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Abstract

:

Low-carbon steel pipelines are frequently used as transport pipelines for various media. As the pipeline transport industry continues to develop in extreme directions, such as high efficiency, long life, and large pipe diameters, the issue of pipeline reliability is becoming increasingly prominent. This study selected Q235 steel, a typical material for low-carbon steel pipelines, as the research object. In accordance with the pipeline service environment and the accelerated corrosion environment test spectrum, cyclic salt spray accelerated corrosion tests that simulated the effects of the marine atmosphere were designed and implemented. Corrosion properties, such as corrosion weight loss, morphology, and product composition of samples with different cycles, were characterized through appearance inspection, scanning electron microscopy analysis, and energy spectrum analysis. The corrosion behavior and mechanism of Q235 low-carbon steel in the enhanced corrosion environment were studied, and the corrosion weight loss kinetics of Q235 steel was verified to conform to the power function law. During the corrosion process, the passivation film on the surface of the low-carbon steel and the dense and stable α-FeOOH layer formed after the passivation film was peeled off played a role in corrosion resistance. The passivation effect, service life, and service limit of Q235 steel were studied and determined, and an evaluation model for quick evaluation of the corrosion life of Q235 low-carbon steel was established. This work provides technical support to improve the life and reliability of low-carbon steel pipelines. It also offers a theoretical basis for further research on the similitude and relevance of cyclic salt spray accelerated corrosion testing.
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1. Introduction


With the development of the petroleum, metallurgical, mechanical, and chemical industries in the 20th century, pipeline transportation has entered a stage of rapid development thanks to its powerful advantages, such as large transport volume, low cost, safety, and reliability. It is now widely used in various industrial installations, such as urban domestic water supply, long-distance transport of oil and gas, agricultural irrigation, and machine tool hydraulics [1,2,3]. Q235 low-carbon steel is used in a large number of transport pipelines thanks to its high processability, low cost, and good forming ability [4,5,6]. However, pipeline failure has long been regarded as a fundamental constraint on the development of the pipeline transportation industry, with pipeline corrosion being one of the major causes of pipeline failure [7,8,9]. The European Gas Pipeline Incident Data Organization (EGIG) reported 1366 pipeline incidents among EGIG member countries and organizations between 1970 and 2016. The percentage of pipeline accidents caused by pipeline corrosion reaches as high as 15.09%, and liquid pipelines are two to three times more likely to fail than gas pipelines [10,11,12]. The global economic cost of pipeline corrosion can reach as much as US$2.2 trillion per year, or about 3% of the world’s gross domestic product [13,14]. Therefore, the corrosion behavior and damage laws of pipelines, particularly Q235 low-carbon steel pipelines, in various natural atmospheric and working environments have elicited increasing attention from experts, scholars, and engineers. A series of studies have been conducted on the service life and limit of pipelines in service and indoor simulation environments.



The atmospheric corrosion of low-carbon steel is controlled by type and environmental conditions, such as wetting time, air pollutants, temperature, and dust content [15,16]. Xiao et al. explored the corrosion products and formation mechanism of carbon steel during the early stage of atmospheric corrosion; they used scanning electron microscopy (SEM) and Raman spectroscopy to observe the ring-shaped and chain-shaped corrosion products formed on the surface of carbon steel during the early stage of corrosion [17]. Mendoza et al. compared the outdoor and indoor atmospheric corrosion of carbon steel; they determined the metrological parameters of major pollutants, such as chloride ions and SO2, and then proposed and developed a model to represent the relationship between the corrosion of carbon steel and environmental parameters [18,19]. By contrast, the corrosion products formed in the atmosphere of carbon steel are frequently protective, thus the corrosion rate decreases with time. Almeida et al. presented new insights into the role of carbon dioxide in the corrosion mechanism of carbon steel, demonstrating that no direct reaction of carbon dioxide occurs on free iron surfaces [20]. Dugstad and Li et al. suggested that the corrosion rate of carbon steel in a CO2 environment is largely dependent on the formation of protective corrosion product films; moreover, controlling influences, such as pH and temperature, can promote the precipitation of corrosion products and reduce the overall corrosion rate [21,22].



Compared with other types of atmospheric environment, the marine atmospheric environment is more typical. Refait et al. investigated the role of corrosion product layers in the corrosion of carbon steel in the marine environment, focusing on the mechanism of the formation of the first solid phase, i.e., sulfate green rust, precipitated from the dissolved material produced by corrosion on the steel surface. The relationship between the current coupling between the anodic and cathodic regions of a metal surface and the heterogeneous corrosion product layer during the localized corrosion process was also discussed [23]. Ma et al. demonstrated via loss-in-weight analysis that the mechanism and kinetics of low-carbon steel during atmospheric corrosion exhibit a transitional behavior in a marine environment with a high chloride ion content and relative humidity, with the average corrosion rate influenced by Cl− ions reaching the maximum amount during the transition period and then fluctuating within a certain range [24,25]. Song et al. firmly believed that relative humidity exerts a significant effect on the corrosion of Q235 carbon steel under a thin electrolyte layer in marine atmosphere, with higher relative levels of α-FeOOH and lower relative levels of β-FeOOH in the corrosion products in high humidity environments [26]. Yu et al. studied the exposure corrosion of Q235 carbon steel and Q450 weathering steel in a hot and dry environment; their analysis showed that the major components of the steel surface’s rust layer were FeOOH, Fe3O4, Fe2O3, and other iron-rich oxides [27].



