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Abstract
This work investigates the corrosion of offshore structural steel surfaces over particularly short timescales. The focus is on the short-term effects between surface treatment and coating application (typically several hours). Offshore structures are exposed to an aggressive marine environment, where substrates will be contaminated by aerosols containing salts within hours, even under mild weather conditions. Localised corrosion studies of the anodic and cathodic regions of S355 steel surfaces undergoing salt drop corrosion are characterised. Significantly, the corrosion products are found to grow rapidly and are inhomogeneous, porous, and amorphous. They evolve to higher oxidation state oxides quickly with corrosion time. Therefore, microscopic corrosion products will form on newly exposed substrates in marine environments, even before the protective paint is applied.
Introduction
Carbon steel is commonly used in many architectural and engineering appliocations. S355 is a structural steel, used particularly for marine structures and offshore platforms.1 The majority of work on S355 focuses on the mechanical properties and possible failure routes of the material. Detailed analysis mostly concerns the bulk structural properties of the steel,2–5 with few exploring the surface chemical behaviour. 
Energy Dispersive X-Ray Spectroscopy (EDX) has been used to map the spatial migration of elements onto the S355 steel surface but there is minimal discussion of the surface chemistry6–8. The surface chemistry can significantly impact the corrosion tendencies of such steel. Corrosion studies usually focus on industrial standards of salt spraying tests and cyclic accelerated corrosion tests,9 the load-bearing mechanical properties and the speed of corrosion. There are reports on the corrosion of sacrificial coatings,10–12 and the “corrosion resistance” of the S355 steel through the rust surface coverage and electronic impedance of the steel rather than the surface chemical speciations.13 Importantly the simulation tests are conducted over relatively long time periods (days, years, if not decades)14–20. However, the timescale for repainting is usually hours, 21 hence this work considers the effect of the corrosive marine atmosphere over these much shorter periods. 
S355 steel can be subjected to salty water corrosion conditions, particularly splashing and marine aerosols, when used in off-shore structures.1 Stratmann et al. suggested that atmospheric corrosion of steels occurs in three stages: 1) wetting of the dry surface, 2) the wet surface corrosion, and 3) drying out of the surface.22 Experiments are often performed with salt-spray chambers that use salt solution aerosols onto a test surface.23 The corrosion is monitored in a number of ways, such as scanning Kelvin probe microscopy.24 ‘Cross-cutting’, where a cross is cut through a coating and the sample then corroded in a solution, has been employed to specifically observe the coating’s delamination when the coating is breached.25 
S355 steel has been shown to possess a number of coexisting different surface iron oxides.26 One may speculate that these different crystal formations and poor packing may account for the poor protection and the ability of corrosive species to readily penetrate to the iron metal. In contrast to, for example, the oxide on aluminium which is protective. 
The focus of this work is to study the corrosion of S355 in model marine environments over the short timescales relevant to cleaning and repainting. Any corrosion/modification of the steel at this stage is important as it is these materials that the subsequent paint/coatings adsorb onto.26 
One of the main transport modes of water and salts to an off-shore structure is via marine aerosols. Individual droplets may land and start corrosion. With longer waiting periods more and more of the surface will be covered. Here a simple flux-based model, and data drawn from the atmospheric community, is used to estimate the likely coverage dependence of marine aerosols on an off-shore steel structure.
A salt drop experiment is also used to prepare defined anodic and cathodic corrosion sites on a polished steel surface which can be conveniently studied over appropriate timescales. The study aims to identify the surface species and chemical environments formed. It is these outer corroded layers that are the substrate for subsequent paint/adhesion, where good attachment is needed to minimise coating failures. The initiation of corrosion may be autocatalytic,27,28 and small amounts of corrosion may lead to degradation.
Experimental
Chemicals and Reagents
All reagents were obtained from Sigma-Aldrich Company Ltd., Gillingham, UK, unless stated otherwise. All aqueous solutions were made using ultrapure water with resistivity of 18.2 MΩ cm. The artificial seawater was made following Kester et al. with a total salinity of 3.5% by weight as shown in Table 1.29 The solution was measured to have a pH of 7.76 ± 0.26, by using both narrow range pH indicator paper and pH probe methods.30,31 and was found to be in reasonable agreement  with literature ( 7.5 to 8.5).32
S355 steel (composition shown in Table 2) was used as a substrate throughout this work, supplied by Parker Steel, Canterbury, UK. To facilitate the observation of topographical changes on corrosion product formation, the S355 steel surface was polished as follows: a) ground with 320 grade silicon carbide paper until no major pits/mill scales were visible. b) polished with 25 µm sized diamond paste for 30 minutes, then 14 µm, 6 µm, and 1 µm for 10 min each. All diamond pastes were Type KD diamond paste from Kemet, Maidstone, UK, and all polishing was done on Kemet PSU-M polishing pads. A mirror finish was achieved for each sample after polishing. The polished substrates were washed in 2%/wt neutracon® solution (Decon Laboratories Ltd.) and sonicated (Fisher Bioblock Scientific 750 W Sonicator, Fisher Scientific) in neutracon solution for 1 min to remove diamond paste residues. The coupons were rinsed quickly ten times, with 50 mL of ultrapure water, (18.2 MΩ cm). The samples were then sonicated in ultrapure water for 1 min, and quickly rinsed with pure water ten times again. Finally, the samples were blown dry with dry nitrogen. They were stored in a desiccator in vacuo. The post-washing S355 steel surface was characterised in detail in previous work, and was found to contain multiple iron oxides in its surface native oxide layer.26
