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Polymer-based composites have gained prominence in tribological applications
due to their lightweight nature, tunable properties, and multifunctional potential.
However, existing reviews largely report performance improvements without
systematically addressing contradictory trends, testing variability, and emerging
manufacturing routes. This review analyses friction and wear mechanisms
in fibre-reinforced and particle-reinforced polymers, surface coatings, and
additively manufactured polymer composites. Key mechanisms, including
load transfer, transfer film formation, thermal dissipation, and interfacial
effects, are critically synthesised across thermoset and thermoplastic systems.
Representative performance trends are discussed to highlight the influence
of reinforcement type, processing route, and operating conditions, along
with limitations in current tribological testing practices and the need for
standardisation. By integrating mechanistic understanding with comparative
performance and future research priorities, this review provides guidance for the
design and evaluation of polymer composites in automotive, aerospace, marine,
and biomedical tribological applications.

KEYWORDS
3D printing, coatings, fillers, polymer composites, wear

1 Introduction

Tribology, the science and technology of interacting surfaces in relative motion,
encompasses phenomena such as friction, wear, and lubrication. Although traditionally well-
explored in the context of metals and ceramics, tribology has gained growing significance in
the study of polymer-based materials, including polymers, polymer composites, and surface
coatings (Sarath et al., 2023; Prabhakar et al., 2018). This is largely driven by the increasing
replacement of metal components with polymeric alternatives across diverse industries such
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as automotive, aerospace, and biomedical engineering
(Joyce, 2017; RajaP. et al,, 2025). The motivation lies in the
advantages that polymers offer such as lightweight nature,
reduced maintenance, cost-effectiveness, and energy efficiency
(Aldousiri et al., 2013; Shalwan and Yousif, 2013).

Recent studies published between 2023 and 2025 have
advanced practical understanding of sustainable and bio-based
reinforcements for polymer composites, with specific investigations
into the physical, mechanical, and thermal effects of natural fillers
and fibres. Examples include Sterculia foetida fibre-reinforced epoxy
composites (Mohanavel et al., 2024; Pandit et al., 2021), Napier
grass fibre-reinforced PLA systems with porcelain filler particulates
(Raja and Devarajan, 2024), and sugarcane ash-neem fibre epoxy
composites developed for lightweight sustainable applications
(Raja et al., 2023). These studies highlight performance trade-offs,
moisture sensitivity, and processing-related limitations of bio-
derived fillers, thereby motivating a focused review of tribological
mechanisms, comparative performance trends, and testing
variability in polymer composite systems (Pradeep et al., 2025).

Unlike metals and ceramics, polymers are inherently
viscoelastic, and their tribological behaviour is more complex due to
time-dependent mechanical responses, multiphase structures, and
susceptibility to environmental influences (Birleanu et al., 2022).
Moreover, while the tribological behaviour of ceramics and metals
has been extensively documented, fundamental understanding and
comprehensive data on polymers remain comparatively limited
(Deleanu et al., 2020; Kumar and Singh, 2020).

Understanding the friction and wear behaviour of polymers
is not only essential for improving their performance but also for
ensuring the long-term reliability and sustainability of polymer-
based systems (Briscoe and Sinha, 2008). As the demand for
lightweight and multifunctional materials continues to rise
across various industries, a comprehensive understanding of the
tribological behaviour, governing factors, and design approaches
of polymers and polymer composites has become essential
(Gupta, 2023; He et al., 2018).

Unlike metals, the tribological behaviour of polymers cannot
be directly interpreted through classical wear mitigation techniques
or friction models. This divergence arises due to the inherent
viscoelasticity and molecular architecture of polymers, where
mechanical and tribological responses are heavily influenced by
polymer chain entanglements, molecular weight, crystallinity, and
chemical structure (Friedrich, 2018).

Friction in polymers is primarily governed by two components:
adhesion and deformation. The adhesive component is associated
with the formation and rupture of interfacial bonds at the
microscopic contact points, typically involving van der Waals forces
or hydrogen bonding. When two polymeric surfaces slide against
each other, these interactions are localised at asperities, surface
protrusions that reduce the effective contact area compared to ideally
flat surfaces. This concept is formalised in the “bump model,” which
explains the significant friction reduction due to minimised real
contact area (Myshkin and Kovalev, 2017).

The deformation component stems from the elastic, plastic, or
viscoelastic deformation of surface asperities under load, leading
to energy dissipation. This energy, primarily transformed into heat,
affects surface properties such as thermal softening and local stress
distribution, influencing frictional behaviour. Factors like molecular
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orientation, blend composition, crosslinking, and processing
history (e.g., extrusion-induced chain alignment) significantly
affect these mechanisms (Myshkin and Kovalev, 2018; Sharma and
Kumar, 2020).
Experimental

observations highlight the

polymer friction to thermal and processing conditions. For

sensitivity of

instance, incorporating fluorinated poly (aryl ether ketone) (12F-
PEK) into epoxy matrices has shown reduced surface energy
and friction. At lower curing temperatures (e.g., 24 °C), the
fluoropolymer migrates effectively to the surface, reducing adhesion
and friction. However, at higher temperatures (e.g., 70 °C),
incomplete migration leads to increased surface contact and thus
higher friction (Brostow et al., 2004).

Moreover,

incorporating fillers into polymer

offers an effective strategy for controlling frictional behaviour.

systems

Polytetrafluoroethylene (PTFE), known for its extremely low
surface energy and strong carbon-fluorine backbone, exhibits
excellent low-friction characteristics. However, due to its poor
wear resistance, it is often reinforced with glass or carbon
fibres. These reinforcements enhance mechanical strength and
wear performance while retaining PTFE’s low friction. Such
composites are widely used in aerospace and chemical processing
industries, demonstrating multifunctionality in polymer tribology
(Huang et al., 2019; Khare et al., 2015).

To overcome the limitations of neat polymers in tribological
applications, such as low load-bearing capacity, high wear rates,
and thermal sensitivity, composite-based formulations have
emerged as a promising solution in tribological applications
(Subramanian et al., 2016; Vijaybabu et al, 2023). Polymer
matrix composites (PMCs), reinforced with fibres, particles,
or solid lubricants, exhibit enhanced mechanical strength,
dimensional stability, and wear resistance, making them suitable
for demanding applications (Conte and Igartua, 2012). Various
techniques to enhance the wear resistance of polymer composites
are shown in Figure 1.

The addition of reinforcements such as carbon fibres, aramid
fibres, glass fibres (GF), graphite, MoS,, or silicon carbide (SiC)
can significantly influence the frictional and wear characteristics
of the matrix. For instance, carbon fibres not only enhance
mechanical strength but also act as thermal conductors, dissipating
heat generated at the contact interface (Yadav et al, 2023;
Kim et al.,, 2012). On the other hand, solid lubricants like graphite
or MoS, contribute to reducing friction through the formation
of transfer films and low shear layers at the sliding interface
(Zhang et al., 2007; Shi et al., 2007; Keshavamurthy et al., 2021).

However, it should also be understood that the tribological
performance of polymer composites is governed by several factors,
including the nature, content, dispersion, and orientation of the
filler, as well as interfacial adhesion between the matrix and
reinforcement (Kurdi and Chang, 2019). Poor filler matrix bonding
can lead to interfacial debonding and increased wear, whereas
optimal bonding promotes stress transfer and surface integrity.
These composite systems, though beneficial in bulk, often face
challenges under dynamic or abrasive conditions (Chan et al., 2021).
Their performance can be further tailored through the application
of composite surface coatings, especially in wear-critical or contact-
intensive environments (Le Houérou et al, 2017; Wang and
Zhou, 2017; Karger-Kocsis and Felhas, 2008).
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FIGURE 1
Methods used to enhance the tribological performance of polymer composites.
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1.1 Review methodology

This review was conducted through a structured literature
survey using peer-reviewed articles obtained from databases
including Scopus, Web of Science, ScienceDirect, SpringerLink,
Wiley Online Library, and IEEE Xplore. The search employed
keywords related to polymer tribology, polymer composites,
friction and wear behaviour, composite coatings, fibre- and
particle-reinforced polymers, and additively manufactured polymer
composites.

