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Abstract: Self-lubricating polymer composite coatings, with tailorable tribological and mechanical 

properties, have been widely employed on mechanical parts to reduce friction and wear, which saves 

energy and improves the overall performance for applications such as aerospace satellite parts, shafts, 

gears, and bushings. The addition of functional fillers can overcome the limitations of single-polymer 

coatings and extend the service life of the coatings by providing a combination of low friction, high wear 

resistance, high load bearing, high temperature resistance, and high adhesion. This paper compares the 

heat resistance, and the tribological and mechanical properties of common polymer matrices, as well as 

the categories of functional fillers that improve the coating performance. Applicable scopes, process 

parameters, advantages, and limitations of the preparation methods of polymer coatings are discussed in 

detail. The tribological properties of the composite coatings with different matrices and fillers are 

compared, and the lubrication mechanisms are analyzed. Fillers reduce friction by promoting the 

formation of transfer films or liquid shear films. Improvement of the mechanical properties of the 

composite coatings with fillers of different morphologies is described in terms of strengthening and 

toughening mechanisms, including a stress transfer mechanism, shear yielding, crack bridging, and 

interfacial debonding. The test and enhancement methods for the adhesion properties between the 

coating and substrate are discussed. The coating adhesion can be enhanced through mechanical treatment, 

chemical treatment, and energy treatment of the substrate. Finally, we propose the design strategies for 

high-performance polymer composite coating systems adapted to specific operating conditions, and the 

limitations of current polymer composite coating research are identified. 
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1  Introduction 

As the demand for energy-efficient machines and 

environmental cleanliness continues to grow, a 

number of techniques have been developed to 

reduce friction and wear, save energy, and 

minimize waste. Because the use of liquid 

lubricants is limited by environmental 

considerations and is ill-suited for severe 

application conditions (such as high vacuum, high 

load, and extremely low or high temperature), 

solid lubricants in the form of coatings have been 

increasingly used to achieve low friction and low 

wear of moving mechanical parts. Significant 

progress has been made in the design, 

development, and use of solid lubricating coatings. 

Polymer coatings play a significant role in 

adjusting the interfacial properties of solid 
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materials, making the surfaces corrosion-resistant, 

self-cleaning, self-healing, and water/oil releasing 

[1]. Moreover, polymer coatings with low shear 

strengths have good self-lubricity and wear 

resistance, and can provide extremely low 

coefficients of friction and wear under specific or 

highly controlled test conditions. Self-lubricating 

polymer coatings have a combination of properties 

that are not found in other solid lubricating 

coatings, and they are particularly favored in 

applications where cost, weight, corrosion 

resistance, and biocompatibility are significant 

considerations [2]. 

However, self-lubricating polymer coatings have 

many limitations. Compared with hard coatings 

such as ceramic coatings and carbon-based 

coatings, they have weak wear resistance, more 

wear debris, and a more limited life. Low thermal 

conductivity and poor heat resistance make it easy 

for the coatings to soften and fail at high 

temperatures. Moreover, their tribological 

performance is strongly dependent on the 

environment. A worn surface may exhibit different 

chemistries, microstructures, and crystallographic 

textures from the overall coating owing to the 

surface chemical reaction with the surrounding 

environment. Extremely low friction and long 

wear life produced in one environment may not be 

possible in another environment [3]. Degradation 

associated with oxidation and aging is also an 

obstacle for some applications. Combining 

materials with different properties is an effective 

method for enhancing material properties by fully 

exploiting the advantages of two or more 

components, and the properties of materials can be 

tailored and optimized. Therefore, functional 

fillers have been utilized to improve the 

performance of polymer coatings, including 

providing a stable and low coefficient of friction, 

high thermal conductivity and heat resistance, 

enhanced mechanical properties for higher loads, 

and optimized adhesion between the coating and 

substrate. 

This review focuses on the analysis of the 

tribological properties, mechanical properties, and 

adhesion properties of self-lubricating polymer 

composite coatings. First, the matrices, fillers, and 

coating preparation methods of polymer 

composite coatings are introduced in Section 2 

(Polymer composite coatings). Second, the 

tribological properties of polymer composite 

coatings with different matrices and fillers are 

compared, and the lubrication mechanisms are 

discussed in Section 3 (Tribological properties of 

polymer composite coatings). The strengthening 

and toughening mechanisms of polymer 

composite coatings are summarized in Section 4 

(Mechanical properties of polymer composite 

coatings). Next, the methods for detecting the 

adhesion strength between polymer composite 

coatings and substrates and enhancing coating 

adhesion are described in Section 5 (Adhesion 

properties of polymer composite coatings). This 

paper provides the basis for the selection, design, 

and use of polymer coating systems, and finally 

points out the deficiencies and disadvantages of 

current polymer composite coating research in 

Section 6 (Summary and outlook). 

2  Polymer composite coatings 

Figure 1 shows an overview of conventional 

polymer matrices, classification of fillers, and 

specific filler materials. In reviewing the literature, 

the common polymer materials used as lubrication 

coating matrices include epoxy resin (EP), phenolic 

resin (PF), aromatic thermosetting copolyester (ATSP), 

polyp-hydroxybenzoic acid (PHBA), polyimide   

(PI), polyamide-imide (PAI), polyurethane (PU), 

polyamide (PA), polyethere-therketone (PEEK), 

polytetrafluorethylene (PTFE), ultra-high molecular 

weight polyethylene (UHMWPE), polyphenylene 

sulfide (PPS), and polyoxymethylene (POM). 

However, a single polymer as a lubrication coating 

always has certain constraints in application. For 

example, although PTFE [4] has excellent chemical 

inertness, thermal stability, and an ultra-low 

coefficient of friction, it creeps easily and has a 

high wear rate under high loads. PI [5] is a 

high-performance engineering plastic with high- 

temperature resistance properties, excellent 

mechanical properties, and high creep resistance, 
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but its high friction coefficient restricts its 

application in lubrication. PPS [6] has good 

high-temperature resistance. At the same time, it 

has excellent corrosion resistance, radiation 

resistance, and chemical resistance, but its 

inherent brittleness and low impact strength make 

it unsuitable for applications in harsh working 

conditions, such as bearings and sliding parts. 

Other materials such as fillers are added to 

improve the tribological and mechanical 

properties to address the limitations of single 

polymer materials. The materials used as fillers 

can be roughly divided into six types: 

carbon-based materials, transition metal sulfides, 

polymers, ceramic nanoparticles, soft metals, 

mineral silicon salts, and microcapsules.  

2.1  Polymer matrix 

Lubrication coatings are mainly applied to reduce 

the friction and wear of mechanical parts, which 

improves the equipment performance and service 

life. Strict requirements for the coating’s 

performance are based on the service conditions, 

including high temperature, high pressure, high 

speed, vacuum, and radiation. Therefore, the 

actual working conditions must be considered 

when selecting a suitable polymer as a matrix. 

Temperature resistance is one of the essential 

properties of polymer coatings that must be 

considered. During repetitive and continuous 

motion, the temperature rise is unavoidable, 

which leads to a sharp degradation of the material 

properties and further causes the failure of the 

coating. In addition, excellent mechanical properties 

are needed to meet high-load and high-speed 

conditions. Moreover, chemical resistance allows the 

coating to adapt to a variety of working 

environments, such as acidic or alkaline atmospheres. 

As a self-lubricating coating, the primary role is to 

reduce the friction coefficient between friction 

pairs and reduce the wear rate of the substrates; 

therefore, the friction coefficient of polymer 

materials is a valuable property that needs to be 

considered. Table 1 presents the summary data of 

the glass transition temperature (Tg), melting 

temperature (Tm), maximum continuous service 

temperature (Ts), tensile strength, Young’s 

modulus, chemical resistance, and coefficient of 

friction (COF) of common polymer materials.  

Based on the data in Table 1, Fig. 2 compares the 

performance of different polymers more intuitively. 

The heat resistance of polymer coatings is mainly 

characterized by the maximum continuous service 

temperature, which is closely related to the glass 

transition temperature. Figure 2(a) compares the 

glass transition temperature and the maximum 

continuous service temperature of common 

polymer matrices. As can be seen from Fig. 2(a), 

the heat resistance of PAI, PI, ATSP, PEEK, and 

PPS is superior, and the maximum continuous 

service temperature is approximately 250 °C. The 

heat resistance of PA66 and UHMWPE is relatively 

poor. The tensile strength and elastic modulus of 

the polymer materials are compared in Fig. 2(b). 

Polymer materials with excellent heat resistance 

also have strong mechanical properties, such as 

PAI, PI, and PEEK. Figure 2(c) shows the friction 

coefficient of the polymers, and indicates that 

UHMWPE, POM, PTFE, and PAI have outstanding 

self-lubricity. Although PI and ATSP have excellent 

heat resistance and mechanical properties, their 

friction coefficients are high. 

 

Fig. 1  Common matrices and fillers of polymer composite
coating. 
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Table 1  Properties of common polymer matrices. 

Mechanical properties 
Materials Tg/Tm/Ts ( )℃  

Tensile strength (MPa) Young’s modulus (GPa)

Chemical 

resistance 
COF 

EP 50−80/*/120 [7] 52.98 [8] 3.15 [8] Good 0.6−0.7 [9, 10] 

PF 240 [11]/*/260 [12] 53.2 [13] 7 [13] Good 0.42 [14] 

ATSP 240 [15]/*/260 [16] 88 [17] 4.35 [17] Good 0.22 [16] 

PU –42/168 [18]/85 [19] 24.8 [20] 57.8 [20] Fair 0.34 [21] 

PI 212 [22]/375/221 [23] 101 [24] 1.9 [24] Good 0.49 [25] 

PTFE 125/327 [26]/260 [19] 33 [27] 0.27 [27] Good 0.07−0.1 [28, 29] 

PA66 75/263 [30]/140 [31] 80 [32] 2.41 [32] Only alkali  0.44 [33] 

PA6 59/224 [34]/120 [31] 68 [35] 3.4 [35] Only alkali 0.41 [36] 

PAI 277 [37]/*/260 [38] 138 [39] 4.1 [39] Only alkali 0.2 [40] 

PEEK 143/340 [41]/260 [42] 90 [43] 3.0 [43] Good 0.3−0.4 [44, 45] 

UHMWPE –133 [46]/135 [47]/90 [19] 32.8 [48] 0.6 [48] Good 0.10−0.16 [49, 50]

PPS 85 [51]/286 [52]/220 [53] 78 [54] 2.5 [54] Good 0.45 [55] 

POM –60/170 [56]/120 [57] 55.5 [58] 2.65 [58] Poor 0.3−0.33 [59, 60] 
Note: * means the polymer has no melting temperature. 

