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Objective: Coatings that utilize graphene nanomaterials are considered one of the most 
efficient materials for corrosion prevention of metals. Unfortunately, the usage of these 
coatings is not commercially feasible since the process of synthesis is very expensive due 
to imperfection in the process itself. Method: In this regard, few-layer graphene 
nanomaterials that were synthesized using the process of self-propagation of high-
temperature synthesis were used to create coatings. In a salt spray chamber, the 
effectiveness of these coatings in preventing metal from corroding was examined. 
Results: It has been demonstrated that the resulting coatings are far more effective than 
polymeric coatings, which are mostly composed of epoxy resin, at preventing corrosion 
on steel surfaces. Novelty: A few-layer graphene particle-based coating hypothesis with 
excellent efficiency was put fortacross both AWS and Azure environments using the 
Cloud Data Center Workload Dataset. 
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INTRODUCTION  

Humanity has struggled with rust ever since humans began actively using metal 

thousands of years ago. Using different coatings is one of the most efficient ways to stop 

corrosion [1]. Metals (zinc or lead) [2-4], polymers [5-9], and ceramics [10, 11] are some of 

the materials that are utilized as the foundation for coating. Nevertheless, corrosion 

remains an issue in modern times despite the wide range of anticorrosion coatings. 

Different estimates place the annual economic damage caused by corrosion worldwide 

at much to 2.5 trillion US dollars [12]. As a result, scientists are still searching for novel 

materials and methods to create superior coatings. Materials with no more than ten 

graphene layers are known as Graphene Nano Structures (GNS) [13]. GNS has a "barrier 

effect" because the graphite structure is very tiny due to the modest size of the carbon 

hexagon. Water and oxygen molecules cannot flow through GNS in this manner, which 

leads to corrosion [14]. Due to this characteristic, GNS are frequently utilized in the 

production of anticorrosive coatings [15–17], either on their own or as a component of 

polymer composite coatings [18,19]. However, the widespread use of GNS coatings was 

not yet achieved, despite several trials demonstrating its effectiveness in preventing 

corrosion processes [20,21]. In actuality, GNS coatings are not widely produced due to 

their relatively expensive cost. It is brought on by shortcomings in both "top down" [24] 

and "bottom up" [22, 23] GNS synthesis methods.  This method cannot be utilized to 

produce high-quality, reasonably priced GNS on a big scale. Reviews [20,25,26] showed 

that the presence of different flaws has a significant impact on the barrier characteristics 

of GNS and, consequently, on their anti-corrosive capabilities. They also revealed issues 

with the current GNS synthesis techniques. Because of this, the high throughput 
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method—which enables us to synthesis huge quantities of high-quality, reasonably 

priced GNS—is necessary for the use of GNS as an anti-corrosive coating. To address this 

issue, we demonstrated in our earlier paper [27] that the SHS approach may be used to 

synthesize few-layer graphene (FLG, up to 5 layers) from cyclic biopolymers [28]. It has 

been demonstrated in the context of our earlier research that the synthesized FLG may 

effectively be added to polymer composite materials to improve their mechanical, 

thermophysical, and tribological characteristics [30, 31]. Because of their chemical 

bonding, this study demonstrates the first use of FLG particles generated utilizing the 

SHS approach for coatings manufacture. Additionally, this study offers first findings 

about the effectiveness of FLG particles for the anticorrosion protection of metals. 

 

METHODOLOGY 

Material of few-layer graphene Coatings 

Few layer graphene (FLG), which has five layers or less, was used to create the 

coating material. In a tumbler mixer, glucose and ammonium nitrate were combined in a 

1:1 weight ratio to create the FLG. After that, this combination was put in a reactor and 

heated to 250 Cº, the temperature needed to start the SHS reaction. Gas production was 

employed to signal the start of the reaction, and its termination indicated its end. After 

the SHS reaction was finished, the  powder was cleaned with deionized water and dried 

at 110°C in an oven until it became a stable mass.  Reference [28] provides a 

comprehensive description of the FLG synthesis process. The synthesized FLG was 

shown to be free of Stone-Wales flaws using a chemical approach for counting them [29]. 