The literature considered in this review primarily covers the
period from 2005 to 2024, with emphasis on recent studies from
the last decade, while earlier key works were included where
necessary to establish fundamental concepts. Only English-language
journal articles reporting tribological performance and underlying
mechanisms of polymers and polymer composites were considered.
Non-peer-reviewed sources and studies not directly related to
friction and wear behaviour were excluded. The selected studies
were analysed based on matrix type, reinforcement category, and
processing method, including bulk composites, coatings, and 3D-
printed structures. The discussion focuses on key tribological
mechanisms such as transfer film formation, load-bearing effects,
thermal dissipation, abrasion resistance, and interfacial interactions.

To improve structural clarity and minimise repetition, the key
tribological mechanisms discussed in this review, i.e., transfer film
formation, load-bearing reinforcement, and thermal dissipation are
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addressed in an integrated manner across different material systems
rather than repeated independently in each section. While these
mechanisms recur in fibre-reinforced, particle-reinforced, coated,
and additively manufactured polymer composites, their roles are
discussed in relation to matrix type, reinforcement morphology,
processing route, and operating conditions. Figure 2 presents a
schematic review map that outlines the organisation of the review
by linking polymer matrices, reinforcement strategies, dominant
tribological mechanisms, and processing routes with the key
research gaps identified in the literature.

1.2 Polymer composite coatings for
advanced tribological performance

Surface coatings offer an effective approach to enhance the
tribological performance of materials without compromising
their bulk properties. Polymer composite coatings have been a
versatile and cost-effective solution for improving wear resistance,
reducing friction, and extending the service life of mechanical
components operating under dry, lubricated, or corrosive
environments (Bobby and Samad, 2017). These coatings are
typically applied onto substrates through techniques such as spray
coating, dip coating, spin coating, or electrostatic deposition,
and consist of a polymer matrix embedded with functional
fillers or reinforcements (Taghizadeh Tabrizi and Enzinger, 2024).
By tailoring the composition and architecture of the coating,
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routes, and key research gaps in polymer composite tribology.
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Schematic review map illustrating the relationships between polymer matrices, reinforcement types, dominant tribological mechanisms, processing

desirable tribological properties can be achieved at the surface
while preserving the lightweight and flexible characteristics of the
underlying material (Wang R. et al., 2023).

The choice of polymer matrix such as epoxy, polyimide,
polyetheretherketone (PEEK), or PTFE influences the thermal and
mechanical stability of the coating. Incorporating fillers like carbon
nanotubes (CNT) (Makowiec and Blanchet, 2017), graphene (Gr)
(Taghizadeh Tabrizi and Enzinger, 2024), ceramic particles (Alvi and
Akhtar, 2018), or solid lubricants (Bashandeh et al., 2019) into these
matrices helps form low-shear transfer films and improves load-
bearing capacity. Additionally, nano-fillers are known to induce
favourable changes in surface topography, hardness, and energy
dissipation mechanisms. These coatings offer the advantage of
localised enhancement, making them very effective in applications
where full material substitution is impractical or uneconomical
(Shiv et al, 2024; Muraliraja et al, 2021). They are widely
employed in automotive engines, marine propeller shafts, aerospace
actuators, and biomedical implants, where friction reduction and
wear resistance are critical (Kriti et al., 2024). As shown in Figure 3,
nanofillers used in coating applications can be broadly classified
based on their dimensionality into 0D, 1D, 2D, and 3D structures.
Each class offers unique properties that influence the performance
and functionality of the coating systems.

1.3 Tribological mechanisms in polymer
composite coatings

The friction and wear behavior of these coatings is governed by a
complex interplay of several mechanisms at the interface and within
the microstructure of the coating. Understanding these mechanisms
is fundamental to optimising coating design for specific operating
environments.

1.3.1 Transfer film formation

In tribological systems, the formation of a transfer film, often
referred to as a tribofilm, is one of the most critical mechanisms by
which polymer composite coatings achieve significant reductions in
friction and improvements in wear resistance. This transfer film is
a thin, often self-renewing layer of material that detaches from the
coating and adheres to the counterface during sliding motion. It acts
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as a physical and, in some cases, chemically interactive barrier that
reduces direct asperity contact and interfacial shear stress between
sliding bodies (Ye et al., 2017).

The efficiency of this mechanism depends strongly on the
chemical nature and microstructural behaviour of both the polymer
matrix and the reinforcing fillers. PTFE, one of the most studied low-
friction polymers, has an innate ability to form continuous transfer
films due to its low surface energy and helical molecular structure.
Upon sliding, PTFE chains fragment, and the resulting radicals
chemically anchor to metal counterfaces, producing a smooth,
uniform, and adhesive tribolayer that significantly lowers friction
coeflicients and wear rates (Panin et al., 2022).

The incorporation of solid lubricants such as graphite, MoS,,
and black phosphorus enhances transfer film development further.
These layered materials possess weak van der Waals bonds
between planes, allowing them to shear easily and deposit as
lubricious debris on the sliding interface (Padhan et al., 2020;
Luo et al.,, 2016). For example, the addition of black phosphorus
nanosheets to PTFE coatings has been shown to reduce the
coeficient of friction by approximately 60% (from 0.115 to 0.046)
and wear volume by 53%, due to the effective formation of a low-
shear transfer layer and strong interfacial interactions (Burris and
Sawyer, 2006; Van Meter et al., 2022).

Additionally, ceramic nanoparticles such as SiC, TiO,, and
Al,O5 are widely used to improve film uniformity and structural
reinforcement. These nanofillers promote more uniform material
loss and energy dissipation, minimising localised deformation and
allowing smoother film growth across the contact area. For instance,
in polyurethane-based coatings, the incorporation of 3 wt% nano
SiO, and polytetrafluorowax increased the wear life from 1,250 to
2,750 m/pm, emphasizing the dual role of ceramics in controlling
both friction and durability (Ren et al., 2021).

A critical aspect of transfer film formation lies in filler dispersion
and surface functionalisation. Agglomeration of particles can
disrupt uniform film formation and create abrasive zones, leading
to increased localised wear. Surface treatments like silanisation
or fluorination of fillers such as SiO,, graphene oxide (GO), or
CNTs improve compatibility with the polymer matrix and enhance
bonding at the filler-matrix interface. This improved interfacial
interaction translates into finer wear particles that adhere better
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FIGURE 3

(Wang R. et al., 2023).

Typical nanofillers used in coating applications, categorized by dimensionality: 0D nanofillers (e.g., nano ZnS and nano W,C particles) (Li et al., 2018;
White et al.,, 2018), 1D nanofillers (e.g., carbon nanofibres) (Zhou et al., 2019; Chen et al., 2019), 2D nanofillers (e.g., MoS, (Yin et al,, 2022) and Gr
nanoplatelets (Si et al., 2017)), and 3D nanofillers (e.g., CNF/MoS, hybrids (Chen et al., 2019) and Ti/ND powders (Shang et al., 2020))

to the counterface, resulting in more consistent and cohesive
transfer layers (Wang and Yan, 2006).

Equally important is the influence of the counterface material.
The physical and chemical nature of the mating surface, i.e., its
roughness, energy, and reactivity, affects transfer film nucleation
and adhesion. Metallic counterfaces such as steel and aluminium
typically support strong tribochemical interactions with polar or
reactive polymer fragments, leading to robust film anchoring.
Oxidised or coated counterfaces, however, may hinder adhesion or
result in poor film stability, thereby compromising wear resistance.
Surface texturing of the counterface has also been investigated as
a method to mechanically transfer films and improve consistency
under sliding (Li et al., 2015).

The tribochemical activity between the transfer film and
counterface can significantly influence coating performance under
different environmental conditions. For example, moisture, oxygen,
and even temperature gradients can initiate surface reactions that
stabilise the film or cause oxidative degradation. PTFE-based
films are relatively inert but may oxidise at elevated temperatures,
whereas polymer composites containing ester groups or other polar
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functionalities may participate in hydrogen bonding or surface
grafting under frictional heating (Qi et al., 2023; Zhang et al., 2021).
To study transfer film behaviour in detail, researchers employ a
combination of tribological testing and surface characterisation
methods. Common wear tests include pin-on-disk, ball on flat, and
reciprocating sliding tests under dry or lubricated conditions. After
testing, the morphology and chemistry of the transfer films are
analysed using SEM, EDS, Raman spectroscopy, and XPS, which
reveal not only the coverage and continuity but also the chemical
composition and bonding nature of the tribofilm. These techniques
are critical for understanding how different material combinations
and operating conditions influence tribofilm growth, regeneration,
and breakdown.

