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The electrochemical characteristics and stress corrosion behavior of 316L stainless steel in the borate 

solution with different pH were investigated through electrochemical measurements, slow strain rate 

tension (SSRT) tests and immersion experiments. The electrochemical measurement results indicated 

that borate solution will facilitate the passivation film deformation on the surface of 316L stainless steel, 

and the corrosion resistance of 316L stainless steel decreased with the increased of pH. While the pitting 

corrosion of 316L stainless steel prone to occurred in the borate solution with the value of pH was 11. 

At the same immersion time, the number of corrosion pits increased with the pH. Furthermore, the stress 

corrosion cracking (SCC) susceptibility of 316L stainless steel was tested by SSRT, and suggested that 

higher pH leads to more sensitive, and tensile fracture morphology showed the characteristic of ductile 

fracture when pH was 7. 
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1. INTRODUCTION 

316L stainless steel has been widely used in nuclear power primary circuit because of its 

tolerance to high temperature, corrosion resistance and excellent mechanical properties [1]. In the 

primary circuit of pressurized water reactor (PWR), the borate solution is often used as coolant. 316L 

stainless steel is easy to suffer pitting corrosion and stress corrosion in this environment, which leads to 

the failure of PWR components and affects the safe operation of nuclear power plant. During the research 

we found that previous studies focused on the effect of corrosive ions (Cl-) on corrosion behavior of 

316L stainless steel [2-5], and the effect of solution temperature on the stress corrosion behavior of 316L 
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stainless steel has been studied a lot [6-11], but fewer research concentrate on the pH of the solution. In 

the operation of PWR primary circuit, LiOH is usually added to the coolant to adjust the pH of the 

solution [12]. However, with the change of start-up, power operation and other conditions of the unit, 

the pH of the coolant will change, and 316L stainless steel is prone to corrosion under this condition [13-

14].  

In this paper has carried out a detailed study on the electrochemical corrosion behavior, pitting 

corrosion and SCC susceptibility of 316L stainless steel in borate solution with different pH. The 

corrosion behavior was evaluated by potentiodynamic polarization curves, electrochemical impedance 

spectroscopy (EIS). The effect of immersion time in different pH borate solution on pitting corrosion of 

316L stainless steel was analyzed. Due to the special primary circuit conditions, the effect of different 

pH on SCC susceptibility of 316L stainless steel was also examined by SSRT test. The fracture 

characteristics of the sample were further explored by emission scanning electron microscope (SEM). 

The corrosion behavior of 316L stainless steel in this environment is discussed in detail, which provides 

a good reference for the effect of pH value on 316L stainless steel in borate solution. 

 

2. EXPERIMENTAL 

2.1 Materials 

Specimens used in this work were cut from a 316L austenitic stainless steel plate, with a chemical 

composition is shown in Table 1. 

 

Table 1. Chemical composition of 316L stainless steel in this study (wt.%) 

 

 

 

 

 

The specimens were machined into two types of geometry, flat-plate electrochemical specimens 

and rod specimens. The electrochemical specimens with the size of 15× 15× 1.5mm3. According to GB/T 

15970, the shape and dimensions of rod specimen as shown in Figure 1. 

 

 

 

Figure 1. Slow strain rate tensile test piece size 

 

 

Steel C Si Mn P S Ni Cr Mo 

316L 0.003 0.65 1.62 0.03 0.03 12.00 17.65 2.32 
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2.2 Experimental solution 

 

The borate solution was used to simulate the primary circuit environment of nuclear power plant. 

It was usually used as a coolant. All experiments were carried out in the borate solution prepared by 

1100mg/L H3BO3 and 2.5mg/L LiOH. Adjust the pH of the solution to 7, 9, 11 with NaOH at room 

temperature, respectively. 

 

2.3 Experimental equipment 

Electrochemical experiment: The CHI660E electrochemical workstation made in Shanghai were 

conducted to the electrochemical experiments. The flat electrolytic cell was used for the electrolytic cell 

comprising a three-electrode system: the working electrode (316L stainless steel sheet), the reference 

electrode (Ag/AgCl3 in saturated KCl), and the counter electrode (platinum sheet).  

The potentiodynamic polarization curves record the current with change in potential from -0.25 

V to 1.6 V, and the scanning rate is 1 mV·s-1. In the electrochemical impedance spectroscopy (EIS) tests, 

the frequency range from 100 kHz to 10 mHz, a wavelength of 10 mV amplitude was applied, and the 

data obtained from the experiment were fitted by ZSimpWin software. 

