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Abstract 

Atmospheric corrosion was investigated using electrochemical and droplet studies. 

The effects of changes in bulk solution concentration and local pit chemistry on pit 

propagation and repassivation of 304L and 316L stainless steels were investigated 

using in situ synchrotron X-radiation and electrochemical techniques.  

Radiography and zig-zag electrochemical sweeps showed that in dilute chloride 

solutions, partial passivation was observed to initiate locally and propagate across 

the corroding surface. This caused repassivation gradually rather than as a uniform 

event. In concentrated chloride solutions, repassivation did not show a sudden drop 

in current but rather a gradual decrease as potential swept down. Pitting behaviour 

was also affected by solution concentration. Dilute solutions showed metastable 

pitting followed by a sharp breakdown (pitting) potential. Concentrated solutions 

however showed no metastability and a gradual increase in current when pitting.  

To determine the cause of current oscillations in 304L artificial pits in NaCl:NaNO3 

solutions near the repassivation potential, the salt layers were scanned in situ using 

XRD. The salt layer was confirmed to be FeCl2.4H2O and no nitrate salt was found. 

A mechanism was suggested to explain the current oscillations in terms of partial 

passivation being undercut by the advancing corrosion front. 

The morphology of pits caused by atmospheric corrosion of 304L plate under 

droplets of MgCl2 was investigated. Changes in pit morphology were linked to 

relative humidity and droplet thickness. Initial pit morphology showed a shallow 

dish region, which is suggested to be caused by elevated passive current dissolution 

under high concentrations. Position of pits under the droplet was linked to initial 



 
 

solution concentration. Distinctions between Aerosol and “Splash zone” salt 

depositions were investigated. 
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1. Introduction 
 

Austenitic stainless steels are currently used in the United Kingdom to build 

containers to store Intermediate Level Nuclear Waste (ILW), with 304L and 316L 

alloys being the primary choices. The eventual plan for this waste is to place it 

underground in a geological disposal facility permanently [1]. However, this facility 

has not yet been built and it may be one hundred years before it will be ready to 

accept ILW. In the meantime, ILW containers are kept in warehouses that are 

vulnerable to salty aerosol deposits [2]. These aerosol deposits come from a variety 

of sources, such as crashing waves in the sea [3], and commonly have salt species in 

them. There are other species amongst the salts, such as nitrates which are thought to 

originate from farming contamination. Nitrates are known to cause surges in 

electrochemical dissolution, yet the mechanism explaining this has not been 

confirmed. There is a risk that over the next century, atmospheric corrosion may 

occur on these ILW containers and provide initiation sites for stress corrosion 

cracking to occur, causing the containers to fail when being moved from interim 

storage to their final destination. 

The salts that are deposited on the surface of these containers are hygroscopic, i.e. 

draw in moisture from the surrounding atmosphere [4]. As humidity fluctuates 

throughout the year it is possible for these salts to draw in enough moisture to 

become highly concentrated saline solutions. This leads the stainless steel to be 

vulnerable to localised corrosion. The humidity at which a salt begins to draw in 

moisture is known as its “deliquescence” humidity, which is a thermodynamic 

property for each salt. MgCl2 is of particular relevance in atmospheric corrosion due 
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to its presence in sea water and aerosol depositions, and its relatively low 

deliquescence RH that is commonly quoted as 33% at 30 °C [5].  

Recent developments in synchrotron techniques have allowed the observation of 

pitting behaviour in situ using a range of techniques X-ray diffraction [6, 7] and 

radiography[8-10]. The high flux and high resolution of synchrotron techniques 

allow time-resolved results to be collected and correlated with electrochemical data. 

Atmospheric corrosion occurs in highly concentrated solutions, although the vast 

majority of electrochemical corrosion investigations have occurred in dilute 

solutions. There has been some evidence that the behaviour of corrosion changes in 

higher concentrations [11, 12], so further investigation in conditions comparable to 

those in atmospheric corrosion is warranted. 

As pit morphologies are complicated, one-dimensional artificial pitting electrodes 

have been used to simplify analysis of results [13]. The regular geometry of these 

pits allows realistic values of current density and threshold potentials to be collected, 

such as the transition between diffusion-limited dissolution and active dissolution, 

and active dissolution and repassivation. 

The principal aims of this body of research are to investigate the localised corrosion 

of 304L and 316L in terms of interfacial kinetics and repassivation. The influence of 

nitrate on the mechanism of repassivation of 304L is here investigated using 

synchrotron radiation to analyse the corroding salt layer during dissolution and when 

a near repassivation in addition to electrochemical analysis [14]. Repassivation of 

304L and 316L in MgCl2 solutions are conducted in highly concentrated solutions to 
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give insight on repassivation behaviour in atmospheric corrosion conditions, as 

repassivation is most commonly described in terms of dilute solutions [15, 16]. 

The influence of initial solution concentration of droplets of MgCl2 on both the 

morphology and the position of pitting of 304L is also investigated. This will allow 

analysis of principal mechanisms of propagation in pits found in service that do not 

often conform to morphologies predicted by electrochemical models of corrosion [13, 

17]. 
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2. Literature review  

2.1. Austenitic stainless steel 

Stainless steels are Cr-rich steels that are highly resistant to general corrosion due to 

the growth of very stable chromium oxide film on the metal surface. A steel is 

stainless if it is able to regenerate this chromium oxide layer film after damage, 

usually requiring at least 11 wt% Cr in solid solution to allow this [18].  

There are generally considered to be four categories of stainless steels: ferritic, 

martensitic, austenitic and duplex [19]. Although steel maintains a face centre cubic 

(FCC) crystal structure at elevated temperatures, this normally reverts to body centre 

cubic (BCC) as the alloy cools. The addition of FCC stabilisers, such as Ni, allows 

FCC structure to be maintained at low temperatures. 300 series alloys have 18 wt% 

Cr is added to maintain a durable passive layer and promote corrosion resistance. As 

Cr acts as a ferrite stabiliser, promoting BCC crystal structure at room temperature, 

8-10 wt% Ni is also added to maintain the FCC structure. 

The most common austenitic grades are 304 and 316 stainless steels, each with 

approximately 18 wt% Cr and 10 wt% Ni. 316 has an additional 2-3 wt% Mo which 

has been observed to enhance its ability to prevent pitting corrosion [19]. Low 

carbon grades of these alloys are denoted with ‘L’ as a suffix: 304L and 316L. These 

are desirable as they prevent the formation of carbides at grain boundaries that may 

locally reduce Cr content in solid solution. 
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2.2. Pitting Corrosion of stainless steels 

2.2.1. Introduction 

Stainless steels are generally considered to have excellent resistance against general 

corrosion because of the very stable chromium oxide film that reforms after it is 

damaged by any scratches in normal use. However, they are susceptible to localised 

corrosion caused by defects and surface-breaking inclusions in the material 

microstructure. These inclusions form from alloying elements and impurities 

introduced during the iron- and steel-making phases of production.  

 

Figure 2-1  Schematic diagram of the key processes involved in pitting of metal in 

NaCl solution. Anodic reaction is the dissolution of metal and cathodic reaction is 

the oxygen reduction reaction.[20, 21]. 

Pitting is an autocatalytic process (Figure 2-1) where the propagation of pitting 

creates an environment more susceptible to corrosion. This is enabled by the 

occluded morphologies generated during the pitting process. 
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2.2.2. Initiation of pitting 

2.2.2.1. Role of Sulphur during solidification 

The initiation of pitting in stainless steels has been most widely attributed to the 

presence of surface-breaking inclusions on the metal surface [22]. Although other 

mechanisms have been suggested, these generally focus on the structure of the oxide 

film and are independent of underlying inclusions [23-26] and are most useful in 

explaining very clean systems such as deposited thin films. Bulk alloys, such as 

austenitic stainless steels, are typically discussed in terms on initiation at an 

inclusion [27]. 

Sulphide inclusions are considered the most significant type of inclusion when 

considering pitting initiation of stainless steels [28]. Sulphur (S) is introduced into 

the alloy as an impurity from ore and coke supplies [29] and great pains are taken to 

remove sulphur from the melt, particularly in the iron-making stage. Alloying 

additions are used to remove S by reacting it to float off as a buoyant slag. Most 

commonly lime (CaO) is added but Mg, Na and rare earths are also used. 

Not all S can be economically removed in this way and to further mitigate its effect 

on the alloy elements, such as Mn, are added to the alloy [19]. Mn forms MnS at 

1650 °C, 80 degrees above the solidus temperature of the bulk, allowing the 

overwhelming majority of S in the alloy to be reacted with Mn without preference 

for grain boundary positions. MnS is also quite ductile, so does not form voids or 

sharp stress concentrators as it is rolled or formed. Although some stainless steels 

contain relatively high amounts of S (~0.3 wt%) to improve machinability, e.g. 
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SS303, most austenitic stainless steel alloys aim to have S content below 0.08 wt% 

and often below 0.03 wt% [19].  

2.2.2.2. Role of MnS inclusions 

Localised corrosion in stainless steels was suspected to be influenced by S inclusions 

long before initiation mechanisms were established [30, 31]. Eklund [32] developed 

a Pourbaix diagram for MnS and showed sulphides are not thermodynamically stable 

at the potentials experienced by passive steels, resulting in the lowering of pH locally. 

Eklund also suggested an initiation mechanism where “virgin” steel under a newly 

dissolved sulphide is able to be attacked.  

Wranglen [33] observed pitting initiating under sulphide inclusions in steel, 

commenting that the inclusions were less noble than the surrounding matrix and their 

dissolution resulted in pit solution with higher salt concentration, lower oxygen 

concentration and lower pH. Wranglen rejected Eklund’s idea that the MnS is an 

anode, which would “shower” the surrounding matrix with S. Instead, Wranglen 

suggests S
2-

 and HS
-
 strongly adsorb to the surface of metal, reducing activation 

overpotential. 

Castle and Ke [34] suggest a sulphite intermediary existed that lowers local pH to 

help stabilise pitting. The importance of the intermediary thiosulphate species has 

been observed to lower pH and stabilise pitting during sulphide dissolution [35]. A 

suggested mechanism for this is :  

2𝑀𝑛𝑆 + 3𝐻2𝑂 → 2𝑀𝑛2+ + 𝑆2𝑂3
2− + 6𝐻+ + 8𝑒−   Equation 2-1 

𝑀𝑛𝑆 + 2𝐻+ → 𝑀𝑛2+ + 𝑆 + 𝐻2     Equation 2-2 
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It has been suggested that preferential dissolution of Cr at the S inclusion interface is 

the key feature that promotes the stability of pitting around sulphide inclusions [36] 

but this has not been broadly accepted [37, 38]. However, preferential attack around 

the edge of sulphide inclusions has been observed using scanning auger microscopy 

[39] and optical microscopy [40, 41]. 

Williams et al.[42] have shown a FeS region around sulphide inclusions up to 

100 nm thick using secondary ion mass spectroscopy. They hypothesised that this 

will lead to the formation of a polysulphide skin around the inclusion that will 

trigger its dissolution.  

2.2.3. Propagation of pitting  

The growth of pits after initiation depends on the ability of the solution around the 

corroding surface to maintain an aggressive concentration and resist repassivation, 

i.e. the maintenance of a critical concentration [43]. In terms of electrochemical 

potential, a pit can be considered to propagate as long as the interfacial potential is 

above the repassivation potential, Erp. However, Erp varies in definition between 

authors and applications, which will be discussed later.  

Hoar [44] first suggested that an autocatalytic mechanism could be responsible for 

the sustainability of pitting propagation, with the chemistry inside the pit being 

different than that of the bulk. In neutral solutions, evidence of a significant drop in 

pH was observed in inside pits [45, 46] and this was achieved by hydrolysis caused 

by metal ion (M) release: 
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𝑀 → 𝑀𝑛+ + 𝑛𝑒−      Equation 2-3 

𝑀𝑛+ + 𝐻2𝑂 ⇌ 𝑀𝑂𝐻(𝑛−1)+ + 𝐻+     Equation 2-4 

 

This reduction in pH destabilises any passive film growth, maintaining actively 

corroding surfaces. The release of large volumes of cations into the pit causes a 

charge imbalance, which is corrected by the electromigration of anions from the bulk 

solution into the pit [18]. Cl
-
 is a particularly aggressive anion as it acts like a strong 

acid when in solution, i.e. it remains fully dissociated from free H
+

 ions. This allows 

a high concentration of H
+
 ions to remain in the pit, further lowering pH. Though 

there is generally believed to be very little convection inside pits [22], the constant 

diffusion of ions away from the corrosion interface requires a restricted diffusion 

pathway to ensure the number of ions being generated is greater than the number of 

ions exiting the pit. As such, an occluded geometry is typically required for 

corrosion to continue, resulting in a “pit” morphology (Figure 2-1). 

The occluded pit geometry creates an ion concentration gradient inside the pit with a 

saturated solution at the corrosion interface. Continued corrosion supersaturates this 

solution, causing the precipitation of a salt layer that settles at the bottom of the pit 

[47]. 

The main cathodic reaction in aqueous corrosion of steels is generally acknowledged 

to be the Oxygen Reduction Reaction (ORR): 

2𝐻2𝑂 + 𝑂2 + 4𝑒− → 4𝑂𝐻−     Equation 2-5 
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The high mobility of electrons through metal allows cathodic and anode reactions to 

occur at different places on the metal surface, as long as there is a sufficient ion 

pathway through the solution to allow charge balance. The generation of hydroxyl 

ions at the cathode increases pH locally, provide cathodic protection against attack in 

these regions. 

2.2.4. Metastable pits 

Not all initiation events stabilise into propagation of pits. Those that fail to grow are 

labelled “metastable”, though this is only known after failure to pit as they share the 

same mechanism of initiation as successful pits [48]. In these cases, although the 

dissolution of an inclusion occurs, the pitting site is not occluded enough to maintain 

an aggressive chemistry, so rapidly repassivates [49]. Solution chemistry can affect 

metastable pitting. In dilute solutions, Pistorius and Burstein observed reducing 

NaCl solution concentration from 1 M to 0.01 M reduced the occurrence of 

metastable pitting on 304 stainless steel. They also observed that reducing pH from 9 

to 7 increased metastable pitting. Solution concentration also affects metastable 

pitting, with fewer metastable pits present in highly concentrated solutions of MgCl2 

on 304L [12]. 

2.3. One dimensional pitting  

2.3.1. Geometry 

The complicated geometry of pits allows different regions inside the pit to 

experience different corrosion behaviours, as explained above. This makes the 

interpretation of electrochemical data challenging as the current drawn from pits was 

averaged over the entire pit interface, and it is difficult to isolate physical geometries 
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of a growing pit in a wire or plate surface. One dimensional pits, or artificial pits, 

were developed as an experimental model to better understand the electrochemistry 

recorded during pitting experiments. Pickering and Frankenthal [50, 51] first 

developed the “unidirectional” model of pitting for metals in acidic solutions, 

considering diffusion and migration of ions but not convection as it was viewed to be 

negligible. Galvele [27] further simplified Pickering’s model by accounting only for 

metal ion diffusion and expanding its utility to any pH bulk solution. 

One-dimensional pitting occurs when artificial pits are of a sufficient depth that 

diffusion along the pit is uniform. As seen in Figure 2-2a, corrosion begins with a pit 

depth of zero, allowing hemispherical diffusion through the bulk solution. As the pit 

grows, diffusion from the corrosion front is increasingly restricted by the occluded 

geometry of the pit, allowing solution at the interface to supersaturate and precipitate 

a salt layer (Figure 2-2b). There is still significant hemispherical diffusion at the pit 

mouth, however. As the pit continues to grow, hemispherical diffusion of metal ions 

from the pit mouth will become negligible, meaning in uniform diffusion in the pit 

(Figure 2-2c). This results in one-dimensional pitting, and electrochemistry can be 

interpreted as uniform across the surface of the anode. 

Isaacs [52] showed the development of resistive layers in one dimensional crevices, 

suggesting that these were most likely metal chloride salts due to their solubility and 

diffusion effects, as highly concentrated bulk solutions reduced current significantly. 
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Figure 2-2 Schematic model of one-dimensional pitting experiment. (a) Metal wire 

embedded in non-corroding polymer initially corrodes with hemispherical diffusion 

at the pit mouth. (b) Pit with salt layer and some hemispherical diffusion at pit 

mouth. (c) One-dimensional pit where hemispherical diffusion at pit mouth is 

negligible.   

Beck [53], using titanium cells, also concluded that the drop in potential in the 

steady state condition was due to the formation of a porous salt layer. Tester and 

Isaacs [54] went on to develop one-dimensional pitting model assuming a quasi-

steady state condition where corrosion rate is controlled by diffusion with a 

concentration gradient being the driving force. They observed this behaviour in a 

range of metals, proposing a chloride salt being responsible for the independence of 

current to applied voltage in each case. The quasi-steady state period is observed 

after an initial “transient” period, where local pit chemistry is being established at 

shallow depths (Figure 2-3). 
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Figure 2-3 Schematic diagram from Tester and Isaacs [54] showing the initial 

growth of a one-dimensional artificial pit under constant potential. The “transient” 

region where the pit grows until a salt layer forms at time τ, after which is a region 

of quasi-steady state attack. 

By simplifying the model to account only for mass transport by diffusion, not 

convection or migration, Tester and Isaacs [54] showed a relationship can be made 

between current and pit depth. For a wire with a fixed cross-section, the flux of metal 

ions away from the corrosion interface can be expressed as: 

𝑁 =
𝐼

𝐴𝑛𝐹
       Equation 2-6 

Where N is the cation mass flux from the interface, I is the current, n is the average 

number of electrons liberated per cation, F is the Faraday constant, and A is the wire 

cross-sectional area. The loss of cations at the metal interface will be driven by two 

processes, namely a concentration gradient and a potential gradient. This can be 

expressed using the Nernst-Einstein equation 

𝐼

𝐴𝑛𝐹
=  𝐷 [

𝛿𝐶

𝑑𝑥
+ 𝐶̅ 𝑛𝐹

𝑅𝑇
𝐷

𝛿𝜙

𝛿𝑥
]      Equation 2-7 
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Where D is the ionic diffusion coefficient, δC is change in metal cation 

concentration, δx is change in pit depth, R is the universal gas constant, T is the 

temperature of the system in K, C̄ is the average metal ion concentration in the pit, 

δΦ is the change in potential. The potential gradient in this system has been observed 

to have no significant impact in mass transport in one-dimensional pitting under a 

salt layer, so the equation can be reduced to only consider mass transport via 

diffusion: 

𝐼 

𝐴𝑛𝐹
= 𝐷

𝛿𝐶

𝛿𝑥
       Equation 2-8 

Simplifying and integrating both sides gives: 

∫
𝐼

𝐴

𝑥𝑚𝑎𝑥

𝑥𝑚𝑖𝑛
 𝛿𝑥 =  ∫ 𝑛𝐹𝐷

𝐶𝑠𝑎𝑡

𝐶𝑏𝑢𝑙𝑘
 𝛿𝐶     Equation 2-9 

𝐼

𝐴
[𝑥 − 0] =  𝑛𝐹𝐷[𝐶𝑠𝑎𝑡 − 𝐶𝑏𝑢𝑙𝑘]    Equation 2-10 

Where xmax is the pit depth, xmin is the top of the pit (i.e. 0), Csat is the saturation 

concentration of metal ions at the corrosion interface and Cbulk is the concentration of 

metal ions in the bulk. This can be rearranged to give the diffusion limited current 

density of the pit [27]: 

𝑖𝑙𝑖𝑚 =
𝑛𝐹𝐷∆ 𝐶

𝑥
        Equation 2-11 

Where i is the limiting current density in the pit and ΔC is Csat – Cbulk. As n, F, D, 

and ΔC are broadly constant, another relationship can be established: 

𝑖𝑙𝑖𝑚𝑥 = 𝑛𝐹𝐷∆ 𝐶      Equation 2-12 

ilimx is known as the pit stability product [49] and is constant if one dimensional 

pitting has been established. If the pit stability product is constant, the hemispherical 
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diffusion gradient at the mouth of the pit is negligible and pitting can be treated as 

one-dimensional [54]. Woldemedhin et al. [11] used stainless steels in FeCl3 and 

LiCl with concentrations up to 8.58 M [Cl] to observe a decrease in pit stability 

product (ix) with increasing solution concentration. Artificial pits have also been 

extended into two dimensions to see growth under diffusion and ohmic control [8, 

55] 

2.3.1.1. Measuring Pit Depth 

Radiography analysis of 304L corrosion in chloride solution  [56]  has shown that 

metal lost during 1D pitting experiments is via electrochemical dissolution and very 

little is lost by flaking, spalling or undercutting. As such, it can be assumed that 

current can be used to calculate material loss and pit depth during dissolution. The 

total charge passed during dissolution, Q, is the integration of the current over time. 

