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ABSTRACT

Purpose: Carbon nanotubes are used in composite materials due to the improvement of 
(including tribological) properties of composites, especially thermoplastic matrix composites. 
This demonstrates the potential of CNTs and the validity of research on determining the 
impact of this type of reinforcement on the composite materials under development.

Design/methodology/approach: The article presents selected results of research on 
polymer composites made of C.E.S. R70 resin, C.E.S. H72 hardener with the addition of 
a physical friction modifier  (CNTs) with a percentage by volume of 18.16% and 24.42%, 
respectively, which also acts as a reinforcement. The produced material was subjected to 
hardness measurements according to the Shore method and EDS analysis. The study of 
abrasive wear in reciprocating movement was carried out using the Taber Linear Abraser 
model 5750 tribotester and a precision weight. The surface topography of the composite 
material after tribological tests was determined using scanning electron microscopy (SEM). 
Some of the mentioned tests were carried out on samples made only of resin, used as the 
matrix of the tested polymer composite.

Findings: Carbon nanotubes used in polymer matrix composites, including bisphenol A/F 
epoxy resin have an influence on the tribological properties of the material. The addition of 
carbon nanotubes contributed to a 24% increase in the Ra parameter relative to pure resin, 
to a level corresponding to rough grinding of steel.

Research limitations/implications: The results of the tests indicate the need to 
continue research in order to optimize the composition of composites in terms of operating 
parameters of friction nodes in broadly understood aviation.

Originality/value: The analysed literature did not find any studies on the impact of the 
addition of carbon nanotubes on epoxy resins based on bisphenol A/F. Due to the wide 
scope of application of such resins, the properties of such composite materials in which 
carbon nanotubes are the reinforcing phase have been investigated.
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PROPERTIES

1. Introduction 
 

Composite materials are increasingly used in numerous 

industry branches, including defence and aerospace. They 

are used in both secondary structure aircraft components, 

as skin elements, girders, stabilizers or blades, but also in 

primary structure components, i.e. fuselage or wings [1]. 

Regardless of the type of air transport (civil or military), 

such materials must meet high requirements, both in terms 

of their mechanical properties, thermal resistance 

(necessary to move at high altitudes) and tribological 

properties. In the case of military aircraft, an additional 

feature of composites is  introduced, namely ballistic 

resistance (referred to as resistance to piercing) [2]. 

The actions to increase the reliability of machinery and 

devices focus on reducing the number of corrective actions. 

As indicated by the authors [3], durability is conditioned by 

a reliability of the weakest link, which, in most cases, is in 

the form of a sliding or rolling node. Therefore, in addition 

to the use of proper design solutions and compliance with 

recommended operating conditions, it is necessary to select 

appropriate materials, cooperating in the friction node. This 

opens up a new direction for the development of materials 

engineering with regard to improving the resistance to 

wear, heightening mechanical properties, increasing 

corrosive resistance and tribological resistance of new 

materials [4].  

According to the authors [5], it is possible to observe a 

rise in  interests in composite materials used in various 

industries (including automotive or aviation ones [6,7]). 

Composites, due to their share in different types of 

materials of the matrix base and reinforcement, of 

practically any orientation, produce tremendous 

possibilities to shape the characteristics of the products 

which are manufactured from them. Specifying a 

dependence between the composite materials and 

composite structure/microstructure as well as physical, 

mechanical and tribological properties requires extensive 

research [8-10].  

In the available literature, it is possible to find 

numerous examples with regard to tribological wear of 

composites, containing various physical modifiers of 

friction. In publication [11], the authors identified 

tribological properties of composites Cf/PF, including only 

microparticles of tungsten disulphiden (IV) (WS2), and an 

additional quantity of molybdenum disulfide (IV) (MoS2). 

On the basis of the research findings, it was discovered that 

a simultaneous addition of both physical modifiers of 

friction improved lubricating properties and resistance to 

abrasive wear of the composite.  

