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Abstract


The corrosion behavior and mechanism of 13Cr stainless steel in the solution with 1 mol/L NaCl and 5 mmol/L KI were investigated by weight loss method, scanning electrochemical microscopy (SECM), the phase analysis (XRD) of inclusions, and surface analysis technique (SEM and EDS). Results showed that the corrosion rate was a linear relationship with the time and Cl− concentration. The corrosion became serious with the increase in time and Cl− concentration. The corrosion occurred in the unstable electroactive points that contained aluminum oxide and metallic phase inclusions. The generation and disappearance of the electroactive points simultaneously occurred with the corrosion. The active dissolved level on different areas of the surface of 13Cr stainless-steel sample was different. The oxidation current peak of the sample presented the strip shape. The corrosion dissolution was mainly caused by aluminum oxide inclusions (Al2O3) and FeAl phase.
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1. Introduction


The exploitation of oil and gas field in China has been ongoing for decades. Based on the development of oil and gas exploration toward the deep wells and ultra-deep wells with high-temperature, high-pressure, and highly corrosive fluids, conventional tubing and casing cannot meet the requirements of exploration and development. Nowadays, common tubing and casing materials are eliminated, and high-corrosion-resistance materials are beginning to be applied in the oilfield. Components such as Cr, Ni, and Mo are added into 13Cr stainless steel to improve not only the uniform corrosion resistance of CO2 but also the resistance to stress corrosion cracking (SCC) and local corrosion. Some studies showed that common 13Cr stainless steel is widely used in the market, but limitations are showing up in resisting uniform corrosion and hydrogen sulfide stress corrosion cracking [1]. The valuable information from microscopic aspects on studying the local corrosion of materials can be obtained by scanning electrochemical microscopy technology as a new and in situ electrochemical method with high resolution [2,3]. Several research literatures about the initiation stage of pitting corrosion of stainless steel and the expansion of the metal coating under the condition of open circuit by SECM have been reported [4,5,6]. Lin et al. [7] studied the corrosion of 13Cr stainless steel in the simulation environment of the oil field by SECM, and the results show that the average corrosion rate firstly increases and then decreases with the Cl− concentration increasing. The corrosion of 13Cr stainless steel is mainly ascribed to Cl−. Ions will adsorb onto the surface of the passivation membrane when the polarization potential reaches the pitting potential with the Cl− concentration increasing, causing the diffusion and local corrosion. With the increase in temperature, the hydrolysis of Fe2+ accelerates, the pH value of the solution decreases, and the autocatalytic effect strengthens [8]. This phenomenon increases the activity of the material and the tendency of pitting corrosion. The surface corrosion of metal involves general corrosion and local corrosion. General corrosion usually occurs and proceeds on the entire surface of the metal at a relatively low reaction rate (compared with local corrosion) [9]. However, local corrosion mainly occurs in some separate points or micro area of the metal surface or interior. It is difficult to be discovered and controlled because it does not evenly occur on the surface of the whole metal unlike in the case of general corrosion. Moreover, corrosion, such as pitting corrosion, galvanic corrosion, and crevice corrosion, is not easily discovered. Therefore, it will cause more serious perniciousness [10]. SECM technology can be used to study the local corrosion mechanism of the metal and can detect current or apply current between the microelectrode and the sample in the solution. The most obvious feature is in situ and actual time observation of the three-dimensional space to the research system. This is due to the feedback characteristic of the redox current from the scanning microprobe. It has a close relationship with the solution composition, the distance between the microprobe and substrate, and the feature of the working electrode surface. The scanning microprobe has unique sensitivity, and it can obtain the corrosion behavior characteristics of the metal from a microscale [3]. In recent years, the obvious progress on studying the corrosion of metal materials by SECM has been obtained. For example, the pitting of the stainless steel was caused by the inclusions, that is, the dynamic characteristics in the pitting process of stainless steel and the local decomposition process of the phase from the stainless steel [11,12,13,14]. In this paper, the corrosion behavior of 13Cr stainless steel immersing in the solution of 1mol/L NaCl and 5 mmol/L KI was investigated. The corrosion rate of stainless steel immersing in different concentrations of the Cl− solution for different times was tested. The redox current of 13Cr stainless steel in 1 mol/L NaCl solution (5 mmol/L KI) was tested by SECM technology. The corrosion behavior and corrosion mechanism of 13Cr stainless steel were discussed in depth.




