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Epoxy zinc-rich coatings usually require high zinc content to ensure its anti-corrosion performance. However, excessive zinc powder content will reduce the mechanical properties of the coating, increase the economic cost, harm the environment, etc. Therefore, this paper aims to reduce the amount of zinc powder and improve the corrosion performance of epoxy zinc-rich coatings by introducing two kinds of conductive particle materials, conductive graphene-mica powder and conductive nickel. Conductive graphene was first loaded on mica powder and the obtained conductive graphene-mica powder and the conductive nickel were introduced to the epoxy zinc-rich coatings to partially replace zinc component. The anti-corrosion properties of the coating were systematically evaluated by EIS and salt spray test. The resulting epoxy zinc-rich coating with nickel powder or conductive graphene-mica demonstrates outstanding salt spray resistance, lasting up to 2,000 h, exhibiting superior anti-corrosion performance at reduced zinc content of 60% or 45% compared to conventional coatings with 70% pure zinc powder. This study introduces a novel conductive mica material and investigates conductive metal nickel additive, effectively reducing zinc content in epoxy zinc-rich coatings, which offers valuable insights for developing high-performance anti-corrosion coatings.
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1 INTRODUCTION
Epoxy zinc-rich coatings are widely used in the protection of steel materials due to their excellent physical, mechanical and anti-corrosion properties. To achieve its anti-corrosion effect, the zinc content of epoxy zinc-rich coatings is generally above 70 wt.% to ensure continuous electrical connection and a reliable penetration path in the coating. However, a high zinc powder content will introduce some negative effects, such as low adhesion strength, weak impact resistance, high economic costs, and environmental concerns. For example, during the hot working and production of zinc coated components, a large amount of zinc oxide is released, potentially leading to “zinc fever” among workers. To mitigate the negative impact of high zinc powder content, numerous researchers have suggested partially substituting zinc powder with conductive additives (Hayatdavoudi and Rahsepar, 2017; Park and Shon, 2015; Ramezanzadeh et al., 2017).
Some studies have found that conductive nanomaterials such as graphene (He et al., 2024; Lan et al., 2023; Wang et al., 2020; Zhang and Zheng, 2023), carbon nanotube (Son et al., 2024; Gergely et al., 2014), graphene derivative (Fang et al., 2024; Zhou et al., 2019) and nanocrystalline diamonds (Kratochvílová et al., 2019) can partially replace zinc powder in epoxy zinc-rich coatings without compromising their anti-corrosion performance. For example, He et al. (2024) clarified the essence of graphene enhancing the protective performance of zinc-rich coatings. The introduced graphene tended to promote the corrosion of zinc particles, building chemical shielding effects by converting H2O and O2, etc. and then enhancing the physical shielding performance through the spontaneous formation of corrosion products. Zhang and Zheng (2023) prepared a series of graphene-modified zinc-rich epoxy coatings. The contact mode of zinc particles-graphene-zinc particles can be formed between graphene and zinc particles in coatings, thus improving the electrical connection between zinc particles. other conductive material with higher activity may also have this same anticorrosion mechanism.
However, practical applications face challenges due to difficulties in uniform dispersion and stability attributed from the structural characteristics and size effects of these nanomaterials (Chen et al., 2022; Green and Hersam, 2010; Zhao et al., 2022). At the same time, the high price of nanomaterials increases the overall cost of coatings, making them less viable for industrial production. Previous studies have shown that the use of functional materials (such as sulfonation) can solve the dispersion problem of graphene, but it can seriously reduce it conductivity, thereby diminishing the protective effectiveness of zinc rich coatings (Chen et al., 2022; Han et al., 2024; Li et al., 2021; Tian et al., 2021). Therefore, it is of great significance to identify better-dispersed and more economical conductive materials to serve as alternatives to zinc powder.
