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Today, it is usual define nanocomposite “as a multiphase solid material where one 
of the phases has one, two or three dimensions of less than 100 nm or structures 
having nano-scale repeat distances between the different phases that make up the 
material”. Recently, the use of nanocomposites with polymer, metal or ceramic 
matrices has increased in various areas of engineering and technology due to their 
special properties, with applications in bioengineering, battery cathodes, automo-
tives, sensors and computers, as well as other advanced industries.

Tribology is defined as “the science and technology of interacting surfaces in 
relative motion” and embraces the study of friction, wear and lubrication. Within 
the tribology literature of nanocomposites wear rate and friction coefficient are 
generally reduced with the addition of nanoscopic filler particles for all matrices 
with special emphasis in polymer matrices. Friction coefficients and wear rates are 
often discussed in nanocomposites tribology.

The Chap. 1 of this book provides tribology of bulk polymer nanocomposites 
and nanocomposite coatings. Chapter 2 is dedicated to nano- and micro-PTFE 
for surface lubrication of carbon fabric reinforced polyethersulphone composites. 
Chapter 3 described Tribology of MoS2-based nanocomposites. Chapter 4 contains 
information on friction and wear of Al2O2-based composites with dispersed and 
agglomerated nanoparticles. Finally, Chap.  5 is dedicated to wear of multi-scale 
phase reinforced composites.

This present book can be used as a research book for final undergraduate engi-
neering course or as a topic on materials at the postgraduate level. Also, this book 
can serve as a useful reference for academics, tribology and materials research-
ers, materials, physics and mechanical engineers, professional in nanocomposites 
and related industries. The interest of scientific in this book is evident for many 
important centres of the research, laboratories and universities as well as indus-
try. Therefore, it is hoped this book will inspire and enthuse others to undertake 
research in this field of tribology of nanocomposites.

The Editor acknowledges Springer for this opportunity and for their enthusiastic 
and professional support. Finally, I would like to thank all the chapter authors for 
their availability for this work.

Aveiro, Portugal, August 2012� J. Paulo Davim
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Abstract    Polymer-matrix nanocomposites are increasingly been applied as 
structural materials in the aerospace, automotive and chemical industries, in a 
number of tribological applications including such components as bearings, gears, 
cams, seals, vacuum pumps and in biological or medical applications in prothe-
sis and implants, particularly in areas where traditional fluid lubricants can not 
be used. The base polymers studied have now extended from the original high 
temperature polymers to a wide range of thermoplastics and thermosets. In the 
present review we will focus on recent developments on polymer nanocomposites 
tribology including nanoparticles, with an emphasis on polymer nanocomposites 
containing carbon nanotubes, which are experiencing a large expansion and, as 
the tribological performance is mainly a function of surface properties, we will 
consider not only bulk nanocomposites, but also the development of polymer 
matrix nanocomposite coatings, which present very promising applications in the 
reduction of friction and wear.

1 � Introduction

1.1 � Polymer Matrix Nanocomposites in Tribology

The 1995 review on the tribology of polymer composites by Friedrich et al. [1], 
contained 37 references, mainly on friction and wear of high temperature poly-
mers such as polyetheretherketone (PEEK) and polytetrafluoroethylene (PTFE) 
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modified by the addition of internal lubricants or fibre reinforcements. That is, no 
polymer nanocomposites were included. The field of nanocomposites tribology 
has grown and developed over the past two decades. The interest in the field, the 
number of research groups and the corresponding publications has been growing 
steadily, particularly since the year 2000.

The evolution of the number of scientific papers on friction, wear and lubrica-
tion of nanocomposites and their corresponding citations, according to the ISI Web 
of Knowledge database are represented in Figs. 1 and 2, respectively.

Polymer-matrix nanocomposites are increasingly been applied as structural 
materials [2] in the aerospace, automotive and chemical industries, in a num-
ber of tribological applications including such components as bearings, gears, 
cams, seals, vacuum pumps and in biological or medical applications in pros-
thesis and implants, particularly in areas where traditional fluid lubricants 
can not be used [3]. The base polymers studied have now extended from the 
original high temperature polymers to a wide range of thermoplastics and 
thermosets.

In a previous review [4], we have focused on the friction and wear reduction of 
polymers by the addition of nanoparticles, mainly metal oxides.

In the present review we will focus on recent developments on polymer 
nanocomposites tribology including nanoparticles, with an emphasis on poly-
mer nanocomposites containing carbon nanotubes, which are experiencing a 
large expansion and, as the tribological performance is mainly a function of 
surface properties, we will consider not only bulk nanocomposites, but also the 

Fig.  1   Evolution of the number of research papers on tribology of nanocomposites (ISI Web  
of Knowledge © Thomson Reuters; February 2012)
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development of polymer matrix nanocomposite coatings, which present very 
promising applications in the reduction of friction and wear.

1.2 � Mechanisms for the Tribological Improvement  
of Polymers by Nanophases

The main principles which have been proposed to explain the tribological 
improvement of polymers by means of nanophases can be summarized in the fol-
lowing mechanisms:

1. 	 Increase of the mechanical resistance and thermal stability of the polymer-
matrix nanocomposite with respect to the base polymer.

2. 	 Formation of protective stable transfer films on the counterface surface.
3. 	 Reduction of surface roughness and material removal from the nanocomposite 

due to the similar size of the fillers and the segments of the polymer chains.

The wear reduction due to transfer films is generally attributed to tribochemical 
processes and interface reactions, which increase the adhesion of the film to the 
counterface. It has also been suggested that the nanophases can fill the surface 
asperities and blend with wear debris, reducing surface roughness.

Fig.  2   Citations per year corresponding to the papers on tribology of nanocomposites repre-
sented in Fig. 1 (ISI Web of Knowledge © Thomson Reuters; February 2012)
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One of the potential advantages of nanofillers with respect to microfillers [2] 
is that the nanophases would be less abrasive. In this way, it would be possible to 
reduce the surface damage caused by abrasion by reducing the size scale of the 
additives, from micro- to nano-.

One of the key factors influencing the performance of the final material is the 
additive concentration [5]. In general, when nanophases are used, an approximate 
reduction by a factor of 10 with respect to the concentration of the corresponding 
microphases is observed [6].

Such a low additive content makes it possible to use nanophases to improve the 
properties not only of neat polymers, but also of fibre-reinforced composites [7]. It 
has been shown that nanoparticles can penetrate fibre bundles while microparticles 
are not able to do so.

2 � Polymer Matrices

A large number of polymer nanocomposites are based on epoxy resins or on ther-
moplastics with high thermal resistance [4].

Much effort has also been dedicated to the tribological improvement of thermo-
plastics with applications where the resistance to friction and/or wear are critical.

Politetrafluoroethylene (PTFE) is a thermoplastic widely used as solid lubri-
cant due to the low friction coefficients. However, it has the important drawback 
of its very high wear rates. There have been many attempts to improve the wear 
resistance of PTFE by addition of different types of nanoparticles and nanophases, 
including carbon nanotubes.

Polyamide (PA) is a good bearing material because of its high strength and good 
wear resistance, so many studies on the friction and wear of PA composites have 
been reported and its composites have been successfully used in many fields [8]. 
PA has superior wear resistance sliding against a steel counter-face relative to other 
polymers. The main factor that influences the friction and wear characteristics of 
polymer composites are the particle size, morphology, and concentration of the 
filler. If the particles are large and hard, they are readily pulled out of the matrix 
material and contribute to wear of the composites by their abrasive action and 
cause wear and damage of the counterpart material [8].

Ultra-high molecular weight polyethylene (UHMWPE) can be used as a bear-
ing surface and has found applications in hip replacement surgery. However, 
failures due to wear limit their service life. When excessive wear of UHMWPE 
occurs, it causes the replacement of the implant or prosthesis. This has lead to an 
increasing interest in reducing the wear rate of UHMWPE and increase the ser-
vice life of the components. Nano-hydroxyapatite (nano-HA) has been used [9] as 
bone repair material due to its excellent bioactive and biocompatibility properties. 
Nano-HA and PVA have been used to obtain nano-HA/PVA gel composites, which 
not only improve the mechanical properties of the composites but also its excellent 
bioactivities.
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Polyacrylonitrile (PAN) and polystyrene (PS) thermoplastic are widely used 
in instructural applications, automotive components, aerospace industry and rail-
way transport. Polystyrene–polyacrylonitrile (PS-SAN) copolymer could show 
enhanced mechanical properties comparable to the pure PAN and PS [10]. The 
copolymer can effectively improve the monomer characteristics including heat-
resistant, wear resistance, anti-burning and low temperature resistance, machin-
ing performance, etc. In addition, SAN is widely used in home wiring, automobile 
making, commodity and other productions. However, its applications are limited 
by its relatively weak tribological properties.

3 � Reinforcements

3.1 � Nanoparticles

Nanoparticles have high specific surface areas and high surface energy due to their 
small scales [11]. They can react with macromolecular chains chemically or physi-
cally to enhance the interactions between the macromolecular chains after they are 
added to polymer. Thus the friction and wear properties of nanocomposites can be 
significantly enhanced.

The incorporation of nanosize ceramic particles [4, 6, 8, 11–13] of oxides, carbides 
or nitrides like TiO2, SiO2, ZrO, SiC, Si3N4 and Al2O3 to polymer matrices has lead to 
better enhancement in wear resistance. For a detailed review of the effect of ceramic 
nanoparticles on the friction and wear decrease of polymers see the review by Carrión  
et al. [4]. One of the more widely used filler are alumina nanoparticles [4, 6, 11].

In the case of polyimide (PI)-based nanocomposites, a content of 3.0–
4.0  wt  %  Al2O3 nanoparticles gives the lowest friction coefficient and wear 
volume. This was attributed to differences in transfer film, worn surface morpholo-
gies, and wear debris.

The wear-resistance of PTFE can be increased by 3000 × with the addition of 
1 wt % Al2O3 nanoparticles, although the lowest wear rate and friction coefficient 
was achieved with a 5 wt % concentration.

The addition of alumina nanoparticles has also been found to increase the wear-
resistance of other thermoplastics such as polyethyleneterephtalate (PET). The 
nanocomposites formed a protective transfer layer. The existence of optimum filler 
content has been explained by the formation of abrasive agglomerates within the 
transfer films for the higher nanoparticles contents.

The wear rate of polyphenylene sulphide (PPS) was reduced when filled with 
1–2 vol. % Al2O3 nanoparticles. In this case, the reduction in wear rate was related 
to the increase in bond strength between the transfer film and the counterface.

The influence of nano-Al2O3 on tribological properties of polyoxymethylene 
(POM) nanocomposites has also been studied [11] under dry and oil lubricated 
sliding conditions.
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The effects of micro-TiO2 (44  μm) and nano-TiO2 (10  nm) particles on the 
wear resistance of epoxy resin have been compared [13].

TiO2 nanoparticles can remarkably reduce the wear rate of epoxy, while the 
micro-TiO2 particles cannot. Similar conclusions were reached in earlier works 
using micro- and nano-copper particles added to polyoxymethylene (POM), and 
for micro- and nano-SiC added to polyetheretherketone (PEEK). The results have 
been explained by a predominantly plastic deformation mechanism in the case of 
nano-Cu nanocomposites and by the formation of a uniform and stable transfer 
film in the case of nano-SiC.

Self-lubricating composites containing both nanoparticles and fibre fillers, like 
nano-CaCO3 and glass fibres, nano-Al2O3 and carbon fibres or nano-TiO2 and 
short carbon fibres, have been manufactured. These materials can combine the 
positive effects of both types of reinforcements, being able to operate under more 
severe sliding conditions than the composites with nanoparticles alone. It was con-
sidered that the nanoparticles might have enhanced the adhesion between the rein-
forcing fibres and the matrix.

3.2 � Nanoclays

There exists a great interest in the development of new polymer-layered silicate 
nanocomposites [14–16], in the expectation of improved physicochemical and 
mechanical properties with respect to the pure polymers and conventional compos-
ites, with the use of a relatively low filler proportion.

Polymer nanocomposites based on layered silicates (e.g., montmorillonite, 
MMT) have been widely investigated. The montmorillonites are layered sili-
cates which consist of stacked platelets with a thickness of the order of 1  nm. 
Montmorillonites are naturally hydrophilic and they are modified by ion exchange, 
e.g., with quaternary ammonium salts, in order to increase their organophilic char-
acteristics. These modified clays, also called organoclays present better compat-
ibility with polymer matrices.

The discovery that the presence of clay nanoparticles can improve the proper-
ties of polymers has lead to considerable research efforts focused on polymer nan-
oclay nanocomposites derived from different polymers such as epoxy, polyimide, 
polyurethane, polyesteramide, but relatively few studies have been carried out on 
the tribological properties of polymer nanoclay nanocomposites. The tribological 
behavior of thermoset-matrix nanocomposites modified by different proportions of 
organically modified nanoclay has been reported [14]. Carrion et al., prepared and 
described the friction and wear behaviour of new polycarbonate-organoclay nano-
composites [15].

Some studies have reported that nanoclay improved the tribological proper-
ties of other polymers like polyester, polyamide and polyvinylidenefluoride 
(PVDF) [16].
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3.3 � Carbon Nanotubes

Carbon nanotubes (CNTs) are becoming one of the most relevant materials in 
nanoscience and nanotechnology. Their exceptional properties are opening new 
fields in science and engineering [17].

CNTs are exceptionally stiff and strong. The Young’s modulus of single-
walled carbon nanotube (SWNT) is estimated to be up to 5  TPa, while the 
average value of Young’s modulus of isolated multi-walled carbon nanotube 
(MWNT) has been determined to be 1.8 TPa. The tensile strength of CNTs is 
100 times stronger than that of steel, while their density is only one-sixth to one-
seventh that of steel.

Carbon nanotube nanocomposites have been developed by numerous research 
groups aiming to produce new novel strong and light composite materials, but 
they can also be used to prepare new nanocomposites with excellent tribological 
properties.

Because CNTs can withstand repeated bending, buckling and twisting to build 
excellent nanocomposite matrices, they can show lower friction coefficient and 
wear rate compared with the pure substrate matrix [10].

In a relatively recent review, Dasari et al. [18], concluded that new contribu-
tions to the knowledge of the tribological behaviour of polymer-carbon nanotubes 
nanocomposites are needed.

The chemical bond structure of the nanotubes, with a surface free of dangling 
atoms, makes them good solid lubricants with a friction coefficient against dia-
mond as low as 0.01 [19]. However, the tribological performance of polymers 
reinforced by carbon nanotubes is not always enhanced.

In this section, some relevant results on the tribological performance of carbon 
nanotube-reinforced polymers, both with thermoset and thermoplastic matrices, 
are reviewed.

Some researchers have focused on the improvement of the friction and wear 
resistance of commodity thermoplastics with relatively poor tribological perfor-
mance such as PS and SAN [20–22].

Wang et al. [10] have described the development and tribological behav-
iour of nanocomposites with SAN reinforced by single-walled carbon nanotubes 
(SWCNT) obtained by in situ polymerization.

Figures  3, 4, 5 show the effect of increasing SWCNT concentration on the 
hardness (Fig.  1), friction coefficient (Fig.  2) and wear rate (Fig.  3) of SAN-
SWCNT nanocomposites. As can be observed, in this case, there is an optimum 
SWCNT concentration of 1 wt %.

Zarrin et al. [22] added SWCNTs to a polyimide (PI) matrix, to find a relation-
ship between the friction coefficients and the concentration of the additive.

At low concentrations, the properties of the nanocomposite are more related 
to the elastic behaviour of the carbon nanotubes, while for high concentrations, 
the nanocomposites properties depend on the plastic behaviour of the carbon 
nanotubes.
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Vail et al. [23] studied the influence of SWCNTs additions, between 2 and 
15 wt %, on the properties of PTFE, finding a 20 × increase in the wear resistance 
for a 5  wt  % concentration of SWCNTs. However, no direct relationship exists 
between wear and friction, as for the same concentration of nanotubes of 5 wt %, a 
50 % increase in the friction coefficient was observed.

Multi-walled carbon nanotubes (MWCNTs) have also been used to obtain new 
nanocomposites wih enhanced tribological performance.
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Variable concentration addition of MWCNTs to PTFE [24] yielded the highest 
mechanical resistance and the lowest wear rates for a 15–20 vol. % of MWCNTs. 
This effect was attributed to the reduction of both adhesive and abrasive wear. 
MWCNTs are detached from the polymer matrix during sliding and transferred to 
the interface, thus preventing the direct contact between the sliding surfaces.

Also using MWCNTs, May et al. [25] have reduced the friction coefficients of 
polyamides (PA). Using MWCNTs. Meng et al. [26] were able to reduce friction 
coefficients and wear rates of polyamide 6 (PA6), not only under dry wear condi-
tions, but also under water lubricated sliding.

Giraldo et al. [27, 28], studied the resistance to abrasive wear under scratching 
of PA6 nanocomposites with different types of carbon nanotubes. The nanocom-
posites showed lower instantaneous penetration values, but the permanent surface 
damage, measured as the residual penetration depth after viscoelastic recovery, 
was not lower for the nanocomposites than for the base polymer.

Other authors [29] have shown that a 0.1  wt  % addition of CNTs can be 
enough to reduce friction and wear of polycaproamides, provided that an homo-
geneous distribution of the additive is achieved. In this case, the reinforced effect 
was attributed to the nucleating action of the nanotubes to give a fine spherulitic 
structure.

Functionalized MWCNTs have also been used to improve the wear resistance 
of polymethylmethacrylate (PMMA) [30].

Previous studies carried out by our research group [31], have shown the 
improvement in the abrasive wear resistance of PMMA by addition of SWCNTs.

Several research groups have addressed the increase of the wear life of poly-
mers widely used in tribological applications, such as high density (HDPE) or 
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ultrahigh density (UHMWPE) polyethylene by the addition of carbon nanotubes 
[32–35].

The graphs (Figs. 6 and 7) show results described by Zoo et al. [32] on the the 
influence of an increasing concentration of CNTs on the properties of UHMWPE. 
A wear reduction with increasing CNT content can be observed (Fig. 5). However, 
this wear reduction is not accompanied by a friction decrease. In fact, a slight 
increase with increasing CNT content takes place (Fig. 4).

Both in Figs. 6 and 7, a change in slope occurs for a CNT content of 0.2 wt %. 
From this concentration to the maximum 0.5 wt % tested, the friction increase and 
the wear reduction are less pronounced.

MWCNTs were incorporated into a polycarbonate (PC) matrix by Liu  
et al. [36]. An optimum concentration between 1 and 3 wt % of MWCNTs was 
found, and the wear rate reduction for the nanocomposite with respect to neat 
PC was related to the enhancement of the mechanical properties due to the π–π 
interactions between the aromatic groups of the polymer chains and the carbon 
nanotubes.