 
Fig. 2  Comparison of (a) heat resistance, (b) mechanical properties, and (c) friction coefficient of common polymer matrices. 

2.2  Functional fillers 

Types of fillers can be classified into reinforcing 

fillers and lubricating fillers, according to their 

functions. Reinforcing fillers are materials with a 

higher strength and modulus than the matrices, 

which can enhance the mechanical properties of 

polymer composites. Fibers and nanoparticles are 

employed as reinforcing fillers in a considerable 

amount of the literature. Conventional reinforcing 

fibers include carbon fibers, glass fibers, and 

silicon fibers [61, 62]. In addition, carbon 

nanotubes are also excellent for reinforcing 

polymer composite materials because of their 

one-dimensional structure, similar to fibers, and 

high strength [61, 63]. Two-dimensional nanoclays, 
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such as montmorillonite, are also widely used to 

enhance the mechanical properties of polymer 

materials [64]. 

Moreover, almost all types of nanoparticles can be 

used as a reinforcement phase for polymer-based 

composites, including AlO, SiO, ZnO, SiC, and Cu. 

Lubricating fillers can be defined as functional 

materials that reduce the friction coefficient of 

polymer composite materials. Lubricating fillers 

mainly include polytetrafluorethylene, graphite, 

graphene, molybdenum disulfide, black phosphorus, 

gold, and copper [65−67]. Some reinforcing fillers can 

effectively improve the friction properties of 

polymers while enhancing their mechanical 

properties. For example, the addition of silica and 

short carbon fibers to an epoxy resin effectively 

improves the friction properties of the resin [68]. 

Carbon nanotubes have been used to improve the 

tribological properties of PA6 [69]. In addition, the 

rolling bearing effect of nanoparticles in the friction 

process can also effectively reduce the friction 

coefficient [70]. Likewise, high-strength lubricating 

fillers such as graphite and graphene can also 

enhance the mechanical properties of polymers [71]. 

The classifications and properties of the fillers are 

introduced in this section. According to previous 

reviews, carbon nanomaterials have attracted great 

interest for their confirmed friction reduction and 

anti-wear performance, as well as important 

tribological applications. Four typical carbon 

nanomaterials, including fullerenes, graphene, 

carbon nanotubes (CNTs), and nanodiamonds, have 

been applied in coatings for anti-wear enhancement 

and friction reduction [72, 73]. Fullerene is a 

graphene-based material, with large carbon cage 

molecules considered to be zero-dimensional (0D) 

analogs of benzene. Its lubricating behavior is of 

great interest because of its spherical shape, strong 

intramolecular nature, and weak intermolecular 

bonding [74]. Graphene has excellent strength and 

good toughness, with a Young’s modulus of 1 TPa 

and tensile strength of up to 100 GPa [75, 76]. Its 

layered structure promotes good lubrication, so it is 

widely used to enhance the tribological and 

mechanical properties of a polymer matrix [74]. 

Carbon fibers (CF) [55] and carbon nanotubes (CNTs) 

[77] are also used as reinforcing fillers owing to their 

excellent mechanical properties. Nanodiamonds 

show very low surface roughness and excellent 

mechanical properties, which play a key role in the 

friction and wear behaviors of self-mated 

tribosystems [78, 79]. In addition, black phosphorus 

is an emerging two-dimensional lubricating and 

reinforcing filler, which will be discussed later. 

Transition metal sulfides, mainly molybdenum 

disulfide (MoS) and tungsten disulfide (WS), are 

good lubricants for reducing the friction coefficient 

and wear rate of the polymer matrix because of their 

layered structure [80, 81]. Mineral silicon salts, such 

as montmorillonite and kaolin, have a lamellar 

structure with a high aspect ratio and large interfacial 

area that can be cross-linked with polymers to 

enhance the stiffness and creep resistance of the 

polymer matrix [64, 82, 83]. Soft metals, including 

gold, silver, and tin, can easily form films and each 

has a high thermal conductivity, making them 

suitable as lubricants for high-temperature 

conditions [84−86]. Ceramic nanoparticles, including 

silicon dioxide (SiO), silicon carbide (SiC), silicon 

nitride (SiN), aluminum oxide (AlO), and titanium 

dioxide (TiO), can maintain superior mechanical 

properties at room and high temperatures. Therefore, 

they are usually applied as a reinforcing phase to 

improve the mechanical properties and wear 

resistance of polymer materials [70, 87−91]. 

In general, liquid lubricants are far superior to 

solid lubricants for improving the lubricating 

performance of materials, and the coefficient of 

friction for liquids can even be lower by 1–2 orders 

of magnitude than that of solid lubricants. 

However, the replenishment, storage, and 

retention of lubricating oil on the material surface 

during the friction process remains a significant 

limitation to its application. Microcapsules 

effectively combine the advantages of solid 

lubrication and liquid lubrication, where the 

polymer or inorganic substance is used as the shell 

layer, and the liquid lubricant is encapsulated 

inside the shell as the capsule core. When the shell 

is broken under pressure or shear force, the 

internal liquid lubricant is released, and a liquid 

lubricating film is formed on the contact surface. 
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Commonly used microcapsule shell materials 

include polymelamine formaldehyde (PMF), 

polysulfone (PSF) [92], polyuria (SPUA) [93], and 

silica [94]. Organic and inorganic substances can 

act as shell layers collaboratively, such as 

polystyrene and silicon dioxide [95]. The core 

liquid lubricants include mineral oil [95], ionic 

liquid [94], tung oil [92], and the like. 

2.3  Preparation methods 

Preparation methods of solid lubricating coatings 

significantly affect the coating properties. A number 

of techniques have been developed to prepare 

non-polymer solid lubricant coatings, such as 

diamond-like carbon and metal alloy coatings, 

including magnetron sputtering, electroplating, 

electroless plating, plasma-assisted chemical vapor 

deposition, physical vapor deposition, pulsed laser 

deposition, and vacuum deposition [3]. However, 

these methods are not suitable for polymer coatings 

in most cases. A systematic literature review was 

conducted on polymer lubrication coatings. Various 

methods, including brush coating, roller coating [96], 

dip coating, flow coating, spin coating [97], spray 

coating (air/thermal/cold/electrostatic) [98, 99], 

hot-press sintering, plasma polymerization, grafting, 

and laser deposition have been employed to fabricate 

polymer composite coatings. Figure 3 presents the 

various methods for preparing polymer coatings. As 

shown in Fig. 3, brush coating, roller coating, dip 

coating, spin coating, and partial spraying require 

dissolving the polymer in suitable volatile solvents. 

Then the polymer solution is applied on the substrate 

and the coating forms following the evaporation of 

the solvents. Commonly used solvents are aliphatic 

and aromatic hydrocarbons, alcohols, esters,   

ketones, and chlorinated solvents, which cause 

environmental pollution and need to be recaptured. 

Moreover, the recapturing processes become 

extremely harmful, expensive, and difficult to   

handle. However, thermal spray, cold spray, and 

powder electrostatic spray avoid this disadvantage 

because the paint is in powder form. Table 2 

introduces the characteristics of the polymer coating 

preparation methods, including the applicable 

substrate, state of the feedstock, factors affecting the 

coating quality, and each methods’ strengths and 

weaknesses.  

 
Fig. 3  Schematic diagram of various methods for preparing polymer coatings. 
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Table 2  Comparison of polymer coating preparation methods. 

Methods Substrate Feedstock Factors affecting coating quality Strengths and weaknesses 

Brush/ 
roller coating 

Any substrate Solution 
Substrates surface quality 
Manual skill 

 Better wetting, suitable for small area, less waste 
and pollution 

 Low efficiency, uneven coating thickness, and poor 
repeatability 

Dip coating Any substrate Solution 

Viscosity, density, surface tension, 
concentration, immersion time, 
extraction speed, number of cycles, 
substrate properties 

 Simple, scalable, fast, low cost, suitable for 
large-scale preparation of uniform coatings 

 Poor adhesion 

Spin coating Any substrate Solution 

Molecular weight, concentration, 
viscosity, solvent evaporation rate,
solvent diffusivity, volatility,
rotational angular velocity 

 Short preparation time, uniform thickness and low 
equipment cost 

  Substrate size limited by equipment and only 
suitable for flat substrates 

Air spray Any substrate Solution 
Solution viscosity, spray gun 
pressure, spray distance and angle

 Suitable for large area substrate, uniform coating 
 High equipment requirements and low coating 

deposition efficiency 

Electro-static 
spray 

Any substrate 
Solution 
Powder 

Spray voltage and current, the rest 
is the same as air spray 

 Uniform coating, strong adhesion, high coating 
deposition efficiency and high coverage 

  Paints need good conductivity, expensive 
equipment, high voltage danger 

Thermal spray Non-polymer Powder 

Spray particle temperature, particle 
speed, spray angle and distance, 
particle size, filling method, 
substrate temperature, surface 
quality, roughness, substrate 
cooling rate 

 The paint is powder, no volatile pollution, 
eliminating the need for expensive solvent 
treatment, not limited by the melt viscosity and 
thermal conductivity of the substrate, high 
deposition efficiency 

  Noisy, not suitable for polymer substrates, 
problems such as oxidation, evaporation, 
degumming, residual stress, gas release of 
materials are inevitable 

Cold spray Any substrate Powder 
Particle speed (greater than critical 
speed), others are the same as 
thermal spraying 

 Suitable for a variety of substrates, avoiding the 
disadvantages of thermal spraying, and good 
coating adhesion 

 Large equipment, unstable process and low powder 
utilization rate 

Hot press  
sintering 

Non-polymer Powder 
Sintering temperature, pressure, 
time 

 Simple and low equipment cost 
 Not suitable for large area coatings 

 

Extensive research has shown that the 

morphologies of the coatings are significantly 

influenced by the preparation methods and 

processing parameters. Na et al. [100] systematically 

characterized the effects of spin-coating time on the 

microstructural evolution. The surface topography, 

structure, and surface roughness of the films vary 

widely with various spin coating times. Nanoscale 

aggregated features appear when the spin-coating 

time is long, and nanofibrillar network structures are 

evident in the film with a short spin-coating time. 

