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Abstract: A series of high solid content (30 wt%) epoxy resin (EP) composite coatings reinforced with differently 

sized cubic boron nitride (CBN) particles were fabricated successfully on 304L stainless steel. Polydopamine 

(PDA) was used to improve the dispersibility of CBN particles in EP. The structural and morphological features 

of the CBN particles and the composite coatings were characterized by Raman spectroscopy, scanning electron 

microscopy (SEM), and transmission electron microscopy (TEM). Moreover, a UMT-3 tribometer and surface 

profiler were used to investigate the tribological behaviors of the as-prepared composite coatings. Electrochemical 

impedance spectroscopy (EIS) and Tafel analysis were used to investigate the coatings’ anti-corrosion performance. 

The results demonstrated that the CBN fillers could effectively enhance the tribological and anti-corrosion 

properties of the EP composite coatings. In addition, when the additive proportion of the microsized (5 μm) 

and nanosized (550 nm) CBN particles was 1:1, the tribological property of the EP composite coatings was 

optimal for dry sliding, which was attributed to the load carrying capability of the microsized CBN particles 

and the toughening effect of the nanosized CBN particles. However, when the additive proportion of the 

microsized and nanosized CBN particles was 2:1, the tribology and corrosion resistance performance were 

optimal in seawater conditions. We ascribed this to the load-carrying capacity of the microparticles, which 

played a more important role under the seawater lubrication condition, and the more compact structure, which 

improved the electrolyte barrier ability for the composite coatings. 
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1  Introduction 

Epoxy resin (EP) has been widely used as an adhesive, 

a coating, and an automotive and aeronautics material 

in many fields due to its excellent chemical resistance, 

mechanical behavior, and electrical insulating properties 

[1–3]. However, the wear resistance of pure EP is poor, 

which is mainly due to the 3D network structure 

formed during curing, and the self-lubricity of the 

polymer is not exhibited for cracks generated under 

friction conditions [4, 5]. Therefore, there are few 

applications of neat EP under friction conditions, and 

EP must be made into a composite material to enhance 

its tribological performance so as to cater to different 

needs, especially in harsh environments. At present, 

incorporating micro/nanoparticles into EP is a widely 

accepted approach to promoting wear resistance, and 

is effective and low in cost. For example, nanodiamonds 

[6], TiO2 [4], SiO2 [7], graphene oxide [8], carbon nano-

tubes [9], and other micro/nanofillers have been used  
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to greatly promote the tribological properties of EP. 

Similarly, EP has been widely used as a protective 

coating to protect metals from corrosion because  

of its outstanding processability, excellent chemical 

resistance, good electrical insulation properties, and 

strong adhesion to heterogeneous materials [3, 10]. 

TiO2 [11], SiO2 [1], graphene oxide [10], and other 

micro/nanofillers have also been used to further 

greatly promote the corrosion resistance of EP. 

Polymer reinforced with differently sized particles 

shows different mechanical properties, including 

Young’s modulus, strength, hardness, and toughness, 

which have a significant impact on its tribological 

performance [12]. Cho et al. [13] investigated the 

mechanical properties of polymer reinforced with 

spherical alumina particles. It was found that the 

Young’s modulus of the composite increased as the 

size of the particles decreased at a nanoscale, and 

the tensile strength of the composite increased as the 

particle size decreased. Singh et al. [14] investigated 

the fracture toughness of thermoset unsaturated 

polyester resin reinforced with aluminum particles of 

micro- and nanometer size. It was observed that the 

overall fracture toughness increased monotonically 

as the volume fraction increased for a given particle 

size, and smaller particles led to a greater increase in 

fracture toughness for a given particle volume fraction. 

However, for the composite, larger particles increased 

the load-carrying capability and stiffness, which 

depends significantly on the load-carrying capability. 

Barmouz et al. [15] fabricated copper-base composites 

reinforced with 30 nm and 5 μm SiC particles on the 

surface of pure copper, and showed that decreasing 

the reinforcing particle size would enhance the tensile 

strength and wear resistance, and also decease the 

percent elongation. At the same time, composites 

reinforced with differently sized particles displayed 

different results in terms of compactness, dispersibility, 

and barrier, which significantly influenced their anti- 

corrosion behaviors under water conditions. Li et al. 

