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Abstract

:

Due to its accelerated, uncontrollable, and unpredictable nature, pitting is one of the most common failure modes in pipelines used for oil and gas exploration. A comprehensive understanding of the mechanisms of pitting under conditions involving both abrasion and corrosion is currently lacking. This research investigated the effects of mechanical rubbing on the development of pitting of a widely used Type 2205 duplex stainless steel. Tribocorrosion experiments were conducted under mildly abrasive conditions where there is pitting but no significant material loss. Results showed that passivation was accelerated by rubbing, even though pitting was simultaneously formed. The length-to-width aspect ratio of the pits increased exponentially when the normal load during corrosive wear tests was increased. This phenomenon could lead to catastrophic failure in industrial applications such as underground and deep ocean pipes in the oil and gas industry.
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1. Introduction


A report conducted in 1987 showed the oil and gas industry accounted for at least half of the total costs of corrosion in the United States [1]. This is due to the highly corrosive environments in some scenarios in the industry. For instance, in 2006 a 6 mm-diameter hole which formed due to corrosion in one of BPXA’s transit pipelines leaked over 200,000 barrels of oil in Prudhoe Bay, Alaska. BP and some partner companies paid over USD 250 million in damages as a result [2]. Thus, even minor improvements in corrosion can prevent massive losses in terms of money while promoting the protection of life and the environment. In the oil and gas industry, pitting, corrosion, wear, and their combination can have devastating effects [3,4,5]. Corrosive wear occurs in mechanical parts on oil drilling rigs in corrosive environments such as saltwater [6,7,8]. Understanding the behavior of pitting can help prevent corrosion damage and yield great benefits to many industries.



Some important studies of corrosive wear have been reported. Stainless steels such as UNS S32760, S31603, and S30403 were chosen for a fundamental study of the interaction effects between abrasion and corrosion by Bello [9]. Co–Cr–Mo alloys with high and low carbon contents were used to study the behavior of corrosive wear for biomedical implants by Yan [10]. Plasma-nitrided Ti-6Al-4V alloy was investigated in neutral NaCl solution for a surface treatment study [11]. Combined corrosion-wear degradation of Ni–SiC nanostructured composite was studied for coating material selection by Benea [12]. Our previous research has indicated that mechanical impacts trigger chemical reaction while simultaneously stimulating the formation of a protective passive layer. There is competition between chemical reaction, mechanical wear, and this passive tribo-film formation [13,14,15,16,17,18,19,20,21,22,23]. All these studies reveal the nature of corrosive wear’s complexity. The mechanisms of pitting corrosion of duplex and superduplex stainless steel has been analyzed in depth [24,25,26,27,28], as has the wear behavior [29,30,31]. However, prior studies involving the combination of corrosion and wear have focused on aggressive wear conditions where plastic deformation took place under a high contact pressure. This research aims to obtain a fundamental understanding of the formation of surface failure in corrosive environments while mechanical rubbing is present. The unique corrosive wear behavior found in this paper differs from that of corrosion or wear on their own.




2. Materials and Methods


2.1. Experimental Procedure


To study the initiation of tribochemical wear, a flat-on-flat configuration was used to rub the contact surface. This eliminated visible abrasion so that the focus could be on surface oxidation rather than subsurface damage. The designed and configured experimental setup included a pair of flat rubbing parts, a tribometer, and an electrochemical workstation. Square test samples of duplex stainless steel with a surface area of 1 cm2 were used for this study. The sample was mounted to a vertical tube made of PVC to create the flat-on-flat contact. There was a copper wire inside the tube which went from the test sample to the electrochemical workstation (Gamry Reference 600, Gamry Instruments, Inc., Warminster, PA, USA) to complete the circuit required for the corrosion cell and for data acquisition. Wear was applied to the sample by a CSM tribometer attached to the PVC tube. This tribometer provided and controlled a horizontal linear reciprocating motion on the sample. The linear reciprocating motion had a maximum speed of 0.5 cm/s and a wear track length of 3 cm. The applied load was increased in intervals of 1N and ranged from 1N to 3N. Ranging the loads from 0N (corrosion only) to 3N was determined to be sufficient to study how varying load affects tribocorrosion behavior. For the rubbing counterpart, a deformable material with a larger surface area was selected. This counterpart was mounted to the bottom of a large container. 500 mL of 3.5% NaCl electrolyte solution was kept in the container during the corrosive wear process, sufficient to minimize any effect of pH change. In this setup, the working electrode (WE) was the duplex stainless steel sample, the counter electrode (CE) was a platinum wire which acted as a cathode, completing the corrosion cell. An Ag/AgCl reference electrode (RE) was used, as these are suitable for the NaCl electrolyte. The pair of rubbing parts, the tribometer, the reference electrode, the platinum wire, and the electrochemical workstation were electrically connected to conduct corrosive wear tests. All pieces of equipment were assembled as shown in Figure 1.



