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In this study, the influence of seawater on the carbon steel initial corrosion behavior, exposed to the high 

temperature, high humidity, and high salt marine atmosphere of the south sea, is investigated using the 

weight loss measurement, a stereomicroscope, a laser scanning confocal microscope (LSCM), a 

scanning electron microscope (SEM), X-ray diffraction (XRD), infrared spectroscopy (IRS), 

potentiodynamic polarization, and in-situ electrochemical impedance spectroscopy (EIS). According to 

the results, the kinetics of corrosion process is an accelerating process following the empirical equation 

D = Atn. he composition of the rust layer was mainly consisted of -FeOOH, -FeOOH, -FeOOH, -

FeOOH, and Fe3O4 for all corrosion periods. The existence of many voids and microcracks in rust layer 

and the variation of surface roughness resulted in the rust without protective effect. With the increase in 

the corrosion time, the charge transfer resistance decreased, whereas the corrosion current density and 

the corrosion rate increased gradually.  
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1. INTRODUCTION 

Carbon steel is the most commonly used traditional structural material in construction, 

transportation, resource environment, and energy power infrastructures. In most cases, carbon steel is 

inevitably exposed to the atmosphere directly during its utility, resulting in atmospheric corrosion, which 

causes 50% of the total corrosion loss [1]. Owing to this reason, test methods such as natural outdoor 

exposure [1-5] and laboratory testing [6-8] were commonly used to evaluate the atmospheric corrosion 

behavior of carbon steel.  
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The outdoor exposure is a common test method used to investigate the comprehensive influence 

of the environmental factors. It can provide the most direct and reliable information about the 

atmospheric corrosion of metals in specific environments. However, the process is always time-

consuming. Unlike, the laboratory-accelerated tests can effectively provide reliable information in a 

short period of time and can be used to assess the life of metallic structures under utility. Among several 

indoor accelerated testing methods, the wet—dry cyclic accelerated testing is proved to be a better 

method as it can reflect the key characteristics of atmospheric environment [9]. As atmospheric corrosion 

is primarily a failure process, caused by the electrochemical or chemical reaction of metallic structures 

with atmospheric environment during their utility, the instantaneous monitoring of atmospheric 

corrosion based on electrochemical measurements has received much attention, such as atmospheric 

corrosion monitors (ACM) [10-12] and Kelvin probes [13, 14]. However, these methods neither provide 

direct information about electrochemical processes nor become adaptable to the outdoor monitoring. 

The in-situ electrochemical impedance spectroscopy (EIS) technique has a great advantage as a non-

destructive procedure and can successfully provide direct and instantaneous information on the corrosion 

behavior of metals [9, 15, 16]. 

The south sea, a kind of marine atmosphere, has the worst marine environmental conditions, 

showing a typical high temperature, high humidity, and high salinity environment (the so-called “three 

highs” environment). The synergy of these factors directly influences the process of atmospheric 

corrosion of metals, particularly the initial corrosion behavior.  

Currently, there is a lack of research work on the initial corrosion behavior of carbon steel 

exposed to “three highs” environment. Surnam et al [4] stated that atmospheric corrosion in a high 

relative humid environment depends mainly on the time of exposure and the carbon content of carbon 

steel. Lan et al [5] discussed about the carbon steel being exposed to a tropical environment with high 

temperature, high humidity, and high frequency of rain. Further, the basic information concerning the 

carbon steel resistance to atmospheric corrosion in “three highs” atmosphere is not readily available. 

Compared to the simulated solutions, using seawater as the corrosive medium is the most realistic option 

as it can directly reveal the interaction between ions in seawater. A laser scanning confocal microscope 

(LSCM) can effectively provide information about the three-direction morphology and surface 

roughness of the rust layer through a non-contact method, which again has not been preferred by 

scholars. In addition, carbon steel often have different layers [2, 17, 18], and it is of great importance to 

acquire the relation between the evolution and properties of corrosion products, which are vital for 

predicting the long-term corrosion behavior of steel structures.  

