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Abstract: Short carbon fiber (SCF) reinforced epoxy composites with different SCF contents were developed to 

investigate their tribological properties. The friction coefficient and wear of the epoxy composites slid in a circular 

path against a steel pin inclined at 45° to a vertical axis and a steel ball significantly decreased with increased SCF 

content due to the solid lubricating effect of SCFs along with the improved mechanical strength of the composites. 

The scanning electron microscope (SEM) observation showed that the epoxy composites had less sensitive to 

surface fatigue caused by the repeated sliding of the counterparts than the epoxy. The tribological results clearly 

showed that the incorporation of SCFs was an effective way to improve the tribological properties of the epoxy 

composites. 
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1  Introduction 

Polymers are one of the most successfully exploited 

materials due to incredible variety of chemical struc-

tures available and their relatively low cost, ease of 

processing, acceptable thermal and environmental 

resistances and recyclability [1]. Generally, polymers 

have to show good wear resistance in order to be 

suitable for tribological applications. However, 

polymers have low-load carrying capacity and short 

running life when they are employed in tribological 

applications at high speed under heavy load [2]. In 

addition, wear of polymers contributes to a significant 

finical loss in industry [3].  

Nowadays, a tremendous interest is increasingly 

raised in scientific and industrial communities to apply 

polymer composites for tribological applications such 

as gears, cams, wheels, bearings, seals and high wear 

and scratch resistant flexible risers because the specific 

development of polymer composites based on con-

ventional polymers can obtain new materials with 

new structural and functional properties superior to 

those of pure polymers [4−7]. Moreover, the tribological 

properties of polymer composites can be tailored 

using carbon fillers such as carbon nanotubes (CNT), 

carbon fibers (CF), graphene and so on [6]. However, 

some carbon fillers such as CNTs still have drawbacks 

for the development of CNT reinforced polymer 

composites due to their high cost and difficult 

dispersion in polymer matrices [6, 7]. Short carbon 

fibers (SCF) are one of the most popular candidates 

for the development of structural and functional SCF 

reinforced polymer composites because of their high 

surface-to-volume ratio, outstanding thermal, mech-

anical and electrical properties and good dispersion 

in polymer matrices [8, 9]. Zhong et al. [10] reported 

that SCFs were found to improve wear resistance of 

poly (ether ether ketone) (PEEK) based composites 

by carrying a main load between contact surfaces and 

protecting polymer matrices from severe abrasion. 

Normally, an injection of fiber reinforced polymer 

composites is in a process of great expansion [11, 12]. 

Manufacturing of abrasive polymer composites is  
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not very attractive because molds manufactured with 

metallic filled polymer composites exhibit limited 

durability due to their extensive wear during filling 

injection stage of the abrasive polymer composites 

[11, 12]. Liquid epoxy resins exhibit better mixing 

and processing abilities with reinforcement materials 

in granular or fiber form and the mixtures result in 

composite materials with intermediate properties 

depending on combined actions of the components. 

Although the mechanical properties of SCF reinforced 

epoxy composites such as tensile and compressive 

strengths, hardness and elastic modulus have been 

widely investigated, the reports on the tribological 

properties of the epoxy composites such as friction 

coefficient and scratch and wear resistances are not 

satisfactorily enough. An understanding of a correlation 

between the SCF content in epoxy composites and 

their tribological properties is importantly essential 

for successful tribological applications.  

In this study, epoxy composites with different SCF 

contents were prepared. The mechanical properties 

of the epoxy composites such as hardness and Young’s 

modulus were measured with micro-indenter. The 

tribological properties of the epoxy composites, such 

as friction coefficient and wear, were investigated by 

sliding against a steel pin inclined at 45° to a vertical 

axis and a steel ball.    

2 Experiment details 

Epoxy resin (Epolam 5015, Axson) was mixed with 

SCFs (M-2007S, Kreca) at different concentrations in 

a glass beaker and mechanically stirred at 1,500 rpm 

for 30 min in a water bath at 60 °C. After degassing 

for 20 min in a vacuum oven, hardener (Epolam 5015, 

Axson) was added in the mixture followed by hand 

stirring for 10 min and degassing for another 15 min. 

