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ABSTRACT
A series of graphene-epoxy films were developed and coated onto mild steel substrates using the manual lay-up technique. In this work, the effects of graphene composition on the corrosion behavior of the coated mild steel were systematically investigated. Thermogravimetric (TG) analysis revealed that the incorporation of graphene increased the decomposition temperature of the epoxy film, indicating an improvement in its thermal stability. This enhancement can be attributed to the excellent thermal properties of graphene, which help sustain the epoxy matrix and delay its thermal decomposition. The presence of graphene acts as a barrier that restricts the mobility of polymer chains and slows down the degradation process at elevated temperatures. Among the different graphene loadings studied, the addition of 0.1 wt.% graphene showed the most significant improvement in the corrosion resistance of the epoxy-coated mild steel. The enhanced corrosion protection is associated with the formation of a passive film on the mild steel surface, owing to the excellent electrical conductivity of graphene. This finding was supported by electrical conductivity measurements, open circuit voltage (OCV) analysis, Tafel polarization curves, and scanning electron microscopy (SEM) observations. The results consistently demonstrated a lower corrosion rate and improved surface integrity for the coating containing 0.1 wt.% graphene. However, further increases in graphene content adversely affected the coating performance. Excessive graphene loading promoted the agglomeration of graphene particles within the epoxy matrix, resulting in the formation of pores and structural defects. These defects facilitated the penetration of corrosive species into the coating, thereby increasing the corrosion rate of the coated mild steel and reducing the overall protective effectiveness of the graphene–epoxy film. 
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INTRODUCTION
The epoxy paint coating is one of the most commonly used protective coatings for steel due to its high thermal resistance, excellent chemical stability, and good adhesion properties. These characteristics make epoxy coatings an effective barrier layer that isolates the steel substrate from the surrounding environment and reduces corrosion risk. However, epoxy coatings are still permeable to aggressive industrial environments, and prolonged exposure to moisture, oxygen, chloride ions, and other corrosive species can lead to gradual degradation of the coating. This degradation results in decomposition of the epoxy matrix and eventual exposure of the steel surface to corrosion attack, thereby limiting long-term durability in harsh service conditions [1–3]. To overcome these limitations, various fillers have been incorporated into epoxy coatings to enhance their physical, mechanical, and corrosion protection properties. Commonly studied fillers include Al₂O₃, ZnO, and conductive nanoparticles, which have been reported to improve barrier performance, reduce coating permeability, and increase resistance against corrosive media [1,4]. 
In particular, conductive fillers have attracted significant attention due to their ability to influence electrochemical processes at the coating–metal interface and promote the formation of protective passive films. Nazeri et al. reported that the incorporation of battery cathode waste materials as electrically conducting fillers in an epoxy paint coating system improved the corrosion protection performance of the coating [2]. The enhancement was attributed to the development of a passive film on the steel surface, which acted as a protective barrier against corrosion. However, the proposed corrosion protection mechanism remained unclear due to several influencing factors, including the presence of non-conducting particles, impurities within the waste materials, and non-uniform particle size distribution. These factors complicated the interpretation of the results and limited a clear understanding of the role of electrical conductivity in passive film formation and corrosion inhibition.
Therefore, in the present study, graphene was selected as the filler in the epoxy coating system due to its excellent electrical conductivity, superior mechanical properties, high thermal stability, and strong interfacial compatibility with epoxy matrices [3,5]. In addition, graphene can be effectively dispersed within the epoxy coating to form a more uniform microstructure, thereby enhancing both barrier properties and corrosion resistance. The incorporation of graphene is expected to improve coating performance while providing clearer insight into the role of conductive fillers in passive film formation and corrosion protection mechanisms in epoxy-coated steel systems.

