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Abstract 

Various concentrations of graphene nanoplatelets (GNP) i.e. 0.2, 0.4, 0.6, 0.8 and 1.0 wt. % were 
incorporated into the epoxy resin by sonication technique and mechanical agitation process. Limiting 
oxygen index (LOI) test and thermogravimetric analysis (TGA) indicated that the presence of GNP 
greatly enhanced the flame retardancy properties of the epoxy coating. Salt spray results obtained 
suggested that the addition of GNP enhanced corrosion performance and reducing the water 
absorption in comparison with pristine epoxy coating. Adhesion (cross-cut test) revealed that the 
presence of GNP showed great adhesion to substrates. Incorporation of 0.8 wt. % GNP exhibited the 
superior anticorrosion performance, great adhesion to subtract, and the lowest water uptake among 
other samples. 
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INTRODUCTION 

Epoxy coatings have been developed over the years due to their 

good barrier properties that can protect metals from corrosion over 

long periods of time (Pour-Ali et al., 2014; Atta et al., 2015). 

However, pristine epoxy coatings have low durability as anticorrosion 

coating due to the presence of holes and defects which are permeable 

to oxygen, water, and corrosive ions such as Cl-, H+, and SO2
−4 

(Popović et al., 2005). Therefore, numerous types of additives have 

been employed to improve the barrier performance of these polymeric 

coatings (Zhang et al., 2007; Shao et al., 2009; Chen et al., 2017). The 

incorporation of fine particles that are miscible into epoxy resin can 

occupy cavities by reducing the porosity and zigzagging the diffusion 

path for deleterious species and consequently enhance the integrity 

and durability of coatings (Shi et al., 2003; Hartwig et al., 2005). 

Graphene related material have attracted tremendous attention in 

various potential applications including batteries (Raccichini et al., 

2015), capacitors (Xia et al., 2015), nanocomposites (Mittal et al., 

2015), sensors (Vashist et al., 2015), and coatings for corrosion 

prevention (Chen et al., 2017; Prasai et al., 2012). These applications 

are possible due to its unique structures and extraordinary electronic, 

thermal, mechanical, and barrier properties. Previous studies have 

indicated that graphene-based coatings possess excellent anticorrosion 

barriers for metals (Kirkland et al., 2012; Chang et al., 2012; Zhou et 

al., 2013; Yu et al., 2014). Kirkland et al. (2012) reported that the 

electrochemical response of graphene-coated nickel and copper, 

where the graphene layer was able to improve the anticorrosion 

performance of pure metals. The capability of graphene to enhance 

oxidation resistance was demonstrated by Chen et al. (2011).  It helps 

to create an air-tight ‘‘balloon’’ that presumably increase barrier 

properties and impermeability to oxygen (Bunch et al., 2008). 

To the best of our knowledge, not many studies investigate the 

effect of graphene on corrosion performance and flame retardancy of 

epoxy nanocomposite coating. One related study by Alhumade et al. 

(2016) revealed the effect of different graphene nanosheets (GNS) 

loading on corrosion performance of stainless-steel Type 304. They 

found that low graphene loading up to 0.5 wt. % boost up the life 

cycle of stainless-steel substrates due to the barrier property of 

graphene, which limits the diffusion of corrosive agents to reach the 

metal substrates. Nevertheless, the effect of GNS on flame retardancy 

was not discussed and highlighted in their study. 

In this work, epoxy resin type BE-188 and GNP nanofiller were 

prepared by stirring and bath sonication before coated on the mild 

steel plate. The anticorrosion performance and flame retardancy 

properties of epoxy filled GNP nanocomposite coatings were 

evaluated by salt spray and LOI test, respectively.  

EXPERIMENTAL 

Materials 
The mild steel plate which was readily sandblasted was cut into 

dimensions of 100 mm × 50 mm × 1.5. For salt spray and adhesion 

tape test, they were coated with epoxy-filled graphene nanocomposite 

coating. The diglycidyl ether of bisphenol A (DGEBA), epoxy resin 

(BE-188), and polyamine hardener (H2310 polyamine amide) were 

supplied by Mc-Growth Chem. GNP was purchased from XG Science 
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Inc., East Lansing, USA with the specification of 6-10 layer graphene, 

3.4-7.0 nm and 50 μm in thickness and diameter, respectively.  

