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Preface

One of the greatest obstructions to the mechanical powers of engines
proceeds from the friction, or resistance of the parts rubbing on each
other; which in general, is greater, or less, as the rubbing parts bear the
greater, or less pressure; and yet this obstruction is but little attended to.
The theorist makes no allowance on account of friction; and the practical
mechanician, who feels the effects, yet, as if unavoidable, seldom takes
the trouble of searching for a remedy.

Fitzgerald, 1763

But, however important a part of mechanics this subject may consti-
tute, and however, from its obvious uses, it might have been expected
to have claimed a very considerable attention both from the mechanic
and philosopher, yet it has, of all the other parts of this branch of natu-
ral philosophy, been the most neglected. The law by which the motions
of bodies are retarded by friction has never, that I know of, been
truly established.

Vince and Shepherd, 1785

From the attention that has hitherto been paid to this important branch
of mechanical science, and from the many elaborate dissertations and
experiments that have appeared at different periods, it would naturally
be concluded, that the subject had been so fully elucidated, as to admit of
little if any further investigation: but the diversity of opinions still preva-
lent among philosophers, and the difficulty of reducing to a satisfactory
state the doctrines already advanced, incline me to the opinion that the
subject is as yet but imperfectly understood.

Rennie, 1829

... a complete description of its fundamental causes and a single quanti-
tative model—which is generally applicable to any frictional situation—
remains elusive.

Blau, 2009

Friction is everywhere, and it affects our lives in both good and bad ways; a
car expends 20% of fuel to overcome friction in the engine and drive train,
but cannot move on a slippery surface (Burke, 2003). Without friction, we
would be slipping and falling instead of walking, and steel strips would
never enter the gap between rolls in a steel mill.

The bad aspects of friction seem to be more noticeable. In 1904, Davis
described it as a ... highway robber of mechanical energy ... levying tribute
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on all matter in motion, exerting a retarding influence and requiring power
to overcome it. Friction is associated with wear, and various estimates in
the United States, Great Britain and Germany suggest that friction and wear
cost many billions of dollars annually (Rabinowicz, 1995; Ludema, 1996;
Stachowiak and Batchelor, 2005).

Friction in the hot rolling of steel is particularly important. These days,
more than a billion tonnes of steel are produced annually, and most of that
steel is hot rolled. Many practical problems of hot rolling are linked to fric-
tion: chatter, skidding, excessive rolling force, very high friction of some rolls
and the like. These problems prompted the author to study a vast body of
literature, only to find out that

1. There are no satisfactory mathematical models of friction in either
hot rolling or general engineering.

2. Even the qualitative understanding of it leaves much to be desired.

3. Many laboratory experiments were reported, but the findings and
interpretations often contradict each other.

However, the available information can improve the control and under-
standing of friction in hot strip mills and other industrial plants. First,
many problems can be understood if one is aware, at least qualitatively, of
the base mechanisms of friction. Second, critical analysis of the literature
data, combined with the observations in commercial plants, may explain
some contradictions.

The main aim of this book is to present this body of knowledge systemati-
cally, and make it available to the wide engineering audience. It is organised
in four sections:

Section I (Chapters 1-4), which outlines the history of our understand-
ing of the fundamental causes of friction, from Leonardo da Vinci to
the twenty-first century. Understanding of these causes will make
the analysis of frictional phenomena in engineering much easier.

Section II (Chapters 5-11) covers the general phenomena relevant to the
rolling of metals. These include the impact of roughness and veloc-
ity, basics of liquid and solid lubrication, mathematical modelling
and the properties of materials that affect friction in steel rolling,
such as metals, oxides and carbides.

Section III (Chapters 12-17) connects the theoretical concepts, laboratory-
scale observations and phenomena in other areas of science and
engineering to the large-scale industrial process of hot rolling. It
addresses roll properties, oxidation, wear and chemical composi-
tion of rolls and their impact on friction, as well as the evolution
of friction over schedules and roll campaigns, and mathematical
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modelling of friction in hot rolling, with examples from a five-stand,
million-tonnes-per-year commercial mill.

Section IV gives technical details, thatis, the properties of important spe-
cies, and interesting diversions, which are presented in appendices.

Finally, some details should be mentioned:

e Wear and lubrication are only considered to the extent relevant to
friction in steel rolling.

¢ The term ‘tribology’ is often used in this document. Basically, it is
the science of friction, wear and lubrication, or as Persson (1999) put
it more rigourously, the ‘science and technology of interacting sur-
faces in relative motion”.
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Section I

History of Friction: From
da Vinci to Now






1

Early Studies of Friction

That there is a Loss of Force in the working of Engines on account of the
Rubbing or Friction of their Parts, has been observ’d by most Writers of
Mechanics; but that Friction has not been enough consider’d by them ...
Projectors contrive new Machines (new to them, tho” perhaps describ’d
in old Books, formerly practiced and then disus’d and forgot) which they
suppose will perform much more than they have seen done with the
same Power; because they allow too little for Friction. Full of this they
go to the Charge of 70 or 80 1. for a Patent for their new Invention; then
divide it into Shares, and draw in Persons more ignorant than them-
selves to contribute towards this (suppos’d advantageous) Undertaking;
till after a great deal of Time and Money wasted, they find their own
Engine worse than others which they hoped by many degrees to excel.
This has been very much the Practice for these last twenty Years : For
tho some Projectors have been altogether Knaves, yet the greatest part
have first deceiv’d themselves; and those who are really deceiv’d, by
their eagerness and earnestness most easily deceive and draw in others.
For this reason, I thought it would be of Use to the Publick, to give as full
an Account of friction, as I possibly could gather from the Experiments
made by others (especially the Members of the Royal Academy at Paris)
and my own Experiments and Observations.

Desaguliers, 1745

Those who cannot remember the past are condemned to repeat it.

Santayana, 1905

Solomon saith, There is no new thing upon the earth. So that as Plato had
an imagination, That all knowledge was but remembrance; so Solomon
giveth his sentence, That all novelty is but oblivion.

Bacon, 1787

When studying a subject, it is prudent to study its history first, even briefly,
to avoid the reinvention of wheel. The history of tribology contains many
examples of sound ideas that were forgotten or ignored, and rediscovered
much later:
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1. Leonardo da Vinci proposed the two basic laws of friction in the
beginning of the sixteenth century, but they were rediscovered by
Amontons almost two centuries later.

2. Robert Hooke proposed in 1685 that deformation and adhesion are
the primary causes of friction, which is consistent with modern
views. The adhesion was refuted by Leslie in 1804, and revived more
than a century later.

3. Guillaume Amontons in 1699 represented the elastic contacts between
surfaces with springs or bristles. This concept is now widely used in
the friction models devised by control engineers.

This history starts with addressing da Vinci, the first known person to
study friction scientifically, and the works of Hooke and Amontons in the
seventeenth century. The next section is dedicated to developments in the
eighteenth century, followed by the section on the revolution in liquid lubri-
cation and the research of dry friction in the nineteenth century. The fourth
section is about the progress of tribology in the twentieth century and
beyond. It includes the Stribeck curve, the assertion of Bowden and Tabor
that adhesion and ploughing are the key causes of friction, studies at the
atomic scale, and the application of thermodynamics to the calculation of
the coefficient of friction (COF, ) in hot rolling.

1.1 Leonardo da Vinci

Leonardo da Vinci (1452-1519, Figure 1.1) was the first known person to con-
duct systematic experiments with friction and summarise observations as
laws. These laws were quoted by Dowson (1998) as follows (the literal trans-
lation from Italian is in italics):

1. The force of friction is directly proportional to load (friction produces
double the amount of effort if the weight be doubled).

2. The friction is independent of the apparent contact area (friction made
by the same weight will be of equal resistance at the beginning of its move-
ment although the contact may be of different breadths and lengths).

He noted that for smooth surfaces ‘every frictional body has a resistance of
friction equal to one-quarter of its weight’; that is, p is 0.25, which is well
within the range encountered in practice.

Amontons conducted the next systematic studies almost two centu-
ries later, and literally rediscovered his laws. Although the contributions
of da Vinci and Amontons to tribology are well known, they are rarely
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FIGURE 1.1
Leonardo’s self-portrait. (Reprinted from da Vinci, http://upload. wikimedia.org/wikipedia/
commons/b/ba/Leonardo_selfjpg. Accessed May 10, 2013. With permission.)

appreciated, with the notable exception of Dowson, that, before Amontons,
Hooke reported profound ideas about the nature and control of friction. The
works of these two pioneers are described in more detail below.

1.2 Robert Hooke

For reasons widely debated, Hooke (1635-1703) was much maligned by his
contemporaries and posterity, although the greatest gossiper of that day,
Aubrey, recorded that ... he is of prodigious inventive head; so he is a person
of great vertue and goodness ... certainly the greatest mechanick this day in
the world” (Anon., 1813). This polymath contributed to many areas of science,
and at the age of 30 published the first scientific bestseller, Micrographia. In
1685, deeply impressed by Stevin's sailing chariot, a sailing boat on wheels
devised for Prince Maurice of Orange, he proposed the following notions
(Hooke, 1685):

1. The rolling friction is influenced by deformation and adhesion,
which is a modern view (see Section 4.4): “‘Next, we are to consider,
what Impediment to its Motion, a Wheel, thus roll'd upon a Floor,
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receives from that Floor. ... The first and chiefest, is the yielding,
or opening of that Floor, by the Weight of the Wheel ...; and the
second, is the sticking and adhering of the Parts of it to the Wheel'.

2. Adhesion is analysed in detail: “The Second Impediment it receives
from a Floor, or Way, is the sticking and adhering of the Parts of
the Way to it ... there is a new Force requisite to pull it off, or raise
the hinder Part of the Wheel from the Floor, or Way, to which it
sticks. ... The force of adhesion depends on surface properties: ... the
harder the Ways are, the less Impediment they give to the Motion
of Carriages. .../

3. The term ‘friction” was used for the first time in its modern mechani-
cal meaning, as a phenomenon hindering motion (see Appendix A):
"... because the gudgeons, halving the weight, may be made very
much smaller, and so will not cause a tenth part of the friction which
is necessary in the other way’".

4. Amontons proposed 14 years later that the friction is caused by the
asperities of one surface climbing up over those on the opposing
surface (Amontons, 1699). Hooke had discounted this well before the
better known refutation by Leslie (1804; see also Section 3.1):

... for, if the Floor be perfectly hard (as also the Parts of the
Wheel) tho’ it be very unequal, yet is there little or no Loss,
or considerable Impediment to be accounted for; for whatever
Force is lost, in raising or making a Wheel pass over a Rub, is
gain'd again by the Wheel’s descending from that Rub, in the
same Nature as a Ship on the Sea is promoted by the descend-
ing down of a Wave, as much as impeded by its ascending, or a
Pendulum is promoted by its Descent, as much as impeded by
its Ascent.