Pit depth can be calculated using Faraday’s Second law [52]:  

𝑥 =
𝑄𝑀𝑊

𝐴𝑛𝐹𝜌
       Equation 2-13 

where x is pit depth and A is surface area of pit, Mw is average molecular weight of 

alloy, n is average valence of alloy, F is Faraday Constant and ρ is average alloy 

density. This method of measuring material loss has shown high levels of 

repeatability for austenitic stainless steels when compared to optical measurements 

[57, 58]. 

2.3.2. Salt layers 

Salt layers are formed when solutions inside the pit have become supersaturated with 

ions during high anodic dissolution. Supersaturation is a necessary step to precipitate 
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a salt layer [59] with current density required to nucleate a salt layer ranging from 

1.8 times to 5 times the diffusion limited current density [15, 60, 61]  

Salt layers are in a dynamic equilibrium with the pit solution and are continually 

dissolving and reforming while corrosion continues [62]. Isaacs [52] showed that 

corroded 304L stainless steel one-dimensional pits in chloride solutions and have salt 

layers that are highly resistive. The salt layer at the bottom of a pit was originally 

believed to be non-porous, but this idea was refined to include a hydrated layer that 

allowed water to pass through it [47]. Danielson then investigated the response of the 

salt layer to incremental steps in applied current, coming to the conclusion that it 

should be considered a porous layer [63]. Landolt et al.[64-66] suggested a “duplex” 

structure of the salt layer, with a compact anhydrous region at the corrosion interface 

and a loosely packed region closer to the bulk solution. This model was developed 

using results from Fe and Ni alloys. This duplex model has been used to calculate 

porosity of outer regions of salt layers in Fe systems in chloride solutions [67].  

The structure of salt layers has been investigated in situ using a range of methods. 

Sridhar and Dunn [68] used Raman to identify the salt layer at the bottom of a Ni pit 

to be NiCl2.6H2O. X-ray diffraction has recently been used on one-dimensional pits 

of austenitic stainless steels and Fe to show FeCl2.4H2O salt layers [7]. Diffraction 

patterns were also able to show anisotropy, indicating a texture under some corrosion 

conditions [6, 69]. At the corrosion interface, FeCl2.2H2O has been observed in 304L 

and 316L stainless steels [12] indicating a reduction in access to water.  
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2.3.3. Current Voltage Characteristic 

Figure 2-4 shows a typical current-voltage characteristic diagram for a one-

dimensional pit that has been pre-grown, i.e. is of a sufficient pit depth to make 

hemispherical diffusion at the pit mouth negligible [70]. Starting at point A, the 

potential is increased at a constant rate. The region between A and C is under ohmic 

control, i.e. current response is proportional to the potential applied to the system. 

The solution at the pit interface continues to get more saturated as corrosion 

continues and will eventually get supersaturated. At point C the supersaturated 

solution reaches capacity and a salt layer precipitates out. This salt layer is resistive 

so current drops to nearly zero, as seen at point D. The precipitation of a large 

amount of salt from the supersaturation solution leaves the system out of equilibrium. 

The salt layer then thins as the system approaches equilibrium again. By point E, the 

system is at equilibrium and the limiting current, Ilim, has been reached. As the 

potential gradually increase, no change in current is observed. The system is under 

“diffusion control” here, and any increase in applied current will be absorbed by a 

thickening of the salt layer.  

When the potential sweep is reversed from point E and lowered gradually, current 

remains constant at Ilim. While the potential decreases, the salt layer thins. At point F, 

applied potential has become so low that the salt layer can no longer be maintained 

and it dissolves fully. This point is known as the Transition Potential, ET, and marks 

the transition between diffusion controlled and activation controlled dissolution. As 

potential sweeps down to point G, the current decreases until passivation. 
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Figure 2-4 Current-Voltage characteristic of a one-dimensional artificial pit of a 

pre-grown pit. Applied potential increases [70]. 

2.3.4. Tafel slope 

The Tafel slope is a measurement that relates anodic dissolution kinetics to the 

overpotential (i.e. the difference between the applied potential and the reversible 

potential of a reaction). In one-dimensional pitting, the Tafel slope is measured when 

corrosion is under activation control. Laycock and Newman [13], using Beck and 

Alkire’s [47] and Galvele’s [27] observations, proposed a model using voltage 

balance to calculate IR drop across the corroding interface: 

𝐸𝑎𝑝𝑝 = 𝐸𝑐𝑜𝑟 � + 𝑏𝑎𝑙𝑜𝑔 (
𝑖𝑎

𝑖𝑐𝑜𝑟𝑟
) + 𝜙𝑠 + 𝜙𝑠𝑓   Equation 2-14 

Where Eapp is applied potential, Ecorr is corrosion potential, ba is the anodic Tafel 

slope, ia is the anodic current density, icorr is the open circuit corrosion current 

density, φs is IR-drop across solution and φsf is the IR-drop across the salt film. This 

relationship can be used for both salt covered and salt free corrosion interfaces.   
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Anodic dissolution kinetics in near-saturation conditions at the corrosion interface 

have been investigated by Newman and Isaacs [71], using IR-corrected potential to 

find the Tafel slope. In austenitic stainless steel (19-10 alloy) the Tafel slope was 

measured to be 60 mV/decade when above -300 mV (vs SCE) and 75 mV/decade 

when below -300 mV. This led to the suggestion that there may be a change in 

speciation at lower potentials. Other authors have found a range of Tafel values on 

stainless steels. Gaudet et al. [72] measured a value of 54 mV/decade on 304L 

stainless steel in supersaturated solution. Enerhaug et al. measured 57 mV/decade on 

martensitic steel [73]. However, some results have shown Tafel values of over 

100 mV/decade. Steinsmo and Isaacs [74] measured a Tafel slope of 108 mV/decade 

on Ferritic stainless steel in supersaturated solutions. Laycock and Newman [13] 

measured 110 mV/decade in 302 stainless steel in 1 M NaCl, but this cell may not 

have been fully IR-corrected as the IR-drop inside the pit was not calculated, only 

that of the bulk solution [12]. 

2.4. Passivation 

Fe is generally considered a ‘reactive metal’, i.e. a metal that spontaneously reacts 

with oxygen or water in ordinary use [75].  James Keir [76] showed that the 

treatment of iron with nitric acid prevented the precipitation of silver from silver 

nitrate while maintaining a shiny surface.  Reactive metals, such as Fe, do not 

however revert to their ore-like state immediately after casting because of kinetic 

barriers that are formed during the process of ‘passivation’.  

Fontana [21] defines passivity as “the loss of chemical reactivity under certain 

environmental conditions”. Passivity in stainless steels can be observed 
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electrochemically using a current-voltage characteristic plot (Figure 2-5). As the 

potential is increased from Ecorr, the dissolution rate increases with an ohmic 

relationship in the ‘active’ region. Active dissolution under potentials above Ecorr 

occurs without the presence of a salt film on the corroding surface. Once the Primary 

Passivation Potential, Epass, is reached, current drops dramatically and further 

increase in potential after this point does not correspond to an increase in current. 

This indicates the formation of a surface film that impedes the dissolution of 

underlying metal. This is largely attributed to the formation of adsorbed hydrated 

complexes of metals, which then react with water to allow the formation of a stable 

layer [77]. Increasing potential further into the ‘transpassive’ region drives the  

 

Figure 2-5 Schematic diagram of anodic dissolution of a Cr-rich Fe alloy. Epass= 

primary passivation potential, Ecorr=corrosion potential, icrit= critical current 

density, ipass=passive current density. 
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system to return to an approximately linear response in current. This accelerated 

dissolution is not necessarily due to pitting but most commonly due to the start of 

new anodic processes [18]. 

Repassivation of pits is crucial in determining the sustainability of pitting. Pourbaix 

et al. [78] conducted a series of experiments on stainless steels in chloride solutions 

and described it as the potential below which pitting current drops below passive 

current level. Wilde and Williams [45] showed that in 304 stainless steel neither 

passivation nor repassivation potentials are material properties and are in fact 

dependent on environmental and solution conditions. 

The concept of repassivation potential was first described by Pourbaix et al. as a 

“protection tension” [78], which was developed by Starr et al.[79] suggesting 

protection may result from a repassivation of an active surface. Here it was 

determined to be the potential where, once potential was increased, no significant 

current increase was observed. This has been adopted as a standard definition of Erp 

[80]. Other definitions include the start of cathodic current on the pitting surface [11] 

or then the current density drops below an arbitrary threshold current density value 

[81, 82], which is in fact the definition used in Pourbaix diagrams[83]. When 

potentiodynamic sweeps are used on bulk electrodes, such as wires, some authors 

define Erp as the point where the reverse sweep crosses the forward sweep, 

completing a “hysteresis loop” [84]. The selection of the criteria for the definition of 

Erp does not necessarily depend on the transition between two competing regimes of 

corrosion, as at high concentrations repassivation is a much less distinct value and 
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ohmic response to variation in potential is observed until very low current densities 

[57]. 

Solution concentration has a strong effect on repassivation. Yashiro and Tanno [85] 

observed that pitting potential, Ep, and repassivation potential, Erp, decreased linearly 

with logarithmic increase of NaCl concentration between the range of 0.1 and 3 M in 

304L stainless steels. Anderko et al. [81] verified these results by showing Erp 

decreased linearly with logarithmic increase of chloride activity up to saturation, 

though with two distinct trends: a much steeper decrease occurred at lower 

concentrations than at higher concentrations. Okada [86] developed a model for 

repassivation of a pit, where local islands of oxide appear as the potential approached 

Erp. This oxidation reduces local dissolution, propagating the passive layer as 

potential decreases. 

2.4.1. Role of nitrate on steels 

Nitrate is known to prevent corrosion on stainless steels by acting as a strong 

passivating agent [87, 88]. John Keir described the range of effects of nitrate on steel 

over 200 years ago, showing that concentrated nitric acid protects steels from 

corrosion but dilute acid exacerbates corrosion significantly [76, 89]. Lillard et al. 

have also shown that passive layers form more quickly and are thinner in higher 

nitrate concentrations [90].  

When trace nitrate is added to chloride solutions a passivation potential is observed, 

Epass, above which a corroding surface will passivate [91-94]. A correlation has been 

observed between Epass and chloride:nitrate ratio, with increasing nitrate 

concentration resulting in reduced Epass [92, 95]. 
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Just before Epass, current oscillations and fluctuations have been observed [14, 96, 

97]. This has been seen as a clue as to the mechanism that operates in passivating 

stainless steel surfaces in chloride/nitrate solutions. Several theories have been 

proposed to account for these oscillations:  

1. A nitrate-rich salt layer may be formed, with oscillations resulting from 

competing salt species being formed [14]. This salt may occur as a molten 

salt, as seen in corrosion of iron in concentrated NaNO3 solutions under high 

potentials [98, 99], and as such the reduced porosity my increase the 

resistivity of these salts. 

2. A competitive adsorption, as proposed by Leckie and Uhlig [92], between 

chloride and nitrate ions on the corroding surface. This model accounts for 

the induction time required as competitive adsorption is kinetically limited. 

This theory is informed by a literature proposing models of protons being 

cyclically repelled and attracted to the corrosion surface [100], altering local 

pH and generating oscillations in current. 

3. Nitrate reduction models that consume H
+
 ions at the corroding surface and 

raise pH causing passivation [14, 96, 97]. Evans suggested that the reduction 

of nitric acid was auto-catalytic [101] on steel and showed this by 

augmenting nitrite content in nitrate solutions. Increasing nitrite 

concentration in these nitrate solutions increased cathodic current density, 

indicating reduction reactions. Autocatalytic reaction sequences were later 

suggested [102] that involved the reduction of nitrate via adsorption to the pit 

surface (Vetter’s mechanism) [58] and in solution near the corroding surface 

(Schmid’s mechanism) [58]. The electroreduction of NH
+
 to NO3

-
 as a 
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possible route that has been put forward [103] but no direct evidence for this 

has been observed in the corrosion of austenitic stainless steels [104].  

Carbon steel in nitrate/nitrite solutions is known to evolve bubbles which have been 

hypothesised to be N2, suggesting reduction processes [105]. Temperature has also 

been observed to influence oscillation behaviour, with higher temperatures reducing 

their occurrence [106].  

2.4.2. Role of molybdenum in stainless steel 

Empirical studies of the influence of Mo in pitting resistance of stainless steel led to 

the development of pitting resistance equivalence numbers (PREN) that rank the 

resistance of steels to pitting corrosion. An example formula [19] is: 

𝑃𝑅𝐸𝑁 = 𝐶𝑟% + 3.3 𝑀𝑜% + 16𝑁%    Equation 2-15 

 

Although the influence of Mo in preventing pitting is clearly quantifiable, the exact 

mechanism that causes this improvement is under debate. Three major theories have 

emerged. 

1. Mo enriches the surface of the alloy preventing initiation and passive film 

breakdown 

The oxide has order at the nanostructure level [26] that can be interpreted to be 

significant in pitting initiation. Mo has been observed using time-of-flight SIMS to 

be enriched in the passive layer during polarisation of Fe-17Cr-14.5Ni-2.3Mo alloy, 

existing mostly as Mo(IV) before polarisation and becoming enriched up to 16% of 

cations in the Mo(VI) state after polarisation[107]. 
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2. Mo reduces dissolution rate, preventing pits from becoming stable during the 

propagation phase. 

The theory of enrichment of corroding surfaces with Mo is well established [108]. 

Newman found that on scratched surfaces of ferritic Fe-18.6%Cr stainless steel the 

addition of 2.5 wt% Mo reduced the dissolution rate in the active region, but only 

had a small effect on the passivation potential if passivation was indeed possible 

[109]. Newman [110] surmised enrichment mainly occurred at the kink/step sites due 

to the small surface coverage of Mo. The suggestion that the potential needed to 

generate a salt layer may be higher was also made. Using 1D pits, Newman [110] 

showed that the anodic dissolution rate of austenitic stainless steels was 5-10 times 

lower under active (i.e. salt-free) dissolution in alloys when 1.6wt% Mo was added. 

3. Mo causes polymeric networks near the dissolving interface, interrupting 

diffusion kinetics within the pit solution. 

Kimura et al.[111] observed spectra from corroding Mo in chloride solutions using 

X-ray absorption spectroscopy. From these results they suggested that they 

resembled results similar to Na2MoO4, and suggested a complex matrix of 

molybdate species could form in the solution near the corrosion interface, preventing 

ion diffusion and retarding corrosion rates when alloyed with stainless steel. 

However Davenport et al.[112] used synchrotron-based X-ray absorption 

spectroscopy near the corroding interface of 316L stainless steel to identify Mo(III) 

species in solution, with no evidence of  Mo(VI) polymolybdates.  

2.5. Atmospheric Pitting Corrosion 

Whilst corrosion often occurs in full immersion conditions, it is possible for 

situations to occur where small amounts of solution are present on metal surfaces. 
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These solutions can have trace amounts of salt in them, creating conductive 

electrolytes that promote corrosion. The restricted volume of the electrolyte in these 

cases often results in highly concentrated solutions forming, causing localised 

corrosion. This is known as atmospheric pitting corrosion. 

2.5.1. Salt deposition 

Salt is often found on the surfaces of structures, particularly if they have been 

through any form of transit or period of storage outdoors [2]. The majority of salt 

that acts as catalyst for atmospheric corrosion arrives on the surface of the metal in 

one of two ways:  

1. As an aerosol, e.g. from ocean waves crashing or other such nebulising 

activity, which deposit on the metal surfaces as solid particles of salt. 

2. By being in a splash zone, where dilute saline solutions (e.g. sea water) are 

splashed onto metal surfaces.  

In both cases, maintaining an aggressive solution to allow corrosion to occur 

relies on the property of salts known as deliquescence  

2.5.2. Deliquescence  

‘Deliquescence’ is the process that a hygroscopic salt undergoes of drawing in 

moisture from the atmosphere to keep equilibrium between the water activities of the 

solution and the surrounding atmosphere [113].  When humid air is present in a 

system with salt, an equilibrium in water activities will be reached between these two 

phases [114]. Salt will draw in moisture if the atmosphere’s relative humidity (RH) 
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is higher that the salts Deliquescence Humidity (DH), and will expel moisture if RH 

is below DH. Losing moisture is known as ‘effluorescence’. 

Each salt species has a unique DH [5]. The deliquescence humidity is sensitive to 

temperature as it is a thermodynamic process. A consequence of maintaining 

equilibrium in water activities between the atmosphere and the solution is that small 

volumes of solution will have their concentration controlled by the humidity of the 

atmosphere. A solution that is in an atmosphere with an RH that is equal to its salt’s 

DH will be, by definition, saturated.  

Tsutsumi et al. showed 304L stainless steel is vulnerable to atmospheric corrosion 

when exposed to humidities of less than 65% RH, which is equivalent to approx. 

3 M MgCl2 [114]. While “dry” conditions are generally considered to be resistant to 

corrosion, Schildelholz et al. [113, 115] have shown that corrosion can occur on Fe at 

humidities well below RH for NaCl, MgCl2 and artificial sea water salt crystals.  

2.5.3.  Evans Droplet Model 

 Corrosion of Fe was investigated by Evans by depositing droplets of NaCl with a 

phenolphthalein/potassium ferrocyanide addition as pH indicators [116, 117]. Evans 

showed that as corrosion propagated a distinct high-pH region occurred around the 

edge of the droplet and a low-pH region occurred towards the centre where the metal 

dissolution occurred (Figure 2-6). This preferential location of corrosion was 

determined to be the consequence of “differential aeration”, i.e. a concentration 

gradient of oxygen in solution [118]. This gradient drives oxygen reduction, the 

main cathodic reaction, to occur at the edges of the droplet where the easiest supply 

of oxygen is, leaving the centre prone to metal dissolution. Chen and Mansfeld [119] 
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showed using a Kelvin probe cathodic potentials around the edge of NaCl droplet on 

steel, supporting this model. 

 

Figure 2-6 Schematic diagram showing reactions occurring in the Evans Droplet 

Model. The anodic and cathodic regions are spatially distinct, with cathode at the 

edge of the droplet. Differences in pH are caused by reactions stated. 

 

This behaviour has also been observed in Zn alloys under droplets of salty water 

[120], with corrosion occurring towards the centre of the droplet, which has been 

modelled by controlling oxygen diffusion as the dominant reduction reaction [121]. 

Aluminium dissolution under droplets does not appear to conform to the Evans 

droplet model as no preferential site is observed [122, 123] . However, when pure DI 

water was deposited on AA2011 trenching was observed around Cu-rich inclusions 

around the droplet edge, indicating an alkaline region and thus oxygen reduction, 

that was not observed near the centre [124]. 

Stainless steel has not been observed to follow the Evans model, with pitting 

occurring without noticeable trend when under droplets of MgCl2 [125, 126]. This 

has been attributed to the very stable passive layer present on stainless steels. Other 
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alloys, such as Fe and Zn [127], have much less stable passive layers so corrosion is 

able to migrate as conditions change, which was observed by Evans on Fe [116]. 

Some investigations using wire beam electrodes have noted that in some conditions 

corrosion of both Fe and 304L stainless steel can occur towards the edge of droplets 

[128, 129] if droplets are sufficiently large at deposition.  

2.5.4.  Secondary spreading of droplets 

A common occurrence in atmospheric corrosion under droplets is secondary 

spreading of droplets during corrosion. Secondary spreading is usually a solution 

layer on the order of monolayers thick and has been observed to participate in 

corrosion electrochemistry, increasing the cathodic area [119]. The salt species used 

can heavily influence secondary spreading. NaCl has been shown to promote the 

secondary spreading of droplets [121, 130], while MgCl2 solutions did not spread. 

This was suggested to be due to insoluble Mg(OH)2 pinning the boundary of the 

droplet. 

Micro-droplets have been observed to form around deposited droplets during 

corrosion [131], with external polarisation of droplets has been observed to increase 

the expansion of secondary spreading and the formation of “micro-droplets” [130]. 

This result was confirmed on carbon steel and stainless steel using bi-plate 

samples[132].  

Micro-droplets have also been shown to appear above anodic attack, with “filiform-

like” corrosion occurring under MgCl2 micro-droplets on 304L [133] and 

hemispherical pitting on AA7075 [134]. There is evidence that these micro-droplets 

are caused by anodic dissolution, as the ejection of metal ions into solution has been 

observed to cause droplets under thin films of solution [135]. 



 

30 
 

2.5.5.  Laboratory simulation  

2.5.5.1. Laboratory salt deposition 

Using droplets of dilute saline solutions is a common method of depositing of salt 

onto a sample surface, and deposition is usually by micropipette or syringe [114, 

136]. Droplets are useful because geometries are often very well defined, making it 

easy to isolate influences on anodic and cathodic regions. It is also easy to calculate 

Chloride Deposition Density (CDD), which is the mass of chloride over area, usually 

written in units of μg/cm
2
 [2, 137]. CDD is an industry standard used to quantify the 

amount of salt found on structures, so using droplets allows direct comparisons to 

practical experience. 

Using droplets also presents challenges. The deposition of dilute solutions does not 

necessarily reflect the “deliquescence” processes that occur in practice, where solid 

salt draws in moisture from the atmosphere and its liquid phase starts at saturation. 