Furthermore, research by Zhang et al. (Li W. et al., 2023) on SiC-
filled PTFE composites revealed terrace-like multilayer tribofilms,
with each layer about 0.1 um thick. These films exhibited wear
behaviour highly dependent on the coverage area. At low coverage
(<24.8%), wear increased sharply, while at higher coverage, the
influence of thickness was subdued or even counterproductive. This
finding validates the idea that an optimal transfer film thickness
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exists; insufficient coverage results in instability and high wear,
whereas excessive accumulation can lead to spallation or interfacial
slip failure.

By integrating these physical, chemical, and mechanical
aspects, transfer film formation in polymer composite coatings
emerges as a complex but controllable phenomenon. It highlights
the importance and significance of material selection, surface
engineering, and operating environment in achieving optimal
tribological performance.

1.3.2 Load-bearing reinforcement mechanism in
polymer composite coatings

One of the key functions of reinforcing fillers in polymer
composite coatings is to improve the load-bearing capacity by
enhancing the mechanical integrity of the composite system. This
mechanism primarily involves the efficient transfer of applied stress
from the softer polymer matrix to the stiffer and stronger filler phase.
When external loads are applied, stress is redistributed through
the matrix filler interface, and the fillers bear a significant portion
of the mechanical load due to their superior elastic modulus and
tensile strength. This results in improved resistance to localised wear,
cracking, and delamination, especially in applications involving high
contact pressures and sliding velocities (Bera et al., 2019).

In composite coatings, embedded fillers such as carbon
fibres, ceramic particles, or nanomaterials act as microscale
load-supporting agents that absorb and distribute these stresses
throughout the matrix. The magnitude of this absorption and
distribution of stress depends on multiple parameters, including the
filler’s volume fraction, size, aspect ratio, dispersion uniformity, and,
critically, the interfacial bonding with the matrix (Ye et al., 2025).

From a mechanical design perspective, high-aspect-ratio fillers
such as CNTs and Gr nanoplatelets are effective due to their large
surface area and superior elastic modulus (Tambe et al., 2022).
These materials can enhance the hardness and elastic modulus of
the composite even at low concentrations. For instance, Samad and
Sinha (Samad and Sinha, 2011) demonstrated that the inclusion
of only 0.2wt% CNTs into a UHMWPE matrix increased the
coating’s surface hardness by 66% and the elastic modulus by 58%,
thereby significantly improving resistance to deformation and wear
under high loads. Figure 4 illustrates various carbon-based materials
commonly employed as filler components in polymer composites for
enhanced tribological performance.

As mentioned earlier, the dimensionality of fillers, whether 0D
(nanoparticles), 1D (nanotubes), or 2D (nanosheets) influences the
reinforcing effect. Chih et al. (Chih et al., 2017) observed that 2D
Gr nanosheets embedded in UHMWPE coatings improved elastic
modulus by up to 10%. However, their effectiveness was found to
be limited by agglomeration, which emphasises the importance of
ensuring uniform dispersion and optimal filler loading. In another
study on PA6/silica nanocomposites, a reduction in nanoparticle size
from 50 nm to 12 nm led to enhanced stress transfer and mechanical
reinforcement, highlighting the role of increased surface area in load
distribution.

Additionally, load-bearing fillers not only support mechanical
stress but also contribute to wear suppression by resisting
indentation

and ploughing during sliding. Hard ceramic

reinforcements such as SiC, Si;N,, and TiC increase the surface
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hardness of the coating and act as protective micro-barriers that
prevent localised damage to the matrix. Likewise, Guo et al. (2009)
demonstrated that the inclusion of both SiO, nanoparticles and
short carbon fibres in an epoxy matrix not only increased the surface
hardness but also improved the coating’s ability to bear mechanical
loads and resist wear under dynamic conditions.

A critical factor in realising the full potential of these fillers lies in
the strength of the interfacial bonding between the polymer matrix
and the reinforcing phase. Weak interfacial adhesion may lead to
filler debonding or pull-out during operation, resulting in premature
coating failure (Ren et al., 2021). To counter this, surface treatments
such as silanisation or acid functionalisation are commonly applied
to improve the filler matrix interface and ensure efficient stress
transfer (Rong et al., 2006; Maurya et al., 2023).

1.3.3 Heat dissipation and thermal stability
mechanisms in polymer composite coatings

Frictional heating during sliding is a critical factor affecting the
durability of polymer composite coatings. Most polymers exhibit
low thermal conductivity and limited thermal stability, leading to
softening, oxidative degradation, or structural failure under elevated
temperatures. To address this, both thermally stable polymer
matrices (e.g., polyimide, PEEK) and thermally conductive fillers
are employed to improve interfacial heat dissipation and coating
longevity. High-performance polymers like polyimide (stable up to
~300 °C) and PEEK (up to 250 °C) are commonly used in high load
tribological systems due to their retention of mechanical integrity
at elevated temperatures. Further enhancement is achieved by
incorporating thermally conductive fillers such as BN, AIN, Al,O;,
Gr, and CNTs. These materials establish thermally conductive
pathways within the matrix, minimising heat accumulation at the
sliding interface (Ogbonna et al., 2021).

Alexis et al. (2024) have demonstrated that incorporating
hexagonal boron nitride (hBN) into polytetrafluoroethylene (PTFE)
matrices significantly enhances thermal conductivity. Specifically,
a study achieved a thermal conductivity of 3.5 W/m-K at 40 wt%
hBN loading, which is approximately double the values reported in
earlier literature. This improvement is attributed to the optimised
dispersion of smaller-sized hBN particles (~5 um), facilitating the
formation of effective thermal percolation networks within the
PTFE matrix. Such networks enhance heat dissipation capabilities,
thereby improving the thermal stability of the composite coatings
under operational conditions.

In case of polyetheretherketone (PEEK) composites, Li D. et al.
(2023) found that the addition of graphene nanoplatelets (GNPs)
has been shown to substantially improve thermal conductivity.
Experimental results indicate that incorporating 5wt% GNPs
into PEEK increases the thermal conductivity to approximately
0.604 W/m-K, representing a 138.73% enhancement over pure
PEEK. This enhancement is due to the formation of interconnected
thermal pathways facilitated by the GNPs, which effectively dissipate
heat and prevent thermal degradation during high-speed sliding
applications.

Carbon nanofillers such as CNTs and functionalised Gr
provide thermal conductivities up to several thousand W/m-K and
serve as phonon-conducting bridges across the polymer matrix
(Ye et al.,, 2024). Surface functionalisation improves filler-matrix
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compatibility, reducing interfacial thermal resistance and enabling
more efficient phonon transfer (Ren et al., 2021).

Hybrid filler systems combining BN with graphite or
CNTs have shown synergistic effects, providing both thermal
management and self-lubrication. Structural designs such as
multilayered or gradient coatings further optimise heat dissipation,
especially in rotating machinery and aerospace components
(Zhang et al., 2022; Khalaj et al., 2020). Thermal performance is
typically characterised using TGA, DSC, and IR thermography
during tribological testing. Coatings with enhanced thermal
dissipation consistently exhibit lower wear rates and stable friction
coeflicients under prolonged sliding.

1.3.4 Abrasion resistance and surface hardening
in polymer composite coatings

Abrasion is a dominant wear mechanism in many tribological
systems, especially under harsh contact conditions where surface
asperities or entrapped particles interact mechanically with the
coating. To combat abrasive wear, polymer composite coatings
are often reinforced with hard ceramic particles or engineered
nanoparticles that increase surface hardness and resist ploughing
and material removal during sliding (Momber et al., 2020).

The effectiveness of ceramic fillers such as Al,Oj, SiC, TiC, and
ZrO, lies in their intrinsic hardness and load-bearing capabilities.
These fillers inhibit micro-cutting by either resisting penetration or
redistributing stress around the contact zone (Barroso et al., 2019).
For instance, studies have shown that incorporating 10 wt% Al,O5
into epoxy matrices significantly improves scratch resistance and
lowers wear depth, mainly due to increased surface hardness and
micro-barrier formation against abrasives (Li et al., 2024).