[16] investigated the anti-corrosion behaviors of nano 

SiO2-modified EP coatings, and Mostafaei et al. [17] 

investigated the anti-corrosion behaviors of ZnO 

nanoparticle-modified polyaniline coatings. The results 

showed that nano composite coatings can act as either 

a physical barrier toward a corrosive environment, 

or as inhibitory pigments by shifting the corrosion 

potential of the metallic substrate to higher values 

and reducing the corrosion rate. However, nanoparticles 

easily agglomerate due to the large surface area, which 

makes it difficult to achieve high content (usually less 

than 1.0 wt%). The addition of microparticles can 

also improve the dispersion of nanoparticles to some 

extent. 

As a new type of micro/nanomaterial, boron nitride 

possesses a variety of crystalline structures, such as 

hexagonal and cubic [18–21]. Cubic boron nitride 

(CBN), whose hardness is second only to diamond, 

has been widely used in the field of wear resistance. 

Yu et al. [3] compared the tribological properties of 

EP composite coatings reinforced with functionalized 

CBN or hexagonal boron nitride (HBN) fillers. The 

results showed that CBN fillers endowed the EP com-

posite coatings with higher wear resistance. 

Inspired by the above research, CBN microparticles 

with a mean diameter of 5 μm, and CBN nanoparticles 

with a mean diameter of 550 nm were chosen to 

cooperatively improve the wear resistance and anti- 

corrosion performance of EP. In this work, CBN 

particles of different sizes were first modified via the 

self-polymerization of dopamine. After that, a series 

of EP composite coatings reinforced with various 

proportions of macro-CBN (MCBN) and nano-CBN 

(NCBN) particles were fabricated. The surface 

modification of CBN particles and the mechanical 

properties of the composite coating were examined. 

The surface morphologies of the as-prepared composite 

coatings were observed. The tribological behaviors of 

the as-prepared composite coatings were investigated. 

Electrochemical impedance spectroscopy (EIS) was 

used to investigate the coatings’ anti-corrosion per-

formance. Finally, the tribological mechanism of the 

composite coating was elaborated based on the above 

results. We believe this binary-scale particle enhance-

ment strategy for composites may extend their potential 

application areas, especially under harsh environments. 

2 Experimental 

2.1 Materials 

The bisphenol-A EP TC-K44 (EP: epoxide value of 

210–230 g/mol) and curing agent T31 (amine value of 

460–480 mgKOH/g) was purchased from Jiangyin 
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Chemicals Co., Ltd., China. CBN particles were supplied 

by FUNIK Ultrahard Material Co., Ltd., China. In 

addition, dopamine hydrochloride was purchased from 

Aladdin Reagent Co. Ltd., China, and solvents including 

xylene and alcohol were purchased from Sinopharm 

Chemical Reagent Co., Ltd., China. 

2.2 Surface modification of CBN particles 

Because the surface of the CBN particle has few 

functional groups, further surface hydroxylation is 

required to achieve better graft efficiency. The schematic 

diagram of the surface modification process for CBN 

particles was shown in Scheme 1. First, the CBN par-

ticles were treated in a 5 M NaOH solution at 120 °C 

for 24 h, then washed with deionized water and 

centrifuged several times to neutral. The hydroxylated 

CBN was then dried in a furnace at 60 °C for 5 h, and 

collected after cooling. To dispel the aggregation caused 

by high activity, micro/nano-CBN particles were treated 

with dopamine hydrochloride, so that after chemical 

modification the CBN fillers would be well-dispersed 

in the EP matrix. 5 g of CBN particles was dispersed 

in a mixed solution of 800 mL of tris buffer solution 

(10 mM, pH 8.5). 100 mg and 250 mg of dopamine 

hydrochloride was added to the microsized and 

nanosized CBN particle solutions, respectively, and 

then the mixtures were stirred for 12 h at 25 °C. After 

the reaction, the modified CBN powder, denoted 

separately as MCBN@PDA and NCBN@PDA, was 

centrifuged and washed with deionized water and 

ethanol several times before being dried at 60 °C. 

2.3 Preparation of EP composite coatings 

A series of CBN-EP composite coatings with different 

micro/nano proportions (the formulations of the 

CBN-EP composite coatings are listed in Table 1) were 

prepared as follows: micro/nano-CBN@PDA was dis-

persed in EP by ultrasound for 10 min, then a curing 

agent was added, stirred for 10 min, and degassed at  

 
Scheme 1 Schematic illustration of the surface modification of 
CBN micro-/nanoparticles by dopamine. 

Table 1 The formulation of CBN-EP composite coatings.  