METHODOLOGY
Graphene powder with a purity of 99.9% was incorporated into an epoxy resin system to produce a series of graphene–epoxy composite films containing graphene compositions ranging from 0.1 to 1.0 wt.%. The calculated amount of graphene was first dispersed in the hardener and sonicated in a water bath for 30 min prior to mixing with the epoxy resin. Subsequently, the resulting mixture was sonicated for an additional 15 min to further improve the dispersion of graphene within the epoxy matrix. Sonication is a crucial processing step as it assists in breaking down graphene agglomerates and promotes a more uniform distribution of graphene throughout the epoxy resin system. Improved dispersion is essential to maximize the beneficial effects of graphene on the physical, thermal, and corrosion protection properties of the coating. The prepared graphene–epoxy mixture was carefully applied onto pre-treated mild steel substrates using a manual lay-up technique to obtain a coating film thickness of approximately 0.1 mm. The coated samples were allowed to self-cure under ambient conditions at room temperature for 48 h to ensure complete curing of the epoxy matrix and adequate adhesion between the coating and the steel substrate.
The thermal stability of the graphene–epoxy films was evaluated using thermogravimetric (TG) analysis under an argon atmosphere. The measurements were conducted from room temperature to 900 °C at a heating rate of 5 °C min⁻¹ using a NETZSCH 409C thermal analyzer. The electrical conductivity of the cured films was measured at room temperature using a four-point probe technique. Corrosion performance was assessed through open-circuit voltage (OCV) measurements in a 3.5 wt.% NaCl solution for a duration of 720 h. An Autolab PGSTAT-30 potentiostat was employed to accelerate the corrosion process and evaluate the electrochemical behavior of the coated mild steel samples. Following a 60-day immersion test, the surface morphology and cross-sectional characteristics of the coated samples were examined using optical microscopy and scanning electron microscopy (SEM) to assess coating integrity and corrosion-induced degradation.

RESULTS AND DISCUSSIONS
The thermogravimetric (TG) results in Figure 1 showed that all films exhibited a similar weight-loss pattern throughout the heating process. An initial minor mass loss was observed in the temperature range of 50–300 °C, which can be attributed to the evaporation of absorbed moisture, residual solvents, and low-molecular-weight species trapped within the epoxy matrix [6,7]. This was followed by a significant decrease in mass between 300 and 400 °C, corresponding to the main decomposition stage of the epoxy network through the breakdown of polymer chains and cross-linked structures [8]. Beyond 400 °C, the films exhibited a relatively constant mass and formed a stable plateau up to 900 °C, indicating the presence of thermally stable residual material and char formation resulting from the degradation process.
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Figure 1: TG analysis of the plane epoxy and graphene added epoxy films. (Insert figure: (a) Decomposition curve, and (b) Final mass)
The addition of graphene was found to enhance the thermal stability of the epoxy films, as evidenced by the increase in both the decomposition temperature and the final residual mass. These effects can be clearly observed in the inserts (a) and (b) of Figure 1. The shift of the decomposition temperature towards higher temperatures indicates that graphene delayed the thermal degradation of the epoxy matrix and improved its resistance to heat-induced decomposition. Similar observations have been reported for graphene-reinforced epoxy composites, where graphene effectively restricts the mobility of polymer chains and suppresses the diffusion of volatile decomposition products during thermal degradation [9-10]. Furthermore, the higher residual mass observed at elevated temperatures suggests that graphene contributed to the formation of a more thermally stable composite structure and promoted char retention during decomposition [11].
This improvement in thermal stability provides evidence of the strong interfacial interaction between graphene and the epoxy matrix. The presence of graphene is believed to inhibit the premature decomposition of epoxy through its excellent thermal properties and heat absorption capability. In addition, the high aspect ratio and large surface area of graphene create an effective barrier against heat transfer and mass transport, thereby slowing the degradation process. As a result, graphene acts as an effective thermal barrier, reducing heat transfer within the composite and enhancing the overall thermal resistance of the graphene–epoxy film. The observed enhancement in thermal stability is consistent with previous studies that reported improved decomposition resistance and increased thermal durability in graphene-filled polymer composites [12].

