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ARTICLE DETAILS ABSTRACT

Article History: Various kinds of polymers and polymer matrix composites reinforced with metal particles have a wide range 
of industrial applications such as heaters, electrodes, actuators etc. When silica nano-particles are added to a 
polymer matrix to form a composite, they play an important role in improving electrical, mechanical, and thermal 
properties of composites. The inclusion of inorganic fillers into polymers for commercial applications is primarily 
aimed at the cost reduction and stiffness improvement. The present paper presents a survey on nano-filler 
polymer-based composites with improved mechanical properties for low friction and low wear applications.
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1. INTRODUCTION

In the past few decades, researchers and engineers’ interest has been 
shifting from monolithic materials to reinforced polymeric materials. 
These composite materials now dominate the pharmaceutical, 
aerospace, leisure, automotive, construction, and sporting industries.

A polymer nano-composite is defined as a composite material with a 
polymer matrix and filler particles that have at least one dimension less 
than 100 nm. These engineering composites are desired due to their 
low density, high corrosion resistance, ease of fabrication and low cost. 
Glass fibers are the most widely used to reinforce plastics due to their 
good mechanical properties and low cost. Various kinds of polymers 
and polymer matrix composites reinforced with metal particles have 
a wide range of industrial applications such as heaters, electrodes, 
actuators etc. When silica nano-particles are added to a polymer matrix 
to form a composite, they play an important role in improving electrical, 
mechanical, and thermal properties of composites [1]. The inclusion of 
inorganic fillers into polymers for commercial applications is primarily 
aimed at the cost reduction and stiffness improvement.

Polymer composites can be fabricated by the incorporation of inorganic 
reinforcements into the polymer matrix. The properties of the resulting 
polymer composites depend on the characteristics, the dimensions, and 
the shapes of the inorganic fillers, and also on the interfacial bonding 
strength. It is proposed that with decreasing filler dimensions or 
increasing filler content a significant improve in the contact area between 
the filler and matrix, and in turn it would greatly and effectively improve 
the transfer of the load between the fillers and the polymer matrix. 
The inorganic nano-fillers, ranging from 1 to 50 nm, were successfully 
incorporated into the polymeric matrix to strengthen and improve the 
ductile polymer to be more stiff and resistant for abrasion [2].

The inclusion of the ceramic nano-filler into the more flexible and lower 
thermal resistance polymer can substantially improve its stiffness and 
thermal stability. The nano-sized silica or alumina particles without 
any chemical modification were incorporated into the PEEK polymer. 
It appears that there are occasional clustering occurrences for two to 
five nano-particles to cluster or align together, the majority of the nano-
particles were seen to disperse semi-homogeneously in the polyether 
ether ketone (PEEK) matrix [3].

With the booming of nano-phased materials in the recent years, attempts 
are being made to develop nanoparticle filled-polymer composites with 
improved tribological performance of the materials. It is expected that 
good tribological properties can be obtained for the polymers filled with 
nano-scale fillers compared to those filled with micro-scale particles. 
Due to their lower strength and stiffness compared with synthetic 
fibers, natural fibers use in polymer composites has been limited to 
non-tribological applications. Very little information concerning the 
tribological performance of natural fiber reinforced composite materials 
has been reported [4].

Polytetrafluoroethylene (PTFE) exhibits many desirable tribological 
characteristics, including high melting temperature, low friction, 
and chemical inertness. PTFE is an excellent solid lubricant and used 
commonly in bearing and seals applications. Unfortunately, PTFE 
exhibits high wear rate under normal friction conditions, which limits 
its application fields. Therefore, many kinds of PTFE-based composites 
have been produced to improve the wear resistance of PTFE. It was 
found that some micro-scale inorganic fillers showed distinct effect on 
the friction and wear behaviors of PTFE composites.

The present paper presents a survey on nano-filler polymer-based 
composites with improved mechanical properties for low friction and 
low wear applications. The effect of filler particle size is summarized. 
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Then the effect of chemical surface modification and multi-functional 
fillers is reviewed. Finally, some conclusions are drawn.

2. EFFECT OF NANO-FILLER PARTICLE SIZE AND RATIO

The shape, size, volume fraction, and specific surface area of added 
particles have been found to affect mechanical properties of the 
composites greatly. Currently, many studies have focused on how single-
particle size affects mechanical properties of the composites. Hoshino et 
al. discussed the effects of size and shape of silica particle on the strength 
and fracture toughness based on particle-matrix adhesion and they 
found an increase of the flexural and tensile strength as specific surface 
area of particles increased. Yamamoto et al. reported that the structure 
and shape of silica particle have significant effects on the mechanical 
properties such as fatigue resistance, tensile and fracture properties.

