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Abstract

:

CrFeCoNi and CrMnFeCoNi coatings were prepared by laser remelting method. The grain boundary characteristics distribution of both coatings was investigated by electron backscattered diffraction technique. The results showed that the CrFeCoNi coating exhibited higher fraction of low angle grain boundaries and Σ3 boundaries compared to the CrMnFeCoNi coating. The corrosion properties of the CrFeCoNi and CrMnFeCoNi coatings in 3.5 wt% NaCl solution were identified by electrochemical method and localized electrochemical impedance spectroscopy technique. The results indicated that the CrFeCoNi coating had a higher corrosion resistance than the CrMnFeCoNi coating. The better corrosion resistance of the CrFeCoNi coating could be attributed to the high fraction of Σ3 boundaries and low fraction of the high angle boundaries.
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1. Introduction


High entropy alloys (HEA) have drawn considerable attention due to their prospect of industrial applications and excellent properties such as exceptional mechanical properties, good oxidation resistance, excellent thermal stability and high corrosion resistance [1,2,3]. Currently, HEA is usually produced by arc melting or additive manufacturing [4,5]. The HEA materials have high cost because they generally contain a large portion of expensive elements. Therefore, much attention has been focused on exploiting HEA coatings to reduce the cost and enlarge the application range. So far, various methods have been used to fabricate HEA coating, such as air plasma spraying, magnetron sputtering, arc cladding, cold spraying and laser cladding [6,7,8,9,10,11].



At present, considerable researches have been done to explore the corrosion properties of the HEA coatings. These studies are mainly concerned with the effect of different additives on the corrosion properties of HEA coating. These additives contain metal elements, rare oxide and graphene oxide. Fan et al. investigated the effect of Fe content on the corrosion behavior of AlCoCrFeNi HEA coatings [12]. They found that increasing Fe content contributed to improving the corrosion property of coatings. Cui et al. studied the effect of CeO2 on corrosion behavior of FeCoNiCrMo HEA coating [13]. Ahmed et al. investigated the microstructure and corrosion properties of the MnCrFeCoNi high entropy alloy-graphene oxide composite coatings [14]. The results showed that the corrosion resistance of coatings increased with the addition of graphene oxide. Additionally, some researchers have explored the effect of grain refinement on corrosion behavior of HEA coatings. Zhang et al. investigated the corrosion property of the Al1.5CoCeFeMnNi HEA coating after ultrasonic impact treatment [15]. They found that the grain was refined and the corrosion resistance was improved. Fan et al. studied the corrosion property of ultrasonic induced AlCoCrFeNi HEA coating [16]. The results indicated that ultrasonic treatment contributed to increasing the segregation of Cr in grain boundaries, thereby improving the corrosion resistance.



Reports about the effect of grain boundary characteristics on corrosion behavior of HEA coatings are limited. It is well known that grain boundary characteristic distributions have an important effect on the corrosion behavior of polycrystalline alloys. Many previous reports have indicated that a large fraction of special grain boundaries (low CSL boundary) would improve the corrosion resistance of alloys [17,18]. An et al. [19] have reported that the corrosion rate of the CoNiFe alloys decreased when increasing the fraction of low special coincidence site lattice (CSL) boundaries. It has been reported that increasing low CSL grain boundaries (≤Σ29) could provide better corrosion resistance to the steel [20,21]. The modification of the grain boundary character is generally achieved by annealing or inclusion of other elements. There is limited literature covering the information about the effect of additive elements on grain boundary character of HEA coating. The corrosion behavior of HEA coatings was generally studied by the traditional electrochemical method. This method could not distinguish the difference of the corrosion resistance between the grain boundary and grain interior as it measures the average current values for the whole surface of the electrode in contact with the solution. It is necessary to apply auxiliary techniques to probe the surface characteristics of HEA coatings in microscale. Localized electrochemical impedance spectroscopy (LEIS) was an effective tool for exploration of the electrode heterogeneity [22,23]. The objective of this study is to combine the grain boundary character with LEIS characterization to reveal the corrosion properties of HEA coatings.