Loading graphene onto an appropriate carrier material is a feasible strategy to enhance its dispersion in coatings. Mica is a natural mineral comprised of various components, typically appearing as aggregated flakes or scales with a high aspect ratio and excellent toughness. Its layered structure remains intact during processing, offering significant durability. Additionally, mica exhibits outstanding chemical inertness, contributing to enhanced corrosion resistance in coatings against neutral salt spray, acids, and alkalis. These characteristics make mica an ideal carrier for conductive carbon-based materials such as graphene. Utilizing mica as a carrier enables graphene loading onto mica interfaces and promotes its uniform dispersion within the coating matrix (Dai et al., 2006). This approach is expected to enhance graphene’s distribution in coatings and optimize its exceptional conductivity, potentially improving the performance of graphene in zinc-enriched primers.
In addition to carbonous materials, conductive metals may also serve as viable substitutes for zinc. Among these, nickel powder stands out as a typical metal-based conductive filler, known for its fine particle size and excellent conductivity. Its unique three-dimensional chain structure facilitates the formation of an effective conductive network, and its good chemical stability, strong corrosion resistance, and even can be applied to a highly corrosive and elevated temperature environment. Nickel is commonly used as a buffer layer for surface coatings or as an alloy additive to enhance its corrosion resistance and conductivity (Bai et al., 2011). For example, Chao et al. (2023) developed a conductive coating on the surface of a magnesium alloy through micro-arc oxidation, incorporating nickel powder into an epoxy resin matrix. The results demonstrated that the coating containing nickel powder exhibited the lowest resistivity, with a value of 0.02 Ω·cm (Chao et al., 2023). When the nickel powder content reached 50 wt.%, the coating layer showcased excellent wear and corrosion resistance. These findings suggest that nickel holds potential as a partial substitute for zinc powder to achieve high corrosion resistance.
In this study, conductive graphene-mica powder and the conductive nickel were used to improve the corrosion performance of epoxy zinc-rich coatings. The conductive mica was prepared, and the effects of adding conductive nickel and graphene-doped mica on the properties of epoxy zinc-rich coatings were investigated. The morphologies and structures of the conductive additives and coating films were characterized, while the basic properties and protective performance of the coatings were comprehensively evaluated through electrochemical and salt spray tests.
2 EXPERIMENTAL
2.1 Materials
E51 epoxy resin (≥98%) was purchased from South Asia Epoxy Resin (Kunshan) Co., Ltd., Kunshan, China. The E44 epoxy resin (≥98%), mixed solvent and B18 active monomer were from Jiangsu Sanmu Chemical Co., Ltd., Jiangs, China. BYK163 dispersion, adhesion promoter 1,051, diego 680 antifoam, BYK410 polyamide wax and gas phase silica were purchased from Shanghai Haiyi Science and Trade Co., Ltd., Shanghai, China. Environmental zinc phosphate MT601 and conductive nickel BC-C were purchased from Chongqing Maitu Technology Co., Ltd. (Chongqing, China) and Shanghai Junjiang New Materials Sales Co., Ltd. (Shanghai, China), respectively. Zinc powder (industrial-grade) and graphene were from Sichuan Xinweiling Metal New Materials Co., Ltd. (Sichuan, China) and Suzhou Qualcomm New Material Co., Ltd. (Jiangsu, China), respectively. Leveling and amine modified curing agent 5,625 were purchased from Jiangsu Shisong New Materials Technology Co., Ltd., Jiangsu, China. Conductive Mica Powder was purchased from Shanghai Junjiang New Material, Shanghai, China.
The metallic substrates were Q235B steel panels, and the surface of steel bead blasting treatment, anchorage of 30 microns.
