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Abstract

:

The galvanic corrosion of oil and gas production string is related to wellbore integrity and production safety. In order to study the galvanic corrosion of an oil and gas well tubing assembly and maintain production safety, this paper studied the galvanic corrosion behavior between 13Cr alloy steel tubing and the downhole tools of 9Cr and P110 in formate annular fluid via experimental and numerical simulation methods. The chemical composition, HTHP corrosion tests and electrochemical measurement of the three materials were investigated to analyze the corrosion mechanism and electrochemical parameters. Then, a full-sized 3D galvanic corrosion model of 13Cr tubing and a 9Cr/P110 joint combination was established using COMSOL Multiphysics software based on the electrochemical test results. The mechanism and current variation law of the galvanic corrosion of different tubing materials are discussed and analyzed in the paper. The results revealed that the corrosion rates obtained based on the electrochemical test are as follows: P110 (0.072 mm/y) > 9Cr (0.033 mm/y) > 13Cr (0.0022 mm/y). The current densities of a combination of 13Cr tubing with a 9Cr joint and 13Cr tubing with a P110 joint vary dramatically: the current density of the 13Cr tubing–P110 joint reach 1.6 × 10−4 A/cm2, higher than the current density of the combination of 13Cr tubing and a 9Cr joint. The results of a 3D FEM analysis show that the 13Cr tube demonstrates obvious galvanic corrosion with 9Cr and P110 joints, which is consistent with the analysis results of the polarization curve. This study therefore explains the galvanic corrosion mechanism of different tubing materials and provides guidance for the safe use of tubing in the productive process.
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1. Introduction


High-productivity ultra-deep gas wells have progressively drawn the industry’s attention due to the potential for their exploration and production activities to accommodate the rapid increase in global energy consumption. However, the service conditions for downhole equipment are very demanding due to the high temperature (HT), high pressure (HP) and corrosive medium, etc. [1,2,3]. The tubing string, as the sole flow channel, is subject to the combined effects of stress and corrosion; meanwhile, several years of service are also required to ensure normal production. In order to satisfy this requirement, 13Cr stainless steel tubing has been widely used in ultra-deep wells due to its stable mechanical properties and corrosion resistance [4,5]. However, it is worth noting that 13Cr tubing is expensive due to the cost of its production process, while other downhole tool materials, such as 9Cr and P110, are more economical and common. With this in mind, tubing and downhole tools of different materials are often used in different parts of the oil and gas well, such as the dissimilar metal 13Cr tubing–9Cr joint combination [6]. On the other hand, to avoid tubing corrosion failure during the production process of oil and gas wells, annular protection fluid was often added to the wellbore to mitigate oil and gas corrosion. However, the formate annulus protector is an electrolyte with high conductivity [7,8]. Once the dissimilar metals are simultaneously exposed to the annulus protector and come into contact with each other, there is a potential difference between the different metals due to their different corrosion potentials, which drives electrons from the metal with the lower potential to the metal with the higher potential, resulting in the accelerated corrosion of the anode materials via the galvanic pair. This is generally called galvanic corrosion [9,10]. As underground galvanic corrosion can lead to the early failure of underground pipes in a service period, it is necessary to know the rules of galvanic corrosion between different metals before material selection. Some researchers have investigated the galvanic corrosion behavior between carbon steel and 13Cr stainless steel under different circumstances. Li et al. [11] studied the galvanic corrosion between N80 carbon steel and 13Cr stainless steel under supercritical CO2 conditions via electrochemical measurements and surface characterization and found that the corrosion of N80 carbon steel was enhanced via coupling with 13Cr stainless steel, and the galvanic current decreases with time due to the formation of a protective FeCO3 film. Yao et al. [12] studied the galvanic corrosion behavior of a Super 13Cr–P110 steel pair in a NaCl solution via the electrochemical method and found that the galvanic current density generated by the pair would cause serious galvanic corrosion, and the corrosion product was oxide. Wang et al. [13] studied the inhibition effect of a corrosion inhibitor on the galvanic corrosion of N80 carbon steel and 13Cr stainless steel under dynamic supercritical CO2 conditions and found that inhibitors could effectively inhibit the galvanic corrosion of N80 carbon steel, but the galvanic effect decreases the inhibitive effect of the inhibitors for N80 carbon steel. Zhu et al. [14] studied the corrosion behavior of 13Cr stainless steel under stress and the resultant crevices in a high-pressure CO2/O2 environment and found that stress promotes the development of crack corrosion.



