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Abstract

:

Time series experiments were used to explore the fluid redox impact on the corrosion of Q125, 316L, and C276 steels in low-ionic-strength and neutral water at temperature and pressure conditions associated with low-temperature geothermal systems. After exposing polished samples of each steel grade to an oxidizing (H2O2) and a reducing (Zn-doped) fluid for intervals of 24 h, 1 week, and 6 weeks, the atomic force microscopy results revealed general corrosion for Q125, while 316L and C276 exhibited pitting, crevice expansion, and edge attack corrosion. Secondary depositional features are frequently found as topographic highs, adjacent to pitting corrosion. These features may be identified as there is a very strong spatial correlation between the height retrace and phase retrace surface maps. All steels became progressively rougher over time after exposure to both fluids, while the corrosion rates were more complex. Samples exposed to the reducing fluid experienced an increase in the corrosion rate over time, while C276 and 316L experienced a decrease in the corrosion rate. Finally, a novel data validation technique was developed to address the intrinsic scalability of corrosion. The results indicate that the AFM scan area does not affect the measured surface roughness over nearly three orders of magnitude.
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1. Introduction


Corrosion investigations that are explicitly designed for geothermal applications often involve various combinations of the following conditions: a relatively high temperature [1,2,3,4], an acidic pH [5,6,7], and supercritical CO2 levels [8,9], across a range of different grades of steel in a brine which is often modeled based on specific geothermal fields [2,4,6]. These contributions are valuable, but the complexity and number of the variables that are present can make it difficult to identify general trends. In one instance, a multivariate approach was taken, although the mild steel was of no specific grade [10]. In general, corrosion is more significant in fluids with higher ionic strength and acidity compared to fluids with low ionic strength, or those of neutral or alkaline pH (e.g., [11]). Moreover, while higher temperatures increase the reaction kinetics, it is unclear how reasonably well corrosion data that are obtained at one temperature may be extrapolated to another. Finally, the importance and relationship of O2 and H2 are complex. Oxygen can serve as an electron acceptor and thus aid in corrosion. For example, oxygen scavengers are introduced in the well to mitigate dissolved oxygen-induced corrosion in the oil and gas industry [12]. However, O2-rich fluids have been shown to form a protective oxide coating, slowing corrosion, relative to H2-rich fluids [13].



Geothermal energy is often harnessed from fluids with temperatures of >200 °C [14]. Recently, however, there has been an interest in lower temperature (T < 100 °C) deep direct use (DDU) systems. [15] Some corrosion studies have been performed at relatively low geothermal temperatures (<100 °C); however, these studies involved complex brine chemistries with commensurate high ionic strengths [2,3]. Furthermore, considering that geothermal fluids are highly varied, with some fields having ionic strengths of ~10−3 molal [16], we find that the primary control of fluid redox at a combined low temperature and ionic strength is unknown. Such conditions are suited for the consideration of DDU geothermal systems.



Atomic force microscopy (AFM) is a high-resolution technique that has been used for nanometer-scale corrosion analysis [17]. It has been employed in many base metal or steel corrosion studies (e.g., [18,19,20,21,22]). AFM is an excellent analytical instrument for corrosion studies where parameters such as the surface roughness are sought.



The goal of this study is to constrain the complexity of steel corrosion by comparing the effects induced after exposure to an initially reducing fluid to the effects produced by an initially oxidizing fluid. By normalizing the pressure and temperature, along with ionic strength minimization, the experimental conditions model the reinjection side of a surficial, low-temperature geothermal power plant. Evaluating the degree of corrosion across multiple grades of steel in these relatively unaggressive conditions may also place a lower constraint on the corrosion rates and behavior of the steels, since the corrosion effects are expected to be enhanced at higher temperatures, ionic strengths, and acidic conditions.



As this research will show, steel corrosion is possible even in quite unaggressive conditions, and that the fluid pH and Eh evolve considerably over time. In addition, some outstanding questions that are raised include whether the minor sulfur content in the steel is sufficient to promote pitting corrosion. Also, the results and analysis below indicate that surface roughness is largely spatially indifferent over approximately three orders of magnitude, although the upper limit of this insensitivity is unknown.




2. Materials and Methods


2.1. Steel and Fluid Preparation


Three grades of steel (Q125, 316L, and C276) were selected because of their widespread use at or near the reinjection point of geothermal power plants (Table 1). 316L and C276 were chosen because they are common steel grades found in the corrosion literature, which serve as a valuable basis of comparison to delineate the role of Eh. 316L and C276 steel bars, approximately 6 mm in diameter, were sectioned into smaller pieces, about 16 to 18 mm in length. In addition, Q125 steel was chosen because it is a type of steel with a high tensile strength and is used as a well-casing material, suitable for deep direct use (DDU) geothermal systems. Q125 steel was obtained from a drilling operator as a 14 cm diameter pipe. To remove the curvature of the steel pipe that was required for the AFM analysis and provide a similar surface geometry to that of the 316L and C276 pieces, the Q125 steel pieces were milled into rectangular prisms, measuring approximately 15 × 15 × 6 mm. A total of six steel pieces were milled (each steel grade in duplicate) and prepared for two sets of batch reactions with the corrosive fluid.