2. Experimental Procedures


2.1. Material


13Cr stainless steel used as casing was the test material obtained from the Tarim oilfield. It had the following chemical compositions: 0.20–0.35 Si, ≤0.03 C, 0.35–0.50 Mn, ≤0.015 P, ≤0.003 S, 13.00–14.00 Cr, 1.00–1.20 Mo, 4.00–5.00 Ni, ≤0.02 N, 0.02–0.05 V, 0.032 Al, and balanced Fe.




2.2. Methods and Techniques


Twelve cylindrical coupons of 5 mm × 5 mm× 20 mm were cut from the 13Cr stainless-steel casing and made into standard scanning electrochemical working electrodes by epoxy resin. The samples were grounded using an abrasive paper until #2000 grit and ultrasonically cleaned in acetone. They were exposed into the NaCl solution of 0.2 mol/L, 0.4 mol/L, 0.6 mol/L, and 1 mol/L. The nonmetallic inclusions were observed by a metallographic microscope and taken out for drying, weighing, and weight loss for different times (0 h, 48 h, 72 h, and 96 h). All experiments were performed with a research-grade digital microscope model Axio Scope A1, a scanning electron microscope (SEM) model EVO MA15 from Zeiss (Carl Zeiss, Oberkochen, Germany), a Philips X’Pert diffractometer Kα Cu = 1.54.56 A (Panaco, Almelo, Netherlands), and a scanning electrochemical microscopy (SECM) system model CHI 900C (CH Instruments Inc., Shanghai, China). Three electrode systems were adopted in the SECM system. A saturated calomel electrode (SCE) was used as the reference electrode. The platinum plate was used as the counter electrode. 13Cr stainless steel was used as the working electrode. Specimens were horizontally mounted facing upward. The accurate location was ensured by the three-dimensional positioning device of Pt superfine electrode probe 75 (r = 7.5 μm). A solution (10 mL) was poured into the electrolytic cell after the device installation according to Figure 1. The probe potential was 0.4 V, scan interval was 100 um × 100 um, and scanning rate was 30 μm/s during the SECM test process. The entire device should be stable in the measure process to ensure the test effect. The solution of 1 mol/L NaCl solution with 5 mmol/L KI was prepared from disposable distilled water. All tests were conducted at room temperature. The experimental reagent is chemically pure and bought from Chengdu Kelon chemical reagent company (Chengdu Kelong Chemical Reagent Factory, Chengdu, China). The experimental purpose is to simulate the corrosion behavior of metal materials in an ocean atmospheric environment. The surface microstructures and corrosion characteristics of 13Cr stainless-steel specimens after the SECM test were observed by a scanning electron microscope.





3. Results and Discussion


3.1. Weight Loss Test


The weight loss test result of 13Cr stainless-steel specimens under the solution with different Cl− concentration is presented in Figure 2.



The corrosion weight loss rate of metal materials can be measured according to the quality variation of the samples before and after immersing in the solution with different Cl− concentration. The calculation formula is as follows:


  Δ m  ( % )  =    m 0  −  m 1     m 0    × 100 %  



(1)







   m 0    is the sample quality before it is corroded, mg;    m 1    is the sample quality after it is corroded, mg.



