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Abstract

:

Fouling is one of the common problems in heat-transfer applications, resulting in higher fouling resistance, and lower heat-transfer coefficient. This paper introduces the design and fabrication of an Fe–Al coating with micro/nanostructures on low-carbon steel by electrical discharge coating (EDC) technology to improve the antifouling property. The Fe–Al coating with micro/nanostructures is characterized by a large number of micro/nanostructures and superior anti-fouling property, which is attributed to its hydrophobic surface. The antifouling property, fouling induction period and contact angle of the Fe–Al coating with micro/nanostructures increase with the increasing gap voltage. Compared with the polished surface of low-carbon steel, the Fe–Al coating with micro/nanostructures extends the induction period from 214 to 1350 min, with a heat flux of 98 kW·m−2. After 50 adhesion tests, the contact angle of the Fe–Al coating with micro/nanostructures decreases from 6.81% to 27.52%, which indicates that the Fe–Al coating with micro/nanostructures is durable and suitable for industrial applications.
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1. Introduction


In industrial applications, the heat-transfer surface of a heat exchanger is in direct contact with a heat-transfer medium, which could lead to fouling deposited on the heat-transfer surface, such as inorganic crystallization fouling (ICF) [1,2], organic fouling [3], biofouling [4,5], etc. Because of the inhibition effect from deposited fouling on the heat-transfer surface, higher fouling resistance (Rf) and lower heat-transfer coefficient appeared on the heat exchanger during the operation. In past decades, researchers investigated antifouling coating, geometric topography surface, and micro/nanostructure surfaces, which modified the surface property, to mitigate the adhesion of fouling [6,7,8].



Compared with a plain surface, a hydrophobic surface with micro/nanostructures shows a better antifouling property [9,10]. Bogacz et al. [11] found that the mass of crystalline deposits grew with the increased wettability of the surface. Thus, the adhesion behavior of fouling on the heat-transfer surface can be inhibited by increasing the hydrophobicity of the heat-transfer surface [12]. Moreover, the anti-corrosion property of the heat-transfer surface also affects the antifouling property [12,13]. The new area of the heat-transfer surface that appears after corrosion can be adhered easily by the free fouling crystalline in the heat-transfer medium, which results in the decreased heat-transfer coefficient of heat exchanger [14,15]. Therefore, the antifouling property of the heat-transfer surface can be enhanced by the improvement of hydrophobicity and anti-corrosion.



The Fe–Al intermetallic compound shows superior mechanical, anti-corrosion, and antioxidizing properties, as compared with the stainless-steel and high-temperature alloy. As a metal material, the Fe–Al intermetallic compound also shows good heat-transfer performance. Thus, the Fe–Al intermetallic compound can be used as a traditional engineering material in many applications [16]. In general, the Fe–Al coating can be fabricated by surface modification methods, such as the pack aluminizing process [16], self–propagation high–temperature synthesis (SHS) technology [17], the detonation gun spray method [18], and so on. Although an Fe–Al coating of a certain thickness can be fabricated by these methods, a long process and high temperature (above 650 °C) in fabrication process are required for a stable Fe–Al phase [16,19,20], which hinders the application of the Fe–Al coating. In addition, few studies about the hydrophobicity of the Fe–Al coating have been reported. Therefore, the fabrication and hydrophobic property of the Fe–Al coating require deeper investigation.



Electrical discharge coating (EDC) technology is one of the common surface modification methods. Because of the electrical discharge process between the electrode and workpiece, the materials of the electrode move to the surface of the workpiece as a coating [21]. Meanwhile, the high temperature during the electrical discharge process allows for simultaneous coating of multiple materials with different melting points [21,22], which addresses the feasibility of stable Fe–Al phase formation in the coating. Additionally, some reports pointed out that a defect-free coating surface can be obtained through EDC by proper selection of the process parameters [23,24]. The EDC process is convenient, and the dielectric fluid can be recycled without polluting the environment. Thus, it is worth investigating the fabrication of the Fe–Al coating by EDC technology. Furthermore, the topography of coating fabricated by EDC involves a large number of micro/nanostructures, which are attracted to the topography fabricated by electrical discharge machining (EDM) [24]. The micro/nanostructures contribute to the improved hydrophobicity of the Fe–Al coating.