In addition, the corrosion rate is an important parameter for the corrosion of carbon steel. Slaimana et al. studied the corrosion rate of carbon steel pipes under turbulent conditions; they concluded that, as corrosion products form and surface roughness increases, the coefficient of friction on carbon steel surfaces also increases with the temperature, Reynolds number, and corrosion rate [28,29]. Clover et al. found that the corrosion rate of carbon steel pipes is influenced by microstructure, and they concluded that a relationship exists between local corrosion susceptibility and the pearlite zone in steel microstructure, whereas no significant correlation exists between the trace element concentration and corrosion resistance [30]. Although numerous experimental data and research are available on the corrosion behavior and rate of carbon steel in atmospheric environment, low-carbon steel pipes must be pickled and passivated before they are used in actual production. Therefore, when studying the corrosion process of Q235 low-carbon steel in an atmospheric environment, including the surface passivation film in the analysis scope is highly significant for exploring the corrosion behavior and mechanism of Q235 low-carbon steel and determining the service life.



At present, natural environmental exposure testing is still the basic method for studying and evaluating the service life and corrosion resistance of metallic materials. However, most metal parts are generally designed to last for more than 10 years, thus directly conducting routine exposure experiments that simulate the natural environment of service is costly and inefficient in terms of time and money [31,32,33]. Therefore, manually accelerated tests under laboratory conditions can produce valid data within a short period of time and are suitable for assessing the corrosion resistance and service life of metals in certain specific atmospheric environments [34,35,36]. The neutral salt spray (NSS) test is an environmental test that uses artificially simulated salt spray environmental conditions created by salt spray test equipment to assess the corrosion resistance of products or metal materials. Its principle lies in simulating coastal atmospheric conditions, i.e., warm sea surface evaporates from the cold air and tiny droplets that contain chloride ions splash into space under the impact of waves, forming the corrosion conditions of fine mist sprayed onto metal. The use of a certain concentration of sodium chloride solution, sprayed under pressure with fine mist, is basically in line with the basic principles of atmospheric corrosion, because mist particles fall uniformly onto the surface of the passivation layer and constantly maintain the renewal of the liquid film. Given its low economic and time costs, NSS is frequently used in verifying the service environment and duration of medium-sized pipelines [37,38,39]. The cyclic salt spray accelerated corrosion test used in the current study is an improved test based on the NSS test, and its fitting degree to the environment can exceed 0.9. In addition, the corrosion behavior and mechanism of the passivated Q235 low-carbon steel were comprehensively characterized in terms of corrosion kinetics, corrosion product morphology and composition, and corrosion rate via corrosion weight loss, SEM, and energy-dispersive X-ray spectroscopy (EDS). It provides a theoretical basis for further research on the similitude and relevance of accelerated corrosion testing and exhibits practical significance for the safe and efficient operation of Q235 low-carbon steel pipelines in actual production.




2. Experiment Procedures


The samples used for testing were passivated Q235 low-carbon steel with the chemical composition provided in Table 1. The sample production process and test procedure were as follows: the Q235 low carbon steel pipe was cut into 15 mm × 20 mm × 2 mm samples with a wire cutting machine, and the method of cyclic cleaning was adopted to ensure the uniformity of pickling and passivation treatment. The sample was placed in the pipeline cleaning tank, and the temperature was 42 °C for the pickling solution (its main components are hydrochloric acid, oxalic acid, and urotropine corrosion inhibitor) in the tank for 3.8 h of pickling treatment. After neutralizing the pickling solution, the passivation solution at 25 °C (the main component of which is a mixed solution of sodium nitrite and a passivator accelerator) was passed into the pipeline cleaning tank for 0.5 h passivation treatment. After passivation, the surface of the qualified sample should be free of rust and evenly covered with a dense dark black passivation film. The treated specimens were numbered, dried, and weighed on an electronic scale, with the results achieving an accuracy of 0.1 mg. The weighed test pieces were placed in a salt spray tester, as shown in Figure 1.



The accelerated corrosion method used salt spray dry and wet cycles. The test medium was 5 wt% NaCl solution. The pH in the salt spray chamber was controlled within the range of 6.5–7.2. The average settling rate of the horizontal area of 80 cm2 was 1.5 mL/h ± 0.5 mL/h. The spray temperature was (40 ± 1) °C for 4 h. The drying temperature was (60 ± 1) °C for 4 h. The cycle time was 8 h, while the dry and wet transformation time was less than 0.5 h.



During the test, the samples were subjected to corrosion damage in strict compliance with the specified test conditions and application sequence. Sampling and corrosion performance were tested at the test nodes at 4, 8, 12, 16, and 20 days. The test duration was 20 days. The number of parallel samples in each group was one piece, and two pieces were reserved for the original sample, i.e., a total of 2 × 5 + 2 = 12 pieces.



Appearance inspection: The samples were periodically removed and placed in an indoor environment to dry naturally for 1 h before being carefully cleaned with running water at a temperature of less than 40 °C to remove any residual salt from the surface. Drying treatment with a dry hot air stream followed before macroscopic morphological observation and analysis were performed.