Figure 2 presents the electrical conductivity of the graphene–epoxy films as a function of graphene content. It can be clearly observed that the electrical conductivity of the epoxy film increased significantly with the addition of 0.1 wt.% graphene. This enhancement can be attributed to the excellent electrical conductivity of graphene, which facilitates the formation of conductive pathways within the epoxy matrix and promotes electron transport throughout the composite film. Similar improvements in the electrical conductivity of graphene-reinforced epoxy composites have been widely reported in the literature, where graphene acts as an effective conductive filler even at relatively low loading levels [14, 15].
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Figure 2: Electrical conductivity of the plane epoxy and graphene added epoxy films.  
Further additions of graphene resulted in a continuous increase in the electrical conductivity of the films; however, the magnitude of improvement became relatively smaller compared to that observed at 0.1 wt.% graphene. This behavior may be associated with the gradual formation of a conductive network approaching the percolation threshold, where additional graphene contributes less significantly to the overall conductivity enhancement [16,17]. The reduced rate of increase may also indicate the onset of particle interactions and localized agglomeration at higher graphene contents, which can limit the efficiency of electron transport within the composite structure. Moreover, the relatively small error bars obtained for the graphene-containing epoxy samples indicate good reproducibility of the electrical conductivity measurements and suggest a uniform distribution of graphene throughout the epoxy film. The effective dispersion of graphene can be attributed to the sonication process employed during sample preparation, which helped break down graphene agglomerates and promote homogeneous distribution within the epoxy matrix. Uniform graphene dispersion is essential for establishing stable conductive pathways and maximizing the electrical performance of graphene–epoxy composite films.
Figure 3 shows the physical appearance of the coated mild steel samples before and after 60 days of immersion in a 3.5 wt.% NaCl electrolyte. It can be clearly observed that the samples containing graphene compositions ≥ 0.3 wt.% exhibited visible signs of corrosion after the immersion period. The presence of corrosion products on the coating surface suggests that the higher graphene loadings were unable to provide effective long-term corrosion protection under the testing conditions. This behavior may be associated with graphene agglomeration at higher filler contents, which can create defects, pores, and preferential pathways for electrolyte penetration through the coating, thereby facilitating corrosion of the underlying steel substrate [18]. In contrast, the sample containing 0.1 wt.% graphene exhibited a different behavior. Compared with the pure epoxy-coated sample, the 0.1 wt.% graphene-coated sample showed a noticeable color change rather than visible corrosion attack. This observation is highly attributed to the passive film-forming activity promoted by graphene. The formation of a passive layer on the steel surface can alter the surface appearance while simultaneously protecting the substrate from further corrosion. Similar phenomena have been reported for conductive filler-containing coatings, where electrically conductive particles facilitate electrochemical interactions that promote the development of stable and protective oxide films on metallic surfaces [19]. The superior corrosion resistance observed for the 0.1 wt.% graphene sample suggests that this graphene concentration was sufficient to enhance the electrical conductivity of the coating and stimulate passive film formation without causing significant agglomeration. At this loading, graphene was likely well dispersed within the epoxy matrix, allowing the coating to maintain its barrier properties while promoting the formation of a protective passive layer. Consequently, the color change observed on the 0.1 wt.% graphene-coated sample may be considered indirect evidence of passive film formation, which contributed to the improved corrosion protection performance of the coating system. These findings are consistent with the electrical conductivity, open-circuit potential, and electrochemical results, which indicated enhanced corrosion resistance at low graphene loading levels [20, 21].
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Figure 3: Physical appearance and microstructure of the samples before and after immersion in the 3.5 wt.% NaCl electrolyte for 60 days.

