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Abstract:



The change of protective current density, the formation and growth of calcareous deposits, and the evolution of passive film on 304 stainless steel (SS) were investigated at different potentials of cathodic polarization in sea water. Potentiostatic polarization, electrochemical impedance spectroscopy (EIS), and surface analysis techniques of scanning electron microscopy (SEM), energy dispersive X-ray (EDX) microanalysis and X-ray diffraction (XRD) were used to characterize the surface conditions. It was found that the protective current density was smaller for keeping polarization at −0.80 V (vs. saturated calomel electrode (SCE), same as below) than that at −0.65 V. The calcareous deposits could not be formed on 304 SS with polarization at −0.50 V while it was well protected. The formation rate, the morphology, and the constituent of the calcareous deposits depended on the applied potential. The resistance of passive film on 304 SS decreased at the first stage and then increased when polarized at −0.80 V and −0.65 V, which was related to the reduction and the repair of passive film. For the stainless steel polarized at −0.50 V, the film resistance increased with polarization time, indicating that the growth of oxide film was promoted.
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1. Introduction


Type 304 stainless steel (SS) is often used for facilities and structures exposed in sea water, and is prone to suffering from localized corrosion like pitting and crevice corrosion due to chloride ion attack [1,2,3]. There are many technologies to protect 304 SS from corrosion in sea water, among which cathodic protection is one of the most effective methods [1,4]. The potential is an important factor to consider for cathodic protection. By shifting the potential negatively from open circuit potential (OCP), the thermodynamic trends of corrosion reaction can be mitigated, the adsorption of aggressive chloride ions can be held back, and the pH value close to the surface can be elevated [5]. All the above results can exert a positive effect on the anti-corrosive performance of 304 SS. However, there is an optimized range of potentials for cathodic protection. The stainless steel cannot achieve effective protection without enough cathodic polarization [1], while it will suffer over-protection when the potential is too negative, even leading to hydrogen embrittlement especially for some high strength materials [6,7,8,9]. Although some guidelines on proper potential of cathodic protection can be found in the literature [4,8,10,11,12], an optimized potential of protection for 304 SS in seawater still needs to be determined with a balanced consideration of cost and effectiveness [1,3,6].



Corrosion resistance of stainless steels generally comes from the passive film formed on the surface, which depends on the composition, structure, and electrochemical performance of the film. The passive behavior of stainless steel is affected by many factors, such as types of stainless steel, pre-treatment, electrolytes, and applied potentials [13,14,15,16]. The reduction of passive film on stainless steel with cathodic polarization at a certain potential will also lead to high risk of corrosion [17].



Cathodic protection often results in the formation of calcareous deposits on the metal surface in sea water [18,19,20,21,22,23]. The cathodic reactions of dissolved oxygen reduction or water reduction to evolve hydrogen at more negative potential will generate hydroxyl ions, with increasing the pH value of the electrolyte adjacent to the metal surface, which will promote the formation of calcareous deposits [19,21,22,23]. Some works indicate that CaCO3 is saturated at pH 8.7 or even lower in normal sea water and is ready to deposit as the inorganic carbonic equilibrium in the electrolyte is changed, while the critical pH value for Mg(OH)2 to deposit is about 9.3 [24,25]. The composition and structure of calcareous deposits can be influenced in a complex manner by many factors, such as environment, applied polarization, and metals of substrate [5,7,20,25,26]. The morphologies of calcareous deposits formed under different conditions of cathodic protection for mild steel in sea water were analyzed in detail by Yang et al. [5], who demonstrated that the deposits consisted of inner layer of co-deposited Mg(OH)2 and iron oxide due to the presence of corrosion at the early stage of calcareous deposit formation, and the outer layer of CaCO3 with some Mg(OH)2 precipitated in the pores or cracks.



The insulating calcareous deposits play a very important role in the process of cathodic protection, which can decrease the protective current density, increase the service life of sacrificial anodes, and lower the cost of cathodic protection [27]. However, the formation of calcareous deposits is not always desirable. For example, for moving parts in sea water such as rotating shaft in contact with bearings or hydraulic piston rods, smooth and clean surfaces are needed. In these cases, proper cathodic potential shall be applied not only to protect the parts of stainless steel from corrosion but also to avoid the formation of calcareous deposits on the surfaces.