The artificial seawater corrosion experiments were conducted by depositing a 100 µL droplet onto the steel coupon, and left to corrode for a particular ‘corrosion time’. The sample is then quickly immersed in 50 mL ultrapure water and gently rinsed five times using 50 mL of ultrapure water before removal from water, blow-dried with dry nitrogen, and left exposed in the atmosphere for 1 hr. During the air exposure, the sample was covered with a petri dish to minimise deposition of adventitious materials. The S355 coupons were dried and stored in vacuum desiccators pending analysis, this period was kept as short as possible.
Instruments
Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDX), were performed using an FEI QEMSCAN 650F, Thermo Fisher Scientific, at the Department of Earth Sciences, University of Cambridge. EDX elemental analyses at the anodic and cathodic regions on the steel surface were done over an area of 180 µm x 240 µm. X-ray Photoelectron Spectroscopy (XPS) was performed using a K-Alpha X-ray Photoelectron Spectrometer, Thermo Scientific at the NEXUS XPS service, University of Newcastle. A monochromated aluminium source (1486.68 eV) was used with a sampling spot size of 400 µm.  Data was analysed using CasaXPS software (Gaussian-Lorentzian peaks (70:30) except metallic iron 2p peaks, which were fitted with asymmetrical Gaussian-Lorentzian peaks).33 
Focused Ion Beam (FIB) sample preparation was performed using an FEI Helios Nanolab SEM/FIB microscope at the Department of Materials Science and Metallurgy, University of Cambridge. The samples were lifted out using an Omniprobe200, Oxford Instruments, and were deposited on 3-post lift-out grids for further thinning using FIB. In this work the materials exposed by the cross-sectioning was not preserved due to atmospheric exposure in transit. The transit time between vacuum chambers was kept to a minimum.
Transmission Electron Microscopy (TEM) inspection of the FIB-prepared samples were first conducted using a JEOL 200CX to ensure regions of sufficient electron transparency. High resolution Energy Dispersive X-Ray Spectroscopy (EDX) and Electron Energy Loss Spectroscopy (EELS) were conducted on an FEI Tecnai Osiris microscope operated at 200 kV and equipped with a ‘X-FEG’ high-brightness electron source and a ‘Super-X’ EDX detector system with four detectors arranged symmetrically around the sample. The beam convergence semi-angle was set to 11.0 mrad and for EELS the collection semi-angle was 15.4 mrad. Both microscopes were at the Department of Materials and Metallurgy, University of Cambridge.
The EELS data was analysed using the Hyperspy software, an open-source software coded in Python. Independent component analysis, a machine learning method for unmixing spatially varying signals which has previously been demonstrated to successfully separate iron (II) and iron (III),34 was used to qualitatively disentangle EELS spectrum images. Iron (II) and iron (III) reference spectra were from siderite (FeCO3) and hematite spectra collected within the EELS Data Base.35,36 Due to differences in experimental parameters (electron beam energy resolution, illumination optics and spectrometer collection angle) the reference spectra are not directly suitable for peak fitting.  Instead, the reference spectra were reprocessed to extract the characteristic line-shape only. The background preceding the Fe L23 ionization edge was subtracted, and the intensities were normalised. The relative energy offset of the reference spectra was fixed. This offset was consistent with shifts in the L3 edge onset reported previously.37 After preliminary fitting to experimental data containing both Fe2+ and Fe3+ signals (to adjust for the experimental energy scale and energy resolution), a single set of universal energy offset and energy scale parameters for for both reference line-shapes was fixed, thus allowing for relative intensity be determined by fitting. The reference line-shapes were then suitable for use in peak fitting EELS spectrum image data to assess the spatial distribution of iron oxidation state semi-quantitatively. The central objective of the EELS analyses here lies in assessing systematic variations for which this level of quantification suffices.  The subsequent image processing to obtain oxidation state ratio maps was achieved using FIJI, software derived from ImageJ (the National Institute of Health, Bethesda, USA).
Results and Discussion
1) Marine Environments: Timescales of Repainting
This section aims to address the timescale required for the marine aerosols to arrive and ultimately achieve complete coverage of a steel substrate. Any corrosion that follows may provide a very different surface for repainting than the cleaned steel. This is illustrated schematically in Figure 1. Importantly, the time of aerosol exposure prior to overpainting is often somewhat shorter than most previous studies consider. 
Marine aerosols are reported to be mostly ‘coarse’ particles larger than 0.6 µm in size, representing 95% of the total marine aerosol mass with a number concentration of approximately 30 particles m-3.38 
Marine aerosol droplets larger than 10 µm only travel relatively short distances before sedimentation. In contrast, smaller droplets may travel hundreds of kilometres.39,40 For the North Sea, the mean wind speed at altitudes below 10 m is 7 ms-1.41 While smaller and lighter aerosol droplets may be swept around a structure due to the static boundary layer of air at the surface, the coarse mode aerosols (≥ 0.6 µm) generally have enough inertia to go through this air layer and hit the surface. This means a simple linear flux-based approximation of the collision frequency is reasonable.42
