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Abstract

:

This study employs finite element analysis and simulated environmental immersion experiments to methodically investigate the growth behavior of pitting corrosion in stainless steel. It particularly examines how the diameter-to-depth ratio of the pit influences its growth dynamics. The findings underscore substantial variations in growth patterns and corrosion rates corresponding to different diameter-to-depth ratios. Key parameters, including electrolyte current density, potential, Fe2+ and Cl− ion concentrations, and pH values, play a crucial role in the corrosion mechanism. Remarkably, a pronounced increase in the corrosion rate at the pit bottom was observed with the increase in the diameter-to-depth ratio to 1:5. The results of this work provide insight into stainless steel pitting mechanisms, enabling the development of more effective prevention strategies.
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1. Introduction


Super 13Cr martensitic stainless steel (S13Cr MSS), due to its excellent physical and corrosion resistance properties, has replaced carbon steel as the primary material in oil pipelines [1,2,3,4]. However, pitting and stress corrosion cracking can lead to premature failure of stainless steel [5,6,7].



In recent years, extensive research has been conducted on the pitting resistance of S13Cr MSS. The presence of surface defects means that the corrosion-resistant passive film cannot fully cover the surface of the material, leading to corrosion resistance heterogeneity and severe pitting [8]. An increase in service temperature has been shown to inhibit the density of the Cr-rich layer [9,10], inducing an increase in pitting sensitivity [11]. When the service temperature is too low, the composition of the S13Cr MSS passive film is affected, enhancing pitting sensitivity [12,13]. Under the influence of external forces, the passive film of S13Cr MSS degrades, causing a negative shift in pitting potential and high sensitivity to pitting corrosion [6,14]. Meanwhile, the external stress also increases the adsorption and penetration speed of Cl− ions, promoting the diffusion of point defects in the passive film and thereby leading to rapid decomposition of the film [12]. As for S13Cr MSS itself, the Mo-rich intermetallic compounds can reduce the corrosion resistance of S13Cr MSS [15], while the reverse austenite can ensure the lower corrosion current density and the better metastable pitting resistance of the steel [16,17,18,19].



The numerical modeling of pitting growth behavior has long been considered a highly complex task [20]. The problem of localized corrosion involves complex electrolyte–metal interface interactions, where the irregular shape of the interface and its changes are influenced by both the local mechanical and chemical factors, which in turn depend on the specific morphology of the interface [21]. Recently, new mathematical models describing mass transfer, homogeneous chemical reactions, and charge balance have been proposed to better understand the diffusion and transport properties, as well as their impact on corrosion evolution in multiple substances [22,23,24]. Stahle [25] and Abubakar [26] were among the first to apply the phase field models in corrosion problems. In addition, Mai et al. [27,28] proposed a phase field corrosion model that explained the diffusion behavior of solutes and reactants in the electrolyte. Ansari et al. [29] considered the ion transport in the electrolyte and the electrochemical reactions at the electrolyte/metal interface, employing a phase field model for quantitatively predicting the kinetics of pitting corrosion. The results indicate that mutual coupling between pits increases the corrosion rate, making it easier to form larger pits. Moreover, compared to compressive stress, tensile stress is conducive to a higher corrosion rate. Further, the corrosion rate of {111} crystal planes is only one-third of those of {110} and {100} crystal planes. Finally, without considering the influence of stress concentration, insoluble inclusions hinder the growth direction of pits. Mai et al. [28] considered the role of mechanics in the corrosion process, focusing on the enhancement of the corrosion rate by the mechanical field [30] as well as on the formation, rupture, and subsequent repassivation of the passive film [31]. Therefore, existing models mainly describe the interface issues of localized corrosion, whereas the relationship between the late growth and the initial morphology of pits is still not clear. Since the growth behavior and morphology of pits are of great importance for stress corrosion cracking, it is necessary to clarify the impact of the initial morphology of pits on the evolution of pitting corrosion.



This work aims to elucidate the morphological and corrosion evolution patterns of pits with different initial diameter-to-depth ratios during service through experiments and finite element calculations. Special attention is paid to the effects of electrolyte current density, electrolyte potential, Fe and Cl ion concentrations, pH, and corrosion rate changes over time on the pitting corrosion.