The aim of this paper is to investigate the antifouling property of the Fe–Al coating in a fouling medium, which is fabricated on a low-carbon steel surface by EDC technology. The micro/nanostructure and hydrophobic property of the Fe–Al coating fabricated by EDC technology are also investigated. The antifouling mechanism of the Fe–Al coating is discussed. This study gives new ideas for the design of antifouling coatings or devices in heat-transfer surface regions.




2. Materials and Methods


2.1. Preparation of Fe–Al Electrode


The Fe–Al electrode was sintered by pure powders of Fe (99.5 wt.%, 500 grids) and Al (99.5 wt.%, 500 grids). First, the Fe and Al powders were mixed thoroughly at a weight ratio of 10:1. Then, the mixed powders and grinding balls were put into a ball mill at a weight ratio of 1:2. The analytical nitrogen and ethanol were put into the mill together to prevent the mixed powders from oxidizing. The rolling speed of the ball mill was 300 r/min, and the roll time was 60 min. After ball milling, the mixed powders were shaped into an Fe–Al cylinder with a diameter of 25 mm under a pressure of 150 MPa. The Fe–Al cylinder was sintered at 650 °C and 400 MPa for 90 min. At the point, the Fe–Al electrode was finished.




2.2. Fe–Al Coating Fabrication Process


The selected substrate was low-carbon steel. The steel samples were cut to dimensions of 10 mm × 10 mm × 3 mm and sanded with grape 320 SiC paper to remove the oxidation layer from the steel surface. The structure of the EDC machine (D7145, Jiangsu Sanxing Machinery Manufacture Co., Ltd., Taizhou, China) is shown in Figure 1.



In this study, the Fe–Al coating fabrication parameters of EDC technology were as shown in Table 1. The as-coated substrates were ultrasonically cleaned by ethanol, acetone, and deionized water for degreasing and removing surface impurities, then dried in a vacuum oven at 35 °C for 2 h.




2.3. Antifouling Property Experiment


The CaCl2 + NaHCO3 mixed solution with a concentration of 0.1 mol·L−1 was used to characterize the antifouling performance of the polished and modified surfaces [1]. All chemical reagents were analytical grade, and the solvent was deionized water. The antifouling experiment was carried out on a self-made heat-transfer test device, as shown in Figure 2. All thermocouples are type K. The antifouling experiment samples, including polished surface and Fe–Al coating samples, were immersed in the fouling solution and kept in the self-made heat-transfer test device for 72 h. The input heat flux in the experiment was 98 kW·m−2 and the experiment lasted 72 h. The data collector recorded the values of all thermocouples every 5 min. During the antifouling experiment, a high-speed camera (5KF20C, FuHuang AgileDevice, Hefei, China) was employed to record the transformation procedure of the tested surface at 100 frames/s.




2.4. Characterization


The morphologies of the modified surface and the fouling were characterized by a scanning electron microscope (SEM, EVO-10, Carl Zeiss, Cambridge, UK) and the chemical compositions were analyzed via energy-dispersive spectroscopy (EDS, SmartEDX, Carl Zeiss, Cambridge, UK) equipped with SEM. The crystalline structure of the modified surface before the antifouling experiment was investigated by X-ray diffraction (XRD) using Cu Kα radiation with a wavelength of 0.15418 nm (Ultima IV, Rigaku, Japan). The surface roughness (Ra, arithmetic mean roughness) was measured via a surface roughness measuring instrument (JB-1C, Shanghai Cany Precision Instrument Co., Ltd., Shanghai, China) and the average Ra value from three random regions for each sample was reported with their error. A contact angle test was carried out by a contact angle measuring instrument (SD-CAZ2, Dongguan Sindin Precision Instrument, Incs., Dongguan, China) and the deionized water was used as the testing medium. Test drops (4 μL) were placed on the surface, and the average contact angle values measured at five different positions of the same sample, were reported.