Using the approximate aerosol data above, the flux of ‘coarse’ aerosol droplets impinging the steel surface can be estimated. The surface area of a single aerosol sessile droplet on the steel is taken to be a spherical cap with a contact angle of 60.9o (schematic in Figure 2a) from the literature.43 The circular base of the drop on the steel has an area of 0.72 µm2. Hence approximately 1.43 × 1012 aerosol drops form a liquid layer to cover 1m2 of steel.
Figure 2b shows the wind speed dependent timescales for an aerosol to cover 1 m2, calculated using Equations SI1 and SI2 in the Supporting Information. For the North Sea with the average wind speed given above, the time to fully cover the surface is less than 2 hrs. However it is important to note that the corrosion will be expected to start immediately on exposure to the first aerosol drop that arrives. 
2) Salt Drop Experiment and Corrosion Analysis
Corrosion of steels is an electrochemical process, initially with oxidation of iron metal into aqueous iron (II) species at the anodic sites and the reduction of oxygen into hydroxyl ions at the cathodic sites.44 To analyse and assess the impact that short corrosion times has on the surface, this work analyses their separate surface chemistry.  Here the ‘salt drop’ experiment of Evans is employed,45 where a single drop of seawater solution is placed on a corroding substrate. It is noted that this type of simulated marine environment for aerosol wetting of steel is very simplified, where factors such as drop size, angle of incidence, local surface topography and wind patterns etc. can all play significant roles in the initiation and propagation marine corrosion.22 These factors, however, are beyond the scope of this study. Therefore the Evans droplet experiment would more closely simulate corrosion at an agglomeration of smaller aerosol droplets (e.g. high aerosol flux conditions), rather than that of a single aerosol particle. The outer regions of the droplet-contacted surface contain cathodic sites and the anode regions are in the centre attributed to the local differences of oxygen concentration, forming different half-cell potentials to enable the overall electrochemical reaction.44
A 100 µL droplet of artificial seawater was drop-casted onto a polished steel coupon. The S355 steel is allowed to corrode using seawater for the desired duration, blown dry with dry nitrogen jet, then expose to air for another well-defined period.  A typical corroded steel sample surface has visible cathodic and anodic regions, evident from the colouration differences arising from the topographic and surface chemical changes arising from the corrosion. The anode (in the droplet-contacted surface centre) has a pale blue tinge, while the outer cathodic region dull and discoloured compared to the mirror finish of the initial polished steel coupon.
TEM Cross-Section Analysis of Short-Duration Marine Corrosion Products
TEM analysis of the seawater corroded surface at the micron to nanometre lengthscale is presented in this section. The corrosion products at the cathodic regions are inspected after different durations of exposure to seawater: i)  20 min and ii) 105 min. Figure 3 shows the SEM micrograph results and clearly indicates the formation of corrosion products on the steel surface evident in the presence of particulates and features not evident in the starting material.
The thin, flake-like corrosion formations are seen with larger nodules, with some resemblance to goethite formations on marine corroded steel.49 The number density of nodules increases with corrosion time.  The flakes are expected to have a high surface-to-volume ratio seen initially, while the nodules are expected to have a relatively lower surface-to-volume ratio.
Samples were prepared for TEM cross-sectional analysis using in situ focused ion beam (FIB) etching with sample lift out as outlined in Figure SI1. Figure 4 shows the TEM image of the corroded steel interface with emphasis on (a) the uncorroded bulk steel, (b) the outer corrosion products and (c) the near surface corrosion product, with corresponding electron beam diffraction patterns below.
Electron diffraction images were used to consider the crystallinity of the materials. In general, sharp localised spots are typical of small monocrystallites. Powder averaging of many crystallites gives rise to narrow rings. Broad halos in the radial direction are typical of amorphous materials. The steel shows spots characteristic of ferrite crystals (α-Fe), shown in the leftmost diffraction pattern in Figure 4. At the porous corrosion product layer, amorphous phase circular halos are seen in the middle diffraction pattern. However, at the rightmost for the sample corroded for 20 min, interface ferrite diffraction spots are superimposed with broader rings indicating that the corrosion products are polymorphous. Sample corroded for 105 min has broad rings seen for its outer corrosion products (centre diffraction pattern), which are indicative of a polydomain/amorphous product formation.
Figure 5, a TEM micrograph of the steel surfaces corroded for different durations, can be used to illustrate and estimate the thickness and porosity of the corrosion products after 20 and 105 min. Like Figure 4, the layer is seen to be very porous, and the cross-sectional structure of the ‘nodules’ is evident after 105 min and shown to be highly porous. (yellow circles in Figure 5). with ‘flower’-like aggregates, with flake-like corrosion products (evident at shorter corrosion times) forming the ‘petals’. The ‘maximum’ thickness of the layer is seen to develop rapidly even for short corrosion times, from approximately 300 nm thickness after 20 min to 2350 nm thickness for 105 min of corrosion. This evolution of corrosion product morphology is likely due to ‘aging’ (continued oxidation, inclusion of other solution species etc.). However, the precise mechanism remains complex and is yet unknown.50