Some researchers also have investigated the influencing factors of galvanic corrosion, such as temperature [15], grain refinement [16] and uniaxial tensile stress [17]. Despite many achievements having been made in the study of galvanic corrosion, there are few reports on the galvanic corrosion of tubing materials, especially 13Cr and 9Cr in annulus protection fluid. On the other hand, previous studies mainly focused on experimental methods and rarely combined experiments with numerical simulations. In view of this, this work aims to study the galvanic corrosion between 13Cr tubing and downhole tools constructed of 9Cr and P110 in formate annular fluid using experimental and numerical simulation methods. The chemical composition, HTHP corrosion and electrochemical tests of the 13Cr, 9Cr and P110 materials are first carried out, and some basic parameters are obtained. Then, a finite element model of galvanic corrosion is established and discussed based on the parameters obtained from the test. Finally, the law of galvanic corrosion and the mitigation methods of different combinations of string materials are discussed. A series of important conclusions are drawn in this work.




2. Experimental


2.1. Materials and Experimental Preparation


The tubing and downhole tool materials used in this paper were provided by an oil field. The chemical compositions of the 13Cr, 9Cr and P110 materials were tested according to the national standard, GB/T 4336-2016, and the results are detailed in Table 1. The size of the HTHP (high temperature and high pressure) corrosion testing sample was 40 mm × 10 mm × 3 mm, and the sample was gradually polished using 200~2000-grit SiC paper. Then, the samples were successively cleaned with acetone, deionized water and absolute ethyl alcohol [18].



The electrochemical sample was a φ 6 × 10 mm cylinder. One end of the sample was connected to copper wire via tin welding. The electrode was then encapsulated with high-temperature-resistant paint. The electrode surface was primed, the primer was allowed to dry and then a top coat was applied, several times in turn. After encapsulation, the exposed electrode working surface was a circular surface with a diameter of 6 mm. The electrode surface was polished with 150#, 600# and 800# metallographic sandpaper, and acetone was then used to remove oil. The sample was further cleaned with alcohol, dried in air, and placed in a drying box to be dried before use.




2.2. HTHP Corrosion Tests


In order to reveal the differences in corrosion resistance between the 13Cr, 9Cr and P110 materials, an HTHP cauldron (Southwest Petroleum University, Chengdu, China) was employed to carry out corrosion tests. As shown in Figure 1, the device has a capacity of 5 L, its working temperature limit is 200 °C and its pressure limit is 80 MPa. According to the actual production data collected from the oil and gas well, including the temperature, pressure and partial pressure of CO2 in the wellbore, the test temperature was 80 ± 0.5 °C, the total pressure was 10 MPa, the CO2 partial pressure was 0.8 MPa and the test period was 168 h in this work. The corrosive medium was formation water. First, 5 L of formate annulus protection fluid and the samples were placed into the HTHP cauldron and passed through high-purity nitrogen (99.999%) for deoxygenation treatment for 2 h, and the test was then started by heating up and pressurizing the samples according to the test conditions. After the test, the surface of the tubing sample was cleaned with deionized water, dehydrated with acetone, and dried with air. The corrosion products were analyzed via VEGAII TESCAN scanning electron microscopy (SEM) and an Oxford energy dispersive spectrometer (EDS).




2.3. Electrochemical Measurements


An electrochemical sample, a platinum electrode (Counter Electrode, CE) and a saturated calomel electrode (SCE) were used to construct a three-electrode electrochemical cell [19]. The conductivity of the formate annulus liquid was measured with the conductance instrument DDS-11A. The commercial measurement system, CS350M (Corrtest, Wuhan, China), was set to floating mode for the electrochemical testing. Figure 2 shows the schematic diagram of the electrochemical test. The 9Cr, 13Cr and P110 samples were successively used as working electrodes (WEs). When the open circuit potential stabilized, the polarization curve was measured. The potential scanning range was −500 mV to +500 mV, and the scanning rate was 1.0 mV/s. The polarization curve was fitted using the cathode Tafel extrapolation method. The specific performance parameters of the potassium formate annulus are shown in Table 2.