The well mixed resin was then slowly poured into 

the Fixiform cup mold (Struers) and cured at room 

temperature (RT~ 22−24 °C) for 24 h. The samples were 

demoded and post-heat treated at 80 °C for another 

16 h for the following analysis and testing. The average 

diameter and length of the SCFs used were about 

14.5 μm and 90 μm, respectively.  

The surface morphology and topography of the 

samples were studied using scanning electron 

microscopy (SEM, JEOL-JSM-5600LV) and surface 

profilometry (Talyscan 150, Taylor Hobson) with    

a diamond stylus of 4 μm in diameter. For SEM 

measurement, the samples were coated with a gold 

layer to avoid charging. Three measurements on each 

sample were carried out to get an average root-mean- 

squared surface roughness, Rq. 

The hardness and Young’s modulus of the samples 

were measured using a micro-indenter (micro-CSM) 

with a pyramidal shaped diamond tip of 20 μm in 

diameter. The indentation test was performed in a 

load control mode with a total load of 3 N. In each 

indentation test, the loading and unloading rates and 

dwelling time at the peak load were 6 N/min, 6 N/min 

and 5 s, respectively. The hardness and Young’s 

modulus of the samples were derived using Oliver  

& Pharr’s method and average values were taken 

from sixteen indentation measurements carried out at 

different locations on each sample [13]. 

The tribological properties of the samples were 

investigated using a micro-tribolometer (CSM) by 

sliding against a Cr6 steel pin inclined at 45° to a 

vertical axis or a Cr6 steel ball in a circular path of 3 mm 

in diameter for about 40,000 laps at a sliding speed of 

3 cm/s under normal loads of 2 and 6 N. The diameters 

of the steel pin and ball were about 6 mm. All the 

samples were polished using 1,200 grit papers prior 

to tribological test. Two to three measurements per 

sample were carried out to get an average friction 

coefficient. The widths and depths of wear tracks of 

the samples were measured using surface profilometry 

to get average wear width and depth with 4 

measurements per wear track.  

3 Results and discussion 

Figure 1 shows the Rq values of the mechanically 

polished epoxy composites with different SCF contents. 

The Rq value of the epoxy is about 2.32 μm. The Rq 

value of the epoxy composites almost linearly increases 

from 3.47 to 6.24 μm with increased SCF content from 

2.5 to 7.5 wt% although they are mechanically polished 

under the same conditions. It indicates that the 

higher SCF content gives rise to the rougher surfaces 

of the epoxy composites during the mechanical 

polishing because the increased SCF content increases 

the numbers of protruded SCFs above the surface 

and SCF debonded sites on the surface. However, the  
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Fig. 1 Root-mean-squared surface roughness (Rq) of epoxy 
composites as a function of SCF content. 

further increased SCF content more than 7.5 wt% 

does not further significantly increase the Rq value of 

the epoxy composites probably due to the enhanced 

uniform distribution of incorporated SCFs so that the 

epoxy composite with 20 wt% SCFs has the smaller 

Rq value of about 5.89 μm than the one with 7.5 wt% 

SCFs. It is clear that all the polished epoxy composites 

possess the rougher surfaces than the polished epoxy.  

Figure 2 shows the surface topographies of the epoxy 

and epoxy composites with different SCF contents.  

In Fig. 2(a), the epoxy possesses a relatively smooth 

surface topography that is composed of small surface 

asperities although abrasive lines resulted during  

the mechanical polishing are apparently found on  

the surface. As shown in Fig. 2(b), the incorporation 

of 5 wt% SCFs apparently roughens the surface of  

the epoxy composite with protruded SCFs and SCF 

debonded sites. In addition, the possible aggregation 

of SCFs can also contribute to the rougher surface 

topography of the epoxy composite with 5 wt% SCFs. 

When the SCF content is further increased to 20 wt% 

through 10 wt%, the increased numbers of protruded 

SCFs and SCF debonded sites promote the surface 

roughness of the epoxy composites as found in 

Figs. 2(c) and 2(d). 

