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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.



44 Y. Zhang and R. R. Chromik

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
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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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P Sliding grooves

e o

20 um MoS, debris

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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