T

Curvature of the sample (pum)

i z T z T z T
0 5 10 15 20

Length of the sample (pm)

Figure 3.70. Shape of coated steel substrates after thinning (--A--) TiCN,
(--e—) TiN, (—o--) DLC [HOU 98]

For the three coatings TiN, TiCN and DLC, the values generally published for
internal stresses are generally the compression stresses, but they can vary greatly as
a function of the experimental conditions when producing the film. There are many
factors affecting internal stresses, such as the temperature of the substrate, the bias
voltage applied to the substrate during deposition, the distance between the target
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material and substrate, the speed of deposition, the pressure and nature of the gases
used or the mechanical and thermal properties of the substrate. Table 3.9 lists some
values published by different authors.

Material Internal stresses (MPa) | Publication Reference
—2900 [RAM 90]
—1500 [KIN 88]
TiN -2300 [HOU 98]
[-2100, -50000] [BUR 88]
[-200,-10000] [BUL 98]
[-500, —5000] [BUR 87¢]
—4000 [KIN 01]
-3600 [HOU 98]
TiCN —50000 [EIN 95]
-3600 [HOU 98]
DLC —1500 [WEI 82]
—2000 [BAN 03]
—2200 [HOU 98]

Table 3.9. Measured internal stresses for several ceramic coatings
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