The slow strain rate tensile testing instrument is a stress corrosion testing machine produced by 

Xi'an Lichuang Material Testing Technology Co., Ltd, and the slow strain tensile rate was selected to be 

3.0×10-6 s-1 [15-17]. The fracture surface morphology studied by SEM of RILI SU8010.  

 

3. RESULTS & DISCUSSION 

3.1 Potentiodynamic polarization curves 

Potentiodynamic polarization curves of 316L stainless steel in the borate solution with different 

pH were shown in Figure 2. From the potentiodynamic polarization results, the corrosion potential (Ecorr), 

the passive potential range, the corrosion current density (Ip) were displayed in Table 2. It can be clearly 

observed that there has passivation zone in three conditions, indicating that a stable passivation film 

deformation on the surface of 316L stainless steel in borate solution. When the pH of the solution is 7, 

the range of passivation is wider than that of other conditions, which is from -0.615 to 1.043 V. Indicates 

that the electrochemical reaction of 316L stainless steel in neutral borate solution is hard to procced due 

to the integrity and stability of the passivation film. With the increases of pH, the self-corrosion potential 

decrease to -0.420 V at the pH 11, and the passivation potential interval also constantly narrower which 

displays that corrosion of sample under borate solution with higher pH is more sensitive. 
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Figure 2. Polarization curve of 316L stainless steel in borate solutions with different pH 

 

The variation of current density with corrosion potential of 316L stainless steel in the borate 

solution with different pH was analyzed. For all conditions, the current density of 316L stainless steel in 

borate solution approximately linearly increased with the increased of corrosion potential under the 

passivation potential interval. With the further increment of corrosion potential, current density rapid 

transition to exponential increase, indicating that the passivation film resistance and stability of 316L 

stainless steel sample is deteriorated at the pH 11. Under the influence of the electrical field, the higher 

current density leads to passivation film on the surface of 316L stainless steel was destroyed and the 

rapid dissolution of anodic, which makes the corrosion more prone to occur. It can also be observed that 

both in the solution of pH 9 and 11, secondary passivation occurs. Previous research points out [18] the 

secondary passivation of 316L stainless steel is mainly due to the convert of the composition of 

passivation film from low valence Cr3O2 and FeO to high valence Cr2O3 and Fe(OH)2 with the increase 

of pH, and results in the aggregation of aggressive anions on the passivation film, which may be another 

reason for the acceleration of corrosion caused by high pH. 

 

Table 2. Polarization curve fitting results of 316L stainless steel in borate solutions with different pH 

and scan rate of 1.0 mV·s-1 

 

pH Ecorr /V Passive potential range/V Ip/μA·cm-2 

7 -0.328 -0.165~1.043 0.578 

9 -0.350 -0.10 ~0.520 0.750 

11 -0.420 -0.026~0.507 0.882 

 

3.2 AC impedance spectrum 

 

The results of EIS measurements of 316L stainless steel in different pH borate solution were 
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illustrated as Nyquist and Bode plots in Figure 3. Equivalent electrical circuit best matching the EIS 

spectra is shown in Figure 4. 

We can see from Nyquist plots, there are two capacitance arcs which corresponding to high 

frequency and low frequency regions in all conditions, respectively. Indicating that the electrochemical 

process is completely controlled by charge-transfer [19]. The radius of the capacitance arcs represents 

the charge-transfer resistance. 316L stainless steel exhibited better corrosion resistance in borate solution 

at pH 7, it showed bigger radius in Nyquist curves. The radius of capacitance arcs decreases with the 

increases of pH, implying that the charge-transfer resistance deteriorated and the samples of 316L 

stainless steel is more prone to corrosion. Besides, high frequency region related to the resistance of the 

solution, which characteristic identical to Nyquist plots, the lower frequency related to polarization 

resistance, but the characteristic has some different [20]. 
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(a) Nyquist curves                             （b)Bode phase value against frequency 

 

Figure 3. EIS of 316L stainless steel in borate solution with different pH (a) Nyquist curves, (b) bode 

phase value against frequency 

 

An electrical equivalent circuit was used fit the EIS data, and the fitted results was listed in Table 

3. Different components in the electrical equivalent circuit corresponding to different meaning [21-23]. 

Where Rs represents the resistance of the solution between 316L stainless steel and the reference 

electrode, C1 denotes the capacitance of the passive film including the defects, R1 is the charge transfer 

resistance, C2 correspond to the subsequent passive layer, and R2 is the resistance of passive film. It can 

be seen from fitting results that pH 7 has the largest value of R1 and R2, and the lower value of C1, 

indicates that the electrochemical reaction is hard to carried out, the passivation film is stable and the 

integrity is better. With the increment of pH the corrosion resistance of 316L stainless steel was weaker 

than pH 7. The defects concentration of passivation film increased by several orders of magnitude results 

in corrosion reaction was prone to carried out. Consequently, higher pH environment has serious damage 

to the corrosion resistance of 316L stainless steel. 
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Figure 4. EIS equivalent circuit model of 316L stainless steel in borate solution with different pH 