Gangwani et al. (2025) investigated SiO, and short carbon
fibre-reinforced epoxy hybrid composites and found that the
wear resistance improved substantially, particularly in dry-sliding
conditions. The inclusion of SiO, nanoparticles improved the bulk
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hardness, while the carbon fibres provided crack-bridging and
load support. The synergistic effect of this hybrid reinforcement
structure increased the coating capacity to resist microploughing
and fatigue-induced abrasion. Shi et al. (2011) investigated the
tribological behaviour of nanometer and micrometre TiO, particle-
filled PTFE/PI composites. Their findings indicated that the addition
of TiO, particles improved the wear resistance of the composites,
with the nanometer-sized particles exhibiting superior performance
due to better dispersion and interaction with the matrix. The
improved wear resistance was attributed to the formation of a
uniform and stable transfer film, as well as the enhanced load-
bearing capacity provided by the well-dispersed TiO, nanoparticles.

In another relevant study, Zhenhua (2013) investigated the
effect of titanium dioxide (TiO,) dispersion on the tribological
properties of carbon fibre-reinforced polyimide (CF/PI) composites.
This research demonstrated that the incorporation of TiO,
significantly improves the friction and wear properties of CF/PI
composites, leading to a smoother and more uniform worn surface.
Additionally, nano-sized ceramic particles offer a superior surface-
to-volume ratio, which enhances filler-matrix interaction and
facilitates the formation of a dense, mechanically integrated surface
layer. The mechanical interlocking between the nano-ceramic
filler and the polymer chain network acts as a micro-barrier,
limiting the depth of abrasive grooves. This effect is particularly
prominent in PEEK and epoxy matrices, where SiC or Al,O,
nanoparticles have shown consistent improvements in Specific
Wear Rate (SWR) and indentation resistance under abrasive sliding
conditions (Goyal et al., 2008).

The wear resistance enhancement provided by ceramic particles
is further supported by surface roughness stabilisation. These
hard particles prevent rapid smoothing of the coating surface,
maintaining optimal frictional characteristics over extended sliding
cycles. Moreover, coatings reinforced with a combination of hard
and lubricious fillers (e.g., Al,O; + MoS,) have shown dual
advantages such as surface hardening for abrasion control and
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self-lubrication for friction reduction (Goyal et al, 2008; Lin
and Schlarb, 2021). Surface characterisation methods such as
instrumented scratch testing, nanoindentation, and SEM imaging
of wear tracks are typically used to assess the abrasion behaviour of
these coatings. In most studies, the presence of uniformly dispersed
ceramic fillers correlates directly with decreased penetration depth,
smaller wear scar width, and lower volume loss are all indicators of
improved abrasion resistance.

2 Influence of matrix type: tribological
performance of thermoset and
thermoplastic polymer coatings

Thermoset and thermoplastic polymer coatings exhibit distinct
tribological behaviours due to fundamental differences in their
molecular structures and filler interactions. Thermoset coatings,
such as modified novolac and epoxy-phenolic resins, form
highly cross-linked networks that impart dimensional stability
and chemical resistance. Xu and Mellor (2003) demonstrated
that thermoset coatings filled with calcium silicate or alumina
maintained stable wear performance and superior filler retention
under increasing load conditions. At moderate loads (e.g., 80 N),
thermoset coatings displayed controlled microcracking with strong
filler-matrix adhesion, whereas at higher loads, especially beyond
150 N, microcrack initiation and propagation from filler boundaries
became the dominant wear mechanism.

In contrast, thermoplastic coatings, such as fluoropolymers filled
with CaF,, exhibited higher wear rates under similar conditions
due to microploughing, microcutting, and plastic flow mechanisms.
SEM observations revealed extensive furrowing, filler detachment,
and extrudate debris formation at loads as high as 185-220 N,
indicating that thermal softening and viscoplastic deformation
dominated the wear response. While thermoplastics possess higher
toughness and ductility, they tend to undergo significant volumetric
loss when subjected to continuous mechanical loading (Xu and
Mellor, 2003). This aligns with findings from other studies where
fluoropolymer-based coatings offer excellent low friction due to
their smooth molecular surface structure, but are limited by poor
mechanical resilience (Ren et al., 2021).

Luo et al. (2016) showed that PTFE-based thermoplastic
coatings achieved extremely low coeflicients of friction (as low as
0.05), but they suffered from high wear rates unless reinforced with
fillers like carbon or glass fibres. Fibre reinforcements improved
mechanical integrity, reducing wear without compromising the
low-friction advantages inherent to the fluoropolymer matrix
(Naffakh et al., 2013; Hou et al., 2008). Similarly, Wang et al. (1997)
reported that embedding fullerene-like inorganic nanoparticles
into PEEK matrices led to smoother wear tracks and significantly
reduced friction coefficients during dry sliding.

While thermoset coatings excel in environments that demand
high thermal stability and minimal dimensional change, they are
more prone to brittle fracture under extreme loading if filler-
matrix bonding is suboptimal. Conversely, thermoplastics offer
better flexibility and recoverability but require careful thermal
and mechanical stabilisation for long-term durability. Hybrid
thermoplastic systems, such as PEEK-based nanocomposites
reinforced with AlL,O; or SiC, present a balanced solution by
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offering improved wear resistance along with inherently low friction
(Qiao et al., 2007; Naffakh et al., 2010). Thus, matrix selection must
be strategically aligned with operational demands, considering
factors such as applied load, sliding speed, thermal exposure,
abrasion intensity, and required coating lifespan.

3 Carbon fibre-reinforced polymer
composites

As discussed, polymeric materials exhibit weaknesses in
mechanical and thermal environments, which are common in many
engineering industries. Therefore, soft polymeric materials can be
protected through CF reinforcement due to their high strength and
thermal stability (Luo et al., 2025). The CF reinforcement would
provide a combination of factors that simultaneously enhance
tribological characteristics along with mechanical and thermal
properties: acting as a transfer film, increasing load-bearing
capability, adding fillers for lubrication, improving interfacial
bonding through fibre modification, and offering high thermal
stability. Recent scientific studies suggest incorporating alternative
techniques to further improve the wear resistance of polymeric
composites. For instance, hybridisation of fibre-filler, fibre surface
treatment, and alignment of fibre or filler (Lan et al, 2025;
Singh et al., 2025). A case in point is that Li et al. (2025c) prepared
CF-reinforced epoxy composites in which the CNTs were orderly
positioned in the interfacial gaps between the CF and epoxy using
a chemical grafting method. The results indicated that the orderly
positioned CNTs facilitated good stress transfer from the epoxy
to the CF resulting in a 4% reduction in the p value and a 34%
reduction in wear rate compared to the CF/epoxy composite.

In another study, Kuila et al. (2025) focused on the tribological
properties enhancement of CF/epoxy composites by introducing
the synergistic effect of 3D interconnected Zr-BN. Compared to
the reference CF/epoxy composite, the pu and SWR values are
significantly reduced by =~ 56% and ~92%, respectively. The authors
suggested that the Zr/BN/CF/epoxy composites can be used in
electronic gadgets.

The major reason for such drastic reductions is that the superior
hydrophilicity and uniform dispersion of Zr-BN fillers created a
good cross-linking network between the CF and epoxy, resulting
in proper interfacial bonding and less amount of material loss and
debris during the wear test. The molecular chain sliding would
be difficult when there is a good bonding between the fibre and
matrix, and a further reduction in wear losses. Recently, various
novel techniques (refer to Figure 5) have been used for the further
reduction of the wear loss and friction of CF/polymer composites.