Other techniques have been attempted to investigate this, such as inkjet printing of 

salt onto metal surfaces [138-140] or the direct deposition of fine salt particles [141, 

142] . High pressure N2 gas has been used to atomise salt and deposit on metal 

surfaces through a cascade impactor [143], as has using ethanol as a medium to 

deposit salt has also been used [144, 145]. 

2.5.5.2. Electrochemical measurements of atmospheric corrosion 

Electrochemical measurements of atmospheric corrosion are technically challenging 

due to the restricted volume of solution available. The Kelvin Probe (KP) is a non-

contact technique pioneered by Stratmann et al.[146-148] initially used to investigate 

Fe and Fe-Cu systems. The vibrating probe is held above the sample and local 
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potentials can be measured, with anodic and cathodic sites along the surface able to 

be isolated spatially. Chen and Mansfeld [119] first used a KP to show cathodic 

regions on steel can extend to outside the droplet perimeter. Neufeld et al. [120] also 

showed this secondary spreading on Zn and monitored its spread over time noting an 

increasing participation in cathodic current. Tsuru et al. [130] used KP to show that 

micro-droplets that occur in the secondary spread region adjacent to droplets provide 

cathodic current with the main droplet being anodic. 

Other techniques have also been used to investigate the onset of corrosion though 

they do not possess the ability to isolate anodic sites on the metal surface. Co-planar 

electrodes connected across a zero-resistance ammeter that allow the moment current 

begins to flow between the plates to be seen [132, 149, 150]. This has been extended 

to use 2D arrays of wire to construct wire-beam electrodes [128, 151] to try to collect 

data on different positions under droplets of solution. 

Nam et al. [125] used a Ag-wire electrode across the surface of droplets of MgCl2 on 

304 and 430 stainless steels to show the effect of humidity on initiation and 

repassivation. By holding a Ag-wire across a droplet and connecting it and the 

sample plate to a two-electrode potentiostat, the range where pitting occurred was 

able to be isolated. On 304 it was shown to be 47-58% RH at 298K, and 48%-68% 

on 430. Repassivation occurred at higher RH, i.e. lower solution concentration, with 

304 repassivating between 56%-70% RH and 430 between 67%-73% RH at 298K 

2.5.6. Morphology of pits 

The shape of pits in corrosion varies depending on the conditions they are generated 

under. Pits grown in full immersion conditions under applied potentials often require 
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occlusion to propagate. Schwenk [91] observed hemispherical pits in the initial 

stages of growth covered with a porous layer that acted as a diffusion barrier, though 

these pits sometimes showed faceting if initiated away from the edge of grain 

boundaries. They then developed into hemispherical shapes and lost their faceted 

appearance [152]. These porous layers, sometimes described as “lacy covers” [153],  

were also found in dilute chloride solutions described as Lacy pit covers on stainless 

steels [153-155] and Fe [156].  

Pit morphology is influenced by microstructure, with orientation of inclusions and 

other phases, such as δ-ferrite bands, affecting propagation in stainless steels [157]. 

Solution concentration has been seen to affect pit mouth size and modelling has 

confirmed the influence of solution concentration on repassivation kinetics [8, 158]. 

Applied potential can also influence pit morphology, with higher potentials often 

giving smoother pitting surfaces [17, 159]. Sato [160, 161] observed crystallographic 

etching in pitting of Fe when at low applied potential that smoothed out then 

potential was increase, and attributed this to the development of a critical 

concentration inside the pit.  

Pits that have grown in atmospheric conditions, and that have developed at OCP, 

have shown different morphologies than those grown under applied potential. Maier 

and Frankel [136] showed that pitting of 304L under droplets of MgCl2 often had 

shallow dish regions, developed by a process called “earing” due to the ear-shaped 

morphology observed in the early stages of attack. This observation was also 

reported by Hastuty et al [162] on 430SS. The shallow dish regions are interesting in 

that they are broadly unoccluded. Cruz et al. [150] observed “colonies” of smaller 

pits around a large, flat region of attack. Mi et al. [139] saw that the size of these pits 
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grew with increasing droplet surface area, indicating a cathodically limited attack 

[163].  

2.6. Synchrotron Sources 

2.6.1. What is a synchrotron? 

A synchrotron is an electron accelerator that is used as a very high quality X-ray 

source, providing both excellent flux and consistency compared to normal laboratory 

sources [164] (Figure 2-7). 

 

Figure 2-7 Schematic diagram of a third-generation synchrotron [164]. 

Electrons are generated in a vacuum at an “electron gun” using a process known as 

“thermiomic emission”[165] that applies an anodic voltage across a cathodic heater, 

propelling electrons in the synchrotron. Electrons are then fed into a Linear 

Accelerator (LinAc) to an energy of ~100 MeV. The electrons then enter a booster 

ring where they are further accelerated before entering the storage ring.   
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The storage ring is not a “ring” but a polygon that uses bending magnets to deflect 

the electrons. The storage ring is designed to have a constant current, and is topped 

up from the boosting periodically as electrons are lost by use or hitting residual gas 

in the vacuum. Electrons are accessed by “insertion devices” that are used to 

generate X-rays.  

Insertion devices have arrays of magnets lined up with opposite poles. As the 

electrons move passed these arrays of magnets, they begin to “wiggle” and give off 

energy in the form of X-radiation as they continually change direction.  As the 

electrons are travelling at relativistic speeds, causes the radiation to be directed 

forwards, creating an X-ray beam of high flux, brightness (intensity per unit area of 

source) and spectral brightness (intensity per unit area per unit solid angle per unit 

energy bandwidth).   

The beam that comes out of the insertion device is known as “pink beam” as it has a 

wide range of wavelengths. It is possible to refine and select the wavelength of the 

radiation in the “optics” hutch, before experimental use, by using a monochromator. 

Monochromators use two [166] or four [167] Si (111) crystals to select energy by 

serial diffraction. By aligning the crystal at specific angles, it is possible to select a 

single wavelength of radiation by using Bragg’s law [168]. 

2.6.2. X-ray Diffraction on corrosion systems 

X-ray diffraction allows the identification of crystalline phases by their diffraction 

patterns. Crystalline structures are arranged in such a way that their atoms form 

sheets or layers with fixed spacing. When X-rays interact with these layers, they give 
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constructive interference and diffract in discrete patterns, which are determined by 

Bragg’s law: 

𝑛𝑖𝜆 = 2𝑑𝑠𝑖𝑛𝜃        Equation 2-16 

Where ni is any integer, λ is the radiation wavelength, d is the layer spacing, and θ is 

the angle of incidence.  

Most salt layers are crystalline (some are molten), and synchrotron X-ray diffraction 

has been used to observe these salts in situ. Rayment et al. [7] has used artificial pits 

of Fe and 316L in 1 M HCl to show a FeCl2.4H2O salt exists during dissolution. 

Information was also able to be found about the morphology of the salt crystals in 

the pit, with 316L showing significantly more spottiness in the collected diffraction 

pattern indicating a coarsening of crystal size. Xu [6, 69] also use a similar technique 

to compare salt layers of Fe in NaCl with and without nitrate additions, finding that 

nitrate increases anisotropy of salt crystals. Other groups have investigated salt 

layers on copper [169] and scale in carbon steels [170]. 

2.6.3. Radiography 

 X-ray Radiography can be used to view changes in morphology in situ. The X-ray 

beam can pass through a sample and be attenuated, i.e. lose flux due to absorption or 

deflection. The amount of flux lost due to attenuation is usually quantified in terms 

of a ratio of the original beam: 

𝐼𝑛𝑡

𝐼𝑛𝑡0
= exp (−𝜇𝑥𝑡)        Equation 2-17 

Where Int is the transmitted beam intensity, Int0 is the original beam intensity, μ is 

the absorption coefficient of the material and xt is the thickness of the material. The 
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transmitted beam hits a detector, either an undeveloped film or a fluorescent screen 

in more modern instances, and produces a two-dimensional image.  

In its raw state, this image may not accurately represent the experiment as it contains 

distortions due to changes in the beam (flat field) and heterogeneities in the detector 

(dark field). Radiographs are typically corrected after collection by subtracting any 

contribution of the dark field and dividing through any contribution of the white field. 

The flat field is usually an average of several images of the x-ray beam without a 

sample present. 

𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑑𝑎𝑡𝑎 =
𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 𝑑𝑎𝑡𝑎−𝑑𝑎𝑟𝑘 𝑓𝑖𝑒𝑙𝑑

𝑓𝑙𝑎𝑡 𝑓𝑖𝑒𝑙𝑑−𝑑𝑎𝑟𝑘 𝑓𝑖𝑒𝑙𝑑 
    Equation 2-18 

Radiography has been used to investigate the growth of artificial pits in situ, with 

Ghahari et al.[8, 10, 171] investigating the dissolution kinetics of 304L to inform 

their kinetics model. Hammons et al. [172] has also used the technique on Ni to 

characterise consistency in the dissolution of the interface during corrosion. 

2.6.4. Effect of X-radiation on electrochemical data 

Xu [58] has previous addressed the paucity of work done on the influence of a high 

flux of radiation on corrosion processes. Nagy and You [173] have reported on the 

extent of radiolysis found in in situ synchrotron experiments involving solutions. 

Radiolysis will always occur, with the generation of H2 and H2O2 as a consequence. 

Particular concern is in cells with narrow geometries, as most radiolysed solution 

will stay at the working interface. The effect is broadly mitigated by attenuating the 

radiation beam by use of Al filters [7].   
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3. Experimental procedures 

3.1. Materials used  

304L and 316L stainless steels were obtained from Goodfellow, Aperam, and 

Advent. Details are shown in Table 3-1. 

Table 3-1 Alloys used in this body of work   

Material Form Supplier Thickness Processing Composition 

(wt%) 

Experiments 

 

 

 

 

 

304L 

Foil Goodfellow 25 μm and 

50 μm 

Annealed Cr-18%, Ni 

10%, C <300 

ppm , Fe 

balance 

Synchrotron 

XRD and 

radiography 

Sheet Aperam 3 mm Cold-rolled, 

solution 

annealed at 

1040-1100 °C 

then air 

cooled 

Cr 18-19.5%, Ni 

8-10.5%, Mn 

2%, S 0.015% 

max N 0.1% 

Max, C 0.03% 

max, P 0.045% 

max, Fe balance 

Atmospheric 

droplets exp 

morphology 

and position, 

full immersion 

plate, Ag wire 

experiment 

Wire Advent 50 μm Temper 

annealed 

Cr 17-20%, 

Ni 8-11%, 

C<300 ppm, 

Fe balance 

1D pitting  

Wire Advent 125 μm Temper 

Annealed 

Cr 17-20%, 

Ni 8-11%, 

C<300 ppm, 

Fe balance 

Wire 

experiments 

 

 

316L 

Wire Advent 50 μm Temper 

annealed 

Cr 17-20%, Ni 

8-11%, Mn 2% 

max, C<300 

ppm, Fe Balance 

1D pitting 

Wire Advent 125 μm Temper 

annealed 

Cr 17-20%, Ni 

8-11%, Mn 2% 

max, C<300 

ppm, Fe Balance 

Wire 

Experiments 
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3.1.1 SEM and EDS characterisation of alloys 

 

Plate steel supplied for these droplet tests was electro-arc melted then continuous 

casted, cold-rolled and annealed. SEM analysis of 304L plate stainless steel is shown 

in Figure 3-1, where the plate has been mirror polished using OP-S (Struers) for 

10 min, leaving a slightly etched surface. The plate is almost entirely populated with 

equiaxed grains, with a distribution of annealing twins throughout the surface. Sheet 

steel would be expected to have elongated grain structure as it goes through rolling 

processes after casting [19], but the foundry note supplied with this plate steel 

showed that it had been annealed after rolling at 1040 - 1100 °C, allowing 

recrystallisation of the grains and producing an equiaxed grain structure of austenite.  

 

Figure 3-1 Secondary electron Scanning Electron Microscope image of mirror 

polished 304L plate stainless steel on the longitudinal surface. Surface polished with 

OP-S 0.04 μm colloidal suspension (Struers) for 10 minutes. Metallography shows 

equiaxed grains with annealing twins throughout the microstructure. Surface-

breaking inclusions (circled) can be observed as stringers elongated along the 

rolling direction. 
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Figure 3-2 Energy Dispersive X-ray Spectroscopy of a surface-breaking inclusion on 

304L stainless steel plate. Inclusion shows enrichment of S and Mn. 

 

Table 3-2 Foundry specifications of 304L plate used in atmospheric corrosion 

experiments and EDS of plate alloy used. EDS of 304L and 316l wires used in 

electrochemistry experiments also shown 

 

Element (wt %) Fe Ni Cr Mn S C Si N P Mo 

304L Plate - 

Foundry spec. (max) 

Bal 8-

10.5 

18-

19.5 

2 0.015 0.03 0.75 0.1 0.045 - 

304L Plate - 

Foundry analysis 

Bal 8 18.1 1.46 0.0033 0.023 0.44 0.072 0.032 - 

304L Plate - EDS (3 

point scan avg) 

Bal 7.5 18.8 1.6 - - 0.47 - - - 

304L wire -  EDS  

(3 point scan avg) 

Bal 9.8 19.8 0.7 - - 0.46 - - - 

316L  wire - EDS  

(3 point scan avg) 

Bal 10.5 17.9 1.6 - - 0.23 - - 1.6 
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EDS analysis of these inclusions (Figure 3-2) showed that these were rich in Mn and 

S. The composition of the plate alloy can be seen in Table 3-2. Composition of 304L 

and 316L wires used in electrochemistry are also shown in Table 3-2. 

3.2. Salt solutions 

NaCl + NaNO3 and MgCl2 solutions were used in these experiments. For 

synchrotron experiments, 1 M NaCl + NaNO3 solutions were used, where NaNO3 

concentration ranged between 0 and 75 mM. For atmospheric corrosion experiments 

using droplets, MgCl2 concentrations ranging from 0.03 M to 5 M were used. For 

full immersion experiments, MgCl2 solution concentrations ranging from 1 M to 5 M 

MgCl2 were used. All MgCl2 solutions were made using MgCl2.6H2O (Sigma 

Aldrich or Fisher Scientific) and deionised water (Millipore, >15 MΩ cm). NaCl 

solutions were made using NaCl (Sigma Aldrich), NaNO3 (Sigma Aldrich) and 

deionised water (Millipore, >15 MΩ cm).  

3.3. Synchrotron Experiments 

3.3.1. Synchrotron sample preparation 

The same 2D foil samples were constructed for synchrotron XRD and radiography 

experiments, as described by Rayment et al.[7]. Approx. 3 mm wide strips of 50 μm 

thick (for XRD) and 25 μm thick (for radiography) 304L stainless steel (Goodfellow) 

was cut and degreased in methanol for 15 minutes before air-drying.  These foils 

were then embedded in Araldite epoxy resin (3M). Once dry, the foil was cut in two 

and the freshly cut surface became the pit mouth and was attached to a reservoir 

using Kapton tape (3M) (Figure 3-3). 
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Figure 3-3 Schematic diagram of foil cells used in synchrotron experiments. 50 μm 

and 25 μm thick foils were used in XRD and radiography experiments respectively 

[56] 

3.3.2. Synchrotron XRD experiments 

The cell reservoir was filled with 20 ml of 1 M NaCl, then connected to a Ag/AgCl 

reference electrode and a Pt counter electrode (all potentials are quoted on the 

Ag/AgCl scale). The pit was held at 1 V for 6 hours to grow a pit of approx. 1 mm 

deep. This allowed sufficient depth to allow one-dimensional diffusion. All 

electrochemistry was controlled by an Ivium Compactstat potentiostat. 

XRD experiments were conducted in situ using the microfocus spectroscopy 

beamline I18 at the Diamond Light Source [174]. The X-ray beam had a spot size of 

2.5 μm (h) x 20 μm (w) and beam energy of 12.00 keV. Image resolution of the 

scans had a pixel size of 26 µm x 26 µm using a CCD detector. Beam damage [173] 

was reduced by the use of a 0.75 mm Al-foil to reduce the intensity of the incoming 
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beam. Scan time was limited to 15 seconds to also limit beam damage. The sample 

was positioned below the incident beam so the initial scans were in the solution 

above the corrosion front and salt layer. The sample was then raised in 2 μm 

increments, with a pattern collected at each increment until only austenitic stainless 

steel pattern was observed, as shown in Figure 3-4. Three sweeps, from bulk solution 

through the salt layer into the metal, were conducted for each solution used. X-ray 

diffraction patterns were analysed and integrated using XRDUA [175]. 

 

Figure 3-4 Schematic diagram of XRD diffraction collection therough the salt layer 

of a one-dimensional pit. Numbers indicate order or scans [56]. 

 

The pit was held at potentials from 0.3 V to 0.7 V, as summarised in Table 3-3. The 

cell solution composition was then changed to 40 mM NaNO3/1 M NaCl, 

50 mM NaNO3/1 M NaCl, then finally up to 75 mM NaNO3/1 M NaCl at the 

potentials shown in Table 3-3. The current was observed during each experiment to 

ensure the pit did not passivate.  
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Table 3-3 Solution conditions of XRD scans on 304L and potential that each scan 

was held under [56]. 

 

3.3.3. Synchrotron Radiography experiments 

Radiography experiments were conducted in situ at the Diamond-Manchester 

imaging branchline I13-2 at Diamond Light Source [176]. Cells were made with the 

same procedure as in the diffraction experiments, but with 25 μm thick foils of 304L 

(Goodfellow). The X-ray beam was produced using an undulator insertion device 

and the full X-ray energy undulator spectrum, known as pink beam, was used. The 

beam was attenuated using a combination of 0.2 mm pyrolytic graphite and 2.2 mm 

of aluminium filters before impinging on the sample. This gave an energy spectrum 

of a series of discrete intensity peaks comprising photon energies from 15.0 to 25.0 

keV. The undulator gap was adjusted to values ranging from 8 to 10 mm to vary the 

photon flux.  

An optical microscope system made using Mitutoyo optics collected the visible light 

produced by the X-ray beam impinging on a 150-μm-thick scintillating CdWO4 

crystal and high-speed CMOS PCO Dimax HS camera (2016 x 2026 pixels). The 

camera chip pixel size of 11 μm x11 μm combined with a 10x optical magnification 

gave an effective pixel size of 1.1 μm. The total field of view was ~ 2.2 x 2.2 mm. A 

radiograph was collected approximately every 1.1 s. Radiation exposure time was 

limited to 40 ms to reduce beam damage,  which was controlled by a fast shutter. 30 
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dark field and 30 flat field images were taken before each set of scans and used to 

correct images for beam and detector fluctuations. Data was analysed using DAWN 

1.6 program package [177].  

The pits were grown in 20 ml of 1 M NaCl in a back lab away from the X-ray 

exposure for approximately 1 hour to generate a pit of depth 700 μm, ensuring one-

dimensional diffusion. The cell was placed in the beam nitrate solution was added to 

the reservoir to make up a solution concentration of 75 mM NaNO3/1 M NaCl.  

Potential was held at 0.4 V for 1800 s to allow time for nitrate solution to diffuse 

through the cell, as preliminary experiments showed that 1800 s was sufficient to 

time for nitrate additions to diffuse to the bottom of the pit and passivate the 

corroding surface. The potential of the cell was then increased by 50 mV increments 

and held for 600 s at each potential until passivation was observed. 

3.4. Atmospheric corrosion droplet experiments 

3.4.1. Sample preparation 

304L plate of 3 mm thickness was used (Aperam, France). The plate was cut into 75 

mm x 25 mm samples and ground using 800 grit SiC paper (Struers), and cleaned in 

deionised water in an ultrasonic bath for 15 minutes. Samples were then rinsed with 

DI water and cold-air dried and left in a covered container for 24 hours before 

droplet deposition. 

3.4.2. Atmospheric Experiments 

When investigating the effect of changes in relative humidity, 2 μl droplets of 0.27 

M MgCl2 were deposited, giving a CDD of approx. 750 μg/cm
2
. When investigating 

the influence of CDD, droplets of 0.03 M and 3 M MgCl2 were also deposited giving  

a CDD of 80 and 5400 μg/cm
2
. Droplets were deposited with a Multiprobe II liquid 
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handling system (Perkin-Elmer Life Sciences) at 5 mm intervals, in arrays of 4 x 14 

or 4 x 15 (56-60 droplets) with a deposit rate of 10 μl/s (Figure 3-5). Each solution 

array was deposited within 8 minutes. Temperature at deposition was between 20-

23 °C with a humidity of 25-44 %RH during deposition. The experimental 

conditions used are reported in Table 3-4.  

 

Figure 3-5 Schematic of atmospheric corrosion plates with 2 μl droplets deposited in 

4 x 15 array. Droplets are deposited in rows. Entire plate is deposited within 8 

minutes. 