3. Experimental Results


3.1. HTHP Corrosion Resistance


Figure 3 demonstrates the corrosion morphology and average corrosion rate results of three types of material after corrosion. From a macro perspective, the corrosion of P110 seems to be more serious compared to 9Cr and 13Cr, and 13Cr appears to be the least corrosive. To quantitatively compare the corrosion degree of the three materials, the corroded specimens’ corrosion products were removed according to the industry standard ISO 8407-2009, and the samples were weighed using an electronic balance. Then, the loss of weight method was used to calculate the corrosion rate. The weights of the samples before and after the test and the detailed corrosion rates are presented in Table 3. It is clear that 13Cr shows excellent corrosion resistance, with only 0.004 mm/y, but the corrosion rate of P110 is relatively large, reaching 0.6364 mm/y.



Figure 4 displays the results of the corrosion morphology and energy spectrum analyses of the three types of material after corrosion, and the second column is the local magnification of the first column. It is clear that the surface of the P110 material is uneven: there are many pitting pits and corrosion products, and the energy spectrum results show that most of these corrosion products are iron oxides. The surface of the 9Cr material is slightly corroded. The 13Cr material has a smooth surface and almost no corrosion marks. When the tubing and downhole tools are working downhole, O2 from the atmosphere and the wellbore dissolved in the annulus protection fluid will cause a serious electrochemical reaction, and the anodic reaction is as follows [20]:


  Fe → F  e  2 +   + 2  e −   



(1)
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  C  r  3 +   + 3  H 2  O → C r    (  O H  )   3  + 3  H +   



(5)







The cathode reaction is:


   O 2  + 4  H +  + 4  e −  → 2  H 2  O  



(6)







On the other hand, in a CO2 corrosion system, the anode process is mainly an iron oxidation reaction. The cathode process is mainly the reduction reaction of the hydrogen ion and carbonic acid:


  2  H +  + 2  e −  →  H 2   



(7)






  2  H 2  C  O 3  + 2  e −  →  H 2  + 2 H C  O 3 −   



(8)







The reason for the corrosion resistance of 9Cr and 13Cr is that the surface corrosion product Cr(OH)3 is firmly attached and dense, which plays a good protective role. It is thought that Cr-oxides are generated on the surface of the 9Cr and 13Cr samples, and these oxides could form a dense, passive film to effectively resist the corrosion effect. The main corrosion product of the P110 material is Fe(OH)3, which is unstable in the high-temperature underground environment and is easily decomposed into Fe2O3 and H2O, failing to protect the matrix inside the material [21].




3.2. Electrochemical Results


Figure 5 illustrates the open circuit potential (OCP) of the three types of material vs. time in the formation environment. It can be seen that the 13Cr is stable at −0.233 V, 9Cr is stable at −0.526 V and P110 is stable at −0.635 V. On the other hand, the PD (potential difference) between 13Cr and 9Cr is 293 mV, and the PD between 13Cr and P100 reaches 402 mV. Based on the corrosion thermodynamics theory, 9Cr and P110 are more prone to corrosion compared with 13Cr; these results were also verified by the HTHP corrosion test. Meanwhile, galvanic corrosion could occur when 9Cr or P110 come into contact with 13Cr under the conditions of a formation environment, e. g. corrosion may occur due to 9Cr’s low potential anode in a 13Cr and 9Cr corrosion cell. However, the polarization of materials could occur in electrochemical corrosion, so the measurement of open circuit potential cannot determine whether galvanic corrosion occurs.



Figure 6a displays the polarization curves of the three types of material under the conditions of a formation environment. It is worth noting that the Ecor and Eocp of the 13Cr and 9Cr materials have slight deviations, which is the result of polarization. It is obvious that the 13Cr material has an obvious passivation zone, and the current does not change with the potential, indicating that 13Cr forms a dense passivation film in the corrosive medium, which is consistent with the observation results of the SEM and also indicates that 13Cr has a good self-passivation ability in the annulus protection liquid system. The polarization curve of 9Cr also has a passivation area, and its passivation potential is more negative than that of 13Cr. However, P110 has the most negative corrosion potential and the highest corrosion current density without an obvious passivation zone. It is clear from Figure 6b that the potential of the three materials changed slightly before and after polarization. The polarization curve represents the relationship between the electrode potential and polarization current. The corrosion potentials of 13Cr, 9Cr and P110 are −0.252 V, −0.543 V and −0.621 V, respectively. The relationship between the corrosion rate and polarization curve is as follows: P110 (0.072 mm/y) > 9Cr (0.033 mm/y) > 13Cr (0.0022 mm/y), which is consistent with the HTHP corrosion test results.