Corrosion weight loss analysis: A configured special rust remover was used to eliminate corrosion products on the surface of a sample in accordance with the method provided in GB/T 16545-2015. The sample was rinsed with water, soaked in anhydrous ethanol, removed, dried immediately using dry hot air, and placed on an electronic scale for weighing and recording sample weight loss data. The corrosion kinetics law and variation equation of carbon steel can be obtained through mass comparison before and after the corrosion of the samples and the fitting of the weight loss curve. The atmospheric corrosion kinetics of metals follows the power function law, i.e.,


  D = A  t n  ,  



(1)




where  D  is the corrosion weight loss (or depth), mm;  t  is the exposure time, years;  A  is the corrosion rate in the first year; and  n  is a constant—the smaller its value, the better the corrosion resistance of carbon steel. The corrosion weight loss and corrosion rate curves were plotted, and corrosion rate was calculated in accordance with the following formula:


  R =   (  w 0  −  w t  ) ×   10  4    S ρ t   ,  



(2)




where  R  is the corrosion weight loss rate, μm/d;    w 0    and    w t    are the mass of the specimen before and after corrosion, g;  S  is the exposed area of the specimen, cm2;  ρ  is the density of Q235 steel, 7.86 g/cm2; and  t  is the exposure time of the specimen in salt spray, days.



Analysis of corrosion morphology and corrosion product composition: SEM was used to observe and analyze the microscopic morphology of a sample’s surface during each stage of the experiment. It was combined with EDS to analyze the chemical composition of the corrosion products qualitatively and explore the growth process and the corrosion mechanism of corrosion products on the surface of Q235 low-carbon steel.




3. Results and Discussion


3.1. Analysis of the Macroscopic and Micro-Morphological Changes of the Sample


In general, the corrosion of Q235 low-carbon steel without passivation treatment in the atmospheric environment is divided into three stages. The first stage is surface hydroxylation, in which a thin layer of oxide or hydroxyl oxide is formed on the surface of carbon steel within a short period. The second stage is when the atmosphere acts as a thin liquid film attached onto the surface of the tube wall, in which its constituents are dissolved, leading to the transformation of the thin layer of oxides or hydroxyl oxides into green rust. The third stage is the gradual increase in the number and size of the nuclei of the products and the transformation of green rust into a yellow-brown friable layer of oxides and hydroxides; thus, the corrosion products consist mostly of α-FeOOH, γ-FeOOH, and γ-Fe2O3. The corrosion product morphology is divided into three types: membranous, crystal-like, and crystal cluster-like, as shown in Figure 2a,d,e, respectively. Goethite (α-FeOOH) and lepidocrocite (γ-FeOOH) occasionally appear in the form of fibrous or needle-like aggregates during the corrosion process. These aggregates grow and rupture to form the three aforementioned forms of corrosion products. The corrosion products on the surface of Q235 low-carbon steel were randomly scattered and distributed with the corrosion degree and corrosion depth, as shown in Figure 2b,c,f.



The vast majority of metals will corrode spontaneously in the general environment. The purpose of passivation is to form a uniform and dense oxide film on a metal’s surface via treatment with strong oxidants, reducing the surface activity of a metal to enhance its corrosion resistance. Before a metal is passivated, a pickling process is generally performed. After the pickling passivation process, surface rust marks on a test piece disappeared and the metallic silver-white surface was gradually covered by a black metal oxide, forming a dense oxide film, as shown in Figure 3. The observation of the passivated samples under an electron microscope revealed that large areas of flat and dense metal oxides replaced the original Q235 steel morphology, with a small number of raised or defective areas adversely affecting the formation of the passivated film, as shown in Figure 4a. There is also enough passivation product at the fracture, but compared with the passivation layer at the flat part, the color of the passivation layer at the fracture is lighter. This shows that the passivation product is affected by the ridges at the fracture, and the aggregation is relatively fluffy, which also lays the groundwork for the first rupture of the passivation film at the fracture in the subsequent salt spray experiment, as shown in Figure 4b. In various industries, multiple standards have been established for the thickness of passivation films on low-carbon steel, but generally, a maximum of 10 µm should not be exceeded.



When studying the corrosion behavior of metals in a “contaminated” atmosphere, applying the atmospheric corrosion model developed by Tomashov [40] in 1964 is common. On the basis of different liquid film thicknesses, this model divides the corrosion process into four categories: (1) when liquid film thickness is less than 10 nm, the process is dry atmospheric corrosion; (2) when liquid film thickness is 10 nm–1 µm, the process is humid atmospheric corrosion; (3) when liquid film thickness is 1 µm–1 mm, the process is wetting corrosion; and (4) when liquid film thickness is greater than 1 mm, the process is complete immersion corrosion. Therefore, the thin liquid film corrosion in the cyclic salt spray accelerated corrosion test is humid atmospheric corrosion, which is electrochemical in nature.