5. Practical advice is given to reduce friction:

The less rubbing there be of the axle, the better it is for this
effect; upon which account, steel axes, and bell-metal sockets,
are much better than wood, clamped, or shod with iron; and
gudgeons of hardened steel, running in bell-metal sockets, yet
much better, if there be provision made to keep out dust and
dirt, and consistently to supply and feed them with oil, to keep
them from eating one another. ...

As Dowson observed, Hooke recommended the use of soft metal
bearings to reduce friction. He anticipated the ideas proposed by
Bowden and Tabor (Section 4.4) in the mid-twentieth century, with-
out knowing the concept of shear strength.
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Larsen-Basse (1992) proposed that regarding the causes of friction, there
were two early schools. The French school was promoted by Amontons, and
later Coulomb, and emphasised the mechanical (elastic) interaction of surface
roughness and asperities. On the other hand, the English school, represented
primarily by French-born Desaguliers, advocated ‘cohesion’, or adhesion
between the materials. Even before the French school was established, Hooke
refuted it, and preceded the English school by about a half century.

1.3 Guillaume Amontons

Da Vinci’s laws were unnoticed or forgotten, to be rediscovered via the sys-
tematic experiments by Amontons (1663-1705), who summarised the find-
ings as follows (1699):

1. The resistance caused by friction increases or diminishes in propor-
tion to pressure, the magnitude of which is larger or smaller depend-
ing on whether the area of rubbing surfaces is bigger or smaller.

2. The resistance caused by rubbing is similar for iron, copper, lead
and wood combined in any manner, if the surfaces are coated with
old pork fat.

3. The resistance is about one-third of the load, suggesting p ~ 0.33.

4. The resistance between the rubbing bodies depends in a complex
way on normal pressure, time and sliding speed.

Amontons’ laws are derived from the first statement, and it can be seen
that they are practically identical to da Vinci’s rules:

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

Amontons contended that friction on hard surfaces is associated with
the force required to lift asperities of one surface over those of another, in
a movement along an inclined plane. On softer surfaces, there could be an
elastic component of friction, and it was represented with elastic springs as
shown in Figure 1.2. This representation has been widely used in the friction
models developed by control engineers (Canudas-de-Wit et al., 1995).

According to Kragelsky and Shchedrov (1956), these findings were received
with some scepticism by the French Academy. Philippe de la Hire (1640—
1718) was commissioned to verify them, and they were confirmed by his
experiments. De la Hire developed his theory:
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FIGURE 1.2
Representation of softer surfaces with elastic springs. (Reprinted from G. Amontons, Histoire de
L'Académie Royale des Sciences: 206-227, 1699. With permission.)

J

Top Surface

Bottom Surface

FIGURE 1.3
Climbing of asperities at the top surface over the asperities at the bottom surface.

1. Friction is caused by the interlocking of asperities, which are either
elastic or hard.

2. The elastic ones are bent like springs, and the more bent they are,
the larger the friction. At given pressure, the bending is inversely
proportional to the number of springs, and that’s why friction does
not depend on surface area.

3. If asperities are hard, force is required to lift the asperities of one
surface over those on the opposite surface (Figure 1.3). The friction is
then proportional to pressure.

De la Hire also envisaged a case when the friction depends on the contact
surface area. That occurs when the asperities are broken, that is, snipped
during motion. The resistance to motion is then proportional to the number
of broken asperities, that is, to the surface area.

Generally, Amontons’ laws hold in many practical cases. However, Ringlein
and Robbins (2004) quoted the example of sticky tape, which exhibits friction
without load. Also, with sticky and compliant objects, friction increases with
the contact area.
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Eighteenth Century

This century saw a surge in the studies of friction. Many notable scientists
in Western Europe (France, Great Britain, Holland and German-speaking
lands) conducted experiments and/or proposed the causes of friction. The
development of science started in earnest in Russia, and friction attracted
significant attention.

2.1 France: Parent, Camus, Bélidor

Between Amontons and Coulomb, there were three French tribologists of
some note:

1. In 1700, Antoine Parent (1666-1716) reported observations that, with
light lubrication, the COF is ~0.33 for iron, lead, copper and wood.
He confirmed Amontons’ results, but considered that speed does
not affect friction. However, he proposed that the COF may differ
slightly between various materials (Kragelsky and Shchedrov, 1956).

2. Frangois Joseph des Camus (1672-1732) published in 1724 the results
of his extensive experiments, and pointed out that the COF depends
on the physical properties of surfaces, that is, whether they are
dry, wet, or lubricated. The observed range (0.15-0.45) was much
wider than reported by anyone earlier. He also argued that the
COF decreases with increasing normal load, and, surprisingly, that
lubrication increases friction. Nevertheless, he recommended lubri-
cation, to reduce wear and make sliding smoother (Kragelsky and
Shchedrov, 1956).

3. Bernard Forest de Bélidor (1698-1761) is credited to be the first to
apply calculus to engineering problems (Day and McNeil, 1996). He
published a seminal book on hydraulics, noted both for the depth
of knowledge, and for the beautiful illustrations (Figure 2.1). In the
book, he represented the surface roughness by the arrays of spheres,
and calculated the force required to pull one layer of spheres over
another (Bélidor, 1737). The estimated COF was ~0.35.

11
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FIGURE 2.1

The top plate shows the COF derivation, and the bottom plate the admirable aesthetics of

Bélidor’s illustrations. (Reprinted from B.F. de. Bélidor, Architecture hydraulique, premiere partie,
Paris: C.-A. Jombert, 1737. With permission.)
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2.2 German-Speaking Lands: Leibniz, Leupold, Euler

Given their penchant for smart machinery, it is not surprising that Germans
became involved in the early studies of friction, as shown by Kragelsky and
Shchedrov (1956):

1. Gottfried Wilhelm von Leibniz (1646-1716) briefly delved into fric-
tion. He argued that the COF is not constant, but depends on the
physical properties of surfaces in contact, and pointed out that the
friction of rolling is smaller than the friction of sliding.

2. Jacob Leupold (1674-1727) was involved in the design of machines.
He confirmed the findings of Amontons and obtained a COF of 1/3
for dry wood. Compared to the dry case, the COF roughly doubled
with kerosene as a lubricant, and was somewhat smaller for a soaped
surface. He also questioned the constancy of pu = 1/3, arguing that it
depends on roughness, the properties of rubbing surfaces, and the
shape of asperities.

3. Leonhard Euler (1707-1783) introduced the symbol p for COF in 1748
(Euler, 1750a,b). Also, he concluded by theoretical reasoning that
kinetic friction is smaller than static friction'. As did French scien-
tists, Euler explained friction via the climbing of asperities of one
body over the asperities on the opposing surface.

2.3 Russia

The treatment of friction in Russia illustrates the importance of its studies
in the eighteenth century. A few scientists mentioned here were involved,
directly or indirectly.

1. Peter the Great* established the Russian Academy of Sciences in 1724
as the Saint Petersburg Academy of Sciences. Leibniz was the key
advisor in this undertaking.

" Seireg (1998) claims that Themistius in the fourth century BC had observed that friction is
much smaller in rolling than in sliding. However, Themistius lived in the fourth century AD.
See also the next footnote.

* Cotterell and Kamminga (1992) argued that Themistius had said that kinetic friction is smaller
than static friction. This is supported by Hecht (2003), who attributed to Themistius the say-
ing: ‘Generally, it is easier to further the motion of a moving body than to move a body at rest”.

+ Peter the Great was technically minded and a science enthusiast. As a young potentate he
visited Greenwich and Oxford, studied the city building in Manchester, and inspected ship-
building in England and the Netherlands. Allegedly, he worked as a carpenter in the largest
shipyard of the day, that of the Dutch East India Company, to gain hands-on experience.
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2. The czar himself noted the experiments conducted by Leupold,
appreciated his book Theatrum machinarum generale, and funded
some of his research.

3. The czar hired Bélidor to tutor his protégé, Abram Petrovich Hannibal.
4. Pieter van Musschenbroek (Section 2.5) was a member of the academy.

5. The first study of friction in the academy was conducted by German
scientist Georg Bernhard Bilfinger (1693-1750), who established that
the COF is 0.25.

6. Peter the Great invited distinguished foreigners into the academy,
and requested that each of them take two Russian apprentices. The
first Russian tribologist of some note, Semyon Kirilovich Kotel nikov
(1723-1806)", was Euler’s apprentice.

2.4 Desaguliers and the Concept of Adhesion

John Theophilus Desaguliers (1683-1744) was an enthusiastic experimenter
and promoter of science. He came from France as a Huguenot refugee at the
age of 11. He graduated from Oxford, was ordained as a priest of the Church
of England, and was such a supporter of Newton that he was called ‘more
Newtonian than Newton” (Albree and Brown, 2009). He even published a
poem: “The Newtonian System of the World, the Best Model of Government’
(Baillon, 2004). Unsurprisingly, Newton was the godfather of his third child.

Desaguliers conducted many experiments and concluded that COF is sim-
ilar for combinations of lubricated wood, iron, lead and brass (Kragelsky and
Shchedrov, 1956). 1t is likely that the lubricant was thick enough to separate
the surfaces and make their properties unimportant for COF. He proposed
the method of the calculation of friction force for a system of three pulleys,
although it was far from practical (Desaguliers, 1731). More important, he
believed that adhesion is the prime cause of friction (1745): ... yet it is found
by experience that the flat Surfaces of Metals or other Bodies may be so
far polish’d as to increase Friction; and this is a mechanical Paradox; but
the Reason will appear when we consider that the Attraction of Cohesion

" Borodich and Keer (2005) argued: ‘Using Kotelnikov notation ... the coefficient of fric-
tion is denoted by W”. Dowson (1998) believed that “... he clearly introduced the concept of
a “coefficient of friction”, without apparently using this terminology.” He wrote: “... If we
denote the friction content F and the applied force P as unknowns, in the ratio y: 1, then fric-
tion F = uP”’ Blau (2001) cited Dowson on this, but (a) Euler introduced both the symbol and
the relationship F = puP in 1748 and 1749 (Euler, 1750a,b), whereas Borodich and Keer quoted
Kotel'nikov’s book from 1774; (b) Kragelsky and Shchedrov (1956) quoted the same paragraph
as Dowson, but merely commented that Kotel nikov suggested that the COF may depend on
the smoothness of surfaces.
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becomes sensible as we bring the Surfaces of Bodies nearer and nearer
to Contact.

Then he applied his earlier observations of the cohesion of lead balls (1724),
and proposed that adhesion may be an important cause of friction, in addi-
tion to roughness. In those experiments, tops were cut off two lead balls,
weighing one and two pounds, and the balls were pressed together at the
flat surfaces. The adhesion was so strong, that they would not separate when
the smaller one was lifted by hand; the weight exceeding 16 pounds had to
be fastened to the larger one to make it fall off. He disagreed with Euler, con-
tending that friction decreases with increasing roughness; smaller rough-
ness ensures better contact between surfaces, which increases adhesion.