In this study, CrFeCoNi and CrMnFeCoNi coatings were prepared by laser remelting method. The corrosion behavior of the CrFeCoNi and CrMnFeCoNi coatings in 3.5 wt% NaCl solution was analyzed by electrochemical method and LEIS measurements.




2. Materials and Methods


The commercial CrMnFeCoNi and CrFeCoNi powders with a size range between 15 and 53 μm were used as the feedstock. The CrMnFeCoNi and CrFeCoNi coatings were prepared on the X65 steel substrate by laser remelting method. The compositions of the substrate are shown in Table 1. The as-prepared coatings were characterized by electron backscattered diffraction (EBSD)technique to reveal the microstructure and phase composition. The chemical compositions of these coatings were investigated by energy dispersive spectroscopy (EDS, IE 350).



Electrochemical workstation (PGSTAT302N) was used to evaluate the corrosion performance of coatings. The samples were cut into 3 mm × 3 mm for electrochemical tests. The tests were carried out using a traditional three electrodes system including a platinum sheet counter electrode, a saturated calomel reference electrode (SCE) and a working electrode (coating sample with an exposed area of 0.09 cm2). The open circuit potential (OCP) of the CrMnFeCoNi and CrFeCoNi coatings was investigated for 2 h to reveal the passive behavior. Cyclic polarization curves of the CrMnFeCoNi and CrFeCoNi coatings were measured at a scan rate of 0.0005 V/s. The reverse scanning was carried out when the anode current density was higher than 1 mA/cm2. The potentiostatic tests were conducted at applied potential of −0.1 VSCE. The electrochemical impedance spectroscopy (EIS) was investigated under the condition of OCP by applying a 10 mV amplitude signal in the frequency range from 100 kHz to 0.01 Hz. All the above tests were performed in 3.5 wt% NaCl solution at room temperature and repeated at least three times. Scanning Kelvin probe tests were carried out using the micro-scanning electrochemical workstation (VersaSCAN, Ametek Scientific Instrucments, USA). LEIS measurements were conducted for the CrFeCoNi and CrMnFeCoNi coatings using a VersaSCAN Scanning Electrochemical Workstation. The LEIS maps of surface distribution of the impedance module were ascertained for the scanned area of 100 × 100 μm.




3. Results and Discussions


Figure 1 shows the cross sectional EBSD images of the CrFeCoNi and CrMnFeCoNi coatings. As shown in Figure 1a,b, it can be observed that the CrFeCoNi and CrMnFeCoNi coatings were composed of columnar dendrites. Moreover, the growth direction of dendrites was perpendicular to the fusion line due to high temperature gradient. No macro-segregation and solidification cracking were found, indicating that laser remelting method could effectively avoid these defects. Figure 1c and d indicated that the CrFeCoNi and CrMnFeCoNi coatings exhibited face centered cubic (FCC) structures [24]. This suggested that no phase transformation occurred during laser cladding process. The chemical composition of these two coating was investigated by EDS, and the results were shown in Table 2. Compared to original coating powders, the CrFeCoNi and CrMnFeCoNi coatings possessed higher Fe content.



Figure 2 shows the misorientation angle distribution of the CrFeCoNi and CrMnFeCoNi coatings. In both coatings, the misorientation in the range of 0° to 5° was observed, indicating the existence of low angle grain boundaries. The fraction of misorientation angle less than 5° of the CrFeCoNi and CrMnFeCoNi coating was 68.9% and 50.4%. This indicated that the CrFeCoNi coating had higher low angle grain boundaries (LAGBs) than the CrMnFeCoNi coating. The misorientation less than 10° was defined as low angle grain boundaries. By calculation, the fraction of LAGBs of the CrFeCoNi and CrMnFeCoNi coatings were 68.9% and 50.8%. Figure 3 shows the fraction of low CSLs and Σ3 CSLs. The fraction of low CSLs exhibited higher in CrFeCoNi coating. The fraction of Σ3 CSLs was found to be more in the CrFeCoNi coating (3.5%) than in the CrMnFeCoNi coating (1.5%).