2.2 Preparation of the coating
2.2.1 Preparation of conductive graphene-mica powder
14.8 g of deionized water, 5 g sodium dodecyl benzene sulfonate and 0.2 g graphene were emulsified for 40 min and continuously dispersed in the beaker by ultrasonic breaker (JP060S, Shenzhen Jieng Cleaning Equipment Co., LTD, China) for 60 min. 100 g mica was activated by soaking in 100 g 10% hydrochloric acid solution, after that was suspended in 8 g PVP and 15 g PVA solution. 20 g graphene emulsion and 123 g mica suspension were then mixed for 20 min at 60 r/min in a three-mouth flask regulating pH to 2.5 by 10% HCl. Under constant stirring, a certain concentration of the mixture of 4 g stannic chloride and 0.5 g antimonous chloride was added, maintaining pH at 2.2 and the temperature between 70°C–80°C. After 30 min, the obtained solid was washed with deionized water. The filter cake was dried at 120°C for 4 h and calcined at 600°C–700°C for 30 min in the oxygen atmosphere. Finally, the conductive graphene-mica powder was prepared.
2.2.2 Preparation of epoxy zinc-rich coating containing conductive particles
The coating is a two-component epoxy coating composed of component A and component B. The preparation process of components A was as follows: E51, E44, dispersion agent and defoamer were added subsequently, followed by stirring at 400 rpm for 10 min, Next, polyamide wax, fumed silica and eco-friendly zinc phosphate were added in order, and the mixture was stirred at 900 rpm for 20 min, and subsequently ground to 50 microns using the grinder (LSM-2.2D, Shanghai Tianchen Co., Ltd. Shanghai, China). Conductive nickel or conductive graphene-mica was added under stirring at 800 rpm. After 20 min, the zinc powder, adhesion promoter and leveling agent were added in turn while stirring, and component A of paint was successfully prepared. The percentage of raw materials in components A of epoxy zinc-rich coatings with Ni and conductive graphene-mica are listed in Tables 1, 2, respectively. Component B of paint was prepared by evenly mixing the modified amine curing agent, amine promoter with solvent at 800 rpm for 10 min. The percentage of raw materials in components B of epoxy zinc-rich coatings was shown in Table 3.
TABLE 1 | Percentage of components A of epoxy zinc-rich coatings added Ni.
[image: Table 1]TABLE 2 | Percentage of components A of epoxy zinc-rich coatings added conductive graphene-mica.
[image: Table 2]TABLE 3 | Percentage of components B of epoxy zinc-rich coatings.
[image: Table 3]2.2.3 Preparation of coating
Component A and Component B were mixed at the weight ratio of 10:1, and spraying viscosity was adjusted to 30-40S using solvent. The mixture was then sprayed on the surface of horse mouth iron and carbon steel, respectively. The coating sample with the thickness of 20–30 µm was applied to test the conventional performance after placed in a 25°C incubator for 48 h. The carbon steel with the coating thickness of 90–100 µm was used for salt spray resistance and chemical resistance tests.
2.3 Testing and characterization
2.3.1 Morphological characterization
The structure of materials was tested by FTIR (DX-2700X, American Platinum Elmer, Inc., United States) and XRD (DX-2700X). The microtopography of the filler and the coating surface was observed using a scanning electron microscope (SEM, TESCAN VEGA3SBU). The conductive nickel and graphene distribution of conductive graphene-mica in coating was analyzed by Energy Dispersive Spectrometer (XPS, Axis Utltra DD, Kratos, Britain).
2.3.2 Coating testing
The impedance test of the coating was performed with the electrochemical workstation CHI660e (Shanghai Chenhua). And the impedance test was performed for up to 1,200 h. The electrochemical impedance test is a three-electrode system, the saturated calomel electrode is the reference electrode, the platinum electrode is the opposite electrode, the working electrode is a coated metal sample, and the test solution is 3.5 wt.% sodium chloride solution. The measured electrochemical data were analyzed by fitting using ZSimpWin software.
The neutral salt spray resistance test was conducted using the salt spray machine of Sichuan Chuangbei Technology Co., Ltd. for 2,000 h. The corrosion progression was acquired by measuring the average width of unilateral corrosion expansion normal to the scribe direction, which was calculated by subtracting the observed corrosion width of eight rusted areas by the scribe width and dividing by two. The test standard for bending performance was ISO 1519 using cylinder bending tester from the Precision Instruments (Guangzhou) Co., Ltd. The test standard for impact resistance was ISO 6272 using the impact instrument from the Precision Instruments (Guangzhou) Co., Ltd. The test standard for scratch test was ISO 4624. According to the test standard, a grid pattern of scratches was created on the surface using a knife. A piece of adhesive tape was then applied to the center of the grids and smoothed down firmly. The tape was pulled away smoothly, and the extent of film detachment within the grids was observed and evaluated to determine the adhesion quality of the film.