Kragelsky and Shchedrov credited Desaguliers as the progenitor of the
molecular theory of friction (Dowson was less enthusiastic), but sadly com-
mented that his theory had not been taken seriously then. They also praised
his book for its lively style, readable presentation, use of illustrations and
experiments, and so on. The presentation was said to have a somewhat ‘naive
manner’ (Figure 2.2), but it was pointed out that, from both theoretical and
practical views, the book was well ahead of contemporaries. Theoretically, it
considered molecular mechanisms; practically, experiments were made to
quantify the force of friction.

2.5 Pieter van Musschenbroek

As a tribologist, Dutch van Musschenbroek (1692-1761) is best remembered
for friction machines that generate electricity (another beautiful drawing,
Figure 2.3). He is also credited by some with the first capacitor, the Leyden
jar. Dowson credited him for using the concept of bristles to describe the
elastic contact points, and Kragelsky and Shchedrov claim that he adhered
to the theory of interlocking asperities.

Van Musschenbroek summarized his studies in friction in a posthumous
book (1762). Dowsonignored this work, and Kragelsky and Shchedrov claimed
that “... almost all his findings were found wrong” This judgment seems
harsh, inasmuch as some statements, quoted by Kragelsky and Shchedrov
themselves, make sense, such as that COF differs between various materials,
and that identical surfaces have higher friction than different ones, because
asperities coincide by shape and dimension, enabling a tight contact. In the
extreme case of identically spaced asperities (Figure 2.4a), there is contact
over the whole apparent area. Incommensurable surfaces touch only at the
peaks of asperities (Figure 2.4b), which significantly reduces the contact area.

Other statements are valid under specific conditions, for example, that fric-
tion grows with speed. In liquid lubrication, this is valid in a certain range
of the Stribeck curve (Chapter 6), and holds in some cases with dry friction
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FIGURE 2.2

Drawings from a book on experimental philosophy. Kragelsky and Shchedrov found some of
them hilarious, such as the person climbing a pole (marked Fig. 3) who used a quilt with feath-
ers (the pile marked ‘B’) as a precaution in case of a fall. (Reprinted from J.T. Desaguliers, Cours
de physique expérimentale, Paris: Rollin & Jombert, 1751. With permission.)

(Section 7.1). However, some statements are questionable indeed. He asserted
that friction force depends on surface area. Convolutedly, he claimed that
each contact between two bodies is characterised by the surface area cor-
responding to the ‘minimum friction changing that surface area always
leads to increasing friction force. Also, his assertion that lubrication of metal-
lic surfaces is particularly effective at high velocities does not hold for the
hydrodynamic lubrication regime (see Chapter 6).
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FIGURE 2.3
Generation of electricity by friction. (Reprinted from P. van Musschenbroek, Introduction ad

philosophiam naturalem, Vol. 1, Leiden: S. et J. Luchtmans, 1762. With permission.)

FIGURE 2.4
(@) Commensurable surfaces where asperities touch along their full surface (Reprinted from

C.A. Coulomb, Théorie des machines simples, en ayant égard au frottement de leurs parties et a la roi-
deur des cordages, Paris: Bachelier, 1821. With permission.) (b) Incommensurable surfaces, with
the contacts only at the peaks of asperities, marked by circles.
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2.6 Coulomb: Life, and Studies of Friction

Kragelsky and Shchedrov considered Charles Augustin de Coulomb (1736—
1806) the creator of the science of friction. They summarised it by saying that
before him there had been three major steps in the science of friction:

1. Introduction of the coefficient of friction
2. Discovery of the difference in COF between various materials

3. Observation of the impact of various ‘constructive” parameters (pre-
sumably modifiable surface conditions) on COF

Before him, researchers simply had noted the impact of various param-
eters on friction. Coulomb was the first to understand that impact and apply
it to his experiments, thereby creating the experimental conditions similar to
those in real life, obtaining results applicable in practice.

2.6.1 Life and Motivation

The story below is based on Kragelsky and Shchedrov (1956), Dowson (1998),
and Coulomb’s book on friction (1821). Coulomb was a man of many talents.
After graduating as a military engineer, he spent a couple of years mapping
the Atlantic coast of France. Then he was posted to the West Indies for eight
years to oversee the reconstruction and building of fortifications. Troubled
with frequent bouts of diseases that undermined his health for good, he
returned to France. Soon he delivered a paper on ‘some problems in statics
relating to architecture’. In 1777 he shared the first prize of the Academy of
Sciences, for the design of magnetic needles, followed by a paper on dredg-
ing machinery and the discovery of the Coulomb law in electrostatics. He
made significant contributions to the design of retaining walls, and played
important roles in the standardization of weights and measures.

The prize announced by the Academy of Sciences in Paris in 1777, worth
1000 golden coins, inspired Coulomb’s work on friction. It was offered for
practical reasons, with the essays supposed to address ... problems of fric-
tion of sliding and rolling surfaces, the resistance to bending in cords, and
the application of these solutions to simple machines used in the navy’
(Dowson, 1998). According to Dowson, no winners were selected; according
to Kragelsky and Shchedrov, there were no contestants. So, the prize was
doubled in 1779. At the time Coulomb worked at the fort in Rochefort, and
was well aware of these problems. The local commander allowed him to
conduct his friction research, even assigning him two assistants. Coulomb’s
winning essay consisted of two parts, the first on the sliding friction on
planes, and the second on the stiffness and friction of ropes.
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FIGURE 2.5

Some of the equipment used by Coulomb. (Reprinted from C.A. Coulomb, Théorie des machines
simples, en ayant égard au frottement de leurs parties et a la roideur des cordages, Paris: Bachelier,
1821. With permission.)

2.6.2 Experiments and Observations

Experiments involved several types of timber, and iron and brass; both dry
friction and lubrication (with water, olive oil, tallow, axle grease and soot)
were studied. Some of his equipment is shown in Figure 2.5. Coulomb con-
cluded that four factors determine friction at the onset of sliding: (a) the
nature of surfaces and lubrication, (b) the length of surfaces, (c) pressure,
and (d) time passed since the surfaces were joined. He also suggested the
fifth cause, humidity of surrounding air, inasmuch as molecules of water
could form a thin lubrication layer’. Coulomb, however, restricted this to a
conjecture, because he did not notice the impact of humidity on the results
of his experiments.
There were other interesting observations:

1. For wood sliding on wood, the friction force is proportional to load
at any speed, but kinetic friction is much lower than static friction.

2. For unlubricated sliding of metal on metal, the friction force is
proportional to load, and there is no difference between static and
kinetic friction.

3. During dry sliding of metal on wood, the static friction increases very
slowly with the time of repose and it may take days to reach steady-state.

4. For the metal-on-metal sliding, the steady-state is attained almost
instantaneously, whereas for the wood-on-wood it takes a minute
or two.

" It was noticed during WWII that the flying of aircraft at high altitudes created excessive wear
in the carbon brushes of electrical generators. The main cause was the reduced air humidity.
Experiments subsequently demonstrated that carbon lubricates well in the presence of mois-
ture, lowering friction and wear (Buckley, 1985).
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5. For unlubricated sliding of wood-on-wood or metal-on-metal, speed
has a tiny impact on kinetic friction. However, with wood-on-metal
the kinetic friction increases with speed (NB: see the comment below
on Coulomb’s law of friction).

2.6.3 Interpretations

These observations prompted Coulomb to develop this theory of friction.

1. Friction is caused by the interlocking of asperities.

2. The impact of adhesion must be minor, otherwise friction would be
proportional to the surface area of contact, because the increased
number of contact points would increase adhesion. This view was
proven wrong only after the measurements of the real area of con-
tact (see Section 4.4).

3. The wood surface was covered with elastic bristles. The bristles
would penetrate each other, and it would take some time for the pen-
etration to settle, hence the impact of the time of repose. With wood-
on-metal sliding, bristles of wood tend gradually to fill the cavities
between the hard globular asperities on the metal surface. Longer
repose time means more thorough filling of cavities with bristles.

4. Once the tangential force is applied, the bristles would start slipping
out of the mesh. The fibres are bent under a certain angle, deter-
mined by the bristle size, and they form an inclined plane. The angle
determines the size of frictional resistance.

5. Once the sliding starts, bristles fold, and the slope of inclined planes
decreases, hence the kinetic friction of fibrous substances is smaller
than their static friction.

6. The surface of metals is covered with small rigid globules, and there
is no significant difference between the static and kinetic friction,
inasmuch as those asperities do not fold.

Some authors attribute to Coulomb the third law of friction (Canudas-de-
Wit et al,, 1995, e.g.), that is, the independence of friction on speed. Coulomb
did not propose this law, and actually observed the opposite, which he inter-
preted as follows:

1. At smaller load, the bending of bristles dominates friction. Higher
speed means that more bristles have to be bent in unit time, hence
friction increases with speed.

2. At high pressures, bristles do not penetrate each other much, because
they get crumpled and crushed, and the higher the velocity, less
time they have for penetration, hence friction decreases with speed.
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Coulomb also considered what is now known as boundary lubrication. He
observed that with a thin coat of lard, the dependence of friction on speed
disappeared for the metal-wood contact. He believed that lubricant fills cav-
ities on the metal surface, and smooths the surface. Regarding wood, the
unguent glues the bristles together, presumably reducing their capability for
interpenetration, and would also reduce their loss of elasticity.
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Nineteenth Century

There was a calm in the studies of dry friction in the nineteenth century.
Apart from Leslie’s thoughts on the causes of friction, Rennie’s thorough
experiments, and the initial work on the friction-velocity dependence, the
rest was mainly the systematisation of what had been known already. On the
other hand, there was a rapid expansion of liquid lubrication, with signifi-
cant research conducted by Hirn, Petrov and Reynolds.

3.1 Dry Friction
3.1.1 John Leslie

Leslie (1766-1832) was a professor of mathematics and physics at the
University of Edinburgh, and made significant contributions to the studies of
heat”. In 1804, he refuted the contemporary theories of friction (Leslie, 1804):

1. Interlocking of asperities. Leslie observed that friction does not decrease
when the surfaces are highly polished; that is, their asperities were
diminished: ‘By removing the visible asperities from the surfaces of
bodies, their mutual attrition is diminished. But any higher polish than
what merely prevents the grinding and abrasion of the protuberant
particles, has no material effect in reducing the measure of Friction™.

2. Climbing of asperities over each other. Amontons, Euler and Coulomb
proposed that friction is due to the energy required for the asperities
of one body to climb over those on the opposite surface. However,
Leslie noted that the energy expended on the climbing will be recov-
ered when the top asperity reaches the peak of the underlying asper-
ity and then descends, or:

" Leslie also anticipated the global warming caused by the cumulative effect of solar radiation,
though he considered that human activity ‘... can have no influence whatever in altering the
average of temperature [of Earth]’ (Leslie, 1804).