The formation of calcareous deposits is influenced by many factors, such as temperature, hydrostatic pressure (depth), velocity, chemistry of sea water; current density, potential and period of cathodic polarization; biofilms; substrate materials and surface preparation; and so on [26,28,29,30,31,32]. The precipitated mechanism and the protective property of calcareous deposits on carbon steel substrate have been thoroughly studied [18,22,30]. However, only few investigations have focused on the surface of stainless steels under cathodic protection [1,26,31,32]. The cathodic polarization should affect the oxide film, change the interfacial environment and cause the development of calcareous deposits on the surface, which make the evolution of surface conditions of stainless steel in sea water much more complicated than that of carbon steel. Limited knowledge is acquired with the modifications of passive film in combination with calcareous deposits on stainless steel under different cathodic polarization in sea water. Obtaining a better understanding of the evolution of passive film and calcareous deposits on stainless steel with potential and time of polarization is of great significance to ascertain the effective protection and improve the corrosion resistance of stainless steels in sea water.



In the present work, a comprehensive investigation with cathodic polarization at different potentials was carried out on 304 SS in sea water. Electrochemical impedance spectroscopy (EIS) was used to characterize the surface variation of 304 SS under polarization. Scanning electron microscopy (SEM), energy dispersive X-ray (EDX) microanalysis, and X-ray Diffraction (XRD) were used to investigate the formation of calcareous deposits. The evolution of calcareous deposits and passive film on the surface of 304 SS was discussed.




2. Experimental


2.1. Electrode Preparation


The test material used in the experiment was 304 SS sheet of 2 mm in thickness from Shanxi Tai Gang Stainless Steel Co. Ltd. (Taiyuan, China) with a composition as follows (wt %): C 0.06, Si 0.54, Mn 0.90, P 0.040, S 0.017, Cr 18.48, Ni 8.06, and Fe balance. The test samples were cut from the sheet into pieces with the dimension of 20 mm × 20 mm × 2 mm, sealed with epoxy resin, leaving an area of 10 mm × 10 mm exposed. The working surface was ground using silicon carbide abrasive paper to 1500 grit, then rinsed with distilled water, and dried in air.




2.2. Test Solution


Test solution was natural sea water from the Yellow Sea taken from the corrosion test site of Qingdao, with a salinity of 33.4‰ and a pH value of 7.6. The solution was in a quiescent condition. The temperature was controlled at (25 ± 1) °C in a water bath, the oxygen concentration was controlled at 8 mg/L by purging certain amounts of oxygen and nitrogen. The oxygen concentration was calibrated by a Polymetron 9582 dissolved oxygen detector (Hach Company, Loveland, CO, USA).




2.3. Electrochemical Tests


Electrochemical tests included potentiodynamic polarization test, potentiostatic test and EIS measurement. The potentiodynamic polarization curve was recorded at a scanning rate of 20 mV/min, in the potential range from about −600 mV (vs. OCP) to +450 mV (vs. OCP). The potentiostatic polarizations were conducted at the potential of −0.50 V (vs. saturated calomel electrode (SCE), same as below), −0.65 V, and −0.80 V respectively, and the changes of current density were measured. EIS spectra were recorded at intervals of cathodic polarization as well as at the beginning without polarization to characterize the surface conditions. The EIS test was taken at the steady potential that the specimen had immediately prior to conducting the measurement, without decaying back to a natural potential [5]. The impedance spectra were measured in the frequency range from 100 kHz to 10 mHz with 49 points recorded, the disturbing signal is a sinusoidal wave with an amplitude of ±10 mV. Each single experiment has three parallel samples for testing.



All the electrochemical tests were performed using a PARSTAT 2273 workstation (Princeton Applied Research, Oak Ridge, TN, USA) in a conventional three electrodes system with Pt as counter electrode, SCE as the reference electrode and the 304 SS as the working electrode. The data were analyzed with C-View and ZSimpWin softwares (Princeton Applied Research, Oak Ridge, TN, USA).




2.4. SEM and XRD Analysis


The surface morphologies and elements of the samples after cathodic polarization were analyzed using a Zeiss Ultra-55 field-emission scanning electronic microscope (Carl Zeiss, Oberkochen, Germany) equipped with an EDX analyzer. The surface phases of the samples after cathodic polarization were detected using XRD (Bruker D8, Karlsruhe, Germany) by Cu-Kα1 radiation with λ = 0.15406 nm.