Table 3-4 Chloride deposition density (CDD) for as-deposited droplets of MgCl2 

deposited on 304L stainless steel plate.  Samples sizes are 56-60, with standard 

deviation given for data set in each case. Droplets deposited at 20-23 °C in ambient 

relative humidity (25-44 %RH). Samples were put into controlled experimental 

humidity within 8 minutes of first deposition [126]. 

 

Humidity 

± S.D. 

(%RH) 

Average Droplet CDD ± S.D. 

(μg/cm
2
) 

Droplet area on deposition 

(cm
2
) 

“80” “750” “5400” “80” “750” “5400” 

33±2 80±3 670±40 5400±300 0.048±0.001 0.057±0.003 0.051±0.001 

38±2 - 820±20 - - 0.047±0.001 - 

43±2 - 790±40 - - 0.048±0.002 - 

48±2 - 670±40 - - 0.057±0.003 - 

56±2 - 730±40 - - 0.052±0.002 - 
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After deposition, the plates were held in an ECO135 atmospheric chamber (TAS 

Ltd) at 30±1 °C and at a controlled humidity between 33-56% ±2 RH for 24 hours 

[114] .  After 24 hours optical images were collected for each droplet using a 

microscope. The plate was washed with DI and methanol. 

3.4.3. Time-lapse experiments 

Samples of 304L stainless steel for time-lapse experiments were prepared as above. 

2 μl droplets of 0.5 M MgCl2 were deposited in a sealed container with relative 

humidity controlled by saturated salt solution. The container was heated externally to 

30±3 °C and held under a microscope. Once pitting was observed to have started the 

magnification was increased and images were taken once a minute.   

3.4.4. Droplet Ag wire experiments 

Electrochemistry experiments were conducted using Ag wire electrodes following 

the method of Nam et al. [125]. Ag wire of 50 μm diameter was suspended above a 

304L stainless steel plate that was prepared as described above Figure 3-6. The wire 

was clamped and held under tension on top of PTFE tape to separate it 

approximately 40 μm above the sample surface. 4 wires were held across the sample 

to test different concentrations. 

The sample was then placed in an atmospheric chamber (ECO135, TAS Ltd) and 

held at 30 ± 1 °C and 33 ± 2 %RH. The Ag wire was connected to a two-electrode 

Compactstat potentiostat (Ivium), with the sample acting as the working electrode 

with a time resolution of 1 s. A droplet of 1 M MgCl2 was deposited on the sample, 

touching one wire. This was repeated with 2 M, 3 M, and 4 M MgCl2 on separate 

wires. 
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Figure 3-6 Ag Wire cell used to detect corrosion initiation under droplets of MgCl2. 

a) 2 μl Droplets of MgCl2 with concentrations indicated were deposited on 304L 

stainless steel at 30 °C in 33% RH atmospheric inside an atmospheric chamber. 

Droplets were deposited and measured using a Compactstat potentiostat. b) Ag wire 

suspended approx. 40 μm above sample by being clamped under tension on PTFE 

tape. 

 

Unanodised Ag wire was used for these experiments. As discussed by Nam et al. 

(12), the AgCl film generated by anodising dissolves after a short time in 

concentrated MgCl2 solutions, creating variation in readings over time. Unanodised 

Ag is more controlled in these conditions. One must recognise, however, that the 

potentials measured as not a true potential as EAg, i.e. the potential at the silver 

interface, does change with solution concentration during the experiment. 

3.5. One-dimensional pitting experiments 

3.5.1. Sample preparation  

One-dimensional artificial pits were prepared using wires (Figure 3-7). 304L and 

316L wires (50 μm diameter, Advent) were degreased in methanol then attached to 

electrical wire with copper tape to ensure a strong electrical connection. The 
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connection was then wrapped with PTFE tape (RS components) and enclosed in a 

heat-shrunk tube. The stainless steel wire was then placed inside an acrylic tube (6 

mm outer diameter, Alternative plastics Ltd. UK) with the base of the tube sealed 

with PTFE tape. EpoFix (Struers), an epoxy resin, was mixed and poured into the 

tube and left to cure for at least 24 hours. The top of the tube was then ground with 

800 grit SiC paper when used.  

 

Figure 3-7 Schematic diagram of One Dimensional artificial pit used in zig-zag 

experiments 

3.5.2. Electrochemical measurements 

3.5.3. Zig-zag pitting  

1D artificial pits were immersed in approx. 200 ml of solutions of between 1 – 4 M 

MgCl2 with pits held vertically. The potential program applied to the pits is shown in 

Figure 3-8 was controlled by an Ivium CompactStat potentiostat. Saturated Calomel 

Electrode (SCE) was used with a Pt counter electrode.  Potential was started at 1.2 V 
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and swept down to 0.04 V at a rate of 5 mV/s to grow the pit to a depth that allows 

one-dimensional diffusion. Then the potential was swept up 20 mV and down 30 mV 

at 0.2 mV/s until -0.4 V or passivation occurred. 5 mV perturbations were applied 

during sweeps to allow use of Electrochemical impedance spectroscopy (EIS) 

analysis and record solution resistance. 

 

Figure 3-8 Potential difference program applied to one-dimensional pits in zig-zag 

pattern to allow the isolation of ET and Erp values. 

3.6. Wire experiments 

Wires of 304L and 316L (125 μm diameter, Advent) were ground with 1200 grit SiC 

paper and washed with DI water and methanol. Wires were cut to approximately 

10 cm in length and photographed with a scale. Wires were then connected to an 

Ivium CompactStat potentiostat with a SCE reference electrode and Pt counter 

electrode. The wires were immersed in solutions of between 1- 5 M MgCl2 were 

made and held at -100 mV below OCP for 15 minutes. A photo was taken to observe 

how much of the wire was immersed. Care was taken to ensure the cut edges of the 

wires were not immersed. The potential was then swept up at 5 mV/s until current 

reached 1 mA (the onset of pitting) then swept back until into the cathodic region. 

Current density was then calculated. Ambient temperature was 23±2 °. 
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3.7. Full immersion plate experiment 

304L plate was cut to 25 x25 mm square. An electrical cable was attached to the 

back of the plate by copper tape (Figure 3-9). Epoxy resin (EpoFix, Struers) was then 

poured on to the plate and left to cure for 24 hours. It was then ground with 800 grit 

SiC paper and cleaned with DI water. The plate was then immersed in either 1 M or 

4 M MgCl2 and held at -100 mV for 15 minutes using an Ivium CompactStat 

potentiostat. Potential was then swept forwards at 5 mV/s. Once pitting was 

observed, potential was swept back until cathodic current was generated. 

 

Figure 3-9 Schematic diagram of 304L plate used in full immersion experiments. 

Plate was set in EpoFix with an electrical connection attached to the back. 
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4. Effect of nitrate on the salt layers in artificial pitting corrosion of 

304L stainless steel 

4.1. Introduction 

The dual nature of nitrate on steels has been observed for over two centuries, with 

concentrated nitrate solutions passivating steel surfaces but dilute nitrate solutions 

exacerbating corrosion [75]. Investigations into the passivating effect of nitrate in 

chloride solutions have shown the presence of passivation potentials, Epass, above 

which corroding sites are passivated [14]. Particular attention has been paid to the 

influence of NO3
-
:Cl

-
 ratio on the intensity of Epass, with increasing nitrate moving 

Epass to less noble values.  At potentials just below the Epass, current oscillations 

occur [6, 14]. 

The nature of the salt layer that forms in nitrate/chloride solutions has been under 

discussion. It has been suggested that current oscillations may arise from 

competition between chloride salts and nitrate-rich salts [94]. Amorphous molten 

salts have also been observed in concentrated nitrate solutions on Fe [98] which may 

cause heterogeneity in current.  

This chapter aims to investigate the species and nature of the salt layer in one-

dimensional pits of 304L stainless steel when corroding in NaCl solutions with trace 

amounts of NaNO3. Synchrotron-based XRD and radiography will be used to 

correlate electrochemistry, salt layer species, and dissolution kinetics to develop a 

mechanism for current oscillations.  
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4.2. Results 

4.2.1. Electrochemistry 

 Cyclic voltammograms typical of an artificial pit in 304L stainless steel are shown 

in Figure 4-1. Pits were initially grown in 1 M NaCl at 1 V (Ag/AgCl), then 

maintained at a potential of 1.2 V until a stable salt layer had been formed. Figure 

4-1a shows a potentiodynamic sweep starting at 1.2 V and decreasing at 2 mV/s. As 

the applied potential decreases, the current remains constant as the salt layer 

thickness, and its resistance, reduces to regulate the surface interfacial potential. 

These diffusion-limited conditions continue until point (B) where the salt layer is 

lost. This coincides with a slight increase in current as this resistive layer dissolves 

away. After this, there is an ohmic relationship between current and voltage until the 

end of the sweep at -0.1 V (C). The forward sweep, at 2 mV/s, showed an 

approximately ohmic relationship initially, but was not exactly linear and did show a 

curve in its plot as potential increased. This may be due to the slow sweep rate up, 

allowing diffusion away from the corrosion interface and thus extending the time 

needed to saturate. In this region (D),  the pit was able to achieve a current much 

higher than the diffusion limited current due to the supersaturation of the solution 

above the salt layer, approximately 2 times higher than when at diffusion limited 

current. Once the solution has been supersaturated, the salt layer precipitates and 

settles on the surface, dramatically reduces the current (E). This supersaturated 

solution precipitates a particularly thick salt layer, as seen elsewhere [72], but this 

rapidly reaches an equilibrium with the interfacial solution and diffusion limited 

current is maintained until the end of the sweep (F). The current at this point is 

slightly lower than at the beginning of the sweep at (A) due to the deepening of the  
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(a)  

(b)  

Figure 4-1 (a) current in 304L artificial pit when potential is swept from 1.2 V to -

0.1 V at 2 mV/s in 1 M NaCl, (b) sweep repeated in same cell after solution changed 

to 75mM NaNO3 + 1 M NaCl [56]. 
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pit increasing diffusion pathway length and therefore increasing the IR drop of the 

solution. At the end of the potential sweep in Figure 4-1a, sodium nitrate (NaNO3) 

was added to the solution and mixed in to give a final solution concentration of 

75 mM NaNO3 +1 M NaCl (Figure 4-1b). The reverse sweep looked very similar to 

that seen when no nitrate was present, i.e. a diffusion limited current until the salt 

layer was lost, resulting in a small bump in current followed by an ohmic 

relationship between current and applied potential. The forward sweep initially also 

looked similar, with the supersaturation of the solution at the interface resulting in a 

thick salt layer being precipitated, which then found equilibrium with the 

surrounding environment and diffusion limited current being maintained. However, 

at approximately 0.5 V (G) the current begins to reduce and drops rapidly until fully 

passivating by 0.6 V. These data are consistent with Figure 4 found in Newman and 

Ajjawi [14] for the same nitrate/chloride ratio. 

Figure 4-2 shows a series of experiments in which the potential was held at 0.3 V, 

0.4 V, and 0.5 V in 75 mM NaNO3 + 1 M NaCl solution whilst simultaneously 

making  XRD measurements on the salt layer that formed at the interface. Figure 

4-2a shows that once the potential is applied the current quickly peaks and falls off, 

indicating the supersaturation of the interfacial solution and formation of the salt 

layer. Thus this gives a diffusion limited current of approximately 0.08 mA for the 

range of the experiment. At 0.4 V (Figure 4-2b) the initial supersaturation and 

precipitation of the salt layer is also seen. After approx. 400 s however, slight 

perturbations are observed in the current. At 0.5 V (Figure 4-2c) large current 

oscillations occur once the salt layer is formed. The oscillations appear to be of the 
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same scale as the limiting current with a period of between 80 - 100 s, continuing for 

the duration of the experiment (over 1200 s). 

(a)  

(b)  

(c)  

Figure 4-2 Current recorded in 304L one-dimensional pits in 75 mM NaNO3 +1M 

NaCl at different potentials (a) 0.3 V, (b) 0.4 V, and (c) 0.5 V (Ag/AgCl) during XRD 

measurement of the salt layer.[56] 

 

4.2.2. SEM Results 

The electrochemical behaviour observed in 75 mM NaNO3 + 1 M NaCl were 

reproduced away from the X-ray source in separate cells and SEM images were 

taken of their pitting surfaces. When the pit was grown for 4 hours in 1 M NaCl, the 
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corroded surface was consistently rough with the same texture covering the entire 

surface (Figure 4-3a). When a pit was grown in 75 mM NaNO3 + 1 M NaCl and 

produced a current similar to that in Figure 4-2c, secondary pitting was observed on 

the pit surface (Figure 4-3b) 

 

Figure 4-3 SEM of the corroded surface of 304 L stainless steel one-dimensional pits 

(a) after 4 hours in 1 M NaCl with no current oscillations, (b) after 4 Hours in 1 M 

NaCl then  4 hours in 75 mM NaNO3 + 1 M NaCl  after current oscillations were 

observed.[56] 

4.2.3. Diffraction results 

XRD patterns were taken of the salt layers generated during corrosion of 304L 

stainless steel one-dimensional pits in 1 M NaCl with varying concentrations of 

NaNO3. Pits were made from 50 μm thick foils and results are shown in Figure 4-4. 

Regardless of nitrate concentration in solution or the electrochemical behaviour, the 

same diffraction peaks were observed (Figure 4-4a). All the peaks observed appear 

on the FeCl2.4H2O diffraction pattern described by Verbist et al.[178] However, 

several minor peaks that are present in standard FeCl2.4H2O patterns do not appear 

in these results, indicating a change in space group or symmetry. The intensity of  
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(a)  

(b)  

Figure 4-4 Diffraction patterns of salt layers in one-dimensional pits of 304 L (a) in 

1 M NaCl at 0.5 V (Ag/AgCl) with varying NaNO3 concentration, and (b) in 75 mM 

NaNO3 + 1 M NaCl with varying applied potentials. The standard diffraction pattern 

for FeCl2.4H2O also shown [56]. 

major peaks also differs from the standard, which may be a consequence of the 

limited amount of salt crystals participating in diffraction of X-rays over such a thin 

foil sample. No change was observed in diffraction pattern in nitrate-rich solutions, 
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indicating the salt species is not a nitrate salt. No change in salt species was observed 

in when the potential was increased in nitrate solutions between 0.3 V and 0.5 V 

despite significant differences in electrochemical behaviour (Figure 4-4b).  

From Figure 4-3b it is clear that the size of the secondary pitting has a diameter 

significantly smaller than 50 μm (the thickness of the foil that is corroding). As such, 

we would be difficult to detect where these pits are occurring using diffraction as the 

pattern is summed over the entire thickness of the cell. This is also true of the 

electrochemical data, which is in practice the sum of current across the entire 

interface and cannot be easily used to discuss coexisting regimes. To interpret 

regimes that are subtly different other techniques, such as electrochemical 

impedance spectroscopy, could be used.  

Although the salt species didn’t change as a result of the nitrate concentration, there 

were noticeable changes in the intensity and completeness of the diffraction rings 

with increasing nitrate concentration. This indicates a change in crystallite size and 

morphology. Nitrate-free diffraction patterns showed anisotropy (Figure 4-5a), with 

the (100) ring having strongest pattern on the left- and right-sides of the ring and the 

(002) ring having strongest signal at the top and bottom of the ring. This is consistent 

with plate-like crystallites settling on the bottom of the pit with the (002) plane 

horizontal, producing a crystalline anisotropy. In nitrate-rich solutions (Figure 4-5b) 

there is much less anisotropy and the signal is spread more evenly around the rings. 

However, there are larger spots of intensity around the rings, indicating a coarsening 

of crystallite size. This is most pronounced in the (120) plane.  
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Figure 4-5 X-ray diffraction patterns of salt layer at 0.5 V (Ag/AgCl) in  (a) 1 M 

NaCl with stable limiting current, and (b) 75 mM NaNO3 + 1 M NaCl with 

oscillating current. Electrochemical data shown in Figure 4-2 [56]. 

4.2.4. Radiography results 

Radiography results are shown in Figure 4-6, where a 25 μm thick foil is grown in 

1 M NaCl for approximately 500 s before the solution is changed to 75 mM NaNO3 

+ 1 M NaCl. The current was largely unchanged after the nitrate concentration 
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increase until 775 s (Figure 4-6a) when the current was seen to drop significantly. 

Radiographs were taken at 1 s intervals (Figure 4-6b). Edge detection was used to 

isolate the corrosion front which was plotted ever 100 s (Figure 4-6c), which showed 

fairly consistent material loss up until 800 s with only minor variations in speed of 

dissolution. After 800 s, the edges began to fall on top of each other, indicating 

passivation of the pit surface. The exception is the right-hand side of the pit, where a 

crevice initiates and continues to grow through the experiment. This coincides with a 

significant loss in current. Surges in current that occur after 900 s (Figure 4-6d) can 

be linked to bursts in dissolution that occur on the creviced site (Figure 4-6e). The 

elevated current observed on the downward sweep on Figure 4-1b may be a result of 

a crevice like this as the salt layer is lost. The voltage was held at 0.4 V for 1800 s, 

and then raised to 0.45 V where surges in current became more pronounced. When 

the potential was raised to 0.5 V current was reduced to zero and the pit surface was 

fully passivated. This passivation potential was significantly lower than that 

observed for diffractions (0.6V) which had a much thicker foil (50 μm). 
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Figure 4-6 (a) Electrochemistry of 25 μm thick 304 L artificial pit in 1 M NaCl, then 

changed to 75 mM NaNO3 + 1 M NaCl at approximately 500 s. (b) Radiograph of 

artificial pit at 0 s, (c) Edges of the corrosion front at 100 s intervals using edge-

detection algorithm, (d) detail of electrochemical data between 900 s and  1425 s, 

showing surges in current, (e) details of radiograph edges at the crevice on the 

right-hand side of the foil between surges in current [56]. 
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4.2.5. Corrosion front roughness results 

The variations in foil height as the pit corrodes under a salt layer can be quantified in 

terms of roughness using standard techniques[179]. The edge from each radiograph 

had its background extracted by taking the average value of the height of each pixel 

from 50 pixels either side (101 pixels in total) and subtracting this to get a 

background corrected scan (Figure 4-7a). The roughness of this scan was then 

calculated using the Root Mean Square method [179]: 

𝑅𝑆𝐷 =  √
1

𝑀
∑ (𝑅𝑗 − 𝑅𝑎)

2
𝑗       Equation 4-1 

Where RSD is the roughness index, M is the number of points, Rj is the height at point 

j, and Ra is the average height. While corrosion is proceeding under a salt layer there 

is no trend in roughness. Once the process of passivation begins (approx. 775 s) the 

roughness increases until 1000 s where the bulk of the surface is passivated, where 

the roughness remains high. 
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(a)  

(b)  

Figure 4-7 (a) The corrosion front of 25 μm 304 L stainless steel foil at time 0 s. A 

moving average was obtained and subtracted from the original data to give the 

background corrected surface. Lines have been displaced to improve visibility, (b) 

Roughness values of the corrosion front calculated from the background-corrected 

scan during dissolution [56]. 

 

Full 

Repassivation 
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Figure 4-8a shows the height of the background corrected scans as time increases. It 

can be seen that the location of peaks and troughs on the corrosion interface changes 

during dissolution, indicating local variation in current density and interfacial 

potential. In Figure 4-8b, which shows the rate of change in the pit height over a 10 s 

period, at approx. 775 s a point at ~1200 μm passivates. This passivation propagates 

along the pit surface until 1000 s where the entire pit is passivated. Once this occurs, 

the pit growth is effectively zero. This shows that the passivation process begins 

locally and spreads rather than a uniform transition over the whole corroding surface. 

 

Figure 4-8 Corrosion front of 304L stainless steel over time, initially in 1 M NaCl 

then in 75 mM NaNO3 + 1 M NaCl at approximately 500 s. (a) background-

corrected edges over time, with 60 μm cropped from each side. (b) Difference 

between original scans every 10 s [56]. 

4.3. Discussion 

In all conditions tested, a single diffraction pattern was observed that matches 

closely to Verbist’s FeCl2.4H2O, but with minor peaks missing in all cases and a 

wide variation in peak intensities between scans. The absence of minor peaks implies 

a subtle change in space group or unit cell, possibly the existence of a super cell as 

postulated where minor reflection planes are removed. This is consistent with results 
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found in experiments on Fe in nitrate/chloride solutions [6, 69]. While the species 

detected has yet to be satisfactorily modelled, it can be stated that its presence in 

nitrate-free solutions indicates that it is not a nitrate salt, and  therefore  

electrochemical oscillations cannot be the result of a competition between two or 

more salt crystals forming at different potentials [100]. Newman and Ajjawi [14] 

suggest the presence of a “nitrate-rich salt film” that passivates the corroding surface 

by going through a series of redox reactions or electrochemical reduction in the salt 

layer that raises local pH, promoting oxide stability. While these data suggest there is 

no crystalline nitrate salt present, the pores between the crystallites in the salt layer 

could have an elevated concentration of nitrate in solution. This increase in local 

nitrate concentration could cause a decrease in Epass locally, making it easier to 

passivate. Newman and Ajjawi also noted that during active dissolution and 

supersaturation there was no passivation, but as soon as a salt formed during an 

upward sweep of potential the pit surface passivated. The precipitation of the salt 

layer, which is significantly thicker before equilibrium is reached, would affect 

solution concentrations at the interface. The salt formed would consume large 

amounts of chloride ions, raising the relative concentration of nitrate ions in the 

vicinity of the corrosion interface in comparison to before precipitation. This would 

increase the likelihood of local regions of passivation on the corroding 

interface.Another factor is the speed of oxide layer formation, with oxide layers in 

nitrate solutions forming more quickly than in chloride solutions with higher electric 

field strengths [90, 96]. There is no evidence of nitrate reducing current density at 

the corrosion interface or interrupting transport in the bulk [94]. 