* Leslie’s arguments were percolating very slowly through the scientific community. According
to the Encyclopeedia Britannica (1823), friction is caused either by climbing over asperities, or
the breaking of them.
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Friction is, therefore, commonly explained on the principle of
the inclined plane, from the effort required to make the incum-
bent weight mount over a succession of eminences. But this
explication, however currently repeated, is quite insufficient.
The mass which is drawn along is not continually ascending;
it must alternately rise and fall, for each superficial prominence
has a corresponding cavity. ... Consequently, though the actu-
ating force might suffer a perpetual diminution in lifting up the
weight, it would, the next moment, receive an equal increase by
letting it down again. ...

3. Adhesion. Adhesion between rubbing surfaces is perpendicular to
them. However, friction retards tangential motion, hence adhesion
is not associated with friction, or:

Adhesion appears still less capable directly of explaining the
source of Friction. A perpendicular force acting on a solid, can
evidently have no effect to impede its advance; and though this
lateral force, owing to the unavoidable inequalities of contact,
must be subject to a certain irregular obliquity, the balance of
chances must on the whole have the same tendency to acceler-
ate as to retard the motion.

Kragelsky and Shchedrov (1956) pointed out that tangential compo-
nents of adhesion were unknown in Leslie’s times.

Leslie proposed an alternative theory whereby friction is caused by the con-
tinuous change of surface shape. During sliding, the asperities on a surface
deform both themselves and those on the opposing surface, and push forward
the debris formed by this deformation: ‘Its existence betrays an unceasing
mutual change of figure, the opposite planes, during the passage, continually
seeking to accommodate themselves to all the minute and accidental variet-
ies of contact. The one surface, being pressed against the other, becomes, as it
were, compactly indented, by protruding some points and retracting others.

This theory had its supporters. Avitzur (1989) investigated it as a notion of
‘mobile ridge’, or ‘wave model’. Black, Kopalinsky, and Oxley (1990) proposed
a theory that the frictional force opposing the sliding of a hard metal sur-
face over a softer one, is the force needed to push the waves of plastically
deformed material on the soft surface ahead of asperities on the hard one.

Leslie also analysed the role of lubrication: ‘The intervention of a coat of oil,
soap, or tallow, by readily accommodating itself to the variations of contact,
must ... lessen the angles, or soften the contour, of the successively emerging
prominences, and thus diminish likewise the friction which thence results.’
However, he argued that with lubrication, friction increases with speed,
whether the lubricant is a liquid or soap or tallow. This is indeed observed in
the regime of hydrodynamic lubrication (see Section 4.1).
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Interestingly, a quarter century later, Leslie (1829) was less determined in
refuting the link between adhesion and friction:

Most solid bodies, when brought close together, are disposed to cohere
mutually, and with various degrees of tenacity. This peculiar force,
being exerted perpendicular to the surface of contact, can evidently have
no influence whatever in impeding a lateral traction. But all substances
appear to possess likewise a certain adhesive property, which opposes
any change of mutual contact, and retards even the horizontal passage
of one plane along another. This latent obstructing power constitutes
Friction, which has such extensive influence in diminishing the perfor-
mance of all machinery.

Nevertheless, he maintained that the link is by no means certain:

The obstruction which a loaded carriage has to overcome, when drawn
along a smooth level road, is always composed of two very distinct
portions; first, the attrition of the axle against the box of the nave, and,
secondly, the adhesion of the rim of the wheel as it rolls over the yield-
ing surface of the ground. These elements of retardation, though quite
different in their nature, have been often confounded under the general
term friction. But it would evidently be rash to infer the properties of
adhesion from experiments made on ordinary friction.

3.1.2 George Rennie

Rennie (1791-1866) was a successful engineer and entrepreneur, and wrote an
important paper on friction in 1829 (Rennie, 1829). Kragelsky and Shchedrov
(1956) contended that he only reported observations without any theoreti-
cal analyses, but his experiments and findings are noteworthy. He experi-
mented with more materials than Coulomb (ice, textile, leather, wood, stone
and metals) using sophisticated apparatus, and concluded the following:

1. “The laws which govern the retardation of bodies gliding over each
other are as the nature of those bodies. (i.e. determined by the prop-
erties of contacting surfaces).

2. ‘That with fibrous substances, such as clothes etc., friction is increased
by surface and time, and diminished by pressure and velocity.’

3. ‘That with harder substances, such as woods, metals, and stones,
and within the limits of abrasion, the amount of friction is as the
pressure directly, without regard to surface, time, or velocity.

4. 'That with dissimilar substances gliding against each other, the
measure of friction will be determined by the limit of abrasion of
the softer substance’, consistent with the modern notion that friction
is affected by the shear strength of surfaces (see Section 4.4).
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The dependence of the COF (plotted on the abscissa) on velocity (in feet per minute, plotted
along the ordinate) and pressure. (Reprinted from R.H.Thurston, A Treatise on Friction and Lost
Work in Machinery and Millwork, New York: John Wiley & Sons, 1887. With permission.)

5. ‘Friction is greatest with soft, and least with hard substances.’

6. ‘The diminution of friction by unguents is as the nature of the
unguents, without reference to the substances moving over them.
Basically, this is the case with full film lubrication, where the sur-
faces are completely separated by lubricant.

3.1.3 Studies of Dry Friction in the Rest of the Nineteenth Century

After Leslie and Rennie, progress in the studies of dry friction was slow.
Arthur Morin (1795-1880) was another French military engineer to conduct
many careful experiments to determine the COF for various conditions
and materials (Dowson, 1998). The obtained coefficients were found use-
ful by practitioners, although Morin did little to investigate the causes of
friction. The basic laws of dry friction, quoted in two reputable books from
around the turn of the century, were no more informative than the find-
ings of Rennie and Coulomb (Thurston, 1887; Davis, 1904). Probably the most
noteworthy development in this period was the systematic study of friction—
velocity dependence:

1. Kragelsky and Shchedrov (1956) quoted the experiments with the
train braking conducted by Boche in France in 1855 and 1861. It was
observed that COF decreases with increasing speed.

2. The same dependence was obtained in the experiments on the
English railways in the late 1870s (Galton, 1894).
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3. Carefully conducted experiments with wood, stone, steel and pig
iron of Conti (Kragelsky and Shchedrov, 1956) in the 1870s showed
that the COF first increases with speed, reaches a maximum, then
decreases. Conti’s two explanations of the peak in the friction depen-
dence of speed are interesting, although not convincing. According to
the first one, asperities collide, and the frequency of collisions, hence
friction, increases with speed. However, at high speeds the surfaces
are polished, and that decreases friction. The second explanation is
long-winded and based on the thickness of air film between surfaces.

3.2 Liquid Lubrication

The developments in the studies of liquid lubrication were momentous.
They were prompted by the discovery of mineral oil, which promised to
be cheaper and more plentiful than the animal and vegetable products
(Dowson, 1998). There was also a need for better lubrication of the increas-
ing number of machines, particularly trains. Bearings on rolling stock were
performing poorly, and the limitations of lubrication with grease, soap and
tallow were frustrating.

The major developments were obviously paving the ground for the
Stribeck curve:

1. Gustav Adolph Hirn (1815-1890) studied in 1847 the performance of
several lubricants (fats, oils, water and air), and concluded that with-
out lubrication, friction is independent of speed. With lubrication,
friction increases with speed and is directly related to the viscosity
of the lubricant (Dowson, 1998).

2. Robert Henry Thurston (1839-1903) devised a machine for the test-
ing of lubricants (Thurston, 1887). He noticed that friction initially
decreases with pressure, and then increases. The same dependence
was clearly obtained for velocity (Figure 3.1).

3. Nikolai Pavlovich Petrov (1836-1920) developed an equation for the
calculation of COF between two cylinders separated by a liquid film,
in which COF was directly proportional to speed, and inversely pro-
portional to load (Dowson, 1998).

4. Confusion caused by the discrepancies in various studies
prompted the Institution of Mechanical Engineers to sponsor
a systematic investigation of the liquid lubrication of bearings
(Dowson, 1998). A renowned engineer, Beauchamp Tower (1845-
1904), was hired and he pointed out that repeatable measure-
ments are obtained only when the bearing is well lubricated.
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Hence, inadequate lubrication caused the divergence of results.
He obtained the same dependence on speed as did Thurston
(Dowson, 1998).

5. Osborne Reynolds (1842-1912) was intrigued by Tower’s reports,
and postulated that a sufficiently thick oil film can fully separate
solid surfaces, in which case friction can be modelled using the laws
of hydrodynamics (Reynolds, 1886). The model agreed with the
results by Tower, and has been applied in a modified form to many
practical purposes.
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Twentieth Century and Beyond

Tribology made huge advances in the twentieth century. It started with the
research of liquid lubrication by Stribeck, which, with the contribution of
others, resulted in the Stribeck curve. The molecular theory of friction was
resurrected. Hardy investigated and baptised the boundary friction, and
Bowden and Tabor created an enormous body of work. Their efforts were
particularly important in explaining the origin of dry friction via adhesion
and the ploughing of asperities. New instruments enabled the investigation
of the fundamentals of friction on the microscopic and atomic scales. Finally,
substantial progress was made in the mathematical modelling of friction
and the development of solid lubricants.

4.1 Stribeck Curve

The development of concepts underlying the Stribeck curve is a fine example
of simultaneous and independent research of the same subject by different
people. In the first quarter of the twentieth century, quite a few scientists
investigated the liquid lubrication in bearings, and their work eventually
merged into what is known today as the Stribeck curve (Figure 4.1)":

1. Richard Stribeck (1861-1950) investigated sliding and rolling bear-
ings, measuring friction as a function of load, speed and tempera-
ture. In order to remove the influence of temperature on viscosity, he
recalculated the measured COF as a function of load and velocity for
a constant bulk-oil temperature of 25°C (Czichos, 1978). The experi-
ments were finished around 1902 (Kragelsky and Shchedrov, 1956).

2. Arnold Sommerfeld (1868-1951), a renowned quantum physicist,
solved the equations in the Reynolds model more elegantly, and vali-
dated it with Stribeck’s data (Czichos, 1978).

3. According to Ciulli (2001), Giimbel arranged Stribeck’s data into a
curve in 1914. Jones (1985) argued that Stribeck’s copious experimental

" Actually, the curve produced by Thurston in 1887 (Figure 3.1) already resembled the Stribeck
curve. In 1888, Martens examined the dependency of friction on what is now called the
Stribeck number (Woydt and Wasche, 2010).
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FIGURE 4.1
Distinct regimes of lubrications in the Stribeck curve. (Reprinted from W.R. Jones and
M.J. Jansen, NASA TM-209924, 2000.)

data were hard to condense in a useful form. So, Mayo Hersey
(1886-1978) conducted similar tests and devised a graph plotted
against a dimensionless number.