Preparation of nanocomposites 
GNP filler was dispersed in ethanol (1:250 ratio) and subsequently 

sonicated using a sonicator ultrasonic Bilon-1200Y for 15 minutes. 

The suspension was then kept in the fume hood to evaporate the 

ethanol in order to reduce the formation of an air bubble on the 

coating surface. After that, the dispersion was added gradually into the 

epoxy resin and slowly stirred at ~200 rpm by a mechanical stirrer for 

15 minutes. Finally, a stoichiometric amount of hardener with a 

weight ratio of 2:1 was added into the mixture and continuously 

stirred until the mixture was uniformly mixed. Various formulations 

of the epoxy-graphene nanocomposite are tabulated in Table 1. Well-

dispersed epoxy/nanoparticles filler mixture was then coated onto 

mild steel plates to form ~0.25 mm thickness of coating samples using 

a doctor blade film applicator. 

Table 1 Formulation of the EP-GNP nanocomposite coatings and their 
corresponding LOI values. 

Sample  
Composition (wt. %) 

LOI (%) 
BE188 Hardener GNP 

EG0 66.7 33.3 0.0 21.0 

EG1 66.7 33.3 0.2 22.0 

EG2 66.7 33.3 0.4 22.5 

EG3 66.7 33.3 0.6 22.5 

EG4 66.7 33.3 0.8 23.0 

EG5 66.7 33.3 1.0 24.0 

Measurements 
Flame retardant properties of epoxy nanocomposites coatings 

were measured by limiting oxygen index (LOI) tests. LOI was 

measured according to ASTM D 2863 using Dynisco Instruments, 

USA). The specimens used for the test were of dimensions 80 × 10 × 

3 mm2. 

The thermal gravimetric analysis (TGA) measurement was 

conducted by the aid of a Perkin Elmer TGA/DSC at a thermal rate of 

20 C/min in the range of 20 - 500 C. About 4-10 mg of the samples 

were heated from room temperature to 900 C at heating rate 10 

C/min under air temperature. 
Corrosion study was observed by the salt spray test on 

scratched samples for 300 and 500 h exposure to an accelerated 

environment of salt fog chamber according to ASTMB117.  

The interfacial adhesion between the coating and mild steel 

subtract plate was measured according to the ASTM-D3359 standard 

using an adhesion tape kit (PA-2000, Paul N. Gardner Company Inc., 

Florida, USA) with a standard blade (PA-2253 thick coatings).  

The water absorption test was conducted according to the 

specifications of ASTM D570-98. The water uptake (Mt) of the 

specimens was calculated by using the following formula:  
                                         

(1) 

                                                                       

Mt, Wt, and W0 are the moisture content at a given time, weight of the 

sample at the time of the measurement and initial weight, respectively. 

Fick’s equation (Eq. 2) was used to calculate the coefficient of 

diffusion, 

(2) 

where Mt (g) is the amount of water absorbed by the film at time t 

(s), M0(g) is the initial film mass, M∞(g) is the amount of water 

absorbed at equilibrium, D is the diffusion coefficient, and h is the 

film thickness. 

The distribution of nanoparticles fillers in the epoxy matrix was 

examined with an HRTEM 120 KV Hi-Tech Instruments.  

RESULTS AND DISCUSSION 

Limiting oxygen index  
The Limiting Oxygen Index (LOI) values of EP-GNP 

nanocomposite coatings are given in Table 1. Neat epoxy coating 

exhibited the LOI value of 21.0% and there was a gradual increase for 

EP-GNP samples which considered unlikely to support burning in 

atmospheric air (Bajaj, 1992). Epoxy resin has a tendency to spread 

flame away from a fire source. Liu et al. (2014) reported that the 

incorporation of very low content (0.5 wt. % GNS) can effectively 

decrease the melt flow and inhibit the flammable drips of epoxy resin 

during combustion as well as can change the path of thermal 

degradation of epoxy resin. The present study indicated that the flame 

retardancy increased with the increase of GNP content. The LOI value 

reached 24.0 (increase by 14 % relative to neat epoxy coating) with 

the incorporation of 1.0 wt. % of GNP indicating that their 

flammability was remarkably reduced due to the addition of GNP. 