Sample 
EP 

content 
(%) 

CBN 
content 

(%) 

Micro-CNB 
content (%) 

Nano-CNB 
content (%)

EP 70 30 0 0 

CBN-EP-1 70 30 30 0 

CBN-EP-2 70 30 20 10 

CBN-EP-3 70 30 15 15 

CBN-EP-4 70 30 10 20 

CBN-EP-5 70 30 0 30 

 

room temperature for 10 min with a vacuum pump to 

remove the bubbles. Finally, the mixture was coated 

on the 304L stainless steel surface in a thickness of 

300 μm ± 5 μm for the tribological test, and on the 

Q235 level steel surface in a thickness of 20 μm ± 2 μm 

for the corrosion test. 

2.4 Characterization 

The size distribution of the micro-CBN particles was 

measured by a micrometer laser particle size analyzer 

(S3500, S3500-special, American Microtrac). The size 

distribution of the micro-CBN particles was detected 

by dynamic light-scattering particle size analyzers 

(ZETA, Zetasizer Nano ZS, Malvern, United Kingdom). 

Thermogravimetric analysis (TGA, Diamond TG/DTA) 

was used to characterize the successful grafting  

and mass percentage of polydopamine (PDA) on the 

surface of the CBN particles. The heating rate was  

10 °C per minute in the temperature range of 40 to 

800 °C in air conditions. Raman spectrum (RAM, 

Renishaw inVia Reflex) and transmission electron 

microscopy (TEM, Tecnai F20) were used to detect 

the presence of PDA, and its thickness on the surface 

of CBN particles. Dynamic mechanical analysis (DMA, 

DMAQ800) and 5567 universal material testing (Instron 

5569A) were carried out to investigate the thermal and 

mechanical properties of CBN-EP composite coatings. 

The hardness of the coatings was characterized by 

Vickers hardness testing. 

2.5 Tribological and corrosion measurements 

The tribological behaviors of neat EP and CBN com-

posite coatings were examined with a UMT-3 tribometer 

(CETR, USA) with a reciprocating ball-on-plate mode. 

The experimental parameters were as follows: the 
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load was 5 and 10 N under dry sliding and seawater 

conditions, respectively, frequency was 5 Hz, wear 

track distance was 5 mm, sliding time was 30 min, and 

a Si3N4 ball with a diameter of 3 mm was used as the 

stationary upper counterpart. Each experiment was 

repeated three times to determine a mean value.  

The morphologies of the worn surface were observed 

by SEM (FEI Quanta FEG 250) and 3D laser scanning 

confocal microscopy (LSCM; Keyence model VK- 

X200K). To evaluate the corrosion resistance of the 

coatings, the samples were immersed in 3.5% NaCl 

solution for 40 d, and then the EIS (CHI-660) and 

Tafel plots were measured. Electrochemical data were 

collected using a ModuLab electrochemical workstation 

(Solartron) equipped with a typical three-electrode 

device, including the reference electrode (saturated 

calomel electrode (SCE)), counter electrode (platinum 

plate with 2.5 cm2 area), and working electrode. 

Impedance measurements were recorded in the 

frequency range of 100 kHz to 0.01 Hz using an 

alternating current signal with an amplitude of 10 mV. 

Potentiodynamic polarization tests were performed 

with the value of the open circuit potential (Eocp) of 

± 250 mV and a sweep rate of 1 mV/s. 

3 Results and discussion 

3.1 Morphology and particle size analysis 

A micrometer laser particle size analyzer is suitable 

for the measurement of microparticles, but there is  

a large error in the measurement of nanoparticles. 

Dynamic light-scattering particle size analyzers are 

only suitable for the measurement of nanoparticles. 

The shape of the MCBN/NCBN particles was irregular, 

as shown in Fig. 1. It is obvious that the mean diameter 

of the micro-CBN particles was approximately 5 μm, 

and the NCBN particle diameter was approximately 

550 nm according to the size distribution. 