3. Results and Discussion


3.1. Polarization Tests


Figure 1 shows a typical potentiodynamic polarization curve of 304 SS in natural seawater. The initial open circuit potential (Ecorr) of 304 SS in sea water was −0.36 V. The suitable potential range for cathodic protection of the stainless steel can be determined from the potentiodynamic polarization curve. The most positive potential is the potential Ep at which oxygen concentration polarization begins, and the most negative potential Emax is the potential when hydrogen evolution occurs. As for 304 SS, the potential of protection ranged from −0.48 V (Ep) to −0.83 V (Emax) derived from Figure 1. To investigate the effect of cathodic protection on the formation of calcareous deposits on the stainless steel, the potentials for the potentiostatic polarization were selected at −0.50 V, −0.65 V, and −0.80 V respectively. The most negative potential is a slightly positive than −0.83 V due to avoiding the effect of hydrogen evolution.


Figure 1. Potentiodynamic polarization curve of 304 stainless steel (SS) in seawater.
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The variation of current density with time to maintain a certain potential on 304 SS in natural seawater is shown in Figure 2. At the initial stage of polarization, the protective current density was high, then decreased to a stable value. It took about 80 h to reach a relatively stable current density when the polarization potential was −0.65 V, while it needed only 30 h to achieve stable current density as for the polarization at −0.50 V and −0.80 V. The current density required for maintaining a polarization potential, which was averaged with three parallel samples, was about 5.1 µA⋅cm−2, 6.5 µA⋅cm−2, and 3.1 µA⋅cm−2 with polarization at −0.80 V, −0.65 V, and −0.50 V respectively. The smallest current density at −0.50 V shall be attributed to the most positive potential under cathodic polarization. It is interesting that the stable current density needed for polarization at −0.80 V is smaller than that at −0.65 V.


Figure 2. Variation of current density with potentiostatic polarization of 304 SS at different cathodic potentials in seawater.
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Generally, current density is determined by the reaction rate occurring at the interface of electrode. In this 304 SS electrode system, several factors can affect the reaction rate, including the electrochemical reactions, the concentration of reactants and the transportation of reactants and products. The current density will decrease to a stable value as a result of the consumption of reactants and the formation of barrier layer. There are two possible reactions within the tested potentials, one is the reduction of passive film, another is the reduction of oxygen. The transportation processes could be influenced by the barrier layer (calcareous deposits) since the oxygen concentration is controlled in bulk solution in this study. Then, the variation of current density shall be related to the effect of calcareous deposits and the variance of oxide film formed on the stainless steel with polarization at different potentials, which will be discussed later. It is also worth noting that there exists a current density increase at the initial stage for −0.65 V and −0.80 V, which may be attributed to the reduction of passive film on 304 SS [33,34,35,36,37]. The prompt decrease of current density initially with polarization at −0.50 V can be attributed to the consumption of oxygen if the passive film is not reduced at this potential [9]. Finally, the current densities decreased to a relatively stable value at all the three potentials.




3.2. EIS Measurement


3.2.1. EIS Evolution of 304 SS with Polarization at −0.80 V


EIS was used to monitor the evolution of surface conditions of 304 SS after different period of cathodic polarization in sea water. EIS is a very valuable technique for the indirect characterization of the passive film and the calcareous deposits on the surface of stainless steel [26,30,31,32,38]. Figure 3 shows the EIS spectra of 304 SS after polarization at −0.80 V in sea water for different times. It can be seen that the EIS evolution can be divided into two stages during the 168 h test period, with at least two obvious semi-circles appeared in the Nyquist plots after 20 h of polarization. To understand the EIS results, equivalent circuits were adopted to analyze the spectra based on the structure of the electrode and the process occurring on the surface as shown in Figure 4. The measured data and the simulation data were presented in the same plot. The simulated lines fit well with the measured data, which means that the equivalent circuits are reasonable.


Figure 3. EIS evolution of 304 SS with polarization at −0.80 V in sea water. Nyquist plot (a), Bode plot (b,c), in which symbols are measured data, lines are simulated.
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Figure 4. Equivalent electrical circuits (EECs) used for simulating the EIS spectra of 304 SS in seawater after cathodic polarization at different potential. EEC used at the first stage of polarization (a), at the second stage with imperfect calcareous deposits (b), and at the later stage with complete calcareous deposits (c).
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At the first stage before the 10-h polarization, Figure 4a is considered to be suitable for representing the electrode processes, which are dominated by the corrosion reaction of metal and the effect of passive film [30,39,40]. At the second stage after that time, a new semi-circle appeared at the high frequency region in the Nyquist plot as shown in Figure 3a, which is related to the produced calcareous deposits. The equivalent electrical circuit in Figure 4b can be used with three time constants, attributed to the corrosion reaction, the passive film and the imperfect calcareous deposits respectively. As the polarization time increased (after 50 h), the calcareous deposits became complete and compact, leading to the shift of the phase angle peak to higher frequency (see Figure 3b). At this stage, the equivalent circuit in Figure 4c is thought to be more suitable for representing the electrode structure. In the equivalent electrical circuits, Rs is the solution resistance, Rox is the resistance of passive film, Qox is the capacitance of passive film, Rct is the charge transfer resistance, Qdl is the double layer capacitance, Rc is the resistance of calcareous deposits, and Qc is the capacitance of calcareous deposits. The constant phase element Q is used instead of capacitance C to get a more ideal simulation result due to the dispersion effect from the rough electrode surface [30].