Figure 4 shows the open circuit potential of the CrFeCoNi and CrMnFeCoNi coatings in 3.5 wt% NaCl solution. At the initial stage, the OCP of the CrFeCoNi and CrMnFeCoNi coatings sharply increased with increasing immersion time. Subsequently, the OCP exhibited a relatively stable state. The increase of the OCP value was due to the formation of protective passive film. The OCP curve of the CrMnFeCoNi coating exhibited numerous spikes towards the negative direction. All the spikes showed a sharp decline followed by a relatively slow rise. This situation was related to the generation, growth and repassivation of metastable pitting [25,26]. The largest potential spikes could reach 50 mV. No evident potential spike was found in the OCP curve of the CrFeCoNi coating, indicating the formation of stable passive film.



Figure 5 shows the cyclic potentiodynamic polarization curves of the CrFeCoNi and CrMnFeCoNi coatings in 3.5 wt% NaCl solution. It was found that both coatings exhibited immediate passivation, indicating the formation of passive film. The passive region of the CrFeCoNi coating was larger than that of the CrMnFeCoNi coating. The breaking potentials of the CrFeCoNi and CrMnFeCoNi coatings were 0.3 and 0.125 V, respectively. Numerous spikes were found in the passivation zone of the CrMnFeCoNi coating due to the metastable pitting. However, no spike could be observed in the passivation zone of the CrFeCoNi coating indicating that a stable passive film was formed. Both coatings showed hysteresis rings, and the annular area of the CrMnFeCoNi coating was obviously larger than that of the CrFeCoNi coating [27]. This indicated that the CrMnFeCoNi coating possessed higher pitting sensitivity.



In order to investigate the passive behavior of both coatings in 3.5 wt% NaCl solution, potentiostatic polarization tests were carried out to analyze the current transient. Figure 6 shows the current-time transient curves of the CrFeCoNi and CrMnFeCoNi coatings at applied voltage of −0.1 VSCE for 2 h in 3.5 wt% NaCl solution. It was found that the current density of both curves initially exhibited decreased sharply, and then presented a relatively stable state [28,29]. Figure 7 shows the local current-time transient curves of the CrFeCoNi and CrMnFeCoNi coatings at applied voltage of -0.1 VSCE in 3.5 wt% NaCl solution. Numerous spikes were observed in the CrMnFeCoNi coating, while few spike could be found in the CrFeCoNi coating, which was consistent with the result of potentiodynamic polarization test. These spikes could be attributed to the formation of metastable pitting. The formation of stable pitting was directly related to the amount of metastable pitting. The CrMnFeCoNi coating exhibited a higher amount of metastable pitting, indicating that it had a higher pitting sensitivity. Additionally, the passive current density of the CrFeCoNi coating was lower than that of the CrMnFeCoNi coating, suggesting that the CrFeCoNi coating had better ability to resist corrosion attack.



Figure 8 shows the logi-logt plots for the CrFeCoNi and CrMnFeCoNi coatings at applied voltage of −0.1 VSCE in 3.5 wt% NaCl solution. The relationship of current density and time could be used to determine the passive index, which could evaluate the property of passive film [30]. By fitting, it can be certain that the passive index of the CrFeCoNi and CrMnFeCoNi coatings was 0.88 and 0.69, respectively. High passive index meant higher stability of passive film. The CrFeCoNi coating exhibited a higher passive index, suggesting it had higher corrosion resistance.



Figure 9a shows the Nyquist diagrams of the CrFeCoNi and CrMnFeCoNi coating in 3.5 wt% NaCl solution at OCP condition. Both curves show unfinished semicircles, and the CrFeCoNi coating had a larger diameter of capacitive arc compared to the CrMnFeCoNi coating. A higher capacitive arc diameter indicates stronger corrosion resistance. Therefore, the CrFeCoNi coating had higher corrosion resistance. Figure 10b shows the Bode plots of the CrFeCoNi and CrMnFeCoNi coating in 3.5 wt% NaCl solution at OCP condition. At the high frequency region, the impedance modulus of the two coatings were close to constant, representing solution resistance. At the low frequency area, the CrFeCoNi coating exhibited larger impedance modulus compared to the CrMnFeCoNi coating, indicating larger polarization resistance. At intermediate frequency range, the slope of logZ-logf was close to −1 in both coatings. The maximum phase angle value of the two coatings were close to 90°.