3.2 Surface modification 

The non-covalently bonded dopamine molecules 

experienced alkaline induced pH-oxidation and further 

nucleophilic reaction associated with rearrangement, 

followed by dopamine self-polymerization on the 

surface of the CBN particles [22–26]. The optical image  

 

Fig. 1 SEM image (a) and size distribution (b) of micro-CBN 
particles; SEM image (c) and size distribution (d) of NCBN 
particles. 

of CBN dissolved in xylene solution of EP for 2 d is 

shown in Figs. 2(a) and 2(b). The EP dispersion of 

dopamine-treated CBN particles showed a darker color, 

which indirectly indicated that the dopamine was 

successfully grafted onto the surface of the CBN. After 

allowing the EP dispersion of xylene to stand for 2 d, we 

could clearly see that the EP dispersions of unmodified 

CBN particles showed obvious delamination and many 

CBN particles at the bottom of sample bottle. However, 

there was no obvious delamination or precipitation 

in the EP dispersions of the PDA-modified CBN 

particles. This indicated that modification by PDA 

directly enhanced the compatibility of CBN in EP. 

High-resolution TEM images confirmed the successful 

noncovalent functionalization of CBN particles by PDA. 

The images in Figs. 2(c) and 2(d) clearly reveal that 

there was a thin layer of PDA with a thickness of 

5–6 nm and 4–5 nm on the surface of the MCBN and 

NCBN particles, respectively. The energy dispersive 

spectrometer showed that a considerable amount of 

carbon and oxygen appeared on the CBN surface in 

Figs. 2(e)–2(h). This further proved that dopamine 

was successfully grafted onto the surface of the CBN 

particles. 

The surface chemical composition was further 

confirmed by Raman spectra, as shown in Fig. 3(a). 

The Raman shifts at 1,035 and 1,287 cm−1 correspond 

to the characteristic peaks of CBN. A new peak   

at 1,580 cm−1 appeared after modification, and was 

assigned to the stretching vibration and deformation 

of catechol in the PDA structure [27, 28]. 
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Figure 3(b) compared the thermal degradation  

behaviors of pristine and functionalized CBN particles. 

Pristine CBN exhibited high thermal stability up   

to 800 °C without causing any decomposition. On   

the other hand, the dopamine-treated nanoparticles 

began to degrade at approximately 200 °C and then 

experienced major weight loss between 250 to 550 °C, 

which corresponded to the decomposition of PDA 

molecules attached to the surface of the CBN micro/ 

nanoparticles. In addition, approximately 4.3% and 

1.2% PDA were noncovalently attached to the MCBN 

and NCBN particles, respectively. 

3.3 Mechanical and thermal properties of CBN 

composite coating 

Hardness had an important influence on the load 

carrying capacity of the composite coatings. The Vickers 

hardness of composite coatings for the different 

ratios of MCBN/NCBN particles is shown in Fig. 4(a). 

It was observed that the hardness of the composite 

coatings decreased along with the content of micro-CBN 

(the coating CBN-EP-1 exhibited the highest hardness,  

which was as high as 19.80 HV, increased by 98.0% 

compared with 10 HV of neat EP. The coating CBN- 

EP-4 showed the lowest hardness as low as 13.76 HV, 

which represents an increase of 37.6% compared with 

neat EP). The relationship between the hardness  

and the content of micro-CBN was attributed to the 

excellent load carrying capability of MCBN particles 

in the composite. The pencil hardness of EP, CBN-EP-1, 

CBN-EP-2, CBN-EP-3, CBN-EP-4, and CBN-EP-5 was 

measured as 2, 5, 5, 4, 4, and 4 H, respectively, 

generally consistent with the Vickers hardness. The 

difference in the hardness of the CBN-EP composite 

coatings was mainly due to the fact that the MCBN 

particles were more effective in increasing the coatings’ 

hardness.  

The mechanical properties also had a considerable 

impact on the tribological properties. The tensile stress 

and elongation at break of the CBN composite coatings 

and pure EP are shown in Fig. 4(b). The tensile stress 

of the CBN composite coatings shows a 20%–30%  

 

Fig. 2 Optical images of CBN dissolved in xylene solution of epoxy resin for 2 d (a, b). TEM images of MCBN (c) and of NCBN (d).
EDS spectrum of MCBN (e, f) and of NCBN (g, h). 

 

Fig. 3 Raman spectra of MCBN and NCBN (a), and TGA of PDA, MCBN@PDA, and NCBN@PDA (b). 
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Fig. 4 Microhardness (a), tensile strength and elongation at break 
(b), storage modulus (c), and tanδ (d) of pure EP and CBN-EP 
composite coatings  

increase compared with pure EP, and the elongation 

at break decreased, except for the CBN-EP-1 coating. 

We can conclude that the incorporation of CBN in EP 

maintained its relative toughness, while enhancing 

the mechanical strength of EP. 

