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Abstract: The mechanical and tribological properties of epoxy composites modified with microencapsulated wax 

lubricant and multi-walled carbon nanotubes (MWCNTs) were investigated. The increased soft microcapsules 

embedded in the epoxy matrices were responsible for the reduced micro-hardness and Young’s modulus of  

the epoxy composites. It was found that the friction of the epoxy composites greatly decreased with increased 

microcapsule content due to combined lubricating effects of the both wax lubricant and MWCNTs. As a result, 

the wear of the epoxy composites apparently decreased with increased microcapsule content. 
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1  Introduction 

Fibre reinforcements and solid or liquid lubricants 

are frequently applied to improve the wear resistance 

of polymers. Fibre reinforcements, such as carbon and 

glass fibres, in polymer matrices enhance the wear 

resistance of the polymer composites (PCs) by im-

proving their mechanical strength [1−4]. Solid lubricants, 

such as graphite and polytetrafluoroethylene (PTFE), 

reduce the wear of PCs by developing a transfer film 

between two rubbing surfaces [5−7]. However, solid 

additives cannot always give desired tribological pro-

perties of PCs. Wang and co-workers [8] reported 

that the use of liquid paraffin during tribological test 

improved the wear resistance of epoxy composites  

by reducing the friction of the composites. Although 

a liquid lubricant can improve the tribological per-

formance of polymers, a degradation of materials 

caused by absorption and osmosis of the lubricant 

into them may limit the application of materials   

[8, 9]. Guo et al. [10] reported that incorporation of 

microencapsulated lubricant in epoxy matrices could 

overcome the above mentioned problems because the 

sustainably released lubricant from broken micro-

capsules during sliding lubricated rubbing surfaces. 

Recently, Khun et al. [11] reported that silicone 

composite coatings modified with microencapsulated 

wax lubricant exhibited significantly lower friction 

coefficients compared to pure silicone coatings. Though 

the friction coefficient of epoxy composites apparently 

decreases with increased microcapsule content, the 

mechanical strength of the composites significantly 

decreases due to the increased content of soft micro-

capsules in the hard epoxy matrices [10]. Therefore, it 

is a great challenge to keep the low friction of epoxy 

composites when a small amount of microcapsules  

is introduced into the composites. It is reported that 

carbon fillers, such as carbon nanotubes (CNTs), in 

polymer matrices can reduce the friction of the PCs via 

their solid lubricating and free-rolling effects [12−19]. 

It is therefore expected that incorporation of wax 

lubricant mixed with carbon fillers in microcapsules 

would improve the tribological performance of   

PCs. An understanding of a correlation between   

the microcapsule content in epoxy composites and  
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their tribological properties is essential for successful 

tribological applications. 

In this study, a wax lubricant mixed with multi- 

walled carbon nanotubes (MWCNTs) was microen-

capsulated through in-situ polymerization. The 

synthesized microcapsules were incorporated in epoxy 

matrix to form a new type of epoxy based composite. 

The microcapsule content was varied from 0.5 to 5 wt% 

to investigate the tribological properties of the epoxy 

composites with respect to microcapsule content.  

2 Experimental details 

2.1 Materials 

The urea (CO(NH2)2), formaldehyde (CH2O, PUF), 

ammonium chloride (NH4Cl), and sodium hydroxide 

(NaOH) were purchased from Sigma-Aldrich. The 

surfactant, ethylene maleic anhydride copolymer 

(EMA), was purchased from MP Biomedicals. The 

MWCNTs were supplied by Chengdu Organic 

Chemicals Co., Ltd. The diameter, length, number  

of walls, and bulk density of the MWCNTs according 

to the manufacturer’s specifications were 5−20 nm, 

1−10 μm, 3−15, and 140−230 kg·m–3, respectively. The 

wax lubricant (Episol B2531, C14-C20) was ordered 

from EP chem. International Pte. Ltd. Epoxy resin 

(Epocote 1008 Part A) and hardener (Part B) both 

were ordered from Shell AG.  