Figure 7 illustrates the open circuit potential of the 9Cr and 13Cr coupling element with different area ratios vs. time in the formation environment. When the two metals are coupled, there is a large potential difference between the 13Cr and 9Cr materials. As the area ratio increases, the potential difference between the 13Cr and 9Cr materials becomes larger. When the area ratio is 1:7, the potential difference reaches 485 mV. The greater the potential difference between them, the more likely it is that galvanic corrosion will occur between the metals. The greater the potential difference, the more likely is metal corrosion. Detailed information for before and after coupling is shown in Table 4. The corrosion rates of different materials before and after coupling are summarized in Figure 8. It can be seen that the corrosion rates of the metals increase with an increase in the area ratio between the coupled metals. When the area ratio is constant, the P110 and 13Cr coupling component is easier to corrode than 9Cr and 13Cr.





4. Galvanic Corrosion Modeling


4.1. Modeling


To extend the experimental data of the samples to evaluate the actual corrosion rate according to the actual string size, temperature and corrosive medium, etc., a 3D finite element model (FEM) of the corrosion current field was established to restore the actual corrosion situation between the tubing and dissimilar component using COMSOL® Multiphysics software. Figure 9 shows the FEM of the corrosion current field between the tubing and the dissimilar component and their size. Based on the actual string size, the tubing diameter was set as 88.9 mm, the dissimilar component at 108 mm and the annulus diameter at 159.42 mm; meanwhile, the length of whole model was 4 m, and the length of the dissimilar joint was 0.5 m.



In addition, there were two types of material properties (13Cr and 9Cr/P110) in the whole model, and the attribution of the material properties was set based on the experimental results described in Section 3. The Tafel linear extrapolation method was used to analyze the polarization curves, and the corrosion potential, self-corrosion current density, cathode/anode Tafel slope and other dynamic parameters of the different materials were obtained [22,23,24].



From the 13Cr corrosion resistance perspective, the equilibrium potential is −0.233 V, the anode and cathode Tafel slope is 27.7 mV/dec, the corrosion potential is −0.252 V and the corrosion current is 0.195 × 10−6 A/cm2. Meanwhile, from the 9Cr corrosion resistance perspective, the equilibrium potential is −0.526 V, the anode and cathode Tafel slope is 102.9 mV/dec, the corrosion potential is −0.543 V and the corrosion current is 2.85 × 10−6 A/cm2. A free triangular mesh was used for meshing, and a finer mesh was set to improve the resolution of the contact points between the anode and cathode. The experimental polarization data presented above were used to describe the electrode dynamics on the surface of the 13Cr, 9Cr and P110 materials.




4.2. FE Analysis


The contour of the dissolution current density on the inner wall of the combined string (13Cr and 9Cr joint) is presented in Figure 10. It can be seen that the current density is relatively high at the connection region between the 9Cr joint and the 13Cr tubing, and the density reaches 1.44 × 10−4 A/cm2. However, the current density is relatively small at both ends of the 13Cr tubing and the intermediate region of the 9Cr joint; the current density is only 4.59 × 10−11 A/cm2. Figure 11 shows the contour of the string dissolution current density on the outer wall of the combined string (13Cr and 9Cr joint); the outer current density is slightly lower than the internal, and the maximum current density occurs at the coupling position of the tube body and the joint: 1.44 × 10−4 A/cm2. It is important to note that the most severe corrosion of the failed tubing from the oil- and gas-producing well is also located at the junction of the pipe body and the joint, which is consistent with the simulation results.



Figure 12 reveals that the current density of the 9Cr and 13Cr coupling component varies with its path, and it was found that the current density varies significantly with the path: the closer the pipe body is to the joint, the higher the current density is, and the maximum value is 1.40 × 10−4 A/cm2 at the connection position of the pipe body and the joint. From the connection of the pipe body and the joint to the link of the two joints, the current density begins to decline, and it is the smallest at the joint-to-joint section.





