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Solid lubricant materials have become a necessity for present engineering innovation
in the field of aerospace, automobile, and bioimplants. Solid lubricating materials
have been replacing liquid lubricants due to their superior stability at extreme
conditions such as high temperature and high pressure. Understanding of lubrication
mechanism for various solid lubricant materials has been the key factor for their
reliable application. This book emphasizes on various solid lubricant materials, their
application in the form of a coating, self-lubricating composites, and as an additive
in oil.

Chapter » 1 details the fundamentals of solid surfaces, contact mechanism, and
fundamentals of solid lubricants. The application and mechanism of solid lubricant
as the coating material is emphasized to control the tribological properties. Further,
various solid lubricant materials are discussed as the chemistry of solid lubricants
play an important role in the formation of a lubricating film (tribo-film) during
sliding. Along with coating, various other applications of solid lubricant materials
are highlighted.

Chapter » 2 presents the application of solid lubricant materials in metal matrix
composites, which includes material selection, processing techniques, and tribolog-
ical performance. The tribological performance is explained through the third body
approach as well as the parent materials, where the mechanical, structural, and
chemical interactions between the matrix and reinforcement play a key role. Based
on the current status of metal matrix composites, this chapter also emphasizes the
development of new materials and new processing techniques for further improving
the tribological properties.

Graphite is one of the promising reinforcements for self-lubricating composites,
and the formation of in situ 2D graphite in composites is the latest development in
the field of self-lubricating composites. Detailed processing, characterization, and
characterization of in situ—generated turbostratic 2D graphite are described in
Chap. » 3. The superior lubrication performance of in situ 2D graphite is also
compared with other forms of graphite.

Chapter » 4 describes various self-lubricating polymer matrix composites for
both types of the polymers, such as thermoplastics and thermosets. Polymer matrix
has been used with multiphase reinforcement materials, such as fibers and textiles for
strength, and solid lubricant materials for lubricating properties. A detailed
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description of lubrication mechanism, various factors affecting polymer composites,
and tribological applications of polymer composites, followed by nanostructured
self-lubricating polymer composites, are presented in Chap. » 5. The current state of
the art on lubricant nanomaterials is presented, which gives a deep insight to readers
about the interaction between filler and matrix materials, modern technologies, and
hybrid nanostructures to achieve high-demanding tribological applications.

Chapter » 6 deals with the polymeric solid lubricant transfer film. The transfer
film is essential for lower friction and wear rates, and measurement of these transfer
films has been the critical part to control tribological performance. This chapter
focuses on recent advances in the characterization of polymeric transfer film, which
include topographical, adhesive, mechanical, and chemical properties.

Chapter » 7 focuses on the synthesis of self-lubricating alumina matrix compos-
ites. Here, mainly three categories of solid lubricants are discussed: soft material,
lamellar solids, and other materials (oxides, sulfates, etc.) used in alumina matrix. In
addition to single solid lubricant material in alumina matrix, combination of multiple
solid lubricants and second hard phase are discussed, which exhibit enhanced
tribological and mechanical properties. Also, the formation of in situ solid lubricant
phases in the alumina matrix has been highlighted.

Chapter » 8 addresses the self-lubricating ceramic matrix composites that signify
the applicability of ceramic composites at extreme environmental conditions due to
their high-temperature resistance and chemical inertness. This chapter presents the
processing mechanism for two new types of self-lubricating ceramic composites,
which are functionally graded materials and core-shell structured composite powders
in ceramic matrix. The mechanical and tribological properties of these new com-
posites are also compared with traditional self-lubricating composites.

In the field of tribology, surface engineering plays an important role in controlling
the friction and wear phenomena. The significance of surface engineering in self-
lubricating alumina matrix composites is shown in Chap. » 9. This chapter brings
out the relationship between surface microstructure and properties (mechanical and
tribological) in the presence of 3D self-lubricating materials.

The ubiquitous negative effects of different materials on ecosystems are outlined
in Chap. » 10, along with the recent efforts to develop eco-friendly lubricant
materials. This chapter provides a deep environmental analysis of self-lubricating
composites, which gives a clear picture of environmental benefits by using self-
lubricating composites, such as aluminum/graphite composites.

Chapter » 11 focuses on various theories and available models on self-lubricating
materials for molecular dynamics (MD) simulation. This chapter provides a basic
understanding of MD simulation and also the need of MD simulation for self-
lubricating composites. This chapter is aimed to improve the understanding of the
lubrication mechanism on the molecular level using available models.

This book is intended to provide basic understating as well as knowledge on the
recent development in the field of self-lubricating materials to professionals as well
as university students. We have added an extensive list of results from different
concerning fields, such as are mechanical, chemical, materials and manufacturing,
and environmental safety. Professionals connected with the development and
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applications of self-lubricating materials will find this book very useful in under-
standing multidisciplinary knowledge. We have also added an extensive list of
references at the end of each chapter, which makes this book an excellent source
of references in the field of self-lubricating composites.

Comprehensive knowledge of self-lubricating materials through this book has
been possible with the collective efforts of various research groups around the world.
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Abstract

The extreme environmental applications of solid lubricants attained a greater interest
to the researchers and product designers. This chapter deals with the processes,
mechanisms, properties, and materials for solid lubricants and its real-time applica-
tions are established. Reliable and wear-resistive solid lubricants developments are
carried out with a synergy between solid lubricant and substrate bearing material for
a specific application. It can be applied as either in the form of coatings in substrate
surfaces or as dispersed/reinforced particles in self-lubricating composites. Fric-
tional and wear contacts exhibit the formation of a transfer film or tribofilm. The
synergic influences of environment and chemical reactions resulting in varying
chemical, crystallographic textural, and microstructural behavior can be observed
for bulk coated wear surfaces. This inferred that the tribological performance of
solid lubricants may vary according to various environment. The non-Amontonian
frictional behaviors are recognizable in solid lubricants with decreasing frictional
coefficients with increasing contact stress. The sliding between transfer film and
worn coating influences the lower friction value at the interfacial regions. In
connection to this, various strategies are discussed in this chapter for the design of
novel coatings that can be adapted to various environments.

1.1 Introduction

The friction coefficient and wear are considered as most important entities related to
the lubrication studies. The past solid lubricants studies revealed the superior low
frictional coefficient and high wear life behaviors even under severe loading condi-
tion. Conventional lubricants like oils and greases are not considered as a good
candidate for conditions like high temperature environment, thus as an alternative
the solid lubricants can be effectively utilized for such applications. Poor perfor-
mance of liquid lubricants is one of the challenges in the early space applications; the
inception of the solid lubricants opened a wide range of specific space applications
with superior performance (lower frictional coefficient and high wear life). The
advancement in additive manufacturing enabled the usage of solid lubricants in
various forms to enhance the tribological performances. The synthesis of anti-seize
paste and antifriction coatings in greases and oils are few of them [1]. The powdered
form of these solid lubricants can be dispersed in asperity peaks and pits of frictional
surface. This enables a boundary lubrication effect, resulting in improved tribolog-
ical parameters at extreme environments. The bearings and gears are fabricated with
metallic materials. Tabor [2] illustrated atomic contacts in surface interactions of two
flat surfaces. A long-ranged Van der Waals forces influence the formation of initial
bonds in the contact interfaces, which forms strong metallic bonds as the separation
distance progresses to interatomic distances [2]. Similar and dissimilar metallic
bonding studies were established by mutual solubility approach in which mutually
soluble pairs show strong adhesive bonding that indicates high friction and insoluble
pairs show weak adhesive bonds that indicate low friction [3]. A first kind of
generalized material compatibility chart was developed by Rabinowicz [4] which
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Fig. 1.1 Metal combinations compatibility chart [4]

is formulated based on equilibrium binary phase diagram (Fig. 1.1). The chart
indicates the adhesion and friction are decreased for various coupled interactions
from same material interaction to metal-nonmetal interactions. This theory is con-
sidered as general rule for tribo pairs but not exclusively used for material designs.
The mechanical and physical properties of the materials are considered as the design
bottlenecks for the tribological material designs. Mitigation of wear and friction can
be achieved through the formation of shear-accommodating layer or liquid thin film
at contact interfaces. Conventional lubricants especially liquid lubricants are not
considered for the high vacuum and temperature environment due to the volatile
nature of lubricant. Thus, a nonvolatile lubricant with superior tribological perfor-
mance is of greater need that enabled the evolution of solid lubricants and coatings.
The graphite can be considered as a good example of naturally occurring solid
lubricant materials. The modern coating technologies like physical, chemical, and
plasma-enhanced chemical vapor deposition methods achieved greater develop-
ments. DLC (diamond-like carbon), TMD (transition metal dichalcogenides), and
polymeric composite coatings are considered as common solid lubricant materials.



4 P. Ajay Kumar et al.

Various spectroscopic analytical techniques were used to analyze the fundamental
synthesis-structural tribological relationships. XPS and FIB microscopes are few of
them. This chapter deals with the nature of solid surfaces, contact mechanisms, and
contact area for solid lubricant. Also, further fundamental mechanisms involved in
solid lubrications in relationship with tribochemistry, tribofilms, and contact load are
discussed in later. The friction contacts and its loading conditions have significant
role in the evolution of surface and subsurface microstructure. Boundary films in
solid lubricants exhibit a steady thickness which is uninfluential for process param-
eters (like sliding speed and applied loads) and temperature. The establishment of
solid lubricants can be as fillers in self-lubricating composites or as direct surface
coating. The solid lubricant’s under-tribological contacts reported a typical forma-
tion and transfer of a tribofilm from surface to counterface. The performance
responses of solid lubricants may vary according to the environment parameters
and chemical reactions throughout the material contact surfaces.

This chapter aims a consolidation in selection, applications, features, advance-
ment, and performance in solid lubrication and coatings.

1.2 Surfaces and Contact Area

Surface mechanisms and its peculiarities are of greater influence in the material
properties. The surfaces are comprised with various layers, and in-depth understand-
ings revealed the information on asperities (peaks and pits) even in polished sur-
faces, which infer that no surfaces exhibit as pure flat surfaces (Fig. 1.2a). The

(a) 2 surface texture (no surface is perfectly flat)

W physisorbed, e.g. hydrocarbon contamination and

- / chemisorbed, e.g. water vapor, layer (0.3 - 3 nm)
— chemically reacted layer, e.g. metal oxide (10 - 100 nm)

_ e deformed layer, e.g. severely sheared or strained

(work hardened) (1 - 40 pm); gradient in deformation

going from the top to the bottom

i :::} undeformed base material

Slidi
(C) i mg* SV W, i)
i
—
------------- > o
Adhesive contacts (A,) i
Surface 1 =

: W Friction

Surface 2 A\ e

Potential wear particles/debris Adhesive contacts (Ar)

Fig. 1.2 (a) Various subsurface layers, (b) features of adhesive contact, (¢) mechanisms of
generations of wear particles and transfer films [10]
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contact areas can be demonstrated as apparent area (4,) and real area (4,) and the
asperity level was in the order of 1072 to 10~ for real areas of contact, which is
significantly smaller as compared with the apparent area (Fig. 1.2b, c¢). The estima-
tion of 4, in the surface interfaces is very difficult with conventional experimental
routes, thus optically transparent bodies are to be considered for better understand-
ings. Also, the 4, is a function of properties of material, loading conditions, and
surface topographical features. To achieve low adhesion, the magnitude of 4, should
be minimized which infers the minimal degree of interactions. When apparent
contact stresses are elastic in nature, at the tip of the asperities the localized stresses
exceed the elastic limit leading to localized plastic deformations. Thus, adhesion can
be an entity of plastic deformation of asperities, which significantly affect the
magnitude and overall deformation nature [5, 6]. A contact mechanism theory for
a rough surface under static loading conditions was developed by Greenwood and
Williamson in which a shift from elastic to plastic contact was established
[7]. According to their theory, following assumptions were made: the tips of
asperities are spherical in shape with radius of curvature (Ry) which follows random
or Gaussian distribution. The shape of Gaussian distribution is uninfluential since
vertically large asperities take part in the surface interactions.
According to [7], plasticity index (¥) expression is as follows:
_E* o

¥="7\/R (1.1)

The hardness of the soft material (H), standard deviation (o) of peak heights
(of =o0% +03 ), and composite peak radius (R,) and the expression is
(1/R; = 1/R; + 1/R,). E" is the Young’s modulus (in composite or reduced form),
mean Hertzian contact pressure (Pg) and the expression is as follows,

1 _1—1/% 1—13
E* E E,

(12)

where, E; ; is the modulus of elasticity, and v , is the Poisson’s ratio for respective
contact material 1 and 2. In Eq. 1.1 the square root term relates the mean slope of the
surface (from profilometer). The plasticity index (¥) indicates the state of deforma-
tions (elastic/plastic behavior) of a rough surface. If ¥ < 0.61, elastic deformation
dominates; and if ¥ > 1, it indicates significant plastic deformation. Further, from
[7] the A, for elastic contacts by Eq. 1.3 relates to Eq. 1.1.

3.2 Py

E*(”.ﬁgl‘)l/2.

1%

A
i (1.3)

where 4, is the plastic contacts (¥ based calculation) and the expression is as
follows:

b
~

1%

ﬁ“’ (1.4)

r
a

b
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The plasticity index model developed by Greenwood and Williamson encouraged
the subsequent development in plasticity index studies by [8, 9]. The plasticity index
is a key indicator for the minimizing adhesive forces by reducing 4, and increasing
H and E, and this can be a potential entity for overall friction studies. Introduction of
frictional forces increased complexity in various levels like contact mechanics
modeling of sliding contact surface.

In addition, with static contact stress, a dynamic contact stresses were originated
below the interfaces. The dynamic stresses in the interface are comprised with
maximum shear stresses (7) and different principle stresses (o, 0.). During the
transition from static to dynamic, a compressive stress field was found ahead of
the counterbody, and on the other hand stress fields behind are tensile in nature.
Apart from the friction, the complexity of contact mechanisms modeling for coated
surfaces increased due to the introduction of coating substrate interface. Further-
more, it is important to ensure the coating-substrate integrity from any deformations.

Figure 1.2a illustrates the surface zones having various physiochemical properties
that differ from bulk. Significant microstructural changes can be observed in the
subsurface regions of frictional adhesive contact surfaces. In metal to metal contacts,
in initial run itself the native oxide layer can be deteriorated and subsequently resulting
an undesirable metal-metal contacts. The aluminum against steel ball interactions show
the transfer of aluminum to the hard steel ball (Fig. 1.3) during the ball on disk tribo test,
and this may be due to adhesive friction and wear process mechanisms (Fig. 1.2c). The
reduction of friction in aluminum-steel interface is due to the low interfacial shear
strength. Thus, aluminum will flow and the resulting material adheres to the counterface
of'the hard surface, resulting in no need of any external fluid and solid lubricants. Al and
Fe (steel) demonstrated a solid solubility >1% (Fig. 1.1). Furthermore, the high
adhesion shows good agreement with significant adhesive transfer (Fig. 1.3).

1.3 Fundamentals of Solid Lubrication

From [9], in Eq. 1.5 the frictional coefficient () is the ratio of friction force (F') and
normal force (L), and further the friction force is expressed as the product of real
contact area (4,) and shear strength of lubricant material (7). Figure 1.4 illustrates the
sliding mechanisms and its features of a hemispeherical ball against a substrate.

F Az T T,

Also, this can be expressed in the form of ratio between interfacial shear strength
(z,) to the mean Hertzian contact pressure (P;;) and pressure dependence shear
strength (). According to the principle, a low friction coefficient can be observed
for a hard material with a soft skin and subsequently increasing Py; (low 4) was also
observed. Figure 1.5a illustrates Bowden and Tabor’s concept for a soft versus hard
metal contacts. Figure 1.5b illustrates the validated model by Bowden and Tabor for
usage of thin film indium metal against harder steel substrate as a solid lubricant. The
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Fig. 1.4 Illustration and details of a hemispherical ball sliding against substrate which is coated
with solid lubricant [10]

coefficient of friction for unlubricated steel and mineral oil-based Iubricated steel
exhibits good agreement with the Amonton’s first law of friction. In the case of
indium film the contact surfaces of steel show the coefficient of friction decreases
with increase in normal load and this phenomenon is due to small increase in real
contact area according to increase in the load. This resulted moderately in increase in
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friction force when normal load progresses. These behaviors eventually increase the
coefficient of friction (Eq. 1.5).

The above behavior can be postulated by a sphere-on-flat contact mechanism,
which is so-called Hertzian elastic contact model.

The coefficient of friction expression is as follows:

3R\ _
ﬂ:fo.n(4E*) L3 1a (1.6)

where R is the sphere radius.
Hertzian contacts is predicted as:

o L7153 (1.7)
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For indium film the elastic nature of contact deformations will decrease the
coefficient of friction as normal load progresses. Figure 1.6 shows the established
the evidence for low frictional behavior for various solid lubricant coatings through
experimental validation. In addition, the pressure in thin and soft coatings is
supported by the substrate. For a given normal load, contact area decreases with
increase in substrate elastic modulus and hardness values. These inferences are good
agreement with earlier Greenwood and Williamson model (Egs. 1.3 and 1.4). In
Bowden and Tabor’s concept, in general to achieve low friction one must design a
contact interface with elastically stiff and hard substrate surface with less contact
area. In this the role of coatings can be defined to accommodate the shear and reduce
the junction strength up to the moment the substrate starts to yield and plastically
deforms. Some divergences in Bowden and Tabor’s analysis for Hertzian contacts
were observed for lightly loaded contact conditions. In the microscopic load ranges,
some of the solid coatings (like MoS,, Au-MoS,, and Ti-MoS,) and nanocomposite
(diamond-like nanocomposite [DLN]) do not follow i < L™ behavior [12—14].

The tribological studies [15-17] revealed that the transfer film in the contact
interface covers the contact area, thus it prevents a direct contact between sliding
surfaces. The tribological performances, especially low friction and higher wear life,
will depend on the specialties of the tribofilms. Although the coefficient of friction
depends on transfer films, friction coefficient increases with absence of transfer film
and vice versa. Also, the absence of transfer film may damage the contact surface in a
greater way, and on the other hand the self-retrieval of transfer film brings it to the
normal state. As a broad view it can be stated that it is not necessary to show low
inherent shear strength in reduction of friction for solid lubricants. Thus, low shear
strength of materials cannot take into consideration Hertzian behavior (Eq. 1.6) and
wear life. Transfer films have important role in the solid lubricant to their superior
performance. Some exception for this can be seen for the materials without having
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transfer films, like ultra-nanocrystalline diamond (UNCD) and the near frictionless
carbon (NFC). A detailed view is presented in later sections. The various types of
films are solid, gas, thin, and fluid films. Some of the examples of solid films are
nanotubes, nano-onions, other nanoparticles (C, BN, MoS,, and WS,), and diamond
and diamond-like carbon coatings [18].

Apart from the adhesive friction and wear mechanisms, the abrasive mechanisms
are also quite important to understand the contact mechanisms in a detailed fashion.
Abrasion can be simply relating to plowing action. When a hard material slides
against a soft material, an asperity to asperity contacts emerged, resulting in forma-
tion of permanent groves in soft materials due to the cutting/plowing action that can
be called as abrasive action. The terminology of two- and three-body abrasion is very
important to understand. The fixed abrasion or two-body abrasion is one in which the
particle is attached to any one of the contacting surfaces. In three-body abrasion the
particles in loose form accommodate between the two-contact surface. This has
severe influence in the performances of the contact surfaces.

It can be noted that the performance parameters like friction and wear are not just
influenced by mechanical and physical properties but their environmental conditions
are also important entities to take into consideration. In general, solid lubricant
materials, environmental conditions, applied loads, counterface material properties,
sliding speeds, etc. are important in the establishment of their tribological perfor-
mance. On the other hand the influences of environmental conditions are of greater
impact in the performance of solid lubricants. Thus, designing solid lubricants must
be based on the applications and their working environments.

1.4  Solid Lubricant Coatings

The solid lubricants are primarily used in specific applications in which conventional
lubricants performances are dormant (e.g., high vacuum, aerospace, extreme speed
and loading conditions, and low or high temperature) having extreme environmental
conditions. The development of solid lubricants attained remarkable evolution
within past few decades. The advancements in aerospace, astronomy, and specific
areas where environment has significant influences reduced the usage of conven-
tional lubricants due to their poor performance; in this context the evolution of solid
lubricants made the path as an alternative to conventional lubricants. Also, the
volatile debris generated by conventional liquid and greases in severe environmental
conditions reduced the importance of low emission and environmental impacts are of
greater concerns in modern times. This catalyzed the usage of solid lubricants in
many applications having severe environmental conditions for superior tribological
performances.

The past studies revealed the low coefficient of friction and high wear life of solid
lubricants in various conditions. In fact, there are some deficiencies observed in the
solid lubrication mechanisms. As of now no single solid lubricants are able to
demonstrate both low friction and wear resistance for a wide application. In addition,
limited lifetime, oxidation, aging, and difficulty in replenishment are few of them
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Table 1.1 Deficiencies of solid lubricant films [18]

Deficiencies Elimination strategies
Adhesive property Improvement of Interface mechanisms
Frictional coefficient variation Removal mechanisms for wear debris and its control
Tribological reactiveness Influences of temperature and environments
Complex deposition procedures Reduction of costs
Low thermal conductivity Mechanisms to remove heat
Defined wear life Difficulty of restoration
7~ N\

Materials for Solid
Lubricants

<

A~ A~ A~ N

Transition Metal

Soft metals like silver, tin,

Carbon-based materials Dichalcogenide compounds Polymers (PTFE) ot
(MoS, and WS,) indium, and gold.

Fig. 1.7 Material classifications for solid lubricants

(specifically for certain lamellar solid lubricants). The deficiencies and probable
elimination modes are demonstrated in Table 1.1.

It can be noted that a wide range of solid lubricants are available and they can be
utilized as follows:

» Surface modification by fabricating lubricant coating films
» Dispersion of solid lubricant as composite coatings
 Infusion of solid lubricant particles in MMC

+ Addition of solid lubricant powder in contact area

» Lubricating oils or greases through additive manufacturing

1.5 Classification of Solid Lubricants

A wide range of solid lubricant material classifications are illustrated in Fig. 1.7.

Most of the solid lubricants are capable of synthesizing a thin film coating except
PTFE and their composites. These thin film coatings are useful for applications in
magnetic hard drives, seals, and bearings. Single-phase materials and multi-phase
composites can be derived for the solid lubricant coatings.

* Inorganic Lubricants: With Lamellar Structure

The crystal lattice of lamellar structured materials is comprised of several thin
parallel layers having hexagonal rings. The atoms in the plane were bonded with
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strong covalent bonding and planes have bonded each other with weak Van der
Waals forces. These parallel layers allow sliding movements and due to the weak
bonding between the parallel layers establishes the low shear strength and lubrica-
tion properties of the materials. Common lamellar structured solid lubricants are
graphite, boron nitride (BN), and molybdenum disulfide (MoS,).

* Oxide
Some examples of oxides are ZnO, B,05, and MoO,.
*  Soft Metals

Soft metals like lead (Pb), tin (Sn), bismuth (Bi), indium (In), cadmium (Cd), and
silver (Ag) show lubrication properties due to their high plasticity and low shear
strength. The soft materials can be used in various forms like the pure form, as
coatings in bearings (especially for automobile applications), and in metal matrix
composites (especially in Al- and Cu-based composites). Vapor deposition, thermal
spraying, and electroplating methods are adopted in fabrication of coatings with soft
materials. In the case of composites, casting processes are adopted.

* Organic Lubricants with Chain Structure of the Polymeric Molecules

The examples of organic lubricants are polychlorofluoroethylene and poly-
tetrafluoroethylene (PTFE). These materials have long polymer chain molecules par-
allel to each other and also have weak molecule bonding and helping in sliding
properties at lower shear stress regimes. But strength of the molecule across the chain
is found to be high due to the strong atomic bonding. These materials are used as
coatings on substrate surfaces. The applications in bearings and sleeves are few of them.

* Graphite

Graphite is a carbon-based solid lubricant which occurred naturally in the earth,
in which carbon atoms are arranged in hexagonal structure. An amorphous class of
carbon is the diamond-like carbon (DLC). DLCs are widely used as a solid lubricant
in the form of coatings, commonly coined as DLC coatings. These DLC coatings
offer greater tribological performances and first ever successful synthesis of DLC
coatings was established by [19, 20]. The solid lubricity properties of diamond
having nanocrystalline grains was observed in certain operating conditions.
Figure 1.8a shows graphite is a layered solid with a hexagonal lattice [21]. The
presence of a strong covalent bonding was observed between atoms in the layered
basal planes. A weak Van der Waals force is observed in between basal planes and
eventually exhibits low surface energies and small adhesion between the planes.
Furthermore, the influences of environments, typically the presence of oxygen and
water vapor, catalyzed the interlamellar shearing of graphite crystals [22, 23]. Buck-
ley [24] performed studies related to influence of environments in tribological
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Fig. 1.8 (a) Lamellar crystal structure of graphite. (b) Raman spectral data for various solid
lubricants [30]. (¢) Bonding ternary phase diagram for amorphous carbon—hydrogen alloys [32]

parameters. Clean metallic surface was in sliding contact with pyrolytic graphite
under ultrahigh vacuum environment and observed no adhesive material transfer
which results in a low coefficient of friction and showed good agreement with earlier
results [24]. High friction coefficient behavior was observed due to adhesive material
transfer from metal to graphite surface, in which sliding is in chemically more active
prismatic planes. Furthermore, a damaged basal plane increases adhesion due to
increase in the edge site energy of lamellae and bonds strongly to other edge sites.
The low friction can be achieved in the above case through neutralizing the edge
sites by adsorption of water or other condensed vapors [21, 25]. In general, the solid
lubricant routed with graphite required moisture/adsorbed gases in the contact
interfaces (>100 ppm) for lubrication, otherwise the performance will be inferior.
For clarity, the graphite solid lubricants observed poor tribological performance in
high altitude, as well as dry and high vacuum conditions [26, 27]. The recent
literature indicates that for graphite the interlamellar weaknesses are resulted due
to chemisorption or intercalation of vapor molecules near to the surface [28]. The
various graphite structures like single crystal, polycrystalline, and highly ordered
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pyrolytic graphite (HOPG) can be visualized through Raman spectroscopy. Thus,
Raman spectroscopy is a vital tool in microstructural studies [29]. Figure 1.8b shows
Raman spectrum for microcrystalline graphite [30]. The spectral data for graphite
indicates the presence of G and D peaks observed near 1581 cm™' and 1350 cm ™',
respectively. The information of graphite lattice disorders are influencing the D peak
intensities and the changes in structure will influence the G peak. Thus, structural
changes during the sliding contact could be established through the Raman spec-
troscopy method. Furthermore, the applications of graphite as solid lubricant
emerged as in various forms, such as self-lubricating composites and resin-bonded
coatings are few of them.

* Diamond-Like Carbon (DLC)

The DLC are of high hardness and offers low frictions [31-33]. This is an
exception as compared with the Bowden and Tabor’s concept in which the
graphite-like materials offer low friction and wear resistance without significant
high hardness values like DLCs. During initial developments, DLCs pointed to
some of the deficiencies which are related to high residual compressive stress that
resulted delamination and they are not mechanically tough. To overcome these
deficiencies DLCs are commercially doped with metals and lightweight elements.
A typical example is hydrogenated DLCs (a-C:H) that are doped with hydrogen
(~10-15 at%). Furthermore, the elements like silicon, silicon dioxide, and nitrogen
and metals like chromium, tungsten, and titanium are also used in commercial
doping in DLCs. The Raman spectral data for DLC coatings produced by most
deposition techniques observed the G peak at 1500 cm™' and 1560 cm ™" and small
intensity of D peak was also observed at ~1350 cm™" (see Fig. 1.8b) [30]. These G
and D peaks provide insight into the structural disorder of these amorphous coatings.
The hydrogen content and the presence of sp> and sp> bondings are observed from
the ternary phase diagram (see Fig. 1.8c) [32]. The ternary phase diagram (Fig. 1.8¢)
represents significant informations that are scattered in three different regions. The
H-free amorphous carbon (a-C) was designated to first region along the left axis. The
glassy carbon is sp” a-C which was synthesized through evaporation or through
pyrolysis of hydrocarbon polymers (not considered as DLC) that are first of three
main coating types. The a-C having higher sp> content, but without H, which is
typically routed by sputtering, (considered as DLC) are second type of them. DLC
with increased sp® contents can be routed through unbalanced magnetron sputtering
technique also. The tetrahedral amorphous carbon or ta-C are the last type of a-C
coating at higher sp® content, which are fabricated through various deposition
methods [34]. The hydrogen content in the coating can be in a wide range of ~10—
50 at.% [35-37]. The ECR or ICP sources (able to generate very-high-density
plasmas) can be used to fabricate tetrahedral amorphous hydrogenated carbon or
ta-C: Hin the presence of hydrogen these are last kind of the coatings [38]. The
coefficient of friction values for DLC coatings are influenced by testing conditions
such as sliding velocity, counterface material, temperature and contact stress, and
hydrogen content and the chemical bonding. The friction coefficient values can be
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observed in the range of 0.01-0.5. Furthermore, hydrogen-free DLC coatings
demonstrated low frictional coefficients (~0.1) for longer durations in humid air
condition. Near frictionless carbon (NFC) is another class of DLC coatings. These
near frictionless carbon can achieve lowest coefficients of friction (4 ~ 0.005) in a
sliding contact (self-mated) regime [39]. The near frictionless carbon also has a
dormant behavior in adherent transfer films on the sliding counterface to resulting
superior tribological behaviors. The hydrogenated carbon atoms passivating the
contacting surfaces are the influencer for super low frictional behavior [33, 40]. Dia-
mond-like carbon also often exhibits the non-Amontonian behavior (see Eq. 1.6) and
for a DLN coating (Fig. 1.6) [41].

Single DLC material for both dry and humid environment with superior low
friction coefficient is a challenging task to fabricate. The tribological performance of
DLN coatings was found superior and the structure consists of two amorphous
interpenetrating networks (which are a-C:H and a-Si-O).

A coating residual stress value of ~0.5 GPa and enhanced adhesion observed due to
the graphitic carbon growth prevention in high temperatures is due to mutual stabili-
zation of amorphous interpenetrating networks. (CHy 15)0.7(Si0q3)o 3 are typical DLN
composition which may exhibit small variation. Figure 1.9a illustrates the Raman
spectral data for DLN coating [41]. The D and G peaks indicate the amorphous
structure characteristics were also observed for DLC as similar to DLN. The transfer
films on SizN4 counterfaces under dry nitrogen and humid air conditions were
established with Raman spectral analysis and also compared with DLN coatings. The
results show the narrowing and increasing Raman shift peaks which indicate the
transformations to a more nanometer-scale domain-sized graphitic structure. Also,
these transformations were documented further for thermal treatment and frictional
rubbing also [30, 40, 42, 43]. Furthermore, a thicker transfer film formed in air than in
dry conditions was observed [15, 43]. In near surface differences in transfer film
tribochemical products, the Raman spectroscopy analyses are found to be insensitive.
Time-of-flight secondary ion mass spectroscopy (ToF—SIMS) was used for analysis of
chemical mapping of the transfer films. The results observed a difference in the
tribochemistry of the transfer films. Hydrogenated carbon-containing species exhibit
very low frictional coefficient (1 ~ 0.02) and interfacial shear strengths in dry nitrogen.
In another hand, friction coefficients (1 ~0.2) in humid air are observed for silicon and
silicon oxide species. These specialties lead the DLN’s capabilities to adapt in both dry
and humid environments applications, eventually coined as one of the environment-
friendly low-friction coating. The interfacial tribochemistry and the shear strength of
pressure-induced transfer film will help to understand the chemical-mechanical mech-
anisms involved for the tribological performances in various environments. Thus,
rigorous analysis is to be established to processing, structure, and synergies of proper-
ties in solid lubricant fabrications.

* Molybdenum Disulfide (MoS,)

MoS, consists of lamellar structure, which can be easily sheared in the direction
of motion. The usage of MoS, in wet environment will impact the dormant
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Fig. 1.9 (a) Raman spectral data of unworn DLN coating and transfer films. Time of flight on the
counterfaces which generated in (b) and (c¢) for various conditions [41]

performance like increase in friction, and this may be due to the moisture. But, it has
many advantages also. Few of them are presented here, such as high load-bearing
capabilities, extended temperature ranges, and low friction at high loads. It is a
material found within the granite and extracted through mining and highly required
refinement to achieve purity, and thus can be used as lubricants. The performance of
MoS, lubricants often exceed than graphite especially in vacuum environment where
graphite lubricants cannot be used. The oxidation influences are high beyond 300 °C
for MoS,. Large particles resulted in excessive wear by abrasion mechanisms which
caused by impurities in the MoS,, and small particles resulted in accelerated
oxidation.
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* Transition Metal Dichalcogenide (TMD) Compounds and Adaptive
Nanocomposites

MoS, and WS, are considered as the part of TMD family of solid lubricants
which have wide range of applications. The intermechanical weakness catalyzed the
lubricating behavior. Like graphite the MoS, also has a hexagonal crystal structure
(Fig. 1.10a) [21, 44].

The MoS,(S-Mo-S) sandwich has covalent bonding and also weak Van der Waals
forces. The basal planes slide over another intracrystalline slip due to a shearing force
(Fig. 1.10b). This establishes transfer film formation on the counterface. The devel-
opment of a transfer film in sliding interface and formation of (0002) basal planes are
the mechanisms involved in low interfacial shear in TMD [45]. In general, MoS, and
WS, coatings exhibit low frictional coefficients (<0.05). Furthermore, these exhibit
high wear life under certain environmental conditions such as vacuum and dry inert
gas. Also, a dormant behavior was observed in water vapor environment in oxidation.
An increase in the frictional coefficient was observed in a humid environment as
compared to dry inert gas and vacuum environments; this may be due to the formation
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of tribooxidation products [21, 46-50]. Figure 1.10c illustrates frictional behavior of
WS, coating in various environmental conditions [49, 50]. X-ray photoelectron and
laser Raman spectroscopies used for studies related to the transfer films and wear
scars observed the oxidation of WS, to WO; during sliding in air (Fig. 1.10d)
[50, 51]. For transition metals in metal-doped DLC coatings, same oxidation tri-
bochemical reaction was observed [17, 52].

In MoS, and WS,, it is not necessary to coat both surfaces for achieving low
friction because the transfer film will be formed on the counterface.The stress due to
the friction can induce crystallinity into MoS,-based coatings [53—55]. A structural
evolution process at the time of friction in two mode was represented in Fig. 1.11a, b.

From Fig. 1.12, the wear factor of pure MoS, in dry nitrogen decreased in
comparison with wear rate in air. It can be noted that these coatings were failed to
retain up to 10,000 cycles. Furthermore, a significant wear factor improvement can
be observed for the composite coatings like MoS,/Sb,0Os/Au in regime of dry N, and
air (with 50% relative humidity). It can be noted that environment has significant
influence over performance.

The influences of temperature can be one of the critical factors for the tribological
performance of the coatings and the research indicates that TMD alone does not
perform low friction and wear. This may be due to formation of oxidation products.
Furthermore, WS, is thermally stable at ~400 °C, but MoS, begins to oxidize above
~300 °C [46, 47]. The significant performance of composite coatings in high
temperature friction and wear is of greater interest in the development. In addition,
TMDs, such as diselenides and ditellurides of molybdenum and tungsten have not
proven to be good solid lubricants. It can be seen that there is a high need for a
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reliable solid lubricant coating which environmentally also can self-adapt to various
environments [54, 56].

Even the targeted objective is superior tribological performance, one of the
challenges in the exposure to variable environment. A typical example related to
the satellite coatings is exposed to various environment well before the targeted
environment, especially humid conditions. So, there is a need of multiphase, nano-
composite materials known as adaptive lubricants and chameleon coatings [56] since
TMDs, graphite, UNCD, and DLC cannot provide solid lubrication by themselves
under variable humid conditions.

In addition, several metal or oxide dopants (Ti, Al, Ni, Au, Pb, PbO, and Sb,03)
in MoS, have been established for these humid applications which offer better
performance. Increased coating density, hardness, and oxidation resistance are few
of them [55, 57, 58], as shown in Figs. 1.6, 1.11, and 1.12, and other doped MoS,
[59, 60] and WS, [61, 62]. The coatings gained a greater acceptance as robust
coatings for commercial uses. Table 1.2 summarizes some of these characteristics.

* Polytetrafluoroethylene (PTFE)

Synthetic-type polymer which has carbon and fluorine atoms can be called as
PTFE. A low surface tension property enabled to be called as highest slippery
manmade material. Thus, following performances can be exhibited. They are: low
frictional coefficient at lower loads and good chemical resistance, which exhibits
lowest frictional coefficient about 0.04 with a limited operating range of 260 °C [63],
which is furthermore used as additive material in the lubricants.

* Boron Nitride

Typical example for aceramic powder lubricant is boron nitride and its most
important property is its high temperature resistance of 1200 °C. High thermal
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Table 1.2 Solid lubricants and their characteristics [18]

Solid
lubricant

M()Sz

Graphite

PTFE*

Characteristics

Low coefficient of friction in vacuum and atmosphere conditions

High thermal stability up to 1373 K in vacuum environment; however, this range
was limited to 623—673 K in air

Influence of absorbed water vapor and oxidizing environment are insignificant to
the frictional responses

Greater loading capacity

Hexagonal crystal structure with the intrinsic property of easy shear

MoS, is effective in vacuum where graphite is not

Graphite has a low coefficient of friction

Very high thermal stability (2273 K and above)

Hexagonal crystal structure with the intrinsic property of easy shear

Relies on adsorbed moisture or water vapors to achieve low friction

Dry environments applications are found limited, particularly in vacuum
Amount of water vapor adsorbed may have significant influences in frictional
responses. If the amount of water vapor absorbed is less, the friction coefficient
was found to be increased

Practical application at high temperatures is limited to a range of 773-873 K
because of oxidation

High temperature applications are limited and addition of inorganic compounds
improves the temperature withstanding ranges

Exhibits low coefficient of friction in vacuum and atmosphere; this is because of a
lack of chemical reactivity

Insignificant behavior to adsorbed vapors or moisture

It possesses low surface energy and does not have a layered structure
Temperatures range from 173 to 523 K

Low load-carrying capacity and durability

Low thermal conductivity of PTFE prevents heat dissipation, which causes
premature failure due to melting and restricts the usage of low-speed sliding
applications where MoS2 is not satisfactory. PTFE displays one of the lowest
static and dynamic friction coefficients down to 0.04. Operating temperatures are
limited to approximately 523 K

“Polytetrafluoroethylene

conductivity properties of boron enabled its usages in various specific applications.
The hexagonal chemical structures offer lubricating properties; however, cubic
structures are more abrasive [64].

1.6

Requirements to Solid Lubricants Properties

Typical required properties for solid lubricants are low shear strength, high com-
pression strength, and good adhesion. The low shear strength will help in low
coefficient of friction. The high compression strength will enable the lubricant to



1 Solid Lubricants: Classification, Properties, and Applications 21

withstand at higher loads. The good adhesion property will help to provide presence
of lubricant on the surface even at high shear stress. The first two properties possess
anisotropic materials like graphite, molybdenum disulphide, or boron nitride having

lamellar crystal structure.

1.6.1

Characterization of Solid Lubricants

Following are the various advantages and disadvantages of solid lubricants:

Advantages:

» High loadsworking ability

* Greater thermal stability

» Various specific applications

Disadvantages:

» Lower tribological performances in consideration with hydrodynamic regime

The lubrication film has low stability

1.6.2 Typical Applications of Solid Lubricants

When conventional lubricants are inadequate the solid lubricants are useful
especially for reciprocating motion, for example, in gear and chain lubrication
mechanisms. Also, prevent from various corrosion mechanisms.

Substitutes for chemically active lubricants additives.

Extreme temperature and oxidizing environmental conditions.

High loading capabilities (Figs. 1.13, 1.14, and 1.15).
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Fig. 1.13 Lubricant applications in vacuum environments [18]
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Fig. 1.14 Lubricant applications in cryogenic and high-temperature environments [18]
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Fig. 1.15 Lubricant applications in radiation environments [18]

1.7 Solid Lubricant in Additive Oils

The usage of nano-particulate solid lubricant in a base oil forms additive oils with
greater tribological performances and found superior tribological properties. The
mechanisms of nanoparticle additives are as follows: (1) ball effect [65, 66]; (2) tri-
bochemical reactions [67—69]; and (3) adsorption film theory [70]. Dispersion of
solid lubricant powders in oil occurs also one way [71-75]. The solid lubricants,
such as MoS,also, can be dispersed in oil which offers significant tribological
performances [71, 72, 76]. The graphite existed on the rubbing surfaces stably and
formed composition film with the oil-soluble additives [77]. The particle sizes of
lubricant and concentrations have vital role in the wear rates. Larger the particles
exhibit larger wear and small particles at larger loading conditions exhibit a low wear
rates [74]. The addition of solid lubricant to mineral oil offers significant tribological
performance. The performances are depending on the types of additives in oils,
particle hardness, and size of the solid lubricant particles [74, 75].

Lovell et al. studied green lubricant (environmentally friendly) combinations by
homogeneously mixing nano- (20 nm), submicrometer-(600 nm average size), and
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micrometer-scale (4 mm average size) boric acid powder additives with canola oil in
a vortex generator and found that the nanoscale (20 nm) particle boric acid additive
lubricants significantly outperformed all of the other lubricants with respect to
tribological performance (Fig. 1.16) [78].

Reeves et al. investigated tribological performance of a mixed canola oil-based
lubricant with boron nitride particles. Significant improvement of tribological per-
formances (reduced friction by 40% and wear by 70%) was observed with addition
of boron nitride nanoparticles as compared with micron- and submicron-sized
particles in canola oil (Figs. 1.17 and 1.18), and this may be due to the ability to
provide better coalesce in the asperity valleys for nanoparticles [79].

Omrani et al. studied the tribological properties of Al-16Si-5Ni-5 graphite com-
posite and showed significant tribological properties under limited lubricated condi-
tions. This may be due to the presence of graphite particles in the composites which
act as solid lubricant (Fig. 1.19) [80, 81]. Furthermore, these composite lubricants can
be used as a substitute in automobile applications. The various forms of carbon-based
solid lubricants used in coatings, lubricants, and composites for tribological applica-
tions are recently demonstrated by various researchers [82-91].

Recently, Charoo and Hanie conducted experiments on SAE 20 W50 with
various nanoparticles such as hexagonal boron nitride (h-BN), tungsten disulphide
(WS2), and graphite. The ENS8 steel disk and AISI 52100 steel ball considered as the
tribo-pair for the friction and wear tests. It was observed that hexagonal boron nitride
(h-BN) outperformed than other combinations (Fig. 1.20). However, the friction
coefficient was observed to increase with increase in sliding distance [92]. The
tribological performance of addition of fullerene soot in mineral oil combinations
was studied by Yunusov et al. It was observed that the addition of fullerene soot
helps to reduce the frictional force [93]. Further, the influence of ZnO nanoparticles
in diesel oil was investigated by Mousavi and Zeinali Heris. It was observed that the
thermophysical and tribological properties are improved due to the addition of
ZnO [94].



24 P. Ajay Kumar et al.

(a)0.25
0.23
0.21
c
2 0.19
K] === 5.0um
w 017 70nm [Steel Disk]
15}
= 0.151 ~#-Pure Canola Oil
:g 0.131 Pure Canola Oil
§ 0.11 1 [Steel Disk]
[s) == 0.5um
0.09
T 1.5um
0.07 4 =*=70nm
0.05
0 300 600 900 1200 1500 1800 2100 2400 2700 3000
Sliding Distance [m]
(b) 0.25
0.23
< 0.21
2
3 0.19
L 017 5.0um+1.5um
S 0.15 . 5.0um+0.5um
c p | +~1.5um+0.5um
2013
o ¥ ~~70nm+5.0um
§ 0.1 -~ % ~==70nm+0.5um
O 0.09 ~#=70nm+1.5um
0.07
0.05
0 300 600 900 1200 1500 1800 2100 2400 2700 3000
Sliding Distance [m]
© g
c 0.25
L
8 o2
w
5 0.15
§ o1
s
§ 005
o
o 0
& & & & & & & N N & > H ¢
S X © ©
RN AR A N T AP P N &
& o ¥ &
S T SN BN
Q & @
A &
S
&

Hexagonal Boron Nitride and Canola Oil Particulate Mixture

Fig. 1.17 Variation of frictional coefficient for (a) single-particle-sized particulate mixtures, (b) for
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1.8 Conclusions

Solid lubricants are good candidate for specific application where conventional
lubricant performance is dormant. Some of the examples for solid lubricants are
diamond and DLC films, lamellar solids, and lubricious oxides. Current trend in line



1 Solid Lubricants: Classification, Properties, and Applications 25

(a)141
e 5.0uM
121 ~@—0.5um
"E 14 == 1.5um+0.5um
.E. 5.0um+1.5um
]
g 0.8 ~#~ Pure Canola Oil
E === 5.0um+0.5um
5 0.67 e 70NM+5.0um
; s 70NM+0.5um
E 041 ~#-70nm+1.5um
02 == 70NM
== 1.5um
0 +—u— T T u T T " ™ T T 70nm [Steel Disk]
0 300 600 900 1200 1500 1800 2100 2400 2700 3000 Pure Canola Oil
Sliding Distance [m] [Steel Disk]
(b)
5 14
£
£ 1.2
@
g 1
2 08
o
2 0.6
§ 0.4
£ 02
a 0

Hexagonal Boron Nitride and Canola Oil Particulate Mixture

Fig. 1.18 Pin wear volume vs sliding distance for (a) particulate mixtures, (b) for various
particulate mixtures [79]

to an environment-friendly lubricant nourishes the solid lubricant research and
developments. Thin solid films are widely considered in the sliding regimes.
Various deposition methods like PVD and CVD are good candidates for solid
lubricant coatings in various substrate surfaces (like metals and ceramics), which
offer strong bondings and greater adaptability to serve applications. The solid
lubricant coatings that adapt to the changing condition of tribological applications
are called as adaptive or chameleon type. Solid lubricants developed through smart
engineering routes offer better tribological performances. For high temperatures
applications, most layered solid lubricant is ineffective, except lubricious oxides
and fluorides. Novel adaptive solid lubricant and some of the polymers have
capabilities in wide temperature ranges. Polymers are suitable due to its greater
physical, economical, and mechanical peculiarities. The demand of these solid
lubricants is expectedly high. This may be due to the performance of these solid
lubricants in some specific applications and in some severe environmental
conditions.
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Abstract

Self-lubricating metal matrix composites (SLMMCs) are a class of materials that
have potential to help engineers meet the demands of global initiatives for green
manufacturing and sustainability. While SLMMCs have existed for many decades
with traditional lubricant materials like graphite and other lamellar solids, such as
MoS,, WS,, h-BN and CaF,, BaF,, scientists have recently incorporated nanostruc-
tured versions of the materials (e.g., carbon nanotubes and graphene). At the same
time, new manufacturing and processing techniques have come online, such as
additive manufacturing techniques that may provide significant innovation
for SLMMC:s. In this chapter, the current state of SLMMC research is reviewed,
including materials, processing methods, and tribological performance. Processing
and property relationships are described, such as influence of testing parameters and
content of solid lubricants on friction and wear. Improvements in tribological
behavior, as much as possible, are interpreted through third-body approach, which
emphasizes materials phenomena at the sliding interface — including mechanical,
structural, and chemical changes to the parent materials. Based on the review of
SLMMCs and their tribology, recommendations for future research are made that
emphasize the use of new materials, new processing routes, and research approaches
that seek to reveal more completely the mechanisms by which these materials form
tribofilms that are effective at lowering friction and reducing wear.

2.1 Introduction

Modern technology has placed materials into increasingly demanding and harsh
environments. To meet the needs of next-generation applications, scientists and
engineers are tasked with designing new materials with sufficient life cycle and
reliability. Higher forces, temperatures, and exposure to environmental corrosion
and mechanical wear lead to the need for various design strategies involving
increased mechanical properties both in the bulk and at the surface. One such
strategy that can be used for both surface and bulk enhancement of properties is
use of composite materials.

Composite materials make use of more than one material class with one acting as
the matrix and the other as a reinforcing component. Historically, composites have
been used for thousands of years, with the very first examples being mud and straw
composites used for housing in Egypt and Mesopotamia (circa 1500 BC) [1]. Modern
engineering composites can be found nearly everywhere in our daily life, with the
most common variety being polymer matrix composites (PMC) used, for example,
as bicycle frames, hockey sticks, and airframe materials. More often than not,
modern composites are designed from a mechanical properties perspective, where
the matrix alone does not have adequate strength and/or stiffness for the design
requirements. The reinforcing component, which in the PMC example is often a
glass or ceramic material, enhances mechanical properties by a load transfer or load-
sharing mechanism. Alongside the development of PMCs, scientists and engineers
developed metal-matrix composites (MMCs). Technologies to fabricate MMCs were
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Fig. 2.1 A schematic of a bulk SLMMC that are under service. Solid lubricant-related tribofilms
and, in some cases, transfer films are formed. Sliding usually generates refined microstructure on the
subsurface of the wear track, and the plastic flow, shown as arrows underneath the counterface,
promotes solid lubricant particles squeezing out to replenish the tribofilm and the transfer film

developed in the 1970s with increasing adoption of these materials in various
applications in the following decades [2, 3]. Reinforcing components in MMCs
can take the form of hard materials such as ceramics or glasses, but may also be
materials for enhancement of the surface properties, known as solid lubricants.

Composite materials are often employed for tribological applications, where wear
resistance and control of friction are important. Self-lubricating metal matrix com-
posites (SLMMCs) may be in the form of bulk composites [4, 5], thick coatings or
claddings [6], or thin nanocomposite coatings [7, 8]. Figure 2.1 depicts the scenarios
of a bulk SLMMC that contains solid lubricants to modify friction and hard phases
to support load and reduce wear. Common hard ceramic phases are Al,O5 and SiC
and common solid lubricants are graphite (Gr), MoS,, h-BN, and many others. The
latter impart “self-lubricating” (sometimes “auto-lubricating”) properties to the
MMC by the formation of lubricating tribofilms and, in some cases, transfer films
at the contact that can be regenerated during in-service wear of the component. Here,
tribofilm refers to a surface modified layer on the material being tested and transfer
films refer to a modified layer attached to the counterface (as depicted in Fig. 2.1).
SLMMCs are an important class of materials for future green manufacturing and
engineering sustainability. Use of SLMMCs reduces the need for oil lubrication
and reduces friction and thus the energy consumption in the systems where they are
used. They can also mitigate wear and increase the lifetime of components.

2.2  Selected Tribology Concepts for Metals, Solid Lubricants,
and SLMMCs

2.2.1 Third Bodies for Metals and Solid Lubricants
When two surfaces are brought together to form a sliding contact, mechanical and

chemical interactions lead to the formation of what tribologists commonly refer
to as “third bodies” [9, 10]. The characteristics of third bodies are dictated by the
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parent materials (the two “first bodies” sliding against one another), the ambient
environment and parameters such as load and sliding velocity. Once the third bodies
form, their behavior in the tribological system often has a significant role in
determining the friction and wear performance. As shown in Fig. 2.1, transfer
films may form on the ball (i.e., “countersurface” or “counterface” material) due
to adhesive wear processes. Tribofilms may form on the test material of interest.
They may be due to mechanical and chemical modification of the parent material but
may also be due to redeposition of transfer film material to the worn surface. Wear
debris is third body material that leaves the contact and no longer participates in the
sliding process. There are many other names given to third bodies in the open
literature, including but not limited to mechanically mixed layers (MML), tri-
bologically transformed structures (TTS), tribomaterial, transfer layer, fragmented
layer, highly deformed layer, glaze layer, white-etching layer, and nanocrystal layer
[11]. MML is a common terminology in metals tribology where work-hardened,
nanocrystalline, and other transformed microstructures are found at the surface
[12]. TTS is a terminology used to describe nascent materials that are about to
leave the first body to become part of the third bodies in the contact [13, 14]. For
this chapter, we restrict discussion to “transfer films,” “tribofilms,” and “wear
debris” — three distinct types of third bodies as labeled in Fig. 2.1.