 

66 
 

Uhlig and Leckie’s competitive adsorption model [88], where chloride ions are 

preferentially adsorbed below Epass and nitrate above, was one of the first 

mechanisms proposed to explain this phenomenon. The model does not necessarily 

account for current understanding of interfacial potentials of one-dimensional pits 

under salt layers [13]. As current density is independent of applied potential when 

under one-dimensional diffusion, the interfacial potential is broadly constant even as 

potential is swept upwards. The electric field experienced by atoms at the corrosion 

interface is thus constant. This challenges the competitive adsorption model when 

under salt layer. 

Rodriguez [87] uses Beck’s [60] observation that, if salt behaves as an ohmic 

conductor, thick ohmic salt layers are less acidic than thinner ones because of the 

balance of electromigration and diffusion of ions and protons through the pit. This 

increase of pH may also account for Newman and Ajjawi’s observation of 

passivation immediately after salt layer precipitation. By raising pH, Rodriguez 

suggests water becomes the passivating agent. However, he does not address any 

effects of reduced water activity at the highly concentrated interface, which have 

been observed previously [6]. 

The anisotropy observed in Figure 4-5 with the addition of nitrate shows that 

although nitrate may not affect the salt species formed but there is an influence of the 

morphology on the salt crystals. The monoclinic nature of FeCl2.4H2O allows certain 

planes of crystallites to grow preferentially, which could allow the creation of 

elongated crystallites. The addition of nitrate may have interrupted the growth along 

certain planes, creating more regular crystallites and decreasing anisotropy. There is 

also evidence in the nitrate-rich sample (Figure 4-5b) of increased diffraction spot 
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size, indicating a coarsening of crystallite size [168]. In carbon steel, the addition of 

nitrate affected the diffraction pattern also but in the opposite trend, i.e. anisotropy 

increased with addition of nitrate [6]. This difference has not yet been explained but 

it may be attributed to the influence of chromium. 

While SEM images of the corroding surface without nitrate shows evidence of 

uniform corrosion whilst under a salt layer (Figure 4-3a), the secondary pitting seen 

after nitrate additions and current oscillation (Figure 4-3b) appears to be the result of 

two corrosion processes occurring simultaneously. This is evidence of local 

passivation events occurring on the pit surface, which could lead to variations in 

electrochemical behaviour and the oscillations.  

There appear to be some inconsistencies in Epass between the diffraction data (0.6 V) 

and the radiography data (0.5 V). Both have the same solution chemistry and ratio 

between NO3
-
:Cl

-
, which has been observed to be crucial in determining passivation 

potential [14, 88]. It is conceivable that radiolytic effects may have been more 

pronounced in the radiography data due to the high flux of X-rays entering the 

system, but this would have instead lowered local pH and made any passive oxide 

layer less stable. The most likely cause of difference in passivation potential is the 

dimensions of the pit cell. XRD pits were 50 μm thick, whereas radiography pits 

were 25 μm thick. At 0.4 V, slight current oscillations were observed in the XRD 

results which were much more pronounced in the radiography results. This may be 

due to partial passivation of the corroding surface: in the radiography results, a 

greater fraction of the surface area will be affected by partially passivated regions, 

especially if these regions butt up against the cell wall. Regions of the same size will 
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be able to be undercut more readily in the XRD experiments, so make it possible for 

critical chemistry to be maintained at more passivating conditions.  

Radiography (Figure 4-8a) shows that even in the absence of nitrate the corrosion 

front has a roughened texture when grown under a salt layer. This roughened texture 

is also observed in SEM (Figure 4-3a). This is a result of local variations in current 

giving slightly different dissolution rates. The texture is not necessarily constant and 

changes during dissolution with new peaks being formed over time. As a peak is 

formed, the IR drop the interface experiences at that peak is slightly lower so allows 

slightly greater dissolution. This is the mechanism that keeps salt-covered 

dissolution flat [54, 63]. Passivation begins on the surface of the pit, but only locally 

(Figure 4-8b) at 800s. At this point, the roughness increases until the whole surface 

passivates, as shown in Figure 4-7b. This increased roughness is due to the reduction 

in solution concentration above the passivated region. This allows corroding regions 

adjacent to the passivated region to lose the salt layer and experience active 

dissolution. As active dissolution does not have the self-regulating properties that 

diffusion-limited dissolution under a salt layer has, roughness increases. In these 

highly concentrated solutions, a decrease in local concentration also leads to an 

increase in conductivity and diffusivity. This results in a higher interfacial potential 

and higher dissolution rate in the regions directly adjacent to the passive region. As 

the passivity propagates across the corrosion surface the roughness of that surface 

increases with it. 

Figure 4-9 illustrates how the combination of these effects may give electrochemical 

oscillations. The salt covered surface before oscillations has a salt layer and 

experiences mostly uniform corrosion (Figure 4-9a). Local variations in the current 
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allow passivation to occur at a point on the surface, stopping dissolution above that 

region (Figure 4-9b). This decreases concentration above this region, increasing 

conductivity and solubility and allows corrosion directly adjacent to these regions to 

be increased. This increased dissolution continues and undercuts the passivated 

region (Figure 4-9c). This continues until the passivated region is fully undercut, lifts 

off and allows a surge of dissolution. This surge will increase current momentarily, 

but quickly supersaturate and precipitate on the surface (Figure 4-9d), bring the 

 

Figure 4-9 Suggested mechanism that results in current oscillation in pits. (a) 

Normal corrosion under a salt layer before oscillation, (b) localised passivation 

blocks some of the current, but allows diffusion-limited current to continue, (c) this 

continued corrosion undercuts the passivated regions, (d) these undercut regions 

experience surge in current before supersaturating in a salt layer [56]. 
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current down again. It is proposed that the secondary pitting seen in Figure 4-3b is a 

consequence of this process. This theory is similar to that proposed by Okada, who 

suggested islands of passive region nucleate on the corrosion interface under halide 

solutions near the passivation potential [86]. Alternative theories as to what cause 

this oscillatory behaviour involve homogeneous processes occurring simultaneously 

over the corrosion surface. For example [100], it has been suggested that the 

generation of H
+
 by hydrolysis is repelled by the electromagnetic field present across 

the salt layer, which raises local pH and passivates the corroding interface. This then 

lowers the field strength, allowing the return of H
+
 ions and continues the cycle 

again. This mechanism is not likely to occur in these experiments as it would be 

difficult for passivated surfaces to begin active dissolution again, and does not 

explain the secondary pitting observed by SEM or the proximity of the oscillations to 

the passivation potential. 

The propagation of passivation we have observed in the radiography experiments 

can be considered using the same mechanism as described in Figure 4-9. If the 

partially passivated region is too large, the passivated region can propagate at a rate 

too great to allow it to be undercut by the advancement of the corrosion front.  

4.4. Conclusions 

 For 304L stainless steel artificial pits in NaCl/NaNO3 solutions, there exists a 

passivation potential above which the corroding surface of the alloy 

passivates. At potentials approaching this value, current oscillations are 

observed. 

 The crystal species of the salt layer on the corrosion surface appears the same 

regardless of nitrate concentration or electrochemical behaviour. This salt 
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pattern most closely resembles FeCl.4H2O as described by Verbist et al.[178] 

with some minor peaks missing from the pattern. 

 The diffraction patterns collected showed anisotropy in NaCl solutions, 

possibly caused by elongated crystallite morphology. A decrease in 

anisotropy occurred as nitrate concentration increased, indicating a disruption 

in the preferential growth planes of the crystallites. The diffraction patterns 

also had larger spots on them, indicating some larger crystallite sizes. 

 Ex Situ SEM images showed that on the surface of pits that had no nitrate, 

there was a consistent surface roughness. In pits that showed electrochemical 

oscillations, secondary pitting was observed. 

 Radiography data were obtained simultaneously with electrochemical data. 

Slight variations in surface roughness were observed during dissolution, 

indicating a constant variation in local interfacial potential across the 

interface. When nitrate was added to NaCl solutions, passivation began 

locally and propagated outwards. 

 A model was proposed where local regions of partial passivation are undercut 

and made active again, accounting for the large oscillations in current. 

 

 

 

  



 

72 
 

5. Atmospheric corrosion of 304L stainless steel under droplets of 

MgCl2  

5.1. Introduction 

Atmospheric corrosion differs from full-immersion corrosion in several important 

ways. Atmospheric corrosion typically has limited volumes of electrolyte which are 

in highly concentrated solutions, as the water activity of the solution tends to reach 

equilibrium with the surrounding humidity. Droplets of saline solutions have long 

been used to simulate the effects of atmospheric corrosion. However, a consensus on 

the key factors dictating the location of this corrosion has yet to be reached.  

The first major discussion of corrosion under droplets was by U.R. Evans [116, 117] 

who used NaCl with a phenolphthalein/potassium ferrocyanide addition as pH 

indicators on freshly-ground mild steel to show a strong trend for anodic dissolution 

in the centre of corroding droplets and cathodic reactions occurring around the 

droplet edge. This was explained by “differential aeration”, with oxygen supply to 

the surface of the metal being significantly easier to access under the thinner layer at 

the edge of the droplet. Evans also observed that where corrosion initiated at the 

edge of the droplet it slowly migrated towards the centre, inferring that the passive 

layer was less stable there. 

Some evidence has accumulated which suggests that corrosion under a droplet does 

not always appear to be well explained by the Evans model. Wire beam electrode 

arrays constructed with carbon steel [151] and 304 stainless steel [128] have been 

used to show a strong trend in corrosion at the droplet edge under large droplets of 

between 15 and 200 μl at deposition.  
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A wide range of pitting initiation sites has been observed on 304L stainless steel 

within large sets of droplets, with pit position in the droplet often influencing the pit 

morphology [126]. Some examples of wet/dry cycling of MgCl2 droplets on 430 and 

304 stainless steels have shown no strong trend in initiation site when cycled up to 6 

times [125]. It has been suggested that this lack of trend in initiation site may be due 

to a reduced rate of oxygen consumption due to changes in the passive layer of oxide, 

removing the differential aeration in the solution [180].  

Pit morphologies have been explored in full immersion conditions [158, 181]but 

little work has been done on atmospheric corrosion at OCP . Vera Cruz et al. [150] 

described “colonies” of pits occurring in stainless steel with a single large pit 

surrounded by several smaller ones when under thin solute layers. Morphology is 

also influenced by microstructure [139, 157], solution concentration at the pit mouth 

[10, 153, 158] and pit potential [159]. Instances have been recorded where these 

morphologies have had implications in failure under SCC and fatigue regimes [182]. 

This work will look at the effects of droplet deposition conditions and experimental 

relative humidities on the pit morphology and pit position under droplets of MgCl2. 

5.2. Results 

OLI Analyzer 9 [183] was used to generate values of the relationships between 

MgCl2 solution concentration and equilibrium relative humidity (Figure 5-1a), 

electrical conductivity (Figure 5-1b), and Fe
2+

 self-diffusivity (Figure 5-1c) at 30 °C . 

The deliquescence humidity of MgCl2 is 33% RH at this temperature yielding a 

saturated solution of 5 M MgCl2, as is shown elsewhere [114]. Conductivity of the 

solution is zero at 0 M and increases until it peaks at about 2.4 M MgCl2, or 77% RH. 
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It then drops again until saturation. Self-diffusivity decreases as solution 

concentration increases. 

(a)  

(b)  

(c)  

Figure 5-1 Relationship between solution concentration of MgCl2 (M) and (a) 

relative humidity (%) , (b) electrical conductivity (mho/m), and (c) self-diffusivity of 

Fe
2+

 (m
2
/s) in MgCl2 solutions  at 30 °C, calculated using OLI Analyzer 9 [183]. 
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Figure 5-2 shows optical micrographs of droplets for CDDs of 80 μg/cm
2
, 

750 μg/cm
2
, and 5400 μg/cm

2
 after 24 hours of exposure to 33% RH at 30 °C. In 

general droplets contain one pit, but in some cases two were observed. 80 μg/cm
2
 

CDD droplets often had crystals growing across the surface with a needle-like 

morphology. 

Droplets with 5400 μg/cm
2
 CDD experienced an increase in surface area during 24 

hours to an average value of 0.078 cm
2
, a surface area increase of 53% (Table 3-4). 

However, all pits appeared in the region covered by the initial deposit. Droplets at 

lower CDD did not change perimeter during experiment noticeably. 

 

Figure 5-2 Optical images of droplets 24 hours after deposition when held at 33% 

RH and 30 °C. Chloride deposition densities of droplets are (a) 80 μg/cm
2
, (b) 750 

μg/cm
2
 CDD and (c) 5400 μg/cm

2
. A single pit is observed under each droplet which 

can be seen as a dark spot in the images [126]. 

 

Pitting in 80 μg/cm
2
 CDD droplets all showed a similar pitting morphology. Pits had 

a shallow dish-shaped region that had deeper attack on one side, and outside the 

shallow dish region there were several satellite pits (Figure 5-3a). Satellite pits never 

occurred within the shallow dish region, though Mohammed-Ali did see instances of 

this [131].  Crystallographic etching was a common feature of the shallow dish 
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region. Out of 56 droplets, 43 pitted (77%) and of these, 36 showed this morphology, 

which is shown schematically in Figure 5-4. The remaining 7 droplets that pitted 

showed no distinct pitting morphology. 18 of the 43 pitted droplets had needle-like 

crystals growing across the droplet surface (e.g. Figure 5-2a). Crystal-growth was 

only observed on droplets that had pitted, and was not present on any of the 13 

droplets that did not pit. 

 

Figure 5-3 Secondary electron SEM images of pits grown under a MgCl2 droplet at 

33% RH and 30 °C for 24 hours. Chloride deposition density of droplets was a) 80 

μg/cm
2
 CDD, b) 750 μg/cm

2
 CDD and c) 5400 μg/cm

2
 [126]. 
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Figure 5-4 Schematic diagram describing features shown in Figure 5-3.  

 

In droplets with 750 μg/cm
2
 CDD, the same etched shallow dish region with satellite 

pits was observed, again usually with one side showing more corrosion (Figure 5-3b). 

The circumference of the shallow dish region at this CDD was usually smoother than 

at a CDD of 80 μg/cm
2
. 52 out of 56 droplets pitted under these conditions, with 49 

of those that pitted showing this morphology. 

In droplets with 5400 μg/cm
2
, all 56 droplets pitted. 33 out of 56 droplets showed 

shallow dish regions with less pronounced etching than that observed at lower CDDs 

(Figure 5-3c). The pit was much larger than in lower CDDs. Only 1 out of 56 pits 

had a satellite pit. Those that did not show a shallow dish had very large pits with pit 

mouths ≥100 μm in diameter. It is possible that these pits may have overgrown and 

consumed any shallow dish region that had previously formed. 

5.2.1. Time-lapse growth 

Figure 5-5 show time-lapse images of pits growing under 1400 μg/cm
2
 CDD droplets 

of MgCl2 taken by optical microscope at 30 °C ± 3 under various relative humidities. 

Humidities were controlled with saturated salt solutions. 
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In 33%RH (Figure 5-5a) pitting started within 20 minutes of deposition of the 

droplet. A shallow dish region developed by radial growth from the original 

initiation site, and had grown to its full area by 70 minutes. After this, attack 

continued on one edge of the shallow dish region, which has been referred to as 

“earing” in the literature [136] that develops into a spiral morphology. 

Simultaneously, a small pit develops above the shallow dish region and continues to 

grow over time. By 990 minutes, the attack inside the shallow dish region has 

stopped but the satellite pit has continued to grow. 

In 43%RH (Figure 5-5b) pitting started within 28 minutes. This pitting developed 

into a shallow dish region which continued to attack on one side, much like 33% RH. 

However, no satellite pits were formed and this attack continued in to develop a 

spiral-shaped morphology within the bounds of the shallow dish region. 

In 52%RH (Figure 5-5c) pitting started later, by 40 minutes after deposition. This pit 

developed much like the pit at 43%RH, with a shallow dish region developing into a 

spiral-shaped pit, but with the final pit growing to a larger size more quickly. 

In 56%RH (Figure 5-5d), pitting started much more slowly than at lower humidities. 

A shallow dish region did not appear to develop and instead a more hemispherical pit 

morphology is observed. 
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Figure 5-5 Optical time-lapse images of pits under droplets held of MgCl2 in 

constant humidity at 30 °C with CDD of 1400 μg/cm
2
. Droplet was 2 μl of 0.5 M 

MgCl2 at deposition in each case, with typical droplet diameter approx. 2.5 mm. 

Relative humidity held at (a) 33%, (b) 43%, (c) 52% and (d) 56%. Humidity 

controlled by saturated salt solutions in each case: 33% by MgCl2, 43% by K2CO3, 

52% by MgNO3 and 56% by NaBr. 

 

5.2.2. Pit Morphologies 

Typical morphologies of pits grown under droplets of 750 µg/cm
2
 CDD are shown in 

Figure 5-6. At 33% RH, 49 out of 52 droplets that pitted showed a shallow dish 

region with crystallographic etching , with deeper attack on one side, and satellite 

pitting at or near the perimeter of the shallow dish (Figure 5-6a). Satellite pits 

appeared to have caps that showed grinding marks that lined up with those of the 

metal surface (Figure 5-7). Dissolution inside the satellite pits appears to show 

crystallographic etching, as observed by Mohammed-Ali [131], which could indicate 

active dissolution rather than salt covered dissolution . EDS analysis of the pit caps 

gave typical compositions of ~40% Cr, ~45% O, ~5% S, and ~10% Cl.  
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Figure 5-6 Typical morphologies of pit grown under MgCl2 droplets with 

750 μg/cm2 CDD at for 24 hours at 30 °C on 304L stainless steel. Pits observed in 

(a) 33% RH, (b) 38% RH near droplet edge, (c) 38% RH near droplet centre, (d) 

43% RH, (e) 48% RH and (f) 56% RH [126]. 

 

Figure 5-7 Satellite pit from 33% RH in Figure 5-6 (a) before and (b) after 

ultrasonic cleaning in DI water for 30 seconds. Pit caps of the type seen in (a) 

showed typical EDX compositions of ~40% Cr, ~45% O, ~5% S, and ~10% Cl [126]. 

 

At 38% RH, all 56 droplets pitted. However, two dominant pit morphologies 

occurred. 37 pits showed the “satellite” morphology described above (Figure 5-6b) 

and 16 pits showed pits that had developed into a spiral morphology within the 

shallow dish region (Figure 5-6c).  
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At 43% RH, 56 out of 60 droplets pitted. Of these, 54 pits showed a spiral 

morphology (Figure 5-6d).  The shallow dish region again was crystallographically 

etched and more strongly attacked at one side. One pit showed the “satellite” pit 

morphology, and one pit had grown to propagate outside the droplet region and had 

developed an irregular morphology. 

At 48% RH, 55 out of 56 droplets pitted and 53 showed pits with the spiral 

morphology. (Figure 5-6e). Two droplets contained pits that showed growth along 

the rolling direction of the steel, indicating a susceptibility to microstructural features. 

At 56% RH, all 56 droplets had pits but none of them had a shallow dish region 

(Figure 5-6f). Instead they showed more classical pitting morphology with narrow 

circular mouths. 24 droplets (43% of the total) showed at least two pits that were 

more than 500 μm apart. 

5.2.3. Effect of pit location on morphology 

The relationship between shallow dish region size and location under the droplet was 

analysed. The diameter of the shallow dish region was determined by drawing a 

circle around the dish region that had formed in the initial stages of pitting (Figure 

5-8). assuming growth was essentially under diffusion control and propagated 

radially from an initiation site at the centre of the shallow dish region. Those pits that 

did not have visible shallow dish regions were not included in this analysis.  Plots of 

the diameter of the shallow dish as a function of distance from the droplet edge are 

shown in Figure 5-9. 

For droplets with a CDD of 750 μg/cm
2
, the size of the shallow dish region appeared 

to be affected by pit location. At 33% RH, the dish diameters showed a high degree 
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of scatter. Despite this wide variation, there is a broad trend for shallow dish regions 

to have larger diameters towards the centre of the droplet than those found towards 

the edge (Figure 5-9). This trend is also true at all higher relative humidities tested in 

this study, with less scatter at 38% RH and 48% RH. From 38% RH to 48% RH, pits 

that occurred near the edge of the droplet were not only generally smaller than those 

towards the centre but had less variation in diameter.   