The 1 wt% MWCNTs were dispersed into the wax 

lubricant by a two-step method: Sonication (Misonix, 

Model: Sonicator 3000) in an ice-bath under power 30 

watts for 10 min followed by homogenization (Ika, 

Model: T18 basic Ultra-Turrax) for another 10 min at 

10,000 rpm. Microcapsules were prepared by in-situ 

polymerization in an oil-in-water emulsion [20]. Under 

room temperature (RT) (about 22–24 °C), 50 mL 

deionized (DI) water, 1.25 g urea, 0.125 g NH4Cl, 

0.125 g resorcinol (C6H6O2) and 12.5 mL of an aqueous 

solution containing 2.5 wt% ethylene maleic anhydride 

copolymer (EMA) were added into a 250 mL beaker 

placed in a temperature-controlled water-bath. The 

pH of the mixture was adjusted to 3.5 by adding 

NaOH. After that, 15 mL of the MWCNT dispersed 

wax lubricant was slowly poured into the mixture. 

When the mixture was emulsified for 10 min at a 

stirring rate of 500 rpm (Caframo, Model: BDC6015), 

3.17 g of an aqueous solution containing 37 wt% 

formaldehyde was dropped into the emulsion. After 

the final mixture was heated to 55 °C at a heating rate 

of 35 °C/h and agitated for 4 h, the microencapsulation 

process was stopped. The microcapsules were separated 

under vacuum with a coarse-fritted filter, which were 

then rinsed with DI water and dried for 24 h at RT. 

Epoxy resin and hardener were mixed with a weight 

ratio of 3:1. The epoxy and composites with different 

microcapsule contents from 0.5 to 5 wt% were moulded 

and fully cured at RT.  

2.2 Characterization 

The root-mean-square surface roughnesses (Rq) of the 

samples were measured using surface profilometry 

(Talyscan 150) with a diamond stylus of 4 μm in 

diameter in a scan size of 2 mm × 2 mm. Five measure-

ments on each sample were carried out to get an 

average Rq value.  

The surface morphology of the samples was studied 

using scanning electron microscopy (SEM, JEOL- 

JSM-5600LV).  

The hardnesses and Young’s moduli of the samples 

were measured using a microindenter (MHT, 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 

eight indentation measurements carried out at different 

locations on each sample [21].  

The tribological properties of the samples were 

investigated using a ball-on-disc microtribometer (CSM) 

operated in rotary mode at RT. Three tests were 

conducted on each sample to get average tribological 

results. In a test, a steel ball (Cr6) of 6 mm in diameter 

was rotated on a sample in a circular path of 2 mm in 

radius for about 20,000 laps at a sliding speed of 

2 cm/s under a normal load of 2 N. The wear tracks 

on the samples were then measured using white light 

confocal imaging profilometry (Nikon L150). 



Friction 1(4): 341–349 (2013) 343 

 

3 Results and discussion 

Figure 1(a) shows the SEM micrograph of the micro-

capsules containing wax lubricant and MWCNTs, in 

which the sizes of the microcapsules range from about 

150 to 300 μm in diameter. As shown in Fig. 1(b), the 

cotton-like features observed on the rough surface of 

the microcapsule result from the dangling MWCNTs 

in the shell wall and the precipitation of urea- 

formaldehyde (UF) nanoparticles [20]. In Fig. 1(c),  

the SEM micrograph of an artificially crushed 

microcapsule clearly indicates a core-shell structure 

of the microcapsule [22]. The MWCNTs are evidently 

found and fairly dispersed on the interior surface of 

the microcapsule with some agglomeration, as shown 

in Fig. 1(d). 

Figure 2 presents the surface topographies of the 

epoxy and epoxy composite with 5 wt% microcapsules. 

In Fig. 2(a), pin holes can be clearly seen on the surface 

of the epoxy, which may result from degassing or 

rapid curing of the epoxy. However, the apparently 

lessened formation of the pin holes on the surface of  

the epoxy composite with the incorporation of 5 wt% 

microcapsules, as shown in Fig. 2(b), indicates the 

improved uniformity of the epoxy composite. Although 

the slightly protruded microcapsules above the surface 

of the epoxy composite (5 wt% microcapsules) are 

found in Fig. 2(b), its lower Rq value (~1.9 μm) than 

that (~3.1 μm) of the epoxy is mainly attributed to  

the suppression of the pin holes on the surface of the 

composite. 

Figure 3 shows the hardnesses and Young’s moduli 

of the epoxy and composites with different microcapsule 

contents. The hardness and Young’s modulus of   

the epoxy matrix are about 198.5 MPa and 3.4 GPa, 

respectively. However, the increased content of micro-

capsules in the epoxy composites from 0.5 to 5 wt% 

decreases the hardness and Young’s modulus of the 

composites from about 177.8 MPa and 2.2 GPa to 

about 113 MPa and 1.5 GPa, respectively, which is a 

direct consequence of the lower hardness and elastic 

modulus of the microcapsules with respect to those 

of the epoxy matrix [23, 24]. 