For decades, third bodies were studied primarily by ex situ methods, where after a
laboratory scale test the first bodies were separated and the nature of these materials
was examined with a variety of material characterization techniques [15]. More
recently, scientists developed in situ methods that are capable of directly examining
third bodies during the wear test. These techniques and the history of their develop-
ment were recently reviewed by Chromik et al. [16] and Wahl and Sawyer [17]. Here
we mention these techniques as they were key in demonstrating the importance of
examining third body “processes” or third body “flows” and the concept of velocity
accommodation [18]. This is especially true for solid lubricants [19-24], such as MoS,
and DLC. More recently, the techniques have been used to study metals tribology
[25-29], which also demonstrated the importance of third bodies in determining the
performance of metals in sliding contact. The manner in which third bodies modify
how velocity is accommodated between two surfaces in relative motion was described
by Berthier et al., where 20 velocity accommodation mechanisms (sometimes
“modes”) were defined or identified based on experimental evidence [18, 30].

For the context of SLMMCs, understanding of third bodies and their formation is
crucial. These materials are designed specifically to form and replenish tribofilms
from the self-lubricating fillers within their matrix. The effectiveness of this process
and the mechanisms by which it occurs are not always fully explored in the literature.
In fact, it is only until recently that in situ tribology techniques have been applied to
composite materials for nanocomposite PVD coatings [8] and MMCs [28, 29, 31].
Researchers have, however, used ex situ methods to investigate tribofilm formation
on SLMMCs which have demonstrated their importance and role in Iubrication and
enhancement of the tribological properties [32-36]. It is also true that the nature of
self-lubrication for an SLMMC is related to the same processes that occur for solid
lubricant applied as coatings. However, the source flow of lubricating material is
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potentially much less for an SLMMC and the third bodies that form, and their flows
are expected to be substantially altered. As such it is worthwhile to have a short

review of what is expected for self-lubrication when solid lubricants are applied as
blanket films.

2.2.2 Solid Lubricants

Solid lubricants are a class of materials that provide a lower friction in comparison to
standard tribological couples found in engineering systems, where the vast majority
are metal-metal or metal-alloy type contacts [15, 37, 38]. The most popular solution
is the use of oil lubrication, but in cases where this is not possible (e.g., space
applications, open system), one may resort to the use of solid lubrication. The most
common solid lubricants are lamellar type solids, such as Gr and a set of metal
dichalcogenides (e.g., MoS,, WS,). However, there are many others [15] and it is
also the case that soft metals (e.g., Pb, In, Au) are considered solid lubricants at
elevated temperatures. All solid lubricants typically have a narrow range of effec-
tiveness in term of environmental conditions such as temperature, humidity, and
ambient pressure.

The mechanisms by which solid lubricants provide low friction are always a topic
of debate. However, scientists do agree on the basic concept of an interfacial shear
strength. Figure 2.2 shows schematically the concept of modifying the friction by an
interfacial film with lower shear strength than the bulk solid to which it is applied.
Velocity is accommodated by the solid lubricant, which could be in the form of a
coating or a tribofilm formed from a SLMMC. The velocity accommodation mode
(VAM) can be: (i) interfacial sliding between a transfer film and tribofilm; (ii) the
counterface material and the tribofilm (absent of transfer film); (iii) interfilm shearing
of the transfer film, tribofilm, or both; or (iv) interfacial sliding between the
counterface and wear track (absence of tribofilm and transfer film). For a blanket

Interfacial shear strength
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Fig. 2.2 A schematic of interfacial sliding along transfer film and wear track interface and how
solid lubricants modify the friction by an interfacial film with low interfacial shear strength. The
above expression for the friction coefficient is based on the classical theory of Bowden and Tabor,
where friction force can be expressed as a product of real contact area (4) and shear strength of the
lubricant material (7). 7y is the interfacial shear strength, a “velocity accommodation parameter”
which is a property of the interface, and a is the lowest attainable friction coefficient for a given
friction couple [16, 38, 39]

Low T
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coating of solid lubricants, the most common VAMs are (i) and (iii). For SLMMCs,
where there is incomplete coverage of the wear track, all four can occur, but (ii) and
(iv) are most common. Interfacial sliding of counterface versus the tribofilm is the
mechanism of lubrication for SLMMC:s. In the absence of solid lubricant in the
tribofilm, interfacial sliding leads to higher friction, and adhesive and/or plowing
wear, which provides a mechanism to release more solid lubricant materials from
the subsurface of the SLMMCs.

For lubrication by carbonaceous species, there is extensive literature on diamond-
like carbon coatings, which was recently summarized in [40, 41]. Carbonaceous
films are quite common and also from other species such as oils, varnishes, and
greases, as pointed out by Hoffman and Marks [42]. Historically, tribologists
explained the lubricating effect from diamond-like carbon coatings as a “graphiti-
zation” process by which the initially amorphous coating formed tribofilms that
transformed to Gr due to the temperatures and/or pressures induced by the sliding
[43, 44]. Work by Scharf and Singer demonstrated the importance of formation of
transfer films for a specific Si doped DLC [19, 21]. However, it is not the case that all
DLC coatings behave the same way and in some cases one observes that transfer
films are less important and tribofilms on the worn surface dominate the process
[45]. Sometimes it is even the case that the dominant mechanism determining
friction is near surface passivation state of the DLC. Recent computational simula-
tions by Pastewka et al. [46] demonstrated that it is not always a graphitic structure
that provides low friction. Sometimes it is sufficient to form sp> hybridized carbon
from the sp*/sp> matrix of the DLC coating. They also concluded that a passivation
process was important for realizing low friction. Experimental observations of
superlubricity in some DLC coating support these observations, where the surface
termination is highly important for realizing the ultralow friction [47]. Other carbon
species, such as graphene (G) or carbon nanotubes (CNTs), have been added as
surface layers and resulted in lowered friction an improved tribological performance.
Work by Berman et al. [48—51] has demonstrated outstanding lubricating effects by
deposition of G onto metallic surfaces.

Coatings made from MoS, and WS, have been applied for many decades as solid
lubricants, having been developed in the early days of the development of space
technology [52]. This lamellar solid is most effective for low friction in vacuum or in
the absence of humidity. Ambient conditions lead to a rise in friction and more rapid
removal of the coating. The mechanism of the effect of humidity is debated in the
literature, with some researchers showing evidence of the formation of Mo-oxides
[53] and others demonstrating that friction between pristine MoOs/MoS, interfaces
is extremely small along the channel direction, which is formed by S atoms at the
sliding surface, even smaller than that of MoS,. The friction rise is due to the high
energy barrier of MoO5 (001) interlayer sliding that leads to an increase in the shear
strength [54, 55]. The formation of transfer films is critical for the performance of
these materials [8, 56, 57]. Recent work by Hoffman and Marks [58] demonstrated
the mechanism for transfer film formation. It is also the case that even after wearing
through an MoS, coating, low friction can persist by the presence of tribofilms and
recirculation of MoS, debris back into the tribosystem [59]. Recent work by Lince
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et al. demonstrated that other Mo-S compounds that have green manufacturing pro-
cesses have promise to be as effective as MoS, [60]. Similar to carbon materials, MoS,
and WS, have seen an evolution of their structure to make two-dimensional structure
(e.g., like G) and nanoparticles/nanotubes [7, 61]. These materials have the possibi-
lity to be placed on surfaces for lubrication or added as filler materials in SLMMCs.

2.2.3 Incorporation of Solid Lubricants in MMCs

There is a long history of incorporation of solid lubricant materials into metal
matrices. Graphite inclusions are the most extensively studied, with Rohatgi and
coworkers carrying out much of the early work on Al-Gr composites fabricated by
casting routes [2, 62—66]. Researchers have also incorporated MoS,, WS,, and h-BN
into metals by powder metallurgy or other techniques [67—69]. Since the early years
of manufacture of SLMMCs, which was primarily with casting and powder metal-
lurgy methods, there have been significant advances in both alternative processing
technologies and the materials themselves (e.g., Gr replaced by CNTs or G). In the
end, regardless of processing route or material system, the fabrication of any
SLMMC has a few key goals in mind. Firstly, the solid lubricant should be dispersed
as homogeneously as possible and be unmodified by the processing. The actual
volume fraction of the solid lubricant included is often a function of the application
itself. This is because as the volume fraction of the solid lubricant increases, there is
inevitably a detriment to the bulk mechanical properties. Often there may be some
benefit to mechanical properties at low volume fractions, but at higher concentrations,
the solid lubricant will result in softening. Thus, the second main goal is finding a
balance of the lubricant content. Ideally, one requires a sufficient amount that there can
be a sustainable lubricating tribofilm at the material’s surface throughout its lifetime,
but not so much lubricant that there is an unacceptable debit in mechanical proper-
ties. This is why one often finds SLMMC:s that also include hard phases. The load-
supporting nature of hard inclusions helps to overcome the debit in mechanical
properties introduced by the solid lubricant. Many of the newly developed processing
routes also seek to incorporate higher content of lubricant with better maintainability
of mechanical properties. The remainder of this chapter will address the tribology of
carbon-based and MoS,/h-BN/WS,/CaF,/BaF, SLMMCs with special attention to the
role of third bodies in determining the performance of these materials.

2.3  Synthesis of SLMMCs

Historically, Gr has been incorporated in metal matrices for many decades. This is
especially true for Al and its alloys, where these materials have found applications
as bearing surfaces, fan bushings and pistons and liners of internal combustion
engines [4]. These materials can be fabricated in a relatively low-cost casting process
[65, 70-73], infiltration techniques [63], or by powder metallurgy routes [74, 75].
More recently, newer processing methods have been developed including friction
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Table 2.1 Summary of some fabrication methods for SLMMCs containing Gr, CNTs, or G

Carbon species | Fabrication method Matrix materials | References

Gr Stir casting Al or Al alloy [65, 70-73]
Infiltration Al or Al alloy [63]
Powder metallurgy Al or Al alloy [74, 75]
Friction stir welding Al or Al alloy [76-82]
Microwave sintering Cu [95]

CNTs Powder metallurgy Cu, Al [99-101]
Friction stir welding Al or Al alloy [76]
Microwave sintering Cu [96]
Cold spray Cu, Al [86-91, 102]
Laser AM technique Ni [98, 103]
Infiltration Al [104]

G Sintering (spark plasma, semisolid, or NizAl, Al alloy, [105-107]
laser) Ti
Powder metallurgy Al [108]
Friction stir welding Al or Al alloy [76]

stir techniques [76-82], electrodeposition [83—85], thermal spray, cold spray
[86-94], microwave sintering [95-97], and laser melting/additive manufacturing
methods [98]. Some of these fabrication methods are more directed as fabrication
of coatings (i.e., electrodeposition and thermal spray), while the remainder are
directed at fabricating a bulk material. Cold spray is capable of producing coatings
and also can be used as an additive manufacturing method to create near-net shape
bulk parts. The manufacturing methods and materials for carbon-based lubricants
were summarized in Table 2.1 according to the most recent literature, while Table 2.2
listed the most recent main techniques used for synthesis of MoS,-, h-BN-, WS-,
CaF,-/BaF,-SLMMCs. One may notice that manufacturing methods have a signif-
icant influence on material selection, microstructure of the matrix, stability of the
solid lubricant reinforcement(s), as well as bonding mechanism between the matrix
and the reinforcement(s). Powder metallurgy has been applied to a wide range of
matrix materials such as Cu, Mg, steel, and Ni base alloy. Plasma spray and laser
cladding can be used to fabricate superalloy—based composites because of high
temperatures they are able to achieve. However, cold spray, due to its bonding
mechanism (discussed in details later), while has been widely used for ductile metals
deposition, is still under development for manufacturing superalloy coatings [119].

2.3.1 Powder Metallurgy
Powder metallurgy basically includes three steps: mixing, compacting, and sintering

of mixtures consisting of matrix and reinforcement powders [64]. The current
primary problems and challenges regarding fabrication of SLMMCs using powder
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Table 2.2 Summary of most recent main synthesis of SLMMCs containing MoS,, WS,, h-BN,
CaF,, and BaF,

Technique of Processing temperature (°C) or | Matrix Solid

synthesis material state material lubricant(s) | Reference

Powder 1200 Ni base Ag+h-BN | [109]

metallurgy alloy

Powder 600 and 1200 SS316L h-BN, [36]

metallurgy MoS,

Powder 530 Mg-TiC MoS, [110]

metallurgy

Powder 800 Cu-Sn MoS, [111]

metallurgy

Plasma spray Semi-liquid NiCr-Cr;C, | h-BN [112]

Plasma spray Semi-liquid WC-Co-Cu MoS, [113]

Laser cladding Liquid Ni base WS, [114]
alloy

Laser cladding Liquid Co base CaF, [115]
alloy-TiC

Cold spray Solid Cu MoS, [32, 116]

Cold spray Solid Ni h-BN [117,

118]

metallurgy are decomposition of solid lubricants due to high processing temperature,
high porosity and poor bonding strength of the matrix and reinforcement(s),
and manufacturing of self-lubricating MMCs for high temperature applications.

Decomposition of solid lubricants occurs because sintering temperatures are
higher than oxidation or dissociation temperatures of commonly used solid lubri-
cants, as shown in Table 2.3 [38, 120, 121]. For Cu-MoS, composites, sintering
temperature above 780 °C causes decomposition of MoS, and formation of a
brittle phase CuMo,S; that is detrimental to tribological behavior [111, 122].
Figure 2.3 exhibits typical microstructure of SS316L-15 vol.% MoS, composite
fabricated by powder metallurgy [36]. During sintering (1200 °C), MoS, phase was
replaced by iron sulfide due to decomposition of MoS, and interaction with 316L.
As the newly formed sulfides are not as lubricious as MoS, [123], some strategies
have been employed to improve maintenance of solid lubricants. Adding alloying
elements, i.e., phosphorus (admixed and pre-alloyed) and molybdenum (admixed),
into steel matrix delayed, yet did not avoid, MoS, decomposition and reaction
[123]. Moreover, h-BN or metal-coated h-BN was used to withstand high sintering
temperature because of its high thermal and chemical stability [36, 124, 125]. How-
ever, due to the low wettability and poor sinterability, incorporation of h-BN into
metal matrix led to slight decrease in mechanical property, i.e., hardness [36,
124-126]. Other solid lubricants exhibiting higher oxidation resistance could
be potentially applied to stand high sintering temperatures.

Porosity and bonding strength between metal matrix and solid lubricant
reinforcements are important material properties that have to take into account.
Inadequate bonding occurs when sintering temperature is below melting point of
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Table 2.3 Oxidation or decomposition temperatures of selected solid lubricants
Gr MoS, WS, h-BN (Ca, Ba)F,
Oxidation/'C 325 370 539 >700 ~600

Fig. 2.3 An optical
micrograph of cross section of
SS316L-15 vol.% MoS,
composite fabricated by
powder metallurgy. Reprinted
from [36], with permission
from Elsevier

metals. In order to improve it, hot pressing, which performed sintering under a high
pressure, and spark plasma sintering, which produced a high heating rate (up to
100 °C/min), were used to effectively decrease porosity and improve bonding
strength [64, 127]. Glow discharge sintering is a relatively new technique that uses
abnormal glow discharge plasma to generate a rapid and accurate heating process
and reduce porosity [128]. Finally, post-treatment such as extrusion improved
density and hardness of Cu-Sn-MoS, composites [123].

2.3.2 Laser Surface Cladding (LSC)

Due to a recent reduction in cost of laser equipment, researchers have devoted efforts
on research and development on laser cladding process [129]. During LSC, an alloy
or a composite layer is fused onto the surface under a coherent and high intensity
laser beam irradiation [129]. The melt pool temperature can achieve as high as
2000 °C by using extremely high power density [129]. Critical processing param-
eters include mixing of the feedstock powders, heating rates, convection, diffusion,
and cooling rates [129]. A significant difference between LSC and other coating
techniques is its strong bond between coating and substrates due to the fact that
substrate is partially melted into melt pool and participate in coating development.
Therefore, there is no significant interface visible between the substrate and coating.
For fabrication of self-lubricating MMCs, LSC has recently been employed to
produce superalloy—based composites for high temperature applications [33,
114]. A major problem of LSC applied to solid lubricants is decomposition and
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vaporization during the high temperature laser processing. It has been observed that
MosS, dissociated and interacted with matrix materials in the melting pool [130,
131]. Xu et al. fabricated Ni-TiC-MoS, composite on 1045 low carbon steel using
laser cladding. MoS, was found to be decomposed to Mo and S, resulting in the
formation of Ni, sMo0¢Se 7, intermetallic Mog g4Nig 16, and binary element sulfides
(Ni3S4, NiS,, Ni3S,, NiS) [130]. Generally, there are two methods to improve the
decomposition. First of all, solid lubricants having higher oxidation resistance and
melting points such as h-BN, WS,, CaF,, and BaF, have been observed to have a
higher recovery in the final composites [33, 115, 127, 132—134]. Moreover, feed-
stock pretreatments such as encapsulation solid lubricants with metal by high energy
milling or electroless plating reduced effectively decomposition and vaporization
of solid lubricants [132, 135-137].

2.3.3 Thermal Spray

In this method, melting or semi-melting metal particles are co-sprayed with solid
lubricants. Ni base alloys and WC-Co have recently been sprayed with MoS,, h-BN,
as well as (Ca, Ba)F, [112, 113, 139-142]. Figure 2.4 shows typical gas temperature
and particle velocity of thermal spray techniques and cold spray [138]. The biggest
challenge of the current thermal spray techniques is to prevent solid lubricant from
decomposition and interaction to the matrix material during high temperature pro-
cessing. Metal-coated solid lubricant prepared by ball milling or hydrogen reduction
followed by alloying method helped to retain MoS, and h-BN in the composite
coating [112, 113]. However, due to poor wettability of h-BN with melt metals, real
interparticle contact surface and bonding strength decreased with h-BN, and 10 wt%
of h-BN was found to destroy the continuity of NizAl matrix [142]. Detonation gun
spray, due to its relatively lower heat input and higher particle speed, could poten-
tially minimize MoS, decomposition [140].

Fig. 2.4 Diagram of jet 16800
temperatures (T) and particle
velocities (vp) used in thermal
spray and cold spray methods.
1 low velocity gas plasma;

2 high velocity gas plasma;

3 electric arc; 4 plasma; 5, 4
6 detonation and high velocity o R 3 e
oxy-fuel (HVOF); and 7 cold k=

spray. Reprinted from [138],
with permission from Elsevier
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2.3.4 Friction Stir Processing (FSP)

Friction stir processing (FSP) is a solid state process aiming to modify microstruc-
tures of a single or multiple workpieces and to fabricate MMCs [81, 143]. A
specially designed rotating pin is inserted into the material with a proper tilt
angle, and moving along the designed path. Rotation of the pin stirs the metallic
surface and generate friction and plastic deformation heat, leading to a mix of the
surface material (i.e., coated powder) and the metallic matrix [76, 81]. The mix
then flows to the back of the pin, where it is extruded and forged behind the tool,
and eventually consolidates and cools down under hydrostatic pressure conditions
[81]. FSP is an excellent method to fabricate MMCs showing well-dispersed solid
lubricant and/or ceramic reinforcements and improved mechanical properties
[76-82]. Gr, G, CNTs, and MoS, have been incorporated into aluminum alloy by
FSP and these composites exhibited improved mechanical property and tribolog-
ical performance [76—-82, 144]. Hybrid composites including solid lubricant and
ceramics such as SiC and Al,O; have been developed successfully by FSP
on aluminum alloy surface [76-82, 144]. However, FSP has been mainly applied
for aluminum MMCs so far. New applications of FSP to other metallic materials
are under development [81].

2.3.5 Cold Spray

Cold spray, or cold gas-dynamic spray, is a solid state deposition process by
exposing a suitable substrate to a high velocity (300-1200 m/s) jet of particles,
which are generally metals or blends of metals and other materials [119, 146,
147]. The powders are accelerated by a high pressure gas jet through a de Laval
nozzle [119, 146, 147]. Upon impact, the metallic particles that achieve a critical
velocity undergo adiabatic shear instability, leading to metallurgical bonding, and
consequently buildup of a coating [146—148]. The impact phenomenon and com-
parison with a wide range of other types of impact is summarized in Fig. 2.5, that
points out the cold spray deposition possibly occurs within a typical particle size
range of 5-150 pm at an impact velocity of 300-1200 m/s, which forms the cold
spray regime [145]. Low temperature and high speed deposition make it very
attractive for oxidation and heat sensitive materials and to fabricate high density
composites [138, 149]. Even though cold spray has been discovered early in 1980s
and successfully used for metals and metal-ceramic composites, its application to
SLMMCs has just begun [146, 147, 150]. Currently, there are two main research
groups including Penn State University and McGill University that have investigated
cold sprayability of solid lubricants with metals. Figure 2.6 shows an optical
micrograph of cold sprayed Cu-MoS, composite using admixed Cu and MoS,.
MoS, was distributed along Cu particles, and it was demonstrated that under the
optimized spraying condition, average MoS, content in the composite was around
2-3 wt%, lower than those fabricated by some of the other techniques, e.g., around
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Fig. 2.5 Influence of impact 104
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Fig. 2.6 Typical optical micrographs of cold sprayed Cu-MoS, composite using admixed Cu and
MoS,. Reprinted from [116], with permission from Springer

30 wt% MoS, can be achieved by powder metallurgy [32, 116, 133]. Deposition
mechanism of Cu and MoS, composite during cold spray was proposed by Zhang
et al. [116]. Presence of MoS, hindered extensive adiabatic shear instability of Cu
occurring, leading to inadequate bonding between Cu particles, and therefore reduced
mechanical property e.g., hardness of the composite [116]. Adding ceramic phase,
e.g., WC to form hybrid composite Cu-MoS,-WC could potentially improve mechan-
ical property. Moreover, Ni-coated h-BN was fabricated by electroless process and
used as feedstock to develop Ni-matrix h-BN composite. The size of solid lubricant
core was found to play an important role on recovery of solid lubricant and bonding
between particles. Nano-h-BN (100 nm) encapsulated with Ni helped to achieve
around 10 vol.% h-BN retained in the composite [118, 151]. However, they observed
1 vol.% h-BN composite produced the best combination of friction and wear behavior
[118, 151]. More extensive observation on bonding mechanism of the solid lubricant
and metal particles, as well as its influence on tribological performance, is required.
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2.4  Metal-Graphite, CNTs, Graphene SLMMCs
24.1 Advances in Materials (Gr — CNTs — G)

An aspect of the carbon-based SLMMCs that has changed over the years is the
nature of the carbon species that is impregnated into the composite. In the early days,
researchers were limited to Gr flakes as the only commercially available material.
With the invention of carbon nanotubes in the 1980s followed by graphene in 2000s,
there is now the possibility of including other forms of carbon in place of Gr flakes.
The tribology of composites with carbon nanotubes is well researched, having been
studied nearly since their invention with a recent review article published on the topic
by Moghadam et al. [152]. Research on graphene-containing composites have only
recently been demonstrated and carried out [82, 102, 107, 108, 153—156]. Limited
information on the tribology of these materials has been published [76, 84, 85,
157-159]. However, for all of these additions, the intention is still that the carbon
species will develop a tribofilm on the surface upon sliding.

2.4.2 Tribological Behavior of SLMMCs Containing Graphite,
CNTs, and Graphene

The tribological behavior of Gr, CNTs, and G containing SLMMCs has been the
subject of recent reviews by Omrani, Moghadam, and coworkers [4, 5, 152,
160]. Some general trends of friction and wear with material and test parameter for
MMCs containing Gr are well understood, especially for Al matrices. With increas-
ing Gr content in the composite, there is a reduction in friction coefficient.
Figure 2.7a presents friction results versus Gr content for two separate studies by
Akhlaghi et al. [161, 162]. Variation in the friction among the studies is related to
changes in applied load and sliding velocity, but in general there is a consistent
trend to lower friction with increasing Gr content. The trend is observed for the vast
majority of literature on Al-Gr MMCs regardless of their method of manufacture.
Similarly, for wear of the composite (see Fig. 2.7b), there is a decrease in wear with
increase in the Gr content for a set of studies by Ravindran et al. and Suresha et al.
[163, 164]. It should be noted that this trend is not always respected. That is, many
authors have reported that as the Gr content is increased, eventually wear will
increase. There is some optimum content of Gr to obtain both low friction and
wear, above which wear will increase even if the low friction is maintained. This is
generally related to a reduction in the mechanical properties of the composite with
the increased Gr content, which can lend itself to enhance mechanical properties at
low inclusion content but with large content, leads to a softening of the composite. In
general, the effect can be more pronounced for composites produced by powder
metallurgy as compared to those prepared by stir casting. Liu et al. prepared stir cast
Al-50%Gr composites and saw a relatively good performance for both friction
and wear [63]. However, for composites produced by powder metallurgy, Akhlaghi
et al. observed an increasing trend in wear with increasing Gr content [4, 75].
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To overcome this trend, they included SiC reinforcements to enhance the mechanical
properties of the composite. This is a common strategy that can maintain acceptable
wear rates at higher Gr concentrations.

More recently, researchers have mixed CNTs and G into MMCs. The remarkable
mechanical properties of CNTs and friction properties of G led naturally to the
research question of whether these carbonaceous reinforcements would lead to even
better self-lubricating properties than Gr. Zhou et al. [104] studied the tribology of
CNT in Al-Mg MMC:s. Figure 2.8 demonstrated the reduction in friction and wear
they observed with CNT. Similar reductions were also observed by Choi et al. on a
CNT-Al composite [165]. One aspect of the inclusion of CNTs that is often not fully
explored by all researchers is the state of the CNTs post-processing. Poirier et al.
studied AI-CNT composites made by a mechanical milling process and discovered
that nearly all of the CNTs were destroyed and had reacted to form carbides with the
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Fig. 2.8 Trends with CNT content in an Al composite made by powder metallurgy methods [104]

Al matrix [166]. Depending on the aggressiveness of the processing steps taken to
create the composites, one may find retention of CNT as a distinct phase in the
microstructure or instead the formation of carbides. Both Zhou et al. [104] and Choi
et al. [165] showed evidence with transmission electron microscopy that nanotubes
were retained in their composite in an unreacted state.

Only recently have researchers studied the inclusion of G in MMCs [76, 84, 108,
158, 167]. Ghazaly et al. [108] studied the tribology of Al-G composites and
discovered the wear performance was not significantly improved. On the other
hand, research on Ni-G composites showed a reduction in both friction and wear
of the composite with an increase in G content [84]. Sometimes it is difficult to
ascertain the effectiveness of a new materials due to differences in processing, matrix
material, and test parameters. As such, it is very difficult at these early stages of
G-based SLMMCs to determine whether the form of the carbon introduced in the
composite affects significantly the tribological performance. However, a recent
paper by Maurya et al. [76] provides a side-by-side comparison of Gr, CNT, and G
reinforcements in a friction stir processed Al alloy. In Fig. 2.9, the friction trends they
observed are presented. Gr and CNT additions had a similar reduction in the friction
coefficient to about 0.4, while G lowered the friction to around 0.25. For the wear of
the composite, they observed that all reinforcements reduced wear compared to the
friction stir alloy without carbon additions. There was also a trend in wear depending
on the carbon species, where G reduces the wear most followed by CNT and the least
effective being Gr. While the authors conducted ex situ analysis of their wear scars, the
precise mechanism of the differences in the performance of the three carbonaceous
species was not identified. Future research on carbon-containing SLMMCs should
certainly focus on more side-by-side comparisons between Gr, CNTs, and G.
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2.4.3 Tribofilms Observed for SLMMCs Containing Graphite,
CNTs, or Graphene

Examination of worn surfaces after tribology testing can help to determine the wear
mechanisms. In the case of SLMMC:s, the comparisons between the composite and a
pure version of the matrix material can explain the effectiveness of the solid lubricant
in reducing friction and wear. Figure 2.10 are secondary electron images of worn
surfaces on Al7075/Gr composites with increasing Gr concentration [168]. With no
Gr, there is evidence of adhesive wear and plastic deformation on the worn surface.
As Gr is introduced to the composite, evidence of this wear mechanism is reduced
and instead a smoother worn surface with grooved features is observed. Many
authors have explored the characteristics of the graphitic tribofilms formed on
Al-Gr composites [63, 161, 163, 169-173]. General trends observed are that with
increased Gr content in the composite, there is an enhancement of the tribofilm
coverage of the surface that correlates with the reduction in friction. Interestingly,
there is a significant lack of observation of the counterface materials in tribological
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Fig. 2.10 Worn surfaces for an Al-Gr composites (b—d) with increasing Gr content, compared to
the matrix alloy (a). Reprinted from [168], with permission from Elsevier

studies of these materials. Without information on transfer films, it makes it prob-
lematic to fully understand the third body flows and the mechanisms for replenish-
ment of the graphitic tribofilm. Authors theorize that the replenishment comes
from the subsurface of the composite, but tribofilms can also be replenished by
recirculation flows between the counterface and wear track.

Similar trends in the appearance of the wear track morphology are also observed
for CNT composites (see Fig. 2.11). As Zhou et al. [104] increased the CNT content
in their composites, they observed a smoother wear surface. For only 5% CNT
content, the wear track was rough and there was evidence of ploughed materials. For
10% and 20% addition of CNTs, the worn surface became smoother, with less
evidence of ploughing. This was accompanied by reduction in friction and wear,
as was presented above.

Carbon nanotubes can also be incorporated into a composite with cold spray
methods. Bakshi et al. [89], using a composite powder, created AI-CNT composites
and studied their tribology with a scratch tester. As can be seen in Fig. 2.12, the total
wear volume of the scratch was decreased for all normal loads by the introduction of
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Fig. 2.11 Typical tribofilms observed for AI-CNT composites containing (a) 5%, (b) 10%, and (c)
20% CNTs made by powder metallurgy methods. Reprinted from [104], with permission from
Elsevier
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Fig. 2.12 Scratch testing wear results for an AI-CNT composite made by cold spray and
corresponding observation of the worn surface with CNTs. Reprinted from [89], with permission
from Elsevier

CNTs. The scratch track observed by SEM was found to have CNTs on the surface,
which may have aided in the composite to resist wear during the scratch experiment.

Wear tracks can also be examined in cross sections, which can often give
significant additional information on the exact nature of the material transformations
in the tribofilms. These can be done as mechanical cross sections [169] but more
recently can also be examined with focused ion beam (FIB) cross sectioning [98,
174, 175]. Figure 2.13 is an example of a mechanical cross-section of a wear track
created on an Al alloy composite with 10% SiC and 4% Gr. In this study by Riahi
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Sliding Direction

Fig. 2.13 Tribolayer observed on Al-10%SiC-5%Gr composite run against a steel-bearing mate-
rial. The tribolayer in this case is primarily iron oxide with Al3Ni and SiC particulates. Reprinted
from [169], with permission from Elsevier

and Alpas [169], the composite was run in a block-on-ring test with a bearing steel,
a tribo-test that more closely replicates the contact conditions the composite would
encounter in service. Rather than high coverage of a carbonaceous tribofilm, the
authors found that a thick tribofilm is formed that is composed of a mixture of iron
and aluminum oxides, fractured SiC and intermetallic Ni3Al, which is from the base
alloy. Graphite did exist in these tribofilms, but clearly the mechanisms for lubrica-
tion and wear of this alloy are significantly more complicated than one can determine
from observation of top-down wear track morphology, as was reviewed above.

Use of FIB microscopy in recent years allowed for high resolution observation
of the cross section of worn surfaces and also provided the utility of being able to
prepare TEM foils when desired. Use of these methods can better reveal the
mechanisms for lubrication in SLMMCs. Figure 2.14 are cross sections prepared
by FIB from a wear track on a Ni-3Ti-20C composite that was manufactured by laser
additive manufacturing methods [98]. Each view is a region within the near surface
of the wear track. Once can clearly observe an MML and distinct C tribofilm at the
surface of all images. Also, striking is the observation of the mechanism of combined
plastic deformation near surface and “wicking” of the carbon within the composite
towards the surface to become part of the tribofilm. This observation is particularly
interesting as the carbon can be brought to the surface without significant wear
occurring but instead by simply the plastic deformation.

2.5 Metal-MoS,, WS,, h-BN, CaF,, and BaF, SLMMCs

2.5.1 Tribological Behavior of SLMMCs Containing MoS,, WS,,
h-BN, CaF,, and BaF,

Figures 2.15 and 2.16 summarized coefficient of friction observed in a number of
different metal matrices of Cu, steel, Ni, and Ni-based alloy reinforced with MoS,
and h-BN, respectively. The composites were fabricated by different manufacturing
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Fig. 2.14 Example of tribofilm formation in a Ni-3Ti-20C composite made by laser additive
manufacturing methods. Reprinted from [98], with permission from Springer

methods such as powder metallurgy [34, 35, 122, 176], thermal spray [112, 142],
cold spray [32], and laser cladding [132]. The tests were carried out with different
tribometer configurations, mainly pin-on-disk and ball-on-plate, different normal
loads, sliding speeds, and different counterface materials, e.g., different types of
steels, Si3Ny4, alumina. Even though it is difficult to compare the absolute values
due to the above variables, all the composites show some common trends. First of
all, their coefficient of friction decreased with increasing solid lubricant content
and then tended to keep constant or, in some cases, increased slightly. Early
research carried out by Tsuya et al. demonstrated that in cold pressed Cu-MoS,
composites, a minimum friction was reached at a MoS, concentration of 7-10%
and remained fairly constant up to a concentration of close to 90% [179]. Similar
trend was also observed in Gr reinforced SLMMCs by other researchers [64]. How-
ever, for the majority of the composites listed in Figs. 2.15 and 2.16, the lowest
friction coefficient was around 0.4 or even higher. That is much higher than that
sliding against blanket films of solid lubricants fabricated by physical vapor
deposition and chemical vapor deposition, indicating metal matrix at the contact
plays an important role. The effect of metal matrix component on friction coeffi-
cient has been analyzed theoretically by Rohatgi et al. [64]. The friction of an
SLMMC can be written as

= —4)f 0+ 4f; 2.1
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Fig. 2.15 Variation of average friction with content of MoS, for composites with different matrix
materials and corresponding brief tribology testing parameters [32, 34, 35, 122, 176]

where A, is fraction of lubricating tribofilm in the contact, f; f,, are friction coeffi-
cients of the lubricating tribofilm and matrix, respectively. Therefore, the coefficient
of friction of composites may vary between f,, and f; depending on solid lubricant
content and ability of development and stability of lubricating film over sliding.
WS,, BaF,, and CaF, have been used as high temperature solid lubricants and
incorporated with metals, e.g., Ni and Ni alloy using powder metallurgy techniques,
plasma spray, and laser cladding. The coefficient of friction reduced significantly
with even a small amount of solid lubricant in the composites, and this effect was
even more pronounced at elevated temperatures [33, 114, 121, 135, 141]. The
same trend was observed in wear rates. In general, BaF, and CaF, exhibit excellent
wear resistance at a broad temperature range between room temperature and
1000 °C [112, 121], while WS, shows the lowest wear rate at 300 °C [33]. Strong
matrix, combined with sulfides and fluorides, sometimes oxides formed at high
temperature, are responsible for low friction and high wear resistance at high
temperatures [121, 133]. It is worth to note that as the materials have to experience
high temperature during fabrication, decomposition of solid lubricants are inevi-
table, even completely decomposed under some circumstances [114, 135]. How-
ever, some high temperature products, e.g., CaCrO4 and CaMoO, (CaF, added
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Fig. 2.16 Variation of average friction with content of h-BN for composites with different matrix
materials and corresponding brief tribology testing parameters [109, 112, 118, 132, 142, 177, 178]

to Ni3Al matrix), are lubricious and lead to improved tribological behavior at
elevated temperatures [133].

Figure 2.17 shows wear rate evolution with solid lubricant content for composites
with various matrix materials and fabricated by different manufacturing processes.
Again, even though the absolute values cannot be compared because of different
testing conditions and insufficient characterization on the composites, the general
trends of wear rate with solid lubricant concentration are revealed. In Fig. 2.17a,
the wear rates decreased more rapidly with increasing only a small amount of solid
lubricants, and then tended to keep constant with further increase in MoS, or h-BN.
However, as observed in the Gr SLMMC:s, there was an opposite trend where wear
rates increased with solid lubricant after a certain amount, as seen in Fig. 2.17b, c.
Cold sprayed Cu-MoS, composites using admixed feedstock show continuous
increase in wear track depth with increase in MoS, content (Fig. 2.17c right). The
increase in wear rates was mainly due to degraded mechanical property induced by
poor bonding strength between solid lubricant and metal matrix [32, 64, 116,
142]. In order to improve wear resistance, adding hard phase like ceramics to
increase load-bearing capacity of the matrix was an effective method [3, 95, 130,
164]. Moreover, in the case of powder metallurgy route, increasing sintering tem-
perature to get adequate bonding strength and low porosity was able to reduce
significantly wear rate at higher h-BN content, as shown in Fig. 2.17b [126]. Post-
plastic deformation, e.g., extrusion, was also able to decrease porosity effectively
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and therefore improve wear resistance [180]. As described in the Sect. 2.4.2, the
transition point based on solid lubricant content above which wear rate starts
climbing varies with manufacturing routes. In general, composites made by the
liquid methods such as laser cladding and plasma spraying exhibit higher transition
point than those fabricated by semisolid and solid methods, e.g., powder metallurgy
and cold spray. As shown in Fig. 2.17a, c, plasma sprayed NizAl-h-BN composites
showed continuous decrease in wear rate up to 20 wt% h-BN, while for cold sprayed
Ni-h-BN composites, wear rate started increasing at around 5 wt% h-BN.

Except for materials, there are some testing parameters that affect wear rate
evolution and they are normal load and sliding speed. The influence of those two
factors on friction and wear of SLMMCs have been studied extensively and well
summarized by Omrani et al. and Rohatgi et al. [4, 5, 64, 181].

2.5.2 Third Bodies Observed for SLMMCs Containing MoS,, WS,,
h-BN, CaF,, and BaF,

As described in Sect. 2.2.1, friction and wear mechanisms are conventionally
examined by observation of sliding contact, i.e., worn surfaces using ex situ
methods. Even though the design of SLMMCs, as shown in Fig. 2.1, is to form a
full solid lubricating film on the wear track or contact, the role of metal matrix has to
be taken into account. In general, for metal-metal contact, incorporation of solid
lubricants reduced adhesive wear to some extent depending on the solid lubricant
concentration and the testing condition [34, 122]. For Cu-MoS, composites sliding
against Cu, powdery particles of solid lubricant, not a full film, in the contact were
responsible for reduced friction and adhesion and was the main wear mechanism
[122]. Mahathanabodee et al. [36, 125] proposed a wear model for a 316L-h-BN and
a 316L-h-BN-MoS, composites sliding against high-chromium steel counterfaces.
They observed adhesive wear, abrasive wear, oxidation, formation of a compact
layer, as well as delamination. The compact layer consisting of metal, sulfides,
h-BN, and oxide helped to reduce friction and wear. However, this layer tended to
be detached and caused delamination due to cyclic loading over sliding. WS, is used
as a high temperature solid lubricant, and the mechanism of improving tribological
behavior is presented in Fig. 2.18 [33]. Without WS, large pits were found at 300 °C
wear track, therefore abrasive and adhesive wear played a role. However, for NiCr/
Cr;C,/WS, coating, WS, and newly formed CrS generated transfer films in the
contact, leading to a smoother wear track and lower friction coefficient. Moreover, as
degradation of mechanical property at 300 °C was minor due to presence of Cr,Cs,
laser clad NiCr/Cr;C,/WS, composite coating exhibited a good combination of
friction and wear at 300 °C. In addition, ceramic phase additives alter wear mech-
anism of self-lubricating composites as well. Xu et al. [130] reported adhesion,
delamination, and plastic deformation were the main wear mechanisms in a Ni-MoS,
composite, while incorporation of TiC helped to generate a smoother worn surface
and eliminated adhesive wear. Although wear mechanisms seem to be identified



56 Y. Zhang and R. R. Chromik

15,06 10, Brram 26100k

Fig. 2.18 Wear tracks of (a) laser clad NiCr/Cr;C, coating and (b, ¢) laser clad NiCr/Cr;C,/WS,
coating at 300 °C. Reprinted from [33], with permission from Elsevier

through observation of worn surfaces by ex situ approach, more detailed information
on dynamics of third bodies in the contact, e.g., initiation of tribofilms and transfer
films, as well as their evolution, is helpful to better understand friction and wear
behavior. That is the design purpose of in situ tribometry, as discussed in the Sect.
2.2.1. A combination of ex situ and in situ method has been applied on cold sprayed
Cu-MoS, composites, and the results will be presented in the remainder of this
section.

Zhang et al. [32] reported recently that when Cu-1.8 wt% MoS, composite
rubbing against alumina, how MoS, smeared out forming discontinuous tribofilms,
and their evolution with sliding. Spatial friction was extracted to link local coverage
of MoS, tribofilms. As shown in Fig. 2.19, at 100 cycles, MoS, was smeared out
and formed MoS,-rich patches in the wear track. The local friction distribution
combined with chemical analysis demonstrated that higher MoS, content zones
generated lower local friction. The MoS, patches were expanded and tended to
distribute more homogenously as sliding continued (see MoS, distribution of the
1000 cycle wear track in Fig. 2.20). Inside the patches, MoS, was found to be
powdery and mixed with Cu,O and/or Cu (Figs. 2.19d, 2.20d, and 2.21¢). The
mechanism for low friction in a metal-MoS, composite was expected to be different
from that found in blanket films of MoS, made by physical vapor deposition (PVD)
or similar methods, which was discussed in Sect. 2.2.2 [59, 182, 183]. The main
feature of these latter coatings was to form transfer films on the counterfaces, which
led to MoS, sliding versus MoS, and friction coefficients in the range of 0.02—0.06
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Fig. 2.19 Top-down view of the Cu-MoS, wear track after a 100 cycle test. (a) Overall morphol-
ogy; (b) spatial friction along the wear track at the 100th cycle; (¢) an EDX map of the black
rectangle in (a); (d) a closer view of the wear track morphology. Reprinted from [32], with
permission from Springer

Average CoF

Fig. 2.20 Top-down view of the Cu-MoS, wear track after a 1000 cycle test. (a) Overall
morphology; (b) spatial friction along the wear track at the 100th cycle; (¢) an EDX map of the
black rectangle in (a); (d) a closer view of the wear track morphology. Reprinted from [32], with
permission from Springer

in dry air at similar test conditions to those performed here [59]. Thus, while there is
a significant friction reduction due to the presence of MoS,, the mechanisms for this
reduction were modified due to the presence of the Cu. The first noticeable difference
was the lack of a transfer film observed at 100 and 1000 cycle tests (Fig. 2.21a, b).
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With only 1.8 wt% MoS, in the coating, any transfer films that did form were readily
removed and redeposited onto the wear track. This was due to the interactions of
MoS, with the wear track, which was primarily Cu — a very different contact
condition compared to sliding on a PVD coating with a constant source of MoS,.
With the interactions of the metal, the transfer films were unstable and continuously
removed, ultimately resulting in MoS, patches on the wear track that were expanded
over sliding (Figs. 2.19d and 2.20d).

The VAM within MoS,-rich tribofilms was also explored briefly in this study
[32]. Using the two-term friction model that is commonly employed to combine two
velocity accommodation modes with an assumption that interaction between the
friction mechanisms is negligible [39], the total friction can be written as

M = Wint T Hfracture (22)

where Ly, is friction from interfacial sliding and Pgacure 1S the friction from fracture.
Dvorak et al. [8, 56, 57] proposed a similar model for taking account of two friction
mechanisms in MoS,. For Cu-1.8 wt% MoS,, the low MoS, content in the coating
and the absence of a persistent MoS, transfer film on the counterface indicate that
interfacial sliding between MoS, and MoS, did not occur to any great extent. The
process by which the transfer films were removed and deposited back to the wear
track as powdery MoS, was primarily related to the fracture of MoS,. So the velocity
difference was mostly accommodated by fracturing of MoS, third bodies. Therefore,
Pint =2 0, and P 2 pgacre- Uemura et al. [184] demonstrated that fracture dominated
friction was three to four times higher than interfacial sliding (i.e., Hacture = 3-5* Hing)-
Also, Dvorak et al. [8, 56, 57] showed that the friction induced by interfacial sliding
in dry air (i.e., B 2 i) under a wide range of contact pressure (0.41-1.39 GPa) was
below 0.05. Thus, based on the results of Uemura and Dvorak, an estimate of
fracture-induced friction indicated it should be roughly 0.18 or below. This estimate
was in a good agreement with the present study, where the friction of the high MoS,
zones was 0.11-0.12. This analysis helped to understand how low friction can be
observed with MoS, through a primarily fracture-based process instead of interfacial
shearing. However, the elevated friction compared to an interfacial sliding mecha-
nism must also partly be due to the occurrence of some metallic friction, evidenced
by sliding grooves at the zones with little/no MoS, (Fig. 2.19d) and oxidation
(Fig. 2.21e).

Cross-sectional microstructures of the wear tracks exhibit influence of solid
lubricants on tribologically modified microstructure and therefore permit a better
understanding of tribological behavior of SLMMCs. As shown in Fig. 2.22, in the
Cu-MoS, wear track, sliding induced a cohesive mechanically mixed layer (MML)
with fine cracks and a shallow dynamic recrystallized (DRX) layer 3—5 pm deep,
where a decrease in defect density was observed but no significant grain growth.
However, for the Cu wear track, sliding introduced large cracks within the MML.
The DRX layer penetrated into the coating as deep as 10-30 pm and substantial grain
growth was found in the DRX layer. The minor changes in subsurface microstructure
and phase transformation in the Cu-MoS, wear track compared to Cu wear track
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Fig. 2.22 (a) Microgragh of cross section of the Cu-MoS, wear track after a 3000 cycle test. The
hollow arrows denote MML, and the dashed line the border of the sliding-induced microstructure
and as-sprayed microstructure. (b) A closer view of the sliding-induced microstructure. (¢) Micro-
gragh of cross section of the Cu wear track after a 3000 cycle test. The hollow arrows denote MML,
the dashed line the border of the sliding-induced microstructure and the as-sprayed microstructure.
(d) A closer view of the sliding-induced microstructure. SD indicates sliding direction. Reprinted
from [32], with permission from Springer

probably resulted from a much minder stress field generated underneath the
Cu-MoS, wear tracks [32, 185-187]. There is a chance that frictional heating
might play a role on the microstructural modification [188].

As discussed in Sect. 2.2.1, for SLMMCs, even though traditional ex situ
techniques have been used extensively to observe third body behaviors, e.g., forma-
tion and evolution of lubricating tribofilms and transfer films, the effectiveness of
replenishment process and the mechanisms have not been fully understood. In situ
tribology technique is capable of capturing third body “processes” over the whole
testing, which provides generation and dynamics of lubricating films at the contact.
Here we present formation of MoS, tribofilms and transfer films at the very begin-
ning and how they were depleted with sliding. More details on in situ tribometer
setup can be found in [16] and sliding wear testing parameters in [32]. As shown in
Fig. 2.23, once sliding commenced, patchy MoS, transfer film was formed. Where
and how much of the transfer film can be generated largely depent on local MoS,
content. The transfer films were then deposited onto the wear track when rubbing
against pure Cu, and were consumed completely eventually, as shown in
Fig. 2.23b—d. This process continued with sliding. At 20 cycles (see Fig. 2.24a),
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200 M

Fig. 2.23 In situ micrographs of Cu-MoS, composite during the first half cycle. (a) Right before
sliding, followed by (b—d) where sliding commenced. SD indicates sliding direction. (Mining and
Materials Engineering, McGill University, Montreal, Canada)
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more MoS, tribofilms were developed, indicating MoS, was expanded more exten-
sively and in the meantime MoS, was replenished as wearing through the top
surface. The MoS, tribofilms were then depleted gradually as seen in Fig. 2.24b,
c. They could become wear debris deposited onto the counterface or outside the wear
track. It is worth noting that even though only a few visible patchy MoS, tribofilms
over the majority of sliding, the presence of MoS, eliminated metal oxidation
comparing to the pure Cu case (not shown). These results are consistent with wear
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track morphology observation by ex situ techniques (Fig. 2.22). Even though higher
resolution micrographs and in situ chemical/phase composition analysis, e.g., in situ
Raman spectroscopy, are required to better understand third body generation and
evolution over sliding, we believe combination of ex situ and in situ methods are
able to reveal third body behavior of SLMMCs more comprehensively.

2.6 Applications, Challenges, and Future Directions

SLMMCs remain an important class of engineering materials, especially consid-
ering global initiatives for green manufacturing and increased sustainability in
engineering design. These materials find applications in aerospace, automotive,
marine, and other sectors where tribological contacts are made that require low
friction, such as bearings, bushings, and piston liners. Many different metal
matrices have been studied (e.g., Cu, Mg, Al, Ni, Ti, and their alloys) with a
range of solid lubricants (e.g., Gr, CNTs, G, MoS,, WS,, h-BN, and others). One
also finds SLMMCs manufactured by a wide range of methods that have been
reviewed here, from the mature stir casting method for Al alloys with Gr to the
more recent techniques of cold spray, friction stir processing, and laser additive
manufacturing methods. Thus, there is a significant body of scientific literature and
knowledge base for SLMMCs. However, based on this review, we have identified
some areas of future research that could make significant impact on understanding
of the lubrication mechanisms for SLMMCs and also the development of
SLMMCs with optimized properties.

The basic understanding of the lubrication mechanisms of SLMMCs consists of
tribofilm formation, which is the formation of a surface layer that consists of lubricat-
ing material that reduce the fraction of metal-to-metal junctions in the sliding contact.
However, as shown in this review the structure of a tribofilm can be considerably more
complex than this. In the work of Riahi and Alpas [169], they observed a tribofilm
that was composed of many components with a small fraction of the graphite lubricant.
Researchers should devote more efforts on describing the exact nature of the tribo-
films for SLMMCs as their formation is key for the function of the composite, but
the mechanism and the nature of their formation are not always fully elucidated.

Generally, third body flows and lubrication mechanisms for SLMMCs deviate
significantly from blanket films of solid lubricants. For blanket films, there is a large
volume fraction of solid lubricant available; the VAM is solid lubricant vs. solid
lubricant or interfacial shearing of the solid lubricant, as depicted in Fig. 2.2. For
SLMMC s, the total volume fraction of lubricant is lower. Often one finds that
transfer films do not persist in the sliding contact, as was shown by in situ tribometry
above in the work of Zhang et al. (McGill University). Any transfer film material
formed generally flows back to the wear track in recirculation flow or out of the contact
as debris. This means the mechanisms observed by Mogonye et al. [98] are more
important. An understanding of the replenishment mechanisms for the tribofilms from
the near surface solid lubricant particles would be key in better design of SLMMC:s.
The flow of solid lubricant materials toward the surface can naturally occur by wear or
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by plastic deformation, but the process must have a dependence on the fabrication
methods of the composite, lubricant content and morphology, and the microstructure of
the matrix itself. Researchers have already described these as being key variables for
the performance of the composites, but these links are not as strong as they could
be without more detailed information on the mechanisms of near surface lubricant
flow, tribofilm formation and structure, and the recirculation flow of lubricants.