The root-mean-square surface roughness values of 

the thin films tend to increase at shorter spinning 

times. In the spin-coating process of the polymer and 

fullerene bulk-heterojunction blend, solvent 

evaporation rate changes cause a lateral phase 

separation gradient, and the roughness decreases as 

it moves away from the center of rotation [101]. 

Using the same coating preparation method, the 

morphologies of coatings with different polymer 

types and the concentration ratio of different 

polymer mixture components varied greatly [102, 

103].  The characteristics of the feedstock, such as 

the type of solvent, polymer molecular weight, and 

polymer concentration, are also important factors 

affecting the coating morphology. Dário et al. [104] 
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found that the void content of polymer films 

increased with the acetone content in the solvent 

mixture and decreased with increasing polymer 

molecular weight. In the polystyrene (PS)/ 

polymethylmethacrylate (PMMA) blend film, with 

an increase in the molecular weight of the 

polystyrene, three different types of surface 

morphologies were observed, namely nanophase 

separation morphology, network morphology, and 

island-like morphology [105]. The phase separation 

morphology was also observed in 

polydimethylsiloxane (PDMS)/polystyrene and 

polyphenylsilsequioxane (PPSQ)/polystyrene blends. 

Types of silicon-containing constituents, polymer 

blend composition, concentration of the polymer 

blend solution, surface tension of the substrate, and 

spin-coating speed can affect the ultimate 

morphologies of phase separation [106]. Cui et al. 

[107] studied the effects of polymer concentration. 

Continuous films, net-like structures, and droplets 

were found for polystyrene (PS) with a decrease in 

concentration. Petri [108] reported the relationship 

between the morphology and the competitive 

interactions between the polymer, solvent, and 

substrate. When the interaction energy between the 

substrate and the solvent overcomes that between the 

substrate and the polymer, the film becomes rough 

and segregates. In contrast, when the interaction 

energy between the substrate and the polymer is 

stronger than that between the substrate and the 

solvent, or when both interaction energies are weak, 

the film is homogeneous and flat.  

In addition to the well-known parameters, the 

morphologies of polymers are strongly influenced by 

the wettability of the substrate [109]. The 

morphologies of the coatings prepared by 

dip-coating are also closely related to the process 

parameters. Various morphologies such as layered 

films and laterally phase-separated domains could be 

formed depending on the deposition parameters 

(withdrawal speed and geometry of the reservoir) 

[110]. Jiang et al. [111] studied polydopamine 

(pDA)-coated polymer films and found that surface 

roughness is mainly affected by the reaction 

temperature. van Stam et al. [112] comparatively 

studied the morphology of polyfluorene: Fullerene 

films prepared through spin coating and dip coating. 

Similar morphological structures can be obtained by 

the two preparation methods, and the final film 

morphology can be controlled by appropriately 

selecting the dip-coating speed. Dip coating provides 

more possibilities for controlling the morphology of 

the film. 

The morphology of thermal spray coatings is 

related to the process parameters mentioned in Table 

2. By optimizing the process parameters, high-quality 

coatings can be obtained. Polyvinylidene fluoride 

(PVDF), ethylene chlorotrifluoroethylene (ECTFE), 

perfluoroalkoxy alkane (PFA), and fluorinated 

perfluoroethylene (FEP) coatings are produced by 

flame and plasma spraying processes. The spray 

coating was found to be non-porous and very 

smooth [113]. UHMWPE/graphene nanosheet 

coatings were deposited by flame spraying. The 

coatings achieved a dense microstructure without 

cracks or other surface defects, and no visible holes 

or inclusions were found in the coating [114]. By 

simultaneously injecting powder into a plasma jet, 

alumina, magnesium hydroxide, silica, and stainless 

steel are co-deposited with nylon. Dense deposited 

films with a strong bond between the filler particles 

and the matrix are produced. Furthermore, different 

fillers lead to different coating morphologies [115]. 

Nano-silica and carbon-black-filled nylon 11 coatings 

are successfully sprayed using the high-velocity 

oxy-fuel (HVOF) combustion spray process. The 

morphology of the polymer and the microstructure 

of the coating depends on the surface chemistry of 

the filler and the volume fraction of the filler, as well 

as the initial particle size of nylon 11. Coatings made 

from smaller polymer particle sizes show an 

improved spatial distribution of silica in the matrix 

and lower crystallinity. In addition, coatings made 

from smaller polymer particles have lower porosities 

[116]. The cold spray deposition of polyurethane, 

polystyrene, polyamide 12, and ultrahigh molecular 

weight polyethylene are very similar, with almost no 

pores, a smooth surface, and no obvious traces of 

powder [117]. 

Many investigators have also examined the effects 

of the morphologies of coatings on tribological and 

mechanical properties. The main surface morphology 
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characteristics affecting tribological properties are 

surface roughness and texture patterns. Baum et al. 

[118] prepared epoxy samples with different surface 

structures, including periodical groove-like surfaces, 

random roughness surfaces, snake-inspired 

microstructured surfaces, and smooth surfaces. 

Compared to a smooth surface, snake-inspired 

microstructured surfaces and random roughness 

surfaces have lower coefficient of friction. The 

snake-inspired microstructure leads to a more 

significant reduction in the friction coefficient and an 

anisotropic friction characteristic. Moreover, the 

stickslip phenomenon during sliding is also 

reduced. Song et al. [119] investigated the effect of 

roughness on the tribological properties of polyimide 

composites. The friction coefficient and wear rate of 

polyimide composites increase with an increase in 

surface roughness. Moreover, the crystallinity of the 

polymer can significantly affect the mechanical 

properties and friction properties of the polymer. In 

another study, semi-crystalline PEEK coating has a 

higher hardness than an amorphous PEEK coating, 

and the dispersed spherulites in the amorphous 

matrix limit the movement and slippage of the 

polymer chain, thereby increasing the stiffness of the 

coating. Obvious plastic deformation and severe 

plow marks were observed on the worn surface of 

the amorphous coating. For semi-crystalline coatings, 

plastic deformation is reduced, and a relatively 

smooth worn surface is observed. The above results 

showed that the crystallinity of PEEK enhanced the 

tribological properties [120]. 

3  Tribological properties of polymer 

composite coatings 

Polymer composite coatings are mainly applied to 

control the friction and wear of friction pairs. A large 

and growing body of literature has investigated the 

tribological properties of polymer composite coatings. 

Different theories exist in the literature regarding the 

lubrication mechanisms of polymer coatings, and 

they focus on the formation of a transfer film on the 

lubricated surfaces. The composition, structure, and 

properties of the transfer film have been identified as 

significant factors determining the friction and wear 

characteristics of polymer materials [121−124]. 

Combining functional nanoparticles with polymers 

can significantly enhance the tribological performance 

of PEEK reinforced with carbon fibers. Also, the 

addition of the fillers can accelerate the formation 

speed of the transfer film [125]. This section 

systematically reviews and aims to provide a depth 

of understanding of the tribological properties of 

polymer coatings. The substrates, fillers, preparation 

methods, thicknesses, and main tribological performance 

parameters (friction coefficient and wear rate) of the 

typical polymer composite coatings reported so far 

are summarized in Table 3. Using the minimum 

friction coefficient and corresponding wear rate data 

of different composite coatings in Table 3, the friction 

performance is compared by plotting the friction 

coefficient as a function of wear rate in Fig. 4. 

Figure 4 indicates that the tribological properties of 

the composite coatings show an obvious correlation 

with the types of polymer matrix. The epoxy-based 

composite coating has a low wear rate, but its friction 

coefficient is relatively high. In contrast, the 

PTFE-based composite coating has a low friction 

coefficient, whose minimum is approximately 0.05, 

but its wear rate is higher than that of the 

epoxy-based coating. The PTFE composite coating 

has a relatively low coefficient of friction because its 

matrix PTFE has excellent self-lubricating properties. 

PTFE is composed of carbon and fluorine atoms that 

form strong chemical bonds, and the fluorocarbon 

molecules are structured such that the fluorine atoms 

surround the carbon atoms. With the fluorine atoms 

running helically on the surface,  the PTFE chain 

resembles a rigid, cylindrical rod with a smooth 

surface. The low friction coefficient of PTFE is 

closely related to the smooth profile of the rigid 

rod-shaped PTFE molecules. Owing to the severe 

mechanical stresses and thermal vibrations 

associated with frictional heating, the PTFE's 

molecular chain fractures into chain fragments by 

breaking −C−C− and/or−C−F− bonds. The active PTFE 

radicals (chain fragments) and the fluorine ions react 

and chemically bond with the metallic elements of 

the counterface, which results in strong adhesion and  
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Fig. 4  Comparison of the tribological properties of different polymer matrices and different fillers. 

a coherent transfer film. Further interaction between 

the bulk polymer and the transfer film gives rise to 

anisotropic deformation of the unit cell, resulting in 

the closeness of adjacent chains and easy shear 

between chains [126]. In summary, PTFE easily forms 

a uniform and strong transfer film on a metal surface, 

and its molecular structure leads to easy sliding. 

Therefore, the polytetrafluorethylene composite 

coating has a lower coefficient of friction than other 

polymers. Similarly, the friction coefficients of some 

PU and PAI coatings can also fall below 0.1. The 

friction coefficient of polyimide composite coatings 

containing different fillers varied from approximately 

0.44 to 0.12, and the wear rates of these coatings are 

significantly different. The friction coefficient and 

wear rate of the composite coatings with the same 

matrix and different fillers are conveniently compared 

in Fig. 5. 

Although PTFE has a low friction coefficient, its 

poor mechanical properties result in a high wear rate. 

Epoxy resin, carbon nanotubes, carbon fiber, 

graphene oxide, gold/copper nanoparticles, graphite, 

and other fillers have been added to enhance the 

tribological properties of PTFE composites, particularly 

the wear resistance. Nemati et al. [127] examined the 

effects of graphene oxide (GO) on the wear resistance 

of PTFE coatings. The micro- and macro-tribological 

test results indicate that the addition of GO 

effectively improves the wear resistance of the 

coating.  When the PTFE composite coating contains  
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Fig. 5  Friction coefficient and wear rate of polymer composite coatings with different matrices.  