 

Figure 5-8 Diagram showing method used for measuring shallow dish region seen 

during pitting. Circumference of etched part of SDR is traced and extended over 

deeply attacked region. Diameter is then calculated from this circle [126]. 

 

At 38% RH, there appears to be a transition in pit morphology between satellite pits 

and spiral pits. Towards the edge of the droplets satellite pits form and spiral pits 

form towards the centre. As it can be assumed that the bulk solution is the same 

concentration across the entire droplet, the thickness of the solution above these pits 

appears to influence pit development. 
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Satellite pits occur more towards the edge of the droplet, whereas spiral pits more 

towards the centre. At higher humidities the majority of pits were spiral, and there 

were fewer dish regions smaller than 80 μm diameter. In general, shallow dish 

region appears to increase as the humidity increases, as can be seen from the average 

value of these datasets (Table 5-1). As the dataset from 56% RH did not show any 

shallow dish region in any of the pits, it could not be included in this analysis.  

 

Figure 5-9 Diameter of shallow dish regions against distance from droplet edge in 

MgCl2 droplets with a CDD of 750 μg/cm
2
 after 24 hours at 30 °C. Satellite pits are 

shown as blue diamonds and spiral pits are shown as red circles [126]. 
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Table 5-1 Average diameters and standard deviations of pits formed in MgCl2 

droplets with a CDD of 750 μg/cm
2
 after 24 hours at 30 °C 

RH 

(%) 

Diameter average (μm) 

33 95±17 

38 110±23 

43 110±14 

48 120±15 

 

5.2.4. Statistical analysis of the effect of RH and CDD on Pit Location 

The previous results prompt a question as to whether there are any explicit trends in 

the initiation position of pits under droplets with varying pitting conditions. There 

have been suggestions that “differential aeration” can influence which regions under 

a droplet undergo the oxygen reduction reaction, making these regions immune from 

attack [116, 184]. To investigate this two sets of experiments were conducted, (1) 

droplets with the same initial concentration (0.27 M MgCl2) were deposited under 

various humidities, and (2) sets of droplets with different initial concentrations (0.14 

– 5 M MgCl2) were deposited at 33% RH. 

Employing the use of the chi-squared (χ
2
) test and binomial standard deviation, it is 

possible to determine if there is a preference in pitting position by dividing the 

droplet into two areas of equal size, one towards the centre and one towards the edge, 

and counting how many pits occur in each region. 

5.2.5. Measuring inner and outer droplet areas 

Droplets were of an approximately elliptical shape at and after deposition (Figure 

5-10a) and elongated along the grinding lines of the plate. The major, 2a, and 

minor,2b, axes of each droplet were measured using the initial droplet area, allowing 
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the construction of an elliptical perimeter. The distance and angle of the pit centre 

from the centre of the ellipse were measured. Pit centre was determined to be the 

centre of the shallow dish region, which is the morphological feature that appears 

during initiation of pitting under atmospheric conditions on stainless steels (Figure 

5-8) [126, 136, 162].  

 (a)  (b)  

Figure 5-10 (a) Measurement of semi-major axis, a, and semi-minor axis, b, of the 

ellipse formed by droplet deposition. Ellipse outline was calculated using general 

equation of an ellipse. Angle, θ, and distance of pit, L, measured from ellipse centre. 

2 μl droplet was 0.27 M MgCl2 solution held at 30 °C and 33% RH on 304L stainless 

steel for 24 hours, (b) calculation of equal Ainner and Aouter regions using measured a 

and b values for each droplet. 

The ellipse was then divided into two regions of equal area: an internal ellipse that 

has a semi-major axis of 
𝑎

√2
 and a semi-minor axis of 

𝑏

√2
 (inner region), and an outer 

annulus of equal area (outer region) (Figure 5-10b). Using the measured distance, L, 

and angle, θ, of the pit from the centre of the droplet, the position of the pit can be 

determined algebraically to see if it is in the inner or outer region, i.e if the pit is in 

the inner region, then the following is satisfied: 

(𝐿𝑐𝑜𝑠𝜃)2

(
𝑎

√2
)

2 +
(𝐿𝑠𝑖𝑛𝜃)2

(
𝑏

√2
)

2 ≤ 1     Equation 5-1  
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Otherwise, the pit is considered to be in the outer region. This accommodates 

samples where the actual droplet perimeter extends outside the calculated droplet 

perimeter. 

5.2.6. Statistical Analysis 

This analysis generates data that is considered “categorical” i.e. results will fall into 

discrete categories, in this case “inner” or “outer” regions. This allows for statistical 

techniques that employ categorial data to be used to interpret the pitting position. A 

“null hypothesis” approach was used where it was assumed that there is no 

relationship between a pit’s initiation site and its position under the droplet. By 

defining the equally sized regions to be at the edge (outer) and at the centre (inner) of 

the droplet, the influence of droplet thickness and “differential aeration” caused by 

oxygen diffusion limitation can be investigated.  A bias of results in favour of either 

region would indicate a relationship between pitting and position. Two statistical 

methods were used to analyse the validity of the null hypothesis: Chi-squared test 

and binomial standard deviation. 

5.2.6.1. Chi-squared (χ2) distribution test 

A chi-squared test can be used to give a probability of the null hypothesis being valid. 

As the number of pits in the inner region, ni, and outer region, no, would be equal 

given a dataset of size n, a chi-squared value can be calculated: 

𝜒2 =
(𝑛𝑖−𝑛

2
)

2

𝑛
2

+
(𝑛𝑜−𝑛

2
)

2

𝑛
2

     Equation 5-2  

This value is then used to calculate the cumulative distribution function using the 

chi2cdf function in MatLab [185], with a degree of freedom df=1. This gives H0, the 

probability of these data agreeing with the null hypothesis. H0 values of greater 
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than 5% are generally considered to show no significant statistical variation from 

the null hypothesis, meaning no trend in pitting position. 

5.2.6.2. Binomial standard deviation. 

A binomial distribution can be used to analyse the deviation of the dataset from the 

mean.  Assuming the null hypothesis is correct, the standard deviation, σH0
, of this 

data set can be written as the square root of the variance of a binomial distribution: 

𝜎𝐻0
= √𝑛𝑝(1 − 𝑝)       Equation 5-3 

Where n is data set size, and p is the probability of pitting occurring in the inner 

region, i.e. 0.5 for the null hypothesis.  

5.2.7. Effect of changes in Relative Humidity (RH) on pitting position 

The results of different exposure humidities on 2 μl droplets of 0.27 M MgCl2 are 

summarised inTable 5-2. Figure 5-11 shows the results of pitting for droplets 

exposed to humidities between 33% RH and 59% RH. Between 33% RH and 53% 

RH, the variation between the null hypothesis and the recorded results falls within 

σH0
, or one binomial standard deviation.. At 59% RH, results lies within 2σH0

 

showing a slight trend for edge initiation. Figure 5-12 shows a strong probability for 

satisfying the null hypothesis when relative humidity is held at or below 53% RH. At 

59% RH, the probability of satisfying H0 is only 14%, but this is still above the 5% 

threshold usually considered for determining statistical relevance in χ
2
 tests, so can 

still be considered to have a low probability of a trend in data. 
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Table 5-2 Quantitative results of pitting position of 2 μl droplets of  0.27 M MgCl2 

held at 30 °C on 304L stainless steel at 30 °C in different RH. Exposure time is 24 

hours in each case. Degrees of freedom (df) of H0 is 1. 

RH 33% 38% 43% 48% 53% 59% 

Number of droplets 56 56 60 56 56 56 

Total pitted (n) 52 56 55 55 56 55 

Outer region 25 29 25 30 25 33 

Inner region 27 27 30 25 31 22 

Chi squared (χ
2
) 0.077 0.071 0.45 0.45 0.64 2.2 

H0 Probability (%),df=1 78 79 50 50 42 14 

H0 Standard Deviation 

(σH0
) 

3.5 3.7 3.8 3.7 3.7 3.6 
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Figure 5-11 Percentage of pits that occurred in each region under 2 μl droplets of 

0.27 M MgCl2 on 304L stainless steel at 30 °C in different RH. Error bars are 

binomial standard deviation, σH0, expected of each set assuming the null hypothesis 

 

Figure 5-12 Probability that the null hypothesis (H0) is satisfied of datasets of 2 μl 

droplets of 0.27 M MgCl2 on 304L stainless steel at 30 °C in different RH. 5% 

probability threshold shown, above which datasets can be considered to satisfy the 

null hypothesis. Degrees of freedom, df=1 



 

90 
 

5.2.8. Effect of solution concentration 

The results of different solution concentrations of MgCl2 at deposition of 2 μl 

droplets are summarised in Table 5-3. Results in Figure 5-13 show that at low initial 

concentrations, between 0.14 M and 1 M MgCl2, all data falls well within σH0
 of 

50%. The probability of satisfying the null hypothesis (H0) at these concentrations is 

high (Figure 5-14), which supports this observation. When deposition concentration 

increases and is between 1.5 M and 3 M MgCl2 a distinct trend develops for more 

pits to be initiated in the outer region of the droplet, i.e. towards the edge. In highly 

concentrated solutions between 4 M and 5 M MgCl2 this trend reverses, and pitting 

occurs most often in the inner region, i.e. towards the centre of the pit. The H0 

probability (Figure 5-14) for concentrations 1.5 M to 5 M MgCl2 is less than 1 % in 

all cases, making the null hypothesis unlikely. 

Table 5-3 Quantitative results of pitting position of 2 μl droplets with varying 

concentration MgCl2 held at 30 °C on 304L stainless steel at 30 °C in 33% RH. 

Exposure time of 24 hours in each case 

Deposition Concentration 

(M) 
0.14 0.27 1 1.5 2.25 3 4 4.5 5 

Number of droplets 40 56 45 100 46 86 45 44 66 

Total pitted (n) 35 52 42 99 46 86 43 44 66 

Outer region 19 25 22 64 33 57 13 12 2 

Inner region 16 27 20 35 13 29 30 32 64 

Chi squared (χ
2
) 

0.26 0.08 0.10 8.5 8.7 9.1 6.7 9.1 58 

H0 Probability (%), df=1 
61 78 76 0.35 0.31 0.25 0.94 0.25 0 

Standard Deviation (σH0
) 2.9 3.6 3.2 4.8 3.1 4.4 3.0 3.0 1.4 
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Figure 5-13 Percentage of pits that occurred in each region under 2 μl droplets of 

MgCl2 at 33% RH on 304L stainless steel at 30 °C at different deposition 

concentrations. Error bars are the binomial standard deviation, σH0, expected of 

each set assuming the null hypothesis 

 

  

Figure 5-14 Probability that the null hypothesis (H0) is satisfied of datasets of 2 μl 

droplets of varying MgCl2 concentration on 304L stainless steel at 30 °C in 33% RH. 

5% probability threshold shown, above which datasets can be considered to satisfy 

the null hypothesis. Degrees of freedom, df=1 



 

92 
 

5.2.9.  Ag wire electrochemistry 

Ag wires have been used to study the initiation times after deposition of droplets and 

to inform analysis of time-lapse data shown in Figure 5-5. Figure 5-15 shows a 2 μl 

droplet of 0.5 M MgCl2 immediately after deposition on freshly ground 304L plate. 

The Ag wire can be seen on the right-hand side of the droplet. By measuring changes 

in potentials between the Ag wire and the steel plate initiation processes can be 

detected (Figure 5-16). Immediately after deposition, no pitting is observed and the 

potential can be seen to drop slightly before rising again, most likely due to a 

thickening of the passive oxide layer. Some metastable pitting events can be seen 

with potential dropping sharply before eventually recovering. At 1215 s the potential 

drops sharply and stays low for the duration of the experiment. This coincides with 

the development of a pit under the droplet shown in Figure 5-16.   

Differences in behaviour of different solution concentrations at deposition have also 

been investigated (Figure 5-17), with time starting at the deposition of the droplet in 

each case. One droplet of each solution was tested in each case. When 4 M MgCl2 

was deposited, pitting began virtually immediately with only a momentary rise in 

potential before initiation. 2 M and 3 M MgCl2 droplets showed momentary drops in 

potential before pitting finally initiated, with 3 M droplet pitting after 50 s and 2 M 

droplet after 180 s. 1 M MgCl2 droplet pitted after 320 s. The fluctuations in 

potential did not occur at this concentration, and indeed potential was seen to reduce 

initially then increase until pitting initiated. 
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Figure 5-15 2 μl droplet of 0.5 M MgCl2 after deposition on 304L stainless steel. Ag 

wire electrode is seen running top-to-bottom on right hand side of droplet. The wire 

is connected to steel plate via a two-electrode potentiostat that measures the 

potential difference between the two electrodes. 

 

Figure 5-16 Results from silver wire electrode experiment shown in Figure 5-5. 2 μl 

droplet of 0.5 M MgCl2 deposited and held at 43% RH and 30 °C on 304L stainless 

steel. Chloride deposition density was 1400 μg/cm
2
. Wire was held 40 μm above steel 

surface. 
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Figure 5-17 Potential difference data of Ag wire electrodes of 2 μl droplets of MgCl2 

on 304L stainless steel plates. Droplets deposited at 30 °C in 33% RH atmospheric 

chamber (TES). Different droplet concentrations at deposition are labelled. Time of 

deposition is at 0 s in each case 

. 

5.3. Discussion 

5.3.1. Pit Morphology 

Atmospheric corrosion is caused by the presence of a saline electrolyte that is of 

limited volume and highly concentrated. These factors combine to cause a general 

reduction in conductivity and ion diffusivity when compared with more dilute 

solutions and must be considered to understand how pit morphology is affected by 

humidity.  

At 52% RH and below, localised corrosion begins with a shallow dish region [136, 

150, 162]. This shallow dish starts at a single point, most likely a sulphide inclusion 

[28], and propagates out radially as seen in the time-lapse figures (Figure 5-5). The 

crystallographic etching observed in the shallow dish region (Figure 5-3) is evidence 

of either activation controlled dissolution or passive dissolution, as the presence of a 

salt layer is likely to create a roughened surface [53, 58]. It has been suggested that 
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the increased passive current density observed in highly concentrated solutions [12, 

126] may cause these shallow dishes, which will be discussed in the following 

chapter.. 

Maier and Frankel  [136] suggested the adsorption of elemental S to the passive 

surface around the pit, caused the attack to grow in a radial fashion. Hastuty et al. 

[162] also proposed a mechanism for shallow dish growth, based on hydrolysis of 

metal ions after the dissolution of sulphur-rich inclusions. However, the influence of 

initiation concentration on pit position under these droplets shows that the inclusion 

chemistry is not the only factor that determines pit morphology. 

Atmospheric corrosion is considered to be cathodically limited [163, 186], as the rate 

of corrosion is determined by the access of oxygen on the metal surface. While the 

shallow dish grows, it requires a sufficient current density to maintain an aggressive 

solution to allow corrosion to propagate along the unoccluded steel surface. Once the 

shallow dish region reaches a critical size, the cathodic current supplied to it can no 

longer support further growth and the pit ceases to grow outwards. The spiral attack 

then develops as a smaller region and is able to maintain a critical chemistry more 

easily. In these very thin droplet solutions, the conductance through the electrolyte is 

limited, providing a large IR-drop between the anodic and cathodic regions. 

Pits occurring at the edge of droplets have smaller shallow dish region diameters 

(Figure 5-9). The limited conductance through narrow solution pathways will create 

a high IR drop between the anode and the far edges of the droplet. As such, there 

will be more limited access to cathodic current, resulting in smaller shallow dish 

regions. 
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5.3.1.1. Satellite versus spiral morphology   

Time-lapse images showed that for all pits that had shallow dish regions, attack 

continued on one side of the shallow dish and developed into “spiral” morphology 

(Figure 5-5). However, those that also formed satellite pits showed that the spiral 

eventual stopped growing whilst the satellite pit continued to develop (Figure 5-5a). 

This was seen to happen mostly in 33% RH droplets and towards the edge of 38% 

RH droplets (Figure 5-6a and b) with CDD of 750 μg/cm
2
 or lower. The satellite pits 

were protected by pit caps (Figure 5-7). Pits grown at 33% RH with CDD of 5400 

μg/cm
2
 and pits grown at 43% RH and above rarely showed evidence of satellite pits. 

Once the growth of the shallow dish region stops, pitting continues as both satellite 

and spiral pits grow. The stability of the satellite pit during its initiation depends 

upon its ability to prevent repassivation . Having highly concentrated solutions, such 

as those found at 33% RH, would not only make the already acidified solution 

around the shallow dish region more acidic but it would also reduce ion diffusivity. 

This would make it easier for the satellite pit to maintain an aggressive solution. The 

thickness of the solution layer also has an influence, as a thin solution layer would 

have a more difficult diffusion pathway away from the initiation site. This would 

allow satellite pitting sites to overcome the transition from metastability [49]. The 

satellite pit caps allow pits that grow to remain more stable than the spiral attack that 

is occurring in the shallow dish region as they are less occluded. The competition for 

the limited cathodic current is inevitably won by the satellite pits which continue to 

grow after the spiral has died. 

At high RH and under thick solutions spiral pits grow, although IR drop is still 

significant and only part of the shallow dish region can continue to be attacked. In 
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very high CDD, such as in 5400 μg/cm
2
 droplets being held at 33% RH, the absence 

of satellite pits is likely due to the combined effect of reduced IR-drop through the 

solution, allowing continuous attack after the shallow dish region growth had 

stopped, and the increased diffusion pathway away from any possible satellite 

initiation sites due to the thickness of the solution. 

5.3.2. Pit Position 

Three distinct trends are observed in pitting, relating to the deposition concentration 

of the droplet (Figure 5-18).  

1. At low deposition concentrations, pits are evenly distributed throughout the 

droplet. 

2. At higher concentrations but where initiation is not immediate, pitting is 

more likely to occur near the droplet edge.  

3. At the highest concentrations, where initiation can begin immediately, pitting 

is more likely to occur near the centre of the droplet. 

The thickness of the droplet at the moment of initiation is important to understanding 

the three trends in behaviour observed as deposition concentration increases. To 

support pitting in the crucial early moments of attack, a sufficiently high potential 

and current are required to sustain active chemistry. Under droplets this translates to 

having a sufficiently large cathode area, as these systems are generally considered to 

be cathodically limited [163, 187], and a sufficiently conductive pathway (reduced 

IR drop) between the anode and cathode regions. 
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Figure 5-18 Pitting position trends of 2μl droplets of MgCl2 as a function of 

deposition solution concentration and equivalent relative humidity. Data on 

‘concentrations where initiation occurs’ taken from Nam et al.[125]. Droplets with 

low initial solution concentration (and CDD) showed no trend in pitting position. 

Those with initial solution concentrations between 1.5 and 3 M MgCl2 showed a 

trend in pitting initiation at the edge of droplets. Those droplets of 4 M MgCl2 and 

higher showed a trend to pit towards the centre of the droplet. 

5.3.2.1. Trend 1: random pitting site 

Droplets with deposition concentrations of 0.14 M – 1 M in 33% RH show no trend 

in pitting position. Those with deposition concentration of 0.27 M in RH between 

33%-53% also show no trend. All sets are within σH0
 of the null hypothesis, that 

there is no preference in pitting location (Figure 5-11 and Figure 5-13), and H0 

probability is high in all cases (Figure 5-12 and Figure 5-14), indicating that the null 

hypothesis is valid. Initiation is known to start at 47%-58% RH on 304L under 

MgCl2 droplets at 25 °C [125], which is equivalent to 3.5 M to 4.1 M MgCl2, so 

these droplets must lose a significant volume of water before initiation can begin. 

This creates thin droplets that allow oxygen access all over the metal surface, 

allowing strongly cathodic regions anywhere on the metal surface. However, the thin 
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droplets cause a large IR-drop meaning pitting must be proximal to strongly cathodic 

region.. Thus, pitting can occur anywhere on the droplet surface, and is determined 

metallurgically, not by differential oxygenation. 

5.3.2.2. Trend 2: Edge pitting 

Droplets with deposition concentrations of 1.5 M – 3 M MgCl2 show a strong trend 

towards pitting at the edge of the droplet. Probability of pitting in the outside region 

was more than 2σ away from expected probability. H0 is less than 1% in each case, 

indicating very weak adherence to the null hypothesis. Competition between pitting 

sites exists, as seen by metastable pitting on Ag wire (Figure 5-17). The 

concentrations of these droplets are not aggressive enough to initiate immediately, so 

need to lose water volume before pit initiation. When initiation does begin, droplets 

are thick enough to reduce availability of oxygen to the centre of the droplet 

compared to the edge, making strong cathodes appear towards the edge. The droplets 

still have a large IR drop, so pitting must initiate near a strong cathode, i.e. at the 

edge. Droplets with 0.27 M deposition concentration in 59% RH also show a slight 

trend towards edge initiation. Probability falls between σ and 2σ of expected 

probability, and H0 probability is reduced to 14%, which is still significant but not as 

high as other data of the same deposition concentration. This initiation time may be 

longer as this is on the cusp of the initiation regime. It is possible that differential 

oxygenation may be generated by way of increased passive current density under 

high concentrations, which will be discussed further in the next chapter [126]. 