3. Results


3.1. Surface Morphology and Chemical Composition


Figure 3 shows the morphology of low-carbon steel and Fe–Al coating before antifouling experiment. As shown in Figure 3a, the low-carbon steel surface is a flat surface with some scratches after polishing (PS). The Fe–Al coating samples shown in Figure 3b–f show that there are many micro–characteristics, such as micro–craters, micro–porous, molten balls, and recast regions, which are distributed homogeneously on the sample surface fabricated by EDC technology (EDCed coating). The micro-structures on the Fe–Al coating surface are typical EDM characteristics [24]. As the gap voltage increases, the number and dimension of the micro–EDM characteristics in the EDCed coatings increase, indicating that the morphology of the Fe–Al coating has become more complicated. Moreover, according to the high magnification SEM image of the Fe–Al coating sample shown as the inset in Figure 3b, there are many nanopores on the Fe–Al coating. The porosity of the Fe–Al coating was measured by Image J software (National Institutes of Health, Rockville, MD, USA), and the results are shown in Figure 4. As shown in Figure 4f, the porosity of Fe–Al coatings was reduced as the gap voltage increased from #1 to #5, and there was a sharp decrease from low gap voltage to high gap voltage.



The chemical compositions of all EDCed coatings detected by EDS are shown in Table 2. According to Table 2, the Fe, Al, and C elements, but not O, were present in the EDCed coating. The Fe and Al elements were from the electrode and the C element was from the electrical fluid, which was gasified due to the high temperature during the electrical discharge process. The results shown in Table 2 indicate that there is no oxidation or passive film formed on the EDCed coating. The reason could be the electrical discharge process of the Fe–Al electrode in the EDM fluid—there was no air in direct contact with the coating surface. The average Fe/Al ratio by weight is approximately 12.71:1, and the Al content in the Fe–Al coating decreased with the increased gap voltage. According to the results of Figure 3 and Table 2, the Fe–Al coating with micro/nanostructures, (Fe–Al MNS), is fabricated by EDC technology on the low-carbon steel substrate.



The coating thickness and roughness of Fe–Al MNS are shown in Figure 5. As shown in Figure 5a–e, the Fe–Al MNSs with different coating thicknesses are formed continuously on the substrates and no cracks appeared in the Fe–Al MNS, which indicates that Fe–Al MNS was a compact coating. According to Figure 5f, the average thickness of Fe–Al MNS decreased with the increasing gap voltage. Meanwhile, the roughness values of Fe–Al MNS samples were higher than those of PS with 0.37 ± 0.11 μm of Ra, as shown in Figure 5. The roughness values of Fe–Al MNS samples also decreased with the increase of gap voltage. The reason may be that the number of recast regions on Fe–Al MNS increased with the increasing gap voltage, which covered the coating surface to reduce the roughness.



According to the line scan result of EDS from the section of Fe–Al MNS sample shown in Figure 6, the Al element only exists in the Fe–Al MNS and the Fe element exists in both the Fe–Al MNS and the substrate. The results shown in Figure 6 indicate that there is a metallurgical layer between Fe–Al MNS and the substrate, which could enhance the bonding strength between them. Moreover, C mainly exists on the surface of Fe–Al MNS and the contents in both Fe–Al MNS and substrate are low. Because the high temperature during the electrical discharge process of the Fe–Al electrode resulted in the gasification of EDM fluid, the carbon element of EDM fluid combined with the Fe and Al elements to form carbides in the coating. Thus, some carbides were formed on the surface of Fe–Al MNS, which was consistent with the results of Table 2.




3.2. Phase Combination of Fe–Al Micro/Nanostructures (MNS)


Figure 7 shows the XRD results of PS, the Fe–Al electrode and Fe–Al MNS samples. As shown in Figure 7a, there is only Fe element characteristic peaks in the XRD results. According to the XRD results of the Fe–Al electrode shown in Figure 7b, only Fe and Al phases exist, without the Fe–Al phase. The reason could be that the sintering conditions of the Fe–Al electrode described in Section 2.1 cannot achieve the formation conditions of Fe–Al composition [25,26], and the powders of Fe and Al only adhered in the Fe–Al electrode. The XRD results of Fe–Al MNS samples #1, #2, and #3 are shown in Figure 7c. According to the XRD results of Figure 7c, the characteristic peaks of Fe and Al also appeared in all Fe–Al MNS samples, and there are some typical characteristic peaks of Fe3Al phase and carbides, such as Fe7C3 and AlFe3C0.5 phases. The XRD results shown in Figure 7c indicate that the Fe3Al phase was formed in the Fe–Al MNS. Because of the high temperature and pressure during the electrical discharge process of the Fe–Al electrode [27,28], the gap between the Fe–Al electrode and working piece acted like a sintering furnace, which promoted the formation of the Fe3Al phase in the coating.