Due to the large amount of heat generated during 

the friction process, the change in mechanical pro-

perties according to the change in temperature, and the 

glass-transition temperature of the composite coatings 

are of great significance. The DMA technique was used 

to investigate the characteristic dynamic mechanical 

parameters of the CBN-EP composite coatings. The 

results shown in Figs. 4(c) and 4(d) prove that the 

storage modulus of the composite coatings containing 

only MCBN particles (CBN-EP-1) decreased greatly, 

and the storage modulus of the composite coatings 

containing only NCBN particles (CBN-EP-5) increased 

substantially. However, the composite coatings con-

taining both MCBN and NCBN (CBN-EP-2, CBN-EP-3, 

CBN-EP-4) showed relatively little change. The storage 

modulus decreased significantly above 10 °C, which 

was ascribed to the need for the molecular chains to 

dissipate energy in order to overcome viscous motion. 

Correspondingly, as displayed in Fig. 4(d), the glass- 

transition temperature (Tg) of the composite coatings 

CBN-EP-1, CBN-EP-3, CBN-EP-4, and CBN-EP-5 

decreased in contrast with pure EP, which was 

attributed to the addition of micro/nano-CBN particles 

being beneficial to the movement of polymer chains. 

However, Tg of the composite coating of CBN-EP-2 

increased, which may have been due to its more 

compact structure.  

The fracture surface images of pure EP and CBN-EP 

composites were investigated by SEM to further 

analyze the mechanical properties and are shown in 

Fig. 5. The cross-sections of CBN-EP composite coatings 

and pure EP were derived from brittle fracture under 

liquid nitrogen conditions. The fractured surface 

morphology of the pure EP was smooth (Fig. 5(a)), 

which corresponded to typical brittle fracture behavior. 

Compared with pure EP, more obvious plastic defor-

mations were presented on the composite coatings, 

which were due to a large number of vein patterns 

formed on the fractured surface [3, 29]. The number 

of vein patterns on the EP composite coatings with 

more MCBN particles (CBN-EP-1, CBN-EP-2, CBN-EP-3) 

was lower than on the composite coatings with more 

NCBN particles (CBN-EP-4, CBN-EP-5). It was indicated 

that NCBN particles are more likely to improve the 

composite coating’s plasticity. 

3.4 Tribological properties 

To determine the suitable filler ratio of CBN with 

various particle sizes added to EP for the best 

tribological performance under different operating 

conditions, the coefficient of friction (COF) and wear 

rate of the CBN-EP composite coatings are investigated 

in this section. In addition, to elaborate the different 

effects of CBN particles of different sizes on the 

tribological properties of EP composite coatings, the 

wear track of the coatings was also detected.  

Figures 6(a) and 6(c) shows the COF and wear rate 

of pure EP and CBN-EP composite coatings under dry 

sliding conditions. It can be observed that the COF 

increased quickly in the first stage, and then gradually 

reached a stable state. Moreover, the results indicated 

that the COF of the five ratios of EP composite 

coatings were basically the same, and it decreased 

by approximately 25% compared with pure EP in dry 

sliding conditions. Figure 6(c) shows the wear rate 

of neat EP and EP composite coatings with different 

proportions of MCBN and NCBN particles under dry 

sliding conditions. It can be observed that the wear 

rate of EP composite coatings decreases drastically, 

which indicates that the presence of CBN particles 

can significantly improve the wear resistance of the 
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composite coatings. Moreover, the optimal addition of 

MCBN and NCBN in EP for the lowest wear rate value 

was 15 and 15 wt%. The wear rate of CBN-EP-3 was as 

low as 10.50 × 10−5 mm−3·N−1·m−1, which is only 79.45% 

less than the neat EP coating (51.10 × 10−5 mm−3·N−1·m−1) 

under dry sliding conditions.  

The trend of the COF and wear rate of coatings 

series presented above was ascribed to the following: 

The neat EP exhibited a typical brittle feature, and was 

prone to producing long cracks when in mechanical 

contacted with the rigid friction pair, resulting in 

higher COF. A slight decrease in the COF of the com-

posite coatings could be attributed to the promotion 

of hardness and toughness in the composite coatings, 

which reduced the expansion of cracks and formed a 

smooth surface with little wear debris [3, 30].  