2. Materials and Methods


2.1. Experimental Testing


Commercial S13Cr MSS, manufactured by Baosteel (see the chemical composition in Table 1), was used in the study. The material was cut into strips measuring 40 mm × 10 mm × 3 mm. Samples were sequentially polished with 500–2000 grit silicon carbide sandpapers, then cleaned with deionized water and degreased in acetone.



The simulated environmental immersion solution replicated the oilfield conditions and was categorized into live acid, spent acid, condensate water, and formation water. The specific components and immersion durations are detailed in Table 2. After immersion, samples were derusted using a hydrochloric acid–hexamethylenetetramine solution and rinsed with clean water. The morphological features of samples after immersion were characterized using a TESCAN CLARA scanning electron microscope, equipped with an Xplore energy-dispersive X-ray spectrometer (EDS). In order to determine the composition of corrosion products, X-ray photoelectron spectroscopy (XPS, K-Alpha) was introduced to profile the characteristic peaks.




2.2. The Finite Element Model


The occurrence of metal corrosion is determined by electrochemical peculiarities, mainly the current density, of the material [29]. Pitting corrosion—a severe localized corrosion phenomenon on the metal surface—is largely controlled by the current density vector in the electrolyte [32]. Therefore, the current density vector in the electrolyte was calculated to characterize the growth trend of pitting corrosion of S13Cr MSS using COMSOL Multiphysics medium.



The model employed in the simulation had the dimensions of 40 μm × 30 μm and featured pits with diameters of 1 μm and depths of 1, 3, and 5 μm, resulting in diameter-to-depth ratios of 1:1, 1:3, and 1:5, respectively. A triangular mesh with maximum and minimum sizes of 1 μm and 2 × 10−4 μm was introduced. The tertiary current distribution and Nernst–Planck interface were embedded in the model for calculating the pit growth, opting for a transient solver for the solution. An example illustrated in Figure 1 with a diameter-to-depth ratio of 1:1 designates the solution/steel interface as a free boundary, whereas the remaining solution boundaries are treated as electrically insulating.



The electrochemical dissolution of pitting involves the oxidation of steel and the reduction of oxygen. The reduction of oxygen primarily occurs on the metal surface external to the pitting site, while iron is oxidized within the pit to balance the oxygen reduction reaction as follows:


  Anodic   reaction :   Fe ( s ) →   Fe   2 +   + 2  e −   



(1)






  Cathodic   reaction :      4 H   +  + 4  e −  +  O 2  → 2  H 2  O  



(2)







In the vicinity of the electrode surface within the electrolyte, the dissolved iron forms the iron hydroxide conforming to the equation below:


    Fe   2 +   +    2 OH   −  →    Fe ( OH )   2   ( s )   



(3)







Furthermore, it is assumed that the anodic reaction in the steel is the dissolution of iron, with alloy elements dissolving alongside iron. The corrosion of steel is activation-controlled. The electrode kinetics of the anodic and cathodic reactions are described by a simplified Tafel expression of the Butler–Volmer equation as follows [33]:


   i a  =  i  0 , a   exp  (     η a     b a     )   



(4)






   i c  =  i  0 , c   exp  (     η c     b c     )   



(5)






  η = φ −  φ  e q    



(6)




where the subscripts a and c, respectively, denote the anodic and cathodic reactions, i represents the charge transfer current density,    i 0    is the exchange current density, φ is the electrode potential,    φ  e q     is the equilibrium electrode potential, η is the overpotential of activation, and b is the Tafel slope.



The corrosion process is based on the Nernst–Planck equation, which assumes that electroneutrality is maintained and that water autolytic reactions are in equilibrium. The equation is capable of modelling the transport of substances by all three modes of transport: diffusion, electromigration, and convection, thus accurately describing the effects of component changes during pitting corrosion. This makes the model well suited to study and simulate the complex electrochemical and physical phenomena that occur during pitting.


   J i  = −  D i  ∇  c i  −  z i   μ   m , i    F  c i  ∇  Φ l  +  c i  u  



(7)




where  F  is Faraday’s constant (C/mol),    J i    represents the flux of the substance (mol/(m2·s)), the charge of the substance is    z i   ,    c i    represents the concentration of ions (mol/m3),    D i    is the diffusion coefficient (m2/s),    μ   m , i      is the ion mobility (s·mol/kg),    Φ l    is the potential of the electrolyte, and  u  and is the velocity vector (m/s).