MWCNTs are also able to increase the wear resistance of epoxy resin [37, 38] 
and of high resistant composites such as those derived from polyetheretherketone 
(PEEK) with carbon fibre reinforcements [39].

The tribological behaviour of the nanocomposites is a function of, at least, the 
following factors [38]:

1. 	 The nature of the nanotubes. The manufacturing process and the subsequent 
purification methods can be determinant.

2. 	 The dispersion method [40].
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3. 	 The concentration of nanotubes present in the nanocomposites.
4. 	 Chemical treatment and the addition of compatibilizers to improve the inter-

face interaction between the nanotubes and the matrix [17].

Thus, the microhardness of PS nanocomposites containing chemically treated 
SWCNTs increase sharply when the SWCNTs content is below 1.5  wt %, but 
decreases when the content is above 1.5 wt %. This is attributed to the agglomera-
tion of SWCNTs in the polymeric matrix. These results suggest that compatibility 
between carbon nanotubes and polymers is improved with the chemical treatment 
on the nanotubes.

In addition, if the polymer is formed by in situ polymerization, the mechanical 
properties and the tribological performance are improved, in some cases, due to a 
more homogeneous dispersion.

Not only pure polymers have been used to prepare nanocomposites, since also 
polymer blends have been reported. The wear resistance of the UHMWPE/HDPE 
composites can be significantly improved by adding MWCNTs. The wear rate 
decreases with increasing MWCNTs content from 0 to 2 wt % [18].

Carbon nanotubes polymer nanocomposites produced by solution and cast-
ing with different concentration on each side of the polymer matrix have been 
described [17]. Thus, the scratch resistance is different for each side of the nano-
composites, depending on CNT concentration (Fig. 8).

This anisotropic behaviour is attributed to the presence of a gradient distribu-
tion in carbon nanotube polymer nanocomposite. Although less carbon nanotubes 
are found in the upper side (Fig. 8), there is a more uniform distribution in the pol-
ymer matrix and therefore load transfer is achieved more effectively. The bottom 
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side contains a high concentration of nanotubes, which agglomerate and produce a 
poor distribution in different regions of the nanocomposite.

4 � Polymer Nanocomposite Coatings

For many contacting surfaces in mechanical systems protective coatings are 
applied on the sliding surfaces.

Among the most relevant properties of a coating for machine element applica-
tions are high wear resistance, low friction coefficient and good adhesion to the 
substrate. If the coated component slides against an uncoated surface, a low wear 
rate of the counterface is also needed.

The anti-wear coatings most commonly used in industry are based on metal 
carbides, sulfides, nitrides and oxides. These coatings increase wear resistance but 
may present some serious disadvantages including high friction, low adhesion and 
system failure caused by the wear debris from the hard coating materials.

Polymer coatings, with their ability to be coated using simple techniques and 
their cost effectiveness, present a very viable alternative protecting technology. 
Polymer thin coatings have shown excellent tribological properties when depos-
ited onto various metallic substrates such as steel and aluminium. The application 
of a polymer coating reduces the lubricant consumption and increase the life of 
tribological systems [8].

The mechanical and tribological performances of polycarbonate film and nano-
SiO2/polycarbonate composite coating were studied with micro/nano-scale inden-
tation and scratch tests [41]. The experimental results showed that the hardness 
and stiffness are increased after the addition of nano-SiO2. The scratch tests results 
indicated that the nano-SiO2/polycarbonate coating exhibits smaller scratch depth 
and lower frictional coefficient.

The addition of the low inclusion of ZnO nanoparticles and ZnO whiskers can 
improve the friction reducing and anti-wear abilities of polyurethane (PU) coat-
ings with ZnO whiskers [42], as the filler was superior to ZnO nanoparticles in 
terms of the ability to decrease friction coefficient and wear rate of the PU coating. 
The investigations of the worn surfaces showed that the fillers of ZnO nanoparti-
cles and ZnO whiskers were able to enhance the adhesion of the transfer films of 
the PU coating to the surface of the counterpart, so they significantly reduced the 
wear rate of the PU coating.

Fig. 8   Carbon nanotube 
polymer nanocomposite with 
different concentration in top 
and bottom sides [17]
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Bautista et al. [43] have shown that nanosized inorganic components improve 
scratch and wear resistance maintaining low viscosity, gloss and transparency of 
the nanocomposite coatings.

Tribological and corrosion behaviors of nanostructured tungsten carbide (WC) 
particles/polymer composite coatings were studied by using microscratch technol-
ogy and electrochemical technique [44]. The coatings containing nanostructured 
WC particles showed a significant increase in hardness and scratch resistance 
compared to that of pure polymer coating. The improvement in hardness and 
scratch resistance is attributed to the dispersion hardening of nanostructured WC 
particles in polymer coatings. Corrosion test results showed that the nanostruc-
tured WC particles/polymer composite coatings exhibit better or at least equivalent 
corrosion resistance to that of the pure polymer coating.

The dry friction and wear behaviours of polyamide-1010 (PA-1010) and 
PA-1010/nanoSiO2 composite coatings were investigated under dry sliding 
conditions at room environment [8]. The results showed that the addition of 
nanometer-sized silica could increase the crystallinity of the coatings, improve 
the mechanical properties of coatings and effectively reduce friction and wear of 
pure PA-1010. The wear mechanism of the coatings was explained in terms of 
plastic deformation, fatigue tearing and adhesive abrasion. In addition, the nano-
composite coating containing 1.5 wt % nanometer-sized silica displayed better 
properties.

The tribological and electrochemical corrosion properties of Al2O3/polymer 
nanocomposite coatings were studied [45] by using micro-hardness test, single-
pass scratch test and abrasive wear test. The coatings containing Al2O3 nanopar-
ticles showed improvement in scratch and abrasive resistance compared with that 
of the neat polymer coating. The improvement in scratch and abrasive resistance is 
attributed to the dispersion hardening of Al2O3 nanoparticles in polymer coatings. 
Corrosion test results showed that the embedded Al2O3 nanoparticles in polymer 
matrix do not decrease the corrosion protection ability of the polymer.

4.1 � Polymer Nanocomposite Coatings  
with Carbon Nanotubes

A nanocomposite coating of UHMWPE reinforced with 0.1  wt  % single-walled 
carbon nanotubes (SWCNTs), was developed [46] and its tribological properties 
studied against three different counterface materials, silicon nitride, AISI 52100 
bearing steel and brass. It was found that the tribological properties of the nano-
composite coating were superior and did not alter even after being exposed to UV 
radiation.

Although CNTs have these excellent properties, they are not easily dispersed 
and tend to form large agglomerates, which influence the mechanical properties 
and tribological behavior of polymeric composites.
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Many studies have investigated different techniques for improving CNT disper-
sion in polymer matrices by introducing chemical functionalization to CNT sur-
faces. The use of chemically modified CNTs may help eliminate or diminish this 
inconvenient by the attachment of appropriate chemical moieties to the surfaces of 
CNTs, through either van der Waals interactions or covalent bonds.

The tribological behavior of PMMA-grafted-MWCNT nanocomposite coatings 
prepared by applying the direct casting method on aluminium surfaces was investi-
gated [47]. Amino-functionalized MWCNTs were first covalently functionalized 
with PMMA to introduce the interaction force. The PMMA-grafted-MWCNT exhib-
ited a higher dispersive capacity in a polyimide matrix than pure MWCNT composite 
due to strong interfacial interactions in the nanocomposite. The maximum possible 
amount of PMMA-grafted-MWCNT was 5 wt % before fragilization takes place.

The nanocomposite coating reinforced with 3 wt % MWCNT was the most sta-
ble and had the lowest coefficient of friction in this study. This was attributed to 
the formation of a thin, uniform friction film on the wear track during sliding, as 
the friction film plays an important role in facilitating the stable frictional behavior 
of the nanocomposite coatings.

The lowest coefficient of friction was obtained for the nanocomposite coating 
reinforced with 3 wt % MWCNT-grafted to PMMA. A uniform, thin friction film 
on the counterface was formed in this case. Meanwhile, rupture and fragmentation 
of the other coatings were observed, and were attributed to higher friction coeffi-
cients and unstable frictional behaviors of the coatings during sliding. The conclu-
sion was that the uniform distribution of MWCNTs in the matrix is a prerequisite 
for lowering friction, and the amount of MWCNTs used for coating should not be 
excessive in order to avoid brittleness.
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Fig.  9   Comparison of the coefficients of friction and wear life for the uncoated Al shaft, 
UHMWPE coated and UHMWPE + SWCNTs coated shafts against Al flat plate under dry slid-
ing conditions (adapted from reference [48])



15Tribology of Bulk Polymer Nanocomposites and Nanocomposite Coatings

A nanocomposite polymer coating of UHMWPE reinforced with 0.1 wt % of 
single-walled carbon nanotubes (SWCNTs) has been developed [48] and coated 
on steel substrates for possible applications as a boundary lubricant in bearings 
and gears (Fig. 9).

The addition of SWCNTs to the polymer matrix not only helps improving the 
mechanical properties, such as hardness and the load bearing capacity of the coat-
ing, but also enhances its frictional and wear properties at elevated temperatures.

The boundary lubrication regime plays a very important role in determining the 
life span of any of the two mating parts under liquid-lubricated conditions. It is 
during the start\stop cycles when insufficient fluid is available to fully separate the 
surfaces in relative motion and thus unusually high wear takes place; a case of 
boundary lubrication.

Samad et al. [49], have studied the feasibility of using polymer coatings as 
boundary lubricants, using UHMWPE films coated on aluminium substrates under 
dry and lubricated conditions. In order to increase the load bearing capacity of 
the UHMWPE coatings, 0.1 wt % of single-walled carbon nanotubes were added. 
Stribeck curves have been generated to evaluate the effectiveness of the pristine 
UHMWPE and the nanocomposite coatings in the various regimes of lubrication, 
especially the boundary lubrication regime. It is observed that the selected poly-
mer coatings are effective in protecting the metallic surfaces without causing any 
observable oil contamination with wear debris.

Under boundary-lubrication conditions, the nanocomposite polymer film was 
found to be very effective in protecting the mating surfaces from wear under the 
base oil lubrication without any additives.

The addition of 0.1 wt % CNTs to the UHMWPE polymer improved the wear 
life of the coating from 250,000 cycles to more than 2 million cycles under dry 
sliding conditions against an aluminium plate.

Minimum wear of the coating and no wear of the counterface metal were 
observed after 2 million cycles of sliding in lubricated contact with the nanocom-
posite film.

5 � Concluding Remarks

In the present review, we have shown some aspects of the current state of 
development of polymer nanocomposites with enhanced tribological perfor-
mance. Some of the latest developments are centred on the improvement of the 
homogeneity of the dispersions by functionalization, chemical modification, heat 
treatment or the addition of compatibilizers between the polymer matrix and the 
nanophases [50–57].

Despite the spectacular growth experienced by this field of research during the 
last two decades, significant advances are still needed in order to understand and 
be able to control the nature, concentration and dispersion of the nanofiller, the 
interface interactions with the matrix and their relationship with friction and wear.
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Abstract  Carbon fibre/fabric (CF) is a privileged reinforcement for advanced 
polymer composites in tribological applications where performance is primary 
criteria rather than the cost due to the combination of distinct properties such 
as high specific strength, thermo-oxidative resistance, thermal and electrical 
conductivity along with self-lubricity etc. However problems associated with 
its chemical inertness and surface lipophobicity towards majority of matrix 
materials need special attention, as these directly affect final properties of a 
composite. From tribological point of view, surface engineering of composites 
is very much advantageous in addition to fibrous reinforcement. This chapter 
reports on the newly developed technique to modify the surface of carbon 
fabric—Polyethersulphone (CF-PES) composite with Polytetrafluoroethylene 
(PTFE) micro and nano particles; to improve the tribological properties. Prior 
to the composite preparation plasma treatment was employed for CF surface 
modification to promote fiber matrix interfacial adhesion and mechanical 
interlocking which further improves final composites strength and wear resistance 
properties. Both the treatment methods; first for fiber surface alteration and 
secondly for composite surface, proved beneficial to enhance composites 
performance. The inclusion of nano scale PTFE particles on the surface of 
a composite proved to be more efficient than the micro-scale PTFE particles to 
improve tribo-performance of CF-PES composite.
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1 � Introduction

1.1 � Fabric Reinforced Polymer Composites

For most applications virgin polymers are not the right choices mainly because of 
poor strength properties. Reinforcements for polymers, in various forms such as 
particulates, spheres (hollow, solid etc.) and fibrous (short, long, woven, nonwo-
ven etc.) are preferred depending on prerequisite application. Each reinforcement 
form has its own advantages and limitations. Short fibers, for example offer easy 
injection moldability for thermoplastic polymer composites. The strength offered, 
however, is moderate and depends on fiber alignment with respect to the loading 
direction. Long fibers on the other hand offer very high strength, but only in one 
direction and that too at the cost of easy processability. These are generally pro-
cessed by compression molding and hence fiber handling is a tough job. Fabric 
reinforcement on the other hand offers very high strength in two directions along 
with easier processability compared to the composites with long fibers. For tribo—
materials, most popular fibrous reinforcements consists of glass, carbon, graphite, 
Aramid etc. Again each has its own advantages and limitations. Glass fibers are 
least expensive and offer moderate strength and wear resistance (WR) at the cost of 
increased coefficient of friction (μ); damage the counterface, by abrasion generally 
and are used in combination with solid lubricants (SLs). Aramid fibers are of mod-
erate cost, offer considerable WR resistance and strength without excessive incre-
mental in the μ value, neither damages the counterface. However, their temperature 
resistance is poor. On the other hand Carbon/graphite fibers are most expensive 
with excellent; specific strength, thermal conductivity and self-lubricity properties.

1.2 � Solid Lubricants for Improving Tribological  
Performance

For tribological applications, advanced polymer composites are preferably used 
with fibers/fabric reinforcements along with SLs. SLs have lower surface energy 
and offer less resistance to shearing and hence low μ values. For tribological 
purpose the most popular SLs are PTFE, graphite, white graphite (hexa boron 
nitride/hBN), MoS2 etc. [1, 2].

1.3 � Need for Surface Tailoring of Composites

While designing the high performance tribo-composite (e.g. dry bearing) which 
can survive under harsh operating conditions; matrix, fillers and reinforcement 
are selected very judiciously. Such specialty polymers and reinforcements are 
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essential but generally expensive. Since tribological composites need high per-
forming surfaces from friction and wear point of view, use of these expensive 
materials in the bulk is not essential always. SLs being low surface energy materi-
als if added in the bulk of composite, improves tribo-performance at the cost of 
significant deterioration in the strength apart from unnecessary increase in the 
cost. It will be wise use the SLs only on surface rather than in the bulk or imple-
ment the concept of graded composites in which surface, subsurface and bulk are 
tailored judiciously with various matrices and reinforcements in such a way that 
the desired performance can be achieved with adequate cost. (For dry bearings, 
surfaces should have very low μ, low wear, high thermal conductivity, low expan-
sion and high counter face friendliness, fatigue resistance while bulk should have 
desired mechanical strength and high thermal conductivity). Interestingly no such 
efforts are reported in open literature though peripheral information is available in 
few patent forms [3, 4].

Figure 1 shows the schematic to signpost the judicious importance of each con-
stituent for surface designed advanced polymeric composites which finally attrib-
utes to enhanced tribological performance.

A little is reported on the exploration of concept of surface engineer-
ing of polymeric bearings [5]. Bijwe et al. [5] prepared surface-tailored com-
posites based on commingled yarns of carbon fiber and Polyetheretherketone 
(PEEK) using autoclave method. The composites were surface modified with 
micro sized particles of graphite, MoS2, copper and PTFE either in isola-
tion or in combination in different proportions in the top fabric layers rather 
than their inclusion in the bulk. PTFE in various forms, such as particulate 
(micron sized), wool, short fibers, long fibers, etc., was used to investigate 
benefits endowed by the surface modifications. Among all SLs PTFE proved 

Fig. 1   Schematic surface designing of Polymer Composites
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most promising. The long PTFE fibers on the surface proved most beneficial 
as compared to other forms to improve tribological performance of compos-
ites without appreciable loss in the strength. PTFE fiber inclusion removed the 
stick–slip problem associated with the unmodified surface; reduced μ from 0.6 
to 0.12 and enhanced the WR approximately by 70 times. The placement of SLs 
however, was done manually and proper technique was not evolved in these 
preliminary studies.

1.4 � Nano-Fillers for Tribo-Performance Enhancement  
and Involved Mechanisms

Development of polymeric nano-composites is the most sought research area from 
last decade due to the multi-fold potential of nano fillers as performance enhancers 
when added in small doses [5–13]. The prominent features of nano-fillers are;

1. 	 Nano-particles (NPs) have a very high surface area to volume ratio and hence 
provide very large interfacial surface area, as a driving force for enhanced 
interaction with other surface, diffusion, especially at elevated temperature etc.

2. 	 A very low content (generally <2–3 wt %) provides exceptional increase in 
mechanical strength properties apart from thermal, electrical and biological.

During the wear process, NPs are removed from the surface of a matrix and 
can act as a third body element in the contacting regions. The rolling effect of 
the NPs, especially at the edge of exposed fibers, reduce the shear stress in the 
contact region and hence the μ [14]. This leads to the spontaneous reduction of  
grooving/cutting wear by the hard counterpart asperities and smoothening of 
topography of a surface of a composite. It also protects the fibers adhering to the 
matrix and results in increased fiber thinning rather than breaking before final 
removal of fibers from the matrix [6–8, 15]. The rolling effect of NPs attributes to 
the reduction in μ and hence the frictional heating at the tribo couple. The rolling 
effect is also observed in the case of micro particulate inclusions, for which the 
small particles tend to tumble through contact region and larger particles plough 
through it [5, 15]. There is a critical value of the size of a particle governing their 
transition from rolling to ploughing. To achieve the rolling, the ratio of maximum 
particle dimension to the minimum gap of contacting bodies must exceed the criti-
cal value which depends on the particle itself [16]. The hard micro sized particles 
and fillers may abrade the counterface. This prevents the formation of a protective 
transfer film, which increase the counter face roughness and hence the μ of the 
composite [17]. The NPs have the potential to reduce the abrasion that leads to 
these cascading and problematic events NPs (<100 nm) are of the same size as the 
counterface asperities and polish the tallest asperities and promote the develop-
ment of transfer films. The transfer films shield the composite from direct asperity 
contact and damage [14]. This film converts the adhesive wear to “like on like” 
sliding pairs and hence the severity of wear reduces drastically [7, 18].
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The quantification of advantages in tribology due to variation in size of fill-
ers (nano-sub-micro, micro etc.) is essential. Unfortunately it is not addressed 
in the literature and needs to be investigated in details. Recently authors have 
reported on such efforts using PTFE as a solid lubricant for surface modifica-
tion, Polyethersulphone (PES) as a matrix and carbon fabric (surface treated and 
untreated) as a reinforcement [19] and the essence of the findings are reported in 
the subsequent sections.