Figure 3 presents the hardnesses and Young’s moduli 

of the epoxy and epoxy composites with different 

SCF contents. The hardness and Young’s modulus  

of the epoxy are about 200.5 MPa and 3.25 GPa, 

respectively. The hardness and Young’s modulus of the 

epoxy composites significantly increase from about 

256.89 MPa and 4.08 GPa to about 317.16 MPa and 

5.26 GPa, respectively, with increased SCF content 

from 2.5 to 7.5 wt% and then slightly to 352.84 MPa  

 

Fig. 2 Surface topographies of epoxy composites with SCF 
contents of (a) 0, (b) 5, (c) 10, and (d) 20 wt%. 

 

Fig. 3 Hardness and Young’s modulus of epoxy composites as a 
function of SCF content. 
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and 5.92 GPa, respectively, with further increased SCF 

content to 20 wt%. It indicates that the incorporation 

of SCFs in the epoxy matrix apparently improves the 

hardness and elastic modulus due to the much higher 

rigidity of the SCFs than that of the epoxy matrix 

[14−17]. Beyond the SCF content of 7.5 wt%, significant 

slowdowns in the increased hardness and Young’s 

modulus of the epoxy composites with increased  

SCF content indicate that the SCF contents more  

than 7.5 wt% cannot further give rise to significant 

improvements in the hardness and elastic modulus 

of the epoxy composites. 

The tribological properties of the epoxy composites 

were investigated by sliding against a Cr6 steel pin  

of 6 mm in diameter inclined at 45° to a vertical   

axis because the inclined steel pin could behave as   

a V-shaped counterpart to generate scratch-induced 

wear on the surfaces of the composites (see the inset 

in Fig. 4(a)). Figure 4(a) presents the friction coefficients 

of the epoxy composites with different SCF contents 

slid against an inclined steel pin in a circular path of 

3 mm in diameter for about 40,000 laps at a sliding 

speed of 3 cm/s under normal loads of 2 and 6 N.  

The mean friction coefficient of the epoxy slid 

against the inclined pin under a normal load of 2 N is 

about 0.67. The increased normal load to 6 N slightly 

decreases the mean friction coefficient of the epoxy  

to about 0.61. The sliding of a steel counterpart on   

a polymer can cause localized softening or melting   

of the polymer so that the molten materials can be 

transferred onto the surface of the counterpart to form 

a transfer layer [18–20]. The transferred polymer 

layer can reduce the friction coefficient by changing 

the rubbing mode from the metal-on-polymer to the 

polymer-on-polymer during the sliding [21–25]. It  

is supposed that the increased normal load to 6 N 

increases frictional heat during the sliding and sub-

sequently reduces the friction coefficient of the epoxy 

by promoting the transfer of epoxy materials onto  

the surface of the inclined pin. During the sliding, a 

possible occurrence of adhesion between two smooth 

surfaces in contact can give rise to a high friction  

via an effective interfacial shear strength between  

the two contacting surfaces [26, 27]. It can be seen 

that the higher wear of the epoxy associated with the 

higher normal load of 6 N results in the higher surface  

 

Fig. 4 (a) Friction coefficient of epoxy composites, slid against 
a Cr6 steel pin of 6 mm in diameter inclined at 45° to a vertical 
axis in a circular path of 3 mm in diameter for about 40,000 laps 
at a sliding speed of 3 cm/s under different normal loads, as a 
function of SCF content. (b) Friction coefficient of the same 
samples, measured under a normal load of 2 N, as a function of 
the number of laps. The inset in (a) shows a photograph of a 
holder with an inclined steel pin. 

roughening and the larger quantity of wear debris, 

which in turn lower the friction coefficient of the epoxy 

by weakening the interfacial shear strength between 

the inclined pin and epoxy [28, 29]. However, such    

a decrease in the friction coefficient with increased 

normal load is not found for the epoxy composites. 