Manufacturing method and process 

The GNS contains many functional groups, including –OH and –COOH [32, 33]. 

Functional groups are also present on the surface of FLG, which is the raw material 

utilized to create the coating. The FLG particles can now be chemically bonded via 

functional groups. Figure 1 shows a schematic representation of the coating preparation 

procedure. 
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Figure 1. Schematic diagram of the synthesis of the coating material using 

chemical bonding of FLG. 

 

 

 

 

 

 

 

 

 

Figure 2. The mechanics of paint and how it is applied. 

 

molecules The substrate materials were steel sheets (Grade St-08ps) measuring 80 

mm × 200 mm × 2 mm (length × width × thickness). Hexamethylene isosinate was used 

as a cross-linking agent, and the backbone of the chain was ethylene glycol. Because it 

contains active groups (NCO), HDI is an aliphatic isocyanate that is frequently utilized 

as a cross-linking agent in polymer chemistry. Figure 1 depicts the scheme of 

responses.To prepare the coating, FLG dispersion was sonicated for five minutes in 

toluene (reagent grade, Sigma-Aldrich). After then, the HDI was added to the FLG 

dispersion and sonicated for a further five minutes. The necessary quantity of ethylene 

glycol, a chain extender, was then combined with the toluene-HDI-FLG dispersion.Using 

an applicator with a steel roller and a 300 µm space between them, the produced 

dispersion was applied to the steel surface. Fig. 2 illustrates the coating application 

procedure. The coatings were then dried for 36 hours at 110 °C to remove all of the 

toluene and  in the fig.3. A sample of an FLG. 

 

 

 

 

 

 

 

 

 

Figure 3. A sample of an FLG-particle-based composite coating applied to a steel 

substrate. 
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Characterisation of graphene and graphene-based coatings  

 The morphological characteristics of the synthesised material were studied, taking 

into account the particle shape. Five minutes after ultrasonic treatment, Fourier transform 

infrared spectroscopy was performed, followed by Raman spectroscopy measurements 

using an Ntegra Spectra Raman microscope, featuring a 600 grooves/mm grating, a 100× 

magnification lens, and a laser wavelength of 532 nanometres. To prevent the material 

from overheating due to the laser beam, the laser power density was kept below 50 

microwatts per square micrometre. The data show the average spectral values, collected 

from several locations on randomly selected samples. Coating thickness was measured 

using a micrometre, and the ASTM D3359 method was used to assess the adhesion of the 

coating to the steel substrate using a QFH-A cross-cut adhesion tester. The water contact 

angle was measured using the single-drop method with a single drop of deionised water 

with a volume of 10 microlitres. The ASTM B117 method was used to assess the corrosion 

resistance of the coatings using an HSL-60 T salt spray tester, and an aqueous solution 

with a pH of 6.5 containing 5% by weight of sodium chloride (NaCl) was used as the 

corrosive environment. Prior to the start of the test, scratches 100 mm long and 0.4 mm 

wide were made on the surfaces of the coated materials. The test duration was 48 hours. 

The electrical resistance of the FLG coating was measured using a multimeter. 

 

RESULTS AND DISCUSSION 

The FLG particles used in coating synthesis are shown in electron micrographs in 

Figure 4(a). The generated FLG particles had lateral sizes ranging from many tens of 

micrometers, as seen in the image. To get a quantifiable distribution, laser diffraction 

analysis was employed. In Figure 4(a), the results are shown. 

 

 

 

Figure 4. (a) Examination of FLG particles using a scanning electron microscope, 

(b) Average nanoparticle size distribution, (c) Average number of particles. 

 

The FLG powder sample does contain particles with lateral dimensions in the tens 

of micrometers range, as seen in Figure 4a, although their percentage is incredibly small. 

a b 

c 



The Use of Graphene and Smart Coatings to Protect Surfaces from Corrosion 

 

 

Journal for Technology and Science 120 

The particle size distribution graph in Figure 4b shows that most of the particles were 

between 0.5 and 1 μm in diameter. The average thickness of the epoxy reference film is 

245 ∓ 35 μm, which is similar to the 260 ∓ 30 μm of the FLG film. To understand the FLG 

coating's internal structure, the SEM technique was employed. As a result, the chemical 

cross-linking of FLG particles created the side-view image on the film. 

