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Preface

Tribology (from the Greek word tpifw “tribo” meaning “to rub”) is the inter-
disciplinary area of science and technology that involves the study of the inter-
action of solid surfaces in relative motion. Typical tribological studies cover
friction, wear, lubrication, and adhesion. These studies involve the efforts of
mechanical engineers, material scientists, chemists, and physicists. The word
“tribology” was coined in the 1960s when it was realized that it may be beneficial
for engineers and scientists studying friction, lubrication, and wear to collaborate
in the framework of the new interdisciplinary area. Since then, many new areas of
tribological studies have been suggested, which are at the interface of various
scientific disciplines. These areas include nanotribology, biotribology, the tribol-
ogy of magnetic storage devices, and micro/nanoelectromechanical systems. The
research in these areas is driven mostly by the advent of new technologies and new
experimental techniques for surfaces characterization.

Green tribology is a new, separate research area that is emerging, and it is
defined as the science and technology of the tribological aspects of ecological
balance and of environmental and biological impacts. There are a number of
tribological problems that can be put under the umbrella of green tribology, and
they are of mutual benefit to one another. These problems include tribological
technology that mimics living nature (biomimetic surfaces) and thus is expected to
be environment-friendly, the control of friction and wear that is of importance for
energy conservation and conversion, environmental aspects of lubrication and
surface modification techniques, and tribological aspects of green applications
such as wind-power turbines, tidal turbines, or solar panels.

Since the 2000s, there have been several publications dealing with the eco-
nomic and social implications of the ecological aspects of tribology. Most of these
papers were prepared by economists and people involved in the strategic planning
of research. The first scientific volume completely devoted to green tribology,
which emphasized scientific rather than societal and economic aspects, appeared in
2010, and it was the theme issue of the Philosophical Transactions of the Royal
Society, Series A (Volume 368, Number 1929) edited by M. Nosonovsky and
B. Bhushan. In that volume, three areas of green tribology were identified:
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biomimetic tribology, eco-friendly lubrication and materials, and tribological
aspects of sustainable energy applications. The assumption was that combining
these three areas, rather than focusing on narrow issues such as biodegradable
lubrication, would mutually enhance them and establish new connections. Several
workshops, conference sections, and symposia took place after that, which con-
firmed this inclusive approach, as well as the interest in green tribology in general.

The present publication in Springer to a certain degree extends that work:
whereas some authors who participated in that volume also submitted their new
results into the present volume, new authors participated as well. Prominent
experts in various areas were invited that fit the definition of Green Tribology. The
international group of authors include tribologists from the U.S., the U.K., Austria,
Australia, Canada, India, South Africa, China, Israel, and Malaysia. Some of the
authors are from academic institutions, while others are practical engineers from
the industry. At University of Wisconsin—-Milwaukee (UWM) a big group of
tribologists has worked since 2009 on various aspects related to green tribology,
and the results of their efforts are presented in the current volume. The biomimetic
surfaces, including those using the Lotus, rose petal, gecko, and shark skin effects
as well as tribology of human skin and hair were studied actively at the Ohio State
University (OSU) in the past decade.

After a review of the current state of green tribology and its history, the main
content of this book is divided into three parts. First, biomimetics in tribology is
discussed, including biomimetic surfaces, materials, and methods. Biomimetic
approaches follow the ways found in living nature and thus are expected to be eco-
friendly. This includes non-adhesive surfaces mimicking flower (e.g., Lotus and
rose) leaves, wetting transitions on these surfaces, biomimetic adhesion control for
antifouling, polymeric and metal-based composite materials, and surfaces capable
of friction-induced self-organization (self-lubrication, self-cleaning, and self-
healing) as well as biomimetics in nanotribology. Second, green and sustainable
materials and lubricants are reviewed. This involves water, ice, and natural oil-
based lubrication, eco-friendly products for tribological applications involving
natural fiber reinforced composites, fly ash, cements, and lubricant additives. The
third part includes tribology of eco-friendly applications, such as wind turbines,
biorefinaries, and marine wave energy collectors. Some of the chapters emphasize
the review of the current state of the area, while others stress the research con-
ducted by the investigators.

We would like to thank our colleagues, the authors, who responded to our
invitations and contributed to this edited book. In addition, we would like to
acknowledge help in preparation of the manuscripts of Ms. Caterina Runyon-
Spears (OSU) and Mr. Mehdi Mortazavi (UWM).

July, 2011 Michael Nosonovsky
Bharat Bhushan
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Chapter 1
Green Tribology, its History, Challenges,
and Perspectives

Michael Nosonovsky and Bharat Bhushan

Abstract In this chapter the concept of green tribology and its relation to other
areas of tribology is discussed as well as other “green” disciplines, namely, green
engineering and green chemistry. The twelve principles of green tribology are
formulated: the minimization of (1) friction and (2) wear, (3) the reduction or
complete elimination of lubrication, including self-lubrication, (4) natural and
(5) biodegradable lubrication, (6) using sustainable chemistry and engineering
principles, (7) biomimetic approaches, (8) surface texturing, (9) environmental
implications of coatings, (10) real-time monitoring, (11) design for degradation,
and (12) sustainable energy applications. Three areas of green tribology are further
defined: (1) biomimetics for tribological applications, (2) environment-friendly
lubrication, and (3) the tribology of renewable energy application. The integration
of these areas remains a primary challenge for this novel area of research. The
challenges of green tribology and future directions of research are also discussed.

1.1 Introduction

Tribology (from the Greek word tpifico “tribo” meaning “to rub”) is defined by
the Oxford dictionary as “the branch of science and technology concerned with
interacting surfaces in relative motion and with associated matters (as friction,

M. Nosonovsky
College of Engineering and Applied Science, University of Wisconsin,
Milwaukee, WI 53201, USA

B. Bhushan (X))

Nanoprobe Laboratory for Bio- and Nanotechnology and Biomimetics (NLB2),
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4 M. Nosonovsky and B. Bhushan

wear, lubrication, and the design of bearings—Oxford English Dictionary)”. The
word “tribophysics” was used already in the 1940s by David Tabor and Philip
Bowden for the name of their laboratory in Melbourne University, Australia [36].
The term “tribology” was officially introduced in 1966 by Prof. H. Peter Jost, then
the chairman of a working group of lubrication engineers, in his published report
for the U.K. Department of Education and Science. It was reported that huge sums
of money had been lost in the UK annually due to the consequences of friction,
wear, and corrosion. Therefore, it was strongly recommended to unite multidis-
ciplinary scientific and engineering efforts in these areas, so that they could benefit
from one another. As a result, several centers for tribology were created in many
countries. Since then the term has diffused into the international engineering field;
various tribological organizations and societies have been established, such as the
Society of Tribologists and Lubrication Engineers (STLE), and many specialists
now claim to be tribologists.

Typical tribological studies cover friction, wear, lubrication, and adhesion and
involve the efforts of mechanical engineers, material scientists, chemists, and
physicists [9, 11, 12]. Since the emergence of the word tribology almost 50 years
ago, many new areas of tribological studies have developed which are at the
interface of various scientific disciplines, and various aspects of interacting sur-
faces in relative motion have been the focus of tribology. These areas include, for
example, nanotribology, biotribology, the tribology of magnetic storage devices
and micro/nanoelectromechanical systems (MEMS/NEMS), and adhesive contact
[8—12, 15—17]. The research in these areas is driven mostly by the advent of new
technologies and new experimental techniques for surface characterization.

Few researchers have reported the need for ecological or “green” tribology.
Bartz [5] stated that, “Savings of resources of energy and reducing the impact on
the environment are the most important aspects of ecotribology. In the course of
relevant practices savings of basic resources and materials, optimum design,
optimum operation, reduced energy consumption and the protection of the envi-
ronment have to be covered... Using environmentally acceptable lubricants is the
key factor for this.” He suggested a diagram which he called “ECO-Balance-
Sheet-Tree” which summarized all of these aspects. Sasaki [67] has emphasized
the need for ecological tribology, which he considered a response to the world
economic and financial crisis of 2008 as well as the global worming crisis as
reflected by the “Kyoto Protocol.” The new concept of “green tribology” has been
defined as “the science and technology of the tribological aspects of ecological
balance and of environmental and biological impacts.” Jost [38] elaborated on the
need for green tribology and has mentioned that the influence of economic,
market, and financial triumphalisms have retarded tribology and could retard
‘green tribology’ from being accepted as a not-unimportant factor in its field...
Therefore, by highlighting the economic benefits of tribology, tribology societies,
groups and committees are likely to have a far greater impact on the makers of
policies and the providers of funding than by only preaching the scientific logic...
Tribology societies should highlight to the utmost the economic advantage of
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tribology. It is the language financial oriented policy makers and markets, as well
as governments, understand.

These earlier mentions by researchers called scientists to pay attention to green
tribology; however, they did not define the field in a rigorous scientific or aca-
demic manner. The first scientific volume on green tribology emerged in 2010,
when Philosophical Transaction of the Royal Society A, the oldest (published since
1666) and one of the most prestigious research journals in the world, decided to
devote a theme issue to “green tribology,” edited by M. Nosonovsky and B.
Bhushan. In that volume, the editors defined green tribology in quite a broad way,
so that it encompassed biomimetic tribology (which follows the ways of living
nature to solve engineering problems, eco-friendly lubrication, and clean and
sustainable energy applications [58]. The presumption was that the combination of
these areas under the umbrella of green tribology could enhance them all and help
to benefit from one another by establishing new links.

Ten chapters were published in the theme issue. Nosonovsky and Bhushan
[58] suggested twelve principles and three areas of green tribology. Several
chapters were devoted to biomimetic surfaces. Bormashenko [22] reviewed
wetting transitions on biomimetic superhydrophobic surfaces, while Bhushan and
Nosonovsky [20] discussed various wetting regimes with emphasis on the lotus
effect and rose petal effect regimes. Shark-skin effect surfaces were discussed by
Dean and Bhushan [27], whereas antifouling biomimetic surfaces were investi-
gated by Salta et al. [66]. Nosonovsky [49] discussed the principles of friction-
induced self-organization. In the application area, Kotzalas and Doll [42]
reviewed the tribological aspects of wind power turbines, whereas Wood et al.
[75] discussed tribological constraints of marine renewable energy systems.
Lovell et al. [46] discussed the effect of boric acid additives on the performance
of green lubricants, and Li et al. [44] studied green waxes, adhesives, and
lubricants.

Several workshops, conference sections, and symposia took place after that,
which confirmed the volume’s inclusive approach, as well as the interest in green
tribology in general. Green tribology topics have been covered at a number of
conferences [50, 51, 59].

The specific field of green or environment-friendly tribology emphasizes the
aspects of interacting surfaces in relative motion, which are of importance for
energy or environmental sustainability or which have impact upon today’s envi-
ronment. This includes tribological technology that mimics living nature (biomi-
metic surfaces) and thus is expected to be environment friendly, the control of
friction and wear that is of importance for energy conservation and conversion,
environmental aspects of lubrication and surface modification techniques, and
tribological aspects of green applications, such as wind-power turbines, tidal
turbines, or solar panels (Fig. 1.1). It is clear that a number of tribological prob-
lems could be put under the umbrella of “green tribology” and are of mutual
benefit to one another.
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Fig. 1.1 The paradigm of green tribology: renewable energy (represented by a wind turbine),
biomimetic surfaces (represented by the gecko foot), and biodegradable lubrication (represented
by natural vegetable oil)

1.2 Green Tribology and Green Chemistry and Engineering

Green tribology can be viewed in the broader context of two other ‘green’ areas:
green engineering and green chemistry. The US Environmental Protection Agency
(EPA) defined green engineering as “the design, commercialization and use of
processes and products that are technically and economically feasible while
minimizing (1) generation of pollution at the source (2) risk to human health and
the environment” [3]. Besides that, the three tiers of green engineering assessment
in design involve: (1) process research and development, (2) conceptual/pre-
liminary design, and (3) detailed design pollution prevention; process heat/energy
integration; process mass integration [1].

Another related area is green chemistry, also known as sustainable chemistry,
which is defined as “the design of chemical products and processes that reduce or
eliminate the use or generation of hazardous substances” [3]. The focus of green
chemistry is on minimizing the hazard and maximizing the efficiency of any
chemical choice. It is distinct from environmental chemistry which focuses on
chemical phenomena in the environment. While environmental chemistry studies the
natural environment as well as pollutant chemicals in nature, green chemistry seeks
to reduce and prevent pollution at its source. Green chemistry technologies provide a
number of benefits, including reduced waste, eliminating costly end-of-the-pipe
treatments, safer products, reduced use of energy and resources, and improved
competitiveness of chemical manufacturers and their customers. Green chemistry
consists of chemicals and chemical processes designed to reduce or eliminate neg-
ative environmental impacts. The use and production of these chemicals may involve
reduced waste products, non-toxic components, and improved efficiency.

Anastas and Warner [2] formulated The Twelve Principles of Green Chemistry
which provided a road map for chemists to implement green chemistry:

1. Prevention of waste is better than cleaning up.

2. Maximum incorporation into the final product of all materials used in the process.

3. Chemical synthesis should incorporate less hazardous or toxic materials, when
possible.
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4. Chemical products should be designed to reduce toxicity.

Auxiliary substances, such as solvents, should be safe whenever used.

Energy efficiency requirements should be recognized. Synthetic methods

should be conducted at ambient temperature and pressure, whenever possible.

A raw material or feedstock should be renewable, whenever possible.

Reduce unnecessary derivatives.

Catalytic reagents are superior to stoichiometric reagents.

10. Chemical products should be degradable at the end of their function.

11. Real-time analysis, monitoring and control should be implemented to prevent
the formation of hazardous substances.

12. Substances and their use in the chemical process should be chosen to mini-
mize the risk of accidents and prevent fires, explosions, spills, etc.

SN

O o~

A number of green chemistry metrics have been suggested to quantify the
environmental efficiency of a chemical process. These metrics include the envi-
ronmental factor (“E-factor”), which is equal to the total mass of waste divided by
the mass of the product [69], the atom economy [71], the effective mass yield [37],
the carbon efficiency, and reaction mass efficiency [26], etc.

Attempts are made not only to quantify the “greenness” of a chemical process
but also to factors in other parameters such as chemical yield, the price of reaction
components, safety in handling chemicals, hardware demands, energy profile, and
ease of product workup and purification. Green chemistry is increasingly seen as a
powerful tool that researchers must use to evaluate the environmental impact of
nanotechnology. As nanomaterials are developed, the environmental and human
health impacts of both the products themselves and the processes to make them
must be considered to ensure their long-term economic viability. While many
scientists use the term “green chemistry,” there are also critics who argue that
green chemistry is no more than a public relations label, since some chemists use
the term green chemistry without relating it to the green chemistry principles
proposed by Anastas and Warner [2], as it was pointed out by Linthorst [45].
Green tribology may have to deal with the same problem.

Since tribology is an interdisciplinary area which involves, among other fields,
chemical engineering and materials science, the principles of green chemistry are
applicable to green tribology as well. However, since tribology involves not only
the chemistry of surfaces but also other aspects related to the mechanics and
physics of surfaces, there is a need to modify these principles. The principles of
green tribology will be formulated in the following section.

1.3 Twelve Principles of Green Tribology

Nosonovsky and Bhushan [58] suggested that twelve principles of green tribology
can be formulated, similar to the principles of green chemistry. Some principles
are related to the design and manufacturing of tribological applications (3—10),
while others belong to their operation (1-2, 11-12).
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1. Minimization of heat and energy dissipation. Friction is the primary source of
energy dissipation. According to some estimates, about one-third of the energy
consumption in the US is spent to overcome friction. Most energy dissipated
by friction is converted into heat and leads to heat pollution of the atmosphere
and the environment. The control of friction and friction minimization, which
leads to both energy conservation and the prevention of damage to the envi-
ronment due to the heat pollution, is a primary task of tribology. It is rec-
ognized that for certain tribological applications (e.g., car brakes and clutches)
high friction is required; however, ways of effective use of energy for these
applications should be sought as well.

2. Minimization of wear is the second most important task of tribology which has
relevance to green tribology. In most industrial applications wear is undesir-
able. It limits the lifetime of components and therefore creates the problem of
their recycling. Wear can lead also to catastrophic failure. In addition, wear
creates debris and particles which contaminate the environment and can be
hazardous for humans in certain situations. For example, wear debris gener-
ated after human joint replacement surgery is the primary source of long-term
complications in patients.

3. Reduction or complete elimination of lubrication and self-lubrication.
Lubrication is a focus of tribology since it leads to the reduction of friction and
wear. However, lubrication can also lead to environmental hazards. It is
desirable to reduce lubrication or achieve the self-lubricating regime, when no
external supply of lubrication is required. Tribological systems in living nature
often operate in the self-lubricating regime. For example, joints form essen-
tially a closed self-sustainable system.

4. Natural lubrication (e.g., vegetable oil-based) should be used in cases when
possible, since it is usually environmentally friendly.

5. Biodegradable lubrication should also be used when possible to avoid envi-
ronmental contamination. In particular, water lubrication is an area which
attracted researchers in recent years. Natural oil (such as canola) lubrication is
another option, especially discussed in the developing countries.

6. Sustainable chemistry and green engineering principles should be used for the
manufacturing of new components for tribological applications, coatings, and
lubricants.

7. Biomimetic approach should be used whenever possible. This includes bio-
mimetic surfaces, materials, and other biomimetic and bio-inspired approa-
ches, since they tend to be more ecologically friendly.

8. Surface texturing should be applied to control surface properties. Conven-
tional engineered surfaces have random roughness, and the randomness is the
factor which makes it extremely difficult to overcome friction and wear. On
the other hand, many biological functional surfaces have complex structures
with hierarchical roughness, which defines their properties. Surface texturing
provides a way to control many surface properties relevant to making tribo-
systems more ecologically friendly.
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9. Environmental implications of coatings and other methods of surface modi-
fication (texturing, depositions, etc.) should be investigated and taken into
consideration.

10. Design for degradation of surfaces, coatings, and tribological components.
Similar to green chemistry applications, the ultimate degradation/utilization
should be taken into consideration during design.

11. Real-time monitoring, analysis, and control of tribological systems during
their operation should be implemented to prevent the formation of hazardous
substances.

12. Sustainable energy applications should become the priority of the tribological
design as well as engineering design in general.

1.4 Areas of Green Tribology

The following three focus areas of tribology have the greatest impact on envi-
ronmental issues, and therefore, they are of importance for green tribology: (1)
biomimetic and self-lubricating materials/surfaces; (2) biodegradable and envi-
ronment-friendly lubricants, coatings, and materials; and (3) tribology of renew-
able and/or sustainable sources of energy. Below, the current state of these areas
and their relevance for the novel field of green tribology are briefly discussed.

1.4.1 Biomimetic Surfaces

Biomimetics (also referred to as bionics or biomimicry) is the application of bio-
logical methods and systems found in nature to the study and design of engineering
systems and modern technology. It is estimated that the 100 largest biomimetic
products generated approximately US $1.5 billion over the years 2005-2008
and the annual sales are expected to continue to increase dramatically [14]. Many
biological materials have remarkable properties which can hardly be achieved by
conventional engineering methods. For example, a spider can produce huge
amounts (compared with the linear size of his body) of silk fiber which is stronger
than steel without any access to the high temperatures and pressures which would
be required to produce such materials as steel using conventional human
technology. These properties of biomimetic materials are achieved due to their
composite structure and hierarchical multiscale organization [30]. The hierarchical
organization provides biological systems with the flexibility needed to adapt to the
changing environment. As opposed to the traditional engineering approach, bio-
logical materials are grown without the final design specifications, but by using the
recipes and recursive algorithms contained in their genetic code. The difference of
natural versus engineering design is the difference of growth versus fabrication
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[29, 54, 55]. Hierarchical organization and the ability of biological systems to
grow and adapt also provides a natural mechanism for the repair or healing of
minor damage in the material.

The remarkable properties of the biological materials serve as a source of
inspiration for materials scientists and engineers indicating that such perfor-
mance can be achieved if the paradigm of materials design is changed. While
in most cases it is not possible to directly borrow solutions from living nature
and to apply them in engineering, it is often possible to take biological systems
as a starting point and a source of inspiration for engineering design. Molecular
scale devices, superhydrophobicity, self-cleaning, drag reduction in fluid flow,
energy conversion and conservation, high adhesion, reversible adhesion, aero-
dynamic lift, materials and fibres with high mechanical strength, biological self-
assembly, antireflection, structural coloration, thermal insulation, self-healing,
and sensory-aid mechanisms are some of the examples found in nature that are
of commercial interest.

Biomimetic materials are also usually environmentally friendly in a natural
way, since they are a natural part of the ecosystem. For this reason, the biomimetic
approach in tribology is particularly promising. In the area of biomimetic surfaces,
a number of ideas have been suggested [4, 14, 28, 34, 54, 68].

1. The lotus effect based non-adhesive surfaces. The term “lotus effect”
stands for surface roughness-induced superhydrophobicity and self-cleaning.
Superhydrophobicity is defined as the ability to have a large (>150°) water
contact angle and, at the same time, low contact angle hysteresis. The lotus
flower is famous for its ability to emerge clean from dirty water and to repel
water from its leaves. This is due to a special structure of the leaf
surface (multiscale roughness) combined with hydrophobic coatings, Fig. 1.2
[52, 53]. These surfaces have been fabricated in the lab with comparable
performance [19, 21].

Adhesion is a general term for several types of attractive forces that act
between solid surfaces, including the van der Waals force, electrostatic force,
chemical bonding, and the capillary force due to the condensation of water at
the surface. Adhesion is a relatively short-range force, and its effect (which is
often undesirable) is significant for microsystems which have contacting sur-
faces. The adhesion force strongly affects friction, mechanical contact, and
tribological performance of such a system’s surface, leading, for example, to
“stiction” (combination of adhesion and static friction [8, 16]), which precludes
microelectromechanical switches and actuators from proper functioning. It is
therefore desirable to produce non-adhesive surfaces, and applying surface
microstructure mimicking the lotus effect has been successfully used for the
design of non-adhesive surfaces, which are important for many tribological
applications. In some applications, high adhesion surfaces are of interest. High
adhesion surfaces have been produced using the so-called “Petal effect,”
Fig. 1.3 [18, 20].
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(Bhushan et al., 2009)
(a)

/‘\

Droplet on a Lotus leaf

(b)

Fig. 1.2 a SEM micrographs (shown at three magnifications) of lotus (Nelumbo nucifera) leaf
surface, which consists of microstructure formed by papillose epidermal cells covered with
epicuticular wax tubules on the surface, which create nanostructure; b image of water droplet
sitting on the lotus leaf [21]

Fig. 1.3 Optical Droplet on Rosa, cv. Bairage
micrographs of water droplets r
on Rosa, cv. Bairage at 0 and

180° tilt angles. Droplet is |

still suspended when the petal
is turned upside down [18]

500 pm |

0° tilt angle ' 180 tilt angle

2. The Gecko effect, which stands for the ability of specially structured hierar-
chical surfaces to exhibit controlled adhesion. Geckos are known for their
ability to climb vertical walls due to a strong adhesion between their toes and a
number of various surfaces. They can also detach easily from a surface when
needed (Fig. 1.4). This is due to a complex hierarchical structure of gecko feet
surface. The Gecko effect is used for applications when strong adhesion is
needed (e.g., adhesive tapes) or for reversible adhesion (e.g., climbing robot)
[13, 54].
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Fig. 1.4 Tokay gecko has
the ability to climb walls and
detach from surfaces easily at
will

3. Microstructured surfaces for underwater applications, including easy flow due
to boundary slip, the suppression of turbulence (the shark-skin effect, Fig. 1.5),
and anti-biofouling (the fish-scale effect). Biofouling and biofilming are the
undesirable accumulation of microorganisms, plants, and algae on structures
which are immersed in water. Conventional antifouling coatings for ship hulls
are often toxic and environmentally hazardous. On the other hand, in living
nature there are ecological coatings (e.g., fish scale), so a biomimetic approach
is sought [25, 27, 32, 40, 56].

4. Oleophobic surfaces capable of repelling organic liquids. The principle can be
similar to superhydrophobicity, but it is much more difficult to produce an
oleophobic surface, because surface energies of organic liquids are low, and
they tend to wet most surfaces [48, 56, 72, 73]. Underwater oleophobicity can
be used also to design self-cleaning and antifouling surfaces, Fig. 1.6 [39].

5. Microstructured surfaces for various optical applications, including non-
reflective (the Moth-eye effect), highly reflective, colored (in some cases,
including the ability to dynamically control coloration), and transparent sur-
faces. Optical surfaces are sensitive to contamination, so the self-cleaning
ability should often be combined with optical properties [14, 33, 54].

6. Microtextured surfaces for de-icing and anti-icing (Fig. 1.7). De-icing (the
removal of frozen contaminant from a surface) and anti-icing (protecting
against the formation of frozen contaminant) are significant problems for many
applications that have to operate below the water freezing temperature: air-
crafts, machinery, road and runway pavements, traffic signs and traffic lights,
etc. The traditional approaches to de-icing include mechanical methods, heat-
ing, the deposition of dry or liquid chemicals that lower the freezing point of
water. Anti-icing is accomplished by applying a protective layer of a viscous
anti-ice fluid. All anti-ice fluids offer only limited protection, dependent upon
frozen contaminant type and precipitation rate, and it fails when it can no
longer absorb the contaminant. In addition to limited efficiency, these de-icing
fluids, such as propylene glycol or ethylene glycol, can be toxic and raise
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Fig. 1.5 Scale structure on a
Galapagos shark
(Carcharhinus galapagensis;
[64])

(Reif, 1985)

environmental concerns. Anti-icing on roadways is used to prevent ice and
snow from adhering to the pavement, allowing easier removal by mechanical
methods.

Ice formation occurs due to the condensation of vapor phase water and further
freezing of liquid water. For example, droplets of supercooled water that exist in
stratiform and cumulus clouds crystallize into ice when they are struck by the
wings of passing airplanes. Ice formation on other surfaces, such as pavements
or traffic signs also occurs via the liquid phase. It is therefore suggested that a
water repellent surface can also have de-icing properties [24]. When a super-
hydrophobic surface is wetted by water, an air layer or air pockets are usually
kept between the solid and the water droplets. After freezing, ice will not adhere
to solid due to the presence of air pockets and will be easily washed or blown
away.

7. Microelectromechanical system (MEMS)-based dynamically tunable surfaces
for the control of liquid/matter flow and/or coloration (for example, mimicking
the coloration control in cephalopods), used for displays and other applications,
the so-called “origami” [23, 70].

8. Various biomimetic microtextured surfaces to control friction, wear and
lubrication [14, 15, 74].

9. Self-lubricating surfaces, using various principles, including the ability for
friction-induced self-organization [57].
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Fig. 1.6 a Schematics of a
solid-water-oil interface
system. A specimen is first
immersed in water, and then
an oil droplet is gently
deposited using a
microsyringe, and the static
contact angle is measured;

b opticalmicrographs of
droplets at three-different-
phase interfaces on a
micropatterned surface (shark
skin replica) without and with
CooFa [39]

Fig. 1.7 The principle of
applying of surface
microstructure for de-icing
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10. Self-repairing surfaces and materials, which are able to heal minor damage

(cracks, voids), [57, 58].

11. Various surfaces with alternate (and dynamically controlled) wetting
properties for micro/nanofluidic applications, including the Darkling beetle
effect, e.g., the ability of a desert beetle to collect water on its back using
the hydrophilic spots on the otherwise hydrophobic surface of its back

[54, 61, 63], Fig. 1.8.

12. Water strider effect mimicking the ability of insects to walk on water using the
capillary forces. The hierarchical organization of the water strider leg surface
plays a role in its ability to remain dry on water surface, Fig. 1.9 [31].
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Fig. 1.8 The water- (a)
capturing surface of the fused
overwings (elytra) of the
desert beetle Stenocara sp.

a Adult female, dorsal view;
peaks and valleys are evident
on the surface of the elytra;
b SEM image of the textured
surface of the depressed areas
[61]

Water-capturing surface ot the fused overwings (elytra)
of desert beetle Stenocara sp.
(Parker and Lawrence, 2001)

13. The “sand fish” lizard effect, able to dive and “swim” in loose sand due to
special electromechanical properties of its scale [54, 63].

14. Composite and nanocomposite materials tailored in such way that they can
produce required surface properties, such as self-cleaning, self-lubrication,
and self-healing. Metal-matrix composites, and polymeric composites as well
as ceramics (including concrete) have been recently used for this purpose.
Natural fiber-reinforced composites are among these materials. The difference
between microstructured surfaces and composite materials is that the latter
have hydrophobic reinforcement in the bulk and thus can be much more wear-
resistant than microstructured surfaces, which are vulnerable even to moderate
wear rates.

15. Green biomimetic nanotribology, including cell adhesion, nanoornamentics,
and biochemistry is another new area associated with green tribology.
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Fig. 1.9 a Water strider
(Pond skater, G. remigis)
walking on water; b SEM
images of a pond skater leg
showing (fop) numerous
oriented microscale setae and
(bottom) nanoscale grooved
structures on a seta [31]

Water strider walking on the water

(a)

SEM images of a water strider leg
(Gao and Jiang, 2004)

(b)

Environmental engineers have only just started paying attention to biomimetic
surfaces. Raibeck et al. [62] investigated the potential environmental benefits and
burdens associated with using the lotus effect based self-cleaning surfaces. They
found that while the use phase benefits are apparent, production burdens can
outweigh them when compared with other cleaning methods, so a more thoughtful
and deliberate use of bio-inspiration in sustainable engineering is needed. Clearly,
more studies are likely to emerge in the near future.

1.4.2 Biodegradable Lubrication, Coatings, and Materials

In the area of environment-friendly and biodegradable lubrication several ideas
have been suggested:
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1. The use of natural (e.g., vegetable-oil based or animal-fat based) biodegradable

lubricants. This involves oils that are used for engines, hydraulic applications,
and metal cutting applications. In particular, corn, soybean, coconut oils have
been used so far (the latter is of particular interest in tropical countries such as
India). These lubricants are potentially biodegradable, although in some
cases chemical modification or additives for best performance are required.
Vegetable oils can have excellent lubricity, far superior than that of mineral oil.
In addition, they have a very high viscosity index and high flash/fire points.
However, natural oils often lack sufficient oxidative stability, which means that
the oil will oxidize rather quickly during use, becoming thick and polymerizing
to a plastic-like consistency. Chemical modification of vegetable oils and/or the
use of antioxidants can address this problem [47].

. Ionic liquids for green molecular lubrication. Common industrial lubricants

include natural and synthetic hydrocarbons and perfluoropolyethers (PFPEs),
where the latter is widely used in commercial applications requiring extreme
operating conditions due to their high temperature stability and extremely low
vapor pressure. However, PFPEs exhibit low electrical conductivity, making
them undesirable in some nanotechnology applications. Ionic liquids (ILs) have
been explored as lubricants for various device applications due to their
excellent electrical conductivity as well as good thermal conductivity, where
the latter allows frictional heating dissipation [60]. Since they do not emit
volatile organic compounds, they are regarded as “green” lubricants.

. Powder lubricants and,in particular, boric acid lubricants. In general, these tend

to be much more ecologically friendly than the traditional liquid lubricants
[41]. Boric acid and MoS, powder can also be used as an additive to the natural
oil. Friction and wear experiments show that the nanoscale (20 nm) particle
boric acid additive lubricants significantly outperformed all of the other
lubricants with respect to frictional and wear performance. In fact, the nano-
scale boric acid powder based lubricants exhibited a wear rate more than an
order of magnitude lower than the MoS, and larger sized boric acid additive-
based lubricants [46].

. Self-replenishing lubrication that uses oil-free environmentally benign powders

for lubrication of critical components such as bearings used in fuel cell com-
pressors and expanders [76].

. Water lubrication of bearings and other tribological components. Recently, a lot

of attention has been paid to water lubrication which is considered an eco-
friendly method.

. New eco-friendly coating materials for tribological applications.
. Environmental effect of wear particles. It has been suggested that environ-

mental aspects should become an integral part of brake design [77]. Preliminary
data obtained with animal experiments revealed that the inhaled metallic par-
ticles remain deposited in the lungs of rats 6 month after the exposure. The
presence of inhaled particles had a negative impact on health and led to
emphysema (destroyed alveoli), inflammatory response, and morphological
changes of the lung tissue.
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1.4.3 Renewable Energy

The tribology of renewable sources of energy is a relatively new field of tri-
bology. Today, there are meetings and sessions devoted to the tribology of wind
turbines at almost every tribology conference, and they cover certain issues
specific for these applications. Unlike in the case of the biomimetic approach
and environment-friendly lubrication, it is not the manufacturing or operation,
but the very application of the tribological system which involves “green”
issues, namely, environmentally friendly energy production. The following issues
can be mentioned.

1. Wind power turbines have a number of specific problems related to their tri-
bology, and constitute a well-established area of tribological research. These
issues include water contamination, electric arcing on generator bearings, issues
related to the wear of the mainshaft and gearbox bearings and gears, the erosion
of blades (solid particles, cavitation, rain, hail stones), etc. [43].

2. Tidal power turbines are another important way of producing renewable
energy, which involves certain tribiological problems. Tidal power turbines are
especially popular in Europe (particularly, in the U.K.), which remains the
leader in this area, although several potential sites in North America have been
suggested. There are several specific tribological issues related to tidal power
turbines, such as their lubrication (seawater, oils, and greases), erosion, cor-
rosion, and biofouling, as well as the interaction between these modes of
damage [6].

3. Besides tidal, the ocean water flow and wave energy and river flow energy
(without dams) can be used with the application of special turbines, such as the
Gorlov helical turbine [35], which provides the same direction of rotation
independent of the direction of the current flow. These applications also involve
specific tribological issues.

4. Geothermal energy plants are used in the US (in particular, at the Pacific coast
and Alaska); however, their use is limited to the geographical areas at the edges
of tectonic plates [65]. In 2007, they produced 2.7 GW of energy in the US,
with Philippines (2.0 GW) and Indonesia (1.0 GW) in the second and third
places [7]. There are several issues related to the tribology of geothermal
energy sources which are discussed in the literature.

1.5 Challenges

In the preceding sections the need for green tribology, its principles, and primary
areas of research have been outlined. As a new field, green tribology has a number
of challenges. One apparent challenge is the development of the above-mentioned
fields in such a manner that they could benefit from each other. Only where such
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synthesis is performed is it possible to see green tribology as a coherent and self-
sustained field of science and technology, rather than a collection of several topics
of research in tribology and surface engineering. There is potential synergy in the
use of biomimetic approach, microstructuring, biodegradable lubrication,
self-lubrication, and other novel approaches as well as in developing methods of
their applications to sustainable engineering and energy production. Clearly,
more research should be performed for the integration of these fields. Some ideas
could be borrowed from the related field of green chemistry, for example,
developing quantitative metrics to assess the environmental impact of tribological
technologies.

The creator of the periodic table of elements, chemist Mendeleev used to say
that science starts when the measurement begins. This saying should apply to
green tribology as well. It is important to develop quantitative measures and
metrics which would allow comparison of which tribological material, technology,
or application is “greener,” i.e., produces smaller carbon footprint, less chemical,
or thermal pollution of the environment.

Green tribology should be integrated into world science and make its impact on
the solutions for worldwide problems, such as the change of climate and the
shortage of food and drinking water. Jost [38] mentioned the economical potential
of the new discipline: “the application of tribological principles alone will, of
course, not solve these world-wide problems. Only major scientific achievements
are likely to be the key to their solution, of which I rate Energy as one of the most
important ones. For such tasks to be achieved, the application of Tribology, and
especially of green tribology can provide a breathing space which would enable
scientists and technologists to find solutions to these, mankind’s crucial problems
and allow time for them to be implemented by governments, organizations and
indeed everyone operating in this important field. Consequently, this important—
albeit limited—breathing space may be extremely valuable to all working for the
survival of life as we know it. However, the ultimate key is science and its
application. Tribology—especially green tribology can and—I am confident—will
play its part to assist and give time for science to achieve the required solutions
and for policy makers to implement them.”

1.6 Conclusions

Green tribology is a novel area of science and technology. It is related to other
areas of tribology as well as other “green” disciplines, namely, green engineering
and green chemistry. The twelve principles of green tribology are formulated, and
three areas of tribological studies most relevant to green tribology are defined. The
integration of these areas remains the primary challenge of green tribology and
defines the future directions of research.
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Chapter 2
Lotus Versus Rose: Biomimetic
Surface Effects

Michael Nosonovsky and Bharat Bhushan

Abstract The Lotus and rose petal effects have become a subject of active
investigation by scientists, as they involve different modes of the interaction of
wetting with roughness. The contact angle (CA) and CA hysteresis are two
parameters, which characterize the hydrophobicity/philicity of a solid surface.
Lotus-effect surfaces have a high CA and low CA hysteresis. However, it was
found recently that a high CA can coexist with strong adhesion between water and
a solid surface (and high CA hysteresis) in the case of the so-called “rose petal
effect.” It is clear now that wetting cannot be characterized by only the CA, since
several modes or regimes of wetting of a rough surface can exist, including the
Wenzel, Cassie, Lotus, and Petal regimes. This is due to the hierarchical structure
of rough surfaces built of micro- and nanoscale roughness, so that a composite
interface can exist at the microscale, while a homogeneous interface can exist at
the nanoscale or vice versa. The understanding of the wetting of rough surfaces is
important in order to design non-adhesive surfaces for various applications,
including environmental.
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2.1 Introduction

Wetting of rough surfaces is a complex problem which continues to attract
scientists, in particular due to the emergence of new materials with controlled
surface micro-, nano-, and hierarchical structure. During the past decade, the
so-called “Lotus effect,” or surface roughness-induced superhydrophobicity and
self-cleaning, became a subject of active investigation. According to early Wenzel
[37] and Cassie and Baxter [9] models, there are two regimes of wetting of a rough
surface: a homogeneous regime with a two-phase solid—water interface and a
non-homogeneous or composite regime with a three phase solid—water—air inter-
face (air pockets are trapped between the solid surface and water). Both models
predict that surface roughness affects the water CA and can easily bring it to the
extreme values close to 180° (superhydrophobicity) or close to 0° (superhydro-
philicity). The studies of wetting of microstructured surfaces have concentrated on
the investigation of the two regimes and the factors which affect the transition
between the regimes [3, 5, 7, 16, 26-32].

Recent experimental findings and theoretical analyses made it clear that the
early Wenzel [37] and Cassie and Baxter [9] models do not explain the complexity
of interactions during wetting of a rough surface, which can follow several dif-
ferent scenarios [4, 5, 12, 14, 15, 22, 33, 36, 39]. As a result, there are several
modes of wetting of a rough surface, and therefore, wetting cannot be character-
ized by a single number, such as the CA.

The concept of surface (or interface) energy is central for the analysis of
wetting phenomena. Atoms or molecules at the surface of a solid or liquid have
fewer bonds with neighboring atoms than those in the bulk. Energy is spent for
breaking the bonds when a surface is created. As a result, the atoms at the surface
have higher energy. This excess surface energy or surface tension, y, is measured
in N/m, and it is equal to the energy needed to create a surface with the unit area. If
a liquid droplet is placed on a solid surface, the liquid and solid surfaces come
together under equilibrium at a characteristic angle called the static CA, 6, given
by the Young equation [1, 2],

cos by = Ysa — VoL (2.1)

LA

YsLs Ysa, and ypa are the surface energies of the solid—liquid, solid—air, and
liquid—air interfaces, respectively. For a large number of combinations of materials
and liquids, ysa + yLa > ysL, Which means that it is energetically profitable for a
liquid to wet the solid surface rather than to have an air film separating the solid and
liquid. On the other hand, for many material combinations, ys;. + YA > Ysa, Which
means that it is energetically profitable for a solid to be in contact with air, rather than
to be covered by a thin liquid film. As a result, in most situations
—1 < (ysa — 7sL)/7La) < 1, and there exists a value of the CA given by Eq. 2.1.
The CA is the angle under which the liquid—air interface comes in contact with the
solid surface locally, and it does not depend on the shape of the body of water.



2 Lotus Versus Rose: Biomimetic Surface Effects 27

If water CA 0° < 0y < 90°, then the surface is usually called “hydrophilic,”
whereas a surface with water CA 90° < 0y < 180° is usually called “hydrophobic.”

In the ideal situation of a perfectly smooth and homogeneous surface, the static
CA is a single number which corresponds to the unique equilibrium position of the
solid-liquid—air contact line (the triple line). However, when the contact takes
place with a rough surface, there may be multiple equilibrium positions which
result in an entire spectrum of possible values of the CA. In addition, the value of
the surface energy itself exhibits so-called “adhesion hysteresis” and can depend
on whether it is measured during the approach of the two bodies or when they are
taken apart. As the result, there is always the minimum value of the CA called the
receding CA, 0., and the maximum value of the CA called the advancing CA,
0.qv- The difference between the advancing and receding CA is called CA hys-
teresis (Fig. 2.1a).

Consider now a rough solid surface with the roughness factor R, > 1 equal to
the ratio of the solid surface area to its flat projected area. When water comes in
contact with such a surface, the effective values of the solid-liquid and solid—air
surface energies become Ry ysi. and Ry ysa (Fig. 2.1b). This leads to the Wenzel
equation for the CA with a rough surface [37]

cos 0 = Ry cos Uy (2.2)

If some air is trapped between the rough solid surface and the liquid, then only
the fraction 0 < fg;, < 1 constitutes the solid-liquid contact interface (Fig. 2.1c).
The area of the solid-liquid interface is now Ryfsy. per unit area, and in addition,
there is (1 — fsp) of the liquid—air interface under the droplet. The effective values
of the solid-liquid and solid—air surface energies become Rfsiysp. and
Refsiysa + (I — fsp)yia. The CA is then given by the Cassie and Baxter [9]
equation

cos 0 = Ryfsi.cos Oy — 1 + fsr (2.3)

If a surface is covered by holes filled (or impregnated) with water, the contact
angle is given by

cosf =1+ fs(costh — 1) (2.4)

This is the so-called “impregnating” Cassie wetting regime [32] (Fig. 2.1d).

The CA is a macroscale parameter characterizing wetting. However, hydro-
phobicity/philicity is dependent upon the adhesion of water molecules to the solid.
On the one hand, a high CA is a sign of low liquid—solid adhesion. On the other
hand, low CA hysteresis is a sign of low liquid—solid adhesion as well. There is an
argument in the literature as to whether superhydrophobicity is adequately char-
acterized only by a high CA and whether a surface can have a high CA but at the
same time strong adhesion. It is now widely believed that a surface can be
superhydrophobic and at the same time strongly adhesive to water (e.g., [15]). The
so-called “petal effect” is exhibited by a surface that has a high CA, but also a
large CA hysteresis and strong adhesion to water. The phenomenon of the large
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Fig. 2.1 a Schematics of a (a)
droplet on a tilted substrate
showing advancing (0,4,) and
receding (6c.) contact angles.
The difference between these
angles constitutes the contact
angle hysteresis.
Configurations described by
b the Wenzel equation for the
homogeneous interface,

¢ Cassie—Baxter equation for
the composite interface with
air pockets, and d the Cassie
equation for the

homogeneous interface (b) -
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CA hysteresis and high water adhesion to rose petals (and similar surfaces), as
opposed to small CA hysteresis and low adhesion to Lotus leaf, was observed by
several research groups [4, 8, 10]. Bormashenko et al. [8] reported a transition
between wetting regimes, e.g., the penetration of liquid into the micro/
nanostructures.
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Li and Amirfazli [19] argued that since “superhydrophobicity” means a strong
fear of water or lacking affinity to water, “the claim that a superhydrophobic
surface also has a high adhesive force to water is contradictory.” Gao and
McCarthy [14] pointed out that the terms “hydrophobic/phillic” should be defined
in a more accurate way. They suggested several experiments showing that even
Teflon®, which is usually considered very hydrophobic, can be, under certain
conditions, considered hydrophilic, i.e., has affinity to water. They argued that the
concepts of “shear and tensile hydrophobicity” should be used, so that the wet-
tability of a surface is characterized by two numbers, advancing and receding CAs,
and “the words hydrophobic, hydrophilic, and their derivatives can and should
only be considered qualitative or relative terms.” Instead, “shear and tensile
hydrophobicity” should be investigated, which makes wetting (“solid—liquid
friction”) similar to the friction force, as it has been pointed out in the literature
earlier [23]. McHale [22] noted that all solid materials, including Teflon®, are
hydrophobic to some extent, if they have Young CA <180°. Therefore, it is
energetically profitable for them to have contact with solid, at least to some extent.
Wang and Jiang [36] suggested five superhydrophobic states (Wenzel’s state,
Cassie’s state, so-called “Lotus” and “Gecko” states, and a transitional state
between Wenzel’s and Cassie’s states). It may be useful also to see the transition
between the Wenzel, Cassie, and dry states as a phase transition and to add the
ability of a surface to bounce off a water droplet to the definition of the super-
hydrophobicity [31]. In addition, there is an argument on how various definitions
of the CA hysteresis are related to each other [7, 8, 10, 17, 39]. A number of
wetting regimes and transitions between them have been studied since 2010 [6, 11,
13, 34]. Modern research has concentrated on the ability to switch between the
wetting states by tuning the surface energy [20, 21].

The Lotus effect has been comprehensively discussed in earlier publications.
The objective of this paper is to discuss various wetting modes of rough surfaces,
beyond the classical Wenzel [37] and Cassie and Baxter [9] regimes in light of
recent experimental data on the petal effect and strong adhesion with superhy-
drophobic surfaces referred to as the “rose petal effect.”

2.2 Modeling CA Hysteresis

Predicting CA hysteresis for a rough surface with a given topography is a difficult
task. One approach is a numerical simulation; however, in most cases the simu-
lations are limited to two-dimensional (2D) topography. Kusumaatmaja and
Yeomans [18] showed that contact angle hysteresis is sensitive to the details of
the surface patterning. Despite that, certain conclusions about the relation of the
contact angle hysteresis to roughness can be made. It is known that the energy
gained for surfaces during contact is greater than the work of adhesion for
separating the surfaces, due to so-called adhesion hysteresis. Factors that affect
contact angle hysteresis include adhesion hysteresis, surface roughness, and
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heterogeneity. Nosonovsky and Bhushan [26-29] assumed that contact angle
hysteresis is equal to the adhesion hysteresis term and the term corresponding to
the pinning effect of roughness, H,. They further noted that the adhesion hys-
teresis can be assumed to be proportional to the fractional solid-liquid area
(1 — fra). Using Eq. 2.3, the difference of cosines of the advancing and receding
angles is related to the difference of those for a nominally smooth surface, 0,4,
and 0,.., as

€08 Oaay — €08 Orec = Ry(1 — fi.a)(c0s Oaqvo — €08 breco) + H; (2.5)

The first term in the right-hand part of the equation, which corresponds to the
inherent contact angle hysteresis of a smooth surface, is proportional to the frac-
tion of the solid-liquid contact area, 1 — f;4. The second term H, is the effect of
surface roughness, which is proportional to the length of the triple line. Thus
Eq. 2.5 involves both the term proportional to the solid—liquid interface area and to
the triple line length. It is observed from Eqs. 2.4 and 2.5 that increasing fi o, — 1
results in increasing the contact angle (cos § - —1, 6 — 7) and decreasing the
contact angle hysteresis (cos 8,q9, — c0s 0. — 0). In the limiting case of a very
small solid-liquid fractional contact area under the droplet, when the contact angle
is large (cos 0 & —1 + (m — 0)*/2, sin 0 ~ 0 — n) and where the contact angle
hysteresis is small (0,4, ~ 0 ~ Orec), based on Eq. 2.5 [28],

n—0= \/2(1 —fLA)(Rf00890+ 1) (26)
cos 0,0 — cos Oy cos 0,9 — cos Oy
Oavfereczlf Rf——m—— = 1-— R
d (1 —fia)Ry —<in0 (V1 —=fia)Ry 3R cosly 1 1)
(2.7)

For the homogeneous interface, fi o = 0, whereas for the composite interface
fLa 18 a non-zero number. It is observed from Eqs. 2.6-2.7 that for a homogeneous
interface, increasing roughness (high R/) leads to increasing the contact angle
hysteresis (high values of 0,5, — 0..), while for a composite interface, an
approach to unity of f; o provides both high contact angle and small contact angle
hysteresis [16, 26-28]. Therefore, the composite interface is desirable for self-
cleaning.

A different semi-phenomenological model of the contact angle hysteresis has
been proposed recently by Whyman et al. [38]. According to their model, the

1/2
contact angle hysteresis is given by the equation 0,3y — Opec = (ST%) h(0x),

where U is the height of the potential barrier connected with the motion of the
triple line along a substrate, R is the initial radius of the spherical drop before
deposition on the substrate, and 4(0*) is the dimensionless function of the apparent
contact angle 0*.
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Vedantam and Panchagunula [35] suggested a semi-empirical phase field
method to calculate the CA hysteresis. In this method, the order-parameter
n(x, y) is selected in such a manner that # = 0 for the non-wetted regions of the
surface and n = 1 for wetted regions, whereas 0 <5 < 1 for partially wetted
regions. After that, the energy function f(n) is constructed, and its minima corre-
spond to the equilibrium states of the system (e.g., the Wenzel and Cassie states).
After that, the energy functional is written as

L= [ {ron+ 5 iwra faa 28)

where 4 is the gradient coefficient. The functional that should be minimized
involves the free energy and the gradient of the free energy. The latter term is
needed to account for the fact that creating an interface between two phases is
energetically unprofitable. The kinetic equation is given in the form

(2.9)

where ff > 0 is the kinetic coefficient. Vedantam and Panchagunula [35] showed
that in the case of § = const for an axisymmetric drop flowing with the velocity V,
Eq. 2.9 leads to

€08 Opgc — €08 Orec = 205V (2.10)

In other words, assuming that the kinetic coefficient is constant, the contact
angle hysteresis is expected to be proportional to the flow velocity. A more
complicated form of the kinetic coefficient may lead to a more realistic depen-
dence of the contact angle hysteresis on the velocity.

There is an asymmetry between the wetting and dewetting processes, since less
energy is released during wetting than the amount required for dewetting due to
adhesion hysteresis. Adhesion hysteresis is one of the reasons that leads to contact
angle hysteresis, and it also results in the hysteresis of the Wenzel-Cassie state
transition. The Cassie-Wenzel transition and CA hysteresis both may be consid-
ered as different manifestations of the same wetting—dewetting cycle behavior.
Both the CA hysteresis and Cassie-Wenzel transition cannot be determined from
the macroscale equations and are governed by micro- and nanoscale phenomena.

Note that the size of the surface roughness details is an important factor. It is
generally assumed that the roughness factor Ry as well the fractional area of
contact fgr. can be determined by averaging the surface roughness over some area,
which is itself small relative to the size of the liquid droplet. For R, and fgs;.
fractional areas changing with a spatial coordinate, special generalized Wenzel and
Cassie equations, proposed by Nosonovsky [24], should be used. The size of the
surface roughness also affects the ability of the interface to pin the triple line and
thus affects the CA hysteresis. It could be claimed that CA hysteresis is a “second
order” effect which is expected to vanish with the decreasing ratio of the size of
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Fig. 2.2 a Optical images, Roses with superhydrophobic petals

b Scanning Microscope with high adhesion with low adhesion
micrographs, and ¢ Atomic ; -
Force Microscope roughness
maps of petals of two roses
[Rosa Hybrid Tea, cv.
Bairage (Rosa, cv. Bairage),
and Rosa Hybrid Tea, cv.
Showtime (Rosa, cv.

Showtime)] (adapted from
[4]) Rosa Hybrid Tea, cv. Bairage Rosa Hybrid Tea, cv. Showtime
(Fresh) {Fresh)

20pm g

Rosa, cv. Bairage (Dried)

100um

L] L]
Bottom scan Bottom scan
()

the surface roughness and heterogeneity details to the droplet radius. This, how-
ever, does not happen since surface roughness and heterogeneity is an inherent
property of any surface. There is a deep similarity between the dry friction and the
wetting of a solid surface [23]. In the ideal situation of absolutely homogeneous
and smooth surfaces there would be no friction and no CA hysteresis due to the
absence of energy dissipation. However, in the real situations, surfaces are not
ideal, and this leads to both dry friction and CA hysteresis. The development
of quantitative relationships between the degrees of surface non-ideality
(e.g., Shannon entropy of a rough surface) and CA hysteresis, remains an inter-
esting task similar to the same task for friction [25].

2.3 Investigation of the Petal Effect

Plant leaves and petals provide an example of surfaces with high CA and high and
low CA hystereses. Bhushan and Her [4] studied two kinds of superhydrophobic
rose petals: (1) Rosa Hybrid Tea, cv. Bairage and (2) Rosa Hybrid Tea,
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Droplet on Rosa, cv. Bairage

)

500 um

0° tilt angle 180¢ tilt angle

Fig. 2.3 Optical micrographs of water droplets on Rosa, cv. Bairage at 0° and 180° tilt angles.
Droplet is still suspended when the petal is turned upside down [4]

Table 2.1 Surface roughness statistics for the two rose petals [4]

Peak-to-base Midwidth Peak radius Bump density
height (pm) (um) (pm) (1/10,000 umz)
Rosa, cv. Bairage 6.8 16.7 5.8 23
(high adhesion)
Rosa, cv. Showtime 8.4 15.3 4.8 34

(low adhesion)

Table 2.2 Wetting regimes of a surface with a single level of hierarchy of roughness

State Cassie—Baxter Wenzel Impregnating cassie
Cavities Air Water under droplet Water everywhere
CA High High High

CA hysteresis Low Can be high Low

cv. Showtime, referred to as Rosa, cv. Bairage and Rosa, cv. Showtime, respec-
tively. Figure 2.2 shows optical micrographs and scanning electron microscopy
(SEM) images and atomic force microscope (AFM) surface height maps of two
rose petals. Figure 2.3 shows a sessile and a suspending water droplet on Rosa, cv.
Bairage demonstrating that it can simultaneously have high CA and high adhesion
and high CA hysteresis.

The surface roughness of the two rose petals was measured with the AFM, and
the results for the peak-to-base height of bumps, the midwidth, peak radius, and
bump density are summarized in Table 2.1. The data indicates that the low
adhesion specimen (Rosa, cv. Showtime) has a higher density and height of the
bumps, indicating that the penetration of water between the micro-bumps is less
likely. Wetting of a rough surface with a single level of hierarchy of roughness
details can follow several scenarios (Table 2.2).
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Table 2.3 Different regimes of wetting of a surface with dual roughness

Air in microstructure Water under droplet Water
in microstructure impregnating
microstructure
Air in Lotus, high CA, Rose, high CA, Rose filled
nanostructure low CA hysteresis high CA hysteresis microstructure
Water under Cassie (air-filled Wenzel (water in micro- Wenzel filled
droplet in microstructure, water in and nanostructure), microstructure
nanostructure nanostructure), high CA, high CA, high or low
low CA hysteresis CA hysteresis
Water Cassie filled nanostructure ~ Wenzel filled Wenzel filled micro
impregnating nanostructure and nanostructure
nanostructure
Rose filled microstructure
Cassie Wenzel Wengzel filled microstructure
Cassie filled nanostructure Wengzel filled nanostructure Wenzel filled micro/nanostructure

Fig. 2.4 Schematics of nine wetting scenarios for a surface with hierarchical roughness

For a hierarchical structure with small bumps on top of the larger bumps, a
larger number of scenarios are available, and they are summarized in Table 2.3
and Fig. 2.4. Water can penetrate either in the micro- or nanostructure, or into
both. In addition, the micro- or nanostructure can be impregnated by water or
air. The regimes with water penetrating into the microstructure can have high
solid—water adhesion and therefore high CA hysteresis.

Bhushan and Her [4] conducted a series of carefully designed experiments to
decouple the effects of the micro- and nanostructures. They synthesized micro-
structured surfaces with pillars out of epoxy resin. The epoxy surfaces were
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Hierarchical structures with n-hexatriacontane
Microstructures with

23 um pitch 105 pm pitch 210 pm pitch

Low magnification images

n-hexatriacontane (0.1 pg/mm’) n-hexatriacontane (0.2 ug/mm’)

High magnification images

Fig. 2.5 SEM micrographs of the microstructures and nanostructures fabricated with two
different masses of n-hexatriacontane for hierarchical structure. All images were taken at 45° tilt
angle. All samples are positive replicas, obtained from negative replica with dental wax and Si
micropatterned master template (14 pm diameter and 30 pm height) fabricated with epoxy resin
coated with n-hexatriacontane [4]

reproduced from model Si templates and were created by a two-step molding
process producing a dual replica (first a negative replica and then a positive replica
of the original Si template). Surfaces with a pitch (the periodicity of the structure
of the pillars) of 23, 105, and 210 pm and with the same diameter (14 pm) and
height (30 pm) of the pillars were produced. After that, nanostructures were
created on the microstructured sample by self-assembly of the alkane n-hexatri-
acontane (CH3(CH,);4CH3) deposited by a thermal evaporation method. Alkanes
of varying chain lengths are common hydrophobic compounds of plant waxes. On
smooth surfaces, alkanes can cause a large contact angle and a small contact angle
hysteresis for water droplets. To fabricate the nanostructure, various masses of
n-hexatriacontane were coated on a microstructure. The nanostructure is formed
by three-dimensional platelets of n-hexatriacontane. Platelets are flat crystals,
grown perpendicular to the surface. They are randomly distributed on the surface,
and their shapes and sizes show some variation. Figure 2.5 shows selected images.
When different masses of wax are applied, the density of the nanostructure is
changed.

For surfaces with a small pitch of 23 mm, while the mass of n-hexatriacontane
is changed, there are only small changes in the static contact angle and contact
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Table 2.4 CA and CA hysteresis for surfaces with various micro- and nanoroughness (based on

[4D

Maszs of n-hexatriacontane (pg/ Pitch
mm’) 23 um 105 pm 210 pm

CA CA CA CA CA CA

hysteresis hysteresis hysteresis
0.1 164° 3° 152 87 135 45
0.12 165° 3° 153 20 135 42
0.16 166° 3° 160 5 150 12
0.2 167° 3° 168 4 166 3
Fig. 2.6 Schematic of a "
wetting regime map as a ’
function of microstructure —~ 02l Lot / Koss
pitch and the mass of ' /
nanostructure material. The g m ; m
mass of nanostructure g B /
material equal to zero @ /
corresponds to microstructure E /
only (with the Wenzel and © 01} /
Cassie regimes). Higher mass g /
of the nanostructure material g Cassie / Wenzel
corresponds to higher values § ,,"'
of pitch, at which the :"Z“ m / n
transition occurs 0 \ | |
23 105 210

Microstructure pitch distance (pm)

angle hysteresis values, which means that they are always in the “Lotus” wetting
regime. On the surface with a 210 um pitch value, as the mass of n-hexatria-
contane is increased, the static contact angle is increased, and the reverse trend was
found for the contact angle hysteresis. This was interpreted as evidence that the
nanostructure is responsible for the CA hysteresis and low adhesion between water
and the solid surface. The results are summarized in Table 2.4. The wetting
regimes are shown schematically in Fig. 2.6 as a function of the pitch of the
microstructure and the mass of n-hexatriacontane. A small mass of the nano-
structure material corresponds to the Cassie and Wenzel regimes, whereas a high
mass of nanostructure corresponds to the Lotus and rose regimes. The Lotus
regime is more likely for larger masses of the nanostructure material. Figure 2.7
shows a droplet on a horizontal surface of a hierarchical structure with 23 and
105 pm pitch and n-hexatriacontane (0.1 ug/mmz). Air pockets are observed in the
first case and not observed in the second case, indicating the difference between
the two regimes [4].

To further verify the effect of wetting states on the surfaces, evaporation
experiments with a droplet on a hierarchical structure coated with two different
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Fig. 2.7 a Droplet on a Shape of droplets on hierarchical structure with 23 um pitch
horizontal surface of
hierarchical structure with
23 um pitch and Regime B.
n-hexatriacontane

(0.1 ug/mmz) showing air
pocket formation and

b droplet on a hierarchical
structure with 105 um pitch
and n-hexatriacontane

(0.1 ug/mmz) and

0.2 pg/mm? showing no air
pocket and air pocket (a)

formation, respectively. Also

shown is the image taken on Shape of droplets on hierarchical structure with 105 pm pitch
the inclined surface with Horizontal surface with different mass of n-hexatriacontane

hlerarchlca£ struct}lre with n-hexatriacontane (0.1 pg/mm?®) n-hexatriacontane (0.2 pg/mm?)
0.1 pg/mm~ showing that Regime A B
droplet is still suspended [4] = :

Horizontal surface with n-hexatriacontane (0.1 ug/mm’)

-

Inclined surface with n-hexatriacontane (0.1 pg/mm®)

Regime A

vertical upside down

amounts of n-hexatriacontane were performed. Figure 2.8 shows the optical
micrographs of a droplet evaporating on two different hierarchical structured
surfaces. On the n-hexatriacontane (0.1 pg/mm?) coated surface, an air pocket was
not visible at the bottom area of the droplet. However, the droplet on the surface
has a high static contact angle (152°) since the droplet still cannot completely
impregnate the nanostructure. The footprint size of the droplet on the surface has
only small changes from 1820 to 1791 pm. During evaporation, the initial contact
area between the droplet and hierarchical structured surface does not decrease until
the droplet evaporates completely, which means complete wetting between droplet
and microstructures. For the n-hexatriacontane (0.2 ug/rnmz) coated surface, the
light passes below the droplet, and air pockets can be seen, so to start with the
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Evaporation of a droplet on the surface with 105 pm pitch value and different mass of n-hexatriacontane
Hierarchical structure with n-hexatriacontane (0.1 ug/mm’) - Regime A

no air pocket

AL ALl LL

Fig. 2.8 Optical micrographs of droplet evaporation on the hierarchical structured surfaces with
105 pm pitch value. n-Hexatriacontane (0.1 pg/mm?) coated sample has no air pocket formed
between the pillars in the entire contact area until evaporation was completed. Hierarchical
structure with n-hexatriacontane (0.2 pg/mmz) has air pocket, and then the transition from the
“Lotus” regime to the “Rose petal” regime occurred [4]

droplet is in the Cassie-Baxter regime. When the radius of the droplet decreased to
381 pum, the air pockets are not visible anymore. The footprint size of the droplet
on the surface changed from 1177 to 641 um, since droplet remained on only a
few pillars until the end of the evaporation process.

The experimental observations of the two types of rose petals show that hier-
archically structured plant surfaces can have both adhesive and non-adhesive
properties at the same time with high CA. This is due to the existence of various
modes of wetting of a hierarchical surface, so that water can penetrate either into
macro- or nanoroughness, or into both. Water penetration into the microroughness
tends to result in high adhesion with the solid surface, whereas the presence of the
nanoroughness still provides high CA. As a result, two distinct modes of wetting
are observed, one can be called the “Lotus” mode (with low adhesion) and the
other is the “rose” mode with high adhesion.

2.4 Conclusions

In this work several modes of wetting of rough surfaces were investigated. Rose
petals have different hierarchically organized surface micro- and nanostructures,
and can exhibit high and low adhesion to water. The pitch spacing and height of
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the microstructures controls the wetting regime, since it controls the penetration of
water into the microstructure. The microstructure controls the CA hysteresis,
whereas the nanostructure provides high CA. As a result, the rose petal can exhibit
typical “Lotus effect” properties (high CA and low CA hysteresis) or “Petal
effect” properties (high CA high CA hysteresis). Artificial surfaces which mimic
rose petals were investigated and similar behavior found. Various wetting regimes
are possible, depending on air and water penetration into the micro- and nano-
structures. The understanding of the wetting of rough surfaces is important in order
to design non-adhesive surfaces for various applications including green tribology.

Acknowledgment Michael Nosonovsky acknowledges the support of the UWM Research
Growth Initiative grant.
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Chapter 3
Self-Organization at the Frictional
Interface

Michael Nosonovsky and Vahid Mortazavi

Abstract Despite the fact that self-organization during friction has received
relatively little attention of the tribologists so far, it has a potential for the creation of
self-healing and self-lubricating materials, which are of importance for the green
or environment-friendly tribology. The principles of the thermodynamics of irre-
versible processes and of the nonlinear theory of dynamical systems are used to
investigate the formation of spatial and temporal structures during friction. The
transition to the self-organized state with low friction and wear occurs through the
destabilization of the steady-state (stationary) sliding. The criterion for the desta-
bilization is discussed and examples like formation of a protective film and slip
waves are discussed. Some cases like running-in stage, elastic structures, and Turing
pattern formation as evidences of self-organization are studied. A special self-
healing mechanism may be embedded into material by coupling corresponding
required forces. The analysis provides a structure—property relationship which can be
applied for the design optimization of composite self-lubricating and self-healing
materials for various ecologically friendly applications and green tribology.

3.1 Introduction

The emergence of the green tribology makes it important to reconsider some
conventional approaches to friction and wear. Friction and wear are usually
viewed as irreversible processes, which lead to energy dissipation (friction) and
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material deterioration (wear). On the other hand, it is known that under certain
circumstances frictional sliding can result in the formation (self-organization) of
spatial and temporal patterns. Friction-induced self-organization has a significant
potential for the development of self-lubricating, self-healing, and self-cleaning
materials, which can reduce environmental contamination, and thus it is relevant to
green tribology.

Historically, the first attempts to investigate friction-induced self-organization
were made in Russia during the 1970s. Several groups can be mentioned. First,
Kostetsky and Bershadsky [8, 9] in Kiev investigated the formation of the
so-called self-organized “secondary structures”. According to Bershadsky, friction
and wear are two sides of the same phenomenon and they represent the tendency
of energy and matter to achieve the most disordered state. However, the synergy of
various mechanisms can lead to the self-organization of the secondary structures,
which are “nonstoichiometric and metastable phases,” whereas “the friction force
is also a reaction on the informational (entropic) excitations, analogous to the
elastic properties of a polymer, which are related mostly to the change of entropy
and have the magnitude of the order of the elasticity of a gas” [9].

These ideas were influenced by the theory of self-organization developed by
Ilya Prigogine, a Belgian physical chemist of Russian origin and the winner of the
1977 Nobel Prize in Chemistry. Prigogine [58] used the ideas of non-equilibrium
thermodynamics to describe the processes of self-organization (Nicolis and
Prigogine [50]). Later, Prigogine wrote several popular books about the scientific
and philosophical importance of self-organization [59, 60]. At the same time, at
the end of the 1970s, the concept of “Synergetics” was suggested by Haken [31] as
an interdisciplinary science investigating the formation and self-organization of
patterns and structures in open systems, which are far from thermodynamic
equilibrium. The word “synergetics” was apparently coined by the architect and
philosopher R.B. Fuller (the same person, after whom the Cgy molecule was later
called “fullerene”). The books by Prigogine and Haken were published in the
USSR in Russian translations and became very popular in the 1980s.