Macroscopic and microscopic morphological changes on the surface of the Q235 low-carbon steel samples after exposure at different times in the cyclic salt spray accelerated corrosion test exhibited the following pattern. At the start of the test, the sodium chloride solution atomized by the salt spray tower was evenly dispersed over the surface of the carbon steel, forming an extremely thin liquid film that wrapped and covered the entire sample, continuously exerting a corrosive effect on the surface of the carbon steel. After 4 days, the black passivation film on the surface of Q235 low-carbon steel began to lighten in color and rust spots appeared. The corrosion process began transitioning from a passivation layer to a substrate rust layer. The passivation film broke at the fracture, revealing the original substrate form. From a microscopic point of view, the passivation film was not yet broken in the vast majority of the areas and still had some resistance to corrosion. However, some areas exhibited serious corrosion features, such as etch pits and rust spots, which were scattered and distributed. After magnification, the rupture residue of the passivation film and the newly generated corrosion products in the corrosion pits were mixed together and could not be easily distinguished. The corrosion depth was large. In addition, crystalline behavior was observed within the vicinity of the rust spots and pits, which consisted mostly of sodium chloride crystals that remained after cleaning. Combined with atmospheric moisture, the residual sodium chloride crystals will continue to cause damage to the passivation film, as shown in Figure 5.



From a macroscopic point of view, the majority of the black passivation film on the surface of Q235 low-carbon steel was replaced with a yellow-brown rust layer after 8 days of salt spray corrosion. The passivation film fell off over a large area, and the traces of passivation treatment were difficult to see, with local areas of granular corrosion products and the bulging phenomenon. From a microscopic point of view, the overall surface morphology of Q235 low-carbon steel was in the stage of passivation film breakage and shedding, with the growth of new rust products. Passivation film rupture was largely due to the combination of the passivation film residues and the new growth of rust products, constituting a mixed rust layer. Chloride ions and other corrosive media occurred under the loosening of cracking. Then, the corrosion product continued to grow and bulge, causing the passivation film to fall off, as shown by the bulge at the edge of the ruptured passivation film. In addition, the passivation film rupture area was littered with crystal clusters of corrosion products that were rich in needle-like morphological surface, which is the major feature of Q235 low-carbon steel surface micromorphology during this stage, as shown in Figure 6.



The rust layer on the surface of Q235 low-carbon steel was not necessarily uneven and disorganized. By the time the salt spray test reached 12 days, the surface of the sample piece was completely replaced with a brownish rust product, which was darker in color compared with other periods. Its surface was flatter, with only small areas of slight defects. From a microscopic point of view, the residual passivation film was completely peeled off, and rust products were regenerated and extended onto the entire surface. A second flat corrosion layer was formed below the passivation film after stacking and agglomeration. This corrosion layer was denser than the other scattered rust traces. From the viewpoint of film formation of protective corrosion products, the corrosion layer is presumed as a “second protective layer” and, to a certain extent, it played a role in retarding corrosion and reducing the corrosion rate. However, the reduced corrosion rate does not mean that corrosion will not occur. Chloride ions and oxygen atoms will still penetrate and break through the corrosion layer and continue to exert a corrosive effect on the carbon steel substrate. The accumulation of newly generated corrosion products within the corrosion layer will again break through the corrosion layer and cause the surface to bulge and crack, as shown in Figure 7.



With the prolongation of exposure time, i.e., after the samples were placed in the salt spray environment for 16 days, large areas of folds and bulges appeared on the originally relatively flat rust layer. The color of the rust layer gradually deepened, and its thickness gradually increased, making the surface rust layer uneven in appearance. Using an electron microscope to magnify the characteristic area, the original flat carbon steel surface outside the corrosion layer was found to be either broken or covered, with various forms of corrosion products competing for growth. In the process of stacking and cascading, it continued to rise to a certain height after the fracture and the formation of “coral-like” folds. Considering that the protective layer formed in the previous phase is on the verge of falling off and failing, the corrosion rate is presumed to continue increasing, as shown in Figure 8.



After 20 days of cyclic salt spray accelerated corrosion testing, the surface rust products of Q235 low-carbon steel continued to accumulate and thicken until the rust layer began to fall off in a large area. The exposed base material under the erosion of chloride ions and other corrosive media continued to generate new corrosion products. The rust layer and substrate interface exhibited more evident delamination cracks. From a microscopic point of view, the surface of Q235 low-carbon steel was completely covered by layers of newly generated thin and loose crystal cluster corrosion products, as shown by the corrosion layer joints where new needle-like rusting materials were still being generated. These materials were first stacked and connected to form a metal oxide skin, and then continuously stacked on top of this skin to form various types of corrosion products, as shown in Figure 9.



Given the interaction of a variety of environmental factors, the current salt spray test is not a standard time conversion ratio. Predicting the salt spray environment can only be based on the Q235 steel pipe accelerated corrosion environmental test spectrum, in which 24 h is equal to 1 year in the natural environment. In various industries, the expected 20-year service life of carbon steel pipeline has been reached. Continuing the test will not be too meaningful, thus the test was stopped.



In summary, the corrosion of Q235 low-carbon steel in an atmospheric environment after pickling and passivation treatment originates from the weakness of the passivation film and gradually develops from pitting to full-scale corrosion, which is a “from point to surface” corrosion process. The whole process can be roughly divided into four stages: (1) passivation film corrosion product generation and local shedding, (2) matrix rust layer generation and covering, (3) rust layer accumulation and stacking onto a flat and dense second protective layer, and (4) matrix rust layer breaking through the protective layer continues to grow thicker until shedding.