5. Discussion


The current density distribution of the P110 and 13Cr coupling component was also studied and analyzed. Figure 13 shows the relationship between the current density and path for different connection materials. When the pipe body and joint materials are both 13Cr, the current density is 0, and there is no galvanic corrosion. It is noteworthy that the current densities of the combinations of 13Cr tubing with a 9Cr joint and 13Cr tubing with a P110 joint vary dramatically; the current density of the 13Cr tubing–P110 joint reaches 1.6 × 10−4 A/cm2, which is higher than for the 13Cr tubing and 9Cr joint. The results of the 3D FEM analysis show that the 13Cr tube has obvious galvanic corrosion with 9Cr and P110 joints, which is consistent with the analysis results of the polarization curve. The reason why galvanic corrosion occurs easily in the production process of oil and gas wells is that there is an obvious potential difference between the 13Cr and 9Cr and P110 materials, and different degrees of galvanic corrosion occur when 13Cr is coupled with them. When 9Cr or P110 are used as the anode there is accelerated corrosion, while as the cathode, the 13Cr is protected. Acted upon by tensile and compressive stress, the coupling position fails easily and causes great loss. This study further confirmed the seriousness of galvanic corrosion between 13Cr and 9Cr/P110 tubing string materials. Therefore, in the design of a tubing string for oil and gas wells, it is necessary to consider not only the anticorrosive performance of a single material but also the galvanic corrosion caused by the coupling contact of various materials. It is necessary to select a reasonable combination of tubing to reduce or avoid galvanic corrosion. At the same time, effective anticorrosive measures are formulated to ensure the long-term integrity of the tubing strings of production wells. In light of this, some mitigation measures are proposed for oil and gas production strings:




	(1)

	
Select materials reasonably. The driving force for galvanic corrosion comes from the potential difference between two different metals in contact; hence, the material used for the tubing string assembly should be selected to be as close as possible to the metal in the galvanic sequence. In tubing design, the use of 13Cr–P110 tubing material combinations was avoided as much as possible. Although this saved material costs, it did not pay off in the long run.




	(2)

	
Reasonable structural design. Galvanic corrosion is mainly concentrated near the joint, so when two pipes of different materials are connected through the joint, a structure with a large anode area and a small cathode area should be used as far as possible.




	(3)

	
Protective coating layer. Nonmetallic coatings can be applied to tubing joints to mitigate galvanic corrosion [25].




	(4)

	
Change the corrosive environment. Corrosion inhibitors or cathodic depolarizers can be added to the wellbore to mitigate the corrosive effects of the downhole media.










6. Conclusions


In this work, the galvanic corrosion behaviors of 13Cr alloy steel tubing strings and 9Cr/P110 downhole tools were studied and discussed. Chemical composition, HTHP corrosion and electrochemical tests of the 13Cr, 9Cr and P110 materials were carried out. Based on the results of the electrochemical tests, a three-dimensional finite element model of the galvanic corrosion of 13Cr tubing with 9Cr and P110 joints was established. The main conclusions can be drawn as follows.



	(1)

	
The HTHP corrosion tests show that the corrosion rates of the three materials in formate are as follows: P110 (0.6364 mm/y) > 9Cr (0.0440 mm/y) > 13Cr (0.0040 mm/y). The electrochemical measurements reveal that the corrosion potentials of 13Cr, 9Cr and P110 are −0.2524 V, −0.5437 V and −0.621 V, respectively. The corrosion rates of the three different materials are as follows: P110 (0.072 mm/y) > 9Cr (0.033 mm/y) > 13Cr (0.0022 mm/y).




	(2)

	
The 13Cr and 9Cr materials have an obvious passivation zone on the polarization curve. The reason for the corrosion resistance of 9Cr and 13Cr is that the surface corrosion product Cr(OH)3 is firmly attached and dense.




	(3)

	
A 3D FEM of the galvanic corrosion of 13Cr with 9Cr and P110 joints was established based on the electrochemical test results. The FEM analysis shows that the 13Cr tube has obvious galvanic corrosion with 9Cr and P110 joints, which is consistent with the analysis results of the polarization curve.




	(4)