The second group to mention is Bushe and Gershman in Moscow. Their results
were summarized in the edited book by Fox-Rabinovich and Totten [25]. In 2002,
Bushe won the most prestigious tribology award, the Tribology Gold Medal, for
his studies on tribological compatibility and other related effects. The third group
is Garkunov [28] and co-workers, who claimed the discovery of the synergetic
“non-deterioration effect” also called the “selective transfer.” Garkunov’s mostly
experimental research also received an international recognition when he was
awarded the 2005 Tribology Gold Medal “for his achievements in tribology,
especially in the fields of selective transfer.”

In the English language literature, the works by Klamecki [35-38] were the first
to use the concepts of non-equilibrium thermodynamics to describe friction and
wear. His work was extended by Zmitrowicz [67], Dai et al. [15], Doelling et al.
[17] and others. An important entropic study of the thermodynamics of wear was
conducted by Bryant et al. [12], who introduced a degradation function and for-
mulated the Degradation-Entropy Generation theorem in their approach intended
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to study the friction and wear in complex. They note that friction and wear, which
are often treated as unrelated processes, are in fact manifestations of the same
dissipative physical processes occurring at sliding interfaces. The possibility of the
reduction of friction between two elastic bodies due to a pattern of propagating slip
waves was investigated by Adams [3] and Nosonovsky and Adams [49], who used
the approach of the theory of elasticity.

A completely different approach to friction-induced self-organization is related
to the theory of dynamical systems and involves the investigation of friction test
results as time-series. Since the 1980s, it has been suggested that a specific type of
self-organization, called “self-organized criticality (SOC),” plays a role in diverse
“avalanche-like” processes, such as the stick—slip phenomenon during dry friction.
The researches of Zypman [69] and Ferrante [4, 16, 24] and others deal with this
topic.

A different approach to describe some mechanisms resulting in self-organization
was based on the reaction—diffusion (RD) systems and their important class the
“Turing systems” [34]. Mortazavi and Nosonovsky [47] investigated whether RD
systems can describe certain types of friction-induced pattern formation involving
heat transfer and diffusion-like mass transfer due to wear. In somehow similar trend,
Nosonovsky and Bushan [55, 56] and Nosonovsky et al. [57] suggested treating self-
lubrication and surface-healing as a manifestation of self-organization. They noted
that the orderliness at the interface can increase (and, therefore, the entropy is
decreased) at the expense of the entropy either in the bulk of the body or at the
microscale. They also suggested that self-organized spatial patterns (such as inter-
face slip waves) can be studied by the methods of the theory of self-organization.

The reduction of friction and wear due to the self-organization at the sliding
frictional interface can lead to self-lubrication, i.e., the ability to sustain low
friction and wear without the external supply of a lubricant. Since lubricants
constitute environmental hazards, while friction and wear often lead to heat and
chemical contamination of environment, self-lubrication has potential for the
green tribology. Self-lubrication is also common in the living nature, and there-
fore, is of interest to scientists and engineers who are looking for the biomimetic
approach, which also has potential for green tribology. In this chapter, we review
some different researches done on self-organization including modeling of for-
mation of self-organized patterns during friction through destabilization of the
steady state, the methods of investigating of such patterns, and their relation to
self-lubrication and environment-friendly tribology.

3.2 Thermodynamic Methods of Study of Self-Organized
Tribological Systems

Tribology is defined as the science and technology of interacting surfaces in
relative motion, or, in other words, the study of friction, wear, and lubrication.
The concept of entropy often seems difficult and confusing for non-physicists.
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The reason is that, unlike in the case of temperature and energy, there is no direct
way of measuring entropy, so our everyday intuition does not work well when we
have to deal with entropy. This is apparently the main reason why entropy, being
the most important quantitative measure of disorder and dissipation, has not yet
become the major tool for analyzing such dissipative processes as friction and
wear.

While the net entropy grows in most systems in accordance with the Second
law of thermodynamics, some thermodynamic systems may lead to an increasing
orderliness and self-organisation [58]. These are thermodynamically open systems
that operate far from thermodynamic equilibrium and can exchange energy,
matter, and entropy with the environment. Many of these self-organizing systems
(such as the Bénard cells in boiling liquid and oscillating chemical reactions)
were known a long time ago; however, as described in the previous section, the
universality and generality of the processes involved in these systems was
understood only with the works by Prigogine [55, 56] and Haken [31]. It is
believed that this ability for self-organization of physical systems led to the for-
mation of complex hierarchical chemical and biological systems.

The flow of heat, entropy, and material away from the interface during the dry
friction and wear can lead to self-organization when so-called “secondary struc-
tures” form. The secondary structures are either patterns that form at the interface
(e.g., stick and slip zones) or those formed as a result of mutual adjustment of
the bodies in contact. The entropy production rate reaches its minimum in the
self-organized state. Therefore, the self-organization is usually beneficial for the
tribolological system, as it leads to the reduction of friction and wear [55].

3.2.1 Qualitative Studies

The earlier works on self-organization are characterized by qualitative, rather than
quantitative analysis of self-organization mechanisms. For example, it is noted in
many publications that typical tribosystems possess the qualities which, according
to Prigogine, are required (but not sufficient) for the self-organization, for exam-
ple, the system should be thermodynamically open, nonlinear, and it should
operate far from the equilibrium.

Bershadsky [8] suggested a classification of various friction-induced self-
organization effects. In search of self-organization during friction he investigates
quite a diverse range of processes and phenomena—auto-hydrodynamic effects,
the evolution of micro topography, the formation of chemical and convective
patterns, and the oscillation of various parameters measured experimentally during
friction. Some of these phenomena had well-investigated principles and mecha-
nisms, while others were studied in a phenomenological manner, so it was not
possible to approach them all in a uniform manner. He, therefore, suggested that
the state and evolution of a self-organized tribosystem might be described using
different methods, including the equations of motion, statistical description,
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measurement of a certain parameter, etc. Depending on the method of description,
different features of self-organization (“synergism”) were observed, but in most
situations a self-regulated parameter existed and the governing principle or target
function could be identified. Table 3.1 summarizes the features of “synergism” in
various tribological phenomena and the corresponding governing principles and
target function, based on Bershadsky [8].

An important entropic study of the thermodynamics of wear was conducted by
Bryant et al. [12], who introduced a degradation function and formulated the
Degradation-Entropy Generation theorem in their approach intended to study the
friction and wear in complex. They note that friction and wear, which are often
treated as unrelated processes, are in fact manifestations of the same dissipative
physical processes occurring at sliding interfaces. The possibility of the reduction
of friction between two elastic bodies due to a pattern of propagating slip waves
was investigated by Adams [3] and Nosonovsky and Adams [49], who used the
approach of the theory of elasticity.

Nosonovsky [51, 52], Nosonovsky and Bhushan [55], and Nosonovsky et al.
[57] suggested entropic criteria for friction-induced self-organization on the basis
of the multiscale structure of the material (when self-organization at the macro-
scale occurs at the expense of the deterioration at the microscale) and coupling
of the healing and degradation thermodynamic forces. Table 3.2 summarizes
their interpretation of various tribological phenomena, which can be interpreted as
self-organization. In addition, self-organization is often a consequence of coupling
of friction and wear with other processes, which creates a feedback in the
tribosystem.

In addition, self-organization is often a consequence of coupling of friction and
wear with other processes, which create a feedback in the tribosystem. These
“other processes” may include radiation, electricity, ultrasound, electric field etc.
Following Haken and Prigogine, Bershadsky considered self-organization as a
general property of matter, which is complimentary to wear and degradation.
These ideas, while interesting from the philosophical point of view, caused the
criticism of the synergetics as not being a sufficiently “scientific” field in terms of
quantitative analysis. It took several decades until the investigation of spatial and
temporal pattern formation during friction found a foundation in the thermody-
namics and the theory of dynamical systems.

3.2.2 Entropy During Friction and Dissipation

Before going through quantitative investigation of self-organization phenomena, we
will discuss entropic methods of the description of friction and wear. Consider a rigid
body sliding upon a flat solid surface with the sliding velocity V = dx/dr (Fig. 3.1).
The normal load W is applied to the body and the friction force F = uW is generated
[55]. The work of the friction force is equal to the dissipated energy, and, therefore,
we will assume for now that all dissipated energy is converted into heat
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Table 3.2 Self-organization effects in tribosystems [51]

Effect Mechanism/ Condition to initiate Final configuration
driving force
Stationary Feedback due to  Wear affects Minimum friction and
microtopography coupling of microtopography until wear at the stationary
distribution after friction and it reaches the microtopography
running in wear stationary value
In situ tribofilm Chemical reaction Wear decreases with Minimum friction and
formation leads to the increasing film wear at the stationary
film growth thickness film thickness
Slip waves Dynamic Unstable sliding Reduced friction
instability
Self-lubrication Embedded self-  Thermodynamic criteria ~ Reduced friction and
lubrication wear
mechanism
Surface-healing Embedded self-  Proper coupling of Reduced wear
healing degradation and
mechanism healing
Py 3
Fig. 3.1 Heat flow away
from the frictional interface F

[51] <9 @ 0

X
dQ = uWdx. (3.1)
The rate of entropy generation during friction is given by
ds uwv
=7 32
dr T (32)

It is noted that friction is a non-equilibrium process. When a non-equilibrium
process, which can be characterized by a parameter g (a so-called generalized
coordinate), occurs, a generalized thermodynamic force X that drives the process
can be introduced in such a manner that the work of the force is equal to
dQ = Xdg. The flux (or flow rate) J = g is associated with the generalized coor-
dinate. For many linear processes the flow rate is linearly proportional to Y. For
sliding friction, the flow rate J = V, and the thermodynamic force X = uW/T.
Note that, for the Coulombian friction, J is not proportional to Y, which is the case
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for the viscous friction. Nosonovsky [52] discussed in detail the problem of
bringing the linear friction in compliance with the linear thermodynamics.

The net entropy growth rate for frictional sliding of rigid bodies is given by
Eq. 3.2. However, if instead of the net entropy, the entropy per surface area at the
frictional interface is considered, the rate equation becomes more complicated. We
consider the 1D flow of entropy near the infinite interface in the steady-state
situation, and suppose the flow is equal to entropy generation. Heat dQ is gener-
ated at the interface in accordance with Eq. 3.1. For simplicity, we assume that all
generated heat is dissipated in one of the two contacting bodies and ignore the
division of heat between the two bodies. The heat is flown away from the interface
in accordance with the heat conduction equation

,oT

A 0= uwv (3.3)
where z is the vertical coordinate (distance from the interface), and A is the heat
conductivity. Consider a thin layer near the interface with the thickness dz. The
temperature drop across the layer is d7 = (uWV/A)dz. The ratio of the heat
released at the interface, dQ, to that radiated at the bottom of the layer, dQ/, is
equal to the ratio of the temperatures at the top and at the bottom of the layers

dQ' T — uWvdz/a

= 34
0 T (3.4)
Therefore, the energy released at the subsurface layer of depth dz is given by [55]
do — d¢/ uwv - (uwv)>?
dg = =d = 3.5
i dz Ty T (3:5)
Thus the entropy in the subsurface layer, dS/dr = dq/T, is given by
s  (uwv)?
- 3.6
dr AT? (36)

Note that S in Eq. 3.6 is entropy per unit surface area and thus it is measured in
JK 'm™2, unlike the total entropy Eq. 3.2, which is measured in JK! [55, 56].

The difference between Eqs. 3.2 and 3.6 is that the latter takes into account the
thermal conductivity and that in Eq. 3.2 gives the net entropy rate, while Eq. 3.6
gives the rate of entropy in the subsurface layer. Note that the form for the ther-
modynamic flow is now J = uWV, and the thermodynamic force is X = uWV/(JT?).

3.2.3 Thermally Activated Self-Organization

With describing the total entropy rates and surface entropy rate during friction
(i.e. Egs. 3.2 and 3.6), their application to the tribosystems will be discussed in this
section. Frictional sliding and wear are irreversible processes, since they are
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inhomogeneous and often non-stationary. The transition from the steady-state
(stationary) sliding regime to the regime with self-organized structures occurs
through the destabilization of the steady-state regime. At the steady state, the rate
of entropy production is at minimum. The stability condition for the thermody-
namic system is given in the variational form by

l ,2'
5028 = zk:axkajk >0 (3.7)

where 628 is the second variation of entropy production rate [55] and k is the
number of the generalized forces and flows. Equation 3.7 states that the energy
dissipation per unit time at the steady state should be at its minimum or the
variations of the flow and the force should be of the same sign. Otherwise, the
steady-state regime becomes unstable and the transition to the self-organized
regime with patterns can occur. Equation 3.7 is valid for a wide range of inter-
actions, including mechanical, thermal, and chemical, however, the corresponding
terms in the entropy production rate should be considered. When Eq. 3.7 is not
satisfied, the system is driven away from the equilibrium, which creates the
possibility for self-organization.

In the situation when only mechanical interactions are significant, and the
change of temperature T has a negligible effect on friction, the entropy is pro-
portional to the dissipated energy divided by temperature dS = dQ/7T. Consider
first the situation when the production of entropy depends on the sliding velocity
V. Considering that the rate of entropy production is given by Eq. 3.2, the stability
condition (Eq. 3.7) now yields

L= ‘(#)5(\/) =W vy 0 (3.8)

If the slope of the u(V) curve (the partial derivative uf, = 2—5) is negative, then
the steady-state sliding becomes unstable. And understandably so, since decreas-
ing friction leads to increasing sliding velocity and to further increasing friction,
and thus to the positive feedback loop.

Suppose that one contacting material has microstructure characterized by a
certain parameter \, such as, for example, the size of reinforcement particles in
a composite material. Such values of y that uj, () > 0 correspond to steady-
state sliding. However, u},(¥) =0 corresponds to the destabilization of the
steady-state solution. As a result, new equilibrium position will be found with a
lower value of p. Suppose now that the coefficient of friction depends also on a
microstructure parameter ¢, such as the thickness of the interface film
(Fig. 3.2). The difference between  and ¢ is that the parameter y is constant
(the composition of the material does not change during the friction), whereas
the parameter ¢ can change during friction (the film can grow or decrease due
to a friction-induced chemical reaction or wear). The stability condition is now
given by
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(a) i
[0) Protective Film
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Fig. 3.2 a Self-organized protective film at the interface of a composite material. b The
coefficient of friction as a function of film thickness for various values of the microstructure
parameter . Sub-critical values of Y < ., result in the positive slope (no layer formed),
whereas y > /., results in the instability and self-organization of the protective layer. The slope
depends on the ratio of the bulk and layer values of u, which allows to find composite
microstructure providing the self-organization of the layer [S1]

1 ,. uw Wouov ’
25 S—é(T)é(V)—Ta¢a¢(5¢) >0 (3.9)
If the stability condition is violated for a certain value of ¢, then further growth of
the film will result in decreasing friction and wear, which will facilitate the further
growth of the film. The destabilization occurs at i, (i, ¢) = 0. Note that Eq. 3.9
becomes Eq. 3.8 if ¢ = V. At this point, we are not discussing the question of which
particular thermodynamic force is responsible for the growth of the film.
Since we are interested in the conditions of the formation of such a protective
film, consider now the limit of the thin film (¢ — 0). With increasing film
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Fig. 3.3 A significant wear and friction reduction with decreasing particle size in Al-Al,O3
nanocomposite (based on [33] can be attributed to surface self-organization [51])

thickness the value of 1 changes from that of the bulk composite material to that of
the film material. On the other hand, the value for the bulk composite material
depends also on its microstructure Y (Fig. 3.2). The critical value, /., corresponds
to uy(,0) = 0. For the size of reinforcement particles finer than V., the bulk
(no film, ¢ = 0) values of the coefficient of friction are lower than the values of
the film. That can lead to a sudden destabilization (formation of the film with
thickness ¢) and reduction of friction to the value of u(y, ¢o) as well as wear
reduction. Here, we do not investigate the question of why the film would form and
how its material is related to the material of the contacting bodies. However, it is
known that such a reaction occurs in a number of situations when a soft phase is
present in a hard matrix, including Al-Sn and Cu-Sn-based alloys [14].

An experimental example of such sudden decrease of friction and wear with a
gradual decrease of the size of reinforcement particles, which could be attributed
to the destabilization, is presented in Fig. 3.3 for Al,O3 reinforced Al matrix
nanocomposite friction and wear tests (steel ball-on-disk in ambient air) based on
Jun et al. [33]. The abrupt decrease of friction and wear occurs for reinforcement
particles smaller than ., = 1 um in size and can be attributed to the changing
sign of the derivative 1, (,,0) = 0. The decrease is sudden and dramatic, so it
can be explained by the loss of stability (cf. Eq. 3.7) rather than by a gradual
change of properties; although additional study is required to prove it.

For the entropy production governed by Eq. 3.6, the stability condition of
Eq. 3.7 yields

0 o 1o (.UWV)2 uwv
261(5 S) 25 ( e 0XoJ = o(uWv)o e >0 (3.10)

The coefficient of friction and the thermal conductivity depend upon material’s
microstructure, ¢, so that

w=pu(,¢) (3.11)
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A=y, 9)
The stability condition given by Eq. 3.20 takes the form of

1, V2W?0u /10u p 04 2
_ = S22 > )
255 T2 3¢ \id¢ 7239 (60¢)" >0 (3.12)
The stability condition can be violated if
ou 0
—— <0 3.13

It is known from non-equilibrium thermodynamics that when the secondary
structure is formed, the rate of entropy production reduces [26]. Therefore, if
Eq. 3.13 is satisfied, the frictional force and wear can reduce. By selecting
appropriate values of  (e.g., the density of a micro pattern), the condition of
Eq. 3.13 can be satisfied. Note, that the wear rate is related to the rate of surface
entropy production

dw _ s _
dr dt

It is suggested to use the theory presented in this section to optimize the
microstructure of a composite material in order to ensure that the self-organized
regime occurs. To that end, the dependencies Eq. 3.11 should be investigated
experimentally and their derivatives obtained. Following that, the value of
should be selected, which provides the best chances for the transition to the self-
organized regime [51].

A particular field where this approach has been applied is the electrical contact,
involving the current collection (e.g., for a railroad locomotive [29]). It is noted
that when Tribology, which is today considered the science and technology of
friction, wear, and lubrication, emerged in the 1960s, it was meant to include the
fourth component, namely, the electrical contact. The electrical current is
important in many applications involving the mechanical contact, such as the
microelectromechanical systems (MEMS). Besides that, electromechanical contact
is a typical example of a system, where two coupled processes (friction and
electrical current) take place simultaneously which creates a potential for feed-
back, destabilization, and pattern formation. Frictional self-organization during
electromechanical contact was investigated by Gershman [30]. Other areas where
this approach has been successfully applied include cutting tools and the theory of
“tribological compatibility” of materials [14].

YJ (3.14)

3.2.4 The Concept of “Selective Transfer”

The concept of the “selective transfer” or the “non-deterioration effect” was
developed by Garkunov [27]. According to his definition, the selective transfer is a
type of friction which is characterized by the formation at the contact interface of a
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thin non-oxidized metallic film with a low shear resistance which is not able to
accumulate dislocations. According to the selective transfer scheme, a selective
dissolution of a component of a copper alloy occurs, followed by the transfer of
the component to a contacting body (a steel shaft). The standard example of the
selective transfer is the formation of a copper layer in a bronze—steel system
lubricated by glycerin.

Kragelsky and Garkunov studied in the 1950s the state of airplane chassis which
included a bronze—steel lubricated frictional system and found that a protective
copper film can form, which reduces the wear to very small values. The copper film
is formed due to the anodic dissolution of bronze (an alloy of copper and tin with
additive elements). The additives, such as iron, zinc, and aluminum, as well as tin,
dissolved in the lubricant, while copper forms a film on the surfaces of the con-
tacting materials. The film is in a dynamic equilibrium, while contacting layers are
worn and destroyed, new layers of copper are formed, resulting in virtual absence of
wear and the friction force reduction by an order of magnitude. A similar effect can
be achieved by the diffusion of copper ion dissolved in a lubricant. The authors
called the effect the “selective transfer” of copper ions, and the protective effect
“servovite films” (or “serfing-films”) [28], although a more common term in the
modern literature is “in situ formation of self-lubricating films.”

While the “non-deterioration” effect was presented as an unique and universal
type of self-organization in tribosystems and as a very promising way of wear
reduction, the concept also caused criticism of scientists who did not see any
generality in the suggested effect. For example, Bershadsky [8] wrote: “Selective
transfer shows neither new mechanisms, nor new phenomena that change our
concepts. The concept of self-organization is used here in an artificial manner
without any convincing proof.”

3.2.5 The Concept of “Tribofatigue”

The concept of tribofatigue (or “tribofatika”) was suggested and developed since
the early 1990s by Dr. L. Sosnovsky from Gomel, Byelorussia. The concept
implies the coupling between the wear damage and fatigue damage. It stresses the
fact that in engineering calculations of lifetime of components it may not be
sufficient to consider the two modes separately. Sosnovsky and Sherbakov [64]
provide several examples when “the normative documents and methods of cal-
culation” could not predict a catastrophic failure in a machine, such as a gigantic
turbine of the 1.2 GW power plant, which he calls a ticking “tribofatigue bomb.”
Apparently, the phenomenon is a manifestation (or even just another mane) of the
fretting fatigue.

The concepts of entropy and information play a certain role in the “tribofatogue”
analysis. For the tribofatigue damage, wy, the change of energy in the volume
Wp, where degradation occurs, the effective energy and the tribofatigue entropy
production are given by



54 M. Nosonovsky and V. Mortazavi

dUz = yla)de,, (315)
Y10z
dSpr = == dW,

where y; is a coefficient characterizing the proportionality.

Sosnovsky and Sherbakov [64] further consider the rate of change of the
damaged volume dW,/dt as the generalized flux and y,ws/T as the corresponding
generalized force. The authors claim that, on the basis of Prigogine’s approach, the
state of thermodynamic equilibrium is characterized either by the minimum
entropy generation (in the self-organized state) or by the maximum entropy. They
also distinguish several states of objects depending on the value of the tribofatigue
damage parameter: (a) wy = 0, (undamaged), (b) 0 < wy <1 (damaged) (c)
wy = 1 (critical), (d) 1 < wy < oo (supercritical), (e) wy = oo (decomposition).
Further investigation of the structure—property relationship on the basis of this
model can be promising.

3.3 Friction-Induced Self-Organization

The entropic methods are especially promising for the analysis of friction-induced
self-organization, especially self-lubrication, surface-healing, and self-cleaning.
According to the preliminary studies, there are two key features in these processes.
First, the hierarchical (multiscale) organization of the material, which allows
implementing healing (as observed at the macroscale) at the expense of microscale
deterioration. Second, the presence of positive and/or negative feedbacks that lead to
dynamic destabilization and friction-induced vibrations. Hierarchical organization
is the key feature of biological systems, which have capacity for self-organization,
self-healing, and self-lubrication, so it is not surprising that hierarchy plays a central
role also in artificial materials capable of self-organization. In most cases, the self-
organization is induced by bringing the system out of thermodynamic equilibrium,
so that the restoring force is coupled with the degradation in such a manner that
healing (decreasing degradation) occurs during the return to the thermodynamic
equilibrium. In this section, we will discuss the phenomenological observations of
friction-induced self-organization, and will review several examples.

3.3.1 Running-In

When sliding between two contacting, solid bodies is initiated, friction and wear
often remain high during a certain initial transient period, referred to as the
running-in period [11]. After running-in, friction and wear tend to decrease to their
steady-state values. Numerous phenomenological explanations of the running-in
phenomenon deal with various mechanisms, such as creep and viscoplastic
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deformation of asperities. However, a general thermodynamic description of the
running-in, which would explain its underlying physical principles, is missing.

During running-in, the surface topography evolves until it reaches a certain
stationary state referred to as the equilibrium roughness distribution [11]. The
surfaces adjust to each other, leading to a more ordered state, resulting in lower
energy dissipation rates, demonstrating friction-induced self-organization [25].
Friction and wear are two sides of the same irreversible process leading to energy
dissipation and material deterioration. It is therefore natural to use entropy as a
measure of irreversibility to describe them.

Consider a two-dimensional surface height profile y, = y(x,,), (where n = 1, N)
measured with some resolution so that every value of y, belongs to a certain “bin”.
The Shannon entropy S of a rough surface profile is a measure of its randomness
[24], where

§=- ijln(Pj) (3.16)

and p; = N;/N is the probability of appearance of some height in the bin j, N, is the
number of appearances in the bin j, and B is the total number of bins. A surface
profile having a lower Shannon entropy is considered to be “more ordered”
(or “less random”) than one with a higher Shannon entropy. Thus, a decrease in
Shannon entropy during the transient process is an indication of self-organization.

Note that the profile entropy as a measure of randomness is not the same as the
surface roughness in a more traditional sense, such as the root-mean-square (RMS)
roughness. Two profiles can have the same degree of randomness at different
values of the RMS roughness and conversely, different RMS roughness for the
same level of randomness.

Two types of events can occur during the evolution of the surface profile: (1) a
smoothening event, which is typical of deformation-driven friction and wear; high
asperities fracture due to deformation (abrasive wear) resulting in a smoothening
of the profile; and (2) a roughening event, which is typical for the adhesive-driven
friction and wear, which is higher for smoother surfaces.

When a particle is removed from the interface due to abrasive or adhesive wear,
a data point y(x) is driven from a higher bin j into a lower bin i, so the Shannon
entropy would change by:

Ni—1 N;—1 N, N N 1. N;i_ 1 N1, N
As=D LN N N M Nt Ny N34
N N N N N N N N

Using In(x + Ax) — In(x) = Ax/x yields
1. N;
AS = —In— (3.18)
NN,

Smoothening occurs when a particle moves from a less populated bin j into a
more populated bin i. Here the change in entropy is negative, whereas in the
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opposite case of roughening, the change of entropy change is positive. Further-
more, for a very rough surface, smoothening is significant whereas for a very
smooth surface roughening is significant, so that a certain value of equilibrium
roughness can exist, corresponding to S = Sy. Therefore, the rate of entropy
change is given by

S=£(S) =15(S) + fz(S) (3.19)

where f4(S), designating the rate due to smoothening, is a negative monotonically
decreasing function such that fg(0) = 0, and fz(S), designating the rate due to
roughening, is a positive monotonically decreasing function. The value S, corre-
sponds to the stationary state at f(So) = 0, which is stable if the derivative is
negative, f'(Sp) < 0.

Sliding friction is associated with a number of phenomena. The intensity of
some of these phenomena (such as the deformation of asperities) grows with
roughness, whereas the intensity of others (such as adhesion) decreases, so that the
coefficient of friction u is given by p = piger(S) + ptagn (S), where pger(S) is a
positive increasing function and p,4,(S) is a positive decreasing function.
The minimum value of u = p(S,,) is obtained from w.¢(Sy) + pog, (Sm) = 0. The
coefficient of friction will always decrease with decreasing roughness only if
So = S, This occurs when fs(S) o fge(S) and fz|S] o< paqn(S).  Physically,
such proportionality implies that the mechanisms affecting surface roughness (e.g.,
abrasive and adhesive wear) are proportional to friction mechanisms (e.g., asperity
deformation and adhesion).

To investigate these observations, Mortazavi and Nosonovsky [48] conducted
an experiment. The coefficient of friction between a tungsten carbide (WC) pin
sliding over a copper (Cu) substrate was measured experimentally in an ultrahigh
vacuum (UHV) tribometer, operating at the pressure ~3.5 x 107'° Torr. A pure
99.99% Cu sample (about 20 x 10 x 1 mm) was vacuum cleaned, and mounted
to a sample manipulator, which was oriented horizontally and on the opposite side
of the chamber to the tribometer. A WC tribopin, mounted to the end of an arm,
was brought into contact with the sample and rubbed its surface during each scan.
The tribometer was under computer control, so that the normal loads, scan speed,
scan area, and scan pattern could be selected. More details of the apparatus are
presented in Ref. [66].

The aim was to produce wear scars after different number of passes of the tribopin
over the surface, each one representing different periods of the transient running-in
process. Measurements were made using a single pass in the same direction with the
sliding speed of 4 mm/s using a normal load of 0.9 N. The experiment was con-
ducted at room temperature, and five different wear scars were created, each with a
length of 4 mm collected for different rubbing times. The experiment was carried
out by increasing the number of scans of the tribopin on the surface of sample from
1, 4, 8, 16, and 32 scans. Two series of wear scars were produced.

The coefficient of friction during the running-in process was calculated as the
ratio of the lateral to the normal forces, and is plotted in Fig. 3.4. The coefficient of
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Fig. 3.4 Evolution of the Friction Coefficient During Running-in Period
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friction decreases monotonically during run in until it reached a steady-state value
of u =0.43 £+ 0.02.

Images of surface topography of the sample at different positions for each of the
wear tracks were obtained using a Pacific Nanotechnology Nano-R™ Atomic
Force Microscopy (AFM) operating in contact mode. The images were collected
using a conical Si cantilever coated with Si;N, with the tip radius of about 10 nm.
Scans (512 x 215 pixels) were collected at a minimum of three different locations
on each wear track. The images were processed using a standard software package
(SPIP from Image Metrology) to obtain statistical roughness parameters such as
the RMS, Skewness (SK), and Kurtosis (K), as shown in Fig. 3.5.

Both the RMS roughness and surface SK decreased during the running-in
process since the surfaces were smoothened steadily during the running-in period
until an equilibrium roughness was achieved. However, the K increases from
K =4.39 £+ 0.05 to 6.52 £ 0.05 as the number of scans increases. Increasing K
implies an increasing degree of pointedness of surface profile.

To compute the Shannon entropy during running-in stage we proceeded as
follows. We obtained the height probability distribution for each location using the
above-mentioned software. We took a fixed range of heights in this profile and
divided this interval into B bins. We numerically found that for number of bins
more than 1,000 the amount of error in calculation of Shannon entropy was less
than 1%, thus we subsequently chose B = 1,000. Then using Eq. 3.16, the results
were plotted as shown in Fig. 3.6. It is observed that the entropy tended to
decrease indicating that self-organization had occurred during the run-in period.

This indicates that self-organization occurred during the transient running-in
process due to mutual adjustment of surface roughness topography. The corre-
sponding decrease in the friction force can be explained by postulating that the
same mechanisms (deformation and adhesion) affect both the roughness evolution
and the change in friction, which therefore have stationary values at close values of
roughness.
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Fig. 3.5 Evolution of a the
root-mean square roughness,
b SK and, ¢ K measured
within the wear track as a
function of the number of
scans during running-in
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Fig. 3.6 Evolution of Shannon Entropy during Running-in Stage
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3.3.2 Self-Organized Elastic Structures

In the preceding sections we discussed the self-organization of interface films and
micro topography evolution. Another type of self-organized microstructures is
elastic slip waves. The mathematical formulation of quasi-static sliding of
two elastic bodies (half-spaces) with a flat surface and a frictional interface is a
classical contact mechanics problem. Interestingly, the stability of such sliding was
not investigated until the 1990s, when, separately, Adams [2] and Martins [44]
showed that the steady sliding of two elastic half-spaces is dynamically unstable,
even at low sliding speeds. Steady-state sliding was shown to give rise to a
dynamic instability [Adams-Matrins instabilities (AMI)] in the form of self-
excited oscillations with exponentially growing amplitudes. These oscillations
confine to a region near the sliding interface and can eventually lead to either
partial loss of contact or to propagating regions of stick—slip motion (slip waves).
The existence of AMI instabilities depends upon the elastic properties of the
surfaces, however, it does not depend upon the friction coefficient, nor does it
require a nonlinear contact model. The same effect was predicted theoretically by
Nosonovsky and Adams [54] for the contact of rough periodic elastic surfaces.

It is well known that two types of elastic waves can propagate in an elastic
medium: the shear and dilatational waves. In addition, surface elastic waves
(Rayleigh waves) may exist, and their amplitude decreases exponentially with the
distance from the surface. For two slightly dissimilar elastic materials in contact,
the generalized Rayleigh waves (GRW) may exist at the interface zone. The
instability mechanism described above is essentially one of GRW destabilization,
that is, when friction is introduced, the amplitude of the GRW is not constant
anymore, but exponentially grows with time.

The stability analysis involves the following scheme. First, a steady-state
solution should be obtained. Second, a small arbitrary perturbation of the steady
state solution is considered. Third, the small arbitrary perturbation is presented as a
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superposition of modes, which correspond to certain eigenvalues (frequencies).
Fourth, the equations of the elasticity (Navier equations) with the boundary
conditions are formulated for the modes, and solved for the eigenvalues. Positive
real parts of the eigenvalues show that the solution is unstable.

For the GRW, the 2D displacement field at the interface is given by

u= Zuk(-xa))7 t)v
k
v="> wlx,y,1) (3.20)

[
i (x,0,1) = Re[Age™/ M),

vi(x,0,1) = Re [Bkeik"/leA’]

where k stands for the x- or y-component of the displacement field at the interface
(y = 0), Ay is the complex amplitude, /1 is the wavenumber, 1 is the wavelength of
the lowest wavenumber, and A is the complex frequency. It can be shown that for
the frictionless case A = &+ i/ is purely imaginary and thus, for real A, the
displacement is a propagating generalized Rayleigh wave, wu(x,0,7) =
Ay cos(kx £ /r). It can be shown also that if small friction with the coefficient u is
present, then A = £(i4 + ou), where o is a real number, and thus one root of A
always has a positive real component, leading to the instability [2, 61]. As a result,
the amplitude of the interface waves grows with time. In a real system, of course,
the growth is limited by the limits of applicability of the linear elasticity and linear
vibration theory. This type of friction-induced vibration may be, at least partially,
responsible for noise (such as car brake squeal) and other effects during friction,
which are often undesirable [54].

Whereas the GRW occurs for slightly dissimilar (in the sense of their elastics
properties) materials, for very dissimilar materials, waves would be radiated along
the interfaces, providing a different mechanism of pumping the energy away from
the interface [49]. These waves can form a rectangular train of slip pulses prop-
agates, two bodies shift relative to each other in a “caterpillar” or “carpet-like”
motion (Fig. 3.7). This microslip can lead to a significant reduction of the
observed coefficient of friction, as the slip is initiated at a shear load much smaller
than puW [10, 53].

The motion is observed as the reduction of the coefficient of friction (in com-
parison with the physical coefficient of friction w) to the apparent value of
Mapp = q/p, Where g is applied shear force per unit area and p is the normal
pressure. The slip pulses can be treated as “secondary structures” self-organized at
the interface, which result in the reduction of the observed coefficient of friction.
Note that the analysis in this case remains linear and it just shows that the
equations of elasticity with friction are consistent with the existence of such
waves. The amplitude of the slip waves cannot be determined from this analysis,
since they are dependent on the initial and boundary conditions. In order to
investigate whether the slip waves will actually occur, it is important to ask the
question whether it is energetically profitable for them to exist. To that end, the
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Fig. 3.7 a Elastic waves radiated from the frictional interface. b Friction reduction due to
propagating stick—slip zones [49]

energy balance should be calculated of the work of the friction force and the
energy dissipated at the interface and radiated away from the interface. A stability
criterion based on Eq. 3.8 can be used.

3.3.3 SOC and Avalanche Dynamics

The methods in the preceding sections of this paper describe the onset of the
instability, which can lead to the self-organization of spatial and temporal struc-
tures. The linear stability analysis is independent of the amplitudes of small
vibrations and in the case of the instability it predicts an exponential growth of the
amplitudes until they become so large that the linear analysis cannot apply any-
more. It is much more difficult to perform the nonlinear analysis to find the
amplitudes and actual finite motion. Several approaches have been suggested.

One is that a specific type of self-organization, known as SOC plays a role in
frictional systems. SOC is a concept in the theory of dynamic systems that was
introduced in the 1980s [6]. The best studied example of SOC is the “sandpile
model,” representing grains of sand randomly placed into a pile until the slope
exceeds a threshold value, transferring sand into the adjacent sites and increasing
their slope in turn. There are typical external signs of a SOC system, such as
the power-law behavior (the magnitude distribution of the avalanches) and the
“one-over-frequency” noise distribution. The concept has been applied to such
diverse fields as physics, cellular automata theory, biology, economics, sociology,
linguistics, and others [6].

In the case of dry frictional sliding, it has been suggested that a transition
between the stick and slip phases during dry friction may be associated with the
SOC, since the slip is triggered in a similar manner to the sandpile avalanches and
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earthquake slides. Zypman et al. [69] showed that in a traditional pin-on-disk
experiment, the probability distribution of slip zone sizes follows the power law. In
a later work, the same group found nanoscale SOC-like behavior during AFM
studies of at least some materials [13, 69]. Thus “stick” and “slip” are two phases,
and the system tends to achieve the critical state between them: in the stick state
elastic energy is accumulated until slip is initiated, whereas energy release during
slip leads, again, to the stick state. The entropic methods of analysis of friction of
the systems with SOC were used by Zypman and co-workers [24], who calculated
Shannon entropy of the surface profile and showed that the entropy of the profile
decreased indicating self-organization.

3.3.4 Pattern Formation and Turing Systems

As discussed in the previous sections, under certain circumstances friction can also
result in self-organization or formation of patterns and structures at the frictional
interface. These self-organized patterns or “secondary structures” [25] can include
a broad range of phenomena, such as in-situ formed tribofilms [5], patterns of
surface topography, and other interfacial patterns including propagating trains of
stick and slip zones formed due to dynamic sliding instabilities [39, 49]. Moreover,
experimental observations demonstrate various structures formed by friction and
wear, such as the Schallamach [42] and slip waves [69], wave-like topography
patterns [46], honeycomb-like and other structures [40].

Frictional sliding generates heat, and heat tends to lead to the thermal expansion
of materials. This can result in so-called thermoelastic instabilities (TEI), which
have been studied extensively in the past 30 years [7]. The effect of TEI on sliding is
similar to that of AMI discussed in Sect. 3.3.2. Besides heat generation, friction can
be coupled with other effects, such as wear, which can lead to similar instabilities.
In addition, the coefficient of friction can depend upon the sliding velocity, load, and
interface temperature, which can also lead to complex dynamic behavior [52].

The so-called RD systems and their important class called the “Turing sys-
tems” constitute a different type of self-organization mechanism [33, 47]. These
systems can describe certain types of friction-induced pattern formation involving
heat transfer and diffusion-like mass transfer due to wear. While AMI and TEI
involve wave propagation (hyperbolic) partial differential equations (PDE), which
describes dynamic behavior of elastic media, the RD system involves parabolic
PDE, typical for diffusion and heat propagation problems. The RD systems
describe evolution of concentrations of reagents in space and time due to local
chemical reactions and the diffusion of the product of reactions [39]. The RD
system of PDEs is given by

% = filw) + d;jAw; (3.21)
where w; is the vector of concentrations, f; represent the reaction kinetics and d;;
and A are a diagonal matrix of diffusion coefficients and Laplace operator,
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respectively. Alan Turing [65] showed that a state that is stable in the local system
can become unstable in the presence of diffusion, which is counterintuitive, since
diffusion is commonly associated with a stabilizing effect. The solutions of RD
equations demonstrate a wide range of behaviors including the traveling waves and
self-organized patterns, such as stripes, hexagons, spirals, etc.

While parabolic RD equations cannot describe elastic deformation, they may be
appropriate for other processes, such as viscoplastic deformation and interface film
growth. For a system of two components, «# and v, Eq. 3.21 has the following form:

u *u  u
5 zf(u,v) +du (@—Fa—yz> (322)
ov %y %y
a—g(u,v)'i‘dV(@‘Fa—yz) (323)

where f and g are the reaction kinetics functions and d;; is a diagonal matrix
(di1 = d, and dy, = d,). Suppose u represents the non-dimensional temperature
at the sliding interface and v is the local slip velocity, also non-dimensional.
The non-dimensional values of u, v, x, t, and other parameters are obtained from
the dimensional values by division of the latter by the corresponding scale
parameters. Then Eq. 3.22 is interpreted as the description of heat transfer along
the interface, and Eq. 3.23 describes the flow of viscous material along the
interface. In this paper, we discuss several types of kinetic functions which can
lead to the formation of periodic patterns.

One of the standard forms for functions f(u, v) and g(u, v) based on transferring
original RD equations and proper scaling was proposed to be [19, 20]:

flu,v) =y(a — u+ u?v) (3.24)
g(u,v) = (b —u’v) (3.25)

In order to investigate the possibility of pattern formation in a Turing system, a
stability analysis should be performed [47]. A RD system exhibits diffusion-driven
instability or Turing instability if the homogeneous steady state is stable to small
perturbations in the absence of diffusion; however, it is unstable to small spatial
perturbations when diffusion is introduced [49]. Diffusion results in the spatially
inhomogeneous instability and determines the spatial patterns that evolve.

From the linear stability analysis one can show when a solution with pattern
formation (Turing pattern) can exist [19, 47, 49]. The results of the stability
analysis shown depend on the parameters of Egs. 3.22 and 3.23 (i.e., d,, d,, a,
b and 7); three regions of stability could be identified. In region 1, the steady state
is stable to any perturbation. In region 2, the steady state exhibits an oscillating
instability. In region 3, the steady state is destabilized by inhomogeneous per-
turbations, which is “Turing space”.

In this section we discuss several exemplary cases of parameter values and
initial conditions which can lead to patterns. Cases 1 and 2 are the classical
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examples of Turing systems, whereas case 3 is justified by the frictional mecha-
nism of heat generation and mass transfer.

Examples of Turing patterns for two different cases with the following values of
the parameters in Eqgs. 3.22 and 3.23 are shown in Figs. 3.8 and 3.9. For case 1:

y = 10,000, d, =20, dy = 1, a=0.02and b = 1.77 (3.26)

and considering a random distribution function as the initial conditions for both
values of u and v. For case 2:

y = 10,000, d, =20, d, =1, a=0.07 and b = 1.61 (3.27)

For initial conditions, we considered the following harmonic functions
u(x,y) = 0.919145 + 0.0016 cos(27(x + y)) (3.28)
v(x,y) = 0.937903 + 0.0016 cos(2n(x + y)) (3.29)

The results in Figs. 3.8 and 3.9 present five consecutive snapshots of systems
presented by Eqgs. 3.22 and 3.23 corresponding to different time steps (f = O,
0.001, 0.005, 0.01, and 0.1). It is observed in both cases that the initially random
pattern (+ = 0) evolves finally, into a so-called hexagonal-like (or honeycomb)
pattern (r = 0.1), which indicates that the pattern formation occurs.

Whereas the two first cases showed that the model is capable of capturing the
self-organized patterns in Turing systems, in the third case Mortazavi and Noso-
novsky [47] tried to use more specific functions of reaction kinetics, which were
expected to characterize friction-induced reaction mechanisms. They assumed
functions f(u, v) and g(u, v) to be in the following forms:

Fu,v) =wo(pg + onu+ Byvu (3.30)
g(u,v) = (ou+ pov) (3.31)
() = (oo + o) (3:32)

where pg = oju + fyv is the coefficient of friction dependent on the temperature
u and local slip velocity v, and the non-dimensional coefficients o; and f; and wq
are constant. The function g(u, v) characterizes the rheological properties of the
material and depends on its viscous and plastic properties.

Such interpretation of Eqgs. 3.13-3.22 can be used if the growth of a tribo-film
(a thin interfacial layer activated by friction) is considered. Whereas u still rep-
resents the interfacial temperature, v can be interpreted as the non-dimensional
thickness of the tribofilm formed at the interface. The tribofilm can grow due to the
material transfer to the interface via diffusion activated by friction, due to pre-
cipitation of a certain component (e.g., a softer one) in an alloy or composite
material, due to a chemical reaction, temperature gradient, etc. For example,
during the contact of bronze versus steel, a protective Cu tribofilm can form at the
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Fig. 3.8 Time evolution of amounts of # and v in different time steps, at ¢ = 0, 0.001, 0.005,
0.01, and 0.1 (First case) [47]

interface, which significantly reduces the wear. Such in situ tribofilm has pro-
tective properties for the interface since it is formed dynamically and compensates
the effect of wear. Furthermore, if wear is a decreasing function of the tribofilm
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Fig. 3.9 Time evolution of « and v values in different time steps, r = 0, 0.001, 0.005, 0.01, 0.05
and 0.1 (Second case) [47]

thickness, it is energetically profitable for the film to grow, since a growing film
reduces wear and further stimulates its growth forming a feedback loop, until a
certain equilibrium thickness is attained. Therefore, such tribofilms can be used for
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Fig. 3.10 Time evolution of u# and v values in two different time steps (Third case, using
Eqgs. 3.30 and 3.31) [47]

machine tool protection and other applications, as discussed in the literature [5].
The growth of the film is governed by interfacial diffusion and by a local kinetic
function g(u, v) dependent upon the temperature and local film thickness.

Use the following equation as a temperature distribution for initial conditions

u(x,y) = 0.002 cos(2n(x +y)) +0.01

8 cos(2mjx) (3.33)

j=1

and random distribution function as a initial roughness for v(x, y) and, moreover,
consider the following values for parameters of Eqs. 3.22 and 3.23

wo = 102,00 = 107* B, = 107%, 1ty = 5 x 107",

0 =10"%p,=10"* (3.34)

The obtained results for different time steps are shown in Figs. 3.10 and 3.11
considering Eqs. 3.31 and 3.32 as g(u, v), respectively. While the patterns found in
Figs. 3.10 and 3.11 are not the same as the patterns found in the two previous
cases, similar trends in the evolution of tribofilm thickness (v) from an initially
random distribution of roughness to a more organized and more patterned distri-
bution could be observed. However, the investigation of pattern formation based
on solving complete three-dimensional heat and mass transfer equations in
tribofilm is needed to show a more realistic picture of how and under what con-
ditions such patterns could occur.

The modeling analysis in the preceding sections shows that properly selected
functions f(u, v) and g(u, v) can lead to pattern formation. The question remains as to
whether any experimental data can be interpreted as friction-induced patterns formed
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Fig. 3.11 Time evolution of u and v values in different time steps (Third case, using Eqgs. 3.30
and 3.32) [47]

by the RD mechanism? It would be appropriate to look for this type of self-organi-
zation in processes involving viscoplastic contact or diffusion-dominated effects,
e.g., in-situ tribofilms. There are several effects which can be interpreted in this way.
The so-called “secondary structures” can form at the frictional interface due to
the self-organization [25], and some of these structures can have a spatial pattern. The
so-called “selective transfer” discussed in Sect. 3.2.4 could be another example.

The selective layer (an in situ tribofilm due to the selective transfer) formed
during friction between steel and a copper alloy (bronze) was investigated experi-
mentally by Ilie and Tita [32]. In the presence of glycerin or a similar lubricant, the
ions of copper were selectively transferred from bronze to the frictional interface
forming the copper tribofilm. This copper was different in its structure from the
copper that falls out through normal electrolytic procedures. Ilia and Tita [32]
investigated the selective layer using the AFM and found that the layer formed a
micro-island pattern with the size on the order of 1 um, rather than a uniform film of
constant thickness. A schematic figure of such layer can be seen in Fig. 3.12.

Another important example of patterns formation reported in the literature is
related to the self-adaptive mechanisms improving the frictional properties of hard
coatings, e.g., during dry cutting, by tailoring their oxidation behavior [21, 22, 41].
Thus, boric acid formation on boron carbide is a potential mechanism for reaching
ultra-low friction. Such mechanism uses the reaction of the boric oxide (B,O3)
with ambient humidity (H,O) to form a thin boric acid (H;BO,) film. The low
friction coefficient of boric acid is associated with its layered triclinic crystal
structure [23, 63]. The layers consist of closely packed and strongly bonded boron,
oxygen, and hydrogen atoms, but the layers are widely separated and attracted by
van der Waals forces only. During sliding, these atomic layers can align them-
selves parallel to the direction of relative motion and slide easily over one another
[22].
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Fig. 3.12 Schematic presentation of the selective layer obtained by friction between a surface of
steel and a surface of copper alloy (bronze) [47]

The tribological behavior of protective coatings formed by both ex-situ and in
situ transfer films were studied by Singer et al. [63]. Coatings that exhibit long life
in sliding contact often do so because the so-called “third body” forms and resides
in the sliding interface. The concept of the “third body” as a separate entity, dif-
ferent from the two contacting bodies, is very similar to the concept of the tribofilm.
Ex-situ surface analytical studies identified the composition and structure of third
bodies and provided possible scenarios for their role in accommodating sliding and
controlling friction. In situ Raman spectroscopy clearly identified the third bodies
controlling frictional behavior during sliding contact between a transparent hemi-
sphere and three solid lubricants: the amorphous Pb—Mo-S coating was lubricated
by an MoS, transfer film; the diamond-like carbon/nanocomposite (DLC/DLN)
coating by a graphite-like transfer film; and the annealed boron carbide by H;BO;
and/or carbon couples. In situ optical investigations identified third body processes
with certain patterns responsible for the frictional behavior [63].

TiB, thin films are well known for their high hardness which makes them useful
for wear-resistant applications. Mayrhofer et al. [43] showed that overstoichio-
metric TiB, 4 layers have a complex self-organized columnar nanostructure pre-
cursor. Selected area electron diffraction (SAED) pattern from a TiB,4 layer
showed a texture near the film/substrate interface with increased preferred orien-
tation near the film surface [43]. The film has a dense columnar structure with an
average column diameter of ~20 nm and a smooth surface with an average RMS
roughness essentially equal to that of the polished substrate surface, ~ 15 nm.

Aizawa et al. [5] investigated in situ TiN and TiC ceramic coating films utilized
as a protective coating for dies and cutting tools. They found that chlorine ion
implantation assists these lubricious oxide (TiO and Ti,O,,_;) films to be in situ
formed during wearing. They also performed the microscopic analysis and
observed worn surfaces and wear debris and found microscale patterns.

Lin and Chu [40] described Bénard cell-like surface structures found from the
observation of the Transmission electron microscopy (TEM) images of the scuffed
worn surface as a result of lubricated steel versus steel contact. They attributed the
cells to high temperatures (800°C) and very strong fluid convection or even
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evaporation occurring inside the scuffed surface. However, the possibility of
diffusion-driven based pattern formation should not be ruled out.

The experimental evidences of pattern formation, which can, at least theoreti-
cally attributed to the RD mechanism, are summarized in Table 3.3. Further
evidence is needed to rule out alternative explanations.

3.4 Self-Lubrication

The term ‘self-lubrication’ implies the ability of details and components to operate
without lubrication and refers to several methods and effects in addition to the
above mentioned self-organization that reduce friction or wear. Among these
methods are the deposition of self-lubricating coatings that are either hard
(to reduce wear) or with low surface energy (to reduce adhesion and friction).
Besides coatings, self-lubrication refers to the development of metal-, polymer-, or
ceramic-based composite self-lubricating materials, often with a matrix that pro-
vides structural integrity and a reinforcement material that provides low friction
and wear. The nanocompisites have become a focus of this research, as well as
numerous attempts to include carbon nanotubes and fullerene Cgo molecules [62].
Simple models assume that these large molecules and nanosized particles serve as
“rolling bearings” that reduce friction; however, it is obvious now that the
mechanism can be more complicated and involve self-organization.

Dynamic self-organization is thought to be responsible for self-lubrication in the
atomic force microscopy experiments with the atomic resolution. A protective layer
can be formed also due to a chemical reaction of oxidation or a reaction with water
vapor. For example a self-lubricating layer of the boric acid (H;BO3) is formed as a
result of a reaction of water molecules with B,O5 coating [18]. Another type of
self-lubricating material involves lubricant embedded into the matrix, e.g., inside
microcapsules that rupture during wear and release the lubricant. Surface micro
texturing that provides holes and dimples which serve as reservoirs for lubricant can
be viewed as another method of providing self-lubrication. In addition, we should
mention that self-lubrication is observed also in many biological systems (e.g., human
joints) and that the term “self-lubrication” is used also in geophysics where it refers to
animally low friction between tectonic plates observed during some earthquakes.

3.5 Surface Healing

Self-healing or surface-healing materials constitute a special class of novel smart
materials, usually composites, which are capable of repairing minor damage
caused by wear and deterioration [68]. Self-healing is a non-equilibrium process.
When a system exchanges mass and energy with its surroundings, various irre-
versible processes inside the system may interact with each other. These
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interactions are called thermodynamic couplings and they provide a mechanism
for a process without its primary driving force or may even move the process in a
direction opposite to the one imposed by its own driving force. For example, in
thermodiffusion a substance diffuses because of a temperature gradient rather than
a concentration gradient. When a substance flows from a low to a high concen-
tration region, it must be coupled with a compensating process. The principles of
thermodynamics allow the progress of a process without or against its primary
driving force X,, only if it is coupled with another process. In the widely accepted
linear approximation, the thermodynamic flows are related to the forces by

Je =" LuX, (3.35)

where Ly; are Onsager coefficients [16]. Many linear empirical laws of physics,
such as the Ohm’s law of electrical resistance, the Fourier law of heat conduction,
or Fick’s law of diffusion, which relate thermodynamic flows J; with thermody-
namic forces X,,, are consequences of the equations of the linear thermodynamics
given in Eq. 3.35. The heat production per unit time is given by

do
== J.X 3.36
-y (3.36)
and the rate of entropy production is
. do 1
S=—== ' Xni 3.37
Tde T ;J (3:37)

which is a linear function of thermodynamic flows.

In most self-healing schemes, the self-healing material is driven away from the
thermodynamic equilibrium either by the deterioration process itself or by an external
intervention, such as heating. After that, the composite slowly restores thermody-
namic equilibrium, and this process of equilibrium restoration drives the healing.

In order to characterize degradation, it is convenient to introduce a so-called
“degradation parameter” £, to represent, for example, the wear volume or the total
volume of the cracks. When a self-healing mechanism is embedded in the system,
another generalized coordinate, the healing parameter, {, can also be introduced,
for example, the volume of released healing agent. The corresponding thermo-
dynamic flows are linearly related to the thermodynamic forces (Eq. 3.35) and
entropy rates (Eq. 3.37). The generalized degradation and healing forces are
external forces that are applied to the system, and flows are related to the forces by
the governing equations

J =LX + Mmxhd (3.38)
Jheal — ]\7)(o + HXheal

where L, M, N, H are corresponding Onsager coefficients (Fig. 3.13). The degra-
dation force X° is an externally applied thermodynamic force that causes the
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Fig. 3.13 Block diagram of \], \l/

the healing process.
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degradation. In most self-healing mechanisms the system is placed out of equi-
librium and the restoring force X" emerges. Since the restoring force is coupled
with the degradation parameter ¢ by the negative coefficients N = M, it also
causes degradation decrease or healing.

Surface is the most vulnerable part of a material sample, and not surprisingly,
deterioration often occurs at the surface (wear, fretting, etc.) and is induced by
friction. The empirical Coulomb (or Amontons-Coulomb) law of friction states
that the dry friction force F is linearly proportional to the normal load force W

F=pWw (3.39)

where p is the coefficient of friction, which is independent of load, sliding velocity
and the nominal area of contact. Unlike many other linear empirical laws, the
Coulomb law cannot be directly deduced from the linear equations of the non-
equilibrium thermodynamics, such as Eq. 3.35. Indeed, in the case of dry or
lubricated friction, the sliding velocity is the thermodynamic flow, V = J, which,
in accordance with Eq. 3.7 should be proportional to the friction force F' = X (as it
is the case for the viscous friction), so that the energy dissipation rate is given by
the product of the thermodynamic flow and force

Yy =JX =VF (3.40)

However, the Coulomb friction force is independent of sliding velocity.

To overcome this difficulty, we consider the normal degree of freedom y, in
addition to the sliding coordinate x (Fig. 3.14). Introducing the normal degree of
freedom is a standard procedure in the study of the dynamic friction, where normal
vibrations are often coupled with the in-plane vibrations. We further define the
generalized flows as J; = x, J, =y and forces as X; = F, X, = W [57].
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Fig. 3.14 Normal (y) and W
tangential (x) degrees of ,F' ‘
freedom during friction [51] F

<=

The thermodynamic equations of motion Eq. 3.35 immediately yield the law of
viscous friction in the form of

x Ly Lp|( F
(j}) B |:L2l Lzz] (W) (3.41)
Note that Eq. 3.41 is valid, in a general case, for the bulk of 3D deformable
medium and not necessarily for the interface between two solids.
The interface between sliding bodies has highly anisotropic properties, because
a small force in the direction of the interface causes large displacements, whereas a
small force in the normal direction causes only small displacements. To com-

pensate for this anisotropy, we substitute coordinates using a small parameter ¢ as
(x,y) — (ex,y). The force—displacement relationships are now given by

X Lll/ﬁ L12/8:| F
= 3.42
(y) [ Ly Ly w (342)
In the limit of ¢ — 0, Eq. 3.42 yields
L

F=—-——"°"W 343

x = (L11F+L12W)/8 = 0/0

Any velocity x satisfies Eq. 3.43, provided L1 F + LW = 0, which is exactly
the case of Coulomb friction if u = — L»/Ly; [57].

Thus the friction can be included into the linear framework of non-equlibrium
thermodynamics as the force driving the degradation process (e.g., the wear). The
force which leads to healing should be related to the material microstructure in
order to design an optimized material with the highest potential for self-healing
and self-lubrication.

3.6 Conclusions

Despite the fact that self-organization during friction has received relatively little
attention in the tribological community so far, it has a potential for the creation of
self-healing and self-lubricating materials, which are of importance for the green
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or environment-friendly tribology. The principles of the thermodynamics of
irreversible processes and of the non-linear theory of dynamical systems are used
to investigate the formation of spatial and temporal structures during friction.
These structures lead to friction and wear reduction (self-lubrication). The self-
organization of these structures occurs through the destabilization of the stationary
sliding. The stability criteria involve minimum entropy production. Some evi-
dences of friction-induced self-organization like running-in stage, elastic struc-
tures, and Turing pattern formation were studied. A self-healing mechanism,
which provides the coupling of the degradation and healing, can be embedded into
the material. Structure—property relationships were formulated and can be used for
optimized design of self-lubricating and self-healing materials and surfaces for
various ecologically friendly applications and green tribology.
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Chapter 4

Advanced Nanostructured Surfaces for
the Control of Biofouling: Cell Adhesions
to Three-Dimensional Nanostructures

Chang-Hwan Choi and Chang-Jin Kim

Abstract In marine environments or industrial water systems, microorganisms are
likely to adhere onto surfaces and form biofilms. Such biofouling creates significant
adverse effects, e.g., increases flow friction by roughening surfaces. Previous
studies demonstrated the effectiveness of surface microstructures on the prevention
of biofouling, which is also closely associated with the surface energy and wetta-
bility. Unfortunately, the study of the anti-biofouling property of the micro- and
nanostructured surfaces with regulated surface wettability is underperformed at
present. In this paper, we report on the bio-adhesions of various cell types on
nanoengineered surfaces with dense-array nanostructures whose physical and
chemical properties are systematically controlled for the prevention of biofouling.
Two nanopatterns (pillar and grating) with varying three-dimensionalities (e.g.,
structural heights are varied from 50 to 500 nm while the pattern periodicity is fixed
at 230 nm) are tested in both hydrophilic and hydrophobic surface conditions. The
structural tips are especially sharpened (<10 nm in tip radius) to minimize the cell
contact to the substrate and potentially biofouling. The experimental results show
that cells were much smaller and their proliferation significantly lower on taller
nanostructures in both hydrophilic and hydrophobic surface conditions. Cells were
found levitated by sharp tips and easily peeled off, i.e., their adherence to the sharp-
tip tall nanostructures was relatively weak regardless of the surface wettability. The
ability to control adherence and growth of cells by nanoscale surface topographies
can empower the micro- and nanotechnology-based materials, devices, and systems
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for anti-biofouling and anti-microbial applications. The knowledge obtained
through this investigation will also be useful in engineering problems that involve
contact with biological substances and in the development of energy efficient
surfaces for green tribology.

4.1 Introduction

Biofouling [1-4] is a serious problem for many engineering systems such as marine
vehicles and industrial pipe systems due to the reduced process efficiency and the
clean-up cost. For example, biofouling results in significant surface roughness for
hydrodynamic systems and increases the frictional drag [5—10] such that fouled
ships are required to burn 40% more fuel in order to maintain the same speed [11].
Every year, huge sums of money are spent to combat the consequences of
biofouling. The global economic cost of this was estimated as $7.5 billion in 2000
[11]. The US Navy spends $500 million per annum on propulsion fuel, and even
with the current antifouling technology it is estimated that approximately $30-60
million a year is still wasted in hydrodynamic drag [12, 13]. From these figures, it
can be seen that the potential environmental and economic savings that could be
made from the development and utilization of effective, hydrodynamically efficient,
antifouling surfaces is substantial. At present, most methods used to prevent
biofouling are paints or coatings, which continuously release toxic substances
like copper, organotin (TBT), or organic biocides [14, 15]. They are now being
prohibited due to their harmful effects on non-target species and environment.
It should also be noted that some members of biofouling communities, such as
Enteromorpha, are tolerant of biocidal antifouling paints [16]. Therefore, it is
necessary to develop non-toxic alternatives for anti-biofouling [17]. One attractive
approach is to use micro- or nano-textured surfaces with well-controlled surface
wettability [18-23]. Studies of biofouling with systematically varied micro- and
nanostructure dimensions and surface wettability will help to improve the under-
standing of biofouling mechanisms and to develop more efficient anti-biofouling
techniques. However, the effects of the surface topography and chemistry on cell
adhesions, especially for the topographical details in nanoscale, have not been
studied systematically and interactively yet mostly due to the inability to create
well-controlled nanostructures over a relatively large surface area.

Since cell adhesion is a nanoscale three-dimensional (3D) phenomenon, the full
complement of substrate topography, molecular composition, and mechanical
properties at a nanoscale are reportedly important for cells to form proper adhesion
and to activate desired intracellular pathways for growth [24-26]. To know more
about the reactions of cells to the nanofeatures and how to control them, it is
desired to develop a proper nanostructured surface model which can provide
statistically meaningful data with a large substrate area of multiple samples. A
recent achievement in nanofabrication has made it possible to fabricate
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well-regulated nanofeatures (nano-periodic structures) uniformly over a large
sample area (several cm?) with independent controllability for the structural aspect
ratio (>10) and shape (e.g., sidewall profile and tip sharpness) at a low cost and
simplicity [27], allowing systematical studies of the effect of 3D nanotopography
on cell adhesions [28-30]. Extending from the previous studies, this article reports
on the cellular adhesion of various cell types on surfaces with well-defined
nanotopographies of pillar and grating patterns of varying heights and controlled
surface wettability, especially considering the future development of advanced
nanostructured surfaces for the control of biofouling.

4.2 Materials and Methods
4.2.1 Fabrication of 3D Nanostructures

To fabricate the 3D nanotopography model surfaces for the study of cell adhesion,
a simple and effective method to fabricate silicon nanostructures over a large
substrate area with superior control of pattern regularity was developed and used
for the sample preparation. The key idea was to combine laser interference
lithography with deep reactive ion etch (DRIE), which allowed the fabrication of
well-ordered nano-periodic array of nanostructures over a large substrate area at a
wafer level with precise control of the structural three-dimensionality. While the
detailed fabrication processes were reported elsewhere [27], they are summarized
in the following. Interference lithography system of Lloyds-mirror configuration
using the HeCd laser of the wavelength of 325 nm was first used for the nano-
patterning of a photoresist layer spin-coated on a polished silicon substrate
(2 x 2 cm?). A single exposure creates a periodic grating pattern, while double
exposure with an angular rotation of the substrate produces a periodic pillar pattern
with positive-tone photoresist material. While the minimum pattern periodicity
that can be defined by the lithography technique is around a half of the wavelength
of the laser light, the pattern periodicity is fixed at 230 nm in this study to allow
maximum pattern coverage area by the lithography [31]. The substrate was then
etched by DRIE using the above patterned photoresist as an etching mask directly.
The structural height and sidewall profile were determined in the DRIE by regu-
lating the etching parameters. In this study, sharp-tip nanostructures in both pillar
and grating patterns were designed to minimize the cell contact to the substrate
surface for the prevention of cell adhesion and biofouling. For the sharp-tip
nanostructures, nanostructures with a positively tapered profile were first created in
the DRIE and their tips were next sharpened by thermal oxidation and buffered
oxide etching. To test the effects of structural aspect ratios on the cell adhesion
with the maximized tip sharpness, nanostructures of varying structural heights
were prepared ranging from 50 to 500 nm. The nanostructured sample of
2 x 2 cm?® was then cleaved into four chips of 1 x 1 cm?, which was used for
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multiple experiments for statistical significance, to guarantee the uniformity of the
pattern geometries among the chips. Planar silicon samples (1 x 1 cm?) of an
unpatterned surface (named ‘Smooth’) were also prepared as controls. The root
mean square surface roughness of the Smooth control samples was measured to be
<1 nm by atomic force microscopy over a 10 x 10 pm? scan area.

To test the combined effects of hydrophilic and hydrophobic surface wettability
with the 3D nanotopography, surface treatments were further performed on the
nanostructured samples. For a hydrophilic condition, the samples were cleaned
with a Piranha solution (HSO4:H,0,, 3:1 by volume), which would form a thin
native SiO, layer on the silicon surface, followed by a rinse with water and a blow
dry with nitrogen gas. For a hydrophobic treatment, Teflon solution (0.2%
amorphous fluoropolymer AF 1600 in perfluoro-compound FC-75) was spin-
coated on the sample to get a film thickness of ~ 10 nm, which was confirmed by
scanning electron microscope (SEM) images taken before and after the coating.

4.2.2 Cell Culture

Human foreskin fibroblast and NIH-3T3 line (Swiss mouse embryonic fibroblast)
were obtained from American type culture collection. Neonatal cardiac fibroblasts
and smooth muscle cells were isolated from Dawley rat. All cells were cultured in
Dulbecco’s Modified Eagle medium supplemented with 10% fetal bovine serum,
penicillin/streptomycin (100 U/ml) and kept at 37°C and 5% CO,. The cells were
seeded on each sample (1 x 1 cm?), which had been placed on polystyrene culture
well containing culture medium. The seeding density of cells was 1 x 10* to
2 x 10* em™2. Cells were kept in culture for periods ranging from a few days to
several months.

4.2.3 Immunostaining

Cell viability was determined by means of molecular probes for fluorescence
microscopy (double-staining with Calcein and Propidium Iodide). Calcein was
used for the detection of cells with intact plasma membrane (live cells) and
Propidium Iodide for the detection of dead cells. Calcein and Propidium Iodide
were added to the culture medium. After 15 min incubation at room temperature,
the viability of the cells was detected by a fluorescence microscope.