This similar phenomenon was also observed in the previous report on 

PET/PP/GNP nanocomposite (Inuwa et al., 2014). The char 

formations from the LOI test are depicted in Fig. 1. It is apparent that

the additional GNP produced more char when compared to neat epoxy 

coating. 

Thermal gravimetric analysis (TGA) 
The thermal stability of different EP-GNP nanocomposite 

coatings was investigated by TGA curve (Fig. 2a). It can be seen that 

all samples have a similar one-stage weight loss, indicating that they 

have a similar thermal degradation mechanism. The curves of all 

samples were similar at an initial temperature between 100 and 350 

C with weight loss less than 14 % at 320 C. It can be seen that the 

inclusion of GNP has slightly shifted the degradation stage to a low 

temperature and induced the more stable char layer at high 

temperature. The residual weight of neat epoxy, GNP 0.2, 0.6, and 1.0 

wt. % at 800 C were 8.1, 13.6, 13.8, and 14.0 wt. %, respectively. 

The higher residual weight indicated that the incorporation of GNP 

induces an important thermal stabilization, resulting in good fire 

protection performance. This enhancement probably ascribed to the 

so-called “tortuous” path effect, which limits the entry of oxygen thus 

delaying the escape of volatile degradation products and also char 

formation (Prolongo et al., 2013, Wang et al., 2012, Kuilla et al., 

2010). As illustrated in DTG curves (Fig. 2b), the thermal degradation 

of neat epoxy and EP-GNP nanocomposite coating are characterized 

by a single stage, indicating the addition of GNP has no influence on

decomposition process. 
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Fig. 1 Char residue of neat and EP-GNP samples after the LOI test. 

Fig. 2 (a) TGA and (b) DTG thermogram of neat and EP-GNP samples. 

Salt spray test 
The salt spray test was conducted as an accelerated corrosion 

testing method by evaluating the rust, blister, cracking, and 

delamination along the coating’s surface on the mild steel substrate. 

Fig. 3 shows the appearance of the surfaces of the EP-GNP 

nanocomposite coatings samples after 200 and 500 hours of salt spray 

for different GNP loading. A mild steel plate coated with neat epoxy 

system underwent severe corrosion compared to EP-GNP 

nanocomposite coating. Large blisters appeared nearby the scratches 

and over the whole coated surface in the neat epoxy coating sample 

with a brown adherent corrosion product (Fig. 3 (a)). Some rusting 

and blisters were observed on EG1, EG2, and EG3 coating surface 

after 200 hours of exposure, while, no blister was found in EG4 and 

EG5 samples. A previous study by Liu et al. (2016) revealed that 

superior anticorrosive performance was exhibited by coating with 0.5 

wt. % graphene. They concluded that the well-dispersed graphene 

blocks the coating pores and reduce the electrolyte diffusion toward 

the substrate, thus reduces the corrosion activity after exposure to salt 

spray. 

Serious rusting appeared along the surface after 500 hours of 

exposure to salt spray test for EG0, EG1, and EG2 coatings with a 

diameter of rusts almost 2.0-2.5 mm (Fig. 3 (g), (h) and (i)). The 

yellow-brown rust and blistering appeared near the scratches and the 

bottom of the samples due to the poorest protection of the cut edges of 

the sample. Few rusts could be observed for EG3 and EG4 coatings 

(Fig. 3 (j) and (k)). Although the corrosion process has started to take 

effect on this topcoat as well, the blisters formed in this sample were 

very small (diameter between 1.0-1.5 mm). At 1.0 wt. % EP-GNP 

content, anticorrosion performance started to decrease (Fig. 3 (l)). 

Graphene tends to agglomerate in the form of layers, by layer stacking 

due to the van der Waals interactions (Terrones et al., 2011) which 

then limit the barrier effect of nanofiller. 