3.2. Analysis of Changes in the Atomic Content of Corrosion Products


The EDS energy spectrum of corrosion products and the change in the atomic content of each element with exposure time are shown in Figure 10 and Figure 11, respectively. Before the experiment started, because the surface of the Q235 low-carbon steel was covered with a uniform and dense passivation film, the content of nitrogen and fluorine atoms was relatively high. As the corrosion product of the passivation layer transitioned to the corrosion product of the base rust layer during the corrosion process, the passivation film began to corrode when the Q235 low-carbon steel sample was exposed to the salt spray environment for 0–4 days. Rust spots appeared on the surface, but the whole was not completely fractured, thus the proportion of fluorine atoms was relatively high. At 4–8 days of exposure, the passivation film on the sample surface was gradually covered by substrate rust. In some areas, the passivation film fell off with the substrate rust products, the fluorine atom content began to decrease, while the oxygen atoms began to increase. When exposed for 8–12 days, the residual passivation film was nearly completely removed, and a flat, dense matrix rust layer was formed. The fluorine atom content was significantly reduced, and the atomic fraction of iron oxides rose gradually with the thickening of the rust layer. When exposed for 12–16 days, the flat corrosion layer produced in the previous stage exerted a certain protective effect on the carbon steel substrate. Therefore, although the surface rust layer gradually deepened and thickened and the oxygen atom content increased, the rate of increase was relatively slow. At 16–20 days of exposure, the oxygen atom content rose considerably while the fluorine atom content decreased as the “second protective layer” failed and corrosion products continued to deepen and thicken. The reason for this phenomenon may be related to the local shedding of the corrosion layer after it thickened to a certain height, while the fluorine atom content was nearly negligible. Overall, the fluorine atom content tended to decrease from the start of the salt spray test and decreased at the fastest rate between 8 and 12 days, indicating that the passivation film exhibited an accelerated trend in the process of “from point to surface” rupture. Simultaneously, the oxygen atom content tended to increase, and then decrease, and then increase again, indicating that the passivation film on the surface of Q235 low-carbon steel and the “second protective layer” that formed after the passivation film broke down were fulfilling their expected protective role. In addition, the corrosion products contained a proportion of chlorine atoms, and this condition was mostly related to the deposition of the sprayed salt solution during the test.



The above analysis is consistent with the corrosion process of Q235 steel in the previous experiments. The composition of Q235 low-carbon steel rust layer after pickling and passivation treatment gradually transitions from the passivation product formed by the combination of nitric acid, hydrofluoric acid, and other oxidizing acids with carbon steel to iron oxide compounds mainly composed of ferric oxyhydroxide.




3.3. Analysis of Corrosion Weight Loss


The corrosion weight loss and corrosion rate data of Q235 low carbon steel exposed to accelerated corrosion environment for different times are shown in Figure 12. By comparing the analysis of the data, the accelerated corrosion exposure process of Q235 low-carbon steel after passivation can be broadly divided into four stages. In stage 1 (0–8 days), corrosion weight loss tends to rise slowly and the corrosion rate increases at a slower rate. This scenario indicates that the passivation film forms a better protective effect on the substrate as the first corrosion-resistant layer during the early stage of corrosion. This phenomenon is related to the electrochemical protection mechanism of the passivation film. In the second stage (8–12 days), corrosion weight loss and the corrosion rate rapidly increased, demonstrating that, with the prolongation of exposure time, the substrate surface passivation film experienced comprehensive corrosion rupture. The loose rust layer was gradually peeled off, losing its protective effect. The substrate surface was exposed to hydrogen ions, chlorine ions, and other corrosive media. Electrochemical reaction resistance was rapidly reduced. In the third stage (12–16 days), the increasing trend of corrosion weight loss slowed down slightly, while the corrosion rate began to decline. This scenario was largely related to the gradual thickening of the rust layer and the increase in the proportion of stable α-FeOOH components. The formation of the second corrosion-resistant layer after the passivation film gradually reduced corrosive media and substrate contact area. The electrochemical reaction resistance increased. In the fourth stage (16–20 days), corrosion weight loss accelerated and the corrosion rate increased again, indicating that the carbon steel matrix was eroded as the more stable α-FeOOH rust layer thickened and fell off. At this moment, Q235 low-carbon steel had nearly no corrosion resistance.



In accordance with the trend of corrosion weight loss of Q235 low-carbon steel, the corrosion weight loss trend was fitted using Equation (1). The fitted curve and shape parameters are presented in Table 2 and Figure 13, respectively. Corrosion weight loss conformed to the power function change relationship, and the fitting degree reached as high as 0.976.



Q235 low-carbon steel has an n value greater than 1 during exposure, indicating a harsh environment for accelerated corrosion. Overall, Q235 low-carbon steel exhibits an accelerating corrosion process. The passivation film provides a good corrosion protective function during the early stage of corrosion. However, during the entire corrosion process, the passivation film falls off during the initial stage, and the surface rust layer on the substrate forms a protective effect, but is relatively weak. In the late stages of corrosion, the protective effect gradually appears. With the prolonged exposure time, the corrosion of Q235 low-carbon steel is likely to reach a relatively stable and slow stage, that is, the corrosion weight loss exponent n decreases below 1.



The above analysis verifies the four stages of the accelerated corrosion process of the Q235 steel atmospheric environment. The corrosion weight loss kinetics conforms to the power function change law, and the passivation film on the surface of Q235 low-carbon steel and the matrix rust layer formed after the passivation film rupture have had a good anti-corrosion effect.