To label F-actin, the samples were fixed in 4% paraformaldehyde for 20 min,
followed by washing with Dulbecco’s phosphate-buffered saline (5 min three
times) and permeabilization by 0.5% Triton X-100 (10 min). To reduce non-
specific background staining, 1% bovine serum albumin was added to the staining
solution of Rhodamine phalloidin in phosphate-buffered saline. After several
washes with phosphate-buffered saline, mounting medium containing DAPI was
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added to the samples for nuclei staining. Digital images were captured of the
stained cultures with a digital camera from a Leica DM IRB inverted microscope.

4.2.4 SEM

For SEM images, the samples containing cells were rinsed with 0.1 M sodium
cacodylate buffer (pH 7.2) supplemented with 5% sucrose for 10 min, and fixed
for 30 min in 2% paraformaldehye/2% glutaraldehyde in 0.1 M sodium cacodylate
buffer (pH 7.2) supplemented with 5% sucrose, followed by dehydration (30, 50,
70, 80, and 95% ethanol for 10 min each, 100% ethanol for 10 min 3 times, and
finally 100% ethanol for 40 min). The samples were then dried by incubating in
100% ethanol/hexamethyldisilazane (1:1) for 20 min, followed by pure hexa-
methyldisilazane for 20 min. Then, the pure hexamethyldisilazane solution was
evaporated during 20 min by air-drying. Once dry, the samples were coated with
~ 10 nm thick gold/palladium (Au/Pd) by Denton Desk II sputtering system and
examined with a Hitachi S-4700 field emission SEM.

4.3 Results
4.3.1 3D Sharp-Tip Nanostructures

Figure 4.1 shows SEM images of the 3D sharp-tip nanostructures fabricated on
silicon substrates [28, 30]. The two different patterns, ‘Nanopillar’ and ‘Nano-
grating’, were used for the investigation of the dependency of cell behaviors on the
anisotropy of the patterns. To differentiate nanotopographical 3D effects, only
structure heights were varied from ‘Low’ (50-100 nm), ‘Mid’ (200-300 nm), to
‘High’ (400-500 nm), while the pattern periodicity (230 nm) and the tip sharpness
(<10 nm in tip apex radius) were fixed. The silicon nanostructures were uniformly
created over the top surface of the sample (with <10% deviation in structural size
and shape for each sample of 1 x 1 cm?).

4.3.2 Effect of Nanotopography

In order to examine the effects of nanotopography on the behaviors of cell growth
and adhesion, human foreskin fibroblasts were first tested on the surface samples
of varying patterns and structural aspect ratios, while their surface conditions were
all hydrophilic. Figures 4.2, 4.3, 4.4, 4.5, 4.6, 4.7 and 4.8 show the results of
microscopy.
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Nanopillar

Nanograting

Fig. 4.1 SEM images of 3D sharp-tip nanostructures [28, 30]. Well-ordered silicon nanostruc-
tures (a—c ‘Nanopillar’, d—f ‘Nanograting’) covered the surface of the sample (1 x 1 cm?)
uniformly. While the pattern periodicity was maintained to be 230 nm and the structural tips were
sharpened to be <10 nm in apex radius for all the samples, the structural heights were varied from
‘Low’ (a, d 50-100 nm), ‘Mid’ (b, e 200-300 nm) to ‘High’ (¢, f 400-500 nm), in order to test
the effects of nanotopographical three-dimensionalities on cell adhesions

Nanopillar

Nanograting

Fig. 4.2 Cell viability of human foreskin fibroblast on hydrophilic Nanopillar (a-d) and
Nanograting (e-h) of varying aspect ratios. The fluorescence microscopy images were taken in
3 days for Smooth (a, e), Low (b, f), Mid (c, g), and High (d, h) samples. In the images, green
color represents viable cells. In (f-h), the arrows (left—right arrow) indicate the direction of the
grating patterns on the samples

Figure 4.2 shows fluorescent microscope images for cell viability, taken after
3 days. On Nanopillar, smaller cell population and cell size were observed on
Nanopillar-Mid (Fig. 4.2c) and Nanopillar-High (Fig. 4.2d) than on Smooth
(Fig. 4.2a). Nanopillar-Low (Fig. 4.2b) does not show any significant difference
from Smooth. On Nanograting, cells were mostly viable on all the samples.
Compared to Smooth (Fig. 4.2e), cells were elongated to the grating direction
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Fig. 4.3 Cell adhesions of human foreskin fibroblast on hydrophilic Nanopillar (a-d) and
Nanograting (e-h) [28]. The fluorescence microscope images of immunostaining (nuclei: blue,
pFAK: red, in colors) were taken in 3 days for Smooth (a, e), Low (b, f), Mid (c, g), and High
(d, h) samples. Each arrow (left—right arrow) in (f-h) represents the direction of grating patterns
on the samples

Nanopillar

Nanograting

Smooth Nanopillar-Low Nanopillar-Mid Nanopillar-High

Fig. 4.4 Cell morphology of human foreskin fibroblast on hydrophilic Nanopillar topography
[28, 30]. The SEM images (top view) were taken in 3 days (a—d) and 1 week (e-h) for Smooth
(a, e), Low (b, f), Mid (¢, g), and High (d, h) samples. Each inset in Nanopillar (b-d,
f-h) represents the orientation of the pillar array on each sample. Detached cells were often
observed on Nanopillar-Mid and Nanopillar-High during the sample preparation for SEM, as
indicated by arrows (right arrow) in (c, h)

significantly, and the elongation was more pronounced on taller gratings. As
reported elsewhere [28], the quantitative measurement of cellular metabolic
activity by the alamarBlue™ assay also agreed with the qualitative results of
Fig. 4.2.

Figure 4.3 shows the fluorescent microscope images of the immunostaining of
phosphorylated focal adhesion kinase (pFAK) taken after 3 days [28]. Human
foreskin fibroblasts on Smooth (Fig. 4.3a, e) and Nanopillar (Fig. 4.3b-d)
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Fig. 4.5 Cell morphology of human foreskin fibroblast on hydrophilic Nanograting [28, 30]. The
SEM images (top view) were taken in 3 days (a—d) and 1 week (e-h) for Smooth (a, e), Low
(b, ), Mid (c, g), and High (d, h) samples. Each inset in Nanograting (b—d, f-h) represents the
orientation of the grating array on each sample. Detached cells were often observed on the tall
Nanograting during the sample preparation for SEM, as indicated by an arrow (right arrow) in (c)

exhibited punctuated adhesion complexes, whereas cells on Nanograting
(Fig. 4.6f-h) demonstrated dash-like adhesion complexes clearly aligned to the
grating direction. This result suggests that the 3D nanotopographies also induce
distinct intracellular processes that may modify the cell’s behaviors.

Figure 4.4 shows the SEM images of cell morphology on Nanopillar, taken
after 3 days and 1 week [28, 30]. On day 3, cells on Smooth (Fig. 4.4a) exhibited
well-spread and flattened cell morphology, which is typical for 2D planar
substrates. In contrast, Nanopillar gave rise to significantly different cell mor-
phologies. While being well-spread and flattened (similar to that for Smooth), cell
morphology on Nanopillar-Low was elongated (Fig. 4.4b). On Nanopillar-Mid
(Fig. 4.4c), an enhanced elongation with a slender morphology was observed, and
cell size was significantly smaller. On Nanopillar-High (Fig. 4.4d), fibroblasts
were not spread well and exhibited a swollen morphology with much smaller cell
size, which is indicative of a poor adhesion and an apoptosis-like process.
In 1 week, cell population, spreading, and size increased on all the samples. Cells
on Smooth (Fig. 4.4e) and Nanopillar-Low (Fig. 4.4f) maintained the flattened cell
morphology with more spreading and larger size. The elongated cell morphology
was maintained on Nanopillar-Low (Fig. 4.4f). Compared to day 3, cells on
Nanopillar-Mid (Fig. 4.4g) and Nanopillar-High (Fig. 4.4h) after one week were
more spread, flattened, and enlarged, with an enhanced elongation and slender
morphology. Also, compared to those on Smooth (Fig. 4.4e) and Nanopillar-Low
(Fig. 4.4f), cells exhibited a relatively swollen morphology with a smaller cell
size, especially on Nanopillar-High (Fig. 4.4h).

Figure 4.5 shows SEM images of cell morphology on Nanograting, taken after
3 days and 1 week [28, 30]. On day 3, although the cell spreading on Nanograting
(Fig. 4.5b—d) was not as good as that on Smooth (Fig. 4.5a), fibroblasts spread
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Nanopillar-High

Fig. 4.6 SEM images (tilted view) of human foreskin fibroblast cells cultured on hydrophilic
Nanopillar samples: Nanopillar-Low (a, b 3 days), Nanopillar-Mid (¢, d 3 days), and Nanopillar-
High (e, f 7 days) [30]. The high-magnification image (b) is from the sample cleaved through the
silicon substrate and cell to show the cross section. While already discussed with the top-view
images in Fig. 4.3, the tilted-view images more clearly show the detachment of cell bodies from
the Nanopillar-Mid and Nanopillar-High. Cells detached during the sample preparation for SEM

relatively well on Nanograting compared to Nanopillars (Fig. 4.4b—d). Fibroblasts
on Nanograting were more significantly elongated than on Nanopillar, showing
clear alignment along the grating direction. The elongated cell morphology and
alignment with the grating direction were more pronounced for taller gratings.
Relatively swollen cell morphology was often observed on Nanograting-Mid
(Fig. 4.5c) and Nanograting-High (Fig. 4.5d). In 1 week, cell population,
spreading, and size increased on all samples. Cells on Nanograting, compared to
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Fig. 4.7 SEM images (tilted view) of human foreskin fibroblast cells cultured on hydrophilic
Nanograting samples: Nanograting-Low (a, b 3 days), Nanograting-Mid (¢, d 3 days), and
Nanograting-High (e, f 3 days) [30]. The high-magnification images on the right column (b, d,
f) are from the sample cleaved through the silicon substrate and cell to show the cross sections.
While already discussed with the top-view images in Fig. 4.5, the tilted-view images more clearly
show the detachment of cell bodies from the Nanograting-Mid and Nanograting-High. Cells
detached during the sample preparation for SEM

3 days, spread better, with flattened morphology and enlarged size, while the cell
elongation and clear alignment to the grating direction was maintained. As
reported elsewhere [28, 30], more quantitative data of the cell morphology
obtained by image analyses further support the differences between Nanopillar and
Nanograting patterns of the varying aspect ratios.
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Nanograting

Fig. 4.8 Optical images (top view) of human foreskin fibroblast cells cultured for 3 weeks on the
hydrophilic samples (a and e Smooth samples used as controls for Nanopillar and Nanograting,
respectively; b—d Nanopillar-Low, -Mid, and -High, respectively; f-h Nanograting-Low, -Mid,
and -High, respectively) [30]. Each image shows the entire surface of the sample of 1 x 1 cm?
Although a cell sheet was formed on all the nanostructure samples after 3 weeks, the cell sheets
formed on the tall nanostructures (¢, d, h), as indicated by the arrows (right arrow), were
detached from the surface and rolled up or removed away in the sample preparation for the
images. In (f-h), the arrows (left—right arrow) indicate the grating directions on the samples

To examine the physical contact between the cells and the nanostructured
surfaces, their interfaces were inspected by the SEM, as shown in Figs. 4.6 and 4.7
[30]. Figure 4.6 shows the SEM images of human foreskin fibroblasts on Nano-
pillar samples. On Nanopillar-Low (Fig. 4.6a, b), it was often shown (Fig. 4.6b)
that the short Nanopillar structures were projected through the well-spread, flat-
tened cell body, suggesting that cells accommodated the mild topography by an
endocytosis-like process, which would result in a strong cell adherence to the
surface. On taller Nanopillar-Mid and Nanopillar-High (Fig. 4.6¢c—f), as noticed in
the top-view images (Fig. 4.4c, h), detached cell bodies were frequently observed
after the samples were prepared for SEM. The ends of the detached cells shown in
the magnified images (Fig. 4.6d, f) further suggest that the cell bodies were only
supported by the Nanopillars’ sharp tips, not entering into the valleys between the
pillars (i.e., no endocytosis-like process). It also suggests that cell-substrate
interactions occurred at the Nanopillars’ sharp tips, and that cells’ locomotion
(e.g., spreading) continued while levitated by the tall, sharp-tip Nanopillar struc-
tures. The minimized adhesive area of cells to the surface by the levitation on the
sharp tips would result in the weaker cell adherence to the surface, causing the cell
detachment during the sample preparations for the SEM images.

Figure 4.7 shows the tilted-view SEM images of human foreskin fibroblasts
on Nanograting samples. On Nanograting-Low (Fig. 4.7a, b), unlike on Nano-
pillar-Low (Fig. 4.6b), nanogratings did not project through the cells (Fig. 4.7b)
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(i.e., no endocytosis-like process). As seen in the top-view images (Fig. 4.5¢),
detached cell bodies were frequently observed on tall Nanograting samples
(Fig. 4.7c, e). Although the clear cell levitation was not observed on Nano-
grating-Low (Fig. 4.7b), the magnified tilted-view images of cleaved samples on
the right column clearly show that on tall Nanograting samples (Fig. 4.7d, f) cell
bodies were only supported by the sharp-tip ridges and did not go down into the
valleys. Consistent with the case of Nanopillar samples, it is believed that the
minimized cell-solid contact area by tall, sharp-tip Nanograting structures
resulted in the self-detachment of the cell bodies during the sample preparation
for the SEM images.

Human foreskin fibroblasts were cultured for an extended period (past the
7 days) to see whether they could proliferate enough to form a robust sheet of cell
layers and gain good adhesion on the nanostructured substrates. Figure 4.8 shows
the optical images of the fibroblasts cultured for 3 weeks [30]. Although the
fibroblasts proliferated slower on the tall nanostructures in the beginning, a sheet
of cells eventually formed on the nanostructured surfaces after 3 weeks. During
the sample preparation for the image (fixation and drying), the cell sheets on
Nanopillar-Mid (Fig. 4.8c) and Nanopillar-High (Fig. 4.8d) detached from one
side and their edges curled up, while the cell sheets on Smooth (Fig. 4.8a) and
Nanopillar-Low (Fig. 4.8b) remained attached. A part of a cell sheet on Nano-
grating also detached and curled away from the surface (parallel to the grating
direction) in the course of the sample preparation. The detachment was more
pronounced on taller Nanogratings (Fig. 4.8f-h), while a whole cell sheet on
Smooth remained attached (Fig. 4.8e). In simple mechanical peel tests using
tweezers and also jet shear flows, before drying (in a cell culture medium) as well
as after drying, the cell sheets formed on the tall nanostructures (Nanopillar-Mid,
Nanopillar-High, and Nanograting-High) were also found easier to peel off than
those on the other surfaces. This result suggests that the cells on tall nanostruc-
tures, even when they formed a 3D sheet, were levitated on the sharp tips so that
the cell-solid real contact area was minimized, resulting in a weak overall
adherence. It should also be noted that, although less evident compared with the
1-week-old cell bodies, the formed cell sheets on Nanograting still showed the
cells’ directional elongation to the underlying grating structures, suggesting that
the alignment was maintained over time [30].

4.3.3 Effect of Surface Wettability

Next, the effects of surface wettability on the cell behaviors in growth and
adhesion were studied by testing neonatal rat cardiac fibroblasts on Nanopillar
samples of varying structural aspect ratios in both hydrophilic and hydrophobic
surface conditions. Figures 4.9, 4.10, 4.11, 4.12 show the results of microscopy.

Figure 4.9 shows the SEM images of neonatal rat cardiac fibroblasts cultured
on hydrophilic samples for 2 days to 8 weeks. In 2 days, cells on Smooth
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Fig. 49 SEM images of neonatal rat cardiac fibroblasts cultured on hydrophilic samples.
Neonatal rat cardiac fibroblasts were cultured on Smooth (a, e, i, and m), Nanopillar-Low (b, f, j,
and n), Nanopillar-Mid (c, g, k, and o), and Nanopillar-High (d, h, 1, and p) in a hydrophilic
surface condition for 2 days (a—d), 1 week (e-h), 4 weeks (i-1), and 8 weeks (m—p). In (p), an
arrow (right arrow) indicates the boundary of cell sheet curled up from the surface

Hydrophilic
Smooth Nanopillar-Low Nanopillar-Mid Nanopillar-High
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Fig. 4.10 Fluorescence microscope images of neonatal rat cardiac fibroblasts cultured on
hydrophilic samples. Neonatal rat cardiac fibroblasts were cultured on Smooth (a, e), Nanopillar-
Low (b, f), Nanopillar-Mid (e, g), and Nanopillar-High (d, h) in a hydrophilic surface condition
for 2 days (a—d) and 1 week (e-h). Blue and red colors represent nuclei and actins, respectively
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exhibited well-spread, flattened, and rounded cell morphology (Fig. 4.9a). In
contrast, cells on Nanopillar showed less-spread, spindled or elongated cell mor-
phology (Fig. 4.9b—d). In particular, the cell shape became slenderer and the cell
size smaller for taller Nanopillars. Although cell population increased on all
samples in 1 week, the slender and spindle-like shape with a smaller cell size was
still observed on Nanopillar (Fig. 4.9f-h). In terms of cell size, cells on Nano-
pillar-High (Fig. 4.9h) were significantly smaller than those on the other samples.
In 4 weeks, cells on Nanopillar exhibited better spreading with less slender
morphology (Fig. 4.9j—1) than before, while cells on Smooth became confluent
(Fig. 4.91). In 8 weeks, a cell sheet was formed on all the samples (Fig. 4.9m-p). It
was observed that the edges of the cell sheet formed on Nanopillar-High were
curled up (Fig. 4.9p), while the edges on Smooth remained firmly attached. In a
simple detachment test, the cell sheet formed on the tall and sharp-tip Nanopillar
was easier to peel off than that on Smooth. This result was consistent with the case
of human foreskin fibroblasts (Fig. 4.8).

Furthermore, Fig. 4.10 shows the fluorescence microscope images of actin
filament (F-actin) of neonatal rat cardiac fibroblasts on hydrophilic samples after
2 days and 1 week. F-actins were less developed on Nanopillar-High (Fig. 4.10d, h),
supporting the smaller cell size in cell morphology. Many radiations of F-actins at
the periphery of cells were observed on Nanopillar-Mid (Fig. 4.10c, g) and
Nanopillar-High (Fig. 4.10d, h), whereas the radiating length was much longer on
Nanopillar-Mid than on Nanopillar-High.

In contrast to the hydrophilic samples, Fig. 4.11 shows the SEM images of
neonatal rat cardiac fibroblasts cultured on hydrophobic samples from 2 days to
8 weeks. Nanopillar, compared to Smooth, tended to support cell proliferation in
early periods (till 1 week), which was especially evident on Nanopillar-High
(Fig. 4.11d, h). Cells on Nanopillar-High appear to be more viable than those on
the other samples and showed stellate morphology (Fig. 4.11d, h, 1). However,
compared to the hydrophilic samples, cells did not proliferate much on the
hydrophobic samples, and eventually few viable cells were left on the hydrophobic
samples after 4 weeks. This result suggests that neonatal rat cardiac fibroblasts
do not attain sufficient adhesion for proliferation on the hydrophobic surface.
Although cells on the Nanopillar-High exhibited better cell proliferation than those
on other samples, we speculate that it was because cells have less contact
area to the hydrophobic surface due to the levitation by the tall and sharp-tip
nanostructures.

Figure 4.12 also shows the fluorescence microscope images of actin filament
(F-actin) of neonatal rat cardiac fibroblasts on hydrophobic samples in 2 days and
1 week. F-actins were seldom developed on hydrophobic samples, suggesting poor
cell adhesion. Considerable development of F-actins was only observed on
Nanopillar-High in 1 week (Fig. 4.12h). F-actins radiated at the cells’ periphery
(Fig. 4.12h), which was consistent with the cells’ morphology.
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Fig. 4.11 SEM images of neonatal rat cardiac fibroblasts cultured on hydrophobic samples.
Neonatal rat cardiac fibroblasts were cultured on Smooth (a, e, i, and m), Nanopillar-Low (b, f, j,
and n), Nanopillar-Mid (¢, g, k, and o), and Nanopillar-High (d, h, 1, and p) in a hydrophobic
surface condition for 2 days (a-d), 1 week (e-h), 4 weeks (i-1), and 8 weeks (m—p)

4.3.4 Effect of Cell Type

The dependency of cell behaviors on cell types were also studied by testing three
different cells (human foreskin fibroblast, NIH-3T3, and smooth muscle cell) on
both Nanopillar and Nanograting samples of a hydrophilic surface condition.
Figures 4.13, 4.14, 4.15 show the results of microscopy. For the human foreskin
fibroblast, the results shown in Figs. 4.2, 4.4, and 4.5 are presented in Figs. 4.13,
4.14, 4.15 again, respectively, to help the comparison.

Figure 4.13 shows the fluorescent microscope images of NIH-3T3 cell viability
on hydrophilic Nanopillar after 3 days, compared to human foreskin fibroblast.
Contrary to that of human foreskin fibroblast (HFF, Fig. 4.13a—d), no significant
difference was observed with NIH-3T3 among the samples (Fig. 4.13e-h),
suggesting that the viability of NIH-3T3 should not be affected considerably by the
presence of the Nanopillar topographies. Figure 4.14 further shows the SEM
images of NIH-3T3 cell morphology on Smooth and Nanopillar samples after
3 days (Fig. 4.14e-h), compared to human foreskin fibroblast (HFF, Fig. 4.14a—d).



94 C.-H. Choi and C.-J. Kim

Hydrophobic
Smooth Nanopillar-Low Nanopillar-Mid Nanopillar-High

2 days

1 week

Fig. 4.12 Fluorescence microscope images of neonatal rat cardiac fibroblasts cultured on
hydrophobic samples. Neonatal rat cardiac fibroblasts were cultured on Smooth (a, e),
Nanopillar-Low (b, f), Nanopillar-Mid (¢, g), and Nanopillar-High (d, h) in a hydrophobic
surface condition for 2 days (a—d) and 1 week (e-h). Blue and red colors represent nuclei and
actins, respectively

Smooth

HFF

NIH-3T3

Fig. 4.13 Cell viability of NIH-3T3 (e-h) on hydrophilic Nanopillar surfaces, compared to
human foreskin fibroblast (a—d). The fluorescence microscopy images were taken in 3 days for
Smooth (a, e), Nanopillar-Low (b, f), Nanopillar-Mid (¢, g), and Nanopillar-High (d, h). In the
images, green color represents viable cells, while red cells are inactive (indicated with an arrow)

In terms of cell population, size, and shape, no noticeable difference was observed
with NIH-3T3 among the samples. Along with the cell viability result (Fig. 4.13),
this confirms that cell morphology of NIH-3T3 is not significantly affected by the
existence of the Nanopillar topographies. However, NIH-3T3 cells were often
detached on Nanopillar-Mid (Fig. 4.14g) and Nanopillar-High (Fig. 4.14h) during
the sample preparation for SEM, similarly as human foreskin fibroblast cells were.

Figure 4.15 shows the SEM images of smooth muscle cell morphology on
hydrophilic Smooth and Nanograting surfaces after 1 week (SMC, Fig. 4.15a—d),
compared to human foreskin fibroblast (HFF, Fig. 4.15e-h). Compared to Smooth
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Fig. 4.14 Cell morphology of NIH 3T3 (e-h) on hydrophilic Nanopillar surfaces, compared to
human foreskin fibroblast (a—d). The SEM images (top view) were taken in 3 days for Smooth
(a, e), Nanopillar-Low (b, f), Nanopillar-Mid (¢, g), and Nanopillar-High (d, h). Each inset in
Nanopillar (b—d, f-h) represents the orientation of the pillar array on each sample

Smooth Nanograting-Low Nanograting-Mid Nanograting-High

HFF
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Fig. 4.15 Cell morphology of smooth muscle cell (e-h) on hydrophilic Nanograting surfaces,
compared to human foreskin fibroblast (a—d). The SEM images (fop view) were taken in 1 week
for Smooth (a, e), Nanograting-Low (b, f), Nanograting-Mid (¢, g), and Nanograting-High (d, h).
Each inset in Nanograting (b—d, f-h) represents the orientation of the grating array on each
sample

(Fig. 4.15e), smooth muscle cell on Nanograting exhibited noticeable elongation
to the grating direction, which is more pronounced on Nanograting-High.
However, the aligned elongation of smooth muscle cell on Nanograting was less
significant than human foreskin fibroblast. The cell detachment of smooth muscle
cell on Nanograting was also less significant than that of human foreskin fibroblast.
However, compared to Smooth surfaces, the smooth muscle cell was often
detached on tall Nanograting surfaces during the sample preparation for SEM.
Comparison of the cell morphologies of human foreskin fibroblast, NIH-3T3,
and smooth muscle cell suggests that the influence of 3D nanotopographies on the
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cell morphologies is dependent on cell types. However, the NIH-3T3 and smooth
muscle cell were still prone to detachment from the high aspect ratio nanostructure
samples during the sample handling in liquid. Thus, the comparison of the cell
detachments of human foreskin fibroblast, NIH-3T3, and smooth muscle cell
suggests that the influence of 3D sharp-tip nanotopographies on the mechanical
cell adhesion is independent of cell types. As long as the cell is much larger than
the lateral dimension (i.e., pitch) of the nanopatterns, the contact area between the
cell and the solid is reduced on the nanostructured substrates regardless of cell
types, resulting in a weaker cell adherence to the sample surface.

4.4 Discussion

Our results showed that bodies of the tested cells (human foreskin fibroblast,
NIH-3T3, and smooth muscle cell) were able to conform to the surface nano-
topography of the short (50-100 nm) nanostructures but not of the medium
(200-300 nm) and tall (400-500 nm) nanostructures. Note that all the nano-
structures have the same periodicity (pitch of 230 nm) and similar tip sharpness
(~10 nm). It is reasonable to interpret that the cells deformed to fill shallow
valleys of the short nanostructures and contacted the bottom surface of the
substrate, but could not deform enough to fill the deep valleys of tall nanostruc-
tures. Instead, they were suspended by the tall nanostructures and remained off the
bottom surface of the substrate, resulting in a significantly reduced area of contact
with the substrate and a much diminished overall adhesion.

Our result and interpretation not only agree well with the reports of others
[32-36] but further suggest that taller (i.e., high aspect ratio) structures in a smaller
spacing (i.e., small periodicity) are more effective in sustaining cells off the bottom
surface and consequently obtain weak cell adherence on the substrate. It is
important to note that a high curvature of a cell membrane is energetically
unfavorable [37]. Considering the mechanical properties (e.g., elasticity or rigidity
of a cell membrane), we expect that cells will conform to the surface nano-
topography of scarcely populated or low-aspect-ratio nanostructures, which can be
filled with a relatively small curvature (i.e., small deformation) of a cell mem-
brane. If surface nanostructures are densely populated with a high aspect ratio, on
the other hand, the cells of the same membrane pliability will not be able to
develop a conformal contact (or endocytosis-like process).

In addition to the mechanical contact area, the adhesiveness of cells to the
substrate is influenced by other factors, such as cell types and the effective amount
of the adhesion complexes present at the cell-surface interfaces [38, 39]. In [38],
where human corneal epithelial cells contacted only the tops of the ridge structures
(220-2,200 nm in width, 400—4,000 nm in pitch, 250-600 nm in height, respec-
tively), cell adhesion was found stronger on smaller structures (i.e., larger aspect
ratio) than on larger structures (i.e., smaller aspect ratio) or even on a planar
surface—a seemingly opposite trend to our results. Although the different trend
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may suggest the difference in the cell type simply overshadowed the adhesive
responses to topographical stimuli [39], we also speculate that more surface dis-
continuities present on the smaller (denser) structures might have provided more
available binding sites for protein conformations, resulting in the increased overall
adhesion. Such speculation can be supported by a few other reports [35, 40, 41]. In
[40], human gingival fibroblasts cultured on titanium-coated microscale grooves
(610 pm in pitch, 3 um in depth) produced a higher amount of the adhesive
protein fibronectin compared with those on a smooth surface. In [41], a confined
contact and a localized high adhesion of rat epitenon fibroblast cells were observed
along the sharp edges of the microscale ridges (~ 10 pm in width, ~20 pm in
pitch, 200 nm in height). In [35], similar to the observation in [41], actin mole-
cules in HeLa cells were strongly localized only on the circumferences of the pillar
head (500 nm in diameter, ~1 pm in pitch, 1 pm in height). If the concentration
of adhesive proteins is higher at the sharp edges of surface structures, in [38] the
adhesion may have been increased by the higher number of edges on the smaller
(denser) structures more than it decreased by the reduced contact area between the
cells and the substrate. Meanwhile, it should also be noted that the lateral
dimensions of the focal adhesion have been reported to be 250-500 nm [42]. In
[36, 39], focal adhesions formed on 70 nm wide ridges were found sporadic and
significantly narrower than those on ridges of more than 400 nm wide, suggesting
that there may exist a threshold lateral dimension for the proper formation of focal
adhesion and associated stress fibers. The nanostructure tip size (~ 10 nm) tested
in the present report is much smaller than the typical dimension of focal adhesion,
suggesting that a highly intensified adhesion structure is not likely to occur on such
slender and sharp-tip structures, in which case surface adhesiveness would be
consistently low for a variety of cells.

Smaller cell populations and weaker cell adherence on the sharp-tip tall
nanostructures in both hydrophilic and hydrophobic conditions indicate that such
nanoengineered surfaces of well-tailored 3D nanotopography may prevent bio-
fouling in many engineering systems and components such as lab-on-a-chip
microdevices and biomedical implanting devices. In addition to the prevention of
biofouling in hydrostatic conditions (e.g., no flow), our results of cell detachment
in hydrodynamic conditions (e.g., shearing by a water jet flow) further suggest that
such prevention will be more effective in dynamic flow conditions such as pipe
flows and marine vessels. The control of bio-adhesion by only a physical means
(i.e., surface nanotopographies) without any chemical modification or active
mechanism will present many advantages in the designs of non-toxic and energy-
efficient surfaces for green tribology. In addition to the reduction of biofouling,
such nanostructured surfaces in hydrophobic condition are also considered
promising for frictional drag reduction in various flows [43, 44], which is also
expected to contribute to greener tribology.

To date, the effects of nano-periodic surface features on the cell behavior have
been examined by using nanoscale structures, such as columns [32, 35, 45-50],
dots [51-58], pits [59-62], pores [63-68], gratings [36, 39, 69-74], meshwork
[75-84], nanophase grain [85-87], and random surface roughness [88-91],
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created by a variety of lithography and fabrication techniques, including e-beam
lithography [36, 39], dip-pen lithography [53], laser irradiation [70, 72], nano-
imprint [35, 59-62, 74], capillary lithography [49], X-ray lithography [71],
interference lithography [69, 73], polymer demixing [46, 50], block-copolymer
lithography [54], nanoparticle or colloidal lithography [32, 47, 48, 51, 52, 55-58],
chemical vapor deposition of carbon nanofibers or nanotubes [75-84], black sili-
con method [45], electrochemical porous etching [63—68], chemical etching
[88-91], and thermal sintering [85-87]. However, the serial methods such as
e-beam lithography, dip-pen lithography, or direct laser irradiation are not ade-
quate to pattern a large area (over cm?s). X-ray lithography is a parallel process
and can pattern a large area, but it is too expensive for most applications. Soft
lithography-based fabrication, such as nanoimprint or capillary lithography,
replicates patterns in a parallel fashion, but it still needs a master mold manu-
factured by e-beam or X-ray lithography. Most non-lithographic methods, such as
nanotemplates made by self-assembly (e.g., copolymers, nanoparticles), direct
growth of nanostructures (e.g., carbon nanofibers or nanotubes), and blanket
etching or surface roughening (e.g., black silicon methods, chemical or electro-
chemical etching, sintering) generate poorly ordered patterns with irregular feature
sizes, especially lacking the regularity over a large area. The ability to control the
surface topography on the nanoscale has been very limited; the inability to inde-
pendently control structural three-dimensionality and periodicity over a wide range
in the nanoscale has been precluding systematic investigations of the 3D effects of
nanoscale features on cell behaviors. The new nanofabrication technique com-
bining the interference lithography and DRIE has opened the way for such
investigations by realizing 3D nanostructures of well-regulated dimensions and
shapes uniformly over a large substrate area (e.g., on a wafer level) with a rela-
tively low cost. We hope the nanostructured surfaces used in this report provide a
new opportunity to elucidate many nanobiological issues of the cell and open
further possibilities in bioengineering application [92-94].

4.5 Conclusion

Recent nanotechnology revolutions have presented increased opportunities along
with new challenges to bioscience and technology including bio-adhesion of cells.
Surface topography and chemistry tailored by nanotechnology can make signifi-
cant contribution to such applications by applying the technology to study how
cells migrate and adhere on 3D nanofeatures with varying surface chemistry such
as wettability. In this study, we demonstrated that nanostructures with systemat-
ically controlled patterns, sizes, and shapes can serve as a new means to elucidate
the 3D cell-material interactions, which play a critical role in biofouling. For
example, the dependency of cell behaviors on nanotopographical three-dimen-
sionality (i.e., structural aspect ratio) was verified by using well-regulated sharp-tip
nanostructures of independently controlled height and surface wettability.
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Although cell-specific, for all the cell types tested, the trend was consistent: fewer
cells and smaller cell size on taller nanostructures of a given pitch. Compared with
2D smooth surfaces, cells on 3D nanostructured surfaces were found more elon-
gated to the directions of the structure patterns. The elongation phenomenon was
more pronounced on grating patterns than pillar patterns; it was also more
pronounced on taller gratings than shorter. The result illuminates that cell
proliferation and morphological characteristics are dependent not only on the type
of surface patterns but also on the topographical three-dimensionality. On the
molecular level, the sharp-tip nanotopographies resulted in a marked difference in
the formation and arrangement of intracellular adhesion molecules, which not only
influenced the cell proliferation and morphology but also were likely to affect the
intracellular activities such as gene expression and protein production. In regard to
cell attachment, when the nanostructure was relatively short, cells adhered well to
the entire surface including the valleys (e.g., endocytosis-like process on short
pillar structures). When the nanostructure was tall, however, cells were levitated
on the nanostructures whether the surface was hydrophilic or hydrophobic. As a
result, the cell attachment to the substrate was weak. Not only individual cells but
also the 3D cell layers formed on the tall nanostructures were easily peeled off,
suggesting the possibility of using sharp-tip nanostructures of a high aspect ratio
for the prevention and removal of biofoulants. The control of cell adherence and
directional growth merely by the nanoscale surface topographies can open new
application possibilities in biological tribology.
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Chapter 5

Green Nanotribology and Sustainable
Nanotribology in the Frame of the Global
Challenges for Humankind

1. C. Gebeshuber

5.1 Introduction

This chapter deals with green and sustainable nanotribology. It highlights the
challenges, development and opportunities of these new, emerging fields of sci-
ence and embeds them in the major frame of the most serious problems we
currently face on our planet. Fifteen global challenges are annually identified by
the Millennium Project, a major undertaking that was started in 1996 and that
incorporates organizations of the United Nations, governments, corporations,
non-governmental organizations, universities and individuals from more than
50 countries from around the world. Green Nanotribology is of specific relevance
when addressing Global Challenge 13 (Energy) and Global Challenge 14 (Science
and Technology). These two challenges are introduced in more detail, and the
contributions of Green Nanotribology to specifically address issues that arise due
to these two challenges are outlined. Subsequently, the concept of sustainable
nanotribology 1is introduced by correlating nanotribological developments with
principles of sustainability identified by the US American Biomimicry Guild.
Conclusions and outlook as well as recommendations round up the chapter.
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5.1.1 The “Most Serious Problems”

In 2005, Jared Diamond published his book ‘Collapse: How societies choose to fail
or succeed’ [17]. In this work, Diamond identifies four major issues that lead to the
collapse of societies. The first issue comprises destruction and loss of natural
resources (e.g. destruction of natural habitats, aquacultures, biodiversity loss,
erosion and soil damage), the second ceilings on natural resources (e.g. fossil fuels,
water, photosynthesis ceiling), the third harmful things that we produce and move
around (e.g. toxic man-made chemicals, alien species, ozone hole) and the fourth
comprises population issues (e.g. population growth, impact of population on the
environment). We need to go green if we want to sustain ourselves.

5.1.2 The “15 Global Challenges”

The Millennium Project was initiated in 1996. Until now, it has comprised the
work of 2500 futurists, scholars, decision makers and business planners from over
50 countries. The project has nodes in 30 countries. The Millennium Project
publishes the annual State of the Future Report (SOF) [36]. The SOF identifies and
deals in detail with the fifteen major global challenges for humanity (Fig. 5.1), and
provides an action plan for the world.

The 15 global challenges identified by the Millennium Project are:

1. How can sustainable development be achieved for all while addressing global

climate change?

How can everyone have sufficient clean water without conflict?

How can population growth and resources be brought into balance?

How can genuine democracy emerge from authoritarian regimes?

How can policymaking be made more sensitive to global long-term

perspectives?

6. How can the global convergence of information and communications tech-
nologies work for everyone?

7. How can ethical market economies be encouraged to help reduce the gap
between rich and poor?

8. How can the threat of new and reemerging diseases and immune micro-
organisms be reduced?

9. How can the capacity to decide be improved as the nature of work and
institutions change?

10. How can shared values and new security strategies reduce ethnic conflicts,
terrorism, and the use of weapons of mass destruction?

11. How can the changing status of women help improve the human condition?

12. How can transnational organized crime networks be stopped from becoming
more powerful and sophisticated global enterprises?

13. How can growing energy demands be met safely and efficiently?

Dk w
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15 Global Challenges
facing humanity

Sustainable development
and climate change

Science and
technology

Transnational
organized crime

Capacity to decide ~ Health issues

by The Millennium Project
www.millennium-project.org

Fig. 5.1 15 Global challenges facing humanity as identified by the millennium project. Source:
http://www.millennium-project.org/millennium/images/15-GC.jpg (last accessed 4 October 2011)

14. How can scientific and technological breakthroughs be accelerated to improve
the human condition?

15. How can ethical considerations become more routinely incorporated into
global decisions?

Green Nanotribology with all its beneficial consequences is of specific rele-
vance for Global Challenge 13 (Energy) and Global Challenge 14 (Science and
Technology).

5.2 Green (Nano-)Tribology

Si-wei Zhang, past chairman of the Chinese Tribology Institution, coined the term
‘Green Tribology’ and launched it as an international concept in June 2009.

Green tribology is the science and technology of the tribological aspects of ecological
balance and of environmental and biological impacts. Its main objectives are the saving of
energy and materials and the enhancement of the environment and the quality of life (Peter
Jost 2009, [2]).
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Fig. 5.2 From the macro- to the nanoscale. New types of microscopy allow for visualization and
active interaction on very small scales, and therefore open up whole new domains for science and
technology, e.g. nanotribology. © 2010 Springer [28]

We need green tribology because of the current pressures on energy, materials
and food [58]. A focus on tribology might give breathing space while fuller
solutions to environmental problems are being addressed [2]. Tribology must fall
into line with the major politics of world environment and energy. Economic
benefits derived from the application of tribology for the UK comprise £8—10
billion, out of which 60-70% would be energy related, all this largely from
existing and applied research (innovation) [2].

Tribology covers all length scales. In this chapter, we concentrate on nano-
tribology (length scale some 10~° nm). New types of microscopy now allow
access to the nanocosmos, not just to view, but to interact (Fig. 5.2). This opens up
completely new opportunities.

Nanotribology deals with nanosurfaces, nanoagents and nanoprocesses. For
green nanosurfaces, points such as nanostructured surfaces, hierarchical surfaces,
material selection, coated materials and monomolecular lubricant layers need to be
addressed. The importance of nanosurfaces regarding Green Nanotribology is in
the medium range. Of very high importance for Green Nanotribology are nano-
agents. Points to address here are physical and chemical properties, the effect on
the environment and biology, and the changes of the properties during the tribo-
process. Regarding green nanoprocesses, the importance of points to address is in
the medium to low range. Points to address comprise energy efficiency, the share
between process relevant energy, destructive energy and waste and reusable
energy as well as the effectiveness of reusing process energy [21].
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In going green, tribology can benefit from a look at biology. Recently, biology has
changed from being a highly descriptive science to a science that can be understood
by engineers and researchers coming from the hard sciences, in terms of concepts,
ideas, languages and approaches [24, 26]. In former times, tribology as well as
biology used to be very descriptive. Inter- and transdisciplinary connections between
the two fields were nearly impossible because of limited causal knowledge and
limited causal relationships in both fields. This has changed. Today, we have
increased causal knowledge [29] in both fields and therefore a promising area of
overlap between tribology and biology [25, 30]. Causal knowledge indicates the fact
that we know the relevant natural laws and can therefore construct explanations and
forecasts. In biologys, this is very often the case in physiology: We get cold feet when
the vessels contract, because according to the laws of physics (fluid mechanics) less
blood flows through these vessels (Drack, 2011, personal communication).

Biomimetics, the field that deals with knowledge transfer from biology to
engineering and the arts, is a booming science that attracts more and more
researchers, papers and attention [5, 48, 83]. Otto Schmitt [69], the inventor of the
Schmitt trigger coined this field in 1982. One of the interesting aspects of such an
interdisciplinary science as biomimetics is the variety of the publication channels.
The author of this chapter for example has long been working in the field of
bioinspired nanotribology and has published in journals as diverse as the Polish
Botanical Journal (touching on the tribology of photosynthetic microorganisms
with rigid parts in relative motion on the nanoscale) [78], Nano Today, elaborating
on the tribology of biological hinges and interlocking devices, natural switchable
adhesives and self-repairing molecules [22], the Proceedings of the Institution of
Mechanical Engineers Part J: Journal of Engineering Tribology (touching on
hinges and interlocking devices in microorganisms, [23]) and Tribology [25],
proposing new ways of scientific publishing and accessing human knowledge
inspired by transdisciplinary approaches regarding nanotribology. Biological best
practice systems regarding nanotribology are functional and—in many cases—
beautiful (Fig. 5.3).

Turning nanotribology green implies more than just the usage of sustainable
additives [21]. Tribology is a systems science; therefore also the environment and
the development with time have to be accounted for.

Nanoagents in tribology are additives, products of the additives and byproducts
that appear in the system after the technological application. Reaction products
(which can be harmful) have to be either chemically inert after use or are fed back
to the system for further usage (waste-to-wealth concept). Not-used nanoagents
need to be either inert or fed back to the reaction. Potentially harmful byproducts
that have nothing to do with the initial nanoagent need to be either neutralized or
re-used. Biomimetic tribological nanotechnology might help to turn nanotribology
green, but it cannot be stated often enough that biomimetics does not automatically
yield sustainable or even just green products [29].

Green control of friction, wear and lubrication on the nanoscale can be achieved
by taking into consideration environmental aspects of nanoscale lubrication layers,
environmental aspects of nanotechnological surface modification techniques and
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Fig. 5.3 This fossil diatom Solium exsculptum lived 45 millions of years ago on the island of
Mors in Denmark. Scanning electron microscopy reveals unbroken diatom shells, with elaborate
linking structures, and various micromechanical, incl. tribological, optimizations. © F. Hinz,
Alfred Wegener Institute Bremerhaven, Germany. Image reproduced with permission

nanotribological aspects of green applications such as artificial photosynthesis.
Questions that need to be addressed in turning nanotribology green are for example
[21]:

e Do the processes get greener with the envisaged nanotribology (e.g. better
coatings, less wear, less stiction)?

e Do the processes turn worse because of chemical reactions?

e Is the envisaged Green Nanotribology only pseudo-green, and in reality the
negative impact on the environment/biology is only translated to other layers?

The usage of new technologies, materials and devices might increase advan-
tages, but generates new problems. Exact eco-balance calculations need to be
performed to prevent pseudo-green approaches. Biodiesel for example might be
greener in the production than conventional products, yet still has technical con-
cerns when used at concentrations greater than 5% [16].

5.3 The Relation of Green (Nano-)Tribology and “Global
Challenge 13: Energy”

Issue: How can growing energy demand be met safely and efficiently?

The Millennium Projects annually publishes the State of the Future report (with
few pages in print and vast information on CD) and has an extensive webpage
(http://www.millennium-project.org). Concise information about this global
challenge as well as the Executive Summary of the 2011 State of the Future report
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can be accessed online at http://www.millennium-project.org/millennium/Global _
Challenges/chall-13.html and at http://www.millennium-project.org/millennium/
SOF2011-English.pdf. The following quotations from the Millennium Project
webpage on Global Challenge 13 give a glimpse on the points touched by the
futurists:

The world energy demand is expected to increase by between 40 and 50% over the next
25 years, with the vast majority of the increase being in China and India.

G20 leaders pledged to phase out fossil fuel subsidies in the medium term.

The World Bank estimates that countries with underperforming energy systems may lose
up to 1-2% of growth potential every year, while billions of gallons of petroleum are
wasted in traffic jams around the world.

Massive saltwater irrigation can produce 7,600 L/ha-year of biofuels via halophyte plants
and 200,000 L/ha-year via algae and cyanobacteria, instead of using less-efficient fresh-
water biofuel production that has catastrophic effects on food supply and prices. Exxon
announced its investment of $600 million to produce liquid transportation fuels from
algae.

CO, emissions from coal plants might be re-used to produce biofuels and perhaps carbon
nanotubes. The global market value for liquid biofuel and bioenergy manufacturing is
estimated at $102.5 billion in 2009 and is projected to grow to nearly $170.4 billion by
2014.

Innovations are accelerating: concentrator photovoltaics that dramatically reduce costs;
waste heat from power plants, human bodies, and microchips to produce electricity;
genomics to create hydrogen-producing photosynthesis; buildings to produce more energy
than consumed; solar energy to produce hydrogen; microbial fuel cells to generate elec-
tricity; and compact fluorescent light bulbs and light-emitting diodes to significantly
conserve energy, as would nanotubes that conduct electricity. Solar farms can focus
sunlight atop towers with Stirling engines and other generators. Estimates for the potential
of wind energy continue to increase, but so do maintenance problems. Plastic nanotech
photovoltaics printed on buildings and other surfaces could cut costs and increase effi-
ciency. The transition to a hydrogen infrastructure may be too expensive and too late to
affect climate change, while plug-in hybrids, flex-fuel, electric, and compressed air
vehicles could provide alternatives to petroleum-only vehicles sooner. Unused nighttime
power production could supply electric and plug-in hybrid cars. National unique all-
electric car programs are being implemented in Denmark and Israel, with discussions
being held in 30 other countries.

According to the Millennium Project, Global Challenge 13 will have been
addressed seriously when the total energy production from environmentally benign
processes surpasses other sources for five years in a row and when atmospheric
CO, additions drop for at least five years.

Opportunities: Contribution of Green Nanotribology to meeting the energy
demand safely and efficiently.

Energy is one of two global challenges identified by the Millennium Project
where optimized tribology can substantially contribute. Opportunities regarding
this challenge comprise renewable fuels, the use of waste energy and more effi-
cient energy conversion systems. Regarding Green Nanotribology, energy man-
agement, wear management and self-healing coatings are of high potential.
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Biofuels still have major unresolved tribological issues related to their hygro-
scopic properties and related absorption or adsorption of water, leading to
microbiological activity, corrosion and fuel instability. These issues need to be
addressed with tribology on all length scales. Furthermore, underperforming
energy systems, MEMS energy harvesters and wind energy plants need to be
tribologically optimized. Green Nanotribology can provide its share in all these
areas.

5.4 The Relation of Green (Nano-)Tribology and “Global
Challenge 14: Science and Technology”

Issue: How can scientific and technological breakthroughs be accelerated to
improve the human condition?

The following quotations from the Millennium Project webpage on Global
Challenge 14 gives a glimpse on the points touched by the futurists (http:/
www.millennium-project.org/millennium/Global_Challenges/chall-14.html):

The acceleration of S and T innovations from improved instrumentation, communications
among scientists, and synergies among nanotechnology, biotechnology, information
technology, cognitive science, and quantum technology continues to fundamentally
change the prospects for civilization.

Nanobots the size of blood cells may one day enter the body to diagnose and provide
therapies and internal VR imagery.

Nanotechnology-based products have grown by 25% in the last year to over 800 items
today for the release of medicine in the body, thin-film photovoltaics, super hard surfaces,
and many lightweight strong objects.

Despite these achievements, the risks from acceleration and globalization of S and T
remain ... and give rise to future ethical issues...

The environmental health impacts of nanotech are in question.

.. supporting basic science is necessary to improve knowledge that applied science and
technology draws on to improve the human condition.

We need a global collective intelligence system to track S and T advances, forecast
consequences, and document a range of views so that politicians and the public can
understand the potential consequences of new S and T.

Scientific and technological breakthroughs need to be accelerated to improve
the human condition. We currently have a major issue with over-information, and
how to deal with it. Another issue relates to the major gaps between investors,
innovators and inventors, regarding their goals and visions, dreams and approa-
ches, reward systems and driving reasons. There is a need for new ways, concise
visions and researchers who understand the big picture. There is a need for spe-
cialists who are coordinated by generalists.
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Fig. 5.4 The potential of Green Nanotribology in addressing Global Challenge 14, Science and
Technology. See text

Questions that need to be addressed comprise: What good is science for if the
work of scientists disappears in journals and books, and nobody applies it? What
good is it if the scientists are only sustaining the publishing industry and/or serving
the ‘research market’ and their results are hard/costly to access for the general
public and the industry?

According to the Millennium Project, Global Challenge 14 will have been
addressed seriously when the funding of R and D for societal needs reaches parity
with funding for weapons and when an international science and technology
organization is established that routinely connects world S and T knowledge for
use in R and D priority setting and legislation.

Opportunities: Contribution of Green Nanotribology to accelerate scientific
and technological breakthroughs to improve the human condition.

Sustainable Nanotribology ensures that there are no adverse environmental health
impacts of nanotech on biology and the environment. Health impacts of nanotech-
nology are currently dealt with extensively [4, 12, 20, 40, 41, 62, 74-76, 79].
Green Nanotribology can, e.g. help address nanobot issues such as stiction and too
high adhesion, emerging 3D MEMS tribology issues [66] and increase the quality of
lab-on-a-chip devices. Micro- and nanotribological research has furthermore
inspired a concept for a global collective intelligence system to track S and T
advances [25] which might be extended to forecast consequences and to document a
range of views, which is important regarding politics and governance.

Opportunities in science and technology are furthermore improvement of the
human condition, aiming at having a context of knowledge and an equilibrium
between generalists and specialists. The contribution of Green Nanotribology
comprises establishment of a best practice example of a pipeline from the inventor
to the innovator and the investor (Fig. 5.4). Nanobiotribological systems such as
hinges and interlocking devices or self-repairing adhesives in diatoms [23, 34] or
switchable adhesion exemplified by the selectin/integrin system [60] or the dry
adhesives of the Gecko foot [3] are just some examples of the treasure box of best
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practice examples for the green nanotribologist looking for inspiration in nature.
They provide the potential (push, Fig. 5.4). Between this world of solutions, of
examples, of best practices, and the world of the scientists and developers, the
inventors, is the first gap (Fig. 5.4). Knowledge—driven biologists head out and try
to reach tribologists, offering their solutions. This happens with increasing success.
Wilhelm Barthlott likes to tell the story that he went for 11 years from one
company to the next, with a lotus leaf in his hands, trying to sell the purity of the
sacred lotus [6] as something that is interesting for technology. He was ignored,
until finally the company STO realized the potential of self-cleaning paints.
Barthlott is now a well-off man, the lotus effect is well known, even in the general
public, and biomimetics is a field with very positive connotations. The next gap is
between the inventor and the innovator (How do the research results become
prototypes? Who identifies promising designs/developments and promotes com-
mercialization?), and the third gap is between the innovator and the investor (How
do the prototypes translate into marketable products? Who ‘sells’ the prototypes to
industry? Who does the communication between researchers and developers and
industry?). From the technology side, market-driven green nanotribologists head
out to screen beyond the gaps, and identify people from other fields to work with,
and fulfill the demand (pull) of the market (Fig. 5.4). What we need is a pipeline
from knowledge via the application to the creation, from the solution via the
prototype to the product, and from the know-why via the know-how to the know-
what.

5.5 Bioinspired Optimization Levers in Green Nanotribology

Scherge and Rehl [68] identified four optimization levers in tribology: breaking-in,
additives, finishing and material selection. Green Nanotribology can address all
these four levers [21]: (1) The key advance of biomimetic Green Nanotribology is
in the area of breaking-in. Our current technological systems and devices are
sequentially produced and need ‘breaking-in’. Organisms that are growing from a
nucleus on the other hand need ‘initial consolidation’. Contrary to the process of
breaking-in, the initial consolidation in organisms is equivalent to a ‘peak’ that
establishes function and controls quality via ‘hail or fail’. Biological systems
mainly have soft materials and use water-based lubricants; they have tribological
properties in many cases superior to the ones of technical devices and can serve as
inspiration for new tribological approaches. (2) Examples for additives in bio-
logical lubricants are proteins, e.g. in the mucus of snails (which acts as adhesive
and lubricant, [46]) and in fish mucus (which, amongst other functions, reduces
drag, [13, 42, 51]) as well as in synovial joints (hip, knee, shoulder, [54]). Bio-
logical lubricants are water soluble. Currently, various research projects aim at the
development of water-soluble lubricants for technological applications (e.g. by the
V.A. Kargin Polymer Chemistry and Technology Research Institute or by the
Singapore Institute of Manufacturing Technology). Environmental compliance and
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improved tribological properties could go hand-in-hand. (3) Nature’s materials are
complex, multi-functional, hierarchical and responsive and in most instances
functionality on the nanoscale is combined with performance on the macroscale.
Biological materials have elaborate surface textures and finishing: the finishing of
biological tribosurfaces has been the focus of investigation in major research
networks, and the literature is bursting with examples of soft matter with excellent
finishing. Examples comprise hierarchical surface structures down to the nanoscale
in the sand skink [8], in snake skin [39], in the surface of the mammal eye [14].
Optimized surfaces might render the use of lubricants obsolete, and would be a
most elegant way to approach tribology issues. (4) The optimization lever
‘material selection’ is of utmost importance in biological nanotribology. The
correlation of structure and function and structure and material need not be
forgotten in this regard. In biology, few chemical elements and few different
materials are used; these materials are either slightly changed to obtain added
value and to fulfill various functions (cf. collagen) and/or they are structured, in
some cases even hierarchically. Diatoms [65] are excellent examples from nature
for tribological optimization under limited material variety conditions [23, 32].

5.6 Goals for Effective Green Nanotribology

Goals for effective Green Nanotribology are located in three main areas: Pro-
duction (agents), reaction (agents; object to nanoproduct; waste agents direct
effects) and nanoproduct life cycle (effects on the environment during the service
period and during degradation). In the production the goal is minimum pollution,
in the reaction the goal is to keep the reaction only where it needs to be and not
beyond, and in the life cycle care has to be taken to ensure minimum influence on
substances and improved degradation characteristics (e.g. via a decay booster).

5.7 Sustainable Nanotribology

The distinction between ‘green’ and ‘sustainable’ can best be explained with the
example of wood. Wood is green, but if it comes from the rainforest and not from
plantations it is not sustainable. Not everything that is green is sustainable, and not
everything that is sustainable is green.

In this section we develop a concept of Sustainable Nanotribology inspired by
‘Life’s Principles’ (Table 5.1) as introduced by the U.S. American ‘Biomimicry
Guild’. The Biomimicry Guild has been combining sustainability and biomimetics
from their very beginnings at the end of the 1990s, stating that these two have to be
inseparably connected. Other researchers state that biomimicry is a design method,
and as such is independent from a value such as sustainability [29].
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Table 5.1 Life’s principles as established by the Biomimicry Guild (http://www.biomimicryguild
.com/) can provide a guide towards rendering nanotribology green

Life’s principles—design lessons from nature

1. Earth’s operating conditions:
1.1. Water-based
1.2. Subject to limits and boundaries
1.3. In a state of dynamic non-equilibrium
2. Life creates conditions conducive to life
2.1. Optimizes rather than maximizes
2.1.1. Multi-functional design
2.1.2. Fits form to function
2.1.3. Recycles all materials
2.2. Leverages interdependence
2.2.1. Fosters cooperative relationships
2.2.2. Self-organizing
2.3. Benign manufacturing
2.3.1. Life-friendly materials
2.3.2. Water-based chemistry
2.3.3. Self-assembly
3. Life adapts and evolves
3.1. Locally attuned and responsive
3.1.1. Resourceful and opportunistic
3.1.1.1. Shape rather than material
3.1.1.2. Simple, common building blocks
3.1.1.3. Free energy
3.1.2. Feedback loops
3.1.2.1. Antennae, signal, response
3.1.2.2. Learns and imitates
3.2. Integrates cyclic processes
3.2.1. Feedback loops
3.2.2. Cross-pollination and mutation
3.3. Resilient
3.3.1. Diverse
3.3.2. Decentralized and distributed
3.3.3. Redundant

The Biomimicry Guild webpage (http://www.biomimicryguild.com) gives six
categories for sustainable biomimetics, each with various subcategories. In the
following, we correlate this list with nanotribology, identify applications in green
nanotribology and give tribological examples where these principles are already
incorporated (research, prototype or device stage).

1. Evolve to survive

Principle: Sustainability can be ensured when information to ensure enduring
performance is continually incorporated and embedded.
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Application in Green Nanotribology: Keeping nanotribology state-of-the art.
Continuous implementation of the most recent research and development results
ensures continuous optimization of nanotribological materials, structures and
processes.

There are three major ways to implement this principle: (1) When strategies
that work are replicated, when successful approaches are repeated. Implications
for Green Nanotribology would be biomimetic approaches, learning from nature,
looking at natural biotribological model systems (best practices) and learn from
them [22, 27, 30, 31]. (2) When the unexpected is integrated. In biology, the
incorporation of mistakes in ways that can lead to new forms and functions turned
out to be highly successful. Regarding Green Nanotribology, this way could be
implemented by policies that allow for tribological research along unconventional
paths, by responsible and environmentally concerned researchers. (3) Exchange
and alteration of information (reshuffling of information). In biology this imple-
mentation has highly successful examples in bacteria (e.g. gene swapping, [61]).
Concerning Green Nanotribology the implications would be biomimetics, learning
from nature and tribology-related research and development directed by deep
understanding of the underlying principles.

2. Resource efficiency regarding material and energy

Principle: Skillfully and conservatively take advantage of local resources and
opportunities.

Application in Green Nanotribology: Keeping the tribosystem closed, reusing
and recycling of substances and of waste energy.

There are four major ways to implement this principle: (1) Multi-functional
design ensures the meeting of multiple needs with one solution. Comparable to the
pluripotency of stem cells, for example surface textures or formulations of addi-
tives or tribological processes can be designed in a way that is sustainable. If now
the textures, formulations and processes are pluripotent, and can easily be adjusted
for the respective tribosystem, the advantage would be that there are already
established green routes of production, usage and disposal, and no new research to
make the new approaches green would have to be performed. In nature, we have
very often just slight variations in the same material, structure or function, to
accommodate totally different needs. One example is collagen that occurs in
bones, skin, tendons and the cornea [67]. (2) The usage of low energy processes
ensures minimum energy consumption. This can be realized, e.g. by temperature,
pressure or time reduction. One fabulous example from nature is biomineraliza-
tion. More than 60 different minerals are produced by organisms, at ambient
conditions—ceramics in our teeth, magnets in bacteria or silica in diatoms are just
some examples [9, 70]. (3) Recycling of all materials keeps materials in a closed
loop. Food chains in biology are exquisite examples for closed-loop materials
usage. Concerning Green Nanotribology, closed tribosystems, reuse of energy and
material as well as recycling are of relevance. (4) The selection for shape or
pattern based on need ensures the fit of form to function. In biology, structure—
function relationships are omnipresent [71, 72, 77]. Especially in natural micro-
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and nanotribological systems, e.g. hinges and interlocking devices in diatoms, this
relationship is obvious, and can serve as inspiration for new and emerging man-
made micro- and nanotribological systems [23, 32, 33].

3. Adaptation to changing conditions

Principle: Appropriately respond to dynamic contexts.

Application in Green Nanotribology: Multifunctional responsive nanosurfaces,
nanoagents and nanoprocesses that change dependent on the environment and that
are used in amounts as minimal as necessary.

There are three major ways to implement this principle: (1) The maintenance of
integrity through self-renewal ensures persistency by constantly adding energy
and matter to the system. This energy and matter is subsequently used to heal/
repair and improve the system. Passive and active tribological systems such as
self-repairing adhesives or anti-corrosion layers are the respective examples from
tribology [1, 35, 47, 81]. (2) Resilience through variation, redundancy and
decentralization ensures the maintenance of function following disturbance.
(Resilience—as defined by http://www.wordnet.princeton.edu—denotes the
physical property of a material that can return to its original shape or position after
deformation that does not exceed its elastic limit). In biology this is achieved by
the incorporation of a variety of duplicate forms, processes or systems that are not
exclusively located together. In the concept development of Sustainable Nano-
tribology, implementation of this feature might prove complicated, and some
additional brainstorming might be necessary to identify tribologically relevant
biological best practices and the related translation to engineering. (3) The
incorporation of diversity (inclusion of multiple forms, processes or systems) to
meet a functional need has proven highly successful in biology. Examples can be
found on all scales, from single biomolecules (size some nanometers) to tissues
and limbs (size some centimeters) to whole organisms and ecosystems. Nanodi-
versity as a concept in nanotribology was just recently introduced as one of the
major goals for effective Green Nanotribology [21] and should be developed
further towards sustainability.

4. Integration of development with growth

Principle: Invest optimally in strategies that promote both development and
growth.

Application in Green Nanotribology: New research and development in sus-
tainable nanotribology should not just be concerned with growth and revenue—
even when profits are high, a balance has to be sought between development and
growth—new research results have to be implemented, even if it is not beneficial
for the economy in the short run—because in the long run only sustainable
approaches ensure our survival [17].

There are three major ways to implement this principle: (1) The combination of
modular and nested components progressively fits multiple units within each other,
from simple to complex. In biology, hierarchy and multifunctionality can be seen in
many organisms ([49, 82, 19]). In tribology, and especially in nanotribology, we
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have just started to develop such elaborate approaches, e.g. nanotribological
multiscale friction mechanisms and hierarchical surfaces [55]. (2) Building from
the bottom up allows the use of code, work with molecular building blocks and
inclusion of functionalities. Organisms are all built bottom—up, our current tech-
nology, however, is still in most cases using top—down techniques [11]. The
development and successful application of nanotribological bottom—up approaches
would be of highest interest, since one of the important levers of optimization lies
in surface finishing [21]. (3) Self-organization, the creation of globally coherent
patterns from just local interactions, with no central control unit. Realizations of
this implementation can be seen on all length scales in biology, from single
molecules to social behavior. In Green Nanotribology it would be beneficial if the
tribosystem would locally react according to varying demands, being only as good
as necessary, and not as good as possible.

5. Responsiveness and being locally attuned

Principle: Fit into and integrate with the surrounding environment.

Application in Green Nanotribology: Sometimes we overdo it with our current
technology. Sometimes our systems are too good, too expensive, too anything.
Responsive Green Nanotribological systems would be just as good as necessary,
with additional benefits of energy saving and even greater environmental
soundness.

There are four major ways to implement this principle: (1) Usage of readily
available materials and energy. Implementation of this principle ensures building
with abundant, accessible materials, while harnessing freely available energy
[59, 63]. A possible realization of this would be flexible nanotribology that uses
only readily available materials and energy. (2) The cultivation of cooperative
relationships finds value through win—win interactions. This aspect is omnipresent
in biology, and lacks in current technology. Again, this might be a point where
brainstorming could yield some interesting new approaches. (3) The leverage of
cyclic processes takes advantage of phenomena that repeat themselves. Also this
aspect is omnipresent in biology, and lacks in current technology. Brainstorming
for new approaches is necessary. (4) The use of feedback loops engages in cyclic
information flows to modify a reaction appropriately. Reinforcement via feedback
loops is important and is applied in biology and in technology [15, 37, 73].
Regarding nanoprocesses, we are just beginning to apply cyclic information flows
[43, 52, 53].

6. Usage of life-friendly chemistry

Principle: Use chemistry that supports life processes.

Application in Green Nanotribology: Green chemistry is a prerequisite for
Green Nanotribology [21, 56, 57].

There are three major ways to implement this principle: (1) Building selectively
with a small subset of elements (assembly of relatively few elements in elegant
ways). This principle is strongly implemented in biology. In biological materials,
just a couple of elements are used in major amounts, and even just a couple of
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Table 5.2 Major goals for effective Green Nanotribology and how it can benefit from biology [21]

Green Nanotribology Importance Nature’s solutions
major goals
Optimized system Minimizing Medium Water—based lubricants;
energy balance destructive Predetermined breaking points;
energy Responsive marerials; Structure
rather than material
Shield tribosystem  High Integration intstead of additive
against construction; Optimization of the
damaging whole instead of maximization of a
consequences single component future; Multi-
functionality instead of mono-
functionality; Energy efficiency;
Development via trial-and-error
processes
Reuse energy and  Low Organisms
neutralize waste
energy
Protection of the Unused agents Low Reuse in the ecosystem
environment
from process
residues
Pollutants Medium Biodegradability; Confined spaces for
chemical processes
Process reliability ~ High Highly developed over time
and worst case (evolution)
scenario dangers
Environmental cost  Effort to produce High Optimized (on system level)
of the process agents
itself
Purer inputs with Medium Water-based chemistry; Cell
more waste in organelles serve as nano factories;
the preparation Shielding of process via
membranes
Different economy Low Major evolutionary transitions;
of scale Mammals versus cold-blooded
animals
Preservation of Unknown  Additives in ultra-low concentration

nanodiversity

ensure nanodiversity; Reuse of the
same base material with slight
modifications for various
applications

chemical compounds. Especially in small biological entities (some molecules,
nanotextured surfaces, nanostructures, etc.) the structure rather than the material
determines the function [18, 44, 64]. This goes as far as properties of biological
entities that rely on structure alone. One impressive example in this regard are
structural colors, where the coloration does not come from pigments but from
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minuscule structures with sizes on the order of the wavelength of visible light,
generating colors by physical mechanisms such as diffraction, scattering and
interference (see e.g. [10, 45, 50, 84]). One impressive example from biology for
building with a small subset of elements are the diatoms, unicellular algae with a
skeleton made from silica (see Fig. 5.3, [65]). The silica is structured with various
functional levels of hierarchy, it is micromechanically optimized [38], has optical
properties that are of high interest for nanotechnology [84] and is produced in
ambient conditions which makes it interesting for nanoengineers attempting to
build structures with intrinsic functions at ambient conditions and with life-
friendly chemistry. (2) Breaking down of products into benign constituents using
chemistry in which decomposition results in no harmful by-products. Nature does
it this way, and we with our current technology are still far away from doing it this
way—although regarding going green it would be very beneficial. In green
nanotribology, we could start another attempt to develop entities that decompose
into harmless end products [21]. (3) Water is the generally used solvent in the
chemistry of life. Such water-based approaches are slowly starting to enter our
current technology. In their 2004 article in Nature on the nonlinear nature of
friction, Israelachvili and co-workers stress that current oil-based lubricants are by
far outclassed by the water-based lubricants used in nature [80]. The hip joint with
its amazingly low friction coefficient is one of the examples from nature on highly
efficient tribosystems lubricated with water-based chemistry [54].