This new approach has multiple advantages. To begin with, little to no plastic deformation occurs on the test sample. The contact area between the test sample and the counterpart is considerably larger than that in the previous studies. Under lesser loads, the contact pressure is much lower than the yield strength of the duplex stainless steel. For the maximum load of 3N applied to the surface area of 1 cm2, full contact indicates a contact pressure of 30 kPa. The yield strength of duplex stainless steel is 448 MPa, and while the full contact assumption is not entirely correct, the contact area would have to decrease to a 15,000th the size (0.0067 mm2) to exceed yield and create much plastic deformation. Therefore, little plastic deformation occurred on the surface of the duplex stainless steel sample. In the frequently used ball-on-disk approach, the aggressive wear continuously removes the passive layer in the wear track as it forms. This creates a galvanic couple with the rest of the sample surface with the wear track as the anode and the surrounding surface as the cathode. However, in the mild wear conditions used in this research the low contact pressures were not sufficient to remove the passive layer, thus eliminating any significant galvanic effects. The formation of a passive layer was seen in all samples and is discussed in the results section. The surface area of the counterpart was larger than that of the test sample, ensuring mechanical wear would be applied uniformly to the test sample during the corrosive wear process. No galvanic cell could be built in this condition.



Surface analysis of the samples was performed using a Mirau-type NewView 600 interferometer (Zygo, Berwyn, PA, USA) along with MetroPro 8.2.0 software after the different tests. This interferometer used a Zygo 20×/0.40 infinity corrected objective lens with a resolution of 0.55 µm. The data processing method for the interferometry data used ordinary least squares in ‘statsmodels’ and ‘numpy’ modules in Python 3 [32,33], and the analysis of this data is shown in the results section. Several images were taken of each analysis by interferometer and multiple scans were performed for each load.




2.2. Materials


Duplex stainless steel 2205 was chosen as the test material for this corrosive wear study. Its superior properties such as high resistances to pitting corrosion, cracking, and stress corrosion, along with its high strength and low coefficient of thermal expansion are desirable for engineering applications that endure harsh environments [34]. Its applications include heat exchangers [6], tubes and pipes for production of oil and gas exploration [7], mechanical and structural components in chloride environments, and utility and industrial systems exposed to high corrosion fatigue. Pitting of duplex and superduplex stainless steels and the effects of their two-phase microstructure on pitting has been well documented [26,35,36,37,38]. The counterpart was a soft polishing pad known as Politex polish pad, which is a composite of urethane and polyester, to keep the focus on the analysis of pitting morphology. The low loads used in this study ensured this polish pad would not induce any severe scratches to the test sample.



Square test samples of the duplex stainless steel 2205 were selected for this study. First, the samples were cut into square pieces with a 1.1 cm × 1.1 cm surface area and ground using 120-grit sandpaper to reach the desired 1 cm × 1 cm dimensions. Second, the non-test surfaces were covered with nail polish so only the worn surface experienced corrosion. Third, after the nail polish was left for 24 h, these surfaces were also covered with a waterproof adhesive tape. Fourth, the test surface was polished sequentially with 240-grit, 400-grit, and 800-grit sandpapers and diamond polishing paste. Fifth, samples were connected to the tribometer using a PVC tube of diameter 0.8 cm. Finally, the conductivity between the copper wire and the test sample was checked with a multimeter to ensure proper connection.



In this corrosive wear study, potentiodynamic polarization tests were conducted in a linear rubbing motion. Parameters of corrosive wear testing are shown in Table 1 and Table 2.