2 � Materials and Methodology

2.1 � Details of Selected Materials and Methods

2.1.1  Reinforcement

The carbon fabric (CF) 3 K, 2 × 2 twill weave (Fig. 2) was used as reinforcement 
and was procured from Fiber Glast Corporation, USA.

2.1.2  Matrix Material

Thermoplastic Polyethersulphone (PES) Veradel 3600P procured from Solvay 
Advanced Polymer India was selected as a matrix material for development of 
composites. PES is an amorphous, amber colored, transparent, high performance, 
heat-resistant and semi tough engineering thermoplastic polymer having density 

Fig. 2   Fiber architecture 
of 2 × 2 twill weave carbon 
fabric [20]
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1.37 g/cm3. It has a good thermal stability and high continuous use temperature 
(up to 200 °C). PES has a glass transition temperature (Tg) of 215 °C and a melt-
ing temperature (Tm) range of 300–380 °C. It has high hydrolytic stability as com-
pared to the other transparent thermoplastics polymers.

2.1.3  Selection of a Solid Lubricant: Polytetrafluoroethylene 

PTFE is a white colored thermoplastic crystalline polymer with a density  
of 2.2 g/cm3. Its Tg and Tm are −20 and 321 °C; respectively. Due to the robust 
nature of molecular bonds in its structure; PTFE is highly resistive to UV radiation 
and most of the chemicals except alkali metals and elemental fluorine. It retains 
these properties over a very wide range of temperatures. For surface modification 
of composites, three sizes of PTFE (micro- 400–450 nm, sub-micro- 200–250 nm 
and nano- 50–80 nm) as confirmed from FESEM studies (Fig. 3) were selected.

2.2 � Surface Treatment of Carbon Fabric

2.2.1  Cold Remote Nitrogen Oxygen Plasma

Generally fibers are not always compatible with the polymer matrices and are 
provided with various types of sizing by the supplier to enhance their wettabil-
ity with the selected matrices. Carbon fibers are known for their inertness towards 
the matrices leading to less performing composite and hence require special atten-
tion after procuring from the supplier. Various CF surface treatments; such as acid, 
plasma, rare earth, gamma treatment are reported successfully in the literature 
with varying benefits [21–24] and newer and more effective methods are continu-
ously being tried by researchers.

Classical plasma treatment is a well-proven technique for improving adhesion 
between fiber and matrix. Its improvisation for enhancing effectiveness is one 
of the most sought research areas. In this regards, cold remote nitrogen plasma 
(CRNP) treatment with 0.5 % oxygen is a modified process and recently proved 

Fig. 3   FESEM micrographs of selected PTFE particles [19, 20]
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to be successful [22]. The carbon fabric modified with this Cold Remote Nitrogen 
Oxygen Plasma (CRNOP) technique this was used for reinforcement. Unmodified 
CF was also selected to quantify the benefits due to surface modification of fabric. 
(The work involves two surface modifications; first that of fibers and second that 
of surface of a composite with PTFE.)

2.3 � Development of Composites

2.3.1  Selection of a Processing Technique

Solution impregnation technique was selected since it leads to homogenous dis-
tribution of a matrix throughout the prepregs including cross-over points in the 
weave which results the best performance of the composites. Figure  4 shows 
the schematic for fabrication of composites [20]. Twenty pieces of CF plies 
(28 ×  28  cm) were cut from the roll were immersed in the solution of PES in 
dichloromethane (DCM) (20 wt %) for twelve hrs in a properly sealed steel con-
tainer. The prepregs were taken out carefully avoiding the misalignment of the 
weave and dried in an oven for an hour at 100 °C in a stretched condition and were 
stacked in a steel mold. PTFE coated glass fabric was placed on the top and bot-
tom of the stacked prepregs as a mold release agent. The mold was then heated in 

Fig. 4   Schematic of fabrication of CF-PES composites using compression molding [20]
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a compression molding machine to a temperature of 380–390 °C for 20 min under 
a pressure of 7.3 MPa. The composites were then cooled in a compressed condi-
tion and then cut with the help of diamond cutter for different mechanical (as per 
ASTM standards) and tribological characterizations. This composite was treated 
as a composite with unmodified surface. Two such composites were developed 
containing CF with and without CRNOP treatment.

2.3.2  Novel Technique for Surface Modification of Composites

A modified impregnation method was used to develop surface tailored composites 
with PTFE of different sizes. The surface designing was done for only top two 
layers.

PES and PTFE powders in a selected composition (2 wt % of PTFE in PES) 
were mixed in a high shear ball mill using zirconia balls in an alcohol media for 
16 h. Batches prepared with all PTFE powders were dried in vacuum oven for 2 h. 
The dried mix was then probe sonicated in an ethyl alcohol medium for 20 min 
to achieve more homogeneous mixing and de-agglomeration of NPs. The solution 
impregnation technique (discussed in Sect. 2.3.1) was then used to prepare two 
prepregs for the surface.

The sequence of applying temperature and pressure was optimized (tempera-
ture from 280 to 380 °C in the steps of 20 °C and pressure in the steps of 1 MPa 
up to 6  MPa). At higher applied temperature and pressure, matrix bleeding and 
displacement of fibers were observed. Hence, the two tailored prepregs with eight-
een untailored prepregs were compression molded under optimized conditions fol-
lowed by natural cooling under compressed state to the ambient temperature.

�3  Characterization of Carbon Fibers

Various surface characterization techniques were adopted to analyze the effect of 
plasma treatment on the CF surface.

3.1 � Field Emission Scanning Electron Microscopy

The surfaces of fibers prior and after treatment were examined by Field emission 
Scanning Electron Microscopy (FESEM). Figure  5 shows the FESEM images 
of untreated and plasma treated fibers indicating the increased perforations and 
roughness of the fiber due to the treatment, which was responsible for better 
fiber-matrix mechanical interlocking and hence enhanced adhesion. High resolu-
tion FESEM micrographs in Fig.  5b indicate deeper and narrower ridges along 
the length of the treated fibers. In the process of composite manufacturing during 
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compression molding, groves on the fiber surface acts as duct for polymer melt to 
flow and hence melt trapped in between the ridges. Hence, fiber-matrix mechani-
cal interlocking with treated fibers is better.

3.2 � Attenuated Total Reflectance Fourier Transform Infrared 
Spectroscopy

In order to investigate the possible changes in chemical composition of CF by 
plasma treatment, Attenuated total reflectance Fourier transform infrared spec-
troscopy (ATRF-TIR) analysis (Fig.  6) was done in mid infrared range (700–
4,000  cm−1). Spectrum of untreated fiber does not show any significant peaks 

Fig. 5   High resolution FESEM (Mag. ×150 K) micrographs of a carbon fiber a before treatment 
b after plasma treatment [19, 20]

Fig. 6   ATR-FTIR spectra  
of untreated and plasma 
treated CF [22]



28 J. Bijwe and M. Sharma

while that of plasma treated fibers, presence of oxygenated polar functional groups 
was observed. Ether, carboxyl and carbonyl groups were observed corresponding 
to wave number range 950–1,200, 1,650–1,710  cm−1, respectively. These func-
tional groups were responsible for improvement in adhesion between the matrix 
and fabric.

3.3 � Micro Raman Spectroscopy

Carbon materials, such as carbon fibers and other sp3 bonded amorphous carbons 
are strong Raman scatterers and the Micro Raman Spectroscopy (MRS) technique 
enables to distinguish between various structural organizations in these materi-
als [25–27]. The first-order Raman spectra bands with peak positions 1,360 and 
1,593 cm−1 are the main features of carbon materials and are called D bands (dis-
ordered) and G bands (graphitic), respectively [28–31].

The degree of structural disorder on the surface of CF due to CRNOP treat-
ment was characterized by the ratio of integrated intensity of disorder induced (ID) 
to Raman allowed band (IG). The ratio ID/IG (Fig. 7) showed slight increase and 
a decrease in surface crystallite size (La). The size of crystallites located in the 
surface regions (La) was calculated using the empirical formula by Tuinstra and 
Koenig [32]; La for treated and untreated CF was 4.68 and 51.6 nm, respectively. 
During surface treatment graphitic microstructure of CF is partially destructed,  

Fig. 7   Raman spectra of the untreated and plasma treated carbon fibers [22]
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the crystallite size is reduced, and the activity of the graphite crystallite boundary 
is improved [33, 34]. Figure 8 supports this by indicating the increased ID/IG ratio, 
hence induced distortion (reduced crystallinity) due to treatment to CF.

3.4 � High Resolution Transmission Electron Microscopy

High Resolution Transmission Electron Microscopy (HRTEM) is an indispensable 
tool for examining the finer details of the fiber surface. It was preferred to compare 
the induced distortion in the graphitic planes of treated and untreated CF.

Figure 8 shows HRTEM images of longitudinal thin section for untreated and 
treated fibers. Both fibers have inter-planar spacing of 0.34 nm; typically observed 
for (210) planes of PAN based CF and high purity carbon and graphite materi-
als [35–37]. The micrographs show the orientation of small graphite crystallites 
in CF. Both shows the coexistence of crystalline and amorphous phases which is 
accordance to the literature [38, 39]. Warner et al. [40] suggested that the structure 
of PAN fibers is constitutive of ordered and amorphous domains with the length 
of the ordered regions ranging from 80 to 100 Å, roughly twice that of the disor-
dered regions. During fiber manufacturing process uneven distribution of stresses 
during the drawing step leads to the existence of both the phases [38]. The auto 
correlated images of small sections are shown in respective inserts. While com-
paring the inserts, the distorted graphitic plane can be easily seen in the case of 
treated CF which supports the results from Raman spectroscopic studies (ID/IG 
ratio found increased in case of treated CF). The planes are more smother and reg-
ular in case of untreated CF. Distortion can be correlated with pitting on CF and 
hence improves their compatibility with the matrix material (FESEM studies in 
Sect. 3.1).

Fig. 8   HRTEM images of carbon fibers; a untreated, b plasma treated fibers; c and d are their 
corresponding auto correlated images, respectively [20]
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3.5 � Atomic Force Microscopy

Atomic Force Microscopy (AFM) studies (Fig. 9) were carried out to analyze the 
topographical and morphological changes induced on the surface of CF due to 
plasma treatment. Fiber tows of untreated and treated CF were mounted separately 
on the stainless steel magnetic stubs. The fine striations on the untreated carbon 
fiber surface were due to the spinning of the fiber precursor [41]. The observed 
features similar to FESEM studies such as surface etching, increased perforation 
and presences of deeper and narrower ridges were more clearly seen on the treated 
fiber. The average surface roughness values for untreated and treated carbon fibers 
were 23.28 and 52.43  nm respectively, which confirmed the increase in surface 
area and alteration in morphology due to the treatment. The increase in surface 
roughness of treated carbon fibers is beneficial for enhance their reactivity towards 
matrix materials, since a rougher fiber topography would lead to a higher degree 
of mechanical interlocking between fiber and matrix [42].

3.6 � Fiber: Matrix Adhesion Test

A simple test was performed to ensure enhancement in fiber-matrix adhesion 
due to treatment. A small sample of fibers (treated and untreated) was dipped n 
PES solution (in DCM 20  wt %) for 10  min followed by careful withdrawal of 
the fibers and drying in identical way. The difference in layer of matrix adhering 
to the fiber strand was examined with SEM (Fig. 10). Figure 10b confirms more 
polymer adhered to the treated fiber rather than the untreated one. As compare to 
untreated fibers (Sect. 3.1) deeper channels (along longitudinal axis) on the treated 
CF surface provide more surface areas (denier per filament) for polymer to adhere 
adequately, which in turns responsible for enhanced adhesion and hence the better 
mechanical interlocking between the fiber and matrix.

Fig. 9   AFM images of carbon fibers; a untreated b Plasma treated indicating increase in surface 
roughness from 114 to 264 nm [19, 20]
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The analysis from all surface characterization techniques revealed that the 
plasma treatment on fiber surface altered its original inertness of and led to 
enhancement in fiber matrix adhesion, which resulted in improved performance 
properties of their composites as discussed in subsequent section.

3.7 � Mechanical Strength of CF

The reduction in single fiber strength due to the fiber modification methods is a 
critical issue. Generally, fiber surface modification method increase the fiber-
matrix interfacial strength but at the cost of decremented single fiber strength 
properties. The CRNOP treatment reduced the strength of a carbon fiber  
(5 to 10 %) [22].

4 � Characterization of Developed Composites

The composites developed were characterized for their physical, mechanical and 
tribological properties as discussed in following sections.

4.1 � Characterization of Composites with Treated  
and Untreated CF

Table  1 shows the details and designations of composites with tailored surfaces 
while Table 2 summarizes the properties of composites and positive changes due 
to CRNOP treated fabric in a composite. The reinforcement influenced the heat 
distortion temperature of PES appreciably (25–30 °C). However, the CF treatment 

Fig. 10   SEM (×15 K) of impregnated fibers; a before treatment b after plasma treatment [20]
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had almost negligible effect on the HDT values of the composites (1.5–2.5  %). 
Composites containing plasma treated CF proved superior to those with untreated 
CF confirming the improved fiber-matrix adhesion as a result of treatment due to 
the increment in fiber matrix mechanical interlocking.

4.2 � Tribo-Characterization of Composites

Performance of composites was evaluated in adhesive sliding wear mode using pin 
on disc configuration as discussed in following subsection.

4.2.1  Methodology for Tribo-Evaluation of Composites

Tribological studies in adhesive wear mode were carried out on UMT-3MT 
Tribometer supplied by CETR, USA. Prior to the experiment the composite pin 
slid against a rough mild steel disc for uniform contact. Initial weight of the pin 

Table 1   Details of unmodified and PTFE modified PES-CF composites [19, 20]

Designations of compositesa Av. PTFE particle size  
(FESEM studies) (nm)

Shape of PTFE fillers

PESCFU – –
PESCFT – –
PESCFTN 50–80 Highly spherical
PESCFTSM 200–250 Sub rounded
PESCFTM 400–450 Sub angular

aPESCFU—Composites with untreated CF
PESCFT—Composites with treated CF
PESCFTN—Composite with treated CF and nano- sized (50–80 nm) PTFE on the surface
PESCFTSM—Composite with treated CF and submicron sized (150–200 nm) PTFE on the surface
PESCFTM—Composite with treated CF and micron sized (400–450 nm) PTFE on the surface

Table  2   Physical and mechanical properties of CF-PES composites reinforced with untreated 
and plasma treated CF [20]

Properties/materials PES PESCFU PESCFT % changes due to CF 
treatment

Fiber weight (%) – 67.50 68.24 –
Void fraction – 0.47 0.37 ↓ 21.3
Density (g/cm3) 1.37 1.52 1.54 ↑ 1.3
HDT ASTM D648 (°C) 204 227 233 ↑ 2.6
Tensile strength (MPa) 84 744 778 ↑ 4.4
Tensile modulus (GPa) 3 65 76 ↑14.4
Toughness (MPa) 60 4.1 4.3 ↑4.7
Flexural strength (MPa) 112 692 835 ↑17.1
Flexural modulus (GPa) 2.8 54 68 ↑20.6
Interlaminar shear 

strength (MPa)
– 36 46 ↑21.7
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was measured after cleaning ultrasonically with petroleum ether followed by  
drying. The pin was slid against a mild steel disc (Ra values range 0.1–0.2 μm) 
at a constant speed of 1 m/s. After the experiment, pin was again weighed with an 
accuracy of 0.0001 g and weight loss readings were used to calculate the specific 
wear rate (Ko) of composites. μ as a function of time during sliding was recorded 
with the help of viewer software.

The specific wear rate (Ko) was calculated using the equation:

Where; W is the weight loss in kg, ρ the density of pin in kg/m3, L the load 
in N and d the sliding distance in meters. The experiment was repeated for three 
times and the average of two closest values of weight loss was used for specific 
wear rate calculations.

4.2.2  Tribological Aspects of PTFE as a Solid Lubricant

PTFE has a peculiar morphological and molecular structure and has a high 
molecular weight inert fluorocarbon compound which demonstrates mitigated 
London dispersive forces due to highly electronegative F- atoms. In PTFE mol-
ecule, C–F forms non-reactive and instantaneous polarized multi poles. With the 
increases in surface contact, the polarizability increases due to the dispersed elec-
tron clouds hence closer interaction between different molecules. Tribological 
point of view, this is the most exploited solid lubricant in various amounts and 
sizes in the bulk of the composites barring nano-size, in general. In PTFE fluo-
rine atoms are close enough to form a smooth cylindrical surface against which 
other molecules can easily slide. At larger scale, the long chains of PTFE orient 
on the counter face surface during sliding creating a fine coherent transfer film. 
The transfer film creates a low shear-strength interface with the bulk PTFE mate-
rial [43]. Hence the interaction is between PTFE film and the PTFE in composite 
leading to least possible adhesion and hence very low μ. This film transferring 
ability depends on the size and amount of PTFE particles apart from operating 
conditions.

4.2.3  Tribo-Characterization of Composites

The essence of performance of composites is shown in Table 3 which elaborates 
on the influence of two modifications (plasma treatment to the CF and PTFE on 
the surface of a composite) on WR wear resistance and μ. Overall WR of the com-
posites was in the range 4.8 to 7.8 × 1014 Nm/m3, which is rated as quite high and 
μ was in the range 0.06–0.25 which is a desirable range for such composites. In all 
the cases with increase in load WR and μ decreased appreciably and these are the 
general trends reported in the literature.

(1)K0 =

W

ρLd
m

3
N

−1
m

−1
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Influence of Plasma Treatment on Fibers

The plasma treatment led to increase in WR and decreased μ (Table 3) of CF-PES 
composites which is a significant improvement. As compared to the untreated 
ones, μ values of treated CF-PES composite lowered by ~15 % with almost equal 
increment in wear resistance. The treatment to the fibers led to the increase in the 
surface roughness and inclusion of functional groups which resulted in more fiber-
matrix adhesion as discussed in the earlier section; leading to more resistance to 
peeling off or breakage of fibers during sliding and hence lower wear.

Influence of PTFE Modification on the Surface and Size of Particles

The μ and WR were highly influenced due to PTFE modification rather than 
size of PTFE particles on the surface. PTFE inclusion improved the μ and WR 
of composites to ~33 and ~14 % respectively. Table 3 summarizes the trends in 
improvement (Fig. 11) due to various PTFE modifications on Tribo-performance 
parameters (μ, WR and limiting load).