All sectioned steel pieces were polished using an Allied High Tech Multiprep polisher in the Shared Research Facilities at West Virginia University. This polisher was equipped with diamond lapping films and polished all steel samples to a mirror finish (≤1 µm). Polishing increases the sample surface homogenization and reduces the surface roughness of the steel, thereby providing a basis for comparison before and after exposure to the corroding fluid. Finally, the polishing lubricant was removed (degreased) with acetone, rinsed with DI water, dried, and weighed. The composition of each steel is provided in Table 1. Note that the density of Q125 is not readily available and was determined via volume displacement to be ~7.8 g/cm3.



Stocks of both corroding fluids were made using 18.2 MΩ MQ water. To evaluate the Eh-induced corrosion, care was taken to minimize the ionic strength of each fluid. To this end, the low-Eh fluid (subsequently referred to as Fluid 1) was doped with 250 g of Zn metal (>99% purity ACS grade), with a calculated ionic strength of 0.0001 mol/L. The redox potential of Fluid 1 was monitored over the span of two weeks until the rate of change was minimized and the lowest ORP value was obtained. The raw ORP values were temperature-corrected and converted to SHE for reporting. The day before the start of the exposure testing, the Eh of Fluid 1 was −0.04 V. The high-Eh fluid (subsequently referred to as Fluid 2) consisted of a 6% (H2O2) solution with a calculated ionic strength of <0.0005 mol/L. Hydrogen peroxide was favored over a sodium hypochlorite solution (e.g., [28]) to avoid Na+ or Cl2 in the solution, which would increase the ionic strength of the fluid. Fluid 2 was made fresh on the day of the start of the exposure testing to limit its interaction with the atmosphere. The Eh of Fluid 2 was 0.3105 V at the beginning of the exposure tests. To eliminate the effect of the initial pH, both fluids were pH balanced using KOH to a value of 7.




2.2. Exposure Testing


One 250 mL Wheaton glass screw-top bottle was used for each grade of steel for each fluid. The steel pieces were placed into the Wheaton bottles, exposing the generalized region of interest (ROI) on the polished side. For Fluid 1, the 1500 mL stock fluid container was shaken to suspend any Zn particulates before filling each Wheaton bottle to 180 mL. The bottles were capped and placed onto a pre-heated hotplate (without stirring) at 75 °C, a temperature that is frequently associated with geothermal power plant reinjection in low-enthalpy systems [29,30]. Three time points (excluding t0) were selected at intervals of 24 h (t0–t1), 168 h (1 week) (t1–t2), and 1008 h (6 weeks) (t2–t3). At each time point, a ~60 mL aliquot of the fluid was filtered at 0.2 μm, acidified to 1%~v/v with concentrated trace metal grade HNO3, and the ORP and pH of the fluid was measured. The steel pieces were removed from the Wheaton vials, rinsed with DI water, dried, weighed, and photographed prior to the AFM analysis. The Wheaton bottles with the remaining fluid were kept on the hotplate at 75 °C for continuity. After the AFM analysis, the steel pieces were returned to the same Wheaton bottle, containing the remaining 75 °C fluid, until the next time point. While opening the reaction bottles at each time point for sampling would expose the fluid to atmospheric O2, this approach is not a flaw in the experimental design because binary power plants may be air-cooled, so it is representative of actual conditions [31]. After the first time series, the Wheaton bottles were allowed to soak in 10% HCl for over an hour, before triplicate DI rinsing before reuse. For the exposure tests using Fluid 2, each of the Wheaton bottles were wrapped in aluminum foil to reduce the H2O2 degradation.




2.3. Atomic Force Microscopy


Atomic force microscopy was performed using an Asylum MFP-3D, located in the Shared Research Facilities at West Virginia University. The steel samples were loaded onto glass slides with the probe tip above the polished region on the steel surface (aided by identifying the inscribed arrow indicators) and analyzed in the AC air topography mode. The instrument was retuned for each new steel sample, and if the retracted free amplitude varied by more than |0.05 A| from the set amplitude throughout the analytical session. The selected ROIs were typically 50 × 50 μm or 90 × 90 μm in area, with the latter being the maximum size allowed by the instrument. This scan size was chosen to collect spatial information over the largest area possible to maximize the sample representation. Multiple topographic maps were made in the polished region of each steel piece at each time point. The data were processed (i.e., graphical representation and surface roughness (Sa)) using the software program, Gwyddion.





3. Results


The average AFM topographic data and mass loss corrosion rate are presented in Table 2 for all steels, timepoints, and fluids. The mass loss corrosion rate was calculated at each time point following the form given by Mundhenk et al. (2013) [6]. If the change in mass was not measurable (i.e., below the LOD), the corrosion rate was incalculable; this does not necessarily mean that zero corrosion occurred, however. Here, we assume that the steel density and surface area did not change and were held constant. Therefore, uncertainty was principally controlled by the dimensional imprecision of the steel pieces. The dimensions for each steel sample piece were measured to the nearest mm (±0.5 mm). This level of accuracy results in ~9%, ~12%, and ~13% uncertainty for the corrosion rates for the Q125, 316L, and C276 steels, respectively. Polishing relics likely contribute to the surface roughness uncertainty at TP0 on all six steel samples. Interestingly, the higher grit 1 µm polish performed better than the 0.5 µm polish, as the 0.5 µm polishing produced surface roughness values of 30 ± 4 nm, 17 ± 32 nm, and 23 ± 15 nm for Q125, 316L, and C276, respectively, for the first batch used in the Fluid 1 exposure tests. In comparison, the second batch of steel samples used in the Fluid 2 exposure tests were polished to 1 µm, and yielded surface roughness values of 17 ± 11 nm, 15 ± 6 nm, and 15 ± 8 nm for Q125, 316L, and C276, respectively.