This physical field interface also uses the water-based electroneutrality equation in the set of equations describing the conservation of matter and current as follows:


    ∑ i    z i     c i  +  c H  −  c  OH   = 0  



(8)




where    c H    is the concentration of H+, and    c  O H     is the concentration of OH ions. This also means that all charged substances in the electrolyte need to be defined in the simulation as well as accounting for the self-ionisation equilibrium of water.



The current–voltage relationship in this simulated electrochemical process also follows Ohm’s law:


   i s  = −  σ s  ∇  Φ s   



(9)






  ∇ ·  i s  =  Q s   



(10)




where    i s    denotes the current density vector of the electrode (A/m2),    σ s    denotes the conductivity (S/m),    Φ s    denotes the potential in the metal conductor, and    Q s    denotes the general current source term (A/m3).



Since the electrolyte is an ionic conductor, its net current density can be described by the sum of the fluxes of all the ions:


   i l  = F   ∑ i    z i   J i  + F  J H  − F  J  O H      



(11)




where    i l    denotes the current density vector of the electrolyte (A/m2) and    J i    represents the flux of the substance (mol/(m2·s)).



In addition, the kinetic behaviour was also calculated based on the Butler–Volmer expression through the equation:


   i  l o c , m   =  i 0   (   (  exp    [     α a  F η   R T    ]  − exp  [    −  α c  F η   R T    ]   )   



(12)




where    i  l o c , m     indicates the current density of the electrode (A/m2),    i 0    indicates the exchange current density (A/m2),  η  indicates the electrode potential,  T  indicates the thermodynamic temperature,  R  indicates the gas constant,    α c    indicates the charge transfer coefficient in the positive (cathode) direction,    α a    indicates the charge transfer coefficient in the negative (anode) direction, and  η  indicates the activation overpotential.



The setting of the electrode–electrolyte interface in the physical field of the cubic current distribution should also take into account the equilibrium potentials:


   E  e q   =  E 0  +   R T   n F   ln    α o     α r     



(13)




where,    E  e q     denotes the equilibrium potential of the metal in V,    E 0    denotes the standard electrode potential of the metal in V,  n  denotes the number of electrons gained and lost in the electrode reaction (valence number of the metal ion),    α o    denotes the activity of the oxidised metal ion in solution, and    α r    denotes the activity of the reduced metal ion in solution. We used these calculations to obtain the required physical quantities.





3. Results


3.1. FE Analysis Results


Figure 2 shows the current density vector in the electrolyte distribution for pits with three different diameter-to-depth ratios after undergoing corrosion for various durations. For a pit with a 1:1 ratio, the current flowed upward perpendicular to the model plane. At the initial stage of corrosion (Day 1), the current density vector in the electrolyte on the S13Cr MSS surface and at the bottom of the pit was approximately the same (about 3.97 × 10−3 A/m2), while the current density on the inner walls of the pit was significantly lower than on the matrix surface (around 3.96 × 10−3 A/m2). By the 30-th day, the affected area of the pit expanded, exhibiting no significant change in values but a gradual transition of the pit shape to hemispherical. Therefore, at a 1:1 diameter-to-depth ratio, the dissolution rate of the pits in different directions was roughly identical.



For a pit with a diameter-to-depth ratio of 1:3, the current density vector in the electrolyte varied over time, as shown in Figure 2b. Unlike the 1:1 ratio, the current density on the inner walls of the pit was significantly higher than on the surface of 13Cr, increasing with depth and reaching a maximum at the bottom (4.70 × 10−3 A/m2). This indicated a distinct pattern in the progression of pitting corrosion related to the aspect ratio of pits.



For a pit with a diameter-to-depth ratio of 1:5, the current density vector in the electrolyte changed over time as depicted in Figure 2c. The maximum electrolyte current density in the pit reached 5.20 × 10−3 A/m2, while the minimum was 3.84 × 10−3 A/m2. The current density vector in the electrolyte at the bottom of the pit was ten times higher than that at the surface. This indicated that once the diameter-to-depth ratio reached 1:5, the dissolution rate at the bottom of the pit exceeded that at the matrix surface.