The goals of Green Nanotribology are to provide technical support to the
preservation of resources and energy and to propel the society forward towards
sustainability.

The goals of Green Nanotribology and how it can benefit from biology can be
grouped into four categories (Table 5.2). The best practices from nature listed in
Table 5.2 are highly diverse and show a multitude of different approaches that can
be learnt from.

5.8 Conclusions and Outlook

Green Nanotribology and Sustainable Nanotribology have high potential in sci-
ence and technology. Tribology together with the other fields of engineering will
increasingly aim at providing sustainable solutions. We need to establish ethical
codes of conduct for using novel technologies, to make the transition smooth and
well rounded. Successful tribologists are inherently transdisciplinary thinkers—
this is needed in our increasingly complex world. Tribologists will successfully
contribute to address major global challenges.

The Sustainable Nanotribology concept developed in this book chapter is
inspired by life’s principles as introduced by the Biomimicry Guild. Open points
regarding Sustainable Nanotribology touch upon adaptation to changing condi-
tions and responsiveness and being locally attuned: Resilience through variation,
redundancy and decentralization that ensure the maintenance of function following
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disturbance as well as the cultivation of cooperative relationships that finds value
through win—win interactions as well as the leverage of cyclic processes that takes
advantage of phenomena that repeat themselves need to be implemented in the
concept. Including the sustainability approach as introduced by Albert Bartlett [7]
can help refine the concept further, yielding Sustainable Nanotribology for society.
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Chapter 6

Towards Understanding Wetting
Transitions on Biomimetic
Surfaces: Scaling Arguments
and Physical Mechanisms

Edward Bormashenko and Gene Whyman

Abstract Biomimetic hierarchical surfaces demonstrate a potential for a variety of
green technologies, including energy conversion and conservation, due to their
remarkable water repellence. The design of such surfaces allowing emerging green
applications remains a challenging scientific and technological task. Understanding
the physical mechanism of wetting transitions is crucial for design of highly stable
superhydrophobic materials. The main experimental and theoretical approaches to
wetting transitions are reviewed. General scaling arguments shedding light on the
complicated physics of wetting transitions are supplied. Reducing the micro-
structural scales is the most efficient measure needed to enlarge the threshold
pressure of a wetting transition. The trends of future investigations are envisaged.

Keywords Biomimetic surfaces - Wetting states - Superhydrophobicity - Wetting
transitions

6.1 Introduction

Revealing the natural surfaces demonstrating pronounced water repellence
(the so-called “lotus effect” [5, 59]) stimulated extended theoretical and experi-
mental research of wetting phenomena occurring on rough surfaces. It is already well
understood that certain kinds of hierarchically rough reliefs supply extreme water
repellency (superhydrophobicity) to interfaces [48, 78, 90, 91]. Superhydrophobic
properties demonstrate plants, birds’ wings, legs of water striders and other natural
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Fig. 6.1 8 pl droplet
deposited on the polymer
superhydrophobic surface
prepared as described by [12]

objects [9, 14, 40, 83]. Various sophisticated experimental techniques including
UV-lithography and plasma etching were applied for manufacturing lotus-like
biomimetic surfaces [8, 53]. Typical superhydrophobic wetting is shown in
Fig. 6.1: an 8 pl droplet is deposited on the polymer water-repellent surface. The
detailed recent reviews of the state of art summarized the accumulated experience
in the field [77, 84]. Superhydrophobic surfaces demonstrate a potential for a
variety of green technologies, including energy conversion and conservation and
environment-friendly self-cleaning underwater surfaces [33, 45, 77].

The wetting of rough surfaces is characterized by the apparent contact angle
(APCA), which is different from the local contact angle given by Young’s relation
[68]. However, a high APCA does not necessarily guarantee true superhydrop-
hobicity and self-cleaning properties. Moreover, high-stick surfaces demonstrating
large APCA were reported recently [23, 28, 39]. Low contact angle hysteresis
resulting in low sliding angles and high stability of “lotus-like” wetting state
supply water repellent and self-cleaning properties to the surface [41, 42, 73].
Design of such surfaces allowing emerging green applications remains a chal-
lenging scientific and technological task.

6.2 Wetting States

The wetting of atomically smooth surfaces is characterized by the equilibrium or
Young angle 0y given by the well-known Young equation:

cos@Y:M, (6.1)
b
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where 7, Ys1, Ysa are the surface tensions at the liquid/air (vapor), solid/liquid, and
solid/air interfaces, respectively. The contact angle of a droplet deposited on a
solid depends on external parameters, such as temperature. The temperature
change may stimulate the transition from the partial to complete wetting of a solid
substrate. In this case we observe a wetting transition on a smooth solid surface
[10, 49].

The Young equation supplies the sole value of contact angle for a certain
combination of solid, liquid, and gaseous phases. Regrettably, the experimental
situation is much more complicated; even on the atomically flat surfaces the
diversity of contact angles is observed. This is due to the long-range interaction
between molecules forming the triple (three-phase) line of the droplet and mole-
cules forming the solid substrate [100]. It was shown that the droplet-surface
attraction is time-dependent due to re-orientation of the molecules constituting the
solid substrate; this fact hinders experimental tribology investigations of a solid/
liquid contact and calls for novel experimental techniques such as the recently
reported centrifugal adhesion balance [95].

The maximal contact angle observed on the surface is called the advancing
angle, 0,qv; the minimal one is called the receding angle, 0. [32, 38, 44, 47].
The advancing and receding contact angles are equilibrium (though metastable)
angles [69]. The difference between advancing and receding contact angles
Oaay — Orec is called the contact angle hysteresis [93, 94]. The experimental
establishment of advancing and receding angles is a challenging task, and it should
be mentioned that reported contact angles are sensitive to the experimental tech-
nique used for their measurement [19, 35, 60].

Chemical heterogeneities and roughness strengthen the contact angle hysteresis
[4, 36]. Various models explaining the phenomenon of hysteresis were proposed
[54, 74, 96, 99]. The effect was related to the pinning of the triple line by defects,
which produces the potential barrier U to be surpassed by the droplet under its
displacement [99]. The general expression for the contact angle hysteresis is
supplied by Eq. 6.2

12
8U
Hadv - erec = (@) h(g)a (62)

where Ry is the initial radius of the spherical drop before deposition on the sub-
strate; the function A(6) of the equilibrium contact angle is given in [99]. However,
a general theory of the contact angle hysteresis is still not built. For experimental
study of hysteresis, the manufacture of well-defined microscopically scaled defects
is necessary, which is a complicated technological task [85].

The wetting of flat, chemically heterogeneous surfaces is characterized by
APCA 0c predicted by the Cassie—Baxter wetting model [29, 30]. Consider the
wetting of a composite flat surface comprising several materials. Each material is
characterized by its own surface tension coefficients ;g1 and 9;sa, and by the
fraction f; in the substrate surface, f; + f> + -+ + f,, = 1. The APCA in this case
is supplied by the Cassie-Baxter equation:
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Fig. 6.2 Various wetting
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cosfc = ;Zfi(yi,SA = YisL) = Zfi cos 0; (6.3)
1 1

where 6; are equilibrium (Young) contact angles for the ith material. The Cassie—Baxter
equation can also be applied to the solid surface comprising pores (the contact angle
for pores equals 7 and cos 8 = —1, see Fig. 6.2a). In this case the Cassie—Baxter

equation yields:

cos Oc = —1 + fs(cos Oy + 1) (6.4)

where f¢ and 1—fg are the relative fractions of the solid and air fractions
underneath the droplet. In the case of pillar reliefs, the Cassie air trapping wetting
state is also called the “fakir state”. The Cassie-like air trapping wetting results in
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unusual tribology of the surface providing an easy sliding of water droplets.
The slip lengths as high as 200400 pm were reported recently [63, 64].

It is noteworthy that the derivation of Eq. 6.4 from Eq. 6.3 is not straightfor-
ward, because the triple (three phase) line could not be in rest on pores [20].
Taking into account the fine structure of the triple line justifies the success of the
Cassie—Baxter formula for predicting APCAs on porous surfaces [15, 20, 34, 92].
When the relief is hierarchical the Cassie-Baxter equation obtains more compli-
cated forms taking into account the interrelation between scales constituting the
topography of the relief [12, 21, 22, 48]. It should be mentioned that the depen-
dence of the APCA on equilibrium contact angles is weak on the hierarchical
surfaces when compared to those on single-scale surfaces [21, 22]. Modifications
of the Cassie—Baxter equation considering the peculiarities of complicated
topography of biomimetic surfaces were reported recently [34, 62, 76].

The wetting of rough chemically homogeneous surfaces is governed by the
Wenzel model [98]. According to the Wenzel model, the surface roughness
r defined as the ratio of the real surface in contact with liquid to its projection onto
the horizontal plane, always magnifies the underlying wetting properties (see
Fig. 6.2b). Both hydrophilic and hydrophobic properties are strengthened by
surfaces textures. The Wenzel apparent contact angle is given by Eq. 6.5:

cos Oy = rcos fy. (6.5)

Actually, pure Cassie and Wenzel wetting situations are rare in occurrence [37],
and Marmur introduced a mixed wetting state [67]. In the mixed wetting state, a
droplet partially wets the side surface of pores and partially sits on air pockets as
described in Fig. 6.2d. The APCA is supplied in this case by Eq. 6.6:

€08 Omix = rf cos Oy +f — 1. (6.6)

In this equation fis the fraction of the projected area of the solid surface that is
wetted by the liquid. When f = 1, Eq. 6.6 turns into the Wenzel Eq. 6.5.

One more wetting state has been introduced [7, 50, 52]. This is the Cassie
impregnating state depicted in Fig. 6.2c. In this case liquid penetrates into grooves
of the solid and the drop finds itself on a substrate viewed as a patchwork of solid
and liquid (solid ‘‘islands’’ ahead of the drop are dry, as shown in Fig. 6.2c¢).
The APCA of Cassie impregnating state is established as (the contact angle at
pores is zero and cos 0 = 1; [7]):

coslcr = 1 —fs + fscos Oy (6.7)

The Cassie impregnating wetting is possible when the Young angle satisfies
Eq. 6.8 [7]:

—fs

r—fs

It should be stressed that Eqgs. 6.3—6.7 could be applied when the radius of the
droplet is much larger than the characteristic scale of surface heterogeneities [75].

cos Oy >

(6.8)
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Fig. 6.3 Multiple minima of
the Gibbs energy of a droplet A
deposited on a rough surface
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The rigorous thermodynamic derivation of Eqs. 6.3—6.7 was obtained in the series
of theoretical works [7, 24, 25, 46, 66, 71, 99].

Various wetting states featured by very different APCA can co-exist on the
same heterogeneous surface. The diversity of APCA could be easily understood if
one takes into account that the Gibbs energy curve for a droplet on a real surface is
characterized by multiple minima points [22, 68]. It could be shown that the
Wenzel state is energetically favorable compared to the Cassie state when [6]:

fs—1
r—fs

The lowest minimum of the Gibbs energy usually corresponds to the Cassie
impregnating APCA given by Eq. 6.7 (see Fig. 6.3). When APCA changes
spontaneously or under external stimuli we observe the wetting transition (WT).
It should be emphasized that physical mechanisms of WT on flat and rough
surfaces are quite different.

(6.9)

cos Oy >

6.3 Wetting Transitions: Experimental Data

Wetting transitions were observed under various experimental techniques utilizing
a diversity of factors: gravity [101], pressure [61], bouncing of droplets [6, 56,
57, 76] evaporation of droplets [55, 70, 72], electric field in the electrowetting
experiments [1, 2], and vibration of droplets [11, 16—-18, 21, 22]. The interesting
experimental technique allowing the study of an air layer responsible for the
formation of the Cassie state was reported recently [88]. A superhydrophobic
surface exposed to hydrostatic water pressure was irradiated by a laser beam.
The jump in the reflectivity of the laser beam indicated the occurrence of WT.
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Fig. 6.4 Wetting transitions
observed by vibration of

15 pl water drop deposited on
the micrometrically rough
PDMS surface. a The initial
Cassie state. b The Cassie
impregnating state induced ]

by vibrations @) (b)

The reflection interference contrast microscopy was used for the study of the
air—water interface on the textured PDMS surfaces [72]. ESEM technique was
used successfully for the study of WT during micro-droplet evaporation [76].

It should be mentioned that various experimental methods used for the
investigation of WT supplied the close values of a pressure necessary for the
Cassie—Wenzel transition, which is of the order of magnitude of 100-300 Pa for
10 pl droplets deposited on micrometrically scaled rough surfaces [16, 17, 61]. It
is noteworthy, that the Cassie air trapping wetting regime observed on natural
objects (birds’ wings) was much more stable when compared to that on artificial
surfaces [21, 23]. Single and two-stage pathways of WT were observed, including
Cassie (air-trapping)-Wenzel-Cassie (impregnating), Wenzel-Cassie (impregnating)
and Cassie (air-trapping)—Cassie (impregnating) transitions [21, 23]. The lowest
energy state corresponds to the Cassie impregnating wetting regime. Vibration-
induced Cassie (air-trapping)—Cassie (impregnating) transition observed on
(polydimethylsiloxane) PDMS substrate is illustrated in Fig. 6.4. The mechanisms of
WT will be discussed in detail below.

6.4 Time Scaling of Wetting Transitions

As already mentioned, wetting transitions were observed under evaporation,
pressing, vibration, and bouncing of droplets.

1. Pressing droplets. When a droplet deposited on a rough surface is exposed to
external pressure the characteristic time of the pressure change, 7, should be
introduced. Pressuring a droplet causes a subsequent change of the apparent
contact angle with the same characteristic time 7 (due to the phenomenon of the
contact angle hysteresis) [61]. This time has to be compared with the time of
transitionst,. Actually, 7, is the time necessary for filling the texture with
liquid. It definitely depends on the topography of the relief. As was established
[72] for microscopically scaled reliefs usually used for the study of wetting
transitions, T, ~ 2 X 1072 s. Two experimental situations are possible, the
first of which is a “quick” transition occurring when 7 >> 1. In this case, the
transition takes place under the constant apparent contact angle. The second
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case corresponds to slow transitions when t, 2 7, and the change of the
apparent contact angle in the course of transition should be taken into account.

2. Evaporation of droplets. The characteristic time of evaporation of 10 pl droplet
equals dozens of minutes and it is much larger than the time of transitions 7.
Thus the transition occurring under evaporation of a droplet is a “quick” one.

3. Droplets are vibrated with the frequency v. If the contact line is pinned under
vibration, both the contact angle and the pressure in the drop vary with the
characteristic time 7 = (1/v) For the reported value of v = 36 Hz (see Refs.
[14-16], T~ 107%s, and it is seen that T ~ 7,. It is the most complicated
situation, and the mechanism of the wetting transition is explained by lateral
displacement of the three-phase (triple) line. The apparent contact angle
changes in the course of transition.

4. Bouncing of droplets. When droplets fall on a solid substrate, the characteristic
time of the pressure and contact angle equilibration t equals the so-called
contact time. It was shown that 7 is independent of the velocity of the bouncing
droplet and depends strongly on its radius R [86]. It was also demonstrated that
for droplets with a radius in the range of 0.1-10 mm, t varies from 0.5 to
100 ms [86]. Thus, it could be concluded that for bouncing droplets, various
interrelations between 1 and 7 are possible.

6.5 Mechanisms of Wetting Transitions: Statics
6.5.1 Composite Wetting State

As mentioned, the Cassie air trapping wetting state corresponds to the highest of
multiple minima of Gibbs energy of the droplet deposited on the rough surface
(with biological and hierarchical surfaces being exceptions). Thus, for the WT the
energy barrier should be surmounted [3, 50, 79]. It was supposed that this energy
barrier corresponds to the surface energy variation between the Cassie state and the
hypothetical composite state with the almost complete filling of surface asperities
by water keeping the liquid—air interface under the droplet and the contact angle
constant, as shown in Fig. 6.2d. Contrastingly to the equilibrium mixed wetting
state [67], the composite state is unstable for hydrophobic surfaces and corre-
sponds to energy maximum (transition state). For the simple topography depicted
in Fig. 6.5, the energy barrier could be calculated as follows [26]:

Wirans = 27":th(ySL - VSA)/p = _anth cos Hy/p (610)

where h and p are the geometric parameters of the relief, shown in Fig. 6.5, and
R is the radius of the contact area. The numerical estimation of the energetic
barrier according to formula (6.10) with the parameters p = h = 20 pum,
R = 1 mm, 0y = 105°(corresponding to low density polyethylene (LDPE)), and
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Fig. 6.5 Geometric
parameters of the model relief
used for the calculation of
Cassie-Wenzel transition
energetic barrier
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y =72 ml m 2 gives a value of Wy,,s = 120 nJ. It should be stressed that
according to (6.10) the energy barrier scales as Wi us ~ R?. The validity of this
assumption will be discussed below. The energetic barrier is extremely large

compared to thermal fluctuations: V‘;;—T = (§)2>> 1, where a is an atomic scale
[50]. At the same time W, is much less than the energy of evaporation of the
droplet Q ~ (4/3)nR*/, where / is the volumetric heat of water evaporation,
J.=2 x 10° J/m>. For a 3 pl droplet with the radius R ~ 1 mm it yields Q ~
10J, hence kT < Wi < Q. Actually, this interrelation between characteristic
energies makes wetting transitions possible. If it was not the case, a droplet
exposed to external stimuli might evaporate before wetting transition. It is
instructive to estimate the radius, at which Wy, = Q. Equating Wi,.,s given by
Eq. 6.10 to Q yields R ~ —(3/2)ycos0y/% ~ 5 x 10~"'m. It means that wetting
transitions are possible for any volume of a droplet. It is noteworthy that the ratio
y/2 is practically the same for all liquids, and it is of the order of magnitude of
molecular size [27]. Hence, wetting transitions are possible for any liquid and any
volume.

6.5.2 Energy Barrier and Cassie, Wenzel,
and Young Contact Angles

It is well established experimentally that wetting transitions are usually irrevers-
ible. This conveys the suggestion that some general reasons for such irreversibility
exist. It turns out that a variety of wetting states, as well as transitions between
them, may be described on the same mathematical basis that gives the possibility
to elucidate their features which are independent of peculiarities of a particular
substrate. Starting with the spherical model for the droplet shape, it can be shown
that the surface-energy dependence E(6) on the (non-equilibrium) apparent contact
angle 0 looks like [99].



136 E. Bormashenko and G. Whyman

1/3

2
oV (2 — cos 6;(1 4 cos 8)), (6.11)

(1 — cos 0)(2 4 cos )

Ei(cosf) =

and its minimum Ej; is expressed as
Eo; = y[97V2(1 — cos 0;)*(2 + cos 0;)]'/3, (6.12)

where V is the droplet volume and 0; is the equilibrium APCA in a given wetting
state. In particular, Eq. 6.12 supplies equilibrium energies in the Cassie (i = C)
and Wenzel (i = W) states or in the wetting state on flat surfaces (i = Y, Young’s
angle 0; = 0y) with the corresponding angles in Egs. 6.4, 6.5, and 6.1, respec-
tively. Moreover, for a definite mechanism of transition, Egs. 6.11 and 6.12 give
the energies of the transition state (i = trans). For hydrophobic materials and
orthogonal reliefs it can be shown that the energy in the transition state is also
expressed by (6.11), (6.12) with

€08 Oians = cos Oy + cos B¢ — cos Oy (6.13)

The mentioned mechanism of the Cassie—Wenzel transition is described as
wetting the side surfaces of hydrophobic relief [3] accompanied with the energy
increase. A transition (composite) state corresponds to the almost complete
filling of relief asperities. A transition barrier is overcome when liquid touches
their bottoms, and the high-energy liquid—air interface under the droplet
disappears.

Equations 6.11-6.13 enable one to calculate the energy barrier of transition by
using the measured or calculated values of contact angles in the wetting states
without entering geometrical details of a substrate relief. In this way, e.g., the
results [3] of the barrier calculation can be reproduced.

As mentioned in Sect. 6.4, wetting transitions may proceed quickly or slowly.
Accordingly, two types of wetting transitions may proceed in principle: adiabatic
transitions with a fixed value of the contact angle, and slow non-adiabatic tran-
sitions when a droplet has time to relax and the contact angle changes in the course
of liquid penetration into depressions (or going out from them). Both these types of
energy barriers can be calculated on the basis of the presented model, e.g., for the
transition from the Cassie state to the Wenzel one, as

Wadia = Etrans (COS HC) - E0C7 Wionadia = Eowans — Eoc (614)

The irreversibility of wetting transitions is seen from peculiarities of the
dependence (6.12) of the equilibrium surface energies on the equilibrium APCAs
(Fig. 6.6). The function Ey,(cos 0,) is a monotonically decreasing one, with a weak
dependence for low values of cos 6; (~—1) and a strong one for higher values.
Furthermore, as it can be proven, cos 0,5 < c0s O¢, €OS Oyans < cOs Oy, i.e. cos
Oueans 18 located out of the interval between cos 0 and cos Oy, closer to the lower
limit. Consequently, the energy barrier is very asymmetric, low from the side of
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Fig. 6.6 Dependence (Eq. 6.12) of the equilibrium surface energy (in units of y(9nV )13 on the

equilibrium APCA and barriers of wetting transitions. Numerical values of APCAs are
107.4°(Wenzel), 134.4° (Cassie), and 101.5° (Young). The transition state angle calculated
according (6.13) is 143.1°. The heights of the highly asymmetric energy barrier for a water
droplet of a volume of 3 pl are: from the side of the (metastable) Cassie state W = 8 nJ and
from the side of the (stable) Wenzel state Wy = 70 nJ

the metastable (higher energy) state and high from the side of the stable state.
Calculations of real transitions based on (6.12—6.14) gave the difference of almost
one order of magnitude. Taking into account exponential (Arrhenius-type)
dependence of the transition probability on the barrier height shows that the
reverse transition is impossible.

The results of this section remain true for inherently hydrophilic substrates,
where the transition mechanism is different compared to hydrophobic substrates.
In this case the existence of a barrier may be due to the pinning of liquid at
discontinuities, such as pore or pillar borders, that leads to the formation of a new
liquid—vapor interface at additional energy expense, as shown in Fig. 6.7. The
wetting transition takes place when the menisci touch the bottoms of the relief
[12, 13, 15, 34]. The connection between APCAs for hydrophilic substrates is
given by

cos Oy,

cos 6 .
cos 0y

=1+cosl. — (6.15)

trans

6.5.3 Critical Pressure Necessary for Wetting Transition

Consider a single-scale pillar-based biomimetic surface, similar to that studied by
Yoshimitsu with pillar width a, and groove width b [101]. Analysis of the balance
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Fig. 6.7 Pressure induced

displacement of the water

front leading to the collapse pillars
of the Cassie air trapping

wetting state

of forces at the air-liquid interface, at which the equilibrium is still possible, yields
for the critical pressure p. [102]:

> Vs cos by (6.16)

(1 _fs);L

where A = (A/L), A and L are pillar cross-sectional area and perimeter respec-
tively. As an application of Eq. 6.16 with 0 = 114"(Teflon), a = 50 pm,
b = 100 pm we obtain p. = 296 Pa, in excellent agreement with experimental
results [101, 102]. Recalling that the dynamic pressure of rain droplets may be as
high as 10*-10° Pa, which is much larger than p, ~ 300Pa, we conclude that
creating biomimetic reliefs with very high critical pressure is of practical impor-
tance [102]. The concept of critical pressure leads to the conclusion that reducing
the micro-structural scales (e.g., the pillars diameters and spacing) is the most
efficient measure needed to enlarge the critical pressure [72, 102]. The energy
barrier separating the Cassie and Wenzel states is given by an expression similar to
(6.10) and scales as R* [102]. It is noteworthy that neither Eq. 6.10 nor Eq. 6.16
explains the existence of Cassie wetting on inherently hydrophilic surfaces [12, 13,
22, 58, 87]. Indeed, Wyns and p. calculated according to Egs. 6.10 and 6.16 are
negative for 6 <(7/2), this makes the traditional Cassie wetting inapplicable to
hydrophilic surfaces, and the alternative physical reasoning explaining experi-
mentally observed high APCAs should be involved, as discussed below.

An alternative mechanism of WT based on the concept of critical pressure was
proposed [65, 81]. It was supposed that as the pressure applied to the droplet
increased, the meniscus will move towards the flat substrate as shown in Fig. 6.7.
The meniscus will eventually touch the substrate, this will cause the collapse of the
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water

trapped air

Fig. 6.8 Geometrical air trapping on hydrophilic reliefs

Cassie wetting, and consequently lead to the Cassie—Wenzel transition ([65, 81];
see also the preceding section).

6.5.4 Cassie Wetting of Inherently Hydrophilic Surfaces:
Criteria for Gas Entrapping

For the explanation of the roughness-induced superhydrophobicity of inherently
hydrophilic materials it was supposed that air is entrapped by cavities constituting
the topography of the surface [13, 80, 97]. The simple mechanism of “geomet-
rical” trapping could be explained as follows: consider a hydrophilic surface
(0y < 90°) comprising pores as depicted in Fig. 6.8. It is seen that air trapping is
possible only if 0y > ¢q, where ¢ is the angle between the tangent in the highest
point of the pattern and the horizontal symmetry axis O;0. Indeed, when the liquid
level is descending, the angle 6 is growing (see Fig. 6.8), and if the condition
0y > @ is violated, the equilibrium 6 = 60y will be impossible.

In the equilibrium position, small fluctuations of the contact angle lead to the
appearance of curvature on the plane air—water interface that is energetically
unfavorable. Below the central plane O—O,, where 6 > 90°, the equilibrium is
impossible in the case of 0, <(n/2). For a sufficiently large pore, small fluctua-
tions of 6 can lead to touching the pore bottom near its center by the curved
air-liquid interface followed with filling the pore and consequent collapse of the
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Cassie air trapping wetting regime. The effects of compressibility of trapped air on
WT on hydrophilic surfaces have also been considered [80].

6.6 Mechanisms of Wetting Transitions: Dynamics

The experimental data related to the dynamics of WT are scanty [72, 82, 89]. The
characteristic time of Cassie—-Wenzel transition was established with reflection
interference contrast microscopy as less than 20 ms [72]. The dynamics of WT for
droplets placed on polymer micrometer-size square pillars was studied by optical
microscopy in combination with high-speed imaging [82]. Two regimes of the
droplet front displacement were observed: zipping and non-zipping. In the zipping
regime, the velocity of front in one direction (to advance to the next row of pillars)
is much smaller than the velocity in the other direction (liquid filling up one row of
micro-pillars). The topography of the surface (pillar height and gap size between
pillars) and water contact angle were varied. It was established that the velocity
of the wetting front increases with increasing gap size, decreasing pillar height,
or decreasing contact angle [82]. A velocity of the wetting front as high as 1.5 m/s
was registered [82]. Balancing interfacial energy contributions with viscous
dissipation yielded universal equations for the zipping and the transition
dynamics [82].

6.7 Dimension of Wetting Transitions

One of the debatable problems in the field of WT is the problem of the “dimen-
sion” of transitions, or, in other words: whether all pores underneath the droplet
should be filled by liquid (the “2D scenario”), or, perhaps, only the pores adjacent
to the three-phase (triple) line are filled under external stimuli such as pressure,
vibrations or impact (the “1D scenario”). Indeed, APCA is dictated by the area
adjacent to the triple line, and not by the total area underneath the droplet [43]. 1D
and 2D scenarios of WT are schematically illustrated in Fig. 6.9. The experiments
carried out with vibrated drops supported the 1D scenario of wetting transitions.
It has been established that the transition occurs when the condition F.. = const is
fulfilled, where F; is the critical force acting on the unit length of the triple line,
and the transition is caused by de-pinning of the triple line [17, 21, 22]. The critical
value of de-pinning force F., has been established experimentally for various
microscopically structured surfaces as F ~ 200 — 350 mN m~! [21, 22]. The
energy barrier W to be surmounted for the elementary displacement of the triple
line or could be estimated as

W = 2nRF . Or, (6.17)
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water

Fig. 6.9 a The Wenzel wetting state (2D scenario of transition is depicted; all pores underneath
the droplet are filled by water). b The Wenzel wetting state (1D scenario of transition is depicted;
only pores in the vicinity of three-phase line are filled)

which scales as R. This scaling law corresponds to the results obtained with
vibrated drops, but contradicts the scaling law given by expression (6.10). The
electrowetting stimulated WT also supported the 1D mechanism of transitions [2].
De-pinning of the triple line was observed directly with use of reflection
interference contrast microscopy [72]. The potential barrier calculated according
to expression (6.17) for a drop with a radius of R &~ 1 mm deposited on the LDPE
relief presented in Fig. 6.5 (Fer ~350mNm™', the elementary displacement
Or ~ p/2 ~107m) equals W = 20nJ, smaller than the value predicted by formula
(6.10) but still much larger than thermal fluctuations [26].

In contrast, it was suggested that the Cassie—-Wenzel transition occurs via a
nucleation mechanism starting from the drop center [51]. Patankar in his recent
theoretical investigation supposed that both mechanisms of WT (i.e., de-pinning of
the triple line and the critical pressure induced collapse of Cassie wetting depicted
in Fig. 6.7) are possible [81]. Lack of trustworthy experimental data in the field
should be stressed.

6.8 Trends of Future Investigations

The following trends of investigations in the field of wetting transitions could be
proposed:

1. Study of wetting transitions on hydrophobic surfaces with well-defined and
controlled topography. Such experiments will shed light on the impact exerted
by surface topography on wetting transitions.

2. Study of wetting transitions on well-defined micro-scaled hydrophilic surfaces.
These kinds of investigations will clarify the conditions of air trapping by
highly developed hydrophilic reliefs.
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3. Direct experimental evidencing of the Cassie impregnating state is necessary.
Perhaps, this could be done with environmental scanning electron microscopy
(ESEM).

The experimental study of the dynamics of the triple line under WT is required.
Study of WT for various organic liquids is called for [31].

Clearing up the true “dimension” of WT is necessary.

Development of theoretical threshold criteria of WT is required.
Development of surfaces demonstrating highly stable Cassie states is urgent for
green applications of biomimetic surfaces such as energy conversion and
conservation.

9. Investigation of the temperature dependent WT is actual.

® NNk

6.9 Conclusions

The main experimental and theoretical approaches to WT are reviewed; the
importance of WT for understanding of the tribology of rough liquid/solid inter-
faces is discussed. The threshold pressure and energy barrier necessary for WT are
supplied. The energy barrier of WT is large compared to thermal fluctuations and
small compared to the heat of evaporation of the droplet. General spatial and
temporal considerations allowing understanding of WT are presented. The prob-
lem of dimension of WT is discussed. 1D and 2D pathways of transitions are
presented. In spite of the intensive theoretical and experimental effort expended for
the study of wetting transitions, the physical mechanism of these phenomena
remains unclear. At the same time the profound understanding of this mechanism
is vital for manufacturing “green” biomimetic surfaces holding water repellence
and self-cleaning properties under external stimuli such as pressure, vibration, or
impact. The trends of future investigations are envisaged.
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Chapter 7
Wear-Resistant and Oleophobic
Biomimetic Composite Materials

Vahid Hejazi and Michael Nosonovsky

Abstract The Lotus effect involving roughness-induced superhydrophobicity is a
way to design biomimetic non-wetting, non-sticky, self-cleaning, omniphobic,
icephobic, and anti-fouling surfaces, which can be applied for various purposes
related to green tribology. However, such surfaces require micropatterning, which
is extremely vulnerable to even small wear rates. This limits the applicability of
the Lotus effects to situations, when wear is practically non-present. To design
sustainable superhydrophobic surfaces, we suggest using metal matrix composites
(MMC) with hydrophobic reinforcement in the bulk of the material, rather than at
its surface. Such surfaces provide roughness and heterogeneity needed for
superhydrophobicity. In addition, they are sustainable since when surface layer is
deteriorated and removed due to wear, hydrophobic reinforcement and roughness
remains. We present a model and experimental data on wetting of MMCs. We also
conduct experiments with graphite-reinforced MMCs and show that the contact
angle can be determined from the model. In order to decouple the effects of
reinforcement and roughness, the experiments were conducted for initially smooth
and etched matrix and composite materials. Micropatterned surfaces can be used
for underwater oleophobicity and self-cleaning, in a manner, similar to the Lotus
effect. However, wetting of a rough surface by oil (or any non-polar organic liquid)
can follow more complex scenarios than just wetting of a rough surface by water,
since a four-phase solid—oil-water—air interface can be involved.
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7.1 Introduction

Contact angle is the main parameter that characterizes wetting of solid surfaces by
liquids. Water droplets on smooth hydrophobic surfaces do not usually form
contact angles with the solid surface greater than 120°. When the angle achieved
exceeds 150° this is termed superhydrophobicity. Superhydrophobic surfaces also
usually have low contact angle hysteresis, show self-cleaning properties, and have
low drag for fluid flow. The range of actual and potential application of self-
cleaning surfaces is diverse including optical (e.g. self-cleaning lenses), building
and architecture (windows, exterior paints, roof tiles), textiles, solar panels, mic-
rodevices (where the reduction of adhesion is crucial), applications requiring
antifouling from biological and organic contaminants, etc [1].

Two models of superhydrophobic behavior are used known as Wenzel [2] and
Cassie—Baxter [3] models. The main difference between the two models is whether
the liquid droplet retains contact with the solid surface at all points or whether the
liquid bridges only across surface protrusions, thus, resulting in a droplet sus-
pended on a composite solid and vapor surface [4]. In the Wenzel model
(Fig. 7.1a), the solid-liquid contact occurs at all points below the droplet and the
observed equilibrium contact angle with the rough surface, 0, is given by

cos 0 = Ry cos 0 (7.1)

where the roughness factor Ry = AsL/Ar > 1 is the ratio of the real substrate area
Agy to the projected area Af, and 0, is the contact angle on a smooth surface of the
same material. In the Cassie-Baxter model (Fig. 7.1b) the droplet suspends itself
across surface protrusions, and an average of the cosines of the angle on the solid
(i.e. cos ) and on the air (i.e. cos 180° = —1) below the drop is used. If f5;_ is the
fraction of the solid surface upon which the drop sits and (1 — fsr) is the fraction
below the drop that is air, then the Cassie—Baxter equation applies. When solid—
liquid interface is rough, the roughness factor should also be included as

cos 0 :fSL Rf COoS 00 — (1 _fSL) (72)

The overall conclusion is that two factors are needed to produce a superhy-
drophobic surface: roughness (providing high R, and fg;) and a certain extent of
initial hydrophobicity (e.g. a coating), such that cosfy < 0. Surface roughness
magnifies the hydrophobicity bringing the contact area into the superhydrophobic
region, 150° < 6 < 180°. Furthermore, proper surface roughness is more critical
than the initial superhydrophobicity, since under certain conditions even initially
hydrophilic surface can show superhydrophobic properties [5]. There is also evi-
dence that surfaces with dual-scale roughness (nanoroughness superimposed on
microroughness) makes hydrophobic properties much more sustainable [6].

Since the 1990s, when new technologies emerged to produce microstructured
surfaces, a huge amount of research work was done on design, fabrication, and
characterization of superhydrophobic surfaces from various materials, ranging
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Fig. 7.1 Wetting of a
microstructured surface in the
(a) homogeneous (Wenzel,
solid-liquid) and

(b) composite (Cassie—
Baxter, solid-liquid—air)
regime

(a) (b)

from polymers and ceramics to textiles, etc. A significant limitation on the
practical application of the Lotus effect for self-cleaning is the sustainability of
superhydrophobic microstructured coatings, which is often extremely vulnerable
even to small wear rates and contamination [7].

It is much more difficult to produce a superhydrophobic metallic material than a
polymer- or ceramic-based one, because metals tend to have higher surface
energies [8—11]. In the area of metallic superhydrophobic materials a number of
advances have been made. Yet in the 1950s, Bikerman [12] investigated wetting of
stainless steel plates with different finishes with the contact angles around 90° and
proposed that the surface roughness provides resistance for the sliding of water
droplets. Since then, few studies of non-wetting metallic materials have been
conducted. Baitai et al. [13] studied the effect of the surface roughness induced by
the chemical etching on metallic composites super-hydrophobicity. They used Al,
Cu, and Zn specimens immersed into an etchant (a mixture of HCIl, H,O, and HF)
at room temperature for time periods from 5 to 15 s. Shirtcliffe and McHale [14]
studied the wettability of Cu-base superhydrophobic surfaces. They used Cu to
form the base material and a coating to hydrophobize it. The removal or addition
of material roughened the surface to control wetting by combining roughness with
surface patterning. Sommers and Jacobi [15] achieved anisotropic wettability on
an Al surface by controlling its surface micro-topography.

Metal matrix composites (MMCs) are composite materials which have a
metallic matrix and a reinforcement of another metallic or nonmetallic (ceramics,
polymer, etc.) material [16]. MMCs with hydrophobic reinforcement can provide
much broader opportunities than pure metals for design and fabrication of com-
posite surfaces and readily supply the reinforcement hydrophobic fraction and
surface roughness due to the reinforcement. However, superhydrophobic MMCs
have not yet been explored in the literature. Furthermore, in a composite material
the hydrophobic reinforcement is in the bulk of the material rather than at the
surface and thus wear does not necessary lead do the deterioration of the hydro-
phobic coatings making these materials appropriate to the situations where tradi-
tional Lotus-effect coatings cannot be used. The use of composite materials with
hydrophobic reinforcement in the bulk has already been suggested for concretes to
prevent water penetration [17]. In this paper we investigate wetting of MMCs with
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the potential for various applications where self-cleaning sustainable surfaces are
needed ranging from antifouling for the water industry to magnetic tape-head
interfaces [18].

7.2 Modeling of Wetting of Composite Materials

The reinforcement particles or fibers have certain dimensions and wetting prop-
erties. Some models are presented here. First a general model is considered to
predict the contact angle on MMCs surface. Second, it is considered that the
matrix has smooth surface and the surface roughness is produced only by the
reinforcement present at the surface. Finally, the surfaces are etched by etchants so
that their roughness increases. For the two latter models, two types of the rein-
forcements geometry are considered: particles and fibers. It is assumed that the
reinforcement particles are spherical whereas fibers are aligned beams. The wet-
ting of the surfaces is modeled based on our assumptions using both Wenzel and
Cassie—Baxter models.

7.2.1 General Model

For a composite interface built of two fractions with the fractional areas of f and f>
(so that fj + f> = 1) the contact angle is given by the Cassie equation

cos 0 = fj cos 0 + f> cos 0, (7.3)

where 0, and 0, are the contact angles of the fractions. If a composite material has
a matrix and reinforcement with the volume fractions of f,, and f, (so that
fm + f- = 1) forming a rough surface the contact angle is then given by

cos 0 = Rin (1 — f) cos 6, + Ry f, cos 0, (7.4)

where 0,, and 6, are the contact angles for the matrix and reinforcement materials,
and Ry, and Ry, are the corresponding roughness factors. Note that for spherical
reinforcement particles the roughness factor is equal to the ratio of half of the
sphere’s area 27R? to the cross-sectional area 7R> or Ry = 2. Solving for the
reinforcement fraction yields the volume of the reinforcement fraction providing
the desired contact angle 6

cos 0 — Rgy, cos 0,
r =
Ry cos 0, — Rey cos 0,

(7.5)

Further assuming Ry = 2, Ry, = 1 (no roughness expected from the rein-
forcement particles), and § = 180° (the superhydrophobic limit) yields
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—1 —cos b,

£ (7.6)

" 2co0s6, —cos 0,
which has a solution (f, < 1) if 6, > 120°. Thus it is difficult to produce a com-
posite interface by only using the reinforcement roughness.

If water forms partial contact with the solid (composite or Cassie—Baxter)
interface with the fractional solid-liquid contact areas fs;,, and fsi,, the contact
angle is given by

cosl= Rfm(1 _fr)fSLm cos Hm + RfrfrfSLr cos er -1 +f;’fSLr + (1 _fr) SLm (77)
Solving for the reinforcement fraction yields the volume of the reinforcement

fraction providing the desired contact angle 6

cos 0 — Remfsimcos 0, + 1 — fsim

fr= R fsir €08 0, — Rpfsim €08 0, + fsir — fsim

(7.8)

Making the assumptions of Ry, = 2, Rgy = 1, fs1r = 1, and 60 = 180° yields

— _fSLm _fSLm cos Bm
2¢c080, — fspmcos 0, + 1 — fsim

fr (7.9)

Let us apply Egs. 7.3-7.9 to the metallic (aluminum or copper) matrix with
amorphous graphite reinforcement. For that end, we need to substitute the
material properties of these materials. We measured the water contact angle with
graphite, aluminum, and copper, which were used to produce MMC samples at
the UWM Center for Composite materials, using the ramé-hart Model 250
goniometer/tensiometer. We found the values of the contact angle equal to 140°,
47.2° and 47.7°, respectively. The results for metal matrices are close to those
available in the literature [19]. To measure the water contact angle of amorphous
graphite, we compressed it at first to obtain a smooth surface. The main reason
for high water contact angle of graphite is that the surface still remains rough
even after compressing. Since we need the water contact angle of smooth
graphite, we used the result of Fowkes and Harkins [20]. They measured the
contact angle of water on smooth graphite using the tilting plate method and
found a value of 86°. A similar result (84°) is reported by Morcos [21].
Figure 7.2 shows the variation of the contact angle of water droplet on surface of
metal matrix composite reinforced by graphite particles versus reinforcement
volume fraction (0,, = 47°, 0, = 86°), as obtained from Eq. 7.8 for various
values of fsr . As seen in this figure, for fs; ., > 0.4, the contact angle increases
with increase in the reinforcement volume fraction, whilst for fg ., < 0.4, it
decreases with increase in the reinforcement volume fraction. Figure 7.3 shows
the variation of fgs;,, versus the reinforcement volume fraction, f. as obtained
from Eq. 7.9 for cases where 0 is equal to 150° and 180°. For this case, it is
assumed that the matrix is made of aluminum whereas the reinforcement is made
of a material with the water contact angle of 140°. As observed from this figure,
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Fig. 7.2 The water contact 180
angle as a function of
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volume fraction for different
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the reinforcement volume fraction, f,, is proportional to fsr,. The area between
two lines of 6 = 150° and 6 = 180° is called the superhydrophobicity area.

The effect of wear on a composite material is twofold. First, the matrix roughness
factor, Ry, can be changed due to material removal and evolve to a certain
“equilibrium value” [18]. This can affect the solid-liquid fractional area, fsi .
Second, the reinforcement particles can be removed as matrix surface layers are
removed due to the deterioration. However, new particles come in contact so it is
expected that the values of Ry, and fg1 . do not change significantly. To decouple the
effect of reinforcement and matrix roughness we investigated experimentally wet-
ting of composite materials with initially smooth surface and with the matrix
roughness by etching, as described in the next section.

7.2.2 Underwater Oleophobicity

If an oil droplet is placed on a solid surface in water, the contact angle of an oil
droplet in water, 0ow, is given by Young’s equation:
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c0s fow = Yoa €08 0o — Pwa cos 0, (7.10)

Tow

where 0 and Oy are contact angles of oil and water with the solid surface, yga,
Ywa and yow are interfacial energies for oil-air, water—air, and oil-water inter-
faces. As a consequence, a superhydrophobic (in air) surface can become
oleophobic when immersed in water, under certain circumstances, which are
summarized in Table 7.1. An oleophobic surface repels organic liquids and thus
prevent organic contaminants from accumulation and decrease the adhesion of
bacteria, thus facilitating antifouling properties.

Similar to the superhydrophobic surfaces, besides the homogeneous solid—oil
interface (Wenzel state), a composite solid—oil-water interface (Cassie—Baxter or
Cassie state) with water pockets trapped between the solid and the oil droplet can
exist. The contact angle is then given by

Yoa €08 0o — Pwa cos Ow

Tow

cos Oow fsoRr +1—fso (7.11)

Where 0 < fso <1 is the fractional solid—oil contact area and Ry is the
roughness factor. The rules of the Cassie—-Wenzel wetting regime transition are the
same as in the case of superhydrophobic surfaces, as discussed in the preceding
chapters. A more complex four-phase solid—oil-water—air system can form if both
water and air bubbles are present at the composite interface. It is expected that
with time air will dissolve so that fg4 — 0.

A wetting regime transition, similar to the Cassie—-Wenzel transition can
apparently occur at the solid—oil-water interface. The evidence of this is presented
in Fig. 7.4 showing solid—oil-water system with the same aluminum alloy of
different surface roughness. In our experiments samples with lower roughness
having Root-mean-square (RMS) R, = 0.2 um, showed low contact angles of
0 = 43.10° and 0 = 24.96°, whereas samples with higher roughness (etched by an
acid) R, = 0.8 um showed contact angles of 6 = 140.78° and 6 = 141.30°.
We attribute such an abrupt change of roughness to the fact that the Wenzel state
(homogeneous solid—oil interface) was realized for the low roughness samples,
whereas the Cassie—Baxter state (composite solid—oil-water interface) was real-
ized for high roughness samples.

7.2.3 Reinforcement-Induced Roughness

In this section we investigate wetting properties of a composite material with
particulate or fiber reinforcement. The reinforcement, such as graphite, modifies
wetting properties of the matrix material, such as a metal, by providing hetero-
geneity and surface roughness.
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Fig. 7.4 Solid—oil-water system with low roughness (left) and high roughness, A dramatic
change of the contact angle is attributed to the Cassie-Wenzel wetting regime change

7.2.3.1 Homogeneous (Wenzel) Solid—Liquid Interface

The Wenzel model defines the homogeneous (solid-liquid) wetting regime.
According to that model, water penetrates inside all crevices and there are no air
gaps left between the liquid and solid (Fig. 7.1a).

Particle Reinforcement

Now we model our cases starting with particle reinforcements. For this case,
we assumed that the spherical particles make roughness on the surface. We considered
a layer of matrix which contains randomly distributed particles with radii r
(Fig. 7.5).

The reinforcements volume fraction, f,, is obtained through dividing the total
volume of all particles inside the layer, V,, by volume of layer, V,y

v,

= 7.12

fo=i (7.12)
dnmrd

= 7.13

: (1.13)

Vit = Aot - 1 (7.14)
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Fig. 7.5 The schematic of a
matrix layer passes through
spherical particles

r || Matrix
layer

Fig. 7.6 The schematic of Wear depth
changing / due to wear

Conlact area

where A, is the top surface of the layer and n is the total number of particles
inside the layer.
Substituting (7.13) and (7.14) into (7.12), one can show that

n— 3fovior
473

The height of each particle out of matrix layer is defined by 4. Since the metal
matrices are usually softer than reinforcements, this height can be changed due to
wear during the time. We assumed that 0 < i < r (Fig. 7.6).
therefore,

(7.15)

fr=5 (7.16)
where the total area of reinforcements in contact area, A., can be obtained by
r
A =n %/anhdh = nnr? (7.17)
0

We can find the f,, from the following equation:
Jntfi=1 — fa=1-4 (7.18)
We define averaged Wenzel roughness factor as follows:

1 A 1
— =1 r 3
Ry

- — =1 7.19
Ao R 16/ (7.19)

From Wenzel and Cassie-Baxter equations:

CosO. = Ry - f, - CosO, + f,, - Cos0,, (7.20)
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Fig. 7.7 Contact angle of 180
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Substituting (7.16), (7.18), and (7.19) into (7.20) we have:

il 126

3
63, cosl, — va cos 0, + cos 0, (7.21)

0. = cos
Let us apply Eq. 7.21 to the metallic (aluminum or copper) matrix with graphite
reinforcement. For that end, we need to substitute the material properties of these
materials. We measured the water contact angle with graphite, aluminum, and
copper, which were used to produce MMC samples at the UWM Center for
Composite materials, using the ramé-hart Model 250 goniometer/tensiometer.
Figure 7.7 shows the variation of the contact angle of water droplet on surface of
metal matrix composite reinforced by graphite particles versus reinforcement
volume fraction. As seen in this figure, the contact angle increases with increase in
the reinforcement volume fraction.

Fiber Reinforcement

For this case, we assumed that the aligned fibers perpendicular to the surface make
roughness on it. The length of each fiber out of matrix layer divided by fiber radius
is defined by a (Fig. 7.8).

The Wenzel roughness factor is defined as follows:
_ Ac + 2nmrl, 1 2nmrly, I

_b 22
A, A 4T (7.22)

Ry

where [, is the length of each fiber out of matrix layer. r and n are the radius and
total number of fibers inside certain volume, respectively.
One can easily prove the following equations:

fr :fv - fm =1 _fv (723)

So after calculating the following roughness factor is obtained:
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Ry =1+ 2af, (7.24)

Using Eq. 7.20 and substituting the values of f,, f,, and Ry into it, we have the
following equation for calculating the contact angle on composite surface:

0. = cos™'[2a cos 0, 7 + (cos 0, — cos 0, )f, + cos 0, (7.25)

Then we apply Eq. 7.25 to the metallic (aluminum or copper) matrix with
graphite reinforcement. Figure 7.9 shows the contact angle of water droplet on
surface of metal matrix composite reinforced by graphite fibers versus reinforce-
ment volume fraction. As it is seen in this figure, the contact angle increases with
increasing the reinforcement volume fraction and the value of “a” as well.

7.2.3.2 Composite (Cassie-Baxter) Solid-Liquid—Air Interface

The Cassie—Baxter model defines the heterogeneous wetting regime. Based on
Cassie—baxter model, there are some air gaps left between liquid and solid surfaces
and we deal with a three-phase system of liquid—solid—gas (Fig. 7.1b).

In order to calculate the contact angle, 0, for a rough surface in a manner similar
to the previous section but for Cassie-Baxter model, the differential area of the
liquid—air interface under the droplet, f; sdA., should be subtracted from the dif-
ferential of the total liquid—air area dA; 5, which yields

cos 0 = Ry cos Oy — fia(Rycos Oy + 1) (7.26)
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Fig. 7.10 Contact angle of 180
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such that the f; 5 is the fraction of contact area between liquid and air to total
contact area and 6, is contact angle between the water droplet and the solid with
relatively smooth surface.

Particle Reinforcement

For this case, we modeled our MMCs based on Cassie—baxter in case the spherical
particles make roughness on the surface, so that the Cassie—Baxter equation is
turned into

Cos0, = Ryf, cos 0, + f,, c0s 0,y — fia(Ref, cos 0, + fou cos 0,, + 1) (7.27)

The values of Ry, f,,, and f, are defined by Egs. 7.16, 7.18, and 7.19 and after
substituting into Eq. 7.26 we obtained the following contact angle:

16f,

0. = cos ' [(1 —fia) cosf,+ (1 —f,)cosb,, + 1) —1 (7.28)
16 — 3f,

Figure 7.10 shows the contact angle of water droplet on the surface of alumi-

num matrix composite versus graphite particles volume fraction. As seen in this

figure, the contact angle increases with increase in the reinforcement volume

fraction and the value of fi o as well.

Fiber Reinforcement

For this case, we modeled our MMCs based on Cassie-baxter in case the aligned
fibers make roughness on the surface, so that the Cassie—Baxter equation is the
same as Eq. 7.20.

The values of Ry f,, and f,. are defined by Eqgs. 7.23 and 7.24 and after
substituting into Eq. 7.27, we obtained the following contact angle:
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Fig. 7.11 Contact angle of
water droplet versus graphite
aligned fibers volume fraction
in metal matrix for different
aspect ratio and fractions of
liquid—air in contact (C-B
model)
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6. = cos™! [Za cos 6,(1 ffLA)fVZ + [cos 0, — cos 0,, — fia(cos 0, + 1)]f, + cos Gm}

(7.29)

Figure 7.11 shows the variation of the contact angle of water droplet on the
surface of aluminum matrix composite versus graphite fibers volume fraction
inside certain volume. As seen in this figure, the contact angle increases with
increase in the reinforcement volume fraction. These figures show that fora = 0.1,
the contact angle is proportional to f; o, whereas for a = 0.5 and a = 0.9, it is

proportional to the inverse of fi .
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Fig. 7.12 The schematic of Etched areas  Particle Fiber Protrusion
surface pattern after etching

for particles and fibers
reinforcement

7.2.4 Etching-Induced Roughness

In this section we consider wetting of composite materials after their surface
roughness was enhanced by etching inducing protrusions, which made typical
roughness details larger than a typical reinforcement. According to Wenzel [2] the
contact angle of water droplet on a rough surface is given by Eq. 7.1. Therefore for
calculating the contact angle after roughening the surface by etching, all we need
is to find the roughness factor for the etched surface.

One can assume that the etching makes hemispherical protrusion patterns on a
surface (Fig. 7.12). For such a rough surface, the roughness factor is given by

N7R?

R =1
=1+ A

(7.30)

where A, N, and R are the flat projected area, the number of crevices, and crevice
2

radius, respectively. We assumed that the term is equal to the average

roughness of surface and showed that with R,. Thus the roughness factor for an

etched surface is given by

Rf=1+R, (7.31)

7.2.4.1 Homogeneous (Wenzel) Solid-Liquid Interface
Particle Reinforcement

For spherical particles, to measure contact angle of water droplet on an etched
surface using Eqgs. 7.1, 7.21, and 7.31 we have:

12£,

— ool
6. = cos [(1+Ra)<16_3fvco

3
s0, *va cos 0, + cos 9,,,)} (7.32)
Figure 7.13 shows the variation of contact angle of water droplet on MMC
surface versus particles volume fraction in case the matrix and particles are made
by aluminum and graphite, respectively.
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Fiber Reinforcement

For aligned fibers, we used Eq. 7.25 to find the contact angle of water droplet for
etched surface, therefore

0. = cos ' [(1 + R,)(2a cos 0,f7 + (cos 0, — cos 0,,)f, + cos 0,,) ] (7.33)

Figure 7.14 shows the variation of contact angle of water droplet on MMC
surface versus fibers volume fraction in case the matrix and fibers are made of
aluminum and graphite, respectively.

7.2.4.2 Composite (Cassie-Baxter) Solid-Liquid—Air Interface
Particle Reinforcement

For this case, using Eq. 7.28 and applying roughness factor for an etched surface in
it, the contact angle of water droplet is obtained by

0. = cos (14 R) (1 = o) (5 2

16_3fvcos€,+(l fV)COS9m+1) 1>]

(7.34)

Figure 7.15 shows the variation of the contact angle of water droplet on the
surface of aluminum matrix composite versus graphite particles volume fraction
inside certain volume. As seen in this figure, the contact angle increases with increase
in the reinforcement volume fraction and the amount of R, as well. Comparing
figures concludes that with increase in the value of f; A, the contact angle decreases.

Fiber Reinforcement

To calculate the contact angle for this case, we applied the roughness factor into
Eq. 7.29 so that the 0 is obtained by Cassie—Baxter equation, the contact angle is
given by:
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60, = cos™! [(l + Ra)(2a cos 6,(1 —fLA)fv2
+[cos 0, — cos 0, — fLa(cos 0, + 1)]f, + cos 0,,)] (7.35)

Figure 7.16 shows the variation of the contact angle of water droplet on the
surface of aluminum matrix composite versus graphite fibers volume fraction
inside certain volume. As seen in this figure, for a constant aspect ratio, the contact
angle increases with increase in the reinforcement volume fraction and the amount
of R, as well. Comparing figures concludes that with increase in the amount of fi 4,
the contact angle decreases.
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Fig. 7.15 Contact angle of
water droplet versus graphite
paricles volume fraction in
metal matrix for different
average roughness and
fractions of liquid—air in
contact (C—B model)
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In order to verify experimentally the models presented in the preceding section,
we prepared eight samples of MMCs, four with relatively smooth surfaces and four
roughened by etching, and measured their roughness and contact angles. In fact by
using etching, we tried to simulate the corrosive and erosive wear on the samples
which are probable especially due to environmental conditions.
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Fig. 7.16 Variation of
contact angle versus graphite
aligned fibers volume fraction
in metal matrix for different
average roughness, R, and
fractions of liquid-air in
contact and a = 0.5 (C-B
model)
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The four samples of Al- and Cu-based alloys and their graphite composites were
sectioned to 2.0 x 1.5 x 0.2 cm pieces. The diameter of graphite particles used to
make MMCs is estimated to be between 10 and 15 pm. We used Al and Cu
because they are the standard material used as a matrix in the literatures due to
their high conductivity and ductility for making MMCs. Furthermore, Al- and
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Table 7.2 Chemical composition of the samples

Sample material Composition
Copper base alloy Cu (79.0-82.0%), Sn (2.5-3.5%), Pb (6.3-7.7%), Zn (7.0-10%),
P (0.02%), Al (0.05%), Si (0.005%)
Copper-graphite Cu (81%), Ni (5%), Fe (4%), Al (9%), Mn (1%), 60% volume of
composite graphite.
Al base alloy Al (88%), Si (12%)

Al-graphite composite Al (35%), Si (5%), 60% volume of graphite

Fig. 7.17 SEM images of
polished samples

v o 'm- Beee
Copper base alloy S

Aluminum graphite composite g,;,—.,.. Aluminum base alloy  Tm

Cu-based samples are easy to work with and inexpensive as well. Table 7.2 pre-
sents the chemical composition of the samples.

The samples were ground and polished to create a smooth surface before the
etching process. The grinding involved successive steps with 400, 600, and 1,200
grit SiC paper. Polishing was done with a soft cloth impregnated with 1 y alumina.
The Scanning electron microscope (SEM) images of the polished samples are as
shown in Fig. 7.17.

After that four samples were etched. The reagents used in the selective dislo-
cation etching are as follows [13]. For the aluminum base alloy and the aluminum—
graphite composite, the etchant consisted of 40 ml of 37 wt% HCI, 12.5 ml of
H,0, and 2.0 ml of 48 wt% of HF. The etching time was set for 20 s, for a
two-cycle test. On the other hand, the etchants used for the copper-based alloy and
the copper—graphite composite was 0.1 molar concentration of 37 wt% HCI. The
etching time was 20 h for both the sample types. Since the Al-based samples are
softer than Cu-based samples, these time periods for etching, make roughness of
the same order of magnitude for all samples. All samples were washed, cleaned,
and dried before conducting experiments.
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Table 7.3 Measured and calculated surafce roughness and contact angles

Measured Calculated
Sample Etching R, Measured Rp, Contact angle Contact angle
time (um) contact (Wenzel, fs;m = 1) (Cassie-Baxter,
Al-graphite 0 02 59.1° 1 69° 92°
composite
Cu-graphite 0 02 86.7° 1 69° 92°
composite
Al base alloy 20's 16 82.5° 1.89 0° 73°
Cu base alloy 20 h 8 99.4° 1.28 29° 97°
Al-graphite 20 s 14 86.5° 1.72 56° 81°
composite
Cu-graphite 20 h 8 87.3° 1.28 64° 88°
composite

Fig. 7.18 Images of water
droplet on non-etched
samples

Aluminum graphite composite
Copper base alloy Copper graphite compsite

7.3.2 Characterization of Samples

The surface roughness of the samples was measured before etching process using a
surface profilometer (Mitutoyo Surftest. 402). The roughness of the samples was
measured again after the etching. The roughness parameter measured in the above
cases is the average roughness value, R,, defined as the arithmetic average of the
absolute values of the roughness profile ordinates [22].

After that, the contact angles were measured. These measurements were done
using the model 250 Rame Hart Goniometer. The measured contact angles showed
that none of the surfaces were hydrophobic before etching, though surfaces of the
composites had a higher contact angle with water (Table 7.3). This can be
attributed to the graphite particles which have an effect on the surface roughness of
the composites when compared to the base alloys. Figure 7.18 shows the contact
angle profiles of these samples before etching.
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Fig. 7.19 Images of water . -

droplet on etched samples
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It is observed that all etched samples except Al base alloy became hydrophobic,
i.e. have the contact angle greater than 90°. The contact angle profiles for Al- and Cu-
samples that were etched for 20 s and 20 h, respectively are as shown in Fig. 7.19.

7.4 Discussion

To compare the experimental results with the model and determine whether the
homogeneous or composite interface is realized, the contact angle was calculated
for the Wenzel Eq. 7.4 and Cassie—Baxter wetting regimes Eq. 7.7. For that end,
it was assumed that non-etched sample have smooth matrix (Rg, = 1) and the
surfaces roughness is caused by spherical reinforcement particles (R = 2). For
etched samples, the matrix roughness is significant in comparison with the rein-
forcement roughness, although the exact values of Ry, cannot be calculated from
the measured R,. However, it can be estimated as

Rim = \/1 + (Ry/L) (7.36)

where L is a typical length of an asperity (Fig. 7.20). For the Cassie-Baxter model
we assumed fsi,, = O (no matrix in contact with water) and fs;, = 1 (entire
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reinforcement area is covered by water). Assuming L = 10 um, the roughness
factors and the contact angles were further calculated (Table 7.3).

It is observed from Table 7.2 that for smoother samples (no etching) the
Wenzel model predicts more accurate results, whereas for the etched samples the
Cassie—Baxter model is better. As a matter of fact, we decoupled the effects of
roughness and reinforcement. The results showed that both roughness and rein-
forcement are essential for having a superhydrophobic surface. The experimental
data show that, for all samples, the contact angle increased with increasing
roughness. The change in the contact angle of the Al-graphite sample after etching
was greater than that for Cu-graphite. The main reason for this is the difference in
their average roughness values, R,,. Since the average roughness values of samples
are different for Al- and Cu-graphite composites, respectively, so each sample
follows a different behavior.

7.5 Conclusion

The standard method of creating a superhydrophobic surface implies roughening
the surface and placing some low-energy (hydrophobic) material on it. Instead,
we suggested here to place low-energy reinforcement into the matrix of the
composite material. We presented a model for the overall contact angle of such a
composite material and for the reinforcement volume fraction needed to make the
material superhydrophobic. We also conducted experiments with low-energy
graphite-reinforced aluminum- and copper-based composites and showed that the
contact angle can be determined from the model with certain reasonable
assumptions about the roughness factors and solid-liquid fractional contact areas.
In order to decouple the effects of reinforcement and roughness, the experiments
were conducted for initially smooth and etched matrix and composite materials.
The composite materials can be used to produce sustainable (wear-resistant)
superhydrophobic surfaces.
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Chapter 8
Polymer Adhesion and Biomimetic
Surfaces for Green Tribology

Mehdi Mortazavi and Michael Nosonovsky

Abstract Adhesive properties of polymeric materials and modern techniques of
surface modification make polymers appropriate for Green Tribology applications,
which require functional surfaces and the ability to control, and modify and surface
properties, such as adhesion and wetting. Polymers, along with polymer composites,
are appropriate materials for coating and various biomimetic applications, such as
those utilizing the Lotus and gecko effects. In this chapter, we review polymer
properties relevant to adhesion and wetting, modern methods and techniques of
surface modification which are used to synthesize and produce superhydrophobic
biomimetic materials as well as the methods of surface characterization.

8.1 Introduction

The emergence of Green Tribology brought attention to the need for the devel-
opment of new smart materials and surfaces, which possess functionality and can
minimize the impact on the environment. An important class of such materials and
surfaces are micro- and nanostructured biomimetic materials. These materials
are expected to be more environment friendly, since they mimic the patterns,
mechanisms, and approaches found in living nature. The most typical examples
of micro/nanostructured biomimetic surfaces include those capable for the
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Lotus-effect (surface roughness induces superhydrophobicity and self-cleaning),
gecko-effect (smart and controlled adhesion) and other similar effects, such as
shark-skin, water strider, etc.

Among the major classes of materials, such as metals, polymers, and ceramics,
as well as their composites, polymers play a special role in the development of
microstructured surfaces. The macromolecular structure of polymeric materials, as
well as the ability of polymer chains to form crystalline structures and cross-link
bounds is responsible for the observed unique chemical and mechanical properties
of polymeric materials. These materials are easily deformed and can stretch sig-
nificantly without rupturing. At the interface, interdiffusion of polymeric chains
can occur. The electrostatic component of the adhesion force can be significant due
to dissimilar polymers. Polymers are used in many applications where low
adhesion, friction, and wear are desired. In this chapter, we review the modern
techniques to develop functional micro/nanostuctured polymeric surfaces as well
as their properties in relevance to Green Tribology.

8.2 Polymer Properties Relevant to Polymer Adhesion
and Wetting

In this section, we discuss the properties of polymers which are relevant to
adhesion force, surface energy, and wetting.

8.2.1 Normal Forces Between Two Surfaces

8.2.1.1 Van der Waals Forces

Van der Waals forces are relatively weak intermolecular interactions which exist
between atoms, molecules, or particles. These interactions were first documented
by Johannes Diderik van der Waals in 1873 for developing a theory to account for
the properties of real gases. Unlike other kinds of forces, Van der Waals forces are
always present. They may be small compared to other kinds of forces, but become
significant when dealing with large bodies. Figure 8.1 presents the various types of
Van der Waals forces between molecules as well as macroscopic solids.

Van der Waals force is believed to be responsible for observing reversible dry
adhesion in natural surfaces like gecko toes. In order to investigate the principal
mechanism of adhesion in gecko toes, Autumn et al. [1] measured the adhesion
force between the toes of a live gecko and a highly hydrophobic substrate as well
as a highly hydrophilic one. The toes of the gecko adhered equally well to both the
surfaces. It is in agreement with the van der Waals hypothesis which predicts high
adhesion force on polarizable surfaces, regardless of hydrophobicity.
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Fig. 8.1 Different types of Van der Waals Forces
Van der Waals interactions [
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Fig. 8.2 Schematic of
double layer in water at
contact with a solid
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(Negatively charged surface)

Lin et al. [52] investigated the adhesion mechanism of pedal foot of a marine
species, the abalone. The experimental pull-off force measured by Atomic force
microscopy (AFM) was in agreement with the theoretical vand der Walls adhesion
force obtained by using the Johnson—Kendall-Roberts (JKR) equation (Sect. 8.2.2).
It was also shown that the pull-off force increased with increasing humidity for the
hydrophilic substrate while, it remained unchanged for the hydrophobic substrate.
The combination of van der Waals force and capillary force was believed to be
responsible for the strong adhesion of abalone to various substrates.