EDX-EELS Cross-Section Analysis of Short-Duration Marine Corrosion Products – Cathodic Regions
These FIB thinned samples can also be addressed using elemental analysis through EDX and evaluation of the iron oxidation state through electron energy loss spectroscopy (EELS). Only the cathodic regions are discussed in this work. Figure 6 shows a representative EDX elemental map of a corrosion product layer cross-section. The iron and oxygen regions are clearly in close spatial association with each other, as expected for an iron oxide corrosion product. Interestingly, despite manganese being a significant alloying element in S355 steel,26 there is no evidence of this other than in the area of the uncorroded metal. The platinum protective layer is seen to surround the corrosion product formations, but not penetrate within. The  carbon signature coincides with the platinum attributed to the (methylcyclopentadienyl)trimethyl platinum precursor common in focused ion beam experiments.51,52
The EELS characterisation was used to provide a spatial distribution of iron oxidation states. The raw spectra over the energy region typical of iron, between 705 and 730 eV, are first processed by unmixing using independent component analysis (ICA) to extract signatures of the iron (0, II) and iron (III) oxidation states. ICA decomposes the EELS spectrum image (the collection of spectra recorded at every probe position in an image) into a spectral component and a corresponding map of the spatial distribution for that component. Due to this matrix factorization, intensity scaling is arbitrary. Negative values are possible in this unmixing procedure, but the difference in peak energies of approximately 1.5 eV is characteristic of separated iron (0, II) and iron (III) components.  Example spectra can be seen in Figure 7. This separation of the iron oxidation states is done with high spatial resolution, unavailable with other chemical-environment sensitive techniques like XPS. In general for the iron species in the (0, II) environment, the weakly observed edges corresponding to the EELS edge for Mn, while the Fe(III) is associated with oxygen. EELS edge onsets are asymmetric, but even weak features reflect physically significant features.
In Figure 7a, iron peaks of different oxidation states (iron (0,II), iron (III)) have similar peak shapes across the samples examined. The longer, 105 min-corroded sample having a slightly higher main peak shift of 708.26 eV and a visible shoulder at 711.70 eV, in comparison to the main peak at 707.96 eV for the 20 min-corroded sample, shoulder absent.  These small variations may reflect incomplete separation of the physical underlying spectra. As a result, a reference spectra based procedure was used to fit the spectrum images in addition to this qualitative ICA approach.
The component spectra associated with iron (III) exhibit oxygen peaks (onset at 530 eV) suggesting a strong mutual correlation in Figure 7b. The lack of separation of a standalone iron (II) spectrum showing significant oxygen supports an iron (III) dominated oxide in the rust layers. With increased corrosion time to 105 min, the iron (0, II) spectra is also seen to have an oxygen-associated peak previously absent in the 20 min-corroded sample which is consistent with greater iron (II) oxides for longer corrosion times. However, due to imperfection in unmixing spectral components by ICA and other blind source separation techniques these spectral comparisons should be treated with caution. 
In order for more robust analysis of the oxidation state distribution, peak fitting using reference spectra was carried out. The line-shape of the Fe L23 edge contains both peaks or ‘white lines’ arising from empty d-states above the Fermi energy as well as step-like onsets. As a result, reference spectra were used to capture this complex line shape. Due to differences in electron beam energy resolution, and electron and spectrometer optics between the reference spectra and the experimental data presented here, the reference line-shapes were extracted and normalised with a fixed relative energy offset between them. Fitting of these spectra enabled extraction of the relative amplitude of the two signals across the EELS spectrum images. The resulting amplitude maps reflected the relative proportion of the iron (II) and iron (III) line shapes in the oxide layer (away from the iron (0) substrate). The fitting results were used to calculate maps showing the fraction of iron (III) relative to the total iron signal. This choice of ratio ensures intensities in the maps were scaled 0-1 and removed instabilities due to low intensity of any single component (prominent in any noisy regions).
At shorter corrosion times the iron is mainly present as iron (0) with some iron (III) oxide. At longer times the iron (III) is still evident, but the Fe(0,II) is increasingly associated with oxygen. This is interpreted as initially the corroded surface have mainly iron (III) oxide and iron (0), the amounts of iron (II) in Figure 7c less obvious due to the high contrast arising from the iron (0) base metal, and at longer times there are more iron (II)-oxygen related  species (Figure 7d). This iron (II) oxide may possibly be occluded within the rust by iron (III) oxide. Cross-section maps of the different iron oxidation states of the corroded steel surface are used to analyse their spatial distribution.
Figure 8 presents oxidation state maps based on iron (III)/total iron signal EELS intensity ratios.  The figure shows samples exposed to seawater for 20 and 105 min. A high signal (yellow-end), indicates dominant presence of iron (III) oxides. To minimise noise the data has been rebinned, shown in Figures 8a and 8b, for 20 and 105 min seawater corrosion times respectively. Additional sites data are available the Supporting Information.