3.1. Fluid 1 (Low Eh) Exposure


Fluid 1 in each Wheaton bottle rapidly changed from a net reducing (Eh at TP 0 = −0.04 V) to an oxidizing fluid (~0.44 V) when exposed to all steel grades (Figure 1A). The pH of Fluid 1 remained relatively unchanged from TP0 to TP2. In the final time series, TP2–TP3, the pH of Fluid 1 increased by at least one unit for each steel grade, with an increasing rate of change over time (average pH/h of 6.9 × 10−4 for TP0 to TP1, −5.6 × 10−4 for TP1 to TP2, and 1.2 × 10−3 for TP2 to TP3). This observation, in conjunction with that made for the Eh, seems to support a protracted fluid evolution, and that Fluid 1 did not reach a steady state even after a combined total of 1200 h. Note that, while there was a decrease in the rates of change for both the pH and Eh from TP0 to TP1 and TP1 to TP2, this trend was reversed for the final TP2 to TP3 interval.



The surface roughness values for each steel sample progressively increased over time. It is worth noting that some localized surface features were interpreted as polishing relics (Figure 2 and Figure 3) and represent a source of uncertainty, as it is possible that some of these features may have been inadvertently included in the AFM analyses (Figure 4), resulting in potential false positives. Pitting corrosion is observed in all samples, while Q125 experiences general corrosion (Figure 3 and Figure 4). The Sa of each steel increased monotonically after each timepoint for the entire 1200 h duration.



The surface roughness of all steels became significantly rougher over the entire 1200 h exposure time (Figure 1D and Figure 4, Table 2). Q125 most notably displayed a relatively homogenous surface roughness increase compared to the other two grades of steel, where the significant increases in the surface roughness were more localized. Figure 4 displays the significantly oxidized surface at the end of the exposure. The entire surface of the Q125 steel underwent a general alteration (note that the AFM analysis was performed on the interior of the sample, as the rind was removed before analysis). Moreover, in some AFM topographic scans, the total translation exceeded the instrumental capability (~±7.5 µm). Fitting a logarithmic relationship to the corrosion rate data of Q125 (Figure 1C, Table 2) and taking the first derivative yields a corrosion rate that itself changes at (d2cm/dt2) = 2.7 × 10−7 cm/h2 (or 0.024 mm/year2). Pits formed on the surface of the 316L steel, and were frequently associated with adjacent peaks (Figure 3, TP 1 to 3). The surface roughness of 316L also became progressively rougher, and the average total vertical translation also increased, up to 1.8 µm after 1200 h exposure (Table 2). Long sequences of ~100 µm oblate pits in an echelon formation were produced, as well as an aggressive attack on the edges and corners, resulting in rounding and beveling (Figure 4). There was only one time interval in which a measurable mass loss was observed. Therefore, corrosion rate evolution analysis was not possible. C276 behaved similarly to 316L. Pits and immediately adjacent peaks were detected (e.g., Figure 3 TP2 for C276). This material generally experienced an increase in both the surface roughness and the total vertical translation over time, with the exception occurring at TP1, although both metrics were within uncertainty (Table 2). Like 316L, there were numerous gouges, as well as edge beveling and edge attacks, on the surface and corners of C276 (Figure 4). This steel did not experience a sufficient mass loss throughout the 1200 h exposure to allow for a mass loss corrosion rate, and because of this, it is impossible to even apply a constraint on the corrosion evolution of Fluid 1.




3.2. Fluid 2 (High Eh) Exposure


The pH and Eh evolution of Fluid 2 for all time points is given in Figure 5. After the exposure tests, the average pH values from all steel fluids increased by approximately 3 units from 7 to 9.5. Conversely, there was a decrease in the Eh of ~0.22 V, from 0.43 V to 0.216 V. The slope behavior of the pH versus time and Eh versus time were the same for all steel fluids across all time intervals. The rates of change for both parameters (dpH/dt and dEh/dt) were the greatest between TP0 and TP1. After TP1, the dpH/dt and dEh/dt progressively decreased over time. One interesting qualitative observation after the exposure of the steel samples to Fluid 2 was in their surface color. After a 24 h exposure (TP1), all steel samples were visually bright and had a shiny surface appearance. After TP2, the surface of C276 became an iridescent blue, but only for ~20 min before fading (Figure 6). Interestingly, this surface characteristic was retained after TP3 and did not diminish, and is contemporaneous with the golden-yellow corrosion feature (Figure 6). This area was targeted explicitly for AFM analysis (C276 TP3 is denoted by a red box in Figure 6 and Figure 7C). For the Q125 TP3 AFM data (Figure 7C), the exterior rind was gently removed prior to the AFM analysis of the interior. Finally, an audible gas release was noted after opening each Wheaton bottle for all timepoints, and gas bubbles were observed to be nucleating on the steel surfaces, particularly the C276 steel surface.



One of the most apparent observations of the C276 steel is the blue hue that was noticeable after TP2 (Figure 7). Regarding the surface features, there is a strong correlation between the linear features and the existence of ~100 µm tall peaks for the C276 steel (Figure 6, TP2). These features increased in frequency over time and were not observed in the pre-reaction AFM topographic maps. The pre-reaction AFM maps of the C276 steel contain similar or smaller ~100 µm peaks, but they are not as strongly correlated with valleys as in the post-reaction AFM topographic maps. This type of steel appears to display fissure expansion (red box in Figure 6 and Figure 7) and pitting corrosion. If the particularly rough localized corrosion (Figure 6 and Figure 7) is excluded, the surface roughness of the C276 steel samples changed minimally throughout the entire 1200 h exposure period (Table 2; if excluded, the surface roughness at TP3 becomes 20 ± 9 nm). Despite the overall small increase in the surface roughness of the C276 steel, a detectable mass loss was measured, allowing for a corrosion rate to be established, which decreased over time (Figure 5).