The EIS fitted results of 304 SS electrode under polarization at −0.80 V in sea water are listed in Table 1. Rct reflects the corrosion resistance of 304 SS in sea water. The corrosion resistance of stainless steel depends on the protective layer of thin oxide film formed on the surface, which has limited ionic and electronic conductivity, and can significantly lower the electrochemical reaction rates on the surface [2,30]. The Rct decreased from 199 kΩ·cm2 without cathodic polarization to 14.48 kΩ·cm2 with polarization for 4 h, then gradually increased with the polarization going on, and reached 130.6 kΩ·cm2 at 168 h after polarization. The fast decrease of Rct at the first stage may be related to the degradation of the oxide film on the surface of 304 SS with cathodic polarization at −0.80 V [41]. The following increase of Rct gradually may be attributed to the repair of the passive film because of the alkaline environment formed due to cathodic polarization [42,43].


Table 1. Fitting parameters for EIS spectra of 304 SS under polarization at −0.80 V.





	t

(h)
	Rs

(Ω·cm2)
	Qdl

(μF·cm2)
	n1
	Rct

(kΩ·cm2)
	Qc

(μF·cm2)
	n2
	Rc

(Ω·cm2)
	Qox

(μF·cm2)
	n3
	Rox

(Ω·cm2)





	0
	7.773
	52.49
	0.854
	199.0
	–
	–
	–
	469.2
	0.768
	463.9



	4
	7.833
	326.1
	0.736
	14.48
	–
	–
	–
	759.3
	0.918
	196.1



	10
	7.924
	226.6
	0.781
	34.45
	–
	–
	–
	304.7
	0.488
	15.28



	20
	8.780
	104.4
	0.905
	42.29
	294.9
	0.475
	2459
	102.9
	0.575
	363.7



	50
	3.617
	172.5
	0.587
	48.32
	443.3
	0.999
	4495
	34.79
	0.545
	489.6



	70
	2.736
	184.8
	0.577
	60.53
	392.4
	0.940
	5731
	27.22
	0.545
	797.2



	120
	1.016
	173.5
	0.641
	58.54
	313.2
	0.652
	4761
	18.69
	0.598
	634.8



	168
	2.933
	229.8
	0.517
	130.6
	323.5
	0.924
	7290
	18.25
	0.537
	725.6









Rc is associated with the calcareous deposits. After 20 h of cathodic polarization at −0.80 V, Rc began to appear and increased from 2459 Ω·cm2 to 7290 Ω·cm2 at the end of the whole polarization period, which can be ascribed to the formation and growth of the calcareous deposits.



The passive film resistance Rox decreased very fast at the first stage of cathodic polarization from 463.9 Ω·cm2 without polarization down to 15.28 Ω·cm2 of polarized sample for 10 h, and then increased gradually to 489.6 Ω·cm2 which is close to the oxide film resistance of unpolarized sample. With further cathodic polarization, Rox continued to increase and got to 725.6 Ω·cm2 at the end of the polarization test.




3.2.2. EIS Evolution of 304 SS with Polarization at −0.65 V


Figure 5 shows the EIS evolution of 304 SS under polarization at −0.65 V in seawater. It can be seen that the EIS evolution can be divided into two stages during the 168-h test period, which is similar to that for polarization at −0.80 V.


Figure 5. EIS evolution of 304 SS under polarization at −0.65 V in sea water. Nyquist plot (a), Bode plot (b,c), in which symbols are measured data, lines are simulated data.
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After 50 h of polarization at −0.65 V, a new dispersed capacitance loop was present in the Nyquist plot in a high frequency region, which was caused by the calcareous deposits. As compared with the EIS spectra at −0.80 V, the corresponding peaks of phase angle positioned close to middle frequency, suggesting the deposits produced with polarization at −0.80 V should be more protective.