In Figures 8a and SI2, the 20 min seawater corroded sample is seen to be rich in iron (II) oxides close to the steel surface (iron (III)/total iron intensity of approximately 0.4). In contrast, the corrosion products close to the former seawater droplet/air have an iron (III)/Total iron intensity of around 0.7 indicating more oxidised iron species on the exposed surfaces.
Figures 8b and SI3 for the 105 min seawater corroded sampled regions indicate a similar trend, however starting from pixel intensity of approximately 0.6 close to the steel to well above 0.8 at the outer layers of the rust layer. This implies a much more iron (III) dominated the corrosion product layer throughout when compared to the 20 min corroded surface.
Hence it can be concluded that the corrosion product layers are very inhomogeneous with iron (II) oxide rich regions sandwiched between iron (III) oxide-rich regions which are exposed to atmospheric oxygen oxidation at the seawater interface.
A semi-quantitative analysis of the iron (III)-out-of-total iron share is considered by analysing the pixel intensity histograms. Figure 9a shows the histograms of pixel intensities for samples each corroded by seawater at different durations, the signal counts of multiple sites surveyed combined. There is a clear higher intensity modal peak (0.79) in the 105 min corroded steel surface than that of 20 min corrosion (0.68). This demonstrates more higher iron oxidation state products for the longer corroded surface.
Examples of the histogram model peak fittings, with simplest, minimum number of Gaussian peaks fitted of the same full-width-half-maximum (FWHM), can be seen in Figures 9b and 9c, demonstrating a multi-modal distribution of pixel intensities for all corroded samples and the inhomogeneity of corrosion product layers. In Figure 9c, all the model peaks identified for the 105 min corrosion-time sample have a higher pixel intensity (0.46, 0.61, 0.79) than those found at the 20 min seawater-corroded sample (0.42, 0.68). The longer-corroded surface therefore has more oxidised corrosion product layer in average, confirming the qualitative interpretation of oxidation state ratio maps.
The surface oxide layer/rust is found to be a complex mixture of iron oxides with varying oxidation states. For 20 min of marine corrosion, the relatively thin iron oxide layer has significant iron (II) oxide character, though the outermost region is richer in iron (III) oxides. For the 105 min seawater corroded steel a much thicker oxide is formed, dominated by iron (III) oxides and sandwiching iron (II) oxides within the oxide layer.
XPS and EDX Analysis of the Salt Drop Corroded Surface
Analysis of the anodic and cathodic region surfaces for each sample corroded under seawater droplets for different durations were performed with EDX and XPS. The major elements of iron, oxygen, and carbon (predominantly adventitious) as well as some minor elements (e.g. manganese and magnesium) are observed in both EDX and XPS results. Note that the XPS has a greater surface sensitivity than EDX. This is reflected in the relative amounts of iron and oxygen. XPS hence presents more oxygen from the surface oxides. The EDX has a larger contribution from the iron underneath the oxide.  
XPS Analysis of the Salt Drop Corroded Surface
The chemical environments of the cathodic and anodic sites were analysed using XPS. Figure 10a shows the elemental atomic percentage variation with respect to various corrosion durations at the anodic sites. With the longer duration of corrosion, the iron and oxygen levels are seen to increase. This is indicative that despite iron dissolution at the anodic site, with longer corrosion times there is still a gradual build-up of iron oxide layer, similar to that observed in the cathodic site. Figure 10b illustrates how iron oxidation states are extracted from the XPS iron 2p peak, the example being an uncorroded steel surface sampled in the centre (anode site) of the coupon. Figure 10c shows the variation in the different oxidation states of iron with corrosion time in the anodic region from very short times up to 3 hrs (180 min). Iron (II) species contributions are seen to tentatively increase with corrosion times, while iron (0) (metallic iron) decreases. It is difficult to be certain due to fluctuations in the data. Anodic sites are locations where metallic iron oxidation and dissolution occurs, with indications of a more oxidised surface layer.
Figures 10d and 10e show the major and minor elements present at the cathodic site surfaces. For the major elements, significant variation of elemental percentages are seen but maintained at an approximately constant level (given the large fluctuations in the signals). This fluctuation may indicate the potentially complex nature of the corrosion product layer. More importantly the minor elements see significant presence of seawater associated elements (sulphate, magnesium and calcium cations), despite fluctuations in atomic percentages. This agrees with expected seawater ion adsorption onto iron oxide corrosion products. For magnesium cations in seawater concentration, there is the possibility of precipitation due to the high local pH at the cathodic site and its low solubility product.47 Though it is unlikely as there is no marked evidence from electron micrographs, and the significant portion of hydroxide ions produced are expected to react with dissolved iron ions from the anodic site to form the observed iron oxide corrosion products.
The variation of the different iron oxidation states in the cathodic region obtained from the XPS data with corrosion time is illustrated in Figure 11a. This figure indicates that Iron (III) species continues to dominate the cathodic site with corrosion time. There may be more subtle variations with longer corrosion times where the iron (II) content decreases along with diminishing metallic iron (0) oxidation state. However, there is significant fluctuation in these values which are attributed to the inhomogeneous nature of the corrosion products. 