Consequently, in this study, the initial corrosion behavior of carbon steel in “three highs” 

atmosphere of the south sea, where temperature, relative humidity, and salinity are controlled by wet—

dry cycles and seawater is investigated using the weight loss measurement, a stereomicroscope, a LSCM, 

a scanning electron microscope (SEM), X-ray diffraction (XRD), infrared spectroscopy (IRS), 

potentiodynamic polarization, and in-situ EIS. 
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2. EXPERIMENTAL 

2.1 Material preparation 

The test samples of carbon steel (Q235) contain (in mass %) 0.22 C, 0.08 Si, 0.10 Mn, 0.015 P, 

0.003 S, and Fe. The size of samples for weight loss measurement was 50 mm × 25 mm × 5 mm. Prior 

to use, these samples were cleaned in acetone and alcohol, then dried, weighed, and stored in a desiccator. 

The size of samples for electrochemical experiment was 10 mm × 10 mm × 5 mm. The electrochemical 

test samples were wet-polished with 2000# grade SiC paper, cleaned in acetone and distilled water, and 

then dried. 

 

2.2 Characterization of corrosion products 

The morphology of the rust layers was conducted using a stereomicroscope (Zeiss Stemi 508) 

and scanning electron microscope (Philips XL30FEG). The 3D surface roughness was measured using 

a non-contact LSCM (Zeiss LSM-700), and the rust composition was analyzed using the IRS and XRD. 

To perform the IRS analysis, the range of spectra was taken as 400 cm−1–4000 cm−1, and the XRD 

measurements were obtained using Cu Kα target at 50 kV and 250 mA with a range of 10°–90° and a 

scanning speed of 2° min−1. 

 

2.3 Wet-dry cyclic accelerated test 

The accelerated corrosion process was tested using C4-180 test system to realize the wet—dry 

cycle. This cycle testing involved two steps within a period of 24 h: (1) uniformly depositing 20 μL/cm2 

seawater (the major components are listed in Table 1) on the surface of the samples and then drying the 

samples in oven at 45ºC, (2) putting the samples in the test system and running the program (30ºC, 90% 

RH for 1 h and 30ºC, 60% RH for 2 h) eight times. The steps (1) and (2) were repeated for several days. 

Samples were analyzed after corrosion for 48 h, 96 h, 144 h, 192 h, and 288 h. For gravimetric 

experiments, the rusted samples were immersed in a solution containing 500 mL (38 wt.%) hydrochloric 

acid, 500 mL distilled water, and 3.5 g hexamethylenetetramine at ambient temperature until the 

corrosion products were completely removed.   

 

Table 1. The main element composition of the seawater (g/L, pH 6.6) 

element Cl- SO4
2- K+ Na+ Ca2+ Mg2+ 

content 20 2.18 5 10 0.3 1 
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2.4 Electrochemical measurements 

The polarization curves were obtained using PARSTAT 2273 with a classical three-electrode 

system: platinum as the auxiliary electrode, saturated calomel electrode as the reference electrode, and 

rusted samples as the working electrode. Na2SO4 solution of molar concentration 0.1 mol/L was chosen 

as the electrolyte. The sweep rate was 0.3333 mV/s.  

The EIS measurements were tested using a two-electrode (electrode material was Q235) system 

with the surface area of approximately 2.25 cm2, as shown in Figure 1. During the test process, one 

electrode worked as the working electrode, and the other as the reference electrode and auxiliary 

electrode. The amplitude of AC voltage was 10 mV and the frequency range was 105 Hz ~ 10−2 Hz. 

 

Figure 1. Schematic diagram in illustrating the arrangement of the micro-electrodes used for EIS 

measurement: (a) Top view of comb-like electrodes. (b) Top view and transverse cross-section 

view of the embedded electrodes. 

 

 

3. RESULTS AND DISCUSSION 

3.1 Thickness loss and corrosion rate  

The initial corrosion kinetics of carbon steel can be identified by measuring the mass loss during 

the corrosion process. The thickness loss data is usually used to evaluate the corrosion rate due to the 

uniform corrosion of carbon steel. The thickness loss of the carbon steel samples can be calculated using 

the following equation[19]:  

              D=
10000Wt

ρs
                                        (1) 

where D is the thickness loss (μm), Wt is the weight loss (g), ρ is the density (7.86 g/cm3) of the 

carbon steel, and S is the exposed area (cm2) of the sample. Apparently, the thickness loss increases 

gradually with the increase in corrosion time. The relationship between thickness loss data and corrosion 

time can be fitted by using a power function [5, 20], as shown in Figure 2 (a). 