The equivalent electrical circuits in Figure 4a,c were used to simulate the EIS spectra for different polarization period. The fitted values for elements in the equivalent circuit of 304 SS under polarization at −0.65 V are listed in Table 2. The charge transfer resistance Rct decreased at the first stage and then increased with further cathodic polarization, showing similar trend to that under polarization at −0.80 V. This variation can also be explained with the reduction and repair of passive film during the process of cathodic polarization. At the later stage of polarization, the Rct values at −0.65 V are larger than those at −0.80 V, suggesting the stainless steel polarized at −0.65 V be more corrosion resistant in sea water.


Table 2. Fitting parameters for EIS spectra of 304 SS under polarization at −0.65 V.





	t

(h)
	Rs

(Ω·cm2)
	Qdl

(μF·cm2)
	n1
	Rct

(kΩ·cm2)
	Qc

(μF·cm2)
	n2
	Rc

(Ω·cm2)
	Qox

(μF·cm2)
	n3
	Rox

(Ω·cm2)





	0
	27.77
	107.5
	0.819
	105.1
	–
	–
	–
	69.76
	0.840
	198.6



	4
	30.80
	102.4
	0.776
	76.61
	–
	–
	–
	585.8
	0.622
	42.14



	10
	31.00
	123.5
	0.799
	59.58
	–
	–
	–
	223.5
	0.815
	4.697



	20
	30.72
	149.9
	0.785
	26.62
	–
	–
	–
	386.2
	0.998
	5.306



	50
	31.17
	155.2
	0.789
	146.9
	289.1
	0.707
	911.4
	31.32
	0.998
	1.483



	70
	32.49
	172.2
	0.761
	189.6
	145.3
	0.706
	2261
	8.164
	0.993
	3.329



	120
	38.02
	163.8
	0.678
	281.8
	69.34
	0.696
	3675
	23.34
	0.730
	9.879



	168
	29.97
	159.1
	0.637
	281.4
	35.13
	0.655
	2861
	5.073
	0.572
	37.76









The EIS analysis demonstrated that the calcareous deposits began to be formed obviously after 50 h of polarization at −0.65 V. The resistance of the deposits Rc increased with polarization from 911 Ω·cm2 at 50 h to 2861 Ω·cm2 at 168 h, owing to the growth of the calcareous deposits. However, the Rc values at −0.65 V are smaller than those for polarization at −0.80 V, which implies that the deposits formed at −0.65 V are not so protective.



The film resistance Rox presented a similar change to the Rct, also decreasing at the first stage and then increasing. This change can be related to the reduction and the repair of the oxide film under polarization at −0.65 V. It is interesting that the sample polarized at −0.65 V has smaller Rox than the one at −0.80 V, probably because the passive film modified under polarization at −0.65 V is more conductive [13]. The oxide film with lower resistance and the more porous calcareous deposits make the current density of 304 SS required to maintain polarization at −0.65 V even higher than that at −0.80 V (see Figure 2).




3.2.3. EIS Evolution of 304 SS with Polarization at −0.50 V


Figure 6 shows the EIS evolution of 304 SS with polarization at −0.50 V in seawater. It can be seen that the EIS spectra have quite similar characteristic throughout the test period. At this polarization potential, the capacitance arc in the Nyquist plot attributed to the calcareous deposits cannot be found.


Figure 6. EIS evolution of 304 SS under the polarization potential of −0.50 V in sea water. Nyquist plot (a), Bode plot (b,c), in which symbol are measured data, line are simulated data.
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The equivalent circuit in Figure 4a is suitable for representing the electrode process, which is dominated by the corrosion reaction of metal and the change of the passive film. The fitting results of EIS for 304 SS with polarization at −0.50 V are listed in Table 3. As polarization went on, both Rox and Rct increased continuously. It can be inferred that passive film will not be reduced under polarization at −0.50 V [9,15]. With the polarization at −0.50 V, the dominant cathodic reaction on the surface of 304 SS is the oxygen reduction. The cathodic polarization can inhibit the adsorption of chloride ions on the surface, so the passive film will not be attacked. The cathodic polarization at −0.50 V will enhance the pH value of the electrolyte adjacent to the surface, which may promote the growth of the oxide film, but not be high enough to lead to the formation of calcareous deposits. The large Rox and Rct values demonstrate that type 304 stainless steel with cathodic polarization at −0.50 V can have good corrosion resistance in sea water. Note that there are some differences among the ground samples without polarization for EIS testing immersed in sea water, which indicates that it is difficult to get the same surface condition of passive film on 304 SS with only abrasive grinding.