Oxygen peak analysis in Figure 11b shows four features: these are assigned to: the ‘bulk’ iron oxide (529.9 eV), ‘surface’ oxygen species such as Fe-OH (531.3 eV); Oxidised adventitious carbon: 532.3 eV; Adsorbed water: 533.1 eV. An example fitting for a 20 min corroded cathodic site surface can be seen in Figure 11c.
At short, repainting-relevant corrosion times (< 200 min) the ‘bulk’ (529.9 eV) and ‘surface’ (531.3 eV) oxygen species contributions dominate and are roughly equal in intensity. There may be a slight trend of increasing ‘surface’ and falling ‘bulk’ contributions (left side of the figure), with tentative indication of ‘bulk’ contribution rise and slight fall of ‘surface’ component percentage at longer corrosion times. One explanation of this development would be at short timescales, fine rust particles are formed on the cathodic surface which leads to a high surface-to-bulk ratio and a high ‘surface’ oxide contribution. At longer corrosion times the surface-to-bulk ratio may fall possibly due to aging and/or Ostwald ripening. This is in excellent agreement with the SEM observations (Figures 3b and 3d) of the longer corroded (105 min) cathodic site surface where lower surface-to-bulk ratio ‘nodules’ are more frequently seen than surfaces that are corroded for shorter times (20 min).
EDX Analysis of the Salt Drop Corroded Surface
Only the major elements of iron, carbon and oxygen are detected in the anodic site, as shown in Figure 12a. Their respective atomic percentages are seen to be relatively constant with respect to corrosion times. This is as expected of an anodic site where constant metallic iron dissolution occurs, exposing a new steel surface for further corrosive dissolution.
The major elements identified by EDX in a cathodic region are illustrated in Figure 12b and minor elements in Figure 12c. This EDX data suggests an overall trend of increasing oxygen and falling iron with corrosion time suggesting an increase of iron oxide corrosion product at the cathodic site. Caution should be exercised in the numerical reliability of EDX elemental analysis on light elements such as oxygen and carbon. The EDX data here is used to provide qualitative comparison to XPS data.
Both EDX and XPS data agree on the presence of seawater-associated magnesium, calcium, and sulphur, at the cathodic site. However, fluctuations are rather significant. There is significant adsorption/occlusion of seawater ions in the corrosion-produced rust at the cathodic regions.  The adsorption of divalent ions by iron oxides is well-documented.48 In summary, offshore steel surfaces that have been exposed to marine environment for fewer than 2 hrs can corrode and adsorb significant amount of specifically-adsorbing seawater ions on the corroded surface.
The data presented is in excellent agreement with cross-section TEM-EELS results. Iron XPS peak-fitting results in Figure 11a, which the iron (III) content dominates the spectra throughout with growing iron (II) content over longer corrosion times corresponds well with EELS data. The XPS results hinted at a thicker, inhomogeneous corrosion product layer formation and the STEM data validates the hypothesis. This detailed analysis of surfaces that undergo very-short marine corrosion times can rapidly change in the space of 80 min, radically changing the substrate that coatings would bind onto from a relatively lower (mainly iron (II) mixed with iron (III)) to a much higher (iron (III) dominated) oxidation state surface. 
Conclusions
In this work, the corrosion behaviour of marine aerosols on a freshly cleaned S355 steel surface is explored and discussed. Simple calculations indicate that even in mild conditions, marine aerosols could completely cover a given unit surface area in a matter of a few hours. Hence, the substrate is likely to be having microscopic corrosion products that would constitute the new substrate for incoming coatings to adsorb onto. 
A seawater salt drop experiment has been conducted in which the oxygen-rich outer region is the cathodic site and the inner region of the steel surface the anodic site. The half-electrode sites are then analysed in detail through STEM, EDX, and XPS techniques.
Surface cross-section samples corroded under a seawater droplet for 20 and 105 min have been extracted from their rust-deposited cathodic regions surfaces using FIB for STEM-EELS analysis. The deposited rust layer at the steel-seawater/air interface is found to be amorphous in nature. The thickness of the rust layers is found to grow rapidly even after relatively short corrosion times and are highly porous.
Detailed iron oxidation states distribution maps have been determined through EELS analysis. The layers are found to be chemically inhomogeneous spatially. In 20 min-corroded sampled sites, the corrosion product substrate is rich in iron (II) oxide whereas 105 min-corroded sample show iron (II) oxide sandwiched between an inner and outer iron (III) oxide layers.
Clear indications of iron oxide build-up with respect to corrosion duration are seen on both the anodic and cathodic sites by XPS and EDX analysis. The sampled corrosion product-deposited cathodic sites, with different corrosion times, are suggested to be inhomogeneous not only in topography, but also in chemical environment under XPS analysis. This hypothesis is supported by analysing 20 and 105 min corroded surfaces by STEM-EELS. Seawater-associated species are found to adsorb onto these cathodic site surfaces.
Hence the iron (III) oxides form the substrate to be painted on in longer corrosion times, with seawater ion adsorption onto the oxides. The results show the rapid evolution of steel substrate under corrosive marine environments, and hope to inform future coating formulation strategies by tailoring organics adsorption onto particular iron chemical environments; depending on the urgency of repainting in offshore conditions.
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Salts
	Mass of salt per litre water/g