In addition, the intensity of characteristic peaks for the AlFe3C0.5 phase, showing in Figure 7c, decrease with the increasing gap voltage, indicating that the content of AlFe3C0.5 phase in Fe–Al MNS decreases. This is because the impact energy of electrical discharge from the Fe–Al electrode in the high gap voltage condition was so high that the electrical discharge had blown up the coating, and the formed carbides in the coating were widespread [29]. Therefore, the content of carbides in the coating was reduced with the increasing gap voltage. A similar phenomenon for the Fe7C3 phase was also observed in all Fe–Al MNS samples.




3.3. Surface Wettability


Figure 8 shows the contact angles of PS and Fe–Al MNS samples. As shown in Figure 8, the contact angle (CA) of PS is below 90°, indicating that PS is the hydrophilic surface. Although the CAs of Fe–Al MNS samples are all higher than those of PS, but CAs of #4 and #5 Fe–Al MNS are below 90°, which indicate that #4 and #5 Fe–Al MNS are also the hydrophilic surfaces. The CAs of Fe–Al MNS samples #1, #2, and #3 with low gap voltage (<100 V) are over 90°, indicating that the Fe–Al MNS samples with a low gap voltage are hydrophobic surfaces. Meanwhile, the CAs of Fe–Al MNS samples decreased with the increasing gap voltage. With the increasing gap voltage, the morphologies of Fe–Al MNS become increasingly complex, according to Figure 3b–f. A lot of micro/nanostructures on the surface were covered by the recast region, causing the surface roughness of Fe–Al MNS to decrease, as shown in Figure 5. According to the Wenzel [30] and Cassie-Baxter [31] wettability mechanism, the contact between the water droplet and the Fe–Al MNS is complex. The water droplet could infiltrate into the micro/nanostructures or be isolated by the trapped air in the micro/nanostructures. There are not enough micro-pores in the Fe–Al MNS with high gap voltage to trap the air for the isolation of water droplet, as shown in Figure 3f and Figure 4. Thus, the #5 Fe–Al MNS fabricated with a high gap voltage shows the lowest CA.




3.4. Antifouling Property of Fe–Al MNS Sample


The antifouling property can be investigated by the fouling resistance Rf, according to Equation (1) [29]:


   R f  =  1   U t    −  1   U 0     



(1)




where Ut is the overall heat-transfer coefficient at generic time t, while U0 is the overall heat-transfer coefficient at the start of the operation, i.e., when the heat-transfer surfaces are supposed to be clean.



After the antifouling experiment, the Rf plots of PS and Fe–Al MNS samples were as shown in Figure 9. As shown in Figure 9, the Rf plots of the PS sample increased with time and reached a constant value (Rf max) rapidly, which indicates that the fouling deposited on the heat-transfer surface was stable. Compared with the Rf plot of PS, the Rf plots of the Fe–Al MNS samples shown in Figure 9 are different. There is an obvious period with a zero value of Rf, which is defined as an induction period of the heat-transfer surface, appearing in the Rf plots of #1, #2, #3, and #4. There is no induction period in the Rf plot of #5 Fe–Al MNS. This result indicates that there is no induction period for PS and there are different induction periods for each Fe–Al MNS sample, which is similar to previous research [32]. Bogacz [33] found that there was a significant influence between the wettability of the heat-transfer surface and the fouling adhesion, which was more significant than the influence of roughness. For the heat-transfer surface with the lower contact angle, the lower removal rate appeared for the deposited fouling on the surface [34,35]. Thus, it was difficult for the fouling crystals deposited on the PS to be removed, leading the Rf of PS to increase to the Rf maximum in a short period. Moreover, the hydrophobic property of #1, #2, and #3 Fe–Al MNS inhibits the adhesion of fouling crystals. The reason is that the air can be trapped in the micro/nanostructures of Fe–Al MNS, which inhibits contact with the fouling on the Fe–Al MNS. While #4 and #5 Fe–Al MNS are hydrophilic surfaces, the droplet can infiltrate the micro/nanostructures, resulting in an increased deposition area of fouling. But the porosity of #4 Fe–Al MNS is higher than that of #5 Fe–Al MNS shown in Figure 4, which can reduce the contact between the surface and the fouling solution by trapped air in the micro/nanostructures. As a result, there is a short induction period in the Rf plot of #4 Fe–Al MNS as shown in Figure 9, and without induction period for #5 Fe–Al MNS. In addition, the micro/nanostructures of Fe–Al MNS also increase the nuclear area of boiling bubbles [36,37], which affects the adhesion of fouling crystals near the heat-transfer surface. Thus, because of the combined action of surface wettability and boiling bubbles, there are different slope values of Rf plot for each Fe–Al MNS samples. Without the combined action, the slope value of PS Rf plot is highest.