SLMMCs have an opportunity to undergo a significant revolution in both mate-
rials and processing/manufacturing. In terms of materials, researchers are actively
exploring incorporation of newer forms, often nanostructured, of popular lubricants.
Recent excitement on graphene and before that CNTs have translated to their use in
SLMMCs. Similarly, 2D versions of MoS, are becoming readily available and can
be utilized for making SLMMCs. Challenges of course remain for these materials.
Researchers must focus as best they can on side-by-side comparisons [76] between
these newer materials and traditional forms of the lubricants. Otherwise, the under-
standing of performance differences becomes lost in the cloud of tribological test
parameters. Also, it is critical that the lubricants be examined with electron micros-
copy and other spectroscopic methods to quantify the state of the Iubricant in the
SLMMC postprocessing.

On the manufacturing side, new processing routes provide new possibilities for
SLMMC:s. In particular additive manufacturing provides a new vista. While most
additive manufacturing researchers are focused on making bulk parts from metals
and alloys, there is a real possibility for using these techniques to tailor the
properties for SLMMCs, including but not limited to a more precise control of
the lubricant content and morphology in the composite. However, many of these
techniques are laser based, and challenges on control of lubricant state in the
composite would be a key issue. Similarly, cold spray, which is currently a method
primarily focused on metals and coatings, has the potential to become an additive
manufacturing method utilized for SLMMCs. Even though cold spray eliminates or
avoids decomposition of the solid lubricants that is inevitable for most of the other
manufacturing processes, challenges for this technique are precise control of pow-
der delivery systems and development of optimized feedstocks that are suitable for
cold spray. The feedstocks can be conceivably modified to composite powders
using dryer spraying technique, metal-coated solid lubricant powders made by
deposition or ball milling, and even combination of them, i.e., metal-coated com-
posite powders. These pretreatments could improve cold sprayability of the mate-
rials according to deposition mechanism described in Sect. 2.3.5. Moreover, due to
poor sprayability of solid lubricants, in situ formation of solid lubricants during post
spraying treatment, e.g., heat treatment, could avoid spraying solid lubricant
directly. This could promote a new route to fabricate SLMMCs using cold spray.
In addition, several alternatives of conventional lamellar solid lubricants are some
oxides, e.g., TiO,, and soft metals, e.g., Sn, which could be used as solid lubricants
at elevated temperature. In fact, TiO, ceramic coating has been sprayed by high
pressure cold spray system and low pressure cold spray system [189, 190]. Even
though there are some challenges, cold spray provides an interesting opportunity to
develop a next generation of SLMMCs.
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Abstract

The production of self-lubricating composites containing second phase particles
is one of the most promising choices for controlling friction and wear in energy
efficient modern systems. Initially, we present a new microstructural model/
processing route able to produce a homogeneous dispersion of in situ generated,
discrete, solid lubricant particles in the volume of sintered composites. The high
mechanical and tribological performances of the composites are a result of the
combination of matrix mechanical properties and structural parameters, such as
the degree of continuity of the metallic matrix, the nature, the amount, and the
lubricant particle size and shape which determine the mean free path between
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solid lubricant particles and the active area covered by each lubricant particles.
This new route was achieved by in situ formation of graphite nodules due to the
dissociation of a precursor (SiC particles) mixed with metallic matrix powders
during the feedstock preparation. Thermal debinding and sintering were
performed in a single thermal cycle using a plasma-assisted debinding and
sintering (PADS) process. Nodules of graphite (size <20 pm) presenting a
nanostructured stacking of graphite foils with thickness of a few nanometers
were obtained. Micro-Raman spectroscopy indicated that the graphite nodules are
composed of a so-called turbostratic 2D graphite which has highly misaligned
graphene planes separated by large interlamellae distance. The large interplanar
distance and misalignment among the graphene foils has been confirmed by
transmission electron microscopy and is, probably, the origin of the remarkably
low dry friction coefficient (0.06). The effects of precursor content (0 to 5 wt%
SiC) and of sintering temperature (1100 °C, 1150 °C and 1200 °C) on tribolayer
durability and average friction coefficient in the lubricious regime (p < 0.2) are
presented and discussed. In addition, the effect of the metallic matrix composition
(Fe-C; Fe-C-Ni; Fe-C-Ni-Mo) is presented. Friction coefficient decreased and
durability drastically increased with the amount of graphite formed during
sintering, whereas friction coefficient was little affected by sintering temperature.
However, the durability of the tribolayer was greatly increased when lower
sintering temperatures were used. The addition of alloying elements considerably
reduced wear rate and friction of specimens and counter-bodies. Friction coeffi-
cient values as low as 0.04 were obtained for the Fe-C-Ni-Mo composites. We
also analyzed the effect of precursor content and of sintering temperature on the
tribological behavior under constant normal load sliding tests. Again, the pres-
ence of graphite nodules significantly reduced the friction coefficients and wear
rates, whereas the sintering temperature hardly affected these parameters. The
results were compared with those caused by other forms of graphite (nodules in
nodular cast iron and powder graphite) and were discussed in terms of the
crystalline structure of the analyzed graphite using micro-Raman spectroscopy.
Chemical analyses of the wear scars using scanning electron microscopy (SEM —
EDX) and Auger electron spectroscopy (AES) showed a tribolayer that was
composed predominantly of carbon and oxygen. This tribolayer is removed and
restored during sliding and is continuously replenished with graphite. Finally, the
strong effect of surface finishing is presented and discussed.

3.1 Introduction

The crucial need for more energy efficient mechanical systems exacted the change in
the severity of the tribological contacts, increasing operational failure for traditional
designs. In this context, the tribology of critical contacts and possible new contact
materials are under intense research investigation [1-3]. Furthermore, the interfaces
in contact in these modern systems must be able to withstand severe operating
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conditions caused by the tendency of using smaller clearances and increased speeds
to achieve higher efficiency [4]. In addition, the state of lubrication in many
components is unknown and usually operates in the boundary and mixed lubrication
regimes [5].

In particular, solid lubrication and solid lubricants are one of the most promising
choices for controlling friction and wear in energy efficient modern systems. A
combination of solid and liquid lubrication is also feasible and may have a beneficial
synergistic effect on the friction and wear performance of sliding surfaces, in
particular in the elasto-hydrodynamic regime of lubrication [6].

Several inorganic materials (e.g., transition-metal, graphite, hexagonal boron
nitride, boric acid) can provide excellent lubrication [7—10]. Most of these solids
owe their lubricity to a lamellar or layered crystal structure. A few others (e.g., soft
metals, polytetrafluoroethylene, polyimide, certain oxides and rare-earth fluorides,
diamond and diamond-like carbons (DLC), fullerenes) can also provide lubrication
although they do not have a layered crystal structure [8—10].

In spite of considerable research development, through more than 2000 published
papers during the past 25 years, there exists no single solid lubricant that can provide
both low friction and low wear over broad operational conditions [11]. In order to
achieve a combination of high wear resistance, high load support, and low friction
coefficient, a multifunctional production process combining purpose-oriented phases
can be applied [12, 13].

The increasingly multifunctional needs and more stringent operating conditions
envisioned for future mechanical systems will certainly make solid tribological
materials and advanced coatings far more important. [14].

To meet the increasing tribological needs of these advanced systems, researchers
are constantly exploring new materials and developing novel coatings. As a result,
great strides have been made in recent years in the fabrication and diverse utilization
of new tribomaterials and coatings that are capable of satisfying the multifunctional
needs of more advanced mechanical systems [14].

Accordingly to Erdemir [15], solid lubricants can be applied to a tribological
surface in a variety of forms. The oldest and simplest method is to sprinkle, rub, or
burnish the fine powders of solid lubricants. Certain solid lubricants have been
blended in an aerosol carrier and sprayed directly onto the surfaces to be lubricated.
Solid lubricant powders can be strongly bonded to a surface by appropriate
adhesives and epoxy resins to provide longer wear life [12]. Powders and nano-
particles made of solid lubricants have been mixed with oils and greases to achieve
improved lubrication under extreme pressure and high temperature conditions
[16-21]. In most modern applications, thin films of solid lubricants, generally
deposited onto surfaces by advanced vacuum deposition processes, are preferred to
powders or bonded forms. In this case, the durability of the lubricious effect is
limited due to the finite lubricant film thickness. To increase durability of these
films, a self-replenishment or resupply mechanism is needed but is very difficult to
obtain [15].

In this context the production of self-lubrication composites containing second
phase particles incorporated into the volume of the material appears to be a
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promising solution [11, 22, 23]. Indeed, self-lubricating composites have been
available for a long time and are used rather extensively by industry to combat
friction and wear in a variety of sliding, rolling, and rotating bearing
applications [15].

Composite self-lubricating components have been used for several decades in
household and office light equipments such as printers, electric shavers, drills,
blenders, and others. The most used metallic matrices materials are copper, ferrous,
and Niguel alloys. Compounds like MoS,, WS,, MoSe,, NbS,, TaSe,, MoTe,,
h-BN, low melting metals like Ag, Sn and Pb, graphite and polytetrafluorethylene
(PTFE) are the most used as solid lubricants [11, 23-25]. The majority of the
composites developed contain a high percentage of solid lubricant particles
(15-40%) in order to obtain a low friction coefficient. This results in a largely
discontinuous metallic matrix that exhibits poor mechanical properties.

The production of new high-performance self-lubricating composites containing
second phase particles incorporated into a continuous matrix and having a low
friction coefficient combined with high mechanical strength and wear resistance
appears to be a promising solution for controlling friction and wear in energy
efficient modern systems and points to an engineered microstructure.

3.2 Microstructural Model

The high mechanical and tribological performance is a consequence of the combi-
nation of matrix mechanical properties and structural parameters such as the degree
of continuity of the metallic matrix, the shape, amount, and the size of solid lubricant
particles and the resulting mean free path between them. In addition, it is clear that
the development of high-quality composites demands improved mechanical
resistance.

Figure 3.1 presents a schematic drawing of the ideal microstructure of a self-
lubricating composite. The microstructure must consist of a continuous matrix
containing regularly dispersed solid lubricant particles and take into account the
mean free path between them and the active area to be covered by each one of them.

The solid lubricant dispersed in the volume of the composite material should be a
completely discontinuous phase and many aspects such as the content of solid
lubricant [26]; the size and size distribution of solid Iubricant particles [27, 28]
and the mean free path between the solid lubricant particles [29] have to be
considered for microstructural optimization of the composite. To further minimize
the interruption of the metallic matrix, the amount of the dispersed solid lubricant
must be kept as low as possible. In this context, in addition to the traditional
characteristics of the metallic matrix and of the solid lubricant powder particles
such as type, amount, and shape, special attention must be paid to the relative size of
particles (d,/dy) since this parameter has a great influence on the degree of conti-
nuity of the matrix which, in turn, as already said, is determinant in the mechanical
and tribological behavior of the composite. In fact, as illustrated in Fig. 3.1b,
insoluble particles much smaller than those of the matrix tend to be located in the
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Metallic matrix @) Solid lubricant

Fig. 3.1 Microstructural model (schematic). (a) Desirable distribution of the solid lubricant
particles in the volume of the matrix and the corresponding area to be lubricated by each particle.
(b) Continuity of the matrix

interstices occupying almost the entire interface between the metallic particles with a
strong tendency to be the continuous phase which does not happen when they have
equivalent sizes, Fig. 3.1a.

The metallic matrix which is the continuous phase that gives strength to the
composite must be hard and tough enough to avoid the occurrence of micro-plastic
deformation by friction and wear. The mass flow that occurs by plastic deformation
may gradually cover the solid lubricant reservoirs and block the self-replenishment
or resupply of solid lubricant to the interface. Further, it is important that the metallic
matrix does not chemically react with the solid lubricant phase.

There are several possible manufacturing routes for producing such composites,
in polymeric, metallic, or even ceramic matrices [30—32]. For the particle reinforced
metallic matrix composites the methods to synthesize them are generally classified
into (1) solid state processing, (2) liquid state processing, and (3) vapor deposition
[33]. The most frequently used metallic matrix materials are copper [34], nickel [35],
and ferrous alloys [36, 37]. Powder metallurgy techniques are especially suitable for
the production of such composites.

3.3  Powder Metallurgy

For the development of metal-matrix composites, powder metallurgy (PM), widely
used in industry, is a competitive and attractive technique because of its low cost
when applied to large-volume production and because of its great versatility due to
the suitability of the technique for tailoring the microstructure according to the



78 J. D. B. de Mello et al.

requirements imposed by a given application. In addition, PM processes are very
advantageous for developing complex shape parts or even small-size components,
which have been increasingly required due to the miniaturization of modern mechan-
ical systems.

The high porosity of sintered components leads to reduced mechanical strength
and load capacity when compared with fully dense materials. However, they have
the potential to store lubricant that can be released during the use of the component
[38, 39]. Also, the pores could eventually play an important role in the removal of
wear debris from the sliding interfaces, as suggested by some authors [40]. Therefore,
powder metallurgists are continuously searching for new alternatives and mecha-
nisms to improve mechanical resistance and load support. In this sense, several
processing parameters must be strictly controlled such as temperature and time of
sintering, compression method, and techniques for the dispersion of the solid
lubricant particles in the volume of the composite. Sintering is the most important
step in the production of the composite. The variables in sintering are atmosphere,
heating rate, temperature, dwelling time, and cooling rate. The sintering temperature
should be lower than the decomposition temperature of solid lubricant. Reactions
among the matrix, alloying elements and solid lubricant, which result in loss of solid
lubricant, should also be avoided.

Special attention should be devoted to the compression technique. Several com-
paction techniques, like uniaxial die pressing, extruding, rolling, 3D prototyping,
and powder injection molding, must be considered depending on the geometry and
properties desired for the composite material. Uniaxial mechanical pressing, due to
its low manufacturing costs, is still the most traditional processing route. It also
produces the closest tolerances in the finished parts, thus nearly eliminating post-
sintering operations such as machining [41]. However, depending on the configura-
tion (single or double action), this technique presents gradients of porosity that may
eventually be very high [42—44].

Recently [45], we presented a potential alternative for improving the mechanical
strength of self-lubricating sintered composites: the use of the double pressing/
double sintering (DPDS) technique [46] originally developed by Hoeganaes [47]
and used in the automotive industry. The goal of this method is to increase the
density of composites by twofold pressing. According to German [48], reductions of
2-3% in porosity would result in up to a 20% increase in mechanical strength.
Although more expensive, MIM has the advantage of flexibility of the processing
parameters, which allows the production of very small parts presenting high geo-
metric complexity, refined microstructure, and elevated final density [49]. That is not
feasible with the current uniaxial die cold pressing process. For the case of self-
lubricating composites, the metal injection molding method is particularly indicated
due to the small powder size which induces more homogeneous tribolayers covering
the whole interface, Fig. 3.1a.

Roughly speaking, in MIM process, metal powders are premixed with polymeric
binders. The mixture is heated and forced under pressure into a die cavity, where it
cools and is subsequently ejected. The polymer is then removed (debinding stage)
and the component sintered to the required density, Fig. 3.2.
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The debinding stage, during which polymer is removed, can greatly influence the
mechanical properties of the sintered component [49, 50]. In our case, the debinding
was carried out in a stepwise process: chemical debinding was followed by plasma-
assisted thermal debinding. The chemical step consisted of the dissolution in hexane
of the low molecular weight components of the binder system, forming an open pore
network within the injected parts.

The thermal debinding, as well as the sintering, was performed in a single thermal
cycle (plasma-assisted debinding and sintering — PADS) [50]. In summary, its
advantages are short processing time (debinding and sintering in about 10 h versus
90 h for the thermochemical classical processes) and no binder residues after
debinding. This process allows sintering in a single cycle and eliminates a cleaning
procedure after every cycle. In the plasma-assisted debinding process, the polymer
macromolecules are dissociated by bombardment of energetic electrons (inelastic
collision) resulting in hydrocarbon radicals (CiHy) whose recombination is pre-
vented by the presence of atomic hydrogen present in the hydrogen plasma,
Fig. 3.3b. The reaction of atomic hydrogen with hydrocarbon radicals results in
hydrocarbon gas that is removed from the reactor chamber via the vacuum pump.

The plasma reactor, developed in [51], was specially designed for the PADS
process and described in [50-52] allows the control of the processing temperatures
and the heating rates independently of the plasma parameters. The vacuum chamber,
shown schematically in Fig. 3.3a, contains electrodes for the generation of plasma
DC and electrical heaters for heating control. The samples were set on ceramic plates
supported by the structure of the anode and were initially processed in floating
potential plasma. Abnormal hydrogen glow discharge was then generated and the
power supply voltage was biased to the cathode during the isothermal sintering.

As already pointed out (Fig. 3.1a), the ideal microstructure of a self-lubricating
composite must consist of a continuous matrix containing regularly dispersed solid
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lubricant particles. Unfortunately, such an ideal distribution of the solid lubricant
particles is not obtained simply by blending metallic and solid lubricant powders.

In order to produce a self-lubricating sintered composite, there are basically
two ways of dispersing the solid lubricant particles in the volume of the metal matrix
[53, 54]:

(i) Mixing the solid lubricant particles with matrix powders
(i) “In situ” generation of the solid lubricant particles during the sintering by
dissociation of a precursor mixed to the powders of the metallic matrix

In the first method, where the composite is obtained by mixing the metallic matrix
powders with the solid lubricant particles, the shear stresses that occur during mixing
and compacting spread the solid lubricant by shearing between the powder particles
of the metal matrix. This leads to an undesirable arrangement in which the solid
lubricant covers the metallic particles to a large extent [55]. The presence of these
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layers of insoluble solid lubricant hampers the formation of contacts between the
particles during sintering. This results in a metallic matrix with a high degree of
discontinuity, Fig. 3.4a, and leads to a composite material with reduced mechanical
strength.

There are two possibilities to overcome these difficulties. The first one is to
rearrange the solid lubricant phase in discrete agglomerates by the capillary action
of a liquid phase. The liquid phase spreads and penetrates the interfaces between the
metal and the lubricant, thus pushing the solid lubricant and rearranging it in
agglomerates. The second one is to produce the solid lubricant phase in situ during
sintering by decomposition or dissociation of a precursor, giving rise to a more
continuous and sound matrix, Fig. 3.4b.

Preliminary studies evidenced that the in situ generation of the solid lubricant
phase particles during the sintering by the dissociation of a precursor was the most
promising production route.

34 In Situ Generated Graphite

Silicon carbide (SiC), molybdenum carbide (Mo,C), chromium carbide (Cr3C,), etc.,
are potential precursors to generate graphite nodules in ferrous matrix [56, 57]. Among
them, those inducing the stabilization of the body-centered cubic phase of iron (x-Fe)
are the most indicated in order to produce iron-based self-lubricating composites. SiC
is particularly appropriate since it features a high carbon content, and silicon is a strong
alpha phase stabilizer in addition to being one of the most effective hardening elements
of ferrite [58].

Figure 3.5 shows typical aspects of the microstructure of the composites.

The reference alloy (Fe + 0.6 C + 4 Ni) presented a microstructure constituted of
perlite (P) + ferrite (), Fig. 3.5a, whereas the addition of SiC to the feedstock
powder induced the formation of graphite nodules. The graphite nodules (G) are
always surrounded by ferrite (o) rings, Fig. 3.5b.
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Fig. 3.5 Typical aspects of the microstructure. (a) Reference alloy (matrix alloy — Fe-0.6%C-4%
Ni). (b) 2 wt% SiC composite. Sintering temperature 1150 °C

The evolution of the microstructure depends on precursor (SiC) content, sintering
parameters (temperature, time, and atmosphere), and the previous composition
(other alloying elements) of the ferrous matrix. [53]. For example, the presence of
carbon in the matrix prior to the startup of SiC dissociation reduces the dissolution of
the carbon originated from the dissociation of SiC and increases the size and the
amount of the graphite nodules formed [36, 59]. The presence of Ni, a strong
stabilizer of the face-centered cubic phase of iron (y-phase) of the iron matrix,
positively influences the morphology of the graphite nodules [36].

Such microstructure formation was expected from thermodynamic considerations
as evidenced by the Ellingham diagram presented in Fig. 3.6a and its evolution
depends on sintering time and temperature, as well as on the amount of SiC added to
the ferrous matrix. This is well described in a recent paper [53].

Roughly, during the sintering, at the initial stage of the dissociation of the SiC
particles, silicon and carbon atoms diffused into the ferrous matrix, Fig. 3.6b.
However, the continuous enrichment of the ferrous matrix with Si around the former
silicon carbide particles leads to stabilization of the body-centered cubic structure of
the ferrous matrix (ferrite) in which the solubility for the carbon atoms is very low
(solubility <0,022 wt%), [60], drastically reducing the dissolution of graphite. The
dissolution of silicon, in contrast, is maintained [60]. As a consequence ferrite rings
are formed around the former SiC particles, Fig. 3.7a [53, 54, 61].

The remaining carbon forms graphite nodules (size <20 pm), Fig. 3.7b which
present a nanostructured stacking of graphite layers a few tenths of nanometers thick,
Fig. 3.7¢, d. The evolution of such microstructure depended on the amount of SiC, as
well as on sintering temperature and time and is fully described in a recent paper
[59]. The precipitation of graphite nodules started at temperatures higher than
1100 °C. At this temperature the precipitation is important for times superior to
1 h as evidenced by XRD analysis [61].

Finally, Fig. 3.8 presents line profiles of C and Si throughout a graphite nodule
and a ferrite ring evidencing the low solubility of carbon in the ferrite and the
depletion of silicon in the former SiC particle.
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The nodules are composed mostly of carbon, whereas the ferrite ring around the
nodule has an almost constant high concentration of silicon, and the carbon concen-
tration is greatly reduced. Outside the ferrite ring, the silicon concentration
decreases, and the carbon concentration in the matrix increases. This interface is
the separation between the ferritic (a-Fe) phase and pearlitic (y-Fe) regions, thus
confirming the formation of the carbon nodules by the SiC dissociation and the
formation of a diffusion barrier due to a-Fe phase stabilization by silicon.

3.5 Tribological Characterization

The tribological behavior was evaluated using two types of experiments schematized
in Fig. 3.9:
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Fig. 3.7 Typical aspects of the microstructure. Composite Fe-0.6C-4 Ni-2 SiC. (a) Ferrite ring.
(b—c) Graphite nodule (fractography). (d) Graphite layer

(a) Reciprocating sliding tests were conducted at constant normal load to access the
friction coefficient and wear rates of specimens and counter-bodies.

(b) Reciprocating sliding tests were carried out in an incremental loading mode. In
this case, by increasing the normal load in increments of 7 N at 10 min. intervals,
the scuffing resistance was determined. The scuffing resistance was defined as
the work (N m) at which the value of the friction coefficient first rose above 0.20
(lubricity effect) [12].

In both kind of experiments, a hard steel AISI 52100 ball (diameter 5 or 10 mm)
was fixed on a pivoted arm and rested against the specimen surface under constant
stroke (5 mm) and frequency (2 Hz). The tests were conducted under controlled
relative humidity (50%) and temperature (22 £ 4 °C).

Wear scars were analyzed by using SEM-EDX as well as FEG-SEM, micro-
Raman spectroscopy, Auger electron spectroscopy, and laser interferometry.

3.6 Mechanical Properties

The evolution of the mechanical properties with precursor content and sintering
temperature is illustrated in Fig. 3.10.
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Fig. 3.11 Typical microstructures. Sintering temperature 1150 °C. (a) 1% SiC; (b) 3% SiC; (¢)
5% SiC

The addition of SiC induced a quite complex evolution of the mechanical
properties, Fig. 3.10a. There is a sharp increase up to a maximum for additions of
1% SiC. Then the hardness decreased to a minimum at 3% SiC and afterwards
gradually increased. The strength of the composites follows the same behavior
whereas, of course, the elongation behaved in the opposite sense.

In terms of hardness, Fig. 3.10b, the dissociation of SiC particles produced
harder composites than those of the metallic matrix alone. There is a sharp increase
up to a maximum for additions of 1% SiC. Then the hardness decreased to a
minimum at 3% SiC and afterwards gradually increased. Indeed, for composites
presenting 3% SiC the metallic matrix is mainly constituted of ferrite (x),
Fig. 3.11b, whereas for smaller SiC contents the microstructure presents a certain
amount of perlite (P), Fig. 3.11a. For higher SiC amounts, Fig. 3.11c, it is
reasonable to suppose that the great availability of silicon induces a larger hard-
ening of the matrix (ferrite).

The mechanical properties of the composites are a compromise between the two
different effects of the dissolution of the SiC particles [53, 61]:

(i) An increase in the mechanical resistance caused by the strengthening of the
metallic matrix due to the dissolution of Si

(i) A decrease in the mechanical resistance as a consequence of the formation of
graphite nodules during the sintering process, which decreases the degree of
continuity of the metallic matrix.
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Silicon is known to be one of the most efficient promoters of the hardening of
ferrous matrix by the formation of substitutional solid solution [62, 63].

On the other hand, the sintering temperature produced a strong effect on the
mechanical properties as illustrated by hardness, Fig. 3.10b. The high sintering
temperature produced harder (up to 50%) composites whereas the variation from
1100 °C to 1150 °C produced almost no effect. The higher values presented by the
samples sintered at 1200 °C are supposed to be mainly due to the higher degree of
the homogeneity of the composites (in particular the distribution of Si and pearlitic
regions in the matrix) sintered in this higher temperature. However, for composites
with 4% and 5% SiC sintered at 1200 °C, values of yield and tensile stress decrease,
which was related to the formation or “line structures” reducing matrix continuity
and affecting the material properties [59].

3.7  Tribological Behavior
3.7.1 Introduction

In this section, the tribological behavior of self-lubricating composites produced
taking advantage of the powder injection molding process, the recently introduced
plasma-assisted debinding and sintering (PADS) process, and the in situ formation
solid lubricant particles is presented and discussed. In this case, we obtained the in
situ formation of graphite nodules in the volume of the sintered composites during
sintering simply by dissociation of particles of silicon carbide (SiC) mixed to the
metallic matrix powders prior to the compaction.

Recent studies concluded that a transfer film is found on the sliding surfaces
[53]. The formation of such a film on the sliding interfaces seems to be the key for
achieving low friction and long wear life in most solid-lubricated surfaces [13]. It
was found that, initially, transfer films were not present but were formed as a result of
surface wear and subsurface deformation. These films are continuously replenished
by embedded graphite particles dispersed in the matrix [64].

The effects of precursor content (0 to 5 wt% SiC) and of sintering temperature
(1100 °C, 1150 °C and 1200 °C) on tribolayer durability, average friction coefficient
in the lubricious regime (p < 0.2), and wear rate of the specimens and counter-bodies
are presented and discussed. In addition, the effect of the metallic matrix composi-
tion (Fe-C; Fe-C-Ni; Fe-C-Ni-Mo) and surface finishing are also presented. Special
emphasis is given to the protective tribolayer.

3.7.2 Materials

Sintered composites with different chemical compositions were produced by mixing
carbonyl iron powder (Carbonyl BASF grade OM) with elemental powder of the
alloying elements. The carbonyl iron used had a particle size of 7.8 pm and
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contained 0.8% carbon. Different contents of silicon carbide (Cobral) powder (1%,
2%, 3%, 4%, and 5% SiC) having particle size of 10 pm were added to the carbonyl
iron powder. The feedstock for injection was prepared in a Haake Sigma mixer
(180 °C, 70 rpm, 90 min) using 8% of an organic binder system containing paraffin
wax, polypropylene, stearic acid (surfactant), ethylene vinyl acetate copolymer
(EVA), and amide wax.

Samples with the appropriate geometry for performing tensile and tribological
tests were injected (injection pressure of 100 MPa) using an Arbourg 3208 injection
molding machine. The debinding was performed in two steps: a chemical debinding
followed by plasma-assisted thermal debinding. The thermal debinding, as well as
the sintering, was performed in a single thermal cycle in a plasma reactor, i.e., using
the plasma-assisted debinding and sintering (PADS).

A hydrogen abnormal glow discharge was generated at a pressure of 133 Pa
(1 Torr) and the gas flow was adjusted to 3.33.10~° m® s™' (200 sccm). The power
supply voltage biased to the cathode was fixed at 500 V. A heating rate of 0.7 °C/min
was fixed up to 500 °C for the plasma-assisted thermal debinding step. Then, the
heating rate was increased to 5 °C/min up to the sintering temperature. The isother-
mal sintering was processed at 1100 °C, 1150 °C, and 1200 °C for 60 min.

In order to analyze the effect of the metallic matrix, three compositions of sintered
composites (Fe—Si—C, Fe—Si—C—Ni, and Fe—Si—C-Ni—Mo) were also produced. The
same iron powder was used (Carbonyl BASF grade OM). The alloying elements Ni
and Mo were mixed to the feedstock in the form of elemental Ni (Vale Inco Type
123) and elemental Mo (H.C. Starck Type) powder. Silicon was added in the form of
3 wt% silicon carbide powder (Cobral) aiming at its dissociation during sintering.
The same processing route was used but just one sintering temperature and time
(Ts = 1150 °C- 60 min) were used.

3.7.3 Tribological Evaluation

3.7.3.1 Incremental Load Tests (Scuffing Resistance)
Typical results are shown in Fig. 3.12.

All results present similar behavior. There is a transient associated with the onset
of contact between specimen and counter-body at the beginning of tests before a
high lubricity steady state is reached. The reasons for the difference in the evolution
of the friction coefficient within the transient period are not yet well understood and
will not be treated in the present chapter. However, it is reasonable to suppose that
the stabilization of the friction coefficient is related to the generation of a protective
tribolayer, where the transient corresponds to the kinetics of formation of the layer.
As long as the formation rate of the tribolayer is different from the degradation rate,
friction coefficient will vary. Once this formation rate is equal to or greater than the
degradation rate, a steady state is reached.

All specimens behaved in a similar manner in the lubricious regime. However,
low SiC content composites (e.g., 1% SiC) presented higher friction coefficient
which gradually increases with the sliding distance associated with a shorter and
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Fig. 3.13 Effect of SiC content and of sintering temperature on the average friction coefficient
during the lubricious regime

almost equivalent scuffing resistance, whereas the high SiC content (e.g., 5% SiC)
composites exhibited lower friction coefficients coupled with much longer period in
the lubricious regime signalized by a rapid increase in the friction coefficient. The
friction coefficient values for each test were computed by averaging the lubricious
steady-state values.

The influence of the precursor content and of the sintering temperature on the
friction coefficient behavior is synthesized in Fig. 3.13.

Independently of the sintering temperature, increasing the precursor content and,
as a consequence, the number of graphite nodules produced a reduction of the
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average friction coefficient. In general, the reduction was substantial, up to 3% SiC.
For higher values of SiC content, the friction coefficient was almost constant. It is
reasonable to suppose that graphite foils are removed from the in situ generated
graphite nodules and remain at the interface thus contributing to the formation of a
protective tribolayer. Due to the small size of the powders, the mean free path
between graphite nodules is also small and the complete “coverage” of the surface
between nodules is easily reached. As a consequence, the number of graphite foils
generated in composites containing more than 3% of SiC is sufficient to produce the
protective layer and low friction coefficients. Additionally, there is almost no effect
of the sintering temperature on the average friction coefficient.

A comparison between Figs. 3.10 and 3.13 shows that there is, definitely, no
correlation associating the friction coefficient with mechanical properties of the
composites.

Figure 3.14 presents typical aspects of the wear scars. The test was interrupted at
the normal load of 14 N which is within the lubricious regime (p < 0.2).

At low magnifications, Fig. 3.14a, the wear scar appears quite homogeneous. It
presents flat and smooth regions where contact with the counter-body occurred. It
seems that there is a protective layer on the active interface (brown/gray areas,
confirmed, by using back scattered electrons, to be composed of elements presenting
low atomic number). It is reasonable to suppose that graphite foils are removed from
the in situ generated graphite nodules and remain at the interface (Fig. 3.14b) thus
contributing to the formation of the protective tribolayer. Due to the small size of the
powders, the mean free path between graphite nodules is also small and the complete
“coverage” of the surface between nodules is easily reached. As a consequence, the
number of graphite foils generated in composites containing more than 3% of SiC is
sufficient to produce the protective layer and low friction coefficients thus explaining
the saturation of the friction coefficient variation with precursor content, Fig. 3.13.

On the other hand, since the tribolayers also degrade under the action of the
sliding (Fig. 3.14c).

Figure 3.14d presents a typical Raman spectra obtained in the central region of
the wear scar. It clearly presents a widened G band (associated with the sp”
hybridization) and a D band (associated with crystallinity disorder). The widening
of the bands, the ID/IG ratio, and the size of the graphite crystallites are, accordingly
to literature [61, 65—68], clear evidence of disorder in the material. They are also a
strong indication of the presence of the so-called turbostratic 2D graphite which
presents longer interlamellae distances among the graphene foils when compared to
the highly oriented 3D graphite coupled with a strong misalignment of the graphene
foils. Moreover, the analysis of the second-order band G’ confirms the greater
contribution of the 2D graphite to the formation of the D band.

The increase in distance may induce low interaction between these atomic planes
and is, probably, the origin of the low friction coefficient [69].

To further understand this point, a few other types of graphite were analyzed
under the same tribological configuration: They are graphite nodules in a nodular
cast iron, and the contact was submerged in graphite in powder. The matrix alloy
(graphite-free — Fe 0.6 wt% C) was also tested as a reference.
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Fig. 3.14 Typical wear scars produced in the lubricious regime (p < 0.2). Fe + 0.6C + 5SiC. (a)
General aspect, optical microscopy; (b, ¢) FEG-SEM; (d) Raman spectra

Figure 3.15 shows the average friction coefficient (steady state) of different
materials.

The reference alloy presented the highest friction coefficient. The presence of
graphite (nodules in nodular cast iron and graphite in powder) strongly reduced the
friction coefficient (170% and 290%, respectively). The addition of 3 wt% SiC
further reduced the friction coefficient (530%) and induced a remarkably low
value (0.06).

Figure 3.16 presents the typical Raman spectra of different graphite types.

They clearly show a G band at approximately 1580 cm™'. The spectrum of the
graphite nodules produced by the SiC decomposition (Fig. 3.16a) clearly presents a
D and a D’ band both associated with crystallinity disorder. The analysis of the
spectra shows many evidence (the widening of the bands, the Ip/I ratio, the size of
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the graphite crystallites, and the shape of the second-order G’ band) of the presence
of the so called turbostratic graphite (2D graphite). Moreover, the analysis of the
second-order G’ band (very sensitive to the stacking order of the graphene sheets
along the c axis [70, 71]) confirms the greater contribution of 2D graphite to the
formation of the D band. Graphite associated with graphite powders, Fig. 3.16b, and
nodular cast iron, Fig. 3.16c, is characterized as 3D graphite and is highly aligned
according to the literature [65—67].

According to the literature [61-68, 72], the widening of the bands, the ID/IG ratio
(widely used for characterizing the defect quantity in graphitic materials) [70-73]
and the size of the graphite crystallites (La) are clear evidence of disorder in the
graphite nodules in the composite Fe-0.6 wt% C + 3 wt% SiC. They also strongly
indicate the presence of the so-called turbostratic 2D graphite, which has highly
misaligned graphene planes separated by larges paces. A recent paper presents the
main aspects of the 2D turbostratic graphite including a comprehensive analysis of
the Raman spectra of the different graphite types [72] clearly evidencing that major
contribution to the G’ band stems from graphite 2D, not from 3D graphite.

Transmission electron microscopy, Fig. 3.17, confirmed the large interplanar
distance, Fig. 3.17b (>3.499 A against 3354 A for the high aligned 3D graphite),
among the graphene foils and the misorientation of the graphene foils, inset in
Fig. 3.17c.

Figure 3.17a, b show bright field images of graphite sheets obtained from the
graphite nodules of a Fe +0.6C + 3SiC composite and the corresponding SAED.
Figure 3.17c presents high-resolution (HRTEM) image with fringes representing
individual carbon layers and the SAED pattern (inset) taken from this region.
Moreover, the increased interlayer spacing could be correlated to the stacking fault
disorder, inherent of turbostratic graphite [74, 75].

These large spaces associated with the misalignment among the graphene planes
drastically decreased the interaction among the planes, which results in a low shear
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Fig. 3.16 Typical Raman spectra. (a) Graphite nodule obtained via SiC dissociation, (b) graphite
in powder, (¢) graphite nodule in nodular cast iron [72]

strength. Thus, it is reasonable to suppose that during the reciprocating sliding, the
graphite planes easily shear and maintain a constantly lubricated contact interface.

There is almost no effect of the sintering temperature on the lubricious average
friction coefficient. On the contrary, the sintering temperature strongly influences
scuffing resistance, Fig. 3.18. The low sintering temperature induces significantly
higher scuffing resistance (5x).

For the extreme sintering temperatures, increasing SiC content up to 2% induced
a strong increase in scuffing resistance and then it remained almost constant,
Fig. 3.18. In this case, the saturation effect is reached at 2% of SiC indicating that
the self-replenishment provided by the graphite nodules is already active at this
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Fig. 3.17 (a) Bright field TEM micrograph, (b) the corresponding SAED pattern, and (c) high-
resolution TEM image of graphite sheets obtained from graphite nodules for a Fe + 0.6C + 3SiC
sample. The inset in (¢) shows a typical SAED pattern recorded from this region (graphite sheets)
[72]
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Fig. 3.18 Effect of SiC content and of sintering temperature on scuffing resistance
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lower value. However, for the intermediate sintering temperature there is an almost
monotonous increase of scuffing resistance after this threshold is reached.

Again, there is definitely no correlation associating the scuffing resistance with
mechanical properties of the composites. In order to further understand why the low
sintering temperature induced higher scuffing resistance, Fig. 3.18, the samples
sintered at 1100 °C were cryogenically fractured and then the surfaces were analyzed
using SEM. A typical aspect of the graphite nodules present in Fe + 0.6C + 3SiC
composite is illustrated in Fig. 3.19.

The white arrow points to a partially dissolved SiC particle. EDS point analysis
showed that there is, probably, a ring of ferrite around the nodule since the chemical
composition was higher than 2.1 wt% Si.

Taking into account that the metallic matrix is continuous, it is reasonable to
suppose that the solid lubricant, or its precursor, does not contribute to the mechan-
ical resistance of the composite as already illustrated and discussed in the hardness/
SiC content relationship. However, the presence of undissociated particles of SiC
may produce a greater load-bearing capacity and the protection of the matrix/
tribolayer, thus inducing higher scuffing resistance.

3.7.3.2 Constant Load Tests

Effect of Precursor Content and Sintering Temperature
In this section, the effect of the sintering temperature (1100 °C, 1150 °C, and
1200 °C) and SiC content (0—5 wt%) on the tribological behavior (friction coeffi-
cients and wear rates of specimens and counter bodies) is presented and discussed.
In all cases, the evolution of the friction coefficient with time exhibited a transient
state at the beginning of the tests; then, a steady state with similar fluctuations from
the start to the end of the test was attained, Fig. 3.30. The evolution of the average
steady-state fiction coefficient with precursor content and sintering temperature is
presented in Fig. 3.20.
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Fig.3.20 Effect of the silicon carbide content and sintering temperature on the steady-state friction
coefficient. The x values were slightly shifted (£0.02) to the left and to the right in order to separate
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Independently of the sintering temperature, an increase of the precursor content,
which increased the number of 2D turbostratic graphite nodules, reduced the average
friction coefficient. In general, the reduction was substantial (up to 3 wt% SiC).

For higher SiC contents, the friction coefficient was almost constant. It is also
noticeable that the friction coefficient was hardly affected by the sintering temper-
ature. All composites showed a considerably smaller friction coefficient (one order
of magnitude) than the matrix alloys (carbide-free alloys). Again, there is, definitely,
no correlation associating the friction coefficient with the mechanical properties of
the composites and the outstanding tribological behavior may be attributed to the
presence of the so-called turbostratic 2D graphite.

Figure 3.21a shows the effect of the silicon carbide content and sintering tem-
perature on the wear rate of the specimens.

The addition of SiC, which creates 2D turbostratic graphite nodules, clearly
enhances the tribological behavior. The matrix alloy showed a considerably higher
(one order of magnitude higher) wear rate than the composites. When the SiC
content increased, there was a decrease to a minimum at 3 wt% SiC; then, the
wear rate gradually increased. The wear rate of the counter-bodies had an equivalent
behavior. It is also noticeable that despite the higher hardness, the counter bodies had
a much higher wear rate than the specimens (one order of magnitude), Fig. 3.21b.

There is a complex competition among different phenomena:

(i) During the silicon carbide dissociation, the matrix hardened because of the Si
diffusion, which increased the strength of the composite. However, the mechan-
ical strength decreased because graphite nodules and pores (4—12% [59])
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Fig. 3.21 Wear rate. (a) Effect of the SiC content and sintering temperature on the wear rate of the
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formed during the sintering process, which decreased the degree of continuity of
the metallic matrix [69].

(i) The graphite nodules formed a protective tribolayer at the interface, which led to
the better tribological behavior of the composites.

Composites with SiC amounts exceeding 4 wt% featured an increased wear rate,
which may be associated with a decreased mechanical strength due to the large
amount of pores/graphite nodules (large discontinuity of the matrix) [59], as illus-
trated in Fig. 3.11b, c. In this case, the graphite nodules decreased the hardness and
increased wear despite the presence of a rich carbon-based protective layer in the
contact interface, which is responsible for the low friction coefficient (Fig. 3.20).
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Fig. 3.22 Typical SEM images and elemental mapping of specimen surfaces before the tests. (a, b)
Matrix alloy (Fe-0.6 wt% C); (¢, d) composite Fe-0.6 wt% C + 3 wt% SiC

Figure 3.22 shows the typical SEM and elemental mapping images of the
specimen surfaces before the tests. It is noticeable that the matrix alloy exhibited a
slightly higher porosity. Moreover, the use of SiC as a precursor for the graphite
nodules was notably efficient. In fact, the elemental mapping images clearly show
large amounts of carbon (red regions) well distributed on the composites surfaces.

Figure 3.23 shows typical aspects of the surfaces after the tests and illustrates the
wear mechanisms that acted on the specimens and counter-bodies. For the matrix alloy
(Fig. 3.23a), the wear marks have smoother surfaces where third-body “islands”
(arrow) are observed. Moreover, third-body islands are also visible in notably smooth
and even counter-body worn surface, which are indicated with an arrow in Fig. 3.23b.
The EDX analysis of these regions [76] shows that they are rich in oxygen.

Surprisingly, unlike the observation in the reference sample, composites with
graphite nodules in the microstructure (3 and 5 wt% SiC) show strong evidence of
plastic deformation, Fig. 3.23c, which is characterized by the presence of grooves
parallel to the sliding direction, which indicates abrasive wear as the dominant wear
mechanism. This aspect is even more evident in the wear marks of the counter-
bodies, Fig. 3.23d.

A great quantity of wear debris was observed on the wear marks. Figure 3.24
shows the general aspect, morphology, and dimensions of the produced particles.
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Fig. 3.23 Typical wear mechanisms. (a) Matrix alloy, specimen; (b) matrix alloy, counter-body;
(¢) 3 wt% SiC composite, specimen; (d) 3 wt% SiC composite, counter-body

Fig. 3.24 Wear debris. (a) General aspect; (b) producing abrasion on the counter-body. Composite
Fe-C- 3 wt% SiC

They consist primarily of carbon and oxygen, as evidenced by EDX. It is reasonable
to assume that these particles actively operate in the abrasion process, as clearly
shown in Fig. 3.24b.

The chemical composition analysis using EDX [76] in the regions indicated with
arrows in Fig. 3.23 shows the presence of oxygen and an important carbon content in
the wear mark of the samples. Even if the strong abrasion apparently does not allow
for tribolayer formation, a significant amount of carbon (approximately 20 wt%) was
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Fig. 3.25 Wear scar. (a) Typical aspect at the boundary; (b) X-ray map obtained using EDS.
Composite Fe-C- 3 wt% SiC
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Fig. 3.26 Typical AES analysis. Fe-C- 3 wt% SiC composite

found in the wear mark of the counter-body (regions R; and R,, Fig. 3.23d), which
proves the existence of a carbon-rich material.

A high magnification analysis (Fig. 3.25a) shows a tenuous tribolayer that is
fractured at various points.

By associating this image with the map of elements obtained using EDX
(Fig. 3.25b), it is possible to verify that the contact is fuelled by carbon from the
graphite nodules. Furthermore, oxygen is observed (dark blue region), which was
expected because the tribological tests were performed in air.

To further understand this point, the wear scar of the 3 wt% SiC composite was
analyzed using Auger electron spectroscopy (AES), Fig. 3.26.

Analyses in the wear scar confirmed that the tribolayer, which was formed during
sliding, was composed of oxygen and predominantly carbon. In contrast, a similar
analysis performed on the wear marks of the reference sample (matrix alloy) [76]
showed the predominance of oxygen in the worn surface, which indicates the
presence of oxides in the tribolayer.

To further understand the formation and degradation of the tribolayer, using the
3 wt% SiC composite as specimens, sliding tests were conducted and interrupted at
predefined moments, corresponding to 100, 1000, and 2000 cycles.
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Fig. 3.27 Wear scar after 100 cycles: (a) SEM images and (b) elemental analyses

Figure 3.27 shows the typical aspects of the wear scar after 100 cycles.

The pores in the samples were filled with lamellar structures, as shown in the
high-magnification inset in Fig. 3.27a. The elemental map shows that this material is
rich in carbon, which was confirmed using the EDX analysis (~31 wt% C). It is
reasonable to suppose that the graphite foils are removed from the in situ-generated
graphite nodules and remain at the interface, which contributes to the formation of
the protective tribolayer interface.

However, despite the presence of a few scratches, the surface of the counter-body
had a large amount of carbon (~30 wt%), which indicates material transfer during the
test and the early formation of a graphite-rich tribolayer at the contact interface,
which maintained the region lubricated and reduced the coefficient of friction at the
end of 100 sliding cycles.

The main features associated with longer test times (1000 and 2000 cycles) were
pore closure and tribolayer degradation. Figure 3.28 illustrates the typical aspects of
the wear scars after 1000 cycles.

The strong plastic deformation that led to the pore closure at the center of the wear
scar was evidently associated with the tribolayer spalling. Additionally, EDS chem-
ical analyses showed the presence of carbon and oxygen. Furthermore, the oxidation
processes associated with tribochemical reactions contributed to the formation of
oxide regions on the counter-body surface.

Effect of Surface Finishing

In this section, the influence of surface finishing (as sintered and polished) on the
tribological behavior of MIM self-lubricating composites sintered at 1150 °C with
(3 and 5% wt%) and without SiC additions is presented. The tribological behavior
was analyzed using linear reciprocating sliding tests (constant load of 7 N, 60 min
duration). Polishing of the specimens was performed manually with sand paper
#1200, #2400, and #4000 in a polishing machine with automatic controls of time
and rotation, for 10 min and 150 rpm. After polishing, the surface topography was
characterized.
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Fig. 3.28 Wear scar after 1000 cycles
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Fig. 3.29 Average surface roughness according to SiC content before and after polishing

The effect of SiC content on surface topography before and after polishing is
illustrated in Fig. 3.29.

The mean surface roughness of unpolished samples increases significantly when the
SiC content increases. Such behavior can be observed also for polished samples, but in a
more subtle way. As already mentioned, the reference alloy presented a microstructure
constituted of perlite + ferrite whereas the addition of SiC induces the formation of 2D
turbostratic graphite nodules which in turn induced increased surface roughness. Thus,
higher SiC contents increase the quantity of graphite nodules and, therefore, increase
surface roughness. After polishing, a significant reduction of the average values of Ra is
observed when compared with the values obtained for the unpolished samples.

Typical aspects of the surfaces before and after polishing are presented in Fig. 3.30.
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Fig. 3.30 Typical surfaces of unpolished surfaces (left) and polished (right) specimens. (a) 0 wt%
SiC; (b) 3 wt% SiC and (d) 5 wt% SiC

It is clearly observed that after polishing the surfaces are smoother and feature
dark regions constituted of graphite nodules and pores. From now on, these dark
regions will be called lubricant reservoirs. Due to limitations of the technique used
for image analysis already reported in the literature [59, 61], it was not possible to
distinguish between pores and graphite nodules. The dark regions were previously
identified as turbostratic 2D graphite. Compared with the polished surface of the
reference sample (0 wt% SiC), the polished surfaces of specimens containing 3 and
5 wt% SiC presented increasing amounts of dark regions (pores + graphite nodules)
evenly distributed on the surface.
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Fig. 3.31 Typical evolution of friction coefficient with number of cycles. 3 wt% SiC

Figure 3.31 shows how the evolution of the friction coefficient during the test
duration is influenced by surface finishing.

All results present similar behavior. There is a transient associated with the onset
of contact between specimen and counter-body at the beginning of tests before a
steady state is reached. For the unpolished specimens, friction coefficient showed a
rapid increase and stayed nearly constant during the rest of the test, i.c., a steady state
was reached. For the polished specimens, after a rapid initial increase, friction
coefficient starts to gradually decrease to a lower steady-state value.

As already discussed the reasons for the difference in the evolution of the friction
coefficient within the transient period will not be treated in the present chapter.
However, it is reasonable to suppose that the stabilization of the friction coefficient is
related to the generation of a protective tribolayer, where the transient corresponds to
the kinetics of formation of the layer. The values of the friction coefficient for each
test were computed by averaging the steady-state values. The results are summarized
in Fig. 3.32.

Increasing the precursor content and, as a consequence, the number of turbostratic
2D graphite nodules produced a reduction of the average friction coefficient. In
general, the reduction was substantial, up to 3% SiC. For higher values of SiC
content, the friction coefficient was almost constant. As already stated, the graphite
foils are removed from the in situ-generated graphite nodules and remain at the
interface thus contributing to the formation of the protective tribolayer.

Additionally, it is observed that the friction coefficient is strongly influenced by
surface finish. Polished specimens exhibit significantly higher friction coefficients
(1 > 0.4) suggesting that the 2D turbostratic graphite nodules do not actively
participate in the tribolayer formation. In fact, multielemental X-ray maps obtained
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Fig. 3.33 Multielemental X-ray map obtained by EDS. Composite Fe-0.6% C-3% SiC. (a)
Unpolished. (b) Polished

by EDS (Fig. 3.33), in which the red color is associated with carbon, clearly show a
large decrease in the amount of graphite nodules for the polished surface.

Besides significantly reducing the surface roughness, as illustrated in Figs. 3.29
and 3.30, polishing also affected the availability of solid lubricant reservoirs in the
active sliding interface. It is well known the paramount role played by pores (in our
case pores + solid lubricant reservoirs) in the tribological behavior of sintered
materials [39, 78].

In addition to a reduction in strength and, as a consequence, in load bearing
capacity, the presence of porosity alone might influence the wear mechanisms acting
on the surfaces of powder metallurgy parts in a number of ways. In particular, open
pores in the active interface are reported to act as foci for the generation and trapping
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Fig. 3.34 Friction coefficient in function of surface roughness and SiC content

of wear debris during sliding wear [77]. If the reservoirs remain active (open), there
will be a continuous self-replenishment of solid lubricants to the contact area and, as
a consequence, the maintenance of a protective tribolayer [45]. The plastic defor-
mation imposed by polishing induces the closure of pore + solid lubricants reser-
voirs, which significantly reduces the lubricant supply into the active interface. This
justifies the high friction coefficient presented by the polished composites. Without a
doubt, the closure of the reservoirs is an important factor in increasing friction
coefficient of the composites containing SiC. On the other hand, it would not justify
the increased friction coefficient also observed for the reference composites alloys
(without SiC) since they do not contain graphite nodules. In this case, it is reasonable
to suppose that the variation in friction coefficient is mainly due to changes in
surface topography during polishing.

In addition, friction coefficient decreased when the amount of precursor (SiC)
increased for both surface finishing routes. The reference specimen (0% SiC)
presented a mean friction coefficient significantly higher than those of the samples
containing 3% and 5% SiC. It is remarkable the positive influence of turbostratic 2D
graphite nodules on the tribological behavior of these composites. For the case of the
unpolished specimens, the addition of 3% SiC induced a remarkable 80% reduction
in friction coefficient.