Additionally, Liu et al. (2025) fabricated 3D braided CF/epoxy
composites and the wear characteristics were studied. The findings of
the research showed that the 3D braided CF acted as a strengthening
factor compared to UD-CF in epoxy, which reduced the wear
rate of epoxy. The SWR of UD-CF epoxy composite and neat
epoxy was =192 X 10°° mm?/(N-m) and =330 x 10°° mm?>/(N-m),
respectively. Whereas the 3D braided epoxy composite recorded
good wear resistance and its SWR was =25 x 107® mm?/(N-m). The
analysis confirmed that plastic deformation was the main mode of
failure that caused damage to the braided 3D CF/epoxy composite
during the frictional test. Interestingly, such plastic deformation is
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FIGURE 5
Several innovative techniques utilised to enhance the tribo-resistance

of CF/polymer composites (Li et al., 2025c; Kuila et al., 2025;
Kumar et al., 2025; Guo et al., 2025).

minimised due to the addition of the interwoven CFs in epoxy,
leading to a transition towards fatigue wear as the predominant
mode of failure. Improving the wear resistance of the polymer
without compromising its mechanical strength can be achieved
through hybrid reinforcement. The advanced modification strategies
illustrated in Figure 5, including fibre surface treatment, hybrid
reinforcement, and interfacial engineering approaches, have been
discussed in the above studies in relation to their role in improving
tribological performance.

In this (2024) prepared hybrid
epoxy composites using MWCNT and carbon fabrics as

context, Kiran et al.
reinforcements. Figure 6 illustrates that adding a small proportion of
MWCNT to epoxy/CF composites resulted in a significant reduction
in material loss during wear tests. The incorporation of MWCNT
enhanced the bonding between the fibre and epoxy, thereby helping
to reduce the material loss from the wear surface.

3.1 Glass fibre-reinforced polymer
composites

GF is well known for its high tensile properties, including
strength and modulus. Because of these unique characteristics,
proper load sharing is possible between the matrix and GF (refer
Figure 7). Therefore, the reduction of local stress accumulation
within the matrix and its surface during sliding is possible, leading
to minimal loss on the material surface (Kumar and Singh, 2022).
In addition, reinforcing hard and wear-resistant GF in polymer
composites mutually improves the surface hardness and reduces the
rate of material loss, such as micro-cutting on the contact surface and
ploughing during abrasive wear (Dhandapani et al.,, 2023; Suresha
and Kumar, 2009). A superior interlock between the GF and polymer
matrix is highly required to slow down crack propagation during
abrasive wear (Babaevsky et al., 2023). Adding GF into the polymers,
like PEEK, has altered the debris’s morphology.

For instance, Figure 8 illustrates the debris produced from the
wear test of PEEK-based nanocomposite after contact sliding. For
neat PEEK, the shape of the wear debris mainly appears as round
and coarse. In contrast, the wear debris associated with GF-doped
PEEK composites, as shown in Figures 8e,f, is predominantly flake-
shaped. The SEM morphologies displayed the wear track surfaces of
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the neat PEEK and PEEK-based nanocomposites, highlighting the
different wear mechanisms linked to each composite formulation.
The neat PEEK exhibited abrasive wear behaviour through plunge
grooves and delamination traces on the wear track surface. These
characteristics indicate significant loss of material through abrasive
interactions and the detachment of polymer due to delamination.
On the other hand, the wear track of PEEK/GF composites exhibited
a different mechanism. The SEM images revealed the occurrence of
abrasive wear without the formation of delamination. Remarkably,
the GF has undergone considerable crushing during the sliding
contact rather than being pulled out of the PEEK. The crushed GF
adheres to the worn surface, as shown in Figures 8b,c. The adhesion
of GF can lead to the development of a self-lubricating film along
the wear path, which in turn improves the wear resistance of PEEK
composites (Gain and Zhang, 2025). These observations collectively
represent the dominant failure modes in polymer composites under
sliding, including matrix smearing, abrasive wear, fibre crushing,
interfacial damage, and transfer film formation.

The thermal stability of polymer composites is the most
important characteristic that plays a vital role in frictional behaviour.
The GF possesses superior thermal stability and poor thermal
conductivity. During high-speed dry sliding, a huge amount of heat
is generated, and this heat must be dissipated. There may be a delay
in heat dissipation due to the GF and polymer having low thermal
conductivity. Therefore, the thermal stability of the polymer should
be enhanced to prevent softening and thermal degradation caused
by rubbing (Sahin et al., 2024; Unal et al.,, 2006). Furthermore, the
formation of uniform and stable transfer film on the wear track of the
hard counter surface by GF-reinforced polymer composites during
sliding is common. This acts as an intermediate layer that minimises
the direct contact between two rubbing surfaces, thus decreasing the
wear rate (Shar et al., 2010; Korku and Feyzullahoglu, 2024).

Figure 6 indicates various factors of GF reinforcement that
influence the wear characteristics of polymer composites. Therefore,
the addition of GF in a polymer matrix is one of the best options
to increase the mechanical strength, thermal properties and wear
resistance. In support of this, Zaghloul et al. (2024) analysed the
wear characteristics of GF (25 wt%) added PA-6 composite and
compared it with neat PA-6. Figure 9 indicates a downward trend
of SWR against the increase in applied load and this behaviour
is common for CF composites (Osterle et al., 2016) and a few
particle reinforcements (Chang et al., 2007) In addition, extensive
research has demonstrated the necessity of adding an external
agent to minimise material loss due to abrasion, which is relatively
predominant at the beginning of the wear test (Harris et al., 2015).

Generally, during the start of the abrasion, the stress induced
by abrasive grains is adequate to initiate material loss from the
polymeric composite surface. As the wear test progresses, a wear
track develops and the GF is disclosed, potentially leading to GF
failure due to the high applied load. Further, the departed matrix and
GF can entangle on the surface of the counter-rotating disc and start
forming a layer which helps to reduce wear loss (Onodera etal., 2014;
Zalaznik et al., 2016). However, some researchers stated that the GFR
composites exhibited poor tribological characteristics and further
improvement is required to widen their applications (He et al., 2020).
Therefore, it is necessary to add nano-fillers to GFR polymer
composites.
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Illustration of the role of GF reinforcement on the enhancement of

wear resistance of polymer composites.

For instance, He et al. (2020) prepared three types of epoxy
composites using different combinations of GF, MoO;-OMWCNTs
and f-MoO;-OMWCNTs and analysed the tribological properties.
It was found that the p value for the reference composite sample
(GF/Epoxy) was 0.61 and this was reduced to 0.5 and 0.32
when the epoxy was loaded with MoO;-OMWCNTs and f-
MoO;-OMWCNTs, respectively (Refer to Figure 10). In the
steel ball-on-disc wear test, the steel counterparts are tested to
better understand the wear behaviour of the composites. For
the reference GF/Epoxy composite, numerous furrows were
visible on the steel ball’s surface, indicating abrasive wear due

Frontiers in Materials

10

to the micromachining and ploughing, without any noticeable
transfer film formation (Figure l1la). In contrast, the MoOj;-
OMWCNTs/GF/Epoxy composite showed debris accumulation
and a discontinuous transfer film with no furrows (Figure 11b).
The f-MoO;-OMWCNTs/GF/Epoxy composite displayed the
most favourable wear performance, with a continuous transfer
film covering nearly the entire contact area (Figure 11c). This
transfer film restricts the direct contact of the steel ball with a
polymeric sample, instead, newer polymer-to-polymer contacts
can be established.