4. Biel noted in 1920 that Stribeck’s data can describe the behaviour
of lubricated surfaces if presented as a function of viscosity, sliding
velocity and load (Czichos, 1978).

5. There are some potentially confusing issues with the curve, and
Appendix B provides additional information.

4.2 Ludwig Giimbel

In a work published posthumously in 1925, Giimbel (1874-1923) proposed
his theory, where friction is a sum of dry friction and abrasion (Kragelsky
and Shchedrov, 1956). Dry friction dominates if the pressure is low enough
to keep the deformation of asperities elastic, and the COF is constant. At the
pressure high enough for asperities to deform plastically, abrasion starts.
The pressure can be represented as the sum of the elastic component p, and
the plastic component p,:

pP=p1+p, @.1)
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and the resistance to motion is:

T=fip1t+fap2 4.2)

where f, and f, are the coefficients of dry and abrasive friction, respec-
tively. If the elastic pressure is close to the total pressure, the total COF
[Equation (4.3)] is close to the value obtained by Amontons. Kragelsky and
Shchedrov praised Giimbel for his effort to develop a practical quantitative
model of friction, and credited him with the ideas of cold welding, the pro-
tective role of adsorbed gases or liquids, and the link between molecular
forces and friction.
T

=_=)2— 2—1ﬂ .
f=, == f) @3)

4.3 Resurrection of the Molecular Theory of Friction

Leslie rejected the theory of adhesion in 1804, using what looked then an
unassailable argument. Marcel Brillouin (1854-1948) proved that, theoreti-
cally at least, adhesion could be a cause of friction (Brillouin, 1899). He pro-
posed that the adhesion between molecules on the surfaces of rubbing bodies
can occur during tangential movement; during sliding, there is a continuous
exchange of connections between bodies. Also, these phenomena produce
the heat observed during friction. The molecular theory was subsequently
revived, particularly by the efforts of Hardy, Tomlinson and Deryagin.

4.3.1 William Bate Hardy and the Concept of Boundary Friction

Hardy (1864-1933) graduated as a zoologist, then studied histology, colloids,
then friction and, finally, adhesion. He was also a capable scientific admin-
istrator as the chairman of the Food Investigation Board in the Department
of Scientific and Industrial Research of the United Kingdom (Hopkins and
Smith, 1934). Kragelsky and Shchedrov (1956) and Dowson (1998) regarded
his work highly, and praised the meticulous preparation of experiments.
Extreme attention was paid to the cleanliness of surfaces and the control
of humidity. His key contributions to tribology are the discovery of bound-
ary lubrication and the resurrection of the molecular theory of friction. He
reported that very thin films, perhaps ‘only one or a very few molecules
thick’, provide good lubrication (Hardy, 1920). Hardy and Doubleday (1922)
elaborated on this phenomenon and christened it, ‘What Osborne Reynolds
calls “boundary conditions” then operate, and the friction depends not only on the
lubricant, but also on the chemical nature of the solid boundaries’.
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Regarding the molecular theory, Hardy (1920) stated: ... the friction both of
lubricated and of clean faces is due to true cohesion ... which binds together
the molecules of a solid or of a fluid". Hardy and Doubleday (1922) refuted
Coulomb’s assertion ‘that friction is due to asperities acting like inclined
planes’, because very smooth surfaces exhibit high friction. Instead, “The
asperities required by Coulomb are in fact the atoms and molecules’. Two
other important notions are as follows:

1. Amontons’ law was found to hold as long as the properties of
surfaces do not change, “... it is a rigid law for hard solids such as
glass and hard steel. However, the law fails with the surfaces that
exhibit viscous flow under high pressure, such as wood (Hardy and
Doubleday, 1922).

2. Hardy (1920) experimentally established that oxide films provide effi-
cient lubrication on copper. As shown later, the lubricity of oxide is
extremely important for the understanding of frictional phenomena
in metal rolling.

4.3.2 Tomlinson, Frenkel, Kontorova and Deryagin

In 1929, George Arthur Tomlinson (1885-1943) modelled the friction on the
atomic scale in a way popularly explained by Silin (1987). The atoms are
likened to caryatides. Initially, shorter caryatides do not touch the load. As
the load increases, more caryatides support it, inasmuch as the taller ones
are compressed, and their number is proportional to the load, so the mac-
roscopic friction follows Amontons’ law. Silin also believed that Tomlinson
was the first to explain plausibly why rolling friction is much smaller than
sliding friction. It was assumed that both types of friction are caused by the
adhesion of surfaces. Atsliding, all asperity joints between the surfaces break
at the same time. At rolling, only the joints over the contact area are broken.

Tomlinson also outlined the model for the calculation of friction between
the same and different materials. However, some of the parameters neces-
sary for the quantification were not known at that time. Nevertheless, the
model is considered to be an important step forward. The conceptual idea is
simple: the atoms on one surface are represented as particles attached with
springs to a substrate, moving over a corrugated surface (Figure 4.2a). It is
sometimes called the Prandtl-Tomlinson model, although Popov and Gray
(2012) pointed out that Ludwig Prandtl (1875-1953) formulated a more articu-
late version in 1928.

Soviet physicists Yakov Frenkel (1894-1952) and Tatyana Kontorova
(1911-1977) developed a model with atoms, interconnected with springs,
bumping over a substrate (Figure 4.2b). The models were combined into the
Frenkel-Kontorova-Tomlinson model, where atoms are connected both to
the substrate and to the other atoms with springs (Figure 4.3). This model



Twentieth Century and Beyond 33

....._5

WWWWUWUWUWb

FIGURE 4.2
Models by (a) Tomlinson, (b) Frenkel-Kontorova.

>0

ole

%

L G G G
%

FIGURE 4.3
Frenkel-Kontorova-Tomlinson 2D model.

is widely used; recent modifications were discussed by Robbins (2001).
However, Pogorelov (2003) claimed that the Frenkel-Kantorova model can-
not be applied to lubrication. Aichele and Mueser (2003) contended that in
boundary lubrication atoms are weakly connected to each other and to con-
fining walls, so bonds can be broken. In the elastic models, such as Frenkel-
Kontorova-Tomlinson, this breakage is not allowed to occur.

Boris Vladimirovich Deryagin (1902-1994)" extended Tomlinson’s model
with the interaction between crystalline surfaces described by a statistical

* Deryagin made a huge contribution to the science of colloids and the theory of adhesion
(Roldugin, 2006). His working habits were legendary; he was capable of visiting a co-worker
at 10 p.m. on 31 December to discuss a problem, and returning at 9 a.m. on 1 January to pester
him with preliminary results. Unfortunately, he was involved in the research of “‘polywater’,
where it was claimed that under certain conditions water assumes unusual properties. The
results were wrong, presumably due to contaminated samples. Although he recanted his
views, this error delayed his admission into the Soviet Academy of Sciences, and probably
cost him the Nobel Prize.
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approach (Kragelsky and Shchedrov, 1956; Dowson, 1998). The following
expression for the total friction force F was proposed:

F=uS(p+po [4.4]

where S is the real surface area of contact, and p and p, are the pressures
caused by the external forces and adhesion, respectively. According to
Kragelsky and Shchedrov, the model was verified for talcum, graphite,
quartzite and the metals in boundary lubrication.

4.3.3 Igor Victorovich Kragelsky and the Dual Nature of Friction

Kragelsky" (1908-1989) worked in an institute of the Soviet Academy of
Sciences (Dowson, 1998), and was also respected in the West; two of his
books were translated and published in the United Kingdom. He advocated
the dual nature of friction, mechanical and molecular (Shchedrov, 1949;
Kragelsky and Shchedrov, 1956):

1. The mechanical aspect is about the deformation (plastic and elastic)
of asperities. The asperities can also penetrate each other, so shear-
ing is required to separate them.

2. The molecular interaction is effected via adhesion.

4.4 Bowden and Tabor

Frank Philip Bowden (1903-1968) and David Tabor (1913-2005), assisted
by many able collaborators, produced a large and influential body of work
(Appendix C). Kragelsky and Shchedrov (1956) praised Bowden for ‘inter-
estingly designed experiments’. Many other researchers were perceived as
being simply interested in obtaining COF, without thinking about the causes
of friction. However, ‘Bowden ... investigated separate processes of which
the friction consists, which significantly deepened our understanding of the
nature of friction’.

" Little is known about Kragelsky’s associate Shchedrov who languished in academic back-
waters, and wrote a book on the modelling of elastic fibres. A student remembered him as
a quiet genius of unremarkable appearance, drinking heavily, presumably due to romantic
problems (Zil'berberg, 2013). Shchedrov lived in his own world of mechanics and mathemat-
ics, and his face ‘bore a stamp of suffering’. He smiled rarely, but was ecstatic when writing
some important theorem on the blackboard; ‘his face emitted light, his eyes were burning, his
voice was trembling’. While deriving a theorem of Lagrange, he became so excited, that,
while writing final equations, he announced to students, ‘Now you will witness the birth of
a miracle, the miracle of unusual beauty’, and was so overwhelmed with excitement that he
had to leave the lecturing room and could only continue after several days.
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4.4.1 Key Contributions
4.4.1.1 Real Contact Area

The independence of friction force on the area of contact had been a puzzle
for centuries. Tabor (1969) pointed out that it had been believed that sur-
faces touch each other over the whole contact length, like a jigsaw puzzle
(Figure 2.5a). Bowden and his team observed that the real area of contact is
much smaller. For steel it could be 10,000 times smaller than the apparent
area (Bowden, 1952), because surfaces touch each other at the tips of asperi-
ties (Figure 2.5b), or as Bowden explained it, ‘like turning Switzerland upside
down and standing it on Austria—the area of intimate contact will be small’
(Tabor, 1969). It was experimentally shown that the real area of contact is:

1. Almost independent of the size of the surfaces, and is very little
influenced by the shape and degree of the roughness of the surfaces.

2. Directly proportional to the load. Even at light loads the local pres-
sure at the tiny points of contact is so high that hard metals may flow
plastically. The peaks of asperities are crushed until their contact
area is big enough to support the applied load.

4.4.1.2 Key Mechanisms of Friction

Bowden and Tabor postulated that the friction force consists of two compo-
nents, namely the ploughing of hard asperities through the softer opposing
surface, and the shearing of the junctions formed by the adhesion between
the asperities of the rubbing bodies. The adhesion is caused by high pressure
at contact points”.