             D=Atn                                        (2) 
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where D is the thickness loss (μm), t is the corrosion time (hour), and A and n are constants. The 

closer the R2 value is to 1, the better is the fitting result of Equation (2). As known, the n value of the 

fitting function reflects the protective value of the rust layer. If n > 1, the rust layer is not protective and 

the corrosion rate increases gradually. If n < 1, the rust layer is protective and the corrosion rate decreases 

and if  n = 1, the corrosion rate is a constant. In this study, the value of n was 1.142, showing that the 

corrosion process of carbon steel was an accelerated process[21] .  

To further analyze the corrosion rate, the instantaneous corrosion rate (Vd) was obtained using 

the following equation [22, 23] based on Equation (2)  

              Vd = 
d∆D

dt
 = Antn-1                              (3) 

where Vd is the instantaneous corrosion rate (μm/hour), and t, D, A and n are the same as 

mentioned above. Figure 2 (b) shows the variation of Vd with the corrosion time. It can be seen that the 

corrosion rate initially increased gradually, which indicates that the corrosion products have no 

protective effect. This destruction process may be caused due to the composition and/or structure of the 

corrosion products, which is discussed in next section. 

 

 

Figure 2. (a) Thickness loss of carbon steel samples as a function of corrosion time and (b) instantaneous 

corrosion rate (Vd) of carbon steel samples as a function of corrosion time. 

 

3.2 Morphology of rust layers 

The macroscopic morphologies of carbon steel samples after 48 h and 288 h were observed using 

a stereomicroscope and a LSCM. These morphologies can provide the most intuitive information of the 

rust layer. It can be seen from figures 3(a) and 3(b) that the rust layers have different colors, which mean 

different forms. This occurred due to the accumulation of corrosion products on the surface of the 

substrate during a prolonged exposure time. The LSCM can provide the roughness information of the 

rust layer surface. All the results were obtained for the same parameter and the same size of area 

(approximately 9 mm × 9 mm). Figure 3(a’) and 3(b’) show the roughness characteristics of three-

dimensional pictures and two-dimensional curves at different corrosion times. The scales of the 

roughness at both 48 h and 288 h show heterogeneous and wide range properties. Compared to the 

roughness at 48 h, the roughness curves at 288 h reflect fewer fluctuations, indicating the generation of 
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characteristics of many large voids. Moreover, the peaks at 48 h are steeper than those at 288 h, indicating 

that the corrosion process has become uniform. 

 

 
Figure 3. Macroscopic morphology after (a) 48 h and (b) 240 h, and 3D surface roughness after (a’) 48 

h and (b’) 240 h. 

 

To obtain further detailed characteristics, a SEM was used to represent the micro morphologies 

of the corrosion products. Figure 4. shows that the rust layers were comprised of many voids and 

microcracks. These voids promoted the accumulation of the seawater, replenishing the corrosive medium 

in the process of the corrosion, whereas the microcracks facilitated the penetration of the corrosive 

solution into the substrate and also accelerated the corrosion process. The energy dispersive spectroscopy 

(EDS) analysis results provided the elemental contents of the marked sites, A to E, as summarized in 

Table 2. It can be seen from Table 2. that the content of chlorine was much higher in sites C and D than 

in sites A, B, and E, which might be due to the residual deposits of salt in the rust layer. Small amounts 

of sulphur (S) and magnesium (Mg) were detected after 288 h. The results showed that chlorine was 

present in an abundant amount in the whole process of corrosion, and hence in the presence of a high 
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amount of chloride, the corrosion products contained a high content of -FeOOH. As the corrosion 

products accumulated, the supply of fresh chlorine did not decrease due to the voids and microcracks in 

the rust layer. 

 

 
 

Figure 4. The surface morphology of rust layer formed on carbon steel after different corrosion time. 

 

Table 2. Elemental contents of the marked sites (wt.%). 

site Fe O Cl S Na Mg 

A 55.04 43.43 1.53    

B 57.07 40.86 2.07 - -  

C 51.78 37.98 5.47 0.70 4.06  

D 50.70 27.38 9.17 0.72 12.03  

E 80.02 17.76 2.22 - - 1.39 
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The cross-sectional morphologies can better reveal the layer structure of the corrosion products.  