3 RESULT AND DISCUSSION
3.1 Morphology analysis of conductive filler and coatings
Figure 1 shows the SEM photos of zinc powder, conductive nickel and conductive graphene-mica. From the SEM images, it can be observed that the particle size of zinc powder ranges from approximately 2 to 10 μm. Conductive nickel appears as microspheres with uniform size of approximately 2–3 μm. These microspheres are interconnected, forming a bead-like chain structure, which facilitates the creation of a conductive network. Conductive mica, on the other hand, exhibits a two-dimensional sheet-like morphology with planar dimensions ranging from 5 to 20 μm. The larger surface of the mica is advantageous for enhancing the connectivity of zinc powder particles.
[image: Figure 1]FIGURE 1 | SEM of conductive fillers ((A)-zinc powder; (B)-conductive nickel; (C)-doped graphene conductive mica).
As shown in Figure 2A, the crystal configuration of the nickel sample is the surface center cubic structure, with the most intense peaks (111), (200), (220), consistent with Ni (PDF 04-0850). And there are no impurity peaks in the spectra, indicating that the nano nickel particles have high purity, single phase composition, and are not significantly oxidized. Figure 2B shows the XRD patterns of doped graphene conductive mica. It can be seen that doped graphene conductive mica displays a strong peak around 26°, which may belong to the (002) of graphite. Figure 2C shows the FTIR patterns of conductive nickel. Nickel metal has low infrared activity and no obvious infrared absorption peak. The weak absorption peek at low wave number of around 500 cm−1 is assigned to nickel oxide, indicating a slight oxidation on the nickel surface. The observed absorption bands 3,400 cm−1 and 1,700–1,600 cm−1 are attributed to the adsorbed water and other oxides species. Figure 2D shows the FTIR patterns of doped graphene conductive mica. The peak at 1,060–1,050 cm−1 is caused by the vibration of the C-C single bonds between the carbon atoms in graphene. Graphene-specific absorption peaks (1,620–1,600 cm−1, 2,200–2,100 cm−1) versus the C=C double bond vibration between carbon atoms in graphene. For mica, it has a moderate intensity absorption peak near 3,620 cm−1 in the high frequency region, belonging to the vibration of Al-O-H. Absorption peaks at 1,020 cm−1, 770 cm−1 and 520 cm−1 are attributed to Si-O-Si vibration.
[image: Figure 2]FIGURE 2 | (A) XRD of conductive nickel, (B) XRD of conductive graphene-mica, (C) FTIR of conductive nickel and (D) FTIR of conductive graphene-mica.
Figure 3 is the morphology and element distribution of the three kinds of epoxy zinc-rich coatings with different conductive nickel content. As shown in Figure 3A, distinct zinc powder particles can be observed, with zinc elements evenly dispersed throughout the coating. However, due to the low nickel content, a significant number of zinc particles remain isolated, and the connection between zinc and nickel is incomplete. In Figure 3B, as the nickel content increases, zinc and nickel powders become more intermingled, leaving almost no isolated zinc particles. The nickel powder effectively serves as a bridging agent, connecting the zinc particles. Although some aggregation of nickel powder occurs, the overall distribution of both nickel and zinc remains relatively uniform. With a further increase in nickel content and a corresponding decrease in zinc content, Figure 3C shows that nickel powder aggregation becomes more pronounced. A large portion of the zinc powder is embedded within the nickel, making zinc particles almost undetectable except for a few larger ones. This severe aggregation of nickel powder and the encapsulation of zinc particles hinder the connectivity of zinc and compromise its sacrificial anode function.