3. Results and Discussion


This section discusses the results for the corrosion and tribocorrosion experiments. Potentiodynamic polarization experiments were conducted under different loads to study the effects of mechanical rubbing on corrosion and the roles of the applied load in the corrosive wear process. In these experiments, pitting was observed for all samples. For each experiment, interferometry images were taken of the surfaces and cross-section profiles were then extracted from these images. The influence of different parameters on pitting is discussed in the following sections.



3.1. Passivation


To study the effects of loads applied to the tests, the potentiodynamic polarization experiments were conducted with mechanical rubbing under different loads. The applied load ranged from 1N to 3N. Results can be seen in Figure 2.



The 1N, 2N, and 3N experiments were each repeated three times and the error bars indicate the variations of the current density in these experiments. Acetone was used to remove the passivation layer before the start of each experiment. For the experiment labelled 0N only corrosion occurred, no load was applied, and no sliding occurred. In Figure 2 the section in each curve with the large positive slope indicates formation of a stable passive layer in all the curves, even under the highest load. In contrast, the formation of the passive layer was constantly removed in previous studies due to high contact pressure, and as such did not have this stable passive region. The passive region in the green curve has small horizontal spikes which are circled, showing that pitting occurred in this region. This is the same region for all the three corrosive wear experiments where pitting took place, although the noise due to mechanical wear during the other experiments makes it hard to see this in the curves which experienced corrosive wear. From Figure 2, the test conducted at 3N load had a lower current density than the 1N and 2N load since the corresponding curve for 3N was farther to the left than the 1N and 2N curves. This was partially because of the effects of increased surface area with increased loads due to deformation in the counterpart. Higher contact area results in lower contact pressure, approaching the 30 kPa pressure at perfect contact with the 3N load. If the counterpart was not deformable, contact area would be lower with higher contact pressure, likely generating plastic deformation. Thus, the contact pressure does not necessarily increase linearly with load. Also, the increased contact area would be expected to increase friction, thereby producing more heat. Increased heat kinetically increases the initial corrosion rate, promoting the formation of the passivation layer. The combination of these two is likely the cause of the lower corrosion rate of the 3N load. Future investigation is needed in this phenomenon.




3.2. Formation of Pits


Once the potentiodynamic polarization experiments were completed, surface characterization was conducted using interferometry to analyze pitting of the different samples. Results displayed that the applied load of the mechanical rubbing affected the aspect ratio, i.e., length to width, and size of surface pitting. Images of a reference surface, a corroded surface, and corrosive wear surfaces for the three loads were captured and compared.



Using the interferometry surface profiles, the geometry of pitting was measurable. The size and geometry of the pits generated from the corrosion experiment and the corrosive wear experiments were compared.



The surfaces of all the test samples were observed in the interferometer prior to corrosion or wear as reference. Results of one such surface are shown in Figure 3. Surface topography is shown in the top part of Figure 3, and the color bar on the right indicates the height range of this plot. Red and blue indicates the areas of the surface at high and low altitudes, respectively. A cross-section profile is shown in the bottom part of Figure 3. Here, the X-axis represents the area indicated by the horizontal dashed line in the top part of Figure 3 and the Y-axis represents the height of each point on the X-axis.



Figure 4 shows topographic images of the surface of each sample after the corrosion and corrosive wear experiments were conducted along with corresponding cross-section profiles. Some of the pits are indicated by the arrows for reference. The top left portion, Figure 4a, displays the topography of the corroded surface with no mechanical wear. Figure 4b (top-right), Figure 4c (bottom-left), and Figure 4d (bottom-right) represent the sample surfaces after the potentiodynamic polarization experiments with mechanical for the 1N, 2N, and 3N load respectively. Figure 4e shows the cross-section profiles for the different experiments at the lines shown. Each line intersects the deepest point on the image of the corresponding sample. Using the interferometry data, 78 pits were measured for the four different experiments: 27 pits from the corrosion tests, 25 pits from the tests with corrosive wear with 1N load, eight from the tests for corrosive wear with 2N load, and 18 from the tests with corrosive wear with 3N load. The 2N and 3N loads had much larger pits, but also had fewer pits. In the sample without corrosion, no pitting was observed on the surface. This data was used to calculate the pitting aspect ratios for the different experiments. These results are further discussed in the following section.