 

 

Table 3. EIS equivalent circuit fitting results of 316L stainless steel in borate solution with different pH 

 

pH Rs / Ω C1 / F R1 / Ω C2 / F R2 / Ω R1+R2 / Ω 

7 4.831 5.192×10-9 1823 4.844×10-5 1.447×105 1.465×105 

9 355.2 5.549×10-8 1123 6.016×10-5 1.109×104 1.2213×104 

11 145.6 9.933×10-6 321.3 7.013×10-5 1.802×103 2.1233×103 

 

3.3 Pitting corrosion 

In order to obtain the pitting corrosion behavior of 316L stainless steel in borate solution, the 

immersion experiment of 316L stainless steel was carried out. Figure 6 shows the corrosion rate of the 

samples under different pH solution after 30 days. The corrosion rate of 316L stainless steel in borate 

solution were 1.108×10-4, 3.048×10-4, and 8.147×10-4 mm/year at pH 7, 9, 11, respectively. It can be 

seen that the uniform corrosion rate of 316L stainless steel in the borate solution with different pH is 

slower, and the corrosion rate increases with the pH increase of borate solution. It is generally believed 

that the material can be used as nuclear power material [24] when the corrosion rate is less than 0.10 

mm/a, and the experimental results meet the requirements of practical application. 
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 Figure 5. Immersion rate of 316L stainless steel in borate solution with different pH 
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As shown in Figure 6, the SEM appearance of 316L stainless steel surface after 30 days exposure 

time in borate solution with different pH. From the figure that when the pH value of the solution is 7, 

there are local corrosion pits on the surface of the sample, and occasionally small granular corrosion 

products can be seen. When pH was 9, the pitting pits were clearly visible under 500 times SEM, and 

there were corrosion products floating on the surface of the sample. It is noticeable that the corrosion 

intensifies and serious pitting corrosion occurs at pH 11. At this time, the number of pitting pits increases 

sharply, corrosion products appear in the pits, the depth of pits becomes larger, and the surface corrosion 

products increase. According to the electrochemical corrosion experiment results, a stable passivation 

film can be formed under the three conditions. When the solution at pH 7, the integrity of passivation 

film on the surface of 316L stainless steel is better. With the increase of pH value of solution, the surface 

composition of passivation film changes, and the stability becomes worse. Therefore, the occurrence of 

pitting corrosion may be related to the instability of the surface passivation film. When the local 

passivation film is destroyed by the corrosive ions BO3- and OH- in the solution, the pitting corrosion 

source will be formed. Furthermore the pitting corrosion source will gradually evolve into a corrosion 

hole, in which the corrosive ions were gathered and in the active dissolution state transform into anode, 

while the surface of 316L stainless steel which has not been destroyed transform into cathode. A micro-

cell is then formed, making the localized corrosion that has been destroyed more severe [25]. 

 

  

 

 

Figure 6. SEM corrosion morphology of 316L stainless steel after immersion test in borate solutions 

with different pH by 30 days  

pH=11 

pH=9 pH=7 
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EDS element diagram of corrosion product at pH 11 was shown in Figure 7, in which it can be 

observed that the product contains of Fe, Cr and Ni et. al elements. When the pH of the solution is 11, 

the metallic elements in the matrix were released into the solution, and the corrosive ions in the solution 

diffused into the matrix, which leads to an increase in the corrosion rate of 316L stainless steel. From 

this, it can be seen that the main anodic reactions in the etching hole are as follows: 

 

2Fe+6OH-→Fe2O3+3H2O+6e-                                                 (1) 

2Cr+6OH-→Cr2O3+3H2O+6e-                                                 (2) 

Ni+2OH-→NiO+H2O+2e-                                                     (3) 

  

  
 

Figure 7. EDS spectrum of corrosion product after immersion for 30 days in borate solution with pH is 

11 

 

Table 4. Corrosion product element composition of 316L stainless steel in borate solution  

 

Element Fe C Cr Ni O Mo Si 

Norm (wt%) 45.12 25.81 11.58 7.57 6.50 2.85 0.57 

Atom (at%) 21.46 57.08 5.92 3.42 10.79 0.79 0.54 

 

3.4 Stress corrosion behavior 

The stress-strain curves of 316L stainless steel in air and borate solution with different pH was 

shown in figure 8. From the stress-strain results, we can seen that the elongation and tensile strength of 

316L stainless steel in the borate solution are lower than those in air, indicating that 316L stainless steel 

has a certain stress corrosion cracking (SCC) susceptibility in the borate solution. As the pH value of the 

borate solution increases, the elongation and tensile strength of 316L stainless steel decrease. 