There is a compromise between surface topography and solid lubricant availabil-
ity in the active interface. Figure 3.34 shows the average friction coefficient as a
function of roughness. Three regions are highlighted in Fig. 3.34: The first region
(D consists of the polished samples (0%, 3%, and 5% SiC); the second region (II) is
associated with unpolished samples containing 2D turbostratic graphite nodules (3%
and 5% SiC), and finally, the third region (III) concerns the unpolished reference
alloy (0% SiC).
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The polished samples, regardless of the chemical composition, showed higher
friction coefficients and obviously low roughness when compared with the unpolished
ones. On the other hand, the unpolished composites (region II) presented higher
roughness associated with lower friction coefficient. Also noteworthy is the
unpolished reference alloy behavior (region III): It presents intermediate values for
both roughness and friction coefficient, suggesting the already mentioned compromise
between surface topography and solid lubricant availability in the active interface
suggesting that the presence of 2D turbostratic graphite nodules affects the surface
topography of the samples and has a great influence on the dynamics of the formation
of protective tribolayers, and consequently on wear mechanisms [69, 78]. In fact, the
polished samples, regardless of the chemical composition, presented very low values
ofreduced valley height (Rv) (0.1-0.18 pm) when compared with the unpolished ones
(0.67-1.51 pm). Since Ry is related to the distribution of valleys or pores in a surface
[79], this evidences the closure of pores + solid lubricant reservoirs during polishing.

According to Keller et al. the difference in surface topography has an important
impact on wear mechanisms and building up of tribolayers [79]. A rough surface,
i.e., small real contact area or high real contact pressure, leads to higher friction
coefficients and wear [79]. However, despite being considerably rougher than the
polished specimens, the unpolished specimens presented significantly lower friction
coefficients, pointing to an important participation of the turbostratic graphite
nodules in the lubrication process. It appears that during sliding, due to the high
contact pressure, the formation of the protective tribolayer occurs rapidly in the
initial cycles, preventing direct metal-metal contact, and thus maintaining low
friction coefficients. If the reservoirs remain active (open), there will be a continuous
self-replenishment of solid lubricants to the contact area and, as a consequence, the
maintenance of a protective tribolayer as illustrated in Fig. 3.35 which shows a kind
of self-healing feature of the tribolayer. Whenever the normal force is increased
(black curve) there is a partial destruction of the tribolayer as indicated by the sharp
decrease in electrical potential of the contact. Immediately, the tribolayer is
reestablished as clearly indicated by the rapid increase in electrical potential of the
contact.

Figure 3.36 presents the influence of the precursor content and of the specimen
surface finish on the wear rates of the specimens and their respective counter-bodies.

The influence of surface finish was marginal for the reference alloys (0% SiC).
However, for the composites (3% and 5% SiC), the unpolished specimens exhibited
significantly lower wear rates compared to the polished samples, Fig. 3.36a.

The counter-bodies (Fig. 3.36b) presented much higher wear rates when siding
against the polished surfaces, being this even more significant for the reference alloy
(0% SiC). The absence of graphite nodules associated with the smooth surface
topography of the reference samples promoted an increased wear of the specimen
and respective counter-bodies. Polishing, besides modifying the surface topography
of the sample, promoted the closure of the pores and of the graphite reservoirs as
already described. This resulted in increased friction coefficient and wear rates for
both sides of the tribo pair.
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Fig. 3.35 Self-healing of the tribolayer

Typical aspects of the wear scars of specimens and counter-bodies associated with
polished specimens are shown in Fig. 3.37. In both cases, there are clear indications
of abrasive wear. For the reference alloy, analysis by EDX in selected areas indicated
a strong presence of oxygen in the active interface of both specimens (30%) and
counter-bodies (14%), a clear evidence of oxidative wear [76].

Abrasive wear evidence is even more visible in wear scars associated with
specimens rich in 2D turbostratic graphite, Fig. 3.38.

Moreover, EDX analysis indicated the presence of a protective tribolayer in the
wear scars of both specimen and counter-body, as indicated by the higher amounts of
carbon (specimen: 9%; counter-body: 14%) in relation to the reference alloy.

Again, a great quantity of wear debris was observed on the wear marks. Elemental
analysis by EDX of the wear debris [76] showed that the debris generated for the
reference alloy have higher oxygen content than the debris produced by the com-
posites containing 2D turbostratic graphite nodules which, in turn, are richer in
carbon. During sliding in air, oxygen reacts at the contact interface giving rise to a
tribolayer that forms and breaks down cyclically. For the reference alloys, the rupture
of this tribolayer gives rise to wear debris consisting mainly of iron and oxygen. The
debris originated from the composites, in addition to iron and oxygen, also present,
as expected, a significant amount of carbon, since the graphite nodules actively
participate in lubrication of the contact interface, thereby justifying the low friction
coefficients and wear rates measured for the unpolished samples.

Effect of the Metallic Matrix
Apart from contributing to the formation and degradation of the tribolayer, the
microstructure of the metallic matrix always has large influence on the tribological



110

J. D. B. de Mello et al.

20.0

[

—
o
=)

10.0

Wear Rate (mm3.N41.m41) 107
i
=

0.0

o

oUnpolished
i Polished

3
SiC content ( % )

.07

3

‘Wear Rate (mm™.N "m

350
300}
25.0f
200
150}
10.0f

5.0f

0.0°C

Fig. 3.36 Wear rate.

o Unpolished
| o Polished

3 5
SiC content ( % )

(a) Specimens. (b) Counter-bodies

Fig. 3.37 Typical aspects of the wear scars. Reference alloy (0% SiC) (a) polished specimen. (b)
Counter-body



3 In Situ Generated Turbostratic 2D Graphite: A New Way to Obtain High. .. 1M1

500 pym

Fig. 3.38 Typical aspects of the wear scars. 3% SiC composite (a) polished specimen. (b) Counter-
body

behavior of any material. According to Zum Gahr [80], when considering wear, the
best tribological behavior of a metallic material is reached by combining the most
appropriate combination of strength, ductility, and fracture toughness.

In this section, the effect of the metallic matrix composition on the formed
microstructural constituents, as well as their effect on the tribomechanical behavior
of plasma-assisted debinded and sintered MIM self-lubricating composites is pre-
sented and discussed. Three different metal matrices containing embedded 2D
turbostratic graphite nodules were obtained by adding alloying elements (Ni and
Ni + Mo) to the initial composition of the Fe-C-SiC composite.

Figure 3.39 illustrates the typical microstructures of the studied composites.

All composites were prepared by mixing 3% SiC to the feedstock and were
sintered at 1150 °C for 1 h. All three microstructures have in common the presence
of graphite nodules (arrows), induced by the addition of SiC to the feedstock powder,
whereas for the present imposed conditions, the metallic matrix varies from ferrite to
martensite. Addition of Nickel did not substantially change the microstructural
constituents (ferrite + small fractions of perlite), Fig. 3.39b, but it seems that the
graphite nodules are a little larger and in greater quantities than in the standard Fe-C-
composites. For the Ni + Mo containing composite, the metallurgical constituents
changed from ferrite/perlite to martensite even under the low cooling rates imposed
by the PADS reactor (7 °C/min). The addition of these elements probably dislocated
the TTT curve of this steel, favoring the formation of martensite [81].

Figure 3.40 summarizes the mechanical properties of the composites.

They were evaluated by measuring the micro-hardness of the metallic matrix and
the tensile resistance of the composite (elongation, yield strength, and ultimate
strength). It is possible to observe that even with the presence of solid lubricant
nodules in the metallic matrices, the level of resistance for the composites is very
high. This occurs because the nodules of graphite are very small (less than 20 pm)
and they are homogeneously dispersed throughout the ferrous matrix thus preserving
the matrix continuity.

As expected, the addition of alloying elements produced a strong effect on the
hardness and mechanical strength of the matrices. Nickel increases the resistance of
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Fig. 3.39 Typical microstructure of self-lubricating composites produced by adding 3% SiC. (a)
Fe + 0.6%C. (b) Fe + 0.6%C + 4.0%N!i. (¢) Fe + 0.6%C + 4.0%Ni + 1.0%Mo
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Fig. 3.40 Mechanical properties

the composites by solid solution and partially reduces its ductility in relation to the
standard Fe-C composite. The combination of Ni + Mo induces a large increase in
mechanical resistance because it changes the metallurgical microstructure from
ferrite/perlite to martensite. As explained earlier, the martensite transformation
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occurs for the Fe-C-Ni-Mo even under low cooling rates. As expected, the elonga-
tion behaved in a contrary manner.

It is worth noting that UTS values as high as 1000 MPa were reported for the
Ni + Mo containing composite when sintered at 1200 °C [61]. A possible factor for
such an increase in mechanical properties was the higher homogenization obtained at
higher temperatures. It is very well known that the diffusion rates are enhanced with
temperature. Furthermore, at 1200 °C, liquid phase sintering may occur, thus
producing a better chemical homogenization and densification.

It might also be interesting to point out that the UTS of self-lubricating compos-
ites available on the market do not normally exceed 300 MPa. This is a result of the
large discontinuity of the metallic matrix produced by the addition of up to 40% of
large solid lubricant particles which are necessary to keep friction at low levels.

The friction coefficient of the reference composite (Fe-C) gradually increases
with the sliding distance until, at about 100 m, it evolves in a more uniform and
constant way. For the composites containing nickel and molybdenum, the friction
coefficient evolves in a more stable way from the beginning of the test. Although
presenting a significantly lower average value, the evolution alternates low and high
intensities periods. Furthermore, a higher oscillation of the contact potential was
verified, indicating instability of the insulating tribolayer. The Ni-containing com-
posites presented a similar evolution at values in between those of the reference
composite and that of the Ni-Mo composites [82].

The effect of metallic matrix composition on the steady-state friction coefficient is
presented in Fig. 3.41.

The reference composite, Fe-C, presented the highest friction coefficient (0.11).
The addition of alloying elements considerably reduced the friction coefficient (45%
reduction for the Ni composites) and values as low as 0.04 (65% reduction) for the
Fe-C-Ni-Mo composites. This remarkably low value may be considered super-
lubricity in the real world.

Figure 3.42 illustrates the general appearance of the wear scars produced in both
specimens and counter-bodies.

Wear scars associated with the specimens presented different widths and the
general appearance of the wear marks also varied. The wear volume was reduced
by the introduction of the alloying elements. Inside the wear scar there is a clear
evidence of abrasive wear, as evidenced by the presence of multiple parallel
scratches. The intensity and number of scratches varied according to the material.
The wear loss of the counter-bodies (AISI 52100 steel ball) presented the same
behavior as the specimens. The wear rate of specimens and counter-bodies is
summarized in Fig. 3.43.

The lowest wear rate value determined was 8.29 x 10 ° mm® N~' m~' for the
Fe-C-Ni-Mo composites whereas the highest wear rate was measured for the refer-
ence composite (Fe-C), 34.5 x 107° mm> N~! m~". This corresponded to a 420%
reduction. For the nickel composites (14.5 x 10~° mm> N~" m™"), the reduction was
240% in relation to the reference composite. In all cases, the wear rate of the ball was
almost identical [(9.47; 19.31 and 37.22) x10~° mm® N~!' m ™', respectively] which
induced the same order of magnitude in wear reduction.
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Figure 3.44 illustrates the general appearance of the wear scars produced.

Wear mechanisms acting on the reference composite and on the nickel-containing
composite are quite similar: Abrasive wear is present as indicated by the fine
scratches in the sliding direction. The intensity and number of scratches varies
according to the material. The shallow, thinner, and less numerous scratches are
present in Fe-C-Ni specimens. They are probably caused by the abundant hard,
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Fig. 3.45 Selected appearance of the wear scars. (a, b) Fe-C-Si composite. (¢, d) Fe-C-Ni-Mo-Si
composite

oxidized wear debris generated at the interface. On the other hand, for the nickel-
molybdenum composite the tribological conditions produced smoother surfaces
where third-body “islands” were observed.

This behavior might be linked to the resistance of the metallic matrix to plastic
deformation and consequently, to the sealing of lubricant reservoirs, Fig. 3.45.

For the higher friction coefficient and wear rate specimens (Fe-C composites,
Fig. 3.45a, b), the intense plastic deformation produces the complete closure of the
solid lubricant reservoirs, whereas for the lower friction coefficient and wear rates
(Fe-C-Ni-Mo composites, Fig. 3.45c, d), the solid lubricant reservoirs remains open
and active (white arrow).

If the solid lubricant particles do not reach the surface, the self-replenishment
mechanism of the tribofilm is partially restrained and the friction coefficient remains
relatively high.

In order to further understand the effect of the metallic matrix on the tribolayer
(and, as a consequence, on the tribological behavior), the wear scars present on
the specimens and counter-bodies were analyzed by micro-Raman spectroscopy.
Figure 3.46 synthesizes these results.

Again, only the borderline results are presented: Fe-C samples (higher friction
coefficient and wear rates) and Fe-C-Ni-Mo composites (lower friction coefficient
and wear rates).
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Fig. 3.46 Typical Raman spectra. (a) Fe-C-Ni-Mo specimen. (b) Fe-C-Ni-Mo counter-body. (c)
Fe-C specimen, border of the scar. (d) Fe-C counter-body, border of the scar. (e) Fe-C specimen,
center of the scar. (f) Fe-C counter-body, center of the scar

Figure 3.46a, b present the dominant spectra found in the wear scar of the Fe-C-
Ni-Mo composite. All spectra clearly show the presence of the so-called turbostratic
2D graphite as evidenced by the typically widened G band and the presence of a D
band which is associated with crystallinity disorder. The measured widening of the
bands, the ID/IG ratio, the size of the graphite crystallites, and the analysis of the
second-order band G’ also confirm the disorder in the material. It is also noticeable
that the spectra of tribolayers presented in the wear scars of the specimens or in the
counter-bodies are almost identical and indicate the beneficial presence of the
turbostratic 2D graphite on both sides of the tribo pair.

On the contrary, the spectra found in the wear track of the reference composite
changed according to their position in the wear scar. Spectra similar to those found in
the previous case were measured near the border of the wear scars, Fig. 3.46¢, d
whereas those found in the center of the scar were a little different, Fig. 3.46e, f.
Despite presenting lower intensities of the 2D graphite characteristic bands and a
certain amount of fluorescence, the spectra also presented other smaller bands at
lower frequencies. The origin of these bands was attributed [13] to the formation of
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Table 3.1 Relevant properties

Property MIM + PADS + In situ
Scuffing resistance [N m] 8000

Friction coefficient 0.04

Wear rate Specimen 8.28
[mm’N~"'m~']-107° Counter-body 9.47

Ultimate tensile strength [Mpa] 500

Elongation [%] 6.3

iron oxide by tribochemical reaction caused by the surrounding atmosphere and is,
probably, a consequence of the high energy availability associated with high friction
coefficients. The positions of the bands in the range of 225-650 cm ™' match fairly
well those observed for iron oxide phases [83].

The bands at 290, 408, 497, and 607 cm ™! indicated the presence of hematite
Fe,O5 whereas the band at 667 cm ™! was assigned to magnetite Fe;0,4 [84—86]. It is
reasonable to suppose that the presence of iron oxides associated with the smaller
intensities of the graphitic phase is likely to induce inferior tribological performance.

3.8 Concluding Remarks

We introduced a new microstructural model/processing route (metal injection mold-
ing followed by a single thermal cycle using a plasma-assisted debinding and
sintering process and in situ formation of graphite nodules due to the dissociation
of a precursor (SiC particles)). The results clearly show the great tailoring ability of
the proposed microstructural model/processing routes applied to the development of
innovative, low-cost, self-lubricating composites presenting low friction coefficient
associated with high mechanical strength and wear resistance. Moreover, the opti-
mized processing parameters produced outstanding new iron-based self- lubricating
composites as illustrated in Table 3.1.
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Abstract

The tribological parameters in sliding/rolling mechanism have significant role in
overall performance of the materials. To design a material that offers low friction and
wear, the material must have specific mechanical and physical properties. In this
context the lubrication has important role and it is known that lubrication can reduce
the undesired parameters during sliding/rolling. There are certain limitations in the
usages of liquid lubricants such as high and low temperatures, extreme load, and
speed environments. This raised the requirement of a lubricant in a solid form and
coined as solid lubricant. In a situation where no external lubrication is possible,
there is a need of lubricant that performs by itself which is called as self-lubricant,
and the widely used self-lubricants are polymer based. This chapter provides insight
into self-lubricating polymer composites, structural features, mechanisms, factors
influencing tribological properties, and applications of polymer composites.

4.1 Introduction

Liquid lubricants cannot be utilized for specific applications like very low, severe
temperatures and liquid contaminations. In these cases, solid lubricants are a good
candidate in its performances. There are various usage routes that are available such as
vapor deposition, applied as film on substrates and also by surface burnish. Over the
years, it is witnessed that the solid lubricants with various reinforcements, recent
emerging material, carbonous materials, can act as self-lubricating composites. These
composite materials offer superior thermal, mechanical, and self-lubricating properties
[1, 2]. In the past decades, the research world witnessed significant improvements in the
development of reinforcement in aluminum alloys along with the development of
polymer composites, typically with graphite in the matrix, and these composites
exhibited superior self-lubricant properties for a wide range of materials [3—8]. Further-
more, the significant tribological improvements are observed for the composites which
are reinforced with solid lubricant rather than the composites reinforced with ceramic.
The micron ranged graphite particles are considered for the fabrication of composites
which exhibit better tribological, mechanical, and self-lubricating properties [9—17].
The natural fiber reinforcement in a polymer matrix demonstrated superior tribolog-
ical performance, greater economic viability, and greater adaptability toward specific
environments [18]. The graphene nanoplatelets reinforced nanocomposites exhibited
superior tribological and self-lubricating properties [19]. The self-lubricating compos-
ites can be used as alternatives for toxic petroleum-based lubricants. Furthermore, these
offer greater impact in the reduction of emissions to the environment and also in the
reduction of energy dissipations which improve the energy efficiencies [14, 20].
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Self-lubricating composites consist of a reinforced matrix of solid lubricant
additives and various other constituents and are well suitable for rolling element
bearing. Furthermore, commonly used solid lubricant materials are graphite, molyb-
denum disulfide, layer lattice compounds, and polytetrafluoroethylene (PTFE). The
performances of graphite in space applications are dormant since it requires humid/
absorbed vapor environment to exhibit good performance. On the other hand,
molybdenum disulfide exhibits greater performance for these applications. Some
of the disadvantages of molybdenum disulfide are: (1) shortened life when long
sliding in air environment, and (2) the formation of molybdenum oxide can the
performance.

PTFE exhibits significant performance in both vapor and vacuum environments.
The cold flow under loading conditions is one of the disadvantages of the PTFE. To
eliminate this, one has to add suitable binding material. The past research indicates
that very limited polymer-based self-lubricants were fabricated. Recent studies
revealed that some of the polyimide polymers are capable for superior performance
in vacuum environments [21]. A rigorous research is required in these areas since
polymer-based lubricants have vast potential. This chapter is intended to understand
the tribological properties and environmental influences on the properties of these
polymer-based solid lubricants for various applications. Furthermore, various poly-
mers, its fillers, and routes for polymer composites especially for a sliding environ-
ment will be discussed. The usages and challenges of polymers and polymer-based
composites for space applications as a solid lubricant will also be discussed.

4.2  Structural Features of Polymer

The polymer molecular studies are important to understand the mechanisms
involved in the physical properties, and in current scenario most of the polymer-
based lubricants are organic based. Very large molecules with carbon atoms are the
main component in the organic polymers. The formation of the polymer is by
recurring of monomer units and the polymerization conditions influence the growth
of the polymer which can be achieved to a molecular weight of several millions. The
length of the chain influences the mechanical behavior of the polymers.

Polymers can be classified as thermoplastics and thermosets. The cross-linking
capabilities are dormant to the thermoplastics while thermosets are highly cross-
linked. In addition, another classification can be noted as amorphous or crystalline.
Even in well-crystallized polymers, existence of amorphous regions is existed and
vice versa and may affect physical properties. For instance the physical properties of
polymer some models are required to demonstrate and presented here. Random coil,
fringed micelle, folded or extended chain, and molecular domain are significant
models to understand the mechanisms of physical properties. The folded chain
model is considered as the much appreciated model than the others. In addition,
the existence of complex aggregates of molecules, called spherulites, is the base for
folded chain model. XRD studies revealed that the spherulites are comprised of plate
like uniform thick lamellae. Further, the SEM and XRD studies also confirmed that
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Fig. 4.1 (a—) Shows fine structure of a polymer prepared under various conditions [22]. (a)
Quenched crystallized. (b) Quenched crystallized and annealed. (c¢) Isothermally crystallized near
melting point

lamellae consist of folded chains which are perpendicular to lamellae surface and are
thus called as folded chain. Figure 4.1 illustrates a crystallized polymer for various
crystallization conditions. Furthermore, all models also exhibited [22]. The distance
between the folds determines extended (>200 nm) or fully extended (no presents of
folds) chain crystal.

Melt by regulating crystallization, annealing, and mechanical stress are the routes
to the formation of extended chain crystals. The mechanical stress method exhibits
the chain unfolding features and two models have been proposed [23]. In the first
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model, plastic deformation influences the chain unfolding in the applied force
direction. In second model, shearing deformation influences the chains gradually
to become tilted by twisting and slipping in along the direction of force. In general,
the low friction and wear properties are exhibited in exteneded chain structure.

4.3  Polymer Composites: Self-Lubricating

The addition of various materials to polymers is carried out to improve the load-
carrying capacity, tribological performances, and thermal conductivity. The load-
carrying capacities can be improved by adding the fibers as reinforcement materials
to the polymer and together they form the polymer composites. Also, additives used
to improve the tribological properties may reduce the load-carrying capacities (may
have easy slip planes). Thus, thorough considerations and understandings are
required to meet both requirements. This can be achieved by reinforcement of fibers
and lubricating additives, or combination of non-lubricating and lubricating fibers.
Small pieces of fibers can be dispersed in the matrix. Improvement in the thermal
conductivity of the polymer composite can be achieved by dispersing thermally
conductive materials in the matrix. In general, combinations of polymers and various
additives can be used [24]. As discussed in an earlier section, the usage of polymer
composites for specific applications requires understanding and the possible polymer
composites in space applications are PTFE/glass fiber, PTFE/glass fiber/MoS,,
Polyimide/MoS, and PTFE/Woven glass fiber/resin as bearings, gears, and cages.

4.4  Lubrication and Wear Mechanisms of Polymer Composites

The success of the solid lubricant determined by the level of holding the stress
formed due to the loading and tangential friction stresses for polymer-based com-
posites. If not, they may experience plastic deformations, brittle fracture evolutions,
high wear, and even catastrophic failures. In some cases, it is observed that rapid
wear sustains until the polymer supports the progressive increase in the contact area.
Also, dynamic stress highly influences the wear mechanisms. A lower dynamic
stress is beneficial to exhibit a mild wear behavior. These infer that stress plays vital
role in the performance of self-lubricating polymer-based composites. In general,
while designing these types of lubricants an account of stress must also be consid-
ered with greater attention for better performances.

The synergy between polymer and additives is important in terms of their
tribological properties and their working environments even when they are having
significant load-bearing capacity [25]. A shear layer development in the mating
surfaces will support the improved properties for designing better lubricants. This
layer reduces the adhesive and abrasive action in the sliding surfaces and stresses in
the polymer surfaces. Also, a thin layer will be adequate to exhibit these improved
properties. Some polymer materials have self-forming ability of shear layer.
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Fig. 4.2 The friction responses of a commercially available polyimide in various environments
[27]

The extended chain mode of PTFE chain in the surface reduces shear and results
in low friction [26]. Furthermore, bulk PTFE may not have good load-bearing
capacity. In these conditions, the usage of PTFE as reinforcement in body and as
coatings or films is the preferred way to achieve greater life.

In vacuum and air environments, some polyimides form thin shear layer at the
surfaces [21, 27].

The tribological performance (friction and wear) of the polyimides are superior in
nature for various environmental conditions like vacuum and high temperature. Fur-
thermore, one of the reasons behind performance is the formation of extended chain
molecule [27]. The load-bearing capacities of these polyimides are greater as compared
with PTFE and also exhibit low friction. This infers that in some special cases like space
applications, the additives are not required to reinforce. On the other hand, the tendency
to absorb water and the subsequent increase in the friction are the challenges in the
development and applications of polyimides. Thus, removal of water vapor and water
vapor layer is important while using polyimides for a specific application.

The friction coefficients of polyimides in various environmental conditions are
illustrated in Fig. 4.2; the result shows an increase in the coefficient of friction in air
with 50% humidity conditions, whereas the coefficient of friction decreases in the
vacuum conditions [27].

Ultra-high-molecular-weight-polyethylene (UHMWPE) polymers offer greater
load-bearing capabilities. On the other hand, this polymer has poor temperature
withstanding capabilities, and this infers that these polymers may have good perfor-
mance in low temperature conditions.

The quality of the shear layer formed determines lubrication performance of the
composites. This shear layer has significant role in maintaining the performance.
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Thus, quality and reliability are important in bonding to the polymer surface and this
can be called in a short way as “flowing into itself.” The layer movement without
failure during sliding determines the sustainability of the lubrication performance.
Furthermore, the factors influencing the layer must be analyzed thoroughly espe-
cially the fatigue. The formation and specialties of transfer films are important in the
wear behavior. A thin film offers good wear performance, while thick film promotes
the adhesive forces, resulting in severe wear.

4.5 Lubricating Mechanisms: Transfer Film of Polymer
Composites

The shear layer and its mechanisms play important role in various aspects as stated in
the earlier section. It can be noted that the shear emerges within shear layer on the
bulk surface, transfer film on counter surface, or it can occur in between the both.
The mechanism involved in the performance of ball bearing uses a double transfer
lubricating film as shown in Fig. 4.3.

The influence of load in an ambient air environment on the double transfer of
PTFE (Rulon-A and 5% MoS,) composite was studied by [29] on testing apparatus
(Fig. 4.4). The result indicated that as increase in load leads to slight decrease in the
roughness of the wear track. In addition, at the mean stress level of 1.38 GPa the
transfer film was insufficient to prevent roughening of the surfaces (Fig. 4.5). These
indicate the importance of the limiting stress for the effective transfer film at ambient
air atmosphere. The double transfer lubrication regime can be successfully used in
higher load conditions only. Thus, it can be a potential candidate for the various
space applications.

4y

RETAINER

INNER RACE

Fig. 4.3 Ball bearing film transfer mechanism [28]
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4.6 Factors Influencing Polymer Composite Wear and Transfer

This section deals with the factors that affect the performance of polymer composites.

4.6.1 Load/Stress

As stated in an earlier section, it is clear that the polymer film and its wear behaviors
are highly influenced by the load and stress [30]. The mild wear was exhibited on
low loads and severe wear was exhibited at high loads. The formation of shear layer
and its delamination features and thin transfer film results in the mild wear behavior.
The formation of brittle fracture or severe plastic deformations results in severe wear.
In addition, polyamide-bonded graphite fluoride film of 0.0025 cm thickness
exhibits the mild wear and severe wear regime specialties as stated above [31]. A
linear progress of wear rate was observed in mild wear regime and an exponential
progress was observed in severe wear regime.

4.6.2 Contact Area

The contact stress and its effects in the transfer film are important entities on the
performance of polymer-based composites. The contact stress is deducted from the
contact area. Thus, in a case where the load cannot be reduced further, another
alternative is to increase the contact areas which will helps to reduce the contact
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Fig. 4.5 Surface finish of race wear track Vs mean Hertzian contact stress (lubricated with a
Rulon-a + 5%MoS, transfer film) [29]

stress and the resulting mild wear [30]. Figure 4.6 illustrates the variation of wear
rates for polyimide-bonded graphite fluoride film. The formation of transfer film was
influenced by the contact areas. The increased contact area and the lower stress lead
to poor tribological performance. This is due to the formation of ridges and this
increases the localized stress and adhesion. This infers that the contact area plays an
important role in the optimum designing of the lubricant.

4.6.3 Sliding Speed

The sliding speed influences the generation of heat due to friction at higher speed.
This affects the performance of the additives in the composite matrix. Also, in some
cases this frictional heat will help in many ways such as removal of water vapor,
influences the molecular relaxation in the polymer molecule, and thus improves its
mobility. Furthermore, the sliding speed influences the wear debris size and wear.
However, the performance of wear mechanisms is highly influenced by properties of
shear film and transfer film. The high sliding speed restricts the reorientation of
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Fig. 4.6 Polyimide-bonded 7x10~4
graphite fluoride film wear —
rate Vs sliding duration for a
constant load sliding [32]
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molecular chains and thus results in the high wear particles and high wear. In
addition, the process parameters like sliding speed optimization are important in
the design to exhibit superior performances.

4.6.4 Environment

The lubricants like graphite and molybdenum disulfide are highly influenced by the
environmental conditions. These lubricants are in two extremes; the graphite
exhibits good lubrication performance in absorbed gas or vapor atmosphere, whereas
the molybdenum disulfide exhibits better performance in the absence of absorbed
gas or vapor atmosphere. In addition, the polymer composites are also highly
influenced by the environment during sliding. This phenomenon is due to the
additives that are sensitive to the environment. All of these lubricants the PFTE
exhibit superior performance in various environmental conditions. The polymer
having free hydrogen is highly influenced by the environmental conditions like
absorbed vapor and water vapor regimes. The poor mobility of the molecules in
the polymer is highly influenced by the presence of water and restricts formation of
thin surface layers. In general, polyimides demonstrate better performance in vac-
uum conditions [27].
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4.6.5 Counter Surface Topography

The tribological performance of polymer composites is highly dependent on the
counter face material and its specialties. If the counterface is too rough, it restricts the
formation of shear and transfer film and thus affects the important tribological
properties. Figure 4.7 illustrates the effect of the surface roughness of counter surface
for various materials like stainless steel, etc. and Fig. 4.8 illustrates the effect of the
surface roughness graphite-fiber-reinforced polyimide composites sliding against
different materials. It can be noted that Pyrex glass offers lowest possible frictional
coefficient. However, highest frictional coefficient was observed on SS
301 [32]. The results show that at lower roughness counter surfaces exhibit lower
wear rates.

Furthermore, the low root mean square (RMS) value and center line average
(CLA) value of roughness not always indicates the smoothness of the surface. The
over polishing may deteriorate the softer materials and form the hard material in the
counterface surface which results in severe abrasion in polymer surface. Especially
this behavior can be seen for overpolished 440C HT Stainless Steels against a
polymer surface. In initial sliding the surface finish and material type have a dormant
influence on the coefficient of friction. As sliding distance progress surface finish
and material type influence the coefficient of friction significantly. The Pyrex glass
has the smoothest surface and has ability to form extremely thin transfer films for the
best performance.
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Fig. 4.7 Composite pin wear rate vs arithmetic mean surface roughness for various materials [32]
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4.6.6 Cleanliness

The surface cleanliness is one of the factors to be considered with greater attention.
A dirty surface may exhibit an abrasive action and resulting poor tribological
performances. Figure 4.9 illustrates the embedded small hard particles into an
UHMWPE polymer solid which acts like an abrasive particle and wore a grove in
440C stainless steel counterface [30].

4.6.7 Temperature and Molecular Relaxation

As discussed earlier, the interrelationship between temperature and molecular relax-
ation is important for the performance of the composite. The movement of chain, or
can be called as mobility, depends on certain temperature. This can be above or
below the transition temperature which results in high mobility and low mobility,
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Fig. 4.9 Surface profile of the sliding contact areas [30]

respectively. In general, the tribological performances of the polymer composites are
highly dependent on temperature and subsequent influence on the molecular mobil-
ities. Also, the limited molecular movement will reduce the formation of thin shear
layer. Torsional braid analysis (TBA) method is good candidate for analysis of
relaxation temperatures [33]. Fusaro [23] conducted studies to understand the syn-
ergy of molecular relaxation by TBA method. Polyimide (PI 4701) was considered
for the studies and the results demonstrated TBA peaks. The highest peak correlated
to glass transition temperature (a-peak). Furthermore, highest peak compared with
coefficient of friction shows significant change and another correlated to B-H20 peak
(due to absorbed water vapor). From Fig. 4.10, if polyimide is heated to 500 °C in a
dry argon environment, it increases the glass transition temperature to 500 °C which
offers low coefficient of friction in the range of 300-500 °C. In addition, a low
coefficient of friction can be achieved even at 50 °C and the absorbed water vapor
should be removed from the polyimide surface as shown in Fig. 4.10a, b.

The molecular relaxation in PTFE-based composite also exhibited couple of
relaxations well below the ambient temperatures but not exceptional as they are at
or above ambient temperature (~25 °C). Furthermore, the restriction of molecular
mobility of PTFE chain for a specific region results in the low coefficient of friction.
Also, the additives in the polymer composites influence the lubrication properties.
Furthermore, some polymers exhibit an independent behavior to the temperature for
their tribological performance.

4.7 Tribological Applications of Polymer Composites
4.7.1 Gears

The gears made of polymer composites are currently being used in light load and
space applications which require high precision. These gears run against the SS or Al
alloys. The stiffness and hardness with low coefficient of friction are required for
these gears. Furthermore, the major challenge in the gear design is the accommoda-
tion of physical properties and tribological performance for a specific application.
Also, it can be noted that this scenario limits the common polymer usages for various
applications. Polyimides, polyamides (nylons), polyamide-imides, and polyacetals



136 P. Ajay Kumar et al.
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are various polymers that can be used for specific applications along with PTFE. In
the reinforcement, the fiber glass and MoS, are also considered to provide the low
coefficient of friction. In addition, in some cases the polyimide with MoS, powder
additive are being used in the space applications. This offers greater flexibility in the
manufacturing and machining regimes to produce fine pitch gears. High-pressure
laminate of cotton fabric and a phenolic polymer also can be utilized for the
fabrication of gears with greater benefits but offers difficulty in precise manufactur-
ing and machining process [34]. The tribological performance of certain plastic gears
was established by Steven [34]. Table 4.1 illustrates the tribological performance of
various types of plastic gears.



4 Self-Lubricating Polymer Composites: Mechanisms, Properties, and. . . 137

Table 4.1 Tribological response of plastic gears [34]

Test Materials Tooth Pinion Lubricant Total Tooth flank wear rate,
load, speed, pinion mm depth per encounter
Pinion Wheels N/mm rpm revs Pinion Wheels
1 Carbon | Stain- a21 50 Dry 5%x104 1x1077 Zero
fibre less (60)
inpoly- steel
acetal
2 21 50 Dry 3x105 7x1078
3 21 50 5x105 7x1078
4 21 100 7x105 2x1078
5 21 200 16x105 5x1079
6 21 500 30x105 5x1079
7 21 1000 60x105 5x107°
8 7(35) 1000 30x105 |°3.5x1079
9 3(23) 1000 30x105 | P2x10-9
10 1(13) 1000 30x105 51x10-9
11 Vespel Stain- 21 50 Dry 5x104 1x1078 Zero
SP31 less (50)
steel
12 21 50 3x105 7x1079
13 50 5x105 7x1079
14 100 7x105 9x1079
15 200 16x10° 6x1079
16 500 30x10° 5x107°
17 1000 60x105 4x107°
18 7(30) 1000 30x105 3x107°
19 3(20) 1000 30x105 2x107°
20 1(10) 1000 30x105 1x107°
21 Vespel Stain- 7 200 Dry 1x105 4x1078 Zero
SP8 less
steel
22 200 Dry 40x105 4x1079
23 200 BP110 1x105 8x1078
24 200 BP110 40x10° 4x107°

*Tooth contact stress in N/mm?
“Steady state wear rate after running-in wear completed

Polyimide and polyacetals gears running against materials like SS, Ti, or Al for
low loads exhibited superior tribological performance which was studied by
European Space Tribology Lab (ESTL). In comparison, with polyimide and poly-
acetals, the polyimide dominates in the low wear rate even the polyacetals reinforced
with carbon fiber with a maximum load of 10 N/mm tooth width.

PTFE + MoS, + glass fibers-based polymer composite has been studied by Vest
[36] and used as retainer material for oscillating bearings. The results show that the
usage of this composite performed in a significant way even after 1 x 10° cycles of
testing. In addition, even after 7.6 x 10’ cycles at 100 rpm the bearings are in good
conditions at 7 N. Furthermore, the loading of the bearing also influences the
generation of wear debris. High wear debris is observed in the unidirectional test
having loading value of 23 N. This implies the poor performance in the higher loads.

PTFE-MoS, polymer composite as a cage material which is used in gimbal ball
bearings was studied by Christy [35] who observed the potential usage since they
produce uniform transfer films.
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The ESA demonstrated potential usage capabilities of PTFE/glass fibers/MoS,
composite for various bearing applications [37]. They observed that the composite
exhibits superior performances, which is limited to maximum Hertzian contact stress
of 1200 MN/m? at 20 °C. Also, they demonstrated the composite without MoS, and
claimed that there are a lot of advantages for the usage of MoS, as an additive in the
matrix. Some of the advantages are prevention of tick transfer which results in better
performance.

The torque results of various lubricants like sputtered MoS,, ion-plated lead, and
PTFE composite cage show that the sputtered MoS, bearing failed (b/w 0.7 to
3.6x10° in certain revolutions with low torque noise. In the case of ion-plated
lead and PTFE composite cage, both performed in a similar manner, but greater
torque noise was observed in the ion-plated lead cage [37]. A comparison of torque
properties was established for above PTFE polymer composites with various cases
by Roberts [38] (Fig. 4.11). The results indicate that sputtered MoS, film has
significant torque performances.
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4,7.2 Cryogenic Ball Bearings

The cryogenic technologies are backbone of the space missions. In which contains
various electrical instruments, devices which required to be working in a cryogenic
temperature [39]. Apart from the instruments and devices, it is quite important to the
mechanical components and its performance in the cryogenic temperatures for
various space vessels. Some of the examples are high speed turbo pumps and
cryogenic engines which require bearings that are capable to produce significant
performances in various harsh cryogenic environments where conventional bearings
cannot adopt. In this situation the importance of solid lubricants arises.

NASA established notable research works related to the development of the self-
lubricating composite materials and its usages are bearings for cryogenic environ-
ments [28, 40—45]. The turbopumps consist of several ball bearings which require
thorough design considerations for better performance. For this, one has to give
importance to ball race material, self-lubricating cage material, cage with superior
physical and mechanical properties, and several design factors to reduce the internal
heat generation.

PTFE are considered as the best lubricant for these cryogenic applications. On the
other hand, PTFE offers poor strength; cold flow and poor thermal conductivity are
some of the challenges. In the case of heat generation, the PTFE dominates the
performances. This opens up the research opportunities to reinforce the PTFE with
other additives to improve the performances in various aspects. In connection to this,
an early PTFE composite formulation and its features are illustrated in Table 4.2 as
bearings which serve in extreme conditions.

To study the formation and specialties transfer film form cages to bearing inner
race was established through profile tracing technique. Figure 4.12 illustrates surface
profile for a specific composite cage of inner-race groove of a bearing with a
laminated-glass cloth with PTFE binder cage material having shaft speed, 20,000
rpm; thrust load, 200 pounds; coolant, in a hydrogen gas environment [28].

Table 4.2 Properties of PTFE formulated composite bearing cages [28]

Bearing

designation | Cage material Composition, wt% Cage construction

A Laminated-glass 38% glass cloth laminates | One-piece body with

B cloth with PTFE with 62% PTFE binder riveted aluminum side
binder plates

C Glass-fiber- 15% glass fibers, 5% One piece body with no

D molybdenum molybdenum disulfide, external support
disulfide filled PTFE | 80% PTFE

E Glass-fiber-filled 15-20% glass fibers, One-piece body with

F PTFE balance PTFE one-piece riveted

aluminum shroud
G Bronze-filled PTFE 30% bronze powder, 70% | One-piece body with no
H PTFE external support
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A considerable deposition film was observed after 284 min in the inner race along
with scratches formed by abrasive action of glass-fibers in the cage material. This
trend breaks down as continuous running progress and finally results in an increase in
the wear. After 10 h the bearing progress to a failure. This may be due to the
breakdown of the film and subsequent increase in the abrasive action (Fig. 4.13)
which indicates alternate layers of glass cloth and PTFE in which soft PTFE worn in a
short period of time and then exposed to the glass fiber and eventually fragmented and
submerged into the transferred PTFE film. This catalyzed the abrasive action which
soon influences the breakdown of the transfer film and increases the wear rates.
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In general, PTFE composites exhibit better lubrication performance but limited to
aperiod of 10 hrs. Figure 4.14 illustrates the percentage weight loss for all four types
of PTFE and the results show that all four have significantly low weight loss. Among
those the bronze cage exhibited maximum than the others.

The performance of PTFE composite retainer material was experimentally eval-
uated by Cunningham and Anderson [43]. The radial load varies from 450 to 2700 N
with a speed up to 30,000 rpm. This test has been done in 40-mm-bore ball bearings.
The results show that laminated glass cloth-PTFE binder provides better wear
resistance among the three PTFE composites (Fig. 4.15). Also, these materials
showed better performance in liquid hydrogen pumps rather than in liquid oxygen
pumps. In liquid oxygen pumps the laminated glass cloth-PTFE as a cage material
exhibits excessive wear and is to be reconsidered for space shuttle main engine
applications [46, 47].

4.7.3 Pin Joint Applications

The pin joints are used to establish the articulated motions. The reliability of these
joints is to be improved carefully. One such study was conducted by Zhu et al.
[48]. The PEEK and its composites (reinforced with 30 wt% carbon fiber, 30 wt%
glass fiber, and 10 wt% carbon fiber, 10 wt% graphite and 10 wt% PTFE) were
considered for their studies. Figure 4.16 shows the variation of coefficient of friction
for different materials. It was observed that for lower and higher loads the composite
C (10 wt% carbon fiber, 10 wt% graphite, and 10 wt% PTFE reinforced with PEEK)
shows better performance than PEEK and other composites. However, the
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coefficient of friction for composite B (30 wt% glass fiber) was observed to be
increased as the normal load increases.

Recently, PEEK composites utilized as bush materials for articulating revolute
pin joints were investigated by Zhu et al. [49]. It was observed that the PEEK-based
composite material formulated by PTFE, graphite, and carbon fiber shows better
performance than other composites.

4.8 Concluding Remarks

An overview of self-lubricating polymer composites was demonstrated with infor-
mation related to their influencing factors, tribological properties, and film transfers.
Furthermore, environmental conditions also have significant role in tribological
properties. Especially a distinct performance was observed in air and vacuum
environments. The extreme testing resulted in a good understanding of the influences



4 Self-Lubricating Polymer Composites: Mechanisms, Properties, and. . . 143

Fig. 4.15 Bearing cage
weight loss as a function of
sliding distance at specific
conditions [45]

Fig. 4.16 Variation of
coefficient of friction vs
normal load for various
materials [48]
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of various parameters. It is noted that the behavior of the solid lubricants may vary
for different conditions. The performances of end use devices in real time also may
exhibit variable performances as compared with a controlled testing condition.
Rigorous and extended research is required to understand the behavior of polymer
composites in various environments for a specific application. It is important to
extract the superior properties of various polymers and polymer composites for wide
range of applications, which are still in a progressive path, and there are special
factors that significantly influence the performance of the designed components,
especially the transfer film mechanisms and its features, loading, and environmental
conditions. A good self-lubricating polymer composite must have significant tribo-
logical, mechanical, and thermal properties.
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Abstract

In the last few years, polymeric materials filled with different kinds of nano-
materials have attracted particular attention as useful alternatives in structural
components subjected to severe friction and wear loading conditions. The inten-
tion of this chapter is to give a comprehensive picture of these nanofillers and to
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show their ability to improve friction and wear behavior of polymer composites.
The aim is to organize the current state-of-the-art knowledge on these nano-
materials and point out on the key mechanisms governing their reinforcing
effects. Despite the existing differences between literature results, there is a
general agreement on the crucial role played by size, shape, concentration, and
distribution of these fillers within the polymer matrix. The compatibility/interac-
tion between filler and matrix is another important aspect in determining good
filler dispersion and effective load transfer between the phases. As a consequence,
the development of polymer nanocomposites showing high tribological features
requires a deep selection of the nanofiller type and dimension along with its
possible surface modification. Fortunately, modern technologies allow the design
and the preparation of complex hybrid nanostructures able to put together the
benefit of several structural factors. Although the state of the art demonstrates the
potential of these materials, further researches are, however, necessary in order to
definitely reach all possible improvements attainable for future high-demanding
tribological applications.

5.1 Introduction

Nanotechnology promises breakthroughs in many areas such as materials and
manufacturing, nanoelectronics, medicine and healthcare, energy, biotechnology,
and food [1-3]. In the area of tribology, nanotechnology is expected to have a
profound impact on design, friction reduction, wear resistance, and lubrication of
moving/sliding surfaces [4-6]. The use of nanomaterials can offer a number of
benefits for extending the systems lifetime, preventing their chemical and/or
mechanical degradation and controlling temperature and moisture transmission [7, 8].
The key characteristic of nanomaterial is its enormous surface area-to-volume ratio,
which in turn is the main responsible for the surprizing physical and chemical proper-
ties showed by these materials [9, 10]. When properly controlled, these features can be
used to enhance efficiency and resistance of existing materials [11, 12]. Nanoparticles
are already introduced in commercial liquid and semi-liquid Iubricants for obtaining
advanced capabilities and functionalities [13, 14]. Improved antiwear performances,
thermal and chemical stability, as well as controlled fluidity and heat transfer, are
some of the declared benefits [15, 16]. In several lubricant formulations, the aptitude
of nanoparticles to carry a wide variety of additives, antioxidants, anticorrosion, and
antifungal agents has been reported [17, 18].

Self-lubricant polymeric materials are normally used in applications where light-
ness, safety, versatility, and low cost are necessary [19]. Some examples of these
applications include gears, bearing cages, artificial human joint bearing surfaces,
food industry, aviation, or aerospace [20, 21]. Nanometric filler addition is a simple
route to obtain a fine tuning of the mechanical and thermal properties of polymeric
materials [7, 22]. In fact, a huge literature on the polymer/nanoparticles composites
generally termed as “nanocomposites” reports excellent performance [23-25]. The
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reinforcing effects of these fillers depend on their dimensions, shape, dispersion,
distributions, and compatibility with the matrix [26, 24]. When all these factors are
carefully controlled, materials with impressive properties are obtained [27, 28].
Among the other factors, the filler dimensions have attracted particular interest in
recent years [10, 29, 30]. The growing commercial availability of materials with
controlled nanometric dimensions open the possibility to develop a plethora of new
polymer-based composites [20]. Nanomaterials are generally classified according
to the number of dimensions outside the range from 1 to 100 nm. Accordingly, the
OD-materials are particles with all the three dimensions below 100 nm, the
1D-materials have two dimensions below 100 nm, and the 2D-materials have only
one dimension in the nanometer scale. Among the 0D-materials there are carbon
nanomaterials, Al,O3;, CaCO;, CuO, SiO,, SiC, SizN4, ZnO, ZrO,, and TiO,.
Classical examples of 1D-materials are the carbon nanotubes and carbon nanofibers.
2D-materials include the wide class of the layered materials such as natural cationic
clays, graphene, and molybdenum disulfide.

Despite the actual availability, up to now, only a limited number of these
nanomaterials have been tested in polymeric materials for tribological applications
[7]. When properly combined, these nanomaterials strengthen the polymer matrix
and increase its load-bearing capacity [10, 29, 31]. Such improvements can expand
the use of polymer materials to the applications where the control of the chemistry
and morphology occurring within a few nanometers are a critical factor determining
friction, wear, and stick-slip [4, 8, 32]. A correct choice of the filler-matrix pair is a
complex task [33]. The filler size, shape, concentration, and, of course, the materials
itself influence the lubrication performance of a specific system [34, 35]. Experimen-
tal results on the tribology characterization of nanoparticle-filled polymers have
shown interesting but sometimes contradictory results. In some cases, filler contrib-
utes to enhanced wear resistance, while in other cases they have contributed to the
properties deterioration of the composite [36]. Sometimes the same filler shows
opposite trends when was reduced in size or when was chemically changed its
affinity with the polymer matrix. In literature, particular attention was devoted to
the effect of the nanofiller on the transfer film formation [4, 8]. Often, the presence of
nanoparticles renders the transfer film more thin and tenacious [37]. Dispersion is
another important factor in order to yield a good property profile. The natural
tendency to agglomerate of the nanoparticles is considered to be a common problem,
especially at higher filler contents. Some of the gains in wear resistance was also
attributed to an increase in the thermal conductivity of the nanocomposite. High
thermal conductivity facilitates the dissipation of the heat generated during friction
and thus lowers the working temperature of the system [38].

In Fig. 5.1 the wear rates found in the literature for several polymer composites
are reported [23]. In order to make a direct comparison between the different
systems, results are normalized to that of the respective neat matrix. Obviously,
better filler improvement is denoted by lower wear rate values at minimum filler
additions [23]. It is quite evident from the plot that microcomposites require at least
10 wt% of loading for obtaining a reduction of 1 order of magnitude in the wear rate.
Nanocomposites systems show a more complex behavior. In one case, filler
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[39, 40]; (b) [41]; (¢) [42]; () [43]; (e) [44]; () [45]; (g) [46]; (h) [47]; () [48]; (k) [49]; (m) [50];
(m) [51]; (0) [41]; (p) [52]; (@) [51]; (r) [53]; (s) [34]. (Reproduced from [23])

concentrations lower than 1 wt% is sufficient for obtaining reductions greater than
1000 times. Evidently, nanofillers have the potential to impart new and outstanding
properties to the materials for tribological applications. However, there are several
aspects of these systems that must be analyzed before to obtain a complete control of
their improving mechanisms [8].

This chapter presents an overview of the principal nanometric fillers actually
under investigations. They were grouped into filler dimensions and are analyzed
with emphasis to their tribological behavior.

5.2 0-D Fillers

The well-known metallic, ceramic, or polymeric “nanoparticles” represent the broad
class of zero dimensional fillers [54]. They can be hard or soft, composed of single or
multichemical elements, and exhibit various shapes and forms [55]. Up to now,
several types of such nanoparticles have been incorporated into polymer matrices to
improve their wear performances. In general was found that they became effective in
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change the matrix wear properties at very low concentrations. It generally means that
the resulting composite can be improved while retaining other properties such as
density or color. Probably, the most interesting and used of these nanoparticles are
those inorganic and hard. The interest in this type of nanoparticles is related to their
ability to improve the mechanical modulus and the impact resistance of the polymer
matrix [1].

Soft polymeric nanoparticles are also used as filler for reducing the friction
[18]. Even if, in this case, the composite material becomes somewhat less tough in
comparison to the pristine polymer and thus more prone to wear, a proper optimi-
zation can avoid these problems.

Current technologies allow to synthesize nanoparticles with any type of shape or
dimension, either immobilized or coated onto different surface types [7, 54]. A
complete and updated list of all available nanoparticles is really hard to compile
[8, 18]. In the following are reported, some of the most important along with
exemplary experimental results found in the literature.

5.2.1 Alluminia Oxide

Probably the alumina nanoparticles are the class of nanofiller more investigated and
utilized in tribological applications [47, 56]. Lower concentrations of nanometric
Al,O3 in polyamide produce a significant reduction in wear rates [57]. Similar results
were found in polyimide nanocomposites, where reduction in friction coefficient and
wear volume is observed at very low filler concentrations. In both cases, the filler
addition changes the rate in transfer film formation and modifies its morphology. The
wear resistance has been found to increase also in other thermoplastic materials such
as poly(ethylene terephthalate) (PET) and PTFE [53]. In both cases, filler content up
to 5 vol% was found to enable the deposition of thin uniform transfer films on the
counterface. Higher concentrations in Al,O5 generally results in filler agglomeration
with a resulting degradation of the transfer film. The wear rate of polyphenylene
sulphide (PPS) filled with Al,O; nanoparticles was studied by Schwartz and
Bahadur [34]. Also in this case, the formation of the transfer film and thus the steady
state wear rate resulted strongly influenced by the concentration of the filler addition.
However, the coefficient of friction results almost unaffected. The reduction in wear
rate was related to the increase in bond strength between the transfer film and the
counterface [34].