The mass loss corrosion rate and AFM data indicate that 316L performed similarly to C276, as the corrosion rate was also low and similarly decreased over time. Corrosion of the 316L steel at TP2 was not detected due to the mass loss being below detection. This does not, however, indicate that zero corrosion occurred in this time interval. Moreover, the surface roughness of 316L generally increased, although a decrease did occur at TP2, despite a total vertical translation increase of only 229 nm from TP0 to TP3 (Table 2). Regarding the corrosion type and surficial features, the 316L sample appears to have experienced significant pitting and edge attack (Figure 7).



The Q125 steel roughness increased significantly after TP2 at a rate of 0.56 nm/h, and in some instances, the vertical translation exceeded the capability of the AFM instrument (meaning that peaks or valleys on the surface had an absolute value > 7.5 µm). In contrast to the 316L and C276 steels, the Q125 steel experienced an acceleration in the corrosion rate despite similar pH and Eh fluid evolution behavior occurring in all three Wheaton aliquot bottles (Figure 5). At the start of the exposure test, this material experienced localized pitting, which transitioned into general corrosion at the end of the 1200 elapsed time. Similar to the rind encapsulating the Q125 piece from Fluid 1, the Q125 steel, after exposure to Fluid 2, produced a reddish-orange weathering rind (0.0861 g), which, after removal, accounted for 0.74% of the mass of the combined sample mass at TP0 (11.5931 g). Unfortunately, after the whole 1200 h exposure to Fluid 2, the corrosion was so extensive that the AFM tip broke, limiting the number of analyses to only three.





4. Discussion


4.1. Steel Grade Comparison


The Fe-rich Q125 steel performed the worst when exposed to both reducing (Zn-doped) fluid and oxidizing (H2O2) fluid, relative to 316L and C276. The effect of pre-existing surface roughness also plays a vital role in subsequent corrosion, as the unpolished Q125 steel surface is aggressively corroded, relative to the polished surface of the same sample (Fluid 1 in Table 2), indicating that a larger surface area for reactivity serves as positive feedback for corrosion. In respect of surface roughness, 316L performed slightly worse than C276 when exposed to reducing Fluid 1. When 316L was exposed to the oxidizing Fluid 2, the surface roughness was within uncertainty, and is thus statistically indistinguishable from the surface roughness observed on the C276 steel. The mass loss corrosion rates of 316L and C276 are similar between both materials and, in many cases, below the gravimetric balance’s detection limit. Note that this method is highly dependent upon sensitive balances and does not indicate that zero corrosion occurred. The Q125 steel corroded the fastest, at a rate of typically 102 greater than the other two steel grades. However, it is not immediately clear why the corrosion rate for Q125 increased when exposed to Fluid 1 and 2. However, there may be positive feedback with the transition from localized pitting to general surface corrosion. In this hypothesis, a rougher surface leads to more surface area, which leads to more corrosion nucleation sites, etc. Pitting corrosion is associated with the breakdown of the passivation layer and is exacerbated by the presence of halogen ions or thiosulfate [32]. The exact cause of this pitting, observed in all steel grades, is unknown, and is perplexing because, in the construction of the corroding fluids, neither halogen ions nor sulfur were introduced. However, each grade of steel does contain between 0.001 and 0.0272 wt % sulfur (Table 1). It remains to be shown whether or not this small amount of sulfur is capable of inducing localized pitting corrosion.



The ~20 min transient nature of the iridescent blue hue seen on the C276 steel sample suggests photosensitivity, while the long-term stability of the color after TP3 indicates a permanent coating. A blue hue has been noted on Cr-plated steel in the presence of low Cr-oxides, and was found to decrease in intensity as the Cr-oxides increased and took on a golden-tan color instead [33]. Therefore, the referenced work stands in strong agreement with the above observations, considering that the Eh evolution of Fluid 2 decreased over time, while the permanence of the iridescent blue hue increased. In addition, a blue/purple color (interpreted as a potential oxide) which transitions to yellow over time has been reported on alumina-forming austenitic steel [34]. It is thus likely that the golden-yellow corrosion feature occurring on the C276 surface at TP3 (Figure 7) may indicate what the potential surface of the steel would look like if the exposure time was further increased.