Figure 6(b) shows the COF of pure EP and CBN-EP 

composite coatings under seawater conditions. The 

tendency of the COF under seawater conditions is the 

same as under dry sliding conditions, where it increased 

rapidly and then stabilized. Moreover, the results 

indicate that the COF of the five ratios of EP com-

posite coatings decreases drastically and is positively 

correlated with hardness. 

Figure 6(d) shows the wear rate of neat EP and  

EP composite coatings with different proportions of 

MCBN and NCBN under seawater conditions. It can 

be observed that the wear rate of EP composite coatings 

reduced in order of magnitude, which was attributed 

to lubrication with water and the natural lubrication 

of EP. Furthermore, the optimal ratio of MCBN and 

NCBN for the lowest wear rate was 20 wt% and     

 
Fig. 6 Tribological properties of EP and CBN-EP composite 
coatings under dry sliding conditions (load: 5 N, sliding 
frequency: 5 Hz) and seawater lubrication conditions (load: 10 N, 
sliding frequency: 5 Hz); friction coefficients under dry sliding 
conditions (a) and under seawater conditions (b); wear rate under 
dry sliding conditions (c) and under seawater conditions (d). 

10 wt%, in which CBN-EP-3 displayed the highest 

hardness. The wear rate of CBN-EP-3 was as low as 

5.70 × 10−5 mm−3·N−1·m−1, 97.81% lower than the neat EP 

coating (251.20 × 10−5 mm−3·N−1·m−1) under seawater 

conditions.  

The trend presented above was ascribed to the 

following: the lubricating effect of seawater can reduce 

direct contact between the friction ball and the surface 

of the coating. However, frictional heat and wear debris 

can be removed by seawater continuously during 

sliding, which results in a cold, clean, and smooth 

counterpart surface to some extent [31, 32]. However, 

 

Fig. 5 SEM images of fractured surface morphologies of pure EP (a), CBN-EP-1 (b), CBN-EP-2 (c), CBN-EP-3 (d), CBN-EP-4 (e), 
and CBN-EP-5 (f). 
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the lubricating effect of seawater does not work, and 

could not prevent the generation of debris on pure EP. 

Moreover, the toughness of the CBN-EP composite 

coatings made the lubrication by seawater more 

effective, reducing the wear debris peeled from the 

coatings. The optimal proportion of micro- and nano-

particles in composite coatings was different between 

the dry and seawater sliding conditions, which may 

have been due to the different loading conditions. 

Furthermore, there were different friction mechanisms 

under dry sliding and seawater conditions. The fillers 

concentrate stress and absorb a large number of energy 

during the friction process [33–35]. In addition, the 

load-carrying capacity of microsized particles was 

better than that of nanosized particles. In the dry sliding 

conditions, the optimal ratios of MCBN and NCBN 

corresponding to the lowest wear rate value were  

15 wt% and 15 wt%, which was ascribed to the load- 

carrying capacity of the microsized particles, and 

the reinforcement of the nanosized particles with the 

appropriate hardness, tensile strength, storage modulus, 

and glass transition temperature. However, under 

seawater conditions, the optimal proportions of micro- 

CBN and NCBN for the lowest COF and wear rate 

was 20 and 10 wt%, which might be attributed to the 

higher hardness and glass transition temperature. 

Figures 7 and 8 show the worn surface morphologies 

of EP and CBN-EP composite coatings with different 

proportions of neat EP and CBN-EP composite coatings 

in both dry sliding and seawater conditions. For the dry 

sliding condition, the optical images in Fig. 7 show 

that the wear trace on the EP and CBN-EP composite 

coatings was not only extremely rough, but also 

generated more wear debris. For the EP, a large number 

of cracks can be observed along the edge of the wear 

trace marked by the red loop in Fig. 7(a1). Moreover, the 

 

Fig. 7 Optical images and SEM images of worn surface for coatings under dry sliding conditions: pure EP (a1, a2), CBN-EP-1 (b1, b2), 
CBN-EP-2 (c1, c2), CBN-EP-3 (d1, d2), CBN-EP-4 (e1, e2), CBN-EP-5 (f1, f2). 
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SEM images in Fig. 7 show a number of microcracks 