4. Conclusions


In this study, the corrosion behavior and mechanism of Q235 in atmospheric environment are studied by designing a cyclic salt spray accelerated corrosion experiment. The specific conclusions are as follows:




	(1)

	
Q235 low-carbon steel in the atmospheric environment of the accelerated corrosion process can be roughly divided into four stages: (1) passivation film corrosion product generation and local shedding, (2) matrix rust layer generation and covering, (3) rust layer accumulation and stacking onto a flat and dense second protective layer, and (4) matrix rust layer breaking through the protective layer continues to grow thicker until shedding.




	(2)

	
After pickling passivation treatment of Q235 low-carbon steel in the atmospheric environment of corrosion from passivation film weakness, pitting corrosion gradually develops into comprehensive corrosion with the elongation of time. Rust layer composition gradually transitions from passivation products into iron oxide based on hydroxyl iron oxide. The whole process is “from point to surface” corrosion.




	(3)

	
Q235 low-carbon steel corrosion weight loss kinetics is in line with the power function law. The corrosion rate exhibits an increasing, decreasing, and then increasing trend, indicating that Q235 low-carbon steel surface passivation film and passivation film rupture formed after the matrix rust layer play a certain anti-corrosive role.









The results provide a theoretical basis for further research on the simulation and correlation of the cyclic salt spray accelerated corrosion test. It is verified that the service life of the Q235 low-carbon steel pipe has reached the 20-year period specified in the industrial standard, which has great practical significance for the application of the Q235 steel pipe in actual production.







Author Contributions


H.J.: Writing—original draft, Project administration, Conceptualization, Review and editing, Investigation; S.C.: Review and editing, Investigation, Experimental; W.P.: Review and editing, Investigation; F.Z.: Experimental, Conceptualization; W.X.: Experimental, Review and editing; X.T.: Investigation, Review and editing. All authors have read and agreed to the published version of the manuscript.




Funding


This work is supported by the National Natural Science Foundation of China (51905501). This work is also supported by the Tangshan talent foundation innovation team (20130204D), Science and Technology Project of Hebei Education Department (QN2021117) funded by S&P Program of Hebei (Grant No. 22281802Z).




Conflicts of Interest


The authors declare no competing interest.




References


	



Saniere, A.; Hénaut, I.; Argillier, J. Pipeline transportation of heavy oils, a strategic, economic and technological challenge. Oil Gas Sci. Technol. 2004, 59, 455–466. [Google Scholar] [CrossRef]

	



Sharma, S.K.; Maheshwari, S. A review on welding of high strength oil and gas pipeline steels. J. Nat. Gas Sci. Eng. 2017, 38, 203–217. [Google Scholar] [CrossRef]

	



Azevedo, C.R. Failure analysis of a crude oil pipeline. Eng. Fail. Anal. 2007, 14, 978–994. [Google Scholar] [CrossRef]

	



Ogundele, G.; White, W. Some observations on corrosion of carbon steel in aqueous environments containing carbon dioxide. Corrosion 1986, 42, 71–78. [Google Scholar] [CrossRef]

	



Dwivedi, D.; Lepková, K.; Becker, T. Carbon steel corrosion: A review of key surface properties and characterization methods. RSC Adv. 2017, 7, 4580–4610. [Google Scholar] [CrossRef]

	



Katayama, H.; Noda, K.; Masuda, H.; Nagasawa, M.; Itagaki, M.; Watanabe, K. Corrosion simulation of carbon steels in atmospheric environment. Corros. Sci. 2005, 47, 2599–2606. [Google Scholar] [CrossRef]

	



Benmoussat, A.; Hadjel, M. Corrosion behavior of low carbon line pipe steel in soil environment. Eurasian Chem.-Technol. J. 2005, 7, 147–156. [Google Scholar] [CrossRef]

	



Sheng, K.; Lu, L.; Xiang, Y.; Ma, M.; Wu, Z. Crack behavior in Mg/Al alloy thin sheet during hot compound extrusion. J. Magnes. Alloys 2019, 7, 717–724. [Google Scholar] [CrossRef]

	



Vanaei, H.; Eslami, A.; Egbewande, A. A review on pipeline corrosion, in-line inspection (ILI), and corrosion growth rate models. Int. J. Press. Vessel. Pip. 2017, 149, 43–54. [Google Scholar] [CrossRef]

	



Luo, P.; Zhang, Y.; Cai, P.; Guo, Z.; Chen, H.; Wang, W. Analysis and countermeasures of natural gas transmission pipeline internal corrosion accidents. Total Corros. Control 2010, 24, 16–21. [Google Scholar]

	



Kumar, M.S.; Sujata, M.; Venkataswamy, M.; Bhaumik, S. Failure analysis of a stainless steel pipeline. Eng. Fail. Anal. 2008, 15, 497–504. [Google Scholar] [CrossRef]

	



Aljaroudi, A.; Khan, F.; Akinturk, A.; Haddara, M.; Thodi, P. Risk assessment of offshore crude oil pipeline failure. J. Loss Prev. Process Ind. 2015, 37, 101–109. [Google Scholar] [CrossRef]

	