The presence of pits caused an uneven electrolyte current density distribution. Furthermore, as the corrosion evolved over time, the current density vector in the electrolyte inside the pits increased, indicating an acceleration of the corrosion rate. Morphologically, it was evident that at the diameter-to-depth ratios of 1:1 and 1:3, the shape of the pits underwent no significant change, meaning that the lateral and vertical corrosion rates were comparable. This was consistent with findings reported in works [29,34,35]. At a ratio of 1:5, the pits became droplet-shaped owing to a remarkable difference in corrosion rates at the bottom, the middle and the top of the pit.



Figure 3 shows the electrolyte potential distribution in pits with different diameter-to-depth ratios at varying stages of corrosion. It reveals the uniform electrolyte potential distribution outside the pitting area and the increase of potentials at the bottom of pits with increasing diameter-to-depth ratio. This revealed the impact of pit morphology on the electrolyte potential dynamics during corrosion.



The notable difference in electrolyte potential at the base of corrosion pits led to significant variations in pit morphology, particularly across different diameter-to-depth ratios. Higher electrolyte potentials indicate an increased tendency for the metal surface to undergo oxidation reactions. In these reactions, metal atoms were more likely to lose electrons and transform into metal ions, accelerating the corrosion process. This increase in metal ion concentration, in turn, raises the electrolyte potential, creating a self-reinforcing cycle of corrosion [36,37]. This effect became especially evident when the diameter-to-depth ratio reaches 1:5, resulting in the formation of pits with a droplet-like shape. In contrast, at diameter-to-depth ratios of 1:1 and 1:3, the differences in corrosion rates between the sides and bottom of the pits were less pronounced. This is due to a smaller potential difference with the surrounding metal surface, leading to a more even corrosion pattern.



The analysis of dissolution trends in conjunction with Figure 2 provided a clearer understanding of the substrate dissolution mechanisms. The electrolyte potential at the bottom of the pits increased to various degrees, indicating that most of the substrate has dissolved at these locations. The dissolution of more cations promoted a positive shift in electrolyte potential, highlighting the aggressive dissolution behavior at the bottom of pits.



Figure 4 illustrates the variation in Fe2+ concentration within pits under different conditions. The ion concentration in the solution—a factor determining the electrolyte potential variations [7]—confirmed that the highest electrolyte potentials occurred at the bottom of the pits. The Fe2+ concentration distribution across different diameter-to-depth ratios showed the varying trend. At a ratio of 1:1, the shallow depth of pits resulted in slower substrate dissolution rates and smaller dissolution areas, leading to lower Fe2+ concentrations. With the increase in the ratio to 1:3 and especially to 1:5, the Fe2+ concentration rose significantly, highlighting the effect of pit geometry on the ion distribution and diffusion patterns, which was in line with the experimental findings of Zhao [38].



Figure 5 displays the variation in Cl− concentration within pits under different conditions, revealing a trend similar to that of Fe2+ concentration. A significant amount of Cl− was primarily concentrated at the bottom of the pits, decreasing toward the surface of the substrate. As the corrosion proceeded, the Cl− concentration inside the pits and on the substrate surface correspondingly increased, indicating the noticeable role of Cl− in pitting corrosion.



The variation in ion concentration is closely linked to the electrochemical reactions occurring during the pitting corrosion. Pitting corrosion, a common form of localized corrosion [7], exemplifies a scenario where a large cathode and a small anode lead to corrosion acceleration. The deposition of Fe2+ at the pit entrance hinders material exchange between the inside and outside of the pit, creating a stagnation condition within the pit compared to the exterior. This condition fosters an oxygen concentration cell with a small O2 level inside the pit and multiple oxygen ions outside, accelerating ionization within the pit. Consequently, the Fe2+ concentration inside the pit increases. To maintain the electrical neutrality, Cl− ions enter the pit, enhancing the activity of H+, which in turn increases the metal dissolution rate at the pit bottom [29,35,39]. This process results in the increase in Fe2+ and Cl− concentrations at the pit bottom as the pitting progresses, agreeing with the above increases in corrosion rate and electrolyte potential changes.