The surface microstructure evolution of the coated samples after 60 days of immersion in a 3.5 wt.% NaCl solution is presented in Figure 3. It is evident that the films containing 0.3 wt.% graphene and above were unable to provide adequate protection to the mild steel substrate. Significant surface degradation and corrosion features can be observed, indicating the deterioration of the coating during prolonged exposure to the electrolyte. This behavior is likely associated with the agglomeration of graphene particles at higher graphene loadings. Excessive graphene content can lead to the formation of agglomerates and micro-pores within the epoxy matrix, creating weak spots and defect sites in the coating structure. These defects facilitate the penetration of water, oxygen, and chloride ions through the coating, thereby promoting electrochemical reactions between the electrolyte and the mild steel substrate and accelerating the corrosion process [22]. Recent studies have reported that although graphene can improve the barrier properties of epoxy coatings, excessive graphene loading often results in poor dispersion and particle agglomeration, which adversely affect coating integrity and corrosion resistance. The formation of conductive clusters and interfacial defects may create preferential pathways for electrolyte diffusion, reducing the effectiveness of the coating as a protective barrier [23].
On the other hand, the addition of 0.1 wt.% graphene gave rise to an intriguing phenomenon. Instead of exhibiting localized corrosion attack, the epoxy grains appeared to evolve into larger grain-like surface features after the immersion test. This observation may be attributed to ion movement from the electrolyte towards the mild steel through the conductive graphene network. The presence of well-dispersed graphene within the epoxy matrix may facilitate a more uniform distribution of electrochemical activity across the coating–substrate interface, preventing ions from accumulating at specific locations and thereby reducing localized corrosion initiation [24]. Furthermore, the enhanced electrical conductivity provided by the uniformly dispersed graphene may promote the formation of a stable passive film on the mild steel surface. Such a passive layer can suppress localized anodic dissolution and encourage a more homogeneous electrochemical response throughout the coated surface [25]. Consequently, the larger grain-like morphology observed for the 0.1 wt.% graphene sample may be associated with passive film development and surface restructuring rather than corrosion damage. These observations are in good agreement with the physical appearance, electrical conductivity, and electrochemical results, which demonstrated superior corrosion protection performance for the coating containing 0.1 wt.% graphene.
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Figure 4: Time dependance OCV of the plane and coated mild steel.

Figure 4 shows the time-dependent open-circuit voltage (OCV) behavior of the bare and coated mild steel samples. The OCV test confirms the corrosion tendency of each sample when the potential approaches and exceeds the corrosion potential of mild steel, which is approximately −0.55 V. In general, a shift of OCV towards more negative values indicates an active corrosion process, where the metal is thermodynamically more prone to dissolution in the electrolyte environment. It can be observed that most of the samples exhibited OCV values that gradually approached the corrosion potential region during immersion, confirming the occurrence of corrosion reactions at the coating–substrate interface. This behavior suggests that the electrolyte progressively penetrated through coating defects, allowing electrochemical reactions to take place on the mild steel surface. Such time-dependent potential drift is commonly associated with coating degradation and loss of barrier properties in polymer-coated steel systems exposed to chloride-containing environments [4]. An exception is observed for the samples coated with pure epoxy film and the film containing 0.1 wt.% graphene. For these samples, the OCV values were relatively stable throughout the immersion period. The pure epoxy-coated sample sustained a potential close to 0 V, indicating effective isolation of the steel substrate from the corrosive medium. Similarly, the 0.1 wt.% graphene-containing sample maintained a slightly lower but still stable potential, suggesting that the steel surface remained in a relatively protected state during exposure.
The stable OCV response of the 0.1 wt.% graphene coating may be attributed to the formation of a passive layer at the metal–coating interface, which limits electrochemical activity and delays corrosion initiation. Recent studies have shown that well-dispersed graphene at low loading levels can enhance coating compactness, promote uniform electrochemical behavior, and support the formation of protective oxide films on steel surfaces [21]. As a result, the observed OCV stability reflects improved barrier performance and reduced corrosion kinetics compared to higher graphene loadings, where coating defects dominate the electrochemical response.
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Figure 5: Polarization curve of the plane and coated mild steel.