Mathematically, it can be expressed as follows (Bisson, 1968):

Frictional force = shear + ploughing = As + A’p @.5)

where A is the real area of contact, A" ploughing area, s shear strength and
p flow pressure. The real area of contact is given by:

A =load/ flow pressure =W/p 4.6)

and the coefficient of friction (COF) is then:

_ frictional  force _ As + Ap _s
load W W p

@.7)

* The importance of adhesion was supported by the experiments of McFarlane and Tabor
(1950a,b) and Rabinowicz and Tabor (1951). When similar metallic surfaces get closer, metal-
lic bonds form. Bonds will form with dissimilar metals too, the strength of the bond being
between the bond strengths of the components (Tabor, 1975).
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This formula suggests that a low-shear-strength film reduces the COF
by reducing the ratio of s and p. Those films can be formed by oxidation,
adsorption of oxygen or moisture, or coating with a softer metal. McFarlane
and Tabor (1950a) suggested that oxides and lubricants attenuate adhesion
between metals; generally, what reduces adhesion, reduces friction as well.
As for the ploughing, it is caused by the displacement of the softer of the
two metals by an asperity of hard metal, and is often much smaller than the
shear term.

Incidentally, various authors differently define the parameters in these
equations:

1. Dowson (1998) defined s as shear stress, and p as hardness of softer
material. For metals, the shear stressiss = 0.50, andp= 30, where o,is
the yield stress in tension. The resulting COF for clean metals is ~1/6.

2. Larsen-Basse (1992) defined s also as shear stress, and p as flow hard-
ness. The flow hardness is about three times greater than flow
stress, whereas shear stress is 50-60% of flow stress. Hence, COF for
common materials is around 0.17-0.2.

These COFs are of the same order of magnitude as those obtained by
early experimenters, but several times smaller than the values obtained for
clean metals, where adhesion is much stronger than at contaminated sur-
faces. Most metals are covered by oxides, adsorbed oxygen or moisture when
exposed to air, and so have a similar low COF. Even a monolayer of adsorbed
oxygen can hinder adhesion (Tabor, 1975).

4.4.1.3 Soft Films, Oxides and Lubrication

Kragelsky and Shchedrov (1956) credited Bowden and Tabor for the use of
films of soft materials to reduce friction (see the anecdote in Appendix C).
Such films ensure a smaller surface contact area of rubbing materials and
low shear strength, hence low COF according to Equation (4.7). However,
with a hard oxide on a soft metal, the metal can break easily under the load,
leading to the cracking of the oxide, and exposure of the metal surface. If
hardness is similar, both substrate and oxide will deform, the breakthrough
of the surface will not occur and COF will stay low. Tabor (1975) also stated
that ductile oxide sticks to metal, whereas the brittle one cracks, promoting
metal-to-metal contact, hence adhesion.

Figure 4.4 shows that COF decreases with film thickness, due to the reduced
direct contact between metals and the subsequent adhesion. In both cases,
though, after reaching a minimum at ~0.5 um, the COF tended to increase
with thickness for unspecified reasons. Jones (1985) noted the similarity with
the Stribeck curve, without further analysis. Perhaps at the higher thickness,
the film has such a low shear strength that it starts to behave as a liquid lubri-
cant, and follows the Stribeck curve.
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COF as a function of thickness of (a) FeS on steel. (Reprinted from E.C. Levine and M.B. Peterson,
Formation of sulfide films on steel and effect of such films on static friction. NACA TN-2460, 1951.)
(b) Indium film on steel. (Adapted from F.P. Bowden and D. Tabor, The Friction and Lubrication
of Solids, Oxford: Oxford University Press, 1950. Reproduced with permission from Oxford

University Press.)
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4.4.2 Criticisms
4.4.2.1 Plastic and Elastic Deformation of Asperities

Bowden and Tabor (1939) argued that Amontons’ laws hold only for the plas-
tic deformation, with the real contact area proportional to load. With elastic
deformation, the contact area varies to the 2/3 power of load. However,
Archard (1957) showed that this applies to a single spherical asperity pressed
against a flat plate. Where many spherical asperities are in contact, with
smaller asperities on the top of larger ones, like pimples, the real contact
area becomes proportional to load as the number of asperity layers increases.
Furthermore, he reported the experiments where Amontons’ laws were
obeyed for elastic deformation. Greenwood and Williamson (1966) used the
Gaussian probability distribution of height to model randomly distributed
asperities, and also showed that the laws of friction hold for elastic contacts.
They experimentally observed that plastic deformation of contacting sur-
faces is more common, although the elastic one is not unusual in practice.

4.4.2.2 Adhesion as the Main Cause of Friction

It has been claimed on several occasions that the theory of adhesion as the
main cause of friction is inadequate:

1. Gretz and Bickerman presented lengthy arguments in the com-
ments on the Merchant paper (1968), though they were convincingly
refuted by Tabor.

2. Larsen-Basse (1992) argued that adhesion might not be a distinct
component of friction. Except in vacuum, it is hard to find measur-
able adhesion between common engineering surfaces. First, the
surface is contaminated, so it is hard to form metal-to-metal bonds.
Second, there is a large elastically deformed region below the small
plastically stressed asperity in intimate contact. When the load
moves, the release of elastic strain ruptures the adhesive bond, so
significant adhesion cannot be measured.

3. Rabinowicz (1995) summarised the key criticisms, but outlined their
shortcomings. He also contended that although the adhesion theory
is essentially plausible, it gives an oversimplified representation of
frictional phenomena. It was also noted that other contributions to
friction, such as ploughing, roughness and obscure electrical phe-
nomena, are practically negligible.

4. Ludema (1996) described the theory as incomplete, inasmuch as it is
not useful for predicting the COF. He conceded that it is superior to
the theory of interlocking asperities, and is supported by observed
sticking and high COF of clean metal surfaces.
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Friction force versus adhesion force between steel ball and indium. Different curves were
obtained with different loads. (Reprinted from J.S. McFarlane and D. Tabor, Proc. R. Soc. Lond.
A 202:244-253, 1950. With permission from the Royal Society.)

Despite these criticisms, adhesion and ploughing are still viewed as the
key causes of macroscopic friction (Chaudhury, 1996; Pl6il and Kriuter,
1999; Bonny, De Baets, and Vleugels, 2009). The concept of adhesion was suc-
cessfully applied to the hot rolling of steel (Section 4.8), and McFarlane and
Tabor (1950b) observed a strong correlation between the friction and adhe-
sion forces (Figure 4.5).

4.4.2.3 Criticism by Kragelsky and Shchedrov

The key criticism was that Bowden and Tabor generalised their findings,
whereas they are valid only under certain conditions:

1. Occurrence of high temperatures, even localised melting, was
assumed at the point of asperity contact, whereas the temperatures
that high occur in certain cases only.

2. Plastic deformation of asperities was assumed, although it could
often be elastic. This criticism was also voiced by Archard (1957) and
Greenwood and Williamson (1966), as discussed above. The latter
authors observed that plastic deformation is more common in engi-
neering practice, however.

3. In Equation (4.5), the shear strength was presumed constant, despite
its dependence on pressure and its variations over the area of con-
tact. However, that model was intended to be qualitative anyway,
thus this would not be a major drawback.
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4.4.2.4 Role of Others in Creation of Adhesion Theory of Friction

Bisson (1968) and Komanduri (2006) pointed out that Merchant developed
the theory independently and simultaneously. Rabinowicz (1995) also men-
tioned the contribution of Holm around 1940. On the other hand, Ludema
(1996) cautioned that wrong conclusions are easily arrived at when dealing
with ‘immature ideas: ... the conflicting claims are supported by “proof” of
prior publication of ideas or research results ... full credit should not go to
one who does not adequately convince others of his ideas. On this ground
alone, Bowden and Tabor are worthy of the honor accorded them.

4.5 Ernst and Merchant

Hans Ernst (1892-1978)" and Eugene Merchant (1913-2006) investigated
friction in 1930s and 1940s, and were highly regarded by Kragelsky and
Shchedrov (1956), and Bowden and Tabor (1950). They studied friction
between chip and tool in metal cutting; their model and its experimental
validation are discussed in Section 9.2. Their views can be summarised as:

1. Only plastic contact occurs, and stress at the contact depends on
hardness, not on load.

2. The COF for ideal smooth surfaces is the ratio of shear strength and
hardness. In boundary friction, the COF is the tangent of the angle
between contacting asperities and the direction of friction force.

3. The stick-slip observed is caused by the localised metal melting.

4.6 More Recent Views on Friction at Macroscopic Level

The proposed causes of macroscopic friction were well presented by Czichos
(1978), who divided sliding friction into three stages. Elastic or plastic
deformation, or ploughing, occurs in the first stage, and adhesion occurs
in the second stage. In the third stage, tangential dislocation shears the

" Ernst was a truly cosmopolitan character (born of German parents in Melbourne, where
he graduated, eventually moving to the United States), and an engineer for all seasons (he
taught in a technical school in Victoria, started in a bicycle repair shop in California, and later
held senior positions in industry, research, and academia; Merchant, 2003).



Twentieth Century and Beyond 41

joints formed by adhesion, with possible elastic recovery for elastic defor-
mation. There are several possible mechanisms of adhesion: long-range
van der Waals force, which acts between different types of materials, and
short-range forces (metallic, covalent or ionic). Clean pieces of the same
metal form metallic bonds at contacts, with the interface strength equal to
the strength of bulk metal.

Larsen-Basse (1992) proposed several mechanisms of friction, which act
simultaneously, or several at a time, with a particular mechanism dominant
in certain conditions:

1. Adhesion, which is the dominant mechanism when surfaces are
very clean. Cold welding occurs due to the interatomic forces, at
very low load, and COF is very high.

2. Plastic deformation and ploughing caused by deformation of the
softer surface by the asperities of the harder one.

3. Elastic deformation of material below the plastically deformed regions.

4. Deformation or fracture of surface layers such as oxides. This basi-
cally enhances the adhesion of clean surfaces when the protective
film is removed.

5. Interference and local plastic deformation caused by third bodies,
mainly agglomerated wear particles, trapped between the moving
surfaces. These particles may indent surfaces, although, as pointed
out by Schey (1983), the friable ones may break into small pieces act-
ing as ball-bearings, and reduce the COF.

4.7 Studies of Friction at Microscopic and Atomic Levels

Investigation at the atomic level was made possible by the development of
instruments including surface force apparatus, quartz crystal microbalance,
and the lateral force, atomic force and friction force microscopes (Krim
2002; Burke 2003; Tambe and Bhushan, 2005; Holscher, Schirmeisen, and
Schwarz, 2008).

The transition from the macroscopic to smaller scales was neatly illustrated
by Holscher et al. (2008), who graphically presented the difference between
the apparent, the true and the nanoscale single asperity contacts (Figure 4.6).
Most macroscopic and microscopic tribological phenomena are dominated
by the influence of wear, plastic deformation, lubrication, surface roughness
and surface asperities, hence ‘macroscopic friction experiments are therefore
difficult to analyse in terms of a universal theory’. They suggested that for



42 Friction and the Hot Rolling of Steel

i b ]
Apparent Contact True Contact Area Hertzian Contact
Area Ay pparent Apeal << A Sphere on Flat Surface

(a) (b) (©

apparent

FIGURE 4.6

The difference between (a) apparent contact area observed on macroscopic scale; (b) true con-
tact area with contacts formed between individual small asperities; and (c) nanoscale single
asperity contact. (Reprinted from H. Holscher, A. Schirmeisen, and U.D. Schwarz, Phil. Trans.
A 366:1383-1404, 2008. Reprinted with permission from the Royal Society.)

the better understanding of friction at the macroscopic level, the frictional
behaviour of a single asperity contact should be investigated first. The infor-
mation obtained that way can then be used to quantify the macroscopic fric-
tion statistically, that is, *... by the summation of the interactions of a large
number of small individual contacts, which form the macroscopic roughness
of the contact interface’.