Adhesion test 
Table 4 is tabulated to represent the adhesion test data for mild 

steel plate coated with neat and EP-GNP nanocomposite coatings after 

exposure to 5.0 wt. % NaCl solution. As expected, incorporation of 

GNP improved the adhesion (described as 5B) before immersion. The 

adhesion of neat epoxy coating showed 5B adhesion strength and 

declined to 0B after 200 h of exposure. The result showed that EG1 

and EG2 samples were reduced in adhesion from 5B to 1B, while 

EG3 and EG5 experienced a reduction to 2B. This might happened 

due to the penetration of electrolyte through coating pores and reach 

the metal surface which results in adhesion failure and initiating the 

electrochemical process on a metal surface (Hosseini et al., 2009;

Zhou, 2011). In the present study, EG4 (0.8 wt. % GNP) demonstrated 

the best adhesion properties with about 5 to 15 % surface affected area 

of the lattice (adhesion at scale No.3B). Increasing graphene content 

in the epoxy matrix beyond an optimum loading (0.5 wt. %) resulted 

in the loss of interfacial adhesion bond (Alhumade et al., 2016) and 

the degree of dispersion was proportional to the graphene loading. 

Graphene is easily to aggregate together due to their strong van der 

Waals forces and high specific surface areas, which makes it difficult 

to achieve a homogeneous dispersion of graphene in a polymer matrix 

(Gu et al., 2015). 

Table 2 Adhesion test result for neat and EP-GNP nanocomposite 
coatings after 200 h exposure to 5.0 wt. % NaCl solution according to 
ASTM D3359. 

Samples Adhesion strength 

Before exposure After 200 h exposure 

EG0 5B 

0B 

EG1 5B 

1B 

EG2 5B 

1B 

EG3 5B 

2B 

EG4 5B 

3B 

EG5 5B 

2B 
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Water uptake test 
Corrosion performance of coating material is strongly affected by 

the water uptake which usually diminishes the adhesion of the coating 

and causes the delamination. Results indicated that the maximum 

water content absorbed of an EG0 coating was clearly higher 

compared to the other samples. This might be corresponded to the 

water molecules interact with polar groups (hydroxyl, amino) of 

epoxy network and the availability of microvoids (Nogueira et al., 

2001) (Fig. 4a). Fig. 4b demonstrated that the diffusion coefficient of 

water (D) after 154 days of immersion was decreased by incorporation 

of GNP due to the hydrophobic behavior of EP-GNP that denoted a 

higher chemical strength in humid environmental. In addition, the D

value increased abruptly from about 3.723 × 10-8 to 7.098 × 10-7

mm2/s for EG4 and EG5, respectively which might be associated with 

the poor dispersion and/or agglomeration of nanofillers in EG5 

sample. This was in accordance with the result found in adhesion tape 

test. 

Fig. 3 Surfaces appearance of mild steel plate coated with neat and EP-GNP coatings at 200 and 500 hours of salt spray test. 

                                 

Fig. 4 (a) Water uptake (b) Diffusion coefficient of water (D) for neat and EP-GNP coatings in water immersion at room temperature. 

  

Transmission electron microscopy (TEM) 
The dispersion of GNP fillers in epoxy nanocomposite coatings at 

the lowest and highest content is as shown in Fig. 5a and 5b. The 

presence of voids in the stacked nanoplatelets structures and large 

aggregate domains are clearly seen at higher GNP content (Fig 5b). 

Agglomerated GNP tend to form obstacles which hindered

the flow of polymer into the agglomerates, hence resulting in the 

formation of holes and voids between GNP and epoxy (King et al., 

2008; Zhang et al., 2013; Yue et al., 2014). 
Fig. 5 TEM images of EP-GNP nanocomposite coatings: (a) 0.2 wt. % 
GNP (b) 1.0 wt. % GNP. 
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CONCLUSION 
 

The present study indicated that the incorporation of GNP 

nanoparticles filler enhanced the flame retardancy and expanded the 

durability of anticorrosion performance. LOI results showed that GNP 

enhanced the flammability properties and improved the char yield at 

800 C as well as decreasing the maximum weight loss rate, 

suggesting improved thermal stability. Results obtained from salt 

spray test revealed that additional GNP provided corrosion resistance 

against electrolyte diffusion with the greatest increase in corrosion 

resistance was observed for 0.8 wt. % GNP content. The water uptake 

and coefficient diffusion confirmed that GNP might act as reservoirs 

for the storage and prolonged lease of corrosion inhibitor. 
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