[image: Figure 3]FIGURE 3 | Distribution of Ni and Zn elements in the coating with conductive nickel powder ((A)-Ni5; (B)-Ni10; (C)-Ni15).
The morphology and elemental analysis of the epoxy zinc-rich coating containing conductive graphene-mica are presented in Figure 4. The images reveal that the conductive graphene-mica, with its lamellar structure, is uniformly dispersed throughout the coating and is neatly aligned. The elemental distribution analysis shows that zinc is uniformly dispersed within the coating, maintaining an orderly arrangement. This indicates that the incorporation of conductive graphene-mica does not cause zinc powder aggregation in the epoxy coating. As the amount of conductive graphene-mica increases, its sheet-like structure becomes more prominent. Better connection of zinc is expected at higher content of conductive mica.
[image: Figure 4]FIGURE 4 | Distribution of C element, O element and Zn element in doped graphene conductive mica coating ((A)-GM15; (B)-GM20; (C)-GM25).
3.2 Corrosion resistance of coating
3.2.1 Salt spray resistance of the coating
Figure 5 is a macro photo of 2,000 h salt spray of epoxy zinc-rich coatings with different conductive nickel contents and Figure 6 lists the unilateral corrosion width results. It can be seen that the epoxy zinc-rich coating with 70 wt.% Zn has substantial rust spots after 2,000 h of salt spray testing. The average unilateral corrosion expansion width at the scratch area is as high as 5.10 mm. When 10 wt.% conductive nickel is added, coating has fewer rust spots and the lowest corrosion with of 0.86 mm. With 5 wt.% conductive nickel coating has some rust and blisters, while the epoxy zinc-rich coating with 15% conductive experiences severe rusting and blistering. Therefore, the optimal salt spray resistance is achieved with epoxy zinc-rich coating with 10% conductive nickel. The reason may be that the nickel content affects its dispersion in the coating, which affects the corrosion resistance of the coating. When the nickel content is relatively low, it is insufficient to compensate for the reduction in zinc powder, failing to form an effective conductive pathway, which results in suboptimal corrosion resistance. Conversely, when the nickel content is too high, it disrupts the dispersion of zinc powder within the coating, leading to agglomeration that negatively impacts the coating’s corrosion resistance. Therefore, when the nickel content is set to 10%, the amount is more balanced, resulting in the optimal corrosion resistance.
[image: Figure 5]FIGURE 5 | 2,000 h salt fog resistance photos of conductive nickel-containing epoxy zinc-rich coating (A) Zn70 (B) Ni5 (C) Ni10 (D) Ni15.
[image: Figure 6]FIGURE 6 | The average unilateral corrosion width of conductive nickel-containing epoxy zinc-rich coating.
Figure 7 shows the macroscopic photos of different epoxy zinc-rich coatings incorporating different levels of conductive graphene-mica at 2,000 h of salt spray exposure, while Figure 8 provides the quantitative corrosion results. It is evident that coatings with 15 wt.% and 20 wt.% conductive graphene-mica show signs of corrosion with the unilateral corrosion widths are 2.33 and 2.01 mm, respectively, while the coating with 25 wt.% graphene-modified conductive mica remains almost corrosion-free with the lowest corrosion width of the three coating samples. According to the analysis, when the content of conductive graphene-mica is small, it cannot be fully distributed in the epoxy resin, so that the corrosion prevention ability of conductive graphene-mica cannot be fully reflected. As contrast, when the amount of conductive graphene-mica added increases, the bridging effect is enhanced ensuring a better zinc conductive network and improved sacrificial anode behavior, and barrier effect also increase, making it more difficult for the corrosion medium to reach the metal surface, thus slowing down the corrosion rate of the metal. Therefore, increasing the amount of conductive graphene-mica enhances the corrosion resistance of the zinc-rich coating.
[image: Figure 7]FIGURE 7 | Photos of graphene-modified conductive mica epoxy zinc-rich coating resistant to salt spray for 2,000 h (A) GM15 (B) GM20 (C) GM25.