A high-speed camera was employed to capture the surface morphologies of Fe–Al MNS during the antifouling experiment, which are shown in Figure 10. As shown in Figure 10a,d,g,j,m,p, there were some air bubbles trapped on the Fe–Al MNS, and no air bubbles were trapped on the PS at 0 min. When the Fe–Al MNS sample was immersed in the fouling solution, the trapped air appeared as bubbles on the Fe–Al MNS surface [38]. Compared with Fe–Al MNS, there were no micro/nanostructures on the surface of PS to trap air, so no air bubbles appeared on the surface. Additionally, the number and dimension of air bubbles that adhered on the surface of #4 and #5 Fe–Al MNS were less than on the other Fe–Al MNS. Over time, as shown in Figure 10b,e,h,k,n,q, a growing number of air bubbles appeared on the Fe–Al MNS due to the enhancement of boiling bubble activity [39,40]. The detachment of boiling bubbles from the Fe–Al MNS helped to dislodge the loose fouling from the surface with a wiping action [32]. Thus, there was no fouling deposited on the surface of #1 and #2 and some fouling deposited on the surface of #3, #4, and #5 where there were no boiling bubbles. Compared with Fe–Al MNS, the PS was totally different, with a lot of fouling deposited, which covered the whole heat-transfer surface with a fouling layer. Because of the hydrophilic property of PS, it was convenient that the fouling crystals in the fouling solution were deposited on the surface. Furthermore, there was no wiping action on the surface of PS due to there being no detachment of boiling bubbles, resulting in the deposited fouling layer being strongly adhered on the substrate. At 1200 min, as shown in Figure 10c,f,i,l,o,r, the fouling layer adhered on the PS was still stable and fouling also appeared on all Fe–Al MNS samples. The fouling deposited on the #5 Fe–Al MNS was the greatest of all the Fe–Al MNS samples, while on the other Fe–Al MNS it was reduced gradually from #4 to #1. As shown in Figure 10c, there were a lot of large air bubbles on the #1 Fe–Al MNS, which could isolate the Fe–Al MNS from the fouling solution. In addition, the wipe action from the detachment of bubbles continued to affect the deposition of fouling. These phenomena were also observed on the other Fe–Al MNS in Figure 10f,i,l,o. However, the average dimension of detaching air bubbles was gradually decreased from #2 to #5 Fe–Al MNS. According to Figure 8, the hydrophobic property of #2, #3, #4, and #5 Fe–Al MNS was weaker than that of #1 Fe–Al MNS, resulting in the fouling crystal nucleus being able to adhere in the micro/nano pores of #2, #3, #4, and #5 Fe–Al MNS to impede the formation of boiling bubbles. Thus, the wiping action from the detachment of boiling bubbles was weakened, so fouling could be easily deposited on the #2, #3, #4, and #5 Fe–Al MNS compared with #1 Fe–Al MNS.



The fouling weight per area of all samples after the antifouling experiment is shown in Figure 11, indicating that the fouling deposited on the PS was the highest. Although there was fouling on the Fe–Al MNS samples, the amount was less than that on the PS and gradually increased. As shown in Figure 9, the induction periods of #1, #2, #3, and #4 Fe–Al MNS were 1350, 896, 568, and 214 min, respectively. Moreover, the Rf max of all Fe–Al MNS samples was lower than that of the PS sample. Moreover, the Rf max of #1 Fe–Al MNS was lowest in all samples and the Rf max of the other Fe–Al MNS samples were close, a situation that also can be observed for the thickness of the deposited fouling layer in Figure 10c,f,i,l,o.