5.3.2.3. Trend 3: Centre pitting 

Droplets of deposition concentration of 4 M – 5 M MgCl2 show a strong trend for 

pitting towards the centre (Figure 5-13), a similar pattern to the Evans’ model [116]. 

Pitting begins quickly in these concentrations, as shown by Ag wire experiments 
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(Figure 5-17). As these solutions are deposited at a concentration above that required 

for initiation to occur, all possible initiation sites will compete at deposition, 

consuming oxygen rapidly. Combined with the increased passive current density, 

this may result in a rapid consumption of all available oxygen in the solution, 

creating an oxygen concentration gradient inside the droplet.  

Oxygen diffusivity is also slower at these high concentrations, so it would be more 

difficult to replenish solution near the surface once oxygen is consumed. This 

competition is not seen in the Ag wire experiments, possibly due to the low temporal 

resolution (1 s) which limits the ability to observe these events as they can be seen 

more clearly on shorter timescales [94]. Although conductivity is reduced at high 

concentration, conductance is increased due to the thick droplet layer, allowing 

easier access to the cathodic areas. This would allow large amount of cathodic 

current to be accessed towards the centre of the droplet. 

5.3.2.4. Evans Droplet Model 

Evans stated that, under NaCl droplets, “in the case of iron and steel, the distribution 

of anodic and cathodic areas is determined almost entirely by the oxygen-distribution 

in the liquid, and only to a small extent on the composition or physical character of 

the different portions of the metal”[116]. He further refined these observations [117], 

describing small localised anodic and cathodic areas initially dispersed all over the 

metal surface under the droplet, but once the dissolved oxygen was consumed and an 

oxygen concentration gradient had developed in the droplet, the anodic sites 

converged at the centre and the edge of the droplet acted as the cathode. This 

mechanism also provided an explanation of the death of anode sites near the edge, 
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with any iron ions released near the edge being deposited as solid hydroxides or 

oxides at the surface and “healing” the anodic sites. 

Stainless steels, however, have very stable passive layers and the pitting location 

cannot migrate around the metal surface during growth. Initiation has been strongly 

linked with metallurgy and local inclusion chemistry, particularly with sulphides [28, 

188], and propagation with occluding morphologies to maintain a critical chemistry 

[27]. This, in concert with the drop in potential preventing other sites from initiating 

and the cathodic protection of the rest of the pit surface, makes the drifting of pit 

location difficult. As observing more than one pitting site is rare after 24 hours, it 

can be assumed that the stability of pits under the conditions tested is sufficient to 

overcome other factors that would drive pitting to occur towards the centre of the 

droplet. As such, competition that generates a trend in location must occur early 

during the initiation stages of pitting, not during continual corrosion such as Evans 

witnessed on Fe. 

5.3.2.5. Aerosol vs Splash zone 

These results show a difference in pitting behaviour depending on whether droplets 

are deposited as concentrated or as dilute solutions. This is in essence simulating the 

difference between aerosol deliquescence conditions, where deposited particulate 

salts draw in moisture to form concentrated solutions, and “splash zone” conditions, 

where salt water splashes onto surfaces and dries out as it reaches equilibrium with 

the atmosphere.  

Aerosol conditions, where droplets start at or near saturation, have very small 

initiation times and show evidence of rapid consumption of saturated oxygen. Pit 

initiation is determined not only by metallurgy but also by oxygen gradients inside 
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the solution. Splash zone conditions, where dilute solutions are deposited, have their 

pitting position determined entirely through metallurgy. Evidence for variation in 

corrosion behaviour has been observed when comparing droplets and salt particles of 

NaCl, MgCl2, and ASTM standard sea water [113, 115, 189] with corrosion 

observed under salt crystals at humidities well below deliquescence RH, indicating 

the importance of an adsorbed water layer. Recent literature has shown instances 

where dilute droplets have been used to investigate corrosion regimes known to be 

caused by aerosol contamination, e.g. nuclear waste storage [126, 190, 191]. The 

current work further emphasises the need to appreciate the difference in application 

of the two models of atmospheric corrosion particularly in the early stages of 

corrosion. 

5.3.2.6. High Throughput Methods 

In both morphology and position analysis, the considerable scatter in measurements 

show that there is a need for large data sets when using droplets as atmospheric 

corrosion models on commercial alloys. Trends in corrosion behaviour only make 

themselves apparent when using high throughput techniques. Pitting behaviour also 

appears to be sensitive to local variations in solution chemistry and geometry that 

affects conductivity and diffusivity. 

5.4. Conclusions 

 Atmospheric pitting corrosion of 304L stainless steel was analysed using 

droplets of MgCl2 after 24 hours of pitting at 30 °C. It was found that the pit 

morphology and pit position are sensitive to RH and CDD. 
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 Pits grown at RH values ≤52% grow initially as crystallographically-etched 

shallow dishes, then develop into different morphologies depending on 

solution thickness and concentration. 

 At low RH (33%), the shallow dishes develop small satellite pits that grow 

under caps rich in Cr, S, O and Cl. At higher RH (43% and 48%), attack into 

the shallow region continues, but only in a small region, developing spiral 

attack with a roughened surface. At 56% RH, shallow dishes are not observed, 

and deeper and rougher pits are observed. For 38% RH, pits close to the 

droplet edge form satellites, whereas pits that form towards the centre of the 

droplet, where it is higher, show spiral attack. 

 The change in pit morphology is attributed to changes in the IR drop between 

anode and cathode, and changes in solution conductivity and diffusivity with 

RH.  Deeper spiral attack is observed for higher droplets (higher CDD at 

fixed RH or higher RH at fixed CDD).  Higher RH values not only increase 

droplet height, but also increase the ionic conductivity and diffusivity of 

these highly concentrated solutions.   

 Pit position is determined by the combined effects of the proximity to a 

strong cathode and IR drop through solution. 

 When pitting initiates while droplets are very thin, oxygen diffusion is easy 

over the entire metal surface so there is no trend in cathode site or initiation 

position. 

 In thicker droplets, oxygen depletion occurs towards the centre of the droplet 

which drives pitting towards the edge of the droplet to be near to the cathodic 

region as there is substantial IR drop. 
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 When droplets are deposited at high concentrations (i.e. that immediately 

allow pitting) oxygen depletion occurs in the centre of the droplet very 

quickly due to a combination of elevated passive current density, reduction of 

both concentration and diffusivity of oxygen in concentrated MgCl2 solutions, 

and the immediate activation of all possible initiation sites consuming 

saturated oxygen. The IR drop is reduced so pitting is able to occur towards 

the droplet centre as this gives access to a larger cathodic region. This can be 

considered an Evans-like attack. 

 Understanding differences in initiation conditions is significant as it allows a 

distinction to be made between ‘aerosol’ conditions, which begin with 

concentrated solutions, and “splash zone” conditions, which begin dilute and 

concentrate over time. 

 High throughput methods are particularly important for providing statistically 

significant data on corrosion behaviour of commercial alloys. 
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6. Electrochemical studies on 304L and 316L in highly concentrated 

MgCl2 solutions using 1D artificial pits and wire electrodes 

6.1. Introduction 

Atmospheric corrosion takes place in highly concentrated solutions, as the 

electrolyte is driven to maintain  equilibrium with the water activity of the 

surrounding humidity [114]. The vast majority of electrochemical studies of 

corrosion in the literature use dilute solutions, so there is a need to further study 

atmospheric systems both qualitatively and quantitatively. Modelling of localised 

corrosion requires data, such as interfacial potentials, that is difficult to isolate 

experimentally due to the resistance contributions of the cell in which the work is 

conducted. 

Solution concentration is dictated by relative humidity when at equilibrium. 

Saturated solutions correspond to the deliquescence humidity, i.e. the humidity that 

solid salt begins to take up water. In MgCl2, 33% RH yields a saturated solution of 

5 M MgCl2 [114] in ambient temperatures. In order to understand atmospheric 

corrosion better, it is useful to look at electrochemical sweeps in highly concentrated 

solutions, as these are the concentrations experienced during corrosion.   

Mo is a common alloying element in austenitic stainless steels that improves the 

corrosion resistance of stainless steels. It has been shown to affect the behaviour of 

both the initiation of pitting and propagation of pitting. There is significant, long-

standing and ongoing  debate over which effect is the more dominant contributor to 

its increased corrosion resistance [180]. Electrochemical sweeps using wire 

electrodes allow the investigation of initiation and passive current effects as well as 

giving details on repassivation. One-dimensional (1D) artificial pits allow 
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propagation and repassivation events to be isolated due to the well-defined geometry 

of the pit.  

In this chapter, wires loops and 1D pits will be used to discuss the kinetics of 

initiation, propagation, and repassivation of 304L and 316L stainless steels in a 

range of MgCl2 concentrations. 

6.2. Results 

6.2.1. One-Dimensional pitting 

Figure 6-1 shows dissolution of both 304L and 316L pits undergoing dissolution in 

2 M MgCl2 from 1 V (SCE) in a downward sweep at 0.5 mV/s (Figure 6-1a). The 

initial transient period is brief for both alloys, with a salt layer precipitating after 

approximately 10 s (Figure 6-1b). Both pits reach stable pit stability, ix, values by 

200 s (Figure 6-1c), approximately 190 s after the salt layer is first formed. One-

dimensional pitting is achieved at a pit depth of approximately 70 μm, as calculated 

from Faraday’s law, described in Chapter 2.  

Once a salt layer has been precipitated the current densities, ilim, for both 304L and 

316L are similar. This indicates that Mo does not have a significant effect on 

transport properties through the pit, and as such this cannot be considered a relevant 

mechanism for the increased corrosion resistance in Mo-rich stainless steel 

alloys[111, 112]. Towards the end of the potential sweep, 316L reaches its transition 

potential, ET, before 304L, as shown in Figure 6-2. This indicates a higher interfacial 

potential in Mo-rich alloys that must be maintained to continue propagation. There 

does not appear to be a sharp repassivation potential for either alloy, but the linear 

extrapolation of the active dissolution and repassivation regions of the I-E curve 

show that the current density, and therefore the solution concentration, within which 
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Figure 6-1 Preliminary 1D artificial pit experiments of 304L and 316L stainless 

steel pits in 2 M MgCl2 . (a) Potential sweep applied to pits, with initial growth 

period of 1 V (SCE) then decreasing at 0.5 mV/s until passivation. (b) Current 

density of pits of entire sweep until repassivation. (c) Pit stability product during 

pitting, showing when ix is constant, i.e. one dimensional pitting is attained. Wire 

diameters are approx. 50 μm. 
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Figure 6-2 Artificial pits of 304L and 316L stainless steels in 2 M MgCl2 being swept 

down at 0.5 mV/s. Transition potential, ET, of both alloys is shown. Repassivation 

potential, Erp, is less well defined in this solution but evidence of repassivation 

occurring is clear for both. 

316L passivated was significantly higher than that of 304L, agreeing with 

repassivation kinetics literature that assert that 316L repassivates in more aggressive 

solutions [26, 77, 107, 192]. 

6.2.2. Zig-zag sweeps 

Zig-zag sweeps in applied potential (Figure 6-3a) are used to show evidence of 

partial passivation on the corroding surface in one-dimensional pits. Slowly 

sweeping potential up and down during active dissolution should show near-identical 

current values during the down- and up-sweeps, after accounting for any increase in  
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Figure 6-3 Zig-zag potential sweeps of one-dimensional artificial pits of austenitic 

stainless steels in a range of MgCl2 concentrations. (a) Potential sweep program 

applied to artificial pits with a break in the y-axis to highlight zig-zag sweeps. (b) 

Current densities shown of artificial pits in 1 M – 4 M MgCl2 in 304L and (c) 316L 

pits.  
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system resistance due to pit growth. If partial passivation occurs, path of the current 

during the up-sweep will deviate from the current during the down sweep, as less of 

the surface will be dissolving. Zig-zag sweeps will also isolate the transition 

potential, ET, between diffusion-controlled and activation-controlled dissolution as 

current will not vary with Zig-zag changes in potential when under a salt layer. In 

short, the technique allows easy observation of both ET and ERP values. 

Zig-zag potentials sweeps (Figure 6-3a) were conducted on one-dimensional pits of 

304L (Figure 6-3b) and 316L (Figure 6-3c)  stainless steels in 1, 2, 3 and 4 M MgCl2, 

mimicking a range of atmospheric relative humidities. During dissolution under a 

salt layer, current density decreased with increasing MgCl2 concentration, which has 

been observed previously in NaCl solutions [80, 193].  

ET, the potential where currents begin to show zig-zag behaviour, increases as 

chloride concentration of the bulk solution increases.  This indicates an increased 

pitting stability. Rearranging Equation 2-12: 

𝐷∆𝐶 =
𝑖𝑙𝑖𝑚𝑥

𝑛𝐹
       Equation 6-1 

It can be deduced that the DΔC must decrease as solution concentrations increases, 

as n and F remain constant. This was observed by Ernst and Newman [80] in NaCl 

in highly concentrated solutions. Current densities during active dissolution, i.e. 

between ET and ERP, converge and are approximately equivalent in different solution 

concentrations. This is only true if active dissolution is able to be maintained. This is 

not observed in 1 M MgCl2 using 316L. 
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Figure 6-4 Pit stability products (ix) of artificial pits shown in Figure 6-3 made from 

(a) 304L stainless steel and (b) 316L stainless steel. 
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The pit stability products in different concentrations reach constant values at 

differing times, with 4 M MgCl2 solutions requiring longer time to achieve (Figure 

6-4a and b). This may be due to the speed at which the pit grows under a salt layer, 

as the reduced current density will reduce the pit growth and extend time needed to 

reach sufficient pit depth. 

Repassivation behaviour is strongly dependent on solution concentration. In 304L, 

pits grown in 1 M and 2 M MgCl2 solutions repassivate but those grown in 3 M and 

4 M MgCl2 do not and continue to show active dissolution until current approaches 

zero. 316L pits are more readily repassivated, showing repassivation in 1 M, 2 M 

and 3 M MgCl2 solutions. However, 4 M MgCl2 solutions show no sign of 

repassivation. 

Comparing 304L and 316L directly as current density against time in 3 M MgCl2 

(Figure 6-5a) it can be seen that current density under a salt layer is very similar, 

again showing that Mo has very little influence on transport kinetics in solution. ET 

is found at a much higher potential in 316L than in 304L. ERP is not observed in 

304L and the pit continues to show active dissolution at very low potentials. At 

potentials where both are under active dissolution, 316L has significantly lower 

current density than 304L. Figure 6-5b shows current density as a function of applied 

potential in 3 M MgCl2. Dissolution under salt layer again appears to be equal 

between 304L and 316L in these data. ET is approximately 100 mV lower in 304L 

than 316L, indicating an increase in activation potential caused by the addition of 

Mo. During active dissolution, Tafel slopes appear similar but this cannot be stated 

with accuracy as these data have not been IR-Drop corrected. 316L artificial pits 

does not show repassivation instantaneously but partial passivation is observed with 
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the reverse sweep forming “current loops” where the upward sweep has a lower 

current density than the downward sweep at the same potential. This occurs at higher 

current density than in 304L, showing repassivation occurring in much more 

aggressive solution 

 

Figure 6-5 Comparison of one-dimensional artificial pits of 304L and 316L stainless 

steels, (a) current densities against time, and (b) current densities against applied 

potential 
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6.2.3. Electrochemical Impedance spectroscopy (EIS) 

In electrochemical dissolution of metals, the key parameter that affects the rate of 

dissolution during corrosion is the interfacial potential, as this determines which 

reactions occur at the corroding interface. Determining the interfacial potential 

requires an investigation of sources of IR-drop, i.e. the sum of the loss of applied 

potential. This is a non-trivial task as direct measurement of sources of IR-drop is 

difficult. EIS is a technique that allows sources of IR-drop to be modelled and used 

to calculate the interfacial potential.  

The challenge of using EIS in one-dimensional pits is the dynamic nature of pit 

growth. EIS is most commonly used on stable passive surfaces with fixed diffusion 

pathway lengths and surfaces. The continual growth of the pit during scans will 

affect how the electrochemical response is modelled. EIS often assumes a 

homogeneous surface whereas pitting corrosion is known to be heterogeneous with 

constant salt layer growth and dissolution, and transitioning between diffusion-

limited, active dissolution and passive surfaces. 

Acknowledging this, an attempt was made to isolate the IR-drop of the one-

dimensional pit, and thus the interfacial corrosion to show the influence of solution 

concentration and molybdenum content on one-dimensional pitting of austenitic 

stainless steel. 

6.2.4. Effect of pit depth growth 

Figure 6-6a shows Nyquist plots of 304L stainless steel in 3 M MgCl2 held at 0.1 V 

(SCE). 10 frequency sweeps were conducted, from 1 M Hz to 10 Hz with 10 

frequencies used per decade for a total of 51 frequencies. Each sweep took 43 s and 

the pit was grown for 60 s between sweeps. It can be seen that the pit is not in 
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equilibrium, as is expected. Each plot shows a capacitance loop at high frequencies, 

an inductance loop at mid frequencies and another capacitance loop at low 

frequencies. As pit depth increases the radius of the capacitance loops increase, 

indicating an increased polarisation resistance in the pit and a higher corrosion 

resistance as the pit grows. This is confirmed by Figure 6-6b where Bode plots show 

increased absolute impedance values as pit depth increases indicating higher 

polarisation resistance. The negative gradient observed at low frequencies in the 

Bode plots, between 10
1 

and 10
2
 Hz, indicates a significant influence of diffusional 

processes occurring during this part of the sweep.  

Frequency sweeps were also held in pits of the same depth with different applied 

potentials to investigate the effect different corrosion surfaces will have on EIS 

measurements. Figure 6-7a shows the influence of reducing applied potential at the 

same pit depth and transitioning from salt covered surfaces (0.1 V to -0.1 V SCE) to 

active dissolution (-0.15 V SCE) to repassivation (-0.2 V SCE). While under a salt 

layer, the Nyquist plot holds the same basic shape but with a reduction in 

polarisation resistance as applied potential reduces, coinciding with a reduction of 

the thickness of the salt layer. This is true in the Bode plots also (Figure 6-7b). In the 

cell held at -0.1 V, there appears to be a transition between the salt-covered regime 

and the active dissolution regime. This manifests in the loss of the second 

capacitance loop as low frequency in the Nyquist plot, and the reduction polarisation 

which can be best observed in the Bode plot. The region of negative gradient in the 

Bode plot between 10
1
 and 10

2
 Hz is now also linear. Nyquist and Bode plots for the 
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Figure 6-6 (a) Nyquist plots and (b) Bode plots of frequency sweeps of 304L 

stainless steel in 3 M MgCl2 held at 0.1 V (SCE). Frequency Swept from 1 M Hz to 

10 Hz, 10 frequencies per decade with 51 frequencies in total at 10 mV perturbation. 

First sweep conducted at depth of 40 μm. Sweeps each took 43 s and the pit was 

grown for 60 s between sweeps. 
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passivated pits when held at -0.2 V (SCE) are significantly different than both active- 

and salt-covered dissolution. 

Figure 6-6 and Figure 6-7 show that both continuing pit growth and changes in 

applied potential affect the EIS electrochemical response which is then subsequently 

used to model interactions in the system, and that different corrosion surfaces 

respond to EIS perturbations in greatly differing ways. Recognising this, an attempt 

can be made to apply an IR-drop correction to one-dimensional pits of 304L and 

316L stainless steels during a potential sweep. 

A frequency of potential perturbations was selected to be at 30 kHz, as this was the 

frequency that gave the lowest phase angle in preliminary experiments on passive pit 

surfaces, as seen in Figure 6-8a, and was in agreement with previous work [57].  The 

condition of the interface during active dissolution changes significantly during 

pitting, so a decision was made to use the more stable results found on a passive 

surface.  A typical equivalent circuit for a passive surface is shown in Figure 

6-8b[57]. 

The Constant Phase Element (CPE) in Figure 6-8b represents the capacitance of the 

electrical double layer on the metal surface, with the polarisation resistance in 

parallel (Rpol) and solution resistance (Rs) in series. At approximately 30 kHz 

perterbations, Rpol will be short-circuited by the CPE term. This allows the RS term to 

be calculated, which includes the resistance from the bulk solution, the pit solution, 

and the experimental cell[194]. 
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Figure 6-7 (a) Nyquist plots and (b) Bode plots of frequency sweeps of 304L 

stainless steel in 3 M MgCl2 at pit depth of 65 μm over a range of applied potentials 

(SCE). Frequency Swept from 1 M Hz to 10 Hz, 10 frequencies per decade with 51 

frequencies in total at 10 mV perturbation. Sweeps each took 43 s. 
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(a) (b)  

Figure 6-8 (a) Phase angle frequency sweep of 304L stainless steel in 3 M MgCl2 at 

a depth of 65 μm at applied potential of 0 V (SCE) on a passive surface. Frequency 

Swept from 1 M Hz to 10 Hz, 10 frequencies per decade with 51 frequencies in total 

at 10 mV perturbation. (b) Equivalent circuit used to obtain values for Rs in series 

with the constant phase element modelling the electrical double layer.  