8.2.1.2 Electrostatic Double-Layer Forces

An electrical double layer is a structure that forms on the surface of an object when it
comes into contact with a liquid. This model visualizes the ionic environment and
layer of surface charges. Charged surfaces are balanced by oppositely charged ions
(counterions) in solution, so electrical neutrality is preserved. Some counterions
adsorb to the surface, and others are distributed near the surface within the double
layer. The region near the surface is called the electrical double layer (Fig. 8.2).
When two charged surfaces approach enough, their electrical double layers will
start to overlap, and an electrostatic double layer force arises. This approach forms
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Fig. 8.3 Water meniscus (a)
formed between two surfaces.

a sphere-plane. b sphere—

sphere

the basis of the well-known DLVO theory of colloidal stability developed by
Derjaguin, Landau, Verwey, and Overbeek [15, 84]. DLVO theory is the combined
effect of two forces. This theory describes coagulation of dispersed particles by the
interplay between double layer and van der Waals forces, and has been success-
fully applied to many aqueous colloidal systems.

8.2.1.3 Capillary Forces

Capillary forces result from the interaction of liquid, gas, and solid surfaces, at the
interface between them. Rise of water in a capillary tube, and filling the pore space of
soil with water and the attachment of soil particles to each other are examples of
capillary force. The importance of adhesion force was first realized by Fisher and
Haines in the 1920s [20, 25]. The advent of atomic force microscopy (AFM) enabled
the measurements of capillary adhesion forces. The AFM provides a simple means of
probing the capillary adhesion force with pN—nN sensitivity (Sect. 8.4.3.2).

When two solid bodies in contact are placed in a humid environment, water
vapor condenses and forms a meniscus at the contact area of the two particles [55].
An attractive force arises from the formed meniscus. The attraction force is due to
the surface tension of the liquid which pulls the particles together, as well as the
negative Laplace pressure which attracts the particles toward each other. There
would be no capillary force for the particles in contact in a vacuum or a dry
environment. The meniscus formed between a sphere and a plane, and two spheres
are presented in Fig. 8.3.

Capillary forces are often negligible on macroscopic structures, while it
becomes important at micro and nano scales. A nano-scale water meniscus is
formed between the AFM tip and the substrate at ambient condition. The observed
capillary force usually governs the interaction between the nano-sized AFM tip
and the substrate.

8.2.1.4 Solvation Forces

Two surfaces in a solvent will experience an oscillatory force as they approach
each other. At separation distances in which the molecules are closely packed, the
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maximum points in Fig. 8.4, the density between the two surfaces is higher
compared with the bulk. This situation which is entropically unfavorable results in
a repulsive force between the two surfaces. On the other hand, at separation
distances in which the molecules are disordered, the minimum points in Fig. 8.4,
the density is less than that of bulk. An attractive force arises due to the difference
in density between two sides of the planes.

The salvation force can be calculated by applying the contact theorem [36, 75].
Solvation force is often described by an exponential decaying cosine function.
For two parallel planes the salvation force is

f(x) = focos 2;”

0

e (8.1)

where f is the force per unit area, f; is the force extrapolated to zero separation
distance, x is the separation distance for the surfaces, dy molecular cross-section or
diameter and x; is the characteristic decay length.

8.2.2 Contact Mechanics and Adhesion

When two bodies come into contact the interacting forces across the contact
boundary result in adhesion force which is the combination of different
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Fig. 8.5 The schematic of a F
sphere of radius R attached to F
a rigid flat surface

contributions (Van der Waals force, electrostatic force, capillary force, and others).
This adhesion force depends on different parameters such as the number of
contributing forces, the strength of the contributing forces, area of contact between
two bodies, the wettability of the two surfaces, and the ambient conditions.

Two bodies in contact deform as a result of either external or surface forces.
The original work in contact mechanics dates back to 1882 when Hertz solved the
problem involving contact between a sphere and a planar surface, and between two
spheres [28]. The Hertzian model of contact does not consider the adhesion
between two bodies. A schematic of a contact between a sphere and a flat surface
is presented in Fig. 8.5. The radios of contact a and the indentation ¢ based on
Hertz model is given by

3FRx
3
= 8.2
a 4FE* ( )
2
a
0= e (8.3)

where F is the external force, Ex the reduced Young’s modulus, and Rx is the
reduced radius.

The Johnson-Kendall-Roberts (JKR) model [40] and the Derjaguin-Muller-
Toporov (DMT) models [16, 63, 64] were the first attempts to extend the Hertz
theory and include the contribution of adhesion forces. The JKR model has been
employed to incorporate the effect of adhesion in the Hertzian model. This model
considers the adhesion forces inside the area of contact and neglects the interactions
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outside the area of contact. The JKR model is more suitable for soft materials with
high surface energy, and large radii of curvature. The radios of contact area a it and
the JKR indentation ¢ are obtained with the following equations:

3R
P ﬁ (F + 371)R * +\/67ryR « F + (SnyR*)z) (8.4)
2
2
& [ (8.5)
Rx Ex

where 7y is the surface energy.
The JKR model predicts that the force needed to remove the particle (the pull-
off force) is given by

3
FIXR — ZnyR* (8.6)
DMT model is another modified Hertzian contact theory taking into account the
surface attraction forces. DMT model has been successfully applied to systems
with small particles, small surface energy, and high elastic modulus. The pull-off
force predicted by DMT is given by

FPMT — _27yR+ (8.7)

8.2.3 Wetting of Polymers

8.2.3.1 Definition of Contact Angle: Young’s Equation

Wetting is the process of making an interface between a solid and a liquid.
The primary parameter for a liquid wetting a solid is the angle at which the liquid—
vapor interface meets the solid-liquid interface, called the static contact angle 6 as
seen in Fig. 8.6.

In this figure, 0 is the angle between the solid surface and the tangent to the
liquid—vapor interface. ygg, Y51, and yg are solid—vapor, solid-liquid and liquid—
vapor interfacial energies respectively. At the equilibrium, Young’s equation
relates the static contact angle to the interfacial energies

7sG—VsL (88)
LG

cosl =

In general, if the static water contact angle is less than 90° the surface is
wettable or hydrophilic, whereas a water contact angle above 90° indicates
nonwetting or hydrophobic surface. Table 8.1 presents the critical surface tensions
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Table 8.1 Critical surface o
Polymer vaq (B 0
tension and water contact Y - sG ("‘2> O
angle for common polymers ~ Polyvinyl acetate (PVA) 35.3 60.6
Nylon 6,6 422 68.3
Polyethylene terephthalate (PET) 39 72.5
Polyvinyl chloride (PVC) 37.9 85.6
Polystyrene (PS) 34 87.4
Polyethylene (PE) 31.6 96
Polydimethylsiloxane (PDMS) 20.1 107.2
Polytetrafluoroethylene (PTFE) 19.4 109.2

and the water contact angles for some polymers. Among these are Poly-
dimethylsiloxane (PDMS) and Polytetrafluoroethylene (PTFE) which have very
low surface energies and have been used for non-sticky and water repellant
coatings.

8.2.3.2 Rough Surfaces: Wenzel’s Model

The influence of the substrate surface roughness on wetting was first described by
the well-known thermodynamic approach of Wenzel. The Wenzel equation for the
contact angle on a rough surface is defined by the following equation:

cos 0 = rcos (8.9)

where 0 is the observed contact angle on a rough surface and 0y is its contact angle
on a smooth surface. The roughness ratio, r is defined as the ratio of the surface
area Agy to its flat projected area Ag (Fig. 8.7a)

| _As
Af

This simple relationship predicts that as roughness increases, a hydrophobic
surface (0p > 90°) becomes more hydrophobic, while a hydrophilic (0, < 90°)
surface becomes more hydrophilic. According to Wenzel equation polymers such
as Polyvinyl chloride (PVC) and Polyethylene terephthalate (PET) with 0y < 90°,

(8.10)
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Fig. 8.7 Schematic

illustration of a liquid droplet @) (b)
in a homogeneous (Wenzel),
b heterogeneous (Cassie—
Baxter) wetting regimes

should become more hydrophilic by introduction of surface roughness. However,
highly hydrophobic surfaces have been fabricated from these polymers by
increasing the surface roughness, indicating that the Wenzel equation fails to
predict the water contact angle of these surfaces [48, 82].

8.2.3.3 Heterogeneous Surfaces: Cassie—-Baxter Model

The alternative method for the heterogeneous surfaces is that of Cassie—Baxter
model [10]. When the surface is composed of two different materials, the surface
has a surface area fraction f; with a contact angle 0, and a surface area fraction f,
with a contact angle 0,. The contact angle for the heterogeneous interface can be
expressed by the following equation:

cos 0 = fj cos 01 + f> cos 0 (8.11)

In the Cassie—Baxter model the liquid droplet sits on a composite surface made
of solid (f; = fsp) and air (f; = fia) (Fig. 8.7b). Substituting 6 = 180° and
0, = 0, into Eq. 8.10 and combining it with Eq. 8.9 yields the Cassie-Baxter
equation

cos 0 = rfsr, cos Oy — 1 + fsp (8.12)

Figure 8.8 presents the contact angle values for two different surfaces with 6,
values, close to those for common polymers presented in Table 8.1, as a function
of surface roughness for different fractional solid-liquid areas. According to this
figure, for polymers like Polystyrene (PS) and Polyvinyl chloride (PVC) with
contact angle close to 90°, the fractional solid-liquid area should decrease to about
0.1 (fs = 0.1) in order to have a contact angle above 150° (superhydrophobic
surface). In case of hydrophobic polymers such as Polydimethylsiloxane (PDMS)
and Polytetrafluoroethylene (PTFE) in Table 8.1, the combination of surface
roughness and fs; should be selected in order to fabricate a superhydrophobic
surface.
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8.3 Methods for Fabrication of Superhydrophobic Materials

In this section, the methods of surface modification methods and fabrication of
superhydrophobic polymeric surfaces are reviewed. Typical polymers and the
corresponding techniques that have been recently used for fabrication of super-
hydrophobic polymeric surfaces are summarized in Table 8.2.

8.3.1 Electrospinning

Electrospinning is a process in which a high electrical field is used to fabricate
fibers with diameters ranging from a few nanometers to tens of micrometers from
liquid polymeric solutions. A composition of solvents can be used as well. The
process is suitable for a wide variety of polymers and can be conducted at room
temperature. The morphology, surface texture, and wetting properties of the
fabricated fibrous mat can be controlled by changing the solution characteristics or
electrospinning parameters. The solution concentration, viscosity, applied voltage,
ambient relative humidity, and temperature are the most important parameters
which control this process. A schematic of an electrospinning process is shown in
Fig. 8.9a.

The process of electrospinning was invented in 1902 by J.F. Cooley and
W.J. Morton. A number of further developments were made after that in the
1930-1960s by A. Formhals, G.I. Taylor, N.D. Rozenblum, I.V. Petryanov-
Sokolov, and others. Since the early 1990s the technique was used for many
polymers and the term “electrospinning” was popularized, being coined from
“electrostatic spinning” and now is widely used in the literature.
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Fig. 8.9 Electrospinning process. a Conventional electrospinning. b Multi-jet electrospinning.
¢ Coaxial electrospinning

Electrospinning was first used for fabrication of superhydrophobic surfaces by
Jiang et al. [41]. Solutions of polystyrene (PS) in Dimethylformamide (DMF) at
different polymer concentrations were prepared and the effect of concentration on
the morphology of the resultant surfaces was investigated. Polystyrene (PS) is a
hydrophobic polymer with a water contact angle of 95°. Nanofibrous structure with
WCA of 139° was formed from a concentrated solution. Porous microparticles
with WCA as high as 162°, but with low structural stability were formed from a
high concentrated solution. A porous microsphere/nanofiber composite coating
with WCA of 160° and good stability was obtained from a medium concentrated
solution. No information about contact angle hysteresis was reported in this study.

Several attempts have been conducted to improve the wetability and mechan-
ical properties of the electrospun mats. Modification of polymers with low surface
energy segments can alter its water replant property (REFS). Ma et al. [59]
investigated the wetting properties of fibrous mats prepared by the electrospinning
of poly (styrene-b-dimethylsiloxane) block copolymer. Randomly oriented fibers
with broad distribution were formed. Excess concentration of PDMS was formed
on the surface of the fibers due to the lower surface energy of PDMS block
compared to PS block. The resulted PS-PDMS copolymer electrospun mat had a
larger WCA and much lower contact hysteresis compared to mat prepared from PS
homopolymer. The enhanced superhydrophobicity of PS-PDMS copolymer was
believed to be due to the combined result of macro/nano scale roughness and the
excess concentration of low surface energy PDMS blocks on the surface of the
fibers. Wu et al. [88] investigated the effect of surface chemistry on the wetting
behavior of polyurethanes synthesized with and without low surface energy seg-
ments. Bead-thread microstructure and nanofibrous structures were prepared from
low and high concentrated solutions respectively. Higher WCA values for both
structures were measured for the surfaces containing low surface energy segments.

The volatility of the solvent is also an important factor which influences the
surface roughness of the electrospun mats. Using a non-volatile dimethylform-
amide (DMF) solvent, Kang et al. [42] fabricated a rough surface with a higher
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water contact angle compared to the case of using high-volatile solvent like
tetrahydrofuran (THF).

Simultaneous spinning of two or more polymer solution is an approach to
fabricate electrospun mats with enhanced mechanical and wettability properties. Li
et al. [55] fabricated modified electrospun mats by simultaneous elctrospinning of
a Polystyrene (PS) and a polyamid6 (PA6) via a multi-spinneret electrospinning
Process. Polyamide 6 is a polymer with higher tensile strength and more hydro-
philic than PS. Electrospun mats with tensile strength three times higher than the
pure PS mats were obtained, while the water contact angle remained higher than
150° (Fig. 8.9b).

Coaxial electrospinning is another modification to the ordinary electrospinning
process, and is a powerful approach in cases where a polymer solution cannot be
electrospun in an ordinary process, or a modification in the properties of the fibers
is needed. In this process, two polymer solutions are electrospune simultaneously
from a coaxial capillary to produce core—sheath structured fibers (Fig. 8.9¢).
Fluorinated polymers with low surface energy and inherent hydrophobicity have a
great potential to be used for fabrication of superhydrophobic coatings. However,
they exhibit relatively low dielectric constant which prevents them from being
successfully electrospun. To solve this problem and make electrospun fluorinated
polymers, Han and Steckl [26] investigated a coaxial electrospinning of a solution
of a Teflon AF fluoropolymer and a poly (e-caprolactone) (PCL) to fabricate
superhydrophobic and olephobic membranes. Fibers with core-sheath structure
were obtained in which, the PCL core is responsible for good mechanical prop-
erties and the Teflon AF fluoropolymer sheath is essential for providing low
surface energy (Fig. 8.9c).

Nanoparticles can be incorporated into polymer solutions to modify the wetting
property of electrospun membranes. Asmatulu et al. [2] investigated the effect of
the incorporation of Titania nanoparticles and graphene nanoflakes on the super-
hydrophobicity of polystyrene (PS) and poly (vinyl chloride) (PVC) electrospun
surfaces. Titania nanoparticles and graphene nanoflakes were added to the polymer
solutions at different concentrations and the nanocomposite solutions were elec-
trospun. The WCA was increased by up to 18% on the electrospun nanocomposites
due to formation of nano—scale roughness. By addition of PTFE nanoparticles to a
low concentrated electrospinning solution, Menini and Farzaneh [61] fabricated
superhydrophobic electrospun mats with dual fiber-bead microstructures.
Electrospun mats were prepared with polystyrene (PS) and a fluoropolymer with
and without PTFE nanoparticles. For the PS mats, fibrous structure and Bead-fiber
dual structure were obtained at higher and lower concentrations respectively. The
WCA increased with the addition of PTFE nanoparticles but were still lower than
150°. For the fluoropolymer, superhydrophobic surface with WCA up to 161° was
obtained after addition of PTFE nanoparticles.

Yoon et al. [95] modified the electrospinning process to obtain a superhydro-
phobic surface from a low concentration poly (e-caprolactone) (PCL) solution.
In this method the solution was electro sprayed into a water bath connected to the
ground resulting in a hierarchical surface composed of microscale pyramid
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Fig. 8.10 Schematic
presentation of an AAO Cell
template

Pore

Aluminum

structure and nanosized pores. A WCA of 172 was obtained in the modified
method whereas it was only 128 in the regular method.

In summary, electrospinning is a very simple and versatile process that can be
used to fabricate superhydrophobic surfaces from various polymers or a combi-
nation of polymers. Multi-spinneret and coaxial arrangements can also be used to
obtain surfaces with modified chemistry and surface roughness.

8.3.2 Molding or Template-Assisted Techniques

8.3.2.1 Molding by Using Anodic Aluminum Oxide Templates

Anodic Aluminum Oxide (AAO) is a self-ordered nanostructureed material formed
on aluminum surface from an electrochemical oxidation in acidic solutions. AAO
is composed of uniform nanosized vertical nanopores with various pore diameter
and pore depth. An alumina layer is formed along the pores which separate the
pores from the aluminium bulk (Fig. 8.10). High aspect ratio and tunable pore
dimensions make AAO a desirable material for fabrication of self-aliened mate-
rials and a commonly used template for nanofabrication.

Lee et al. [46] fabricated vertically aliened polymeric nanofibers on polystyrene
(PS) surface with different aspect ratios and surface morphologies using AAO
template. AAO templates with different pattern sizes and aspect ratios were first
prepared by varying the electrochemical parameters, resulting in close-packed
hexagonal nanostructures. The obtained AAO templates were then utilized in
nanoimprint embossing to transfer the nanopatterns into the polymer surface.
After removing the template by using a chemical wet etching, nanopatterns with
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Fig. 8.11 Aliened nanofibers
prepared from molding by
using AAO template.

a Nanofibers adhere and form
bundles b Water droplet on
top of the bundles

the pore diameter and length similar to those of the templates were obtained. The
study of the wettability of the surfaces revealed that the surface texture had a great
impact on the WCA and the contact angle hysteresis. Superhydrophobic surfaces
were obtained by tailoring the pore dimensions of the templates (Fig. 8.11).
Injection molding is a widely used polymer process in which molten plastic is
forced under high pressure to flow into a mold cavity where it is held until it cools
and hardens into the shape of the mold. Injection molding can be used to fabricate
materials with nano-patterned surfaces. AAO nanotemplates can be mounted into
the mold to transfer the nanopatterns to the molten polymer. Puukilainen et al. [70]
fabricated two AAO templates with various pore nanostructures by altering the
voltage used in the electrochemical reaction. The lower voltage resulted in the
higher order structure. The fabricated AAO templates were used to make nano-
patterns on the surface of two polyethylene (PE) and one polypropylene (PP)
samples by injection molding. Well-ordered nanostructures comparable to those of
the AAO templates were formed. The wettability property of the surface was
investigated by static contact angle measurements of the nanostructured and flat
surfaces. The WCA was increased due to the enhanced surface roughness. More
increase was observed for the surfaces made by using higher order templates.
Yoo et al. [94] investigated the fabrication of nano-textured surfaces by
injection molding process and studied the effect of mold temperature on the ability
of molten polymer to fill the nanopores of the applied AAO templates. AAO
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templates with the nanoholes diameter of 200 nm were used as template to make
nanohair structure on a polypropylene (PP) surface. Samples were injected
molded at different mold temperatures. It was shown that at low temperatures,
the polymer melt did not penetrate completely into the nanopores, resulting in
low aspect ratio bumps. As the mold temperature increased, the molten polymer
penetrated more, and nanohairs with higher aspect ratios were obtained. The
WCA measurements on the prepared surfaces indicated that the surfaces deco-
rated with longer nanohairs, which were obtained at higher mold temperatures
exhibited higher WCAs.

Sheng and Zhang [76] fabricated nanotextured hydrophobic high-density
polyethylene (HDPE) surfaces by extruding molten polymer into AAO templates
at specific temperature and pressure. Templates with different pore sizes resulted
in the formation of nanofibrous surfaces with different fiber diameters. The
nanofibers then collapsed due to self-aggregation and bundles with different
surface morphologies were formed. The WCAs of the prepared surfaces were
sufficiently higher than that for the smooth surface, but almost the same for dif-
ferent surfaces. However, significant difference was found for the sliding angles of
different surfaces. The surface with the finer nanofibers exhibited the highest
sliding angle which is believed to be due to the pore created by the self-assembly
of bundles in the case of very fine nanofibers. It was concluded that by tuning the
template pore sizes and the extrusion pressure, superhydrophobic surfaces with
different surface properties can be made.

Cheng et al. [12] used AAO templates to fabricate superhydrophobic surfaces
of polystyrene (PS) with different adhesion characteristics. Smooth surface of
polystyrene was first prepared on substrate using a solution-casting method. The
AAO nano-hole pattern was then transferred onto the underlying polystyrene
surface by a replication method. By altering the replication parameters, surfaces
with different nanoscale roughness and surface topography were obtained. Poly-
styrene nanopillars with diameter comparable to that of the used template and
terminating in flat and concave tips as well as polystyrene nanotubes were resulted
(Fig. 8.12). Superhydrophobic surfaces with WCAs larger than 150° were
obtained for all surfaces. Small differences observed for the different topographies
can be explained by the difference in water—solid contact area. The adhesion
property of the fabricated surfaces was also investigated by measuring the adhe-
sive force between water droplet and the surfaces. Different adhesives force was
measured for different surfaces which can be explained by the contribution of the
different forces acting on the surface (van der Waals forces and the capillary force
induced by negative pressure). Different surface topographies not only provide
different contact area which alter the contribution of the van der Waals forces, but
also provide different negative pressures which change the contribution of the
capillary force. The highest adhesive force was obtained for the nanopillar with
concave tips, which was due to high capillary force, while the least adhesive force
was measured for the nanotube arrays, which was believed to be due to the low van
der Waals and capillary forces.
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Patterned silicon wafer is also a suitable candidate for micro- and nano- fabrication
of polymeric surfaces. However, since silicon wafer is expensive and fragile it has
been used to make intermediate polymer molds which are more flexible and can be
used many times. Jeong et al. [37] fabricated polymeric molds by photolithography
on silicon masters. The prepared molds were then used to fabricate micro- and
nanoscale roughness on a UV-curable resin by capillary molding technique.
Capillary molding technique, which is based on raising the liquid resin in
micropores of the mold due to capillary force is developed recently [38]. The
micro-patterned polymeric mold was first placed on the UV-curable resin followed
by partial curing of the resin, resulting in micropatterns on the resin. The surface of
the micro-patterned resin which is cured partially remains tacky, whereas the resin
beneath the surface cures completely, allowing for subsequent molding of the
nano-patterns by using the nano-patterned polymeric mold on top of the
macro-patterned surface. The final dual-scale hierarchical surface is composed of
nanosized roughness on top of the micropatterns (Fig. 8.13). After treatment of the
surfaces with a low surface energy material, wettability was studied on the dual-
sized hierarchical structures as well as single-scale ones. The effect of spacing to
width ratio of the micro- and nanopillars on the WCA as well as Cassie to Wnzel
transition was investigated on the single micro and nano-patterned surfaces and
was shown that Wenzel state is more stable than the Cassie State as the spacing to
width ratio increased. On the other hand, stable Cassie state with enhanced WCA’s
was obtained in dual-scale hierarchical surfaces. A thermodynamic model was
presented to explain the contribution of micro- and nanosized roughness on the
wettability as well as Cassie to Wenzel transition (Fig. 8.13).

8.3.2.2 Molding by Using Silicon Templates
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Fig. 8.13 Water droplets on (a) (b)
dual-scale hierarchical

structures. a Cassie—Wenzel
state, b Cassie—Cassie state

Rahmawan et al. [71] introduced a new method to make nanosized roughness
on the surface of micropillar PDMS and fabricated dual-size rough surfaces.
Micropillar arrays with various aspect ratios (pillar separation distance to the pillar
diameter) were replicated on the surface of PDMS using silicon masters. The
micropillar PDMS surface was further treated with a thin layer of a low surface
energy material via a chemical vapor deposition (CVD) technique. The deposited
film was observed to form nanoscale wrinkles on the surface. The mechanism of
wrinkling, which is believed to be due to the combined effect of residual stress in
the low surface energy material, and the large difference in Young’s modulus of
the low surface energy material and the substrate was studied. It was also shown
that the aspect ratio of the micropillars, which control the microscale roughness as
well as the thickness of the low surface energy layer, which control the nanoscale
roughness, govern the wetting properties of the created surfaces.

8.3.2.3 Other Molding Methods

Most of the molding techniques that have been used for fabricating of nanopatterns
on polymer substrates are expensive and the entire process takes a significant
amount of time; so development of new cost effective and fast methods are needed.
Another problem with using nano-textured templates (for example AAO) is the
detachment and dissolving of the attached template after the molding process. Hou
and Wang [31] presented a new technique for fabrication of surface roughness by
using a filter paper as a template and prepared stable superhydrophobic surface.
Polytetrafluoroethylene (PTFE) sheets were molded against filter paper and then
were sintered at various temperatures, resulting in micro- and nanoscale lotus-like
rough surfaces. The number of microscale bumps at the surface decreased as the
sintering temperatures increased, resulted in the decrease in the surface roughness,
which consequently resulted in the decrease in the WCAs and the increase in the
sliding angles.
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Choi et al. [14] used a micromolding technique to fabricate micro- and nano-
scale hierarchical surfaces on a UV-curable resin containing alumina nanoparti-
cles. Prism- and pyramid-like micro-patterned mold were used to form microscale
roughness, and the alumina nanoparticles were used for nanoscale roughness.
An ultraviolet ozone treatment on the surface resulted in selective etching of the
nanocomposite surface, leaving a rough surface with silica nanoparticles on the
outermost surface. After further treatment with a fluoroalkylsilane monolayer,
hierarchical suoperhydrophobic surface was obtained. The method provided the
ability to adjust the microscale roughness by changing the micromold patterns, and
the nanoscale roughness by changing the size of nanoparticles as well as the
etching time during the ozone treatment.

8.3.3 Replication of Natural Surfaces

Many surfaces in nature such as lotus leaves and wings of some insects are
superhydrophobic exhibiting WCA larger than 150° [67, 86]. The water repellency
property is mostly considered to be the effect of micro and nanoscale roughness on
these surfaces. A simple approach for fabrication of superhydrophobic surfaces is
the replication of the surface structure of natural surfaces with polymeric materials
using various methods.

8.3.3.1 Direct Replication of Natural Surface

In direct replication method, the micro- and nanopatterns of the natural surface are
directly transferred to the polymer surface using lithography, polymer casting, or
hot embossing process.

Lee et al. [47] investigated a single-step method of replicating the surface
micro- and nano-textures of plant leaves in a UV curable polymer. The leaf was
attached and pressed against a UV curable polymer to transfer the patterns of the
leaf to the polymer. The system was then exposed to a UV light from the polymer
side to fix the prepared patterns. The micro- and nano-features of the leaves were
successfully transferred to the polymer surface, resulting in a remarkably large
increase in the WCAs of all the replicated surfaces compared to the WCA values
of the smooth polymer film.

In another study, the nano-pillar array of a cicada wing was transferred to a
PVC film by a hot embossing process resulting in a negative nanopatterned PVC
replica. This negative replica was then employed to transfer the nanopatterns to a
UV curable polymer through a nanoimprint lithography (NIL) process. A nano-
patterned hydrophobic surface with a WCA comparable to that of cicada wing
(138°) was obtained [29].

The effect of combined micro and nano hierarchical structures on superhy-
drophobicity is discussed in many studies and it is indicated that the nanoscale
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roughness is important as well as microsclae roughness [66]. However, it is not
possible in all cases to make nanopaterns using simple replication techniques.
Various nanoparticles can be used to introduce nanoscale roughness into the
replicated polymer surfaces. A nanocomposite solution was obtained by incor-
poration of a waterborne polyurethane (WPU) solution into antimony doped tin
oxide (ATO) nanoparticles and the resulted nanocomposite solution was coated
onto a PDMS negative mold, replicated from a lotus leaf. A superhydrophobic film
with hierarchical micro and nanostructure roughness was obtained with the
addition of ATO nanoparticles. No nanoscale structure was formed using pure
WPU, demonstrating that the nanoscale structure observed on the WPU/ATO
nanocomposite was due to the presence of nanoparticles [19].

8.3.3.2 Replication by Using an Intermediate Nickel Template

In this method, a nickel mold is first made via an electroforming process. In the
next step, the prepared nickel mold is used to transfer the patterns to the surface of
a polymer. The proposed replication method, which was based on making a nickel
mold, had the potential to be used for replicating a wide variety of natural surfaces
with various polymeric surfaces [48]. Typical nickel mold making and nanoim-
print lithography is presented in Fig. 8.14.

Fabrication of superhydrophobic surfaces by using micro- and nano-textured
mold, replicated from natural surfaces can be conducted for polymers ranging
from hydrophobic to hydrophilic nature by using polymer molding techniques.
Lee et al. [49] fabricated superhydrophobic surfaces from both an intrinsically
hydrophobic polymer (PDMS) and an intrinsically hydrophilic UV curable
polymer. The micro- and nanopatterns transferred to the UV curable polymer
more precisely than to the PDMS surface. However, the PDMS surface dis-
played better superhydrophobicity due to the intrinsic hydrophobicity of the
PDMS.

Biological surfaces of animals can be transferred to polymer surfaces with the
same process. Using a negative nickel master fabricated through electroforming
upon a surface of dung beetles, Nagaraja et al. [65] prepared a hydrophobic surface
from an intrinsically hydrophilic thermoplastic acrylonitrile— butadiene—styrene
(ABS) copolymer. The obtained rough surface mimicked the microstructure of the
surface of dung beetles.

Biomimetic superhydrophobic plant-leaf-like polymer surface was fabricated
by using PDMS negative replica instead of nickel [96]. In this study, negative
replica was obtained by casting a liquid PDMS prepolymer on a taro leaf. After
solidification, the PDMS negative mold in which, the leaf patterns were precisely
replicated, was peeled off the taro leaf. A taro-leaf like PS surface was obtained by
casting a PS solution on this negative template. The resulted PS film exhibited
micro/nano roughness similar to taro leaf which was responsible for the observed
superhydrophobicity.
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Fig. 8.14 Nanoimprint
lithography. a Mold making.
b Negative mold. ¢ Molding
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()
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8.3.4 Roughening Through Introduction of Nanoparticles

8.3.4.1 Silica Nanoparticles

Silica nanoparticles can be used to introduce nanoscale roughness into the
superhydrophobic surfaces. Since silica nanoparticles are hydrophobic, a surface
modification is needed in order to show water repellency property. Hou and Wang
[32] fabricated transparent coatings ranging from superhydrophilic to superhy-
drophobic through the casting of polystyrene (PS)-SiO, nanoparticle mixtures at
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different concentrations and different drying temperatures. The change in the
PS/SiO; nanoparticle compositions and drying temperatures resulted in the forma-
tion of coating with various surface roughness and surface chemistry. The changes
were believed to be due to the presence of either more hydrophobic PS groups or
hydrophilic SiO, functional groups at the most outer surface of the coating.

Different low surface energy materials can be used to modify the surface of
silica nanoparticles. The combination of the chemistry and the micro and nano-
scale roughness of the surface-modified silica nanoparticles provided superhy-
drophobicity. Garcia et al. [21] fabricated superhydrophobic surfaces from
surface-modified silica nanoparticles. Silica nanoparticles were modified with four
sets of organosilanes. The prepared organo-modified silica nanoparticles formed
agglomerates with different sizes and polydispersities according to the chain length
of the modifier. The obtained modified nanoparticle agglomerates were then
applied onto a glass surface to form a rough surface possessing hierarchical
structure. The effect of type and chain length of the modifier on the chemical
composition of the surface as well as the micro and nano scale topography of the
surface, which govern the wettability of surface was discussed.

Other methods have been used to assemble nanoparticles on a surface. Layer-
by-layer (LBL) assembly, a comparatively new method, is an easy to use method
and has been employed for fabrication of polymer/nanoparticle multilayer films
with superhydrophobic properties. Different types of nanoparticles with different
surface chemistry and different surface morphology can be applied on a surface
using the LBL assembly [9, 39, 101]. Using this technique Zhao et al. [104]
fabricated a hierarchical superhydrophobic surface on a polyimide substrate.
Microscale patterns were generated on the polyimide surface by a micro-replica
molding (Sect. 8.3.2). Then, the micro-patterned substrate was sequentially
immersed in silica nanoparticles and a mixture of polyelectrolytes resulting in a
hierarchical superhydrophobic surface with WCA up to 160°.

Two different types of mesoporous silica nanoparticles with different mesopore
structures were applied to make superhydrophobic coatings on a glass substrate by
an LBL technique, and the effect of the morphology of the nanoparticles on the
roughness and porosity of the resultant coatings were investigated [56]. After
treatment of the coatings with a low surface energy layer, the coating obtained by
the more porous nanoparticles resulted in a better superhydrophobicity and water
repellency property.

Silica nanoparticles can be combined with other micro and nanosized particles
to prepare structures with efficient surface roughness. A mulberry-like composite
was obtained by addition of nanosized silica particles and microsized calcium
carbonate particles followed by a surface modification. The combination of micro
and nanosized particles provided a hierarchical rough surface topography and the
surface coated by this composite showed superhydrophobicity with high water
contact angle (WCA) and very low sliding angle (SA) [92].

Other attempts have been made to fabricate hierarchical dual-size nanotextures
by applying a combination of micro and nanosized particles. Using a self-assembly
method [81] prepared a sphere-array of micron-sized silica on a glass substrate.
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Fig. 8.15 Layer-by Layer
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Then, silica nanospheres with various sizes were adsorbed onto this silica micro
array resulted in a set of dual micro and nanoscale rough surfaces. The effect of the
size of the silica nanoparticles, assembled in the second step, on the porosity of the
final coating, and the obtained WCA and SA were investigated (Fig. 8.15).

Silica nanoparticles can also be applied for the surface treatment of polymer
fibers and fabrics. Hsieh et al. [34] employed silica nanoparticles through a sol-gel
technique to modify the surface of micro-textured carbon fabrics (CF). A dual-scale
rough surface was obtained via the combination of microscale roughness of the
carbon fibers and the nanoscale roughness of the silica nanoparticles. It was shown
that the concentration of the coated silica nanoparticles on the CFs has an important
impact on the surface roughness which governs the superhydrophobicity.

Silica naoparticles were also incorporated into natural fibers, like cotton. Xue
et al. [90] prepared superhydrophobic cotton surfaces through the introduction of
functionalized silica nanoparticles. The surface of both the cotton fibers and the
silica nanoparticles were first modified by different chemicals to facilitate the
reaction between them. The nanoparticles were then added to the fibers followed
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Fig. 8.16 Silica nanoparticle
treated fiber a Non-uniform
distribution of nanoparticles
(smaller particle size)

b Closely packed array of
nanoparticles (larger
particles size)

by a drying process in which silica nanoparticles covalently bonded to the cotton
fibers. After the final treatment of the surface by a low surface energy material, a
hierarchical superhydrophobic surface was obtained.

Heat treatment has been also applied to chemically bond the silica nanopar-
ticles to the cotton fabrics [89]. Using this method, cotton fibers were treated by
two sets of silica nanoparticles with different sizes, followed by a surface
treatment with a cost-effective low surface energy material resulted in a super-
hydrophobic cotton fabric. The effect of the size of the silica naoparticles as well
as the concentration of the low surface energy coating on the wetting property
and WCA were investigated [3]. Figure 8.16 presents a schematic of two fibers
treated with silica nanoparticles with different particle sizes and different con-
centrations of nanoparticles. A similar procedure was used to make superhy-
drophobic fabrics from the inherently hydrophobic poly (ethylene terephthalate)
PET fibers. Silica nanoparticles were attached to the PET fibers through a
specific reaction/interaction occured between the surface chemical groups of the
PET fibers and the silica nanoparticles. Further treatment of the fabrics with a
water replant agent resulted in a superhydrophobic surface with a WCA up to
158° [4].

8.3.4.2 Polymer Particles

Polymers in the form of micro and nanosized particles can be used in fabrication of
superhydrophobic surfaces. Polymer nanoparticles provide the required roughness
on the surface as well as the lower surface energy compared to other nanoparticles.

Bormashenko et al. [8] prepaered a triple-scale rough surface on a polyethylene
(PE) film by introduction of polyvinylidene fluoride (PVDF) nanoparticles. PVDF
nanoparticles were first spread on a thin polyethylene (PE) film followed by a hot
embossing process in which individual PVDF nanoparticles and microscale
aggregates were immobilized on the PE film resulting in a multiscale rough
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surface. Superhydrophobic surface with a WCA as high as 160° was prepared and
a mathematical modeling was conducted based on the Cassie-Baxter wetting
model.

A well-ordered structure of polymer nanoparticles provides the nanoscale
roughness required for preparing superhydrophobic surfaces. Single and double-
layer close-packed arrays of polystyrene (PS) nanoparticles were obtained via a
spin coating process. The prepared two-dimensional nanostructure was then
treated with oxygen plasma etching, which resulted in the reduction in the
diameter of the PS nanoparticles up to 60%, and finally treated with a low surface
energy material. Cassie’s model was successfully applied to correlate the effect of
size reduction of the PS nanoparticles with the solid-liquid contact and the
observed WCAs [78]. Yan et al. [91] investigated rough surfaces obtained by
closely packed arrays of silica and PS nano- and microspheres in a wide range of
particle sizes. Three different methods of coating were employed to fabricate these
surfaces. However, all of the applied methods resulted in the same well-ordered
closed pack topography. After surface treatment with a fluoroalkylsilane, a low
surface energy material, an increase in WCA was obtained for all surfaces due to
the increased surface roughness. Cassie model was introduced to calculate the
WCAs of the surfaces and good agreement was found between the theory and the
experiments. The WCA values calculated for PS and silica particles are constant
and do not change with particle sizes indicating that the change in particle size in
closely packed array surfaces is not an effective way to tailor the wetting property.
The roughness factor, r (using Eq. 8.10) for a closely packed structure is equal to
1.9. The Wenzel and Cassie—Baxter equations (Egs. 8.9 and 8.12) can be applied
to predict the water contact angles. The final form for the Wenzel equation is

cos = 1.9cos by (8.13)

For the Cassie—Baxter equation, the f5; can be calculated using the geometry of
the wetted surface (Fig. 8.17). On substituting this value into Eq. 8.12 the final
form can be expressed as

2(1 + cos )*

— 8.14
3.32 — sin” 0y + cos 6 ( )

cos ) =

The water contact angles, 6, expressed in Egs. 8.13 and 8.14 are only function
of 0, and are not function of particle size. The values obtained from Eq. 8.14 are
shown to be in better agreement with the experimental results rather than the
values calculated using Eq. 8.13, indicating that the water droplet on these sur-
faces is in Cassie—Baxter regime [91].

Ge et al. [22] proposed a simple coating method to prepare well-ordered closely
packed PS nanoparticle arrays. The substrate was positioned in a colloidal sus-
pension of PS nanoparticles, and then placed in a specific temperature and
humidity to be dried. PS nanoparticles with different particle sizes were used and
the effect of the particle size on the induced roughness and water repellency
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Fig. 8.17 Wetting behavior
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property was investigated. Highly hydrophobic property was obtained for all the
particle size ranges.

Zhang et al. [100] used PS nanoparticles to modify both the water and oil
wettability property of a polymer membrane simultaneously, which had the
potential application as separation membranes. Surface of porous polyurethane
(PU) foam was treated with PS nanoparticles. The applied olyurethane (PU) and
PS had almost the same water and oil wettability. After modification, the dual-
sized roughness obtained from the combination of microporous PU and the PS
nanoparticles, resulted in a film with superhydrophobic and superoleophilic
properties. The prepared composite film was successfully used to separate a water—
oil mixture.

Hong and Pan [30] employed Polytetrafluoroethylene (PTFE) nanoparticles to
make transparent superhydophobic surface on a UV-curable polymer. PTFE
nanoparticles provided both the required hydrophobicity and nanoscale roughness,
while the UV-curable polymer provided a transparent matrix for the nanoparticles.
Two different methods were used to prepare micro- and nanopatterns on the
substrate. In the first method, PFTE nanoparticles and the liquid polymer were
mixed and then applied to a transparent substrate by a spin coating process. The
micropatterns were made by a photolithography process in which, the spin coated
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substrate was exposure to a UV light through a photomask and then, the unexposed
composite was dissolved resulted in a micro-patterned structure. In the second
method, UV-curable polymer without nanoparticles was coated on the substrate
and then, the PTFE nanoparticles were spray coated on the polymer surface
followed by further curing to immobilize nanoparticles. Both methods obtained
surfaces comprising micro- and nanoscale roughness which was responsible for the
observed superhydrophobicity with WCAs higher than 150°. The surface obtained
by the second method exhibited a higher WCA due to its higher surface roughness.

8.3.4.3 Carbon Nanotubes

Carbon nanotubes are allotropes of carbon in which graphite sheets have been
rolled up to form hollow cylinders with diameter of a few nanometers and length
up to a few centimeters. Nanotubes with their special structure have attracted a lot
of interest in many application fields, such as nanotechnology, electronics, and
optics in recent years. Nanotubes have been added to various polymer matrices for
different physical and mechanical property enhancements. They can also be used
to make nanosized roughness very similar to those of lotus leaves due to their
nanosized diameter and high aspect ratio (surface/area ratio). The combination of
micro- and nanotexture of the nanotubes, and their hydrophobic nature can be
applied to fabricate nature-inspired superhydrophobic surfaces.

Liu et al. [57] used carbon nanotubes to modify the surface roughness and
wettability of hydrophilic cotton fabrics using a dip-coating method. Nanotube
clusters were first dispersed in water using an ultrasonic treatment. Cotton fabrics
were then dip-coated into the nanotubes suspension resulted in the deposition and
the immobilization of the nanotubes onto the fiber surfaces. The modified fabrics
had hierarchical structure which mimicked the surface structure of lotus leaves.
The water contact measurement, however, indicated that water was absorbed
gradually by the fabrics because of the hydrophilic nature of cotton fabrics as well
as the weak affinity between the nanotubes and the cotton fibers. In order to further
improve the water repellency property of the fabrics, the surface of nanotubes were
treated with a comparatively more hydrophobic polymer and used in the same dip-
coating method to decorate the cotton fabrics. The polymer treated nanotubes
resulted in a more uniform hierarchical structure with a durable WCA larger than
150°.

The surface modification of fabrics using carbon naotubes through a chemical
reaction leads to more durable superhydrophobicity. Using a catalytic chemical
vapor deposition, Hsieh et al. [35] fabricated superhydrophobic fabrics from
intrinsically hydrophilic carbon fabrics. Carbon nanotubes were grown on the
surface of the carbon fabrics by a catalytic chemical vapor deposition (CCVD)
technique at 900°C. The naotube decorated fabrics further coated with a layer of
fluoro-containing copolymer by a spin coating method to reduce the surface energy
of the fabric surface. A dual-scale rough surface obtained from the combination of
the microscale roughness of carbon fibers and the nanoscale roughness of
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Fig. 8.18 CNT treatment of
fabrics. a Water droplet on an
unmodified fabrics. b Water
droplet on a CNT treated
fabric

nanotubes. The effect of nanoscale roughness on the wettability was investigated.
A hydrophobic fabric with a WCA equal to 145° was obtained without CNT
decoration, while a superhydrophobic fabric with a WCA up to 160° was reached
after CNT treatment. Finally, the Cassie—Baxter model was used to investigate the
effect of CNT of the surface topography and consequently on the wetting property
of the fabrics. It was proposed that in case of CNT decorated fabrics, the water
droplet lies on top of the CNT coils and tips with air trapped beneath them. The
reduced solid-liquid contact surface exhibits superhydrophobiciy with low sliding
angle (Fig. 8.18).

Beside fabrics, carbon nanotubes can also be used to fabricate superhydro-
phobic surfaces. Men et al. [60] investigated the effect of the introduction of
various modified MWCNSs into two hydrophobic polymers on the wetting prop-
erties of the obtained composites. Pristine, hydroxylic-modified and fluorocarbon
modified MWCN'’s were combined with poly (furfuryl alcohol) (PFA) and Poly-
tetrafluoroethylene (PTFE) at different ratios and the resultant nanocomposites
were spray-coated on flat stainless steel substrates. The same dual micro- and
nanoscale structures were formed for all the nanocompoosite coatings. However, a
hydrophilic surface was obtained in the case of using hydroxylic-modified
MWCNs and a hydrophobic substrate was obtained in the case of using pristine
MWCN:s, indicating the importance of the surface chemistry on the wettability.
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Superhydrophobic surface was obtained only for the nanocomposites made of
fluorocarbon modified MWCNs. The effect of the concentration of the MWCNs on
the nanoscaled roughness was also studied. It was shown that at low concentration,
the excess resin destroyed the nanoscale roughness and resulted in lower WCAs.

Other hydrophobic molecules have also been used for surface modification of
CNT’s [79, 102]. Yang et al. [93] used polystyrene (PS) for surface modification of
MWCNs. The modified MWCNs were coated on a transparent substrate using a
simple spray-coating technique resulting in a micro- and nanoscale roughness on
the surface. The porous surface topography, combined with the hydrophobic
nature of PS resulted in a superhydrophobic surface with an WCA of 160° and a
SA as low as 3°.

8.3.5 Surface Modification by Low Surface Energy Materials

Self-assembly is a process in which disordered components of a system associate
with each other and form an organized structure. Self-assembly is a versatile
approach for the fabrication of nanostructures. Bhushan et al. [5] fabricated
nanostructured and hierarchical surfaces by self-assembly of a thin layer of an
alkane wax on smooth and micro-structured epoxy resins. Microstructured surface
was prepared using a micro-molding process (presented in Sect. 8.3.2.2), and
micropillar structured silicon as the master. Thin layer of the wax was then
deposited on the smooth and nanostructured surfaces by evaporation and subli-
mation of the wax in a vacuum chamber. After coating, the specimens were heated
and then immediately cooled down to interrupt the re-crystallization process, or
placed at room temperature for 3 days for crystallization to be completed.
Nanostractures comparable to those found on superhydrophobic natural leaves
were created on the crystallized specimens. Higher WCA, lower hysteresis angle,
and lower adhesive force were measured for the nanostractured surfaces compared
to the smooth wax coated surfaces. Theoretical values of WCA were obtained for
the surfaces based on Wenzel and Cassie—Baxter equations using the parameters
obtained from the AFM maps and the SEM images. Good agreement between
experimental results and the results obtained by the Cassie—Baxter model indicated
that the Cassie—Baxter state is stable for the nanostructured surfaces. The same
method was used to investigate the wetting property and the adhesion force of the
hierarchical structures with various nanostructures. Higher WCA, lower hysteresis
angle and lower adhesion force were observed for the hierarchical structures
compared to nanostructures due to the farther decrease in the solid—liquid contact
and the greater ability of hierarchical structures to trap more air pockets in both
their levels of roughness.

Koch et al. [45] used the similar method to fabricate hierarchical surfaces with
superhydrophobic and low-adhesion properties. Two different micro-patterned
surfaces were prepared using both Lotus leaf and silicon micropillar array as
master templates. A flat surface was prepared using a flat silicon master template
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for comparison. The wax used in this study was extracted from natural leaves. The
process of coating of the wax on the surfaces was conducted by evaporation and
sublimation of the wax in a vacuum chamber followed by allowing the crystalli-
zation of the wax in seven days. A tubular hollow structure with random orien-
tation was formed on the surfaces after seven days. The wettability property
of the prepared surfaces was investigated by measuring the static contact angle,
contact angle, hysteresis and tilting angle of the surfaces. A flat surface, two
micro-patterned surface prepared by lotus leaf replica and silicon replica, two
hierarchical surface made by decoration of wax tubules on top of the two micro-
patterned surfaces as well as a natural lotus leaf was investigated. WCA and
contact angle hysteresis higher than 170° and lower than 2° was observed for the
hierarchical surfaces respectively, which are comparable to those of lotus leaf. For
the only micro-patterned surfaces, the WCA was higher than 150° but the contact
angle hysteresis was high (27° and 29°), which prevents them from exhibiting self-
cleaning ability. The values for roughness factor (Ry) and fractional liquid—air
interface (fi 5) for different surfaces were measured using the SEM and the AFM
data. The Ry and f; o were higher for hierarchical surfaces than that for micro-
patterned and flat surfaces, which was in agreement with the experimental results.

For many surfaces in nature such as lotus leaf, the superhydrophobicity (WCA
higher than 150°) and low contact angle hysteresis are observed at the same time.
However, there are superhydrophobic surfaces that exhibit high contact angle
hysteresis and high adhesion. Different wetting behavior of the low adhesion and
the high adhesion surfaces can be explained by having a closer look at the micro-
and nanostructure as well as the chemistry of these surfaces, and provide the
opportunity to fabricate artificial surfaces with tunable properties. Bhushan and
Her [6] conducted a systematic investigation on the wetting behavior of two
superhydrophobic rose petals with high and low adhesions. The relevant param-
eters responsible for the different behavior were identified, and artificial super-
hydrophobic surfaces with high and low adhesions were fabricated. Scanning
electron microscopy (SEM) and AFM analysis indicated that the two surfaces had
different micro- and nanostructure. Higher bump density and larger bump height
was observed for the rose petal with low adhesion property. A Cassie-Baxter
regime is favorable in this case in which, the water droplet sits on top of the
asperities, resulting in low solid-liquid contact and low adhesion. For the rose
petal with high adhesion property, on the other hand, lower bump density and
smaller bump height was observed (Fig. 8.19). This enhanced pitch allows the
water droplet to diffuse to the microstructure, resulting in high contact angle
hysteresis and high adhesion. Inspired by the investigated rose petals, hirerachical
surfaces with different wettability property were fabricated by self-assembly of a
wax on the surface of micro-patterned epoxy substrates with the method described
earlier [5]. Different micro-patterned epoxy surfaces with different pitch values,
and also different amount of wax were used to fabricate hierarchical surfaces with
various wetting and adhesion properties. It was observed that the combination of
micro- and nanostructure of the surface governs the stable wetting state (Cassie—
Baxter, Wenzel or Cassie). At high pitch values and low density of nanostructures,
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Fig. 8.19 Water droplet on
two hierarchical structures

a smaller bump height (high
adhesion), b larger bump
height (low adhesion)

Fig. 8.20 Water droplet on
two hierarchical structures,
a low density of
nanostructure (high
adhesion), b High density of
nanostructure (low adhesion)

the water droplet could diffuse to the microstructures, while the diffusion of water
was not possible as the density of nanostructures increased. Two different surfaces
with low adhesion and high adhesion obtained with the same microstructure but
different nanostructures (Fig. 8.20).

Chemical vapor deposition (CVD) is a widely used technique for depositing
materials on substrates. A chemical reaction in gaseous phase occurs at the surface,



206 M. Mortazavi and M. Nosonovsky

resulting in the formation of a thin layer of the material. Using a CVD process,
Zheng et al. [105] fabricated polyvinylidene fluoride (PVDF) membranes with
dual-sized rough structure with superhydrophobicity and self-cleaning properties.
Microsized rough PVDF membrane was first prepared by solution coating of
PVDF/solvent on a substrate. The PVDF membrane was then treated with high-
energy oxygen ion emitted by microwave plasma which resulted in changes in
both the chemistry and the topography of the surface. The oxygen plasma treated
membrane was then grafted with a low surface energy material in a CVD process
at different temperature and relative humidity. The low surface energy material
used in this study is methyltrichlorosilane (MTS) which forms nanostructures on
the surface of the membrane during the CVD process. A dual-sized rough surface
was obtained by the combination of the microsized PVDF membrane and the
nanosized structures obtained by CVD process. The effect of oxygen plasma
treating time and oxygen plasma power in the plasma treatment process, grafting
time, relative humidity, and the concentration of MTS in the CVD process on
the measured WCA were investigated. A superhydrophobic membrane with
self-cleaning property was obtained in the optimum condition.

In another study, Zheng et al. [106] investigated the fabrication of superhy-
drophobic PVFD membranes by grafting a mixture of dimethyldichlorosilane
(DDS) and methyltrichlorosilane (MTS) as low surface energy materials. Instead
of oxygen plasma, a sodium hydroxide treatment was used to introduce oxygen-
containing functional groups on the surface, and instead of CVD process, a
chemical bath deposition was employed for grafting the DDS/MTS solution in this
study. The SEM and AFM results revealed that the grafted materials create a
uniform distribution of nanosized asperities on top of the micro-patterned PVDF
membrane. The resulted membrane had a WCA of 157° and a sliding angle of 1°.

Weibel et al. [87] investigated the preparation of superhydrophobic surfaces
with high and low hysteresis angles on aluminum substrates by modifying the
chemistry and the roughness of the surfaces. Microscale roughness prepared on the
Al surfaces by a chemical etching, and the nanoscale roughness obtained by
nanoporous anodic aluminum oxide (AAO), which are prepared in an electro-
chemical cell. Low surface energy treatment was conducted with an alkoxysilane
functionalization and a thin layer of PTFE respectively. Different substrates were
made with the combination of different chemistry and roughness treatments. It was
shown that the nanostructure is necessary for the transition of the wetting state
from Wenzel to Cassie—Baxter, in which the reduced solid—water contact results in
low hysteresis.

8.3.6 Solution Method

Adjusting the crystallization time and nucleation rate for crystalline polymers, and
the aggregation and precipitation rate in case of amorphous polymers have been
shown to have a significant effect on the surface roughness of the films fabricated
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by solution casting method. Temperature and addition of non-solvent are two of
the most important factors controlling the precipitation and the final morphology
of the cast films. Lu et al. [58] investigated the preparation of low-density poly-
ethylene (LDPE) superhydrophobic surfaces by controlling the crystallization
behavior of LDPE during the film formation in a solution casting process. The
LDPE was first dissolved in xylene (the solvent). A few drops of the prepared
solution was then dropped onto a silicon wafer and placed in a vacuum oven at
different temperatures to remove the solvent. Microporous surfaces with enhanced
WCA were formed at different film formation temperatures. The microscale
roughnessess of the surfaces were increased by decreasing the temperature, which
subsequently increased the WCA. The increase in the roughness of the surfaces
was believed to be due to the increase in crystallization time and nucleation rate
[18]. To further increase the crystallization time and nucleation rate an LDPE
nonsolvent (cyclohexanone) was added to the polymer solution, and the film
formation was conducted at room temperature. A hierarchical micro- and nano-
scale rough surface with a high WCA of 173° and low sliding angle of 1.9° was
obtained.

Yuan et al. [98] used a similar method and prepared a superhydrophobic linear
low-density polyethylene (LLDPE) surface with enhanced self-cleaning property
compared to that for a smooth LLDPE surface. In another study [99], they pre-
pared Superhydrophobic high-density polyethylene (HDPE) with low contact
hysteresis by adding ethanol, as a precipitator, to the polymeric solution in a humid
atmosphere. The effect of drying temperature on the surface roughness of the
prepared films confirmed that the phase separation occurred at lower temperatures
and resulted in rough surfaces [18, 58]. At high relative humidity, the water in the
moisture can penetrate to the solution and act as a non-solvent for HDPE. The
combination of two non-solvents resulted in the formation of more HDPE
aggregates and more pore structures. After evaporation of the solvent at humid
atmosphere and low temperature, a superhydrophobic surface with WCA of 160°
and sliding angle of 2° was obtained.

Hou et al. [33] investigated the biomedical application of a superhydrophobic
polypropylene (PP) surface prepared by a phase-inversion method introduced by
Erbil et al. [18]. The anticoagulation property of the rough and smooth surfaces
was studied by blood contacting experiment and SEM analysis. It was shown
that under the same condition, the adhesion of platelets, blood cells, and fibrin to
the superhydrophobic surface is much lower than that for the smooth surface,
indicating the good blood compatibility of the PP superhydrophobic surface.

Peng et al. [69] fabricated highly hydrophobic poly-(vinylidene fluoride)
(PVDF) membranes with modifying the conventional solution casting process. The
polymer solution was first prepared by dissolving PVDF pellets in N,Ndimethyl-
acetamide (DMAc) solvent and then was spread uniformly on substrate. Two
different methods were used to prepare porous membranes. In the first method, the
film was immersed into a precipitation bath contains mixture of water and the
solvent (water/DMACc) at different concentrations. Since water is the non-solvent
for PVDF, precipitation of PVDF from the solution took place in the precipitation
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bath, resulting in a translucent membrane. Membranes prepared through the pre-
cipitation in water/DMAc bath was observed to have porous surfaces while it was
smooth using only water as precipitation bath. The WCA was increased by 70% in
this method. In the second method, the porous membrane was prepared by placing
the solution coated film in the open air instead of using precipitation bath. Micro-
and nanosized PVDF particles were prepared by crystallization from the solution
during the gelation process, and hierarchical structure with WCA as high as 150°
was obtained.

Making surface roughness by solution method can also be used to fabricate
roughness on rigid polymeric surfaces rather than casting a polymer solution. Zhao
et al. [104] fabricated lotus-like surfaces on smooth plates of amorphous poly-
carbonate (PC) by a facile solvent treatment method. Polycarbonate is a crystalline
thermoplastic polymer; however, the crystallization from the melt is extremely
slow due to the stiffness of its polymer chains. It has been shown that the addition
of solvent increase the crystallization rate by increasing the polymer chain
mobility [27]. The surface of plate was covered by a thin layer of acetone (solvent)
and was allowed to evaporate at room temperature. Nanosized needle-like
asperities appeared on the surface after evaporation of the solvent due to the
crystallization of the plasticized chains on the surface. The WCA on the prepared
nanosized rough surface was 130°, which was far from superhydrophobicity. The
swollen PC surface was then treated with a non-solvent (methanol or water).
Introduction of nonsolvent to the surface resulted in the precipitation of some
polymer chains, which can act as nuclei for further nucleation and growth.
Microsized protrusions were formed consequently beside the nanosized
asperities. The final surface had a hierarchical structure with superhydrophobic
characteristics.

Zhang et al. [103] fabricated PC superhydrophobic coatings on various sub-
strates, using a “dipping and drying” method. The substrate was first dipped into
the polymer solution followed by fast drying at room temperature. The PC coated
substrate was then dipped into the non-solvent, where the phase separation and
precipitation took place. Five different non-solvents of PC were used to study the
effect of non-solvent on the phase separation and the resultant morphology. It was
shown that the polymer solubility and the boiling point of non-solvents are the
most important factors which control the phase separation process. The surface
roughness increased as the solubility of the non-solvent decreased, and the boiling
point increased.

The solution-precipitation method can also be used to fabricate rough surfaces
on amorphous polymers, which normally form smooth film upon casting. Li et al.
[54] fabricated superhydrophobic poly (vinyl chloride) (PVC) surface with micro-
and nanoscale roughness similar to those of lotus leaf. The combination of three
non-solvents was used and superhydrophobic surfaces with WCA higher than 150°
were obtained in all cases. The non-solvent was first dropped onto a surface. Then,
the polymer solution was coated on the non-solvent. Relative diffusion of the
solvent and the non-solvent at the interphone resulted in the micro- and nanophase
separation of the polymer solution, which finally resulted in multiscale surface
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roughness. Instead of coating the solution on top of the non-solvent layer, Chen
et al. [11] added the non-solvent, ethanol, to the PVC solution. Nanosized rough
surfaces were obtained and the roughness increased with the increasing of the
concentration of non-solvent in solution. At 50% ethanol content a WCA of more
than 150° and sliding angle of 7° resulted. Superhydrophobic surfaces were also
prepared on polystyrene (PS), again an amorphous polymer, with a solution-
precipitation method by using ethanol as non-solvent [97].

Shi et al. [77] fabricated poly (L-lactic acid) (PLLA) superhydrophobic surfaces
by a phase-inversion method. Water and ethanol were employed as nonsolvent and
three different coagulation baths; water, water/solvent, and ethanol were used to
study the phase-inversion and the resulting surface morphologies. It was shown
that the presence of solvent in the precipitation bath has a strong effect on the
surface topography. Sponge-like porous film obtained from the precipitation in
water/solvent bath, but no significant roughness was observed from the precipi-
tation in pure water. Superhydrophobic surfaces with flower-like structures were
obtained by precipitating of the surfaces in the ethanol bath.

8.3.7 Plasma, Electron, and Laser Treatment

Plasma treatment is the process of using an ionized gas to modify the surface
properties of various materials. Plasma treatment of polymers changes the
chemical and physical properties of the polymeric surface, and can be used to
modify the wetting and adhesion properties of polymeric surfaces. Depending on
the applied plasma treatment, the resultant surface can be more hydrophobic or
more hydrophilic.

Kim et al. [43] used an atmospheric methane plasma treatment to fabricate
hydrophobic coating on various surfaces. The chemical composition of the deposited
coating indicated that, the methane plasma treatment created a surface composed of
low surface energy groups. Combined with the microsized roughness of cotton fibers,
a superhydrophobic surface with WCA up to 150° was obtained from cotton fabrics.

Teshima et al. [82] fabricated transparent superhydrophobic polyethylene
terephthalate (PET) surfaces using an oxygen plasma treatment followed by a
hydrophobic organosilane coating. Nanotextures were formed on the surface by
oxygen plasma at different power levels. As the power level increased, the surface
roughness increased, which subsequently degraded the optical transparency.
An optimum power level was obtained in which the maximum roughness was
obtained while the transparency was still high. The nanotextured films then treated
with low surface energy organosilane precursors by using either a low-temperature
chemical vapor deposition (CVD) or plasma enhanced CVD (PECVD). Trans-
parent superhydrophobic surfaces with WCAs higher than 150° were obtained.
The same approach was used to prepare transparent superhydrophobic Poly(methyl
methacrylate) (PMMA) surface [85]. The oxygen plasma treatment was first
conducted at various pressure, time, and substrate voltage to form nanotextured
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surfaces. Surface roughness increased with increase in substrate voltage and
decrease in pressure. The surface roughness also increased with treatment time.
After depositon of a thin layer of a Teflon-like coating, superhydrophobic surfaces
with WCA of 152° and contact angle hysteresis less than 5° were obtained.

Sputter deposition is a widely used process for applying a thin layer of a
material on a substrate. Radio frequency (RF) sputter deposition is the preferred
method for the forming of thin films from insulating materials. The rf-sputter
deposition has also been considered as an effective approach for the preparation of
fluoropolymer thin films, which have found applications in highly hydrophobic
and low friction coatings [7, 62, 83]. Sarkar et al. [74] fabricated superhydrophobic
aluminum surfaces by rf-sputter deposition of a thin layer of PTFE on chemically
etched aluminum surfaces. The aluminum sheets were first chemically etched in a
hydrochloric acid solution for different durations. Rough surface with micron-
sized pits was observed on the surfaces after etching. The roughened aluminum
surfaces were then placed in a plasma reactor in which ultra thin PTFE film were
deposited on the surfaces by using argon plasma. It was shown that the etching
time controls the wetting properties of the resulted surfaces. As the etching time
increased, the WCA increased and the contact angle hysteresis decreased until they
reached to constant values. Further etching did not change the WCA and contact
angle hysteresis values, indicating the formation of the maximum roughness at that
value. A WCA as high as 164° and a contact angle hysteresis as low as 2° was
obtained for the optimum etching time.

Gupta et al. [24] investigated a pulsed electron deposition (PED) to fabricate
dual-size hierarchical PTFE coatings. The PTFE thin films were deposited on a
substrate using a pulse electron gun at various electron energies. It was shown that
the applied electron energy can alter the micro- and nanostructure of the prepared
coatings. Single-scale rough surfaces were obtained at low electron energies, while
dual-scale rough surfaces were obtained at higher electron energies. The transition
between single- and double-roughness at mean electron energies was also con-
firmed by a sudden increase in the root mean square (RMS) roughness and WCA at
the transition region. Hierarchical superhydrophobic surfaces with WCA as high as
151° were resulted at high electron energies.

Holographic lithography is a promising technique for fabrication of periodic
nanostructures. In this technique, a photosensitive material is exposed to inter-
fering laser beams, to create periodic micro- and nanostructures. The conventional
holographic lithography can be modified for fabrication of nanostructured polymer
surfaces. The period of patterns can be controlled by controlling the wavelength of
light and incident angle of the laser beams. By using this technique, Park et al. [68]
fabricated nano-patterned superhydrophobic surfaces with high and low adhesion.
The holographic lithography was conducted at two different incident angles;
perpendicular to the top surface of the used prism, and tilted from the perpen-
dicular incidence of the laser beam. A face-centered cubic (FCC) and a tilted FCC
lattice structure was formed in the perpendicular and the tilted incidence of the
laser beam respectively. The patterned surfaces were then modified by a reactive-
ion etching using CF, gas. Needle-like structure with a WCA of 160° and sliding
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angle of 3° was formed for the FCC lattice, which showed the formation of
Cassie—Baxter regime. The tilted FCC surface, on the other hand, exhibited
superhydrophobicity with high adhesion force, indicating the formation of Wenzel
state.

8.4 Surface Characterization

An appropriate surface analysis technique to evaluate the surface properties of the
fabricated polymeric surface is of great importance. Surface analysis methods can
be used to verify the fabrication of surface with the desired chemical structure,
wetting property, morphology and topography, and modified performance.
A combination of different surface characterization techniques is frequently
required to gain a comprehensive understanding of the performance of the fabri-
cated surfaces.

Adhesion and wetting property of polymeric surfaces is governed by both the
surface roughness and the surface chemistry of the outermost surface layer.
One would have to study the composition and topography of this layer at a sub-
nanometre scale in order to fully determine the surface properties. Various
information including chemical structure, the hydrophilicity or hydrophobicity,
and the topography of the polymeric surfaces can be obtained using different
analysis methods [44, 72].

8.4.1 Surface Chemistry

The chemistry of surfaces has been widely studied using spectroscopic methods
which reveal valuable information about the constituent elements and the chemical
structure of the surface [50]. Table 8.3 presents the most common spectroscopic
techniques used for surface characterization.

8.4.2 Wetting Property

Surface wettability of materials is generally characterized by measuring the con-
tact angle of a liquid droplet on the surface (Fig. 8.6). Contact angle goniometer is
used to measure the static contact angles, advancing contact angle and contact
angle hysteresis. Goniometry is one of the oldest surface characterization tech-
niques and is still commonly used. A drop of a liquid is placed on a solid surface.
The surface of the drop will make a certain angle (the tangent to the point of
contact) with the surface of the solid . A camera captures the shape of the water
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Table 8.3 Most common spectroscopic techniques for surface characterization

Technique Probe Information Comments
Auger electron spectroscopy (AES) Electrons Surface composition Surface
conductivity
needed
X-ray photon spectroscopy (XPS)  X-rays Chemical composition Quantitative
analysis
Secondary ion mass spectrometry  Ions Surface composition,
(SIMS) contaminations
Infrared attenuated total reflection  Infrared  Surface composition
ATR-FTIR light
Fig. 8.21 Schematic Liquid drop
drawing of a contact angle camera Light source
goniometer :] m ,
: o] /

[

droplet on the surface, and software is used to analyze the drop shape. Figure 8.21
shows the schematic of a contact angle goniometer.

