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Lubricants are an important part of any tribological system. The ability to reduce friction and
effectively dissipate heat are important mechanisms needed in reducing wear and frictional heating.
Lubricants are typically in the liquid state, the most common being oil-based liquids. Liquid lubricants
are external to the tribological mating surfaces, and must be stored and supplied externally. As such,
loss-of-lubrication conditions can occur when problems in lubrication storage or delivery occur. Damage
can be gradual from wear or corrosion, or can be severe and acute—for example, due to impact damage
from kinetic strikes in military applications, foreign object damage in commercial/military aviation,
or roadway debris in automotive applications. The ability to survive loss-of-lubrication conditions
provides a level of robustness and reliability that can offer substantial benefits from energy efficiency
to prevention of loss of life. Developing materials with intrinsic lubrication mechanisms is a promising
approach for developing low friction materials that require little or no external liquid-phase lubrication.

Two-dimensional (2D) nanomaterials have found promising uses as composite fillers in polymer,
metal, and ceramic matrix composites [1,2]. Some 2D materials such as graphene have found direct uses
in tribological applications as protective surface layers [3,4]. This has brought forth the concept of using
2D nanolaminated materials as protective solid-state lubricants. While the use of nanofluids has already
put into practice this concept, it still relies on storage and delivery of the lubricant. Nanomaterials
have other favorable attributes that makes it logical to incorporate them directly into materials as a
secondary phase or reinforcement. Nanocomposite materials can be endowed with in situ solid-state
lubrication by the effective distribution of protective 2D nanomaterials throughout the primary or
matrix material.

Graphene reinforcements, particularly reduced graphene oxide (rGO) and graphene nanoplatelets
(GNPs), have proven adept at providing ceramic matrix composites (CMCs) with enhanced fracture
toughness, along with improvements in functional properties such as thermal and electrical
conductivity [1]. The improvement in fracture toughness has an immediate benefit in improving wear
resistance in ceramics as crack formation and subsequent propagation can quickly accelerate wear.
Increases in wear resistance of up to 75% have been reported [5]. The fine scale of reinforcement
provided by GNPs enhances localized energy dissipation, toughness, and wear resistance even during
microscratch tests utilizing loads as low as 100 mN and scratch distances of 50 pm [6]. In addition to
the intrinsic toughening reinforcement, GNPs have enhanced wear resistance by the in situ formation
of a protective and lubricating tribofilm [7]. The gradual wear of the ceramic composite leads to the
ejection of GNP particulates (that are loosely adhered to the ceramic matrix by design). These GNP
particulates become exposed to high shear forces and frictional heat that promotes edge-to-edge
bonding and the formation of a continuous or near continuous (dependent on filler loading in the
CMQC) tribofilm. The diffusion barrier and high mechanical properties of graphene are believed to
impart the film with protective properties, whereas the weak interlayer forces enable it to serve as a
solid lubricant. Characteristics of the protective graphene films have been found to be dependent on
CMC composition and the severity of wear conditions [8,9]. In this Special Issue, Siddaiah et al. [10]
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have investigated the effect of graphene reinforcements on the surface energy of electrodeposited
Ni—graphene composite coatings. The low surface energy of the coatings is believed to contribute to a
reduction in the embedment of third-body abrasive particles from the wear process, thereby reducing
wear and friction.

Other 2D nanomaterials that show promise as solid-state lubricants are the ternary transition
metal carbides, nitrides (MAX phases) [11,12], and borides (MAB phases) [13,14]. These materials
exhibit intrinsic energy-dissipating mechanisms, and ductility and machinability similar to metals,
along with refractory and oxidative properties similar to those of conventional ceramic materials.
The incorporation of MAX phases has shown promise in enhancing the wear resistance and friction
behavior of polymeric and metal matrix composites [15-18]. The numerous MAX- and MAB-phase
compositions make them promising candidates for developing tailored tribofilms for the specific
matrix material or tribocouple. In this Special Issue, Tran et al. [19] implement this approach to wear
reduction through the use of multilayered Ni-MAX-based composites. Layers consisted of either pure
Ni or Ni-Al, interspersed with Ni-Ti3SiC, composites, where the volume fraction of the MAX phase
within the layer varied from 10%—40 vol %. The effect of chemistry, layer thickness, and reinforcement
fraction on wear and triboactive behavior is detailed by Tran et al. [19].

As with other nanocomposites, a challenge in dispersing secondary particles remains. Inducing
favorable tribo-reactions often requires higher contents of the secondary phase in order to generate a
sufficiently robust tribolayer than can impact the wear and friction behavior. Dispersion of secondary
phases is often most efficient using wet dispersions rather than solid-state powder processing.
This makes processes such as slip casting and emerging slurry-based additive manufacturing (AM)
techniques promising for enabling higher contents of reinforcements that can provide more protective
and robust tribolayers. 2D nanomaterials are especially suited to processing techniques that promote
or necessarily form layered structures, as it allows facile attainment of preferential layering of the 2D
nanomaterials parallel to the microstructural layers or laminates. The unique functional properties of
2D materials may also be harnessed to promote the efficacy of AM techniques where full densification
is often a challenge.
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