15 vol% GO, the friction coefficient and wear rate is 

significantly reduced to 0.1 and 0.6510 mm/(N·m), 

respectively. The wear rate of these composite coatings 

is two orders of magnitude lower than that of the pure 

PTFE coating. The homogeneous dispersion of 

high-strength GO in the low-friction PTFE matrix 

facilitates the formation of a self-lubricating film along 

the wear trajectory, as shown in Figs. 6(a) and 6(b). 

Likewise, adding 15 wt% polyparaben (POB) to PTFE 

can reduce the wear rate of the coating by 75%. The 

bearing capacity of POB reduces the shear and peeling 

of the PTFE matrix, which further reduces the adhesive 

wear caused by the transfer of PTFE to the grinding 

pair [128]. Carbon nanotubes [129] can also reduce the 

wear rate of the PTFE coating by 60%. Moreover, the 

addition of epoxy resin can reduce the wear rate of 

the PTFE coating by three orders of magnitude [130]. 

Graphite at 1.0 wt% in a PTFE coating can increase 

durability by five times and reduce the coefficient of 

friction by 17%. The aforementioned studies have 

emphasized the formation of a transfer film on the 

counterpart surface, which creates a low shear 

strength interface and exhibits exceptionally low 

friction and low wear rate [28]. In addition to  
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Fig. 6  (a) Schematic diagram of the lubrication mechanism of polymer composite coatings with solid fillers; (b) SEM images 
and Raman analyses of the wear tracks after 1,000 sliding cycles under 5 N normal load at ambient temperature of PTFE/GO 
coating. Reproduced with permission from Ref. [127], © Royal Society of Chemistry, 2016. SEM images of (c) tung 
oil@Polyureal microcapsules. Reproduced with permission from Ref. [92], © Elsevier B.V., 2017. (d) Linseed 
oil@polyurethane microcapsules. Reproduced with permission from Ref. [9], © MDPI, 2019. (e) PAO6@polystyrene 
microcapsule. Reproduced with permission from Ref. [10], © The authors, 2021. (f) Friction coefficient diagram of epoxy 
composite coating with different content of linseed oil@PU microcapsules (3 N, 5 cm/s) and PAO6@PS microcapsules (3 N, 
16 mm/s and 6 N, 32 mm/s); (g) schematic diagram of the lubrication mechanism of oil-containing microcapsules. Reproduced 
with permission from Ref. [9], © MDPI, 2019. SEM images of the ball surfaces sliding against different composites: (h) pure EP 
resin, (i) composite with 5 wt% microcapsules. Reproduced with permission from Ref. [10], © The authors, 2021. (j) SEM 
images of the worn surface coating filled with 10 wt% tung oil-loaded microcapsules. Reproduced with permission from Ref. 
[92], © Elsevier B.V., 2017. 

ordinary filler-type lubrication, surface modification 

of PTFE to enhance the wear resistance of PTFE 

coatings has been reported. Peng et al. [131] coated 

PTFE nanoparticles with polymethylmethacrylate 

(PMMA) by seed emulsion polymerization. The 

friction coefficient is 0.069 of the composite coating 

prepared by spin coating, and the wear volume is 

two orders of magnitude lower than that of the pure 
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PTFE coating. The presence of PMMA makes a 

continuous, uniform, and thin PTFE/PMMA 

composite film on its counterpart. Moreover, the 

existence of PMMA effectively improves the 

mechanical properties of PTFE. 

PTFE is not only a coating matrix with excellent 

tribological performance, but also an effective 

lubricating filler for reducing the friction coefficient 

of other polymer coatings. As mentioned above, PI 

has excellent mechanical properties, but its friction 

coefficient is high. Su and Zhang [132] prepared PI 

composite coatings filled with PTFE and nano-SiN 

by spraying technology and continuous curing. A PI 

composite coating with 20 wt% PTFE and 5 wt% 

modified nano-SiN has the best tribological 

properties. Its wear rate is more than an order of 

magnitude lower than that of the unfilled PI coating, 

and its friction coefficient is more than two times 

smaller. After adding 40 wt% PTFE to the PPS 

coating, the friction coefficient was reduced from 0.36 

to 0.17, and the wear life was increased to 250 m/μm 

[133]. The addition of modified oligomeric silsesquioxane 

(NH−POSS) significantly reduces the surface energy 

of the PAI/PTFE composite coating, thereby reducing 

the friction coefficient and wear rate. The NH− 

POSS/PAI/PTFE composite coating containing   

7% NH−POSS exhibits the lowest friction coefficient 

and wear rate, respectively 0.07 and 3.4    

10 mm/(N·m) [134].  

The effects of PTFE on the tribological properties 

of a new material, ATSP, has also been investigated. 

The ATSP composite coating with 5 wt% PTFE 

achieves a low friction coefficient of 0.077 on dry 

friction and ultra-low wear rate of 8.5010 

mm3/(N·m) [135]. In addition, Bashandeh et al. [136] 

measured the tribological properties of ATSP/PTFE 

coatings at high temperatures. The friction coefficient 

decreases with increasing temperature and is 

reduced by 54% at 180 °C compared with the friction 

coefficient at 25 °C. A substantial transfer film is 

formed on the counterpart during the friction process 

and increases with temperature, thereby providing a 

low wear rate and a stable coefficient of friction.  

Other commonly used lubricating fillers include 

graphite, graphene, MoS, and PF/graphene composite 

coatings, and PAI/MoS composite coatings have been 

reported. These fillers display excellent lubrication 

properties in the composite coatings owing to their 

layered structure with weak van der Waals interlayer 

interactions. Yu et al. [137] carried out an investigation 

of oligosilsesquioxane (POSS) modified PAI coatings 

with MoS as filler, which demonstrated a low 

coefficient of friction and wear rates of 0.08 and 

210 mm3/(N·m). In addition to the lubrication 

effect of MoS2, the cross-linking between the POSS 

and PAI also significantly contributes to the wear 

resistance of the composite coating. By admixing the 

PA coating with MoS [138], the friction coefficient 

can be reduced to 0.15, and the wear rate can reach 

10 mm3/(N·m), which is 50% lower than that of a 

pure PA coating.  

In addition to the above two-dimensional 

materials, black phosphorus (BP), with a layered 

structure, is a new kind of lubrication additive in 

water lubricants, oil lubricants [139], and solid 

lubricants [140]. The addition of BP nanosheets 

modified by NaOH (BP−OH) to water can result in 

robust superlubricity with a coefficient of friction of 

0.006 [141]. Black phosphorus, with anisotropic 

frictional properties, acts as a lubricating filler based 

on its interlayer shear. When the micro-peaks move 

with each other, the ultra-thin BP nanosheets enter 

the contact area instead of being pushed away. When 

the contact pressure is applied to the micro-asperities 

in the contact area, they will not directly contact each 

other owing to the interlayer shear of the ultra-thin 

BP nanosheets [139, 141−143]. In addition, the 

remaining water layers on the surfaces of the BP−OH 

nanosheets also contribute greatly to the super- 

lubricity property [141, 143]. As a filler in the 

polymer coating, 5 wt% BP was added into the PTFE 

coating. The coefficient of friction of the PTFE/BP 

composite coating decreased to 0.046, with a 60% 

reduction from that of pure PTFE coatings, and the 

wear volume was reduced by 53% [144]. However, 

the degradation of BP with oxygen and moisture was 

considered an obstacle for its lubrication practices 

under ambient conditions. Wu Shuai found that the 

ambient degradation of BP significantly favors its 

lubrication behavior due to the combination of water 

molecules as well as the resulting chemical groups 

(P−OH bonds) formed on the oxidized surface [145]. 
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Moreover, a super-slippery, degraded BP/SiO 

interface was observed, and the interfacial liquid 

water was confirmed as a significant reason [146]. 

Several studies have confirmed the effectiveness 

of hard ceramic nanoparticles in improving the 

tribological properties of the coating, which is 

expected to enhance the adhesion of the transfer 

film to its counterpart [147]. Song and Zhang [70] 

found that the wear life increased from 1,250 to 

2,750 m/μm for the PU composite coating with 

3 wt% nano-silica and polytetrafluorowax (PFW), 

and the coefficient of friction slightly increased by 

0.01. The addition of 5 wt% SiC nanoparticles and 

PFW into PU coatings reduced the friction 

coefficient and achieved a 100% increase in wear 

life [70], because the nanoparticle filler promoted 

the formation of a more uniform transfer film on 

the counterpart. This finding is consistent with the 

tribological test results of the PEEK/SiC composite 

coating. SiC nanoparticles significantly reduce the 

wear rate of the composite coating without 

excessive loss of coefficient of friction, especially 

under high loads. Under the test conditions of 9 N 

at 0.8 m/s, the wear rate of the PEEK/SiC 

composite coating is 1/3 that of pure PEEK. The 

role of SiC particles has been evaluated from two 

aspects. First, SiC particles may lead to energy 

dissipation by activating a fracture that occurs at 

the interface between PEEK and the powders. 

Second, it can effectively reduce the plows and 

adhesion between the two sliding parts [44]. 

All of the fillers mentioned above are solid 

fillers. Unlike liquid lubricants, they function 

without external supplements and subsequent 

maintenance. However, the lubrication effect of 

solid lubricants is far inferior to that of liquid 

lubricants. It is impractical to replace liquid 

lubrication with solid lubrication completely. In 

the short term, the best compromise is to combine 

solid and liquid lubricants. Previous studies have 

achieved effective lubrication by using porous 

solid materials that adsorb liquid lubricants as 

fillers. By mixing oleylamine into porous Cu−TBC 

metal–organic frameworks and forming an epoxy 

composite, ultralow friction (coefficient of friction 

~0.03) was achieved [148].  

Furthermore, microcapsule technology achieves 

the combination of solid lubrication and liquid 

lubrication, while solving the limitations of 

storage and replenishment of liquid lubricants. 

Microcapsules wrap the liquid lubricants in a solid 

shell through solvent evaporation or in situ 

polymerization. Li et al. [92] prepared tung oil 

microcapsules with a PUF shell through in-situ 

polymerization (Fig. 6(c)). A series of composite 

coatings were prepared with different contents of 

microcapsules, and tribological measurements 

were conducted. When the microcapsule content 

was 10 wt%, the friction coefficient (0.38) and the 

wear rate (8.2610 mm3/ (N·m)) was the lowest. 