4.2. Fluid Comparison


In only 24 h of exposure to Fluid 2, C276 (regarded for its excellent corrosion resistance) experienced a measurable mass loss. Similarly, 316L and Q125 experienced 100% and 33% increases in mass loss in Fluid 2 at TP1 compared to Fluid 1. Considering the low ionic strengths and starting pH of 7, the effect of the more oxidizing fluid on corrosion is apparent. The oxidizing Fluid 2 induced more significant steel corrosion than the less-oxidizing Fluid 1, corroborating the aggressive bubbling that was observed on the steel surfaces submerged in Fluid 2. The decomposition of hydrogen peroxide into H2O and O2 is a spontaneous reaction [35], indicating that corrosive O2 will automatically be generated from Fluid 2 and attack the electron-rich steel surfaces. Moreover, one product in H2O dissociation is, of course, H+ (note that acidity may also increase in solution from CO2(g) partitioning into the fluid from the headspace in the unflushed/unevacuated Wheaton bottle). Merging two H+ yields molecular H2—a gas at the experiment pressure and temperature conditions. Indeed, H2 gas is produced and is the likely species of the observed gas bubbles [36], which bubble out of the solution, as observed, and simultaneously consumes acidity. Therefore, the positive pH evolution in Fluid 1 and 2 may be due to H+ consumption via the formation of H2 gas. This same phenomenon may explain the reversal of Eh values at TP3, because the H2O2 in Fluid 2 was converted into H+ and then reduced to H2(g). The gaseous H2 could not escape, but concentrated in the Wheaton bottle headspace instead. The increased partial pressure of hydrogen gas (pH2) resulted in an equilibration with the liquid in Fluid 2, allowing for partitioning back into the solution as H2(aq). This gas is reducing, and an increase in H2(aq) would cause the Eh of Fluid 2 to decrease.



The rapid change in the Eh values for Fluid 1 suggests that the reducing nature of the Zn-doped Fluid 1 was in disequilibrium with the atmospheric O2 in the Wheaton bottle. Interestingly, after only 24 h, the Eh values of Fluid 1 (mean = 0.442 V, all steels) and Fluid 2 (mean = 0.478 V, all steels) were very similar, suggesting that these fluids rapidly lost their initial redox characteristics and trended towards equilibrium. Yet, the pH remained the same (mean = 7.0 and 7.3, respectively). The pH,Eh coordinate pair for Fluid 1 at TP0 plots relatively close to the H2-H2O boundary while Fluid 2 plots in the center of the H2O field, indicating that Fluid 2 is likely more thermodynamically stable than Fluid 1. This may explain the sudden positive Eh excursion of Fluid 1 after only 24 h of exposure to a more stable pH,Eh coordinate, while also explaining why Fluid 2 deviated minimally after the same time interval. Over the entire 1200 h exposure test, both fluids likely approached equilibrium, as evidenced by the general decrease (or trend towards a rate of 0) for dEh/dt and dpH/dt. To ensure that the redox potentials of the fluid are maintained at disequilibrium values, this work could be improved by utilizing a reaction bottle that allows for both intermittent sampling and an evacuation or N2 flushing capability to remove atmospheric O2 (which promotes equilibrium).



Corrosion rates are dynamic and have been shown to both increase [2] and decrease [6] over time. While only the Q125 steel exhibited a measurable mass loss corrosion rate over multiple timepoints, Fluid 1 became slightly more corrosive over time. In comparison, all steels were corroded in Fluid 2, and the corrosivity of this fluid decreased over time. In summary, the corrosion results from the AFM surface roughness analysis, as well as the mass loss corrosion rates of steel when exposed to the oxidizing Fluid 2 solution, were greater than when exposed to Fluid 1.




4.3. Redepositional Features


Suspected redepositional features may be identified by comparing the height retrace and phase retrace AFM data (Figure 8). The latter is used to evaluate the boundaries between different materials on the basis of Van der Waals repulsive or attractive forces. Material phases that are ‘sticky’ will induce an attractive force on the AFM tip, resulting in a lag or offset (given in units of degrees) in the retrace map, relative to a non-sticky material. As can be seen in Figure 8, there is a strong spatial correlation between these two topographic maps, indicating that secondary corrosion products might be identifiable. Furthermore, the redepositional features appear to display a lower phase retrace angle, relative to the bulk steel substrate (Figure 8). Redepositional features are often located immediately adjacent to pitting corrosion, although, in other instances, they form amorphous topographical forms on the steel surface. The exact crystallography of the deposit is unknown, although they are likely oxy(hydroxides) [37] or hydroxides [4]. Crystallographic identification will inform the selective dissolution of the steel solid solution, relative to the corrosive fluid. For example, it has been shown that Zn increases in fluid at an acidic pH faster than Al [38]. To this end, we hypothesize that oxy(hydroxides) secondary deposits will have a lower phase retrace angle than the primary steel substrate, and that minerals such as wülfingite (Zn(OH)2) may be present, particularly in fluids or steels containing Zn.



Secondary products which form on the surface of steel offer corrosion protection, the result of which is a decrease in the corrosion rate [2]. Armoring peaks are not restricted to one steel grade or morphology. For example, on C276, the armoring peak is a prominent spire (Figure 8A), whereas on 316L, the armoring peak is immediately adjacent to the pitting corrosion (Figure 8B). These armoring peaks represent secondary precipitation from steel corrosion, reflecting a subtractive–additive relationship occurring at the fluid–steel interface. Like the fluid–rock interface in natural hydrothermal or geothermal systems, subtractive corrosion in one location may result in additive scaling in another. We propose that combining AFM phase retrace and height retrace data with a phase identification technique such as Raman spectroscopy (e.g., [37]) may further inform the corrosion-related fluid–steel interactions, thereby providing further information on the scale reduction of these secondary deposits.




4.4. Data Validation: Scale Dependence and Scan Window Model Selection


AFM, while being an excellent tool for corrosion imaging and topographic mapping, is limited in its spatial capability. Observations made in a particular ROI may or may not be representative at other sample surface locations. Using two different sub-window models (Figure 9), we sought to address surface area roughness scalability over nearly three orders of magnitude (from 25 µm2 to 8100 µm2). We have developed and herein introduced a repeating origin propagation (ROP) window model which uses the same starting point for each expanding sub-window (Figure 9A). In this model, the total scan area comprises several sub-windows of equal lengths. This model provides AFM data over the total scan area; however, each subsequent window propagation is affected by the previous windows’ data biasing, the effect of scale dependence, and surface heterogeneity. We also used the sliding origin propagation (SOP) window model, which provides wholly independent AFM data. The origin for the subsequent sub-window (xn,yn) is slid along a diagonal path at some displacement (Δ), changing coordinates according to Equations (1) and (2) for x and y, respectively, as


    x   n   =     x   n − 1     + Δ x  



(1)




and


    y   n   =     y   n − 1     + Δ y .  