[image: Figure 8]FIGURE 8 | The average corrosion width of conductive graphene-mica epoxy zinc-rich coating.
Both conductive nickel and graphene-modified mica demonstrate the ability to reduce zinc content, while maintaining superior anticorrosion ability, as shown in the corrosion morphologies of different coatings (Figures 5, 7). The white part is mainly ZnO or Zn5(CO3)2(OH)6 from the oxidation of zinc. The mechanism by which conductive fillers reduce the zinc powder content in zinc-rich coatings lies in their ability to maintain or enhance the electrical conductivity of the coating matrix while decreasing the reliance on zinc particles for percolation pathways. Zinc-rich coatings primarily protect substrates through sacrificial anode behavior, where zinc particles corrode preferentially to the steel substrate, forming a conductive network that facilitates electron transfer. Conductive nickel and graphene-modified mica supplement this network by bridging zinc particles. This reduces the critical zinc concentration required to achieve electrical percolation, thereby lowering the overall zinc content without compromising the coating’s cathodic protection capability. Additionally, conductive fillers, especially graphene-modified mica can also improve barrier properties prolonging the coating’s protective lifespan (Wang et al., 2024; Al-Nafai et al., 2025).
Recent literatures further corroborate our findings. For instance, a 2024 study from Zhonghua Chen et al. reported that integrating nickel with reduced graphene oxide and nitrogen-doped porous carbon in zinc-based coatings enabled a significant reduction in zinc content while simultaneously enhancing corrosion resistance (Chen et al., 2019). Likewise, graphene-based conductive fillers have been shown to lower the zinc content to below 50 wt% while maintaining or even surpassing the anticorrosion performance of traditional 70 wt% Zn coatings. Our previous study also showed that polypyrrole modified conductive mica could decrease the zinc content by 14% while maintaining a promising anticorrosion performance (Yuxing et al., 2022). The current results are in excellent agreement with these findings, as the incorporation of nickel reduces the zinc content to 60 wt% and the addition of graphene-modified conductive mica decreases it to as low as 45 wt%, all while delivering superior corrosion protection.
3.2.2 Electrochemical impedance analysis
Currently, the electrochemical mechanism of nickel-assisted zinc-rich coatings has not been investigated, thus, this study also investigates the electrochemical performance of the coating. The salt spray test results indicates that Ni10 coatings have excellent salt spray resistance. In order to further analyze the performance of the coating, the pure epoxy zinc-rich coating and conductive nickel epoxy zinc-rich coating were selected for EIS. The test solution was 3.5 wt.% NaCl solution, as shown in Figure 9. The high impedance value of Ni10 indicates its superior barrier properties, effectively suppressing bulk electrolyte penetration. However, this characteristic notably amplifies the sensitivity of low-frequency impedance signals to localized micro-defects. At elevated coating impedance levels, even partially unmitigated micro-corrosion regions can induce significant fluctuations in the low-frequency region due to localized electrochemical activity, which becomes disproportionately detectable in high-impedance systems, especially at the early stage of the immersion. For better understanding the mechanism, the impedance value of Bode diagram at low frequency (0.01 Hz) can be used as a reference for evaluating the protective performance of coatings (Liu et al., 2025; Ke et al., 2023). Table 4 show quantitative data for impedance values of epoxy zinc-rich coatings at 0.01 Hz. After 1,200 h immersion, conductive nickel epoxy zinc-rich coating has a maximum impedance value of 1.88 × 106 Ω·cm2 at the frequency of 0.01 Hz (Table 4). It is about five times of that of the original Zn 70 coatings, which indicates that the conductive nickel epoxy zinc-rich coating has better protective performance. In the Nyquist diagram, a large capacitance arc radius corresponds to excellent corrosion resistance. When the corrosive medium does not reach the coating/ substrate interface, a single capacitance arc appears on the Nyquist diagram. If the corrosive medium reaches the substrate, there are two capacitive arcs (Conradi et al., 2014; Brug et al., 1984; Mondal et al., 2016; Wu et al., 2019). It can be seen from the Nyquist diagram of Figure 9 that the conductive nickel epoxy zinc-rich coating has the largest impedance arc and the best protective performance during the whole immersion process.