8.4.3 Surface Topography and Surface Forces

8.4.3.1 Scanning Electron Microscopy

Microscopy is one of the most powerful techniques for characterizing surfaces at
micro- and nanoscale. When the domain size is less than one micron, the mag-
nification of a light microscope is no longer sufficient and electron microscopy is
necessary. While optical microscopes are generally limited by magnification
below 1,000, the electron microscope can be used for magnifications up to about
10,000,000 x. An electron microscope is a type of microscope that uses a beam of
highly energetic electrons to illuminate the specimen and provides different
information about topography, morphology, and chemical composition of a wide
variety of materials. Two types of electron microscopies are distinguished: scan-
ning electron microscopy (SEM) and transmission electron microscopy (TEM).
Scanning electron microscope (SEM) is a powerful tool not only for surface
observation but also for analysis of the subsurface structure of materials. As an
electron beam strikes a surface, several different signals may be generated [23].
Backscattered electrons, characteristic X-rays, secondary electrons and auger
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Fig. 8.22 Different signals Electron Beam
produced by emitting of an
electron beam to the surface
of a specimen

Backscattered Electrons

Characteristic X-rays
Auger Electrons

~» Secondary Elect
— condary Electrons

L Spect

electrons are the most important signals used for characterization of polymeric
surfaces (Fig. 8.22).

Secondary electrons are low energy electrons which are used to form the 3D
images of the surface with a resolution of less than 1 nm. Backscatter electrons are
high energy (>50 eV) electrons that are reflected directly from the specimen by
elastic scattering. Backscatter electrons can be used in analytical SEM along with
the characteristic X-rays analysis, and provide information about the distribution
of different elements on the surface.

When a high-energy electron beam strikes a surface, each element on the
surface emits its own characteristic wavelength and energy spectra. So X-ray
spectra [Energy dispersive spectrometer (EDS)] can be used to perform elemental
analysis or chemical characterization of a surface [23]. This technique has
been used for characterization of polymer coatings and polymer nanocomposites
[17, 80].

8.4.3.2 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is one of the most promising tools for charac-
terization of surfaces at nanoscale. In the imaging mode, a sharp tip mounted on
the end of a flexible cantilever probes the surface to obtain an image of sample
surface. A laser beam is shown on the back of the cantilever and reflected onto a
photodiode or a laser detector. The deflection of the cantilever is monitored by the
photodetector by converting the voltage signal into distance (Fig. 8.23). As the tip
approaches the surface, the interaction forces between the tip and the sample
surface result in a deflection of the cantilever. Different types of adhesion forces
(Sect. 8.2.1) can be responsible for the observed deflection.

The AFM can operate in three different modes: contact, non-contact, and tap-
ping modes. In the contact mode, the tip stays in contact with the sample during
scanning. For soft materials, it is likely that the AFM tip would damage the sample
surface, so the non-contact modes are more desirable for these materials [51].
In the non-contact modes, on the other hand, the AFM tip is not in contact with the
sample, and the change of resonance frequency of the cantilever is measured. The
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Fig. 8.23 Schematic Photodiode
illustration of AFM

Cantilever

S5

P

non-contact mode is suitable for studying many soft surfaces such as biological
surfaces and polymers [73]. In the tapping mode, the cantilever is oscillated above
the sample with high amplitude, and the tip contacts the surface at each oscillation
cycle. The change of oscillation amplitude of the cantilever is used to measure the
interaction force.

AFM is a powerful technique for surface characterization of polymeric
surfaces. Surface topography can be visualized, and surface roughness can be
measured. Compositional imaging for heterogeneous polymers can also be done
with AFM. Individual components of a heterogeneous system can be detected as
the AFM tip scans over the surface. This ability is due to the senility of tip to the
variations in local properties, and has a potential application in characterization
of semi-crystalline polymers, block copolymers, polymer blends, and polymers
composites [13].

8.5 Conclusions

Adhesive properties of polymeric materials and modern techniques of surface
modification make polymers appropriate for Green Tribology applications, which
require functional surfaces and the ability to control, and modify and surface
properties, such as adhesion and wetting. Polymers, along with polymer com-
posites, are appropriate materials for coating and various biomimetic applications,
such as those utilizing the Lotus and gecko effects.
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Chapter 9
A Biomimetic Approach to Ice Friction

Anne-Marie Kietzig

Abstract This chapter addresses ice friction from a biomimicry perspective. Ice
and its liquid form water are integral parts of the natural life cycle and therewith
stand at the center of our existence, which makes them interesting targets for
biomimetic engineering. A historic overview of friction and ice friction introduces
the matter. The relevant tribological background is established and ice as a matter
is discussed. On this basis the different parameters that influence ice friction are
discussed. Biomimetic approaches to adapt the influence of material-related
parameters to the desired amount are outlined. Furthermore, experimental methods
to measure ice friction are addressed and finally the most important ice friction
models are briefly introduced.

Keywords Biomimicry - Icefriction - Winter sport - Liquid-like layer - Temperature -
Velocity - Relative humidity - Normal force - Contact area - Thermal conductivity
roughness - Surface structure - Wetting

9.1 Introduction

Biomimicry means applying concepts found in nature to our everyday problems
and thereby designing advanced products and processes, while saving energy in
production and application. Lately the “green” movement has gained impact in
society, politics, and economy. “Green” in this context includes concepts from
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ecological sustainability, environmental consciousness, and conservation of nature
in order to change our current state of living FROM nature to living in-sync WITH
nature. To conform to this requirement biomimicry gives us the key to simulta-
neously advance our current state of living, technological progress and prosperity,
while reducing our ecological footprint. Accordingly, biomimicry is particularly
relevant to engineering.

The science of tribology, which studies the interaction of surfaces in relative
motion, is highly relevant to all fields of engineering. Surfaces that are subject to
relative motion are ubiquitous. Examples range from microswitches with rele-
vance for electrical engineering to bridge dilatation compensators, which are
integral construction units for civil engineers. Ice friction, as a sub-discipline of
tribology, is a particularly interesting candidate for biomimetic engineering, since
ice is abundantly found in nature. As a natural material, ice and its liquid form
water are integral components of the closed loop, which stands at the center of our
existence.

But how does ice friction affect us? Many people associate ice friction with
slippery roads, difficult driving conditions, a greater risk of injury and getting into
road accidents. From this perspective the slipperiness of ice is feared and treaded
tires and shoe soles with good traction are preferred [1-3]. On the other hand,
sports and outdoor activity enthusiasts highly appreciate the low friction experi-
enced when moving over ice and/or snow, since the slipperiness of the ground is
what makes so many winter sports as thrilling and enjoyable as they are [4].

Beyond these first associations, the study of ice friction is also relevant for the
design and maintenance of moored floating offshore structures [5], ice breakers
and cargo ships for transport through northern sea way [6], as well as sleds and
vehicles for transport over snow and ice [7]. In the latter examples low friction is
desired to save energy, e.g. 70% of the power of an ice breaker ship is consumed to
overcome ice friction [8].

Another important application of ice friction investigations are refrigeration and
heat exchanger systems. Ice slurries for thermal energy storage are environmen-
tally more sustainable than traditional ozone depleting refrigerants. However, the
flow behavior of such slurries still requires further investigations and reductions in
fluid friction and pressure drop are sought [9, 10].

Furthermore, natural phenomena such as glacial movements or river ice jams
are essentially ice friction processes. River ice jams can cause disruptions of hydro
power generation, transportation and navigation. Waves from a glacier break-off or
jam release can result in flooding, which causes major damage to property and
wildlife habitat [11]. Finally, principles of ice friction also play a role in icing and
its prevention on power lines, air craft, and machinery used at subzero tempera-
tures [12].

As outlined above there are different requirements for surfaces in contact with
ice depending on whether high or low friction is desired. High friction requires
high adhesion between surfaces and interlocking asperities, whereas low friction
results from very low adhesion forces and only marginal solid—solid contact.
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The basic physical concepts underlying both directions are however the same, as
will be outlined in this chapter.

Nature gives plenty of striking examples for sophisticated solutions to such
typical tribological problems, which might be less energy and material consuming
and more sustainable than the solutions developed by the homo sapiens over the
past centuries. In the following, three intriguing examples from nature with rele-
vance to ice friction are given [13]:

1. The tree frog’s toes are composed of disk-like pads that are separated by
channel-like spaces. Through these channels water gets squeezed out of the
contact surfaces to reduce lubrication and enhance van der Waals forces
between the contacting solid surfaces.

2. The surface of the feet of the gecko is covered with small flexible hairs that
conform to the shape of any surface features for maximum contact.

3. Considering the adhesion of fluids to solids the lotus leaf stands out with its
high hydrophobicity supported by a surface structure on two length scales,
which allows water drops to simply roll of its surface.

All these examples are readily found outside our offices in nature along with
many more clever approaches to tribological problems. The engineer just needs to
open his eyes and mind, get inspired, and transfer the ideas to solve the respective
adhesion- and friction-related engineering design questions.

In the following the basic understanding of ice friction will be established and
wherever possible, examples for biomimetic solutions are highlighted.

9.2 Historic Overview

It has only been about 150 years since friction on ice has become of scientific
interest. The study of friction, however, has a long history as shown in Fig. 9.1.

e Neanderthal Age (~200,000 B.C.): use of frictional heat to make fire by
rubbing wood on wood or striking flint stones.

e ~7,000 B.C.: Scandinavian rock carving depicts the use of a sledge to transport
heavy goods over frozen ground.

e ~2400 B.C.: Egyptian carving shows facilitated sliding by the use of a
lubricant, possibly water [14, 15].

e ~350 B.C.: Aristoteles (384-322 B.C.) recognizes the force of friction in his
Questiones Mechanicae [14].

e ~1500: Leonardo da Vinci (1452-1519) studies friction quantitatively.
He investigated the influence of the apparent area of contact upon frictional
resistance, distinguished between rolling and sliding friction, studied the ben-
efits of lubricants, and made the first observations of wear. In fact, he postulated
the two laws of friction:
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Fig. 9.1 Timeline of friction
studies. (Reprinted with
permission from [77].
Copyright 2010, American
Institute of Physics)
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— Friction produces double the amount of effort if the weight be doubled—The
force of friction is directly proportional to the applied load.

— The friction made by the same weight will be of equal resistance at the
beginning of its movement although the contact may be of different breadth
and length.—The force of friction is independent of the apparent area of

contact for a given load.

However, since da Vinci’s records were only published at the end of the
nineteenth century, these laws are often referred to as Amonton’s laws

[14, 15].

e 1699: Guillaume Amonton (1663-1705) confirms da Vinci’s findings. He
identifies roughness as the primary cause of friction and defines friction as the
force required to lift interlocking asperities over each other during the sliding

motion [14, 15].

e 1750: Leonard Euler (1707-1783) classifies friction into static and dynamic
friction and introduces the symbol u for the coefficient of friction [14].

e 1785: Charles Augustin Coulomb (1736—1806) investigates friction as a function
of various factors, such as the nature of materials in contact and surface coatings,
the extent of the surface area, the normal pressure, the time of loading, and the
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frictional behavior under vacuum as well as under varying ambient conditions
(temperature, humidity). He also formulated friction force as an equation:

where F7 is the frictional force, F the normal force, and u the coefficient of
friction, which was assumed to be independent of the sliding velocity (v).
Sometimes the above formula is referred to as the third law of friction.
However, this relationship only holds for moderate sliding velocities [14].

e 1859: Ice became a matter of scientific investigations: Faraday brought two ice
cubes into contact, which instantly froze together [16]. He concluded that the ice
surface is covered with a liquid-like layer. This famous experiment started
research efforts to understand ice, and the role its surface plays in ice friction.
Thomson explained Faraday’s observations by attributing the existence of the
liquid-like layer to pressure melting [17].

e 1900: Reynolds was the first to investigate systematically the matter of sliding
on ice [18]. Following Thomson’s ideas he wrongly attributed the low friction
on ice to pressure melting; this explanation for the ease of skating was widely
accepted among scientists for almost 40 years.

¢ 1939: Bowden and Hughes [19] find frictional heating to be the main contributor
to the low friction coefficient on ice; this is today the generally accepted theory
to explain ice friction.

9.3 Relevant Friction Regimes

In the following, the basic physical concepts of dry, boundary, mixed, and hydro-
dynamic friction are introduced with respect to the thickness of the lubricating liquid-
like layer on ice. The latter greatly influences the amount of friction on ice.

9.3.1 Dry Friction

Dry friction describes the sliding contact of two surfaces in the absence of any
kind of lubricating layer. Any real solid surface shows a distinct profile of surface
asperities and valleys, no matter for how long it has been polished. When two
asperities of different surfaces come into contact, adhesive bonds of chemical or
physical nature are formed between these mating asperities. If the surfaces are
moved relative to one another, the adhesive bonds are sheared. The force necessary
to break the adhesive bonds between contacting asperities is the tangential friction
force Fr given by:

Fr = 1A, (9.2)
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where 7. is the shear strength, necessary to shear the asperity contact, and A,. is the
area of real contact between the asperities of the mating surfaces.

Bowden [20] proposed that the real area of contact (A.) between two surfaces is
directly proportional to the applied load (Fy) and the softer material’s hardness (H).

Fy
Hence, the friction coefficient can be written as:
T,
=— 9.4
n=g (94)

Thus, dry friction is characterized by the work necessary to break solid surface
adhesive bonds. It depends on the applied load and the hardness of the surfaces but
is independent of the sliding speed [21, 22].

Real dry friction on ice under atmospheric conditions cannot exist. Even at very
low temperatures a very thin liquid-like film lubricates the sliding interface, as will
be further explained in a later section. This film has a thickness of a few molecular
layers [23].

9.3.2 Boundary Friction

Boundary lubrication is characterized by a lubricating layer with the thickness
of only a few molecular layers between the sliding surfaces [21]. Boundary
lubrication on ice is characterized by the temperature (7) in the contact zone being
everywhere below the melting temperature (7)), and the thickness of the lubri-
cating liquid-like layer (k) being far smaller than surface roughness (R) [24].

everywhere in contact zone : T<T,, h <R

The lubricating liquid-like layer reduces solid-solid contact between the
surfaces. In total, the friction coefficient of boundary lubrication is typically lower
than that of dry friction [21].

9.3.3 Mixed Friction

Mixed friction occurs when the surface temperature rises above the melting
temperature (7;,) of ice at some points within the contact zone and the thickness of
the liquid-like layer (k) is still less than the characteristic roughness of the surfaces
(R) [24].

at some points in contact zone : T > T,,, h<R
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Fig. 9.2 Capillary bridges between asperities of contacting surfaces during sliding. (Reprinted
with permission from [77]. Copyright 2010, American Institute of Physics)

In this regime the load of the slider is partly supported by the surface asperities
and partly by the lubricating layer. It is obvious that the increased thickness of the
lubricating layer reduces solid—solid adhesion and enhances the lubrication.

As a result, the decrease in friction force compared to boundary lubrication can
be demonstrated in:

Fr=A.x |ot. + (1 —oc)n% (9.5)

where o is the fraction of unlubricated area, t. the shear strength of the solid
contact, v the velocity of the slider, n the viscosity, and & the thickness of the
lubricating layer [21].

However, at the same time a wetting lubricant enforces the build-up of capillary
water bridges between the asperities, as illustrated in Fig. 9.2.

Capillary bridges act as bonds between the slider and ice surfaces and exercise a
drag force on the slider [24]. It is important to note that they do not support the applied
load. These capillary bridges act like liquid bonds and result in additional frictional
resistance. Hence, capillary bridges should be taken into account to complement
Eq. 9.5. The problem herein is, however, that no physical or experimental model
exists to describe the contribution of capillary bridges to the friction force.

9.3.4 Hydrodynamic Friction

If everywhere in the contact zone the temperature is above the melting temperature
(T,,,), and the thickness of the lubricating layer between the two surfaces is greater
than the height of the asperities, friction is called hydrodynamic [24].

everywhere in contact zone : T > T,,, h >R

In this friction regime the lubricating layer, and not the surface asperities, carries
the applied load. If the load is very high, a part of the lubricating layer might be
squeezed out between the surfaces. However, for hydrodynamic friction, it is
assumed that the thickness of the lubricating layer remains greater than the height of
the asperities. Following the area of real contact is identical to the surface area (A) of
the slider [21]. No solid—solid contact occurs during the sliding movement.
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Fig. 9.3 Friction regimes capillary drag
relevant to ice friction solid-solid 27/ viscous
depending on the thickness of - contact o, shearing
lubricating layer (adapted - ) Boundary |} Mixed 1 Hydrodynamic
from Bhushan [21] and =y lubric ation i friction E friction
. c —— i ~— ] ——
Cf)lbeck [2.6].). (Reprinted S o1l : F i ;
with permission from [77]. £ i E
Copyright 2010, American 5 i i
Institute of Physics) E 0.6 | ! H
o i
5 i H
(=] [
o L]
; i |
0 5 10 15 20

film thickness h [um]

Consequently, shearing of solid—solid adhesive bonds no longer contributes to the
friction force. The frictional force can be described as

FT = ‘L']A (96)

where 7, is the shear strength of the lubricating liquid-like layer or an “effective”
shear stress developed from shearing of the liquid-like layer. This can be simply
expressed as
v
u = (9.7)

As in the case for mixed friction capillary drag forces should be included in the
case of water lubrication.

Fowler and Bejan [25] pointed out that the lubricating film under a slider on ice
becomes thicker towards the trailing end. Consequently, friction mechanisms on
ice can include all types of friction except for pure dry friction.

Figure 9.3 summarizes qualitatively the various regimes of ice friction. Note
the drop of the coefficient of friction with the film thickness in the boundary
friction regime due to reduced solid—solid contact. On the other hand, the coeffi-
cient of friction increases with film thickness as it becomes fully hydrodynamic, as
discussed above. Accordingly, there is an optimal film thickness associated with
minimum friction for each slider system. It is also noted that there is a smooth
transition between the different regimes indicated by the dashed lines.

9.4 The Peculiar Surface of Ice

Today we know that ice is as slippery as it is because of the liquid-like layer,
which is present on the ice surface even at ambient temperatures well below 0°C.
There are three different mechanisms that contribute to the thickness of the liquid-
like layer. These are surface melting, pressure melting, and frictional heating.
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9.4.1 Surface Melting

Faraday [16] already suggested the existence of a liquid-like layer as an inherent
part of the ice surface. The existence of this layer does not require frictional
contact with another body. As it is typical for any surface, the regular bulk
structure breaks down at the periphery. In the case of ice, the regular hexagonal
crystal structure gives way to a more random amorphous allocation of the water
molecules (Fig. 9.4).

Experimental proof for the existence of the liquid-like layer has been given with
different experimental techniques, such as those presented in Fig. 9.5.

T,, denotes the melting temperature, while 7 stands for the temperature, at
which the measurement was taken with the respective technique. As seen in
Fig. 9.5 the temperature range, in which the liquid-like layer was observed in
different experiments, shows a wide variability depending on the technique
applied. Therefore, it is not surprising that scientists came to different conclusions
regarding the general nature of the liquid-like layer and more precisely the onset
temperature of its formation. Different theories attempt to shed light onto the
underlying physics. However, in spite of the vast experimental evidence, the
scientific explanation for the presence of the liquid-like layer is still under debate.
For a more detailed review the reader is referred to Petrenko and Whitworth [23].
Here, some of the prevailing theories are summarized briefly.

Theory 1: Electrostatic Interactions

Fletcher [27, 28] has attributed the formation of the liquid-like layer to dipole/
quadrupole interactions. Water molecules at the surface orient themselves in a way
that their protons point outwards as a result of a favorable low energy configuration.
Consequently, the hexagonal ice structure breaks down, so that a liquid-like layer
covers the ice surface. The structured surface layer has to be screened by a second
layer with the opposite charge to account for the uncharged body of bulk ice.
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Fletcher [28] has concluded that the orientation of the surface molecules produces
an electric field at the surface, which is responsible for the high electric conduc-
tivity of the ice surface. However, these assumptions concerning the driving force
of the surface orientation do not hold. The liquid-like layer formation cannot be
attributed to a lower energy configuration, which then results in a charged double
layer; but the structural breakdown is rather a result of the charged layers [23].

Theory 2: Free Surface Energy Minimization

Lacmann and Stanski [29] have attributed the existence of the liquid-like layer on
nature’s tendency to minimize the energy of a system. This theory of free surface
energy minimization has further been advanced by Dash et al. [30]. The presence
of a liquid-like layer on the solid—vapor interface is explained with the minimi-
zation of the free surface energy at the solid’s surface. They have claimed that a
system, whose free surface energy of a solid—vapor interface ys, is higher than the
sum of the energies of the solid-liquid Y and the liquid—vapor 7y, interface, will
“lower its free energy by converting a layer of the solid to liquid”.

Vsv > sl + )t (98)

The thickness of the liquid-like layer would be defined by the energetic min-
imum of the whole system, which takes into account the reduced surface energy by
wetting and the consumed energy for melting the solid. While this theory holds for
many solids the problem with ice is, however, to determine the surface free energy
Ysy Of ‘dry’ ice. Experimental evidence shows that the free surface energy of ‘dry’
ice is actually not larger than the combined surface energies of the wetted system
[31-33].

Theory 3: Subsurface Pressure Melting
Fukuta [34] has suggested subsurface pressure melting as a cause of the liquid-like
layer on ice. Since water molecules at the ice surface only have neighboring water
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molecules from one side, they experience an inward pull; this is expressed by the
surface free energy. This pull exerts a pressure on the layers below. Makkonen
[33] has shown that this pressure is large enough to reduce the melting point of the
ice surface layer by about 13 K. This theory is in good agreement with thermo-
dynamics and experimental results. It should be noted that even though subsurface
pressure melting might contribute to the thickness of the liquid-like layer, it fails to
explain its presence at lower temperatures.

Theory 4: Molecular Dynamics

Low-energy electron diffraction (LEED) experiments coupled with molecular
dynamics simulation have given further insight into the forces leading to a liquid-
like layer on ice. Surface molecules tend to vibrate and rotate constantly in order to
minimize dangling bonds. Kroes [35] has pointed out that through the movement
of the molecules the outer ice layers become partially charged. With computer
simulations and spectroscopy experiments Devlin and Buch [36] have confirmed
that the breakdown of the solid structure is indeed energy minimizing, since
thereby the number of dangling bonds can be reduced. Furthermore, they have
found that the surface is dynamically disordered. This has been further explained
by the results of Furukawa and Nada [37], which have indicated that molecules
diffuse within the two outermost layers, which leads to this highly disordered
surface. Finally, Marterer et al. [38] have revealed that at a temperature as low as
90 K molecular vibration is so high that the outermost atoms can no longer be
detected by LEED.

Overall, the above discussion indicates that the nature of the ice surface is still
not fully understood and remains a vibrant field of research.

9.4.2 Pressure Melting

Pressure melting has been considered to be the explanation of choice for the low
friction coefficient on ice for many years. While it contributes to the formation of a
lubricating layer close to the melting point, pressure melting does not explain the
low friction on ice at lower temperatures. The pressure p exerted on the ice can be
calculated by p = Fp/A.. A major problem in friction studies in general is the
calculation of the exact area of contact A.. Since surfaces are never perfectly
smooth, contact takes actually place between a certain number of asperities. With
ice being a comparatively soft material the contact area of a slider on ice depends
on the applied load. Furthermore, it also depends on the ambient temperature,
because the ice softens with increasing temperatures reaching the melting point.
Consider the example of an ice-skater, who weighs about 70 kg (Fy = 700 N)
and whose skate is in contact with the ice over an area of 1 x 10~* m? (assuming a
contact length of the skate with the ice of 0.1 m and width of 10> m). The pressure
exerted by the skate blade on the ice amounts to 7 MPa. The phase diagram of
water gives a dp/dT value of approximately —9.9 MPa/K at 0°C and 0.1 MPa.
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The pressure applied by the skater of Ap = 7 MPa will only result in a change of
the melting temperature of AT = —0.7 K (AT = Ap/9.9 Pa/K). Therefore, pressure
melting cannot contribute much to a liquid layer on ice, as the melting temperature
of ice can only be lowered by about 1 K with the herein assumed contact area.
Colbeck [39] illustrated that only 0.005% of an ice skate is in actual contact with the
ice for pressure melting and frictional heating to contribute equally to the heat
production. The resulting very high contact pressure, however, would result in high
wear rates and great losses in the film thickness by squeezing out of the lubricating
layer, so that the friction coefficient would be higher than observed in experiments.
Overall, these sample calculations show clearly that pressure melting, while being a
valid concept, does not contribute to the high slipperiness of ice and snow as
observed especially on icy roads and ice sports.

9.4.3 Frictional Heating

Bowden and Hughes [19] published on a series of ice and snow friction experi-
ments and concluded that frictional heating plays a fundamental role in the low
friction coefficient on ice and snow. Heat generated by the frictional motion raises
the temperature at the contacting points to the melting temperature of ice. Hence,
the ice surface melts locally at the contacting asperities, whereby a non-continuous
melt water film is formed. This film contributes to the lubrication of the slider on
ice. However, energy from frictional heating is also consumed through material
deformation and energy losses by heat conduction into the ice and the slider;
therefore, only the remainder, which can be found from thermodynamic calcula-
tions, is available for melting the ice. Furthermore, the authors point out that this
lubricating layer can become continuous, if the ambient temperature is close to the
melting point of ice. They also note that the observed friction at 0°C increases if a
small quantity of water is added to the ice; a phenomenon well known to winter
sport enthusiasts, who ski in spring conditions and have experienced the sudden
breaking effect from sun exposed snow patches. The authors, however, have not
drawn any further conclusions regarding the drag effect of capillary bridges in this
study and as discussed previously their contribution to the coefficient of friction
can be significant. In conclusion, it can be said that frictional heating is the most
important contributor to the low friction on ice.

9.5 The Influence of Different Parameters on Ice Friction

Before addressing the key parameters that influence the friction and adhesion
between a slider and ice, a more general example will be given to illustrate the
complex interdependence of many factors, which finally defines the overall fric-
tional resistance experienced by a body moving over ice. Most of the published
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data on ice friction refers to applications in winter sports. Therefore, the progress
in the understanding of ice friction can be nicely illustrated with a historic over-
view of the different significant developments in the fields of speed skating and the
race to support faster speeds and ever-more interesting athletic competitions [40].
The development of world records in long track speed-skating over time is
illustrated in Fig. 9.6.

Men started racing at the end of the nineteenth century, while the first official
race for women was only held in 1929. The initial sharp increase in average speed
can be attributed to the process of setting a standard after the first few competi-
tions. The second steeper increase can be observed after World War II when post
war prosperity started to have an impact on athletes’ performance. Until 1958
competitions were carried out on lakes or canals with natural ice. Accordingly, the
ice quality depended largely on the weather. With the invention of the first ice
resurfacing machine by Frank Zamboni in 1949 and the introduction of the first
artificial 400 m ice rink in 1958, the athletes no longer had to cope with bumpy ice
surfaces (the influence of surface roughness will be explained in detail later). The
further increase in average speed in the 1970s to mid 1980s is attributed to the
professionalization of the sport. Athletes started training and competing in teams
with coaches and an organized support structure. Furthermore, a better under-
standing of the biomechanic and aerodynamic factors influencing athlete perfor-
mance led to changes in the skating technique and the introduction of the first skin
suit at the 1976 Olympic Games. During speed-skating the contribution of air drag
is about 80%, while ice friction only contributes to about 20% to the overall
frictional resistance [41]. Tightly fitting suits with certain nature-imitating patterns
proved successful in suppressing air friction. In 1988, a zigzag pattern was
introduced, followed by a smooth/rough texture biomimicking the shark skin in the
1999/2000 season. Further significant events, which changed the sport forever,
were the introduction of indoor ice rinks. The first indoor rink dates back to 1985
in East Berlin, which apart from better sheltering for the spectators, also allowed
athletes to train more on the ice and to be less dependent on weather conditions.
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The introduction of the biomechanically favorable Klapskate during the 1996/1997
season led to the latest push in world records. The race for the faster speed remains
unbroken; it is to be seen what the next innovations will bring along.

Ice friction experiments carried out by different researchers shed light on the
influence that different parameters have on the friction coefficient. Following,
results from various sources are compared to explain the influence single process-
inherent and material-related parameters have on ice friction. In some cases such
comparisons were proven difficult as experimental findings were performed under
different operating conditions.

9.5.1 Process-Inherent Parameters

As process-inherent parameters we consider those influence factors, which are
defined by ambient conditions (temperature, humidity) or the nature of the process
(velocity, normal force, area of contact) and which, therefore, often cannot be
influenced in real-life applications. However, careful experiments have been car-
ried out to gain a better understanding of their individual effects and interactions
with other factors.

9.5.1.1 Temperature

From the above discussion on the influence of the lubricating layer thickness on
the friction coefficient and our general experience with ice, it is evident that
temperature has a strong influence on the friction coefficient. Some researchers
merely report a decrease in the friction coefficient with increasing temperature
[2, 42-47], which is the case when friction is dominated by boundary friction
conditions [42, 48]. However, with Fig. 9.3 in mind one can anticipate that across
the whole range of friction regimes the friction coefficient on ice will eventually
increase with temperature after passing through a minimum; this has been
confirmed by several researchers as shown in Fig. 9.7 [2, 42-52]. The coefficient
of friction decreases first with increasing temperature and rises again when the
temperature approaches 0°C. A minimum coefficient of friction is seen between
—2 and —7°C. Obviously, at lower temperatures the friction is dominated by
solid—solid contact, typical for the ice friction curve to the left of the minimum, as
illustrated in Fig. 9.3. At temperatures close to the melting point the thickness of
the lubricating liquid-like layer becomes large enough to not only facilitate sliding
but also add to the resistance through the build-up of capillary bridges, as is typical
for the mixed friction regime. However, the location of the friction minimum and
therewith the onset of this increase in friction depends largely on the slider
material, the normal load, and the linear sliding velocity. Table 9.1 summarizes
the differences in the operating parameters between the experiments and therewith
provides explanations for the differences between the four sets of data. In the
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Fig. 9.7 Temperature dependence of the friction coefficient; for experimental parameters refer to
Table 9.1. (Reprinted with permission from [77]. Copyright 2010, American Institute of Physics)

Table 9.1 Experimental parameters for the data plotted in Fig. 9.7

Reference Slider material Fy(N) v(m/s) A. (mmz)
Calabrese [51] Steel ring (AISI 1018) 889.6 <1 1,235
Slotfeldt-E et al. [50] HDPE slider block 100 0.3 15,000
Albracht et al. [52] Cr-steel pin 1 0.13 2

de Koning et al. [41]  Steel skate blade (“Viking special”) 700 8 ~400

following sections it is discussed how sliding velocity, normal force, area of
contact, and slider material influence the coefficient of friction.

9.5.1.2 Sliding Velocity

With increasing sliding velocity the coefficient of friction decreases. This was first
reported in 1953 by Bowden [53]. Evans et al. [44], who were the pioneers in
modeling ice friction mathematically, confirmed these findings both experimen-
tally and theoretically. Many other researchers found the same dependency using
different experimental setups and materials [46, 48, 51, 54-56]. Figure 9.8 illus-
trates some of these results.

The higher the sliding velocity the more the frictional heat produced.
Accordingly, more heat is available to melt the ice surface, which results in a
thicker lubricating melt-water layer that facilitates the sliding motion; this is the
case in the boundary friction regime and also the mixed friction regime before drag
forces outweigh the benefits from a thicker lubricating layer (compared to
Fig. 9.3). Overall, the five different sets of data shown here all agree with the
predictions of theoretical models, which describe the velocity dependence in the
boundary regime with p oc 1/4/v. Evans et al. [44] (for high velocities), [46, 57]
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Fig. 9.8 Velocity dependence of the friction coefficient (enhanced lubrication); for experimental

parameters refer to Table 9.2. (Reprinted with permission from [77]. Copyright 2010, American
Institute of Physics)

Table 9.2 Experimental parameters for the data sets plotted in Fig. 9.8

Reference Slider material Fy (N) T (°C) A, (mmz)
Evans et al. [44] Mild steel rod 454 —11.5 300
Marmo et al. [66] Ice hemisphere over steel 2.1/2.4 —11.5 5
Akkok et al. [46] Steel cylinder 75 —20 ~50
Calabrese [51] Steel ring (AISI 1018) 889.6 —18 1,235
Biurle et al. [48] PE block 84 —10 ~200

(for friction dominated by thermal conductivity), [46, 58]. Other experimental
results, which are not plotted here, show a similarly decreasing trend in the
coefficient of friction with increasing velocity. The differences among the various
sets can again be attributed to different experimental setups and operating con-
ditions, i.e. slider material, normal force, temperature, and apparent contact area
(see Table 9.2 for details).

Once drag forces considerably contribute to the overall friction force in the
mixed friction and especially in the hydrodynamic friction regime (to the right of
the minimum in Fig. 9.3) the scaling of the friction coefficient with linear velocity
changes significantly. With ice on ice experiments at temperatures above —5°C
Okasanen and Keinonen [57] showed for the first time that the coefficient of
friction increases with velocity. They extended the mathematical model developed
by Evans et al. [44] and found that the thickness of the melt water layer and
therewith the coefficient of friction is proportional to v '/ for temperatures close to
the melting point. Other researchers have confirmed these findings with different
slider materials on ice as illustrated in Fig. 9.9 [48, 49, 52, 59]. The increase in
friction with velocity can be explained through the increase in drag forces from
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Table 9.3 Experimental parameters for the data plotted in Fig. 9.9

Reference Slider material Fy(N) T(C) A, (mm)
Jones et al. [59] Formica block 196.2 3 15,000
Albracht et al. [52] High alloy steel pin 1 -7 2
Béurle et al. [48] PE block 52 = 1,000

de Koning et al. [49]  Steel skate blade (“Viking special”) 706 —4.6 ~400

shearing the lubricating layer in the hydrodynamic friction regime. The onset of
this increase is obviously largely dependent on the size, weight, and material of the
construction of the slider, as well as the ambient temperature of the experiment.
Again, differences in the experimental setup and operating conditions of the dif-
ferent sets of data are summarized in Table 9.3.

In conclusion, it can be stated that by varying temperature or velocity widely all
friction regimes from boundary to hydrodynamic can be identified in ice friction.
Figure 9.10 shows the combined effect of temperature and velocity on ice friction.
These results were found with a rotational experimental device as detailed else-
where [60]. The friction coefficient initially decreases sharply with increasing
velocity for all temperatures; however, for this particular experimental setup a
slight increase in the friction coefficient could be noticed for velocities above
1 m/s, which can be attributed to added drag through capillary bridges, as
explained above. For small velocities it can be clearly seen that friction is dom-
inated by different mechanisms with increasing temperature. Furthermore, at
around —4°C a minimum in the friction coefficient can be observed. For
temperatures below this minimum friction decreases with increasing temperature
due to enhanced lubrication and reduced solid—solid contact. Close to the melting
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Fig. 9.10 3D plot of
temperature and velocity
dependence of the friction
coefficient (AISI 304L,
Fx =3 N, A = 147 mm?)
[60]. (Reprinted with
permission from [60].
Copyright 2009, American
Institute of Physics)

Fig. 9.11 The influence of
relative humidity on the
friction coefficient with

Fn = 1779 N, T = —29°C
(data from Calabrese [51]).
(Reprinted with permission
from [77]. Copyright 2010,
American Institute of
Physics)
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point additional resistance from capillary bridges and viscous shearing of the melt
film increase friction again as discussed before.

9.5.1.3 Relative Humidity

From the above discussion on the influence of the thickness of the melt-water layer
it is clear that relative humidity (RH) must play a significant role in ice friction.
However, most likely due to the experimental difficulties of controlling the latter,
relative humidity remains a factor that has hardly been investigated with respect to
ice friction. In 1980 Calabrese [51] performed friction experiments with steel
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sliding against ice at —29°C and different relative humidity conditions, as seen in
Fig. 9.11.

Relative humidity has a strong influence on the onset of the sliding movement.
The higher the humidity the higher the number of capillary bridges, which build up
between the surfaces. For the onset of motion this is synonymous with a more
lubricated sliding interface and a lower frictional resistance. AFM experiments on
silicon substrates have shown [61] that while an increase in relative humidity aids
lubrication, it simultaneously also adds to the viscous resistance of the overall
friction force, as discussed before and shown in Fig. 9.3 past the friction mini-
mum. Unfortunately, however, no further experimental data exist on the influence
of humidity on ice friction at higher temperatures than the one used by Calabrese.
One can hypothesize that humidity will have less influence on the coefficient of ice
friction at temperatures close to the melting point, where the existing lubricating
layer is already considerably thicker than at low temperatures. However, this
remains to be seen experimentally.

9.5.1.4 Normal Force

The above discussion illustrated that the applied normal force (Fy) and the
apparent area of contact between the slider body and the ice surface are important
factors for the resulting coefficient of friction.

It is generally accepted in the literature that the friction coefficient of a slider
against ice decreases with increasing normal force at a given temperature and
velocity. Bowden and Hughes [19](ice—ice), [62](PE-snow), [46—48, 52]. While
Oksanen and Keinonen [57] have shown the same trend with their ice against
ice experiments at low temperatures (—15°C) and slow sliding velocities
(v = 0.5 m/s), they have found that at temperatures close to the melting point
(—1°C), the decrease in the friction coefficient with increasing normal force is less
pronounced (Fig. 9.12a and Table 9.4 for experimental conditions). Also,
Derjaguin [47], who has carried out experiments with a steel slider, has shown that
for increasing loads at temperatures close to the melting point the friction coef-
ficient becomes independent of the normal force. Similarly, Calabrese [51] found a
coefficient of friction for a steel slider, which showed complete independence of
normal force for applied loads above 400 N. With the investigation of different
slider materials, Akkok et al. [46] have shown that the coefficient of friction of a
glass slider indeed decreases with normal force, while the corresponding results
with a steel slider show no dependence. Likewise, Albracht et al. [52] confirmed
the decreasing trend of the coefficient of friction with normal force for a PTFE
slider, while the friction coefficients of their aluminum alloy and chrome-nickel-
steel sliders show independence of the applied normal force (Fig. 9.12b and
Table 9.4 for experimental conditions).

Summarizing, the different findings from different researchers indicate that the
friction coefficient of high load sliders made of high surface energy materials is
independent of the applied normal force in experiments carried out at higher
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Fig. 9.12 Normal force
dependence of the friction
coefficient. a data from
Oksanen and Keinonen [57].
b data from Albracht et al.
[52]; for experimental

parameters refer to Table 9.4.

(Reprinted with permission
from [77]. Copyright 2010,
American Institute of
Physics)

Table 9.4 Experimental
parameters for the data
plotted in Fig. 9.12a and b

A.-M. Kietzig

.05 T
(a) —— T=-15°C
—o— T=-5°C
— o0} —v— T=-1°C
=
c
o
T co3f 1
k]
5 oof m\ ]
Q
=]
@
S omf '\—v\' y
0.00 . . .
10 30 40 50
normal force Fpy [N]
0.10
(b) ® PTFE
. o Alalloy
— 008} K v Cr-Nisteel
= 3 Py
2 [ * %%
:E 0.06 .. ..
i o]
5 ooaf © PRS0
(%}
=
2 v IV T
S 002
0.00 . :
2 4 8 10
normal ferce Fpy [N]
Reference Slider material v (m/s) T (°C) A. (mmz)

Oksanen and
Keinonen [57]

Albracht et al. [52] PTFE
Al alloy

Cr-Ni steel

Ice on ice

0.5

—15 11475
-5

-1

-7 ~?2

speeds and/or temperatures closer to the ice melting point. These results point
towards hydrodynamic friction, where complete wetting of the slider dictates the

results.

All parameters, which have been discussed so far, can be classified as process
inherent. In the following, a group of parameters are examined, which are more
easily controllable and where lessons can be learned from nature to achieve the

desired friction on ice.
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9.5.1.5 Apparent Area of Contact

The concept of the apparent area of contact (A) is closely related with roughness
and surface structure. In the following, we consider the apparent area of contact as
a process inherent factor, which is defined by the geometry of the slider. However,
it is important to keep in mind that the apparent contact area can be significantly
influenced by changing the roughness and structure of a surface. The latter will be
discussed in detail in the following section.

The first investigations on the influence of the contact area on the resulting
ice friction coefficient go back to the experiments of Bowden and Hughes [19]
from 1939. While their experimental results have shown little dependence on
the geometric contact area, Béurle et al. [63] have recently studied the
influence of the geometric size of the slider under more controlled conditions
and have shown a clear trend. Figure 9.13 illustrates Béurle’s experimental
data with exponential curves fitted through the data points. The friction
coefficient increases with increasing geometric contact area of the slider. The
exponential growth curves show that the coefficient of friction tends to
become independent of the applied force with larger contact areas, which
explains Bowden and Hughes’ observations. However, Béurle’s results for the
strong dependence of the friction coefficient for small contact areas disagree
considerably with Leonardo da Vinci’s second law of friction, which implies
that the friction coefficient is independent of the apparent area of contact, and
also with Bowden’s [20] discussion of the influence of the area of contact on
the coefficient of friction. The explanation for Biurle’s results [63] lies in the
nature of ice. For a very small geometric contact area the actual contacting
asperities are located closer together, so that a larger amount of frictional
energy is produced per unit area. This results into a thicker lubricating layer
per unit area and an actual contact of close to 100%. In contrast, the con-
tacting points for a larger geometric area of the slider are more spread out.
Thus, for the same experimental conditions a slider with a small contact area
will already have entered the hydrodynamic friction regime, while another
slider with larger contact area will still experience friction phenomena defined
by asperity interactions. Figure 9.13 illustrates once more that a slider with
larger load shows lower friction, due to a greater amount of contacting points,
which contribute to frictional heating and therewith to a thicker water layer.
In conclusion, this discussion illustrates the importance of considering the
apparent contact area of different slider samples when comparing results of
different researchers, as is done here.

Nature gives us many examples for an optimized number of contacting points to
achieve the desired amount of friction, as first introduced in the introduction and
further elaborated in the following sections with regard to the influenceable
parameter’s surface roughness and surface structure.
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9.5.2 Material-Related Parameters

In contrast to process-inherent parameters material-related parameters are exter-
nally controllable by the choice of material or the preparation method. Their
respective effects will be outlined below and practical approaches as well as
biomimetic attempts to influence them are shown.

9.5.2.1 Thermal Conductivity

To support the frictional heating theory, Bowden and Hughes [19] investigated the
influence of the slider’s thermal conductivity (1) on the friction coefficient on ice.
They compared the friction arising from a hollow ski with a copper surface to the
one of the same ski construction filled with mercury. The thermal conductivity of
mercury (8 W/mK) is about 320 times higher than the one of air (0.025 W/mK).
The experiments have shown that the mercury filled ski resulted in higher friction
compared to the hollow air-filled ski. Although no further details are given about
the exact experimental conditions, this result implies that the friction of a good
thermal conductor is higher because less heat is available at the interface to melt
the ice. Experiments carried out by Itagaki et al. [43] with steels of different
thermal conductivity have supported this relationship between thermal conduc-
tivity and the friction coefficient. Albracht et al. [52], however, were not able to
find a significant influence of thermal conductivity on ice friction in their exper-
iments with sliders made from different materials.

Generally, as is the case for wettability studies, the isolated effect of thermal
conductivity cannot be assessed by experiments with different materials, as the
change in material always brings along a change in other material parameters
such as wettability and material hardness. Nevertheless, all analytical models on
ice friction take account of thermal conductivity as a major factor to describe
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Fig. 9.14 Rheometer a and b with newly designed friction fixture for ice friction experiments;
¢ with fiberglass insulation [64]. (Reprinted with permission from the Journal of Glaciology with
permission of the International Glaciological Society.)

the thickness of the melt-water film and therewith the resulting coefficient of
friction.

Inspired by Bowden and Hughes’s early experiments, we have recently quan-
tified the influence of thermal conductivity on the coefficient of ice friction across
the relevant friction regimes without changing but instead thermally insulating the
slider material [64]. Ice friction tests have been run across a wide range of tem-
peratures and velocities with and without fiberglass insulation (thermal conduc-
tivity of 0.04 W/mK) between the stainless steel slider and the aluminum fixture,
as depicted in Fig. 9.14.

Figure 9.15 shows the results in 3-D bar charts for a Stellite 6B slider.
Figure 9.15a shows comparable trends of the coefficient of friction with temper-
ature and velocity as discussed in Fig. 9.10 for AISI 304L. Figure 9.15b illustrates
the ice friction behavior of the Stellite 6B slider insulated with a fiberglass disk. At
low velocities the friction coefficient on ice is considerably reduced by the insu-
lation in comparison to Fig. 9.15a. The fiberglass prevents the frictional heat from
being conducted away from the interface through the slider and slider fixture, but
instead traps the heat at the interface, which quickly raises the interface temper-
ature to the melting point, and therefore ensures a thicker lubricating layer, which
again results in lower friction in the boundary friction regime. Furthermore,
comparing the two graphs, it is noticeable that the friction minimum is shifted to
lower speeds and that the minimum with the fiberglass insulation is characterized
by a higher friction coefficient than is the case for the noninsulated Stellite 6B
slider, which can be explained by added capillary drag from the thicker melt-water
layer. Clearly, the effect of thermal conductivity decreases with increasing
temperature and velocity and, therefore, a thicker melt-water layer.

Overall, it is clear that the careful choice of the slider material and possibly the
selection of a thermal insulator can easily influence the resulting friction.

9.5.2.2 Roughness

In 1699, Amonton related friction and roughness [14] and concluded that smooth
surfaces show less friction. This relationship generally holds true and has been
confirmed by several researchers with various materials and under largely different
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Fig. 9.15 3D bar chart of temperature and velocity dependence of the ice friction coefficient for
a Stellite 6B and b Stellite 6B insulated with a fiberglass disk [64]. (Reprinted with permission
from the Journal of Glaciology with permission of the International Glaciological Society.)

experimental conditions [43, 51, 60, 65, 66]. Marmo et al. [66] explain that
roughness leads to a decreased actual thickness of the lubricating film. Melt water
gets trapped in valleys between asperities, and a less uniform temperature profile
exists due to hot spots at asperity tips. Furthermore, it is intuitive that an increased
surface roughness leads to an increased surface area and more interlocking
asperities during the sliding movement, which increases the wear rate and overall
friction, which is also illustrated in Fig. 9.21. This basic relationship is used in the
design of tread tires and foot wear; while the desire for the contrary—very low

friction—supported the invention of the first ice resurfacing machine (Zamboni)
for skating competitions, as outlined above.

9.5.2.3 Surface Structure

While the concepts of roughness and surface structure are closely related, we
distinguish between the two here, reasoning that roughness is of a more random
nature than a specific structure or pattern. Itagaki et al. [43] found in their
experiments that their samples with polished grooves in sliding direction showed
similar low friction as highly polished sliders. Kietzig et al. [60] recently examined
the influence of surface structure more closely and found that for the same
roughness value R, of 600 nm the orientation of polishing marks plays a signifi-
cant role on ice friction. Figure 9.16 illustrates the difference in the two ice slider
samples: one shows random polishing marks in all directions, while the other
shows almost concentric grooves, which correspond with the sliding direction.
The results from ice friction tests with both slider types are shown in Fig. 9.17.
Sliders with random marks show the typical dependence of the coefficient

of friction on velocity with p oc v~'/2, as already discussed in Sect. 9.5.1.2.
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Fig. 9.16 Optical microscopy images of AISI 304L slider with a random polishing marks,
b concentric grooves. (Reprinted with permission from [60] Copyright 2009, American Institute
of Physics)

Fig. 9.17 AISI 304L slider 1
with different surface
structure at —7°C [60].
(Reprinted with permission
from [60] Copyright 2009,
American Institute of
Physics)
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A minimum in the coefficient of friction can be observed. The slider with the
concentric grooves, however, shows an almost constant coefficient of friction,
which appears to be independent of sliding velocity. The far lower coefficient of
friction at low velocities of the slider with grooves in sliding direction is explained
by ice surface asperities running smoothly within these concentric grooves and
thereby causing less interlocking than the random polishing marks of the other
slider type.

Increasing speed, however, does not significantly change the measured friction
coefficient for the slider rings with concentric grooves. It seems like the decrease
in friction from enhanced lubrication is immediately balanced off by added cap-
illary drag of melt water being trapped in the grooves. These experiments have
been carried out with a ring slider; therefore, the melt water has no easy way
to escape the concentric grooves. When the amount of melt water increases and
can no longer be retained within the size of the grooves at the applied normal
force, it is squeezed out. Accordingly, reduced asperity interaction through melt
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Fig. 9.18 Morphology of tree frog toe pads. a Tree frog (Litoria caerulea), b SEM image of toe
pad, ¢ SEM image of channels between hexagonal epithelial cells [67]. (Reprinted with
permission from the Journal of The Royal Society Interface)

water and increased capillary drag seem to compensate one another with
increasing velocity.

An interesting example for the above introduced strategies of contact area,
roughness, and surface structure optimization is the pattern of a snow tire, whose
design has been inspired by the natural example of the toe pads of tree frogs and
geckos. The tree frog’s toes are composed of disk-like pads, which are separated
by channel-like spaces. Through these channels water is squeezed out of the
contact interface to reduce lubrication and enhance van der Waals forces between
the contacting solid surfaces. This particular surface design enables the frog to
adhere to vertical surfaces in moisture-rich environments [13, 67]. Gecko feet are
covered with microscaled bristles, which are flexible and allow for adaptation to
any surface profile thereby maximizing the actual contact between the foot and the
surface [68]. Snow tires combine lessons learnt from both natural examples. They
are characterized by a comparatively coarse pattern with about 0.5-1 cm wide
channels, which primarily serve the purpose to direct away vast amounts of water
and therewith prevent aquaplaning. In addition, many finer channels are found on
top of the coarse profile, which are designed to act like the gaps between the
epithelial cells of a frog’s toe pad, as illustrated in Fig. 9.18.

These small channels are especially important for traction on snowy or icy
surfaces, where a small amount of melt water underneath the tire can already
causes significant slippage and result in fatal accidents. In addition, bristles on top
of the tire profile are intended to enhance adhesion and interlocking and thereby
increase traction. Clearly, in these examples the desired friction regime is to the
left of the minimum shown in Fig. 9.3.

9.5.2.4 Wettability

Again it was the pioneer of ice friction studies, Bowden [53], who conducted the
first experiments with different materials on the influence of wettability on
the friction coefficient of ice. He came to the conclusion that friction was highest
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for surfaces that wet easily, especially close to the melting point. This can be
explained by the enhanced build-up of capillary bridges between the sliding
surfaces, which becomes especially important in the mixed and hydrodynamic
friction regimes. However, the different degrees of hydrophobicity were achieved
by changing the slider material. Therefore, the impact of hydrophobicity cannot
be investigated independently of other material inherent parameters, such as
thermal conductivity and material hardness. In addition, it is well understood in
the wetting research community that surface roughness and regular surface
patterns have a significant influence on the resulting surface wettability.
However, Bowden did not report on the surface roughness and structure of the
different materials used.

Investigating friction on snow in particular, Colbeck [26] recognized the
importance of capillary forces on snow friction. He has found that snow grains that
do not support the slider’s load directly are bonded to the slider surface by cap-
illary bridges. As outlined above increased sliding speed induces a larger melt
water production, which again enhances the build-up of capillary bridges. Further
investigations of the adhesion between water and static rough, hydrophilic, and
hydrophobic surfaces have shown that hydrophobicity clearly reduces the capillary
bonding [69, 70].

The fundamental investigations on the influence of roughness and wettability on
ice friction are also supported by common practices used by winter sports
enthusiasts, which are approaches copied from natural examples as outlined in the
following.

The water repellency of the superhydrophobic lotus leaf is attributed to its
unique surface structure: microscale surface bumps are covered with a nanoscale
hairy wax. This surface structure on two length scales results in air being trapped
between the surface asperities, so that water drops are supported by a solid-air
composite surface, which results in high hydrophobicity [71].

In ski sports, a certain surface structure in combination with a fluoro-based ski
wax is typically applied to the ski base to reduce friction. First, the bases of
downhill skis commonly show V-shaped, diagonal, or linear grinding patterns,
which are designed to channel melt water away from the interface and thereby
decrease friction by reducing capillary drag [26]. Second, a hydrophobic wax is
applied to reduce water adhesion to the surface. Furthermore, this wax treated
surface is roughened by brush strokes to expose little hairs, which support higher
hydrophobicity following the example of the lotus leaf [71]. The disadvantage in
the application of waxes or soft coatings to a sliding surface is their susceptibility
to wear and abrasion. Compared to snow sports, ice friction applications are
characterized by higher ratios of load per contact area. In addition, the hardness of
the ice surface is typically higher than that of snow. Therefore, the application of
waxes to ice slider surfaces is even more problematic.

Kietzig et al. [60, 72] have recently shown that metal sliders with roughness
induced hydrophobicity significantly reduce ice friction, without the need for an
additional coating. The particular structure is copied from the superhydrophobic
lotus leaf and created on a steel slider by femtosecond laser irradiation. The laser
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Fig. 9.19 SEM image of SS304L ice slider surfaces a polished, b irradiated by a femtosecond
laser with a fluence of 3.16 J/cm? (magnification x 500). (Reprinted with permission from [60]
Copyright 2009, American Institute of Physics)

timet

Fig. 9.20 Evolution of surface wettability with time on SS304L after having been irradiated by a
femtosecond laser with a fluence of 3.16 J/cm?

irradiated slider surfaces exhibit a controlled pattern with roughness on two length
scales. Microscaled bumps are covered by nanoscaled ripples. The roughness of
the irradiated slider surface is about twice as rough (R, value) as the polished
sliders’ (Fig. 9.19).

While the laser irradiated surface is initially superhydrophilic it becomes
superhydrophobic with time. After the laser process the irradiated surface is highly
reactive. A surface reaction with CO, from ambient air causes the change in
wetting behavior, which can be explained by the accumulation of a nonpolar
carbonaceous screening layer, which successively covers the inherent hydrophi-
licity of the polar metal oxide surface. The timescale of this process is dependent
on the underlying material and the environment and is in the range of hours to days
as explained elsewhere [73]. The evolution of the wettability is illustrated in
Fig. 9.20.

The laser irradiation only influences the surface chemistry of the topmost
10 nm of the metal surface. Accordingly, with this process it has become possible
to investigate the influence of wettability on ice friction without modifying other
material parameters, such as the thermal conductivity and hardness. It therefore,
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presents a unique opportunity to investigate the influence of capillary drag on ice
friction more closely.

Figure 9.21 shows results from ice friction experiments with the polished and
laser patterned slider, as introduced in Fig. 9.19. While the polished slider is
hydrophilic with a contact angle of 81°, the laser patterned slider showed an
average contact angle of 134° on its surface.

In the low velocity range the irradiated slider exhibits higher friction coeffi-
cients for all temperatures. This is easily understood considering the comparatively
higher surface roughness, which leads to increased asperity interactions in the
boundary friction regime. In agreement with Colbeck’s findings outlined above the
influence of surface wettability becomes most obvious for the experiments carried
out at —1.5°C (Fig. 9.21¢). While the coefficient of friction of the polished slider
follows the typical trend with increasing speed (initial decrease, and after passing
through a minimum the subsequent increase), the irradiated slider’s coefficient of
friction continuously decreases with increasing sliding speed.

A significant question, however, poses the durability of the delicate roughness
structure under load and frictional motion. Kietzig and al. have carried out ice
friction experiments with a ring slider on a rotational tribometer [60]. Figure 9.22
illustrates the wear tracks on the surface after 1.500 km of ice friction tests
(equivalent to the results shown in Fig. 9.21a—c). First, our images confirm that the
actual contact is less than the geometric contact area, due to the real nature of
slider and ice surface, as discussed in Sect. 9.5.1.5. The width of the wear track is
on average 50-80 pum, while the slider width is 2 mm. Furthermore, it can be seen
that while the tip of the microscaled laser-created bumps are flattened, their sides
maintain the hydrophobicity supporting structure. The average sessile contact
angle from a water droplet of 1 pl has been measured to be about 121° along the
wear track. Overall, the results indicate that the surface maintains its overall
hydrophobicity, while it is, however, subject to wear.

Hydrophobic surfaces in frictional contact with ice are used to reduce
friction in the regimes past the friction minimum of Fig. 9.3, where capillary
drag outweighs the friction reduction by lubrication. These regimes are char-
acterized by significant melt water production, as outlined before. It is therefore
advisable to design surfaces with hydrophobic water channels (Sect. 9.5.2.3) to
reduce the arising drag. The hydrophobic surfaces, however, should ideally not
bear load but simply be in contact with the produced, channeled, and squeezed
out melt water. This is due to the fact that hydrophobic coatings or as shown
here microstructures are likely to become subject to wear under frictional
contact. As an example, Fig. 9.23 shows several ice sports blades and indicates
in red surface areas, which are not load-bearing but affected by capillary drag
from melt water.

In conclusion, wettability being a material property and also a function of
surface roughness is a significant factor to consider when conducting ice friction
experiments. In addition, as shown here, a biomimetic approach to render surface
wettability by influencing roughness and surface structure is an interesting sus-
tainable alternative to fluoro waxes and lubricants.



252

Fig. 9.21 Friction of
hydrophilic, polished and
hydrophobic, laser irradiated
ASIS 304L sliders at a —
15°C, b —7°C, and ¢ —1.5°C
[60]. (Reprinted with
permission from [60]
Copyright 2009, American
Institute of Physics)
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Fig. 9.22 Slider surface at 500 x and 4 K magnification a before ice friction test; b after
~ 1.5 km ice friction test

speed skate blade hockey skate blade skeleton runner
= only left turns = curved blade - grooves to channel water

Fig. 9.23 Examples for non-load-bearing surfaces of ice sports blades, which rendered
hydrophobic will assist to reduce friction on ice
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9.6 Ice Friction Experiments

The previous section has shown that experiments carried out with different
instrumental setups can result in considerably different conclusions depending on
the experimental conditions and the exact settings for the many different param-
eters discussed before. Various experimental configurations, their advantages and
disadvantages are summarized and discussed below.

9.6.1 Real-Life Experiments

As real-life experiments we consider tests with the actual slider object, on which
the ice friction research focuses. Colbeck et al. [70] investigated ice skating with
an instrumented skate. They used thermocouples to assess the temperature at the
skate surface and therewith gave experimental proof for the frictional heating
theory. However, it was impossible to assess the friction coefficient with this skate.

De Koning et al. [49] were the first to attempt real-life analysis of ice skating
with an instrumented skate. They developed ice skates, which are instrumented
with strain gages and transducers. These skates enabled the measurement of the
push-off and friction force during skating. An experienced ice skater skated on
them on different indoor and outdoor ice skating rinks.

The advantage of real-life experiments is that real skating conditions are
investigated. However, these experiments provide limited control over various
variables. At different ice rinks different ice-making procedures are used, and
different locations imply different air temperatures, relative humidities, and water
qualities, which will all have an effect on the measured friction coefficient, as
outlined in the last section. In addition, experiments involving humans require a
big sample size to ensure statistical significance, as the results are greatly
dependent on the skaters’ daily performance, i.e. the skating technique might not
be the same on different days at different locations, which results in different loads
and pressures as well as different velocities.

9.6.2 Slider Models

Using slider models in ice friction measurements eliminates the human factor in the
experiment. Bowden [53] used small sledges with rounded front edges cut from
different materials to measure friction on snow and ice. He applied a certain pro-
cedure to prepare the ice surface. It is unclear how the sledges were accelerated.

Kuroiwa [54] reported ice friction measurements with real skate blades
mounted to a frame. This slider model was ejected from a catapult to reach its
sliding speed; thereby the velocity can be more closely monitored.
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Slotfeldt-Ellingsen and Torgersen [50] and Itagaki et al. [43] also used auto-
matically accelerated slider models of different size and weight to measure friction
on ice. In contrast to Bowden [53] and Kuroiwa [54] they also applied an ice
making procedure to further limit variability.

Experiments with slider models increase the controllability of parameters such
as the slider material used, velocity, and load. However, other parameters, such as
ice and air temperature, still contribute to error in the measurements. One par-
ticular problem of slider models is that their sliding track cannot be completely
predicted. Therefore, the slider model is likely to take different routes over the ice
in each experiment. If this unpredictability is to be eliminated by using prepared
tracks, the friction on the sidewalls of the track will contribute to the overall
measured friction.

9.6.3 Linear Experimental Devices

Linear experimental devices to measure ice friction share the characteristic that the
movement of the slider on the ice surface is guided by a control mechanism during
the experiment. In comparison to slider models this solves the problem of the
unpredictable sliding track. Different linear devices were used by Jones et al. [59].
Furthermore, the ice making procedure, the load and velocity settings are all well
controlled [56, 59]. Montagnat and Schulson [55] and Ducret et al. [65] also
ensured a certain temperature setting by conducting the experiment in a cold room
or freezer unit. Compared to other laboratory equipment, as will be explained later,
linear experimental devices have the advantage that the ice slider is continuously
in contact with a fresh ice surface along the length of the ice track, which typically
defines the length of one experimental run.

9.6.4 Rotational Experimental Devices

Different types of rotational devices were used to measure friction on ice. As in the
case for linear experimental devices, load and velocity can easily be adjusted by
the experimenter. One advantage of these setups is the compact size of the
equipment. This facilitates the use of cold boxes and temperature chambers, which
allows for close surveillance of the ice and air temperature and even relative
humidity. Furthermore, artificial ice surfaces can be created following an ice
making procedure to limit variability.

For their experiments Kozlov and Shugai [24] have used a rotary viscometer,
with a flat metal ring sliding against a hollow cylinder. This setup necessitates
measurements of the vertical displacement of the ring, since the rotation melts the
ice at the cylinder wall.



256 A.-M. Kietzig

A ring or round disk, which rotates against a stationary ice sample, has been
used in many other experiments. Strausky et al. [74], Buhl et al. [62], Liang et al.
[45] and Kietzig et al. [60] successfully applied this setup for their analysis of ice
friction. While these setups enable good controllable settings and limited vari-
ability, the sample continuously slides over the same ice. Accordingly, edge effects
in front of the slider sliding over a fresh ice surface cannot be assessed as seen
under real ice friction conditions.

Evans et al. [44] and Petrenko [8] used a lathe setup with an ice cylinder
rotating against a slider sample. Accordingly, not the whole circumference of the
ice cylinder is in contact with the slider. This setup allows a particular area on the
ice cylinder to refreeze before the next contact with the slider occurs.

Another way of maintaining a relatively small setup and also investigating
contact with fresh ice was chosen by Bidurle et al. [48]. They have used a
similar setup as described above with an ice turntable and a stationary sample
mounted to an arm above it. The ice track with a diameter of 1.60 m is large
enough to ensure that the ice surface refreezes before the next pass under the
sample. Bowden and Hughes [19], Oksanen and Keinonen [57], and Lehtovaara
[75] had previously worked with similar versions of this setup with a sample
mounted to an arm over a rotating ice surface, which permits horizontal dis-
placement of the slider, so as to ensure that the samples get into contact with
fresh ice after each revolution.

Akkok et al. [46], Calabrese [51], and Albracht et al. [52] used rotational
experimental devices, which consisted of a stationary ice surface with a rotating
sample. Calabrese [51] used a ring slider, which again means continuous contact
between the slider and the ice and therefore does not enable analysis of edge
effects. Akkok et al. [46] used a ball on disk setup, which allows the ice to refreeze
after the slider passes. Albracht et al. [52] even avoided sliding over the same track
by using a spiral track for their pin slider.

In conclusion, laboratory instruments are better suited for the investigation of
the different parameters that influence ice friction. They ensure good control
over the settings such as ice and air temperature, humidity, velocity, and load.
In addition, the use of a certain ice making procedure further limits undesired
variability in the results. However, a drawback of compact laboratory devices is
often seen in the continuous ice-slider contact or the fact that the slider slides in the
same track. While this might not have an impact on the overall analysis and
understanding of ice friction, it is rather different to what is seen in actual ice
friction applications. Accordingly, field experiments are best suited to upscale and
verify laboratory tests. Typically, a larger number of replicates have to be run to
ensure reproducibility of the experiment and to ensure statistical significance and
eliminate variation resulting from the human factor. Studies comparing results
obtained from real-life experiments involving humans with those from a lab setup
are most welcome.
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9.7 Ice Friction Models

Figure 9.3 and the above discussion on the isolated effect of the various param-
eters illustrate that the matter of ice friction includes different competing processes
with many interactions. Therefore, it is not surprising that no single conclusive
model exists, which describes ice friction across all regimes. Nonetheless, there
has been a major effort to model and thereby better understand and predict ice
friction. The most interesting models are briefly introduced here.

Evans et al. [44] derived the first theoretical explanation for the dependence of
the friction coefficient on frictional heating. They defined the total frictional force
Frin terms of heat generated per unit displacement. Accordingly, the total fric-
tional heat is described as the sum of three heat components.

Fr =Fs+F, +Fy (9.9)

These are the heat conducted away from the interface through the slider
material F, the amount of heat, which diffuses into the ice F;, and the heat that
remains for melting the surface F,. By assuming that the surface is at the melting
temperature of ice and taking the length of contact from their experimental
observations, this results into the following equation for the friction coefficient u
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with T, and T, being the melting and the ambient temperature respectively, Ag
being the thermal conductivity of the slider, v being the sliding velocity, A being a
constant depending on the actual contact area, and B being a constant depending
on the actual contact area, thermal conductivity and diffusivity of ice. Since, it is
impossible to find the contribution of the melt friction coefficient p,, directly, the
authors point out that an upper limit can be derived from experiments. Further-
more, from experimental and theoretical considerations they find the thickness of
the lubricating layer to be smaller than the combined surface roughness, which
indicates an overall mixed friction regime. Since the slider constantly moves over
fresh ice, the temperature gradient ATice(= |Teontact — Tice|; @bsolute value of the
temperature difference between the contacting interface and the bulk ice) is gen-
erally greater than the one for the slider ATiger (= |Tstider — Tcontact|; @bsolute value
of the temperature difference between the bulk slider material and the contacting
interface), except for the case of a very conductive slider material. Their experi-
ments with copper, Perspex ™, and steel indicate that 40-60% of the frictional
heat is conducted away from the surface through the slider independent of the
ambient temperature. In addition, the experimental results from the authors have
shown that the measured friction coefficient depends on the applied normal force

1
according to u o< F,°. These findings disagree, however, with their own model
(Eq. 9.10), which is explained by the model’s deficiencies in fully describing the
dependence of the actual contact area on load.
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Moreover, Evans’ et al. experimental results at —11.5°C showed a dependence
of the friction coefficient on velocity according to u o< 1/4/v. The authors found
that the dependency of the friction coefficient on velocity differs at higher and
lower speeds. For velocities lower than 3.16 m/s the friction coefficient corre-
sponds to u o 1/v indicating that heat conduction into the slider Fg dominates,
whereas for higher velocities F; takes over and p o< 1/4/v explains the experi-
mental results more closely. The results indicate again that with increasing slider
speed other mechanisms gain importance for friction on ice. However, other
mechanisms, such as fluid mechanics of the squeezed lubricating film, were not
included in the theory. Another interesting observation is that the authors observed
increased wear of the ice track above —2°C with significant softening of the ice.
As mentioned in the previous section, wear of the slider surface will generally be
higher on new fresh ice than observed in their studies, where a rod formed a track
on an ice cylinder. However, Evan et al.’s model does not take energy losses by
wear processes into account.