Figure 6 depicts the pH changes inside and outside the pits with different diameter-to-depth ratios. The changes were predominantly observed at the pit bottoms and inner walls, exhibiting the minimal pH fluctuation on the substrate surface, suggesting localized substrate dissolution within the pits. The lower pH values, indicating the higher proton concentrations, correlated with the faster corrosion rates. For pits with ratios of 1:1 and 1:3, the pH variation was minimal, reflecting a slower corrosion rate, despite a gradient difference between the pit bottom and the substrate surface.



The accumulation of large H+ and Cl− amounts in pits hampered the diffusion of dissolved metal Fe2+ ions from the inside to the outside of the pit, leading to an increase in cation concentration within the pit. To maintain electrical neutrality, multiple Cl− ions continuously migrated into the pit, combining with dissolved metal cations at the bottom to form chlorides. This chloride formation further resulted in the production of metal hydroxides and acidic substances within the pit [40,41], thus decreasing the pH value at the pit bottom as the corrosion proceeded. This enhanced acidity at the pit bottom and accelerated the anodic reaction rate [35,42], leading to the rapid vertical development of the pit.



The corrosion rate at different parts of pits at different diameter-to-depth ratios showed the varying trend (Figure 7). At the pit top and the ratios of 1:3 and 1:5, the corrosion rate increased over time, while oscillating at a ratio of 1:1. As seen from the middle and bottom parts of the pits, the deeper pits (with the ratio of 1:5) possessed an exponential increase in corrosion rate, unlike those with ratios of 1:1 and 1:3. This indicated the rapid downward growth for pits with a ratio of 1:5, highlighting the significant effect of pit geometry on the corrosion dynamics.



Figure 8 displays the total electrode corrosion rate over a 0-to-30-day period for pits with various depths. The x-axis represents the vertical displacement due to pitting, and the y-axis shows the total electrode corrosion rate. The corrosion rate at a diameter-to-depth ratio of 1:5 was much higher than those at the other two ratios, demonstrating an increase with depth. This trend corroborated with the above findings on electrolyte current density, potential, ion concentrations, and pH values, illustrating the comprehensive impact of these factors on the evolution of corrosion.




3.2. Analytical Insights from Simulated Immersion Experiments


To validate the specific composition of the corrosion products in the samples, this study conducted X-ray Photoelectron Spectroscopy (XPS) analyses. The XPS results for C1s, O1s, Fe2p3/2, and Cr2p3/2 on the sample surfaces are presented in Figure 9. The XPS spectra for C1s exhibit characteristics of two distinct peak groups, with the fitting curve confirming the presence of C–O and C=O functional groups at binding energies of 286.0 eV and 288.5 eV, respectively. Similarly, the fitting results for O1s also display dual-peak characteristics, pinpointing the C–O and C=O bonds at 532.1 eV and 533.2 eV [15,43,44], respectively. Hence, the corrosion products are primarily composed of carbonates. The primary components of the corrosion products are further elucidated through the analysis of Fe2p3/2 and Cr2p3/2 peaks. The fitting curve for the Fe2p3/2 peak identifies a peak at 712.0 eV corresponding to FeCO3, while a peak at 709.0 eV is attributed to FeCr2O4. In addition, fitting of the Cr2p3/2 XPS spectra reveals a peak at 577.8 eV corresponding to Cr2O3, and a peak at 576.5 eV identified as FeCr2O4 [15,44,45], thereby providing a detailed insight into the composition of the corrosion products on the samples.



The SEM and EDS images (Figure 10) from the simulated immersion tests of the 13Cr surface revealed circular pits with an approximate diameter of 22 μm, surrounded by cracks of various sizes. Following the immersion, the specimen’s surface was found to be extensively covered with corrosion products. These products were identified as iron–chromium compounds with a minor presence of iron(II) carbonate (FeCO3), aligning with the conclusions of other studies [7,13]. The differential thermal expansion of the corrosion products from the substrate induced the substantial internal stress, leading to cracks in the corrosion product film [46]. The elemental analysis revealed a predominance of Fe, Cr, and O elements around the pits, with Cl notably enriched around the pits, which agreed with the finite element analysis data. This Cl enrichment was attributed to electrochemical reactions within the pits, whereby Cl− anions were required to maintain the charge balance through their directional movement [47]. Additionally, the areas enriched in Cl showed less Cr, indicating the presence of Fe and O elements, which suggested that the protective oxide film on the substrate surface was compromised by the pits, facilitating further corrosion [40,48].