In addition, the epoxy composites exhibit the higher 

friction coefficients for all the SCF contents under  

the higher normal load of 6 N than under the lower 

normal load of 2 N. It is known that an incorporation 

of carbon fillers in a polymer improves the thermal 

stability of the polymer due to the much higher 

thermal conductivity of carbon fillers than that of  

the polymer matrix [30–35]. Therefore, the improved 

thermal stability of the epoxy composites with the 

incorporation of SCFs prevents the transfer of surface 
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materials onto their counterpart surfaces by dissipating 

the frictional heat within the matrices [30–35]. Under 

this condition, the improved hardness and Young’s 

modulus of the epoxy composites (Fig. 3) enhance the 

sensitivity of the composites to abrasive wear caused 

by the sliding of the inclined steel pin so that the higher 

abrasive wear of the epoxy composites associated with 

the higher normal load results in the higher friction 

coefficient of the composites through the larger contact 

area between the steel pin and composite [36–39].  

In Fig. 4(a), the incorporation of 2.5 wt% SCFs 

apparently lowers the mean friction coefficients of 

the epoxy composite tested under the normal loads 

of 2 and 6 N to about 0.31 and 0.56, respectively, 

compared to those of the epoxy. The further increased 

SCF content from 5 to 20 wt% further decreases the 

mean friction coefficients of the epoxy composites 

from about 0.26 to 0.19 for the normal load of 2 N 

and from about 0.3 to 0.25 for the normal load of 6 N. 

It is known that carbon fillers can serve as a solid 

lubricant to lubricate the rubbing surfaces [21–25]. 

Therefore, the increased SCF content leads to the 

significantly decreased friction coefficient of the epoxy 

composites (Fig. 4(a)) by promoting the solid lubri-

cating effect of SCFs.  

Normally, a larger contact between a polymer and its 

counterpart can give rise to a higher friction coefficient 

during sliding [36–39]. Therefore, the existence of SCFs 

on the surface can lower the friction coefficient of the 

epoxy composite by lessening a direct contact between 

the inclined pin and composite. During the sliding, the 

surface wear of the epoxy composite releases SCFs to 

an interface between the inclined pin and composite 

and the released SCFs would freely roll or slide under 

a lateral force for reducing the friction coefficient of 

the composite [40]. It is therefore supposed that the 

increased SCF content decreases the friction coefficient 

of the epoxy composites due to the reduced contact 

between the inclined pin and composite and the 

promoted free-rolling effect of the SCFs in addition 

to the solid lubricating effect of the SCFs.  

Generally, the mechanical strength of a polymer 

has a significant influence on its friction coefficient 

and wear [41, 42]. The poor mechanical strength of a 

polymer can result in the higher friction coefficient  

of the polymer by promoting the contact between  

the polymer and its counterpart and the wear of the 

polymer attributed to micro-plastic deformation and 

micro-cutting caused by the surface asperities of the 

counterpart [41, 42]. The increased hardness and elastic 

modulus of the epoxy composites with increased  

SCF content (Fig. 3) can be therefore correlated to the 

decreased friction coefficient of the composites since 

the harder epoxy composites can have the lower 

friction coefficients by preventing their deformation, 

lessening their contact with the inclined pin and 

resisting to their wear. 

The effect of surface roughness on the friction 

coefficient of the epoxy composites should be taken 

into account since a rougher surface can give a higher 

friction coefficient via mechanical interlocking between 

two mating asperities [36–39]. However, no correlation 

between the increased surface roughness (Fig. 1) and 

decreased friction coefficient (Fig. 4(a)) of the epoxy 

composites clearly indicates that the effect of surface 

roughness on the friction coefficient of the epoxy 

composites in terms of mechanical interlocking is  

not significant in this study. On the other hand, the 

increased surface roughness contributes to the 

decreased friction coefficient of the epoxy composites 

by lessening a real contact area between the inclined 

pin and composite [36–39]. 

In Fig. 4(a), the epoxy composite with 2.5 wt% 

SCFs exhibits a significant increment in the friction 

coefficient with increased normal load from 2 to 6 N. 

At the low SCF content of 2.5 wt%, a continuous impact 

of the inclined pin against protruded SCFs can give a 

high friction coefficient during the sliding by enlarging 

a tangential force that is indicative of a frictional 

force [43]. As a result, an increase in the normal  

load results in a significant increment in the friction 

coefficient of the epoxy composite via the pronounced 

impact of the inclined pin against the protruded SCFs. 

However, such increments in the friction coefficients 

of the epoxy composites with SCF contents more than 

2.5 wt% are not found in Fig. 4(a) because the densely, 

uniformly distributed SCFs over the composite surfaces 

lessen the impact of the inclined pin against them.  