Oksanen and Keinonen [57] further elaborated this first model. With the
assumption that the lubricating layer is the main origin of frictional resistance, the
authors combine the theory of Evans et al. [44] with hydrodynamic friction. They
assume that frictional motion results in non uniform heat transfer and derive a
model for the friction coefficient. The frictional heat Oy generated by the motion
during a certain time interval b/v is

b
QO = ukyv— (9.11)

with b being the length of a contacting point. Equating this with the heat con-
sumption equations from Evans et al. [44] results into:
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where n stands for the number of contacting points, A. for the actual area of
contact, 4; and Ag for the thermal conductivity, ¢; and cg for the specific heat
capacity, and p; and pg for the density of ice or the slider material respectively, pg
for the density of, and 7, for the viscosity of water.

The authors identify two regions with different relationships between the fric-
tion coefficient and the velocity. In the case of a great temperature gradient for the
ice AT, thermal conductivity dominates over viscous shearing (the first part of
Eq. 9.12). The same is true when the thickness of the lubricating layer is very
small, suggesting that the produced heat is mainly conducted away and not
available for melting the ice. The velocity dependency of the friction coefficient is
then described by u o< 1/4/v in the model. If the temperature gradients for the ice
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AT, and the slider ATj;q., are both small, meaning that the ambient temperature
is close to 0°C, friction is governed by viscous shearing and melting of the ice (the
second part of Eq. 9.12). The model gives a velocity dependency of u o< 4/v in this
case. Furthermore, the authors point out that in the mixed region between the two
cases discussed above the strength of the effects is determined by the velocity.
Thermal conductivity plays the greater role at low velocities. At high velocities the
time for heat conduction is reduced, which results in a greater amount of heat
available for melting the ice. Although the model indicates increased frictional
resistance close to the melting temperature, it does not mention a potential con-
tribution of capillary drag forces. Furthermore, energy losses due to wear mech-
anisms and squeeze out of the lubricating layer are ignored in the model.
Nevertheless, the proposed relationships between the sliding velocity and the
resulting friction coefficient correspond reasonably well to experimental results, as
shown in Sect. 9.5.1.2.

The theoretical approach of Akkok et al. [46] does not consider the melting
temperature as an upper bound for the surface temperature in contrast to the
analytical models introduced above. They see the upper bound as determined
by the softening temperature of ice, since once the softening temperature has
been reached, frictional motion wears the surface so much that the originally
touching materials are no longer in contact. This is important, since no energy
is consumed in the phase change through this kind of wear process, but all heat
is conducted away. The heat is assumed to be only conducted into the ice and
not through the slider. Based on these assumptions Akkok et al. derived the
following model

p==C

AT, = T)) (isps@)% (9.13)
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where C is a constant, A, the actual area of contact, T, and T; are the temperature at
the contact and the ice respectively. This model and further experiments confirm
the results of Evans et al. [44] and Oksanen and Keinonen [57] with u o< 1/4/v.
Furthermore, they emphasize that the velocity dependency changes at high tem-
peratures, when hydrodynamic friction dominates. Their model describes the
dependency of the friction coefficient on load by u oc 1/+/Fy for partial contact.
However, the regression analysis on their experimental data gives pu o< 1/y/Fy.
The results of Evans et al. [44] lie between these two. This difference indicates
again that effects like the squeeze of the lubricating layer might play an important
role here.

The analytical models introduced so far recognize heat conduction on the one
hand and friction dominated by viscous shearing on the other hand as two extreme
cases in the determination of the overall frictional resistance. However, other
important mechanisms are left on the side. Squeeze flow, for example, is not
considered, which decreases the thickness of the lubricating layer at high loads and
fast speeds.
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Stiffler [58, 76] included squeeze as a type of wear in his model. He derived the
following friction model for a conducting surface:

~ 2)sA(Tw — To)
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with o being the thermal diffusivity of the slider material and /. the characteristic
length of the contact. This approach assumes hydrodynamic friction with a
thickness of the lubricating layer that is larger than the combined roughness of
both surfaces. Stiffler mentions that this assumption is unrealistic for an ice skater
and concludes that the model is not suitable to describe ice sport applications.

While we are mainly concerned with ice friction, it is important to include a
model, which attempts to describe snow friction in this context. Colbeck’s [26]
comprehensive model for snow friction recognizes the different mechanisms of
friction acting at the same time:

HpHlw
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with ug being friction due to capillary drag, pp being dry friction due to asperity
interactions, and uy being wet friction due to shearing of the water film. The
calculation of uy is based on the shear stress calculation for a Newtonian fluid
with uy = cu,v/h, with p, being the water viscosity at 0°C, and ¢ a constant that
considers the area of contact but is based on the assumption that snow friction is
independent of the applied load. The latter was found to not hold true for small
sliders on ice as explained in Sects. 9.5.1.4 and 9.5.1.5. The dry friction coefficient
1p is based on the heat flow calculations, first introduced by Evans et al. [44]. It is
summarized in pp = ce " where p and ¢ are coefficients. While ¢ is not further
defined, Colbeck [26] discusses four different cases of heat flow to derive a value
for 5. These four cases are (1) heat flow into the ice only, (2) heat flow at contacts
only, (3) entire lower surface at 0°C, and (4) heat flow assuming an average
temperature gradient. For an exact calculation for a particular slider information
about the actual area of contact and the division of heat flow into slider and ice
would be needed. ug is approximated by ug = yh’, with 7 being a constant.
Although this model is based on several assumptions regarding the constants, it
gives a good example of the interaction of the different mechanisms controlling
friction on snow and also ice.

Biurle et al. [63] recently developed a numerical model specifically for their
tribometer experiment (explained in Sect. 9.5.1.5) but with observations valid for
general ice friction problems. The analysis is based on equating heat generation
with possible energy dissipation mechanisms. Considering a non uniform frictional
contact with some areas being almost dry and some areas covered by lubricating
water, the total friction force Fr is calculated by

Adry 1o Arel

+
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with h,, being the thickness of the lubricating water film; A4,y and A, being the
dry and apparent contact areas respectively, and A, the relative real contact area.
A constant temperature is assumed within the water film. However, the heat
diffusion process depends on the change of the water film thickness A, along the
ice-slider interface which is described as
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with L being the volumetric latent heat of fusion and 0,7T|,—¢ the average tem-
perature gradient at the interface. The last term describes the loss of lubricating
water by squeeze, with g, being the perpendicular pressure and D the contact spot

diameter, which changes during the contact according to D = Dy AA(T‘O, with Dy

being the initial static contact sport diameter, and Ao being the initial relative
real contact area. The model is based on one-dimensional calculations of heat
generation and conduction perpendicular to the interface into slider and ice.
Changing conditions along the ice-slider interface are taken into account by
conducting several calculations along the contact length. While describing the
general trend of decreasing friction with increasing temperature reasonably well,
the model fit to experimental data was improved by including a correction factor to
allow for three-dimensional heat flow into the slider. Through A, melting and
roughness are considered in this numerical model. Ay is related to A, through the
bearing ratio curve of the ice surface. Furthermore, a rough slider moving over
rough ice results in intermittent contact of the surfaces allowing sections of the
surfaces to cool before the next contact, which reduces A,,. The authors determine
A, by fitting their model to their experimental results. This model allows for
implications of slider parameters such as thermal conductivity and roughness on
the resulting ice friction.

Overall, there are only few analytical models for approximating the friction
coefficient on ice. A common problem with all these models is the estimation
of the real contact area. An error can easily be introduced to the calculation,
since the size and density of the surface asperities are unknown and have to be
approximated. At the same time, adjusting the value for this variable is an easy
way to adjust model results to fit experimental data. However, the different
models provide good insight into the main effects interacting in frictional
heating. Other important mechanisms are not yet fully included in the theo-
retical analysis. The contribution of capillary drag forces to frictional resistance
is not separated from overall mixed and hydrodynamic friction due to the lack
of a sound physical understanding. Also, the influence of material parameters,
such as surface wettability and roughness, on drag force, squeeze flow, and the
overall friction coefficient still need to be investigated in greater detail and
included into a model.
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9.8 Challenges for the Future

Biomimicry means, first of all, getting inspired by nature. This can simply rep-
resent the engineering of one part of a product or process after a natural example.
However, taking this idea to the next step, biomimicry also suggests a holistic view
considering the entire life cycle of a process or product and conforming to the
general requirement to develop a “green” process or product. The examples,
which we find in nature, are exactly those that have succeeded in an overall
process optimization and satisfy entirely our requirement of being “green”. Those
species and processes that did not conform to this standard have been sorted out by
evolution.

To illustrate what this evolution process should mean to engineering we
consider exemplarily the design of ice breaker ship hulls and the related fuel
consumption of these vessels. Primarily, the objective is to reduce the friction of
the ship hull surface against ice and therewith to decrease the imminent fuel
consumption of the vessel through intelligent surface design and the use of ade-
quate materials. However, it is important to also consider the environmental
footprint of the construction and disposal processes related to the new nature-
inspired vessel hull. If the related energy requirements exceed the reductions
achieved during operation with the biomimetic surface, the engineers and
researchers need to go back to the draft table and redesign the whole product and
process until net benefits become obvious.

As an example for successful biomimicry with relation to ice friction let us
briefly reflect on non-wax cross-country skis. The ski base pattern combines
grooves and channels, as exhibited by the toe pads of geckos and tree frogs to
eliminate superficial melt water from the interface for better adhesion when
climbing or during the kick phase. Furthermore, a hairy structure on the ski base
enhances hydrophobicity following the example of the lotus leaf to reduce cap-
illary suction. Overall, these skis do not require the application of waxes, which
typically wear off during motion and need to be frequently reapplied. The envi-
ronmental benefits of the no-wax technology are evident, since ski waxes are
typically based on fluoropolymers. When waxes wear off on the snow surface,
these fluoropolymers will remain in nature—initially on the snow surface and once
the snow melts on the ground. From there they migrate into our water sources.
Accordingly, non-wax cross-country skis are the green alternative combining
biomimicry and tribology.

On the laboratory scale we have found ways to solve ice friction and/or
adhesion problems by following the biomimetic approach. We have, for example,
succeeded to increase melt water lubrication without externally heating the surface
and to overcome frictional resistance without using high pressure. The next
challenge is the scale up of these fundamental ideas and proof-of-concept studies
to the industrial scale and integrating them into a sustainable life cycle.
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Chapter 10
Green Lubricants: Role of Additive Size

Pradeep L. Menezes, Michael R. Lovell, M. A. Kabir,
C. Fred Higgs I1I and Pradeep K. Rohatgi

Abstract The depletion of the world’s crude oil reserve, increased oil prices, and
the demand to protect the environment against pollution exerted by hydraulic and
gear oils have brought about renewed interest in the development and use of green
lubricants. In this light, many automotive and manufacturing industries are actively
seeking out new green lubricants. Although, many green lubricants have exhibited
excellent properties, more improvement in their friction and wear performance are
still needed for them to become mainstream. Consequently, environmental friendly
additive materials are being included in green lubricant formulations to improve
their friction and wear properties. In this study, a review of the tribological behavior
of the green lubricants presently available has been performed. Overall, the review
indicates that green lubricants can significantly outperform conventional lubricants
with respect to frictional and wear performance. In addition, the review shows that
the size and composition of the lubricant additives play an important role in
determining a green lubricant’s overall performance.
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10.1 Introduction

The United States consumes more oil than any other country in the world.
According to the Geographic Information Systems Laboratory [1], the United
States oil consumption exceeds 20 million barrels per day, which represents more
than 25% of the world’s total consumption. Despite predictions that the United
States will exhaust its supply of oil in as little as 40 years, the demand for oil is
predicted to continue to increase over the next several decades. In the United
States, 54% of the oil is consumed as automotive lubricants (engine oils and
transmission fluids) and 44% of the oil is consumed as industrial lubricants
(hydraulic fluids and gear oils) [2, 3]. Nearly all lubricants used in the automotive
and manufacturing sectors are oil or grease based. These products are not typically
environmentally friendly or biodegradable and can introduce significant quantities
of pollutants into the waste stream. The long-term impacts that these lubricants
have are cumulative and are ultimately detrimental to humans, plants, fish, and
wildlife. Due to their potential negative impacts, the Environmental Protection
Agency and other government agencies have imposed increasingly stringent reg-
ulations on the use, containment, and disposal of oil and grease-based lubricants.
These regulations have changed the landscape of the lubrication marketplace over
the last decade as new lubricants need to be developed to address a combination of
environmental, health, economic, and performance challenges. Since the disposal
costs of traditional lubricants are also increasing exponentially, it has become
essential to develop and implement lubricants that come from natural resources.

10.2 Background

A lubricant is a substance introduced between two moving surfaces to primarily
reduce friction, improve efficiency, and reduce wear. A lubricant may also serve
the function of dissolving or transporting foreign particles, carrying away con-
taminations and debris, preventing corrosion or rust, sealing clearances, and dis-
sipating heat [4-6]. Typically lubricants contain 90% base oil and less than 10%
additives. In general, there are three categories of lubricants-liquid, solid, and
gaseous. Liquid lubricants may be characterized in a variety of methods. One of
the most common method is by the type of base oil used. The most common types
of base oils are lanolin (wool grease, natural water repellant), water, mineral oils
(derived from crude oil), vegetable oils (derived from plants and animals), and
synthetic oils (consisting of chemical compounds which are synthesized from
compounds other than crude oil).

Solid (dry) lubricants include grease and powders. Some of the commonly
known powder lubricant materials are graphite, molybdenum disulphide (MoS,),
tungsten disulphide (WS,), and titanium dioxide (TiO,). Solid lubricants offer
lubrication at temperatures (up to 350°C) that are higher than many liquid and
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oil-based lubricants can attain. Solid lubricants such as Teflon or PTFE (poly tetra
fluoro ethylene) are typically used as a coating layer to provide a non-stick surface.
Gaseous lubricants have a much lower viscosity than liquid or solid lubricants.
They also exhibit lower heat capacity and higher compressibility than liquid or
solid lubricants. Some examples for gaseous lubricants are air, technical gases,
steam or liquid—metal vapors.

In the automotive sector, the most commonly used fluids are engine oils (petrol
and diesel engine oils), automatic transmission fluid, gearbox fluids, brake fluids, and
hydraulic fluids. In the manufacturing sector, a wide range of oils are utilized
including hydraulic oils, air compressor oils, gas compressor oils, gear oils, bearing
and circulating system oils, refrigerator compressor oils, and steam and gas turbine
oils. In aviation, gas turbine and piston engine oils are the most common.

Additives are substances used to improve the performance of lubricants.
Additives are selected based on their ability to reduce friction and wear, increase
viscosity, improve viscosity index, resist corrosion and oxidation, increase lifetime,
and minimize contamination. The main families of additives are antioxidants, anti-
wear formulations, anti-foaming agents, corrosion inhibitors, detergents, demulsi-
fying/emulsifying, extreme pressure, friction modifiers, metal deactivators, and
viscosity index improvers [5].

10.3 The Green Lubricants

The term “green lubricants” is generally used for lubricants manufactured from
vegetable or other natural sources. The other common names for green lubricants
are “environmentally acceptable”, “environmentally benign”, and “environmen-
tally friendly”. The development of green lubricants to displace petroleum-based
products is presently an emerging area of research in the engineering community.
Among other factors, this development has been driven by dramatic increases in
the price of crude oil and the movement towards using biodegradable oils from
renewable resources. It is generally assumed that green lubricants must not be
toxic and must biodegrade in a relatively short time. With better biodegradable and
toxicity properties than conventional petroleum-based products, green lubricants
have tremendous potential for use in the industrial sector [7-17]. Although,
industry standards do not yet exist, engineers using green lubricants must carefully
match applications with specific green lubricant products.

10.3.1 The Green Liquid Lubricants

Green liquid lubricants are lipid materials that are liquid at room temperature.
Most of the green liquid lubricants are produced from vegetables (e.g. rapeseed/
canola, corn, or soybean oil), synthetic esters, polyalkylene glycols, or severely
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hydrotreated petroleum-based oils. Vegetable oils have a long history of use as
lubricants—together with animal fats—as they dominated the lubrication industry
before the petroleum age [11]. Problems of limited oxidative stability and poor low
temperature performance gradually led to their replacement by fossil oils and later
by synthetic oils. When compared to mineral and synthetic oils, vegetable oils
have a number of distinct advantages including higher lubricity, lower volatility,
higher shear stability, detergency and dispersancy, and a substantially higher
viscosity index. In fact, vegetable oils offer a large range of kinematics viscosity,
from 2.37 to 8.53 mm?%/s at 100°C and from 7.85 to 35.01 mm?/s at 40°C [17].
Today, vegetable oils represent a nearly inexhaustible source of raw materials for
lubricants. In 2004, the world production of vegetable oil exceeded 100 million
tons [9] and most of this oil was used by the food industry, with only a small
percentage entering the lubrication market, making it an under-utilized com-
modity. Presently, the highest volume of green liquid lubricant production is for
hydraulic applications.

The physical structure of ‘green’ vegetable oils is very different from that of
traditional lubricants. Plant oils are composed of triacylglycerol, which consists of
three fatty acids esterified to a glycerol molecule. Most oilseed crops produce
triacylglycerol containing a mixture of fatty acids that have varying chain lengths;
the most common lengths of carbon chains in these triacylglycerol are 16, 18,
and 20. Figure 10.1 shows the structure of triglycerides with varying chain lengths
of fatty acids. It is the fatty acid composition of the oil that determines its charac-
teristics. In most lubricant applications, vegetable oils are used either as the intact
triacylglycerol molecule or the oil is reacted with methanol to produce methyl esters
and glycerol [11]. A triacylglycerol molecule containing saturated 18 carbon fatty
acids is solid at room temperature. The presence of the double bonds makes the oil
liquid, but also increases oxidative instability. The recent introduction of ultra-high
oleic (>80%) varieties of oilseed crops such as sunflower and canola has made a new
type of oil available with characteristics far superior to the oil from existing tem-
perate crops. Oils highly enriched in this monounsaturated fatty acid have improved
lubricity and an oxidative stability that surpasses Group 1 petroleum-based oils [11].
Despite their significant promise, these improved vegetable oils still have lower
oxidation stability and poorer low-temperature performance than many conven-
tional oils [18, 19]. These and other limitations must be further researched and
addressed before a new class of green lubricants can be used to replace traditional
grease and oil lubricants.

10.3.2 The Green Solid (Powder) Lubricants

The term “powder lubricants” is usually given to lamellar solids that have low
interlayer friction [20]. Over the past 30 years, dry powder lubricants have been
employed in a variety of sliding contacts as an alternative to conventional liquid
lubricants. Some of the interesting attributes of powder lubricants are that they
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(1) adhere to surfaces to form a protective boundary layer that prevents wear [21—
25], (2) act as a lubricant in sliding contacts by accommodating relative surface
velocities [26-30], and (3) lubricate at high temperatures [31-35]. Several of these
lubricants—molybdenum disulfide, tungsten disulfide, titanium oxide, and boron
nitride—were evaluated for their lubrication behavior at a variety of sizes and
found to exhibit excellent tribological performance [36—41].

10.3.2.1 Green Boric Acid Powder Lubricant

Efforts are being made to develop and implement powder lubricants that come
from natural resources. As reported in the literature, solid lubricants such as boric
acid have excellent lubrication properties without requiring expensive disposal
[42—45]. Thus, boric acid is another often overlooked lamellar solid that has been
found to be an effective green powder lubricant. The effectiveness of boric acid
can be attributed to its low friction and shear strength values. As reported in the
literature [46], the shear strength of boric acid has been experimentally determined
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to be 23 MPa, and its coefficient of friction has been measured to be less than 0.02
in ambient environments. These values are very similar to the more commonly
used and synthetic-based molybdenum disulphide, which has a measured shear
strength value of 24 MPa. Two other important characteristics of boric acid for use
as a lubricant are that it is readily available and environmentally safe. In its solid
form, boric acid is a weakly acidic white powder that is soluble in water (about
27 wt% in boiling water and about 6% at room temperature), soft, ductile, stable,
free flowing, and easily handled. It is very inexpensive, as finely ground technical
grade boric acid powder (>99% pure) is commercially available for less than
USS$ 4.5 per kilogram. The Environmental Protection Agency has established that
boric acid is benign [10, 47] and the Clean Water Act does not classify it as a
pollutant. In fact, a dilute water solution of boric acid is also commonly used as a
mild antiseptic and eyewash. In addition, the industrial marketplace has already
accepted boric acid as an engineering material. The United States is the world’s
largest producer of boron compounds, as large domestic reserves of boron mate-
rials reside in lake sediments and brines. The present markets for boric acid and
boric oxide in the United States include glass making (78%), fire retardants (9%),
agricultural fertilizers (4%), and industrial applications such as metal plating and
finishing, paints and pigments, electroplating and cosmetics (9%).

Examining its physical characteristics, boric acid is the common term for
orthoboric acid (H3;BOs3), which is a hydrate of boric oxide (B,Os). When in
contact with water, boric oxide will readily hydrate, converting into the lamellar
solid boric acid. Under atmospheric pressure, boric acid dehydrates above 170°C
and reverts back to a substantially less lubricious form of boric oxide. Boric oxide
is known to soften around 400°C at atmospheric pressure. As shown in Fig. 10.2,
the fundamental molecular structure of boric acid (below 170°C) allows it to act as
an effective solid lubricant film. When crystallized, boric acid forms weak Van der
Waals bonds between individual layers and strong hydrogen bonds within a layer.
Such a bonding structure makes the structural properties of boric acid highly
anisotropic. Therefore, when tangentially loaded, the individual lamellae slide
relatively easy over one another. This is in contrast to the normal direction where
the boric acid has a relatively high load carrying capacity. Hence, when properly
aligned with a substrate, boric acid will exhibit minimal friction and provide
effective separation between surfaces. In fact, it has been shown that the friction
coefficient of sliding interfaces with a boric acid film decreased with increasing
pressure [48].

Considerable research related to the solid lubrication properties of boric acid
have been carried out over the past several decades [42, 43, 47, 49, 50]. These
works have primarily focused on the performance of boric acid in high-temperature
applications. Research specifically aimed at the use of boric acid in engineering
systems has also been undertaken [44, 45, 51]. These studies have indicated that
boric acid’s unique layered inter-crystalline structure makes it a very promising
solid lubricant material because of its relatively high load carrying capacity and low
steady-state friction coefficient. Other important research has investigated the use
of boric acid as a lubricant in manufacturing processes such as forming, drilling,
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and machining. In metal forming applications [52-55], it was shown that boric acid
powder provided very low friction (0.04) between an aluminum workpiece and a
steel forming tool. During these processes, the post-fabrication cleaning of the boric
acid lubricant was environmentally safe, nontoxic, and water soluble. In drilling
experiments with sapphire tools [53], results indicated that the addition of boric
acid to distilled water increased the rate of drilling of polycrystalline alumina by a
factor of two. In addition, boric acid was found to help reduce friction and corrosion
when mixed with cutting and grinding fluids [46, 56]. Using high speed pin-on-disk
experiments [46], the performance of boric acid during the sliding of an alumina pin
on an AISI-M50 bearing steel disk at a maximum central Hertzian contact pressure
of 1.9 GPa was examined. For sliding speeds of approximately 1 m/s, the resulting
friction revealed a reduction in friction from 0.4 for the dry contact to approxi-
mately 0.15 for the boric acid lubricated contact (see Fig. 10.3). As illustrated in the
figure, continuous powder delivery of the boric acid successfully produced a
lubricous surface film and low friction until the delivery of powder was halted. It is
very important to note that the success of boric acid as a lubricant in the above
studies was dependent on the continuous replenishment of the boric acid into the
contact region.

Despite its known benefits, it is demonstrated that there are difficulties asso-
ciated with utilizing boric acid alone as a lubricant in repeated or extended
duration contacts [10]. These drawbacks are due to the fact that boric acid powder
can be dehydrated or forced out of the contact zone during sliding contact. Thus,
the widespread use of boric acid has been limited by the fact that it must be
continuously replenished, which requires the development of spray and recovery
systems that would significantly change, in for example, the present manufacturing
process lines. Therefore, a logical alternative to replace oil/grease lubricants is to
incorporate an environmentally friendly liquid lubricant that carries green solid
additives such as boric acid.
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10.3.3 Green Powder-Based Green Lubricants

As conceptually depicted in Fig. 10.4, an environmentally friendly liquid
lubricant (i.e. canola oil) can carry the green solid lubricant (third body boric
acid particles) to provide a mixed lubrication system between contacting
surfaces. Hence, efforts have been made to analyze a green, petroleum-free
lubricant that was produced by mixing two environmentally benign compo-
nents—canola oil and boric acid powder [14]. The boric acid powder and
canola oil lubricant mixture demonstrates multifunctional lubrication perfor-
mance, where surfaces are separated by a liquid lubricant film and protected by
a solid powder. In the previous work [14], micron-scale (100-700 pm) boric
acid particles were added to canola oil. To determine the optimum composition
of the boric acid—canola oil lubricant mixture, a series of experiments were
conducted at different volume fractions of canola oil with a constant particle
size distribution. Based on these experiments, a mixture of 7% volume was
found to outperform the other lubricant mixtures. Experiments were conducted
to study the tribological properties for this lubricant mixture using a pin-on-disk
apparatus with spherical copper pins and aluminum disks. Figure 10.5 shows
the variation of friction with sliding distance. As depicted in Fig. 10.5,
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Fig. 10.5 Variation of coefficient of friction with sliding distance for various lubricants when
copper pins slide against aluminum disks [14]

the unlubricated and boric acid cases yielded the highest friction coefficients
over the sliding distances tested. In the unlubricated case, the friction is large
because the surface interaction is dominated by metal to metal asperity contact.
In the boric acid condition, the powder lubricant’s performance is poor because
the solid lubricant particles are forced out of the contact interface during each
sliding cycle; hence, the boric acid only provides separation of asperities at the
early stages of sliding but ultimately generates the same frictional value as the
unlubricated case. In fact, Fig. 10.5 shows that the friction coefficient steadily
increases for the boric acid case from an initial value of 0.24 to more than 0.50
at the end of the experiments. The most effective lubricants in the experiments
were the canola oil and canola oil-boric acid mixture. For these cases, the
surface tension properties of the canola oil allowed the lubricant to remain in
the contact interface and partially separate the contacting asperities for the
duration of the experiments. The decreased asperity interaction is signified by
the fact that the friction coefficient is relatively low for these cases and remains
constant or slightly decreases over the sliding distances tested. Furthermore,
as illustrated in Fig. 10.5, the lubricant mixture of 7% boric acid and canola oil
clearly showed the lowest friction coefficient. Thus, it was found that the canola
oil and boric acid mixture exhibited multifunctional lubrication behavior.
Essentially, the viscosity and surface tension properties of the canola oil min-
imized surface interaction and the friction coefficient while the powder particles
formed a protective boundary layer that coated the tribo-surfaces.
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10.4 Green Lubricants for Automotive
and Manufacturing Industries

In the automotive industry, one of the best ways to increase fuel efficiency is to
reduce vehicle weight by using lightweight aluminum or magnesium alloyed parts.
Forming these alloyed parts can be very difficult due to high friction, extreme
pressure requirements, and the inability of conventional lubricants to prevent wear
during metalworking. Also, most conventional lubricants are flammable and
contain chlorine, phosphorus, and sulfur-bearing additives that are potentially
hazardous: removing these lubricants from finished products and treating them for
disposal is difficult and costly. Thus, it has long been recognized that metal
forming operations have significant environmental impact. Despite several decades
of research on the subject, lubricants used in forming operations continue to pose
substantial technological and economic challenges to the tribological community.
The present challenges primarily stem from various factors such as (1) Nearly all
lubricants used in sheet metal forming are made from petroleum-based resources
which are not environmentally friendly and are becoming substantially more
expensive, (2) Forming lubricants often carry a health risk to humans both during
primary use and in their disposal, (3) Over the past several decades, there has not
been a novel lubricant introduced in the manufacturing community to significantly
increase the formability. Thus, use of boric acid-based green lubricant has the
potential to overcome these problems. Its exceptionally low friction coefficient
prevents the metals from sticking or transferring to the die or roll surfaces. Boric
acid greatly reduces the friction and wear of dies and molds and at the same time
provides an ultra-smooth surface finish on final products. After metal-forming
operations, parts can be rinsed in water to remove the excess lubricants—no toxic
or flammable solvents are necessary. The use of boric acid can decrease the unit
cost for automotive parts because the near-perfect finished products do not require
secondary machining or grinding. Other potential automotive applications of boric
acid include its use as a lubricant for gears and bearings. Boric acid may also be
mixed with existing liquid and solid lubricants.

Efforts have been made to evaluate the interfacial friction characteristics of
canola oil and boric acid lubricants in metal forming operations. To simulate their
performance, a strip tensile friction simulator [16] was utilized. This apparatus has
been shown to effectively model the strain behavior encountered in a deep drawing
process and accurately replicates the frictional effects experienced during sheet
bending. By means of the simulator, the friction coefficient between a die (carbon
steel) and a steel sheet was measured for four different lubricant conditions:
unlubricated, canola oil (viscosity of 33 cSt at 20°C), transmission fluid (viscosity
of 0.028 Pa s at 40°C), and a combination of boric acid and canola oil (viscosity of
0.276 Pa s at 20°C). As shown in Fig. 10.6, a lubricant consisting of canola oil
mixed with boric acid crystals (5 wt% and 100 pm average particle size) signif-
icantly outperformed several other lubricants with respect to the measured friction
coefficient in the specialized experiments. This lubricant had a steady-state friction
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Fig. 10.6 Variation of coefficient of friction with sliding distance for various lubricants obtained
in the metal forming experiment [16]

value that was 54% lower than the unlubricated condition and 44% less than the
transmission fluid case. Such a finding indicated that the novel lubricant may be
used in manufacturing processes where replenishment is not feasible and disposal
of non-environmentally friendly lubricants is expensive.

Studies were also conducted to determine the relative performance of boric
acid-based lubricants and other oil combinations in a commercial brake valve
assembly [10]. Pin-on-disk experiments were performed under the same operating
conditions experienced by the brake valve assembly. To represent the slide valve,
in the experiments, the disk samples were prepared from copper alloy C84400.
Likewise, to represent the bushing material, a pin was constructed from copper
alloy C93200. Figure 10.7 shows the variation of coefficient of friction with sliding
distance obtained in the pin-on-disk experiment. As depicted in Fig. 10.7, the base
materials in the absence of a lubricant yielded the highest friction coefficients over
the sliding distance tested. Figure 10.7 also demonstrates that boric acid alone was
an ineffective lubricant for the operating conditions examined. The increase in
friction in boric acid case is caused by the fact that the amount of boric acid in the
contact interface gradually diminishes with time. It is important to note, however,
that in terms of the final friction coefficient values, the boric acid was significantly
lower than the unlubricated case. Although the boric acid did not maintain an
optimal separation level within the contact interface, a better frictional perfor-
mance was attained because a portion of the lubricious boric acid remained in the
contact region. For the transmission fluid case, the coefficient of friction was found
to increase over the sliding range tested. This increase was attributed to the
degradation of the lubricant film over time. Further, a lubricant combination of
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copper alloy pins slide against copper alloy disks [10]

transmission fluid and boric acid (5% weight) was found to provide optimum
friction properties as the friction coefficient actually decreased over a significant
portion of the testing period. The friction coefficients in a combined boric acid and
canola oil lubricant were comparable but slightly larger than the transmission oil
and the combined boric acid and transmission fluid cases. The boric acid and
canola oil case showed no degradation over the entire range of the sliding tests and
demonstrated the lowest wear rate of any of the lubricants tested. In fact, the wear
rate was nearly 50% lower than the combined transmission fluid and boric acid
lubricant mixture. The better wear performance was attributed to the fact that the
boric acid and canola oil did not degrade over the entire range of sliding experi-
ments. Such a finding is extremely important as it indicates that the lubricant can
be used in extended duration applications where replenishment is not feasible.

10.5 The Size of the Additive and the Scale Effect
on the Lubrication

In the literature, considerable effort has been made to study the effect of powder
lubricant size (micron-scale, submicron-scale, and nano-scale) on system perfor-
mance [36-38, 41]. Numerous studies have indicated that sub-micron-particulate
additives of graphite, MoS,, and other lamellar solids have improved the perfor-
mance of base oils [36, 57-59]. Sub-micron forms of these powder lubricants have
been synthesized using chemical vapor deposition, liquid precipitation, electronic
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chemistry deposition, thermal desulphurization, and mechanical grinding or
milling. In many cases, sub-micron scale powder lubricants offer an enhanced
tribological performance when compared to micron-scale powder lubricants
because their size is on the order of the asperities for surfaces [60—64]. Recently,
it has been shown that the lubricant containing a mixture of micro- and nano-sized
particles demonstrated better tribological performance than lubricants containing
either micro- or nano- sized particles alone. Hu [36] studied the size effect of MoS,
particles on tribological performance. In the experiments, nano-MoS, (n-MoS,)
particles and commercial common-MoS, (c-MoS,) particles (approximately
1.5 pm in diameter) were dispersed in liquid paraffin with different concentrations
and ratios in order to study their lubrication capacity, friction reduction, and wear
resistance. The tribological experiments were carried out by a four-ball tribometer
in which extreme pressure, wear scan diameter, and friction coefficient were
measured. Figure 10.8 shows the variation of coefficient of friction with wear time
for lubricants containing c-MoS,, n-MoS,, and mixture of c-MoS, and n-MoS,
particles. The experimental results showed that the loading capacity of liquid
paraffin was increased with MoS, particle content. The liquid paraffin containing
the mixture of n-MoS, and c-MoS, particles had a better wear resistance, friction-
reducing performance, and extreme pressure property than the liquid paraffin
containing either c-MoS, or n-MoS, particles. When the optimal mixing ratio of
n-MoS, and c-MoS, is 20 wt%, was studied, the loading capacity reached the
highest value. The difference in the tribological performance between n-MoS, and
c-MoS, was attributed to the surface and interfacial size effect of nano-particles
and the formation of molybdenum trioxide thin film on the contacting surface. The
effect of lubricant mixture containing c-MoS, and n-MoS, on friction and wear
reduction was not fully explained in the study.

In other work, Narayan [65] studied the effect of lubricants having micro-
particles and nano-particles and their combinations on fuel efficiency. The nano-
particles were chosen from a class of hard materials, such as alumina, silica, ceria,
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titania, diamond, cubic boron nitride, and molybdenum oxide. The micro-particles
were chosen from a class of materials of layered structures, such as graphite,
hexagonal boron nitride, magnesium silicates (talc), and molybdenum disulphide.
The nano-micro combinations were chosen from the same materials. This group of
materials included zinc oxide, copper oxide, molybdenum oxide, graphite, talc,
and hexagonal boron nitride. The nano- and micro-particle combinations improved
coefficients of friction, fuel efficiency (up to 35%) and exhaust emissions
(up to 90%).

10.6 The Role of Boric Acid Additive Size on Green
Lubricants’ Performance

Based on the success of using micron-scale boric acid particles as an additive,
efforts were made to determine the relative performance of sub-micron and nano
scale boric acid particles in canola oil for metal forming applications. Despite
several patents [66, 67] on the subject, there are no studies in the archival literature
that quantitatively investigate the performance of boric acid particle additives in
the colloidal size range. Recently, Lovell et al. [68] studied the tribological per-
formance of nano-scale (20 nm), sub-micron (average size 600 nm), micron
(average size 4 um), and combined sub-micron and micron boric acid additives in
base canola oil. As a basis for comparison, 5 p size MoS, powder additives mixed
with canola oil was also studied. Figure 10.9 shows the scanning electro micro-
graphs of micron, sub-micron and nano sized boric acid particles. Once prepared,
friction and wear experiments were carried out on the lubricants using the pin-on-
disk apparatus at ambient conditions. The pin-on-disk investigation utilized
spherical Cu pins (6.5 mm diameter) and Al disks (66 mm diameter). In the
experiments, a 100 g normal load was applied and a constant sliding velocity of
120 mm/s was utilized. The friction force was continuously recorded for a sliding
distance of 7,500 m (65,000 disk revolutions). Although this sliding distance
adequately captured the variation and performance of the lubricants over time,
it does not represent the maximum distance for which the lubricants should
ultimately be investigated; automotive and industrial applications often operate for
several 100 h and over extremely long sliding distances. Figure 10.10 shows the
variation of coefficient of friction with sliding distance for the five lubricants
studied. Although the exact sliding distance location of the minimum friction
varies for each lubricant tested, Fig. 10.10 shows that—with the exception of
20 nm boric acid—each of the lubricants followed a similar trend where the
coefficient of friction significantly decreases to a minimum value before slightly
increasing over the remainder of the sliding distance. Such a trend suggests that the
powder additives in the canola oil form a thin ‘protective layer’ between the pin
and disk surfaces as the micron and sub-micron scale particles are squeezed into
the contact interface. This powder layer, which helps carry the load and provides
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Fig. 10.9 Scanning electron
micrograph of a 250 u, b4 pu,
and ¢ nano (20 nm) boric acid
particles [68]

low shear resistance, increases over time as more particles are forced between the
contacting asperities which naturally round-off over time. The fact that the friction
increases after a minimum value is attained demonstrates that the boric acid and
MoS, particles ‘run-out’ and are no longer available to enter the contact interface;
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Fig. 10.10 Variation of coefficient of friction with sliding distance for various lubricants [68]

this causes the protective layer to wear away over time which leads to the increase
in friction at the latter stages of the experiments. For the case of the 20 nm boric
acid particles, the shape of the curve in Fig. 10.10 is unique because the friction
continuously decreases to an asymptotic value at the end of the sliding experi-
ments. It is possible that if the experiments had been run to a greater sliding
distance, the 20 nm particles would have exhibited a behavior similar to the other
additives. Unlike the other additive cases, however, the 20 nm particles go to
colloidal suspension within the canola oil; this allows the lubricant particulates to
easily enter between the asperities of the pin and disk throughout the sliding
experiments. Thus, the 20 nm solution is able to prevent asperity interaction over
the entire sliding distance so that no degradation occurs over time. The 20 nm
particle lubricant also opens the possibility of additional friction reduction
mechanisms that are unique to nano-particles [69].

In terms of the magnitude, the coefficient of friction substantially varied with
the type of additives used with the canola oil. As shown in Fig. 10.10, the best
frictional performance was exhibited by the 20 nm boric acid particles, followed
closely by the MoS, powder additives (0.5-10 um) and a combination of sub-
micron (0.6 pm) and micron-scale (4 um) boric acid additives. The largest mea-
sured coefficient of friction over the sliding distance tested was found for the
micron (4 pm) boric acid particles and the sub-micron (0.6 pm) boric acid powder.
As described previously, the 20 nm boric acid lubricant combination exhibits the
lowest friction because it consists of a colloidal solution that is able to enter into
the pin/disk contact interface and provide optimum lubrication without degrading
over time. Considering the mixed sub-micron and micron-size powder additives,
the reason for the stark differences in the frictional performances of the additives
was explained by examining the physical phenomena at play between the different
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sized particles. Figure 10.11a—c shows the schematic diagram of contacting
interface in the presence of oil with micro-scale, sub-micro, and mixed sub-micro
and micro-scale powder particles, respectively. Boric acid additives that are larger
than the asperities size decrease friction by carrying some of the load between
contacting asperities (see Fig. 10.11a). The smaller sub-micron-scale particles,
in contrast, will “fill’ the asperity valleys and provide a thin, smooth, solid lamellar
film between the contacting surfaces (see Fig. 10.11b). Since the protective sub-
micron-particulate additives are a better lubricant than individual micron-scale
particles, it exhibited a lower coefficient of friction. As shown in Fig. 10.11c, the
combined sub-micron and micron-scale powder additives exhibited strong fric-
tional performance because both physical phenomena were at play; the small
particles formed a protective boundary film while the larger particles helped
support the load while being sheared with their well-known low interlayer friction.
It is important to note that an identical trend was observed by Hu [36] while
studying the frictional behavior of 1.5 um, 30 nm, and mixed 1.5 pm and 30 nm
MoS,; additives in paraffin oil.

Figure 10.12 shows the wear volume results for the different lubricant mixtures.
As shown in Fig. 10.12, the 20 nm boric acid particle lubricant clearly demon-
strated the best wear resistance. In fact, the wear rate of the 20 nm lubricant was at
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least an order of magnitude lower than the other lubricants. This again highlights
the benefits of placing the nano-meter scale particles into a colloidal solution that
is able to readily enter the pin-disk contact interface throughout the experiments.
In Fig. 10.12, it is interesting to note that unlike the coefficient of friction, the
lubricant mixtures with the combined sub-micron and micron-size powder addi-
tives exhibited higher wear than the individual micron-boric acid and sub-micron
size boric acid powder. The sub-micron size boric acid powder exhibited the
lowest wear rate. While this trend might not seem intuitive, similar phenomena
have been observed in reports on dry (i.e. no carrier fluid or oil) powder lubri-
cation. For example, a tribo-system consisting of two surfaces separated by dry
third-body powder has been known to exhibit multiple tribological regimes as a
function of the particle size (relative to the surface roughness) [22, 70]. If the third-
body powder particles are smaller than a critical size Pq4;, the surfaces may begin
to experience adhesive wear, and if they are greater than the higher critical size
Py,, they will likely experience abrasive wear. This is because below Py, the
particles are smaller than the asperities and can compact and form solid ‘rigid-like’
bodies that can promote adhesive wear. Above Py, in contrast, the particles are
greater than or equal to the surface roughness which leads to more abrasive wear.
When the particle size range is Pgq; < Pg < Py, a regime known as “quasi-
hydrodynamic” powder lubrication [70] exists, where the particles undergo
shearing to accommodate surface velocity differences similar to that of hydrody-
namic fluids and oils. Thus, the combination of sub-micron and micron mixtures in
our experiments will promote wear due to the larger micron-particles being



10 Green Lubricants: Role of Additive Size 283

squeezed between the pin and disk while sitting on top of the smaller sub-micron-
particles (see Fig. 10.11c). The fact that the micron-boric acid powder exhibits
lower wear than the combined sub-micron and micron boric acid is likely due to
the contact between the micron-boric acid powder additive and the disk surface
being more disposed to induce the layered-lattice shearing behavior of boric acid
powder. It is noteworthy that the MoS, additives, which consisted of particle sizes
between from 0.5 to 10 p, exhibited significantly greater wear than any of the boric
acid additive results. In principal, the MoS,-based lubricants followed a similar
trend and can be explained by the combined sub-micron and micron sized boric
acid additive discussion above. The wear rate for MoS,, however, increases to a
much greater level than the combined boric acid particles and will be the focus of
future research by the authors.

10.7 Conclusion

Millions of gallons of petroleum products are improperly disposed off or acci-
dentally lost into the environment each year. Such losses have resulted in increased
regulations on oil producers and users at the federal, state, and local levels. These
regulations, increased costs, and other environmental concerns are the driving
demand for the use of green lubricants. Green lubricants are bio-based, bio-
degradable, renewable, sustainable, energy conserving, and non-toxic and have
undergone significant improvements in performance and reduction in cost. In this
study, a review on the tribological behavior of green lubricants was made. It was
reported that the tribological performance of green lubricants was improved by the
addition of additives. It was shown that green powder lubricant additives in liquid
lubricants improved tribological performance. In addition, the size of the additive
played an important role in determining the lubricant performance. The lubricant
containing the mixture of micron- and submicron-sized particles had a better
friction performance than the lubricant containing either micron- or submicron-
sized particles. It is hypothesized that the lubricant mixture containing sub-
micron- and micron-sized powder additives may suggest a novel lubrication
technology with favorable friction characteristics. Further, the green lubricant
containing nano-sized additive showed the best tribological performance when
compared to the lubricant having either micron- or submicron-sized additives.
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Chapter 11
Natural Oil-Based Lubricants

K. R. Sathwik Chatra, N. H. Jayadas and Satish V. Kailas

Lubricants and lubrication were inherent in a machine ever since man invented
machines. It was water and natural esters like vegetable oils and animal fats that
were used during the early era of machines. During the late 1800s, the develop-
ment of the petrochemical industry put aside the application of natural lubricants
for reasons including its stability and economics. The growing awareness of the
lower biodegradability and higher toxicity of petrochemical-based lubricants
created the requirements of the best possible protection of nature. The recent
research on the adverse effect of mineral oil-based lubricants on the environment
has reconfirmed its role in polluting groundwater for up to 100 years and its effects
on reducing the growth of trees and the life span of aquatic life [1]. This aware-
ness, of the use of ecofriendly processes and materials, increases interest in
Tribology for the use of natural esters in lubrication processes [2]. The develop-
ment of the retro parade attitude in the lubricant industry and its customers with
more environmental awareness, keen to prefer products which do not diminish the
world’s finite resource of mineral hydrocarbons and which have a minimal adverse
effect on the environment, created an opportunity to use naturally available
ecofriendly lubricants [3]. The potential candidates for ecofriendly lubricants
include vegetable oils, animal fats and synthetic esters. Although animal fats are
also considered biodegradable the most common mineral oil substitutes consist of
vegetable oils and synthetic esters [4]. The economical concerns and price stability
edge the potential use of vegetable oils as lubricants over synthetic esters. With the
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notion that we live on a planet with finite resources, we have to think about
the coming generations and work for sustainable development in the field of
Tribology. This chapter has key concepts like the advantageous and inherent
limitations of vegetable oils over mineral oils, possible application of vegetable oil
in the field of Tribology, composition and structure of vegetable oils and use of
different vegetable oils as bioderived lubricants with their properties and functions.

11.1 Advantages and Inherent Limitations of Vegetable Qils

Vegetable oils are the semisolid or liquid plant products composed of glycerides of
fatty acids. The advantages and disadvantages of vegetable oils over mineral-based
oils are given below.

11.1.1 Advantages

e Good Solvents:
The polar nature of vegetable oils makes them fairly good solvents, which
flushes dirt and wears particles of metal surfaces.

e Good lubricity properties:
The polar nature of vegetable oils gives them a greater affinity for metal surfaces
than non-polar mineral oils [4]. Vegetable oils show good boundary lubrication
over mineral oils.

e Less CO, production:
Vegetable oils are positive on CO, level, considering that the released CO, in
the atmosphere from their combustion is only a part (ranging from 30 to 50%) of
that absorbed from plants during their growth [5].

e Load Carrying capacity:
Stronger adsorption of long chain fatty acids present in vegetable oils to metallic
surface assures higher load carrying capacity of vegetable oils over mineral-
based oils [6].

e Thermal Properties:
Thermal properties of vegetable oils are improved due to the presence of a large
number of carboxylate groups in the ester molecules and thereby a thicker
lubricating film can be maintained in highly loaded and high slip contacts.
Higher thermal conductivity increases the amount of energy transferred from the
elasto hydrodynamic contact to the surrounding material and fluid, thereby
lowering the temperature in the contact zone and increasing viscosity [7].

o Low volatility:
The high molecular weight of the triacylglycerol molecule and the narrow range
of viscosity change with temperature ensure the low volatile nature of vegetable
oils [8].
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e High Viscosity Index:
High linearity of the oils permits the triglycerides to maintain stronger inter-
molecular interactions with increasing temperature than branched hydrocarbons
or esters. This ensures the high viscosity index of vegetable oils [9].

e Low emission of CO and Hydrocarbons:
Vegetable oil-based lubricants are more effective in reducing the emission levels
of carbon monoxide and hydrocarbons [10].

e Better fire resistance:
The higher flash and fire points of vegetable oils than mineral-based oils and
animal fats indicate their better fire resistance.

e Biodegradability:
Vegetable oils are readily and completely biodegradable into carbon dioxide and
water molecules. Biodegradability of vegetable oil and mineral oil were tested
in Finland by pouring 10 L of the oils into the ground. Vegetable oils
completely disappeared after 67 weeks but 20% of mineral oils were left even
after 4 months of experiments [11].

e Toxicity:
Vegetable oils composed of fatty acids are generally non toxic to aquatic and
terrestrial environments.

e Renewability:
The sources of vegetable oil are crops and they promote self-reliance as ample
production capacity exists but the source of mineral oil is a finite mineral
deposit [11].

11.1.2 Disadvantages

® Poor low temperature fluidity and higher pour point:
The presence of long chain and saturated fatty acids of vegetable oils makes
them crystallize at higher temperatures than mineral oils. Higher melting point
of vegetable oils is also for the same reason. Highly saturated fatty acids
containing vegetable oils such as coconut and palm oils show higher pour point.
The presence of double bonds in the monounsaturated and polyunsaturated fatty
acids forms a kink structure due to which they crystallize at a lower temperature
than saturated fatty acids [8].

e Hydrolytic Stability:
Vegetable oils are highly susceptible to hydrolysis in the presence of water to
produce corrosive acidic breakdown products as compared to mineral-based
oils. The carboxylic acids formed by hydrolysis may corrode metal bearings,
affect seals and shorten life [2]

e Poor resistance to foaming:
Presence of foam reduces the lubrication properties of a lubricant. Vegetable oils
produce higher foam than mineral-based oils.
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Limited resistance to oxidation in storage:

The presence of mono-unsaturation and poly-unsaturation promotes the auto-
oxidation of vegetable oils during storage. Another cause for auto-oxidation is
the presence of beta proton in the triglyceride structure. The electron shift in the
beta carbons weakens the C—O bonds and breaks off the ester bond to form
carboxylic acids. Refined vegetable oils are devoid of natural antioxidants that
are present in unrefined oils which make the former more susceptible to oxi-
dation [12, 13].

Tendency to clog the filter:

The high viscosity of vegetable oils and oxidized vegetable oils due to the
presence of polymerized products cause the clogging of filters.

Poor thermal stability compared to mineral and synthetic oils:

Vegetable oils undergo oxidation at higher temperatures. In general, vegetable
oils can be used up to a maximum temperature of 120°C.

Narrow range of viscosities:

One of the biggest limitations of vegetable oils as potential Iubricants is their
narrow range of available viscosities.

11.1.3 Application of Vegetable Oils

The use of vegetable oils is encouraged in applications where recycling is not easy
or the usage is a complete loss one. The examples include the following:

Chain bar and saw frame oils
Concrete mold release oils

Outboard two-stroke engine oils
Chain and conveyor lubricants
Greases

Corrosion preventive oils

Wire rope lubricants

Hydraulic fluids

Compressor oils

Milking machine lubes

Engine oils

Gear and transmission lubes

Metal working Fluids

Machine tool lubricants

Truck centralized system lubricants
Lubricants for agricultural equipment
Lubricants for sewage treatment plants, water weir plants and lock gate
mechanisms

Lubricants for food machinery
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e Lubricants for snow mobiles and sky run maintenance equipment
e Railway wheel tread lubricants

The current major areas of applications where biodegradable lubricants have
been put to real use:

e Boating two-stroke lubricants: Due to stringent rules in Western Europe and in
the US, mineral-based boating two-stroke lubricants have been replaced with
vegetable ester-based lubricants. Ethylhexyl esters of partially hydrogenated
rice bran oil and karanja oil are good candidates for such applications [14].

e Forestry and Chain saw lubricants: Chain bar and saw frame oils have been
completely replaced by vegetable-based oils such as rapeseed and sunflower
oils containing formulation primarily in Europe, US, Canada and Australia.
It provided improved lubrication at much lower application rates and also
increased the life of saw blades. The use of this fluid has eliminated respiratory
and skin problems in operators attributed to the petroleum products [14].

e Concrete mould release fluids: The use of biodegradable fluids for concrete
mould release fluids has started. About 15% of the total lubricant application for
this purpose has been already replaced by biodegradable lubricants [14].

® Hydraulic system oils: Hydraulic systems involved in agriculture, forestry, off
highway construction, waterways, open cast mining, quarrying etc., can cause
significant pollution to the environment during leakage. At present the highly
visible areas where their use is well advanced in certain countries are fluids for
hydraulic system on canals and waterways, agriculture tractors, other farm
equipments and off highway construction equipment, particularly in the Euro-
pean Unions, US and Japan. The share of rapidly biodegradable hydraulic oils
increased from 5% in 1998 to more than 50% by 2003 [14].

o Manufacturing industries: Since 1996 Germany has taken the initiative to use
biodegradable lubricants in manufacturing industries. Another major industry
built a diesel engine which uses only ester-based cutting fluids, hydraulic fluids,
gear oils etc.

The areas for possible applications of biodegradable lubricants in the near
future are turbine oils for hydro electric plants metalworking fluids, engine oils and
Rail Curve Grease.

The possible potential applications for various vegetable oils are given in
Table 11.1 [15].

11.1.4 Composition and Structure of Vegetable Oils

Vegetable oils are the semisolid or liquid plant products composed of glycerides of
fatty acids. They are termed triglycerides and are esters of glycerol (Fig. 11.1)
[16]. In this figure Ry, R, and Rj refer to the hydrocarbon chains of fatty acids.
Generally, all alkali refined vegetable oils are more than 99% of triglycerides, with
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Table 11.1 Possible applications of vegetable oils

Type of oil Applications

Canola oil Hydraulic oils, tractor transmission fluids, metal working fluids, food
grade lubes, penetrating oils, chain bar lubes

Castor oil Gear lubricants, greases

Coconut oil Gas engine oils

Olive oil Automotive lubricants

Palm oil Rolling lubricant- steel industry, grease

Rapeseed oil Chain saw bar lubricants, air compressor- farm equipment, biodegradable
greases

Safflower oil Light colored paints, diesel fuel, resins, enamels

Linseed oil Coating, paint, lacquers, varnishes, stains

Soybean oil Lubricants, bio-diesel fuels, metal castings/workings, detergents,
pesticides, disinfectants, plasticizers, hydraulic oil

Jojoba oil Grease, cosmetic industry, lubricant applications

Sunflower oil Grease, diesel fuel substitutes

Tallow oil Steam cylinder oils, soaps, cosmetics, lubricants, plastics

Fig. 11.1 Structure of a CH>—OCOR;

triglyceride

C|)H —OCOR:2
CH2—0OCOR3

Where R, R, and R, refers to the
hydrocarbon chains of fatty acids.

the exception of jojoba oil and a few other exotic oils. The chemical structure of
vegetable oils is relatively uniform as opposed to mineral oils. The alcohol
component (Glycerin) is the same in all vegetable oils. The fatty acid components
are plant specific and therefore the chemical nature of vegetable oils is variable
[17]. The variability in the fatty acid proportion not only depends upon the type of
plant but also on the region, the climate and on the availability of nutrients for
growth.

Triglycerides or triacylgylcerols are fatty acid esters. Fatty acids are composed
of straight chain carbon molecules with a range of 8-24 molecules. They are
classified according to the presence of double bonds and special groups. Fatty
acids with no double bonds are classified as saturated fatty acids. If it contains one
double bond like oleic acid it is called mono-unsaturated. Poly-unsaturated fatty
acids contain more than one double bond in their molecular structure. Few types of
fatty acids contain special functional groups in their structure such as hydroxyl
group in ricinoleic acid and epoxy groups in vernolic acid. The general structure of
triglyceride may be represented as below.
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Mannekote et al. [18], performed tribological experiments on fresh vegetable
oil and aged vegetable oil samples. The results indicated that the more saturated
fatty acid containing vegetable oils like coconut and palm oil showed less wear
scar diameter than less saturated fatty acids containing vegetable oils like castor
and sunflower oils, due to their boundary lubrication capabilities. Whereas, for
coefficient of friction more unsaturated fatty acid containing vegetable oils resulted
in less coefficient of friction than less unsaturated fatty acids. This result is
attributed to the formation of oxidation products like free fatty acids upon ageing
which facilitate the formation of metallic soaps, thus reducing the coefficient of
friction [18].

11.1.5 Vegetable Oils as Bioderived Lubricants;
Its Properties and Applications

Vegetable oils are mainly classified into two categories:

1. Edible vegetable oils: These oils are produced in large amounts worldwide and
are mainly used for edible purposes. Examples of edible oils include coconut
oil, palm oil, sunflower oil, corn oil, cottonseed oil, mustard oil, peanut/
groundnut oil, olive oil, sesame oil, safflower oil, rice bran oil, babassu oil,
soybean oil etc.

2. Non-Edible oils: These oils are mainly used for commercial purposes than for
edible purpose. The commonly available non-edible oils include castor oil,
honge oil, jojoba oil, jatropa oil, etc.

11.1.6 Edible Oils as Bioderived Lubricants

11.1.6.1 Coconut Oil

Coconut oil is extracted from the kernel or meat of matured coconuts harvested
from the coconut palm (cocos nucifera). The primary sources of coconut oil are the
tropical regions of the world. The major coconut oil producing countries in 2009
include Philippines, Indonesia, India, Brazil, Srilanka, Thailand, Mexico, Vietnam,
Papua New Guinea, Malaysia and Tanzania. Coconut oil belongs to a unique group
of vegetable oils called lauric oils. More than 90% of fatty acids of coconut oil are
saturated. The saturated character of the oil imparts a strong oxidative stability.
The high resistance to oxidation ensures its weak tendency to form deposits,
sludge and corrosive by-products in engine oil and industrial applications. Also, it
is more resistant to undesirable viscosity increases during use. The inherent
limitation of coconut oil is its higher pour point. The fatty acid chains in
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triglycerides of coconut oil are nearly parallel to one another. This enables close
packing of the molecule during cooling leading to a gel-like structure which
entraps the low melting constituents. The pour point of coconut oil can be brought
down by inducing branched aromatic hydrocarbon molecules of high molecular
weight so as to prevent close packing of molecules during cooling [19].
Mannekote et al. [20, 21], compared coconut oil and palm oil as lubricants in
four-stroke engines with commercially available engine oils. The results showed
that anti-wear properties of fresh vegetable oil and engine oils were comparable at
ambient conditions. The deviation in tribological properties of vegetable oils to
commercially available engine oil with usage was linked to its oxidation insta-
bilities and absence of additives. The results of exhaust gas analysis showed a
lesser concentration of carbon and nitrogen oxides in vegetable oil-based lubri-
cants. They also reported improvement in fuel efficiency with vegetable oil-based
lubricants. Due to oxidation of vegetable oil samples in crankcase, the kinematic
viscosity and coefficient of friction increase with the usage of oil and with time
mixing of the fuel to lubricants decreases the flash point [22]. Fatty acid
composition and physical, chemical and tribological properties of coconut oil
[23, 24] are given in Tables 11.2 and 11.3.

11.1.6.2 Sunflower Oil

Sunflower oil often referred to as sunflowerseed oil or sunoil is obtained from the
seed of the plant helianthus annus, which is native to North America. Sunflower oil
is currently the fourth largest edible oil commodity traded on the world market
following palm oil, soybean oil and coconut oil [25]. Recently, high oleic acid
crops have been developed whose oil has higher oxidative stability than the
standard genotypes [26]. The major sunflower growing regions in the world
include Russia, Ukraine, France, Romania, Hungary, Bulgaria, Spain, Italy and
others. The Asian sunflower growing regions include China, India and Pakistan
[27]. Sunflower oil contains the highest level of alpha tocopherols, the most active
form of vitamin E, which will act as an antioxidant during storage to overcome the
auto oxidation of fatty acids [28]. Fatty acid composition of common sunflower oil,
high oleic sunflower oil and high oleic and high palmitoleic sunflower oil [29] are
given in Table 11.4.

Experimental results from Krzan et al. showed that high oleic sunflower oil
recorded lesser coefficient of friction than mineral-based oil but promoted higher
wear scar diameter. Gear protection properties of sunflower oil are better or
equivalent to mineral-based oils. Sunflower oil was stable during spur gear test
system test for about 700 h of working and no excessive wear was observed which
indicates effective lubrication in the gear box maintained during operation. The
presence of tocopherols improves the oxidation stability of unrefined sunflower oil
as compared to refined sunflower oils. The addition of ascorbic acid to refined
sunflower oil improves its stability by about 2% [30]. Cultivation of high oleic
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Table 11.4 Fatty acid composition of common sunflower oil, high oleic sunflower oil and high
oleic and high palmitoleic sunflower oil

Fatty acid name  Fatty acid composition  Fatty acid composition  Fatty acid composition
of common sunflower of high oleic sunflower  of high oleic high

oil (in %) oil (in %) palmitoleic sunflower
oil (in %)
Palmitic acid 6.0-8.0 4.7 25.50
Palmitoleic acid - 7.3
Stearic acid 1.5-3.0 3.7 1.9
Oleic acid 23-28 722 59.7
Linoleic acid 60-68 17.0 2.2
Linolenic acid - - -
Others 1 2 -

sunflower oil cultivar, a variation in genotype can improve the thermal and
oxidation stability of sunflower oils [31].

11.1.6.3 Corn Oil

Corn oil or maize oil is oil extracted from the germ of corn or Zea mays L. It is
semidrying oil noted for its high content of linoleic acid. The major corn growing
countries include, Argentina, Brazil, China, Egypt, India, Indonesia, Mexico,
Nigeria, Philippines, Romania, Serbia, Thailand, South Africa, United states and
other European countries. The fatty acid composition of corn oil [32] is given in
Table 11.2 and the physical, chemical and tribological properties of corn oil [33]
are given in Table 11.3.

11.1.6.4 Cottonseed Oil

Cottonseed oil is a vegetable oil derived from the seeds of cotton plants of various
species, mainly Gossypium hirsutum and Gossypium herbaceum. It contains
gossypol, a phenolic compound, which acts as an antimicrobial and insect resis-
tance compound. The fatty acid profile of cottonseed oil generally consists of 70%
unsaturated fatty acids including 18% monounsaturated (oleic acid), 52% poly-
unsaturated (Linoleic acid) and 26% saturated fatty acids. The four largest
cottonseed oil producing countries in 2008/2009 crop year accounted for about
two-thirds of the world production, which are China-32%, India-24%, United
States-8% and Turkey-3%. The fatty acid composition of cottonseed oil is given in
Table 11.2 and the physical, chemical and tribological properties of cottonseed oil
are given in Table 11.3.
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11.1.6.5 Mustard Oil

Mustard oil or Indian mustard oil is canola quality oil extracted from Brassica
junctia L. It is being developed as a complementary oilseed crop to canola
(Brassica napus) for cultivation in hot and low rainfall areas, where canola does
not grow well. The major mustard oil producing countries are India and
Bangladesh. The fatty acid composition of mustard oil is given in Table 11.2 and
the physical, chemical and tribological properties of mustard oil are given in
Table 11.3.

11.1.6.6 Peanut or Groundnut Qil

Peanut oil, also called groundnut oil, is highly desirable oil for deep frying. It is
made from legumes called peanuts, and is known for its high smoke point. The
cultivated peanut was likely first domesticated in the valleys of the Paraguay and
Prarana rivers in the Chaco region of South America. Today, peanut is widely
distributed and has been adopted in various countries of the world. The most
important countries which produce peanut oil are India, China, USA, West and
South Africa and Brazil. The fatty acid composition of peanut oil is given in
Table 11.2 and the physical, chemical and tribological properties of peanut oil are
given in Table 11.3.

11.1.6.7 Rice Bran Oil

Rice bran oil is the oil extracted from the germ and inner husk of rice. The typical
composition of crude rice bran oil is 81.3-84.3% triglycerides, 2-3% diglycerides,
5-6% monoglycerides, 2-3% free fatty acids, 0.3% waxes, 0.8% glycolipids, 1.6%
phospholipids, 4% unsaponifiables. In comparison with other vegetable oils, crude
rice bran oil tends to contain higher levels of non-triglyceride components, most of
which are removed during further refining processes. Oleic and linoleic fatty acids
constitute more than 80% of the fatty acids of glycerides. Rice bran oil is similar to
peanut oil in fatty acid composition with a saturation level slightly higher than the
conventional soybean oil. The much lower linolenic acid content of rice bran oil
makes it more stable to oxidation than soy oil. Fatty acid composition and the
physical, chemical and tribological properties of rice bran oil [34] are given in
Tables 11.2 and 11.3.

11.1.6.8 Safflower Oil

Safflower oil is produced from a highly branched, herbaceous, thistle-like annual
plant called Carthamus tinctorius. Safflower crop is mostly produced in areas or
regions possessing a warm and dry climate with suitable moisture content in the
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atmosphere. Safflower producing countries include India, China, Mexico, Canada,
Australia and USA. The fatty acid composition of safflower oil is given in
Table 11.2 and the physical, chemical and tribological properties of safflower oil
are given in Table 11.3.

11.1.6.9 Sesame QOil

Sesame oil is also called gingelly oil or til oil produced from the plant Sesamum
indicum L. It is an oilseed herbaceous crop of the Pedaliaceae family. Sesame also
contains a class of unusual compounds known as lignans, comprising sesamin,
sesamolin and a small amount of sesamol. It shows high stability to oxidation
compared with other vegetable oils. It can also be used to prevent lipid oxidation
in soybean, rapeseed and sesame oil [35]. Sesame is recognized as the oldest crop
in the world. India and China are the world’s largest producers of sesame, followed
by Burma, Sudan, Mexico, Ethiopia, Nigeria, Venezuela, Turkey and Uganda. The
fatty acid composition of sesame oil is given in Table 11.2 and the physical,
chemical and tribological properties of sesame oil are given in Table 11.3.

11.1.6.10 Babassu Oil

Babassu oil is a semidrying, clear golden yellow vegetable oil, which is extracted
from the seeds of the babassu palm (Attalea speciosa). The babassu palm mainly
grows in the Amazon regions of South America. The fatty acid composition and
properties are very similar to coconut oil. Hence it is increasingly being used as a
substitute for coconut oil.

More than 70% of these esters are saturated. Thus it has a higher stability
against oxidation than a blend of unsaturated fatty acid esters, since unsaturation of
the vegetable oils and their corresponding esters increase their susceptibility to
oxidation [36]. The fatty acid composition of babassu oil is given in Table 11.2
and the physical, chemical and tribological properties of babassu oil are given in
Table 11.3.