The weight loss rate of the sample has a linear relation with the immersion time, as shown in Figure 2. The rate of weight loss sharply increases, and the corrosion rate accelerates with the rise of the immersion time. The corrosion gradually gets serious, but the corrosion rate starts to get slow due to the corrosion product film forming on the surface of the sample, which has the passivation effect. In addition, later, the protection of the corrosion passivation disappears and sharply accelerates the corrosion effect of Cl− to the body of the substrate as time increases. The weight loss rapidly increases again, and corrosion becomes more serious. The corrosion products formed on the surface of the 13Cr stainless-steel sample immersing in the solution with different Cl− concentration for different time. The Cl− concentration in the NaCl solution is higher; the corrosion products formed under the same immersion time are much more. The corrosion rate increased with the increase in the Cl− concentration, and the corrosion aggravated.




3.2. Surface SEM Morphology of the Inclusions


Inclusions of 13Cr stainless steel were observed and analyzed by a research-grade digital microscope model Axio Scope A1 after the samples were polished. The results show that the inclusion shapes were strip and ring. Strip shape inclusions are shown in Figure 3a,b. Ring shape inclusions are shown in Figure 3c,d. It can be speculated that the inclusions of ring and strip shapes are aluminum oxide inclusions and metallic phase inclusions according to the Chinese standard GB/T 10561-121 2005. The result of the observation is shown in Figure 3.




3.3. SECM Corrosion Behavior


Figure 4 shows the SECM morphologies of 13Cr stainless steel immersed in the solution of 1 mol/L NaCl and 5 mmol/L KI for different times. From Figure 4, it can be seen that the redox current has obvious differences in different regions of the samples and different corrosion times. Combined with the research results from Wang et al. [15], it can be obtained that stainless steel is continually corroded in different concentrations of the NaCl solution. The corrosion dissolution occurred in the local region of the surface. Meanwhile, the reduction reaction occurred. The possible electrode reaction is as follows:


  F e → F  e  3 +   + 3 e  



(2)






   I 3    −  + 2 e → 3  I −   



(3)







Meanwhile, the reaction occurring on the probe is as follows:


  3  I −  →  I 3    −  + 2 e  



(4)







The local area of the 13Cr stainless-steel surface started to dissolve when Pt probe was scanning the substrate surface of 13Cr stainless steel. Then oxidizing reaction occurred after iron lost the electrons.    I 3    −    was generated on the probe and   F  e  3 +     dissolved due to the reaction from the substrate. The oxidation current on the probe increased. A convex peak from the surface-active points of the dissolved iron appeared just as what was shown in the plane-scanning figure. The quantity of oxidation current peaks was little, and the oxidation current value got large increasing at the beginning of corrosion (the time was 0 h). Therefore, active points were little. The quantity of oxidation current peaks increased, and the oxidation current value continued to increase after it was corroded for 48 h. It showed that active points increased and the tendency of corrosion dissolution strengthened. The corrosion gradually increased with the increase in time. The corrosion was relatively slow when the corrosion time was 72 h. However, the rate of corrosion dramatically increased when the time was more than 72 h. The quantity and value of corrosion current peaks on the surface of the sample constantly changed with the extension of corrosion time. It can be analyzed and shown that the surface active dissolution of 13Cr stainless steel was uneven in the corrosion process, and the corrosion dissolution was prior to the occurrence in the area with inclusions. It extended to other local areas from the view of the microperspective. The oxidation current peak was distributed in terms of strips and ribbons.



The reason for the occurrence of the metal corrosion reaction in the electrolyte was the local passivation membrane with protective effect on the damaged metal. At the moment, hydrogen atoms cause the reaction between the metal substrate and the interface of the passivation membrane as follows [15,16]:


  H →  H  o x  +  +  e −   



(5)






  2  H  o x  +  + F e   ( O H )  2  → F  e  2 +   + 2  H 2  O  



(6)






   H  o x  +  +  O  2 −   → O  H  o x  −   



(7)






   H  o x  +  + O  H  o x  −  →  H 2  O  



(8)







According to the literature, the oxidation of hydrogen decreases the pH value between the metal substrate and the interface of the passivation membrane. Therefore, the proportion of   O  H −  /  O  2 −     was improved. The higher the   O  H −  /  O  2 −    , the lower the pitting-resistance property of the passivation membrane. Moreover, the material was easy to be corroded by Cl−. The clear figure can be obtained by SECM technology through detecting the current variation of Fe2+ in this area. This is because the concentration of Fe2+ in the pitting site was higher than those in the other sites when pitting occurred.