[image: Figure 9]FIGURE 9 | Impedance spectra of three kinds of epoxy zinc-rich coatings in 3.5% NaCl solution at different times (A, B) 15 h; (C, D) 100 h; (E, F) 600 h; (G, H) 1,200 h.
TABLE 4 | Quantitative data for impedance values of epoxy zinc-rich coatings at 0.01 Hz.
[image: Table 4]The corrosion process and properties of the coating were further analyzed by fitting the EIS results with Zsimpwin software. The circuit corrosion model at each stage in this work is shown in Figure 10A. Among them, Rs represents solution resistance, Qc and Rc represent coating capacitance and coating resistance respectively, Qdl and Rt represent electric double layer capacitance under coating and reaction resistance of metal under coating respectively. Curve of Rt and Rc changing with soaking time is shown in Figures 10B,C, respectively. In the EIS test, the higher the resistance (Rc) of the coating, the better the shielding performance of the coating. The higher the Rt value, the more difficult the corrosion reaction of the metal substrate under the coating. It is found that the conductive nickel epoxy zinc-rich coating has good coating resistance and shielding performance during the 1,200-h immersion, which provides good protection for the metal. In the early stage of corrosion protection, the corrosive medium gradually penetrates into the matrix, resulting in a decrease in Rc value. However, the shielding performance of the coating was subsequently improved, which may be due to the fact that the entire zinc powder material in parallel and in series forms a huge anode network, so that all zinc powders achieve network interconnection. When the corrosive medium invades the coating, the weakest link of the coating cannot be found, which greatly enhances the shielding effectiveness of the coating. After partial oxidation of zinc particles, stable conductive additives can maintain electron transfer pathways between metallic phases through physical contact with unoxidized zinc particles, thereby ensuring the continuity of the conductive network to maintain the protection effect.
[image: Figure 10]FIGURE 10 | (A) Equivalent circuit diagram; (B) Curve of Rt changing with soaking time; (C) Curve of Rc changing with soaking time.
3.3 Comprehensive performance of coating
Table 5 is the basic performance test results of epoxy zinc-rich coating, conductive nickel epoxy zinc-rich coating and conductive graphene-mica coating. It was found that the addition of conductive nickel and conductive graphene-mica powder in the epoxy zinc-rich coating will not affect the basic properties of the coating, which provides data support for the industrialization of the coating.
TABLE 5 | Basic performance test results of coating.
[image: Table 5]4 CONCLUSION
In this paper, conductive graphene-mica was prepared, and the conductive graphene-mica and nickel were incorporated to enhance the corrosion protection of epoxy zinc-rich coatings. The addition of conductive nickel or mica creates an interpenetrating network within the coating, significantly improving its corrosion resistance. The optimal epoxy zinc-rich coatings with nickel powder or conductive graphene-mica show less corrosion marks after 2,000 h of salt spray at reduced zinc content of 60 wt% or 45 wt%, respectively, compared to conventional coatings with 70% pure zinc powder (Zn70), demonstrating outstanding salt spray resistance and superior anti-corrosion performance. Electrochemical impedance spectroscopy (EIS) revealed that the |Z|0.01 Hz value of the nickel epoxy zinc-rich coatings is almost one order of magnitude higher than that of Zn70, verifying a robust barrier effect. Additionally, the mechanical strength of the coatings with conductive additives was comparable to that of coatings with pure zinc, maintaining excellent overall performance. This paper develops a conductive mica material and explores the metal conductive candidate, providing a scalable strategy to efficiently reduce zinc content in epoxy zinc-rich coating. Future research will focus on designing hierarchical conductive composites and optimizing carrier materials to further minimize zinc dependency while maximizing corrosion protection efficiency, and optimizing material formulations through strategic substitution of high zinc content with minimal conductive additives, thereby achieving enhanced cost-effectiveness for industrial-scale applications.
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