Figure 12 shows the fouling morphologies on the PS and Fe–Al MNS samples after 72-h antifouling experiments. As shown in Figure 12a, a large amount of fouling was deposited on the PS and some of the fouling crystals were large, which increased the Rf of PS to the highest value. The #1, #2, #3, #4, and #5 Fe–Al MNS samples after antifouling experiments are shown in Figure 12b–f, respectively. As shown in Figure 12b–f, there was also a lot of fouling deposited on the surface of Fe–Al MNS after the antifouling experiment. Compared with the fouling morphology on PS, the fouling crystals deposited on the Fe–Al MNS were smaller and distributed randomly. According to the EDS results of all samples after the antifouling experiment shown in Table 3 and Figure 12, the composition marked A is the corrosion product of the substrate. The compositions marked B with a cube-like shape and C with a needle-like shape show typical CaCO3 fouling [41], which also existed on the PS after the antifouling experiment showing in Figure 12a. There is no Ca element detected in the test regions without deposition of fouling crystals on the surface of Fe–Al MNS, which are marked D, E, F, G and H in Figure 12b–f. This indicates that there are no fouling crystals deposited on the whole surface of Fe–Al MNS, but there may be a passive film or oxidation film on the surface of Fe–Al MNS. In addition, the number of fouling crystals deposited on the Fe–Al MNS increased gradually from #1 to #5 shown in Figure 12b–f. The results indicate that Fe–Al MNS shows better antifouling property in this study and the antifouling property can be affected by the surface characteristics. Moreover, although there are a lot of Cl– ions in the fouling solution, which can react with the Fe element in the Fe–Al MNS, the activity of Al is so strong that a passive film forms preferentially to protect the Fe–Al MNS [25]. Thus, there is no corrosion product, so the fouling crystals are easily absorbed, as observed obviously on the surface of Fe–Al MNS.




3.5. Durability Test of Fe–Al MNS


The durability is an important factor in the industrial application of Fe–Al MNS. According to the ASTM standard (ASTM D3359–17) [42], the hydrophobic property of an Fe–Al MNS sample after semi-transparent tape adhesions is measured by a contact angle measuring instrument. The tape test for the Fe–Al MNS was repeated three times per condition. The contact angle of Fe–Al MNS after the tape adhesion is shown in Figure 13. As shown in Figure 13, the contact angle values of Fe–Al MNS decreased with the increase in tape adhesion frequency, with the reduction in CA for #1, #2, #3, #4, and #5 being 6.81%, 10.51%, 7.15%, 22.64%, and 27.52%. This may be because the micro/nanostructures, such as molten balls and nanopores, are destroyed when the tape is torn off from the surface. In addition, after the durability test, Fe–Al MNS sample #1 remained in a hydrophobic surface state, which can improve the antifouling property of the surface. Fe–Al MNS samples #2 and #3 retained their hydrophobic property after 40 tests, but it was difficult for these two Fe–Al MNS samples to maintain the hydrophobic property after 50 tests. That is, the antifouling property of Fe–Al MNS is durable and there is a prospect for industrial application.





4. Discussion


According to the above results, Fe–Al MNS shows a superior antifouling property. The surface characteristics of Fe–Al MNS affected the antifouling property of Fe–Al MNS, and the relations between the surface characteristics and antifouling property are shown in Figure 14. As shown in Figure 14a–c, with the increase in CA, Ra, and Al proportion, the induction period increased. The trend of induction period versus CA, Ra, and Al proportion increased sharply at first, but the rate of increase decreased, as shown in Figure 14a–c, which indicates that there is a limit to the impact of induction period for the Al proportion in the coating. As shown in Figure 14d–f, the trend plots of Rf max versus CA, Ra, and Al proportion is different from the induction period. The Rf max decreased with the increase in CA, Ra, and Al proportion.