Figure 4(b) shows the friction coefficients of the 

epoxy composites with different SCF contents, tested 

under a normal load of 2 N, as a function of the 

number of laps. The friction coefficient of the epoxy 

reaches about 0.58 after 3,000 laps and slightly increases 

with increased laps due to the promoted surface wear 
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of the epoxy so that the friction coefficient of the 

epoxy at the 40,000 laps is about 0.67. The fluctuation 

in the friction coefficient of the epoxy becomes 

significant with prolonged sliding, which is indicative 

of the pronounced stick-slip phenomenon with the 

promoted wear of the epoxy [44, 45]. The friction 

coefficient of the epoxy composites first increases with 

increased laps in the running-in period and turns to 

decrease before becoming stable for the rest as found 

in Fig. 4(b). As the trends of friction coefficient versus 

laps of the epoxy composites are much lower than 

that of the epoxy, the increased SCF content further 

depresses the trends of friction coefficient versus laps 

of the epoxy composites as a result of the further 

decreased friction coefficient of the composites during 

the entire sliding.  

Figure 5 shows the wear widths and depths of the 

epoxy and epoxy composites with different SCF 

contents measured against the inclined pin for about 

40,000 laps under the normal loads of 2 and 6 N. The 

wear widths and depths of the epoxy composites  

are much smaller than those of the epoxy as well as 

significantly decrease with increased SCF content, 

indicating that the increased SCF content results in 

the dramatically decreased wear of the epoxy com-

posites due to the solid lubricating effect of SCFs along 

with the improved hardness and elastic modulus of 

the composites [21–25, 40, 46–50]. Although the epoxy 

has a decrease in the friction coefficient with increased 

normal load (Fig. 4(a)), the wear width and depth of 

the epoxy increase (Fig. 5), which confirms that the 

increased wear of the epoxy with increased normal 

load is responsible for its decreased friction coefficient 

by promoting the surface roughening and the 

production of wear debris [28, 29]. However, the 

epoxy composites exhibit increases in their both friction 

coefficient and wear with increased normal load 

(Figs. 4(a) and 5), implying that the frictional behavior 

of the epoxy composites is closely related to their 

wear behavior as a result of the increased contact 

between the inclined pin and composite [36–39]. 

Increments in the wear width and depth of the epoxy 

composite with 2.5 wt% SCFs with increased normal 

load (Fig. 5) are not as significant as an increment in 

its friction coefficient (Fig. 4(a)) because the increased 

normal load pronounces the impact of the inclined  

 

Fig. 5 Wear width and depth of epoxy composites, tested under 
the same conditions as described in Fig. 4, as a function of SCF 
content. 

pin against protruded SCFs on the surface without 

giving a very much difference in the wear rates of the 

composite under the both normal loads.  

The surface morphologies of the epoxy and epoxy 

composites with different SCF contents before and 

after the tribological test were observed using SEM. 

Figures 6(a) and 6(b) show the surface morphologies 

of the mechanically polished epoxy and epoxy com-

posite with 20 wt% SCFs, respectively. In Fig. 6(a), 

the mechanically polished epoxy exhibits significant 

abrasive lines on the surface. It is clearly seen in 

Fig. 6(b) that the mechanical polishing apparently 

flattens SCFs on the surface of the epoxy composite 

with 20 wt% SCFs via their wear while the debonding 

of SCFs is found on the same surface. The epoxy 

composite with 20 wt% SCFs possesses the rougher 

surface morphology at the lower magnification than 

the epoxy (insets in Fig. 6) since the surface of the epoxy 

composite is apparently covered by SCF debonded 

sites (inset in Fig. 6(b)), which is also confirmed by 

the observation of SCF debonded sites on the surface 

topography of the same composite with the larger Rq 

value than that of the epoxy (Figs. 1 and 2(d)).  

