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a b s t r a c t 

We herein report the development of carbon-modified porous fillers that function as micro-reservoirs to 

store lubricating oil as a low-friction and anticorrosive agent in a composite coating. These novel oily 

particles were added to an epoxy resin (EP)-based coating to study the effect of a lubricating oil on 

the anti-corrosion and friction performances of the coating. Analysis by electrochemical impedance spec- 

troscopy and sliding wear tests demonstrated that the presence of particles containing the lubricating oil 

significantly improved the barrier properties and the wear resistance of the EP coating. It was therefore 

apparent that the carbon surface modification of the Celatom filler improved the compatibility of both 

the filler towards the resin. Thus, the addition of fillers containing lubricating oil further improved the 

wear resistance and anti-corrosion properties of the coatings. 

© 2018 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved. 

1. Introduction 

Due to their outstanding strength and ductility, metals are com- 

monly employed in the engineering and construction of industrial 

materials and structures [1] . In this context, carbon steel is widely 

used as a construction material in industry due to its comprehen- 

sive performance, low cost, and good plasticity [2–3] . However, in 

humid and harsh conditions, the corrosion of steel inevitably takes 

place, thereby significantly impacting the economics of such sys- 

tems [4] . Thus, to slow down the corrosion process, the treatment 

of metal surfaces to introduce barriers is common method to ul- 

timately protect the metal from corrosion under harsh environ- 

ments. Although various methods have been developed to inhibit 

metal corrosion, using organic coatings is one of the most promis- 

ing methods [5] . It is generally known that epoxy (EP) resins are 

widely used in coatings due to their favorable mechanical prop- 

erties, excellent corrosion resistance, and stable chemical proper- 

ties. However, to prevent such systems contributing to the ongoing 

worldwide pollution issues, the use of volatile organic compounds 

should be restricted [6] . In such a big background, EP powder coat- 

ings without emission of VOC pollutants have received increasing 
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attention. However, most EP resins tend to be brittle and their poor 

wear resistance is difficult to guarantee long term protection per- 

formance as good protective coatings. 

Thus, to overcome the shortcomings of traditional organic coat- 

ings, the addition of nano/micro-fillers into the EP resin have been 

reported [7] , where the primary coatings are modified by conven- 

tional fillers such as corundum, glass fibre, kaoline, and montmo- 

rillonite. As a result, the hardness, wear resistance and corrosion 

resistance of the primary coatings can be improved. However, due 

to the inhomogeneous nature of conventional filler particle size, 

upon the addition of such fillers to the coating, the uneven distri- 

bution between the fillers becomes obvious, which resulting in a 

reduction of the barrier properties of coatings. However, a number 

of novel materials for the modification of these coatings have re- 

cently been developed, including graphene sheets [8,9] and hexag- 

onal boron nitride [10,11] . Indeed, the addition of such materials 

to certain polymer coatings has been found to markedly improve 

the anti-corrosion properties of the coatings, mainly due to their 

sheet barrier properties [12] , good dispersibility and their effective 

functionalization [13] . 

However, up to now the application of such novel materials 

in powder coatings has been limited by two key issues. Firstly, 

two-dimensional materials, such as graphene and hexagonal boron 

nitride are very difficult to distribute evenly in the powders. 

Secondly, a cost-effective production method for these advanced 
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materials is necessary to progress from academic research to in- 

dustrial applications and production. The development of a simple 

method to improve the sheet barrier performances, anti-corrosion, 

low friction and wear resistance of powder coatings is therefore of 

particular importance. 

Indeed, lubricating oil is a key material in industry, as it is ex- 

tensively applied to reduce friction between two interfaces. Herein 

we just thinking that the preparation of a self-lubricating and 

long-life coating where the lubricating oil is evenly distributed 

throughout the powder coating would be desirable. However, the 

direct addition of lubricating oils into powders is generally not 

possible, as it results in uneven dispersion in the coating ma- 

trix [14] . Furthermore, to permit deposition of the lubricating oil 

in the micro/nano-container, the container should exhibit good 

crush resistance properties to prevent deformation during prepara- 

tion of the coating. In recent years, some shells and microcapsules 

[15,16] are newly developed materials that can store lubricating oil 

in the coatings. The lubricating oil stored in the shell and micro- 

capsules is stable and easy to disperse in coatings. However, the 

lubricating oil will be released thoroughly when the shell and mi- 

crocapsules are destroyed. 