4. Conclusions


The finite element analysis and simulated environment immersion test were used to address the growth behavior of pitting corrosion. The finite element analysis consisted in assessing the current density vector in the electrolyte, potential, Fe and Cl ion concentrations, pH values, and electrode corrosion rates. The immersion test furnished information about the primary morphology and chemical composition around the pits. Based on the findings, the main conclusions can be drawn as follows.



	(1)

	
The corrosion rate is influenced by electrolyte current density, potential, and concentrations of Fe and Cl ions, as well as pH values. For pits with diameter-to-depth ratios below 1:3, growth rates are similar in all directions, leading to the uniform expansion of pitting. At a ratio of 1:5, the growth rate at the bottom of pits surpasses those at the middle and top, resulting in a droplet-shaped pit morphology.




	(2)

	
The corrosion rate at the bottom of pits increases exponentially with the diameter-to-depth ratio. Fe and Cl ions accumulate within pits, creating a localized galvanic cell that accelerates corrosion through the pronounced cathode–small anode effect.




	(3)

	
The diffusion of Cl ions into pits causes Cr depletion at the edges, undermining the protective oxide layer around pits and lowering the local corrosion potential, which accelerates corrosion around the pits.
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Figure 1. Finite element geometric model of pitting corrosion. 
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Figure 2. Cloud diagrams depicting the current density vector in the electrolyte distribution in pits with three different diameter-to-depth ratios: (a) 1:1, (b) 1:3, and (c) 1:5. 
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Figure 3. Electrolyte potential in pits with different depth-to-diameter ratios: (a) 1:1; (b) 1:3; (c) 1:5. 
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Figure 4. Fe2+ distribution and flow direction in pits with different depth-to-diameter ratios: (a) 1:1; (b) 1:3; (c) 1:5. 
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Figure 5. Cl− distribution and flow direction in pits with three different depth-to-diameter ratios: (a) 1:1; (b) 1:3; (c) 1:5. 
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Figure 6. Electrolyte pH values for pits with different depth-to-diameter ratios: (a) 1:1; (b) 1:3; (c) 1:5. 
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Figure 7. Corrosion rates at different positions within pits: (a) top; (b) middle; (c) bottom. 
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Figure 8. Corrosion rates for pits with different depth-to-diameter ratios. 
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Figure 9. XPS spectra of 13Cr stainless steel surface after immersion experiments. (a) C1s, (b) O1s, (c) Fe2p3/2, (d) Cr2p3/2. 
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Figure 10. Pitting corrosion morphology and EDS maps of 13Cr surfaces. 
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Table 1. Chemical composition of S13Cr MSS (wt.%).
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	C
	Si
	Mn
	P
	S
	Cr
	Ni
	Mo
	Fe





	0.017
	0.23
	0.49
	0.012
	0.0043
	13.3
	5.01
	1.85
	Bal.










 





Table 2. Simulated environmental soaking solution: composition, temperature, and immersion duration.
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	Full-Life-Cycle Environment
	Composition/mg·L−1
	pH
	Temperature/°C
	Time





	Live acid (LA)
	10%HCl + 1.5%HF + 3%HAc + 5%TG201 corrosion inhibitor
	10%~20% acid solution
	120
	4 h



	Spent acid (SA)
	K+/1597.32, Ca2+/11,693.00, Mg2+/3145.63, Cl−/62,738.01, Fe2+/52.40
	2.6
	180
	5 d



	Condensate water (CW)
	K+/7380, Ca2+/4.745, Mg2+/2.463, Na+/1050, HCO3−/4310, Cl−/2990, SO42−/862
	7.79
	180
	10 d



	Formation water (FW)
	K+/6620, Ca2+/8310, Mg2+/561, Na+/76,500, HCO3−/189, Cl−/128,000, SO42−/430
	6.98
	180
	15, 30, 60 and 90 d
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