The roughness of the counterface has a strong effect on the wear resistance of the
Al,O3/PPS nanocomposites [58]. For the counterface with the lower roughness, the
addition of Al,O5 nanoparticles did not have an effect on the wear rate. A morpho-
logical investigation revealed that by decreasing the roughness of the counterface the
transfer film becomes nonuniform with much of the metal surface exposed. As the
percentage of uncovered metal is the main responsible for the wear rate, the filler
resulted less active in the case of the smoothest counterface [58].

The effect of the filler size on PTFE wear resistance was studied by Mcelwain in
his master thesis [59]. a phase alumina particles with different sizes were used as
filler for the PTFE matrix. In Fig. 5.2 is reported the evolution of the wear volume
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alumina filler. (Reproduced from [59])

with the sliding increase obtained with a three-pin-on-disk tribometer (speed of
10 mm/s and contact pressure of 3.1 MPa). It is clear from the Fig. 5.2 that the
wear resistance progressively increases with the reduction in the filler dimension.

The effects of Al,O; nanoparticles on tribological properties of poly-
oxymethylene (POM) nanocomposites have been investigated under dry and oil
lubricated sliding conditions [56]. Polymeric coatings containing Al,O; nano-
particles showed enhanced abrasive and scratch resistance compared to that of the
neat polymer [60]. The improvement was attributed to the hardening effect of Al,05
nanoparticles on the polymer matrix.

For phenolic composites, an optimal Al,Oj3 filler content was found to be less
than 3 wt% [61]. The detrimental effects of the agglomeration of Al,O3 nano-
particles in the transfer film of epoxy composites have been reported [35]. The
same authors [62] report that the combination of nano- Al,0O5; (13 nm) and micro-
CaSiO; (4-15 pm) induced some kind of synergistic effect and improved both the
wear resistance and the stiffness of epoxy.

In summary, the existence of an optimum filler concentration has been explained
by the formation of abrasive agglomerates within the protective transfer films
[63]. In all cases analyzed, the transfer film was reported to become discontinuous
and poorly bonded to the counterface with increasing the filler concentration. It has
been showed that the chemical grafting of the Al,O5 nanoparticles prevents agglom-
eration of the particles at the sliding interface and increase the abrasive wear
resistance of the composite [35, 64].

5.2.2 Copper Nanoparticles

Copper-based particles in both micro- and nano sizes have been extensively inves-
tigated as polymer filler in tribological applications. CuO in micrometer size was
added to high-density polyethylene [65, 66], polyamide [67], PEEK [68], poly-
phenylene sulfide (PPS) [69], and thermosetting polyester [70]. In all cases, a
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good enhancement in the wear resistance was obtained. Similar results were obtained
by adding micrometric CuS to PTFE [71], polyamide [72], PEEK [73], and PPS [74,
75] systems. Several investigations have pointed out that the same benefits of
microsize Cu-based fillers can be obtained by using the same filler in nanometric
dimensions. In this case, however, the best results are obtained at extremely smaller
volume fractions [76]. The addition of 1-4 vol% of CuO nanoparticles to a PPS
matrix leads to a strong reduction of the wear rate in the transient stage. The
improvement is maintained also in the steady state where the wear volume per unit
sliding distance reduces from 0.291 mm?®/km of the unfilled PPS to 0.047mm?>/km of
the sample added with 2 vol% of CuO [76]. The reduction in wear rate was attributed
to the development of a more uniform and better-bonded transfer film over the
counterface [76].

5.2.3 Zinc Oxide

The addition of nanometric ZnO to polyurethane (PU) coatings has proven to
decrease the friction coefficient and the wear rate of these materials [77]. Results
showed that the presence of ZnO nanoparticles can help the adhesion of the
transfer films to the counterface. In contrast, the addition of ZnO nanoparticles
to a PPS matrix strongly decreases its wear resistance during sliding against a tool
steel counterface [78]. In this case, a discontinuous and poorly bonded transfer
film was produced during sliding. Li et al. [50] have shown that the addition of
nanometric ZnO to a PTFE matrix lead to an increase in wear resistance. Probably,
the contradictory results found with ZnO nanoparticles are due to their abrasive
properties. Different filler sizes, as well as changes in the test conditions, are
responsible for the different tribological behavior showed by these
nanocomposites.

5.2.4 Titanium Dioxide

The addition of 1-5 wt% of TiO, nanoparticles in the range 30-50 nm to a PPS
matrix was effective in reducing the composite wear rate [78]. Similarly to that found
for other nanoparticles, lower filler additions ensure the formation of a uniform
transfer film on the counterface. With the increase in TiO, concentrations, the
transfer film became thick and lumpy, and it also did not cover the counterface
completely. As a result, wear rate increased considerably up to exceed that of the
unfilled PPS. The effects of the particle dimensions on the wear resistance of epoxy
resin have been investigated [79]. TiO, particle in nanometric dimensions was found
more effective in wear reduction than that in the micrometer dimensions
[79]. Increasing the bond between the filler and the matrix has also been shown to
have positive effects on the wear resistance. Chang et al. [80] showed that the
addition of 5 vol% TiO, nanoparticles to poly(etherimide) (PEI) containing short
carbon fibers and graphite flakes increased the wear resistance of the composite.
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Also in the case of polyamide 66 (PA66) containing short carbon fibers and graphite
flakes, the addition of TiO, nanoparticles produces a strong increase in the wear
resistance [81, 82]. Similar synergisms were found with epoxy matrix filled with
short carbon fibers, graphite flakes, and TiO, nanoparticles [79, 83].

5.2.5 Silica Nanoparticles

The use of SiO, nanoparticles as fillers in polymer matrices has shown mixed results
on wear. The tribological characterization of PEEK filled with SiO, nanoparticles
has shown a positive effect of this filler on the wear rate and friction coefficient of the
composite [52]. Opposite effects were found for a poly(phthalazine ether sulfone
ketone) (PPESK) matrix [84]. In that case, both micro- and nano SiO, particles
induce a significant abrasive wear loss. For an epoxy matrix, SiO, nanoparticles
were shown to increase the wear resistance with the increase of bond strength
between the particles and the matrix [85]. Polycarbonate (PC) filled with nanometric
SiO, showed high hardness and stiffness with respect to the polymer matrix
[86]. Smaller scratch depth and lower frictional coefficient were found by tests
carried out on the PC/SiO, nanocomposites. The wear mechanism of polyamide-
1010 (PA-1010) filled with nanometric SiO, showed lower friction and better wear
resistance with respect to the pure PA-1010 [87].

Also for the nanometric SiO,, filler dimensions, as well as particles agglomera-
tion, are the key factors for the nanocomposites improvement.

5.2.6 Carbon Nanomaterials

Carbon nanomaterials (CN) such as carbon black, fullerenes, and its derivate have
been investigated as fillers for tribological applications. They have high surface area,
are chemically and thermally stable, have relatively low cost, and generally are
environmentally friendly. Melt compounding is generally sufficient to achieve a
good distribution of carbon nanomaterials in the bulk of thermoplastics polymers
[88-91]. However, the dispersion of these nanomaterials can be optimized by
applying combined processes, such as chemical and mechanical pretreatments of
the polymer and nanofiller [7, 92-94]. The addition of CN to a PTFE matrix results
in a both compressive strength and hardness increase [95, 96]. The wear rate was
found to decrease up to 150 times for PTFE containing 2 wt% of carbon nano-
materials [96]. Small quantities (<1 wt%) of Cgo fullerene added to a natural rubber
caused great variations in the friction coefficient [97]. Different types of fluoro-
copolymers added with 10—15 wt% of carbon nanomaterials increased resistance to
abrasive surfaces.

Figure 5.3 shows the wear rate and the friction coefficient of nylon 1010 and its
composites filled with MoS, (SL) microparticles and chopped carbon fiber
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(CF) under various loads in dry sliding friction [98]. Unfilled nylon sample showed
excessive wear probably due to the melting process taking place during the frictional
process. Similar results were found by adding 10 wt% of MoS, microparticles. On
the opposite, by adding 10 wt% of chopped carbon fiber, the wear rate was
approximately reduced by a factor of 10. More interesting, the reduction in wear
was greater when chopped carbon fiber and MoS, microparticles were combined.
The authors found that the combination of the two fillers helps the formation of thin,
uniform, and continuous transfer film [98].

The wear behavior of epoxy matrices in the presence of glass fibers and graphite
was investigated by Suresha et al. [99]. The authors reported a pronounced reduction
in wear rate as well as in frictional coefficient. A similar behavior was found for
composites of PEI, carbon fibers, and graphite [80]. The incorporation of graphite
particles (GPs) significantly reduces friction of polymer composites [100, 101]. It
was proposed that the nanoparticles removed from the matrix debris act as third body
elements in the contact region. Thus, they can reduce the shear stress in the contact
region and accordingly enhance the matrix damage [102].
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5.2.7 Other Nanoparticles

Schwartz and Bahadur [75] identified two opposite behaviors in polymeric compos-
ites filled with inorganic fillers. They found that AgS and CusS fillers contribute to
increasing the wear resistance of a PPS matrix, whereas the same addition of ZnF,
and SnS particles strongly reduced wear resistance. The authors suggested that this
opposite behavior is due to the different mechanical properties of the filler [75]. In
particular, the AgS and CuS particles are more prone to be deformed during flow
with respect to the hard and abrasive ZnF, and SnS particles. Similar conclusions
were reached using copper particles added to polyoxymethylene (POM) [103]. Also
in this case, results have been explained by a predominantly plastic deformation
mechanism of Cu particles [103]. However, the abrasive properties are strongly
depended by the particle size used [15, 34, 53, 104, 105]. Wang et al. [51] investi-
gated the influence of several ZrO, nanoparticles, varying from 10 to 100 nm, in
reducing the wear of a PEEK matrix. Effective reduction of the wear rate was
monitored only when the particles were less than 15 nm in size. Xing and Li [106]
evaluated the wear properties of an epoxy matrix filled with spherical particle
varying from 120 to 510 nm. They also found that the smaller the particles used as
fillers, the better was the wear resistance of the composites.

Si3N4 and SiC nanoparticles grafted with polyacrylamide (PAAM) were used as
filler for epoxy matrix [105]. Experimental results show that the compatibilization of
the filler contributes to increased wear resistance of the epoxy composite. Inorganic
nanoparticles such as CaCO; were added to several self-lubricating composites
containing glass fibers with the aim to improve the adhesion between the reinforcing
fibers and the matrix [107]. The resulting materials were able to operate under more
severe sliding conditions than the composites with nanoparticles alone.

53 1-D Fillers

Filler with one dimension outside the nanometric range includes nanotubes, nano-
rods, nanofibers, and nanowires. They can be metallic, ceramic, or polymeric and
can be amorphous or crystalline. The addition of these fillers to a polymer matrix has
shown interesting results in terms of load-bearing capacity and toughness. These
fillers can promote the formation of a tenacious and thin transfer film on the
counterface and reduce the wear of the composites.

5.3.1 Carbon Nanotubes

Carbon nanotubes (CNT) are excellent filler for reinforcing polymers. They are
exceptionally stiff and strong with a Young’s modulus in the order of TPa and a
tensile strength 100 times stronger than that of steel [29, 108]. Also, the nanometer
size ensures extremely large interface and potentially excellent bonding [109,
110]. CNT-based nanocomposites are expected to have excellent tribological
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properties [111, 112]. For that reason, several investigations have focused on the
friction properties of thermoplastic and thermosetting composites filled with carbon
nanotubes [113—115]. Results show that the experimental factors that are the main
responsible for the tribological behavior of the CNT-nanocomposites are [116—118]:

(a) The preparation and purification method of the nanotubes
(b) The dispersion method

(c) The filler concentration in the nanocomposites

(d) Compatibilization with the polymer matrix

The effect of the addition of CNT on the wear life and load-bearing capacity of
common polymers in tribological applications, such as polyethylene (HDPE and
UHMWPE), has been analyzed by several authors [119—122]. The wear resistance of
the composites is generally improved by the addition of low CNT concentrations
[123]. It was explained by the reinforcement effect of CNT. However, CNTs are not
easily dispersed in the polymer matrix and, especially at high concentrations (>5%),
they tend to form large agglomerates. For this reason, poor mechanical and tribo-
logical properties are sometimes observed [119]. Low friction coefficient was
obtained for nanocomposite reinforced with amino-functionalized CNT [124]. The
conclusion was that a uniform distribution of CNTs in the matrix is a prerequisite for
lowering friction.

A decrease in the wear rates of PTFE sliding over steel can be achieved by adding
CNTs [49, 125]. The friction coefficient was observed to increase for the same CNT
concentration [49]. The effect of the CNT on the friction coefficient on different
polyamides (PA) was analyzed under dry and lubricated wear conditions
[126—128]. In these cases, CNTs were able to reduce both the friction coefficients
and the wear rates. The decrease in friction coefficients is ascribed to the improved
strength properties of the polymer along with the lubricating action of CNT
[49]. CNTs were also able to increase the wear resistance of epoxy resin [117,
129] and high resistant composites such as PEEK reinforced with carbon fibre
[130]. In this case, the favorable effect of CNT was explained by the enhanced
resistance of the matrix to the shear stresses [131].

5.3.2 Carbon Nanofibers

Carbon nanofibers (CNFs) are morphologically differentiated from carbon nano-
tubes by the orientation of the graphene planes [132]. They can be imagined as
stacked graphitic discs, truncated cones, or planar layers along the filament length.
These nanostructures have an outer diameter in the range 50—100 nm. However,
commercial CNF fibers are slightly larger (100-200 nm) in diameters. This partic-
ular micrometric structure confers to the carbon nanofibers a semi-conducting
behavior [133]. These fillers also have chemically active end planes on both the
inner and outer surfaces [134]. CNFs are particularly suitable as reinforcing fillers in
polymeric composites [135] and as an additive in carbon fiber reinforced plastics
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[136, 137]. The addition of CNFs to a PEEK matrix strongly reduces unlubricated
wear over alloy steel [138]. They result effective also when were added to a ternary
composite such as PEEK reinforced with ordinary carbon fibers or PTFE. It was
suggested that CNFs reduce to small graphitic debris particles during shear stress.
These nanoparticles can anchor to the counterface and reduce its roughness [139,
140]. In addition, CNFs are able to reinforce the transfer film [107].

54 2-D Fillers

Two-dimensional nanomaterials such as clay, graphene, metal chalcogenides, and
transition metal oxides are a broad range of materials that cover a variety of different
properties. They have a layered structure with weak van der Waals interactions
between them. Typically, the single layers of these materials are few nanometers
thick with extraordinary electronic, magnetic, and thermal properties. The use of 2D
nanomaterials for controlling friction and wear has received increased attention over
the past few years [141, 142].

5.4.1 Clays

The most common clay materials are that identified as 2:1 phyllosilicates (montmo-
rillonite, saponite). They are diffuse in nature as micron-size multilayered tactoids
[143]. The individual layers having thicknesses of about 1 nm and surface lengths on
the order of 100—1000 nm [144]. The layered structure of silicate makes it possess
good solid lubrication [145]. Exfoliation and dispersion of natural clay in the
polymer matrix are the necessary prerequisite for the nanocomposite formation
[146, 147]. Several modification procedures were developed for expands the spacing
between the individual clay layers and improves their compatibility with polymers
[148, 149]. The effectiveness of these methods is found strongly dependent on the
processing conditions as well as the polymer characteristics [26, 94, 150]. The clay
sheets act like impermeable obstacles for gases or vapor diffusing through the matrix
[30]. Good dispersion and surface interaction between filler and polymer are neces-
sary for the mechanical and barrier improvements [24, 31, 144]. Dispersion is also
responsible for the increase in wear resistance of several polymer nanocomposites
[151, 152]. Yuan et al. [153] studied the scratch resistance of a polypropylene
(PP) reinforced with an organo-modified montmorillonites. Figure 5.4 shows the
surface deformation morphology of neat PP and PP modified with 4 wt% of
nanoclay under identical scratch test conditions. Both samples showed periodic
multiple ripple-type deformation tracks. However, nanoclay reinforcement decreases
the susceptibility of the system to micro- and nanoscale deformation. It was attrib-
uted to the increased in modulus and yield strength of the composite [153].
Polyamide 6 (PA6) modified with neat or organically modified clay show differ-
ent behaviors. Increased wear resistance was observed only for nanocomposites
containing organically modified clays [151]. The authors suggest that the increase
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Fig. 5.4 Surface deformation
morphology of
microscratches: (a) Pure PP
and (b) PP-4 wt% clay
nanocomposite. (Reproduced
from [153])

is achieved only if a good dispersion of the clay platelets in the polymer matrix is
combined with a high level of compatibility between the clay and the polymer
matrix. Similar results were found for PA nanocomposites systems filler with
different types of organically modified clays [154, 155]. The addition of these
nanomaterials also affects tribo-chemical processes taking place in friction contact
zone. The dispersion of clay particles in a PI matrix was found to inhibit the
degradation of macromolecules. As a result, wear resistance of the PI nanocomposite
is enhanced. However, at higher clay concentrations the formation of large clay
aggregates was observed on the counterface [92]. This was associated with high
wear degradation rate. Nanoclay fillers were reported to increase the wear resistance
of many thermoplastic polymers such as polycarbonate, polyester, polyamide, and
polyvinylidenefluoride (PVDF) [156]. Tribological tests indicate that the addition of
organo-modified montmorillonite enhanced wear resistance, antifriction property,
and better fabric integrity of self-lubricating liners [157].



160 A. Sorrentino

5.4.2 Graphene

Graphene sheets formally are two-dimensional layers of sp2-bonded carbon. The
one-atom thick structure is expected to have a range of unusual properties
[158]. High-quality graphene can be synthesized by chemical-vapor deposition
[159]. It has been used in transparent conductors, flexible electronics, field-effect
transistors, fuel cells, batteries, solar cells, biomaterials, biosensors, and water
purifiers [160—162].

Graphene has been proposed as an alternative to conventional filler in the fields of
transportation and electronics. Unfortunately, its cost and the difficulty to obtain as
free single layers have limited its applications. Two derivates of graphene materials,
namely, graphene oxide (GO) and reduced GO (rGO), have been proposed as
substitutes [163, 164]. They are formally derived from low-cost graphite by chem-
ical oxidation or electrochemical exfoliation and can be easily dispersed into poly-
meric materials [165—-167]. The unique physical, mechanical, and chemical
properties of graphene-like make it an attractive candidate for many tribological
applications [168, 169].

Graphene oxide has been added to UHMWPE and characterized with a micro-
hardness tester and high speed reciprocating tribometer [170]. Results show that the
wear resistance and hardness of the composites are improved significantly, while the
coefficient of friction increases rapidly. GO/polyimide (PI) nanocomposites were
prepared by in situ polymerization techniques. The GO/PI exhibited better mechan-
ical and thermal properties. Also the wear resistance of PI was found to increase
[171]. Pan et al. [172] analyzed the tribological performance of graphene modified
PI coatings. They found a sensible increase in the wear resistance of the coating.
Better performances were found by increasing the interaction between the graphene
filler and polyimide matrix [173]. PI/GO nanocomposites have demonstrated good
tribological properties also under seawater-lubricated conditions [171]. Song et al.
[174] prepared Cu nanoparticles decorated on polydopamine (PDA) functionalized
graphene oxide (GO) nanosheets. Tests with sliding steel surfaces showed that the
soybean oil with 0.1 wt% Cu/PDA/GO nanocomposites had the lowest friction
coefficient under all of the sliding conditions. Kalin M et al. [175] investigated the
effect of solid lubricant nanoparticles on poly-ether-ether-ketone (PEEK) compos-
ites. In the PEEK matrix, different types of nanoparticles were added, like graphene,
WS, needle-like, WS, fullerene-like, and CNT. The results obtained under dry
sliding conditions show that the morphology of the nanoparticles has an important
effect on the friction coefficient and the wear behavior [175].

5.4.3 Molybdenum Disulfide

Molybdenum disulfide (MoS,) is a naturally mined inorganic material that occurs as
the mineral Molybdenite. Molybdenum disulfide has many unique properties, which
makes it one of the most popular solid lubricants on the market [176, 177]. Similar to
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graphite, these materials possess layered structures that can be exfoliated into small
thicknesses containing mono- or multilayers [178, 179]. Among the 2D materials,
molybdenum compounds are probably the most interesting for tribological applica-
tions. In particular, the interest for the molybdenum disulfide (MoS,) in nanometric
dimensions has increased exponentially due to their impressive chemical and phys-
ical properties [180, 181]. Nanometric MoS, have shown better lubrication perfor-
mance than bulk MoS, [98]. Thus, considerable attention has been given to the
preparation of MoS,-based nanocomposites. Even if the MoS, can be easily dis-
persed and exfoliated in polymers [182—-188], its tendency to re-organize in large
agglomerate is still a big problem. Several synthetic routes were suggested to obtain
2D crystals of MoS, on a stable nanometric scale [189, 190]. Intercalation-
exfoliation methods in common liquid solvents [191] and micromechanical exfoli-
ation of natural molybdenite crystals were also proposed [192]. A simple and
versatile method for the production of 2D nanosheet crystals of MoS, was proposed
[5, 193, 194]. The nanosheets covered by a protective oleylamine coating were
successfully tested as additives for high-performance liquid and solid lubricants
[5]. Moreover, hybrid organic-inorganic oleylamine@MoS,-CNT nanocomposites
were obtained and successfully tested as nanoadditive for grease lubricant [195].

The introduction of MoS,@oleylamine into a Polystyrene matrix was found to
reduce its mechanical properties [196, 197]. A noticeable reduction of both the glass
transition temperature and the elastic modulus was observed. The friction coeffi-
cient, as well as the wear resistance of PS nanocomposites, was found to decrease
[196, 197].

Several polymeric matrices were proposed as a matrix for MoS, nanocomposites.
They include polyoxymethylene (POM) [198, 199] and high-density polyethylene
(HDPE) [200].

MoS, as micro- and nano-platelet and sphere were added to POM and HDPE
matrices [200, 201]. Results show that the two structures exhibited a similar perfor-
mance in friction reduction under dry friction. However, in the case of HDPE matrix,
the nano-platelet MoS, showed lower friction coefficients than both microplatelets
and nano-spheres. Chemical intercalation of MoS, can help its dispersion during the
mechanical mixing [202]. However, the chemical intercalation can destroy the
crystal structure of MoS, and negatively affect its lubrication performance [199].

Xin et al. [203] prepared a self-lubricating and antiwear polyimide composites by
adding different percentages of graphene oxide/nano-MoS, hybrid. Figure 5.5a
shows the friction coefficient of the various composites analyzed in the paper. The
hybrid addition was found to reduce the friction coefficient. However, a fluctuation
phenomenon appears in the curves when the filler concentration became higher than
0.5 wt%. The authors suggested [203] that at high concentrations the self-lubricating
effect receded, due to the stacking of the nano-hybrid sheets. The effect of various
additives on the friction coefficient is shown in Fig. 5.5b. A combination of the
protective effect of graphene sheets, rolling friction effect of the detached nano-
MoS, particles, and a transfer film composed of MoS, were proposed as a synergic
mechanism for the enhancement of the tribological properties.
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5.5 Trends and Perspectives

The trend in the area of polymers composites for tribological applications is quickly
moving towards multifunctional materials and coatings. Materials that can sustain
high pressure and velocity with low wear rate are needed for the incoming high-tech
applications. Nanomaterials offer new and intriguing possibility to design and
develop innovative materials with these advanced properties. They will positively
affect the quality, safety, and security of the polymer composites. The main advan-
tage of these materials over traditional fillers is in its ability to improve mechanical,
electrical and chemical properties at very low concentrations. As a matter, several
examples of nanotechnology-based composites materials are already present on the
market. The actual limitation to the definitive diffusion of these materials is the lack
of information about their tribology performance. In fact, the tribological research on
these systems is still at a relatively early stage. Additional experimental results and
innovative research works are thus necessary. New chemical and physical approach
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are necessary for improving the compatibility of the nanofillers with the matrix.
Attention must be devoted to the development of new methods for achieving
controlled in situ structuring of particles in three-dimensional structure. Researchers
are called to further improve the performances of these materials and expand their
use in newer tribological applications.
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Abstract

Polymers and polymer composites are often described as solid lubricants because
they provide relatively low friction coefficients and wear rates in unlubricated and
other extreme tribological conditions. However, few, if any, are inherently lubri-
cious or wear resistant. These materials achieve useful tribological properties by
depositing a layer of debris onto the mating counterface; this sacrificial layer is
called a transfer film and it shields the polymer from damage by the harder
counterface. The friction and wear performance of these systems depend as
much on the formation, evolution, and stability of the transfer film as they do
on the structure and composition of the solid lubricant itself. Although it is
understood that transfer films are essential for high tribological performance of
polymers and polymer composites, the causal relationship between transfer film
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qualities and wear resistance remains uncertain due largely to the difficulty in
quantitatively measuring their properties. There have been increased efforts,
particularly in the last 10 years, to develop quantitative methods to assess the
topographical, adhesive, mechanical, and chemical properties of polymer transfer
films. This chapter reviews the latest efforts to measure transfer film qualities and
quantitatively relate them to the tribological performance of solid lubricant
polymers.

6.1 Background

Certain polymer blends and composites achieve low friction coefficients (p < 0.2)
and low wear rates (k < 10~® mm®/Nm) without intentional external lubrication of
the contact area [1-3]; as such, these materials are known as solid lubricants.
Unfortunately, no general rules exist to guide the design of such materials, and
solid lubricant materials discovery almost always involves substantial trial and error.
Fillers, depending on their properties, can affect the tribology of polymers by
preferentially supporting load [4], arresting subsurface cracks [5], and modifying
interfacial shear strength [6] to name a few mechanisms. However, none of these
functions explains the orders of magnitude effects some small changes in filler
composition [2, 7], loading [2, 8], or environment [9, 10] are known to have on
the wear rate of the system. Normally, the polymer produces wear debris during
sliding against a hard metallic counterface, most commonly steel. These debris
particles are dragged through the contact and are eventually ejected from the wear
track in most cases. In special cases, the debris can adhere to the counterface to
initiate the formation of a layer called the transfer film. Regardless of the materials
used, low wear sliding of polymeric materials always leaves a thin and continuous
transfer film on the steel counterpart. Likewise, high wear sliding of polymers
always leaves a thick and patchy transfer film. The studies of polymer solid
lubricants in the literature provide strong evidence that the properties of transfer
films and the measured wear rates are related [11-20].

Briscoe [13] first recognized the relationship between transfer film properties and
polymer wear rate and concluded that the primary role of the filler is to help adhere
the debris to the counterface. He suggested that active fillers degrade the relatively
inert polymer chains thereby creating new opportunities for bonding with the
counterface. Bahadur and Gong [21] asserted that the role of a filler is to enhance
counterface adhesion by having the active filler itself create the bond between the
polymer debris and counterface. Both theories support the need for a tribochemically
adhered transfer film that reduces wear by protecting the polymer from the hard and
high energy counterface. Bahadur and Tabor [22] conducted a clever experiment to
test this idea. They used low wear polymers to form high quality transfer films and
then measured the wear rates of traditionally high wear polymers against presumably
protective predeposited transfer films. Interestingly, these high quality predeposited
films had no effect on the wear rate of the high wear polymers. On further inspection,
they found that the predeposited transfer film was removed almost immediately
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during sliding against the new polymer pin. Based on this observation, they con-
cluded that the high-quality transfer films must be a consequence of the small debris
generated during low wear sliding and not the cause of low wear. This is supported
by evidence from Ricklin [23], Tanaka and Kawakami [24], Blanchet and Kennedy
[5], and Burris and Sawyer [2], all of whom concluded that effective fillers reduced
the wear of polytetrafluoroethylene (PTFE) by disrupting subsurface damage and
thereby reducing debris size.

PTFE-based polymer systems have been the subject of numerous studies of the
relationship between tribochemistry, transfer film adhesion, and tribological perfor-
mance. Gong et al. [25] and Blanchet et al. [26] used XPS (X-ray photoelectron
spectroscopy) to study the effects of tribochemistry on transfer film adhesion and
wear reduction of PTFE-based materials. Although they observed clear evidence of
tribochemistry in the form of metal fluorides, these reaction products occurred in
both low and high wear systems. Furthermore, because fluorine is monovalent,
metal-fluorides represent the transfer of fluorine from the polymer to the counterface
and not a bond between them. Both studies concluded that tribochemically induced
transfer film adhesion was not the primary means of wear reduction in the PTFE
system.

Although much of the recent literature suggests that tribochemistry is simply a
consequence of bond-breaking during tribological contact, other studies have shown
clear evidence that it can play a critical role in wear reduction. During studies of a
particularly low wear alumina-PTFE system in environments of variable humidity,
Krick et al. [9] found that the wear rate increased by orders of magnitude as the
availability of gaseous water was systematically removed. This observation provides
strong evidence that tribochemistry plays an important role in the wear reduction of
PTFE and, potentially, polymers in general [9, 10, 27]. To date, however, the link
between tribochemistry, transfer film adhesion, and wear reduction remains
uncertain.

The way in which transfer films develop may have equally important implications
for elucidating causation between transfer film qualities, adhesion, and wear rate.
Based on XPS studies, Gong et al. [28] concluded that PTFE-based transfer films
grow over time. They interpreted their result as evidence of a thickening process in
which new layers deposit onto old layers; the role of the filler, they proposed, is to
strengthen the bond at these internal interfaces within the transfer film. Blanchet
et al. [26] found similar evidence of growth but concluded that transfer film growth
was the result of new debris adhering to remaining areas of exposed counterface. Ye
et al. [29] used in situ optical microscopy to study the development of a transfer film
in real time. Their results showed that the transfer film developed as new debris
adhered to remaining areas of exposed counterface. The results also showed that
existing transfer films thickened with increased sliding. More importantly, they
showed that the transfer film of a low wear PTFE-based system was very stable;
many of the debris particles deposited early in the test could be identified at the end
of the test. The results demonstrated that the transfer films of this very wear resistant
polymer are themselves very wear resistant. Ye et al. [6] studied the wear rate of this
transfer film directly and found it to be exceedingly resistant to removal with an
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effective wear rate orders of magnitude lower than that of the parent polymer.
Interestingly, the wear rate increased by many orders of magnitude when the surface
energy of the wear probe increased beyond a threshold value, thus demonstrating
that a low wear condition simply reflects the presence of a single weak interface to
accommodate sliding.

There is little doubt based on the literature that transfer films play one or more
critical roles in governing the wear response of polymeric solid lubricants. None-
theless, the specific way in which fillers, polymers, stresses, and environments
govern the development and properties of the transfer films remain unclear. This
chapter reviews the most recent advancements in this field that have helped to shape
our understanding of the cause-effect relationships between materials design, trans-
fer film properties, and tribological performance of these polymer systems.

6.2  Properties of Transfer Films
6.2.1 Topography

Transfer films and their properties are central to most hypothesized mechanisms of
polymer wear reduction. The reason is well-illustrated by Fig. 6.1. Two 5 wt%
alumina-PTFE nanocomposites were prepared identically and tested under the same
tribological conditions (50 mm/s, 6.4 MPa). The only known differences were the
size, morphology, and phase of the alumina filler particles. The A-I" phase alumina-
PTFE composite produced a moderate wear rate of 10~> mm®/Nm, while the a phase
alumina-PTFE composite produced a low wear rate of 1077 mm®/Nm. There are
marked visual differences between the transfer films produced by these materials.
The transfer film of the moderate wear rate composite is thicker and patchier, while
the transfer film of the low wear rate composite is thinner and more complete. It is
logical to conclude that the 100X difference in wear rates is somehow related to the

2.5% A:T 44 nm " 25%a 80 nm

Fig. 6.1 Two types of transfer films of PTFE nanocomposites: (a) transfer film of a moderate wear
system (K~ 10~> mm*/Nm, 44 nm A: I alumina) and (b) transfer film of an ultra-low-wear system
(K~10"7 mm*/Nm, 80 nm « alumina)
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Fig. 6.2 Stylus profilometry measurements of transfer film thickness. (Image reprinted from [27]
with permission)

obvious visual differences between the transfer films formed by these similar
composite materials.

There are numerous examples in the literature for which improved wear resis-
tance of a filled polymer is accompanied by comparable visual improvements in the
appearance of the transfer film [5, 14-17, 21, 22, 30-33]. Wang et al. [7] found that
nanoscale ZrO, significantly reduced the wear of polyetheretherketone (PEEK).
Scanning electron microscopy revealed that the transfer film of unfilled PEEK was
“thick, lumpy, and incoherent” while that of ZrO,-PEEK nanocomposite was “thin,
uniform, and coherent.” They obtained similar results from a study of nanoscale SiC
in PEEK [8] and described the transfer films as “thin, uniform, and tenacious” based
on similar post-test visual observations of transfer films. The authors attributed the
tribological benefits of nanofillers in PEEK to improvements in quality of the
transfer films. Li et al. [9] found that the addition of nanoscale ZnO to poly-
tetrafluoroethylene (PTFE) reduced its wear rate while improving the “uniformity
and tenacity” of the transfer films. Sawyer et al. [10] described the transfer films of
low wear nanoscale alumina reinforced PTFE as “well adhered, smooth, and con-
tinuous.” Bhimaraj et al. [11] found that alumina filled polyethylene terephthalate
(PET) nanocomposites produced more “coherent and uniform” transfer films with
increasing nanoparticle loading. McCook et al. [12] noted that more “uniform”
transfer films accompanied improved friction and wear performance of their epoxy
nanocomposites.

Although there is clearly a ubiquitous relationship between wear rate and transfer
film quality, it is difficult to assess the state of the art in general due to a lack of
standard definitions for the terms used to describe these properties. “Thinness” can
be quantified and is the obvious place to begin defining transfer film quality. A
traditional 1-D thickness measurement is illustrated in Fig. 6.2. In these measure-
ments, a sharp stylus is lightly loaded and dragged across the width of the transfer
film, while a displacement transducer tracks the deflection of the tip. The height of
the transfer film was determined here using the bare counterface as a baseline for
subtraction. The average height of the transfer film was defined as the difference
between the average height within the wear track and the average height outside the
wear track [27]. Blanchet and Kennedy [5] were among the first to use this method to



180 J. Yeetal.

Fig. 6.3 Observed 10-3 5
correlation between transfer ® McElwain, 2006
film thickness and wear rates O Burris, 2005
of various PTFE-based = 104
systems. (Image reprinted § 3
from [19, 34] with E
permission) €

o 105

<

©

o

= 106

10-7 ;

1 10
maximum transfer film thickness (um)

determine the thickness of unfilled PTFE transfer films, which they reported to be in
the range from 4 to 20 pm. Pitenis et al. [27] used this method to show that the
transfer films of alumina-PTFE nanocomposites thickened with increased sliding
distance and approached ~1 pm at steady state (Fig. 6.2). When they removed
environmental moisture, the transfer films thickened and wear rates increased [10].

Many transfer films are discontinuous or patchy. In these cases, the thickness
from the method described above will depend on thickness and coverage (the output
thickness will be half the transfer film thickness at 50% coverage). A different
approach is necessary if the goal is to assess thickness directly. Burris and Sawyer
[34] used optical profilometry to obtain the same type of surface profile information,
but instead of quantifying the average thickness as described above, they quantified
the maximum thickness, which depends only on heights of the transferred debris
particles. McElwain [35] used mapping stylus profilometry to quantify maximum
transfer film thickness for similar materials. Despite differences in the techniques
used, their data suggest that the wear rate of this system is proportional to the cube of
the maximum transfer film thickness (Fig. 6.3).

Laux and Schwartz [36] proposed a robust method to quantify average thickness
that is independent of the coverage; their method is illustrated in Fig. 6.4. When the
transfer film is statistically distinct from the roughness, two peaks will emerge in the
probability density function of surface height; the lower elevation peak is associated
with the counterface and the higher elevation peak is associated with the transfer
film. Laux and Schwartz fit two Gaussian curves to the data set and used the distance
between the fitted peaks to quantify the most probable thickness of the transfer film.
Using this method, they found no strong correlation between wear and transfer films
thickness for unfilled PEEK tested at varying conditions [36, 37]. The correlation
between transfer film thickness and wear rate appears to be system specific.

Transfer film coverage is similarly intuitive as a potential driver of wear protec-
tion; many researchers have used adjectives like complete, uniform, and continuous
to describe them [30, 31, 33, 38—40]. In theory, the film area fraction (X), which is
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Fig. 6.5 Example of converting color images or height profiles to pixel representations of transfer
film (black) and exposed counterface (white) to measure (a) area fraction and (b) free-space length.
(Image reprinted from [41] with permission)

the ratio of film coverage area to total area, is easy to quantify using optical
microscopy, electron microscopy, or profilometry images. In some cases, by simply
applying a threshold pixel value, transfer film images can be converted into binary
maps from which area fraction is readily calculated, as illustrated by Fig. 6.5. Images
size is also critical to the differentiation between the film and the counterface as
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shown by Ye et al. [41]. Bhimaraj et al. [42] studied the wear and transfer film
coverage of polyethylene terephthalate (PET) nanocomposites with different filler
loadings and although transfer film area fraction increased with increased filler
loading, area fraction and wear were not well correlated. Laux and Schwartz [36]
used the same method to quantify transfer film area fraction and studied the effect of
sliding direction on the wear of PEEK. They found that the wear rate decreased by
60% with a 100% increase in the transfer film area fraction when the sliding direction
changed from single direction to reciprocating. Similarly, Ye et al. [41] found that the
transfer film area fraction of a PTFE nanocomposite increased with decreased wear
rate throughout a single wear test.

Transfer film thickness and coverage likely play an important role in wear
mitigation but neither factor alone appears to be a reliable predictor of wear rate.
Laux and Schwartz [37] suggested that transfer film heterogeneity/discontinuity is
likely to be more directly relatable to the wear rate. This effect of nonuniformity is
consistent with observations from Blanchet et al. [26] that transfer films developed
by gradually filling in remaining areas of exposed counterface.

Because covered areas are theoretically protected, future transfer and wear are
more likely governed by the nature of the uncovered areas than by the nature of the
covered areas; this is consistent with the transfer films in Fig. 6.1. The high quality
transfer film is thinner and covers more area, but the visual impression of “unifor-
mity” comes from the fact that the characteristic size of the “gaps”/transfer film-free
space/areas of exposed counterface have been substantially reduced. Thus, we
propose that heterogeneity should be defined by the characteristic size of the
uncovered areas or the free-spaces and not by their total area or area fraction.

Ye et al. [41] proposed that the free-space length (L), or the size of the charac-
teristic free-space, limits the size of the wear fragment and may therefore serve as a
more reliable topographical predictor of wear rate. The method used to measure free-
space length begins with a representative image of the surface, which is then
converted into a black and white image; black represents transfer film and white
free-space. Their custom Matlab script used Monte Carlo simulation to identify the
smallest randomly placed square for which the most probable number of intersecting
transfer film pixels is zero; this length is the free-space length. The method is
illustrated in Fig. 6.5 using optical and stylus based measurements of the same
region. In theory, decreased free-space lengths should produce smaller debris;
smaller debris consume less volume while producing thinner and more stable transfer
films. Ye et al. [41] studied the relationship between free-space length and wear rate
using low wear alumina-PTFE during the transition from high wear during run-in to
low wear at steady state. Optical observations showed that the free space decreased
with sliding distance as new debris gradually filled in the gaps in the transfer film as
described previously by Blanchet et al. [26]. Changes in the free-space length were
accompanied by changes in the wear rate as shown in Fig. 6.6a. Wear rate is plotted
versus free-space length in Fig. 6.6b; the results suggest that reduced free-space
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Fig. 6.6 (a) Transfer film free-space length and wear rate of an alpha-alumina PTFE nano-
composite during the course of a single wear test. (b) In-situ wear rate plotted against transfer
film free-space length. (Image reprinted from [41] with permission)

length reduces wear down to a minimum value below which the wear rate remains
constant at a value associated with the polymer on a perfect transfer film.

The relationship between free-space length and wear rate in Fig. 6.6a suggests that
changes in free-space length caused changes in wear rate, particularly since increased
wear rate at 1 km of sliding was preceded by an increase in free-space length. This fact
combined with the ubiquitous observation that transfer films of all polymers become
thinner and more continuous with reduced wear rates suggests that there may be some
universal relationship between transfer film topography and polymer wear. Haidar
et al. (manuscript under review by the journal Wear) tested the generality of the
relationship between wear rate and transfer film topography using 10 different but
representative polymers and polymer composites to determine the strength of correla-
tion between wear rate and transfer film thickness, area fraction, and free-space length;
the results are shown in Fig. 6.7. Although there is no reason to believe there should be
a universal relationship between wear rate and transfer film properties, the data
generally reflect the expected relationships; wear rate tended to decrease with increased
coverage, decreased thickness, and decreased free-space length. The best fits to the
data are shown as dashed lines. The variation between the data and the bet-fit model
was used as an indicator of uncertainty when using the model fit to independently
predict wear rate; the grey region represents the mean plus and minus one uncertainty.
The uncertainty in the predicted wear rate is 8x based on the free-space length alone,
17x based on the area fraction alone, and 21x based on the thickness alone.

The existing studies show that transfer film topography has limited utility as an
independent predictor of wear rate. Nonetheless, despite enormous variations in the
material properties of the polymers, their wear properties, and the characteristics of
their transfer films, there was a remarkably strong correlation between wear rate and
free-space length. Future efforts by other investigators to quantify the topographical
qualities of transfer films and relate them to wear rates of polymers will clarify
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Fig. 6.7 A case study of correlation comparison between three transfer film quantifiers and the
composite pin’s wear rate. Materials studied by Haidar et al. (manuscript submitted to the journal
Wear) include: PTFE, PEEK, PET, PPS, Epoxy, 5% wt. y-Al,O3 + PTFE, 5% wt. a-Al,O; + PTFE,
5% wt. y-Al,O5; + PEEK, 5% wt. a-Al,05 + PEEK and 32% wt. PEEK + PTFE

whether any general relationship exists between the topographical properties of
transfer films and the wear of polymers.

6.2.2 Adhesion

Most hypotheses of polymer wear resistance are rooted in transfer film adhesion.
Many have suggested the adhesion strength at the film-counterface interface deter-
mines the tenacity of the transfer film and the wear rate of the polymer. Bahadur and
Tabor first showed evidence that transfer films are most likely adhered by mechan-
ical engagement of the debris with the topographical features of the counterface
[22]. While studying the effect of counterface finish on the transfer and wear of
various PTFE composites, Burris and Sawyer [34] showed that while even extreme
roughness and smoothness failed to affect transfer and wear of these materials at
steady state, scratches oriented in the direction of sliding disrupted the formation of
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the transfer film and increased wear rates by orders of magnitude. They concluded that
debris was simply pushed from the contact because the surface lacked the features
necessary to entrap the debris. Harris et al. [43] systematically studied the wear of the
same material system against surfaces with a unidirectional finish. The lowest wear
rates and best transfer films were observed when the surface roughness was aligned
against the sliding direction. Wear resistance and transfer film quality degraded as
the orientation approached the sliding direction. Laux and Schwartz studied the
effect of roughness orientation on the transfer of polyetheretherketone (PEEK) using
unidirectional surface finishes with a circular wear path. They found that the transfer
films were thickest and patchiest when the sliding direction approached the rough-
ness orientation [36]. TEM studies of the transfer films of a low wear epoxy
nanocomposite [44] showed evidence that the transfer film initiated in the scratches.
In sum, these results suggest strongly that polymer transfer films initiate by some
form of mechanical engagement with topographical features of the counterface.

In cases of random surface finish, recent studies have shown that the low wear
alumina-PTFE system can only achieve low wear and quality transfer films if there is
sufficient water available to fuel a particular tribochemical pathway [9]. During
sliding in humid environments, chain scission of the polymer backbone led to the
formation of carboxylates, which directly linked degraded polymer chains to the
counterface and filler particles. [27, 45]. Thus, both mechanical and chemical factors
are necessary but neither sufficient for the formation of quality transfer films.

Transfer films only protect the polymer from contacting the counterface if they
persist. Many have used the fact that transfer films are thin and continuous during
low wear as evidence that they are also “tenacious,” which implies persistence,
longevity, and resistance to removal. However, Bahadur and Tabor showed that even
high quality transfer films were quickly removed when the parent low wear polymer
was replaced with a high wear polymer [22]. The preexisting transfer film had no
wear reducing effect on the high wear polymer because the transfer film lacked
tenacity. To date the relationship between wear rate, quality, persistence, and adhe-
sive strength remains unresolved.

In 2013, Ye et al. [29] set out to determine the extent to which the transfer films of
low wear alumina-PTFE persisted during sliding. Fig. 6.8 shows images of the
transfer film after ~500 m of sliding. This point in the experiment is particularly
interesting because it shows how the steady state transfer film initiates. At 485 m, the
transfer film consists of a sparse collection of micron and even submicron debris
fragments. After 20 m of additional sliding, it is clear that many of the fragments
remain. As sliding continues, these debris fragments grow, merge, and homogenize
into larger domains that can easily be identified after tens of thousands of additional
sliding cycles. This study provides direct insight into the formation mechanisms of a
specific transfer film and demonstrates, despite prior evidence to the contrary, that
persistence is likely a necessary component of ultra-low-wear sliding of polymeric
solid lubricants [40, 46, 47].

Persistence is almost certainly a function of the adhesive strength between the film
or debris fragments and the counterface. Unfortunately, transfer film adhesion has
proven difficult to quantify. The most common means to quantify coating adhesion is



186 J.Yeetal.

moCoOa se e

”, LLL A3
e, (L il et
.'...(.((..I e

o e
OO0 O=C

Wear Volume (mm3)

1] 160 320 480 640 200
Sliding Distance (m)

Fig. 6.8 Images of transfer film development in an ultra-low-wear alumina—PTFE nanocomposite:
(a) images illustrating the evolution of the steady state transfer film as a function of distance slid; (b)
wear volume as a function of distance slid. (Image reprinted from [29] with permission)

the scratch test. Typically, the normal force is ramped as an indenter slides across the
coating surface; the load at which coating failure occurs provides an indirect measure
of adhesion strength [48]. A more direct method is the peel test [49, 50]. Schwartz and
Bahadur [33] bonded a copper tab to predeposited alumina-PPS nanocomposite
transfer films and measured the peel strength as a function of alumina loading. They
found that transfer film adhesion strength increased with increased filler loading (up to
2%) and counterface roughness. The results were consistent with debris size regulation
and improved engagement of smaller debris fragments with the rough surface. In a
subsequent paper, Bahadur and Sunkara [16] measured the wear rates and the transfer
film adhesion strength of PPS nanocomposites of different filler types and loadings.
Although the wear rates of the composites were both higher and lower than that of the
unfilled polymer, their values correlated strongly with the adhesive strength of the
transfer film (Fig. 6.9).
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Fig. 6.10 Thin-film stretch method for measuring transfer film adhesion strength by (a) pulling a
sample with a predeposited transfer film in tension along the sliding direction in the native wear
tests until transverse cracks within the film initiated and (b) observing the transverse cracks, which
have an average crack spacing of A. This value was found to be inversely proportional to the
adhesion shear strength at the film-substrate interface. (Image reprinted from [41] with permission)

The scratch and peel tests have important practical limitations. Neither test
provides a useful measure of adhesion strength when the interfacial shear strength
exceeds the shear strength of the film [48]. Furthermore, free-spaces from heteroge-
neity confound the measurements by providing direct bond sites between the
adhesive and the counterface in peel tests and by nucleating failure in scratch tests.
Lastly, the measurements are confounded by potential contributions from the addi-
tion of a second contact interface (adhesive-transfer film and indenter-transfer film).
Agrawal and Raj [51, 52] solved these issues with the thin-film stretch test illustrated
in Fig. 6.10. The film and counterface are loaded in tension until cracks form and
stabilize or until the counterface fails. Mathematically, they showed that the ratio of
the crack spacing to coating thickness is proportional to the normalized adhesive
strength, which is defined as the ratio of adhesive shear strength to cohesive shear
strength. This method requires no additional interface and provides spatial specific-
ity for statistical evaluation. One potentially significant downside of the method is
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Fig. 6.11 (a) Normalized transfer film adhesion strength plotted against the sliding distance of an
ultra-low wear PTFE nanocomposite. (b) Composite wear rate plotted against the normalized film
adhesion strength. (Image reprinted from [6] with permission)

that it only measures the ratio of adhesive strength to cohesive strength; measure-
ments of absolute adhesive strength require knowledge of the absolute cohesive
strength of the transfer film. The other downside of the method is that the substrate
must have a larger ultimate strain than the transfer film.

Although the normalized adhesive strength is often viewed as a limitation of the
stretch method, it is likely a better predictor of transfer film persistence than adhesive
strength alone. One could argue that delamination is favored if the cohesive strength
significantly exceeds the adhesive strength. Delamination is an undesirable failure
route because it leaves the surface completely unprotected. Cohesive failure would
be expected when the adhesive strength exceeds the cohesive strength. Cohesive
failure leaves the counterface protected and is therefore the preferred failure mode.
For this reason, the normalized adhesive strength is likely a more valuable metric of
coating adhesion than the adhesive strength.

Ye et al. [6] used the thin-film stretch method to study the evolution of the
normalized adhesive strength of the low wear alumina-PTFE transfer film from
run-in to steady state; the results are shown in Fig. 6.11a. In the beginning of the
test, wear rates were high and the cohesive strength of the transfer film exceeded its
adhesive strength, which suggests that delamination was the favored failure mode. In
situ studies of the thick flaky transfer films of this material during run-in have shown
that they were removed and replenished on each pass of the pin [29]; this fact implies
that transfer films failed to protect the polymer during the run-in. This is supported
by recent experiments, which showed that removing the transfer film by replacing
the counterface with a fresh counterface had no detectable effect on the wear volume
produced by the pin (Fig. 6.12) [53]. In this case, visual improvements in the transfer
film during the run-in period were caused by reduced wear not the cause of reduced
wear [22].

The transition to low wear was accompanied by the first observations of adherent
debris (20 m of sliding in Fig. 6.8). Unfortunately, the fragments were too small
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Fig. 6.12 Wear volume plotted against sliding distance for a test in which the developing transfer
film was removed after cycle 43 and replaced with a fresh counterface. The results show that the
transfer film and wear rate develop as they would in an uninterrupted test, which suggests that the
transfer film develops in response to the developing surface properties of the pin. (Image reprinted
from [53] with permission)

during this transition period to produce detectable cracking patterns [29]. However,
as Fig. 6.8 demonstrates, these debris fragments merged and homogenized with
increased sliding to create larger domains with detectable cracking patterns. The first
possible measurement in the steady state sliding period revealed clear evidence that
the bond between the transfer film and the counterface significantly exceeded the
strength of the film itself, which suggests that cohesive failure was favored over
delamination. This transition in normalized adhesive strength accompanies
improved topographical quality of the transfer film (Fig. 6.6), the onset of transfer
film persistence (Fig. 6.8), and dramatically reduce wear rate (Fig. 6.11), all of which
is consistent with the expected transition from delamination to cohesive failure. The
wear rate decreased as the normalized adhesive strength increased with sliding
distance, which suggests that improved bonding of the transfer film contributes as
a cause of wear reduction.