(2)







Note that for the square sub-windows, Δx = Δy. Unfortunately, this model does not allow for the entire ROI to be included in its analysis (Figure 9B). Nonetheless, each subsequent window does not depend upon the previous window, allowing for the effect of scale on the surface heterogeneity to be more apparent. However, the reduction in both the number of sub-windows within an ROI and in the sub-window size itself reduces the range of observations compared to ROP. For example, the same ROI accommodates ten sub-windows under an ROP model (Figure 9A), but only four under an SOP model (Figure 9B).



The effect of the window scan length does not appear to be a significant factor in determining the surface roughness (Figure 9 and Figure 10, as indicated by the low correlation coefficients), an observation that was made for both the ROP and SOP models. If the 1σ uncertainty is considered, the average roughness value at both 50 µm and 90 µm for both models is in relatively good agreement with most of the datapoints. Some outliers exist, like the ~80 surface roughness datapoint at the 30 µm scan size (Figure 9B1). This datapoint results from a 10 µm × 10 µm localized corrosion pit (surface roughness of ~198) and has an increased spatial weight on the overall sub-window’s surface roughness. In comparison, this same corrosion pit in the ROP model (appears in the 70 µm × 70 µm sub-window) results in a surface roughness of ~46 (Figure 9A1). This example demonstrates that the SOP is more sensitive to outliers in |z|. Simultaneously, while possibly more sensitive, the SOP will not detect the 0.52 µm peak, although the ROP does (appears in the 80 µm × 80 µm sub-window as Scan 9 in Figure 9A).



In agreement with the visual surface heterogeneity (Figure 4), a log–log analysis of the scan area versus the surface roughness (Figure 10) indicates that there may be significant variation (up to and even exceeding the range in size, e.g., SOP C276 TP2 and TP3, Table 3) in the surface roughness within the same timepoint. However, despite the surface roughness variation, there is an insignificant correlation between the surface roughness and the sub-window size. The surface roughness increases over time, although the surface roughness at each timepoint varies by at least ~1 order of magnitude lower than the scan area (Table 3). We interpret the relatively constrained surface roughness for the Q125 sample as evidence of general corrosion, while the variation in surface roughness observed in the 316L and C276 samples are interpreted as evidence of localized pitting corrosion.





5. Conclusions


	
The AFM results show that Q125 performs approximately the same when exposed to both fluids and experiences general corrosion. After 1200 h of exposure, Q125, upon exposure to the reducing Fluid 1 solution, produced a weathering rind at a rate of 0.29% of the mass of the initial sample. Exposure to the oxidizing Fluid 2 solution produced a weathering rind at a rate of 0.74 wt % of the mass of the initial sample. Both the 316L and C276 steels performed similarly to each other, as both became progressively rougher over time when exposed to both corroding fluids. Pitting corrosion is the predominant form found on the surfaces of 316L and C276. The concentration of sulfur present in the fluids may be derived from steel dissolution. It is unknown if this is a contributing factor to the observed pitting corrosion or what the sulfur concentration (present as thiosulfate (e.g., [32])) must be for initiation. The pH and Eh of the initially reducing Fluid 1 change minimally after 1200 h, indicating that it is approaching atmospheric equilibrium at that point. Conversely, and perhaps perplexingly, after 1200 h, the pH of the initially oxidizing Fluid 2 evolves to become strongly basic and has a comparatively low Eh. This may be at least partially caused by H2O2 decay and the subsequent consumption of H+, followed by H2 production. Finally, our results have shown that significant steel corrosion can occur even after exposure to very low-ionic-strength (<0.0005 M) fluids.



	
Redepositional peaks exhibit a significant spatial correlation with pitting corrosion, highlighting the utility of combining height retrace and phase retrace AFM maps. In qualitative terms, redepositional features are observed to have a lower phase retrace angle than the substrate’s bulk or approximate average angle. The accurate identification of these corrosion deposits could provide insights for selecting an appropriate antiscalant. AFM offers the advantage of providing ultra-high-resolution corrosion analysis.



	
Although the surface features may appear heterogeneous, there seems to be no significant influence of sample site selection bias. Two models were created to examine the log–log relationship between the surface roughness and window scan area. Neither model exhibited a substantial correlation between these variables over approximately three log units, indicating a lack of scale sensitivity within this range. The specific spatial extent to which this observation no longer holds true remains unknown, and further research in this area will likely yield interesting results.
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Figure 1. Fluid 1 evolution and steel behavior from each Wheaton bottle containing a single piece of steel. (A,B) Fluid evolution. (C,D) Steel roughness and corrosion rate. The surface roughness values are averages of the entire ROI scan area and are taken from the Fluid 1 AFM data in Table 2. Surface roughness uncertainties are at the 1 σ level. 
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Figure 2. Example of probable polishing relic from 316L TP3 from Fluid 1. Red areas represent topographic highs and blue areas represent topographic lows. (A) The transects 1 and 2 are both 30 µm in length. This is the diameter of the first diamond lapping film used in sample polishing. (B) Colorized version of the same ROI. (C) Oblique view with scale bar. Note the correlation between the transects and the deep linear valley, interpreted as a relic from the 30 µm diamond lapping film. 
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Figure 3. Images of the selected region for AFM analysis on each steel sample before and after the full 1200 h exposure to Fluid 1. The “after exposure” samples are multiple images photomerged at the same magnification as the single “before exposure” image. The green stars refer to polishing relics. Green rectangles indicate the general ROI that was analyzed using AFM. Examples of AFM topographic maps from these areas are presented in Figure 4. The red rectangle on Q125 from TP2 is an unpolished area and corresponds to the “u.p.” data row in Fluid 1 of Table 2. Photographs except for Q125 from TP3 illustrate both an oxidized rind and the inside of the same sample after rind removal. This is the surface used for AFM analysis (Figure 4, Table 2). The interior surface is the surface that was analyzed using AFM. 