Table 3. Fitting parameters for EIS spectra of 304 SS under polarization at −0.50 V.





	t

(h)
	Rs

(Ω·cm2)
	Qdl

(μF·cm2)
	n1
	Rct

(kΩ·cm2)
	Qox

(μF·cm2)
	n3
	Rox

(Ω·cm2)





	0
	28.14
	31.75
	0.768
	29.86
	84.23
	0.848
	168.9



	4
	34.18
	112.7
	0.885
	78.12
	645.8
	0.869
	222.8



	10
	31.28
	183.9
	0.830
	88.54
	192.2
	0.980
	2306



	20
	30.79
	205.4
	0.998
	95.18
	232.5
	0.810
	17420



	50
	31.21
	140.8
	0.998
	181.5
	221.3
	0.783
	20640



	70
	31.21
	159.5
	0.999
	219.4
	175.2
	0.820
	32060



	120
	30.41
	126.1
	0.974
	335.9
	236.2
	0.773
	32800



	168
	31.51
	124.5
	0.989
	286.6
	206.0
	0736
	22510











3.3. Surface Analysis


3.3.1. SEM Analysis


Figure 7 shows the SEM morphologies of 304 SS after polarization at −0.80 V for 20 h, 70 h, and 168 h. Some scattered crystal particles of calcareous deposit were found on the sample surface after 20 h polarization at −0.80 V. These particles were coarse and in the shape of corn. Only part of the surface was covered by the deposits. The calcareous deposits became complete and covered all the surface of the sample at the polarization time of 70 h, while the deposits formed with polarization for 168 h were more compact and thicker. It seems that the later deposits are growing on the bases of the early formed particles, blocking the gaps between the corn-like particles.


Figure 7. Surface morphology of 304 SS with polarization at −0.80 V in sea water for 20 h (a), 70 h (b) and 168 h (c).
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After 20 h polarization at −0.65 V, a small calcareous deposit can be found only on part of the sample surface as shown in Figure 8. The deposits were composed of fine particles and covered only quite a small area. Therefore, the EIS spectrum with polarization at 20 h did not present the time constant at high frequency related to the calcareous deposits (see Figure 5). With polarization at −0.65 V for 70 h, the calcareous deposits covered the whole surface, where a lot of corn-like coarse particles stacked together. After 168 h of polarization at −0.65 V, the deposits became thicker and the flower-like top deposits with a lot of small crystals were grown on the base scale.


Figure 8. Surface morphology of 304 SS with polarization at −0.65 V for 20 h (a), 70 h (b) and 168 h (c).
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In comparison with the morphology of the calcareous deposits under polarization at −0.80 V, the deposits formed at −0.65 V have a microstructure with more gaps and holes. These porous deposits will decrease the resistance and be less protective, which is consistent with the results of EIS analysis and chronoamperometry measurement.



Figure 9 shows the morphology of 304 SS with polarization at −0.50 V for different time. The surface of 304 SS was clean without any corrosion, and no calcareous deposits were found throughout the polarization period at −0.50 V.


Figure 9. Surface morphology of 304 SS with polarization at −0.50 V for 20 h (a), 70 h (b) and 168 h (c).
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The surface SEM morphology variation of 304 SS immersed in sea water without polarization was also observed. It was found that pitting corrosion occurred on some 304 SS samples after immersion in sea water for 168 h, because the passive film is easily attacked by chloride ions. The results illustrate that the cathodic polarization at −0.50 V can provide effective cathodic protection for 304 SS exposed in sea water.




3.3.2. EDX Analysis


EDX spectra of 304 SS surface after polarization at −0.80 V, −0.65 V, and −0.50 V for different time were recorded for the marked positions from A to K shown in Figure 7, Figure 8 and Figure 9. The main elements at the marked locations on the surface of polarized 304 SS are shown in Figure 10.


Figure 10. EDX spectra of 304 SS after cathodic polarization for different time in sea water at −0.80 V (a), −0.65 V (b), and −0.50 V (c).
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For the position marked A, the elements C, O, Ca, Mg, Fe were detected. Note it has a high Ca peak with tracing Mg element, which means that the deposits on 304 SS with polarization at −0.80 V in sea water for 20 h consist of Ca-containing composites predominantly and few Mg-containing composites. The weak Fe signal may come from the metal substrate. Although the presence of co-deposit of Mg(OH)2 together with iron hydroxide as the thin base layer well before precipitation of CaCO3 on steel has been reported in the literature [5], the calcareous deposits formed at −0.65 V without any Mg element indicate that there is no such co-deposit containing Mg and Fe precipitated as a base layer on 304 SS. Hence, the Fe element is not from the deposit itself. For position B without precipitated particles, only obvious signals of Fe, Cr, and Ni were detected, which comes from the 304 SS surface. The position C and D, corresponding to polarization at −0.80 V for 70 h and 168 h respectively, presented somewhat high peaks of Ca and Mg as compared with the position A, which can be ascribed to the growth of the calcareous deposits with cathodic polarization. It should be noted from Figure 10 that only the deposits formed by polarization at −0.80 V contained the Mg element. Usually, magnesium hydroxide precipitates in sea water at a critical pH value as high as 9.3 or more [5,44]. This implies that applied polarization at −0.80 V can result in local environment of high pH at the interface of metal and electrolyte, which promotes the deposit of Mg(OH)2.