Another way to measure the transfer film persistence is through a direct transfer
film wear rate measurement. From a simple control-volume analysis, this value
represents the minimum possible wear rate of the solid lubricant system at steady
state as noted by Blanchet and Kennedy [5]. Wang et al. [54-56] used bare steel
spheres to quantify the wear resistance of predeposited transfer films. Standard
gravimetric and volumetric wear measurements are difficult due to the fact that
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Fig. 6.13 Comparison of wear rates of an alumina-PTFE nanocomposite (K) and the
corresponding transfer film (Kg),) at predefined cycles of development in the native wear test: (a)
Result from Urueiia et al. [58] using a steel sphere to measure transfer film wear rates, (b) Result
from Ye et al. [6] using a polyethylene sphere to measure transfer film wear rates. All error bars
represent 95% confidence intervals. (Image reproduced from [6, 58] with permission)

transfer films are thin and discontinuous. Because increased friction is expected
when metal first contacts metal, the friction coefficient provides a useful indicator of
coating failure. Wang et al. [55, 56] used this friction coefficient transition method to
show that PTFE composite transfer films persisted 10X longer distances than those
of unfilled PTFE. Using similar methods, Li et al. [57] showed that the wear lives of
their transfer films were sensitive to the load, speed, and the counterface roughness
used in creating the transfer film. Urueiia et al. [58] used the same friction-based steel
ball-on-film configuration to study wear rates of the low-wear alumina—PTFE
transfer films described previously as persistent and well adhered. They used mean
film thickness measurements with reasonable geometric assumptions to estimate the
worn volume and wear rate at failure. As expected, the wear rate of the transfer film
decreased as the wear rate of the polymer decreased during the development of the
transfer film (Fig. 6.13a). Surprisingly, however, the wear rates of the transfer films
were orders of magnitude larger than the wear rate of the parent system. This result
implies that the transfer film was worn immediately and played no role in wear
reduction, which is unlikely based on the observations and reasoning discussed
previously. The alternative is that the test itself had artificially increased the wear
rate of the transfer film, which is more likely given the differences in the contacting
materials and pressures.

Ye et al. [60] tested the wear rates of the same transfer films using a high-density
polyethylene sphere to provide a better mechanical surrogate to the original polymer
pin. The transfer film wear rate and the original solid lubricant pin wear rate are
plotted against the accumulated sliding distance used to generate the transfer film in
Fig. 6.13b. During running-in, the transfer film wear rate is much larger than the
pin’s wear rate; the transfer films were easily/immediately removed, which is
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Fig. 6.14 (a) Surface energies of the probes versus ultra-low-wear Al,O;/PTFE transfer film wear
rates in microtribometry experiments. Error bars represent the 95% confidence interval; and (b)
three-body wear model involving a pin (A), transfer film (B), and counterface (C) (Reprinted with
permission from [6])

consistent with the results of direct optical observations of the transfer film evolution
[29]. After the transition (~7 m of accumulated sliding distance in this case), the
transfer film wear rate decreased sharply and stayed well below the pin’s wear rate;
this is consistent with the persistence observed from direct optical observations [29]
and the transition from weak to strong normalized adhesion strength (Fig. 6.11).
Despite significant potential for differences in the source materials, preparation
procedures, and testing conditions between these independent studies, the steady
state wear behaviors of the polymer nanocomposites were indistinguishable
(Fig. 6.13a, b). Clearly, the wear behavior of this material is robust and insensitive
to these differences. The strong agreement in polymer wear rates makes the orders of
magnitude disagreements in transfer film wear rates that much more remarkable.
Ye et al. [6] repeated the measurements with spherical probes of varying material
to clarify the cause of the enormous differences in the wear response of the same
transfer film to different probes. Ultimately, the wear rate of the ultra-low wear
transfer film did not vary systematically with contact pressure, friction coefficient, or
shear stress during sliding. It did vary systematically as a function of probe surface
energy as shown in Fig. 6.14a. Both PTFE and HDPE promoted ultra-low wear
behavior of the transfer films. When tested against polymer probes of higher surface
energy, the wear rate increased by orders of magnitude. They proposed that low
surface energy probes reduced wear by 5 orders of magnitude by setting up a
preferred slip system for which pure interfacial sliding becomes favorable over
adhesive wear. For this system, interfacial sliding became favorable when the surface
energy of the probe was less ~30 mJ/m?, which is comparable to estimates of that of
the film. These results reinforce the fact that the wear resistance of a material,
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particularly a transfer film, can depend as strongly on the properties of the
countersurface as it does on the properties of the wear surface.

6.2.3 Maechanical Properties

Mechanical properties are also believed to be important contributors to the stability
of transfer films and the wear resistance of polymers. Gong et al. [28] first proposed
that increased transfer film cohesive strength discourages transfer film failure at
internal interfaces and thereby stabilizes the film. However, as illustrated previously,
stronger transfer films may be more likely to delaminate without a corresponding
increase in strength at the counterface. Mechanical properties can also provide useful
information about filler accumulation and polymer degradation, both of which
change mechanical properties like hardness, toughness, and modulus.

The primary challenge to measuring the mechanical properties of thin films is
isolating the properties of the film from those of the much stiffer and harder substrate
[59, 60]. Friedrich et al. [61] used micro-indentation and measured transfer film
hardness of two fiber-reinforced PEEK composites with different fiber orientations
(normal vs. parallel) relative to the sliding surface. They found that composites
produced lower wear rates and harder transfer films when fibers were oriented
normally to the sliding interface. Randall et al. [62, 63] studied the correlation
between transfer film hardness and wear of several ceramic coatings. They found
the most wear resistant coating had transfer films that were ~30% harder than either
the sliding counterpart suggesting a possible metal alloying effect. Ye [64] measured
transfer film hardness and modulus of the low-wear alumina-PTFE system using
AFM-based nanoindentation and found that the transfer film hardens and stiffens
during sliding. However, Chang et al. [65] showed that the indentation hardness of
thin (200 nm) epoxy transfer films had been artificially increased by contributions from
the substrate. When transfer films thin and harden, it becomes difficult to differen-
tiate between hardening of the film material and the effect of the substrate [61-63].

The substrate effect may be avoided by indenting on the running film, which
forms on the sliding surface of the bulk solid lubricant. McCook et al. [18] measured
hardness and modulus for running films of low wear PTFE-epoxy composites and
found that the hardness and modulus of the worn surface were uniformly reduced.
The results suggested that the running film was PTFE rich, which likely contributed
to the low measured values of friction coefficient and wear rate. Krick et al. [66]
measured the mechanical properties of running films from a low wear alumina-PTFE
nanocomposite as a function of sliding distance. The film hardened and stiffened
with increased sliding distance and decreased wear rate (Fig. 6.15). They concluded
that filler accumulation and PTFE degradation were both likely contributors. Their
results indicate that the cohesive strength of the running film increased by >2X. If
we assume the transfer film is identical to the mated running film, then the absolute
adhesive strength of these transfer films increased by >10X from run-in to steady
state based on the results from Fig. 6.11.
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Fig. 6.15 Average (a) hardness and (b) reduced modulus of worn and unworn PTFE and
PTFE-AL,O3 nanocomposites, for indentation contact depths in the range of 100-150 nm. Error
bars represent 1 standard deviation from the mean. (Image reprinted from [66] with permission)

6.2.4 Tribochemistry

Tribochemistry is an important factor governing the adhesion and mechanical
properties of transfer films. Briscoe [13] first proposed that effective fillers reduce
wear by promoting polymer degradation and thereby increasing the adhesive
strength of the transfer film. Bahadur and Tabor [22] found that even high quality
transfer films did not stick around long after the parent pin was replaced and
concluded that transfer film adhesion must be primarily mechanical in nature.
Studies on PTFE-based solid lubricants have shown that ultra-low wear sliding is
consistently accompanied by small wear debris, thin transfer films, and brown
discoloration of both sliding surfaces [7, 9, 10, 19, 27, 29, 45, 66, 67]. This
discoloration indicates tribochemical degradation, which is particularly remarkable
for PTFE given its unique resistance to chemical attack.

A recent study by Krick et al. [9] provided the most compelling evidence to date
that a specific chemistry is required for ultra-low wear sliding of the low wear o
phase alumina-PTFE nanocomposite system. As they removed water from the
environment, the wear rate of the system increased by two orders of magnitude
from 10~7 mm*/Nm to 10> mm*/Nm, the latter of which is more typical of PTFE
composites. This increase in wear rate in dry environments was accompanied by the
loss of the brown discoloration and a transition toward large flaky debris fragments.
The inability of this low wear material to achieve low wear in dry environments has
been reproduced independently by Pitenis et al. [10] and Khare et al. [53]. Since the
environmental constituents have no obvious effects on the mechanical or structural
properties of the composite, the most reasonable conclusion is that wear rates
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Fig. 6.16 Infrared reflectance results from the metal surface after one cycle of sliding (light grey
line), 100 k (gray line) and 1 M (black line) cycles. (Reprinted with permission from [27, 45])

increased due to the loss of favorable tribochemistry at the sliding interface; thus, a
specific tribochemistry appears necessary for ultra-low wear of this system.

XPS studies of the transfer films of this low wear alumina-PTFE system by Burris
et al. [68] revealed an unexpected peak at 288 eV, which they attributed to a
tribochemical degradation product. Computational modeling by Onodera et al.
[69, 70] showed that end-chain carboxyl groups formed in humid environments
and suggested that they help bond PTFE transfer films to metal counterfaces.
Experimental infrared spectroscopic (IR) studies by Pitenis et al. [10] and Harris
et al. [45] showed that the new tribochemical product was a metal chelate salt of
perfluorinated carboxylic acid (Fig. 6.16). Harris et al. [45] proposed a realistic
reaction route that involved mechanical rupture of PTFE chains and fibrils, reaction
of chain ends with oxygen and then water to form carboxylic acid, and, finally,
chelation of the acid at the chain end to metal atoms in the counterface and filler
particles. The reaction products increase with sliding distance (Fig. 6.16), which
helps explain why these transfer films become more persistent, better adhered,
stronger, and more wear resistant with increased sliding distances.

6.3  Causes and Consequences: A Case Study with a Low Wear
Composite

Despite the compelling evidence from Pitenis et al. [10] and Harris et al. [45] that
tribochemistry is necessary to anchor transfer films, recent studies of the run-in
period of this particular PTFE nanocomposite provides further insights into the
timing of favorable tribochemistry and its role in low wear sliding of polymers. Ye
et al. [29] showed that the transfer films were compositionally and mechanically
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identical to the unworn composite and Pitenis et al. [10] found a comparable lack of
carboxylates during run-in. Furthermore, Khare et al. [53] showed that, unlike at
steady state, the run-in and transition behaviors of this material are completely
independent of environment. Thus, the transition to low wear during run-in appears
to occur without the benefit of favorable tribochemistry. Ye et al. [29] showed that
the wear rate and the transfer film of these low wear alumina-PTFE composites were
indistinguishable from those of unfilled PTFE initially, which suggests that the crack
arresting role of the filler is negligible initially. With each pass, however, they
observed reduced wear rate and thinner transfer films of characteristically smaller
debris. Although the transfer films were immediately dislodged throughout run-in,
Khare et al. [53] showed that the transfer film had no effect on the wear rate of the
polymer during run-in; they did this by interrupting the test and replacing the transfer
film with a fresh steel counterface. If anything, the wear rate of the pin was lower
when the transfer film was removed from the contact, which demonstrates that the
perceived improvements in transfer film quality during the run-in period are conse-
quences of an increasingly wear resistant running surface and not the cause of
progressively reduced wear rates. The result suggests that filler accumulation and
mechanical conditioning of the running surface (e.g., filler accumulation, polymer
orientation, polymer crazing) are responsible for the transition from large debris and
high wear to small debris and low wear.

During the run-in phase, wear continues to decrease until effectively stopping at a
critical point Ye et al. [29] defined as the transition. The system wear rate is well
below 10~° mm?/Nm and Ye et al. [29] report the first compositional evidence of
polymer degradation at this point. Interestingly, Khare et al. [53] observed indistin-
guishable run-in and transition features when they removed ambient moisture to
preclude favorable tribochemistry. This is not entirely surprising given that the
run-in is independent of tribochemistry [10, 29] and suggests that low wear of this
system does not require favorable tribochemistry, at least initially. These results
suggest that mechanical debris size regulation is the first step toward low wear in this
particular system. These debris fragments can become so small that they automat-
ically adhere to produce stable low energy surfaces. Mechanical stability must
precede tribochemical stability because the products of improbable chemical events
take time to accumulate [10]. As low wear sliding continues, adhered debris frag-
ments grow by scavenging material from the pin (Fig. 6.8). As debris fragments
grow, adhesion energy becomes less competitive with elastic energy until they
destabilized at a critical thickness Ye et al. [6] estimates to be on the order
of ~1 pm for PTFE. However, if the humidity is sufficient, tribochemical reactions
begin to link the polymer chemically to the counterface, thus increasing the critical
thickness for instability as the film grows. This, we propose, explains why run-in is
independent of environment, why low wear was achievable but unstable in dry
nitrogen [53], and why the system can sustain low wear indefinitely in humid
environments [9]. The cross-linking effect of tribochemistry is consistent with the
substantial increases in adhesion strength [6, 29, 58], hardness [64, 66], and modulus
[64, 66] for this system from run-in to steady state.
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6.4 Summary

This chapter reviews the latest methods to quantify the topographical, adhesive,
mechanical, and chemical properties of polymeric transfer films. Topographical
features of interest, including thickness, area fraction, and free-space length, have
been quantified primarily with profilometry and microscopy. Both thickness and area
fraction tend to correlate strongly with wear rate for specific systems but less so
across systems. Based on limited studies, the free-space length appears to be the best
of the three for predicting wear rates in general. It is interesting to note that the free-
space length is most closely related to the visual cues that have motivated use of the
terms “uniform,” “coherent,” and “continuous” [31, 38, 71-74]. Nonetheless,
despite consistent evidence that transfer film properties correlate strongly with
wear rate, no universal function is likely to emerge.

Although peel and scratch tests are typical for qualifying coating adhesion, such
measurements are confounded by the discontinuous nature of transfer films. The
tensile cracking test eliminates the need for a second interface and is not affected by
discontinuity in the transfer film. Additionally, it provides a direct measure of adhesion
strength per unit cohesion strength; since adhesive failure is far more detrimental to
tribopolymer wear than cohesive failure, this property is perhaps the most direct
measure of transfer film adhesion performance. Lastly, although a wear test appears
to be the most direct measure of tenacity, we have shown that the measured wear rates
of transfer films can vary by many orders of magnitude depending on the surface
properties of the probe material used; caution is necessary when interpreting the results
of transfer film wear tests in an absolute sense for this reason.

Hardness and modulus are the most common mechanical metrics of transfer film
performance and both are typically quantified with micro and nano-indentation.
Because transfer films are thin and soft, the results are confounded by effects from
the counterface, which effectively converts an inherently quantitative measurement
into a qualitative assessment. Some have quantified the mechanical properties of the
running film on the soft polymer surface as a way to address this issue of transfer film
characterization. However, caution must be exercised when using running films as
surrogates for transfer films because there is some evidence that the films are
compositionally distinct despite developing at the same tribological interface.

Finally, we have used a particularly well-studied alumina-PTFE system as a case
study for wear reduction. Based on the methods described throughout, its transfer films
are thin, well-covered, persistent, well-adhered, chemically distinct, and mechanically
stronger than the unworn composite. These changes are strongly associated with a
favorable tribochemical reaction; polymer chains break mechanically during sliding,
react with gaseous oxygen and water from the environment to form carboxylic acid,
then chelate to metal surfaces to strengthen the film and bond it to the counterface. The
end result is a stable and protective film that minimizes the wear rate of the system.

The mechanisms of wear mitigation in this system, particularly the tribochemical
aspects, are likely unique given that the four order of magnitude wear reducing effect
of fillers appears to be limited to fluoropolymers [2, 67]. Nonetheless, it is interesting
that transfer film uniformity, thickness, coverage, bond strengthening, chemical
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degradation, and mechanical strengthening are recurring themes in the tribopolymer
literature. Although the exact mechanisms are likely system-specific, the quantitative
methods described here may be used broadly to expose common trends and elucidate
general causation relationships. Ultimately, knowledge of these causation relation-
ships will be critical to materials discovery by design rather than the more traditional
trial and error-based approaches.
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Abstract

Alumina is a widely used ceramic for tribological applications such as gears,
bushings, bearings, etc. due to its chemical and physical stability. However, the
friction between alumina-alumina is high, which reduces its usage for tribological
applications. To overcome the high friction, various solid lubricants can be added in
the alumina matrix that makes self-lubricating alumina composites. In this chapter,
mainly three categories of solid lubricants: soft material, lamellar solids, and other
materials (oxides, sulfates, etc.) used in alumina matrix are discussed. Mostly, these
solid lubricants form a tribo-layer at the interface between alumina composite and
counterpart and reduce friction. The amount of solid lubricants needs to be optimized
because the excessive amount can cause severe wear that can damage the dimen-
sional stability of the component. While discussing the suitable solid lubricants for
the alumina matrix, various synthesis techniques have also been highlighted because
synthesis techniques are critical to disperse the solid Iubricants uniformly.
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7.1 Introduction

Ceramics are nonorganic solid material that consists of metal or nonmetal com-
pounds with ionic or covalent bonds. Ceramic materials contain a combination of
properties, including low density, resistance to chemicals, high wear resistance, and
stability for a wide temperature range. Due to these properties, structural ceramic
materials have the potential to be utilized in the tribological applications. These
structural ceramic materials have a wide range of compounds including oxides,
carbides, nitrides, and borides.

However, the major limitation of structural ceramics is the high coefficient of
friction (COF) for tribological applications. Self-lubricating ceramic composites
have suitable tribological properties, especially for high-temperature applications,
where a lubricious layer of solid lubricant (SL) materials forms at the interface
during sliding that can significantly reduce the energy loss due to friction. Interest-
ingly, some oxide ceramics act as SL materials that can be added in the ceramics to
form self-lubricating ceramic composites. These solid lubricating oxide materials are
listed in Table 7.1.

The self-lubrication performance of ceramic composites depends on the forma-
tion of transfer film of SL at the interface. The transfer film formation is controlled
by many factors including volume/weight fraction of SL (inclusion), mechanical
properties of the SL, and operating conditions of tribo-contact. For example, the
higher transfer film thickness is expected by increasing the volume fraction of SL or
by choosing the softer solid particles as predicted by a mathematical model for
3 mol% yttria-doped zirconia (3Y-TZP) [1]. In this model, fair assumptions were
taken by considering the elastic deformation of the matrix whereas graphite deforms
plastically to de-bond with the matrix and form the transfer layer. The predicted
transfer layer thickness by varying the volume fraction and considering the variation
in yield strength of the SL phase (inclusions) are shown in Fig. 7.1. However, the
SLs in the ceramic matrix can only be loaded up to a critical amount. The critical
amount of the SL phase in the ceramic matrix can be evaluated by friction perfor-
mance along with wear rate/volume, mechanical strength, and other required prop-
erties of the composites. Experimentally, Xue et al. [2] observed that 24.4 vol%
graphite content in the ZrO, (Y,03 mol%) reduced COF from 0.56 to 0.29 against
GCrl5 steel whereas the wear increased from 5.8 x 107°to 8 x 107> mm’m™".
Therefore, it is essential to optimize the SL amount in the matrix based on other
required properties.

Table 7.1 Categories of SL materials

Organic Other compounds (oxides, sulfates,
Soft materials Lamellar solids | polymers and phosphates)
Bi, Ag, Cu, Sn, In, MoS,, WS,, PTFE, TiB,, B,03, M0O,, MoO3;, ZnO,,
Pb, CaF,, BaF, PbS h-BN, nylon, Re,04, TiO,, Ag,0, CuO, BaSO,

graphite. waxes
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Fig. 7.1 Predicted transfer layer thickness for ceramic composite using a model [1]

Table 7.2 Rroperties of Properties Value

AL0; ceramic [9] Density 3.95 g/em®
Melting point 2050 °C
Yield strength 455 MPa
Elastic modulus 380 GPA
Thermal conductivity 40 W/m.K
Coefficient of thermal expansion 8.0 x 1075°C

This chapter reviews the studies on tribological performance of Al,O; matrix
self-lubricating composites. Alumina is the most common ceramic materials which
employed at high temperature for various applications due to its high-temperature
stability, lower density, high hardness, and being chemically inert. The physical and
mechanical properties of the alumina are listed in Table 7.2. However, the friction
and wear performance of alumina is poor under the dry sliding condition that limits
the applicability for tribological applications. To overcome the poor tribological
performance of alumina, coatings of SLs materials have been provided, such as
polytetrafluoroethylene (PTFE) [3], Ag [4, 5], TiB, [6-8], etc. Coating of these SL
materials provides lower friction, whereas hard alumina base acts as a wear-
resistance substrate to support the soft and shearing SL phases. This chapter is
focused on understanding the tribological performance of alumina composite
reinforced with SLs rather than the coating of SL materials.

In this chapter, the sections are divided based on the different categories of SLs
described in Table 7.1 which are soft material, lamellar solids, and other compounds
(oxides and sulfates). The organic polymers are excluded because these have not
been used widely as a lubricating material in Al,O5 matrix. On the contrary, alumina
has been used as a reinforcement material in polymers [10—13]. The feasibility of the
various SLs from the rest three categories in Al,O3 matrix at different working
conditions is evaluated by understanding the mechanism. Often, SLs, in combination
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with different categories, are used for superior lubrication. Such studies have been
assigned to subsections based on the most effective SL observed in the study.

7.2 Soft Materials

CaF, is the most common soft SL material, which is often used as SL in ceramic
matrix composites. The Al,Os-CaF, composites can be synthesized by different
methods. For example, the laser-cladded Al,05-30 wt% CaF, coating on Al,O;
showed improved friction and wear properties compared to monolithic laser-cladded
Al,O5 [14]. The Al,O5 showed a COF of 0.6, whereas the composite showed COF of
0.48 when tested against hardened steel on the pin-on-wheel test setup with a normal
load of 98 N at room temperature. The composite showed 40 times lesser wear
compared to monolithic laser-cladded Al,0O5;. The improved tribological perfor-
mance was observed due to uniform distribution of the soft spherical CaF, phase
in the plate-like framework of Al,O; phase. The lower amount of CaF, (3 wt%) was
also observed to improve tribological properties of Al,03-ZrO, (15 wt%) composite
prepared by the plasma spray method [15]. The COF was reduced upto 40%. Also,
the observed wear rate was four times lower at 20 N as compared with those of
composites without CaF,. In this study, 3 mol% Y,Oj3-stabilized ZrO, was added in
Al,O3; matrix, which forms eutectic ceramic composites, and it is well known to
improve the mechanical properties of Al,O5 [16—18].

Similar to CaF,, BaF, and SrF, are also considered a soft phase that can act as
SLs. Murakami et al. [19] investigated the three different composites: Al,O;—
31BaF,—19CaF,, Al,05;—50CaF,, and Al,05;—50SrF, (mass %) that were synthe-
sized by spark plasma sintering and tested at 600 °C against alumina ball with a
normal load of 4.9 N. Among all the composites, Al,0;—31BaF,—19CaF, showed
the best tribological performance with 0.3—-0.4 COF and wear rate of the composite
was 0.8 x 107> mm*/N.m. The Al,05—31BaF,~19CaF, composite also showed
4 GPa of microhardness that is two times higher than the hardness of other alumina
composites. The SL phases provided lower friction and wear but also resulted in
finer microstructure that improves hardness. This suggests that the combination of
SL phases in the alumina matrix can outperform a single SL.

Secondary hard phases such as ZrO,, TiC, SiC, and TiN, etc. have also been
added in the alumina matrix along with SL materials. The purpose of secondary hard
phases is to strengthen the composite by whisker, precipitate, and dispersion
strengthening. For example, Al,O3/TiC composite with CaF, showed improved
tribological and mechanical properties [20]. These composites were prepared by
hot pressing at 36 MPa in N, atmosphere for 15 min at 1700 °C. The composition
and properties of the composites are listed in Table 7.3. Table 7.3 indicates that the
mechanical properties (flexure strength and hardness) deteriorated with the addition
of SL CaF,, whereas the COF and wear rate reduced till 10 vol% of CaF,. Therefore,
Al,03,TiC/15%CaF, composite provides optimized mechanical and tribological
properties. In this work, properties were not compared with respect to monolithic
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Table 7.3 Mechanical and tribological properties of Al,O;/TiC/CaF, composites

Composition (vol%) Al,O5: | Flexure strength Hardness Wear rate

TiC = 1:1 (MPa) (GPa) COF | (107> mm*/N.m)
AlL,O; + TiC 800 20 047 2.7

ALO; + TiC + 5% CaF, 478 13.2 031 |25

ALO; + TiC + 10% CaF, 590 15.3 027 1.8

Al,O3 + TiC + 15% CaF, 418 9.6 030 |35

Al O;. However, TiC is expected to enhance the mechanical properties of Al,O5,
whereas CaF, provided self-lubrication.

7.3 Lamellar Solids

Carbonaceous material such as graphite, graphene, and carbon nanotubes (CNTs)
have been extensively studied for tribological applications due to their lamellar
structure [21-26]. These carbonaceous materials have also been utilized in the
alumina matrix. Bagde et al. [27] studied Al,03-13TiO,-15% Ni-graphite coatings
deposited by plasma spray. The tribological tests were carried out against 21 and
36 pm SiC papers. The observed friction and wear results are shown in Fig. 7.2a, b,
respectively. It can be seen that the addition of Ni-graphite reduced the COF at all the
loads against both the SiC papers. The effect of Ni-graphite is higher on the wear rate
as it reduced by 1.5-2 times. A similar effect of Ni-graphite on the Al,03-SiO,
plasma sprayed coating was observed where graphitic lubricating layers reduced
friction at the interface, and the ceramic matrix worked as a load-bearing
element [28].

Similar to graphite, graphene has also been found to form tribo-layer during
sliding in Al,O3-graphene composites [29, 30]. Al,03-0.22 wt% graphene compos-
ites were prepared by spark plasma sintering at 80 MPa and 1500 °C [29]. The
tribological tests against Al;O3 ball at 20 N showed ~10% and 50% decrease in COF
and wear rate for graphene composite with respect to pure Al,O; sample. The
formation of a uniform tribo-layer of graphene was observed by Zhang et al. in
Al,O3-graphene nanoplatelet composite synthesized by spark plasma sintering
[30]. The authors observed optimum tribological performance with 0.5 vol%
graphene nanoplatelet with 65 and 25% decrease in wear volume and friction
coefficient, respectively, with respect to pure Al,O3. Graphene content higher than
the optimum amount showed higher wear. Graphene oxide, which contains oxygen-
carrying groups such as -OH, -COOH, etc., on the edges of graphene sheets [23], has
also been found effective to improve the tribological performance of Al,O5. Al,Os-
graphene oxide composite synthesized by spark plasma sintering resulted in five
times lower wear compared to monolithic alumina tested against alumina ball at
10 N normal load [31]. However, a detailed study on graphene and graphene oxide-
Al,O5 composite suggests that unoxidized graphene provides superior mechanical
properties than the graphene oxide and reduced graphene oxide [32]. It is due to the
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presence of structural defects in graphene oxide and reduced graphene oxide that can
deteriorate the mechanical properties of the composite. The wear and friction data of
Al,O3-unoxidized graphene is shown in Fig. 7.3, where unoxidized graphene is
denoted by EG and LPS denotes liquid phase sintering. It can be seen that the wear
rate of the graphene-containing composite reduced by one order of magnitude and
friction was reduced by 15-20% compared to pure Al,Os. Other than the tribological
properties, the addition of graphene in Al,O3; matrix led to the improvement in
mechanical [33-35] and different functional properties [36, 37].

The other attractive carbonaceous material is carbon nanotubes (CNTs). CNTs
have also been employed in the Al,O5; matrix. Al,O3-CNTs composite synthesized
by hot pressing at 1800 °C under 40 MPa. The Al,O3-CNTs composite showed
improved mechanical and tribological performance as compared to pure Al,O;
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Fig. 7.3 Wear rate and COF for Al,O3-unoxidized graphene (EG) tested against WC ball at 25 N
with 10 cm/s sliding speed for 2000 m [32]

[38]. The effect of CNTs concentration on the microhardness of the composites is
shown in Fig. 7.4a. The highest microhardness was observed for 4 wt% CNTs in the
alumina matrix. Any further addition of CNTs led to a reduction in hardness due to
inhomogeneous dispersion of CNTs. The tribological tests were carried out using
silicon nitride ball as a counterpart at 25 N and 10 mm/s sliding velocity. Figure 7.4b
shows the variation in COF and wear with respect to CNTs content. It can be seen
that the Al,03-CNTs composite with 4 wt% yielded least wear loss with COF of
0.43. The composite with 12.5% CNTs provided the lowest COF of 0.3 but higher
wear rate, which is more than two times of pure alumina. Similar behavior was also
observed by Lim et al. who showed an increase in wear rate with CNTs content for
hot-pressed Al,03-CNTs composite (Fig. 7.5a) [39]. The authors also prepared the
composite by tape casting other than hot pressing. In tape casting, the ceramic slurry
was cast in thin layers followed by drying. These layers were laminated by hot
pressing. The resulted composite showed a reduction in wear loss with the increase
in CNTs content while maintaining the same friction coefficient (Fig. 7.5a, b). In this
study, the tribological tests were performed against silicon nitride ball at 25 N load
with 10 mm/s sliding speed. The tape casting method allowed to disperse higher
amount of CNTs in alumina to achieve superior tribological and mechanical
properties.

The other lamellar SLs are MoS,, BN which have been used as reinforcements in
various metallic and ceramic materials, including alumina. For example, Su et al.
[40] prepared the Al,O3/MoS, composite by in situ syntheses of MoS, in the porous
Al,O3 matrix. The porous Al,O; matrix was developed by sintering the green body
made of Al,O5 and graphite (10 vol%), the graphite oxidized during sintering in air



208 A. K. Kasar and P. L. Menezes

(a) 2400 T v T v T v T v T v T v T v
& 2200 b
£ : 3
£ 2000 F -
a 3 e
< 1800 p o
@ 1600 -
w o -
C 1400 p s
o L z
c 1200 p &
L 3 <
© 1000fF -
.2 3 4
£ 800 :- -:
£ 600} 4
) L i
S 400F -
> 200f 4
0 [ L A L A L 5 L & L A L & L i
0 2 4 6 8 10 12 14
CNT content (wt. %)
(b) 06 L b L b L) b 30
—(QO— Friction coefficient
—il— Wear loss
05 2.5
-
E, 04 F 42.0 5
£ | £
8 03 pF 411.5 g
o | { 8
S —
5 02F 110 8
| =
e
0.1 pF -0.5
OO i . Il 2 L a L . 1 . i a i a O O
0 2 4 6 8 10 12 14

CNT content (weight %)

Fig. 7.4 (a) Microhardness, (b) COF and wear loss of the AlL,O3-CNTs composite [38]

and led to formation of pores. After sintering, the porous sample was immersed in a
solution that consists of sodium molybdate, thiourea, and deionized water under
vacuum. After vacuum infusion, the porous samples immersed in solution were
heated at 220 °C in stainless steel autoclave for 56 h. This hydrothermal process led
to the formation of MoS, in the pores of the sintering Al,O3 matrix. The tribological
property of resulted composite was tested against Si;Ny4 ball in a vacuum environ-
ment (<5.0 x 107> mbar) at 5 N normal load. The COF of the composite (0.2) was
reduced significantly compared to sintered Al,O; sample (0.75) as shown in
Fig. 7.6a. At the same time, three orders of magnitude reduced wear rate due to
the formation of MoS, film at the interface. EDS on wear track of Al,03-MoS,
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synthesized by hot pressing and tape casting method [39]

composite (Fig. 7.6¢) showed the presence of Mo and S, which were not present on
the wear track of Al,O5 (Fig. 7.6a).

The combination of two lamellar SLs MoS,, BN on mechanical properties was
investigated by Deng et al. [41]. The composites were prepared using these lamellar
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solids (5, 10, and 15 vo0l%) in the Al;05-TiC matrix (1:1 vol ratio) by hot pressing in
an argon atmosphere for 15 min at 1700 °C. For all the composites, hardness and
fracture toughness reduced with an increase in SL content. With 15 vol% of MoS,,
the hardness and fracture toughness were reduced by 2.1 and 1.73 times, respec-
tively, whereas 15 vol% of BN reduced the same by 8.7 and 2.6 times with respect to
the Al,O5-TiC matrix. These results support that the addition of SLs cause a
reduction in mechanical properties. However, a hard phase such as TiC or SiC can
be added in the alumina matrix to compensate for the loss in mechanical properties.

7.4  Other Compounds

In this section, other SL compounds such as sulfates and oxides are included. The
most common SL sulfates are BaSO,4. Murkami et al. [42] studied the Al,O3
reinforced with BaSO, SL. The Al,03-50% BaSO, composites were prepared by
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spark plasma sintering. The tribological tests against Al,O3 ball were conducted at
up to 800 °C. The composite was able to retain a COF between 0.2 and 0.4 over the
temperature range. The lower friction was due to the formation of BaSO, film at the
interface. An extension to this study, the same research group investigated the
tribological performance of Al,03-50BaS04-20Ag, Al,05-50BaS04-10Si0,,
Al,03-50SrSO,4, and Al,03-50PbS04-5Si0,. Among all the composites, Al,O3-
50BaS04-20Ag showed the least COF. At the temperature range of 400-800 °C,
the COF for Al,03-50BaS0O4-20Ag was 0.2, as shown in Fig. 7.7. The micrographs
of wear tracks are shown in Fig. 7.8. Ag tribo film was observed on the wear track of
the samples tested at 400 °C and above that reduced the COF to 0.2. The authors also
stated that the BaSO, has a barite-type structure that can be cleaved along (0 0 1),
which results in lower COF. Also, the BaSO,4 becomes ductile above 400 °C that can
further enhance the self-lubrication behavior.

The effect of different oxides on the tribological behavior of alumina compos-
ites was investigated by Kerkwijk et al. [44]. The different alumina composites
with 5 wt% of MgO, CuO, MnQO,, and B,O; reinforcement were synthesized by
isostatic pressing at 400 MPa. The green pellets after isostatic pressing was
sintered at 1500 °C for 2 h. The sliding tests were conducted against alumina
ball at room temperature with a 10 N normal load. The composites with MnO,,
MgO, and B,03 showed mean COF values of 0.48, which is lower than the other
composites and pure alumina (0.55). For the composites with CuO and ZnO,
the observed COF are 0.65 and 0.49, respectively. The addition of oxides other
than CuO resulted in lowering the friction of alumina from 0.55 to ~0.48. These
ceramic composites also showed low specific wear rates, in the range of 107 to
10~® mm*/Nm.

Al,O3 is also used as a cutting tool where friction and wear are important
parameters for the tool’s performance and life. These tools can be reinforced with
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Fig. 7.8 Wear track of
Al,03-50BaS04-20Ag at (a)
room temperature, (b) 200 °C,
(¢, d) 400 °C, (e) 600 °C, and
(f) 800 °C [43]

SLs, for example, Al,05-TiB, ceramic cutting tools were synthesized with different
TiB, content (1040 vol%) by hot pressing and tested through dry high-speed
machining on hardened steel while measuring friction, wear, and cutting speed
[8]. It was found that both wear and COF at the tool—chip interface were reduced
with increase in sliding speed and TiB, content. The composite with 40 vol%
resulted in a COF of 0.2, which was ~42% lower than the composite with 10 vol%
TiB,. The cutting speed during the experiment was 200 m/min. Flank wear was also
reduced for Al,05-40 vol% TiB, and it was 30-40% lesser than the Al,03-10 vol%
TiB, composite. The observed lower COF and wear was due to the formation of a
self-lubricating oxide film (TiO,) at the tool—chip interface because of the tribolog-
ical chemical reaction at the elevated cutting temperature. The mechanism was
confirmed by carrying out the same cutting process in a nitrogen atmosphere
where no oxides were performed, and wear was significantly higher.

In addition to uniform reinforcement of SLs, laminated alumina composites have
been studied to improve mechanical properties along with tribological properties.
The laminated ceramic structure is inspired by structures available in nature, such as
shells, lignum, or teeth that show improved failure behavior in comparison with
monolithic ceramic material. Qi et al. [45] prepared the laminated structure of Al,O5/
Mo by powder metallurgy route by stacking the alternate layers of ball-milled
powders in a mold followed by hot pressing at 1550 °C and 25 MPa for 90 min in
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Fig. 7.9 (a) SEM
micrograph of Al,Os/Mo-
laminated composites and (b)
friction coefficients of Al,O3/
Mo-laminated composites and
monolithic Al,O5 ceramics at
25 and 800 °C [45]
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an inert atmosphere of Ar. The SEM micrograph of Al,03;/Mo-laminated composites
is shown in Fig. 7.9a. The laminated structure showed improved fracture toughness
of 9.14 MPa m'”? compared with fracture toughness of monolithic alumina that is
5.69 MPa m'?. The tribological performance of the structure was tested at 25 and
800 °C against the alumina pin at 70 N. The friction coefficient is shown in Fig. 7.9b.
At room temperature, the laminated structure showed the same friction as the
monolithic alumina. However, a drastic decrease in friction from 0.9-0.4 can be
observed at 800 °C for the laminated structure. The reduction in COF was due to the
formation of molybdenum oxides (MoO, and MoO, g) observed by XRD on the
wear track. The plastic deformation ability of molybdenum oxides provided the
laminated structure self-lubricating properties at high temperature.

A further change in design to improve the self-lubricity of the Al,03-Mo-lami-
nated structure was carried out by Zhang et al. [46], where laser surface texture was
created on the laminated structure as shown in Fig. 7.10a. The SLs materials, MoS,
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Fig. 7.10 (a) Schematic of fabricating Al,O3/Mo-laminated composite with laser texturing + SLs,
and (b) COF of the laminated structure with burnished SLs at different temperatures [46]

and CaF,-BaF, were burnished on the textured surface. The tribological perfor-
mance of the prepared structure was tested against alumina pin from room temper-
ature to 800 °C. The observed COF trends are shown in Fig. 7.10b. Figure 7.10b
shows that the composite structure containing MoS; had lower friction coefficient of
0.1-0.2 from room temperature to 200 °C. Whereas, the composite with CaF,-BaF,
had higher friction at room temperature. At 600 °C, composite with MoS, showed
higher friction compared to the composite with combination of MoS, and CaF,-
BaF,. It suggests that MoS, reduces friction at lower temperatures, whereas CaF,-
BaF, helps to maintain lower friction at the higher temperature range. Therefore, the
combination of these SLs is preferable. The lower friction is due to the transfer film
of MoS; and in situ formed oxides. The formation of MoO, is explained in the
previous paragraph. The MoO, was also reacted with CaF,-BaF, to form CaMoQO,4
and BaMoOy during sliding at the higher temperature and improve high-temperature
lubrication.
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7.5 Conclusions

In this chapter, SLs have been characterized based on their nature, such as soft
material, which is easy to deform that can reduce friction at the interface. The SLs are
discussed mainly for the alumina matrix for room temperature and high-temperature
applications. It has also shown that the combination of SLs from different categories
have been effective at different temperature range, such as CaF, is mainly suitable
for high-temperature application whereas graphite and MoS, work well even at room
temperature in the alumina matrix.

Self-lubrication nature of the alumina composites is governed by the formation of
continuous tribo-layer at the interface that minimizes the contact between counter
bodies and reduces friction. However, the addition of SLs in alumina is decided by
two factors: (i) excessive amount can cause nonuniform dispersion and (ii) excessive
amount can increase wear drastically. The nonuniform dispersion of SLs can be taken
care of by suitable synthesis techniques or prior colloidal mixing. However, the severe
wear can be controlled by optimizing the amount of SLs based on the application
parameters, such as load, velocity, roughness, and properties of the counterpart.

Other than conventional reinforced alumina composites, laminated structures of
alumina have also been developed with Mo, where the formation of MoO, provided
lower friction. Further enhancement on this laminated structure has been carried out by
the formation of small grooves using laser treatment. These grooves acted as a sink for
SLs materials for the continuous formation of tribo-layer. Overall, it has been seen that
alumina is compatible with all the SLs without the formation of any unwanted chemical
compound. The inherent properties of alumina combined with SLs make the composite
suitable for tribological applications at extreme environments.
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Abstract

Structural ceramic composites have received increasing attention over the past
few decades for their potential applications in various fields. Lubrication is
usually required for moving ceramic parts because of their high coefficient of
friction under dry sliding conditions. Self-lubricating ceramic composites have
been applied in severe operating conditions where conventional lubrication
method, such as liquid lubrication, is unavailable. The solid lubricants added in
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self-lubricating ceramic composites can reduce the coefficient of friction. How-
ever, they decrease mechanical properties and then weaken antiwear property of
the ceramic composites, which consequently restricts self-lubricating ceramic
composites’ application scope. Therefore, there is a contradiction between the
antifriction and antiwear properties of self-lubricating ceramic composites and
many efforts from researchers have been devoted to resolve it. In this chapter, two
new types of self-lubricating ceramic composites were elaborated. Graded self-
lubricating ceramic composites were developed by adopting the design concept
of functionally graded materials (FGMs). Their characteristics are that the solid
lubricant content decreases with a gradient from the surface to the center and
thermal residual compressive stresses exist in the surface after the sintering
process. The gradient distribution of solid lubricant and the thermal residual
compressive stresses are used to improve the mechanical properties of the
ceramic composites. Another new type of self-lubricating ceramic composites is
those with the addition of coated solid lubricants. The solid Iubricant powders are
firstly coated by metal or metallic oxide, etc., to form core-shell structured
composite powders and then mixed with the ceramic matrix powders to prepare
self-lubricating ceramic composites by sintering. The shell substance is used to
protect the solid lubricant core from reacting with the ceramic matrix during the
sintering process and promote the relative density of the ceramic composites. The
two new types of self-lubricating ceramic composites showed superior mechan-
ical properties and tribological properties to the traditional self-lubricating
ceramic composites.

8.1 Introduction

Nowadays, structural ceramic composites have been paid attention increasingly for
their distinctive properties, such as high hardness, high wear resistance, high-
temperature resistance, and good chemical inertness [1]. They have been widely
used for many applications, for instance, cutting tools, bearing parts, valve seats, etc.
However, the friction coefficient of moving ceramic parts, especially of those made
of alumina based ceramic composites, is relatively high [2]. Higher friction coeffi-
cient causes more cost and energy waste. The traditional oil or grease lubrication not
only leads to environmental pollution, but also loses efficacy under harsh conditions,
such as elevated temperature. Besides, due to poor thermal shock resistance of
ceramic composites, inappropriate cooling will cause hot cracks and breakage.
Therefore, development and application of ceramic composites with self-lubricating
function is an effective and eco-friendly solution to improve the antifriction
properties.

So far there are three main methods to make ceramic composites possess self-
lubricating function: (1) make use of tribochemical reaction under high working
temperature to get in situ formed tribofilm with lubricating function on the surface of
ceramic composites, (2) adopt coating, impregnation, or implantation technologies
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to enable the surface of ceramic composites to have lubricating function, and
(3) fabricate self-lubricating ceramic composites which contain solid lubricants.
Compared with the other two methods, the third one can make ceramic composites
possess self-lubricating function during their whole service life because there are
always solid lubricants in the composites. Besides, it can make the self-lubricating
function be available in a wide working temperature range.

The traditional self-lubricating ceramic composites are homogeneous materials
with the addition of pristine solid lubricants. Many researches revealed that the
added solid lubricants can produce both positive and negative effects on properties
of ceramic composites [3, 4]. On the one hand, the solid lubricant can reduce the
friction coefficient by forming a tribofilm in the working areas. However, on the other
hand, the dispersed solid lubricants can cause a decline in mechanical properties of the
ceramic matrix, especially the hardness and fracture toughness, and thus reduce the
wear resistance of the ceramic composite [5]. Thus, the traditional self-lubricating
ceramic composites are not available to possess rational combination of antifriction
and antiwear properties, which consequently restricts their application scope. It is
urgent and significant to develop new type of self-lubricating ceramic composites.

In the past few years, we proposed and developed two new types of self-lubricating
ceramic composites by modifying the traditional self-lubricating ceramic composites
at macroscopic and microscopic level, respectively. The first type is graded self-
lubricating ceramic composites [6—8]. It is macrostructural modification to the tradi-
tional self-lubricating ceramic composites. The second type is self-lubricating ceramic
composites with the addition of metal coated solid lubricants [9]. It is microstructural
modification to the traditional self-lubricating ceramic composites.

This chapter introduced the two new types of self-lubricating ceramic composites.
Their microstructures, mechanical properties, and tribological properties were stud-
ied in detail.

8.2  Graded Self-Lubricating Ceramic Composites

Graded self-lubricating ceramic composites were proposed in terms of macrostruc-
tural modification to the traditional self-lubricating ceramic composites. This new
type of self-lubricating ceramic composite is characterized by gradually decreasing
distribution of solid lubricants from the composite’s working surface to its interior
and the residual compressive stresses existing in the working surface. There are two
design criteria for the graded self-lubricating ceramic composites. Firstly, the solid
lubricants should be gradually reduced from the working surface to the interior.
Secondly, the thermal expansion coefficient of the composite should gradually
increase from the working surface to the inside in order to form residual compressive
stresses in the working surface after the sintering process [10].

CaF, is well known as a high-temperature solid Iubricant and Al,O3/(W,Ti)C
ceramic is a kind of widely used ceramic material, thus Al,O3/(W,Ti)C and CaF,
were chosen to be the matrix material and solid lubricant, respectively. The starting
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Table 8.1 Physical properties of the starting powders

Young’s Thermal expansion Thermal
Starting | Density p | modulus Poisson’s | coefficient o conductivity
powder (g-em™>) E (GPa) ratio v (x107°K™h k(Wm™'K™)
a-ALO; |3.99 380 0.26 8.5 40.37
(W,Ti))C |9.56 550 0.194 5.8 26.74
CaF, 3.18 75.8 0.26 18.85 9.71

powders were commercial Al,O3, (W,Ti)C, and CaF, and their physical properties
are listed in Table 8.1.

AlLLO3/(W,Ti)C/CaF, graded self-lubricating ceramic composite was designed in
disk shape with its compositional distribution changing along the thickness direc-
tion. In order that the top and bottom surfaces of the composite can be used as work
surfaces with the same self-lubricating performance, a symmetrically laminated
structure with seven layers was adopted. Because the graded self-lubricating ceramic
composite consists of three components which are Al,O5;, (W, Ti)C, and CaF,, a
multicomponent gradient distribution model was proposed [7, 8]. The distribution
model uses symmetrical power-law functions containing two compositional distri-
bution exponents n; and n, which are for CaF, and (W, Ti)C, respectively.

The geometry model of Al,O3/(W,Ti)C/CaF, graded self-lubricating ceramic
composite is a cylinder in a Cartesian coordinate system. The cylinder’s bottom
surface is in the X-Y plane and its axis coincides with the Z axis. The diameter and
height of the cylinder are D and H, respectively. Because of their very small
amounts, pores and sintering additives are not taken into account in the multi-
component distribution model. By regarding a-Al,O3 and (W,Ti)C as a matrix
component, the volume fraction of CaF, in Al,O5;/(W,Ti)C/CaF, material along
the thickness of the material is given as:

o LU BT s o< <0
VCan_fl(g)_{OflCF_ ¢ )[05] +/5F 0s<e<d (8.1)

Where £ is the ratio of arbitrary coordinate value along the thickness direction (z)
to the total thickness of the Al,03/(W,Ti)C/CaF, material (H), i.e., z/H, and the range
of £is [0,17; /1" and £ are volume fractions of CaF, in the Al,O5/(W,Ti)C/CaF,
material of the surface layers and the middle layer, respectively; n; is the composi-
tional distribution exponent for CaF, distributing in the Al,Os/(W,Ti)C/CaF,
material.

Then the composition profile of the Al,O3/(W,Ti)C matrix component is deter-
mined as V 41,0, /(w, ri)c = 1 — V car,. The volume fraction of (W,Ti)C in the matrix
along the thickness of the Al,03/(W,Ti)C/CaF, material is given as:

T s ]”2+fWT 0<£<05
Viw,mje =/2(8) = { i O B (8.2)



8 Recent Progress in Self-Lubricating Ceramic Composites 223

Where £ is the same as in Eq. (8.1); /;"” and f;”"” are volume fractions of (W, Ti)C
in the Al,O3/(W,Ti)C matrixes of the surface layers and the middle layer, respec-
tively; n, is the compositional distribution exponent for (W, Ti)C distributing in the
Ale_o,/(W,Tl)C matrix.

The volume fraction of (W, Ti)C in Al,O3/(W,Ti)C/CaF, material along the
thickness of the material should be given as:

Vir,me = (1 =f1(€)f>(&) (8.3)

And the volume fraction of Al,O3 in Al,O3/(W,Ti)C/CaF, material along the
thickness of the material should be given as:

Vano, = (1 =/1(E)(1 =f2(8) =1 = Vear, = Viw,myc (8.4)

The combinations of nonnegative values of n, and n, can determine the compo-
sitional distributions of Al,O3/(W,Ti)C/CaF, material and then its gradients of
microstructure as well as properties. According to values of n; and n,, Al,O3/(W,
Ti)C/CaF, material can be categorized into five general types:

(a) n; = ny = 0. Volume fraction of CaF, in the whole material and volume fraction
of (W,Ti)C in the matrix are constant to form homogeneous material.

(b) ny = 0, ny # 0. Volume fraction of CaF, in the whole material is constant and
volume fraction of (W,Ti)C in the matrix is varying to form the first kind of
graded material.

(¢) n; # 0, n, = 0. Volume fraction of CaF, in the whole material is varying and
volume fraction of (W, Ti)C in the matrix is constant to form the second kind of
graded material.

(d) ny = ny # 0. Volume fraction of CaF, in the whole material and volume fraction
of (W, Ti)C in the matrix are varying with the same rate to form the third kind of
graded material.

(e) ny # ny # 0. Volume fraction of CaF, in the whole material and volume fraction
of (W,Ti)C in the matrix are varying with different rates to form the fourth kind
of graded material.

In order to conform the two design criteria and use a simpler structure, the
compositional distribution exponents were chosen to be n; = n, = 2.0. The detailed
design procedure was presented in [7]. Table 8.2 lists the compositions of each layer
and their physical properties which were calculated by the formulae in [10].

The ALO3/(W,Ti)C/CaF, graded self-lubricating ceramic composite was pre-
pared using a layer stacking method and powder metallurgical process. The detailed
preparation process and measurement method of mechanical properties were
described in [7]. An AlL,Os/(W,Ti)C/CaF, homogeneous self-lubricating ceramic
composite was also made from the same ingredients with the surface layers of the
graded composite. Phase identification was made by X-ray diffraction (XRD) using
an X-ray diffractometer (Bruker D8 ADVANCE). XRD patterns were recorded from
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Table 8.2 Compositions and physical properties of graded layers

Volume
ratio of
(W, Ti)C: Thermal
Content | a-Al,O3 Young’s expansion Thermal
Layer of CaF, | in matrix modulus | Poisson’s | coefficient « | conductivity
number | (Vol. %) | (Vol %) E(GPa) |ratiowv (x107°K™Y [k (Wm 'K
4th 0 30:70 424.710 0.242 7.660 35.156
3rd;5th | 3.3 40:60 420.602 0.235 7.516 32.275
2nd;6th | 6.7 50:50 415416 0.229 7.386 29.643
Ist;7th 10 60:40 410.367 0.223 7.262 27.303

7™ laye

6™ layer

5" layer

4™ Jayer

3% layer

2™ layer

1* layer

Fig. 8.1 (a) Optical photograph and (b) SEM micrograph of Al,O;/(W,Ti)C/CaF, graded
composite

20° to 80° with a step of 0.02° under the condition of 40 kV and 20 mA. The
componential distribution of Al,O3/(W,Ti)C/CaF, graded composite was analyzed
by line scanning technique with energy dispersive spectrometer (EDS, Oxford
INCAx-act). The microstructures were observed on polished cross section and
fracture surfaces by environmental scanning electron microscope (ESEM, model
FEI-quanta 200).