Compared with the pure epoxy resin, the 

reduction was 17.3% and 78.6%, respectively. 

Apart from the lubricating effect of the oil film, the 

wear debris of the PUF shell was mixed with tung 

oil as a solid lubricant (Fig. 6(j)), enhancing the 

wear resistance of the epoxy coating. The 

PSF-coated tung oil microcapsules [92] prepared 

by the solvent evaporation method also effectively 

improved the tribological properties of the epoxy 

coating. Microcapsules with inorganic and organic 

materials as the collaborative shell layer can 

achieve outstanding tribological performance 

improvement. Containing 10 wt% microcapsules, 

whose shell is silica and polystyrene, the friction 

coefficient (0.27) of the epoxy coating is reduced 

by about 50% compared to the pure epoxy coating, 

and the wear rate (2.7310 mm3/(N·m)) is 

reduced by more than 80%.  

The synergistic lubrication effect between SiO 

nanoparticles in the shell and lubricating oil was 

proposed to explain the tribological behaviors. SiO 

nanoparticles in lubricating oil decrease fuel 

consumption and effectively improve the wear 

resistance of lubricating oil. Moreover, SiO 

nanoparticles can be filled into cracks caused by 

friction to prevent further wear of polymer 

composite coatings [95].  

Although the addition of the above microcapsules 

improves the tribological performance of the epoxy 

coating, the friction coefficient of the composite 

coating is still approximately 0.2, equivalent to or 

even higher than that of conventional solid lubricants. 
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Yang et al. [9] encapsulated linseed oil with     

a polyurethane shell by interfacial polymerization 

(Fig. 6(d)) and mixed it with the epoxy coating. 

Figure 6(f) presents the friction coefficient of the 

epoxy composite coatings with different microcapsule 

contents. When the microcapsule content is 20 wt%, 

the friction coefficient of the composite coating 

decreases to a minimum of 0.06, which is reduced by 

90.65% compared to that of a pure epoxy coating. In 

addition, Zhang et al. [10] prepared monodispersed 

polystyrene (PS)-encapsulated polyalphaolefin (PAO) 

microcapsules (Fig. 6(e)). The tribological properties 

of epoxy composites containing microcapsules under 

different loads and sliding speeds were studied. 

Compared with pure epoxy, the friction coefficient of 

composite materials can be reduced to 4% (from 0.71 

to 0.028) (Fig. 6(f)), and the wear rate can be reduced 

by two orders of magnitude. The surface of the 

counterpart sliding against different composites is 

shown in Figs. 6(h)−6(i). The surface sliding against 

the composite is smoother, proving that the 

lubrication effect is related to the oil released from 

the microcapsules. These results fully demonstrate 

the advantages of microcapsules in terms of 

lubrication effects for achieving ultra-low friction 

coefficients in composite coatings. 

The lubrication mechanism of the composite 

material containing microcapsules can be characterized 

by three processes. First, the microcapsules rupture 

due to pressure or shear during friction. The internal 

lubricant is released, and a boundary lubrication film 

is formed, which prevents the composite material 

from directly contacting the grinding pair, thereby 

reducing friction. (Fig. 6(g)) The release of lubricating 

oil has been confirmed by smooth wear surfaces and 

elemental analysis of the worn surfaces [9, 10, 92–94, 

96, 149–151]. In addition, the cavity formed by 

broken microcapsules can be seen on the worn 

surface. Second, the cavity of the ruptured 

microcapsules can capture abrasive debris. The 

reduction in the amount of wear debris due to 

retention in the cavity weakens the abrasive effect of 

the wear debris as a third body in the contact area [92, 

94, 149, 150]. Third, the cracked PUF shell can adhere 

to the film and the corresponding surface as a solid 

lubricant, which has a positive effect on reducing the 

friction coefficient and wear rate [93]. In addition, the 

nanoparticles in the shell layer can be used as 

additives for lubricating oil to reduce fuel 

consumption and effectively improve lubricity. In 

addition, nanoparticles can be filled into the cracks 

caused by friction to prevent further wear of the 

polymer composite coating [96]. 

Different fillers have unique advantages for 

improving the tribological properties of polymer 

coatings. In addition to the types of fillers, the 

content of the filler, the dispersion state of the filler, 

and the compatibility of the filler and matrix could 

also have a major impact on the tribological 

performance of the composite coatings. Moreover, 

the tribological performance is unambiguously 

associated with external factors such as the load, 

sliding speed, and temperature of the friction test 

[152, 153]. In a large number of studies on the 

tribological properties of composite coatings, the 

friction coefficient of coatings generally increases first 

and then decreases as the filler content increases, 

which indicates that there is an optimal value for the 

filler content. Too little filler is not sufficient to 

display its lubrication capacity. Similarly, too much 

filler is also not conducive to the increase in the 

friction properties of the coating because the 

properties of the composite coating deteriorate with 

the high filler content. The column of friction 

coefficient in Table 3 also describes the change in the 

friction coefficient with the filler content. For 

example, the friction coefficient and wear rate of 

epoxy/graphene composite coatings decreases with 

an increase in the graphene content from 0 to 4 wt% 

[154]. The friction coefficient of the epoxy/zinc 

sulfide-modified carbon nanotube composite coating 

[77] decreases first and then increases, reaching the 

lowest coefficient at 1.25 wt% (Figs. 7(a, b)). The 

mechanism reveals that when the content of a 

CNT/ZnS hybrid is less than 1.25 wt%, the fillers 

cannot be uniform, and they cannot effectively exert 

the lubricating effect. When its content exceeds 1.25 

wt%, the fillers may easily agglomerate, which 

reduces the volume of the resin layer of the 

composite materials and weakens the bonding force 

between the epoxy resin and the filler. The wear life 

of the PPS/PTFE composite coating [133] is 
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significantly reduced when the volume fraction of 

PTFE is too low or too high (Fig. 7(c)). PTFE particles 

will agglomerate in the coating when the volume 

concentration is low. However, when the volume 

concentration is high, the adhesive is insufficient to 

bind each PTFE particle, and the coating is easily 

deformed and smeared, resulting in severe wear of 

the coating. 

Furthermore, both the dispersion of the filler and 

the compatibility of the filler and the matrix also 

affect the tribological performance of the coating. 

Generally, surface modification is utilized to improve 

the filler dispersion and compatibility with the 

matrix, further elevating the lubrication effect of the 

filler. For example, Li et al. [77] overcame the 

problem of poor dispersion of CNTs in the polymer 

matrix by the in situ synthesis of zinc sulfide (ZnS) 

nanoparticles on the CNT surface (Fig. 7(d)). As a 

result, the composite coating containing CNT/ZnS 

exhibited better tribological performance than the 

composite coating containing untreated CNTs. In 

order to improve the dispersibility and compatibility 

of fullerenes in epoxy, Liu et al. [74] treated 

fullerenes with the silane coupling agent 

 
Fig. 7  (a) Friction coefficient and (b) wear rate of EP, EP–CNTs, EP–acid–CNTs, and EP–CNTs/ZnS coatings. Reproduced 
with permission from Ref. [77], © Elsevier, 2018. (c) Effect of volume concentration of PTFE on the friction and wear
behaviors of the polyphenylene sulfide coatings (1.25 m/s, 320 N, 40 μm). Reproduced with permission from Ref. [133], © 
Elsevier, 2009. (d) Schematic illustration of synthesis of CNTs/ZnS hybrid. Reproduced with permission from Ref. [77], © 
Elsevier, 2018. (e) Reaction scheme between fullerene and KH550. Reproduced with permission from Ref. [74], © Elsevier, 
2016. (f) TEM images of MoS2@HCNF hybrid with 20 mg of HCNF (the insets are the optical photos of MoS2-PAA/DMAC-a 
and MoS2@HCNF–PAA/DMAC-b stationary dispersions). Reproduced with permission from Ref. [5], © Elsevier B.V., 2017. 
(g) Schematic diagram of HDI modified TiO2 nanotubes. Reproduced with permission from Ref. [155], © Elsevier B.V., 2008. 
(h) Schematic diagram for the modification of graphene. Reproduced with permission from Ref. [25], © Royal Society of 
Chemistry, 2019. 
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Fig. 8  Classification of reinforcing fillers, influencing factors of reinforcement effect, and strengthening and toughening
mechanism. 

3-aminopropyltriethoxysine (KH550) (Fig. 7(e)). 

Several studies have used hexamethylene diisocyanate 

(HDI) to modify titanium dioxide nanotubes (Fig. 7(g)) 

[155] and toluene-2, 4-diisocyanate (TDI) to modify 

carbon nanotubes [156] to improve the bonding and 

compatibility of fillers in the PU coatings. Moreover, 

MoS2 was grafted onto the surface of CNTs (Fig. 7(f)) 

to promote its dispersibility in the PI coatings [5]. 

Graphene nanosheet edges were aminated with 

L-phenylalanine (PheG) (Fig. 7(h)) to realize good 

dispersion of graphene in PI coatings [25]. 

4  Mechanical properties of polymer 

composites coatings 

The mechanical properties of polymers are mainly 

characterized by three essential indices: stiffness 

(elastic modulus), strength (tensile strength), and 

toughness (elongation at break). These properties 

play a critical role in the service quality and service 

life of the coatings. Outstanding mechanical 

properties enable the coating to adapt to more severe 

working conditions and increase the service life of 

the coating. Although some polymers have an 

excellent tensile strength and Young’s modulus, they 

still lack some critical characteristics, such as impact 

strength or toughness. Further improvement of the 

mechanical properties of polymer coatings remains a 

major challenge. The mechanical properties of 

polymer coatings are generally enhanced by adding 

fillers with excellent mechanical properties, such as 

graphene, carbon nanotubes, and ceramic 

nanoparticles, called reinforcing phases in polymer 

composite coatings. Based on the morphology, 

reinforcing fillers are divided into 2D fillers, 1D 

fillers, and 0D fillers, as shown in Fig. 8. 2D 

reinforcing fillers mainly include graphene and 

nanoclays. Carbon nanotubes and fibers (carbon fiber 

and glass fiber) are common 1D fillers. 0D 

reinforcing fillers are mainly ceramic nanoparticles, 

including silica, alumina, and silicon nitride, and 

many more. Spatial orientation, content, size, 
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Fig. 9  Schematic diagram of strengthening and toughening mechanism of polymer matrix. 

dispersibility, and interfacial strength are the 

principal factors determining the reinforcing effect of 

the fillers. Fully understanding the strengthening and 

toughening mechanism can maximize the mechanical 

properties by optimizing the size, spatial orientation, 

and content of fillers. In the following paragraphs, 

the strengthening and toughening mechanisms of 

these three types of fillers are summarized and 

introduced in Fig. 8. A schematic diagram of the 

strengthening and toughening mechanisms is shown 

in Fig. 9. 