3.2 Natural fibre-reinforced polymer
composites

Natural fibre-reinforced polymer (NFRP) composites exhibit
distinct wear behaviour influenced by fibre type, content, and
interfacial bonding (Karthik Babu et al., 2020a). These composites
generally show moderate wear resistance, with fibres acting
as load-bearing elements that reduce direct polymer contact
with abrasive surfaces (Rajendran et al, 2024). Proper fibre
dispersion enhances wear performance by evenly distributing
stress and minimising material removal. However, weak fibre-
matrix adhesion can lead to fibre pull-out and increased wear.
Environmental factors such as humidity and temperature also
affect wear properties (Karthik Babu et al., 2020b). Optimising
fibre treatment and composite processing improves durability,
making NFRP composites suitable for applications requiring
lightweight, wear-resistant materials with sustainable advantages.
For instance, Sengottaiyan et al. (2025) developed alumina (Al,O;)
filler and NaOH-treated Roselle fibres incorporated in epoxy to
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FIGURE 8

SEM morphologies (a—c) of wear tracks and corresponding in-situ 3D profilometer optical microscopic images of worn debris of neat PEEK (d) and
GF-reinforced PEEK composites (e,f) illustrating dominant failure modes such as matrix smearing, fibre crushing or pull-out, and transfer film formation
during sliding (Gain and Zhang, 2025).
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Effect of GF reinforcement on SWR of PA6 composites (Zaghloul et al., 2024).
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Schematic to understand the friction and wear behaviour of (a)
GF/epoxy, (b) MoO3-OMWCNTs/GF/Epoxy and (c) f-MoO3-
OMWCNTs/GF/epoxy composites (He et al., 2020).

form epoxy composites. It is concluded that the 10 wt% Al,O;
composites exhibited the minimum SWR and coefficient of friction
(COF) compared to other epoxy composites and the SEM analysis
confirmed the minimal wear debris and surface damage. Through
SEM, the epoxy composite containing 10 wt% Al,O; displays a
smoother surface with noticeable plastic deformation. Compared
to the 5 wt% Al,O; sample, it generates less wear debris, indicating
enhanced wear resistance due to the optimal alumina content. The
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Al,O; particles serve as load-bearing reinforcements, helping to
distribute the applied load more uniformly and reducing surface
damage. The observed plastic deformation suggests that the material
has absorbed a significant amount of energy during sliding,
improving its ability to resist further wear. This balance between
reinforcement and matrix integrity confirms that a 10 wt% Al,O5
concentration effectively minimises material loss under severe wear
conditions.

Biomass particles derived from various natural wastes can
be helpful to a green and circular economy (Sha et al, 2020).
Biochar is a carbonaceous material derived from natural resources
(Yaashikaa et al., 2020) and in different methods, it is widely
used in tribological applications to reduce surface wear. For
instance, nano-biochar is used as an additive in lubrication oil
(Wang Y. et al., 2023), and biochar is used as a filler in polymer
composites. Prakash et al. (2021) prepared epoxy composites
using porous nano-activated carbon as reinforcement and analysed
their tribological characteristics. For this research, the activated
carbon known as biochar was synthesised from agricultural residue,
namely, Arhar stalks. The 2wt% biochar incorporated epoxy
nanocomposites showed a minimum wear rate which is nearly
3-fold enhancement of wear resistance compared to neat epoxy.
The presence of hard fillers in PMCs enables them to withstand
impact forces and improve wear resistance. Likewise, the good wear
resistance of porous biochar composites was due to the high porosity
and hard nature of carbon particulates (Om Prakash et al., 2020).
In addition, due to the porous physical structure, the epoxy resin
is entangled and creates superior bonding with biochar, such as
interfacial bonding, also reducing wear loss (Babu et al., 2020).

In another study, Alshahrani et al. (2024) fabricated hybrid
epoxy biocomposites using constituents such as areca fibre (40 vol%)
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and biochar (1 and 2 vol%) added to cardanol oil-toughened epoxy.
Interestingly, the authors produced biochar from an agricultural
waste known as rice husk ash and the surface of the areca
fibre was treated using alkali-silane. The effect of biochar on
wear characteristics (u and SWR) was studied for the prepared
epoxy biocomposites and compared with their performance without
biochar. The addition of biochar in epoxy biocomposites showed a
noticeable reduction of p value and SWR compared to only fibre-
added epoxy biocomposites. The neat epoxy recorded the p value
and SWR of 0.72 and 0.012 mm®/Nm, respectively. The same values
were increased to 0.81 and 0.034 mm?®/Nm, respectively, when the
epoxy was loaded with 20 vol% of Cardanol oil and 40 vol% of
areca fibre. This indicates increased wear due to the addition of fibre.
Remarkably, the same values decreased to 0.68 and 0.021 mm?>/Nm,
respectively, when the epoxy was loaded with 20 vol% of cardanol oil,
40 vol% of areca fibre and 2 vol% of biochar. This increase in wear
resistance was attributed to the solid lubrication effect provided by
biochar, which improved the sliding force between the sample and
the abrasive disc, thereby helping to obtain low p and SWR.

3.3 Particles reinforced polymer
composites

Incorporating carbon-based fillers such as carbon, graphene
(Gr), and reduced graphene oxide (rGO) enhances wear resistance
through multiple synergistic mechanisms (Figure 12), including
self-lubricating behaviour, improved interfacial bonding, enhanced
load-bearing capability, improved thermal conductivity, and
suppression of crack initiation and propagation. Gr in a different
form (like nano-filler, nano-platelet, etc.) can form lubricating
layers on the contact surface of composites during the sliding
wear test, causing minimum material wear and reducing friction
(Dong et al., 2019). In addition, the good mechanical strength of Gr
and rGO enables stress distribution within the polymer composite,
reducing spot stress concentrations and preventing crack initiation
and propagation. This crack prevention reduces material loss when
it is subjected to sliding (Galvagno et al., 2024; Amurin et al., 2022).

Moreover, surface functional groups on GO or chemically
altered rGO augment interfacial adhesion with the polymeric
matrices, confirming healthier load transfer and decreasing filler
pull-out during wear test (Liu et al, 2015). In addition, Gr
and its derivatives carry high thermal conductivity, supporting in
dissipation of heat generated during frictional tests. Good heat
dissipation leads to reduced thermal degradation of the polymeric
matrix, upholding the composite’s structural and mechanical
integrity under a tribological environment (Chan et al., 2021).
Foremost, the inherent lubricating nature of C and Gr reduces the
u in polymer nanocomposites, significantly reduces heat generation
due to friction and contributes to the longer life span of the
composites under sliding conditions (Jin et al., 2023). By leveraging
these mechanisms (Figure 11), the addition of C, Gr, or rGO into
polymeric matrices leads to achieving extensive wear resistance, and
the resultant polymer composite can deliver superior tribological
performance. In addition, many studies reported the enhancement
of the tribological behaviour of polymeric composites using CNTs
(SWCNT and MWCNT). The reason for the enhancement is
attributed to the outstanding mechanical strength, stiffness, and
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exclusive nano-scale structure, which contribute to better load-
bearing capacity. For instance, Negrov et al. (2025) fabricated
polytetrafluoroethylene/ MWCNT (PTFE/MWCNT) composites, in
which the concentration of MWCNT varied from 0 to 2.5 mass%
in increments of 0.5 mass%. PTFE exhibits excellent chemical
resistance, non-stick properties, zero moisture absorption, ageing
resistance, a wide operating range of up to 260 °C, and a consistently
low friction coefficient, making it highly durable in various
applications. A drawback of PTFE is its low thermal conductivity,
which causes heat buildup on rubbing surfaces, leading to a
noticeable rise in the friction coefficient during operation. In this
study, the authors selected MWCNT as reinforcement to enhance
the wear resistance and reduce the coeflicient of friction of the
PTFE. The mechanism behind the improvement of wear resistance
is the incorporation of MWCNT, which enhances the thermal
conductivity of PTFE composites, resulting in better heat transfer
between rubbing surfaces and helping to minimise material loss.
Compared to neat PTFE, the 1.5 mass% of MWCNT reinforced
PTFE composites showed less mass loss and better elastic modulus
in tensile. Lately, Li X. et al. (2025) successfully synthesised ultrathin
white g-C;N, nanosheets through a secondary calcination process.
Following the synthesis of ultrathin white g-C;N, nanosheets (NS),
these nanosheets were used as a coating agent to reduce the frictional
properties of epoxy composites. The epoxy composite with 1 wt.% of
g-C;N, NS recorded a 40% lower L and an 80% lower wear rate 80%
compared to neat epoxy. The ultrathin g-C;N, NSs showed uniform
dispersion and better interfacial interaction with epoxy due to the
presence of huge active functional groups and a more specific surface
area. Further, the H-bond layers of g-C;N, were disturbed during
calcination, awarding g-C;N, to provide some lubrication effect. It
can be noticed that the inherent thermal conductivity of most of the
thermoplastics and thermosets is very less due to their molecular
structure (Huang et al., 2018; Karthik Babu and Ramesh, 2019).