Figures 7(a) and 7(b) and the inset in Fig. 7(a) show 

the surface morphology and topography of the worn 

epoxy, respectively, slid against the inclined pin for 

about 40,000 laps at a sliding speed of 3 cm/s under a 

normal load of 2 N, on which a V-shaped wear track 

is found. Comparison of Fig. 7(a) and 7(c) clearly 

shows that the sliding of the inclined pin on the 

epoxy under the higher normal load of 6 N generates 

a larger wear track on the surface due to the higher 

wear of the epoxy. Micro-wave features are apparently  
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found on the wear tracks of the epoxy tested under 

the both normal loads of 2 and 6 N (Figs. 7(b) and 

7(d)), which is indicative of surface fatigue caused by 

the repeated sliding of the inclined pin. A cyclic 

stress concentration occurred in front of the inclined 

pin under cyclic loading causes surface fatigue which 

initiates minute cracks perpendicular to the sliding 

direction and propagates the cracks into the subsurface 

of the epoxy [51, 52]. The formation of a network of 

micro-cracks creates micro-wave features on the wear 

tracks of the epoxy as found in Figs. 7(b) and 7(d). It 

is also found that the repeated sliding of the inclined 

pin induces surface fatigue on the walls of the 

V-shaped wear track with an apparent appearance of 

micro-wave features as seen in Figs. 7(a) and 7(c). 

Figure 8 shows the surface morphologies of the 

worn epoxy composite with 20 wt% SCFs tested under 

different normal loads. The V-shaped wear tracks of 

the epoxy composite with 20 wt% SCFs tested under 

the normal loads of 2 and 6 N (Fig. 8) are much smaller  

 

Fig. 6 SEM micrographs showing surface morphologies of mechanically polished (a) epoxy and (b) epoxy composite with 20 wt% SCFs
using 1,200 grit papers. The insets in (a) and (b) show surface morphologies of the same samples at a lower magnification. 

 

Fig. 7 SEM micrographs showing surface morphologies of worn epoxy, slid against a Cr6 steel pin of 6 mm in diameter inclined at 45° to 
a vertical axis in a circular path of 3 mm in diameter for about 40000 laps at a sliding speed of 3 cm/s under normal loads of ((a) and 
(b)) 2 and ((c) and (d)) 6 N, observed at different magnifications. The insets in (a) and (c) show surface topographies of the same
samples measured using surface profilometry. 
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than those of the epoxy (Fig. 7), which indicates  

that the incorporation of 20 wt% SCFs dramatically 

reduces the scratch-induced-wear of the epoxy com-

posite. As shown in Figs. 8(b) and 8(d), worn SCFs 

are apparently found on the wear tracks of the epoxy 

composite, which implies that the existence of SCFs 

on the surface effectively prevents the scratch-induced 

wear of the epoxy composite by serving as a solid 

lubricant to lubricate the rubbing surfaces, lessening 

a direct contact between the inclined pin and composite 

and preventing an easy removal of epoxy materials 

with their much higher wear resistance. In addition, 

micro-wave features observed on the wear tracks of 

the epoxy (Figs. 7(b) and 7(d)) are not found on the 

wear tracks of the epoxy composite with 20 wt% SCFs 

(Figs. 8(b) and 8(d)), indicating that the incorporation 

of SCFs effectively lessens surface fatigue by preventing 

a direct contact between the inclined pin and composite 

under cyclic loading. However, microcracks still can 

be found along the interfaces between the SCFs and 

epoxy matrix because the cyclic stress concentration 

occurred in front of the inclined pin forms interfacial 

cracks via an occurrence of debonding between the 

SCFs and epoxy matrix. SCF pulled-out sites on the 

wear tracks of the epoxy composite with 20 wt% SCFs 

(Figs. 8(b) and 8(d)) suggest that the removal of SCFs 

from the epoxy matrix during the sliding contributes 

to the wear of the epoxy composite. Abrasive lines on 

the wear tracks of the epoxy composite (Figs. 8(b) 

and 8(d)) imply that the wear of the epoxy composite 

is still attributed to the abrasive wear even under the 

solid lubricating effect of SCFs. Nevertheless, the wear 

morphologies of the epoxy composite tested under 

different normal loads clearly point out that the 

incorporation of SCFs is an effective way to reduce the 

abrasive and fatigue wear of the epoxy composites 

during the prolonged sliding contact with the steel pin.  