To date, the strengthening mechanism of 0D 

reinforcement in rubbery and molten polymers has 

been analyzed sufficiently, including particle 

jamming, strain field distortion [169], polymer 

fixation, and dynamic changes between tightly 

packed particles [170], and polymer bridges between 

nanoparticles [171, 172]. A strong relationship has 

been established between the enhancement of 

rubbery and molten polymers and the aggregation 

state of the reinforcing particles. The working 

temperature of polymers used in coatings is usually 

lower than the glass transition temperature, and thus 

the polymer is in a glassy state, and the reinforcing 

nanoparticles in the glassy polymer are naturally 

uniformly distributed. Thus, there is a certain 

deviation in the applicability of the above theory. The 

following discussion seeks to review the mechanical 

properties and mechanisms suitable for glassy 

polymers.  

Enhancing the stiffness and strength of polymer 

composites can be described by classical composite 

theory. Stress transfer between the matrix and filler 

and the load bearing of fillers are the main 

mechanisms. When the composite is subjected to 

external stress, the matrix stress is transferred to the 

fillers through the matrix-filler interface, and fillers 

become the main load-bearing phase. The elastic 

modulus and tensile strength of the filler are higher 

than those of the matrix, so the polymer material is 

reinforced [173]. Chih et al. [174] examined the 

strengthening effect of graphene nanosheets, 2D 

fillers, on ultra-high molecular weight polyethylene 

coatings. For composite coatings containing 2−5 wt% 

graphene, the modulus of elasticity increased by 10%. 

However, the actual reinforcement effect is decidedly 

inferior to the expected reinforcement effect, due to 

particle agglomeration leading to a decline in the 
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stress transfer. Samad and Sinha [166] added 0.2 wt% 

carbon nanotubes, 1D fillers, to a UHMWPE coating, 

increasing the hardness of the coating by 66% and the 

elastic modulus by 58%.  

The stress transfer mechanism is applicable to all 

three types of reinforcing fillers, and the size, content, 

and dispersion state of the fillers also have a 

significant impact on the reinforcing effect [175]. In a 

study of particle size effects on the strength of PA 

6/silica nanocomposites, the average particle sizes 

added were 12, 25, and 50 nm. The particle additions 

increase strength, and smaller particles provide 

better reinforcement [176]. Maillard et al. [177] 

carried out a series of tests on the mechanical 

 
Fig. 10  (a) Schematic representation of the internal architecture of the PVA/MTM nanocomposite (picture shows 8 bilayers).
Reproduced with permission from Ref. [64], © American Association for the Advancement of Science, 2007. (b) 
Energy-optimized geometry of bonding between PVA and MTM via Al substitution sites obtained by computer calculations with 
the AM1 semi-empirical algorithm. (Right) Enlarged portion of the six-membered cycle formed between PVA and MTM. Al, 
purple; O, red; H, light gray; Si, dark gray; C, green. Reproduced with permission from Ref. [64], © American Association for 
the Advancement of Science, 2007. (c) Fracture mechanisms and (d) estimated tensile strength of platelet-reinforced 
composites. Reproduced with permission from Ref. [179], © American Association for the Advancement of Science, 2008. (e) 
Shear modulus, G, and bulk modulus (inset), K, for PNCs with different loadings estimated from the BLS data. The lines are fits 
to continuum mechanics based on Woods’ law, a two-phase model (TPM), an interfacial layer model (ILM), and the
dashed-orange lines are predictions by a simulation of finite element analysis (FEA) with an interfacial layer. Reproduced with 
permission from Ref. [182], © American Chemistry Society, 2016. (f) Q-factor (the bandwidth of the resonance peak) of the 
cantilever map of the surface. Reproduced with permission from Ref. [182], © American Chemistry Society, 2016. (g) 
Schematic representation of nanoparticles in a polymer matrix and three regions of the composite. Reproduced with permission 
from Ref. [182], © American Chemistry Society, 2016. (h) Reinforcement percentage of the elastic modulus, yield stress, and 
failure strain relative to the pure polymer depending on grafting density and grafted/ matrix chain length ratio. The loading of the 
silica core was 5 mass % in all the samples. Reproduced with permission from Ref. [177], © American Chemistry Society, 2012. 
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properties of polystyrene films reinforced with 

grafted silica in different dispersion states. The 

results demonstrated that well-dispersed silica could 

simultaneously improve the elastic modulus, tensile 

strength, and toughness. However, aggregated silica 

nanoparticles led to varying degrees of reduction in 

tensile strength and toughness (Fig. 10(h)). Moreover, 

both the elastic modulus and tensile strength 

increased with increasing silica content.  

In addition to the filler content, the size of the 

fillers also plays a vital role in strengthening. A large 

number of experimental studies on fiber-reinforced 

composite materials show that short fibers have an 

inferior reinforcing effect on polymer composites 

compared with longer or continuous fibers. This 

phenomenon has been explained in detail through 

shear lag and other theories. Only when the fiber is 

longer than the critical length can excellent 

mechanical properties be obtained. The main 

parameters affecting the critical length are the aspect 

ratio of the nanosheets and the interfacial interaction 

between the filler and the matrix. In addition, for 2D 

fillers and 1D fillers, the spatial orientation of the 

fillers will also significantly affect the reinforcing 

effect [173, 178]. Mortazavian and Fatemi [178] 

confirmed that the tensile strength of the composite 

changes nonlinearly with the angle of orientation in a 

given plane of the glass fiber in the sample. 

In addition to the stress transfer mechanism, the 

interaction between the matrix and the filler can also 

increase the strength of the polymer material. 

Covalent bonding, hydrogen bonding, and physical 

entanglement between the nanoclay and polymer 

increase the strength of the polymer in the nanoclay 

gap and facilitates the interfacial stress transfer (Fig. 

10(a)). Podsiadlo et al. [64] proved the covalent 

connection between poly(vinyl alcohol) (PVA) and 

montmorillonite through theoretical simulations (Fig. 

10(b)) and experimental measurements, which led to 

the effective hardening of the matrix and improved 

the tensile strength by a factor of 10 compared to that 

of pure PVA. Bonderer et al. [179] used alumina 

flakes to increase the tensile strength of the chitosan 

matrix by 6 times. Chan et al. [180] prepared 

uniformly dispersed nanoclay/epoxy composite 

samples, and Young’s modulus and tensile strength 

of the composites containing 5 wt% nanoclay 

increased by 34% and 25%, respectively. In the same 

study, scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) analysis 

confirmed the interlocking and bridging effect 

between nanoclay and matrix in the composite 

material. This result is explained by the fact that 

nanoclay clusters enhance the mechanical 

interlocking inside the composite, thereby destroying 

crack propagation. A composite of nylon 6 and 

nanoclay also achieved a 200% increase in Young’s 

modulus and a 175% increase in tensile strength [181]. 

The addition of nanoparticles to a glassy polymer 

results in a higher strength between the polymer and 

the nanoparticles than the strength of the matrix (Fig. 

10(g)). Cheng Shiwang et al. [182] directly observed a 

2−3 nm interfacial layer in a PVA/SiO composite 

through the combination of small-angle X-ray 

scattering (SAXS), Brillouin light scattering (BLS), 

and atomic force microscopy (AFM) measurements, 

providing experimental evidence of polymer bridges 

between nanoparticles in polymer nanocomposites 

(Figs. 10(f) and 10(g)). In this study, Young’s 

modulus of the interfacial polymer layer is two times 

higher than that of the matrix polymer, indicating 

that nanoparticles significantly enhance Young’s 

modulus in PVA below the Tg (Fig. 10(e)). The article 

also states that the results should be applicable to 

various types of glassy polymer nanocomposites.  

Based on the above analysis, the reinforcing 

properties of a polymer composite are directly 

related to the interfacial bonding strength between 

the polymer matrix and the filler. Good interfacial 

bonding properties help to transfer stress while 

suppressing the generation of cracks, which in turn 

enhances the mechanical strength. Weak interfacial 

bonding will cause problems such as stress 

concentration at the filler interface and reduce the 

mechanical properties of the polymer material. 

Surface modification, including physical adsorption 

or chemical grafting of fillers, was performed to 

improve the binding between fillers and the polymer 

matrix. Furthermore, it is necessary to avoid the 

aggregation of fillers. Achieving a good dispersion is 

also an effective way to enhance the mechanical 

properties of polymers. 
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The strengthening effects of the three reinforcing 

fillers are different owing to their large variations in 

spatial morphology. The 2D fillers are lamellar and 

have a large aspect ratio, and the in-plane size is 

much larger than the longitudinal thickness. 1D 

fillers also have a large aspect ratio. 0D fillers are 

generally spherical, and the aspect ratio is minimal. 

Okumura et al. [183] investigated the mechanical 

properties of PA6/hydroxyapatite composites, and 

the shape of the fillers in the composites was 

controlled to 0D (particle), 1D (needle), and 2D 

(plate). The results indicate that each nanofiller (0D, 

1D, and 2D) exhibits different effects. 0D fillers are 

known to enhance the mechanical properties and are 

generally easier to synthesize than 1D or 2D fillers. 