This causes a lack of heat dissipation from the rubbing surfaces
during the sliding wear test. Hence it is mandatory to reinforce
high thermal conductivity nanoparticles or microparticles in
neat polymer to obtain improved thermal conductivity polymer
composites. The high thermal conductivity promotes heat
dissipation and reduces material loss from the contact surfaces
(Sha et al., 2024). On the other hand, Chen et al. (2024) prepared
gelcoat/Gr coating nanocomposites and compared their tribological
performance with that of gelcoat/BN nanocomposites. These coating
materials can be used in wind turbine applications. The tribological
characteristics such as wear depth (from grinding paper wear
test) and p (from Nano-scratch test) of both nanocomposites
were assessed. The gelcoat/Gr nanocomposite coating exhibited
superior performance compared to gelcoat/BN nanocomposite
coating and neat gelcoat coating. The 2D layer of Gr (each carbon
layer in Gr can slide over one another leading to a self-lubrication
effect) and the 3-fold enhancement of thermal conductivity
(dissipated more heat) are the reasons for the superior performance
of gelcoat/Gr nanocomposite coating compared to neat gelcoat
coating. Whereas, the cubic BN (used as reinforcement in this
study) has an FCC structure that limits sliding between the
planes in BN (Wang et al, 2013). In addition, BN particles are
extremely hard (Zhao et al., 2016) and cause significant damage to
the sliding surface through penetration and ploughing.
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PTFE is an indispensable material in the fields of seals
and bearings used in hydraulic and pneumatic systems of
modern industries and aerospace, due to its good chemical
inertness, performance reliability and thermal stability. Owing
to its application, it is essential to study and improve the
tribological characteristics of PTFE and their composites (Tan and
Stephens, 2019). The nano-diamond is a form of carbon-based
solid material used as a reinforcement to enhance the properties
of polymers (Xie et al., 2024).

Chen et al. (2025) demonstrated a synergistic approach to
enhance the tribological characteristics of PTFE composites.
To achieve a synergistic effect, they have incorporated various
concentrations of CF and POB into PTFE and fabricated CF/PTFE,
POB/PTFE and CF/POB/PTFE composites. A further diamond-
like coating has been applied to these composites using magnetron
sputtering. It was observed that the worn surfaces of coated samples
revealed that the diamond-like coating had fully deteriorated and
was ineffective. Even though the diamond-like coating acted as a
protective layer that helped reduce the wear of PTFE composites.
These mechanisms collectively govern the wear behaviour of
particle-reinforced polymer composites and are summarised
schematically in Figure 12.

4 Tribological behaviour of 3D-printed
polymers and their composites

Ramkumar et al. (2025) fabricated graphene oxide (GO)
reinforced polyether ether ketone (PEEK) composites using the SLA
type of 3DP method. The findings showed that the lowest p and
wear loss in 0.75 wt% GO-reinforced PEEK composite. Interestingly,
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the p values of neat PEEK and 0.75 wt% GO-reinforced PEEK
composite were 0.74 and 0.39 under the load of 25 N, respectively.
Likewise, it was reduced from 0.85 to 0.59 under the load of
100 N, respectively. Similarly, the wear loss of PEEK decreased
from 5.2 mg to 3.1 mg as the GO reinforcement increased from
0 to 0.75wt%. The reason behind the reduction in wear loss
is the self-lubrication capacity of GO which offers a high load-
bearing capacity and minimised frictional effect. FDM is a well-
known 3DP technique used in polymer composite fabrication.
Hence, it is essential to review the tribological behaviour of
polymer and their composites which are manufactured using FDM.
Keshavamurthy et al. (2021) printed C-reinforced ABS composites
through the FDM technique. The twin screw extrusion process was
used to extrude the C-reinforced filament. The variation of u and
wear loss of ABS and C/ABS composites are studied using the sliding
wear test. From Figures 13a,b, it is clear that the p value is reduced
significantly from 0.65 to 0.22 when the C concentration (in wt%)
increased from 0 to 5 in ABS, respectively. Furthermore, it can be
perceived that the increase in C concentration helps reduce the wear
loss of the ABS. The existence of C in ABS acts as a lubricating
medium significantly reduced p and wear loss. The C fillers were
crushed and behaved like a lubricant and acted as a “third interface
body” and this effect is predominant when the sliding speed and
applied load increase.

GO plays a vital role in the improvement of polymer wear
resistance via its wear load-carrying capacity. The pressure at the
contact patch increases when the applied load and rpm are high.
As a result, the noticeable heat generated at the contact patch
causes abrasive erosion and deforms the polymer plastically. The
addition of GO addresses these issues through its extraordinary
mechanical and thermal characteristics which allow it to withstand
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FIGURE 13

(a) Effect of carbon (C) reinforcement on the coefficient of friction (u) of ABS composites under varying applied loads; (b) effect of carbon (C)
reinforcement on the wear behavior of ABS composites under varying applied loads (Keshavamurthy et al., 2021).
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under high-stress circumstances. The remarkable value of the
thermal conductivity of GO hastens the heat dissipation process
and protects the composite material degradation from sliding wear.
Hence, Carbon and its derivatives such as Gr, GO, CNT, carbon-
based nanofibres (LiY. et al., 2025) etc., are widely used in many
research to increase the thermal conductivity of various polymers
(Lu et al., 2025; Vijaybabu et al., 2023; Nilagiri Balasubramanian and
Ramesh, 2018).

Overall, the improvements or degradation in tribological
performance discussed across different polymer composite systems
can be mechanistically rationalised based on reinforcement-matrix
interactions and wear-induced microstructural evolution. Improved
friction and wear behaviour is typically associated with effective load
transfer, crack deflection, and the formation of stable transfer films
when fibres or fillers are uniformly dispersed and strongly bonded
to the polymer matrix. Similar behaviour has been reported in
recent hybrid fibre-particle reinforced systems, where nanoparticle
incorporation enhanced interfacial strength and suppressed fibre
pull-out, resulting in reduced wear rates and more stable frictional
response (Raja T. et al., 2025; Ibaiez Juarez et al., 2025). In contrast,
deterioration in tribological performance observed in some
composites can be attributed to filler agglomeration, weak interfacial
bonding, or brittle debris formation, which promotes third-body
abrasion and accelerates material removal. Comparable trends
have been reported in hybrid fibre-reinforced epoxy composites
containing ceramic or metallic fillers, where excessive filler loading
or poor dispersion offsets the potential benefits of reinforcement
(Prem Anandh et al,, 2025; Anandh et al., 2025). These comparisons
confirm that tribological performance is governed by a balance
between reinforcement effectiveness, interfacial integrity, and debris
evolution rather than the presence of reinforcement alone.

5 Synthesis of contradictory
tribological trends

Although a large number of studies report improvements in
friction and wear behaviour of polymers through fibre, particle,
and nanofiller reinforcement, the reported outcomes are not always
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consistent. Contradictory trends are frequently observed depending
on filler size, loading fraction, orientation, dispersion quality, and
test environment. For example, nanoscale fillers often enhance wear
resistance due to improved interfacial bonding and stress transfer;
however, excessive filler loading or poor dispersion can promote
agglomeration, leading to unstable transfer film formation and
increased abrasive wear. Similarly, fibre-reinforced systems show
reduced wear when fibres are favourably oriented relative to the
sliding direction, whereas random or unfavourable orientations can
result in fibre pull-out and higher wear rates.

Environmental and operating conditions further contribute
to variability in tribological response. Under dry sliding, solid
lubricants such as graphite, graphene, and PTFE generally reduce
the coeflicient of friction, while under humid or elevated-
temperature conditions, moisture absorption, thermal softening,
and tribochemical effects may degrade wear performance.
Thermoplastic matrices often exhibit reduced friction at higher
temperatures but increased wear due to matrix softening, whereas
thermoset systems tend to maintain stable friction with brittle or
fatigue-dominated wear at high loads. These observations indicate
that tribological performance is governed by the combined effects of
material composition, processing route, and test conditions rather
than reinforcement alone.

To provide a quantitative perspective and highlight the
variability reported across studies, representative ranges of
coeflicient of friction (COF) and specific wear rate (SWR) for
key polymer composite systems reported in the literature are
summarised in Table 1. The ranges illustrate that improvements
in tribological behaviour are system- and condition-dependent, and
direct comparison of absolute values should be made with caution.