The incremented limiting load value has established the efficacy of PTFE sur-
face modification, the limiting load for PESCFU and PESCFT composites was up to 
700 N, while for tailored composites it was from 800 to 950 N. For PESCFTN com-
posite (tailored with 50–80 nm size PTFE); limiting load value was 950 N with 
WR ≈ 4.8 × 1014 Nm/m3 and μ value ≈ 0.06 confirming potential of nano-PTFE.

Sliding wear performance of the composites improved with decrement in 
the size of PTFE fillers. Well spherical nano fillers provide high interfacial area 
between the fillers and matrix. This leads to a better bonding between the two 
phases and hence better strength and toughness properties [6, 44]. Topographical 
smoothening and a rolling effect due to the inclusion of nano-fillers at the surface 
is the reason for improved friction and wear performance of PESCFTN composite. 
It is of utmost importance that the NPs should be uniformly dispersed to get the 
best property profile. To avoid agglomeration the minimum wt % of fillers is to be 

Table 3   The essence of CF-PES composites performance due to treatments (plasma treatment to 
the CF and PTFE on the surface of a composite) [20]

Composites Limit 
load* 
(N)

Wear resistance (WR)x1014 Nm/m3 
under load (×100 N)

Coefficient of friction (μ) under load 
(×100 N)

2 4 6 7 8 9.5 2 4 6 7 8 9.5

PESCFU 700 6.5 6.4 5.6 5.2 F F 0.25 0.19 0.18 0.14 F F
PESCFT 700 7.2 7.1 6.0 5.3 F F 0.21 0.18 0.13 0.12 F F
PESCFTM 800 7.5 7.2 6.4 5.7 5.0 F 0.16 0.13 0.11 0.11 0.09 F
PESCFTSM 900 7.6 7.3 6.5 5.4 5.1 F 0.15 0.12 0.10 0.10 0.08 F
PESCFTN 950 7.8 7.4 6.6 5.6 5.4 4.8 0.14 0.11 0.09 0.09 0.07 0.06

*Shows failure of composite under the selected load
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used. In literature on polymeric NCs generally 2–3 wt % of nano-fillers is claimed 
[45–48] to be the optimum amount. The main feature of PTFE NPs which influ-
ence the wear performance is their huge interfacial surface area.

It was desired to see the service life of the designed surfaces. The CF-PES 
composites (without and with PTFE particles at the surface) were slid against steel 
disc till the steady state friction value starts fluctuating at high friction torque. This 
signposted the limiting life of modified composites when few or no PTFE particles 
left on its surface for replenishment of transferred film on the steel disc.

Higher the limiting time, more is the tribo-utility of the surface. In the long 
experiment at 700  N load, the limiting sliding times for the composite surface 
without PTFE, with micro sized PTFE and nano—PTFE were; 8.33, 17.7 and 
21.3  h respectively; indicating beneficial effects of PTFE on the composite sur-
face [19]. For PESCFTN composites, the transfer of thin tenacious PTFE film on 
the steel disc surface was effective in maintaining steady μ values for long time.

Fig. 11   a Coefficient of 
friction; b specific wear rates 
as a function of increasing 
load for all surface designed 
series of composites [19, 20]
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Figure  12 shows SEM and FESEM micrographs of worn surfaces of surface 
designed composites. The fibers were fully covered with the nano PTFE fillers. 
PTFE layer is efficiently transferred on the counter surface and sliding is between 
PTFE layer on the composite surface and thin tenacious layer transferred on the 
counter surface. The existence on nano-fillers (Fig. 12f) and micro scale (Fig. 12e) 
is clearly visible with high resolution FESEM images of worn composites surface, 
which were absent for composites without tailored surface (Fig. 12d).

5 � Concluding Remarks

Surface designing of PESCFT composites with micro, sub-micro and nano-scale 
PTFE fillers improved the overall tribo-performance of composites; though 
the reduction in μ was significant rather than the wear resistance. The idea of 

Fig.  12   SEM micrographs (×500) of surface designed composites after wearing; a PESCFT,  
b PESCFTM and c PESCFTN; d, e and f are their respective high resolution FESEM images 
(×75 k) at 700 N load at 1 m/s speed (permission required) [19, 20]
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surface treatment of a composite with solid lubricants to safeguard the compos-
ites from an un-intentional reduction in strength properties and increase in the 
cost (if solid lubricant is employed in the whole composite rather than the sur-
face both factors viz. strength and economics are affected significantly) proved 
successful. Surface designing enhanced limiting load values of composites sig-
nificantly from 700 to 950 N, limiting running time from 8 to 21 h; reduction 
in μ (from 0.12 at 700  N load to 0.065 at 900  N load) and WR (from 5.2 to 
5.6 × 1014 Nm/m3 at 700 N load) especially in the case of PESCFTN composite. 
The increased surface area of contact due to the inclusion of nano—PTFE at the 
composite surface was responsible for enhanced tribo-performance of PESCFTN 
composite.
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Abstract  In this chapter, the preparation and tribological properties of MoS2-based 
nanocomposites were reviewed, including nanocomposites of MoS2 with different 
morphologies, MoS2/inorganic compound nanocomposites, MoS2/polymer nano-
composites, and Ni–P–(nano-MoS2) composite coatings. The nanocomposites of 
MoS2 can be prepared by mechanical-mixing two kinds of nano-MoS2 with differ-
ent morphologies or chemically synthesizing from sodium molybdate and differ-
ent sulfides. The nanocomposites of MoS2 reveal better tribological properties than 
their original materials. Moreover, the chemical method presents advantages over 
the mechanical one in the preparation of the MoS2 nanocomposites with different 
morphologies for lubrication applications. Using an appropriate chemical method 
may produce MoS2/inorganic compound nanocomposites such as MoS2/TiO2 nano-
composite. Two kinds of nanoparticles (nano-MoS2 and nano-TiO2) reveal a syner-
gistic effect on the tribological properties of the MoS2/TiO2 nanocomposite. MoS2/
polymer nanocomposites may be prepared by adding nanosized MoS2 into polymers 
or using the chemical intercalation technology. The chemical intercalation technol-
ogy may lead to disperse MoS2 into polymer matrix better than the mechanical-
filled way. However, the intercalation compound of MoS2/polymer can not present 
a satisfactory lubrication performance, because the intercalation process destroys the 
2H structure of MoS2 with better lubricity. The Ni–P coatings may be co-deposited 
with nanosized MoS2 on medium carbon steel substrate by electroless plating. The 
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obtained Ni–P–nano-MoS2 composite coating shows an excellent lubricating perfor-
mance. The present review concluded the synthesis and tribological applications of 
MoS2-based nanocomposite well.

1 � Introduction

Nanocomposites have wide applications in modern materials science and nano-
technology. Recently, the significance of nanocomposites in tribology was also 
paid so much attention. The nanocomposites may be prepared by mechanical 
mixing, chemical synthesis and coating technology. The components in a nano-
composite may offset their defects and enhance their merits mutually. Thus, the 
nanocomposites usually have better performances in friction reduction and wear 
resistance than their original materials. Some solid lubricants, such as molybde-
num disulfide (MoS2), graphite, and carbon nanotube, are often used as materi-
als to synthesize nanocomposites. Herein, several selected features concerning the 
MoS2-based nanocomposites were reviewed based on our recent researches and 
results reported by other researchers. In the second section, the structure and prop-
erties of bulk 2H-MoS2 were reviewed. Section 3 describes the development in 
nanosized MoS2 (nano-MoS2). Section 4 is focused on the synthesis and tribologi-
cal properties of MoS2-based nanocomposites, including MoS2 nanocomposites 
with different morphologies, MoS2/inorganic compound nanocomposites, MoS2/
polymer nanocomposites, and Ni–P–(nano-MoS2) composite coatings.

2 � Molybdenum Disulfide

Molybdenum disulfide (MoS2) is the main component of molybdenite that is the 
principal ore of molybdenum. MoS2 has three crystal states, i.e. 1T, 2H, and 3R [1]. 
The 2H layered crystal structure is usually considered as the most important fac-
tor for lubrication of MoS2. The commercial lubricant of bulk 2H-MoS2 presents 
a platelet-like shape (Fig. 1) [2]. The bulk 2H-MoS2 is composed of layered struc-
tures that contains strong S–Mo–S covalent bonds in inside layers and weak Van der 
Waals gaps between molecular layers. The 2H layered structure results in a strong 
(002) peak in the powder X-ray diffraction pattern (XRD) of MoS2 (Fig. 2) [3].

The Van der Waals gaps between MoS2 layers are easy to slide under the fric-
tion shearing (Fig. 3). In addition, S atoms on MoS2 have an intensive adsorption 
effect on the metal surface. The two characteristics may provide persistent lubri-
cation for metal friction pairs, especially in extreme environments such as high-
temperature and high-vacuum [4, 5]. Thus, MoS2 has become an important solid 
lubricant in aviation and aerospace. Moreover, MoS2 is also a known-well additive 
in lubricating oils, polymers, and coatings [1, 6, 7].
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Fig. 1   TEM image of 2H-MoS2 (adapted from Ref. [2])
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Fig. 3   Van der Waals gaps between MoS2 layers (a) and schematic diagram of their shearing-
sliding (b)

Fig. 2   X-ray diffraction pattern of 2H-MoS2 powder (adapted from Ref. [3])
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3 � Nanosized Molybdenum Disulfide

Nano-MoS2 usually presents better lubrication performance than bulk MoS2. 
Thus, considerable attention has been given to nano-MoS2. There has been a lot 
of researches on the synthesis [8–13] and tribology of nano-MoS2 [14–26]. The 
chemical routes to synthesize nano-MoS2 include gas phase growth [8], hydrother-
mal or solvothermal synthesis [10], decomposition of precursors [11, 12], etc. The 
synthesized nano-MoS2 involves tube-like [8, 9], platelet-like [11], sphere-like 
[12] and fullerene-like [8] shapes. The morphologies of nano-MoS2 can be catego-
rized into two: layer-opened and layer-closed.

The layer-opened MoS2, such as platelet-like nano-MoS2 (MoS2 nano-platelet), 
contains basal surfaces and rim-edge surfaces [27]. The atoms on the rim-edge sur-
face have high chemical activity. The chemically active MoS2 nano-platelet is easy 
oxidized during friction process. The oxidation resultants, such as MoO3 and sulfates, 
may function as a lubrication film to reduce friction [28, 29]. However, an excessive 
oxidation can also weaken the lubrication of nano-platelet. Because MoS2 nano-
platelet has a similar 2H layered structure to that of the bulk MoS2, its lubrication 
may also be explained using the easy sliding between S–Mo–S molecular layers [23].

Forming layer-closed structures, such as inorganic fullerene-like, tube-like and 
hollow sphere-like, may eliminate the active rim-edge surface and increase the 
chemical stability of nano-MoS2 [2, 15, 16, 23]. The oxidation film is not the main 
reason for the excellent tribological properties of the layer-closed nano-MoS2. The 
chemical stability enables the layer-closed nano-MoS2 to function as lubrication 
well during friction process. Moreover, the lubrication mechanism of the layer-
closed nano-MoS2 was also attributed to elastic deformation and exfoliation of 
MoS2 and the delivery of the exfoliated nano-sheets to the contact area [14, 15, 24, 
30, 31], which have been observed through advanced characterization technologies 
[25, 26]. Due to the particular lubrication mechanism, the layer-closed nano-MoS2 
can usually reveal very excellent tribological properties.

Recently, the morphological effect on the tribological properties of MoS2 was 
studied in liquid paraffin (LP) and rapeseed oil. The layer-closed MoS2 nano-
spheres had a better lubrication performance than the layer-opened MoS2 nano-
platelets at a content of 1.5 wt % in liquid paraffin, but a worse one at 0.5 wt % [23]. 
However, the layer-closed nano-sphere revealed considerable advantages over the 
layer-opened one in rapeseed oil at any of content used (unpublished results).

4 � Molybdenum Disulfide Nanocomposites

4.1 � MoS2 Nanocomposites with Different Morphologies

Three kinds of MoS2, namely, micro-platelet (325 meshes), hollow nano-sphere, 
and nano-platelet, were used to prepare MoS2 nanocomposites with differ-
ent morphologies by mechanical mixing [32]. The diameters of MoS2 hollow 
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nano-spheres vary from 80 to 200 nm with an about 15 nm shell. The thickness 
of nano-platelet is about 7 nm and the length about 40 nm. Some composites were 
obtained by proportionally mixing any two of the three kinds of MoS2 in liquid 
paraffin.

Figure 4 provides results of four-ball tribological tests for the 1.5 wt % MoS2 
nanocomposites in liquid paraffin [32]. The tests were conducted at 1450 rpm and 
300 N for 30 min. Figure 4a shows the average friction coefficients of different 
nanocomposites. The pure MoS2 nano-spheres presented better anti-friction per-
formance in liquid paraffin than the two pure platelets-like MoS2. However, the 
MoS2 nanocomposites had lower friction coefficients than that of the pure MoS2 
nano-spheres in liquid paraffin. The lowest friction coefficient occurred in the LP 
sample with the nano-sphere/micro-platelet composite (20 wt % nano-spheres and 
80 wt  % micro-platelets). Thus, forming nanocomposites may improve the anti-
friction performance of MoS2.

Figure  4b provides the anti-wear results (average wear scar diameter) of 
four-ball tests. As shown in the figure, The LP sample with MoS2 nano-spheres 
presented better anti-wear properties than that with MoS2 micro-platelets or nano-
platelets. Some of LP samples with the nanocomposites presented better anti-wear 
performances than that with any of the three pure MoS2. The nano-sphere/nano-
platelet nanocomposite (60 wt % nano-spheres and 40 wt % micro-platelets) pre-
sented the best anti-wear performance.

These mentioned above indicate that the morphology of MoS2 has an influence 
on the tribological properties of MoS2 nanocomposites. The nanocomposites of 
MoS2 with different morphologies may improve the wear resistance and friction 
reduction of LP more than any of the three morphologies of MoS2 singly did. The 
different tribological properties of the three kinds of MoS2 were attributed to their 
different lubrication mechanisms. The lubrication mechanism of bulk MoS2 is 
associated with the sliding between molecular layers induced by the friction shear-
ing. With a similar layered structure to that of bulk 2H-MoS2, MoS2 nano-platelets 
may also present the shearing and sliding lubrication mechanism (Fig.  5a) [23]. 
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Fig. 4   Tribological properties of MoS2 nanocomposites prepared by mechanical mixing (adapted 
from Ref. [32])
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The excellent tribological properties of spherical nano-MoS2 may be explained 
by its chemical inertness, rolling friction, deformation, and exfoliation-delivery of 
MoS2 sheets to the contact area (Fig. 5b).

According the results of Stribeck curves [23], the rotation speed used 
(1450  rpm) fell in the end of the mixed lubrication. Thus, the oil film thickness 
between the friction pairs should be slightly larger than the surface roughness of 
friction pairs (0.032  μm). The MoS2 nano-platelets with the smallest sizes eas-
ily penetrated into the friction contact region to function as lubrication. However, 
it was easy for the active nano-platelets to be excessively oxidized into MoO3 
(Fig. 5a). Thus, the nano-platelets didn’t present better lubrication properties than 
the nano-spheres.

The better tribological properties of the nanocomposites resulted from the 
cooperation between two different lubrication mechanisms [32]. The size of the 
bulk MoS2 micro-platelets exceeded the thickness of the oil film between the fric-
tion pairs. The adsorbed micro-platelets mainly functioned as a separation body 
between the friction pairs. Thus, the thickness of the oil film was magnified. The 
nano-MoS2, i.e. nano-sphere or nano-platelet, was easier to penetrate into the con-
tact region (Fig. 6a). When the micro-platelets adsorbed were worn by the friction 
shearing, the size of micro-platelet was close to the thickness of oil film. Then it 
occurred that the cooperation between the shearing-sliding of 2H structure and the 
rolling-deformation-exfoliation of nano-spheres (Fig. 6b). The similar cooperation 
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Fig.  5   Schematic of lubrication-wear mechanism of a MoS2 nano-platelet and b MoS2 nano-
sphere (adapted from Ref. [23])
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was observed between nano-platelet and micro platelet or nano-sphere and nano-
platelet (Figs. 6c–f).

MoS3 may be synthesized using the reaction of sulfides and sodium molydate. 
Nano-MoS2 can be obtained after heating MoS3 in H2 or N2. The morphology of 
nano-MoS2 is affected by the sulfides used [11, 33]. CH3CSNH2 (TAA) may pro-
duce spherical nano-MoS2 while Na2S platelet-like one. It was possible to prepare 
MoS2 nanocomposite with different morphologies by adjusting the proportion of 
the two sulfides [34]. However, Na2S can disturb the forming processes of nano-
spheres especially at low dosages of TAA (Fig. 7a). The nano-sphere/nano-platelet 
composite can be obtained only at high TAA dosages (Fig. 7a). The Schematic of 
forming MoS2 nanocomposite was shown in Fig. 8.

Micro-platelet Nano-ball Exfoliated nano-sphere

Deformed nanosphere Rotated nano-sphere Nano-platelet

(a)

(c)

(e)

(b)
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Fig. 6   Schematic of the synergistic lubrication between two kinds of MoS2 particles: a initial 
stage and b stable stage lubricated by nano-spheres and micro-platelet, c initial stage and d stable 
stage lubricated by nano-platelets and micro-platelet, e initial stage and f stable stage slices lubri-
cated by nano-spheres and nano-platelets (adapted from Ref. [32])
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Fig. 7   TEM images of MoS2 nanocomposite synthesized at a molar ratio (Na2S to CH3CSNH2) 
of: a 1:2 and b 1:4 (adapted from Ref. [34])
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Figure  9 shows the four-ball tribological properties of the MoS2 nanocom-
posite at a rotating speed of 1450  rpm and a constant load of 300  N in liquid 
paraffin [34]. Figure  9a is the effect of the molar ratio of Na2S to TAA on the 
average friction coefficient. As shown in the figure, the LP sample presented 
the lowest friction coefficient (0.051) at the proportion of 1:4 (Na2S to TAA). 
Figure  9b confirms that the variation of AWSD was approximately correlated 
to the change in friction coefficients. The steel balls lubricated by liquid paraf-
fin with the 1:4 nano-sphere/nano-platelet composite also presented the lowest 
AWSD (0.49 mm). Compared with the nanocomposites prepared by the mechani-
cally mixing method, the chemically synthesized MoS2 nanocomposite presented 
better tribological properties. The chemical method could mix nano-spheres and 
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Fig. 8   Schematic of forming nano-MoS2: a nano-spheres, b nano-platelets, and c MoS2 nano-
composite with different morphologies (adapted from Ref. [34])
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nano-platelets better than the mechanical one. Thus, the MoS2 nanocomposite by 
chemical method showed better tribological properties. However, the difference 
between the two mixing method is not very obvious. This is mainly because that 
Na2S disturbed the forming of nano-sphere.