Figure 9(a) shows the friction coefficients of the 

epoxy composites with different SCF contents slid 

against the Cr6 steel ball of 6 mm in diameter for 

about 40,000 laps at a sliding speed of 3 cm/s under 

normal loads of 2 and 6 N. The mean friction 

coefficients of the epoxy slid against the 6 mm steel 

ball under the normal loads of 2 and 6 N (Fig. 9(a)) 

are about 0.71 and 0.68, respectively, which are slightly 

higher than those of the one tested against the inclined 

 

Fig. 8 SEM micrographs showing surface morphologies of worn epoxy composite with 20 wt% SCFs, slid against a Cr6 steel pin of 
6 mm in diameter inclined at 45° to a vertical axis in a circular path of 3 mm in diameter for about 40000 laps at a sliding speed of 
3 cm/s under normal loads of ((a) and (b)) 2 and ((c) and (d)) 6 N, observed at different magnifications. The insets in (a) and (c) show 
surface topographies of the same samples measured using surface profilometry. 
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steel pin under the same normal loads (Fig. 4(a)). It 

indicates that the geometry of the counterpart has a 

significant influence on the friction coefficient of the 

epoxy because the larger contact area between the 

steel ball and epoxy compared to that between the 

inclined pin and epoxy gives rise to the higher friction 

coefficient of the epoxy during the sliding. In Fig. 9(a), 

the increased SCF content from 2.5 to 20 wt% signi-

ficantly decreases the mean friction coefficients of the 

epoxy composites slid against the steel ball from about 

0.24 to 0.18 for the normal load of 2 N and from 

about 0.53 to 0.24 for the normal load of 6 N, which is 

in agreement with the results reported in Fig. 4(a). 

The epoxy slid against the steel ball under the both 

normal loads (Fig. 9(a)) exhibits the higher friction 

coefficients than the one tested against the inclined 

pin under the same normal loads (Fig. 4(a)). However, 

the friction coefficients of the epoxy composites slid  

 

Fig. 9 (a) Friction coefficient of epoxy composites, slid against 
a Cr6 steel ball of 6 mm in diameter in a circular path of 3 mm in 
diameter for about 40000 laps at a sliding speed of 3 cm/s under 
different normal loads, as a function of SCF content. (b) Friction 
coefficient of the same samples, measured under a normal load of 
2 N, as a function of the number of laps. The inset in (a) shows a 
photograph of a holder with a steel ball. 

against the steel ball (Fig. 9(a)) are slightly lower for 

all the SCF contents compared to those of the ones 

tested against the inclined pin (Fig. 4(a)) because the 

higher surface roughness of the epoxy composite 

caused by the protruded SCFs and SCF debonded 

sites than that of the epoxy (Fig. 1) gives rise to more 

interaction between the inclined pin and composite. 

The results clearly confirm that the incorporation of 

SCFs effectively decreases the friction coefficients of 

the epoxy composites slid against the both inclined 

pin and steel ball with a more effective influence on 

the friction coefficients of the composites slid against 

the steel ball.  

Figure 9(b) presents the friction coefficients of the 

epoxy composites with different SCF contents, slid 

against the steel ball under a normal load of 2 N, as a 

function of the number of laps. The friction coefficient 

of the epoxy slid against the steel ball reaches 0.59 

after 3,000 laps and becomes stable for the rest as a 

result of the stable wear during the entire sliding. 

However, the same epoxy slid against the inclined 

pin exhibits a linear increase in the friction coefficient 

with increased laps due to the promoted wear of  

the epoxy with prolonged sliding (Fig. 4(a)), which 

indicates the geometric effect of the counterpart on 

the friction coefficient of the epoxy. In Fig. 9(b), the 

friction coefficient of the epoxy composites slid against 

the steel ball apparently decreases throughout the 

experiment with increased SCF content. Normally,  

a contact between a sharp tip and a sample during 

sliding induces a cutting state between them, which 

results in an apparent removal of materials from the 

sample surface [53, 54]. It is supposed that the 

V-shaped geometry of the inclined pin can generate 

the higher wear of the epoxy composite by inducing 

a cutting state between the inclined pin and composite 

compared to the spherical-shaped geometry of the 

steel ball so that the epoxy composite slid against the 

inclined pin needs longer time to reach a stable wear 

condition [29, 30]. Therefore, the epoxy composites slid 

against the steel ball (Fig. 9(b)) mostly exhibit shorter 

running-in period and longer stable wear period on 

the trends of friction coefficient versus laps than the 

ones tested against the inclined pin (Fig. 4(b)). 