Ozden et al. [40] observed that the better the hydrophobicity of the heat-transfer surface, the lower the amount of fouling deposited on the surface. In this study, as the hydrophobicity of Fe–Al MNS reduces with the increasing gap voltage, the contact area between the fouling solution and Fe–Al MNS is increased according to the Cassie–Baxter model [31]. This means that the amount of fouling deposited on the Fe–Al MNS increased with the increasing gap voltage, and as shown in Figure 5f, the CA and Ra of Fe–Al MNS is reduced with increasing gap voltage. Therefore, the Rf max is increased with reduced CA and Ra shown in Figure 14d,e, which can also be demonstrated by the amount of fouling deposited on the Fe–Al MNS shown in Figure 10c,f,i,l,o. On the other hand, due to the slow flow rate of the test vessel, the fouling solution flowed like a laminar flow, and then the fouling crystal nucleus in the solution was deposited on the heat-transfer surface by the molecular transport mechanism, which limited the deposition rate of fouling on the Fe–Al MNS [11]. Hence, the induction period of Fe–Al MNS is extended, as shown in Figure 9. Moreover, the micro/nanostructures increased the boiling bubble activity, which creates a porous surface [41,42], and the detachment of the boiling bubble dislodged the loose fouling from the surface with wiping action [9,43]. As shown in Figure 14c,f, the Al proportion in the coating also influenced the antifouling property. A higher Al proportion can help with the formation of the passive film and effectively inhibit the diffusion of Fe2+ and Al2+ ions from the coating [44], which induce the formation and deposition of fouling in the fouling solution [45]. As described above, the co-effect among the hydrophobic property of Fe–Al MNS, the wiping action of the detachment of boiling bubbles, and the Al passive film affects the molecular transfer behavior of the fouling crystal nucleus to mitigate fouling deposition. As a result, compared with PS, the Fe–Al MNS shows superior antifouling property. Meanwhile, due to the above effects, the induction periods of different Fe–Al MNS samples are extended and different, as shown in Figure 14. The antifouling mechanism of Fe–Al MNS is shown in Figure 15.




5. Conclusions


The Fe–Al coating with micro/nanostructures (Fe–Al MNS) is fabricated by electrical discharge machining (EDC) technology. The micro/nanostructures, chemical composition, wettability, and antifouling behavior of the resulting surface are evaluated and compared with the polished surface of low-carbon steel. The conclusions are as follows:




	
According to the EDC technology and Fe–Al electrode, the Fe–Al coating with micro/nanostructures is fabricated on a low-carbon steel substrate. The roughness and coating thickness of Fe–Al MNS decreased with the increasing gap voltage of EDC. The porosity of Fe–Al MNS decreased sharply from a low gap voltage to a high gap voltage. The main phases of Fe–Al MNS were combined by Fe3Al, Fe7C3, and AlFe3C0.5.



	
The Fe–Al MNS showed a hydrophobic property. The contact angle of Fe–Al MNS decreased with the increasing EDC gap voltage. Due to the effect of micro/nanostructures of Fe–Al MNS, water droplets could be isolated by tapped air or infiltration in the coating, resulting in the regulation of the hydrophobic property.



	
Compared with the polished surface of low-carbon steel, Fe–Al MNS shows better antifouling performance, with an extended induction period and lower Rf max value. The antifouling property of Fe–Al MNS samples decreased with the increasing EDC gap voltage. One potential reason is that the hydrophobic property of the Fe–Al MNS inhibited the adhesion of fouling crystals. Another reason could be that the micro/nanostructures of Fe–Al MNS also increased the nuclear area of boiling bubbles, which can dislodge the loose fouling crystals from the Fe–Al MNS surface by a wiping action when the boiling bubbles detach. Finally, due to the activity of the Al element in the Fe–Al MNS, a passive film was formed on the Fe–Al MNS surface to mitigate the corrosion products, which could easily absorb the fouling crystals. As a result, the adhesion behavior of the fouling crystals was inhibited. Thus, the co-effect of the above reasons supports the fact that Fe–Al MNS showed a superior antifouling property. Meanwhile, after the durability test, the hydrophobic property of Fe–Al MNS decreased slightly, indicating that there is an industrial application prospect for Fe–Al MNS.