Owing to the high aspect ratio (L/d), 1D fillers can 

enhance the mechanical properties, especially the 

tensile strength, more effectively. On the other hand, 

2D fillers have been shown to improve the barrier 

effect and mechanical properties, especially the 

bending characteristics. Scotti et al. [184] also studied 

the effect of particle morphology on the filler 

reinforcing effect. Compared with spherical particles, 

anisotropic rod-shaped particles can provide 

stronger reinforcement to rubber, and by increasing 

the aspect ratio of the particles, the effect will be 

enhanced. Many researchers have investigated the 

reinforcing ability of 1D, 2D, and 3D fillers, which 

concluding that the reinforcement effect of a 1D filler 

is better than that of a 2D material, and the 

reinforcing effects of 1D and 2D materials are greater 

than those of the 3D filler [185−187]. Nadiv et al. [186] 

introduced a robustness factor to measure the filler 

concentration range necessary for achieving a 

significant reinforcing effect, and the robustness 

factor increased with filler dimensionality. In fact, 

any deviation in the concentration of 2D or 3D fillers 

did not dramatically change the nanocomposite 

performance. Considering robustness and reinforcing 

efficiency, 1D and 2D materials constitute attractive 

fillers. The better reinforcing effects of the 1D and 2D 

fillers may be related to the larger filler/polymer 

interfacial area caused by the high aspect ratio [173, 

183, 184, 186]. 

Toughness is another critical property of polymer 

materials. Unilaterally increasing the strength of the 

polymer and sacrificing its toughness weakens the 

defect resistance of the polymer, which is not 

conducive for its use in polymer coatings. Toughness 

has a strong correlation with crack growth. 

Increasing the path of crack growth, reducing the 

speed of crack growth, and increasing energy 

dissipation are effective approaches to toughening 

the composite. Proposed toughening mechanisms of 

polymer materials discussed in literature reviews of 

this research mainly include crack bridging and filler 

extraction, shear yield of the diffusion matrix, the 

formation of shear bands, microcracking, crack 

pinning, crack tip passivation, crack deflection, and 

interfacial debonding of the filler matrix [175]. 

The toughening mechanism varies with different 

fillers. The main toughening mechanism of nanoclays, 

carbon nanotubes, or carbon fibers is crack bridging 

and pulling out. When cracks propagate, certain 

fibers hinder their expansion. With increasing 

applied energy, cracks grow around the fiber, which 

is called crack bridging. This mechanism works until 

the matrix around the fiber breaks completely, and 

the fiber loses its reinforcing effect, after which the 

fiber is pulled out from the matrix by the continued 

applied force. The size of the nanoclay and fibers is 

also a critical factor in the toughening process. When 

the size is smaller than the critical size, the matrix 

material will fail around the filler, and the filler is 

pulled out. However, when the size is greater than 

the critical size, the stress will be completely 

transferred to the filler, and the filler is more likely to 

be broken, eliminating the toughening effect [179, 188, 

189]. Bonderer et al. [179] pointed out that there is a 

critical value for the aspect ratio of nanoclays. For 

platelets with an aspect ratio above the critical value, 

the composite material will fail because of fracture of 

planets, resulting in brittle fracture. For platelets with 

an aspect ratio below the critical value, the 

continuous matrix yields before the platelets rupture, 

resulting in a toughening behavior. For example, a 

possible scenario involves the platelets pulling out 

and the matrix plastically flowing before the 

composite is completely ruptured (Figs. 10(c) and 

10(d)). 

The toughening mechanisms of 0D fillers are 

different from those of 2D fillers and 1D fillers 
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owing to their small aspect ratio. The energy 

dissipation associated with the displacement of 

the fillers and the formation of shear bands is 

confirmed as the dominant toughening mechanism 

of 0D fillers. Because of the strong interfacial 

interaction between the nanoparticles and the 

matrix, crack nucleation is suppressed and the 

shear bands nucleate in the polymer matrix. As the 

dispersibility of the particles increases, the 

propagation paths of these shear bands increase, 

resulting in increased toughness of the matrix [177, 

188]. The other primary mechanism is crack 

bending (crack pinning). In the presence of hard 

particles, the crack will be immobilized, and the 

propagation is locally interrupted. If it continues 

to proceed, it needs to bend around the particle, 

which requires more energy. The crack deflection 

mechanism is the same. However, when the 

binding force between the particles and the matrix 

is weak, the particles and the matrix will separate, 

called particle debonding. Crack tip passivation is 

also an important mechanism of particle 

toughening.  

The improvement of the mechanical properties of 

polymer composite coatings can increase the 

load-bearing capacity of coatings. Perfluoroalkoxy 

(PFA) coatings filled with AlO exhibit a higher 

load-bearing capacity under sliding conditions [190]. 

PA6/CNT composites have a higher load-bearing 

capacity than pure PA6. Higher tensile strength and 

Young's modulus also result in a higher load-bearing 

capacity of the composite [69]. The improvement in 

the bearing capacity of the composite material means 

that it is not easy for the material to undergo plastic 

deformation during friction with the grinding pair, 

and it does not easily to peel off and fall off. At the 

same time, it can maintain the structural integrity of 

the composite material under a high load [191]. 

Therefore, the wear resistance is enhanced. In 

addition, excellent mechanical properties can 

significantly inhibit the generation and propagation 

of cracks on the worn surface, thereby improving 

wear resistance [192]. Surface hardness is one of the 

most critical factors that determines the wear 

resistance of a material. Harder surfaces have a 

higher wear resistance. The improved wear 

resistance observed in the SiO/short carbon 

fiber/epoxy hybrid composites is due to the 

improvement in the surface hardness [68]. In short, 

the enhancement of polymer mechanical properties 

can improve its friction performance to a certain 

extent. 

5  Adhesion properties of polymer 

composites coatings 

Good adhesion of the coatings to the substrate is 

fundamentally necessary for excellent frictional and 

mechanical properties of the coating because the 

integrity of the coating is dependent on the integrity 

of the interface. Various internal or external forces, 

including mechanical stress, thermal stress from the 

environment, and corrosion, will cause the coating to 

fail to adhere. Testing of the adhesion of a coating to 

a substrate is of particular significance. Adhesive 

strength measurements can provide guidance for the 

design and selection of better coating application 

methods and good coating–substrate systems. To 

date, widely used coating adhesion tests include 

micro- and nanoindentation, micro- and nano-scratch, 

blister, bump, bend test, and pulsed laser-induced 

impact spalling. Many different measurements, 

detection methods, and characterization techniques 

are associated with these local damage tests, 

including acoustic emission detection, thermal and 

infrared thermal imaging, laser interferometry, raster 

scanning microscopy techniques such as atomic force 

microscopy, acoustic probe microscopy, scanning 

electron microscopy, scanning electrochemistry 

microscopy, and Raman spectroscopy. 

Micro- and nanoindentation tests not only 

measure coating hardness, Young’s modulus, and 

other properties through continuously recorded 

force and indentation depth, but also perform 

quantitative, semi-quantitative, and qualitative 

tests on coating adhesion. Good adhesion at the 

interface is shown as a smooth transition from the 

coating to the substrate (or primer) on the 

indentation profile, while poor adhesion will show 

an uneven transition. Depending on the position 

of the indenter, the indentation test can be an 

interfacial indentation, a surface indentation, or 
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cross-sectional indentation (Figs. 11(a) and 11(b)). 

The scratch test [193] applies an increasing force 

using an indenter as the sample is moved 

tangentially. The force sensor measures both 

vertical force and friction, and can also record the 

indentation depth and lateral displacement. 

Finally, the generated stress will cause the coating 

on the substrate to chip, peel, or crack, as shown in 

Fig. 11(c). The minimum friction force that causes 

the coating to fail is the critical force. In addition, 

lasers can also be employed to cause coating 

failure. The blistering, bulging, and bending tests 

are suitable for checking the interfacial adhesion 

of elastic or flexible coatings to plastic or rigid 

substrate systems. For the blister test, an external 

force (or pressure) is applied to the back surface of 

the test coatings through the entrance hole and 

then causes blistering, swelling, and bending 

phenomena, as shown in Fig. 11(d). Depending on 

the external force method, the test may result in a 

shaft-load blister, a thermally-induced blister, or a 

hydraulic/pneumatic blister. Pulsed laser-induced 

impact spallation can test the dynamic failure of 

the coating due to delamination, also known as 

laser spallation. The laser pulse hits the absorption 

layer, producing a strong, high-amplitude acoustic 

pulse wave, which propagates through the 

thickness of the substrate to the test coating and 

reflects on the free surface of the coating. This will 

cause interference of incident light and reflected 

waves, which will affect the interfacial stress. 

Delamination and flaking may occur when the 

stress reaches the critical interfacial strength of the 

coating. In addition, Table 4 summarizes the 

applicability of indentation, scratching, blistering, 

and laser peeling tests in different coating– 

 
Fig. 11  Schematic diagram of partial test method for coating adhesion. (a) Surficial indentation; (b) interfacial/sectional
indentation; (c) scratch test; and (d) lisbter test. 

Table 4  Suitability of different test methods for coating-substrate systems.
 

Thin coating (<20 μm) High coating (>20 μm) 
 

D-B D-D B-B B-D D-B D-D B-B B-D 

Interface indentation  —   — — — — 

Surface indentation — — — —  —   

Cross-section indentation — — — —  —   

Scratch (by load)  —   — — — — 

Scratch (by laser) — — — —     

Blister   — —    — 

Laser spallation   — —   — — 
Note: D-B means coating-substrate systems. B means brittle and D means ductile. 
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substrate systems [194]. In addition to the above 

methods, the solvent immersion test and the tape 

test are also utilized to evaluate the adhesion 

properties. Moreover, Hopkins et al. [195] 

proposed a combination of calculations and 

peeling experiments to determine the interfacial 

characteristics of polyurethane stent coatings 

bonded to stainless steel. The delamination of the 

stent coating under dry and hydrated conditions 

was studied in 90 peel tests,   and the measured 

force and peel radius were used to determine the 

interfacial properties. There are also studies using 

ultrasound to evaluate the adhesion properties of 

coatings [196].  

A large and growing body of literature has been 

devoted to improving the adhesion between coatings 

and substrates to enhance coating performance. 

Current enhancement methods mainly focus on 

treating the surface of the substrate and using a 

suitable adhesive. The surface treatment of the 

substrate can either be mechanical, chemical, and/or 

energy treatments. Mechanical processing mainly 

includes mechanical polishing, shot blasting, acid 

etching, laser processing, and anodizing etching, 

which increase the macro or micro roughness, further 

increasing the area and strength of the interaction 

between the coating and the substrate. Theoretical 

simulations by van Tijum et al. [197] showed that 

local delamination competes with roughening at the 

interface, which eventually leads to an increase in the 

adhered area. van den Brand et al. [198] immersed an 

aluminum substrate in boiling water to hydrate 

aluminum, forming a pseudoboehmite layer with a 

porous structure, into which the epoxy coating 

completely penetrated (Figs. 12(a) and 12(b)). High 

hydroxyl density, large surface area, and porosity 

resulted in outstanding adhesion properties of the 

system. van Dam et al. [199] studied the effect of 

surface roughness on the adhesion of epoxy coatings. 