Combination with Figure 9, the breaking time at pH 7 was longest to 70.72 h and decreases as the 

increment of pH. Therefore, the SCC sensitivity of 316L stainless steel increases with the increment of 

pH value of borate solution. 
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Figure 8. SSRT test results of 316L stainless steel in air and the borate solution with different pH 

 

Previous research has indicated that the pH of borate solution is adjusted by NaOH [26-28]. With 

the increase of the pH value of the borate solution, the corrosive ions in the solution increase. The passive 

film on the surface of 316L stainless steel produced irreparable damage due to the synergistic of tensile 

stress and corrosive ions. The pitting corrosion will occur on the surface of the sample and the corrosion 

hole will be formed. The corrosion ions will enter the corrosion hole to further corrode the specimen, 

and then microcracks will be formed on the edge of the corrosion hole. Under the action of tensile stress, 

the cracks will gradually expand until the specimen breaks. 
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Figure 9. Fracture time of 316L stainless steel in SSRT tests in borate solution with different pH 

 

Figure 10 presents SEM images of the fracture surface of the 316L stainless steel in the SSRT 

tests. Corrosion products appeared on the tensile fracture surface of 316L stainless steel in borate solution 

with different pH, dimples at the fracture under three conditions. It is worth noting that when the pH 

value of the solution is 11, a quasi-cleavage platform appears on the fracture surface, which exhibits the 

characteristics of brittle fracture. At this time, the fracture form of 316L stainless steel is a mixed form 

fracture of brittle and ductile fracture. Observe the macroscopic morphology of the fracture in three cases, 

the surface of the fracture is gray and shows a necking phenomenon. 
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Figure 10. SEM topography of the fracture surface of 316L stainless steel in borate solution with 

different pH  

 

 

Figure 11 is a 500 times magnified SEM view near the fracture surface of the 316L stainless steel 

in the SSRT tests. When the pH value is 7, the cracks near the fracture of sample are few and short. The 

mechanism of stress corrosion cracking can be interpreted as that the passive film on the surface of 316L 

stainless steel tears under the continuous tensile stress, which makes the crack tip become anode phase 

and propagate forward through metal dissolution, resulting in micro-cracks at the edge. With the increase 

of pH value of the borate solution, the microcracks near the fracture surface increased gradually. The 

cracks become deep and narrow when the pH of the solution is 11. At this time, the enhancement of the 

alkalinity of the solution makes the crack tip react fully with the solution medium, and has a higher 

solubility with Cr in the borate solution, which leads to the poor chromium embrittlement of the 

passivation film on the surface of 316L stainless steel, and the fresh metal exposed under the action of 

tensile stress promotes the generation and expansion of microcracks [29-30]. In combination with figure 

7, the lower tensile strength of 316L stainless steel at pH 11 is related to the local poor chromium 

embrittlement of the sample. 

 

 

pH=11 

pH=7 pH=9 



Int. J. Electrochem. Sci., Vol. 15, 2020 

  

4431 

  

 
 

Figure 11. SEM topography of the fracture side of 316L stainless steel in borate solution with different 

pH 

 

 

4. CONCLUSIONS 

  

This study evaluated the effect of pH on the electrochemical and stress corrosion behavior of 

316L stainless steel in the borate solution. Based on the above results and discussions, the following 

conclusions can be presented: 

(1) Electrochemical experiments show that 316L stainless steel can form a stable passivation film 

in the borate solution at pH 7, 9, 11. With the increase of pH value of the solution, the composition of 

passivation film changes from low valence state to high valence state. The integrity of passivation film 

is deteriorated, resulting reduced corrosion resistance. 

(2) The immersion test reveal that 316L stainless steel has good corrosion resistance, and the 

corrosion rate arrived to 10-4 grade. The occurrence of pitting corrosion is related to the integrity of the 

passivation film. When the local passivation film is destroyed by corrosive ions (BO3-, OH-) at high pH 

value, the pitting corrosion begins to germinate and grow up, accelerating the corrosion. 

(3) The SSRT test displays that the SCC sensitivity of 316L stainless steel increases with the 

increase of solution pH value. The fracture morphology showed that the lower tensile strength was due 

to the local poor chromium embrittlement when the pH value of the solution was 11. At this time, the 

fracture corrosion cracks were deeper and the number of cracks was more. 

pH=11 

pH=9 pH=7 
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