	NaCl
	23.85

	Na2SO4
	4.01

	KCl
	0.70

	NaHCO3
	0.20

	MgCl2
	5.08

	CaCl2
	1.15

	SrCl2
	0.01


Table 1. Artificial seawater salt composition used in this work.

	C
	Si
	Mn
	P
	S
	Cr
	Mo
	Ni

	0.200%
	0.500%
	0.900-1.650%
	0.035%
	0.030%
	0.30%
	0.10%
	0.015%

	Al
	Cu
	N
	Nb
	Ti
	V
	Fe
	

	0.020%
	0.35%
	0.015%
	0.060%
	0.030%
	0.12%
	balance
	


Table 2. Elemental composition of S355 steel, as given by the manufacturer

[image: ]
Figure 1. Schematic illustration of the proposed mechanism of corrosion from marine aerosol impact. Stage 1: marine aerosols generated by ocean waves collide on the S355 steel surface. Stage 2: Marine aerosols, a mixture of dry and wet sea salt particles, and wet aerosol droplets lead to immediate rusting of the steel surface (orange sites). Stage 3: Rust features, are covered by paint (in green). This is intended to arrest corrosion. Note that the corrosion products are often still small over the short time they are exposed and hence invisible to the naked eye.
a)[image: ]b)[image: ]
Figure 2. a) Schematic showing the spherical top geometry of a single aerosol drop on a steel surface use to determining the surface area contact with the steel. b) Flux of marine aerosols per square meter for different aerosol concentrations and wind speed, as discussed in the text.