With polarization at the potential of −0.65 V, the calcareous deposits are the only Ca-containing compound (CaCO3 determined by XRD) without the Mg element (see spectra at location E, F, G, H in Figure 10). The spectrum at the position F is almost the same as the position B. The somewhat high content of Fe and Cr at the position E, which obviously comes from the metal substrate, demonstrates that the deposit is thin at 20 h of cathodic polarization. With polarization for 168 h, the deposits of CaCO3 become thick as no metal element from 304 SS substrate can be detected (see the spectrum of location H).



For the samples with polarization at −0.50 V, only elements of Fe, C, Cr, and Ni were found on the surface, implying that calcareous deposit cannot be formed at −0.50 V for the whole test period. This result is consistent with that of Eashwar [31], that calcareous deposit can be precipitated if the potential is more negative than −0.67 V on stainless steel.




3.3.3. XRD Analysis


Figure 11 shows the XRD patterns of 304 SS electrodes after polarization at potential of −0.80 V, −0.65 V, and −0.50 V for 168 h. The constituent of calcareous deposits formed at −0.65 V and −0.80 V was found to be aragonite (CaCO3). No phase of Mg(OH)2 was present for the sample with polarization at −0.80 V though a little Mg element was detected by EDX analysis. There was no evidence to show the existing of Ca or Mg related substances on the polarized 304 SS surface after 168 h at −0.50 V, where only the phase in 304 SS was detected.


Figure 11. XRD patterns of 304 SS after cathodic polarization for 168 h in sea water at different potentials.
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3.4. Discussion


The mechanism for the formation of calcareous deposit under cathodic protection has well been documented [18,24,25,26,29]. The oxygen reduction is the dominating reaction on the metal surface at the potential from −0.50 V to −0.80 V without hydrogen evolution. The reaction of oxygen reduction increases the concentration of OH− in the electrolyte adjacent to the metal surface. As the pH value in the electrolyte exceeds some critical values, the calcareous deposit precipitates on the surface with the formation and growth of nuclei of crystal particles. From SEM observation of the surface of 304 SS with cathodic polarization, it can be found that the calcareous deposit does not precipitate at −0.50 V, indicating that the small polarization current cannot form an enough high pH environment adjacent to the surface. However, the high current density at the first stage of polarization at −0.80 V can easily escalate the pH close to the surface to the critical value, promoting the formation of the calcareous deposits.



Cathodic polarization affects not only the calcareous deposit, but also the oxide film on the stainless steel. Generally, the passive film can be formed spontaneously on the surface of stainless steel due to high content of alloy elements of Cr, Ni and so on. After finishing the surface with abrasive paper, there is still a thin oxide film on the surface of the stainless steel sample as revealed by the Rox for the fresh sample before cathodic polarization. The passive film of stainless steel generally has a bilayer structure, with the outermost layer of oxide/hydroxide enriched in iron, and an inner layer predominantly rich in chromium and nickel oxides [43,45,46,47,48]. Cathodic polarization damages the protective layer with reduction reactions of the oxide film, especially the ferric oxide [16,33]. However, the passive film cannot be removed completely from the 304 SS surface even with strong cathodic polarization at the potential of −1.5 V [30]. The resistance of passive film is proportional to the thickness of the film and the specific resistivity of the passive layer [30]. The reduction of oxides can weaken the stability and reduce the thickness of the film by dissolution. It can also decrease the resistivity of the film with the composition and structure of oxides changed [13]. Therefore, it is reasonable to attribute the decrease of Rox at the first stage of polarization at −0.80 V to the reduction of the passive film [34,35,36,37].



When the 304 SS is polarized at the potential of −0.80 V in sea water, the reaction of oxygen reduction on the passivated surface occurs simultaneously with the reduction of the ferric oxide in the passive film [33]. The circulation of cathodic current induces a pH shift towards alkaline values which promotes the growth of calcareous deposits [5,15,22] and enhances the repair of the reduced oxide film on the surface [41,42,43].