Also investigations into a hybrid composite were 

conducted, consisting of an epoxy polymer reinforced with 

a glass fibre, with nanoclay, prepared by the method of 

vacuum moulding (VARIM) [12]. The obtained results 

showed an impact of the reinforcement content, its 

orientation and concentration of nanoclay upon tribological 

properties of the composite. It was demonstrated that with 

an increased fibre content (75% of the mass share), an 

addition of nanoclay had a lesser influence upon the wear 

rate, while a significant positive effect was observed after 

filling the composite with nanoclay with a smaller fibre 

content (25 to 50% of the mass share). 

Ji et al. [13] conducted investigations over the use of 

nanoparticles of corundum (Al2O3) in polymer composites. 

They focused on the determination of the impact of Al2O3 

on the time of curing of the composite as well as on its 

mechanical and tribological properties. The results of the 

tests indicated that the presence of Al2O3 nanoparticles 

contributed to an acceleration of hardening epoxy resin, 

increasing the impact strength and lowering the value of 

the friction coefficient. 

Research conducted by Basavarajappa and Ellangovan 

[14] by means of a pin-on-disc tribometer concerned an 

impact of the presence of silicon carbide and graphite in the 

glass-epoxy composite upon abrasive wear. The authors 

changed the ratio between the volume percentage share of 

the modifiers in the composite in such a way that the 

contents of carborundum ranged from 5 to 10%, while of 

graphite it was maintained on a constant 5% level. Apart 

from determining the effects of the friction modifiers upon 

the tribological wear of composites, the mechanisms of 

wear, using the scanning electron microscope (SEM), were 

specified.  

Chang et al. [15] studied tribological properties of 

composites, with an epoxy resin matrix base, filled with a 

short carbon fibre, graphite, polytetrafluoroethylene 

(PTFE) and nanoparticles of titanium dioxide (IV) (TiO2) 

in various proportions and combinations. The values of the 
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friction coefficient and temperature in the contact zone and 

resistance to wear were examined by means of the pin-on-

disc tribometer in conditions of dry sliding speed at a 

different pressure and linear speed. The obtained results 

indicated that the presence of TiO2 nanoparticles  reduces 

the value of the friction coefficient, at the same time 

lowering the temperature in the contact zone. 

Consequently, the resistance to the wear of composites was 

increased, especially in extreme operating conditions (large 

pressure and high sliding speed). Compared to the 

traditional materials, the obtained epoxy nano-composites 

were characterised by better resistance to wear.  

The examinations over the impact of TiO2 particles 

(200-400 nm) and calcium silicate (IV) (CaSiO3) (4-15 �m) 

upon impact strength, mechanical properties in the 

conditions of dynamic and thermal load and abrasive wear 

are presented in [16]. An improvement of composite 

properties was found in the case of the presence of TiO2, 

whose volume share equalled 4%. Looking for the effects 

of synergies between micro- and nanoparticles, the authors 

observed further improvement of resistance to wear and 

raising stiffness along with a deterioration of composite 

resistance to striking. 

The tests of a dry sliding speed of composites 

containing nanoparticles of silicon nitride (Si3N4) [17] 

indicated that this type of composite materials have much 

better tribological and mechanical properties at a low 

content of the filler – typically less than 1% volume – than 

in the case of epoxy resin without the presence of the 

physical friction modifier. This is explained by strong 

interfacial adhesion between Si3N4 and the matrix base, 

reduced damping capacity and an increased resistance to 

thermal deformations. 

Shen et al. [18] presented the properties of the nano-

composite with graphene oxide, whose mass share ranges 

from 0.05 to 0.5%, proving that the presence of GO in the 

composite contributes to improving its resistance to 

grinding. Furthermore, they signalled an advantage in 

increasing the wear resistance of the polymer composite, 

using graphene oxide, in contrast to silicon oxide (III) 

(SiO2), titanium oxide (IV) (TiO2), aluminium oxide 

(Al2O3), silicate (IV) Calcium (Si3N4) and carbon 

nanotubes (CNTs). 

The above examples demonstrate the nature of the 

research conducted so far in improving the abrasive 

properties of composites, proving the validity of the 

undertaken research subject. The diversity of physical 

friction modifiers indicates a possibility of creating 

composites with regard to specified requirements for them. 

Unfortunately, due to the difficulties in obtaining  

a composite of predictable physico-mechanical properties, 

it is necessary to conduct research which determines  

an impact of the presence of additives upon the properties 

of the composite. 
 