Figure 5. depicts the cross-sectional morphologies of the rust layers. It can be seen that the rust layer 

gradually became thicker, and there were many pores and cracks in the rust layer due to a prolonged 

period of corrosion time. After 288 h, the rust layer appeared complicated. To distinguish the 

composition of elements in the rust on the steel, the map scanning was performed. The results are shown 

in Figure 6. A small amount of S and a large amount of chlorine (Cl) were detected in the rust. The Cl 

distributed in the middle layer and the interface promoted the further corrosion. Sodium (Na) was found 

to be distributed in the middle layer, which might be caused due to the accumulation of seawater, and 

calcium (Ca) was detected in the entire rust because seawater contains calcium chloride (CaCl2) particles. 

The existence of cations, such as Ca2+ and Mg2+, can promote more anion (Cl− and SO4
2−) adsorption. 

Consequently, it can be postulated that the corrosion process was affected by both anions and cations in 

seawater in the “three highs” atmosphere. 

 
 

Figure 5. The cross-section morphology of rust layer formed on carbon steel after different corrosion 

time. 
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Figure 6. The distribution of Fe, O, Cl, S, Ca and Na in the rust formed on the carbon steel surface after 

288h. [Map scanning of the portion in Figure 5 (d)] 

 

3.3 Electrochemical characteristics of the rust layer 

The atmospheric corrosion is essentially an electrochemical reaction taking place under a thin 

liquid film. Thus, the electrochemical measurement used to evaluate the protectiveness of the rust layer 

formed on carbon steel appears rational. Consequently, in this study, the potentiodynamic polarization 
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was adopted as employed in many previous research works [2, 24, 25], and in-situ EIS was also used to 

monitor the instantaneous corrosion mechanism of carbon steel samples.  

Figure 7 depicts the potentiodynamic polarization curves of unrusted and rusted steel samples in 

0.1 mol/L of Na2SO4 solution. The cathodic polarization curve of unrusted sample was quite different 

from the rusted ones, implying differences in the reaction process and corrosion mechanism. In addition, 

the cathodic currents of rusted steels were much larger than the unrusted one. This probably was due to 

the dissolution of ions [12, 15]. With the increasing corrosion time, the cathodic current gradually 

increased and the anodic current decreased, indicating that the reduction process of corrosion products 

was the main cathodic reaction, and the anodic process was partially inhibited by the rust layer due to 

the accumulation of the corrosion products [15]. It is already established that this environment, 

containing a high amount of chlorine ions, promotes the generation of -FeOOH and -FeOOH. 

Although these products would be reduced during the wetting procedure, they caused the cathodic 

current density to increase, and then facilitated the corrosion process. This may be a reason that caused 

an increase in the corrosion rate.  

 

 
 

Figure 7. Potentiodynamic polarization curves of unrusted and rusted steels in 0.1% Na2SO4 electrolyte 

as a function of corrosion time. 

 

 

The properties of the rust layer was further investigated by performing in-situ EIS analysis that 

can provide more instantaneous corrosion data in a continuous process. Figure 8. shows the Nyquist 

plots for carbon steel as a function of corrosion time in “three highs” marine atmosphere of the south 

sea. For the rusted steel samples, the Nyquist diagrams show two depressed semicircles after 48 h and 

96 h. The high frequency and the low frequency capacitive loops were related to the rust layer and the 

charge-transfer process, respectively. With the increase in the corrosion time, more rust accumulated. 

Consequently, a Warburg impedance appeared after 144 h, indicating the occurrence of a diffusion-

controlled corrosion process on the surfaces of samples containing the anodic diffusion process of 

soluble ferric and the cathodic diffusion of dissolved oxygen [26, 27]. The depressed semicircles were 

attributed to the dispersion of time constant, which might be caused due to the roughness of surface 

and/or heterogeneities in metal/electrolyte interface [19, 28]. Accordingly, two equivalent circuits, 

shown in Figure 9 (a) and 9(b), were used to fit these characteristic impedances. The fitting parameters 

are given in Table 3. and the fitting lines are shown in Figure 8. as solid lines. The smaller value of the 
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standard deviation, χ2 (in the order of 10−5), indicated that the equivalent circuits fit coincided well with 

the test data. In Figure 9, Rs is the electrolyte resistance, Qr and Rr are the rust layer capacitance and 

resistance, respectively, Qdl and Rt are double layer capacity and the charge transfer resistance, 

respectively [29, 30], and Zw is the barrier diffusion impedance that is associated with the diffusion of 

corrosive electrolyte on the steel surface through pores in the rust layer that acts as a diffusion barrier 