The macroscopic theory of friction is based on the continuing tearing of
junctions formed by adhesion. However, Krim (2002) noted that friction
without wear was observed on the atomic scale. She explained this by Tabor’s
notion, where the atoms close to one surface are set into motion by the slid-
ing atoms on the opposing surface. This generates vibrations (or phonons)
that dissipate this energy as sound and heat (Figure 4.7).

\f Bl 2l

FIGURE 4.7
A single layer of atoms vibrates as it slides over the surface underneath. (Reprinted from
J. Krim, Surf. Sci. 500:741-758, 2002. With permission from Elsevier.).
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4.8 Application of Adhesion Concept to Hot Rolling

Straffelini (2001) contended that the supporters of the adhesion theory usu-
ally base COF on the shear strength of the contacting junctions, and this
strength is vaguely described in the literature. That motivated an approach
where the shear strength is related to the adhesion force between surfaces,
and this force is calculated using the thermodynamic work of adhesion. In
this way, the COF can be estimated (see Section 9.2). Straffelini also pointed
out that contaminants tend to reduce the work of adhesion of metals, thereby
reducing friction. The model was validated with experimental data for vari-
ous metal pairs. The agreement is good (Figure 4.8a), except for cobalt sliding
on itself".

Jupp, Talamantes-Silva, and Beynon (2004) recognised the limitation
of this model; it was applied to pure metals, and oxide is always present
in the roll gap in hot rolling. They contended that the interface energy is
not readily available, and offered a simple model to calculate this term at
the steel-magnetite interface. The improved model was incorporated into
a finite-element simulation package, which enabled the calculation of COF
along the roll gap. Jupp and Beynon (2005) then tested the model experimen-
tally. Although the temperature was well below the one experienced in hot
rolling, it was high enough for some oxide to be formed (450-500°C), pre-
sumed to be mainly magnetite. The calculated friction for the iron—-magnetite
interface matched the measured one well (Figure 4.8b).

" Straffelini explained the mismatch with the hexagonal close-packed (hcp) structure of Co,
claiming that friction is lower for such metals. This explanation omitted the impact of tem-
perature. The structure of Co changes from hcp to full-centre-cubic (fcc) at 417°C, and fcc Co
has high friction (Larsen-Basse, 1992). Thalium similarly undergoes phase transformation
from hcp to fcc, and has similar frictional behaviour. However, Larsen-Basse warned that
titanium has both hcp structure and high friction.
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Experimental validation of Straffelini’s model (a) (Reprinted from G. Straffelini, Wear 249:79—
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Roughness and Friction

... [I]n basic science if an interesting phenomenon is discovered, a seri-
ous effort will be made by other research groups to reproduce these
results. In many situations in tribology, it is not necessarily that the sci-
entists or engineers are not competent or do not know about controls but
there are few research groups, and tribology is dominated by making
some piece of mechanical equipment work adequately. This equipment
domination often involves very specific applications, with ill-defined
conditions, which make repetition of the experiment and comparisons
from one laboratory to another very difficult. In fact, when round-tables
have been held where attempts have been made to control conditions,
the results, with respect to reproducibility of wear, turned out to be poor.
The reason may be that the critical parameters for friction and wear have
not been determined.

Ferrante (1987)

All things and everything whatsoever however thin it be which is inter-
posed in the middle between objects that rub together lighten the dif-
ficulty of this friction.

Leonardo da Vinci (Dowson, 1998)

Unanimity of opinion may be fitting for a rigid church, for the fright-
ened or greedy victims of some (ancient, or modern) myth, or for the
weak and willing followers of some tyrant. Variety of opinion is neces-
sary for objective knowledge.

Feyerabend (1996)

According to some, roughness helps in reducing friction. Fusaro (1991) argues
that most solid films do not bond well to smooth surfaces, and a rough surface
serves as a reservoir for lubricant. On the other hand, in some laboratory-
scale hot rolling experiments, a strong positive correlation between the COF
and roughness was observed (Park, Lee, and Lee, 1999; Kang et al., 2001).
Looking for evidence of a link between friction and roughness, first we
discuss the experiments with emery paper and metal. Porgess and Wilman
(1959) experimented with emery papers of varying roughness sliding over
each other (Figure 5.1). Roughness was expressed as a mean particle diam-
eter; larger diameter meant larger roughness. Avient, Goddard, and Wilman
(1960) investigated the friction between emery paper with varying particle
sizes and various metals (Figure 5.2). The COF increased with particle size,
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Friction as a function of the ratio of the particle radii of lower (R ) and upper (Ry) emery papers.
(Reprinted from PV.K. Porgess and H. Wilman, Proc. R. Soc. Lond. A 252:35-44. 1959. With per-

mission from the Royal Society.)
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Sliding of emery paper over various metallic surfaces: the dependence of COF on the mean
particle diameter of emery paper. (Reprinted from BW.E. Avient, ]. Goddard, and H. Wilman,
Proc. R. Soc. Lond. A 258:159-180, 1960. Reprinted with permission from Royal Society.)
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as in the second part of the curve in Figure 5.1, eventually commencing in a
slight decline for most metals considered.

Both curves suggest that COF increases with roughness; high COF in
Figure 5.1 occurs in the cases when one surface is much rougher than the
other. On the other hand, Sedlac¢ek, Podgornik, and Vizintin (2009) investi-
gated the friction of an alumina pin on a steel disc. The COF decreased with
roughness in dry tests, but it was the opposite case with lubricated surfaces.

Relationship between the COF and roughness was specifically addressed
in the investigations of hot strip rolling on laboratory-scale rigs, but the
findings were inconclusive. Park et al. (1999) and Kang et al. (2001) estab-
lished a clear positive correlation (Figure 5.3). Similarly, Azushima, Nakata,
and Toriumi (2010) observed that COF increased slightly when roughness
increased from Ra = 0.05 um to Ra = 0.8 um. Malbrancke, Uijtdebroeks, and
Walmag (2007) also suggested a positive correlation, although on a small
data sample. On the other hand, Gotoh et al. (1998) observed a negative
correlation (Figure 5.4).

These laboratory tests indicate the lack of a clear relationship between
roughness and friction in hot rolling. Unfortunately, it was not possible to
find any relevant analysis based on plant data in the literature. The observa-
tions in a commercial mill reported in Chapter 16 suggest that the chem-
istry of roll shells is more important for friction than roughness. That is,
given the almost identical grinding conditions and similar hardness, rough-
ness cannot explain the large friction differences between some HiCr rolls.
Another example is given by Sun et al. (2004), where steel oxidised at 800°C
over 80 s has a substantially higher roughness than clean steel. The oxide
consists mainly of lubricating oxides FeO and Fe;O,, and as shown later they
have lower friction than steel. Some general statements in the literature also
indicate that roughness would not play a significant role in determining fric-
tion in steel rolling, and in general:

1. According to Bowden and Tabor (1950): ‘Over wide range of surface
finish, the friction of metals is nearly independent of the degree of
surface roughness’.

2. Forrester (1946) asserted that the friction of unlubricated surfaces is
not dependent on surface finish.

3. Straffelini (2001) contended that the initial roughness has little
impact on friction if the load and sliding velocity are high enough to
promote rapid polishing.

The divergence between the observations could be plausibly explained by
the condition of the surfaces. Although oxidation would not be prominent on
emery paper, it could have played a decisive role in the tests conducted with
metals in the presence of air.



52 Friction and the Hot Rolling of Steel

0.60 ———————————
0.55
=
2
3 1
i
S
< 0.50
=
2
€
g 1 1 HSS Roll A
O 2 HSS Roll B
0.45 3 HSS Roll C .
4 HSS Roll D
5 Hi-Cr Iron Roll
0.40 T T T v T T T T T
0.0 0.2 0.4 0.6 0.8
Surface Roughness (um)
(@)
0.30 Hi-Cr Roll
=
L
Q
& 0.25
(]
S
O]
=
L
ks
i 0.20
0.15 T T T T T
0.0 0.4 0.8 1.2 1.6 2.0
Surface Roughness (pum)
(b)
FIGURE 5.3

Correlation between COF and roughness for high-speed steel (HSS) and high-chromium
(HiCr) rolls. ((a) Reprinted from JW. Park, ]J.C. Lee, and S. Lee, Met. Mat. Trans. A 30A:399-409,
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2001. With permission from Springer Verlag.)
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6

Liquid Lubrication, Stribeck Curve
and Friction—Velocity Dependence

Liquid lubrication is introduced before solid lubrication, inasmuch as its
interpretation is easier, mainly because of the Stribeck curve (Figure 4.1). The
curve shows four lubrication regimes:

1. Boundary lubrication, where only a thin layer of lubricant is present,
and the load is carried predominantly by asperities.

2. Partial elastohydrodynamic, or mixed, lubrication, with asperity contact
in some areas, and lubricant separation elsewhere. Both the lubri-
cant and the asperities carry the load.

3. Elastohydrodynamic lubrication, where the fluid film is present, but if
load is high, the lubricant pressure causes elastic deformation of sur-
faces (Jones, 1985).

4. Hydrodynamic lubrication, where surfaces are separated by a continu-
ous film, much thicker than their composite roughness. Friction
is caused by the viscous dissipation within the lubricant (Larsen-
Basse, 1992), and increases with velocity due to the viscous drag
(Ludema, 1996). Wear is much reduced due to the lack of asperity
contact, although there is some due to the surface fatigue, cavitation,
fluid erosion and the like.

A practical differentiation between regimes is based on the ratio (L) of film
thickness to the composite roughness of surfaces. Hydrodynamic lubrication
occurs with L > 3, whereas boundary lubrication prevails for L < 1.5 (Larsen-
Basse, 1992).

An interesting explanation of those regimes is given by Holinski (1983)
in Figure 6.1, via an analogy with waterskiing. A heavy skier does not float
on the top of water, and bumps along the rocky bottom. At higher velocity or
lower load, the skier lifts off and has a smoother ride.

It was also argued that roughness amplifies the boundary and mixed
lubrication regimes. In Figure 6.2, cases of a rough surface and a surface
smoothed with a solid coating are compared. A mixed regime is achieved at
higher loads and lower speeds when the surface is coated. A practical exam-
ple of a taper roller bearing is shown in Figure 6.3.
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Interpretation of the Stribeck curve. (Reprinted from R. Holinski, Support of oil lubrication on
bonded coatings. In Tribology in the 80’s Vol. 2, 709-721, 1983, NASA CP-2300.)