 

Fig. 1 SEM micrographs of (a) microcapsules containing wax lubricant and MWCNTs, (b) an enlarged view of a microcapsule, (c) a 
crushed microcapsule, and (d) an interior surface of a crushed microcapsule. 
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Fig. 3 Hardnesses and Young’s moduli of epoxy composites as 
a function of microcapsule content. 

The tribological properties of the epoxy and epoxy 

composites with different microcapsule contents were 

investigated by sliding against the 6 mm Cr6 steel 

balls for about 20,000 laps under a normal load of 2 N. 

Figure 4(a) shows the friction coefficients of the epoxy 

and epoxy composites as a function of the number of 

laps. The friction coefficient of the epoxy dramatically 

increases to about 0.63 after 2,400 laps, becomes stable 

up to 10,000 laps and then further slightly increases 

with increased laps till 20,000 laps. In the running-in 

period, the increased wear of the rubbing surfaces 

increases the friction coefficient of the epoxy by 

promoting a contact area between the steel ball and 

epoxy. Furthermore, the prolonged rubbing of the 

steel ball on the epoxy detaches wear debris from the 

epoxy surface so that the existence of irregular shaped 

wear debris at the polymer/metal interface as third 

bodies gives rise to the higher friction than the initial 

friction via third body abrasive wear [25]. As a result, 

the friction coefficient of the epoxy further increases 

with increased laps after 10,000 as shown in Fig. 4(a). 

However, the incorporation of 0.5 wt% microcapsules 

greatly lowers the friction coefficient of the epoxy 

composite throughout the wear test although the 

increased friction coefficient with increased laps is still 

observed in the running-in period. During the sliding, 

the released lubricant from broken microcapsules 

effectively lubricates the rubbing surfaces, lessens the 

direct solid−solid contact between the steel ball and  

 

Fig. 2 Surface topographies of (a) epoxy and (b) epoxy composite with 5 wt% microcapsules measured using surface profilometry. 
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composite, reduces the wear of the rubbing surfaces, 

and lessens the interactions between the rubbing 

surfaces and wear particles. In addition, the MWCNTs 

incorporated in the embedded microcapsules in the 

epoxy composite can be released during the wear of 

the composite and transferred to the interface between 

the steel ball and composite. Thus, the MWCNTs 

released serve as a solid lubricant to reduce the friction 

of the composite [15−19]. Moreover, the MWCNTs on 

the surface can not only serve as spacers to prevent the 

direct contact between the steel ball and composite 

but also slide or roll between the rubbing surfaces [26]. 

Therefore, the combined lubricating effects of the 

both wax lubricant and MWCNTs greatly reduce the 

friction of the epoxy composite even with only 0.5 wt% 

microcapsules. The increased microcapsule content 

in the epoxy composite through 5 wt% significantly 

shortens the running-in period and results in the 

consistently lowered friction coefficient of the com-

posites as shown in Fig. 4(a). Since a smoother surface 

can result in a lower friction, the reduced surface 

roughness of the epoxy composites with increased 

microcapsule content (Fig. 2) should be correlated to 

the decreased friction of the composites [27−31]. 

 
Fig. 4 Friction coefficients of epoxy composites as functions of 
(a) the number of laps and (b) microcapsule content. 

Figure 4(b) shows that the mean friction coefficient 

of the epoxy composites significantly decreases  

from about 0.27 to 0.049 with increased microcapsule 

content from 0.5 to 5 wt% as the friction coefficients 

of the epoxy composites are apparently lower than 

that (about 0.54) of the epoxy. It is clear that the 

increased microcapsule content promotes the combined 

lubricating effects of the wax lubricant and MWCNTs 

and the free-rolling effect of the MWCTNs. Therefore, 

the microcapsule incorporated epoxy composites 

exhibit the much lower friction than the epoxy as  

the higher microcapsule content gives rise to the 

lower friction of the epoxy composites. Guo et al. [10] 

reported that the incorporation of 10 wt% micro-

capsules containing lubricant oil in an epoxy matrix 

could give the friction coefficient of about 0.14 

measured using a block-on-ring apparatus. In this 

study, the friction coefficient of the epoxy composite 

with 5 wt% microcapsules containing both wax 

lubricant and MWCNTs measured using a ball-on- 

disc apparatus is about 0.049, indicating that the 

co-incorporation of the wax lubricant and MWCNTs 

in the microcapsules would give rise to the better 

frictional performance of the composite.  