3.3. Pit Transformation


Figure 3 and Figure 4 display the effects of corrosion and tribocorrosion on surface pit growth of the duplex stainless steel for different loads. In Figure 3, the polished reference surface can be considered flat for all practical purposes. It is evident from Figure 4a that several small pits (the small dots) appeared on the sample surface from the corrosion experiment. The pits were mostly randomly oriented oval-like round shapes. They had an average length of 0.0274 mm and a nearly identical average width, implying that nothing influenced pit growth in a specific orientation. Pitting was observed in the potentiodynamic polarization curve (Figure 2) without applying mechanical rubbing, corresponding to these small pits.



As seen in Figure 4b, pitting-like surface defects appeared under mechanical rubbing with a load of 1N load. The light blue stripes are the wear tracks induced by rubbing and indicate the direction of rubbing which was caused by the linearly reciprocating motion. The shape of these pits has is different from the pits in the experiment where only corrosion occurred. However, the orientation of all pits was the same, with their lengths lining up with the rubbing direction. The average length and width of the pits were 0.0378 mm and 0.0282 mm, respectively. The average width here is approximately equal to the average length of the pits in the corrosion experiment, suggesting that even though the light wear did not cause much plastic deformation, the pits were still influenced by the rubbing. This implies that the wear in some way stretched the pits.



The topographic image of a surface after corrosive wear under mechanical rubbing with a load of 2N is shown in Figure 4c. Under this load, the pits are even more visibly elongated in the wear direction than with the 1N load. Wear marks in Figure 4c are also more noticeable than the pits in Figure 4b. The average length of the pits in the rubbing direction was 0.0875 mm, which is more than two times the length of the pits when 1N load was applied and more than three times the length of the pits in the corrosion experiment. Thus, increasing the load to 2N significantly increased the length of the pits. It can be inferred that the 2N load has a significant effect on the shape and growth of the pits in the corrosive environment.



Figure 4d displays the topography of a surface after corrosive wear under mechanical rubbing with a load of 3N. The transformation of the pits is more obvious under this load than with any other load in this study. The size of the pits in the rubbing direction was much larger than the size in the direction perpendicular to the rubbing direction. The average length of the pits in the rubbing direction was 0.0864 mm, surprisingly about the same size as observed for the load of 2N. However, the width of these pits is much smaller. These pits look more like strips. These test samples still experienced low deformation, and yet the increased load greatly affected the pit shapes. Thus, increasing the load during mechanical rubbing has significant effect on pit development.



Figure 4e shows the cross-section profiles of the for the different experiments at the lines shown in Figure 4a–d. Each line intersects the deepest point on the corresponding sample image, i.e., the deepest pit. These profiles show the pits increased in depth going from the corrosion experiment (blue line) to the corrosive wear experiment with a 1N load (orange line). However, when the load is increased to 2N the pit depth decreases, and at 3N the pit is significantly shallower than for any other experiment. Some of the cross-section profiles in Figure 4e protrude back upwards in the deep portion of the pit. This is due to the lack of precise imaging with the interferometer at deep points in the pits.



In this research we experimentally studied the initiation of tribochemical wear of a duplex steel. This type of steel is known to have localized corrosion such as pitting. Compared to the static corrosion, tribocorrosion promoted oxidation and formation of a passive layer, yet also breakage of this layer. As a result, elongated pits were discovered.



The pit lengths and widths for each surface were measured and their aspect ratios were calculated. The method was accomplished as shown in Figure 5. The 2D profile of each pit’s width and length was plotted, and the two distances were measured, starting at the point the altitude dropped below the average altitude of the 2D profile. These points are shown on one such pit with black arrows on the 2D profile plots. A 0.95 confidence interval of the natural logarithm of the aspect ratios was plotted against the applied load along with the measured values, as shown in Figure 6. These aspect ratios were calculated based on interferometry images.