The analyses by Holinski explain the impact of load and velocity, but
how about viscosity? When the mechanical conditions of velocity and load
are kept constant, COF decreases in the hydrodynamic regime as viscos-
ity decreases. However, at low viscosity the capacity to form viscous oil
film decreases, and the curve enters the region of the high-friction boundary
and mixed lubrication”.

" Persson (1999) pointed out that oil is a better lubricant than water, despite being more viscous
and harder to shear. This is because it is easier to squeeze the water out of the contact area,
particularly at lower velocities.
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Coefficient of Friction —=

FIGURE 6.2
The Stribeck curve as a function of roughness. (Reprinted from R. Holinski, Support of oil
lubrication on bonded coatings. In Tribology in the 80’s Vol. 2, 709-721, 1983, NASA CP-2300.)
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The Stribeck curve, and an example of the impact of solid lubrication of a taper roller bearing.
(Reprinted from R. Holinski, Support of oil lubrication on bonded coatings. In Tribology in the
80’s Vol. 2,709-721, 1983, NASA CP-2300.)

References

Holinski, R. 1983. Support of oil lubrication on bonded coatings. In Tribology in the
80’s, Vol. 2, 709-721. NASA CP-2300.

Jones, W.R. Jr. 1985. Boundary lubrication—Revisited. In Tribology: The Story of
Lubrication and Wear, 23-53. NASA TM-101430.

Larsen-Basse, J. 1992. Basic theory of solid friction. In Friction, Lubrication, and Wear
Technology, ASM Handbook 18, 27-38. Ohio: American Society for Metals.

Ludema, K. 1996. Friction, Wear, Lubrication. Boca Raton, FL: CRC Press.

Persson, B.N. 1999. Sliding friction. Surf. Sci. Rep. 33:83-119.



7

Solid Lubricants

Without liquid lubrication, the only significant lubrication in hot rolling of
steel would be by ferrous oxides. It is therefore useful to address the funda-
mentals of solid lubrication, particularly the dependence of friction on the
sliding velocity for various solids.

A key feature of solid lubricants is their performance at high temperatures.
Twenty-five years ago, DellaCorte (1987) could not find liquid lubricants to
operate above 400°C, and, for space applications, the range of interest was
up to 1000°C. He characterized the solid lubricant as a solid that shears
easily, providing low friction, yet separating sliding surfaces. Many solid
lubricants are laminar, such as MoS, or graphite. One sheet sticks to the sub-
strate, and the others slide, having low shear strength (Johnson, Godfrey,
and Bisson, 1948). Sliney (1987) believed that a good solid lubricant should
be thermodynamically stable, possess a high degree of plasticity, adhere to
substrate and have a compatible thermal expansion with it. Hironaka (1984)
discussed reaction-generated coating, which is formed by chemical reactions
in advance, or during the sliding by frictional heat (‘in-situ films’).

7.1 Impact of Sliding Velocity and Load

Can the Stribeck curve be applied to solid lubrication? Many control engi-
neering models include the Stribeck curve, and are applied to dry friction
(Chapter 8). Of three parameters (load, viscosity and velocity), the well-
regarded LuGre model explicitly uses only the velocity (Thomsen, 1999;
Astrém and Canudas-de-Wit, 2008), and no hydrodynamic considerations
were used in its formulation (Canudas-de-Wit et al., 1995). In the experimen-
tal validation of LuGre, liquid lubrication is not mentioned (Kelly, Llamas,
and Campa, 2000; Ferretti, Magnani, and Rocco, 2004; Padthe et al., 2008).
Al-Bender and Swevers (2008) argued that the Stribeck curve applies to
both liquid lubrication and dry friction. The difference is that hydrodynamic
pressure plays a key role in liquid lubrication, and dry friction is controlled
by the adhesion and deformation of asperities. The shape of the curve is a
combination of several phenomena. ‘Velocity weakening, that is, decrease of
COF with velocity, is caused by the reduced time available for the deforma-
tion of asperities and formation of junctions. On the other hand, ‘velocity
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strengthening’, is attributed to ‘asperity inertia effects’. A possible meaning
is that asperities gain momentum with increasing speed, and are prone to
larger deformation when hitting each other. It is useful to have this curve in
mind when analysing the dependence of dry friction on velocity. However,
we show that in quite a few cases the Stribeck curve did not apply to solid
lubrication, due to the presence of phenomena absent in liquid lubrication
(Section 8.1).

7.1.1 Ferrous Compounds

Given their importance in the hot rolling of steel, iron oxides are analysed in
detail with other ferrous compounds that may exist in the roll gap. Regarding
oxides, Bisson and co-workers (1956) conducted tests with the sliding of steel
on steel without any lubrication, and with preformed oxides (Figure 7.1).
The tests were carried for a wide range of velocities, and in all cases friction
decreased with velocity. Magnetite was a much better lubricant than heema-
tite, and the reasons are discussed in Chapter 11.

Johnson, Godfrey, and Bisson (1948) observed that COF depends on load
for magnetite, but not for heematite (Figure 7.2), for unknown reasons. In
these cases the friction generally decreases with velocity, however, it was
also reported that the shape of the friction—velocity curve for magnetite can
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FIGURE 7.1

Friction of dry unlubricated steel against steel without film and with 1200 A-thick films of
heematite and magnetite. (Reprinted from E.E. Bisson, R.L. Johnson, M.A. Swikert et al. 1956,
Washington: NACA Report 1254.)
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Effect of the various types of magnetite formation on the dependence of friction on sliding
velocity. (Reprinted from R.L. Johnson, D. Godfrey, and E.E. Bisson, 1948, Washington: NACA
TN 1578)

drastically change with different chemicals used for its formation on the
steel surface (Figure 7.3). If caustic potassium nitrate is used, the Stribeck
curve is obtained. This phenomenon is most likely caused by the surface
effects of oxide formation.

Johnson et al. (1948) also examined frictional properties of FeCl, and FeS at
the steel surface. From comparison with dry steel, it can be seen in Figure 7.4
that FeS provides some lubrication at lower speeds, and in these tests COF
decreases with speed. It showed little sensitivity to load in the range used
in these tests. Ferrous chloride is a much better lubricant, but the effect of
speed depends on load in a complex way (Figure 7.5). This variability was
explained by the phase changes at the FeCl, or its possible melting.

7.1.2 Chromium Carbide and Oxide

Cr carbides, and possibly Cr,O;, are present in HiCr rolls, and these rolls are a
significant factor in steel rolling (see Chapter 12). Sliney (1990) experimented
with a solid lubricant made of 70 wt-% metal-binded Cr carbide and 15 wt-%
of each Ag and CaF/BaF eutectic. The dependence is complex and depends
heavily on temperature (Figure 7.6a). On the other hand, Striebing et al.
(2007) experimented with PM300 (60 wt-% NiCr, 20 wt-% Cr,0O; Cr oxide, and
10 wt-% of each eutectic), and at 540°C observed that friction increases with
speed (Figure 7.6b).
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7.1.3 Metals with Phase Transformation, and Other Metallic Materials

Titanium and thallium offer insight into the friction—-velocity dependence.
The graphs in Figure 7.7 were obtained in vacuum, without oxidation.
Buckley, Kuczkowski, and Johnson (1965) studied the sliding of Ti and its
alloys over steel or itself. In most cases, friction decreased with speed until
reaching a plateau. However, in one test, the titanium rider transformed its
structure from hexagonal to cubic, and friction rapidly increased (Figure 7.7).
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Keller (1966) noted the changes in the friction—velocity curve for Tl sliding
on steel (Figure 7.8). The COF increased drastically during the transforma-
tion into a cubic structure, because metals with an hexagonal structure have
lower friction than those with cubic structure (Buckley et al., 1965). After the
melting point was reached, the COF decreased with speed. In both cases, Ti
and T1, the transformation was brought about by the temperature increase
due to frictional heating.

Regarding other metallic materials, the experiments by Johnson, Swikert,
and Bisson (1952), summarised in Figure 7.9, show a bewildering variety of
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Effect of sliding velocity on friction of several metallic materials sliding on steel without lubri-
cation. (Reprinted from R.L. Johnson, M.A. Swikert, and E.E. Bisson, 1952, Washington: NACA
TR-1062.)

the shapes of friction—velocity dependence. The authors contended that fric-
tion increases with velocity after oxide on the surface fails.

7.2 Various Explanations of Friction—Velocity Dependence

Various theories were proposed to explain the dependence of friction on
velocity:

1. According to Johnson, Swikert, and Bisson (1947), COF decreases with
velocity because increased frictional heating warms up the surface,
reducing its shear strength. Also, at the higher surface temperature of
steel, FeO formed, which coincided with the onset of COF reduction.
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2. Similarly, Bisson et al. (1956) asserted that the decrease in friction
with velocity is caused by oxidation, enhanced at high velocities by
frictional heat.

3. Forrester (1946) argued that an increase in friction with velocity is
due to a partial destruction of the boundary film, the rate of destruc-
tion growing with increasing sliding speed; a similar theory was
also proposed by Johnson et al. (1952). However, they also argued
that increasing velocity increases surface temperature, which
reduces the strength of the junctions of asperities. This effect is much
more pronounced in materials of low melting point. However, wear
(which may be accelerated at higher velocity) increases the contact
area, reducing the contact pressure and local temperature.

The first two theories are supported by observations of the effect of speed
on the proportion of iron oxides found in wear debris generated by steel slid-
ing (Quinn, 1991). Generally, a portion of Fe,O; decreases with speed, and
the portions of FeO and F;O, increase. As shown in Section 13.3, magnetite
and wiistite are much softer tha haematite, and can act as lubricants on the
steel surface.

7.3 Some Specific Aspects of Solid Lubrication

From the simplified modelling in Section 4.4 it follows that placing a low-
shear-strength film between hard materials reduces friction. The film sepa-
rates the hard surfaces and prevents their direct contact and adhesion. Less
force is required to shear junctions between the film and the base, or two
films (as is the case in hot rolling, with oxide on both the strip and the roll),
than between metals. Bowden and Tabor (1950) pointed out that shearing
takes place within the bulk of softer material. The impact of shear strength is
illustrated in Figure 7.10. It should be noted here that the terms hardness and
shear strength are often interchangeable in the literature. In principle, there
is a positive, although not always linear, correlation between hardness, and
the shear and tensile strengths.

However, if the film is much harder than the base, the base will break
under heavy load, the film may rupture and adhesion can occur, as at the
Al/AlLQ; interface (Bowden and Tabor, 1950). If a metal and film have similar
hardness, the film deforms with the underlying metal and does not break.
Oxide, though, can be somewhat harder and still act as a lubricant, as shown
for copper.
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