Figure 3. Images of the selected region for AFM analysis on each steel sample before and after the full 1200 h exposure to Fluid 1. The “after exposure” samples are multiple images photomerged at the same magnification as the single “before exposure” image. The green stars refer to polishing relics. Green rectangles indicate the general ROI that was analyzed using AFM. Examples of AFM topographic maps from these areas are presented in Figure 4. The red rectangle on Q125 from TP2 is an unpolished area and corresponds to the “u.p.” data row in Fluid 1 of Table 2. Photographs except for Q125 from TP3 illustrate both an oxidized rind and the inside of the same sample after rind removal. This is the surface used for AFM analysis (Figure 4, Table 2). The interior surface is the surface that was analyzed using AFM.



[image: Cmd 04 00030 g003]







[image: Cmd 04 00030 g004] 





Figure 4. AFM height retrace topographic maps at each timepoint after exposure to Fluid 1. Red areas represent topographic highs and blue areas represent topographic lows. Note that the text below the AFM graphic is the average of each ROI for that piece of steel at the corresponding timepoint. Values at the 1σ level are given in parentheses. All AFM maps are shown using the same amount of scale exaggeration unless otherwise noted. (A) TP1. (B) TP2. (C) TP3. The scale exaggeration for the Q125 AFM topographic map has been reduced by a factor of 1.9 to reduce noise. 
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Figure 5. Fluid 2 evolution and steel behavior from each Wheaton bottle containing a single piece of steel. (A,B) Fluid evolution. (C,D) Steel roughness and corrosion rate. Note that, for example, 1E-07 cm/hr is equivalent to 1 × 10−7 cm/hr. The surface roughness values are averages of the entire ROI scan area. The surface roughness values are averages of the entire ROI scan area and are taken from the AFM Fluid 2 data in Table 2. Surface roughness uncertainties are at the 1 σ level. 
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Figure 6. Photomerge images of the selected region for AFM analysis on each steel sample before and after the entire 1200 h exposure to Fluid 2. Both “before exposure” and “after exposure” images were taken at the same level of magnification. The green stars refer to polishing relics. Green rectangles indicate the general ROI that was analyzed using AFM (Figure 7). The red rectangle is a specific location referenced in the text and the corresponding AFM map is found in Figure 7C. Photographs except for Q125 from TP3 illustrate an oxidized rind and the inside of the same sample after rind removal. 
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Figure 7. AFM height retrace topographic maps at each timepoint after exposure to Fluid 2. Red areas represent topographic highs and blue areas represent topographic lows. Note that the text below the AFM graphic is the average of each ROI for that piece of steel at the corresponding timepoint. Values at the 1σ level are given in parentheses. All images are shown using the same amount of scale exaggeration unless otherwise noted. (A) TP1. (B) TP2. (C) TP3. Regarding Q125, the scale exaggeration for this AFM topographic map has been reduced by a factor of 1.9 to reduce noise. The red box outlining the C276 AFM map corresponds to the same ROI outlined in Figure 6. 
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Figure 8. Redepositional features on steel surfaces. (A) Spire structure on C276 steel after TP3-ROI, outlined with a box. (B) Pitting corrosion pit with immediately adjacent redepositional rim on 316L TP3. Amorphous elevated structures are highly spatially correlated with phase retrace—ROI outlined in black. 
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Figure 9. AFM topographic maps from Q125 TP2 after exposure to Fluid 1 (n = 6) comparing the surface roughness values obtained from the ROP and SOP window models. The spatial resolution is within 0.2 μm of the reported coordinates. (A) ROP results with ten square sub-windows within the full 90 × 90 μm window. (B) SOP results with four square sub-windows within the full 90 × 90 μm window. (A1,B1) Surface roughness obtained from each sub-window (numbered datapoints denoted by red triangles correspond to the respective sub-window in (A,B)). The remaining datapoints denoted by circles are the surface roughness values from additional AFM topographic maps of Q125 from TP2 after exposure to the low-Eh fluid. The black bar represents the 1σ of the full maps at the 50 × 50 μm scale (n = 2) and the 90 × 90 μm scale (n = 4), and is centered about the mean. 
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Figure 10. Log–log analysis of scan area window size versus surface roughness for both ROP and SOP models. All data are AFM results obtained after exposure to Fluid 1. Each trendline pertains to all datapoints (independent of time). (A) Q125 steel. (B) 316L steel. (C) C276 steel. 
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Table 1. Steel composition, industrial application, and calculated molar mass and ionic charge. The C276 and 316L elemental wt % are given by the manufacturer, and the values for Q125 are the maximum elemental wt % given by the sample donor. Dirk et al., 1980 [23]; Tardiff and Snell, 1979 [24]; Phair, 2016 [25]; Morana and Nice, 2009 [26]; Jeon et al., 2022 [27]. The ionic charge is calculated using oxidation states of 4, 2, 2, 1, 2, 2, 6, −3, 2, −3, −2, 4, 2, and 6 for C to W, respectively.
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Steel Name AISI/EN/API