 

2. Carbon nanotubes as a physical friction 

modifier 
 

Within the past two decades, there has been a growth in 

interest in carbon nanomaterials, such as fullerenes, 

graphene, nanodiamonds and carbon nanotubes. A number 

of conducted investigations indicate that this type of nano-

ingredients significantly affect the friction and wear 

parameters [19]. 

It can be confirmed in the works of Qianming et al [20]. 

The experts conducted investigations with regard to the 

determination of the tribological properties of composites, 

containing carbon nanotubes. The research findings, 

obtained by them, suggest that in comparison with carbon-

reinforced composites, CNTs (Carbon Nanotubes) 

composites show a more stable friction coefficient and a 

lower wear rate, especially at high temperatures. 

The authors of work [21] conducted tribological 

examinations in conditions of dry friction. The purpose of 

these tests was to determine changes in tribological 

properties, depending upon the content of carbon 

nanotubes, sliding speed and normal load – for both 

martensitic carbon steel S45C and composites with copper 

matrix (including 5, 10, 15 and 20% volume share of 

carbon nanotubes). It was observed that the smallest wear 

rate of composites occurred for samples containing 10-15% 

CNT volume share. 

Song, Lei and Zhao [22] determined mechanical and 

tribological properties of polytetrafluoroethylene (PTFE) 

reinforced with carbon nanotubes (CNT), using a 

simulation of molecular dynamics (MD) to investigate the 

mutual interactions and wear mechanisms of polymer 

nanocomposites from an atomic scale. The developed 

models of friction for pure PTFE and a polymer composite 

with a copper film were exploited to obtain the value of the 

friction coefficient and wear rate. The results of the MD 

simulation indicated that Young’s modulus and a shear 

stress of PTFE increased by 136.58% and 236.3%, 

respectively after strengthening the composite with carbon 

nanotubes. The average friction coefficient of PTFE 

decreased from 0.169 to 0.127 after the addition of CNTs. 

The research presents mechanisms responsible for 

improving the mechanical and tribological properties of 

PTFE on the basis of an atomic analysis. 

Song et al. in study [23] also presented an example of 

the arrangement of carbon nanotubes on the surface of 

2.  Carbon nanotubes as a physical friction 

modifier
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oxidized carbon fibres with a chemical method to improve 

the mechanical and tribological properties of polyimide. 

The conducted tribological tests showed an improvement in 

resistance to wear due to the presence of such a physical 

friction modifier in the composite. In comparison with pure 

PI, the coefficients of friction and wear of CF-CNT/PI 

composites decreased by 23.2 and 55.9%, respectively.  

Research into the improvement of the polyimide 

properties by an addition of carbon nanotubes was also 

conducted by Cai, Yan and Xue [24]. The composites 

which they examined by using a physical friction modifier 

in the form of carbon nanotubes of different volume 

percentage shares  were produced in the process in situ. 

The authors conducted bending strength tests, determined 

microhardness and designated tribological properties. The 

analysis of findings obtained by them led to the 

formulation of the following conclusion: bending strength 

and microhardness of PI/CNT composites increases along 

with the CNTs content. In addition, it was found that the 

presence of CNTs effectively improves the anti-wear 

properties of the nanocomposite, making it possible to 

improve load and sliding speed. 

The composites made up of carbon nanotubes and 

polytetrafluoroethylene were dealt with in publication [25]. 

The authors of this work investigated the tribological 

properties of the manufactured composite, using a roll-

block type tribotester in dry conditions. On the basis of the 

obtained results, it was found that CNTs significantly 

increases resistance to wear of PTFE composites and 

reduces the value of the coefficient of friction, which was 

true for composites with 15 to 20% volume share of carbon 

nanotubes (which had the best research findings).  

A significant improvement in the tribological properties of 

CNT/PTFE composites was assigned to the mechanical 

properties and an extremely high coefficient of the shape of 

carbon nanotubes. 