a)[image: ]b)[image: ]
c)[image: ]d)[image: ]
Figure 3. SEM micrograph comparison between a typical cathodic site of steel surface for a) 20 min, c) 105 min seawater exposure (with 1 hour of air exposure common to all samples in this work), respectively after protective platinum layer deposition in b) and d) in preparation for FIB sample preparation.
[image: ]
Figure 4. Top row: TEM images of S355 steel sample surfaces with 20 and 105 min seawater exposure and 1 hr of air exposure. Bottom row: TEM electron diffraction patterns taken from the regions indicated by yellow ovals in the images above. The yellows oval do not represent the actual electron beam sampling area, only the general region selection for sampling.
[image: ]
Figure 5. TEM images of FIB prepared corroded S355 steel samples surfaces, subjected to different seawater exposure times and 1 hr air exposure. Inlays: yellow rectangles indicate the regions of the sample investigated.
[image: ]
Figure 6. Example EDX mapping of selected elements for S355 steel exposed to seawater for 20 min, and to air for 1 hr. Top of image: S355 steel region; Bottom: Seawater/corrosion product region
a)[image: ] b) [image: ]
c)[image: ] d)[image: ]
Figure 7. ICA component EELS spectra between sample area spectral component associated with Fe0,2+ in red, and spectra contributions from Fe3+ species in blue. Iron peaks are shown in a), while associated elements for each iron chemical environment are labelled in b). Solid lines: 20 min seawater exposure samples. Dash dot lines: 105 min seawater exposure samples. c) 20 min (0.53 µm x 0.42 µm) and d) 105 min (1.97 µm x 0.71 µm) TEM micrographs with respective ICA iron oxidation state (Fe0,2+: red; Fe3+: blue) component maps of the sites surveyed, at the steel (top)-air (bottom) interface
[image: ]
[bookmark: _Hlk8048555]Figure 8. Comparison of before and after rebinned images of Fe3+/Total Fe ratios maps, of steel surface cross-sectional areas at the steel (top)-air (bottom) interface, after exposure to seawater for a) 20 min and b) 105 min with 1 hr of air exposure. Widths of individual images: A) 420 nm, B) 555 nm.
a)[image: ] b)[image: ]c)[image: ]
Figure 9. Examples of a) raw histogram and b), c) histogram modal peak fitting of Fe3+/Total Fe pixel intensity maps of S355 steel samples after b) 20 min (N = 2551, 3 sites) and c) 105 min (N = 3084, 2 sites) seawater exposure and 1 hr air exposure of all sites surveyed for each corrosion time sample. Bin width = 0.02 (intensity contrast unit). Red line: sum of fitted curves. All component peaks have a FWHM of 0.2.

a) [image: ]b)[image: ]c)[image: ]d)[image: ]e)[image: ]
Figure 10. a) XPS elemental analysis of elements in the anodic regions. b) iron 2p XPS peak fitting for steel in the centre (anodic site) of sample polished but not corroded by seawater. c) Fe component peaks of the anodic region and variation with corrosion time. XPS elemental analysis of d) major and e) minor elements in the cathodic regions. Data points at 0.1 min seawater exposure time represent polished steel surface at the corresponding regions prior to seawater exposure (0 min), as reference points.
a)[image: ]b)[image: ]
c)[image: ]
Figure 11. a) Iron 2p and b) oxygen 1s  XPS peak analysis from the cathodic regions exposed to seawater salt drop for different durations (then exposed to air for 1 hr). Oxygen: ‘Bulk’: 529.9 eV; ‘Surface’: 531.3 eV; Oxidised adventitious carbon: 532.3 eV; Adsorbed water: 533.1 eV. Data points at 0.1 min seawater exposure time represent polished steel surface at the corresponding regions prior to seawater exposure (0 min), as reference points. c) An example fitting of the oxygen 1s peak for a 20 min seawater corroded steel cathodic site surface, all peaks have a FWHM of 1.8.

a)[image: ]b)[image: ]c)[image: ]
Figure 12. EDX elemental analysis of a) anodic and b) major and c) minor elements at the cathodic regions. Error bars represent repeated-measurement variation at multiple sites within the cathodic  region. Data points at 1 min seawater exposure time represent polished steel surface at the corresponding regions prior to seawater exposure (0 min), as reference points.
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