The initial adhesion is enhanced with the increase in 

the surface roughness due to the increase of the 

interfacial bonding area under higher surface 

roughness. However, the improvement in the 

durability of the coating is not obvious because these 

techniques mainly rely on inducing mechanical 

interlocking and van der Waals forces, which are 

very susceptible to high temperature and humidity 

conditions. Shot blasting and acid etching were 

employed to produce the porous surface morphology, 

triggering possible mechanical interlocking. The 

 
Fig. 12  Methods for enhancement of coating and substrate adhesion. (a) Hydration of the aluminum substrate by immersion in
boiling water, resulting in the formation of a porous pseudoboehmite oxyhydroxide layer. The epoxy coating fully penetrates 
into this porous structure; (b) TEM cross-section image of the epoxy–pseudoboehmitealuminum system. Reproduced with 
permission from Ref. [198], © Elsevier B.V., 2004. (c) Image of atmospheric pressure plasma jet. Reproduced with permission
from Ref. [209], © Taylor & Francis, 2004. (d) Schematic illustrations of the preparation of nanocoupling process, Reproduced 
with permission from Ref. [202], © American Chemistry Society, 2011. (e) Schematic diagram of coating with PDA as 
adhesive. Reproduced with permission from Ref. [28], © Springer Verlag, 2016. 
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adhesive penetrates the surface pores to form the 

so-called micro-composite interphase region. 

Therefore, the presence of complex textures or 

morphologies has a greater impact on the initial 

adhesion and persistence of interfacial adhesion than 

the average roughness. Krzywiński and Sadowski 

[200] also improved the adhesion between the epoxy 

resin and concrete substrates by preparing surface 

textures, including slotting, embossing, gripping, and 

brushing.  

Chemical treatment mainly involves cleaning the 

substrate with organic solvents, chemically grafting 

the polymer on the surface, and applying 

primer/adhesive to form a sandwich structure of the 

substrate, adhesive layer, and coating. Jaeho et al. 

[201] reported an effective method for increasing 

adhesion by grafting an organic layer to a steel 

surface. Because the interaction between the 

molecular chain of the polymer coating and the 

organic layer covalently grafts to the metal surface, 

the adhesion between the polymer and the steel 

surface is improved by more than 100%. Choi et al. 

[202] introduced oligolactic acid onto the surface of 

stainless steel, and the thickness of the oligolactic 

acid graft was maintained at the nanometer level. 

The nanocoupled stainless steel sample exhibited the 

most durable interfacial adhesion between the 

polymer coating and the metal substrate (Fig. 12(d)). 

Grafting of polycaprolactone and ricinoleic acid on a 

substrate surface enhances the adhesion between the 

polymer coating and the substrate. A thin polymer 

interfacial layer is applied between aluminum and 

epoxy resin, which participates in the curing of the 

epoxy coating [203]. Systems based on poly 

(ethylene-alt-maleic anhydride) show good adhesion 

strength and durability due to the formation of cured 

and mixed epoxy/polymer interphase regions [198]. 

A self-assembled monolayer film of 

3-aminopropyltrimethoxysilane (APS) was formed 

on an aluminum substrate by covalent bonding. The 

APS single-layer film acts as a covalent bond 

between the polymer coating and the aluminum 

alloy substrate, enhancing the adhesion properties of 

the polymer coating [204]. In addition, the coating 

material can also be grafted to enhance the adhesion 

behavior. Polypropylene with 3 wt% maleic 

anhydride (MAH) can provide high values for 

adhesion strength, Young's modulus, and breaking 

strain [205]. By introducing a silane reagent 

(3-aminopropyl triethoxysilane) that can covalently 

bond with PU on a tin surface, the adhesion of PU 

can be increased [206].  

A silane coating can also be utilized to enhance 

the adhesion between PPS and stainless steel [207]. 

Although the silane coating does not change the 

morphology of the substrate, the chemically 

modified surface has proven to be more resistant 

to delamination [199]. Polydopamine (PDA) is 

used as an adhesive to enhance the adhesion of the 

PTFE coating to the substrate (Fig. 12(e)). The 

linearly increasing load scratch test shows that the 

increase in durability is also the result of the 

improved adhesion between the PTFE topcoat and 

the PDA primer. The use of PDA also prevents 

large-scale delamination of the coating [28]. 

Options for energy treatments mainly include 

plasma treatment, ultraviolet irradiation, and ozone 

radiation. Oxygen plasma treatment of a substrate 

(Fig. 12(c)) can improve the adhesion of PU on the 

PU substrate surface [208, 209]. Plasma exposure 

does not cause significant changes in morphology or 

surface roughness. The central role of plasma is 

surface activation and cleaning. In addition, studies 

have shown that thermally assisted plasma treatment 

of PTFE [210, 211] can promote the formation of 

carbon-carbon crosslinks on the surface of PTFE and 

the etching of weak boundary layers, which greatly 

improves the adhesion strength of PTFE. Hamdi et al. 

[212] found that when primer coating and UV/ozone 

radiation were applied, the adhesion of acrylonitrile 

butadiene styrene increased. 

6  Summary and outlook 

This review provides a survey of the properties of 

conventional polymer coating matrices, types of 

fillers, and preparation methods of coatings. It also 

summarizes the tribological properties of different 

polymer composite coatings. The addition of solid 

fillers can promote the formation of polymer transfer 

films. Microcapsules also contribute to forming a 

liquid lubrication film, which significantly reduces 
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the friction coefficient of the pure polymer matrix or 

improves the wear resistance. The addition of 

reinforcing fillers enhances the strength of the 

coatings by effective stress transfer and the 

enhancement of the polymer interfacial layer, and 

improves the toughness of the coating by crack 

bridging and filler extraction, shear yielding, and 

crack deflection. Reasonable substrate treatment 

methods, such as mechanical treatment, chemical 

treatment, and energy treatment, can improve the 

adhesion between the coating and substrate. It is 

worth pointing out that this article only briefly 

discusses the influence of external environments 

such as load, velocity, and temperature on coating 

performance, but these are still key factors affecting 

the coating performance. 

The choice of a polymer matrix for a composite is 

based on the preset operating conditions and the 

desired temperature resistance and mechanical 

properties. The coating system can be expertly 

designed by choosing the appropriate substrate 

material and substrate treatment method, the type of 

matrix material of the coating, the type, size, content, 

and surface modification of the filler, and adopting 

appropriate coating preparation methods and 

parameters. In choosing a polymer, we must consider 

the advantages and disadvantages of the coating 

preparation methods. We must also understand the 

mechanisms for strengthening and toughening when 

using different fillers, and how they may improve the 

tribological performance of the polymer. 

Furthermore, using optimized methods of coating 

adhesion can improve the service status of the 

coating. 

Based on our research on polymer coatings, the 

types and synergies of fillers are key to improving 

the tribological and mechanical properties of 

composite coatings. Previous test results indicate that 

layered shear and oxidation products produce 

excellent lubrication, as is the case with black 

phosphorus. Moreover, it effectively reduces the 

friction coefficient of polymer coatings when used as 

a lubricating filler. The addition of a few micro- or 

nano-level microcapsules also significantly reduces 

the friction coefficient and wear rate of the polymer 

coating. The above-mentioned excellent lubricating 

fillers combined with reinforcing phases, e.g., carbon 

fiber and silica nanoparticles, can maximize the 

load-bearing capacity of the polymer coating, and 

achieve a balance between good tribological 

performance and desirable mechanical performance. 

We believe that the above fillers can effectively 

improve the tribological properties of most polymer 

coatings and ensure that the mechanical properties 

do not cause significant attenuation. 

Although research on polymer composite coatings 

is very extensive at present, it is still slightly 

insufficient compared with studies on polymer 

composites. For the research on polymer composite 

coatings, the following aspects still need to be 

addressed: 

1) In order to achieve a balance between friction 

and mechanical properties of coatings, the synergistic 

effects of lubricating fillers and reinforcing fillers are 

required. Further research should be carried out to 

explore the synergy between different components. 

In recent years, some new two-dimensional materials 

have been researched and prepared, such as T-type 

carbon [213] and phosphorene [214]. New 

two-dimensional materials can be explored as fillers 

to improve the friction and mechanical properties of 

composite materials. 

2) In the study of composite coatings covered in 

this review, the effect of polymer coating thickness 

on the performance of composite coatings remains 

obscure. Further studies regarding the role of 

thickness would be worthwhile. Most of the coatings 

reviewed are single-layer coatings, and designing 

multilayer or adaptive smart coatings should be 

considered. 

3) The improvement of the tribological properties 

of the composite coating is mostly explained by the 

formation of a transfer film, but the specific 

mechanism of the formation and growth processes of 

the transfer film has not been proposed. Further 

research on the lubrication mechanism on a more 

microscopic scale is required. In addition, the 

lubrication mechanism for PS/PI blends is an 

anomaly, which is a structural effect rather than the 

formation of a transfer film. Therefore, in-depth 

research on the friction mechanism is needed. 

4) The excellent research results of polymer block 
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materials should be applied to coating materials. For 

example, the addition of microcapsules can achieve 

an ultra-low friction coefficient of 0.028 for block 

epoxy materials. This filler formula should be 

applied to epoxy coatings to achieve an ultra-low 

friction coefficient of an epoxy coating. 

5) The current trend of modern tribology is to limit 

or reduce the use of liquid lubricants as much as 

possible, but to increase the use of solid materials 

and coatings with self-lubricating properties. 

However, in the short term, the best compromise is 

to consider using a combination of solid and liquid 

lubricants to meet the emissions or environmental 

requirements of future tribological systems while 

providing the required friction and wear 

performance. Microcapsule technology is an effective 

mean to achieve this goal, but cold-pressed and 

hot-pressed polymer materials will cause the 

capsules to crack during the molding process. The 

spray application method of coatings may be suitable 

for the practical application of microcapsules. 

Currently, polymer coatings containing 

microcapsules are mostly epoxy-based. The 

preparation of composite coatings containing 

microcapsules with multiple matrices is needed. 
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