3.4. SEM Morphology


When the SECM test was over, the micromorphology of the samples was observed by a scanning electron microscope. The results showed that pitting corrosion firstly occurred in inclusions. The morphology of the inclusions includes strip (Figure 5a,b) and round inclusions (Figure 5c,d). The area containing strip inclusions on the surface of the sample displayed serious pitting corrosion. It should be known that the inclusions were oxide inclusions of the aluminum and FeAlx phase according to the analysis of the energy spectrum (EDS) test. Table 1 shows the EDS results of the inclusions from Figure 5a–d.




3.5. Phase Structure of Inclusions


A low-angle XRD study of the metallic inclusions in the 13Cr stainless steel revealed the Al2O3 and FeAl phases as the main inclusions. It is clear that its peaks exhibited a higher intensity for Al2O3 and FeAl (Figure 6). The result is consistent with the results of the SECM and energy spectrum (EDS) test.





4. Discussion


The main reason why 13Cr stainless steel was showing local corrosion in the corrosion medium was the local dissolution of the materials. It had a relationship with the structure. The corrosion dissolution of the materials was associated with the precipitated phase, inclusions, and flaw. Figure 3 shows 13Cr stainless-steel materials containing ring and long strip aluminum oxide inclusions and inclusions of the iron and aluminum phase. Its main electrochemical corrosion mechanism was the microcell corrosion generation between the aluminum oxide inclusions and the iron substrate material because the corrosion potential is different among them. This accelerated the corrosion dissolution of the materials. On the basis of the literature analysis results [17,18,19], the corrosion dissolution occurred due to the intermetallic compounds firstly dissolving when the potential of intermetallic compounds such as those containing magnesium and aluminum was lower than that of the iron substrate material. When the potential of intermetallic compounds such as Cu and Pt was higher than that of the iron substrate, the iron substrate firstly dissolved. Then the corrosion pits formed when intermetallic compound particles fell off. This was ascribed to the local dissolution of iron and the different phase of the substrate causing the local corrosion of the material [20,21].



The aluminum oxide compound inclusions (Al2O3) and the FeAl phase compound are contained in 13Cr stainless steel as per the results of the scanning electron microscopy analysis and XRD test. The results show that the material contains the matrix phase of iron and intermetallic compounds of aluminum oxide inclusions, as shown in Figure 5 and Table 1. Because the corrosion potential of the Al2O3 phase was high in the 1 mol/L NaCl solution, it acted as a cathode in the process of corrosion microbattery between the solution and matrix steel. However, the iron matrix acted as an anode due to the low corrosion potential. This caused the anodic dissolution of iron around Al2O3 phase inclusions. Meanwhile, the corrosion active points formed. Aluminum ingots will form the local rich aluminum zone during the process of 13Cr stainless-steel distillation, and iron and aluminum improve with the increase in temperature. The increase in temperature was beneficial to the formation of iron-containing aluminum compounds, namely FeAl and Al2O3, in the low alumina high iron due to the different entropy. The FeAl phase material was similar to the β2 phase in the binary phase of iron aluminum and became the electroactive points [22]. Therefore, this area firstly displayed pitting corrosion because the self-corrosion current was large, and the self-corrosion potential was low. The study of passive film breakdown was important due to the autocatalytic nature of pitting corrosion. Once a corrosion pit generated on the surface of the metal, the attack would indefinitely continue, which is ascribed to the ample supply of aggressive ions (Figure 7). Once the corrosion pit formed on the metal surface, a localized site of high positive charge (the metal ion M+ being removed from the metal surface) would be built up in the pit. This excess positive charge attracted the aggressive ion Cl− into the pit; thereby, fresh ions would be continually supplied to the metal surface. The corrosion pit continued to enlarge when a large number of aggressive ions gather in the pit [23].