In Figure 6, for no applied load the log of the aspect ratio is zero, corresponding to an aspect ratio of one. This agrees with physics and logical deduction, as there was no load to influence the growth of the pits in one direction over the other. Since the confidence interval intersects each set of data, it is clear that the data fits a linear trend with 95% confidence. Therefore, since the Y-axis is a logarithmic scale, it appears that pit ratio increases at an exponential rate with applied load. The equation of this fit is as follows (Equation (1)):


Aspect Ratio = exp (3.163 × load),



(1)







This equation implies that at a low load range, the pits’ aspect ratios increase exponentially with load. This would likely occur with the lengthening of pits and narrowing of the width like what was seen between the 2N and 3N experiments. However, the length may stop growing since it did not remain constant between the 2N and 3N experiments. Meanwhile, loads under 1N would result in pits approaching an aspect ratio of 1. The reason for this relationship is unclear. Duplex stainless steel’s two-phase microstructure may have some influence on the pit growths, as one phase is often targeted for pitting over the other [38]. Another possible influence of pit growth is the ion distribution across the pits, which may be affected in the wear direction while not in the direction perpendicular to the wear. The detailed mechanisms of this behavior are not clear, and more work is needed in the future.





4. Conclusions


The effects of the combination of corrosion and friction on pitting of duplex stainless steel 2205 were studied using an integrated triboelectrochemical approach. A mild rubbing condition in the 3.5 wt% salt solution was achieved through the experimental design. Results showed that mechanical rubbing promoted the formation of a passivation layer over that in the corrosion experiment. This was due to the activation of the surface through rubbing. However, this also induced the formation of pitting in the same passive region. Furthermore, the shape of the pits was found to be affected by contact pressure during sliding. In a corrosive environment without mechanical rubbing, the pits were round with an average diameter of 27.4 µm. When a load of 1N was applied, the pits mostly maintained the round shapes with an average diameter of 37.8 µm. By increasing the loads to 2N and 3N, the pits further developed in the rubbing direction. Under a load of 2N, the average length of the pits in the rubbing direction was 87.5μm, and under a load of 3N it was about the same at 86.4μm. Mechanical rubbing elongated these pits, increasing the aspect ratio exponentially with load. Mechanical rubbing promoted competing processes of passivating and pitting. Further development of pitting could result in catastrophic failure of structural integrity. Understanding the formation and propagation of pitting during corrosive wear is vital to preventing and mitigating failure. Future research will investigate other factors such as velocity and temperature. This research reveals that the initiation of tribochenical wear of duplex stee is actually altered pitting. This discovery would be beneficial to improve the design of alloys against corrosive wear environments.
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Figure 1. An illustration of the new configuration for tribocorrosion experiments. It contains a pair of flat rubbing parts, a tribometer, and an electrochemical workstation. The test sample rubs against the counterpart in a linear reciprocating motion. 
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Figure 2. The potentiodynamic polarization curves for the four experiments. Pitting in the corrosion experiment is shown by the horizontal spikes in the curve, which are circled. 
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Figure 3. Topography of surface and profile of cross-section after polishing. 
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Figure 4. (a) Topography after the corrosion experiment; (b) topography after the corrosive wear experiments with 1N; (c) 2N; and (d) 3N loads. (e) Below the topography images, the profile of the cross-sections of lines A-A, B-B, C-C, and D-D are compared. Those lines were selected because they went across at least one pit. Some pits are indicated by arrows for reference. 
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Figure 5. An example of how pit aspect ratio was calculated. The arrows show how the width and length were individually measured. The 2D profiles for length and width are labelled B-B and A-A, respectively. 
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Figure 6. The log of the aspect ratios versus the applied load, fitted with a 0.95 confidence interval. 
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Table 1. Tribology test conditions.






Table 1. Tribology test conditions.





	Parameter
	Value





	Load
	0, 1, 2, 3N



	Speed
	0.5 cm/s (max)



	Distance
	3 cm



	Contact area
	1 cm2



	Temperature
	24 °C
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Table 2. Corrosion test parameters.






Table 2. Corrosion test parameters.





	Parameter
	Value





	Potential (vs. Vref)
	−0.2 V to 1.2 V



	Scanning rate
	2 mV/s



	Sample period
	700 s



	Conditioning time
	60 s
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