Optical photograph of Al,O5/(W,Ti)C/CaF, graded ceramic composite is shown
in Fig. 8.1a. It can be seen that the layers are perpendicular to the thickness direction.
SEM micrograph of the cross section surface is shown in Fig. 8.1b. A symmetrical
seven-layer structure can be easily observed. The higher the (W, Ti)C content of a
layer is, the brighter the layer looks like. The layer interfaces are straight and parallel
to each other, which is in accord with the design objective.

The microstructural changes which agree with the gradient variation of the
components are shown in Fig. 8.2. The darker phase in the micrographs is identified
by EDS to be Al,O5 and the brighter phase is (W, Ti)C and CaF,. From the first layer
(surface layer) to the fourth layer (middle layer), because the content of Al,O;
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Fig. 8.2 SEM micrographs of the polished surface of Al,O3/(W,Ti)C/CaF, graded composite: (a)
the 1st layer, (b) the 2nd layer, (¢) the 3rd layer, and (d) the 4th layer

increases meanwhile the content of (W, Ti)C and CaF, decreases layer by layer, the
proportion of darker areas in the micrographs increases and brighter areas follow the
opposite variation trend. Furthermore, the phases in each layer are uniformly dis-
tributed and form relatively dense microstructures.

The SEM micrographs of the fractured surface of the Al,O3/(W,Ti)C/CaF, graded
self-lubricating ceramic composite are shown in Fig. 8.3. It can be seen that each
phase in the different layers has small and uniform grains. The cavities that are left
after grains were pulled out can be observed. This sign indicates typical intergra-
nularc fracture. The wavy or stepped features formed after grains were fractured can
also be observed, which indicates typical transgranular fracture. Therefore, mixed
intergranular fracture and transgranular fracture are fracture modes of the graded
self-lubricating ceramic composite.

Figure 8.4 illustrates XRD pattern of surface layer of the Al,O5/(W,Ti)C/CaF,
graded self-lubricating ceramic composite. It can be seen that Al,O3, (W, Ti)C, and
CaF, phases well exist in the composite.
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Fig. 8.3 SEM micrographs of the fractured surface of Al,O5/(W,Ti)C/CaF, graded composite: (a)
the st layer, (b) the 2nd layer, (c¢) the 3rd layer, and (d) the 4th layer
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Fig. 8.5 Line scanning patterns for elemental distributions along the compositional gradient
direction: (a) Ca element, (b) Ti element, and (c¢) Al element

Elemental gradient distributions from a surface layer (first layer) to the middle
layer (fourth layer) are shown in Fig. 8.5. It can be seen that the concentrations of Ca
and Ti elements decrease from the surface layer to the middle layer in the graded
composite, whereas the Al concentration follows the opposite trend. It is indicated
that the graded distributions of Al,O5, (W,Ti)C, and CaF, conform to the design
scheme shown in Table 8.2. It should be noticed that a small amount of elemental Ca
is detected in the middle layer of the material where no CaF, was added. The
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Table 8.3 Mechanical properties of the self-lubricating ceramic composites

Flexural strength Vickers hardness Fracture toughness
Specimen (MPa) (GPa) (MPa-m v 2)
Graded composite 769+22° 15.36 + 0.3° 4.02 +0.2°
Homogeneous 617 £ 31 12.89 £ 0.5 3.81+£03

composite

"The testing forces were loaded perpendicularly with respect to the layers
The data were from measurements taken on the surface layers

concentration of elemental Ca sharply decreases from the boundary of the fourth
layer and the third layer to the interior of the fourth layer. This result could be
attributed to the melting point of CaF,, which is lower than the sintering temperature.
Some CaF, may have melted during the sintering process and diffused into the
middle layer from the adjacent layers.

The mechanical properties of Al,O3/(W,Ti)C/CaF, graded self-lubricating
ceramic composite and the homogeneous composite are listed in Table 8.3. The
flexural strength, Vickers hardness, and fracture toughness of the Al,Os/(W,Ti)C/
CaF, graded composite are respectively 25%, 19%, and 6% higher than those of the
AlL,O3/(W,Ti)C/CaF, homogeneous composite. The significant improvement in the
mechanical properties can be attributed to the two design criteria. Firstly, the
decreasing gradient of the CaF, content from the surface layers to the middle layer
of the graded composite can ensure excellent self-lubricating properties in the
surface layers because of its relatively high CaF, content, and improve the flexural
strength of the whole material due to substantially higher flexural strength of the
middle layer where no CaF, had been added. Secondly, residual compressive
stresses in the surface layers were caused by the mismatched thermal coefficients
of expansion between adjacent layers. The presence of these stresses can effectively
improve the mechanical properties of the surface layers, especially the fracture
toughness and hardness [11].

The thermal residual stresses were calculated by the indentation method [12]. The
indentation was produced by a Vickers indenter on central line of each layer of a
cross section of the composite, using a load of 49 N. The indents were aligned in the
way that their diagonals and possible radial cracks were parallel and perpendicular to
the graded layers. As shown in Fig. 8.6a, the indentation cracks that are perpendic-
ular to the layers are clearly shorter and narrower than those parallel to the layers,
which indicates the presence of compressive stresses in the surface layers. It can be
seen from Fig. 8.6b that the exterior layers are subjected to compressive stresses
while tensile stresses are found in the interior layers. The profile of residual stresses
satisfactorily conforms to the design objective.

The dry friction and wear test took pin-on-disk type and was carried out on a
MMW-1A multipurpose friction and wear testing machine. The pin specimen
(10 mm x 10 mm x 5 mm, Ra 0.1 pm) was made of the self-lubricating ceramic
composites by cutting, grinding, and polishing. The disk was a hardened 45# carbon
steel ring (@54mm x @38mm x 10 mm, HRC 45, Ra 0.08 pm). The pin and disk
were ultrasonically cleaned for 10 min in acetone and then completely dried in a
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Fig. 8.6 (a) Optical micrograph of an indentation on the surface layer, and (b) profile of residual
stresses measured by the indentation method
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Fig. 8.7 Schematic diagrams of the testing device and clamping mode of pin specimen

vacuum drying oven. The schematic diagrams of the friction and wear testing device
and clamping mode of pin specimen are shown in Fig. 8.7. During the dry friction
and wear test, the pin specimen of Al,O03/(W,Ti)C/CaF, graded composite was
clamped in the way shown as Fig. 8.7a and was sliding on the disk with a rotational
speed of 100-300 r/min under a normal load of 100 N.

The friction coefficient y of the ceramic composite was calculated by the formula:

pu=F/P=M/R-P) (8.5)

where F is the fiction force (N); P is the normal load (N); M is the friction torque
(N-m); R is intermediate radius of the steel ring (m). The friction coefficient was
acquired directly from the friction and wear machine.

The wear rate # (mm>/N-m) of the ceramic composite was calculated by the
formula:

W=V/L-P)=m/2r-R-n-t-p-P) (8.6)
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Fig. 8.8 Effect of rotational speed on (a) friction coefficient and (b) wear rate

where Vis the volume loss (mm?); L is the sliding distance (m); m is the mass loss
(g); n is the rotational speed (r/min); ¢ is the friction duration (min); p is the density
(g/mm3 ) and was measured by Archimedes method.

As shown in Fig. 8.8a, the friction coefficient of the two ceramic composites
decreases with the increase of rotational speed from 100 r/min to 300 r/min. It is
indicated that their antifriction property at relatively high speed is better than that at
lower speed. It can also be seen that the fiction coefficient of Al,O3/(W,Ti)C/CaF,
graded ceramic composite is slightly higher than that of the homogeneous one. The
homogeneous ceramic composite and the surface layer of the graded ceramic
composite were made from the same combined powders. They have the same
CaF, content and other constituent content. Thus the antifriction property of
Al,03/(W,Ti)C/CaF, graded ceramic composite is comparable to that of the homo-
geneous one. As shown in Fig. 8.8b, the wear rate of the two ceramic composites
decreases as the rotational speed increases from 100 r/min to 300 r/min. Besides, the
wear rate of Al,O3/(W,Ti)C/CaF, graded ceramic composite is lower than that of
Al,O3/(W,Ti)C/CaF, homogeneous composite. It means that the graded composite
has better antiwear property than the homogeneous composite. According to the
research of Evans et al. [5], the improvement in antiwear property should be
attributed to the enhancement of mechanical properties of the graded ceramic
composite, which was caused by the residual compressive stresses existing in the
surface layer.

The pin specimen of the graded self-lubricating ceramic composite was clamped
in the way shown as Fig. 8.7b. The cross section was used as the rubbing surface to
make all layers sliding against the disk at the same time. The effect of CaF, content
on the wear property of the ceramic composite was analyzed by observing the wear
morphologies of graded layers with different composition. Figure 8.9 shows wear
morphologies of graded layers with different composition under the normal load of
100 N and rotational speed of 200 r/min. It is shown that the worn surface of the
fourth layer, where no CaF, was added, is rough and abounds with furrow-like
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Fig. 8.9 SEM micrographs of wear morphologies of different layers: (a) 4th layer with 0 Vol.%
CaF,, (b) 3rd layer with 3.3 Vol.% CaF,, (¢) 2nd layer with 6.7 Vol.% CaF,, (d) 1st layer with
10 Vol.% CaF,

scratches, which is a typical sign of abrasive wear. With the increase of CaF, content,
tribofilm with increasing coverage area was formed and abrasive wear was alleviated
layer by layer. It indicates that the CaF, solid lubricant was released and smeared on
the worn surfaces, because CaF, has planes of perfect crystal cleavage in its crystal
structure suggesting low-shear strength [13]. Relatively complete tribofilm was
formed on the wear surface of the surface layer containing 10Vol.% CaF,. The
tribofilm played a major role in antifriction and wear resistance.

8.3  Self-Lubricating Ceramic Composites with Metal Coated
Solid Lubricants

Self-lubricating ceramic composites with the addition of metal coated solid lubri-
cants were proposed in terms of microstructural modification to the traditional self-
lubricating ceramic composites. Metal coated solid lubricants are composite
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Table 8.4 Composition and parameters of the electroless nickel plating bath

Role in the bath Chemical Parameter
Main salt Nickel sulfate (NiSO4-6H,0) 25 g/L
Reducing agent Sodium hypophosphite (NaH,PO,-H,0) 25 g/L
Complexing agent Tri-sodium citrate (C4HsNa3;07-2H,0) 50 g/L
Buffering agent Ammonium chloride (NH4C1) 30 g/L

pH adjuster Aqueous ammonia (NH;-H,0) Proper amount
pH of solution 9.5-10.0
Plating temperature 45-50 °C
Loading ratio 2-10 g/L

powders with a solid lubricant core and metallic shell. There are many methods to
synthesize core-shell composite powders with metallic shell, such as precipitation
[14], chemical vapor deposition [15], electroplating [16], electroless plating [17],
displacement plating [18], thermo-chemistry co-reduction [19], and gas suspension
spray coating [20]. Among these methods, electroless plating has been recognized as
one of the most convenient and effective techniques [21]. It is an autocatalytic
chemical reduction process in which the reducing agent is oxidized and metallic
ions are reduced and then deposited on the substrate surface.

In the study, metal coated solid lubricant powders were firstly prepared by
ultrasonic assisted electroless plating process, and then the as-prepared coated
powders were mixed with ceramic matrix powders to prepare self-lubricating
ceramic composites by hot pressing.

AL O3/(W,Ti)C, CaF,, and Ni were chosen to be the matrix material, solid
lubricant, and metal for coating, respectively. The starting powders were commer-
cially available a-Al,O5, (W,Ti)C, and CaF, with average particle size of 0.5 pm,
2.5 um, and 5 pm, respectively. Before electroless nickel plating process, the raw
CaF, powders were cleaned, coarsened, sensitized, and activated [9]. After that, the
CaF, powders were dispersed in distilled water and then poured into an electroless
nickel plating bath with ultrasonic agitation. The composition and parameters of the
plating bath are listed in Table 8.4 [9]. The overall reaction in the electroless plating
can be expressed as follows [22]:

2Ni** + 8H,PO, ™ + 2H,0 — 6H,PO3~ 4+ 2H" +3H, 1 +2P+2Ni  (8.7)

Because NaH,PO,-H,0O was used as reductant in the plating bath, phosphorus
element was electroless co-deposited with nickel atoms on CaF, powders to form
core-shell structure. After electroless plating, the nickel coated CaF, powders
(CaF,@Ni) were rinsed with distilled water for several times and then dried in a
vacuum oven at 100-110 °C for 8-10 h.

Figure 8.10 shows SEM micrographs of pristine CaF, powders and CaF,@Ni
powders with different CaF, loading ratios. It can be seen from Fig. 8.10a that the
pristine CaF, powders have irregular and polyhedral shape with clean and smooth
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Fig. 8.10 SEM micrographs of (a) pristine CaF, powders and CaF,@Ni powders with different
CaF, loading ratios: (b) 2 g/L, (¢) 5 g/L, (d) 10 g/L

surfaces. By contrast, the CaF,@Ni powders exhibit coarse surfaces with regular
nanometric spheres, as shown in Fig. 8.10b—d. When CaF, loading ratio is 2 g/L, the
nickel coating is complete but has a lot of free Ni aggregates. When CaF, loading
ratio is 10 g/L, the nickel coating is incompact and incomplete. The nickel coating
with CaF, loading ratio of 5 g/L is uniform, compact, and complete. Therefore,
CaF,@Ni powders prepared when CaF, loading ratio was 5 g/L were used to prepare
Al,O3/(W,Ti)C/CaF,@Ni ceramic composite.

Figure 8.11 shows XRD pattern of CaF,@Ni composite powders when CaF,
loading ratio of electroless plating was 5 g/L. Besides sharp diffraction peaks
belonging to CaF,, noncrystalline background appears and there is a hillock-like
peak (shown in dashed frame) near 20 = 45°. EDS was used to further confirm the
coating composition, as shown in Fig. 8.12. It is obviously seen that Ni and P peaks
appear at the EDS spectrum besides Ca and F peaks. The XRD and EDS analysis
evidently confirm that CaF, powders were covered by amorphous Ni-P alloy.
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Fig. 8.11 XRD patterns of
(a) CaF,@Ni composite
powders and (b) pristine CaF, =— CaF,
powders
>
= [ ]
2
]
A otz

10 20 30 40 50 60 70 80

2theta(deg.)
Element Wit% At%
Ca F 30.66 52.71
Ca 26.29 21.47
Ni 39.27 21.85
P 3.78 3.97
Total 100 100
}'\.”\
0 05 1 15 2 25 3 35 4 45 5 55 6 65 7 75 kév
e

Fig. 8.12 EDS spectrum of CaF,@Ni composite powders

The as-prepared CaF,@Ni powders were mixed with the raw a-Al,O; and
(W,Ti)C powders (a-Al,O3:(W,Ti)C = 55:45, v/v) and hot pressed to produce
AL O5/(W,Ti)C/CaF,@Ni ceramic composite containing 10 vol.% CaF,@Ni pow-
ders. The detailed preparation process and measurement method of mechanical
properties were described in [9]. An Al,O3/(W,Ti)C/CaF, ceramic composite with
10 vol.% uncoated CaF, was also prepared by using the same technical process.

Figure 8.13 shows SEM micrographs of the polished surfaces of the two ceramic
composites. The light gray phase is identified by EDS to be (W, Ti)C and CaF,, and
the deep gray phase is Al,Os. It can be seen that the (W, Ti)C phase of Al,O3/(W,Ti)
C/CaF,@Ni composite is uniformly distributed in the Al,O; matrix and has
smoother grains than Al,Os/(W,Ti)C/CaF, composite. It is deduced that the
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Fig. 8.13 SEM micrographs of polished surfaces: (a) Al,O3/(W,Ti)C/CaF, and (b) Al,O3/(W,Ti)
C/CaF@Ni.

Fig. 8.14 SEM micrographs of fracture surfaces: (a) Al,O3/(W,Ti)C/CaF, and (b) ALLO3/(W,Ti)C/
CaF,@Ni

pointedness of (W,Ti)C in Al,Os/(W,Ti)C/CaF,@Ni composite fused during the
sintering process due to the addition of CaF,@Ni powders.

Figure 8.14 presents SEM micrographs of the fracture surface of the two ceramic
composites. The microstructure of Al,O5/(W,Ti)C/CaF, composite is not so homoge-
neous and some grains with abnormal growth can be seen. By contrast, the micro-
structure of Al,Os/(W, Ti)C/CaF,@Ni composite is compact and the grain size of each
phase is uniform. The addition of CaF,@Ni powders leads to the improvement in
microstructure. For one thing, adding the coated powders enhanced dispersity of the
solid lubricants in the ceramic composite. For another, the nickel was in fluid phase at
the sintering temperature and played a role in promoting densification and preventing
grains from abnormally growing. Furthermore, fracture modes of the both ceramic
composites are mixed transgranular fracture and intergranular fracture.
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The measured flexural strength of the Al,Oz/(W,Ti)C/CaF,@Ni composite was
582 4 27 MPa, which is 15% higher than that of the Al,O5/(W,Ti)C/CaF, composite
(506 £ 21 MPa). The Vickers hardness of the Al,O3/(W,Ti)C/CaF,@Ni composite
was 14.1 £ 0.4 GPa, which was increased by 5% compared to that of the Al,O5/(W,Ti)
C/CaF, composite (13.4 &= 0.3 GPa). The fracture toughness measured on the surface
layers of the ALO5/(W,Ti)C/CaF,@Ni composite was 4.3 + 0.3 MPa-m'”%, which is
19% higher than that of the Al,O5/(W,Ti)C/CaF, composite (3.6 + 0.2 MPa-m'?).
The enhancement of the mechanical properties can be attributed to two reasons: firstly,
the inhomogeneous distribution of a second phase and abnormally grown grains can
act as the fracture origin and then do harm to mechanical properties [23], so the
enhanced flexural strength and hardness of Al,O5/(W,Ti)C/CaF,@Ni composite may
be caused by its more homogeneous microstructure refined by adding CaF,@Ni
powders. Secondly, ceramic materials can be toughened by incorporating ductile
metal particles in terms of sintering metal coated ceramic powders [24, 25]. The
main toughening mechanisms are the bridging effect and the deflection of cracks by
the metal particles. So the addition of CaF,@Ni powders should account for the
notable fracture toughness improvement of Al,Os/(W,Ti)C/CaF,@Ni composite.

The dry friction and wear test took pin-on-disk type and was carried out on the
MMW-1A multipurpose friction and wear testing machine. The pin specimen
(10 mm x 10 mm x 5 mm, Ra 0.1 pm) was made of the self-lubricating ceramic
composites by cutting, grinding, and polishing. The disk was a hardened 45# carbon
steel ring (@54mm x @38mm x 10 mm, HRC 45, Ra 0.08 pm). The pin and disk were
ultrasonically cleaned for 10 min in acetone and then completely dried in a vacuum
drying oven. During the dry friction and wear test, the pin specimen was sliding on the
disk with a rotational speed of 100—400 r/min under a normal load of 20 N.

The effect of the rotational speed on the friction coefficient is illustrated in
Fig. 8.15a. It can be seen that with the increase of rotational speed from 100 r/min
to 400 r/min, the friction coefficient of the two composites shows a downward
trend. In addition, the friction coefficient of Al,Oz/(W,Ti)C/CaF,@Ni composite is
smaller than that of Al,O3/(W,Ti)C/CaF, composite at each rotational speed. This
phenomenon can be attributed to the different addition methods of CaF,. For Al,05/
(W, Ti)C/CaF, composite, a chemical reaction between CaF, and Al,O; may occur
during the sintering process [26]:

3CaF2 (S) + A1203(S) — 3Ca0(s) + 2A1F3 (g) (88)

The reaction results in loss of some CaF, and weakens the self-lubricating
property of the ceramic composite. For Al,Oz/(W,Ti)C/CaF,@Ni composite, the
metal shell of the CaF,@Ni powders can prevent or reduce the reaction between
CaF, and Al,O3. Thus Al,O53/(W,Ti)C/CaF,@Ni composite exhibits better anti-
friction property than Al,O3/(W,Ti)C/CaF, composite.

Figure 8.15Db illustrates the effect of the rotational speed on the wear rate of the two
composites. Firstly, the wear rate of the two composites decreases as the rotational
speed increases from 100 r/min to 400 r/min. Secondly, the wear rate of Al,O3/(W,Ti)
C/CaF,@Ni composite is lower than that of Al,O3/(W,Ti)C/CaF, composite. It
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indicates that the antiwear property of the composite with the addition of CaF,@Ni
powders is superior to that of the composite with the addition of pristine CaF,
powders. Evans et al. reported that the wear rate of ceramic material is inversely
proportional to the product of its fracture toughness and hardness, i.e., K%“H 1/2
[5]. Therefore, the better antiwear property of Al,Os/(W,Ti)C/CaF,@Ni composite
can be ascribed to the higher mechanical properties especially the hardness and
fracture toughness.

The worn surfaces of the two composites under the rotational speed of 200 r/min
are presented in Fig. 8.16a and c, respectively. It can be seen that the worn surface of
AlL,O5/(W,Ti)C/CaF, composite is rougher than that of Al,O3/(W,Ti)C/CaF,@Ni
composite, which verifies the wear resistance of the latter is higher than the former.
In addition, EDS analysis reveals that more Ca and less Fe exist on the worn surface
of AL,O3/(W,Ti)C/CaF,@Ni composite in comparison to Al,O5/(W,Ti)C/CaF, com-
posite, as shown in Fig. 8.16b and d. It is indicated that the ceramic composite with



238 G. Wu et al.

Ti T

R e m s e e e AR REaaa

1 2 3 4 5 6 7 8 9 10
keV

Fig. 8.16 (a) SEM micrograph and (b) EDS analysis of worn surface of Al;O5/(W,Ti)C/CaF,; (¢)
SEM micrograph and (d) EDS analysis on worn surface of Al,O5/(W,Ti)C/CaF,@Ni.

the addition of CaF,@Ni powders has better antiadhesive property than the ceramic
composite with the addition of pristine CaF, powders.

8.4  Summary

Aiming at the difficult problem that the traditional self-lubricating ceramic compos-
ites are not available to possess rational combination of antifriction and antiwear
properties, two new types of self-lubricating ceramic composites were developed in
recent years. They modified the traditional self-lubricating ceramic composites at
macroscopic and microscopic levels, respectively.

Al,O3/(W,Ti)C/CaF, graded self-lubricating ceramic composite was developed in
terms of macrostructural modification. The microstructures changed layer by layer,
which agreed with the gradient variation of the components. The exterior layers were
subjected to compressive stresses and the interior layers were subjected to tensile
stresses. The flexural strength, Vickers hardness, and fracture toughness of the
AlL,O3/(W,Ti)C/CaF, graded composite were respectively 25%, 19% and 6% higher
than those of the homogeneous Al,Os/(W,Ti)C/CaF, composite. The dry friction and



8 Recent Progress in Self-Lubricating Ceramic Composites 239

wear test showed that the graded self-lubricating ceramic composite had comparable
antifriction properties and superior antiwear properties to the homogeneous com-
posite. The evident improvement in the mechanical and tribological properties can
be attributed to the fulfillment of the two design criteria. For one thing, the gradually
decreasing distribution of CaF, from the composite’s surface layers to middle layer
ensured good self-lubricating property of the surface layers and enhanced the
flexural strength of the graded composite. For another, the existing residual com-
pressive stresses increased hardness, fracture toughness, and antiwear properties of
the surface layers of the graded composite.

AL O5/(W,Ti)C/CaF,@Ni self-lubricating ceramic composite with the addition of
metal coated solid lubricants was developed in terms of microstructural modification.
As compared with the Al,O3/(W,Ti)C/CaF, composite, the microstructure of
AL O3/(W,Ti)C/CaF,@Ni composite was more uniform. The flexural strength,
Vickers hardness, and fracture toughness were increased by about 15%, 5%, and
19%, respectively. The dry friction and wear test showed that Al,O5/(W,Ti)C/
CaF,@Ni composite had obviously better antifriction and antiwear properties than
AlLOs/(W,Ti)C/CaF, composite. The addition of CaF,@Ni powders led to the
improvement in the microstructure, mechanical properties, and tribological behav-
iors. Firstly, the nickel shell of CaF,@Ni powders promoted dispersity of CaF, in the
ceramic composite and protected CaF, from reacting with the Al,O3 matrix, which
enhanced antifriction property. Secondly, the nickel shell promoted the ceramic
composite’s densification, prevented grains from abnormally growing, and tough-
ened the ceramic composite, which improved the microstructure, mechanical prop-
erties, and antiwear property.
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Abstract

The three-dimensional lubricating layer on a ceramic surface realizes the integra-
tion of the structure and lubricating function in ceramic materials, which
can achieve outstanding lubricating properties and maintain the excellent
mechanical properties of ceramics, solving the special lubrication and wear
failure in mechanical systems under extreme conditions (e.g., corrosive environ-
ment and wide-temperature range condition). In this chapter, two kinds of
surface-lubricating structural-laminated ceramics with high reliability were
designed and prepared based on experiment research and theoretical simulation.
These ceramics can achieve stable and effective lubrication in a water environ-
ment and wide-temperature range condition. These materials are Al,O3/Ni- and
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Al,O3/Mo-laminated composites suitable for use in a water environment and in
wide-temperature range conditions, respectively. The relation between the surface
microstructure of the prepared materials and their properties (mechanical and
tribological) was investigated. Results indicated that the integration of the struc-
ture and lubricating function of the ceramic composites is realized through the
bionic, surface microstructure, and three-dimensional self-lubricating design of
the materials, further improving their lubricating and practical properties. Factors
that can influence the tribological behavior and wear failure of the above mate-
rials were proposed through the systematic study of the tribological behavior
under different environments and test conditions, as well as the relation among
the structure, composition, and properties of these two kinds of materials. In
addition, theoretical models of the relation between the structural parameters and
performance of the materials were built. These methods provided theories and
technologies for the preparation and application of high performance lubricating
materials that can be used in corrosive and wide-temperature range environments.

9.1 Introduction

Lubrication in extreme environment is a key factor that affects the security, high
efficiency, and stable operation of a mechanical system. This factor also restricts the
development of high-end equipment. During the past decades, various self-
lubricating materials have been developed for different machineries. These devel-
opments were geared toward improving the properties of materials, allowing them to
surmount severe challenges under extreme conditions. The lubricating materials for
different fields must be capable of working in corrosive environments or other
extreme conditions (e.g., wide-temperature range condition requires continuous
and complex multienvironment lubrications) for a long time. In the current science
and technology development context, high-performance ceramic lubricating mate-
rials are the most promising candidates for the harsh environment application of
wear-resistant components because of their excellent mechanical properties, such as
high strength, resistance to corrosion, and oxidation stability under extreme condi-
tions, and insensitivity to defects. Moreover, ceramic lubricating composites are the
only material that can work above 1000 °C and in complex harsh environments
[1-6]. Nevertheless, the high friction coefficient of this kind of material under dry
sliding, boundary lubrication conditions, and brittleness of the ceramic matrix itself
limit their practical application in tribological and high-end equipment areas. There-
fore, the design and fabrication of high-performance lubricating materials must be
geared toward improving both the mechanical and lubricating properties. This can
also solve the limited application of ceramic lubricating materials.

Laminating composites is one of the new strategies. The method integrates strong
or weak interfaces with ceramics inspired by bionic multilayer structures, such as
shells, lignum, and teeth. It has attracted significant research attention because of the
excellent mechanical properties of structured ceramics. These materials possess
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noncatastrophic fracture behavior and damage tolerance that exhibit much higher
fracture toughness and work of fracture than monolithic ceramics [7-9]. The
pioneering work of Clegg et al. successfully fabricated SiC/graphite-laminated
composites using SiC as the strong layers and graphite as the weak interface.
These materials exhibited great mechanical properties with a fracture toughness
and work of fracture of 15 MPa - m"? and 4625 J - m 2, respectively. Moreover,
the laminated composites also showed excellent lubricating property and wear
resistance because of their special weak interfacial graphite layer [10]. According
to previous studies, Al,O3/Ni and Al,05;/Mo are typical laminated composites.
Al,0O3/Ni and Al,03/Mo are promising candidates in corrosive environment and
high temperature condition applications, respectively. The two typical laminated
composites exhibit excellent mechanical properties that can achieve security, high
efficiency, and stable operation for mechanical systems as structural materials [11,
12]. Nevertheless, the friction coefficient and wear rate of Al,Os/Ni-laminated
composites are high and unstable under boundary lubricating conditions. The
room and medium-temperature friction coefficients of Al,O3;/Mo-laminated com-
posites are high under dry sliding conditions. Thus, these factors limit the application
of these two laminated composites in lubricating areas.

Laser surface texturing (LST), which forms regular micro-patterns on the sliding
surface, is generally recognized as an effective means to improve the tribological
property of moving part surfaces. Previous studies showed that the introduction of
specific texturing on sliding surfaces can effectively alleviate the friction and wear of
materials, increase the lifetime of the sliding contacts by trapping wear debris, or
promote the retention of a lubricant film between mating surfaces [13—18]. This
method combined with laser surface texture and solid lubricant films can signifi-
cantly improve the tribological performance of materials. The mechanism of such
composition-lubrication structure involves the use of textured microdimples on the
material surface to store lubricants. Lubricants are squeezed on the friction surface to
form a lubricating film during friction. This method improves the contact states
between the friction pair. This process leads to reduced frictional wear and increased
service life of materials. The method of forming a composite lubricating layer on a
textured surface mainly includes burnishing, sputtering, and hot press sintering.
Lubricants stored in textured micropatterns can supply the friction surface continu-
ously, prolonging the service life of materials [19-24]. Therefore, the integration of
LST and lubricants on the surface of materials is an effective means to achieve
outstanding lubricating properties for the materials. However, few in-depth and
systematic studies are available on the combination of laser surface texturing and
bionic-laminated ceramics. These studies are necessary to investigate and improve
the application limits of these laminated ceramic composites systematically.

On the basis of this background, two kinds of surface-lubricating structural-
laminated ceramics with high reliability were designed and prepared. The three-
dimensional lubricating layer fabricated on the ceramic surface realizes the integra-
tion of structure and lubricating function in laminated ceramic materials. This
method can achieve outstanding lubricating properties and maintain the excellent
mechanical properties of the ceramic. This process can also address the special
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lubrication and wear failure in mechanical system under corrosive environment
and wide-temperature range conditions, respectively. These materials are surface
textured integrated with diamond-like carbon (DLC) film, LaF;-doped MoS,
composite coating of alumina/nickel-laminated composites, and surface textured
integrated with solid lubricants of alumina/molybdenum-laminated composites.
These are suitable for use in a water environment and wide-temperature range
conditions, respectively. The relation between the surface microstructure of the
prepared materials and their properties (mechanical and tribological) was
investigated.

9.2  Laser Surface Texturing and Tribological Properties
of Ceramic Composites

Zirconia toughened alumina (ZTA) ceramic nanocomposites are potential candidates
for the application of wear-resistant components because of their excellent proper-
ties, such as superior strength and fracture toughness, high wearability and hardness,
low specific density, and antioxidation effect. Nevertheless, the friction coefficient
and wear rate of ZTA nanocomposites are high under dry sliding conditions, which
limit the application of these nanocomposites in tribological areas. LST is the basis
for the integration of structured and lubricating functions in ceramics. The friction
reduction mechanisms of surface texturing with different shapes and dimensions
were investigated in several research works. The mechanisms mainly contain pre-
venting stiction during start-up in magnetic storage industry, trapping wear debris in
the texture micropatterns to reduce friction and wear, improving load capacity by
enhancing hydrodynamic and hydrostatic lubrications, and acting as reservoirs to
enhance lubricant retention and provide continuous lubrication to sliding surfaces
[15, 25, 26]. The method is simple and effective in achieving antifriction and reduces
the coefficient friction on the surface of ceramics by laser surface texturing. This part
aims to reveal the microtexture mechanism that affects the tribological properties of
ZTA nanocomposites and provide guidance for the optimum design of a
composition-lubrication structure on the surface of laminated ceramic materials.

By controlling the sintering temperature properly, ZTA nanocomposites with
excellent mechanical properties were prepared by hot pressing. The microhardness
and bending strength of the sintered nanocomposites were approximately 17.01 GPa
and 470 MPa, respectively. A commercial pulsed Nd:YAG laser was employed to
produce the texture on the surface of the ZTA nanocomposites [27].

The scanning electron microscopy (SEM) photographs of the surface morphology
of the ZTA nanocomposites with laser textures are presented in Fig. 9.1a. The 3D
characteristic profiles of the textured surface for the nanocomposites are exhibited in
Fig. 9.1b. A size-controlled microdimpled texture with a regular pattern was suc-
cessfully fabricated on the surface of the ZTA nanocomposites by a pulsed Q-switch
Nd:YAG solid-state laser. Through the optimized design of the laser texturing
parameters, the tribological performance of the ZTA nanocomposites was signifi-
cantly improved [27]. Figure 9.2 shows the curves of the friction coefficients of the
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Fig. 9.1 SEM photographs (a) and 3D characteristic profiles (b) of the textured surface for the

nanocomposites

Fig. 9.2 Friction coefficient
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untextured and textured surfaces of the ZTA nanocomposites under dry contact. The
results indicated that the textured ZTA nanocomposite surface exhibited a low
coefficient under dry friction conditions, especially under a relatively high load
and sliding speed. Moreover, the texture density has an important effect on the
property of the materials. The dense micro-dimples were advantageous in improving
the tribological properties of the material. When the texture density is 34%, the
friction coefficient of the textured ZTA nanocomposites can be reduced to 0.5. This
value was approximately 44% lower than that of the untextured ZTA nanocomposite
surface.

Figure 9.3 shows the average values of the friction coefficients of the untextured
and textured ZTA nanocomposite surfaces at different loads and sliding speeds in a
water environment. The increase in texture density resulted in an increase in water
storage capacity. Thus, the reduction of the friction coefficient was primarily
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attributed to the secondary lubricating effect produced by the lubricant (water) stored
in the microdimples of the ZTA nanocomposite surfaces.

Figure 9.4 shows the typical 3D topographical structure of the worn surfaces of
the untextured (Fig. 9.4a) and textured (Fig. 9.4b) samples. As shown in Fig. 9.4a,
the untextured surfaces exhibited serious plough and adhesion wear under dry
condition. By contrast, the textured surfaces exhibited excellent antiwear ability.
The wear debris was effectively trapped and stored by the produced microdimples.
This phenomenon can prevent abrasive wear and reduce plowing of the friction
surfaces.

The understanding of such mechanisms provides guidance for the optimized
design of a composition-lubrication structure on the ceramic surface. The process
also provides theoretical guidance and technology support for the application of new
ceramic materials in the high-technology fields. Therefore, the following laser
surface texturing technology is used to design the surface composition-lubrication
structure of alumina-matrix-laminated composites.
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9.3  Surface Lubricating Design, Fabrication, and Tribological
Properties in a Water Environment of Al,Os/Ni-Laminated
Composites

The chemical resistance of lubricating ceramics is the ability of a material to resist
the destructive effect of an aggressive environment. In addition to the properties of
the corrosive medium, this ability depends also on the microstructure of the lubri-
cating ceramic material and conditions of the corrosion process, especially in
medium-material contact [28-30]. High-performance alumina-matrix lubricating
ceramics are potential candidates for the application of wear-resistant components
because of their high wearability and hardness, low specific density, and anti-
oxidation effect. However, the ability to resist the corrosive environment, such as
liquids (solution of acid, alkaline, salts, molten salts, glasses, slags and metals, water,
and so on), is one of the most limited properties of materials in many industrial
applications. Therefore, designing and fabricating alumina-matrix-laminated com-
posites with excellent mechanical and tribological properties that are adapted to the
corrosive environment is significant. The combination of the bionic design with
corrosion-resistant weak interface and surface lubricating design suitable for corro-
sive environment of ceramic-matrix-laminated composites is a promising way to
achieve the optimal integration of mechanical and tribological properties. In this
section, a surface lubricating structural Al,O3/Ni-laminated ceramics was designed
and fabricated with high reliability and suitable for use in a water environment; the
material can achieve stable and effective lubrication under water-based corrosive
environments [31, 32].

First, Al,O3/Ni-laminated composites with excellent mechanical properties were
successfully fabricated through layer-by-layer pressing and hot-press sintering
method. Their bending strength, fracture toughness, and work of fracture can reach
up to 470 MPa, 9.6 MPa-m'"%, and 1952 J-m 2, respectively [31]. On the basis of the
Al,O3/Ni-laminated composites, two types of surface composition-lubrication struc-
tures were fabricated through the laser texturing and deposition/spraying technolo-
gies [31, 32]. These methods improved the surface tribological performance of the
Al,0O3/Ni-laminated composites under water environment remarkably. The regular-
ity of the internal relationships between the surface texture micropattern and the
microstructure, chemical composition, and properties of the lubricating films was
systematically investigated. This process provided an important theoretical and
experimental basis for the design of materials for water-based corrosive environ-
ments. The schematic and design concept of the surface composition-lubrication
structure on the surface of Al,03/Ni-laminated composites is shown in Fig. 9.5.

The microstructures of typical Al,Os/Ni-laminated composites are illustrated in
Fig. 9.6, where the dark layer is the Al,O3 layer and the light layer is the Ni, which is
markedly thinner than the Al,O5 layer. The laminated composites present a relatively
straight obvious multilayer structure. The boundary between the strong/weak layer
was sharp and without clear delamination (Figs. 9.6a, b). Moreover, the Al,03 and
Ni layers in the composites were all fully densified because of their good sinterabil-
ity. Thus, Ni and Al,O3 presented compact-crystallized structures with no obvious
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Fig. 9.5 The schematic and surface lubricating design concept of Al,Os/Ni-laminated composites

flaws (Fig. 9.6c). These special weak interfacial layers played an important role in
improving the mechanical and tribological properties of the laminated composites.

The SEM microtexture photographs of DLC films and LaF;-doped MoS, compos-
ite coatings of the Al,Os/Ni-laminated composites are presented in Fig. 9.7a and b,
respectively. As seen from Fig. 9.7a, the microdimples of DLC films are uniform. The
surface around the microdimples is smooth, indicating the absence of notable cracks or
other morphological discontinuities. As seen from Fig. 9.7b, the LaF3-doped MoS,
composite coatings on the textured surfaces are composed of closely packed powder
particles. No obvious microcracks, holes, or other defects can be observed on the
textured LaF3;-doped MoS, composite coatings. The LaFs;-doped MoS, composite
coatings on the textured surface exhibit a relatively rough surface morphology.

Fig. 9.8a shows the different surface types of friction behaviors of Al,O3/Ni-
laminated composites. The textured DLC films with different microdimple area
densities are illustrated in Fig. 9.8b. The synergistic effect of a surface texture and
DLC film in a water environment is a dominant cause of the decrease of the surface
friction coefficient of the material. When friction against a stainless steel pin occurs
in a water environment, the friction coefficient of the composition-lubrication
structure can decrease to 0.06. This value is nearly one order of magnitude lower
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Fig. 9.7 Textured surface lubricating structure with (a) DLC films and (b) LaF;-doped MoS,
composite coating of the Al,O3/Ni-laminated composites

than that of the uncoated smooth ceramic surface (0.51). Moreover, the microdimple
density of the texture with DLC film plays a key role in improving the tribological
properties. When the texture density is low, the tribological properties of the
composition-lubrication structure primarily depend on the synergistic lubrication
of the surface texture and the DLC thin film because of the low storage of lubricant in
the microdimples and the low viscosity feature of water. For high-density textured
surfaces, the increase of texture density decreases with DLC content on the surface.
This phenomenon indicates that the lubrication effect of DLC decreases. Meanwhile,
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samples [31]

the increase of the texture density increases the storage volume of the lubricant that
facilitates the formation of lubricating films on the friction surface. When the texture
density is 5% or 45%, the composition-lubrication structure exhibits optimal tribo-
logical properties and adequate environmental adaptability. Figure 9.8c and d shows
the average evolution values of the friction coefficients of the high-density (45%)
textured DLC films at different loads and sliding frequencies under water lubrica-
tion. As shown in the figure, the textured DLC surface with a microdimple density of
45% exhibits excellent tribological properties in these working conditions. The
friction coefficient of the textured surfaces is in the range of 0.06-0.14. The test
conditions exhibited a significant effect on the tribological properties of the mate-
rials. The effect of sliding frequency on the friction coefficients was larger than the
effect of the load.

Figure 9.9 shows the typical SEM micrographs of the worn surfaces of the
untextured surface of DLC films (Fig. 9.9a) and textured surface of DLC films
(Fig. 9.9b). As shown in Fig. 9.9a, the DLC films on the untextured substrate are
severely worn out and flaked off, whereas the textured DLC films are intact and
merely exhibit a very small abrasion at the edge of the microdimples (Fig. 9.9b).
Therefore, the textured surfaces effectively prevented the peeling of DLC films and
exhibited excellent antiwear ability. The performance of the Al,O5/Ni-laminated
composites can be improved significantly by introducing a regular texture and DLC
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Fig. 9.9 SEM morphologies of the wear tracks of untextured (a) and textured DLC films

films on the surface of the materials. Thus, low and stable friction coefficients can be
obtained on the sliding surface.

For the soft composition-lubrication layers of LaF;-doped MoS, composite coatings
on the surface of Al,O;/Ni-laminated composites, the following results were can be
determined through the systematic investigation of the tribological behavior and fatigue
failure mechanism in a water environment. Surface texture can significantly reduce the
contact angle between the surfaces of Al,O;/Ni-laminated composites. The lubricant of
water promoting the formation of water film and reducing the friction coefficient of the
friction pair surfaces effectively. The friction coefficient of the soft composite lubrica-
tion surface can be reduced to 0.08, which is less than one-sixth of that of the smooth
surface. The sliding lifetime of the lubricating coating can be increased by a factor of
more than 10° cycles because of the self-locking function of the surface microtexture on
the adhesive coating and its secondary lubrication effect, as shown in Fig. 9.10.

The typical SEM morphologies of the wear tracks of untextured and textured
LaF;-doped MoS, composite coatings are shown in Fig. 9.11. The untextured LaF3-
doped MoS, composite coating surface has flaked off completely resulting in severe
wear off. However, for the sample with textured LaF;-doped MoS, composite
coating surface, some LaF;-doped MoS, composite lubricants still exist in the
sliding area and in microdimples though the coating has flaked off of local region.
The LaF;-doped MoS, lubricants in microdimples can be continually replenished
into the sliding surface when the coating on the wear scar is quickly worn off. This
phenomenon will provide further lubrication.

9.4  Surface Lubricating Design, Fabrication, and Tribological
Properties Under a Wide-Range Temperature
of Al,O03/Mo-Laminated Composites

The rapid development in acrospace, military industry, and other high-tech fields has
resulted in the increasing demands for high-temperature wear-resistant materials and
high-temperature self-lubricating technology. Self-lubricating composites with
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Fig. 9.11 The typical SEM morphologies of the wear tracks of LaF;-doped MoS, composite
coatings for untextured surface (a) and textured surface (b) after worn-out

excellent tribological performance in a wide-temperature range are urgently needed.
However, lubricating materials are highly sensitive to temperature. The preparation
of self-lubricating composites with wide-temperature range lubrication is very
challenging and meaningful. Mechanical lubrication at temperatures above 400 °C
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Fig. 9.12 The schematic and surface lubricating design concept of Al,Os;/Mo-laminated
composites

can only depend on solid lubricants (SLs). Thus, two or three SLs are usually
combined. Moreover, their synergy lubrication effect is fully utilized to achieve
materials with wide-temperature range lubrication. In this part, we developed a
three-dimensional lubricating layer by combining the optimized surface textures
and SLs. Texture patterns were used as storage carrier of SLs. This structure can
realize continuous lubrication from room temperature to 800 °C by fully utilizing the
synergy effect and antifriction of the surface texture and SLs stored in the micro-
dimples. Two types of different textured density surfaces and the three-dimensional
lubricating layer with combined laser surface texture and solid film lubricant of
Al,Os/Mo-laminated composites were fabricated. The synergy lubrication effect and
mechanism of different lubricants from room temperature to 800 °C were discussed
[33, 34]. The schematic and surface wide range lubricating design concept of Al,O3/
Mo-laminated composites are shown in Fig. 9.12.

Using the LST technology, different microdimple densities and microgroove
textures were fabricated on the surface of the Al,Os/Mo-laminated composites.
Figure 9.13 shows the surface morphology of Al,Os/Mo-laminated composites
with two types of microtextures and composite SLs. Clear and uniform micro-
dimples and microgrooves with smooth edges are observed. The shape of the
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Fig. 9.13 The surface morphology with microdimples (a), microgrooves (b), and burnished
composite SLs (¢) of Al,O3/Mo-laminated composites

microdimples is not influenced by the metal Mo layer (Figs. 9.13a, b). As shown in
Fig. 9.13c, the textured microdimples are all filled with SLs after repeated wiping.

Figure 9.14 shows the friction coefficients of laser textured surfaces with different
microdimple densities (a) and different microgroove densities (b) at room tempera-
ture and 800 °C. Considering the following advantages of the microtexture that
increases the contact pressure of the friction surface, traps wear debris, and promotes
the formation of lubricating film at high temperatures, the friction coefficients of
Al,O3/Mo-laminated composites at 800 °C and at room temperature can be further
reduced. Meanwhile, the friction coefficient of the material decreases with the
increase in the texture surface density. At room temperature, the surface texture
trapped wear debris. The friction coefficient of the surface texture can be decreased
to as low as 0.5, which is 39% less than that of the untextured surface. Furthermore,
the surface with a microdimpled texture exhibited a lower friction coefficient than
that with a microgrooved texture. The surface texture facilitated an increase in the
contact pressure of the friction pair and the contact area of the material surface with
air at 800 °C. Thus, the formation and transfer of the lubricating film of MoOj are
facilitated. The friction coefficient can be reduced to as low as 0.22. This value is
55% less than that of the untextured surface.

Then, applying composite lubricants on the surface of optimized textured Al,O3/
Mo-laminated composites and forming a surface three-dimensional lubricating layer
can achieve the continuous lubrication of the material from room temperature to
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800 °C. Surface texture plays a key role in storing lubricants that can" constantly
lubricate the sliding surface during the friction process to form a continuous, uniform
lubricating film. Therefore, the friction coefficient and wear of the sliding surface
can be decreased, and the lifetime of the material can be effectively increased.
Herein, the three-dimensional structure combined with excellent antifriction and
antiwear properties of solid lubricants with unique structural characteristics of
microtexture effectively improved the tribological performance of materials at
room temperature and up to increased temperatures. Therefore, the continuous
lubrication of materials in a wide-temperature range can be sufficiently realized.
For the surface of the MoS,/CaF,-BaF, composite lubricants, the friction coeffi-
cients were below 0.50 throughout the entire temperature range. The lubrication
effect was provided by MoS, at a temperature range from room temperature to
600 °C. From 600 °C to 800 °C, the synergetic effects of CaF,-BaF, eutectic,
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CaMoOy, and BaMoO, effectively provided the lubrication effect. Composite
graphite/BaSO,/CaF,-BaF, lubricants maintained the friction coefficient of mate-
rials below 0.45 in the entire tested temperature range from room temperature to
800 °C. The lubrication effect was provided by graphite, BaSO,, and the synergy
effect of BaMoO, and CaMoQO, at room, medium and high temperatures, respec-
tively (Fig. 9.15).

Figure 9.16 shows the typical wear tracks of the untextured surface (Fig. 9.16a),
textured without burnishing SLs (Figs. 9.16D, c¢), and textured surface with burnish-
ing SLs at 800 °C under the same conditions. The untextured surface exhibited
serious wear and plastic deformation mainly because of the temperature increase in
the friction experiment. However, for the textured surface without burnishing SLs,
trapping wear debris in the microgrooves and microdimples can be clearly observed.
The texture also maintained relatively intact morphology. For the textured surface
burnished with SLs, microdimples maintained relatively intact morphology. A mild
wear surface was also produced after a long friction experiment. The SLs stored in
microdimples were squeezed to the friction surface during friction process forming a
continuous lubricating film.
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Fig. 9.16 Worn surfaces of untextured surface (a), textured surfaces with microgrooves (b),
microdimples (¢) and textured surface with burnished SLs (d) at 800 °C

In summary, Al,O3/Ni and Al,Os/Mo-laminated composites with surface
composition-lubrication structure realize the integration of mechanical and lubricating
properties. The performance of the surface composition-lubrication layers can be
facility controlled by the design of the texture micropattern, film/coating characteristics
and compound of solid lubricants. The excellent mechanical and tribological properties
of the optimal laminated and surface composition-lubrication structure enable them to
be used in a wide range of applications. These methods also provided theories and
technologies for the preparation and application of high performance lubricating
materials that can be used in corrosive and wide-temperature range environments.
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Abstract

Human activities have affected the balance in the eco-system and put the habitant
surrounding us in a catastrophic danger. Most of these wrecking effects which had
been strengthened or emerged recently would also last for a long period of time.
Taking immediate thoughtful actions are necessary to prevent high risk human
activities. Based on the data collected for global surface mean temperature and
CO, emission, it has been shown that a huge discrepancy in climate is already
occurring. There are various reasons which are causing climate change, specifi-
cally global warming, which most of those would be discussed in this study. The

M. H. Balali (b))

Department of Industrial and Manufacturing Engineering, College of Engineering & Applied
Science, University of Wisconsin-Milwaukee, Milwaukee, WI, USA

e-mail: mbalali@uwm.edu

N. Nouri
Lubar School of Business, University of Wisconsin-Milwaukee, Milwaukee, WI, USA

W. Otieno
Industrial and Manufacturing Engineering Department, University of Wisconsin-Milwaukee,
Milwaukee, WI, USA

© Springer-Verlag GmbH Germany, part of Springer Nature 2022 261
P. L. Menezes et al. (eds.), Self-Lubricating Composites,
https://doi.org/10.1007/978-3-662-64243-6_10


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-662-64243-6_10&domain=pdf
mailto:mbalali@uwm.edu
https://doi.org/10.1007/978-3-662-64243-6_10#DOI

262 M. H. Balali et al.

negative effects of different materials on the eco-system have one of the biggest
shares in environmental concerns. Emerging Eco-tribology science helped
design products and processes for the environment. The design of products
has been significantly modified to be more environmental friendly and sustain-
able. A brief review of tribology and different definitions, which had been
changed during the time, will be discussed in this study. Furthermore,
eco-tribology has a positive effect in reducing energy consumption and increas-
ing the lifetime of the products. Lubricant is an example of the materials which
produce environment destructive waste. In the recent decades, researchers
improved the lubricant materials to be less destructive for the environment.
Self-lubricant composites, for instance, significantly reduced the drawbacks of
lubricant materials. The advantage is not only improving wear resistance and
reduced COF, but also the elimination of the need for external lubricants.
Aluminum/graphite (Al/Gr) composites have been used as self-lubricating
materials due to the superior lubricating effect of graphite during sliding
process. This study reviews the environmental concerns and advances of
eco-tribological, lubricant and self-lubricant composites.

10.1 Introduction

Environmental effects of different materials that are used in human activities
are one of the most concerning issues for scientists, environmental researchers,
and policy makers. Global warming, climate change, and environmental pollu-
tions are getting more tangible for everyone in every corner of the world
[1]. Finding a better substitute for hazardous materials would improve the
life’s quality for the next generations. “Fig. 10.1” shows the progress in global
mean surface temperature of earth since 1880. Some actions should be taken to
stop or slow down this increasing trend of temperature. Carbon emission is
always an important factor in environmental analysis since the negative effects
of carbon on environment are usually irreparable. “Fig. 10.2” shows the global
carbon emission from fossil fuels since 1900. The growing trend of global
carbon emission from fossil fuels is as concerning as increasing trend of global
mean surface temperature.