on the wear trace of the neat EP and CBN-EP com-

posite coatings, except for the CBN-EP-2 composite 

coating in Fig. 7(c2), which did not show any cracks, 

and these results were consistent with the lowest 

wear rate. For the seawater conditions, the optical 

image of neat EP in Fig. 8(a1) not only showed a coarse 

wear trace, but also many cracks along the wear 

trace edge marked by a red loop, whereas the optical 

morphologies of the CBN-EP composite coatings were 

smoother than in dry sliding conditions, even though 

the load force of seawater friction was twice that in 

dry friction conditions. In particular, the wear trace 

morphology of the optimal proportion of fillers for 

the CBN-EP-2 composite coating in Fig. 8(c1) was the 

smoothest, which was consistent with the data obtained 

from the tribological experiments. Moreover, the SEM 

images in Fig. 8 further revealed the friction process 

of the coatings. The SEM image of neat EP in Fig. 8(a2) 

shows serious wear debris peeling, which was attributed 

to its brittle property. The wear trace of the CBN-EP 

composite coatings in Fig. 8(b2) shows many fragments 

marked by yellow loops. The wear trace of CBN-EP-2 

and CBN-EP-3 composite coatings in Figs. 8(c2) and 

8(d2) show some superfine debris as friction lubricant, 

marked by yellow loops. The wear trace of CBN-EP-4 

composite coatings in Fig. 8(e2) shows typical fatigue 

wear. The wear trace of CBN-EP-5 composite coatings 

show massive debris marked by yellow loops, due to 

the addition of numerous nanoparticles. 

Figure 9 further elaborates the friction mechanism 

of the neat EP and CBN-EP composite coatings.  

The addition of micro/nanofillers can inhibit crack 

generation and expansion. Under dry sliding conditions, 

cracks were easily generated, and obvious adhesive 

wear occurred. This was mainly ascribed to the  

 

Fig. 8 Optical images and SEM images of worn surface for coatings under seawater conditions: pure EP (a1, a2), CBN-EP-1 (b1, b2), 
CBN-EP-2 (c1, c2), CBN-EP-3 (d1, d2), CBN-EP-4 (e1, e2), CBN-EP-5 (f1, f2). 
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substantial heat generated during the friction process, 

which caused the temperature of the coating surface 

to approach the glass transition temperature of the EP 

in the absence of any external lubrication or cooling 

condition. However, the addition of filler can reduce 

the generation of cracks in the coatings, or greatly 

eliminate cracks in the coating when the proportion 

of microsized and nanosized CBN particles was   

15 wt% and 15 wt%. At this time, the wear mechanism 

of the coating changed from crack generation and 

adhesive wear to fatigue wear. Under seawater con-

ditions, the temperature of the friction surface was 

close to room temperature. This was attributed to 

the cooling behavior of seawater, which resulted in 

lower temperature compared with dry sliding. The 

EP coating showed typical brittleness, which produced 

numerous fragments corresponding to its maximum 

wear rate. However, the CBN-EP composite coatings 

were free of obvious cracks during the friction process, 

and showed mainly abrasive wear and fatigue wear 

attributable to the improvement in the mechanical 

performance of the composite coatings. Moreover, 

the debris of the CBN-EP-2 and CBN-EP-3 composite 

coatings that incorporated a low content nanosized 

CBN particles was less than the CBN-EP-1 composite 

coatings that added only microsized CBN particles. 

When the nanosized particles increased, more debris 

peeling occurred.  

3.5 Anti-corrosion properties 

In order to evaluate the corrosion resistance of the 

neat EP and composite coatings reinforced with the 

CBN particles, Tafel plots of pure EP and CBN-EP 

composite coatings exposed to 3.5 wt% NaCl solution 

were displayed in Fig. 10. Some important parameters, 

including current density (Icorr), corrosion potential 

(Ecorr) and protection promotion (η) derived from the 

polarization curves are listed in Table 2.  

The protection promotion η of CBN-EP coatings 

on the substrate was calculated from the Icorr values 

 

Fig. 10 Polarization plots for the coatings in 3.5 wt% NaCl. 

Table 2 Electrochemical parameters for bare and coated 
substrates obtained from polarization curves. 

Samples Icorr (A·cm−2) Ecorr (V) η (%) 

EP 1.239 × 10−5 –0.6973  

CBN-EP-1 9.365 × 10−7 –0.6453 92.44 

CBN-EP-2 1.287 × 10−8 –0.4757 99.99 

CBN-EP-3 1.458 × 10−8 –0.4217 99.88 

CBN-EP-4 2.047 × 10−7 –0.6039 98.01 

CBN-EP-5 1.941 × 10−6 –0.6465 84.33 
 

 

Fig. 9 Schematic of wear mechanism of EP composite coatings enhanced via MCBN and NCBN fillers. 
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according to the following equation: [36] 




 ep corr

ep

100%,
I I

I
 

where Iep and Icorr are the corrosion current densities 

of EP and CBN-EP coatings, respectively. 