	
Purpose/Use

	
Elemental wt %

	
M

g/mol

	
Ionic Charge




	
C

	
Co

	
Cr

	
Cu

	
Fe

	
Mn

	
Mo

	
N

	
Ni

	
P

	
S

	
Si

	
V

	
W

	

	






	
C276/2.4819/-

	
Heat exchangers [23] and pump shafts [24]

	
0.006

	
0.01

	
15.6

	
0.02

	
5.7

	
0.52

	
16.2

	
-

	
58

	
0.003

	
0.001

	
0.05

	
0.01

	
3.67

	
67.9

	
2.8




	
316L/1.4404/-

	
Condensers [25] and heat exchangers [23]

	
0.02

	
-

	
16.7

	
0.55

	
68.5

	
1.67

	
2.03

	
0.0533

	
10.1

	
0.027

	
0.027 2

	
0.4

	
-

	
-

	
56.2

	
2.1




	
-/-/Q125

	
High strength/pressure casing [26,27]

	
0.35

	
-

	
1.5

	
-

	
94.9

	
1.35

	
0.85

	
-

	
0.99

	
0.02

	
0.01

	
-

	
-

	
-

	
56.0

	
2.0











 





Table 2. Corrosion rates and AFM results for each fluid and grade of steel at each timepoint. All steel data are taken from ROIs within the polished locations on each steel corner, while the unpolished (u.p.) Q125 AFM data pertain to an ROI at TP2.
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At TP0:

pH = 7

T = 75 °C

	
TP0

	
TP1

	
TP2

	
TP3




	
Time: 0 h

	
Time: 24 h, Elapsed Time: 24 h

	
Time: 168 h, Elapsed Time: 192 h

	
Time: 1008 h, Elapsed Time: 1200 h




	
Average Surface Rough. 1σ (nm)

	
Average Trans.

1σ (nm)

	
Average Surface Rough.

1σ (nm)

	
Average Trans.

1σ (nm)

	
Corr. Rate (mm/y)

	
Average Surface Rough.

1σ (nm)

	
Average Trans.

1σ (nm)

	
Corr. Rate (mm/y)

	
Average Surface Rough. 1σ (nm)

	
Average Trans.

1σ (nm)

	
Corr. Rate (mm/y)




	
Standard Deviations are Reported at the 1σ Level and Pertain Values Inside Parentheses






	
Fluid 1

	
Q125

	
30 (4)

	
400 (43)

	
29 (8)

	
510 (159)

	
8.2 × 10−3

	
36 (10)

	
972 (301)

	
0.051

	
366 (148)

	
6286 (2428)

	
0.11




	
Q125 (u.p.)

	
135

	
1649

	
-

	
-

	
-

	
~1352

	
>15,197

	
-

	
-

	
-

	
-




	
316L

	
17 (32)

	
415 (282)

	
55 (39)

	
1296 (746)

	
8.8 × 10−3

	
75 (44)

	
1204 (833)

	
<LOD

	
101 (126)

	
1824 (901)

	
<LOD




	
C276

	
23 (15)

	
617 (160)

	
17 (17)

	
424 (370)

	
<LOD

	
34 (19)

	
1003 (435)

	
<LOD

	
81 (88)

	
1477 (1092)

	
<LOD




	
Fluid 2

	
Q125

	
17 (11)

	
748 (312)

	
27 (30)

	
1003 (523)

	
1.1 × 10−2

	
21 (20)

	
652 (593)

	
8.1 × 10−4

	
582 (338)

	
6864 (2724)

	
0.13




	
316L

	
15 (6)

	
466 (84)

	
20 (10)

	
562 (239)

	
1.8 × 10−2

	
16 (13)

	
687 (397)

	
<LOD

	
30 (20)

	
696 (369)

	
8.6 × 10−4




	
C276

	
15 (8)

	
337 (216)

	
15 (13)

	
475 (255)

	
8.7 × 10−3

	
18 (6)

	
508 (120)

	
1.8 × 10−3

	
33 (32)

	
1085 (1521)

	
3.1 × 10−4











 





Table 3. Log–log surface roughness analysis of Q125 steel after exposure to Fluid 1 for all timepoints for both ROP and SOP models.
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	Log–Log Analysis after Fluid 1 Exposure
	ROP Range log(Sa) (µm)
	ROP Range log(Scan Area) (µm2)
	SOP Range log(Sa) (µm)
	SOP Range log(Scan Area) (µm2)





	Q125 TP1
	0.581
	2.000
	0.581
	1.204



	Q125 TP2
	0.358
	2.511
	0.692
	1.556



	Q125 TP3
	0.852
	2.511
	1.067
	1.556



	316L TP1
	1.369
	2.511
	1.288
	1.556



	316L TP2
	1.196
	2.511
	1.546
	1.556



	316L TP3
	1.634
	2.511
	1.328
	1.556



	C276 TP1
	1.080
	2.000
	0.961
	1.204



	C276 TP2
	1.619
	2.511
	1.639
	1.556



	C276 TP3
	1.454
	2.511
	1.577
	1.556
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