[2, 31]. The rust layer resistance Rr provides information about the hinder ability of the rust layer during 

the corrosion process. Hence, it is proved to be an important parameter for evaluating the protective 

properties of the rust layers. The smaller the value of Rr, the less protective is the rust layer. From Table 

3, it can be clearly seen that the values of Rr fluctuated with time. All the values were quite small, which 

reflected that the rust layer had no barrier function and it could not effectively prevent the further 

corrosion reaction. The small value must be attributed to the structure of rust with holes and cracks as 

shown in Figure 5. The gradual reduction of Rt for a prolonged period of time might be caused due to 

the acceleration of the corrosion products reduction reaction. It was in agreement with the results of 

potentiodynamic polarization. As known that the corrosion rate was usually calculated using the values 

of polarization resistance (Rp) [32]. Compared to Rp, the charge transfer resistance Rt can better reflect 

the corrosion rate because Rt is only in connection with the faradaic processes of the charge transfer-

controlled corrosion. Particularly when the impedance response displays more than one time constant, 

using Rp to calculate the corrosion rates will provide incredible results [9, 33]. According to the above 

analysis, Rt was taken as an effective parameter to express the corrosion rate of carbon steel. Figure 10. 

displays the evolution of Rt values with the increasing corrosion time. Clearly, Rt decreases significantly 

at the beginning and becomes stable after 120 h, which is in agreement with the variation of corrosion 

rates, shown in Figure 2 (b). 

 

 
Figure 8. Nyquist diagrams of carbon steel exposed after different corrison time. 
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Figure 9. Equivalent circuit models used to fit the experimental impedance data for carbon steel (a) 48h 

and 96h (b) 144h, 192h and 288h 

 

 

Table 3. EIS fitting parameters in equivalent circuits. 

Corrosion 

time/hours 
48 96 144 192 288 

Rs（Ω·cm2） 9.934 19.06 46.47 18.64 20.02 

Qr(F·cm-2) 
3.07E-

03 

5.79E-

03 

1.82E-

07 

3.50E-

05 

4.62E-

05 

nr 0.4294 0.3039 0.9156 0.3949 0.3818 

Rr（Ω·cm2） 9.276 36.18 2.737 86.36 68.18 

Qdl(F·cm-2) 
1.68E-

02 

1.32E-

02 

5.38E-

03 

5.20E-

03 

1.90E-

03 

ndl 0.4573 0.4877 0.19 0.3413 0.4952 

Rt（Ω·cm2） 1083 482.8 110.9 79.66 69.14 

Zw - - 
7.80E-

03 

7.04E-

05 

1.74E-

02 

∑χ2(×10-4) 101 0.573 0.166 0.212 0.625 

 

 
 

Figure 10. Plot of Rt values of carbon steel as a function of corrosion time. 

 

3.4 Composition of the rust layer 

The corrosion rate at different exposure periods is related to the composition and/or structure of 

the rust layer. Figure 11. shows the XRD spectra of the powdered rust on carbon steel samples. The rust 
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layers during different periods of corrosion time were mainly composed of akaganeite (-FeOOH), 

lepidocrocite (-FeOOH), a slight amount of goethite (-FeOOH), and magnetite (Fe3O4). 

 

 

 
Figure 11. X-ray diffraction patterns of the powdered rust formed on the carbon steels 

 

Figure 12. shows the IR spectra of the powdered rust formed on the carbon steel samples to 

further identify the composition of the rust layers. The results of IR spectra were compared to the 

reference spectra [10, 14]. The absorption peaks at 793 cm−1 corresponded to the O-H bending in -

FeOOH [14, 34, 35]. A wide absorption band around 1615 cm−1 was caused due to the vibration of Fe-

O bonds in -FeOOH. The peaks at 1020 cm−1 and 1110 cm−1 were due to the O-H bending in -FeOOH 

and -FeOOH, respectively. Hence, the IR spectra indicated that the corrosion products were mainly 

composed of -, -, Ferrihydrite (-FeOOH) and a slight amount of -. The relative amount of - and - 

in the rust increased for a prolonged period of time, whereas the amount of - was almost stable. As 

known, FeOOH has four types of isomers: -, -, -, and - [34], where - is an electrochemically stable 

phase, whereas -, -, and - are all electrochemically active phase and can be easily reduced to relatively 

stable magnetite [36]. The reduction order of various rust components decreased as follows [37, 38]:  

>  > Fe3O4 > > . Indeed, - is not a single phase parameter that contains a certain amount of Cl− 

[34], which can be clearly seen from the XRD spectrum shown in Figure 11.   