Derek Markham [4] summarized the top 10 causes and effects for global warming
as follow:

Causes:

» Carbon dioxide emissions from burning fossil fuel in power plants

» Carbon dioxide emissions from burning gasoline for transportation purposes

* Methane emissions from animals, agriculture such as rice paddies, and from
Arctic seabed

» Deforestation, especially tropical forests for wood, pulp, and farmland

* Increase in usage of chemical fertilizers on croplands
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Fig. 10.1 Global mean surface temperature, 5-year annual running mean Earth Observatory,
NASA [2]
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Fig. 10.2 Global Carbon emission from fossil fuels, United States Environmental Protection
Agency [3]

Effects:
» Rise in sea levels in worldwide scale

» More killer storms all around the world
* Massive crop failures
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* Widespread extinction of species of animals, plants and other creatures
+ Disappearance of coral reefs

Based on IPCC Fourth Assessment Report 2007 [5], most of the climate scientists
agree that the main cause of the current level of temperature which leads to global
warming has been done by human activities. “Fig. 10.3” shows a schematic view of a
layer of greenhouse gases around earth. Water vapor (H,0), nitrous oxide (N,O), carbon
dioxide (CO,), and methane (CH,) have the largest shares in green-house gases [6].

Based on NASA report [7], the possible consequences following climate change
are as follows:

» Change will continue in this century and after that
* Global temperature will continue to rise

* Frost-free season will be lengthening

* Precipitation patterns will be changed

* More droughts and heat waves

* Hurricanes will become stronger and more intense
» Sea level will be raised 14 feet by 2100

* Arctic likely to become ice-free

Human activities should be modified to minimize their negative effects on the
environment. Tribology is playing an important role in this cycle to help the
environment deal with all those problems and reduce the negative effects of some
materials on it. But how tribology works to benefit the environment is a question that

Sunlight passes through the atmosphere
and warm the Erath’s surface. This heat is
radiated back toward the space.

Most of the outgoing heat is absorb by
greenhonse gas molecules and re-emitted
in all direction, warming the surface of the
Earth and the lower atmosphere.

<J.

¢ 3 B

Fig. 10.3 A layer of greenhouse gases, primarily water vapor, including small amounts of carbon
dioxide, methane, and nitrous oxide [5]
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is being frequently asked. Tribology can help various technologies such as energy
efficiency and durability of vehicles, household appliances, industrial machines, and
plants to become more mature and productive. Tribology also supports the societal
ideas to decrease substances from products that would be a menace to the environment,
which has included abolishing asbestos from vehicle brake systems, replacing refrig-
erants with CFC-substitutes, and controlling the lead used in bearings [8, 9]. Therefore,
reducing the usage of some destroying materials and substituting them with less
wrecking materials would significantly help the environment.

Although, from an economic standpoint, enforcing law to fix or reduce environ-
mental issues is not profitable for policy makers at this point but, these matters
usually create huge costs in the long term that will justify its expenditure. Moreover,
most of the damages caused by human activities are irrecoverable or it takes a long
time to be mended in the environment. It means that using more sustainable and
environmental friendly materials is an economically justified plan in the long term. A
good design of sustainable materials would have positive impact on both economic
and environment at the same time.

This study is a review of the development of the tribology and lubricating
materials starting with a brief review of environmental problems associated with
lubricating materials and their effects on eco-system and energy sector. This chapter
places extra emphasis on the role of advanced lubricating materials on energy sector
since energy became the most concerning issues of societies in recent decades.
Different definition and applications of tribology have been presented. In addition
to the tribology aspects of environmental friendly materials, some economic benefits
have been mentioned as well. Using the advanced tribological materials could save
millions of dollar in global scale. For instance, car industries could reduce the fuel
consumption of the produced car which leads to saving both money and energy.
Different advantages of using self-lubricating composites have been reported in this
study. Applying more advanced self-lubricating composites can improve the envi-
ronmental issues while have positive impacts on economics.

10.2 Eco-Tribology

Tribology is assisting societies to be more sustainable and productive and it is not
only human but all the living creatures can benefit from tribology since it can reduce
negative effects of some materials and make their habitat more sustainable. Although
global economic is still an important matter in eco-tribology, environmental effects
are more crucial to decide about the value of a product [8].

Through time, objectives of the tribology have been expanded gradually, tribol-
ogy for energy conservation (1997), environmental friendly tribology (2000), eco-
logical tribology or eco-tribology (2000), green tribology (2003), and lifecycle
tribology (2004) [10]. Controlling friction, reducing wear, and improving lubrication
have extended to save energy and materials, reducing emissions, shock absorption,
decreasing noise pollution, developing bio- and eco-lubrication, and improving
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quality of life and to become the basics of the tribology in the recent decades
[10, 11].

Green tribology should be able to provide the full technical support for the
preservation of energy, resources, environmental protection, and improvement of
quality of life and to decrease the natural disasters. Certainly, it is an important way
forward to be a more sustainable society [10, 12]. Green tribology has been emerged
to keep both sides of the sustainable developments and society and it meant as a new
way of thinking which shows views on ecological balance and environmental
protection and so embodies the ideology of the sustainable developments of nature
and society perfectly at a same time. The main objectives of green tribology can be
summarized into 3L + 1H, namely, respectively, low energy consumption, low
discharge (CO,), low environmental cost, and high quality of life [12].

As it has been mentioned above, saving energy resources and reducing the destruc-
tive environmental impact of the sources are the most important goals of eco-tribology.
Using environmental friendly lubricant materials in energy sector can significantly
reduce the negative environmental impacts. Using renewable energy resources
coupled with energy storage systems has been more developed during recent years
[13, 14]. Eco-friendly materials which are used in energy storage systems can signif-
icantly reduce environmental effects. Therefore, eco-tribology plays an important role
in energy consumption saving sector and affect societies and quality of life [15].

Useful lifetime of products can be extended by using materials with less wear and
friction, better design, and advanced lubrication. The main results of using the useful
lifetime of products are the reduction in energy consumption, required energy for
replacing the worn or failed components, and the time and resources for machinery.

From the economic point of view, using renewable and recycled materials has
direct and indirect savings of raw materials and sources and saving the energy since
less energy is needed for the extraction and production of raw materials [16].

Wilfried J. Bartz [16] classified the tribologically appropriate selection of mate-
rials as follow:

* Materials with easy machinability and deformability consume less energy and
less man power needed for components production.

* For longer lifetime of products, low wear materials should be used to save man
power, energy and raw materials.

» Tribological contacts with low friction resulting in reduced wear which leads to
more usable lifetime.

Designers should attempt to create a balance between desire usage of energy
sources and the adverse environmental effects which can last forever. A main goal of
this is decreasing the inefficient systemic losses through the wear and friction.
Durability and sustainability are the main characteristics of a mechanical system. It
is necessary to control the frictional and wear losses to achieve durability and
sustainability [17].

S. Zhang [18] stated that the main objectives of tribology are mostly controlling
friction, reducing wear, and improving lubrication. Tribology should be able to meet
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the demands of a sustainable society. The ecological balance and environmental
impact at that time owing to the restrictions of the times did not consider as it was
expected. Thereupon, green tribology has been emerged to keep abreast of the
sustainable developments of societies. Green is a new concept that represents the
views on ecological balance and environmental effects and so embodies the ideology
of the sustainable developments of nature and society perfectly.

10.3 Lubricants

All waste lubricants can easily destroy soil’s microflora and make it infertile in the
long term. Even very low doping in water makes it unsuitable for drinking because
of the smell, taste, and health hazards. Millions of tons of waste lubricants are
released in the world every year. Consequently, more severe regulations and rules
are needed to protect the environment and decrease the harmful effects of these
products. Saving nonrenewable resources and reducing the harmful environmental
effects of lubricants are the two main missions of these regulations [19].

M. Stojilkovi¢ et al. [19] concluded that lubricants can be considered environ-
mentally acceptable if they meet some requirements which rapid biodegradability,
nontoxicity to humans, marines, or even bacteria are the most important ones.

Biodegradability means the tendency of lubricants to be decomposed by micro-
organisms. Eco-toxicity implies a toxic effect on plants and animals and not on the
human health. Substances with a Lethal Dose LD 50 > 1000 ppm/kg are barely
considered toxic. [19].

W.J. Bartz [16] determined the important aspects for a reduced impairment of
environment by lubricants as follow:

* Less outflows to reduce the pollution

» Extended lubricant change periods or even fill for life lubrication
+ avoiding lubricant consumption side effects to save energy

» Treatments, recycling and disposal

L.A. Bronshteyna and J.H. Kreiner [20] estimated that approximately 11% of the
total energy annually consumed in the USA in the four sections of transportation,
turbomachinery, power generation, and industrial processes can be saved through
new developments in lubrication and tribology.

In 1994, 500 million vehicles were registered for use globally with an additional
40 to 50 million cars produced in the world every year [16] (International Organi-
zation of Motor Vehicle Manufacturers. See: http://www.worldometers.info/cars/).
About 10% reduction in the mechanical losses due to effective tribology leads to a
1.5% drop in the fuel consumption equating to about 340 liter of petrol during car’s
lifetime (about 125.000 miles) apart from the environmental gains due to reduced
emissions and durability [15] (Taylor CM. Automobile engine tribology — design
considerations for efficiency). Thus, it becomes clear that if you integrate these small
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savings ($350) per car to the vast number of cars currently in use, the economic
savings and environmental benefits are huge.

Based on the 2016 data from http://www.worldometers.info/cars/ and Interna-
tional Organization of Motor Vehicle Manufacturers (OICA), it is estimated that for
the first time in 2010 the number of passenger cars traveling the streets and roads of
the world was reached to 1 billion-unit mark. In this scale, the effects of tribology in
fuel consumption reduction are completely tangible. “Fig. 10.3” shows that motor
vehicles mileage (miles per vehicles) had been significantly increased from 1949 to
2010 while the vehicles fuel consumption (gallon per vehicle) had been decreased.
Although Tribology is not the only reason and there are different substitutions for
fuel, positive effects of tribology are undeniable (Fig. 10.4).

G. Howarth and M. Hadfield [22] have generated a model assessing the sustain-
able development aspects of a product from a design perspective depicting the
environmental, social, and economic impact.

Kenneth Holmberg and Ali Erdemir [23] reported the followings in their studies.
One-fifth of all energy produced worldwide that is about 100 million terajoule is
used annually to overcome friction. The largest quantities of energy are used by
industry (29%) and transportation (27%) sections. Based on our recent studies on
energy use in passenger cars, trucks, and buses, it has been concluded that it is
possible to save as much as 17.5% of the energy use in road transports in a short
period of time, about 5-9 years by effective implementation of new tribological
solutions. This equals to annual energy savings of 11.6 oxyjoules, fuel savings of
330 billion liters, and 860 million tons reduction in CO, emissions. In a paper mill,
15-25% of the energy used is spent to overcome friction. The electrical energy used
by a paper machine is distributed as 32% to overcome friction, 36% for the paper
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Fig. 10.4 Motor Vehicle Mileage, Fuel Consumption, and Fuel Economy, 1949-2010 [21]
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production and mass transportation, and 32% is lost in other sectors. In paper
machines, 11% of the total energy used to overcome friction can be saved by the
implementation of new tribological technologies.

Energy is a key resource in a lot of sectors today and will be crucial for the
sustainability of our society in the future. As it was stated above, considerable
amount of energy is consumed to overcome friction, especially in the transportation,
industrial, and power-generation sectors, and major economic losses are also due to
wear of products and components and their replacement [23].

It is necessary to take actions, if possible, using machine element types processing
higher efficiencies, e.g., spur gears instead of worm gears, roller bearings, instead of
mixed film lubricated journal bearings and the result is less consumption of energy.

Reduced consumption of lubricants can be realized by:

* Optimum-design seals which reduces leakage
» Lubricants with higher stability against oxidation and thermal degradation and
contamination by liquid and solid matters

A reduction of energy consumption can be achieved by different types of savings,
as defined below:

» Direct savings: Primary savings reduction of mechanical friction losses such as
operating cost

» Secondary savings: less frequent replacement of worn and failed parts and less
necessity to reproduce them such as metal working and maintenance cost

 Tertiary savings: less expenditure for extraction and reproduction of raw materials
required for the production of parts which have to be replaced such as cost of
energy content of materials

* Indirect savings: reduction of investment cost by extended useful lifetime of
machines and machine elements and selecting smaller machines

» Short-term savings: characterized by the fact that no additional cost for research
and development is needed and only the consequent application of available
knowledge is enough

* Medium-term savings: research and development cost for, e.g., 5 years have to be
spent in order to transform basic and scientific knowledge into practical usable
forms.

* Long-term savings: using solutions which at present are not yet conceivable.

I. Tzanakisa, M. Hadfield, et al. [17] reported that lubricants greatly contribute to
decreasing frictional losses in mechanical systems. It is expected that low-viscosity,
long life oils will be developed with advanced additives such as friction modifiers
and antiwear and antioxidation agents. Research on decreasing the detrimental
impacts of lubricants on the environment now encompasses such topics as
halogen-free and biodegradable oils, carbon-neutral vegetable oils, the minimum
quantity of lubrication (MQL) [24], and process fluid lubrication such as water
lubrication [25, 8] (Fig. 10.5).
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Fig. 10.5 Schematic representation of the tribological optimization of the scroll expander [17]

I. Tzanakisa, M. Hadfield, et al. [17] indicated that frictional losses, sliding wear,
cavitation, and oil degradation are the critical damage mechanisms of the scroll
expander which can seriously affect the performance and the lifespan of the scroll
and the micro-CHP unit. A number of recommendations provided to industry after
the completion of the research project in order for the durability and sustainability of
the scroll to be improved. These were successfully adapted by industry and applied
to their new generation scroll expander systems alleviating any undesirable effects
(Fig. 10.6).

A novel fullerene-like hydrogenated carbon film was prepared by pulse bias-
assisted plasma enhanced chemical vapor deposition, and its mechanical and tribo-
logical properties were investigated. This film displayed super-low friction and wear
in both dry inert and humid ambient atmospheres and less sensitivity to H,O and O,
molecules in air [18, 26].

V. Rodriguez et al. [27] reported that graphite, molybdenum disulfide (MoS,),
and polytetrafluoroethylene (PTFE) are a few examples of predominant materials
which used as solid lubricants. Other examples of lubricants include boron nitrite,
talc, calcium fluoride, cerium fluoride, and tungsten disulfide. These lubricants are
less common but in some cases can outperform graphite and MoS,.

V. Rodriguez et al. [27] and Rudnick [28] concluded that applications involving
high-temperature and high load carrying requirements have their highest efficiency
using Graphite. In contrast, PTFE does not have layered structure. It has an excep-
tionally low coefficient of friction. Both static and dynamic coefficients are smaller
than that of any other solid lubricant and the lubrication properties are at least
partially the result of its high softening point [27, 28].

The most recent iridologists result investigating the lubricant behavior of
unexplored or even of new materials proved that PEEK with fiber reinforcement
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and lubricant additives are very efficient. As an example, Briscoe et al. [29]
investigated the friction and wear properties of 10% PTFE in a PEEK matrix. A
significant reduction in the coefficient of friction and an improved wear resistance
was the outcome of this experiment. Other investigations also showed an optimum
of increase in wear resistance and minimum frictional coefficient [27, 30].

According to a study by A.D. Moghadam et al. [31], development of advanced
metal matrix nanocomposites for structural engineering and functional devices could
be consequence of rapid innovation in nanotechnology in past few years. Carbonous
materials, such as graphite, carbon nanotubes (CNTs), have attracted the attention of
researchers to synthesize lightweight self-lubricating metal matrix nanocomposites
with superior tribological properties for various applications in automotive and
aerospace industries based on their unique properties and lubricious nature. Adding
CNT and graphene to metals decreases both coefficient of friction and wear rate
while increases the tensile strength.

The results of A.D. Moghadam et al. [32] show that reducing energy consumption
and improving heat dissipation between two moving solids can be reached through
designing advanced tribological materials. Self-lubricating MMCs have advantages
of improving wear resistance, reducing COF, and eliminating the need for external
lubricants to avoid seizing. Bidaki and Akhlaghi [33] concluded that self-lubricating
materials are characterized by their capability for transferring microscopic amounts
of lubricant material, which creates a film that shows the lubrication and reduces
friction over the contact surface. MMCs reinforced with graphite particles are self-
lubricating and have superior wear resistance and reduced COF since the graphite
particles work as a solid lubricant between contact surfaces.
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E. Omrani et al. [34] stated that aluminum/graphite (Al/Gr) composites are
examples of self-lubricating materials which have been used because of their
superior lubricating effects of graphite during sliding process. The effects of differ-
ent parameters such as (a) material properties, graphite size, and volume fraction and
(b) mechanical factors, applied load, and sliding speed on the tribological properties
of self-lubricating aluminum composites are important. To reduce the external use of
petroleum-based lubricants in sliding contacts, self-lubricating composites can be
used into different operating systems is a solution in a way to help the environment
and reduce energy dissipation in industrial components in order to increase sustain-
ability and energy efficiency. Self-lubrication is one of the capabilities of materials to
transfer embedded solid lubricants, such as graphite to the contact surface to
decrease wear rate and COF while there is not any external lubricant. Solid self-
lubricating composites are usually solid carbon (carbon fibers graphite particles,
CNTs, graphene), molybdenum disulfide, and hexagonal boron nitride [34, 35].

10.4 Conclusion

Recently, human activities changed the balance in the eco-system and caused several
environment dangers which last for centuries. Environmental hazards are effecting the
human, animal wildlife, plants, and our planet as a whole. Immediate thoughtful
actions are necessary more than ever to help decreasing destructive human activities.
Climate change is occurring right now, and there is no more time to waste for taking
actions. Some materials have negative impact on the eco-system which should be
redesigned and modified. Currently there are lots of products which design has been
significantly modified to be more environmental friendly and sustainable. For instance,
lubricant materials have been improved based on latest science to reduce their
discharging wastes. The positive effects of eco-tribological materials in reducing
energy consumption and increasing the lifetime of the products have been also
discussed. Self-lubricant composites such as aluminum/graphite (Al/Gr) composites
which have been mentioned in this study have significantly less drawbacks than some
common lubricants. This study was a comprehensive review of the environmental
concerns and advances of eco-tribological, lubricant, and self-lubricant composites.
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Abstract

In this chapter, an overview of theories and investigated computational models is
presented. Among all available theoretical models, Quantum Mechanics (QM),
Molecular Mechanics (MM), Monte Carlo (MC), and Molecular Dynamics
(MD) are the most used models. MD was selected as the focus of this chapter,
because of its high accuracy in predicting the molecular level motions while
keeping the computational costs relatively low as well as availability of well-
established modeling softwares (i.e., LAMMPS). MD models have been used to
investigate mechanical and chemical behaviors of different phenomena, including
friction and self-lubrication. The authors further reviewed available MD models
in previous literatures with focus on self-lubricating materials. These models
direct the contribution of different self-lubricating agents including graphite,
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graphene, MoS,, and poly tetra-fluoro ethylene (PTFE) on the friction behavior of
different composites. This review was conducted in order to show the power of
computational modeling to predict the molecular level behaviors of different
physical models.

11.1 Introduction

Friction, the force resisting relative motion between contacting surfaces and gener-
ating heat by converting kinetic energy, can be formulated as a function of normal
load and coefficient of friction (COF).

F =uP (11.1)

COF (expressed by u) is a dimensionless scalar which is directly related to the
material property and P is the normal load pressing the surfaces together. This theory
was first formulated by Amontons (1699) and advanced by Coulomb (1785), and the
equation is well known as Amontons-Columb law.

Wear is another phenomenon that happens in case of contact. In this process, one
or both in-contact surfaces will lose material under mechanical and/or chemical
processes [1]. The wear rate of the materials can be evaluated using two commonly
used methods: (1) weight loss and (2) volume loss [2].

In most of the applications, liquid- or greased-based lubricants are used to reduce
the effects of friction and wear. Lubricants are made of materials with lower shear
strength compare to sliding surfaces [1]. Therefore, this layer of material between
two sliding surfaces reduces friction during relative motion. Under extreme condi-
tions, such as vacuum, extreme temperatures (low or high), and pressure contact and
radiation, using the liquid lubricants becomes challenging. Under these circum-
stances, solid lubricants are the alternatives. These lubricants are made of low
shear strength materials and functions same as liquid-based Iubricants [3-5].

As opposed to the liquid-lubricants, a constant supply of solid-lubricants can be
challenging. The most avant-garde solution to this challenge was the introduction of
self-lubricating materials. A self-lubricating material is a composite with its matrix
reinforced using solid lubricants such as graphite, MoS,, (Fig. 11.1). These materials
facilitate the relative motion by incorporating a self-dispensed and self-regulated
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solid-lubricant delivery system. Since the initial development of self-lubricating
materials, different groups researched and developed a variety of self-lubricating
materials [3—11].

As shown in the Fig. 11.1, the solid-lubricant particles continuously will be
exposed to the surface due to wear against the contact surface. These solid-lubricant
particles then form a thin layer of lubricants which reduces the friction and wear
effect of sliding. These layers are not present initially and form as results of worn
surface and subsurface deformation [2, 12]. Different industries can benefit from
self-lubricating effect, from atomistic scale (i.e., atomic force microscopy [13]) up to
macro scale (i.e., bearing [14]).

As mentioned earlier, Amontons-Columb law can estimate the COF as a function
of friction and applied normal forces. Despite the great success of this theory in bulk
models, the Amontons-Columb law fails to predict the micro—/nanoscale behavior
of the friction. The micro—/nanoscale behavior can be well described as a many-
body system. In order to simulate a many-body system, a suitable molecular model
of the system is formulated and the molecular trajectories are calculated using
different numerical schemes.

These trajectories then are used to calculate the properties of the system. Different
methods have been developed over the years. Quantum Mechanical (QM), Molec-
ular Mechanics (MM), Monte Carlo (MC), and Molecular Dynamics (MD) are the
most commonly used models. Each of these methods has their own advantages and
disadvantages. Based on the application and the requirements of the problem, one
can select the most appropriate approach.

In the next section, the most used theoretical models are introduced briefly and
MD is described in more details. After that, a summary of investigated MD simu-
lation of dry friction and a few self-lubricating materials are presented.

11.2 Methods

The Quantum Mechanical (QM) method solves a simplified Schrodinger’s equation
for a many-particle system where particles are treated as wave functions. The
equations describe the spatial probability distributions corresponding to the energy
states and are solved to obtain saddle points or minima on the potential energy
surface. The Schrodinger wave equation describing the motions of electrons and
nuclei in a molecular system is:

Hy = Ey (11.2)
where H is the Hamiltonian and calculates as:
H=E; +E, (11.3)

Here Ej is the kinetic energy and E), represents the potential energy. For a 3D
system, the wave function y depends on the 3N coordinates of all the particles and
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Fig. 11.2 Schematic
representation of applied
forces
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therefore even for a relatively small number of particles, it is extremely difficult to
solve the equation without simplifications or approximations. Despite the accuracy
of the model which calculations match experimental data or a theoretical prediction,
the exponential increment of computation time with the number of particles makes
this method un-practical for more complicated models.

The Molecular Mechanics (MM) method is based on classical mechanics where
atoms in the molecules are treated as particles with mass, which interact in a force
field. The force field functions are obtained from quantum mechanics calculations.
The bonds between the atoms are treated as springs and spring deformation is used to
characterize bond stretching (Epong), bending (E,ngie), and torsion (Ey,,) (Fig. 11.2).
To mimic nonbonded atoms, van der Waals and electrostatic interaction are used
(Evon — vona) (Fig. 11.2). Again, the aim is to find saddle points or minima on the
potential energy surface using appropriate mathematical algorithms. The potential
energy is typically the sum of all the energies associated with bonded and nonbonded
interactions. A typical functional form of the potential energy function is:

E= Ebond + Eangle + Etor + ELJ + Ecoul (1 14)
1
Epond = bZ: E kp (b - b0)2 (1 15)
onds
1
Eangie = ), 5 ko (2 = Do)’ (11.6)
angles
1
Eior = tzoj 5 7l1 & cos (na — p) (11.7)
12 6
Eponbond = 465 [(ﬂ) - (ﬂ) v x I (11.8)
iopairs |\ Tij rij
atomic pairs

The bond stretching equation (Eq. 11.5) and bending energy equation (Eq. 11.6)
are based on Hook’s law. Here £, represents the stiffness of the bond, b stands for
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the equilibrium length which both are depends on type of the bond (e.g., C—C, O-C,
etc.), and b is the length of bond. Same as the bond stretching equation, in bending
equation (Eq. 11.6), kg represents the stiffness of the angle, @ is the equilibrium
angle, and J stands for the angle of the bond. In order to correct the calculated
energy (bond stretching energy + bending energy + non-bonded energy) and make it
to agree with experimental measurements, the torsion energy (Eq. 11.7) was added to
the energy equation as a periodic function. In this function (Eq. 11.7), = controls the
amplitude of the function and f shifts the function along the rotation angle axis (a).
All parameters from torsion equation are assigned based on bond type (e.g., C-C-C-
C, C-O-C-N). As mentioned before, van der Waals attraction, repulsion, and elec-
trostatic interactions are taken into account as nonbonded energy (Eq. 11.8). The
repulsion/attraction effect is modeled using Lennard—Jones potential where r;; is the
distance between two atoms and ¢;; and ¢;; are Lennard-Jones parameters depending
on interacting atoms (e.g., C-O, C-H). The second term of Eq. 11.8 is Coulomb
electrostatic potential where q is the partial charge of each atom and k is Coulomb’s
constant.

The Monte Carlo (MC) method is used to simulate systems with fixed N number of
particles in a fixed volume 7, at absolute temperature T. For such a system, MC as an
iterative method tries to minimize the system’s potential by randomly moving atoms
into a new position. As the number of random numbers increases to infinity, the
solutions get closer to the correct solution. In order to decrease the randomness and
consequentially decreasing the computational time, since the Boltzmann factor
causes the possible configurations to make non-uniform contributions, a sampling
method can be implemented in the Metropolis method. Despite the MC’s simplicity
of implementation, it cannot be used to study time-dependent properties and is
applicable only for configurations near equilibrium systems.

11.2.1 Molecular Dynamics

The Molecular Dynamics (MD) models can be categorized into two groups based
on their formulation as classical and first-principles. In the classical approach,
molecules are modeled as classical objects, something like “ball and stick”
model. In this model, atoms are considered as soft balls and bonds model as elastic
sticks, and the laws of classical mechanics define the dynamics of the system. The
first-principles or quantum MD simulations take the quantum nature of chemical
bonds into account explicitly. Despite its important improvement over the classical
model, the computational cost of this model makes it impractical to implement.
Therefore, in this section the classical MD model will be described and referred to
as MD.

In MD simulation, the time evolution of a set of interacting particles is solved
based on Newton’s second law or the equation of motion for a many-body system as

dzl"i(t)
dr?
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where F; is the force acting on ith particle at time t and m; is the mass of the particle.
And r(?) represents the position vector of ith particle at time t as 7,(£) = (x(?),y{?),z(?)).
In MD, “Particles” usually refer to atoms, although they may represent any district
entities that can be conveniently described in terms of a certain interaction law. To
integrate the second-order differential equation of the equation of motion, the forces
acting on each particle at each time step as well as their initial position and velocities
need to be specified. Then the integration of the equations yields a trajectory that
describes the position, velocities, and accelerations of the particles as they marching
forward in time. As the particles move, their trajectories may be analyzed in order to
calculate their average properties. Once the positions and velocities of each atom are
known, the state of the system can be predicted at any time.

Interaction between particles can be calculated using force field or quantum
chemical models, or via mixing force fields and quantum chemical models. The
atomic force field model describes physical system as collection of atoms kept
together by interatomic forces. The interaction law is specified by the potential
E(ry,...,ry) (Eq. 11.4), which represents the potential energy of N interacting
atoms as a function of their positions ; = (x;,,z;). Given the potential, the force
acting upon ith atom is determined by the gradient with respect to atomic displace-
ments as:

(11.10)

F,' = —VrlE(l”l,...,}’N) = —(aE 8E 8E>

0%’ Ay, Oz

Having the force fields as a function of particles location, one can calculate each
particles position (r,(¢ + Af)) at time ¢ + At by integrating the Newton’s equation of
motion in time by knowing the positions at time ¢. Numerous numerical algorithms
have been developed for integration. Some of the most used ones are:
Verlet algorithm, Leap-frog algorithm, Velocity Verlet, and Beeman’s algorithm.
All the integration algorithms assume the position can be approximated by a Taylor
series expansions. The basic formula for the Verlet algorithm can be expressed by
writing two third-order Taylor expansion of the position 7(#), one forward and one
backward in time:

1 Fi(t) 1

ri(t + A1) = ri(t) 4+ vi(t) At +3 = AP + c bi(H)AF +O(AF)  (11.11)
ri(t — At) = ri(t) — vi(t) At +% Filt) pp —é bi(t)AF +O(Af)  (11.12)
mi

where v,(f) represents the velocity and b(¢) the third derivative of position of the ith
particle with respect to time. Adding the two expressions gives:

Fit)

m;

it 4 Af) = 2ri(t) — ri(t — Af) + AP (11.13)
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The truncation error of the algorithm when evolving the system by Af is of the
order of A7*. A problem with this version of the Verlet algorithm is that velocities are
not directly calculated. While they are not needed for time evolution, their compre-
hension is sometimes necessary. Moreover, they are required to compute the kinetic
energy K, whose evaluation is necessary to test the conservation of the total energy
E = K + V. One simple way to calculate the velocity is by using the position as:

(e = " At)zgtri(t A (11.14)

As one can immediately see, the error is not an order of A* anymore but A7, To
overcome this problem, different variations of the Verlet algorithm have been
developed. The leap-frog and velocity Verlet scheme are two of many [16]. One
cloud calculates the velocity using the velocity Verlet scheme as following:

I”l'(t + At) = I"l'(t) + Vi(t)At +% ai(l)Atz (1115)
Vi (l + %) = V,‘(I) + %ai(Z)At (1116)

ailt + Af) = —%Vr,E,-(r(t +A) (11.17)
v(t+At):v<t+%> —|—éa(t+At)At (11.18)

These equations can be solved in an iterative fashion. By setting the initial values
of positions and velocities, one can numerically solve the above equations to obtain
the new position and velocities. Once all the trajectories are obtained, they can be
used to calculate other static and dynamic properties as well as system temperature.

As it can be observed, MM and MD are both based on classical mechanics and have
some fundamental similarities. Both methods are computationally fast, can handle large
number of atoms, and are using potentials obtained by QM. However, the advantage of
MD compare to MM is that this method is capable of capturing the dynamic of the
system and therefore ease of calculating non-equilibrium state of the system.

11.3 Simulating Friction Using Molecular Dynamics

Different research groups were trying to develop an equipment to measure the
friction phenomena in the atomic level and validate the theory. The first atomic
friction measurements were reported by Mate et al. [17]. Development of the atomic
force microscope (AFM) enabled researchers to quantitatively measure friction
forces. Since the first measurement, the AFM experiment setup has not changed a
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lot. An AFM setup consists of a nanoscale tip mounted on a microscale cantilever as
well as a fixed substrate as schematically shown in Fig. 11.3. Moving the tip against
the substrate under a small normal load of a few nano-Newton causes a torsion
twisting in the cantilever. The torsional twisting is caused by the lateral force
recorded by an optical technique. Moving the tip back and forth generates a force
contrast pattern called a lateral force image (friction image), or a lateral trace (friction
trace) which shows the resistance of the substrate to sliding tip. The variation of the
friction trace is often not smooth due to the atomic discreteness of the surface, but it
is more like a saw-tooth pattern refer to as stick-slip friction. It is called stick-slip
since the tip sticks at some position for a while and then slips forward in the direction
of the lateral forces. The stick-slip pattern can be used for friction-related quantities
such as frictional resistance of the surface.

It has been shown that in dry surface contact, only a small number of micro- and
nano size asperities come into contact. The friction between each asperity and the
substrate called atomic friction. The process of how these asperities come into
contact has a significant influence on the frictional characterization of the sliding
surfaces. Taking advantage of computer experiment, one can predict the friction
forces using different available models such as MD by calculating atom trajectories
by computing Newton’s Second law. Since predicting and modeling this level of
complexity requires a large amount of computational power and effort, many
researchers simplified their study by focusing on the sliding of single micro—/
nanoscale asperity surface. This fundamental understanding becomes even more
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Fig. 11.4 Schematic £,
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relevant when we are looking at small-scale applications like Micro-
electromechanical systems (MEMS) and Nanoelectromechanical systems (NEMS).

For better understanding, a single asperity-asperity interaction is described here
(Fig. 11.4). In this model, an asperity on a moving base slides past on a stationary-
based asperity under controlled velocity and normal load. The atoms on these
asperities are initially at equilibrium where the attraction and repulsive forces from
other atoms are balanced. As soon as the interaction starts, atoms in contact are no
longer in balance. Under the influence of the interaction and the amount of forces
applied on atoms, these atoms are moving away from their original position and may
or may not return. Depending on the movement distance, if it is smaller than the
bond length, by removing the forces atoms are able to get back to their original
position. Otherwise, the atoms are displaced to the new positions. This model is the
basis of different phenomena such as adhesion, plastic deformation, wear, and
energy dissipation. As Gao et al. [19] showed, the number of atomic or molecular
bonds that are broken or formed are directly proportional to the adhesion. Therefore,
better understanding of this interaction can help with advancing the understanding of
the other phenomena.

Bhavin et al. [21] developed a three dimensional geometrical model consists of
two asperities each connected to a base in order to investigate the effect of different
variables on friction coefficient. With moving one of the bases, the asperity-asperity
interaction was modeled. Copper was chosen as the material in a lattice with the size
of 3.6154° with different orientation angles. The effect of different velocities was
investigated as 10 m/s and 100 m/s. The time-step size was chosen as 0.002 ps. And
the boundary condition was set to periodic at x and z-direction and shrink-wrapped
in y-direction. In periodic directions, atoms can interact across the boundary, and
they can exit from one end and enter from another end of the domain. As the shrink
wrapping direction, the position of the face is set so as to encompass the atoms, no
matter how far they move. As the result of the sliding (Fig. 11.5), they have studied
effects of changing dimensions (radius of asperities (R) and interference (0) as
shown in Fig. 11.4), forces, sliding velocity, and lattice size for asperity-asperity
interaction.

Using MD simulation other researchers were able to investigate different friction
models. The atomic-scale friction of two diamond surfaces was modeled by Harrison
et al. [22]. In this study as one of the early MD studies, they analyzed the friction as a
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Fig. 11.5 Copper asperities before (a) and after (b) sliding process for R = 7.5 nm, v = 10 m/s and
8/R =0.1[20]

function of applied load, temperature, and sliding velocity. Zhang and Tanaka [23]
showed four different deformation regimes as no-wear, adhering, plowing, and
cutting of the surface by sliding a diamond tip on a flat copper. Song and Srolovitz
[24] studied the effect of loading and unloading of forces between a single asperity
surface and a flat surface. During repetitive contact, they observed the transformation
from face-centered cubic into hexagonal close packed structure. Liu et al. [25]
studied the effect of scratch direction on the friction coefficient. Zhang et al. [26]
used MD to investigate the effect of stiffness of graphene on its friction behavior.
The nanoscale friction between diamond-structure silicon (Si) and diamond was
investigated by Bai et al. [27]. They have divided the friction into two stages: the
static friction and the kinetic friction. The effective friction coefficient in a granular
material was studied by Hurley and Andrade [28]. Hu et al. [29] studied the effect of
adding Cu nanoparticles to the solid contact between friction surfaces. They have
found that the friction forces are decreasing by increasing the sliding velocity. The
atomic-scale friction of diamond (111) surface with boron doped diamond (111)
surface was modeled by Wang et al. [30]. The effect of temperature and its relation-
ship with roughness in dry sliding was studied by Spijker et al. [31]. Yang et al. [32]
studied the nanoscale friction forces between hemisphere sphere sliding on rectan-
gular solid plane. They have shown that with increasing the depth of the contact, the
atoms close-packed accumulation increases.

11.4 Molecular Dynamics Simulation for Self-Lubricant
Materials

MD simulations [13] have shown that the self-lubrication mechanism in two sliding
surfaces is due to stabilization of the atomic cluster adsorbed from one surface to the
other and the ability of the cluster structure adjustment. The self-lubricating ability of
the material can be achieved by modifying the composition of the matrix with
graphite [2, 9], graphene [33, 34], carbon nanotubes [35, 36], or inert polymeric
molecules such as poly tetra-fluoro ethylene (PTFE) [10, 13]. Although the general
influences of these components are similar, they each obey specific mechanism to
result in self-lubricating effect.
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11.4.1 Graphite and Graphene

The layered structure of graphite is a result of strong electronic o-bonds between
carbon atoms within a layer and weak electronic z-bonds between carbon atoms in
adjacent layers. In this atomic structure, z-electrons play a dominant role in the
intercalation among the carbon atoms and interactional atoms and facilitate the
sliding process and reduce the friction between layers [9]. Yin et al. [37] modeled
the sliding process and self-lubricating mechanism in alumina-graphite composite
coating using MD simulation. Their model presents the preferred orientation for the
hexagonal structure of graphite under shear forces during sliding of friction pairs.
Figure 11.6 demonstrates the MD model, as two alumina surface glide under shear
forces and the graphite shows significant stratification in the Z-direction. Over the
simulation time the layers of graphite are adsorbed to the surfaces of the friction pair
and decrease the chemical affinity between the contacting surfaces. Formation of
layered structure of graphite with weak forces in c-direction and low adhesion
explains the self-lubricating mechanism in the alumina-graphite composite.

As a two-dimensional material of sp2 carbon network, graphene has been intro-
duced as an efficient solid lubricant [33]. Xu et al. [34] applied MD models to
describe the “stick-slip” mechanism in few-layer (3—8) graphene (FLG). They
divided the process to three stages including the initial stage, the developing stage,
and the stable sliding stage to develop stable sliding interfaces. Their model
contained 3-8 AB stacked graphene layers while each layer was composed of
3200 carbon. The top view of their system has been demonstrated in Fig. 11.7.
The bottom layer shown in white has been fixed, and a constant velocity was applied
to the two top layers in the shear direction, while they had constraints in other two
orthogonal directions.
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Fig. 11.6 MD model of sliding pair interface containing random graphite sheets after (a) 0 ps, (b)
30 ps, (¢) 90 ps. (Reprinted from [37], Copyright 2016, with permission from Elsevier)
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Fig. 11.7 Possible slip directions for the top layer in a three-layer graphene. The bottom layer and
middle layer atoms are demonstrated in white and cyan, respectively, while the atoms of top layer
with ABA and ABC stacking configurations have been presented in orange and red, respectively.
(Reprinted from [34], Copyright 2012, with permission from Elsevier)

Fig. 11.8 Slip and stick
during the motion of four |
graphene layers sliding in 1FlL——LLB——114 |
x-direction. (Reprinted from !

[34], Copyright 2012, with
permission from Elsevier)
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A sudden slip is observed after stick period in Fig. 11.8. The lateral stiffness of
sliding body, which is greatly reduced by the existence of multiple weak interlayer
interfaces, is always smaller than the lateral contact stiffness at the sliding interface,
resulting in stick-slip system according to PT model (Prandtl-Tomlinson model)
[38]. PT model suggests that the stick-slip feature is inevitable for systems
containing more than three layers of graphene. This model confirms that the friction
forces drop dramatically with decreasing the number of graphene layers, and they
vanish as the number of layers decreases to three or two layers. Nanolubrication and
self-lubricating materials can benefit from this mechanism of sliding in layers of
graphene.
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Graphene is also known to potentially control the nanowear on some substrates.
The MD model by Zhang et al. [39] proves that during Cgq intrusion, graphene can
control nanowear. This MD Model consists of one lower and one upper substrates of
Si (100) containing 4145 and 716 atoms, respectively. Depending on the position of
the graphene layer covering each of these substrates, four different cases were
compared as demonstrated in Fig. 11.9. In all the cases, the two surfaces made an
angle (a) where the lower substrate was horizontal and a Cgq intruding through the
sliding substrates. The nanowear for the contact surface was evaluated by the
number of dropped atoms (Si atoms that displaced more than the cutoff distance of
0.27 nm from the substrate). Figure 11.9 displays four different conditions for the
nanowear test. In Fig. 11.9a the highest amount of wear is observed during intrusion
of Cgo between Si surfaces. Figure 11.9b shows the system when the upper substrate
is layered by graphene. In this case the interactions among the Cgo and two substrates
are smaller than the first case. The upper substrate still bends during sliding and some
of the Si atoms were pulled off from the bottom of the upper substrate. The third case
is when only the lower substrate is layered by graphene as demonstrated in
Fig. 11.9c. The MD calculations showed that in this case and also in a system
including two graphene layers on both upper and lower substrates (Fig. 11.9d), no Si
atom is pulled off from either of the substrates and only a slight bending is observed
on the upper substrate. This MD model showed that through layering graphene on
the substrate surfaces nanowear can be controlled in the system and no-wear of the
sliding substrates can be realized.

11.4.2 Carbon Nanotubes (CNT)

Carbon nanotubes (CNTs) can be described as a rolled sheet/s of carbon atoms.
Depending on the number of sheets, it can be single-walled carbon nanotubes
(SWCNTs) with diameter of 1-2 nm or double- and multiwalled carbon nanotubes
with diameter ranging from 4 to 20 nm (Fig. 11.10) [35].

Yao and Lordi [40] measured the SWCNTs stiffness using MD simulation as
1 TPa. Despite better mechanical property of SWCNTs compared to multiwalled
carbon nanotubes (MWNTs), due to their higher production expenses, SWCNTs are
less employed as a reinforcement. One of the limitations of MWNTs is telescoping
effect where inner tubes can be pulled out from outer tubes due to tensile stresses.
Interfacial friction and sliding of SWCNTs and MWCNTs embedded in an amor-
phous carbon matrix were modeled using MD by Li et al. [36]. Pavia and Curtin [41]
also studied the interfacial sliding effect in ceramic composites using MD.

The mechanical behavior of individual single and multiwalled carbon nanotubes
has been exclusively modeled and studied by different groups using MD. Zhao et al.
[42] estimated the binding energy of two parallel SWCNTs as well as two cross
MWCNTs using MD. The self-assembly process of edge-unpassivated graphene
nanoribbons with defects using SWNCT was modeled by Zhang and Chen [43]. The
vibration characterization of single and double carbon nanotubes was studied using
MD models by Ansari et al. [44]. Ghosh and Padmanabhan [45] modeled the effect
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Fig. 11.9 MD model snapshots during C60 ball intrusion (a) for two sliding Si substrates, (b)
upper substrate layered by grapheme, (c) lower substrate layered by graphene, (d) both upper and
lower substrates layered by graphene. (Reprinted from [39], Copyright 2012, with permission from
Elsevier)
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Fig. 11.10 Single-, double-, and multiwalled carbon nanotubes (CNTs). (Reprinted from [35],
Copyright 2015, with permission from Elsevier)

of different types of defection on SWCNTSs capacity of hydrogen adsorption using
both MD and density functional theory (DFT). These publications are just a few of
so many of available studies in the literature on the behavior of carbon nanotubes.

Despite exclusive studies using MD simulation of individual SWCNTs and
MWCNTs in the literature, to the best of authors’ knowledge, there is no specific
MD study, addressing the lubricating behavior of composites using carbon nano-
tubes as reinforcement.

11.4.3 MoS,-Based Nanostructures

D-transition metal dichalcogenides (TmS,, Tm = Mo, W, Nb, and Ta) not only
reduce the friction coefficient as lubricant materials, but also they maintain their
lubricating capability at higher loads compared to the traditional lubricants. The
tribological properties of these materials can even enhance if they are applied in the
form of spherical or cylindrical nanostructures. The “bearing effect” is known to be
responsible for this enhancement. Due to this effect the nanoparticles enter the
intersurface area and act as a ball bearing during the sliding of the two surfaces
against each other [46]. Among this group of materials, MoS; has been the center of
attention in recent studies. Dallavalle et al. [47] introduced an MD model to describe
the lubrication effect of MoS, nanotubes. They simulated the sliding of the top layers
by keeping the velocities of the top sulfur atoms constant in the a-direction and
unrestricted in the b- and c-directions. The sliding direction was kept constant during
the simulation, while a normal load was applied on the top surface as demonstrated
in Fig. 11.11. The model studies the sliding process in both a- and b-directions for an
armchair double-wall nanotube, indices pairs such as (29,29)@(36,36). Constant
number, volume, and temperature (NVT) ensemble at 298 K was used for all the
calculations with sliding velocity of 100 m/s. The sliding of the double walled
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Fig.11.11 Schematic of DWNT during the sliding modeled with MD simulation. A normal load is
applied in the c-direction and the motion of the DWNT is rigid in a-direction. (Reprinted with
permission from [47]. Copyright 2012 American Chemical Society)

nanotube (DWNT) in a-direction showed that the top layer slides along a sinusoidal,
zigzag rout, because the sulfur atoms avoid each other and try to stay close to
molybdenum atoms. For sliding in b-direction, the top layer has a random motion
with an occasional large diagonal movement.

This model averages the frictional coefficient over the forces of the sulfur atoms,
from auto-correlation function (ACF) of the forces using Green-Kubo equation
(Eq. 11.19) and the friction coefficient from classical physics Amonton’s laws
(Eq. 11.20).

K:cJ < A(D)d(t) > (11.19)
0

where K is the friction coefficient, A are the forces experienced by the system in the
friction process, and in Eq. 11.20, F is the lateral friction force and L is the normal,
externally applied load.

b= (11.20)

They showed that the friction differs for sliding in a- and b-direction because of
the smaller oscillations observed during the dynamics and sudden diagonal displace-
ment of MoS, layer in b-direction. The microscopic model based on the Green-Kubo
equation demonstrates a high lubricating performance of MoS, in optimal condi-
tions. They also showed a reverse relationship between the friction coefficient and
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force, which can be explained by increase in repulsive contribution of the Lennard-
Jones potential at higher loads. This contribution results in better sliding and lower
friction coefficient in MoS, DWNTSs.

11.4.4 Poly Tetra-Fluoro Ethylene (PTFE) (Polymeric Agents)

Poly tetra-fluoro ethylene (PTFE) can be applied in metal-, ceramic-, and carbon-
based composites to improve the mechanical and thermal properties and more
importantly to decrease the friction [6—8]. This resin has excellent antiwear perfor-
mance. It is chemically stable and naturally softer than conventional metals, so; it
can reduce the friction if applied as sliding parts between sliding metallic surfaces. It
has been suggested that the formation of transfer films is responsible for the friction
reduction [48]. Although the thickness of this film is only few nanometers, its
presence between sliding PTFE and metallic surface reduces the friction and results
in self-lubricating effect in the composite. Here we will go over some atomistic
models covering both formation of the nanoscale transfer film and also the self-
lubrication mechanism in corresponding composites.

Onodera et al. [10] evaluated the friction behavior of aluminum surface consid-
ering the chemical reaction with Polytetrafluoroethylene. Their model benefited
from quantum chemical molecular dynamics (QCMD) method and considered
aluminum oxide to represent a typical surface of aluminum alloy. a-Al,O; and
three layers of PTFE chains aligned parallel to the a-Al,O3 surface form the
geometry of the model. The topmost surface of a-Al,O; was fully terminated by
the OH groups to represent the chemisorption of water vapor from the atmosphere in
contact with the aluminum surface. Mechanical forces on the a-Al,O3 layer consist
of vertical pressure of 500 MPa forcing the oxide toward the polymeric layers and
the shear velocity of 100 m/s resulting in the sliding of the a-Al,O5 over the polymer.
One bottom layer of the crystalline PTFE was fixed to represent the bulk material.
This model suggested that the formation of the transfer film is conditional to
elimination of the interfacial electrostatic repulsion between two sliding surfaces.
Such repulsive forces are the result of formation of aluminum fluoride due to
reaction of the aluminum atom from the surface oxide with the fluorine from the
PTFE chain during the sliding. In another model [11], they showed that the tribo-
logical performance of the surface can be enhanced by the chemical reaction of the
aluminum surface with water vapor in the atmosphere. The carboxyl group that
forms as a product of such reaction results in increasing the amount of transfer film
on aluminum surface and consequently improving the self-lubrication behavior of
the surface. They used classical MD method to study the sliding of the PTFE/
aluminum interface with three different structures as demonstrated in Fig. 11.12.
The first configuration in Fig. 11.12a represents the interface between
OH-terminated a-Al,O3 and genuine PTFE prior to their tribochemical reaction,
Fig. 11.12b shows the tribochemical reaction on the a-Al,O3/PTFE interface and the
F-terminated a-Al,Os/genuine PTFE interface. Figure 11.12c¢ also models the
F-terminated a-Al,O3/genuine PTFE interface where the top layer of PTFE contains
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Fig. 11.12 Transfer film formation on PTFE «-Al,0; (a) PTFE/OH-terminated o-Al,O5 (b)
PTFE/F-terminated a-Al,O; and (c¢) PTFE with carboxyl group/F-terminated a-Al,O5. (Reprinted
with permission from [11]. Copyright 2014 American Chemical Society)

several carboxyl groups as a product of chemical reaction between PTFE and water
vapor. A periodic boundary condition was applied to the system for the MD model at
temperature of 300 K. The topmost layer of a-Al,O; was under vertical pressure in
such way that on a real contact areca of PTFE/Al system, the pressure was set to a few
hundred mega-pascals (500 MPa) in the molecular-level because on a real contact
area of PTFE/Al system, the pressure is much higher than a macroscopic contact
pressure which is typically in the mega-pascal order. The bottom layer of the PTFE
was fixed and sliding parallel to PTFE chains with velocity of 10 m/s was applied to
the a-Al,O3 as demonstrated in Fig. 11.13. In the first model in Fig. 11.13a, the
PTFE transfer film was generated on the OH-terminated surface and the sliding
interface appeared between the PTFE layers and not in the PTFE/a-Al,Os5 interface.
The second model in Fig. 11.13b, which represents an F-terminated a-Al,O5 surface
only two of the PTFE layers form the transfer film. The chemical reaction between
PTFE and a-Al,Oj3 is responsible for the difference between these two models.
When the hydroxyl group stays on the a-Al,O3 surface, the electrostatic attraction
between the hydrogen atoms and fluorine atoms in PTFE facilitates the transfer of
PTFE. On the other hand when the a-Al,O3 is terminated by fluorine atoms, the
electrostatic repulsion between PTFE and the F-terminated a-Al,O; inhibits the
transfer of PTFE layer. The third model is when the carboxyl group forms as a
product of interaction with water vapor. In such case as shown in Fig. 11.13c
although the surface was terminated by fluorine atoms, three or four layers of
PTFE were transferred.
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Fig. 11.13 Final structure of the three different PTFE/a-Al,Oj3 interface of Fig. 11.12 from MD
simulation with sliding distance of 5 nm for all the models. (Reprinted with permission from

[11]. Copyright 2014 American Chemical Society)

11.5 Conclusion

In this chapter, the commonly used theoretical and MD models describing the
friction behavior of self-lubricating materials have been discussed. Different mech-
anisms have been reported to be responsible for friction reduction in such materials
including the bearing effect in MoS, and carbon nanotubes, and the anisotropic
forces between carbon atoms facilitating the sliding of graphite sheets.

These mechanisms were studied using MD models over the last three decades. It
has been shown and validated by different groups that computational models are
accurate methods to enhance the understanding of such phenomena. Despite the
exclusive number of MD researches on different materials, there are only a few
studies with focus on self-lubricant materials. The main reason is the complexity of
self-lubricating systems which is a drawback for researchers to develop such models.
Another limiting factor is the computational expense of these studies which growth



294 A. Bakhshinejad et al.

exponentially with increase in the number of modeled atoms. Therefore, the com-
putational models of self-lubricating materials require more research in MD model
implementation.
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