Considering the above-mentioned issues, we herein report the 

development of a novel method for the synthesis of an inorganic 

oil carrier by surface carbonizing porous particles of Celatom filler. 

Following the formation of hydroxyl groups on the external sur- 

face of the Celatom, modification using an alkyl phosphate carbon 

source will be carried out. After calcination, we expect that the re- 

sulting composite coating consisting of oily, porous fillers will ex- 

hibit excellent barrier and low friction properties. In addition, the 

influence of the conductive carbon on the barrier properties of the 

coating will be discussed to examine the influence such materi- 

als on the coating properties. It is expected that this research will 

pave a way to fabricate a novel low friction, wear resistance and 

anti-corrosion coatings for industrial applications. 

2. Materials and methods 

2.1. Materials 

18 alkyl phosphate (C 18 H 39 O 4 P, referred as C 18 P) were pur- 

chased from Shanghai Zhixin chemical Co., Ltd (China). Commer- 

cial EP powder (E-42) was supplied by Qingdao Meiheng Co. Ltd 

(China). Celatom were supplied by Ningbo Haishu Ding Chong 

chemical Co., Ltd (China). All reagents were used as received. Lu- 

bricating oil is in grade of 10 w-30 and it was purchased from 

Sinopec lubricant Co., Ltd (China). NaOH were purchased from 

Tianjin Fuchen chemical reagent factory. Deionized water was used 

for all experimental process. 

2.2. Preparation of the oily functional fillers 

A certain amount of Celatom (10 g) and NaOH (2 g) were put in 

50 mL beaker containing 40 ml 10% H 2 O 2 water solution. The above 

solution was reacting through stirring for 4 h. After filtration and 

drying, the hydroxylated Celatom was obtained. 

10 g hydroxylated celatom and 5 g C 18 P were put into 100 ml 

hydrothermal reactor containing 50 ml ethyl alcohol and keep the 

reactor in the 70 °C water bath for 0.5 h. After filtration and dry- 

ing, the C 18 P modified Celatom was obtained. The obtained powder 

was calcined at 500 °C for 8 h under N 2 atmosphere by degradation 

of the alkyl groups. Then the carbon modified filler was obtained. 

Then 10 g carbon modified Celatom was put in 50 mL beaker 

containing 5 g lubricating oil and 8 ml ethyl acetate. After stirring 

for 10 min, the mixture was put into vacuum drying oven at 10 kPa 

and 60 °C for 4 h. Then the oil contained surface functionalized 

filler was obtained. 

Fig. 1. Schematic representation of the modification of a Celatom particle. 

2.3. Preparation of different coatings 

The steel plate (1100 grade, 80 mm × 80 mm × 1 mm) was 

treated by sand blasting (ISO8501-1:1988), and then ultrasonically 

washed in absolute alcohol for 10 min. Pure EP coating (EPC): 2.0 g 

EP powder was sprayed with an electrostatic system onto the 

treated steel plate. Celatom EP coating (CEPC): 2.0 g EP and 0.4 g 

Celatom powders were mixed in massing machine at 600 r/min. 

Carbon modified Celatom EP coating (MCEPC): 2.0 g EP and 0.4 g 

carbon modified Celatom powder were mixed in massing ma- 

chine at 600 r/min. Oily celatom EP coating (OCEPC): 2.0 g EP and 

0.4 g oily Celatom powders were mixed in massing machine at 

600 r/min. 

Finally, all the EP coatings were obtained after calcinated at 

180 °C for 2 h. 

All the prepared coatings are at the average thickness of 

250 ± 10 μm. Samples for the EIS test are at the average thickness 

of 100 ± 5 μm. 

2.4. Characterization 

The reaction mechanisms of the prepared samples were char- 

acterized by Tensor27 infrared spectrometer (FT-IR). Scanning elec- 

tron microscopy (SEM) was used to observe the surface morpholo- 

gies of the samples. The element contents of the samples were 

measured by Energy Dispersive Spectrometer (EDS). The Coating 

Thickness Gauge (SaluTronComBi-D3) was applied to measure the 

thickness of the samples, which was obtained from the average 

value of five different areas. The coatings were exposed to 3.5% 

w/w NaCl solution for 30 d Tafel plots were obtained by scan- 

ning the potential from − 250 to 250 mV above E corr at a scan rate 

of 20 mV/min. Then, the electrochemical impedance spectroscopy 
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