11.1.6.11 Palm Oil

Palm oil is produced by a tropical perennial palm tree which belongs to the family
Aracaceae. Palm oil contains a high content of saturated fatty acids. It is semisolid
at room temperature. The major palm oil producing countries include Indonesia,
Malaysia, Columbia, Benin, Kenya and Ghana. As of 2009, Indonesia was the
largest producer of palm oil, surpassing Malaysia in 2006, producing more than
20.9 million tons. The fatty acid composition of palm oil is given in Table 11.2
and the physical, chemical and tribological properties of palm oil are given in
Table 11.3.
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11.1.6.12 Soybean Oil

Soybean oil is the largest grown crop in the world and it is the world’s most
important oilseed. The United states produces soybean oil in large quantities and
other countries which produce soybean oil are Brazil, Canada, India, China,
Indonesia, Paraguay, South Korea, Thailand, Italy, Romania and Argentina. The
chemical composition and the physical, chemical and tribological properties are
given in Tables 11.2 and 11.3.

11.1.7 Non Edible Oils as Bioderived Lubricants

11.1.7.1 Castor QOil

Castor oil is the oil extracted from the plant Ricinus communis L.; popularly
known as castor bean oil, higuerilla, mamona etc., has been feedstock, which
has a great demand in the pharmaceutical and chemical industry. The principal
producers of castor oil are India and Brazil; their combined production makes up
about 90% of the annual world production of castor oil. Other producers of this
nonvolatile oil from the castor plant include the following countries, China,
Russian Federation, Ukraine, Costa Rica, Romania, Ecuador, Pakistan, Thailand,
Philippines, Paraguay, Ethiopia, Sudan, Tanzania and Mexico. In 2000, the United
Nations Food and Agriculture Organization (FAO) reported that the world’s
production of castor oil totaled to 1,227,669 metric tons. The fatty acid compo-
sition and the physical, chemical and tribological properties of castor oil [37] are
given in Tables 11.2 and 11.3.

11.1.7.2 Honge Oil

Honge oil or Karanja oil is derived from the Pongamia pinnata, which is native to
India. Pongamia is widely distributed in tropical Asia. The major producing
countries include East Indies, Philippines and India. The fatty acid composition of
Honge oil is given in Table 11.2 and the physical, chemical and tribological
properties of honge oil are given in Table 11.3.

11.1.7.3 Jatropa Oil

Jatropa oil is extracted from the plant species Jatropa, which is a multipurpose
bush or small tree belonging to the family of Euphorbiacea. It is believed to have
originated in Central America and now it is widespread all over the tropical and
subtropical world. The plant is perennial, drought resistant and can grow in
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Table 11.5 Fatty acid

o . . Fatty acid name Fatty acid composition
composition of Jojoba oil of jojoba oil (in %)
Saturated acids 1.64
Palmitoleic acid 0.24
Oleic acid 0.66
Eicosanoic acid 30.30
Dicosanoic acid 14.20
Eicosanol 14.60
Dicosanol 33.70

marginal lands and even in saline soils. The physical and chemical properties of
jatropa oil [38, 39] are given in Table 11.3.

11.1.7.4 Jojoba Oil

Jojoba oil is obtained from the jojoba plant (Simmondsia chinesis L.) It belongs to
the family buxaceae, which produces seeds that contain 50-60 weight percent of
inedible long chain wax esters that are suitable as a potential base stock [40].
Jojoba originated from the Sonoran desert (southwest USA and Northern Mexico)
and grows today in several countries as a commercial crop. Jajoba oil is like whale
sperm oil which is a liquid wax. It consists primarily of wax esters of eicosenoic
acid (C20) and eicosenol (C20) and docosenol (C22). It contains a very small
amount of saturated material and the main constituents are mostly mono unsatu-
rated [41, 42]. The physical and chemical properties of jojoba oil are given in
Table 11.3. The fatty acid composition of jojoba oil is given in Table 11.5.

The use of jojoba oil, with its high polarity and straight and longer chain length
of 4042 carbon atoms, as a component of lubricant reduces wear because of
strong adsorption of the polar molecules on the metal surfaces. It also shows a
good coefficient of friction of about 0.0445 [43]. The viscosity of jojoba oils falls
within SAE 20 range and the oil can be used as a base stock without any dilution.
The viscosity index is quite high compared with HVI paraffinic base stocks which
can improve lubrication especially at higher temperatures [44]. Saponification and
iodine values of jojoba oil are relatively low compared to other vegetable oils, such
as castor, soybean and rapeseed oil, suggesting better stability. The low and
constant foam tendency of jojoba oil assures its stableness in mechanical systems,
such as high speed gearing, high volume pumping and splash lubrication [45].

11.2 Chemical Modifications for Natural Oils

A steady increase in the demand for environmentally friendly lubricants by
consumers and strict government regulations to use such lubricants opens an
opportunity to use vegetable or natural oils as biodegradable lubricants [46].
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Fig. 11.2 Epoxidation of soybean oil

Natural oil-based lubricants generally have many advantages over mineral-based
oils, including low volatility, better inherent lubricity property, higher viscosity
index, better bulk modulus, better flash and fire point and better solvency for
additives and oxidation products [47]. The widespread use of vegetable oils for
lubricant formulation is restricted with its inherent limitations, including insuffi-
cient thermal and oxidation stability, poor low temperature fluidity and hydrolytic
instability [48]. Poor oxidative stability of vegetable oils is primarily because of
the presence of bisallylic protons. These protons are highly susceptible to radical
attack and subsequently undergo oxidation degradation to form polar-oxy
compounds. This oxy polymerization process ultimately results in insoluble
deposit formation and an increase in oil acidity and viscosity. Vegetable oil-based
lubricants show poor corrosion protection [49] and the presence of ester linkage
make these oils susceptible to hydrolytic breakdown [50]. Low temperature studies
have also shown that most vegetable oils undergo cloudiness, precipitation, poor
flow and solidification at cold temperature [51]. Chemical and genetic modifica-
tion of vegetable oils can overcome these shortcomings by reducing or complete
removal of unsaturation in vegetable oils. The triglyceride structure of vegetable
oils has double bonds, allylic carbons and ester groups, which are potential sites
for chemical modification. This part of the chapter will focus on the different
chemical modifications of vegetable oils for suitable lubricant applications.

11.2.1 Epoxidation

Epoxidation is a chemical reaction in which an oxygen atom is joined to an
olefinically unsaturated molecule to form cyclic, three-membered ether
(Fig. 11.2). The products of epoxidation are known as oxirane compounds or
epoxides. In the case of vegetable oils the double bonds present in the unsaturated
fatty acids of triglyceride structure are potential sites for chemical modifications
and can be epoxidized with hydrogen peroxide, either in acetic acid or formic acid
to give epoxidized vegetable oil. Epoxidized vegetable oil is a promising inter-
mediate for ring opening reactions [52]. These epoxy sites of epoxidized vegetable
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oil can convert into the diester derivatives and thioether derivatives in either one-
or two-step reactions [53, 54].

The only commercial source of epoxidized oils is the Prilezhaev reaction which
uses short chain percarboxylic acids. Other methods for the epoxidation of
unsaturated fatty compounds include use of dioxiranes, the generation of per-acids
from aldehydes and molecular oxygen, chemoenzymatic self-epoxidation cata-
lysed by immobilized Novozyme 435 and transition metal catalyzed C=C epoxi-
dation using alkyl hydro peroxides. In recent years many catalytic systems were
developed for the epoxidation of unsaturated fatty acids by using hydrogen
peroxide as oxidant. Catalysts based on titanium, manganese, tungsten and
rhenium have been developed for epoxidation [55].

The fatty acid profile of vegetable oils also affects the kinetics of epoxidation.
In the triglyceride structure, the double bonds of oleic acid and linoleic acid were
equally reactive and the double bonds of linolenic acid were approximately three
times more reactive than oleic and linoleic acids. The steric and electronic effects
caused fatty acids with different levels of unsaturation to have different reactivi-
ties. The effect of steric factors is such that double bonds further from the glycerol
center are more reactive than double bonds near the glycerol center. The fatty
acids with higher degree of unsaturation have a higher rate constant of epoxidation
due to higher number of double bonds. As the number of double bonds increases,
the electron density increases, this causes an increase in the rate constant. The
double bonds on the fatty acid methyl esters were more reactive than the double
bonds of the respective fatty acids of triglycerides [56].

Gan et al. [57] prepared epoxy esters of palmolein perooxyformic acid gener-
ated in situ. Analysis of thermal and oxidation properties of synthesized epoxy
esters of palmolein were done in an oven at 120°C and the loss of mass, acid,
iodine value, percent of oxirane, hydroxyl and peroxide values were monitored
periodically. Epoxidised esters had higher densities and lower volatilities, and
were more resistant towards oxidation than their unepoxidised counterpart. The
rate of mass loss for epoxy ester of palmolein decreased with increasing chain
length of the alkyl group. Epoxidation increased thermal oxidative stabilities and
reduced the rate of increase in acid value. Epoxides produced less hydroperoxides
and were thermally more stable.

Mungroo et al. [58] synthesized epoxides from canola oil. The reaction
occurred optimally at a temperature of 65°C, an acetic acid to ethylenic unsatu-
ration molar ratio of 0.5:1, a hydrogen peroxide to ethylenic unsaturation molar
ratio of 1.5:1, and a catalyst acidic ion exchange resin loading of 22 weight percent
of total canola oil used. The successful epoxidation reaction produced about 90%
of oxirane conversion. The epoxides of Canola oil can be used as high temperature
lubricants and the products obtained from ring opening of Canola oil epoxides can
be employed as low temperature lubricants.

Dinda et al. [59] studied epoxidation of cottonseed oil using in situ generated
peroxy acetic acid from hydrogen peroxide and glacial acetic acid in the presence
of liquid inorganic acid catalysts. The optimum condition for epoxidation of
cottonseed oil includes a temperature range of 50-60°C, hydrogen peroxide to
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unsaturation molar ratio range of 1.5-2.0, acetic acid to unsaturation mole ratio of
about 0.5 and sulphuric acid loading of about 2% by weight of the aqueous phase.
It was possible for them to obtain up to 78% relative conversion to oxirane with
very less oxirane cleavage by in situ technique.

Goud et al. [60] carried out epoxidation of karanja oil with peroxyacetic acid
that was generated in situ from aqueous hydrogen peroxide and glacial acetic acid.
The optimal epoxidation level was obtained in a shorter time at a moderate
reaction temperature range of 55-65°C, at which the hydrolysis rate was insig-
nificant. The optimal concentration of hydrogen peroxide appeared to be 1.5 mol
of hydrogen peroxide per mole of ethylenic unsaturation and about 0.5 of acetic
acid to ethylenic unsaturation ratio. The results showed that the oxidation rate was
not substantially affected by stirring speeds beyond 1,500 rpm, which indicates the
reaction is free from mass transfer resistance beyond 1,500 rpm under the given
conditions of temperature and catalyst loading.

The epoxidation kinetics of rubber seed oil by peroxy acetic acid generated in
situ were studies at various temperatures by Okieimen et al. [61]. It was found that
epoxidation with almost complete conversion of unsaturated carbon and negligible
oxirane cleavage can be attained by the in situ technique. The rate constant for
epoxidation for epoxidation of rubber seed oil was found to be of the order of
107® L/mol/sec and activation energy of epoxidation of 15.7 kcal/mol was
determined. The results from this study showed show that the epoxidation of
rubber seed oil by peroxyacetic acid generated in situ can be carried out at
moderate temperatures with minimum epoxides degradation. The kinetic and
thermodynamic parameters of epoxidation obtained from this study indicate that
an increase in the process temperature would increase the rate of epoxides
formation.

Adhvaryu et al. [62] demonstrated the improved performance of epoxidized
soybean oil over soybean oil and genetically modified high oleic soybean oil in
certain high temperature lubricant applications. Epoxidized soybean oil showed
very high viscosity at 40°C than conventional and genetically modified soybean
oil. The presence of more polar structure and higher molecular weight compared
with conventional and genetically modified soybean oil results in stronger inter-
molecular interaction, which enhance the lubricity in a dynamic system. Studied
oxidation and thermal properties of epoxidized soybean oil show that induction
time for deposit formation is roughly twice that of high oleic soybean oil under
similar oxidation temperature of 175°C. The percent insoluble deposit becomes
stable after 2 h of oxidation with epoxidized oil remaining low compared with
other oils. The peak temperature (7,) and onset temperature(7,) combination of
these oils are soybean oil is 180.3 and 167.8°C, high oleic soybean oil is 201.1 and
185.8°C and for epoxidized soybean oil is 214.9 and 188.1°C. The oxidation
induction time (/,) measurement under isothermal condition for epoxidized
soybean oil at 195°C showed greater stability over soybean oil at 150°C and high
oleic soybean oil at 160°C. Epoxidized soybean oil showed excellent coefficient of
friction reducing properties due to the formation of stable polymeric film on the
metal surface during boundary lubrication. The film formation is achieved through
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Fig. 11.3 Conventional CHs—{CHz]7— CH=CH—{CHg],— COOCH3
hydroformylation with
cobalt-based catalysts CO2[CO]g  |N2+CO [3500-4500psi]
100-150°C 175-190°C
; Branched *
—CHy— (|3H—CH2— [50-90%) —CHz—<|3H—-CHz—
CHO CH,OH

the —O- cross linking on the metal surface, and thus reducing friction between the
moving parts.

Erhan et al. [63] converted epoxy ring opened sites of soybean oil into ester
derivatives either in one-step reaction. Results show the pour point decreased with
an increasing chain length of ester branching. The branching groups at optimum
length at the epoxy carbon removed the unsaturation sites and also imposed
spacing from other triacylglycerol molecules interfering with the formation of the
macro crystalline structure. Experimental results found the branching group with a
chain length of at least six carbons to be the most effective for imposing the
derived molecular spacing and thus imparting the most desired pour point prop-
erties. The wear scar diameter decreased with an increasing chain length of
branching in chemically modified soybean oil products. The coefficient of friction
of all chemically modified products was in the range of 0.11-0.12 and is a
considerable improvement over base oil used.

Sharma et al. [64] incorporated sulfur using a chemical reaction of epoxidized
vegetable oil and common thiols, resulting in formation of a hydroxy thioether
derivative of vegetable oils. The antioxidants activity of these sulfides increased
with the number of sulfur atoms. Sulfides with long hydrocarbon chains were
found to be good antioxidants over cyclic sulfides. Hydroxy Thioether derivatives
of vegetable oils showed very less coefficient of friction than commercially
available anti-wear additives. Although sulfur could enhance the tribological
performances it is not an environmentally acceptable element.

11.2.2 Hydroformylation

Hydroformylation involves the addition of an aldehyde to olefinic double bond.
Commercially, homogeneous metal complexes based on cobalt and rhodium are
used as catalysts (Fig. 11.3). Pryde [65] hydroformylated the unsaturated fatty
materials with Rhodium-triphenyl phosphine as catalysts, which had a number of
advantages over cobalt-carbonyl catalyzed reactions, such as, reaction can be
carried out at pressure as low as 200 psi and at each double bond location in a
polyunsaturated fatty acid along with high yield of conversion.
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Fig. 11.4 Selective CHz—{CHz}y—CH=CH—[CHajp—COOMe
hydroformylation of methyl
oleate with rhodiumtriphenyl CO, Hz
phosphine catalyst Rhcat., PhgP
H
CHaCHaFCH CH[CHA1C DOMe
H—C=—O0

Metind 8{10} Formyl stearate

Hydroformylation also allows the branching of unsaturated fatty acid chains.
Friedrich et al. [66] studied Hydroformylation of methyl oleate with a recycled
Rhodium catalyst. Methyl oleate was hydroformylated to methyl formylstearate at
120°C and 850-900 psi with a 1:1 mol mixture of hydrogen and carbon monoxide.
Catalysts were able to reactivate and could be used till ten runs. The reaction time
required for conversion increased from 40 to 56 min as the catalyst level decreased
from 250 to 181 mg due to recycling.

Frankel [67] studied a highly selective system for the hydroxyformylation
of methyl oleate into methyl 9 (10)-formyl stearate in high yields (Fig. 11.4).
A rhodium catalyst in the presence of tripenyl phosphine is used with oleic esters,
acids or triglycerides. The reaction was carried out at 95-110°C with a 1:1 mixture
of hydrogen and carbon at 500-2000 psi with or without a solvent such as toluene.
The formyl stearate obtained in 90-99% conversion from oleate can be either
hydrogenated or reduced to hydroxyl methyl stearate or oxidized to carboxy
stearate.

11.2.3 Hydrogenation

Hydrogenation changes liquid oil made of triglycerides of polyunsaturated fatty
acids to one containing mostly monounsaturated fatty acids. This procedure
improves the functionality and flavor stability of the oil. Hydrogenation of vege-
table oils increases the stability and improves the shelf life of oils [68]. In the
industry the predominantly used catalysts are heterogeneous catalysts such as
carrier catalysts (palladium on activated carbon), skeleton catalysts (Raney nickel)
or metal oxide catalysts (copper chromium) [69]. Johansson et al. [70] studied
hydrogenation of soybean oil and rapeseed oils with fresh copper chromite cata-
lyst, the rate of reaction —d (IV)/dt varies extensively with time. These variations
are ascribable to changes in phase composition of the catalyst during its reduction.

Mondal et al. [71] studied the effect of fatty acid profile on the rate of sodium
formate catalyzed hydrogenation of soybean, peanut, corn and olive oils. The rate
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Fig. 11.5 Selective hydrogenation of linoleic acid
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constant for linolenic acid hydrogenation is the highest, while the rate constant for
oleic acid is the lowest that predicts the higher degree of unsaturation in the fatty
acids resulting in more reactive species. The initial rate of hydrogenation was
highest in the case of soybean oil followed by peanut and corn oils. Olive oil has
the lowest initial rate of hydrogenation, while corn oil has the second lowest
overall hydrogenation rate. This observation attributed to the belief that the
presence and amount of linolenic acid affect the rate of hydrogenation.

Martinelli et al. [72] performed the hydrogenation of castor oil using a catalytic
transfer hydrogenation system in which palladium on carbon was the catalyst and
limonene was the solvent and hydrogen donor. The optimum conditions used for
highest percentage of castor oil modification was a temperature of 178°C with 1%
Pd/C and an oil/limonene ratio of 1:3. The optimized system presented very good
reproducibility and showed 100% conversion of the ricinoleate. Spectrometer
studies of hydrogenated castor oil indicated that hydrogenation was accompanied
by dehydrogenation leading to a mixture of 12-hydroxy and 12-keto stearic
derivatives.

Kitayama et al. [73] studied catalytic activity and selectivity of Linoleic acid
hydrogenation with catalysts like, Pt, Pd, Ru and Ir supported on Al,O;
(Fig. 11.5). The products of hydrogenation reaction include stearic acid (18:0) and
ten different octadecenoic isomers (18:1). The hydrogenation on platinum-group
metal catalysts showed that 12-position double bond in linoleic acid has higher
reactivity than the 9-position double bond. Ru/Al,O; exhibited the highest activity
for isomerization of linoleic acid with the noble metal catalysts. Conjugated
octadecadienoic acid isomers have been observed in products for the reaction on
Pt/A1203, RH/A1203 and II'/A1203.

Ravasio et al. [74] studied selective hydrogenation of vegetable oils and their
methylesters with different supported copper catalysts. All ex situ reduced
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catalysts prepared by the chemisorption—hydrolysis (CH) method show better
performances than those prepared by incipient wetness technique. Using an 8%
Cu/Si0, catalyst the trienic component C18:3 can be eliminated and the dienic one
lowered from 22 to 3—-5% without increasing the stearic C18:0 content and limiting
the cis/trans-isomerisation process. These oils, with a C18:1 content up to 88%
show remarkable oxidation stability and keep fluid down to —15°C.

Behr et al. [75] studied the selective hydrogenation of using homogeneous
transition metal catalysts. They showed that selectivity can be controlled by metal
carbonyls, platinum-tin systems or catalysts of the Ziegler-type (iron, cobalt or
nickel salts activated by triethylaluminum). Neutral precious metal-phosphine
complexes such as the Wilkinson catalysts, RhCI(PPh3)s, or cationic complexes
(e.g. [Rh(cod)(PPh;3),]BPh,) were tested, but only moderate success appeared in
selective hydrogenetaion. The best results were achieved with a palladium nano-
catalyst, which is easily accessible from the pre-catalyst palladium dichloride.

11.2.4 Metathesis of Unsaturated Fats and Oils

The metathesis of alkenes is a metal-catalyzed exchange of alkylidenic groups
(=CR2). The Greek word “metathesis” means “rearrangement” or “displace-
ment”. This reaction is in principle a reversible reaction. That means that at most a
50% yield is achievable if no procedural intervention occurs. Oleochemical
metathesis can be distinguished and divided into different types: In self-metathesis
(Fig. 11.6), the same fatty substrate reacts with itself, in the cross-metathesis a
fatty substrate reacts with e.g., a petrochemical Alkene. Example for the self
metathesis is the formation of 9-octadecene and 9-octadecendioic dimethyl ester
from oleic acid methyl ester.

The co-metathesis of erucic acid or oleic acid methyl ester with short-chain
olefins such as ethane (ethenolysis) or 2-butene produces unsaturated fatty acid
methyl esters of chain lengths C10-C15 and the corresponding olefins. Warwel
et al. [76] performed the co-metathesis of oleic acid methyl ester and ethene to
obtain methyl-9-decenoate (Fig. 11.7) with a yield of >80% over Re,O;-B,O3/
AL,05-Si0,-SnBu, as catalyst. The resulting fatty acid methylesters such as:
Methyl-9-decenoate and methyl-13-tetradecenoate are of interest for the manu-
facture of polyamides, polyesters, lubricants and for flavours and fragrances [77].

11.2.5 Dimerisation or Oligomerisation

Dimerisation of unsaturated fatty acid is a liquid phase batch process, which was
studied by Jonson et al. [77] with montomorillonite clay as heteregeneous catalyst
in the reaction. The major product groups are dimmers, trimers and isostearic acid.
These fractions of the product are applied in lubricants, adhesives, epoxy coatings,
printing inks and cosmetics. Homogeneous catalysts have been used in
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Fig. 11.7 Metathesis of oleic acid methyl ester and ethane

dimerisation, but are only active with the methyl esters of the fatty acids as
reactants. Dimers of fatty acids can be made using radical initiation w5x, but this
leads to an unfavorably high amount of trimers and higher oligomers, compared



11 Natural Oil-Based Lubricants 311

QOleic acid — 00K
Q0H
OaH

Dimers

Isostearic acid

Trimers

Fig. 11.8 Dimerisation reaction scheme

with the montmorillonite clay catalysed process. Montmorillonite clay is by far the
most active heterogeneous catalyst found in the scientific and patent literature.
Reaction scheme for Dimerisation process is given in Fig. 11.8.

Isostearic acid and its derivatives showed good pour point and thermo-oxidative
properties like oleic acid, therefore, are ideal raw materials for lubricants,
cosmetics and plastic additives [78].

11.2.6 Acyloxylation

This is another method for modifying vegetable oils by adding carboxylic acids to
the double bonds of unsaturation fatty acids. Use of sterically hindered carboxylic
acids for the modification of vegetable oils improves their hydrolytic and oxidative
stability. Black et al. [79] performed acetoxylation of methyl oleate with a resin
catalyst. They reacted in methyl oleate with acetic acid in the presence of a
reticulated cation exchange resin to produce methyl aeetoxystearate. For an
optimum yield of 42% reaction was carried out for 42 h with an acid: ester ratio of
50:1 and reaction temperature of 118°C. They also tried acyloxylation of other
carboxylic acids but yields were in comparison with acetic acid acyloxylation.

11.2.7 Friedel-Crafts Alkylation of Alkenes

The Friedel-Crafts alkylation is another possible method for synthesis of
branched fatty acids and their derivatives. Biermann et al. [80] performed the
reaction of oleic acid with isopropyl chloroformate in the presence of
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Fig. 11.9 Friedel-Crafts Q
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ethylaluminum sesquichloride (Et;Al,Cl5) which gave after 2 h a 1:1 regioiso-
meric mixture of 9- and 10-isopropyloctadecanoic acid in 73% yield (Fig. 11.9).

11.2.8 Friedel-Crafts Acylation of Unsaturated Fatty Acids

Friedel-Crafts acylation is another method for functionalization of unsaturated
fatty acids. Friedel-Crafts acylation of alkenes are induced by Lewis acids like
AICl3, SnCly or ZnCl,; the acylation often leads to a mixture of f3,y—unsaturated
ketones, o,f-unsaturated ketones and f—cholro ketones. The EtAICl,-induced
acylation of oleic acid with acetyl chloride produces a mixture with approximately
similar quantities of 9- and 10-regioisomers as adducts with the yield of about 55%
(Fig. 11.10) [81].

11.2.9 Transesterification

Transesterification is an alcoholysis in which one alcohol is capable of displacing
another alcohol from an ester in a process similar to hydrolysis, except that alcohol
is used instead of water. This process has been widely used to reduce the high
viscosity of triglycerides. Transesterification is one of the reversible reactions and
proceeds essentially by mixing the reactants. However, the presence of a catalyst
(a strong acid or base) accelerates the conversion. The transesterification reaction
is represented by the general equation,
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Fig. 11.10 Freidel craft acylation of oleic acid
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Transesterification of triglycerides produce fatty acid alkyl esters and glycerol.
The glycerol layer settles down at the bottom of the reaction vessel. Diglycerides
and monoglycerides are the intermediates in this process. The mechanism of
transesterification is described as follows:

Triglyceride + R'OH « Diglyceride + RCOOR!
Diglyceride + R'OH « Monoglyceride + RCOOR!
Monoglyceride + R'OH « Glycerol + RCOOR'

The stepwise reactions are reversible and an excess of alcohol is used to shift
the equilibrium towards the formation of esters. In the presence of excess alcohol,
the forward reaction is pseudo-first order and the reverse reaction is found to be
second order. Transesterification reaction can be catalyzed by base catalyst and
also by acid catalyst. It was found that base catalysed transesterification reactions
are faster than acid catalysed reactions [82].

11.2.9.1 Mechanism of Acid-Catalyzed Transesterification

Transesterification can be catalyzed by Brownsted acids, preferably by sulfonic
and sulfuric acids. These catalysts give very high yields in alkyl esters but the
reactions are slow, requiring typically temperatures above 100°C and more than
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Fig. 11.11 The general equation for acid catalysed transesterification reaction

3 h to complete the conversion. The mechanism of acid catalyzed transesterifi-
cation of vegetable oil (for a monoglycerides) is shown in Fig. 11.11. However, it
can be extended to di- and tri-glycerides. The protonation of carbonyl group of the
ester leads to the carbocation, which after a nucleophilic attack of the alcohol
produces a tetrahedral intermediate. This intermediate eliminates glycerol to form
a new ester and to regenerate the catalyst [83].

11.2.9.2 Mechanism of Alkali-Catalyzed Transesterification

The first step involves the attack of the alkoxide ion to the carbonyl carbon of the
triglyceride molecule, which results in the formation of a tetrahedral intermediate.
The reaction of this intermediate with an alcohol produces the alkoxide ion in the
second step. In the last step the rearrangement of the tetrahedral intermediate gives
rise to an ester and a diglyceride. The mechanism of alkali catalysed transesteri-
fication reaction is given in Fig. 11.12.

The transesterification process can make use of other alcohols such as ethyl,
butyl and isopropyl alcohol. Among these alcohols, iso propanol is the only one
with a branched structure. Transesterification is the process of separating the fatty
acids from their glycerol backbone to form fatty acid esters and free glycerol. The
reaction of a triglyceride with methyl alcohol using potassium hydroxide (KOH) as
a catalyst to produce methyl ester is as follows (Fig. 11.13) [84].
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Fig. 11.12 The general equation for alkali catalysed transesterification reaction

Transesterification reaction for soybean oil using frying oil and tallow with
methanol was carried out in 2L glass reactor equipped with a glass anchor-shaped
stirrer, a type-K thermocouple, a water condenser and a funnel, and surrounded by
a heating mantle controlled by a proportional integral derivative (PID) temperature
controller device; molar ratio of oil to alcohol used was 0.8:6 with sodium
methoxide (1% w/w of oil) as catalyst, the complete conversion of oil into ester
took less than 2 h at 600 rpm of mixing rotation [85]. Transesterification reaction
can be carried out with different catalysts like acids, alkaline metal hydroxides,
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Fig. 11.13 The reaction of a triglyceride with methyl alcohol to produce methyl ester

and alkoxides, carbonates, and enzymes, non-ionic bases such as amines, amide
guanidine and zeolite as heterogeneous catalysts [86]. Pyrone complexes of
different metals such as tin, lead and zinc were also used as catalyst for transe-
sterification of vegetable oils; catalytic activity was higher when oil with short
chain fatty acids or with a high unsaturation degree and short and linear chain
alcohols were used [87]. Ninety-nine percent of the conversion occurred with
0.125 mol/kg concentration of base catalyst like sodium hydroxide and sodium
methoxide for palm oil transesterification at 60.5°C with 1:10 oil to alcohol molar
ratio. Sodium methoxide was performed best with the same ester conversion at 1:6
molar ratios [88]. Transesterification of palm oil with sodium metal yields 99% of
product, while activated silica gel was not suitable for reaction. Decrease in the
stirring speed decreases the reaction rate [89]. At 75°C temperature, nearly 1%
catalyst to weight of triglyceride and 1:9 molar ratios between Cynara cardunculus
L oil to ethanol gives the satisfactory conversion of oil into ester with improved
separation of ester layer from glycerol layer during separation which increases the
final yield of ester product [90].

Acid catalyst was most efficient for transesterification of palm oil with
methanol than base catalyst, even though it was required in less quantity for the
reaction but separation of ester layer from glycerol was difficult upon completion
of reaction [91]. The acid catalysed transesterification reaction was suitable for
low grade high free fatty acid containing oils, such as crude rice bran oil [92].
Ester product for castor oil and cotton seed oil with ethanol was constant with
variation in concentration of acid catalyst; variation in concentration of base
catalyst increases the ester yield. A rise in temperature increases the rate of
reaction for acid catalysed reactions [93].

The effect of mixing was studied with the motionless mixture and high shear
mixture; both are able to convert 97% of vegetable oil into methyl ester. The
increase in catalyst concentration increases the ester conversion but it increases the
solubility of ester in glycerol layer [94]. The conversion of triglyceride, diglyc-
eride and monoglyceride appear to be second order up to 30 min of reaction time
and reaction rate constants were 0.018-0.191 and were higher at higher
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temperature in a batch reactor for transesterification of palm oil. The 1 and 1.2% of
KOH as catalyst showed no significant difference for the conversion of palm oil
triglyceride into methyl ester [95]. Alcoholysis for sunflower oil with methyl
alcohol, ethyl alcohol and butyl alcohol was carried out near the boiling point of
each alcohol with 0.5 wt% of sodium methoxide as catalyst. After 1 m of reaction,
greater ester yield was obtained with butyl alcohol (88%), because of higher
reaction temperature and at the end of 60 min ester yield of all the three alcohols
are almost the same [96]. The addition of 5% of palm oil methyl ester to lubricant
oil reduces both wear and friction tested with four ball tribometer and addition of
above 5% ester derivative of palm oil causes some oxidation and chemical
corrosion [97]. Analysis of fuel lubricity and base fuel properties of transesterified
esters with sodium methoxide and sodium ethoxide showed that ethyl ester had
more lubricity than methyl ester of the same vegetable oils and all esters showed
increased kinematic viscosity for increasingly longer carbon chains [98]. Mixtures
of methanol and ethanol increased the rate of transesterification reaction and
produced methyl as well as ethyl esters. The lubricity of ethyl ester was better than
that of methyl when adding 1 vol% to the base fuel. Similarly, lubricity of mixed
esters of methanol and ethanol (3:3 ratios) was better than that of pure methyl
ester [99].

11.3 Different Laboratory Scale Test Methods
for Natural Oil-Based Lubricants

Laboratory procedures have been developed to aid in the selection of the right
lubricants for the right application. A laboratory test method must be meaningful.
It must simulate the most important conditions of the lubricant operation.
The results must be measurable and must be compared against a standard or a
reference fluid. Variables that may affect the test results must be controlled. This
part of the chapter provides an overview of the methods available to conduct
laboratory scale tests for natural oil-based lubricants. Complete, step-by step
procedures for many of these tests are provided in the references.

11.3.1 Chemical and Physical Tests

11.3.1.1 Specific Gravity

The ASTM D5355 [100] method is used to measure the specific gravity of all oils
and liquid fats that are used in lubricants. The specific gravity is one parameter that
can be used to monitor the quality of these lubricant products. The method to
determine the specific gravity is by calculating the ratio of the weight of a unit
volume of the sample to the weight of a unit volume of water at 25°C.
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11.3.1.2 Viscosity

Viscosity is an important property of a lubricant, as it affects the film thickness
and, thus, the wear rate of sliding surfaces. It is used for the identification of
individual grades of oil and for monitoring the changes occurring in oil while in
service. Viscosity increase usually indicates that oil used has deteriorated by
oxidation or by contamination, while a decrease usually indicates dilution by lower
viscosity oil or by fuel. Kinematic viscosities of the fluids can be measured with
ASTM D445 [101] method. The kinematic viscosity is the product of the measured
flow time and the calibration constant of the viscometer. The flow time can be
measured by measuring the flow of fixed volume of liquid under gravity through a
capillary of calibrated viscometer at known temperature. The dynamic viscosity, A,
can be obtained by multiplying the kinematic viscosity, n, by the density, p, of the
liquid.

11.3.1.3 Acid and Base Number

Both new and used lubricant products contain few compounds, maybe as additives
or results of degradation during service. The relative amount of these compounds
can be calculated by titrating with acids or bases. The acid number is the measure
of the amount of acid substance present in the oils and base number is the measure
of the base constituents in the oil. Acid and base number gives the quality of newly
formulated lubricants and also provides information about thermo-oxidative and
bio degradation of lubricants. ASTM method D664 measures the acid number of
lubricating oils by potentiometric titration method. The method uses the mixture of
toluene and isopropyl alcohol with a small amount of water to dissolve the sample
and titrated potentiometrically with alcoholic KOH using a glass indicating elec-
trode and a reference electrode or a combination electrode. End points are taken
only at well-defined inflections in the resulting curve obtained during meter
reading. ASTM D974 [102] method determines both acid and base number by the
color indicator titration method. The method uses the similar chemical mixture as
D664 method to dissolve the sample and to determine the acid and base number;
the resulting single-phase solution is titrated at room temperature with standard
alcoholic base or alcoholic acid solution, respectively, to the end point indicated
by the color change of the added p-naphtholbenzein solution. After the addition of
indicator, if the sample assumes a yellow—orange color, proceed for acid number
test, if it becomes green or green-black, proceed for base number test. ASTM
D3339 [103] method is especially intended for cases in which the amount of
sample available to be analyzed is too small to allow for accurate analysis by Test
Methods D974 or D664. This method is a semi micro color indicator titration
method, which uses a similar solvent as the previous methods to dissolve the oils
and the resulting single-phase solution is titrated at room temperature under a
nitrogen atmosphere with standardized 0.01 M KOH in isopropyl alcohol to the
stable green color of the added p-naphtholbenzein indicator.
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11.3.1.4 Viscosity Index

The viscosity index is the measure of the variation in kinematic viscosity due to
changes in the temperature of a lubricant product between 40 and 100°C. A higher
viscosity index indicates a smaller decrease in kinematic viscosity with increasing
temperature of the lubricant. ASTM D2270 [104] is the widely used method to
calculate viscosity indices of different lubricants by using the respective kinematic
viscosities at two different temperatures.

11.3.1.5 Saponification Value

ASTM D5558 [105] method covers the procedure to measure Saponification
values of fats and oils used in the natural oil-based lubricants. In this method fats
and oils are saponified with alcoholic KOH by boiling the solution gently and
steadily. The resulting solution with indicator will be titrated against hydrochloric
acid.

11.3.1.6 Iodine Value

The iodine value is a measure of the unsaturation of fats and oils and is
expressed in terms of the number of centigrams of iodine absorbed per gram of
sample. The ASTM D5554 [106] method provides the procedure to determine
the iodine value of oils used in natural lubricants, which do not contain
conjugated double bonds.

11.3.1.7 Free Fatty Acid Value

Free fatty acids present in the oils used for development of natural oils-based
lubricants can be measured with ASTM D5555 [107] method. In this method the
desired amount of sample is mixed with ethyl alcohol and indicator. The solution
is titrated against alkali to obtain the amount of free fatty acids in the sample.

11.3.1.8 Refractive Index

ASTM D1747 [108] method provides the method to measure the refractive indexes
of transparent and light-colored viscous hydrocarbon liquids and melted solids that
have refractive indexes in the range between 1.33 and 1.60, and at temperatures
from 80 to 100°C. This method measures the refractive index by the critical angle
method using monochromatic light from sodium lamp.
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11.3.1.9 Water Content in the Lubricating Oil

Presence of water in the range from 0.02 to 2% in lubricating oil can be deter-
mined with ASTM D4377 [109] method. In this method homogenized oil with
solvent will be titrated to an electrometric end point using Karl Fischer reagent.
ASTM D4928 [110] uses the similar method to determine the water content in the
lubricating oils in the 0.005-0.02 mass percent ranges.

11.3.1.10 Flash and Fire Points

The flash point is the lowest liquid temperature at which application of the test
flame causes the vapors of the test specimen of the sample to ignite. Fire point, is a
temperature above the flash point, at which the test specimen will support
combustion for a minimum of 5 s. ASTM D92 [111] method finds out the flash and
fire point in cleveland open cup tester by heating the 70 ml of specimen rapidly at
the beginning and at a slower constant rate as the flash point is approached.
At specified intervals a test flame is passed across the cup to determine the flash
point. ASTM D7094 [112] method covers the determination of the flash point by a
continuously closed cup tester utilizing a specimen size of 2 ml, cup size of 7 ml,
with a heating rate of 2.5°C per minute.

11.3.1.11 Low Temperature Properties

1. Pour Point:
ASTM D97 [113] method provides the procedure to find the pour point of
lubricating oils. The method follows the cooling of a preheated sample at the
specified rate and examined at intervals of 3°C for flow characteristics. The
lowest temperature at which movement of the specimen is observed is recorded
as the pour point.

2. Cloud Point:
Cloud point is the temperature of a liquid specimen when the smallest obser-
vable cluster of hydrocarbon crystals first occurs upon cooling under prescribed
conditions. ASTM D2500 [114] method measures the cloud point cooling the
specimen at a specified rate and observing for cloudy appearance at the bottom
of the glass jar.

11.3.1.12 Dilution Stability Determination

ASTM D1401 [115] method provides a guide for determining the water separation
characteristics of oils subject to water contamination and turbulence. The test
methods include stirring of 40 ml of specimen and 40 ml of water for about 5 min at
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54°C. The time required for water separation is recorded for every 5 min or at some
specification time limit. If complete separation or emulsion reduction to 3 mL or less
does not occur after standing for 30 min or some other specification time limit, the
volumes of oil (or fluid), water and emulsion remaining at the time are reported.

11.3.1.13 Foam Tests

The tendency of oils to foam can be a serious problem in systems such as high-
speed gearing, high-volume pumping and splash lubrication. Inadequate lubrica-
tion, cavitation and overflow loss of lubricant can lead to mechanical failure
ASTM D3601 [116] (Bottle Test) method provides the procedure to find out the
foaming tendency of low viscous oils. The increased volume of sample is
measured by determining the increase in the total height of the test fluid, including
foam, after vigorous shaking of the emulsion at 25 £ 1°C.

ASTM D3519 [117] (Blender Test), measures the increase in height of the
sample in a glass jar including foam after the completion of blending for about
30 s at 25 £+ 1°C.

Another ASTM method D892 [118] intends to determine the foaming tendency
of oils by blowing air to the sample at a constant rate for 5 min and then allowed to
settle for 10 min at 24°C. The volume is measured at the end of the period.

11.3.1.14 Hydrolytic Stability

ASTM D2619 [119] (Beverage Bottle Method) provides the information about
relative stability of Hydraulic fluids in the presence of test conditions. Hydrolytically
unstable hydraulic fluids form acidic and insoluble contaminants which can cause
hydraulic system malfunctions due to corrosion, valve sticking or change in
viscosity of the fluid. The method uses 75 g of sample and 25 g of water and a copper
test specimen sealed in a pressure-type beverage bottle. The bottle is rotated, end
for end, for 48 h in an oven at 93°C. Hydrolytic stability will be determined by
measuring viscosity, weighting insoluble and weight o copper strips.

11.3.1.15 Thermal Stability

Thermal stability characterizes physical and chemical property changes which may
adversely affect the oil’s lubricating performance. ASTM D2070 [120] method
characterizes the thermal stability of hydraulic oils. The method uses a beaker
containing test oil, with copper and iron rods placed in an aluminum block in an
electric gravity convection oven for 168 h at a test temperature of 135°C. The result
is obtained by determining the discoloration of copper and iron rods and by
measuring the quantity of sludge formed. Another ASTM method D6375 [121] uses
thermo gravimetric analyses to determine the evaporation loss of lubricating oils.
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The sample is placed in a TGA pan holding to TGA pan holder and quickly heating
the sample to between 247 and 249°C under a stream of air, and then held isothermal
for an appropriate time. Throughout this process, the TGA monitors and records the
mass loss experienced by the specimen due to evaporation.

11.3.1.16 Oxidation Stability

ASTM D2272 [122] provides a method to determine the oxidation stability of the
oils by rotating the pressure vessel. The test oil, water and copper catalyst coil,
contained in a covered glass container, are placed in a vessel equipped with a
pressure gauge. The vessel is charged with oxygen to a gauge pressure of 620 kPa,
placed in a constant-temperature oil bath set at 150°C or dry block taken at 150°
and rotated axially at 100 rpm at an angle of 30° from the horizontal. The number
of minutes required to reach a specific drop in gauge pressure is the oxidation
stability of the test sample.

Adhvaryu et al. [123], studied oxidation stability of alkoxylated triacylglycerol
by using Thin Film Micro Oxidation test and by pressure differential scanning
calorimetry method.

11.3.1.17 Lubricity Tests

ASTM method D3233 [124] (Pin and Vee-Block test) provides the procedure to
perform measurement of extreme pressure properties of lubricating fluids. The test
method consists of running a rotating steel journal at 290 + 10 rpm against two
stationary V-blocks immersed in the lubricant sample. Load is applied to the
V-blocks by a ratchet mechanism and the load-fail value obtained is the criteria for
the level of load-carrying properties.

Extreme pressure properties of lubricating fluids can also be measured with
ASTM D2783 [125] method. The tests are operated in a four-ball tester machine
with a rotating speed of 1760 £ 40 rpm. The machine and test lubricant are
brought to 18-35°C and then a series of tests of 10 s duration are made at
increasing loads until welding occurs.

ASTM D4172 [126] method determines the wear preventive characteristics of
lubricating oil. The test is performed in a four-ball tester machine with the force of
392 N. The temperature of the test lubricant is regulated at 75°C and the top ball is
rotated at 1200 rpm for 60 min. Lubricants are compared by using the average size
of the scar diameters worn on the three lower clamped balls.

11.3.1.18 Biodegradability and Eco-Toxicity

ASTM D6081 [127] method covers the procedures to be used in the preparation of
lubricants or their components for toxicity testing in aquatic systems. This method
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discusses the techniques for the preparation of test materials for toxicity testing of
poorly water soluble lubricants or their components under acute or chronic exposure
conditions with fish, large invertebrates or algae. Other methods for aquatic toxicity
are OECD fish embryo toxicity tests and OECD acute fish toxicity tests. In Fish
Embryo Toxicity tests, Zebra fish embryos are individually exposed in 24-well micro
titer plates to a range of concentrations of the test substance. The test is initiated
immediately after fertilization and is continued for 48 h. Lethal effects, as described
by four apical end points, are determined by comparison with controls to identify
the LC50 values. In Fish Acute Toxicity test, the fish are exposed to the test substance
preferably for a period of 96 h. Mortalities are recorded at 24, 48, 72 and 96 h and the
concentrations which kill 50% of the fish (LC50) are determined.

ASTM D5864 [128] method measures the biodegradation by quantifying the
percentage of carbon dioxide produced by lubricant sample, which is kept under
aerobic aquatic condition with microorganisms. This value is then compared to the
theoretical amount of CO, which could be generated if all of the carbon in the test
material were converted into CO,. Biodegradability is expressed as a percentage of
theoretical CO, production.
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Chapter 12
Studies on the Tribological Behavior
of Natural Fiber Reinforced Polymer
Composite

Pradeep L. Menezes, Pradeep K. Rohatgi and Michael R. Lovell

Abstract The gradual development of asbestos in automotive friction materials in
many parts of the world has sparked the onset of extensive research and develop-
ment into safer alternatives. The development of green friction products for
automotive application is important to minimize the environmental impacts caused
by asbestos-based products. Natural fibers have been used to reinforce materials
for over thousand years. More recently, they have been employed in combination
with plastics. Natural fibers are environmentally friendly, fully biodegradable,
abundantly available, renewable and cheap and have low density. Natural fiber
reinforced polymer composites have emerged as a potential environmentally
friendly and cost-effective option to synthetic fiber reinforced composites. The
availability of natural fibers and ease of manufacturing have tempted researchers
to study their feasibility of reinforcement and to what extent they satisfy the
required specifications for good reinforced polymer composite for tribological
applications. In this study, a review on the tribological behavior of natural fiber
reinforced composites was made to understand their usability for various auto-
motive applications.
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12.1 Introduction

Commercially available automotive brake pads are considered to be organic friction
materials since the matrix of these complex composites is made by one or more
polymers [1]. The friction materials usually contain four classes of ingredients:
binders, reinforcements, friction modifiers and fillers. Developing a successful
friction material is to find the best balance among many factors yielding acceptable
performance, costs and environmental friendliness. Asbestos fiber, used to be the
dominant friction fiber enhanced polymeric composites in brake pads, brake linings,
brake couplings, etc., has been forbidden due to harmful environment and human
health issues. According to the regulations against hazardous ingredients in the
United States and Europe, several raw materials usually used in commercial friction
materials could have a potential negative environmental impact. Friction compo-
nents made of chemicals such as antimony trisulfide, copper, lead, tin, potassium
titanate whisker silicon carbide whisker, and others have been extensively used in the
past [2, 3]. Increased environmental awareness and consciousness throughout the
world has developed an increasing interest in natural fibers and its application in
various fields. Natural fibers are now considered as serious alternative to synthetic
fibers for use in various automotive fields. The use of natural fibers as reinforcing
materials in both thermoplastic and thermoset matrix composite provides positive
environmental benefits with respect to ultimate disposability and best utilization of
raw materials. During the last few years, a series of works have been done to replace
the conventional synthetic fibers with natural fiber composites [4—10]. For instance,
hemp, sisal, jute, cotton, flax and broom are the most common fibers used to reinforce
polymers such as polyolefins, polystyrene, and epoxy resins. In addition, fibers such
as sisal, jute, coir, oil palm, bamboo, wheat and flax straw, waste silk and banana have
proved to be good and effective for reinforcement in the thermoset and thermoplastic
matrices. The advantages of natural fibers over traditional reinforcing materials
such as glass fiber and carbon fiber are their specific strength properties, enhanced
energy recovery, high toughness, non-corrosive nature, good thermal properties,
reduced tool wear, reduced dermal and respiratory irritation. Table 12.1 shows the
mechanical properties of natural fibers as compared to conventional reinforcing
fibers. It has been reported that natural fiber reinforced composite have properties
similar to traditional synthetic fiber reinforced composite [11, 12].

Natural fibers, as reinforcement, have attracted the attention of researchers due
to their advantages over other established materials. They are environmentally
friendly, fully biodegradable, abundantly available, renewable and cheap and have
low density. Plant fibers are light compared to glass, carbon and aramid fibers. The
biodegradability of plant fibers can contributes to a healthy ecosystem while their
low cost and high performance fulfills the economic interest of industry. Natural
fiber reinforced plastics, by using biodegradable polymers as matrices, can be the
most environmental friendly materials. A number of automotive components
previously made with glass fiber composites are now being manufactured using
environmentally friendly composites [13]. In the United States and Europe,
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Table 12.1 Mechanical properties of natural fibers as compared to conventional reinforcing
fibers [10]

Fiber Density Elongation Tensile Young’s
(g/cm3) (%) Strength Modulus
(MPa) (Gpa)
Cotton 1.5-1.6 7.0-8.0 287-597 5.5-12.6
Jute 1.3 1.5-1.8 393-773 26.5
Flax 1.5 2.7-3.2 345-1,035 27.6
Hemp - 1.6 690 -
Ramie - 3.6-3.8 400-938 614-128
Sisal 1.5 - 1,000 40.0
Coir 1.2 30.0 175 4.0-6.0
Viscose (cord) - 114 593 11.0
Soft Wood Kraft 1.5 - 1,000 40.0
E-glass 2.5 2.5 2,000-3,500 70.0
S-glass 2.5 2.8 4,570 86.0
Aramid (normal) 1.4 3.3-3.7 3,000-3,150 63.0-67.0
Carbon (standard) 1.4 1.4-1.8 4,000 230-240

car manufactures are aiming to make every component of their vehicles either
recyclable or biodegradable. Although natural fibers and their composites are
environmental friendly and renewable these composites have several drawbacks.
They have poor wettability, incompatibility with some polymeric matrices and
high moisture absorption [14]. Thus, composite materials made with the use of
unmodified plant fibers frequently exhibit unsatisfactory mechanical properties. To
overcome this, in many cases, a surface treatment or compatibilizing agents need
to be used prior to composite fabrication. The properties can be improved both by
physical and chemical treatments [15].

During the past decade, a number of significant industries such as the auto-
motive, construction and packaging industries have shown massive interest in the
progress of new natural fiber reinforced composite materials. However, little
information concerning the tribological performance of natural fiber reinforced
composite material has been reported. Hence, in this study, a review on the
tribological performance of natural fiber reinforced composite is presented.

12.2 Tribological Behavior of Green Composites

12.2.1 Tribological Behavior of Sisal Fiber Reinforced
Resin Brake Composites

In automotive industry, non-asbestos fiber-based components such as brake pads and
lining couplings, etc. have been in demand due to environmental and human health
concerns. The alternatives to asbestos fibers include mineral fiber, metal fiber and
artificial polymer fibers such as glass fiber, alumina fiber, carbon fiber, steel fiber,



332 P. L. Menezes et al.

Fig. 12.1 Variation in 0.7
friction coefficient and wear oe k —— 150C —4— 250T
rate with sisal fiber content ' —— 350C
[16] £ osh
2
2
g ol
B
g o3f
k]
= 02f
ol [
0 1 1 1 1 1
5 10 15 20 25 30 35

Sisal fibre content (Wt%)

12 F —l— 150C —— 250C

—h— 350C
- IF
E
(3
= 08 P
B
=
E 0.6 =
o
]
§ 04 |
5 10 15 20 25 30 35

Sisal fibre content (Wt%)

aramid fiber and their combinations. Recently, sisal fibers are found to be a good
alternative because they are biodegradable, inexpensive, and lightweight and exhibit
high specific mechanical properties. As the temperature of friction surface during
braking could go up to 750°C, the sisal fibers can easily decompose at this temper-
ature. Furthermore, its poor wettability, incompatibility with resins and high mois-
ture absorption restrict its use. However, incorporating certain treatments to improve
its chemical and structural properties, sisal fiber reinforced friction composite
exhibits properties equivalent to the commercial friction composite.

Extensive research has been focused on the potential use of sisal fibers
reinforced composites for tribological applications. Xin et al. [16] studied the
friction and wear properties of sisal fiber reinforced with phenolic resin composites
at various temperatures. The chemical and structural properties of sisal fiber were
improved with modification. The variation of coefficient of friction and wear rate
with sisal fiber content is shown in Fig. 12.1. Compared with asbestos and mineral/
steel fiber, sisal fiber reinforced friction composites shows better performance with
respect to coefficient of friction and wear at different friction temperatures. Thus,
the sisal is an ideal substitute of asbestos for brake pads.

The orientation of natural fiber in the composite also influences the tribological
behavior as seen in the traditional composites. Chand and Dwivedi [17] studied the
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influence of fiber orientation on wear behavior of sisal fiber reinforced epoxy
composites. Figure 12.2 shows the variation in specific wear rate with load for the
case of sisal-epoxy composite. The specific wear rate was found to decrease with
applied load for all materials. The specific wear rate was highest for the neat epoxy
and decreases for parallel then anti-parallel and least for the fibers aligned normal
to the sliding direction.

Efforts were also made to study the influence of fiber modification using certain
treatments on friction and wear. Chand and Dwivedi [ 18] studied the sliding wear and
friction characteristics of sisal fiber reinforced polyester composites with and
without silane modification. They found that silane treatment plays a significant role
for reducing the wear and increasing the friction coefficient as shown in the Fig. 12.3.

12.2.2 Tribological Behavior of Sugarcane Fiber Reinforced
Composites

El-Tayeb [19] studied the wear rate and friction coefficient of chopped sugarcane
fiber reinforced polyester (C-SCRP) and chopped glass fiber reinforced polyester
(C-GRP) composites. The variation in wear rate and friction coefficient for
different fiber length is shown in Fig. 12.4. Results of wear rate and friction
coefficient proved that SCRP composite is a promising composite which can be
used as a competitive to GRP composite.

12.2.3 Tribological Behavior of Jute Fiber Reinforced Composites

El-Sayed et al. [20] studied the tribological behavior of jute fiber reinforced
polyester composite. The variation in friction coefficient and wear rates with the
fiber orientation is shown in the Fig. 12.5. An increase in fiber volume fraction
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between weight loss and applied load for polyester resin, sisal polyester and silane-treated sisal
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increases the friction coefficient of the composite and decreases its wear rate. This
composite is now extensively used in bearing applications.

Chand and Dwivedi [21] investigated the effect of coupling agent on abrasive
wear behavior of chopped jute fiber reinforced polypropylene (PP) composites.
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Figure 12.6 shows the variation in wear rate with load for untreated jute fiber
reinforced composites (UT), maleic anhydride-grafted polypropylene (MA-g-PP)
solution-treated jute fiber reinforced PP composites (CT) and MA-g-PP melt-
mixed jute fiber reinforced PP composites (MT). Use of coupling agent gives
better wear resistance as compared to without the use of coupling agent. It has also
been found that addition of MA-g-PP coupling agent during melt mixing gives
better wear resistance as compared to the jute PP composites having MA-g-PP
solution-treated jute fibers.

12.2.4 Tribological Behavior of Cotton Fiber Reinforced
Composites

Eleiche et al. [22] studied the effect of unidirectional cotton fiber reinforcement
on friction and wear characteristics of polyester. It was found that friction
coefficient increases and wear rate decreases with increasing fiber volume
fraction as shown in the Fig. 12.7. This type of composites is also used in
bearing applications.
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Fig. 12.5 Variation of
friction coefficient and wear
rate with fiber volume
fraction [20]
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rate with load for untreated
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reinforced PP composites
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mixed jute fiber-reinforced
PP composites (MT) [21]
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Fig. 12.7 Friction coefficient (a—c) and wear rate (d—f) of cotton polyester composite as a
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fibers. Dashed lines are for speed of 32 m/s while solid lines shows data at a sliding speed of
10 m/s [22]

12.2.5 Tribological Behavior of Bio-Waste Reinforced
Polymer Composites

Sabat and Rajak [23] studied the tribological behavior of biowaste reinforced
polymer composite. In their study, natural fibers such as chicken feather fibers are
used for reinforcement in epoxy and polyester matrix composite. They found that
addition of 20% short feather fiber improved the wear resistance than that of pure
matrix (epoxy or polyester). The coefficient of friction was also increased with
increasing fiber content.

12.2.6 Tribological Behavior of Seed Oil Palm Fibers
Reinforced Polyester Composite

Yousif [24] studied the tribological performance of two different polyester
composites based on woven glass reinforced polyester (WGRP) and seed oil palm
reinforced polyester (S-OPRP). Figure 12.8 shows the variation of friction coef-
ficient and wear rate with sliding distance. The results revealed that S-OPRP
composites showed very high friction coefficient compared to WGRP. The
S-OPRP composite with 35 vol.% exhibited a promising wear result. Thus,
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Fig. 12.9 Friction coefficient and wear of the natural composite reinforced by different fibers
[25]

the woven glass fibers can be replaced by the seed oil palm fibers in polymeric
composites reinforcements. The wear resistance of the synthetic and natural
composite was found to be almost the same. The wear mechanisms for S-OPRP
composites were predominated by micro-cracks, deformation and pulled-out of
fibers while in the WGRP composite was abrasive in nature.

12.2.7 Tribological Performance of Natural Composites
Reinforced by Different Fibers

Mohmoud et al. [25] studied the tribological behavior of asbestos-free friction
composites reinforced by natural fibers such as wheat, corn, nile roses, straw and
sun flower. Figure 12.9 shows the variation of friction and wear of friction
composite reinforced by different fibers. The authors found that the friction and
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wear performance of natural fiber reinforced composites were much better than
glass fiber reinforced composites and thus the asbestos can be replaced by natural
fibers in reinforcing the friction composites. They also found that reinforcing the
tested composites by the natural fibers caused significant increase in friction
coefficient compared to that reinforced by glass fibers. Fibers of nile roses dis-
played the highest friction values compared to the other tested natural fibers. The
highest values of friction coefficient were displayed by composites reinforced by
the fibers of 15 wt% corn, 15 wt% nile roses, 10 wt% straw, 5 wt% wheat and
20 wt% sun flower. In addition, minimum wear values were observed for com-
posites reinforced by 10 wt% wheat fibers.

12.2.8 Influence of Ingredients on Friction and Wear
of Composites

Cho et al. [26] studied the effects of ingredients on tribological characteristics of a
brake lining. More specifically, the composite was developed using a non-asbestos
organic-based friction material for an automotive brake system. With increasing
ingredients such as phenolic resin, Mgo and cashew the friction coefficient
increases as shown in the Fig. 12.10. The wear rate is slightly increased for
cashew; however, there is a substantial reduction in noise occurrence with
increasing cashew content as shown in the Fig. 12.10. Thus, cashew can be used as
prospective ingredients for future friction materials.

Mutlu [27] investigated the tribological properties of brake pads by using rice
straw (RS) and rise husk (RH) dust as ingredients. Table 12.2 shows the friction
coefficient and wear rate data for different percentage of RS and RH brake pads. It
was found that the tribological properties were significantly improved by the
addition of RS and RH dust in the composites and concluded that these composites
can be effectively used in brake pad formulations.

Attempts were also made to use the boric acid particle in the phenolic matrix.
Boric acid is environmentally safe and inexpensive. Mutlu et al. [28] studied boric
acid effect in phenolic composites on tribological properties in brake linings. They
found that boric acid phenolic composites showed higher and stable friction
coefficient. However, at higher temperatures (i.e., over 300°C), coefficient of
friction was decreased due to poor thermal stability of boric acid. Thus, boric acid
additive was positively affected the braking performance over 300°C.

12.2.9 Use of Green Composites as Anti-Friction Materials

Natural fiber composites are also used as anti-friction (low friction and low wear
rate) materials. Efforts have been made to study tribological behavior of graphite
modified polyester—cotton composites [29]. Figure 12.11 shows the variation in
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Fig. 12.10 Relative
influence of ingredients on
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Table 12.2 Tribological
properties of RS- and RH-
based composite materials
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specific wear rate and friction coefficient with applied load for various amounts of
graphite filled cotton reinforced polyester composites. The specific wear rate of
polyester reduced on reinforcement of cotton and on addition of graphite. The
coefficient of friction of polyester resin increased on cotton reinforcement and
reduced significantly on addition of graphite in cotton—polyester composites.
Yousif and El-Tayeb [30] studied wear and friction characteristics of oil palm
fiber reinforced polyester (OPRP) composite and neat polyester (NP).
Figures 12.12 and 12.13, respectively, show the variation in specific wear rate and
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friction coefficient with sliding distance for OPRP and NP. It was found that the
presence of oil palm fiber in the polyester enhanced the wear property by about
three to four times compared to neat polyester. In addition, the friction coefficient
of OPRP composite was less by about 23% than that of the neat polyester.
Yousif et al. [31] studied the effect of chemical treatment on tribo-performance
of coir fiber reinforced polyester (CFRP) composite. The fibers were treated by
alkaline and bleaching methods. Figure 12.14 shows the variation of friction
coefficient and wear rates with sliding distance for CFRP composites with different
chemical treatments. It was found that untreated CFRP composites showed higher
friction and wear due to the debonding of the coir fiber embedded in the matrix.
Surface modification (either bleached or alkaline treated) on coir fibers exhibited
good interfacial adhesion when used as a reinforcement in polyester composites.
Alkaline-treated CFRP composites have low friction and better wear resistance
compared to the bleached treated and untreated CFRP composites. The high
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adhesion bonding between the matrix and the coir fiber assists in protecting the
rubbing surface from worn.

12.3 Conclusions

Environmental concerns are driving demand for biodegradable materials such as
plant-based natural fiber reinforced polymer composites. These composites are fast
replacing conventional materials in many applications, especially in automobiles,
where friction and wear are important. In this study, a review on the tribological
behavior of natural fiber reinforced polymer composite was made. More specifi-
cally, tribological behavior of sisal, sugarcane, jute, cotton, coir, palm, wheat,
corn, nile roses, straw and sun flower fibers reinforced polymer composites was
studied. Influence of fiber orientation, fiber volume fraction and fiber length for
various loads, sliding distance and temperature on friction and wear are reported.
Influence of other natural ingredients in the matrix materials and the uses of green
composite as anti-friction material are also reported. The following conclusion can
be drawn from this study.
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Natural fiber reinforced composites can be effectively used as friction materials
in the brake applications.

Natural ingredients improve tribological performance and hence can be used for
friction materials.

Natural composites can also be used as anti-friction materials.
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Chapter 13
Water Lubricated Bearings

R. Pai and D. ]J. Hargreaves

Abstract The increasing ecological awareness and stringent requirements for
environmental protection have led to the development of water lubricated bearings
in many applications where oil was used as the lubricant. The chapter details the
theoretical analysis to determine both the static and dynamic characteristics,
including the stability (using both the linearised perturbation method and the
nonlinear transient analysis) of multiple axial groove water lubricated bearings.
Experimental measurements and computational fluid dynamics (CFD) simulations
by the Tribology research group at Queensland University of Technology,
Australia and Manipal Institute of Technology, India, have highlighted a signifi-
cant gap in the understanding of the flow phenomena and pressure conditions
within the lubricating fluid.

An attempt has been made to present a CFD approach to model fluid flow in the
bearing with three equi-spaced axial grooves and supplied with water from one end
of the bearing. Details of the experimental method used to measure the film
pressure in the bearing are outlined. The lubricant is subjected to a velocity
induced flow (as the shaft rotates) and a pressure-induced flow (as the water is
forced from one end of the bearing to the other). Results are presented for the
circumferential and axial pressure distribution in the bearing clearance for different
loads, speeds and supply pressures. The axial pressure profile along the axial
groove located in the loaded part of the bearing is measured. The theoretical
analysis shows that smaller the groove angle better will be the load-carrying
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capacity and stability of these bearings. Results are compared with experimentally
measured pressure distributions.

Keywords Water lubricated bearings - Stability -« Computational fluid
dynamics - Environmental protection - Marine applications - Piston pumps -
Experimental details

Nomenclature
C Radial clearance (m)
D Diameter of the bearing (m)

Dy Doo Dip Do, Damping coefficients

Dy Dyy D¢ Dy Non-dimensional damping coefficient, D;; = %f;j’
e Eccentricity (m)
F Friction force (N); Non-dimensional friction F = %
F, F, Dynamic force along radial direction, F, = %
n — 2
F d>; Fy Dynamic force along ¢ direction, Fy = Z‘ﬁ;

h, h Local film thickness (m), & = % =1+¢cosf

K. Koo K,p» Ko  Stiffness coefficients

Ky KppKrg K Non-dimensional stiffness coefficient, K;; = lzbc;"

L Length of the bearing (m)

Loy Dimensionless width of analytical bubble

M, Mass parameter (kg), M = "Zg[‘j’j

p,p Film pressure (N/m?), p = p/p,

Ds Supply pressure (N/m?)

P1,D2 Perturbed pressures

qp Flow on pressure side

qcav Flow in cavitation zone

q; Flow due to boundary movement

0 Volume Flow rate (m3/sec); Non-dimensional volume flow
rate Q = 3%15)

R Radius of the bearing (m)

t Time (s)

U Journal peripheral speed, wR (m/s)

w Steady state load capacity (N)

|14 Non-dimensional load capacity, W = W /LDp;

Wi Components of load along and perpendicular to the line of
centres (N)

W,, W, Non-dimensional load capacity, W,, = W, ,/LDp;

I Eccentricity ratio, e/C

& O Perturbation parameters
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n Coefficient of absolute viscosity of lubricant (Ns/m?)

0,z Non-dimensional co-ordinates, 0 = 2,2= z/L, 6 measured
from line of centre

0 Co-ordinate in the circumferential direction measured from
centre of the groove

0,0, Angular coordinates at which the film cavitates and reforms,
respectively

2 Whirl ratio, A = w,/w

T Non-dimensional time, T = w, t

0 Filling gap coefficient

A Bearing number A = 65w/[p(C/R)?]

() Attitude angle (rad)

b 4 Assumed attitude angle

[0) Journal rotational speed (rad/s)

w, Frequency of journal vibration (rad/sec)

(o Steady state value

13.1 Introduction

All rotating machines require a shaft supported on a bearing. The bearings are one
of the most important machine elements in a machine. They not only support
the rotor weight and operating loads, but also influence the dynamic behaviour of
the rotor. Lubricated journal bearings have been widely used since the Egyptian
Empire (in chariots lubricated by animal fat) and formed a critical element in the
Industrial Revolution. The number of journal bearings currently in use worldwide,
well exceeds the population of the earth.

The design of journal bearings is considered important to the development of
rotating machinery. A journal bearing consists of a shaft completely or partially
surrounded by a sleeve. Differences in their respective diameters result in a small
clearance between the shaft and the sleeve—see Fig. 13.1. Bearings use a lubricant
between the bearing surfaces to drastically reduce the friction force and resultant
wear which in turn prevents large temperature gradients. Sliding surface bearings
have the common aim of ensuring a good hydrodynamic oil film lubrication when
operating, thereby avoiding contact with the shaft. Commonly oil is used, but other
liquids such as water can also act as a 