4.2 � MoS2/Inorganic Compound Nanocomposites

A MoS3/TiO2 composite was synthesized by quickly depositing MoS3 on TiO2 
under a strong acidic solution [35]. Calcining the MoS3/TiO2 composite at 450 °C 
in H2 led to a MoS2/TiO2 nanocomposite. The MoS2/TiO2 nanocomposite of 6:5 
(wt:wt) was characterized in the literauture. The XRD pattern in Fig. 10a is con-
sistent with that in JCPDS89-4921 belonging to the anatase TiO2. All diffraction 
peaks of anatase TiO2 were still present in the XRD pattern of the MoS2/TiO2 
nanocomposite (Fig. 10b), indicating that the anatase nano-TiO2 was not destroyed 
during the synthesis process. The diffraction peaks of pure nano-MoS2, reported 
in Ref. [20], were found in the XRD pattern of the nanocomposite. As shown in 
Fig. 11a, b, nano-MoS2 particles were distributed among TiO2 particles, composed 
of typical layered structures with an average length of about 15 nm (10–20 nm) 
and an average thickness of about 5  nm. The nano-MoS2 particles in the nano-
composite have larger layer distances (~0.66  nm) as compared with pure nano-
MoS2. The findings confirm that the MoS2/TiO2 nanocomposite was successfully 
prepared and provide a new method to synthesize MoS2-based nanocomposites.

The tribological properties of MoS2/TiO2 nanocomposite were investigated in 
liquid paraffin on a four-ball tribometer at 0.556 m/s under 300 N [36]. The MoS2/
TiO2 nanocomposite was found to be a promising lubricant additive with a better 
performance than either nano-MoS2 or nano-TiO2 alone. Figure 12a provides the 
variation in average friction coefficient with the mass ratio of MoS2 to TiO2 in the 
nanocomposite. The pure nano-TiO2 shows the highest friction coefficient and is 
not an appropriate anti-friction additive in LP. The lowest friction coefficient was 
observed in the nanocomposite of 2:1 (MoS2:TiO2). Figure 12b shows the varia-
tion in AWSD with the mass ratio of MoS2 to TiO2 in the nanocomposite. The best 
anti-wear performance was found in the nanocomposite of 4:1. The nanocompos-
ite of 2:1 led to the lowest friction coefficient but an AWSD close to that of pure 
nano-MoS2. These mentioned above indicate that forming MoS2/TiO2 nanocom-
posite improved the tribological properties of MoS2.

Abrasive wear was a main wear factor of steel balls lubricated by LP with the 
MoS2/TiO2 nanocomposite. The nanocomposite, containing higher chemical activ-
ity and smaller sizes, could penetrate through the oil film to the contact region. 

3S
2
−

+ MoO
2
−

4
+ 8H

+

+ TiO2 −→ MoS3/TiO2 ↓ + 4H2O.

MoS3/TiO2 + H2

450 ◦
C/30 min

−−−−−−−−→ nano − MoS2/TiO2 + H2S.
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However, the nanoparticles easily agglomerated during the lubrication, leading to 
inhomogeneous lubrication and asymmetrical furrows (Fig.  13) [23]. Moreover, 
nano-MoS2 with the higher chemical activity was more easily reacted with friction 
pair materials as compared to nano-TiO2. Thus, the chemical corrosion was also a 
wear factor of steel balls.

A synergistic effect between nano-TiO2 and graphite was ascribed to the effec-
tive transferring films on friction surfaces and the reinforcing effect of nanopar-
ticles [37]. A transferring film was also found on the steel balls lubricated by the 

Fig. 11   HRTEM micrographs of the prepared MoS2/TiO2 nanocomposite: a typical inner region 
and b magnified image of (a) (adapted from Ref. [35])

Fig. 10   XRD patterns of: a anatase nano-TiO2 and b MoS2/TiO2 nanocomposite (adapted from 
Ref. [35])
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MoS2/TiO2 nanocomposite [36]. The elements Mo and Ti are found in the X-ray 
photoelectron spectrum (XPS) of the wear scar lubricated by the MoS2/TiO2 nano-
composite (Fig.  14) [36]. This implies that MoS2 and TiO2 were transferred to 
the surface of friction pairs from the nanocomposite during friction process. The 
transfer produced a lubrication film on the steel balls, composed of MoO3, TiO2, 
Fe2O3 (or Fe3O4), Fe2(SO4)3 (or FeSO4), FeS, and carbon-containing compounds 
after tribochemical reactions.

The excellent lubrication of MoS2/TiO2 nanocomposite can also be explained 
using the effect of nano-TiO2 on the size and layer distance of nano-MoS2. Nano-
MoS2 in MoS2/TiO2 nanocomposite had smaller thicknesses and larger layer dis-
tances as compared to the pure nano-MoS2. The Large layer distances weakened 
the Van der Waals force between adjacent MoS2 molecular layers. Thus, the shear-
ing force needed between these layers decreased. Moreover, the lubrication of the 
MoS2/TiO2 nanocomposite could also be attributed to the micro-cooperation of 
various nanoparticles with different shapes and lubrication mechanisms [32, 34], 
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Fig. 13   Optical micrographs of typical wear scars on the bottom balls lubricated by liquid paraf-
fin at 0.556 m/s under 300 N for 30 min with: a pure nano-MoS2, b MoS2/TiO2 nanocomposite 
of 4:1, and c pure nano-TiO2 (adapted from Ref. [36])
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i.e. the micro-cooperation of MoS2 nano-platelets and TiO2 solid nanoparticles 
during the friction process.

4.3 � MoS2/Polymer Nanocomposites

Mechanically mixing nano-MoS2 and polymers is the simplest method to prepare 
MoS2/polymer nanocomposites for tribological applications. The organic matrix 
materials mainly included polyoxymethylene (POM) [16, 38–42] and high-den-
sity polyethylene (HDPE) [2]. The addition of nano-MoS2 into polymers had to be 
done by the heating treatment. It was found that MoS2 nano-platelet could degrade 
POM into poisonous formaldehyde in the thermal process (Fig.  15) [16]. Thus, 
MoS2 nano-platelet could not be added into POM. Two composites, i.e. MoS2 
micro-platelet/POM and nano-sphere/POM (Fig.  16) [39], were obtained by the 
mechanical mixing. The nano-sphere/POM revealed better performances in fric-
tion reduction and wear resistance as compared to the micro-platelet/POM [40]. 
Chemical intercalation was an effective chemical method to obtain the MoS2/
POM nanocomposite [3, 42]. The chemical intercalation could disperse MoS2 bet-
ter than the mechanical mixing does (Fig. 17) [3]. However, the chmical interca-
lation destroyed the crystal structure of 2H MoS2 that is the basis of lubrication. 
Thus, the intercalation composite did not reveal good lubrication performance 
(Fig. 18) [40].

HDPE polymer has a more stable structure than POM and the stability of 
HDPE cannot be affected by nano-platelets at high temperatures [2]. Thus, two 
nano-MoS2/HDPE composites, i.e. nano-platelet/HDPE and nano-sphere/HDPE, 
were prepared by the mechanical mixing (Fig.  19). A fair and interesting com-
parison was achieved between nano-platelet/HDPE and nano-sphere/HDPE. The 
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literature studied the tribological properties at various MoS2 contents in HDPE 
from 0.5 to 2.0 wt  % under dry friction and oil lubrication, respectively. The 
results show that the two composites of MoS2 micro-platelet/HDPE and nano-
sphere/HDPE exhibited a similar performance in friction reduction under dry fric-
tion. However, the composite with 1.0 wt  % MoS2 nano-platelet showed lower 
friction coefficients than both micro-platelets/HDPE and nano-spheres/HDPE. The 
lowest friction coefficient occurred in the composite with 2.0 wt % MoS2 micro-
platelets or nano-spheres (Fig. 20). Under oil lubrication, the nano-sphere/HDPE 
composite showed the best tribological properties, especially the wear resistance. 
However, the nano-platelet/HDPE showed no expected tribological properties.

Fig. 15   TGA curve of the mixture of POM powder and MoS2 nano-platelet (adapted from Ref. 
[16])
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The melting was the main wear mechanism of MoS2/HDPE composites under 
dry friction, whereas the abrasive wear became the main wear mechanisms under 
oil lubrication. The tribological properties of MoS2/HDPE composites were influ-
enced by their crystallinity and thermo-mechanical behaviors. The addition of 
nano-sphere into HDPE improved the mechanical behaviors of HDPE, thus lead-
ing to better tribological properties. The excellent anti-wear properties of nano-
sphere/HDPE composite were attributed to the deformation and exfoliation of the 
nano-spheres during the friction process (Fig. 21).

4.4 � Ni–P–(Nano-MoS2) Composite Coatings

Ni–P composite coatings with organic or inorganic particles present wide applications 
in corrosion protection, wear resistance, and friction reduction. Solid lubricants, such 
as PTFE [43, 44], carbon nanotube [45–47], WS2 [48], and MoS2 [49–52], are appro-
priate additives to modify the Ni–P coatings.
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Fig. 21   Schematic diagram of the anti-wear process of MoS2 nano-sphere (adapted from Ref. [2])
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Fig. 22   SEM images of Ni–P electroless coating (a) and Ni–P–(nano-MoS2) electroless coating 
(b) (adapted from Ref. [51])

Fig. 23   Friction coefficients of Ni–P and Ni–P–(nano-MoS2) electroless coatings (adapted from 
Ref. [51])

Fig.  24   SEM images of wear surfaces of: Ni–P (a) and Ni–P–(nano-MoS2) (b) coatings 
(adapted from Ref. [51])
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Ni–P coatings may be co-deposited with MoS2  nanoparticles on medium 
carbon steel substrate by electroless plating [50–52]. Figure  22 shows the SEM 
images of electroless Ni–P and Ni–P–(nano-MoS2) composite coatings reported 
in Ref [51]. The corrosion resistance of the Ni–P–(nano-MoS2) composite coating 
was slightly lower than that of the Ni–P coating without MoS2. As shown in the 
figure, the cell volume became smaller in the Ni–P–(nano-MoS2) composite coat-
ing as compared to that in the Ni–P coating. It was also found that the nano-MoS2 
particles were around the cell boundary. The Ni–P–(nano-MoS2) coating showed 
the super low friction coefficients during the whole rubbing process (Fig.  23). 
This was attributed to the super lubricity of spherical nano-MoS2. Moreover, the 
wear of the Ni–P–(nano-MoS2) coating was also reduced by the nano-MoS2 added 
(Fig. 24).

5 � Conclusions

(1)	 MoS2-based nanocomposites may be prepared by mechanical mixing, chemi-
cal method and electroless coating technology. They usually have better tribo-
logical properties than their original materials and play an important role in 
the lubricating composites.

(2)	 The chemical method generally reveals advantages over the mechanical one 
in the preparation of MoS2 nanocomposites with different morphologies for 
lubrication applications. However, the chemical intercalation can not improve 
the tribological properties of MoS2 nanocomposites, because the intercalation 
reaction destroys the 2H structure of MoS2 with better lubrication.

(3)	 MoS2/TiO2 nanocomposite may be prepared by depositing nano-MoS2 on 
nano-TiO2. Nano-MoS2 and nano-TiO2 present a positive synergetic effect 
on the lubrication of the nanocomposite. The sizes of MoS2 in the nanocom-
posites are smaller and its layer distances are larger than those of pure nano-
MoS2. Large layer distances weaken the Van der Waals force and small sizes 
enable MoS2 to enter the contact region more easily, leading to better anti-
friction performance.

(4)	 Mechanically mixing nano-MoS2 and polymers, such as POM and HDPE, 
may produce nano-MoS2/polymer nanocomposites. MoS2 nano-sphere in 
the polymers shows a good lubrication over MoS2 nano-platelet. The excel-
lent anti-wear properties of nano-spheres are attributed to the deformation and 
exfoliation of the nano-spheres during the friction process.

(5)	 Ni–P coatings may be co-deposited with nano-MoS2 particles on medium car-
bon steel substrate by electroless plating. The co-deposited nano-MoS2 sig-
nificantly improves the friction reduction of Ni–P coating.
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Abstract  In recent years, Al2O3-based nanocomposite which is composed of 
micro-size Al2O3 matrix and a second phase nanoparticles (e.g. SiC, Ni) as the 
reinforcement phase have received considerable attention and come a long way 
mainly because of their good mechanical property and resistance to abrasive 
wear and erosive wear. Up to now, practice on tribologcial design and testing 
of high temperature self-lubricating Al2O3-based nanocomposites is an exciting 
field to be explored. In this chapter, the principle for fabrication of Al2O3-based 
nanocomposite for better mechanical property than that of monolithic Al2O3 
ceramic is briefly introduced on basis of literature review. In other words, the 
microstructure, and mechanical property of Al2O3-SiC, Al2O3-Ni nanocompos-
ites are briefly introduced and discussed. This chapter focuses on the design 
and tribological property of high temperature self-lubricating Al2O3-based 
nanocomposites. As the first step, the tribological consideration of Al2O3-SiC 
nanocomposite is discussed according to Todd’s work which gives useful infor-
mation on the pullouts of grains during grinding and polishing. In addition, a 
concept for designing high temperature self-lubricating Al2O3-based nanocom-
posite with dispersed and agglomerated ceramic nanoparticles is proposed and 
discussed using Al2O3-TiCN composite as an example. Al2O3-5 wt % TiCN and 
Al2O3-10 wt % TiCN composites had high hardness and good tribological prop-
erty at room temperature in air. Al2O3-TiCN composites containing 10 wt % and 
20 wt % TiCN nanoparticles in sliding against Ni-Cr alloy are self-lubricating at 
500 °C.
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1 � Introduction

Alumina (Al2O3) is one of the five important classes of advanced structural ceramics. 
In addition, ceramics based on Al2O3 have been used in commercial applications for 
many years because of their availability and low cost [1]. There are many efforts to 
improve the mechanical and tribological property of Al2O3 ceramic by adding a sec-
ond phase particles. The particles are mostly micro-size particles.

In the 1990s, the concept of Al2O3-based nanocomposite was proposed and two rep-
resentatives of this kind of nanocomposites, i.e. Al2O3-SiC and Al2O3-Ni, have been 
successfully fabricated. The mechanical property of this kind of nanocomposite is very 
appealing. For specification, some of the reported bending strengths of the two nano-
composites are as high as 1 GPa which is much higher than that of monolithic Al2O3 
ceramic [2, 3]. This result has driven many researchers to reveal the strengthening 
mechanism of SiC and Ni nanoparticles. Despite their very high bending strength, the 
fracture toughness of Al2O3-SiC and Al2O3-Ni nanocomposites is not high enough to 
make them a tough material. The discussion will be forwarded later in Sect. 1.1.2.

In this section, the principle for fabrication of Al2O3-based nanocomposite for bet-
ter mechanical property than that of monolithic Al2O3 ceramic is introduced on basis 
of literature review. To specify, the microstructure, mechanical property and tribological 
property of Al2O3-based nanocomposite will be introduced and discussed.

1.1 � Microstructure, Mechanical and Tribological  
Property of Al2O3-Based Nanocomposite

1.1.1  Microstructure

The main weakness of monolithic Al2O3 ceramic as a structural material is its 
intrinsic brittleness. To make Al2O3 ceramic tougher, a second phase in form of 
particle, whisker, and fiber is often added. The micro-size particle, whisker, and 
fiber can indeed increase the fracture toughness of Al2O3 ceramic [2]; however, 
the sacrifice of strength is the drawback of this kind of toughening mechanism.

In the 1990s, a new concept is proposed to solve the above problem. The 
microstructure of Al2O3-based nanocomposite can be classified into two groups: 
micro-size Al2O3 matrix with nano-size particle or whisker (group I) and nano-
size Al2O3 matrix with nano-size particle or whisker (group II). The group I can be 
further divided into three subgroups according to the location of nano-size particle 
or whisker. The three subgroups are inter-type, intra-type and inter/intra-type. Up 
to now, Al2O3-based nanocomposite in the published papers belongs to group I.  
In the following section, unless otherwise stated, Al2O3-based nanocomposite 
refers to Al2O3-based nanocomposite of group I. Al2O3-based nanocomposite of 
group II is expected to have several attractive functions, e.g. superplasticity and 
good machinability but is still an myth now. The type of Al2O3-based nanocom-
posite is summarized in Table 1.
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The second phase particles for Al2O3-based nanocomposite in Table  1 are 
generally required to be well dispersed rather than agglomerated. However, the 
agglomerated nanoparticles are sometimes useful from viewpoint of tribology and 
will be discussed later.

1.1.2  Mechanical Property

The addition of nano-size particle or whisker in Al2O3-based nanocomposite has 
at least two beneficial effects on mechanical property. One is the fine grain Al2O3 
matrix and the other is the pinning effect of nano-size particle or whisker.

The initial aim for preparing Al2O3-based nanocomposite is to increase the 
fracture toughness. According to the published data, the increment in fracture 
toughness is very limited. On the other hand, it is very interesting that the three-
point bending strength of Al2O3-based nanocomposite is high up to 1  GPa. The 
high bending strength indicates that Al2O3-based nanocomposite is capable of tol-
erating high tensile stress while the limited improvement on fracture toughness 
indicates Al2O3-based nanocomposite is still a brittle material.

It is convincing to elucidate the high bending strength of Al2O3-based nano-
composite from Todd’s work [4–6]. As it will be shown in the next section, the 
area fraction of pullout of grains and pullout diameter on the surface of Al2O3-
based nanocomposite are lower than that of monolithic Al2O3 ceramic. As a con-
sequence, the number and size of the defects on a beam made of Al2O3-based 
nanocomposite for a three-point bending test are lower than that on a beam made 
of monolithic Al2O3 ceramic. It is the defect (pullout of grain) that determines 
the difference in bending strength of Al2O3-based nanocomposite and monolithic 
Al2O3 ceramic. The contribution of reducing pullout of grains to the fracture 
toughness is limited.

1.1.3  Tribological Property

Findings indicate that Al2O3-based nanocomposite exhibits better tribological per-
formance than that of monolithic Al2O3 ceramic [7, 8]. Of these tribological inves-
tigations, the tribological property of Al2O3-based nanocomposite is mainly on 
friction and wear dominated by fracture and pullout of grains, e.g. abrasive wear 
and erosive wear.