The corrosion potential (Ecorr) and corrosion current density (Icorr) of the bare and coated mild steel samples are shown in Figure 5. It can be observed that the corrosion behavior of the epoxy-coated mild steel (without graphene) is predominantly controlled by the cathodic reaction, as the Tafel intersection point is shifted towards a more positive potential compared to the bare mild steel (−0.64 V). This indicates that the epoxy coating acts as a physical barrier that restricts the diffusion of oxidizing species, such as oxygen and other corrosion-active agents, from reaching the mild steel surface. As a result, the cathodic reaction is slowed due to limited availability of oxidizing species at the metal–electrolyte interface, which is consistent with reported barrier-controlled corrosion behavior in polymer-coated steels [26]. The addition of 0.1 wt.% graphene in the epoxy coating resulted in a further positive shift of Ecorr to approximately −0.25 V, indicating a significant improvement in corrosion resistance. This suggests that active corrosion on the mild steel surface is greatly suppressed under this condition. The observed behavior is highly attributed to the development of a passive film on the steel surface. Passivity refers to the loss of electrochemical reactivity due to the formation of a thin, adherent oxide layer that reduces metal dissolution and acts as a protective barrier against aggressive ions [27]. In this case, the corrosion potential remains relatively stable in a near-linear region, indicating the presence of a temporarily stable passive layer before localized breakdown or dissolution occurs.

Once partial dissolution of the oxide layer takes place, the corrosion potential begins to shift towards the cathodic side, reflecting renewed electrochemical activity at exposed sites. However, further additions of graphene caused the Ecorr values to shift back towards that of bare mild steel, indicating a deterioration in corrosion protection performance. This reduction in performance can be attributed to the formation of defects such as voids, micro-bubbles, and graphene agglomeration within the epoxy matrix. These defects act as weak points in the coating structure, allowing electrolyte ions to penetrate more easily and reach the steel substrate, thereby accelerating localized corrosion processes. Recent studies have shown that excessive graphene loading can disrupt coating homogeneity and create conductive agglomerates that facilitate electrolyte transport pathways, ultimately reducing the barrier efficiency of the coating system [28, 29]. Consequently, the protective effect observed at low graphene content is diminished at higher loadings due to compromised coating integrity
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Figure 6: Figure 6: Cross section of the 0.1 wt.% sample: (a) before immersion, and (b) after 60 days of immersion.
The SEM images in Figure 6 show the cross section of the 0.1 wt.% graphene sample after immersion in 3.5 wt.% NaCl solution. From the images, it was revealed that a distinct interfacial passive layer developed between the mild steel substrate and the coating after immersion. The formation of this layer indicates that initial electrochemical interaction between the electrolyte and the steel surface led to the growth of a stable oxide-based film at the interface, which is commonly associated with passivation behavior in metallic systems exposed to chloride environments [30]. This passive layer prohibited further electrochemical reactions between the electrolyte and the mild steel, thereby effectively preventing corrosion from progressing. The layer acts as a protective barrier that limits the diffusion of aggressive ions such as chloride and oxygen toward the steel surface, while also suppressing both anodic dissolution and cathodic reduction reactions [31]. Similar interfacial protective films have been reported in graphene-reinforced epoxy coating systems, where well-dispersed graphene improves coating integrity and supports the formation of stable passive layers at the metal–coating interface [32]. Therefore, the observed SEM cross-sectional morphology confirms that the 0.1 wt.% graphene coating provides effective corrosion protection through the development of a passive interfacial layer, which enhances the overall barrier performance and prevents further degradation of the mild steel substrate.

CONCLUSIONS
The graphene-added epoxy film with 0.1 wt.% composition was successfully developed and demonstrated effective corrosion protection for coated mild steel. The improved performance is attributed to the formation of a passive film at the coating–substrate interface, which acts as an additional protective barrier between the electrolyte and the steel surface. This passive layer, promoted by the well-dispersed graphene within the epoxy matrix, enhances the overall stability of the coating system and reduces the rate of electrochemical reactions responsible for corrosion. Consequently, the incorporation of 0.1 wt.% graphene provides an optimum balance between electrical conductivity, dispersion quality, and barrier properties, resulting in significantly improved corrosion resistance of the epoxy-coated mild steel
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