The C=C vibrations at 1558 cm-1 and the C–O vibrations at 1224 cm-1 are two broad 

bands in the FT-IR spectra of pure few-layer graphene, as shown in Figure 5. It is believed 

that the various ethers and alcohols formed during the uncontrolled SHS process are 

responsible for the broadening of the bands in this case [36]. However, the FT-IR 

spectrum of the chemically cross-linked FLG coating shown in Figure (5) exhibits a 

number of characteristic bands indicative of the formation of new chemical bonds; 

consequently, the appearance of these vibrational bands indicates that the FLG particles 

have successfully undergone the chemical cross-linking process. It can be observed that 

the relatively low intensities of the N–H and C=O bands overlap with the broad band of 

C=C vibrations in the graphene structure. 

 

Figure 5. FTIR spectrum of the chemically synthesized FLG layer. 

 

Figure 6 [38] shows that both samples contain characteristic peaks D and G that 

correspond to the Raman spectra of graphene materials. Peak G (~1580 cm-1) is 

associated with the vibration of sp2 hybridized carbon atoms in the graphite lattice. 

However, peak D (~1350 cm-1) arises due to structural defects in the graphene structure 

[39]. The number of structural faults may be estimated using the ID/IG ratio, where ID 

and IG represent the intensity of the D and G peaks, respectively. 
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It is 0.75 for the cross-linked coating and 0.94 for the pure FLG powder sample. A 

decline in the ID/IG ratio might be a sign of a lower defect density in the sample. The D 

peak is believed to be primarily caused by the presence of graphene sheet edges that 

terminate with various functional groups, such as –OH and –COOH [40]. Thus, we 

suggest that during the cross-linking process, the same functional groups may somehow 

"stitch" the edges. 

  

 

Figure 6. Raman spectra of the original FLG (a) and the coating formed by the 

chemical bonding. 

 

of molecules of graphene few-layer (b). Such effectiveness is ensured by the synergy 

between the special qualities of the graphene few-layer   produced using SHS technology 

and the peculiarities of the microstructure of the cross-linked film. First, the lack of Stone-

Wales defects [29] guarantees the FLG flakes' low intrinsic permeability to corrosive 

media (such water and ions), which is a key advantage. Second, the film has a high 

electrical resistance of over 20 MΩ. It is connected to the chaotic microstructure, cross-

linking structure, and edge functional groups. By inhibiting the development of micro-

galvanic cells at the graphene-metal interface, this low conductivity reduces a major 

source of corrosion in conductive graphene-based composites. Third, the actual structure 

of the coating plays an important part. The corrosive medium's path into the structure is 

complicated since the film is composed of many randomly oriented FLG aggregates and 

particles. Because the FLG flakes overlap, the corrosive medium will still need to come 

into contact with non-defective areas of the underlying flakes even if a flake's fault is 

avoided. This will delay the commencement of corrosion.  

 

CONCLUSION 

Fundamental Finding: This study is the first to investigate the anti-corrosive 

properties of chemically cross-linked few-layer graphene particle coatings. The findings 

demonstrate that these coatings provide substantially greater corrosion resistance than 

conventional epoxy resin coatings of the same thickness due to the enhanced barrier 

a b 
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effect created by multiple graphene layers that effectively cover structural defects. 

Implication: The results suggest that few-layer graphene coatings produced using the 

self-propagating high-temperature synthesis (SHS) process offer a cost-effective and 

scalable solution for high-performance corrosion protection, supporting their potential 

application in industrial metal coating technologies. Limitation: The study primarily 

evaluates corrosion resistance through neutral salt spray testing and does not 

quantitatively assess the coatings' electrochemical performance or compare graphene 

coatings with different chemical lattice structures and defect characteristics. Future 

Research: Future research should compare graphene nanomaterial coatings with varying 

chemical lattice structures and defect densities to clarify the mechanisms underlying 

corrosion resistance, while employing electrochemical testing to quantitatively evaluate 

their long-term anti-corrosive performance. 
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