Table 1   Type of Al2O3-based nanocomposite

Group Sub-Group Description

I. Micro-nano type Inter-type Micro-size Al2O3 matrix, 
submicro-size or nano size 
second phase particles

Intra-type
Inter/intra-type

II. Nano-nano type Nano-size Al2O3 matrix, nano-
size second phase particles
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The abrasive wear of Al2O3-SiC nanocomposite is systematically investigated 
by Todd and his main contribution to this field is the discovery of quantity and type 
of pullout of grains. He uses two parameters, area fraction of pullout and pullout 
diameter, for comparison of the wears of Al2O3-SiC nanocomposite and monolithic 
Al2O3 ceramic. The area fraction of pullout and pullout diameter for Al2O3-SiC 
nanocomposite are lower than that of monolithic Al2O3 ceramic. The fraction of 
transgranular and intergranular pullout is also useful for understanding the wear 
mechanism. The results of abrasive wear of Al2O3-SiC nanocomposite is very help-
ful for the understanding of high three-point bending strength mentioned in Sect. 
1.1.2. The surface defects on the beam of Al2O3-SiC nanocomposite for a three-
point bending test are mainly pullout of grain and the number of surface defects 
can be greatly reduced during the grinding and polishing.

Fine grain and less number of surface defect are also very useful for good wear 
resistance for erosive wear. In this sense, the wear resistance of Al2O3-SiC nano-
composite to erosive wear is good.

1.2 � Tribological Consideration of High Temperature  
Self-Lubricating Al2O3-Based Nanocomposite

Up to now, the tribological properties of Al2O3-SiC and Al2O3-Ni nanocomposites 
including sliding friction and wear as well as abrasive wear have been evaluated. 
And some results are quite good indeed.

However, as is known to the readers, the basis principle for designing these 
Al2O3-based nanocomposite is based on the viewpoint of improving the mechani-
cal strength, not the tribological property. The principles for fabrication of a struc-
tural material and a tribo-material are common and uncommon in many aspects. 
There are two examples. The first one is about the common aspect. Fine grain 
Al2O3 matrix is preferred for improving mechanical and tribological proper-
ties. The second one is about the uncommon aspect. The second phase particles 
in Al2O3-based nanocomposite can be well dispersed and agglomerated for good 
tribological behavior but only well dispersed for good mechanical property. That 
is to say, an optimized microstructure of an Al2O3-based nanocomposite for high 
mechanical strength might not be an optimized one for low friction and/or high 
wear resistance. Therefore, it is urgent to propose material design from the view-
point of tribology.

In this chapter, we propose a concept which is derived from the concept in 
Table  1, to design high temperature self-lubricating Al2O3-based nanocomposite. 
The proposed high temperature self-lubricating Al2O3-based nanocomposite 
is composed of a micro-size Al2O3 matrix and a second phase nanoparticle. The 
second phase nanoparticle should be served as both strengthening component and 
tribological component. In this sense, some solid lubricants, e.g. MoS2, graphite, 
CuO, PbO, are not qualified as strengthening component. Ni, Cu and Mo are a 
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good choice because they can improve the bending strength. In addition, the oxides 
of Ni, Cu and Mo are lubricious at high temperature. The two points can make 
Al2O3-Ni (Cu, W) nanocomposite as high temperature self-lubricating materials. 
Another group of the second phase nanoparticle contains hard carbides (e.g. SiC, 
TiC, WC, TiCN) and borides (e.g. TiB2). These carbides and borides have high 
melting point and hardness and can strengthen Al2O3 ceramic. The nanoparticles of 
carbides and borides can be readily oxidized at high temperature and the oxides are 
lubricious. Besides dispersed nanoparticles, agglomerated nanoparticles might be 
helpful for the formation of continuous lubricious oxide film on the worn surface.

In summary, the basic points of the concept are: (1) Fine grain Al2O3 matrix 
with typical grain size of less than 3 μm. (2) The second phase nanoparticles can 
strengthen Al2O3 ceramic. (3) Lubrication is provided by lubricious oxide gener-
ated by tribo-oxidation of nanoparticles at high temperature. (4) Agglomerated 
nanoparticles give birth to continuous lubricious oxide film on the worn surface.

The tribological behaviors of a Ni-based alloy/Al2O3 tribo-pair at elevated 
temperatures are of theoretical importance. The dominate wear mechanism of a 
metal/Al2O3 tribo-pair at high temperature is adhesive wear which is evident by 
severe material transfer from alloy to Al2O3. Some oxides (e.g. CuO) and tribo-
oxides (TiO2 from TiCN, TiC) can eliminate or prevent the material transfer from 
Ni-based alloy to Al2O3 and reducing the friction coefficient. TiCN has a high 
hardness comparable to SiC and can be used as a second phase for improving the 
mechanical strength of Al2O3. The tribo-oxide of TiCN at high speed and elevated 
temperatures can provide effective lubrication on the frictional surface of Al2O3. 
This means TiCN can be used as both strengthening component and tribological 
component for Al2O3. From the viewpoint of sintering, the sintering temperature 
of TiCN is higher than that of Al2O3 and this enables the dispersed and agglom-
erated TiCN nanoparticles in the Al2O3 matrix. In this connection, Al2O3-TiCN 
composite with dispersed and agglomerated nanoparticles is used as an example of 
this chapter. In the following sections, the preparation, microstructure, mechanical 
property and tribological property of Al2O3-TiCN composite will be introduced.

2 � Preparation, Microstructure and Mechanical  
Property of Al2O3-TiCN Composite

2.1 � Material

2.1.1  Preparation

Al2O3 and Ti(C0.3N0.7) powders to fabricate Al2O3-TiCN composite were commer-
cially available from Nanjing Emperor Nano Material Co., Ltd. and Shijiazhuang 
Huatai Nanoceramic Factory. The average particle sizes of Al2O3 and Ti(C0.3N0.7) 
powders are 0.5 μm and 50 nm, respectively.
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Al2O3 and Ti(C0.3N0.7) powders were mechanically mixed in a HF-G7-R75S2 
Planetary Grinding Machine (Nanjing NanDa Instrument Plant, China) using agate 
balls and alcohol as grinding media. The weight ratio of ball and powder was 10:1. 
Composite powders with mass fractions of 5, 10, 20, 30, and 40 % for Ti(C0.3N0.7) 
were prepared to fabricate corresponding Al2O3-TiCN composites. In the follow-
ing section, A5T, A10T, A20T, A30T and A40T are abbreviations for Al2O3-TiCN 
composites with mass fractions of 5, 10, 20, 30, and 40 % of Ti(C0.3N0.7).

One-step sintering was used to fabricate Al2O3-TiCN composite. The mixed 
Al2O3-Ti(C0.3N0.7) powders were hot pressed in a graphite die using a ZT-63-
20Y vacuum hot-pressing sintering furnace (manufactured by Shanghai Chen Hua 
Electric Furnace Co. Ltd.). The hot pressing was conducted at a sintering temper-
ature of 1,400  °C and a pressure of 30  MPa for 120  min in Ar gas. The sinter-
ing parameters was optimized for monolithic Al2O3 ceramic, not for Al2O3-TiCN 
composites in this chapter. Moreover, a sintering temperature of 1,400 °C is not 
high enough for sintering and apparent grain growth of TiCN particles. As a result, 
it is important that TiCN particles remain as nanoparticles in the composite. In 
addition, the agglomerated TiCN nanoparticles in Al2O3-TiCN composite can be 
achieved by adding adequate amount of TiCN particles.

2.1.2  Microstructure and Mechanical Property

The microstructure of Al2O3-TiCN composites was investigated using X-ray dif-
fraction (XRD) to determine the phase composition and scanning electron micros-
copy (SEM) to determine the grain sizes of Al2O3 and TiCN and distribution of 
TiCN particles.

XRD results show that all the Al2O3-TiCN composites were composed of two 
phases, i.e. α-Al2O3 and TiCN; no chemical reaction between Al2O3 and TiCN and 
no decomposition of TiCN occurred, see Fig. 1.

Fig. 1   The XRD pattern  
of A10T composite
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Monolithic Al2O3 ceramic in Fig. 2a had a dense and fine grain microstructure. 
The average grain size d50 was 3 μm. As seen in Fig. 2, by varying the addition 
amount of TiCN nanoparticles, the Al2O3-TiCN composites exhibited evolution of 
microstructures in some aspects, i.e. the grain size and distribution of Al2O3; dis-
tribution of TiCN nanoparticles; agglomeration of TiCN nanoparticles.

Fig.  2   SEM micrographs of fractured surface of monolithic Al2O3 ceramic and Al2O3-TiCN 
composites. The mass fractions of TiCN are a 0 %, b 5 %, c 10 %, d 20 %, e 30 %, f 40 %
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In general, the incorporation of TiCN nanoparticles inhibited the growth of 
Al2O3 grain and thereby reduced the grain size of Al2O3 at the same sintering 
temperature. The grain sizes of Al2O3 in Fig. 2b to 2f were smaller than that in 
Fig.  2a. The addition of 5  wt  % TiCN nanoparticles can effectively reduce the 
grain size of Al2O3 to ca. 1 μm, see Fig. 2b. Higher addition amount of TiCN nan-
oparticles, i.e. 10 wt % and more, can reduce the grain size of Al2O3; however, 
some large Al2O3 grains can also be found, see Fig. 3e. Al2O3 was considered as 
the matrix in Fig. 2b to d but was separated by agglomerated TiCN nanoparticles 
in Fig. 2e and f.

For A5T composite, the distribution of TiCN nanoparticles in Al2O3 matrix was 
not even with very small fraction of agglomerated TiCN nanoparticles; and both 
inter-type and intra-type TiCN nanoparticles can be found. In this chapter, the rela-
tive amount of inter-type and intra-type TiCN nanoparticles was not determined. 
A10T composite had a similar microstructure as that of A5T composite comparing 
Figs. 2b and 2c.

The degree of agglomeration of TiCN nanoparticles transited at an addition 
amount of 20 wt % and became severe at an addition amount of 40 wt %. For the 
five Al2O3-TiCN composites, the maximum size of TiCN nanoparticle was lower 
than 150 nm.

In summary, the Al2O3-TiCN composites with 5 and 10 wt % TiCN had well-
dispersed TiCN nanoparticles and A20T, A30T and A40T composites had agglom-
erated TiCN nanoparticles.

The microhardness and indentation toughness of A5T and A10T composites 
were higher than that of monolithic Al2O3 ceramic. This indicates the two com-
posites had good mechanical property, see Fig.  3. The microhardness of Al2O3-
TiCN composites with higher mass fraction of TiCN were lower than 20 GPa and 
not considered as materials with good mechanical property.

In summary, A5T and A10T composites had good microstructure for good 
mechanical property. The mechanical property of A20T composite might be 
improved by optimizing the sintering parameters.

Fig. 3   Microhardness and 
indentation toughness of the 
Al2O3-TiCN composites
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3 � Tribological Property and Wear Mechanism  
of Al2O3-TiCN Composite

3.1 � Experimental

3.1.1  Tribological Tests

Tribological tests were conducted on a THT high temperature tribometer (CSM 
Instrument Ltd., Switzerland) with a pin-on-disk configuration at room temperature 
and 500 °C in air. Friction coefficient was automatically recorded by the computer. 
The test condition is 5 N for normal load and 0.5 m/s for sliding speed and 1 km for 
sliding distance. The contact between the hemispherical tip of the pin and the flat 
surface of the disk is believed to be stable and enables good repeatability of the test.

The pin was made of a Ni-20  wt  % Cr alloy (Ni-Cr alloy) prepared by hot 
pressing at 1,200 °C and 15 MPa for 15 min. The Ni-Cr alloy pin had a size of 
6 mm in diameter and 12 mm in length. One end of the pin was machined into 
a hemispherical tip with a radius of 6  mm for the sliding contact. The surface 
roughness Ra of the ground hemispherical tip was lower than 0.3 μm. The disk 
was made of monolithic Al2O3 ceramic or Al2O3-TiCN composite with a size 
of 25 mm in diameter and 8 mm in thickness. The surface roughness Ra of the 
polished disk was lower than 0.1 μm. Both the pin and disk were ultrasonically 
cleaned in an ethanol bath and allowed to dry prior to the tribological test.

The wear volume of the pin was determined by measuring the wear scar 
diameter of the pin. The 3D topography of the worn surface of monolithic 
Al2O3 ceramic and Al2O3-TiCN composite was observed on a Micro XAM 
Interferometric Surface Profile (ADE, USA). The wear volume and surface profile 
of the cross-sectioned wear scar of the disk can be obtained accordingly.

3.1.2  Characterization of Worn Surface

The morphology of the worn surface of monolithic Al2O3 ceramic and Al2O3-TiCN 
composite was observed on a SEM (JSM 5600LV, Japan) using secondary electron 
image (SEI) and backscattered electron image (BEI). The chemical state of typical 
elements on the worn surface of monolithic Al2O3 ceramic and Al2O3-TiCN compos-
ite was determined by X-ray Photoelectron Spectroscopy (XPS, PHI-5702, USA).

3.2 � Results

3.2.1  Tribological Behavior

Room temperature. Friction coefficients of monolithic Al2O3 ceramic and Al2O3-
TiCN composites in sliding against Ni–Cr alloy at room temperature were as high 
as around 0.7, see Fig. 4a. However, the wear rates of monolithic Al2O3 ceramic, 
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Al2O3-TiCN composites and their counterpart Ni-Cr alloy ranged from 10−8 
to 10−4 mm3/(N.m), see Fig. 4b. In addition, the wear rates of monolithic Al2O3 
ceramic and Al2O3-TiCN composites were much lower than that of corresponding 
Ni-Cr alloy. For example, the wear rates of monolithic Al2O3 ceramic and Ni-Cr 
alloy were on the order of magnitude of 10−7 mm3/(N.m) and 10−5 mm3/(N.m),  
respectively. Compared with monolithic Al2O3 ceramic, the wear rates of 
Al2O3-5 wt % TiCN composite and its counterpart material were lower. The wear 
rate of A10T composite was even lower but the wear rate of Ni-Cr alloy was 
higher. The wear resistances of Al2O3-TiCN composites (20 wt % and higher con-
tent of TiCN) and Ni-Cr alloy were very poor, especially for the composite.
High temperature at 500  °C. Friction coefficients of monolithic Al2O3 
ceramic and Al2O3-TiCN composites in sliding against Ni-Cr alloy at 500  °C 
were lower than that at room temperature, i.e. 0.2 for A10T and A20T com-
posite; 0.4 for the rest materials, see Fig.  5a. Therefore, the A10T and A20T 
composites were high temperature self-lubricating materials. The wear rates of 
Ni-Cr alloys in sliding against these two composites were on the order of mag-
nitude of 10−7 to 10−6 mm3/(N.m) and lower than that against the rest materi-
als, see Fig. 5b. Negative wear, which was the result of material transfer from 
Ni-Cr alloy, was found for monolithic Al2O3 ceramic and Al2O3-TiCN com-
posites, see Fig. 5b. In addition, the absolute value of the negative wear is an 
indication of the amount of transferred material. It is interesting that the vol-
ume of the transferred material on A20T composite was about 10 times as high 
as that on A10T composite despite the two composites had identical friction 
coefficient.

The above results in Figs. 4 and 5 indicate that the tribological behaviors and 
wear mechanisms of monolithic Al2O3 ceramic and Al2O3-TiCN composites in 
sliding against Ni-Cr alloy depend on testing temperature and content of TiCN. 
As a good example, the frictional traces of A10T composite in sliding against  
Ni-Cr alloy at room temperature and 500  °C indicate different tribological 

Fig.  4   a Friction coefficient and b wear rates of Al2O3-Ti(CN) composite in sliding against  
Ni-Cr alloy at room temperature in air. The wear rate of A40T composite is extremely high and 
not plotted in the figure



71Friction and Wear of Al2O3-Based Composites

behavior, see Fig. 6. In the following section, the wear mechanisms at room tem-
perature and 500 °C will be separately discussed.

3.2.2  Abrasive Wear and Transfer at Room Temperature

Abrasive wear and transfer (adhesive wear) were the two main wear mechanisms 
of monolithic Al2O3 ceramic and Al2O3-TiCN composites in sliding against Ni-Cr 
alloy at room temperature.

Abrasive wear can be clearly found by observing the 3D morphology and line 
profile of the wear tracks of monolithic Al2O3 ceramic and Al2O3-TiCN com-
posites, see Fig.  7. The abrasive particles was generated from monolithic Al2O3 
ceramic and Al2O3-TiCN composites. The resistances to abrasion of mono-
lithic Al2O3 ceramic and Al2O3-TiCN composites (5 and 10  wt  % TiCN) were 
excellent as evident by shallow scratch marks in Fig.  7a, a’, b, b’, c, and c’.  

Fig. 5   a Friction coefficient and b wear rate of monolithic Al2O3 ceramic and Al2O3-Ti(CN) com-
posite in sliding against Ni-Cr alloy at 500 °C in air. The wear rates of monolithic Al2O3 ceramic 
and Al2O3-TiCN composites were negative but presented in absolute value just for better reading

Fig. 6   Typical frictional 
traces of A10T composite in 
sliding against Ni-Cr alloy at 
room temperature and 500 °C
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Fig. 7   3D morphologies of the wear tracks of a monolithic Al2O3 ceramic, b A5T composite,  
c A10T composite, d A20T composite, e A30T composite at room temperature and correspond-
ing line profiles of a’ monolithic Al2O3 ceramic, b’ A5T composite, c’ A10T composite, d’ A20T 
composite, e’ A30T composite
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The depth of the scratch mark on monolithic Al2O3 ceramic was 300  nm. Due 
to the reinforcement from hard TiCN nanoparticles in Al2O3 matrix, the depth 
of the scratch marks on A5T and A10T composites were 150 and 100  nm. The 
agglomerated TiCN nanoparticles in A20T composite (Fig.  2d) were eas-
ily pull out as abrasive particles and the resistance to abrasion of the compos-
ite was very poor, see Fig. 7d and d’. This is the same for A30T composite, see  
Fig. 7e and e’.

The transfer layers on monolithic Al2O3 ceramic and Al2O3-TiCN composites 
can be identified by BEI image (Fig.  8a). The transfer can be enhanced by the 
TiCN nanoparticles in Al2O3 matrix, see Fig. 8b.

3.2.3  Transfer and Tribo-Oxidation at 500 °C

For monolithic Al2O3 ceramic, transfer was greatly enhanced at 500 °C and obvi-
ously severer than that at room temperature, see Fig. 8c. The highest asperity on 
the worn surface of monolithic Al2O3 ceramic at 500 °C can be as high as 1.2 μm, 

Fig. 8   BEI images of the worn surfaces of a monolithic Al2O3 ceramic and b A5T composite at 
room temperature and c monolithic Al2O3 ceramic and A10T composite at 500 °C. The transfer 
layer is located at the white area
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Fig. 9   3D morphologies of the wear tracks of a monolithic Al2O3 ceramic, b A5T composite,  
c A10T composite, d A20T composite, e A30T composite at 500 °C and corresponding line pro-
files of a’ monolithic Al2O3 ceramic, b’ A5T composite, c’ A10T composite, d’ A20T composite, 
e’ A30T composite
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see Fig. 9a and a’. XPS spectra in Fig. 10 reveal that the transfer layer on mono-
lithic Al2O3 ceramic at 500 °C was composed of Ni, NiO and Cr2O3. As such, the 
tribological contact was not a pure metal to metal contact, and NiO was responsi-
ble for the lower friction coefficient (0.4) than that (0.7) at room temperature.