Figure 10 illustrates the wear widths and depths of 

the epoxy composites with different SCF contents slid  
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Fig. 10 Wear width and depth of epoxy composites, tested under 
the same conditions as described in Fig. 9, as a function of SCF 
content. 

against the steel ball under different normal loads. It 

is consistently found that the wear of the epoxy com-

posites slid against the steel ball apparently decreases 

with increased SCF content due to the solid lubricating 

effect of SCFs along with the improved hardness and 

elastic modulus of the composites as the wear of the 

epoxy composites is higher for the higher normal 

load [21–25, 40, 46–50]. The wear widths of the epoxy  

composites slid against the steel ball (Fig. 10) are 

apparently larger than those of the ones tested against 

the inclined pin (Fig. 5) due to the larger interacting 

area between the steel ball and composite during the 

sliding. However, the wear depths of the epoxy 

composites slid against the steel ball are significantly 

smaller because the inclined pin enables the removal 

of materials from the deeper region via a cutting state 

between the inclined pin and composite than the steel 

ball [53, 54].   

The surface morphologies and topographies of the 

epoxy slid against the steel ball under the normal 

loads of 2 and 6 N are presented in Fig. 11, from which 

it is clearly found that the sliding of the steel ball 

apparently generates wear on the epoxy surface with 

a larger wear track for the higher normal load. The  

micro-wave features on the wear tracks of the epoxy 

tested under the both normal loads (Figs. 11(b) and 

11(d)) indicate that the repeated sliding of the steel 

ball causes surface fatigue of the epoxy through the 

initiation and propagation of micro-cracks into the 

subsurface [51, 52].  

In Fig. 12, the wear tracks of the epoxy composite 

with 20 wt% SCFs slid against the steel ball under the 

 

Fig. 11 SEM micrographs showing surface morphologies of worn epoxy, slid against a Cr6 steel ball of 6 mm in diameter in a circular path
of 3 mm in diameter for about 40000 laps at a sliding speed of 3 cm/s under normal loads ((a) and (b)) 2 and ((c) and (d)) 6 N, observed at
different magnifications. The insets in (a) and (c) show surface topographies of the same samples measured using surface profilometry.
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normal loads of 2 and 6 N are not as significant as 

those of the epoxy tested under the same normal 

loads (Fig. 11), which is an indication of the greatly 

decreased wear of the epoxy composite with the 

incorporation of 20 wt% SCFs. The micro-wave features 

caused by surface fatigue are not found on the wear 

tracks of the epoxy composite tested under the both 

normal loads (Figs. 12(b) and 12(d)) as a result of the 

incorporation of SCFs. However, micro-cracks formed 

at the SCF/matrix interfaces still can be found on  

the wear tracks of the epoxy composite, which is in 

agreement with the reports made in Figs. 8(b) and 8(d). 

The SEM observation clearly confirms that the incor-

poration of SCFs greatly reduces the wear of the 

epoxy composites slid against the steel ball.  

4 Conclusions 

In this study, the tribological properties of the epoxy 

composites with different SCF contents were system-

atically investigated. The increased SCF content 

significantly increased the hardness and Young’s 

modulus of the epoxy composites as a result of the 

incorporation of rigid SCFs. The friction coefficient 

and wear of the epoxy composites slid against the 

steel pin inclined at 45° to a vertical axis and steel ball 

dramatically decreased with increased SCF content 

due to the solid lubricating effect of the SCFs along 

with the improved hardness and elastic modulus   

of the composites. The SEM observation showed that 

the epoxy composites had less sensitivity to surface 

fatigue than the epoxy because the existence of SCFs 

on the surface lessened a direct contact between the 

counterpart and composite under cyclic loading. It 

could be concluded that the incorporation of SCFs 

was an effective way to improve the mechanical and 

tribological properties of the epoxy composites.  
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