The above tests are intended to merely signal the 

attractiveness of exploiting carbon nanotubes in composite 

materials due to the fact that they improve their properties 

(including the tribological ones), especially thermoplastic 

matrix composites. The authors unanimously stress the 

need for experimental demonstrating CNTs potential 

through conducting research regarding the determination of 

the impact of such a reinforcement on the developed 

composite materials. This is particularly important in view 

of the fast growing industry and the technologies used. In 

the analysed literature, there are no investigations 

concerning the impact of the addition of carbon nanotubes 

upon epoxy resins, based on bisphenol A/F. Owing to a 

wide range of applications of such resins, it seems justified 

to conduct research into the properties of such composite 

materials, in which the reinforcement phase is carbon 

nanotubes. 

 

 

3. Research methodology 
 

In the performed tests, there were polymer composites, 

in which the reinforcement phase was multi-walled carbon 

nanotubes (MWCNTs). The examinations were made in the 

laboratory of the Department of Airframe and Engine at the 

Military University of Aviation in D�blin. For sample 

preparation, the authors used epoxy resin named C.E.S. 

R70 with C.E.S. hardener  and carbon nanotubes, whose 

percentage volume share equalled 18.16% and 24.42%, 

respectively. The samples were not influenced by 

environmental conditions. They were manufactured made 

by the gravity casting method. The air bubbles were 

removed using ultrasonic waves. 

The produced samples were tested in conditions of 

abrasive wear in a reciprocating motion using the Taber 

Linear Abraser model 5750 tribotester. The abrasive stone, 

used in the test stand, was 6.6 mm in diameter. Its 

gradation equalled 200. The friction path was 101.6 

mm/cycle and the total load was equal to 1,850 g. After 

200, 400, 600, 800 and 1,000 cycles, the sample mass was 

determined, using precision scales. After each 

measurement, the products of friction were removed. Also, 

in accordance with the recommendations of the 

manufacturer, the abrasive stone and the sample were 

cleaned. All the results of measurements were based on the 

results from groups of ten.  

In the further part of the research programme, the 

samples were measured with regard to hardness, using the 

Shore’s method,  in accordance with the PN-93/C-04206 

norm. After the tribological examination, an observation of 

the contact surface was made, using the Scanning Electron 

Microscopy method. The authors used a desktop scanning 

electron microscope, Phenom World Phenom ProX. Due to 

the functions of a SEM microscope, it was possible to 

conduct roughness measurements on a designated section 

of the wear path. 

 

 

4. Research results and their analysis 
 

Figure 1 shows the loss of weight for particular sample 

batches, calculated as an arithmetic mean of the loss of 

weight of samples for a particular batch, after a specified 

number of cycles of the tribological test. After conducting 

non-parametric tests in relation to independent groups,  

at the confidence level of  � = 0.05, a considerable impact 

3.  Research methodology

4.  Research results and their analysis
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was found of the addition of carbon nanotubes in the 

quantities of 18.16% upon an improvement in tribological 

properties by reducing abrasive wear. A further increase of 

carbon nanotubes did not significantly affect the reduction 

of weight loss. Moreover, in all cases the greatest wear 

occurred in the first interval of the friction process.  

In subsequent stages of the friction trial, it was possible  

to observe only a slight increase in the consumption of 

resin alone. Due to the addition of carbon nanotubes, a 

stabilization of the friction process was found, manifesting 

in the maintenance of wear on a quasi-constant level.  

 
 

 
 

Fig. 1. Average loss of mass of samples made of C.E.S. 

epoxy resin R70 with C.E.S. hardener H72 and with the 

addition of CNTs in the function of the number of cycles  

of a tribological trial 
 

 

Adding carbon nanotubes contributed to the reduction 

in hardness of the manufactured composite compared with 

its matrix. The same resin showed hardness at the level of 

79,2°Sh, while out of 18.16% with the mass share of the 

nano additive, it was approximately 10% lower, achieving 

76.4° Sh. Moreover, a further increase in the amount of 

nano reinforcement resulted in a slight increase in hardness 

up to the value of 77.85° Sh. Thus, it can be concluded that 

the introduction of nanotubes caused no significant changes 

in hardness of the examined material. 

Another stage of the examinations included an analysis 

of the wear surface, using a scanning electron microscope. 