According to Fig. 5b, the amount of transferred material on Al2O3-TiCN com-
posites depended on the content of TiCN nanoparticles in the composite. Fig.  9 
clearly demonstrates the transfer layer on the worn surfaces. It is interesting that 
A5T and A10T composites had small amount of transferred material but quite dif-
ferent friction coefficient. Meanwhile, A10T composite and A20T composite had 
quite different amount of transferred material but identical friction coefficient.

Tribo-oxidation of TiCN nanoparticles at 500  °C was the key to understand 
the above results. TiCN nanoparticles can be statically oxidized at 500  °C in 
air. The tribo-oxidation readily occurred at the sliding interface, see Fig.  11 
and the tribo-product TiO2, which is a softer oxide in comparison with Al2O3, 
modified the chemical composition and microstructure of the tribo-interface. 

Fig. 10   XPS spectra of a Ni2p, and b Cr2p on the worn surface of monolithic Al2O3 ceramic at 
500 °C

Fig. 11   XPS spectra of Ti2p on the worn surface of A10T composite at room temperature and 
500 °C in air
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The tribo-interface modified by TiO2 played important roles in preventing the 
transfer from Ni-Cr alloy and reducing friction coefficient at 500 °C. The tribo-
oxidation of agglomerated TiCN nanoparticles in A20T composite took advan-
tage over that of dispersed TiCN nanoparticles in A5T composite in friction 
reduction.

3.3 � Discussion

In Sect. 3.2, the tribological behaviors of Al2O3-Ti(CN) composites with dis-
persed and agglomerated TiCN nanoparticles in sliding against Ni-Cr alloy at 
room temperature and 500 °C in air were investigated. At room temperature, dis-
persed TiCN nanoparticles in A5T composite and A10T composite made the com-
posite harder and more wear resistant. Agglomerated TiCN nanoparticles (20, 30 
and 40 wt % TiCN) were not good for mechanical property and wear resistance. 
Sintering temperature of these three composites might be not high enough for 
making a dense microstructure. The TiCN nanoparticles can be readily pullout and 
act as abrasive particles in the sliding interface.

Transfer was enhanced at 500  °C for monolithic Al2O3 ceramic in sliding 
against Ni-Cr alloy. Tribo-oxidation of dispersed TiCN nanoparticles can effec-
tively inhibit the transfer, see Figs. 8d and 9. The tribo-oxidation of agglomerated 
TiCN nanoparticles (20 wt % TiCN) can effectively reduce the friction coefficient. 
The role of tribo-oxidation should be clarified by revealing both the chemical 
composition and microstructure of the tribo-layer on the worn surface of Al2O3-
Ti(CN) composites.

Lubricious oxide formed by tribo-oxidation of the second phase nanopar-
ticles at high temperature proves to be effective for A10T and A20T compos-
ites. Lubricious double oxides can be generated on the fractional surface of 
Al2O3-based nanocomposites by using a third phase. Lubricious double oxides 
may provide good lubrication at a higher temperature or wider temperature  
range [9].

3.4 � Conclusions

A concept for designing and fabricating high temperature self-lubricating Al2O3-
based nanocomposites is proposed using Al2O3-Ti(CN) composites as an example. 
Al2O3-Ti(CN) composites with dispersed and agglomerated TiCN nanoparticles 
were successfully prepared by hot pressing at 1,400  °C. Al2O3-Ti(CN) compos-
ites with dispersed TiCN nanoparticles have high hardness and good resistance 
to abrasive wear at room temperature. Al2O3-Ti(CN) composites with dispersed 
(10 wt %) and agglomerated (20 wt %) TiCN nanoarticles are self-lubricating in 
sliding against Ni-Cr alloy at 500 °C.
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Abstract  Multi-scale phase reinforced composites (MPRCs) have been 
undergoing accelerating progress in the past decade. A judicious combination of 
micron-scale fibers and nano-scale fillers, such as nanoparticles and nanotubes, are 
found to endow polymer composites enhanced mechanical and wear performance 
superior to conventional fiber-reinforced composites or nanocomposites. This chap-
ter reviews the research on the wear and tribological behaviours of the MPRCs 
reinforced with short fibers and nano-fillers. The dramatic improvements reported 
in wear properties of MPRCs are considered principally ascribable to a new wear 
mechanism associated with the interaction between short fibers and nanoparticles. 
The rolling effects of nanoparticles which protect the fibers and reduce the sever-
ity of the wear of MPRCs are elucidated based on experimental findings. By using 
artificial neural network technique, a phenomenological model study can be carried 
out on the wear behaviours of MPRCs, which are complicated and influenced by 
manifold factors.

1 � Introduction

The attraction of polymer composites lies in the combination of advantages of 
various materials, i.e. polymeric matrix and reinforcing phases. Those merits of 
polymer composites, such as flexibility for design and manufacturing, competitive 
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cost, excellent performance and chemical resistance, are hardly attained by metals, 
ceramics, or polymers alone. Among the polymer composites, fiber reinforced pol-
ymer composites (FRPs) have been developed for several decades and been used 
in numerous applications due to their outstanding mechanical and tribological per-
formance. Since the 1990 s, tremendous progress has been achieved in nano-scale 
filler (e.g. nanoclay, nanotubes and nanoparticles) reinforced polymer composites, 
which is considered as promising structural and multifunctional engineering mate-
rials. Therefore, it is a natural step to combine the two kinds of exceptional rein-
forcements and build a multi-scale phase reinforced composite (MPRC) system.

The MPRCs are also called hybrid or ternary nanocomposites, or fiber-reinforced 
nanocomposites in literature [1, 2]. Compared with their two-phase counterparts 
consisting of single-scale reinforcements (fibers or nanofillers) and matrix, MPRCs 
are three-phase composites tailored with micron-scale fibers, nano-scale fillers and 
polymer matrix. The research and development of MPRCs was initiated from the 
midst of 1990s, when researchers attempted to treat the surfaces of reinforcing fib-
ers with carbon nano-fibers [3] and to modify polymer matrix with inorganic nano-
particles [4] in order to obtain further improvements in the mechanical properties 
of FRPs. The growth of research interest on MPRCs started to accelerate almost a 
decade later, i.e. since middle 2000s. Up to today, considerable amount of research 
effort has been directed to the processing and property study of MPRCs, with focus 
on their mechanical and wear performance. The reported work has proven this 
type of composites could be a superior competitor to current FRPs and polymer 
nanocomposites.

Nowadays, polymer composites are frequently used as tribo-engineering 
materials, replacing metallic materials in growing technical applications where 
wear and friction are regarded as critical issues. Short fibers are found to be effi-
cient load bearing components [5], which increase the compressive strength and 
creep resistance of the polymer matrix, leading to enhanced wear performance. 
Contribution of other fillers, especially in the form of particulate, to the tribologi-
cal properties of polymer composites is more complicated. Some “soft” fillers, 
such as Polytetrafluoroethylene (PTFE) particles and graphite flakes, are exten-
sively used as internal lubricants to alleviate the adhesion between the sliding bod-
ies. The corresponding reduction in the frictional coefficient promoted by these 
lubricants is attributed to the formation of smooth films on the surfaces of compos-
ite and counterpart. As a result, wear and frictional heating are markedly decreased 
[6, 7]. Inorganic micron-scale particles, harder and stronger than polymer matrix, 
show various effects, including both positive and negative, on the wear perfor-
mance of polymer composites. For example, the wear rate of polyphenylene sul-
phide (PPS), a major high performance thermoplastic, was reported to be reduced 
by Ag2S, CuS, NiS, SiC and Cr3C2, but increased by PbTe, PbSe, ZnF2, SnS and 
Al2O3 particles [8–13]. It was found that some beneficial particles are of help to 
ameliorate the bonding between the transfer film and the metallic counterpart, 
resulting in improved wear resistance [14], whereas the deleterious particles usu-
ally cause thick and lumpy transfer films which have the tendency to detach itself 
from the counterface.
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Nanoparticles with large specific surface area demonstrate dramatic efficiency 
at reinforcing the mechanical and tribological properties of polymer matrix in 
comparison with their micrometer counterparts. Furthermore, the action of particle 
angularity, which is detrimental to the wear performance of composites, can be 
substantially diminished on nano-scale. However, both positive and negative influ-
ences on the tribological properties of PPS have also been observed for different 
nano-particles. Some contribute towards the formation of thin and uniform transfer 
film with better adhesion to the counterface, whereas others act as abrasive body 
only and lead to more severe wear [15, 16].

What makes MPRCs intriguing is the synergistic effect imposed by nanopar-
ticles and short fibers. The wear resistance of MPRCs containing short fibers and 
nanoparticles could be significantly improved due to the interaction between these 
reinforcements of multiple scales during the sliding. Zhang et al. [17] reported in 
2004 that the specific wear rate of epoxy-based MPRC was drastically reduced to 
a level about 100 times lower than that of neat epoxy by a combination of micron-
scale short carbon fibers, Graphite flakes and PTFE particles, together with nano-
TiO2 particles. The wear resistance of MPRC was found even pronouncedly better 
than conventional FRP containing internal lubricants. Since then, wear of MPRCs 
has become a subject of increasing interest to academic and industrial communities.

This chapter presents a review on the progress of the development and investi-
gation of MPRCs with short fibers as primary reinforcement for tribological appli-
cations. The discussion covers the preparation techniques and wear behaviours of 
MPRCs, as well as the new wear mechanisms introduced by the synergistic effect 
of short fibers and nanoparticles.

2 � Experimental Details

2.1 � Preparation of Multi-Scale Phase Reinforced  
Composites

Figure 1 schematically illustrates the procedure for producing MPRCs, in which 
fillers of multiple scales are introduced to modify the properties of polymers. 
According to open literature, short carbon fibers (SCFs) [17–34], short glass fibers 
(SGFs) [35] and short aramid fibers (SAFs) [36–38] are used as primary reinforce-
ment. The internal lubricants, if added, include micrometer sized PTFE particles 
or graphite flakes [17, 19–21, 25, 26, 28, 29, 33]. Inorganic nanoparticles are most 
widely used nano-filler, whereas carbon nanotubes [22, 23] and nanoclay [18, 35] 
are seldom adopted, probably due to the difficulty in filler dispersion.

It is well known that random and homogeneous dispersion of nano-fillers  
(carbon nanotubes in particular) still remains a challenge so far, and agglomeration 
of nano-fillers is considered as one of the formidable obstacles in gaining the desired 
properties of polymer nanocomposites. Therefore, for thermoset-based MPRCs, the 
multi-scale components are generally incorporated into the matrix separately, from 
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nano-scale to micron-scale, in order to achieve a uniform dispersion of all kinds of 
fillers within the matrix. A typical procedure is summarized as three or four steps, 
depending on the additional filler besides short fibers and nanoparticles [34]:

1.	 Nanoparticles are dispersed into the preheated resin of low viscosity through 
mechanical stirring in a dissolver, occasionally with the aid of ultrasonication 
to break the agglomerates;

2.	 If the composition includes internal lubricant, a similar process is performed 
for the addition of micron-scale lubricant fillers.

3.	 The nanocomposite resin and short fibers are mechanically mixed after the 
solvent (if used) is evacuated under vacuum circumstance;

4.	 Then the hardener agent is added into the mixture, followed by degassing, 
casting and curing of MPRC specimens.

The preparation of thermoplastic-based MPRCs is restricted to melt blending 
approaches. In a typical procedure, the nano-fillers, lubricants, short fibers and 
matrix (in the forms of powder or granule) are mixed together using direct mix-
ing techniques, e.g. mechanical stirring and ultrasonication [36, 39]. Afterward 
the mixture is melt compounded to MPRCs, through single/twin-screw extrusion, 
kneading, or compression molding. The procedure could be simplified further for 
the researchers, because some pre-mixed thermoplastic products containing short 
fibers and internal lubricants (in the form of granule) are commercially available. 
In that case, the MPRCs can be prepared by melt blending after simple mixing of 
the composite granules and nano-fillers [33].

The major advantages of this matrix-modify route for fabrication of MPRCs lie 
in its simplicity and cost efficiency. The procedure is highly compatible with cur-
rent industrial techniques and facilities for large-scale manufacturing of polymer 
composites, which outlines a promising picture for extensive tribological applica-
tions of MPRCs in near future.

2.2 � Wear Tests and Characterization

Wear resistance, as a most critical performance indicator for tribo-engineering 
materials, can be assessed by various sliding tests, among which pin-on-disc (POD) 

Fig. 1   Schematic diagrams 
of the procedure for the 
fabrication of MPRCs.  
Please note the diagrams  
are not to scale
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and block-on-ring (BOR) are two commonly adopted approaches. Figure 2 shows 
the schematic diagrams of the apparatuses for the two kinds of tests. The read-
ers can refer to relevant standards, e.g. ASTM G 99 and ASTM G 77, for more 
details of configuration. In those testing methods, two characteristic parameters are 
employed to describe the wear and tribological properties of a tribo-material: spe-
cific wear rate and coefficient of friction.

Specific wear rate (ws) represents the volume loss of a substance after wear 
experiments, normalized by the sliding conditions, i.e. normal force and sliding 
distance. For pin-on-disk test, it is calculated using the equation:

where Δm is the weight loss of specimen after the test, ρ is the material density, 
FN is the normal force imposed to the specimen during sliding, v is the sliding 
speed, and t is the total time that test lasts. In block-on-ring test the metallic coun-
terpart ring leaves a curved worn surface on the composite specimen, the specific 
wear rate can be calculated more precisely according to the geometrical measure-
ment of the tested specimen using microscope, according to the equation:

(1)ws =

∆m

ρFN vt

(2)ws =

B

FN vt
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
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Fig. 2   Illustration of the apparatuses for wear test: a pin-on-disc; b block-on-ring
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where B is the width of the specimen, r is the radius of the counterpart ring, and b 
is the width of wear trace on the ring. The inverse of the specific wear rate is gen-
erally referred to as the wear resistance of a material.

The coefficient of friction (fc) describes the resistance to the relative sliding 
between two bodies. It is defined as the proportion of the friction force FF to the 
normal force FN, namely

Investigation of the wear mechanisms is often performed by surface charac-
terization of worn specimen and counterpart, using scanning electron microscope 
(SEM), atomic force microscope (AFM) and optical microscope.

3 � Wear and Tribological Properties of MPRCs

3.1 � Improvements Achieved in MPRCs

Combinations of various short fibers and nano-fillers have been examined heretofore 
for the improvement in wear performance of thermoset- and thermoplastic-based 
MPRCs. According to these attempts, a judicious configured composition, usually 
consisting of short fibers, internal lubricants and nano-fillers in an appropriate pro-
portion, demonstrated a great potential to enhance the wear resistance of polymers. 
Table 1 summarizes the results in the reported work. It can be seen that the addi-
tional incorporation of nano-fillers into conventional composites filled with short 
fibers and internal lubricants significantly reduce the specific wear rate and coeffi-
cient of friction further. Nanoparticles can result in the pronounced improvements in 
wear resistance (33.4–87 %) and in coefficient of friction (36.4–73.5 %). Nanoclay 
leads to the increase of similar magnitude in wear resistance, viz. 44.4  % further 
improvement. The reinforcing effect of carbon nanotubes on the SCF reinforced 
PEEK is insignificant. Only 5.3 and 6.5  % further improvements in wear resist-
ance and coefficient of friction respectively are observed. This may explain why less 
effort has been dedicated to CNT-doped MPRCs for tribological applications so far.

It is noteworthy that short fiber reinforced composites filled with micron-scale 
internal lubricant of high content or lubricant oil-load microcapsules can also pro-
vide the composites very low wear rate and coefficient of friction. However, such 
compositions may deteriorate the mechanical properties of the composites since the 
internal lubricants are generally quite soft materials. This is definitely an undesir-
able side-effect in most practical applications. Addition of inorganic nanoparticles, 
which is effective to enhance the mechanical performance of polymer composites, is 
believed to offset such a detrimental influence induced by lubricant fillers [25, 34].

According to Table 1, the optimum nanoparticle content may fall in a range of 
1–5 wt %, depending on the size and nature of the particles. Although in most of 

(3)fc =

FF

FN
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the reported work the particle loadings were seldom over 10 wt % or vol %, and 
the dispersion quality of nanoparticles were not provided in detail, it is confirmed 
in the research on the mechanical behaviours of MPRCs that high filler contents 
tend to result in property deterioration because nanoparticles are prone to form 
agglomerates under van der Waals force. Those agglomerates, in general act as 
faults within materials, may affect adversely the wear properties of MPRCs.

3.2  Basic roles of multiple fillers in wear mechanisms

Different types of fillers play their own roles in the conventional composites. 
Short fibers undertake most of the load due to their high modulus and strength. 
Figure  3 demonstrates a typical four-stage wear process recognized in short fiber 
reinforced polymer composites [5, 20]: (1) matrix materials are peeled off during the 
sliding wear, causing the fibers are exposed to the metallic counterpart; (2) fibers are 
gradually thinned by the asperities of counterpart until they are broken; (3) debond-
ing between fibers and matrix occurs under concentrated stress around fiber/matrix 
interfaces; (4) the fibers are pulled out of the matrix, resulting in large cavities.

Internal lubricants lower down the adhesion between the friction bodies. Some 
layer-structured lubricants, e.g. graphite, contribute to the formation of coher-
ent transfer film on counterpart surface and reduce the coefficient of friction of 

Fig. 3   Schematics of the wear process of short fiber reinforced composite: a wear of the matrix 
and thinning of the fibers; b breakage of the fibers; c interfacial debonding between fibers and 
matrix; d peeling-off of the fibers [20]
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the paired materials [14], especially in running-in stage of sliding wear test. 
Accordingly the wear of composites can be substantially diminished.

Micron- and nano-scale particles, when incorporated as sole filler, have man-
ifold influences on the wear behaviours of polymer composites. On the positive 
side: (1) the hardness, modulus and strength of polymer can be augmented by the 
addition of hard nano-fillers, thus the wear resistance is enhanced; (2) the wear 
debris containing particles is helpful to generate smooth and compact transfer film 
on counterpart surface, which alleviates the friction between the paired bodies. 
Some particles, such as CuS and CuO [6], are capable to induce tribo-chemical 
reactions with steel counterpart, whereby the adhesion of transfer film to the coun-
terpart surface is strengthened. On the negative side: (3) Particles, especially in 
the forms of aggregated clusters, can play a role of abrasive body and aggravate 
the severity of sliding wear; (4) Moreover, particles may increase the discontinui-
ties in the matrix after they are detached. These adverse effects are inevitable due 
to the nature of particles and polymers. During the sliding wear of particle-filled 
composites, the aforementioned beneficial and detrimental effects occur simulta-
neously and compete against each other. The predominant one determines whether 
the final wear performance of the composite is upgraded or degraded.