	
When both the pipe body and joint materials are 13Cr, the current density is 0, and there is no galvanic corrosion. It is noteworthy that the current densities of the combinations of 13Cr tubing with a 9Cr joint and 13Cr tubing with a P110 joint vary dramatically, and the current density of the 13Cr tubing–P110 joint reaches 1.6 × 10−4 A/cm2, which is higher than the current density of the 13Cr tubing and 9Cr joint.
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Figure 1. HTHP corrosion test apparatus, (a) HTHP reactor for test, and (b) schematic diagram of experimental principle. 
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Figure 2. (a) CS350M electrochemical tester and (b) principle. 
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Figure 3. Corrosion morphology and average corrosion rate. 
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Figure 4. The results of corrosion morphology and energy spectrum analyses of three types of material after corrosion: (a) P110, (b) 9Cr, and (c) 13Cr. 
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Figure 5. The OCP of three types of material vs. time under conditions of a formation environment. 
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Figure 6. The results of electrochemical test: (a) polarization curves of three types of material and (b) Ecor and Eocp of three types of material. 
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Figure 7. The OCP of 9Cr–13Cr coupling element with different area ratios vs. time in formation environment: (a) 1:1, (b) 1:3, (c) 1:5, and (d) 1:7. 
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Figure 8. The corrosion current of 9Cr and 13Cr coupling element with different area ratio vs. time in a formation environment. 
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Figure 9. The FEM of corrosion current field between the tubing and the dissimilar joint. 
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Figure 10. The contour of dissolution current density on the inner wall of combined string (13Cr and 9Cr joint). 






Figure 10. The contour of dissolution current density on the inner wall of combined string (13Cr and 9Cr joint).



[image: Coatings 13 00861 g010]







[image: Coatings 13 00861 g011 550] 





Figure 11. The contour of string dissolution current density on the outer wall of combined string (13Cr and 9Cr joint). 
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Figure 12. Potential density of 9Cr and 13Cr coupling component varies with path. 
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Figure 13. Relationship between current density and path under different connection materials. 
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Table 1. Chemical composition of the tested materials (wt%).
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	Element
	C
	Si
	Mn
	P
	S
	Ni
	Cr
	Cu
	Mo
	V
	Fe





	P110
	0.26
	0.24
	1.53
	0.022
	0.003
	0.02
	0.05
	0.07
	0.01
	0.02
	Balance.



	9Cr
	0.11
	0.28
	0.51
	0.015
	0.004
	0.15
	8.68
	0.02
	0.96
	0.21
	Balance.



	3Cr
	0.16
	0.25
	0.57
	0.012
	0.004
	0.04
	2.92
	0.06
	0.33
	0.01
	Balance.
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Table 2. Formate annulus fluid parameters.






Table 2. Formate annulus fluid parameters.





	Parameter
	Value





	Saturation concentration (wt%)
	49



	Density (g/cm3)
	1.45



	Funnel viscosity (s)
	30



	pH
	9.8
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Table 3. The weights of samples before and after the test and the average corrosion rates.
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Material

	
Length (mm)

	
Wide (mm)

	
High (mm)

	
Before Corrosion (g)

	
After Corrosion (g)

	
Testing Time (h)

	
Corrosion Rate (mm/y)

	
Average (mm/y)






	
P110

	
39.69

	
10.00

	
3.02

	
8.4971

	
8.3922

	
168

	
0.6370

	
0.6364




	
39.78

	
9.76

	
2.99

	
8.2001

	
8.1043

	
168

	
0.5932




	
39.61

	
9.93

	
2.94

	
8.3244

	
8.2142

	
168

	
0.6791




	
9Cr

	
39.76

	
9.95

	
2.96

	
8.1980

	
8.1904

	
168

	
0.0465

	
0.0440




	
39.69

	
9.92

	
2.92

	
8.0326

	
8.0255

	
168

	
0.0438




	
39.76

	
9.95

	
2.90

	
8.0023

	
7.9955

	
168

	
0.0418




	
13Cr

	
39.66

	
9.95

	
2.98

	
8.3541

	
8.3533

	
168

	
0.0050

	
0.0040




	
39.72

	
10.02

	
2.97

	
8.3950

	
8.3944

	
168

	
0.0037




	
39.73

	
9.81

	
2.98

	
8.1452

	
8.1447

	
168

	
0.0032
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Table 4. The corrosion currents of a 9Cr and 13Cr coupling element with different area ratios.






Table 4. The corrosion currents of a 9Cr and 13Cr coupling element with different area ratios.





	
Area Ratio

	
OCP Eocp (V)

	
PD (mV)

	
Current Density (10−6 A/cm2)

	
Corrosion Rate (mm/y)




	
9Cr

	
13Cr






	
1:1

	
−0.551

	
−0.1511

	
399

	
9.8

	
0.11




	
1:3

	
−0.559

	
−0.122

	
437

	
15

	
0.174




	
1:5

	
−0.562

	
−0.1051

	
456

	
22.8

	
0.266




	
1:7

	
−0.583

	
−0.098

	
485

	
25

	
0.290
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