The effects of inorganic nanometer particles, such as SiC, SiO2, Si3N4 and 
ZrO2 on the tribological properties of some polymers have been studied. 
Li et al. reported that filling nanometer ZnO to PTFE could greatly reduce 
the wear of this polymer and the best anti-wear property was obtained 
with the composite containing 15 vol% nanometer ZnO, but the friction 
coefficient of nano-composite was higher than that of the unfilled PTFE. 
Sawyer et al. investigated the tribological properties of PTFE composites 
filled with 40 nm Al2O3, and they found that the friction coefficient of 
the composite increased slightly compared to the unfilled sample and 
the wear resistance increased monotonically with increasing filler 
concentration.

Wang et al. have filled PEEK with various weight fractions of SiC, 
Si3N4, SiO2, and ZrO2. The addition of the filler in fractions less than 
10% by weight improved the wear resistance and reduced the friction 
coefficient. The improved wear and friction is attributed to two 
factors: the smoothing of the steel counterface, and the development 
of a transfer film. Schwartz and Bahadur filled polyphenylene sulfide 
(PPS) with alumina nano-particles. Examination of these samples with 
scanning electron microscopy showed good dispersion of filler particles 
in the PPS matrix. Wear tests were performed on a four stations pin-on-
disk tribometer. The roughness of the counter face was varied. It was 
postulated that this parameter directly relates to the development of the 
transfer film on the counter face; the rougher surface facilitates transfer 
film growth. Similar to the previous studies, maximum wear resistance 
was found at weight percentages below 10.

As the percentage of filler increased above this optimum, the composite 
material experienced more wear than the unfilled counterpart. Unlike 
the previous work with PEEK, the coefficient of friction increased 
monotonically with increasing filler concentrations. Li et al. filled PTFE 
with nano particles of ZnO. Wear resistance was improved by nearly 
two orders of magnitude with a maximum wear resistance at ZnO 
concentrations of roughly 15% by volume. In that study, the friction 
coefficient of the nano-composite was higher than the unfilled PTFE. 
Petrovicova et al. filled Nylon 11 with silica. Wear resistance increased 
with increasing concentrations of nanoscale silica up to 15% by volume. 
They found that the friction coefficient of the nano-composite was lower 
than that of the unfilled Nylon. Avella et al. filled polymethylmethacrylate 
(PMMA) with nano-scale CaCO3. The abrasion resistance increased as the 
filler content was increased, improving by a factor of 2% with 3% CaCO3 
by weight. Yu et al. filled polyoxymethylene (POM) with micrometer and 
submicron copper particles. The nano-composite had less wear and a 
lower coefficient of friction than the composites filled with micrometer 
sized particles of copper and the unfilled POM. It was hypothesized 
that the increased surface area of the submicron copper filler particles 
improved the bonding strength at the filler/matrix interface. In Figure 
1, the reported wear-rates of the nano-composites are each normalized 
by the reported wear-rate of the unfilled matrix and plotted versus the 
volume fraction of filler particles. In Table 1. the wear-rate for the most 
wear-resistant formulation of each nano-composite is given.

This compilation of data showed that the optimum concentrations of 
nanometer sized filler particles is 2% 5% by volume. A more typical 
optimum in polymer composites made with micrometer sized filler 
particles is on the order of 30%. It is also shown that consistent 
observation that improvements in wear can be realized with polymer 
nano-composites. But the origin of wear resistance improvements in 
polymer nano-composites is an open question.

Figure 1: A plot of normalized wear improvements for polymer nano-
composites as a function of filler volume fraction.

Table 1: A comparison of the lowest reported wear-rates for various 
polymer nano-composites.

Matrix/nano-filler Lowest wear-rate, k (×10 - 6 mm3/Nm)

PTEE/ZnO 13

PPS/Al2O3 10.4

PEEK/SiC 3.4

PEEK/Si3N4 1.3

PEEK/ZrO2 3.9

PEEK/SiO2 1.4

As a PTFE matrix, it has been successfully filled with nano-particles of 
alumina, zinca, and carbon nano-tubes. Sawyer et al. used 38 nm Al2O3 
filler to improve the wear performance of PTFE, and the wear resistance 
of this nanocomposite increased monotonically with filler wt%, 
eventually being 600 times more wear resistant than unfilled PTFE at 
a loading of 20 wt%. Burris and Sawyer and Li et al. have found similar 
improvements for metal-oxide nano-composites of PTFE at high weight 
percents of filler. The promise of nano-composites, however, was that 
low weight percents could provide such improvements. This study is 
the first in which low weight percentage of filler particles are shown to 
provide over 1000× improvements in wear rate. The difference between 
these composites and previous nanocomposites of PTFE is that the 
nano-particles are irregular in shape, as opposed to the spherical shape 
of previous composites.