Xu, W.-Z.; Li, C.B.; Choung, J.; Lee, J.-M. Corroded pipeline failure analysis using artificial neural network scheme. Adv. Eng. Softw. 2017, 112, 255–266. [Google Scholar] [CrossRef]

	



He, B.; Han, P.; Lu, C.; Bai, X. Effect of soil particle size on the corrosion behavior of natural gas pipeline. Eng. Fail. Anal. 2015, 58, 19–30. [Google Scholar] [CrossRef]

	



Alcántara, J.; Chico, B.; Simancas, J.; Díaz, I.; Morcillo, M. Marine atmospheric corrosion of carbon steel: A review. Materials 2017, 10, 406. [Google Scholar] [CrossRef]

	



Castaño, J.; Botero, C.; Restrepo, A.; Agudelo, E.; Correa, E.; Echeverría, F. Atmospheric corrosion of carbon steel in Colombia. Corros. Sci. 2010, 52, 216–223. [Google Scholar] [CrossRef]

	



Xiao, K.; Dong, C.-F.; Li, X.-G.; Wang, F.-M. Corrosion products and formation mechanism during initial stage of atmospheric corrosion of carbon steel. J. Iron Steel Res. Int. 2008, 15, 42–48. [Google Scholar] [CrossRef]

	



Mendoza, A.R.; Corvo, F. Outdoor and indoor atmospheric corrosion of carbon steel. Corros. Sci. 1999, 41, 75–86. [Google Scholar] [CrossRef]

	



Lu, L.; Liu, X.; Shi, D.; Ma, M.; Wang, Z. Effect of twinning behavior on dynamic recrystallization during extrusion of AZ31 Mg alloy. JOM 2019, 71, 1566–1573. [Google Scholar] [CrossRef]

	



das Chagas Almeida, T.; Bandeira, M.C.E.; Moreira, R.M.; Mattos, O.R. New insights on the role of CO2 in the mechanism of carbon steel corrosion. Corros. Sci. 2017, 120, 239–250. [Google Scholar] [CrossRef]

	



Dugstad, A. Mechanism of protective film formation during CO2 corrosion of carbon steel. In Proceedings of the CORROSION 98: Research in Progress Symposium Extended Abstracts, San Diego, CA, USA, 22–27 March 1998. [Google Scholar]

	



Li, T.; Yang, Y.; Gao, K.; Lu, M. Mechanism of protective film formation during CO2 corrosion of X65 pipeline steel. J. Univ. Sci. Technol. Beijing Miner. Metall. Mater. 2008, 15, 702–706. [Google Scholar] [CrossRef]

	



Refait, P.; Grolleau, A.-M.; Jeannin, M.; Rémazeilles, C.; Sabot, R. Corrosion of carbon steel in marine environments: Role of the corrosion product layer. Corros. Mater. Degrad. 2020, 1, 198–218. [Google Scholar] [CrossRef]

	



Ma, Y.; Li, Y.; Wang, F. The atmospheric corrosion kinetics of low carbon steel in a tropical marine environment. Corros. Sci. 2010, 52, 1796–1800. [Google Scholar] [CrossRef]

	



Ma, Y.; Li, Y.; Wang, F. Corrosion of low carbon steel in atmospheric environments of different chloride content. Corros. Sci. 2009, 51, 997–1006. [Google Scholar] [CrossRef]

	



Song, Q.; Wang, X.; Pan, B.; Wan, L. Effect of relative humidity on corrosion of Q235 carbon steel under thin electrolyte layer in simulated marine atmosphere. Anti-Corros. Methods Mater. 2020, 67, 187–196. [Google Scholar] [CrossRef]

	



Yu, Q.; Dong, C.-F.; Fang, Y.-H.; Xiao, K.; Guo, C.-Y.; He, G.; Li, X.-G. Atmospheric corrosion of Q235 carbon steel and Q450 weathering steel in Turpan, China. J. Iron Steel Res. Int. 2016, 23, 1061–1070. [Google Scholar] [CrossRef]

	



Slaimana, Q.J.; Hasan, B.O. Study on corrosion rate of carbon steel pipe under turbulent flow conditions. Can. J. Chem. Eng. 2010, 88, 1114–1120. [Google Scholar] [CrossRef]

	



Liu, X.-Y.; Lu, L.-W.; Sheng, K.; Zhou, T. Microstructure and texture evolution during the direct extrusion and bending–Shear deformation of AZ31 magnesium alloy. Acta Metall. Sin. Engl. Lett. 2019, 32, 710–718. [Google Scholar] [CrossRef]

	



Clover, D.; Kinsella, B.; Pejcic, B.; De Marco, R. The influence of microstructure on the corrosion rate of various carbon steels. J. Appl. Electrochem. 2005, 35, 139–149. [Google Scholar] [CrossRef]

	



Zhao, M.-C.; Schmutz, P.; Brunner, S.; Liu, M.; Song, G.-L.; Atrens, A. An exploratory study of the corrosion of Mg alloys during interrupted salt spray testing. Corros. Sci. 2009, 51, 1277–1292. [Google Scholar] [CrossRef]

	



Brito, V.S.; Bastos, I.; Costa, H. Corrosion resistance and characterization of metallic coatings deposited by thermal spray on carbon steel. Mater. Des. 2012, 41, 282–288. [Google Scholar] [CrossRef]