	
According to the results of this study, micro/nanostructures enhance the antifouling property of Fe–Al MNS. This indicates that there is a relationship between the scale effect of micro/nanostructures and the antifouling property, which is worth investigating further.
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Figure 1. Structure of the electrical machine. 
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Figure 2. Structure of self-made heat-transfer test device. T1/T2 are thermocouples for the heater, T3/T4 are thermocouples for the surface of the test sample, T5 is a thermocouple for fouling solution in the test vessel, and T6 is a thermocouple for the fouling solution in the beaker. 
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Figure 3. Morphologies of (a) surface after polishing (PS), (b) #1, (c) #2, (d) #3, (e) #4, and (f) #5. 
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Figure 4. Porosity values of (a) #1, (b) #2, (c) #3, (d) #4, and (e) #5 Fe–Al coatings, and (f) porosity of Fe–Al coatings versus gap voltage. 
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Figure 5. Section morphologies of Fe–Al micro/nanostructures (MNS): (a) #1, (b) #2, and (c) #3. (d) The change trend of roughness and coating thickness for all samples with the increasing gap voltage. 
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Figure 6. Distribution of chemical elements in the Fe–Al MNS. 
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Figure 7. X-ray diffraction (XRD) results of (a) PS, (b) Fe–Al electrode, and (c) Fe–Al MNS samples. 
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Figure 8. Contact angle (CA) value of PS and Fe–Al MNS samples. 
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Figure 9. Fouling resistance Rf plots of PS and Fe–Al MNS samples with time in the heat flux of 98 kW·m−2. 
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Figure 10. High-speed captures of PS and Fe–Al MNS samples during the antifouling experiment at 0 min, 600 min, and 1200 min. (a) #1, 0 min, (b) #1, 600 min, (c) #1, 1200 min, (d) #2, 0 min, (e) #2, 600 min, (f) #2, 1200 min, (g) #3, 0 min, (h) #3, 600 min, (i) #3, 1200 min, (j) #4, 0 min, (k) #4, 600 min, (l) #4, 1200 min, (m) #5, 0 min, (n) #5, 600 min, (o) #5, 1200 min, (p) PS, 0 min, (q) PS, 600 min, and (r) PS, 1200 min. 
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Figure 11. Fouling weight per area of all samples after antifouling experiment. 
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Figure 12. Fouling morphologies of (a) PS, (b) #1, (c) #2, (d) #3, (e) #4, and (f) #5 after antifouling experiments for 72 h. The crosses marked A, B, and C are the spot analyses of energy-dispersive spectroscopy (EDS), and the dashed rectangles marked D, E, F, G, and H are the surface analyses of EDS. 
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Figure 13. Curves of contact angles of Fe–Al MNS samples after the tape adhesion experiment. 
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Figure 14. Trend plots of induction period versus (a) CA, (b) surface roughness (Ra), and (c) Al proportion. Trend plots of Rf max versus (d) CA, (e) Ra and (f) Al proportion. 
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Figure 15. Antifouling mechanism of Fe–Al MNS for CaCO3 fouling. 
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Table 1. Fe–Al coating fabrication parameters of electrical discharge coating (EDC) technology.
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	Sample
	Current (A)
	Pulse Width (μs)
	Duty Ratio (%)
	Gap Voltage (V)





	#1
	12
	50
	20
	60



	#2
	12
	50
	20
	80



	#3
	12
	50
	20
	100



	#4
	12
	50
	20
	120



	#5
	12
	50
	20
	140
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Table 2. Chemical composition of Fe–Al coating samples by weight (%).
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Sample

	
C

	
Fe

	
Al

	
O

	
Fe:Al






	
#1

	
–

	
89.30

	
10.70

	
–

	
8.35:1




	
#2

	
8.16

	
84.22

	
7.62

	
–

	
11.05:1




	
#3

	
3.65

	
88.96

	
7.39

	
–

	
12.04:1




	
#4

	
10.64

	
82.13

	
5.44

	
–

	
15.43:1




	
#5

	
11.21

	
83.77

	
5.02

	
–

	
16.69:1




	
Average value of Fe/Al ratio

	
12.71:1








“–” means this element was not detected in the sample.
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Table 3. Energy-dispersive spectroscopy (EDS) results of PS and Fe–Al MNS samples after antifouling experiment.
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	Marks
	C (wt.%)
	Fe (wt.%)
	Al (wt.%)
	O (wt.%)
	Ca (wt.%)





	A spot
	0.50
	72.59
	0.47
	26.44
	–



	B spot
	4.00
	4.58
	9.87
	38.32
	43.23



	C spot
	5.79
	4.38
	3.66
	43.64
	42.53



	D region
	2.28
	71.82
	6.45
	19.45
	–



	E region
	2.31
	67.35
	6.56
	23.78
	–



	F region
	2.23
	80.30
	8.48
	8.99
	–



	G region
	2.92
	70.43
	6.89
	19.76
	–



	H region
	1.50
	72.59
	5.87
	20.04
	–







“–” means this element was not detected in these samples.
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