3.3 � Rolling Effect of Nanoparticles

What makes MPRCs superior in wear performance to conventional composites 
(which may also containing multiple fillers) is the combination of multi-scale 
phases does not mean a simple superimposition of the basic role of each compo-
nent, but does promote a dramatic synergy between these components, leading to 
pronounced changes of wear mechanisms.

Fibers as a primary reinforcement in MPRCs carry the load imposed from 
counterpart, directly via counterpart asperities and indirectly via wear debris. Thus 
the nanoparticles of much smaller dimension get sufficient support from compos-
ite surface. The abrasion of matrix caused by the nanoparticles can be effectively 
suppressed. Instead, the nanoparticles start to roll rather than slide between the 
two surfaces. The rolling nanoparticles contribute positively to decreasing coeffi-
cient of friction during the sliding, and to lowering down the shear stress level and 
contact temperature on the surface of MPRCs. In consequence, the wear resistance 
of MPRCs can be significantly enhanced.

This nano-scale “rolling effect” proposed by Zhang’s group [17] has been veri-
fied extensively in recent years. One of the strong evidences is the AFM charac-
terization of the worn surface of MPRCs [29] (Fig. 4). Figure 4a shows the fiber in 
the worn surface of the conventional PA66/SCF composite without nanoparticles. 
Although the exposed fiber surface is smooth and no fiber/matrix debonding vis-
ible in the image, the cross-sectional measurement reveals that the exposed fiber 
surface is markedly tilted to the worn surface, as shown in Fig.  4c. It suggests 
that the asperities of metallic counterpart exert an impact load to the front edge of 
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fiber followed by concentrated press to the surface of fiber, resulting in high shear 
stress along the fiber/matrix interface, in particular around the front edge against 
the sliding direction. In remarkable contrast, the fiber surface is well parallel to 
the worn surface in the PA66/SCF composite with nano-TiO2 particles (see Fig. 4b 
and d). The result is consistent with the “rolling effect” in which the nanoparticles 
act as load transfer body and help to distribute the stress evenly on the fiber sur-
face. By this way, the direct scratch of counterpart asperities is replaced with a rel-
atively milder polish of particles, as illustrated in Fig. 5. Figure 6 shows the SEM 
photo taken on the worn surface of PA66/SCF/nano-TiO2 MPRC, where a great 
amount of shallow nano-scale grooves caused by this nanoparticle polish process 
is clearly visible on the fiber surface.

Another key role of the rolling nanoparticles is protecting the fibers from being 
peeled-off from the matrix. As mentioned above, it is the front edge of fibers in con-
ventional short fiber reinforced composites, which takes the brunt of the counterpart 
asperities. The strong impact upon the polymer matrix in the interfacial area tends 
to induce fiber/matrix debonding and subsequent removal of the fibers, as illus-
trated in Fig. 7. In MPRCs, the nanoparticles ploughed out, either operating alone 

Fig.  4   AFM images of the fiber on the worn surface of the composite a without, and b with 
TiO2 nanoparticles, as well as the corresponding cross-sectional measurements: c without, and  
d with nanoparticles. The arrow denotes the sliding direction of counterpart [29]
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or being wrapped by the matrix, can be driven by the counterpart asperities and roll 
between the paired surfaces until they meet the exposed fibers. Then the nanoparti-
cles and wear debris are blocked by the fibers and heaped up, building a protective 
shield for the front edge of fibers against the direct rubbing imposed by the coun-
terpart, as illustrated in Fig.  8. The wear mechanism is evidenced by SEM photo 
of the worn surface (Fig.  9). On the worn surface of PPS/SCF/nano-TiO2 MPRC 
specimen the accumulation of debris around the front edge of fibers can be clearly 
observed (Fig. 9b), whereas the front edge of fibers in conventional PPS/SCF keeps 
very clean (Fig. 9a). This mechanism is critical to enhance the wear resistance of 
MPRCs, because the fibers can be held in the matrix for longer time until they are 
cut into very thin pieces finally, and provide a lasting load bearing during the sliding.

A few groups reported that the positive effect of nanoparticles on wear resist-
ance of MPRCs could be amplified under high pv conditions (pv value means 
the product of the normal pressure p and the sliding velocity v) [21, 31, 33, 40].  

Fig. 5   Illustration of the contact mode for the MPRCs during the sliding [19]

Fig. 6   SEM micrograph of 
the fiber surface with nano-
grooves on the worn surface 
of PA66/SCF/Nano-TiO2 
MPRC [19]
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This interesting finding can also be explained by the “rolling effect”. At a 
high pressure or sliding velocity, the nanoparticle agglomerates of micrometer 
dimension, acting as abrasive body, are easier to be crushed into smaller scale 

Fig. 7   Process of the fiber removal for conventional short fiber reinforced composites: a rotation 
of the fiber and interfacial debonding, b breakage of matrix around interface, and c peeling-off of 
the exposed fiber [20]

Fig. 8   Diagrams of the protective effect of rolling nanoparticles on the fiber at its front edge: 
a the nanoparticles ploughed out roll with the counterpart asperities; b the nanoparticles are 
blocked by the exposed fiber and accumulate at the front edge of fiber, preventing the counterpart 
asperity from pulling the fiber out of the matrix. Please not the schematics are not to scale [31]

Fig.  9   SEM micrographs of worn surfaces of a conventional short fiber reinforced composite 
and b PPS/SCF/nano-TiO2 MPRC. The arrows in the top-left corner indicate the sliding direction 
of the specimen [31]
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and shift their role to the rolling third body [33]. More important, the rolling 
nanoparticles acting as spacers between the composite and counterpart not only 
reduce the friction, but also suppress the accumulation of heat. As we know most 
energy dissipated during sliding wear is transformed to heat. A high contact 
temperature, in particular above the glass transfer temperature of host polymer, 
decreases the strength of the matrix and induces thermal–mechanical failure, 
deteriorating the wear resistance of the composite. Under a common testing 
condition (1 MPa·m/s in air), the contact temperatures of the metallic counter-
parts for MRPCs are found to be several degrees lower than that for conventional 
short fiber reinforced composites. The temperature difference can achieve about 
20–40  °C degree under testing conditions of high pv product (5 MPa·m/s) [28, 
29, 33], which make the rolling effect more prominent on lowering down the 
wear rate of MPRCs. On the other hand, the rolling effect could be weakened 
if the generated heat is dissipated via other way. For example, the magnitude 
of improvement in specific wear rate of PEEK/SCF/nano-ZrO2 MPRCs was 
observed to decrease from 57.9 % at a condition of 1 MPa and 2 m/s down to 
32 % at a condition of 8 MPa and 2 m/s when the sliding wear tests were carried 
out in water, where the rise of temperature of the water near the paired surfaces 
was limited less than 10 °C [24].

3.4 � Other Reinforcing Mechanisms

Nanoarticles with much higher specific surface area are found to be more effec-
tive on reinforcing the mechanical properties of polymer matrix than micron-scale 
particles. This advantageous feature can be of help to enhance both composite and 
transfer film in wear.

It has been proven that the addition of nanoparticles results in significant 
increase in various mechanical properties of polymers, such as modulus, hard-
ness, strength, and fracture toughness. As illustrated in Fig. 10, the nanocomposite 
matrix with enhanced modulus is considered to give the fibers stronger support 
when they are rubbed by the counterpart. Diminution of the plastic deformation in 
zone I (in front of short fiber) and zone II (behind short fiber) conduces towards a 
tight hold of the fibers within matrix [26].

Considering that the failure of polymer composites during the wear is consid-
erably due to creep and fatigue, the polymer matrix with improved damage tol-
erance could demonstrate higher wear resistance. Moreover, the stiffening and 
toughening of polymer matrix by the incorporation of nanoparticles also benefits 
the interfacial adhesion strength between fibers and matrix [41]. The presence of 
the nanofillers within the matrix may contribute to a more efficient stress transfer 
in MPRCs and alleviate the stress concentration along the fiber/matrix interface. 
Simultaneously, the debonding between the nanoparticles and polymer matrix, and 
the diverging of the micro-cracks may consume more deformation energy for the 
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development and propagation of micro-cracks, as illustrated in Fig. 11. A strength-
ened fiber/matrix bonding considerably helps to keep the primary reinforcing fib-
ers in the matrix during the wear.

Transfer film has a pivotal role in protecting the soft polymer surface from the 
hard metal asperities. According to the study on the transfer film by Bahadur’s 
group [15, 16, 36, 42], properly selected nanoparticles can promote the forma-
tion of thin and compact transfer film on the counterpart surface. When the fillers 
decompose, the product generated in tribo-chemical reaction makes the transfer 
film more coherent to the counterpart. This coating provides a lasting shielding for 
the composite against the harsh scraping of the counterpart asperities, reducing the 
wear rate. Figure 12 compares the transfer films formed in the cases of PPS/SAF 

Fig.  10   Illustration of how the enhanced matrix provides a strong support to the short fiber  
during sliding [26]

Fig. 11   Illustration of energy dissipation and stress transfer along the fiber/matrix interface in 
MPRC [41]
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composite with and without nano-CuO particles. It can be seen that there are less 
scratch tracks on the transfer film for PPS/SAF/nano-CuO MPRC than that for 
PPS/SAF composite, suggesting a milder wear. Figure 13 shows the SEM photos 
of the transfer films for conventional epoxy/SCF composite, epoxy/SCF MPRCs 
containing untreated nano-SiO2 particles and grafted nano-SiO2 particles (the 
latter are covalently bonded with matrix after curing) [30]. Apparently the trans-
fer film discontinuously developed during the sliding of epoxy/SCF composites 
is rather lumpy with relatively deep grooves compared to the cases of MPRCs 
(Fig. 13a). The addition of nanoparticles contributes positively to the formation of 
smooth and uniform transfer film (Fig. 13b and c). The epoxy/SCF MPRC filled 
with grafted nano-SiO2 particles gives the smoothest transfer film and lowest wear 
rate accordingly.

4 � Modeling of Wear Behaviours for MPRCs

Although the observed amelioration of wear performance in MPRCs can be well 
explained by the positive rolling effect of nanoparticles, quantitative modeling 
of the wear properties of MPRCs is still in its infancy stage. Wear of materials 
is a complex process associated with mechanical interactions, physical transi-
tions and chemical reactions. Moreover, the synergistic effects introduced by the 
micron-scale short fibers and nanoparticles could be influenced by a great amount 

Fig. 12   Optical micrographs of the transfer films on the counterfaces for a PPS/SAF composite 
and b PPS/SAF/nano-CuO MPRC. Arrows indicates the sliding direction [36]
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of factors, such as the features of nanoparticls (size, shape, hardness and surface 
characteristics), dispersion quality of multiple components, and testing conditions. 
To integrate all of these controlling elements poses a serious challenge to the mod-
eling study.

Artificial neural network (ANN) is a powerful analytical tool for the mod-
eling of complex phenomena. Inspired by biological nerve system, ANN uses  
inter-connected mathematical nodes to imitate the learning ability of human. 
Such a network can learn (or be trained) from examples, and explore by itself the 
underlying functional relationships between the given reasons and results, which 
generally cannot not be well described by existing physical theories and other 
mathematical approaches. The knowledge generalized by the network can be 
applied to make prediction for new cases. Extensive research has proven that ANN 
is ideally suitable to model the wear, fatigue, and creep behaviours of polymer 

Fig. 13   SEM micrographs of the transfer films on the counterfaces for a Epoxy/SCF composite, 
b Epoxy/SCF/untreated nano-SiO2 MPRC and c Epoxy/SCF/grafted nano-SiO2 MPRC. Arrows 
indicates the sliding direction [30]
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composites [43–47], which represent a type of very complex, non-linear and 
multi-dimensional problems in materials science.

Figure  14 provides a schematic illustration of an ANN composed of cross-
linked mathematic nodes (so-called neurons). An ANN is generally defined as 
three parts connected in series: input layer, hidden layer and output layer. The 
raw information is acquired by the input layer, and processed in the hidden layer. 
Afterward, the results are exported via the output layer. The neuron number 
in input and output layer are fixed to be equal to the input and output variables 
respectively, whereas the hidden layer may have more than one layer, and the neu-
ron number in each layer is flexible. The structure of an ANN can be expressed as

where Nin and Nout are the numbers of input and output variables, respectively. 
h denotes the number of layers in hidden layer, and Nh is neuron number in the 
hth hidden layer. For example, 7-[9-3]2-1 represents a network consisting of input 
layer with 7 input parameters, 2 hidden layers with 9 and 3 neurons respectively, 
and output layer with 1 output parameter. The neurons, as the basic processing 
units in a network, are linked by weighted inter-connections that resemble the 
intensity of the bioelectricity transferring between the neuron cells in a real neural 
network. During the training process, the individual neuron receives the informa-
tion from the neurons in the previous layer, and modulates the information with 
a linear or non-linear transfer function (f(x)), weights (W) and bias (b), finally 

(4)Nin − [N1 − N2 − · · · − Nh ]h − Nout

Fig. 14   Structure of artificial neural network [48]
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outputs the result to the neurons in the next layer, as demonstrated in Fig. 14. The 
learned knowledge can be memorized in terms of the state of these weights as well 
as the biases in neurons.The application of ANN for the modeling of wear behav-
iours of polymer composites can be summarized in terms of three stages [48]:

(1)	 Database collection: collect and pre-process the experimental data to build 
a large enough database. In this database, any possible controlling fact, e.g. 
material compositions, manufacturing parameters, testing conditions, and 
mechanical or physical properties of the composites which may have con-
siderable influences on the wear properties can be used as input, in case the 
factor can be quantized to certain value. Specific wear rate and coefficient of 
friction are generally set as outputs.

(2)	 Optimization of ANN: train the network using a part of the collected database, 
evaluate its performance using the rest, and then adjust the structure, internal 
parameters of the network and training algorithm. The procedure is repeated 
for a few times until the performance of a network, such as prediction accu-
racy and computing efficiency reach the expected level.

(3)	 Prediction by ANN: use the sufficiently optimized and trained network to pre-
dict solutions for input data which is new to the collected database.

Figure  15 shows the ANN predicted specific wear rate and frictional coef-
ficient of PPS/SCF/nano-TiO2 MPRCs, accompanied with the measured results 
(to distinguish the measured data from prediction, those points are shifted a 
little to right side along X-axis in the figure). It can be seen that ANN pre-
diction gives a good profile for wear rate of MPRCs as function of SCF and 
nano-TiO2 contents. Furthermore, an optimum composition of MPRC, namely 
PPS with 15 vol  % SCF and 6 vol  % nano-TiO2 can be estimated according 
to the ANN model [31]. The predicted frictional coefficients of MPRCs show 

Fig. 15   ANN-predicted a specific wear rate, and b coefficient of friction for PPS with differ-
ent content of short fibers and TiO2 nanoparticles. The measured data points with error bars are 
shifted along X-axis to the right for a clear display [31]
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larger deviation than wear rate, but still demonstrate a clear correlation with 
the contents of multi-scale phases. Based on the predicted value, 3D profiles 
can be constructed by interpolation to show how the tribological properties of 
the composites vary in the given ranges of multi-scale phase contents (Fig. 16). 
The influences of testing conditions, i.e. applied pressure and sliding speed, on 
wear properties of MPRC can be also well modeled by ANN, as displayed in 
Fig. 17. The ANN predicted 3D profiles suggest a proper range of service con-
dition for the MPRC.

It should be pointed out that ANN works like a “black box” and unfortunately 
the explicit model on the physical nature of the wear behaviours cannot be pro-
vided by this technique. Although ANN dose not stimulate the understanding of 
the wear mechanisms in MPRCs, the outstanding ability of this phenomenological 
modeling approach in exploring the complex relationship between multiple inputs 
and outputs simultaneously is still of great help to release the researchers of tribo-
engineering materials from labor-intensive and time-consuming wear tests.

Fig. 16   ANN-predicted 3D profile of a specific wear rate, and b coefficient of friction as func-
tion of the content of multi-scale phases

Fig.  17   ANN-predicted 3D profile of a specific wear rate, and b coefficient of friction for 
PPS/SCF/nano-TiO2 MPRC as function of the testing conditions. The measured data are plotted 
as black dots with error bars [31]



98 Z. Jiang and Z. Zhang

5 � Summary and Outlook

The recent advance in the research on wear of MPRCs has opened a prosperous vista 
for MPRCs as a type of outstanding tribo-engineering material. An effective combi-
nation of micron-scale short fibers and internal lubricants, together with nano-fillers 
is readily accessible by employing current manufacturing technologies and facilities 
well developed for producing conventional short fiber reinforced composites. For 
fabrication of thermoplastic-based MPRCs in particular, the additional expenditure 
may be only the cost of raw nano-fillers, since the addition of nano-fillers could be 
merged into the mixing process of other micron-scale components. Furthermore, 
homogenously dispersed nano-fillers have been extensively reported to make remark-
able contribution towards the improvements in mechanical performance of MPRCs, 
which endow MPRCs with the adaptability to a wider variety of service situations.

On the other hand, multi-scale components, even ideally incorporated into pol-
ymer matrix, could not guarantee the improved tribological properties of MPRCs, 
because the wear of composites is a highly complicated process affected by man-
ifold factors, especially the service conditions. The synergistic effect was found 
disappear and a severe wear was observed when the counterpart disk with rough-
ness close to the size of nanoparticles was replaced by a finely polished one [20]. 
It was concluded that the rolling effect may not work if the counterface is too 
smooth to hold nanoparticles and allow them rolling among the asperities, hence 
a strong adhesive wear occurred. Moreover, experimental studies showed that 
the synergistic effect may be valid only in a certain range of applied pressure and 
sliding velocity. Appropriately high pv-conditions can give full play to the rolling 
effect of nanoparticles, whereas outside this range (too high or too low) the rein-
forcing effects are weakened. The role of the nanoparticles may gradually change 
from a positive rolling body to a negative abrasive body in case the applied pres-
sure was reduced to below a critical level [26, 33]. Therefore, substantial research 
effort is still required to explore the correlations between the wear behaviours of 
MPRCs and various controlling factors, in order to achieve a deep understand-
ing of the wear mechanisms of MPRCs. The knowledge gained will stimulate the 
design of MPRCs as high performance tribo-engineering materials and promote 
their wear-resistant applications.
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