Figure 5 shows the wear widths and depths of the 

epoxy and epoxy composites with different micro-

capsule contents. It is found that the wear width and 

depth of the epoxy are about 300.2 μm and 2.1 μm, 

respectively. The incorporation of 0.5 wt% micro-

capsules in the epoxy matrix significantly decreases 

the wear width and depth of the composite to about 

233.5 μm and 1.6 μm, respectively. The wear width 

and depth of the epoxy composites further decrease 

from about 193.5 μm and 0.9 μm to about 68 μm and  

 
Fig. 5 Wear widths and depths of epoxy composites as a function 
of microcapsule content. 
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0.3 μm, respectively, with increased microcapsule 

content from 2.5 to 5 wt%, indicating that the released 

lubricant effectively reduces the wear of the epoxy 

composites during the sliding. 

Figure 6(a) shows the surface morphology of the 

worn epoxy after sliding against a steel ball for about 

20,000 laps under a normal load of 2 N. The wear track 

on the surface of the epoxy shows that the rubbing  

of the steel ball on the epoxy during the wear test 

generates the abrasive wear of the epoxy as shown in 

Fig. 6(a). The wear track looks like a fish backbone 

and some tiny cracks along the track can be found. 

The cross-points of the cracks are probably near the 

centre of the wear track and the cracks are convex 

with an angle of about 120° to the sliding direction. 

This arises from repeated stress concentration occurred 

in front of the steel ball during the repeated sliding of 

the steel ball on the epoxy surface. In addition, the 

repeated sliding causes surface fatigue that in turn 

initiates minute cracks perpendicular to the sliding 

direction and propagates the cracks into the subsurface 

of the epoxy [32, 33]. The formation of a network of 

micro-cracks creates micro-wave features that can be 

clearly seen in the centre of the wear track where the 

most severe wear of the epoxy surface occurs as shown 

in Fig. 6(b) [32, 33].  

The incorporation of 5 wt% microcapsules in the 

epoxy greatly reduces the wear of the composite so the 

wear of the composite is not as severe as that of the 

epoxy, as shown in Fig. 6(c). In addition, micro-cracks 

and wave features are not apparently found on the 

surface of the epoxy composite with 5 wt% micro-

capsules because the self-lubricating of the composite 

surface effectively suppresses the surface fatigue 

wear. In Fig. 6(c), the surrounding areas of the broken 

microcapsules on the wear track of the epoxy com-

posite are apparently contaminated by the released 

wax lubricant, which confirms that the wear of the 

composite surface during the sliding results in the 

breakage of the microcapsules and the subsequent 

release of the wax lubricant for self-lubricating. 

Figure 6(d) shows a view of a broken microcapsule 

on the wear track of the epoxy composite with 5 wt% 

microcapsules, from which it can be seen that the 

breakage of the microcapsule leaves a single hole on 

the surface. In addition, the debris produced by the 

 

Fig. 6 SEM micrographs showing surface morphologies of worn (a and b) epoxy and (c and d) epoxy composite with 5 wt% microcapsules
at different magnifications. 
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breakage of the microcapsule are apparently found 

nearby. The debris can serve as spacers to prevent the 

direct contact between the steel ball and composite 

during the sliding as the MWCNTs contained in the 

debris can lubricate the rubbing surfaces. It can be 

deduced that the co-incorporation of the wax lubricant 

and MWCNTs in the embedded microcapsules in the 

epoxy composites greatly improves the tribological 

performance of the composites through their combined 

self-lubricating effects.   

4 Conclusions 

The mechanical and tribological properties of epoxy 

composites modified with microcapsules containing 

a mixture of a wax lubricant and MWCNTs were 

investigated with respect to microcapsule content. 

The incorporation of the soft microcapsules in the 

hard epoxy matrix was responsible for the reduced 

hardness and Young’s modulus of the composites with 

increased microcapsule content. The friction coefficients 

of the epoxy composites were much lower than that of 

the epoxy and consistently decreased with increased 

microcapsule content as well, which was attributed 

to the combined self-lubricating effects of the wax 

lubricant and MWCNTs. The reduced friction of the 

epoxy composites consequently led to the lowered 

wear of the composites. The SEM observation con-

firmed that the wear of the composite surface during 

the wear test resulted in the breakage of micro-

capsules and the subsequent release of wax lubricant 

for lubricating the rubbing surfaces and preventing the 

direct solid−solid contact between the rubbing surfaces. 
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