3. CHEMICAL SURFACE MODIFICATION

Chemical surface modification is widely used to obtain a high wettability 
for a solid surface, a good dispersion of particles, and adhesion of 
fillers in composite materials. Chemical surface modification can be 
categorized as follows:

3.1 Surface modification by chemical reaction

This type of surface modification promotes a chemical reaction between 
the polymer matrix and an inorganic filler to strengthen the adhesion. 
Two reagents are mainly used in chemical surface modification to obtain 
a hydrophobic surface. One example of such a reagent is an alkyl silane 
coupling agent and another is an alcohol.

3.2 Surface modification by non-reactive modifier

In most cases the surface of the nano-particles used for nano-particle 
filled polymer composites prepared by dispersive mixing for tribological 
applications have not been pre-treated. If no specific surface treatment 
is applied beforehand, the unique nano-effect of nano-particles cannot 
be fully brought into play. Therefore, pre-treatment of nano-particles 
before every experiment is necessary.

A nonreactive modifier reduces the interaction between the filler 
particles within agglomerates by reducing the physical attraction rather 
than by any chemical reaction.
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Stearic acid has been widely used as a non-interacting surface modifier. 
Modified nano-filler can easily be incorporated into a polymer matrix, 
resulting in a decrease in the melt viscosity and, in most cases, an 
improved dispersion of the nano-filler in the composite. The wettability 
of silica nano-particles and the adhesion between the filler and the 
polymer matrix were improved by modifying the silica nano-particles 
with stearic acid. The non-reactive stearic acid reduces the interaction 
between the filler particles within agglomerates by reducing the physical 
attraction, rather than by any chemical reaction. However, there has 
been little research related to the mechanical properties of silica nano-
particle reinforced PEN composites with the modification of stearic acid.

Surface modified silica nano-particle reinforced PEN composites were 
melt blended to investigate the effect of stearic acid modification on the 
mechanical properties, crystallization behavior, and the processibility 
of the silica nano-particle reinforced PEN composites. The interfacial 
properties of the composites with stearic acid modification were 
quantitatively analyzed from tensile test results with various theoretical 
models.

The attempts to improve the tribological properties of pure poly-
electrolyte multilayers (PEMs) have been largely focused on 
transforming the structure of PEMs. It was found that the load carrying 
capacity of the polyelectrolyte multilayer film increased and better anti-
wear properties can be obtained with compositing nanoparticles.

Zhang et al. have systematically studied the tribological behavior of 
composite Langmuir-Blodgett (LB) films consisted of organic molecule 
and inorganic nanoparticles, they found that the nano-particles play 
a key role in increasing antiwear life of LB films, enhancing the load-
carrying capacity of the films. In the present years, the organic-inorganic 
hybrid thin films have also attracted widespread attention because of 
their low friction coefficient and relatively long antiwear life.

Nucleation and growth of ZnS nano-particles were achieved in a poly 
(diallyl dimethylammonium chloride) (PDDA)-poly (acrylic acid) (PAA) 
film prepared by the layer-by-layer deposition technique. It was found 
that ZnS nano-particles within PEMs possess load-carrying capacity and 
enhance antiwear life. Moreover, the PEMs with three reaction cycles 
show considerably lower friction coefficient and higher antiwear life 
than the PEMs with six reaction cycles.

Attapulgite (or palygorskite) is a clay mineral that together with sepiolite 
forms the group of fibrous clay minerals. The structure of attapulgite 
was first proposed by Bradley. It finds important uses as an animal 
waste adsorbent, pesticide carrier, decolorizing agent, in the oil refining 
and pharmaceutical industries and catalyst and catalyst support. Due 
to its especial layerchain structure and low price, nowadays attapulgite 
is receiving a great deal of attention. However, until now, not much 
information has been available on the friction and wear behaviors of the 
PTFE composite filled with nano-attapulgite.