It is shown in Figure 4 that electrochemical corrosion in the micro area is tested by a scanning electrochemical microscope. The adhesion between intermetallic compound and body material decreases because of the continual dissolution of iron around the intermetallic compound. When the corrosion arrives to the later period, the intermetallic compound falls off, and pitting occurs on the surface of the material (as shown in Figure 5). This is in agreement with the results of the Peguet study [24]. The conclusion of the corrosion dissolution mainly occurs in the Al2O3 phase inclusion and FeAl phase, and surrounding them can be easily obtained from the EDS analysis of inclusions in 13Cr stainless-steel combing with the analysis of the distribution of the REDOX peak current with strip from the scanning electrochemical. Figure 4a showed that the electroactive point did not appear because no current peaks occurred in the blank sample. The uniform forward and reverse electroactive point firstly appeared when samples soaked in the 1 mol/L NaCl solution for 48 h. Then a certain current peak occurred. After 72 h, 5 electroactive points appeared and pitting formed, as shown in Figure 4c. With the soaked time continually prolonging, the corrosion occurred in the original electroactive point, and new electroactive points appeared in the site with inclusions and flaws, as shown in Figure 4d. Electroactive points firstly generated on the surface of 13Cr stainless steel at the early stage of pitting. However, these electroactive points are unstable. They will disappear and generate pitting with the difference of the immersion time. The generation and disappearance of electroactive points occur simultaneously with the occurrence of pitting. The corrosion mechanism diagram in Figure 7 can also show that the Fe2+ concentration from the solution increases with the increase in the immersion time. This causes the probability of electroactive points and pitting occurrence to increase.




5. Conclusions


(1) The corrosion of 13Cr stainless steel got more serious with the Cl− concentration increasing. The active points on the surface of the samples continually changed with the prolonging of the corrosion time. The sample surface was partially firstly dissolved, and then corroded and dissolved in a large area. The corrosion greatly varied in different areas.



(2) The pitting of 13Cr stainless steel firstly occurred in the electroactive points with metallic inclusions of the Al2O3 and FeAl phase. The generation and disappearance of electroactive points were simultaneous with the corrosion occurrence. The dissolution actively ascribed to the corrosion potential was different between the intermetallic compound such as Al2O3 and the iron matrix, and then corrosion microbattery formed. Corrosion dissolution mainly occurred in the inclusion and its surrounding areas.
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Figure 1. Schematic of test setup for SECM test. 
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Figure 2. Corrosion weight loss result. 
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Figure 3. Image of inclusions morphology: (a) location 1 of band inclusions; (b) location 2 of band inclusions; (c) location 1 of annular oxide inclusion; (d) location 2 of annular oxide inclusion. 
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Figure 4. SECM images of 13Cr stainless steel in 1 mol/L NaCl (5 mmol/L KI) solution for different times: (a) 0 h; (b) 48 h; (c) 72 h; (d) 96 h. 
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Figure 5. Images of inclusions morphology and EDS test results after SECM tests of 13Cr stainless steel immersing in different times: (a) 0 h; (b) 48 h; (c) 72 h; (d) 96 h. 
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Figure 6. XRD pattern of metallic inclusions. 
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Figure 7. Local corrosion dissolution diagram of intermetallic compound. 
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Table 1. Spectrum analysis results of four inclusions (wt. %).






Table 1. Spectrum analysis results of four inclusions (wt. %).





	Element
	C
	O
	Al
	Cr
	Fe
	Ni
	Si
	Ca
	Mg





	1
	5.59
	34.24
	45.53
	2.69
	11.95
	−
	1.01
	14.27
	0.44



	2
	5.61
	23.50
	30.18
	6.52
	32.51
	−
	0.92
	16.08
	1.34



	3
	14.94
	35.02
	30.96
	0.75
	3.05
	−
	−
	−
	−



	4
	9.80
	36.74
	32.86
	0.66
	2.50
	1.68
	−
	−
	−
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