 

 

 
 

Figure 12. IR spectra of the powdered rust formed on the carbon steels. 
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The results of IRS and XRD together indicated that a large amount of -FeOOH existed in the 

rust layer, which is closely related to the abundant Cl− in the “three highs” atmosphere of the south sea. 

However, the foreign elements Ca and Mg were not detected in the corrosion products, which might be 

in the form of free ions in the rust layer. According to the protective ability index (PAI) in a previous 

study [36], the value of the mass ratio “" was very small in this study, around 0.2, indicating that 

the rust layer had no protective effect with the increasing time.  

Based on the above analysis, in the initial stage, the primary electrochemical reactions could be 

as follows [39, 40]:  

Anodic: Fe → Fe2+ + 2e−                                                        (4) 

Cathodic:1/2O2+ H2O + 2e− → 2OH−                                    (5) 

At the beginning of the corrosion process, the ferrous ions and hydroxyl moved to the cathodic 

area and anodic area, respectively. Fe(OH)2 was generated on the active anode area, then Fe(OH)2 rapidly 

oxidized into Fe(Ⅱ) and Fe(Ⅲ) oxides. These preliminary corrosion products were subsequently 

transformed into -FeOOH, -FeOOH, -FeOOH, -FeOOH, and Fe3O4. Among these corrosion 

products, the formation of -FeOOH was associated with the abundant amount of Cl−, whereas -FeOOH 

was formed partially due to the re-crystallization of -FeOOH or due to the crystallization of amorphous 

oxides [28]. The formation of -FeOOH involved the following process: during the wetting procedure, 

the electrons produced by the anodic dissolution of iron were consumed by a reduction reaction. 

However, as the corrosion process progressed, the dissolved oxygen as an oxidizer could not be reduced 

on the rust layer because the rust layer was not conductive. The cathodic reaction changed into the 

reduction of -FeOOH as follows: 

γ-FeOOH+H++2e−→γ·Fe·OH·OH                                       (6) 

-Fe·OH·OH , formed as an intermediate product on the surface of -FeOOH, could transform 

into both Fe3O4 and -FeOOH [41, 42]. During the drying stage, the -FeOOH gradually regenerated 

from -Fe·OH·OH. Hence, a series of process was repeated several times when the wetting of rust 

was repeated. As a result, a recurrent generation-transformation-regeneration cycle of γ-FeOOH was 

formed. Combined with the above roughness analysis, the generation-transformation-regeneration of γ-

FeOOH might be the main reason for the roughness change of the rust layer for a prolonged period of 

corrosion time. The occurrence of cracking in the rust layer promoted the anion and cation permeate to 

the substrate, causing the further dissolving of steel and Fe(OH)2, and increasing the corrosion rate. 

 

 

 

4. CONCLUSION 

The influence of seawater on the carbon steel initial corrosion behavior, exposed to the “three 

highs” marine atmosphere of the south sea, was investigated. Conclusions can be drawn as follows: 

1. The experimental results indicate that with corrosion time prolonged, the kinetics of 

corrosion process follow empirical equation D=Atn. 

2. The rust layer has no protective effect for the reason of the change of roughness on rust 

surface and the existence of viods and microcracks in rust layer. 

3. The main composition of the rust layer were  -FeOOH, -FeOOH, -FeOOH, slightly 
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-FeOOH, and Fe3O4 for all corrosion periods. As the corrosion time increased, the content of -FeOOH 

and -FeOOH in the rust increased, whereas the content of -FeOOH was almost stable. Although, the 

value of the mass ratio “" was very small. 

4. The decrease of the charge transfer resistance (Rt) measured by in-situ EIS 

instantaneously indicated that the corrosion rate was increased gradually with increasing time.  
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