It is known that stainless steel has excellent corrosion resistance in the alkaline solution with high pH value [43,49,50,51], which is related to a thin but very protective oxide film formed on the surface. Therefore, the Rox increases with the continuing cathodic polarization at the later stage.



It can be seen from the EIS analysis that the surface variation of 304 SS is consistent with the change of current density observed in chronoamperometry experiments at the polarization potentials. With polarization at −0.50 V, the 304 SS can be protected at low current density due to the growth of passive film with high resistance, though calcareous deposits cannot be formed. When the sample is polarized at −0.80 V, the protective current density is lower than that at −0.65 V, but higher than that at −0.50 V, due to the coverage of relatively compact calcareous deposits on the surface. With polarization at −0.80 V and −0.65 V, the 304 SS changes its surface with oxide film reduced at first and then repaired as the adjacent pH value is increased. Once the cathodic protection is interrupted, the calcareous deposit can still protect the covered substrate by isolation effect, while the exposed surface without deposit or under porous deposit will suffer corrosion attacked by chloride ions in sea water. The repassivated surface has better corrosion resistance than the surface with oxide film reduced.



According to ISO 15589-2 [52], the recommended potential criteria of cathodic protection for austenite stainless steel like 304 SS are −0.50 V as the minimum negative potential and −1.10 V as the maximum negative potential. For stainless steel of high strength like precipitated martensite steel, potential more negative than −0.80 V shall be avoided to prevent hydrogen embrittlement. To obtain proper protection of a stainless-steel propeller shaft-stern tube assembly, Lorenzi et al. used galvanic anodes of carbon steel in order to achieve the required criterion of cathodic protection [1]. Sarlak et al. investigated calcareous deposit formed on 316 stainless steel with different cathodic potentials [26], finding that the deposit with polarization at −0.95 V was dominated with Ca-rich phase and a low amount of brucite. At more cathodic values, a less protective deposit with greater amount of brucite usually forms. Eashwar et al. studied the cathodic behavior of stainless steel in coastal Indian seawater and concluded that a potential of about −0.70 V should provide optimum protection of 316 SS in warmer, full strength seawater that supports the precipitation of calcareous deposits [31]. The suitable potential of cathodic protection for stainless steel depends on the specific situation. The optimal cathodic protection potential emerging by results presented in this study is −0.50 V for 304 SS in sea water, especially for those moving parts, considering the small current density, high resistance of passive film and no calcareous deposit. It should be noted that this result was derived during laboratory testing, and the situation for engineering application appears more complicated because the optimization of potential is influenced by many other factors, such as flow rate, temperature and chemistry of sea water, and biofouling.





4. Conclusions


Type 304 SS was polarized in sea water at −0.80 V vs. SCE, −0.65 V vs. SCE and −0.50 V vs. SCE. Chronoamperometry, EIS, SEM, EDX, and XRD were used to investigate the evolution of calcareous deposits and passive film on the surface. The conclusions can be drawn as below.

	
Type 304 SS can be protected effectively from corrosion with cathodic polarization at all the tested potentials. The current density needed for keeping the polarization at −0.80 V vs. SCE was smaller than that for maintaining the polarization at −0.65 V vs. SCE, in relation to the formation of more compact calcareous deposits and the higher resistance of the passive film. This investigation suggests that among the tested potentials, the optimal one for cathodic protection of 304 SS in sea water is −0.50 V vs. SCE, especially for moving parts, with a compromise among the effects over the passive film, calcareous deposits, and protective current density.



	
The analyses by EIS, SEM, EDX and XRD demonstrated that calcareous deposits were formed on 304 SS at −0.80 V vs. SCE and −0.65 V vs. SCE, not at −0.50 V vs. SCE. A longer polarization was needed to produce calcareous deposits at −0.65 V vs. SCE than that at −0.80 V vs. SCE. The deposits formed at −0.80 V vs. SCE consisted of CaCO3 predominantly and a small amount of Mg-containing substances, while the precipitates produced at −0.65 V vs. SCE contained only CaCO3. The CaCO3 phase was aragonite.



	
With polarization at −0.80 V vs. SCE and −0.65 V vs. SCE, the resistance of passive film on 304 SS decreased initially and then increased, in relation to the reduction of the oxide film and its successive repair. For the stainless steel with polarization at −0.50 V vs. SCE, the film resistance increased with polarization time, indicating that the oxide film is not reduced at this potential. The dominant cathodic reaction at −0.50 V vs. SCE is the oxygen reduction, which elevates the pH value adjacent to the surface, promoting the growth of the oxide film.
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