In general, a lower Icorr value represents a lower 

corrosion dynamic rate. By comparing the value of 

Icorr and η from different perspectives, two important 

pieces of information can be obtained. First, the Icorr of 

the pure EP coating was higher than that of CBN-EP 

composite coatings. Secondly, the Icorr of the composite 

coatings reinforced with only LCBN or FCBN particles 

was higher than that of the composite coatings 

reinforced with both micro-CBN and NCBN particles. 

In addition, the optimal ratio of micro-CBN and NCBN 

corresponding to the lowest Icorr was 20 wt% and   

10 wt%. The large addition of nanosized particles   

in EP may result in more defects in the composite 

coatings.  

In addition, EIS was used to evaluate anti-corrosion 

properties [37–42]. Figure 11 presents the Nyquist 

plane plots and Bode plots of the measurements in 

the seawater condition. It can be observed that the 

Nyquist plane plots and the Bode plots show the 

sequence pure EP < CBN-EP-5 < CBN-EP-1 < CBN- 

EP-3 <CBN-EP-4 < CBN-EP-2. The coating with the 

highest EIS is CBN-EP-2, which exceeds 107 Ω·cm−2, 

two orders of magnitude greater than neat EP coating  

(approximately 105 Ω·cm−2). The EIS values of the 

other four composite coatings are close to 107 Ω·cm−2. 

The obtained results are consistent with the tendency 

of the polarization curves. The obtained curves were 

fitted with electrochemical equivalent circuits and are 

shown in Fig. 11. The equivalent circuits contained 

elements corresponding to the solution resistance (Rs), 

double layer capacitance (Qdl), charge transfer resistance 

(Rct), coating capacitance (Qfilm), and coating resistance 

(Rfilm) [38, 43, 44]. The measured impedance approached 

the sum of Rct and Rfilm at the low frequency end 

(Rp=Rfilm+Rct). The equivalent circuit description for the 

EP and composite coatings is R(QR)(QR). The values 

of the impedance parameters are listed in Table 3. 

The values of Rct and Rfilm for the composite coatings 

are correspondingly improved compared with pure 

EP coating, which mean the increase of the EIS for 

the composite coatings. The Rp value obtained for the 

coatings varies from 2.42×105 (EP) to 1.61×107 Ω·cm−2 

(CBN-EP-2). Slightly higher Rp values were obtained 

for the composite coatings than the pure EP coating, 

indicating improved corrosion resistance. 

Generally, many micropores may naturally exist 

in the matrix, which makes it easier for a corrosion 

medium to penetrate. Furthermore, the addition of 

CBN particles may block the defects formed in the  

EP coating, resulting in the formation of a compact 

structure [45]. According to the above results, an 

anti-corrosion mechanism was illustrated in Fig. 12. 

As the nanosized CBN particle content increased, the  

 

Fig. 11 Nyquist plots (a), Bode plots (b), and the equivalent electrical circuits for impedance measurements (c). 
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nanosized CBN particles easily occupied the space 

between the microparticles. In this way, the CBN 

particles began to come into contact with each other 

and form a more compact packing structure, thereby 

exhibiting better barrier and anti-corrosion properties. 

4 Conclusions 

In summary, the EP and EP composite coatings 

reinforced by a high content (30 wt%) of CBN particles 

with microsized and nanosized particles were 

successfully prepared, and various characterization 

methods were used to evaluate their tribological 

behaviors and anti-corrosion properties. The disper-

sibility and compatibility of CBN particles in EP can 

be greatly improved by PDA modification. CBN-EP 

composite coatings showed significantly improved 

mechanical properties, especially hardness. The friction 

and corrosion resistance of the composite coatings were 

greatly improved. When the additive proportions of 

MCBN and NCBN particles was 1:1, the tribological 

performance of EP composite coatings was optimal 

under dry sliding conditions. When the additive 

proportion of MCBN and NCBN particles was 2:1, 

the tribological and corrosion resistance performance 

was optimal in seawater conditions. We ascribed this 

to the more compact structure, which improved the 

mechanical properties and electrolyte barrier of the 

composite coatings. The addition of microsized CBN 

particles enabled the composite coating to possess 

better load-carrying capability, while the addition of 

nanosized particles improved the toughness of the 

coating.  
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