Electrical equivalent circuit (EEC) was used to quantitatively analyze the corrosion resistance of coatings [31]. Figure 10 shows the EEC for the analysis of the EIS of the CrFeCoNi and CrMnFeCoNi coatings at open circuit potential condition in 3.5 wt% NaCl solution. Rs represents solution resistance, Rct signifies charge transfer resistance, and Qdl is the double layer capacitance. The fitting results are shown in Table 3. The fitting error value (Σc2) was small, which indicated the good fitting quality. The charge transfer resistance of the CrFeCoNi (5.91 × 105 Ω⋅cm2) coating was larger than that of CrMnFeCoNi coating (4.04 × 105 Ω⋅cm2). This indicated that the passive film formed on the CrMnFeCoNi coating was more susceptible to corrosion attack. Therefore, the CrFeCoNi coating possessed better corrosion resistance.



Figure 11 shows the maps of the impedance module distribution on the surface of the CrFeCoNi and CrMnFeCoNi coatings in 3.5 wt% NaCl solution. The overall local impedance modulus value of the CrFeCoNi coating was higher than that of the CrMnFeCoNi coating, indicating the former had lower corrosion reaction activity. This result was consistent with the results of electrochemical tests. It is noticeable that the local impedance modulus values were slightly lower but of the same order of magnitude than those of bulk impedance values obtained by the EIS measurements due to internal stress causing microcracks in the electrode. A similar phenomenon was also found by another report [32]. In both coatings, the grain boundaries exhibited higher impedance modulus than the grain interiors. Therefore, in the process of corrosion, the grain boundaries would function as anode, while the grain interiors would function as cathode. It was observed that the anode and cathode evenly distributed along the grain boundaries.



The results of the potentiodynamic polarization, EIS and local impedance modulus indicate that the CrFeCoNi coating has superior corrosion resistance than the CrMnFeCoNi coating. The high corrosion resistance of the CrFeCoNi coating could be elaborated by the following reasons. On one hand, the CrFeCoNi coating exhibited higher fraction of LAGBs (Figure 2) and Σ3 boundaries (Figure 3) as well as lower high angle boundaries (Figure 3) compared to the CrMnFeCoNi coating. The Σ3 boundaries have low energy, which are inert to corrosion. The high angle boundaries would provide the corrosive media pathway to seep into the coating, which are the most favorable sites for pit formation. A similar phenomenon was found by other reports [33,34]. Thereby, the high fraction of Σ3 boundaries and low fraction of the high angle boundaries are responsible for the better corrosion resistance of the CrFeCoNi coating. Jin et al. also showed that the high fraction of Σ3 boundaries and low angle grain boundaries resulted in a better corrosion resistance of the Ni-W coating [35]. On the other hand, the CrFeCoNi coating exhibited higher local impedance modulus values compared to the CrMnFeCoNi coating. In both coatings, the impedance modulus value of the grain boundaries (anode) was higher than that of the grain interiors (cathode), which caused a galvanic effect. The high difference of the impedance modulus value of the anode and cathode would increase the driving force of corrosion. The difference of the impedance modulus values between the grain boundaries and grain interiors in the CrMnFeCoNi coating was larger than that of in the CrFeCoNi coating, thereby aggravating the decrease of the corrosion resistance of the CrMnFeCoNi coating and aggravating the pitting sensibility of the CrMnFeCoNi coating.




4. Conclusions


In this study, CrFeCoNi and CrMnFeCoNi coatings were fabricated by laser remelting method. Their grain boundary characteristics distribution and corrosion behavior were investigated. The main conclusions are as follows:




	(1)

	
The CrFeCoNi and CrMnFeCoNi coatings exhibited single phase structures. The CrFeCoNi coating had a higher fraction of LAGBs, low CSL boundaries and Σ3 boundaries than the CrMnFeCoNi coatings.




	(2)

	
The electrochemical tests results indicated that the CrFeCoNi coating exhibited lower corrosion current density, passive current density, pitting sensibility and higher charge transfer resistance than the CrMnFeCoNi coating, indicating that the CrFeCoNi coating possessed better corrosion resistance.