A juxtaposition of exemplary images of a resin sample and 

a resin sample with carbon nanotubes, whose percentage 

volume share equalled 18.16%, is presented in Figures 2 

and 3, respectively. The surfaces of composites with 

24.42% nanotubes did not differ from those with a smaller 

share. An analysis of the surface state was carried out after 

completing all friction cycles. In each case there were 

visible signs of abrasive wear which bore traces of a plastic 

deformation [9]. The addition of a nano additive caused 

greater irregularity of the torn smaller pieces of material 

during friction. Therefore, it seems that the nature of the 

wear moved towards abrasive wear.  

 

 

 
 

Fig. 2. Juxtaposition of photos of the resin's surface using 

the SEM technique on a Phenom Word Phenom ProX 

microscope 
 

 

 
 

Fig. 3. Juxtaposition of  photos of the epoxy composite 

surface, containing carbon nanotubes with a volume share 

of 18.16% in the SEM technique on a microscope Phenom 

Word Phenom ProX 

 

 

A decreased mass loss observed for the composites 

proved that the addition of carbon nanotubes improves 

resistance to abrasive wear. 

The examinations were supplemented with the EDS 

microanalysis for a selected area, for samples of pure  

resin and the addition of carbon nanotubes (18.16%  

of volume share). The obtained results for a qualitative  

and semi-quantitative chemical analysis are shown below 

(Figs. 4 and 5). 

By using the microscope Phenom Phenom ProX World, 

the authors also measured roughness on the wear path 

section. A view of the measurement result of roughness 
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parameters Rz and Ra for a randomly selected section of 

the central region of friction on the sample made of resin 

C.E.S. R70 with C.E.S. hardener H72 without the addition 

has been shown in Figure 6. It also included the values of 

the roughness parameter for the analysed surface Sa. The 

remaining results are shown in Figure 7. The results of 

roughness measurements correspond with the observations 

of the surface. The resin exhibiting the characteristics of 

plastic deformation had a lower roughness parameter Ra 

(0.9 �m) than the composite reinforced with carbon 

nanotubes of 24.42% share. With regard to the engineering 

practice, the obtained value corresponds to the roughness 

of metallic materials after grinding. The number of carbon 

nanotubes equal to 18.16% slightly reduces the value of the 

parameter Ra, although in non-parametric tests in relation 

to two independent groups, this result was considered 

irrelevant. In contrast, increasing the content of a nano 

additive to 24.42% contributed to a deterioration of 

parameter Ra by approximately 35%. This may be due to 

the increased abrasive wear, typical in its nature, (observed 

during the surface analysis by means of the SEM method), 

in relation to pure resin. 

 

 
 

Fig. 4. EDS test result for C.E.S resin sample R70 with 

C.E.S. hardener H72 

 

 
 

Fig. 5. EDS test result for C.E.S resin sample R70 with 

C.E.S. hardener H72 and carbon nanotubes (18.16%) 

a)  
       Sa = 1.26 �m 

b)  
        Rz = 3.58 µm, Ra = 0.965 µm 

 

Fig. 6. Topography (a) and surface profile (b) along with 

roughness parameters of the sample made with resin C.E.S. 

R70 with C.E.S. hardener H72 after tribological 

examination 

 

 
 

Fig. 7. Average values of roughness parameters Rz and Ra 

of samples which underwent tribologic testing 

 

 

5. Conclusions 
 

The obtained results confirm a hypothesis, presented by 

many authors, that carbon nanotubes used in the polymer 

matrix composites, including an epoxy resin based on 

bisphenol A/F, affect the tribological properties of the 

material. 

The composites of carbon nanotubes on the C.E.S. R7 

show a significantly lower consumption, almost as much  

as 80%, than the base material.  

5.  Conclusions
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The introduction of carbon nanotubes contributed to  

a 24% increase in the parameter Ra compared to pure resin, 

to a level corresponding to rough grinding of steel.  

It can therefore be concluded that at minimum costs it is 

possible to achieve significant benefits which result from  

a smaller mass loss.  

The results of the tests indicate a need to continue 

research in order to optimize composites materials in terms 

of operating parameters of friction nodes in broadly 

understood aviation. 
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