Silica/polymer composites were found to possess unique physical, 
chemical and electromechanical properties, which have extensive 
application potential. The addition of various nano-sized fillers into 
polymer which may cause an improvement in the tribological feature 
at low filler contents due to a change of the wear mechanisms were 
reported by Wang and Xue. Su and co-workers revealed the friction 
and wear behaviors of the resulting carbon fabric composites sliding 
against AISI-1045 steel in a pin-on-disk apparatus. Nanofillers, such as 
TiO2, ZnO, SiO2 and Si3N4 were reported to be effective in improving the 
friction and wear properties of some polymer and fabric composites.

4. USE OF MULTI FUNCTIONAL NANO-FILLERS

Integrating various functional fillers is a principal route to develop high 
performance composite materials which cannot be achieved by using the 
single filler alone. Considerable attempts have been made to incorporate 
different additional fillers in to SFRPs in order to further improve the 
tribological performance. In particular, lubricating particulates such as 

polytetrafluoroethylene (PTFE), graphite and molybdenum disulfide 
(MoS2) have been successfully used to reduce the friction coefficient 
and the wear rate of SFRPs. These solid lubricants are generally helpful 
in developing a uniform transfer layer on the surface of metallic 
counterparts, which protects fibers from severe abrasive wear.

More recently, nano-sized inorganic particles have also come under 
consideration. For instance, Cho and Bahadur reported that the addition 
of 2 vol% nano-CuO could generally enhance the wear resistance of 
short fiber-reinforced polyphenylene sulfide. The beneficial effect of 
nano-particles was attributed to the development of a thin and uniform 
transfer film. Zhang et al. and Chang et al. systematically studied the 
effect of nano-TiO2 on short fiber-reinforced epoxy under different 
loading conditions. They found that the addition of 5 vol% nano-TiO2 
could significantly reduce the friction coefficient and the wear rate of 
epoxy composites than filling only with traditional fillers. The reduction 
was more pronounced at high pv (the product of pressure and velocity) 
conditions. The rolling effect of nano-particles was proposed to explain 
the low friction and wear loss of the nano-composites.

Guo et al. used surface modified nano-SiO2 filler to enhance the tribo-
properties of epoxy composites filled with short carbon fibers. In order to 
improve the interface bonding between nanoparticles and the polymeric 
matrix, the nanoparticles were pretreated by graft polymerization. The 
additional nanoparticles (4 wt%) proved to be useful in enhancing the 
wear resistance and reducing the friction coefficient of the SFRPs. This 
improvement mechanisms of nano-particles could be caused by the 
increased strength of the matrix and better properties of the transfer 
film. These results have clearly shown that the addition of nano-
particles is potentially useful to improve the tribological performance of 
SFRPs, even at a relatively low content. Nevertheless, the improvement 
mechanisms using nano-particles have not been deeply understood, 
although the pioneer researchers have addressed a number of significant 
factors affecting the wear behavior of these materials.

5. CONCLUSION

A survey study has been conducted and showed that the interest in poly-
mer-based composites for technical applications, in which low friction 
and low wear, is increasing. The survey showed that there is a signifi-
cant improvement in mechanical properties of the composite due to the 
addition of the nano-particles. Many types of nano-filling materials, in-
cluding SiC, Si3N4, SiO2, ZrO2, ZnO, CaCO3, Al2O3, TiO2, and nano-CuO, have 
been used to different types of polymers such as PEEK; PMMA; PTFE and 
epoxy. The mechanical properties which have been improved include 
fatigue resistance, fracture toughness, tensile strength, wear resistance, 
and friction coefficient. From the results of the conducted studies there 
is a considerable increase in wear resistance and decrease in the coeffi-
cient of friction. The change of wear resistance and friction coefficient 
depends on the size and volume fraction of the nano-filling materials. 
It is also possible to use multi-functional fillers to develop high perfor-
mance composite materials which cannot be achieved by using a single 
filler.

REFERENCES

[1] Zhu, K., Schmauder, S. 2003. Prediction of the failure pro-perties of 
short fiber reinforced composites with metal and polymer matrix. Com-
putational Materials Science, 28(3-4), 743-748.

[2] Tavman, I.H. 1997. Thermal and mechanical properties of copper 
powder filled polyethylene composites. Pow- der Technology, 91(1), 63-
67.

[3] Peters, S.T. 1998. Handbook of composites. 2nd Edition, Chapman 
and Hall, London.

[4] Rothon, R.N. 1999. Mineral Fillers in Thermoplastics I: Raw Materials 
and Processing. Springer, Berlin.