	(3)

	
The localized electrochemical impedance spectroscopy results showed the overall local impedance modulus value of the CrFeCoNi coating was higher than that of the CrMnFeCoNi coating, indicating the former had lower corrosion reaction activity.




	(4)

	
The better corrosion resistance of the CrFeCoNi coating could be attributed to the high fraction of Σ3 boundaries, low fraction of the high angle boundaries and high local impedance modulus value.
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Figure 1. Cross sectional EBSD images of the CrFeCoNi and CrMnFeCoNi coatings: band contrast (a) and phase distribution (c) of CrFeCoNi coating; band contract (b) and phase distribution (d) of CrMnFeCoNi coating. 
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Figure 2. Histogram representing misorientation angle distribution of the CrFeCoNi and CrMnFeCoNi coatings. 
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Figure 3. Histogram representing the low CSLs fraction and Σ3 CSL fraction in the CrFeCoNi and CrMnFeCoNi coatings. 
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Figure 4. Open circuit potential of the CrFeCoNi and CrMnFeCoNi coatings in 3.5 wt% NaCl solution. 
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Figure 5. Cyclic potentiodynamic polarization curves of the CrFeCoNi and CrMnFeCoNi coatings in 3.5 wt% NaCl solution. 
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Figure 6. Current-time transient curves of the CrFeCoNi and CrMnFeCoNi coatings at applied voltage of -0.1 VSCE for 2 h in 3.5 wt% NaCl solution. 
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Figure 7. Current-time transient curves of the CrFeCoNi and CrMnFeCoNi coatings at applied voltage of −0.1 VSCE in 3.5 wt% NaCl solution: (a) Current-time transient curve; (b) Local current-time transient curve. 
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Figure 8. Logi-logt plots for the CrFeCoNi and CrMnFeCoNi coatings at applied voltage of 0.1 VSCE in 3.5 wt% NaCl solution. 
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Figure 9. Nyquist diagrams (a) and Bode plots (b) of the CrFeCoNi and CrMnFeCoNi coating in 3.5 wt% NaCl solution at OCP condition. 
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Figure 10. EEC for the analysis of the EIS of the CrFeCoNi and CrMnFeCoNi coatings at open circuit potential condition in 3.5 wt% NaCl solution. 
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Figure 11. Maps of the impedance module distribution on the surface of the CrFeCoNi (a) and CrMnFeCoNi (b) coatings in 3.5 wt% NaCl solution. 
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Table 1. Chemical composition of X65 steel substrate.






Table 1. Chemical composition of X65 steel substrate.





	Material
	Fe
	Cr
	Mn
	Ni
	C
	P
	Cu
	Si
	Nb
	V
	Ti
	Mo





	Substrate (wt.%)
	Bal
	0.25
	1.60
	0.30
	0.09
	0.02
	0.30
	0.35
	0.06
	0.06
	0.02
	0.30
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Table 2. Chemical compositions of CrFeCoNi and CrMnFeCoNi coatings.






Table 2. Chemical compositions of CrFeCoNi and CrMnFeCoNi coatings.





	Elements
	Fe (at%)
	Co (at%)
	Ni (at%)
	Cr (at%)
	Mn (at%)





	CrFeCoNi
	29.00
	24.25
	24.00
	22.75
	-



	CrMnFeCoNi
	22.09
	17.60
	18.84
	20.35
	21.11
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Table 3. EEC fitting parameters for electrochemical impedance spectra in 3.5 wt% NaCl solution under OCP condition.






Table 3. EEC fitting parameters for electrochemical impedance spectra in 3.5 wt% NaCl solution under OCP condition.





	Heading
	CrFeCoNi
	CrMnFeCoNi





	   R s    (Ω cm2)
	2.43
	2.36



	   R  ct     (Ω cm2)
	5.91 × 105
	4.04 × 105



	   Q  dl     (Ω−1 cm−2 sn)
	2.42 × 10−5
	2.73 × 10−5



	n
	0.94
	0.92



	   Σ  c 2    
	3.43 × 10−4
	4.94 × 10−4
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