	



Pathak, S.S.; Blanton, M.D.; Mendon, S.K.; Rawlins, J.W. Investigation on dual corrosion performance of magnesium-rich primer for aluminum alloys under salt spray test (ASTM B117) and natural exposure. Corros. Sci. 2010, 52, 1453–1463. [Google Scholar] [CrossRef]

	



Altmayer, F. Critical aspects of the salt spray test. Plat. Surf. Fin. 1985, 72, 36–40. [Google Scholar]

	



Ahmad, S. Techniques for inducing accelerated corrosion of steel in concrete. Arab. J. Sci. Eng. 2009, 34, 95–104. [Google Scholar]

	



Xu, C.; Du, L.; Yang, B.; Zhang, W. Study on salt spray corrosion of Ni–graphite abradable coating with 80Ni20Al and 96NiCr–4Al as bonding layers. Surf. Coat. Technol. 2011, 205, 4154–4161. [Google Scholar] [CrossRef]

	



Lyon, S.B.; Thompson, G.E.; Johnson, J.B. Materials evaluation using wet-dry mixed salt-spray tests. In New Methods for Corrosion Testing of Aluminum Alloys; ASTM: Philadelphia, PA, USA, 1992; p. 20. [Google Scholar]

	



Palm, M.; Krieg, R. Neutral salt spray tests on Fe–Al and Fe–Al–X. Corros. Sci. 2012, 64, 74–81. [Google Scholar] [CrossRef]

	



Cecchel, S.; Cornacchia, G.; Gelfi, M. A study of a non-conventional evaluation of results from salt spray test of aluminum High Pressure Die Casting alloys for automotive components. Mater. Corros. 2019, 70, 70–78. [Google Scholar] [CrossRef]

	



Mendoza, A.R.; Corvo, F. Outdoor and indoor atmospheric corrosion of non-ferrous metals. Corros. Sci. 2000, 42, 1123–1147. [Google Scholar] [CrossRef]








[image: Materials 15 06502 g001 550] 





Figure 1. Salt spray tester with air compressor. 
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Figure 2. Several corrosion product morphologies of Q235 low-carbon steel under atmospheric conditions: (a) membranous, (b) needlelike, (c) needle enlargement, (d) crystal cluster, (e) crystal-like, and (f) crystal enlargement. 
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Figure 3. Comparison of samples before and after passivation: (a) before passivation and (b) after passivation. 
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Figure 4. Comparison of passivation effects on different regions of the sample surface: (a) flat passivated layer and (b) passivated layer at fracture. 
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Figure 5. Macroscopic and microscopic morphology of Q235 low-carbon steel after 4 days of exposure in the cyclic salt spray accelerated corrosion test: (a) macroscopic appearance, (b) rupture area, (c) precipitation of crystals, (d) weak area, and (e) deep rupture. 
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Figure 6. Macroscopic and microscopic morphology of Q235 low-carbon steel after 8 days of exposure in the cyclic salt spray accelerated corrosion test: (a) macroscopic appearance, (b) ruptured bulge, (c) enlarged drawing, (d) cracked edge, and (e) enlarged drawing. 
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Figure 7. Macroscopic and microscopic morphology of Q235 low-carbon steel after 12 days of exposure in the cyclic salt spray accelerated corrosion test: (a) macroscopic appearance, (b) overall appearance, (c) flat rust layer, (d) rust cracked protrusion, and (e) internal corrosion growth. 
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Figure 8. Macroscopic and microscopic morphology of Q235 low-carbon steel after 16 days of exposure in the cyclic salt spray accelerated corrosion test: (a) macroscopic appearance, (b) corrosion layer folds, (c) enlarged drawing, (d) corrosion product stacking up, and (e) enlarged drawing. 
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Figure 9. Macroscopic and microscopic morphology of Q235 low-carbon steel after 20 days of exposure in the cyclic salt spray accelerated corrosion test: (a) macroscopic appearance, (b) overall appearance, (c) loose corrosion products, (d) corrosion layer crack, and (e) corrosion intensifies. 
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Figure 10. EDS spectra of the corrosion products of Q235 low-carbon steel after exposure to accelerated corrosive environments at different times. 
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Figure 11. Changes in the elemental content of the corrosion products of Q235 low-carbon steel after different exposure times in accelerated corrosion environments. 
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Figure 12. Corrosion kinetic analysis of Q235 low-carbon steel samples in an accelerated corrosive environment. 
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Figure 13. Corrosion weight loss fitting curves of Q235 low-carbon steel samples in accelerated corrosive environments. 
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Table 1. Mass fraction of Q235 chemical composition.
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Steel Model

	
Chemical Element Content (%)




	
C

	
Si

	
Mn

	
P

	
S






	
Q235A

	
0.22

	
0.35

	
1.40

	
0.045

	
0.050




	
Q235B

	
0.20

	
0.35

	
1.40

	
0.045

	
0.045
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Table 2. Corrosion weight loss fitting results of Q235 low-carbon steel samples exposed to accelerated corrosive environments.






Table 2. Corrosion weight loss fitting results of Q235 low-carbon steel samples exposed to accelerated corrosive environments.





	Exposure Period
	Fitting Method
	A
	n
	R2





	4–20 days
	Power function
	0.028
	1.416
	0.976
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