6 Tribological testing protocols,
variability, and standardization needs

Tribological performance of polymers and polymer composites
is commonly evaluated using standard laboratory-scale test
configurations such as pin-on-disk, ball-on-flat, and reciprocating
sliding tests. These methods are widely adopted due to their
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TABLE 1 Representative ranges of coefficient of friction (COF) and specific wear rate (SWR) reported for polymer composite systems under dry sliding

conditions.

Reinforcement
type

Typical filler
content

SWR range
(mm3/N-m)

Polymer matrix

COF range REIENS

Epoxy CNT/Graphene 0.1-1 wt% 0.25-0.45 107°-107° Agglomeration at higher
loadings may increase wear

Epoxy Carbon fibre 20-40 wt% 0.30-0.60 10°-107* Wear strongly influenced
by fibre orientation

PTFE Glass/Carbon fibre 10-25 wt% 0.05-0.15 107-107° Low friction; wear sensitive
to temperature

PEEK Glass fibre/ceramics 10-30 wt% 0.20-0.45 107°-107° Environmental effects
influence friction

Epoxy Biochar/natural fillers 1-10 wt% 0.35-0.65 107°-107 Moisture sensitivity affects
wear behaviour

ABS/PLA (3D printed) | Carbon-based fillers 1-5 wt% 0.20-0.55 10°-1073 Print orientation and
porosity dominate wear

The reported COF, and SWR, ranges are highly sensitive to test configuration (e.g., load, sliding speed, counterface conditions, and environment) and should be interpreted as representative

trends rather than absolute benchmark values.

simplicity and ability to simulate sliding contact under controlled
loads and speeds. In pin-on-disk tests, continuous unidirectional
sliding is used to assess steady-state friction and wear behaviour,
whereas ball-on-flat and reciprocating configurations are often
employed to study contact fatigue, transfer film evolution,
and intermittent sliding effects. Despite their widespread use,
significant variability exists in reported results due to differences
in test parameters, counterface materials, surface roughness,
environmental conditions, and data reporting practices.

Variability in coefficient of friction and specific wear rate
values is frequently observed even for similar material systems,
primarily because test conditions are not standardized across
studies. Differences in applied load, sliding speed, track radius,
test duration, counterface hardness, and humidity can substantially
alter frictional response and wear mechanisms. In polymer-
based systems, additional factors such as temperature rise at the
contact interface, viscoelastic deformation, and transfer film stability
further complicate direct comparison between studies. As a result,
quantitative benchmarking of tribological performance remains
challenging.

To improve reproducibility and enable meaningful comparison
across studies, there is a need for greater standardization in
tribological testing and reporting for polymer composites. At a
minimum, key test parameters related to material properties, contact
conditions, and environmental factors should be consistently
reported. Table 2 summarizes commonly used tribological test
configurations and proposes a set of minimum reporting parameters
that should be included in future studies to enhance data reliability
and comparability.

7 Future outlook and scope

The growing demand for lightweight and high-performance
materials in tribological systems continues to drive the development
of polymer composites. Based on the synthesis presented in this
review, future research should prioritize a limited number of
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TABLE 2 Common tribological test configurations and recommended
minimum reporting parameters for polymer composite studies.

Test
configuration

Commonly
used
purpose

Key
sources of
variability

Minimum
parameters
to report

Pin-on-disk Steady-state Load, speed, Load, sliding
friction and track radius, speed, total
wear counterface distance,

roughness counterface
material and
hardness,
surface
roughness

Ball-on-flat Transfer film Ball material, Ball diameter
and contact contact and material,
fatigue pressure, applied load,

environment sliding mode,
environment

Reciprocating sliding | Intermittent Stroke length, Stroke length,
contact and frequency, frequency,
fatigue wear temperature load, test

duration,
temperature

All configurations Comparative Humidity, COF
tribological temperature, calculation
assessment data method, wear

calculation measurement
methods method, test
environment

directions where scientific challenges and industrial relevance
intersect. One important direction is the use of natural fibre-
reinforced and bio-derived composites, which offer sustainability
benefits but remain limited by moisture sensitivity, interfacial
Hybrid
reinforcement strategies and surface or chemical modification

degradation, and variability in wear performance.

techniques present viable pathways to balance environmental
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benefits with tribological durability. By critically comparing
bio-based and conventional reinforcements within a common
mechanistic framework, this review clarifies the trade-offs involved
and identifies performance gaps that must be addressed for
industrial adoption.

A second priority area is the tribological performance of
additively manufactured polymers and polymer composites.
Factors such as print orientation, interlayer bonding, porosity,
and microstructural defects strongly influence friction and wear
behaviour, representing a major barrier to reliable application.
Post-processing treatments provide practical pathways to mitigate
these defects and improve tribological reliability. Techniques
such as thermal annealing can enhance interlayer diffusion and
reduce residual stresses, while solvent or vapour smoothing helps
minimise surface asperities and partially seal open porosity in
fused filament fabricated parts. In addition, resin infiltration and
surface densification approaches have shown potential to improve
near-surface integrity and load-bearing capability. However,
the effectiveness of these methods remains strongly dependent
on material system and processing conditions, and systematic
optimisation is still required for tribological applications.

While tailored composite filaments and post-processing
strategies show promise, their effectiveness remains process- and
geometry-dependent. This review advances existing literature
by explicitly linking print-induced microstructural features with
dominant wear mechanisms, thereby providing guidance for process
optimisation rather than isolated performance reporting. The lack
of standardised tribological testing protocols remains a critical
limitation across both research and industrial implementation,
particularly for coatings and additively manufactured structures.
Variations in load, sliding speed, surface roughness, counterface
material, and contact geometry significantly affect reported
results, hindering meaningful comparison and benchmarking. By
summarising common testing practices, sources of variability, and
minimum reporting requirements, this review contributes toward
improving reproducibility and supporting the development of more
consistent evaluation frameworks.

Finally, smart tribological materials capable of responding to
external stimuli such as temperature, contact load/pressure, pH
environment, and external electric or magnetic fields represent a
promising but still immature research direction. Recent studies
indicate that thermally triggered self-lubricating systems, load-
adaptive transfer film formers, magnetically responsive filler
networks, and pH-sensitive surface chemistries are particularly
promising for achieving adaptive friction and wear control.
However, their long-term stability, response repeatability, and
scalable manufacturing remain key challenges. Although self-
lubricating and self-healing systems offer potential for reduced
maintenance and extended service life, their industrial deployment
is constrained by material complexity, stability of response,
and manufacturing scalability. By consolidating the underlying
mechanisms governing adaptive behaviour, this review provides a
basis for rational design of smart tribo-materials beyond trial-and-

error approaches.
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8 Conclusion

Polymer composites have emerged as important tribological
materials capable of meeting diverse application demands across
engineering sectors. Through controlled reinforcement with
fibres and particles, and by understanding mechanisms such
as load sharing, heat dissipation, crack resistance, and transfer
film formation, significant improvements in wear resistance and
frictional stability have been demonstrated. Comparative insights
between thermoset and thermoplastic systems, together with
advances in coating technologies and additive manufacturing,
emphasise the role of material selection, reinforcement architecture,
and processing routes in achieving reliable tribological performance.

The outcomes of this review highlight the applicability of
polymer composites in bearings, seals, gears, sliding components,
surface coatings, and lightweight tribological parts used in
automotive, aerospace, marine, biomedical, and industrial systems.
However, challenges related to long-term durability under complex
loading, environmental sensitivity, and variability in testing
protocols remain key barriers to wider industrial implementation.
Addressing these limitations through improved standardisation,
defect-controlled manufacturing, and rational composite design
represents an important future research direction. To address
the reproducibility challenges identified in this review, the
research community is strongly encouraged to adopt standardised
tribological testing and reporting practices, such as the minimum
parameter set proposed in Table 2, to enable more reliable
cross-study comparison and accelerate materials development.

From a broader societal perspective, the increasing use of bio-
based fillers, natural fibres, recyclable polymers, and energy-efficient
fabrication routes offers a pathway toward sustainable tribological
solutions. An integrated approach combining material innovation,
process optimisation, and sustainability considerations will support
the development of next-generation polymer composite systems
that reduce material consumption, improve energy efficiency, and

contribute positively to environmental and societal goals.
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