 

Figure 6-9 shows IR-drop corrected current voltage characteristics for one-

dimensional pits whose current densities are shown in Figure 6-3. There is a clear 

difference in behaviour between dissolution under a salt layer and during activation 

control. In conditions where repassivation is observed, “current loops” occur when 

potential drops to where it approaches passivation. This is an indication of partial 

passivation behaviour, as the current does not retrace its downward path during the 

zig-zag sweep. The region of active dissolution is also curved in regimes where 

repassivation occurs. Where repassivation does not occur, Tafel β values are able to 

be measured and are shown on Figure 6-9c and d. 
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Figure 6-9 Current-Voltage characteristic curves of 304L and 316L stainless steel one-dimensional pits after IR-drop correction using 30 kHz 

frequency. (a) 1 M MgCl2, (b) 2 M MgCl2, (c) 3 M MgCl2 and (d) 4 M MgCl2 using potential program found in Figure 6-3a.
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6.2.5. Wire Electrochemistry  

Cyclic voltammetry is a common method of investigating the corrosion behaviour of an alloy 

in a particular solution. Initially, the potential is held below the open circuit potential (OCP) 

then increased at a constant rate. Once the alloy has shown signs of corrosion, particularly 

pitting on passive surfaces, the sweep is reversed and potential is reduced at a constant rate 

until it drops below OCP again. Wires are often used as they have a broadly regular geometry 

and consistent surface finish. By conducting cyclic voltammetry on wires of 304L ans 316L 

stainless steels in various concentrations of MgCl2 solutions, it is hoped that more insight will 

be given on the corrosion behaviour of stainless steels at humidity reduces. 

The upward potential sweeps of 304L and 316L stainless steel wires in a range of MgCl2 

concentrations are shown in Figure 6-10. 316L has significantly higher Epit when compared to 

304L (Table 6-1), which is expected as this is a well-established phenomenon in the literature, 

with Epit defined as the potential when current density surpasses 0.1 mAcm
-2

. There is a large 

difference in Epit between the alloys when the concentration is at 3 M MgCl2. This large 

variation in Epit corresponds to significant changes in metastable pitting behaviour observed 

in both alloys as concentration increases. In 304L, metastable pitting is observed at 1 M and 

2 M MgCl2 but is not apparent at concentrations above this. In 316L, metastable pitting is 

also observed at 3 M MgCl2, but not at higher concentrations. The loss of metastable pitting 

coincides with a change in pitting current profile, which is clear when current is plotted on a 

linear scale as seen in Figure 6-11. In 1 M MgCl2, metastable pitting is observed followed by 

a sharp increase in current density. However, in 3.5 M MgCl2 there is no sharp increase and 

instead a gradual curve up in current density until pitting has established. There appears to be 

some evidence of noise in current on the curve upwards, which may be related to metastable 

pitting events but this is unclear. 
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Figure 6-10 Upward potential sweeps of (a) 304L and (b) stainless steels wires in varying 

concentrations of MgCl2. Wires were held at 100 mV below OCP for 900 s in each case. 



 

123 
 

 

Table 6-1 Pitting Potential (Epit) values for 304L and 316L in various concentrations of 

MgCl2. Average of three sweeps for each concentration. 

MgCl2 

concentration (M) 

Epit of 304L  

(mV/ SCE) 

Epit of 316L 

(mV/ SCE) 

Equivalent 

Rel. Humidity 

1 333 402 94% 

2 94 201 83% 

3 -78 99 68% 

3.5 -138 -83 59% 

4 -183 -130 50% 

5 -250 -205 34% 

 

 

Figure 6-11 Upward potential sweeps on 304L stainless steel in 3.5 M MgCl2 and 1 M MgCl2. 

Swept at 0.5 mV/s. Plots on linear scales. 
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Downwards sweeps were also collected on these wire samples, with data for 304L and 316L 

wires shown in Figure 6-12. The repassivation behaviour changes in both alloys as 

concentration increases. In 1 M MgCl2, for both alloys, the current is seen to drop 

periodically before falling sharply. This behaviour becomes less dramatic as concentration 

increases. At high concentrations, the repassivation behaviour of both alloys follows mostly a 

smooth curve. Repassivation potentials, Erp, are shown in Figure 6-13 and Table 2 where Erp 

is defined as when current drops below the upward current. Values of Erp appear to converge 

as concentration increases. 

The change in passivation behaviour is more apparent when plotted on a linear scale, as 

shown in Figure 6-14. While repassivation in 1 M MgCl2 shows sharp drops in current, 

indicating competition threshold events inside the pit, repassivation in concentrated solutions 

such as 3.5 M MgCl2 show a smooth “cessation” of current as potential is reduced. 

Comparing full sweeps side-by-side shows the effect solution concentration has on the 

morphology of the cyclic voltammetry. Figure 6-15 shows cycles of 304L and 316L in (a) 

2 M, (b) 3 M, and (c) 3.5 M MgCl2. 

Potential sweeps were also conducted on 304L stainless steel plate (Figure 6-16a), prepared 

by grinding with 800 grit sanding paper, similar to atmospheric corrosion experiments in later 

chapters. For 1 M and 4 M MgCl2 solutions, electrochemical behaviour looks very similar to 

that of the wire electrochemistry found in Figure 6-10 and Figure 6-12. The sudden increase 

in pitting behaviour and decrease in repassivation behaviour observed in 1 M MgCl2 sample 

indicates threshold events. Inspection of the 1 M MgCl2 plate (Figure 6-16b) showed no 

obvious signs of pitting or attack anywhere on the surface, indicating that this was most likely 

a crevice attack between the plate and the resin. 
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Figure 6-12 Downward potential sweeps of (a) 304L and (b) 316L stainless steel wires in 

varying concentrations of MgCl2. Reverse sweep started at 0.1 mA/cm2 
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Table 6-2 Repassivation Potential (Erp) values for 304L and 316L in various concentrations 

of MgCl2. Average of three scans per solution 

MgCl2 

concentration (M) 

Erp of 304L 

(mV/ SCE) 

Erp of 316L 

(mV/ SCE) 

Equivalent 

Rel. Humidity 

1 94 262 
94% 

2 -84 13 
83% 

3 -250 -134 
68% 

3.5 -345 -261 
59% 

4 -416 -393 
50% 

5 -420 -395 
34% 

 

Figure 6-13 Pitting Potential (Epit) values for 304L and 316L stainless steel wires in varying 

concentrations of Cl
-
. Epit and Erp values taken from Figure 6-10 and Figure 6-12 respectively. 

Epit defined as 1 mA/cm
2
, Erp defined as point current drops below upward passive current. 
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However, the 4 M MgCl2 sample (Figure 6-16) showed attack in dozens of sites all over the 

plate surface. Closer inspection of the plate showed a single deep pit (Figure 6-16d) and large 

regions of an etched attack (Figure 6-16e) where grain boundaries and stringers and be seen 

in the rolling direction of the plate. This etched attack was not observed on the 1 M MgCl2 

plate (Figure 6-16f). 

 

Figure 6-14 Downward potential sweeps of 304L stainless steel wires in 1 M and 3.5 M 

MgCl2. Sweep was at 0.5 mV/s 
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Figure 6-15 Polarisation curve on 125 μm diameter wires of 304L and 316L stainless steel in (a) 2 M, (b) 3 M  and (c) 3.5 M MgCl2 . Wires 

were held at 100 mV below OCP for 900s and then swept at 0.5 mV/s.  Wires were ground with 2500 grit paper and rinsed with DI water 
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(a)  

(b)  (c)   

(d)  (e)  (f)  

Figure 6-16 304L plates immersed in 1 M and 4 M MgCl2. (a) Potential sweeps 

showing similar behaviour as to wire experiments above, with the sample in 1 M 

MgCl2 showing sharp pitting potential and repassivation behaviour, and 4 M MgCl2 

sample showing gradual curve upwards when pitting and “cessation” behaviour 

when passivating, (b) 1 M MgCl2 sample surface with no visible pits, indicating that 

attack was most likely crevice corrosion, (c) 4 M MgCl2 sample with dozens of attack 

sites on the surface, (d) Single pit found on surface of 4 M MgCl2 sample, and (e) 

surface etching found across the surface of 4 M MgCl2 sample showing 

crystallographic etching MnS stringers orientated in rolling direction, (f) surface of 

plate after corrosion in 1 M MgCl2  
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6.3. Discussion 

6.3.1. Pitting 

The pitting potential, Epit, is considered to be the potential at which a pit can stably 

propagate [13]. Pitting potential is not a single thermodynamically related value but 

is broadly considered to be a function of the breakdown of a passive film by attack of 

surface inclusions or some other mechanism [22]. Epit is thus specific to a 

combination of the alloy, the environment, and surface treatment [195] in which the 

experiment is conducted. The need for propagation separates it from metastable 

pitting events [48].  

Epit values on wire experiments are seen to vary with solution concentration for both 

304L (Figure 6-10a) and 316L (Figure 6-10b) alloys and decrease approximately 

linearly with log of increasing solution concentration (Figure 6-13). Galvele [27] 

suggested using a one-dimensional diffusion-based model of corrosion over a range 

of different alloys that Epit decreases with increasing Cl concentration with the 

relationship 

 𝐸𝑝𝑖𝑡 = 𝐸𝑝𝑖𝑡
0 − 𝐴 𝑙𝑜𝑔[𝐶𝑙−]      Equation 6-2 

 

Where E
0

pit, A are constants. Galvele estimated A to be 59 mV/decade, calculated 

from 2.303RT/F where R is the gas constant. Leckie and Uhlig [92] noted a 

logarithmic dependence on Cl
-
 concentration in dilute NaCl solutions between 0.01 

and 1 M for 18-8 stainless steel, yielding A of 85 mV/decade. Laycock and Newman 

[13] on 302 stainless steel noted A of 93 mV/decade in NaCl between 0.1 and 1 M 

and an increase in Epit for 316 stainless steel of 70-100 mV.  
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In this work A was significantly higher, for both 304L (386 mV/decade) and 316L 

(371 mV/decade).  Most highly cited papers that look at the influence of [Cl
-
] on Epit, 

like those mentioned above, do so at low bulk solution concentrations and do not 

consider highly concentrated conditions. In her thesis, Mi [12] examined 304 

stainless steel in MgCl2 with a [Cl
-
] range of 0.1 to 10 M, and found a change in 

trend between low and high concentrations. At concentrations of 0.1 - 2 M [Cl
-
], A 

was between 110 and 200 mV/decade. In solutions at concentrations 2 - 10 M [Cl
-
], 

A increased significantly to values above 400 mV/decade.   

The increase in A at high concentrations of chloride ions is thought to be, in part, 

attributed the influence of the common-ion effect at high concentrations. This can 

decrease solubility of metal ions released during dissolution, increasing pitting 

stability by allowing aggressive conditions to be maintained at lower potentials.  

There is also an underlying assumption with the Galvele model that Cl
-
 does not 

participate in complexation of metal cations which has been shown not to be 

accurate in stainless steels [196]. Pardo et al. [197]  also saw significant reductions 

in Epit in concentrated solutions, though with particular attention paid to temperature 

variations. Variation in Epit within an alloy is consistent with the literature [198] as 

variations in sample preparation, e.g. surface roughness after grinding and time spent 

passivating before experiment [13], are known to affect pitting potential.  

Pitting events were detected electrochemically and the shape of the current-potential 

diagrams varied significantly depending on solution concentration. The sudden 

pitting events at concentrations 1 M and 2 M MgCl2 (Figure 6-10) agree with typical 

hemispherical pitting behaviour discussed in the literature [20] that result in a single 

pit being formed. In highly concentrated solutions, e.g. between 3.5-5 M MgCl2 in 

both alloys, this pitting occurs at a far less defined potential. Plate experiments at 
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4 M MgCl2 (Figure 6-16) show that although there is a single pitting event at these 

conditions there is also significant superficial attack across the plate surface at 

dozens of sites. There was also observed heavy etching on the plate surface where 

grain boundaries and other metallurgical features can be seen. This superficial attack 

shows great similarity to the “earing” attack of the shallow dish region seen in 

atmospheric corrosion of stainless steels under droplets [136, 162] which has been 

shown to be an initial attack that leads onto pitting behaviour [126]. This concerted 

attack on the plate surface may explain why no metastable pitting is seen in 

concentrated solutions. The decrease in diffusivity and saturation concentration of 

the solution may make a large number of inclusions be able to maintain an 

aggressive local solution [49] and attack the underlying metal matrix. 

Speciation and transport properties are known to be affected in concentrated 

solutions, particularly ion-ion and ion-neutral molecule interactions [199, 200]. 

Water activity, or the ease of with which water may be utilised, is also important in 

understanding these transport processes. Smart and Bockris [201] were able to show 

a downward linear relationship between the water activity of concentrated solutions 

and icorr values. 

Work has been conducted investigating the concentrations thresholds for both 

initiation and repassivation for atmospheric corrosion on stainless steels [125]. On 

304L, Nam et al. found “pitting” to start at between 47-58 %RH, which corresponds 

to 3.6 – 4.1 M MgCl2, and continue at lower humidites. Repassivation began at 

higher relative humidities 56-70 %RH, corresponding to 2.9- 3.7 M MgCl2. It is not 

surprising that initiation requires more aggressive solution conditions than 

propagation considering the specific chemical requirements needed for the 
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dissolution of sulphide inclusions and the local chemistry that is needed to allow a 

pit to stabilise.  

6.3.2. Repassivation 

The repassivation potential, Erp, of stainless steels is generally considered to be the 

potential where a critical chemistry is no longer able to be maintained to keep the 

corroding surface active [202]. As seen with Epit, Erp values of wire samples declined 

linearly with increase in concentration (Figure 6-13) where Erp values for 304L and 

316L appear to converge as concentration approaches saturation. One-dimensional 

pitting also showed very low repassivation potentials, where zigzag potential sweeps 

showed active dissolution until the experiment was halted (Figure 6-3). This has 

been observed previously [197, 198].  

As with pitting, the repassivation not only occurs at lower potentials but the 

behaviour itself changes as concentration increases. Repassivation reactions require a 

thermodynamic preference for the stability of reduction reactions at the corroding 

interface, which is generally considered to be a sharp threshold below which allows 

passivation [171]. The adsorption of free water in close-to-neutral environments that 

allows deprotonation and passive film growth may not be possible in highly 

concentrated chloride solutions. The increased ion concentration makes greater 

demands of the water in solution to participate in solvate shells, restricting access 

and hence water activity to the corroding interface. Highly concentrated solutions 

also reduce pH to between 4-5 pH, destabilising any passive oxide that does manage 

to grow on the surface. These factors allow the corroding pit to remain active at very 

low potentials and “cease” corroding when the corroding interfaces activation energy 

can no longer be surpassed rather than “passivate” due to competing chemical 

processes. 
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6.3.3. Passive Current Density 

Passive current increases significantly with the increase of MgCl2 concentration, 

particularly in the range above 4 M. This has been observed previously in deaerated 

wire experiments in 304L [12, 126]. In 304L, passive current density roughly 

doubles between 2 M and 3 M MgCl2 (Figure 6-10a). This close to what was found 

in 304L in deaerated MgCl2 , with a doubling of passive current density occurring 

between 3 and 3.2 M MgCl2. This increase in passive current is more pronounced in 

316L as the resistance to pitting of this alloy increases the range where passive 

current dissolution takes place (Figure 6-10b). 

The rate of passive current dissolution may be related to the beginnings of 

atmospheric corrosion seen under droplets of MgCl2, where shallow dish regions 

[136] are seen to occur initially before pitting continues. Rough approximations have 

been made for the amount of metal dissolution needed for the formation of shallow 

dish regions in highly concentrated solutions [126]. The current density for vertical 

growth of the shallow dish can be estimated from Faraday’s law (from Chapter 2):  

𝑥 =
𝑄𝑀𝑊

𝐴𝑛𝐹𝜌
       Equation 2-13   

using ρ of 7.9 g/cm
3

 and n of 2.2 for 304L, typical depth of shallow dish regions, x, 

of 10 μm, with the majority of growth occurring in the first two hours. This yields a 

current density of ~4 μA/cm
2
, which is in the same order of magnitude as the passive 

current densities observed at high chloride concentration (i.e. above 3.5 M MgCl2). 

This can be further explained using a mixed-potential theory and an Evans’ diagram 

(Figure 6-17). An increase in MgCl2 concentration will not only increase current 

density, but will drive dissolution at lower potentials. This will allow an increase in 

passive current density more readily at low RH when under atmospheric conditions. 
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Figure 6-17 Evans' Diagram explaining the effect of increased MgCl2 on the passive 

current density of austenitic stainless steels. Increasing solution concentrations drive 

potential lower and current higher, increasing dissolution when at low RH. This 

mechanism may cause the formation of shallow dish regions 

 

The effect of Mo on the corrosion of austenitic stainless steels has been explored by 

a variety of techniques. EIS has been used to show that Mo influences nearly all of 

the principal reactions involved in dissolution, intermediate formation and 

repassivation of stainless steels [203]. 

The pitting and repassivation behaviour of 304L and 316L goes through a transition 

at 3 M MgCl2 (Figure 6-15b), which is equivalent to an atmospheric humidity of 

58% RH. In 316L, both pitting and repassivation show well defined potential values 

rather than the gradual curves observed in 304L. Metastability is also prominent in 

316L during pitting initiation in this concentration. These observations are related to 

the well-established effect of molybdenum on localised corrosion, both during 

initiation and repassivation. Mo is considered to enrich the corroding interface [109, 
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110] which not only affects dissolution but also the initiation phase. Mo-enrichment 

in passive films is only found in the passive film after extended polarisation at active 

potentials and would not normally be found in a passive film that has been held at 

negative potentials before use [204-206].  

The Epit value of 316L was observed to be higher than that of 304L in the same 

solution in all wire electrochemistry in this work. This is consistent with previous 

pitting behaviour experienced in austenitic stainless steel alloys in chloride solutions 

[207] which is largely agreed to be due to a combination of enrichment of the 

passive oxide layer by Mo [26, 77, 107, 192, 207, 208] and the reduction of current 

density during active dissolution [109, 110]. These combine to allow pit initiation to 

fail, resulting in metastable pitting. During repassivation, the reduced active 

dissolution is a key influence of Mo. The mechanism is considered to be an 

enrichment of Mo in the sublayer of the corroding surface [209], increasing the IR-

drop of the system by raising the exchange current density of the alloy and thus 

increasing the interfacial potential required for metal ions to be liberated from the 

corrosion front. The Mo-distribution in the passive layer is not relevant during this 

repassivation as the mechanism requires a 3D oxide. 

6.3.4. Application of EIS to one-dimensional pitting 

Figure 6-9 shows an attempt to discern the interfacial potential in 1D pits. There are 

significant  differences in response to electrochemical perturbations between salt-

covered surfaces and during active dissolution. It is clear that the same equivalent 

circuit model is not suitable for all surfaces during pitting, as was alluded to in 

Figure 6-7. However, clear differences between 304L and 316L were able to be 

shown. 316L has a significantly high IR-corrected potential than 304L at the same 

current density, which is in agreement with experimental observations [110]. 
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Attempts to extract Tafel slopes from the activation region of these pits have given 

values that are significantly higher that in the literature. Mi [12] showed that for 

304L, 3 M MgCl2 has a Tafel slope between 48-57 mV/decade and in 4 M MgCl2 a 

Tafel slope between 50-66 mV/decade. The values found in these data show 77 

mV/decade in 3 M MgCl2 and 107 mV/decade in 4 M MgCl2. This indicated a 

weakness in the modelling used in this work that needs further development.   

6.3.5. Application to atmospheric corrosion 

One of the key factors that defines atmospheric corrosion is the presence of highly 

concentrated chloride solutions. Prosek et al.[210] observed a difference in pitting 

between 304L and 316L: 304L suffered attack at 50% RH in 304L and etching seen 

at up to 70% RH at 30 °C, while 316L saw attack only at 30% RH at 30 °C. Nam et 

al.[125] used silver-wire electrodes to isolate pitting initiation under droplets of 

MgCl2 in 304L to isolate a range of humidities for pit initiation of between 48-

58 %RH, which equates to solution concentrations of between 3.5-4.1 M MgCl2 at 

initiation. Nam et al. also showed for the same droplets repassivation occurs between 

56%-70% RH, or between 2.9-3.7 M MgCl2. In these results, pitting and 

repassivation behaviour in solutions with concentrations of 3.5 M MgCl2 and greater 

showed a different nature than those at more dilute concentrations. 

At high concentrations, between 3.5 M and 5 M MgCl2, there is a virtual absence of 

metastable pitting during initiation which shows a dramatic increase in pitting 

stability in early stages, possibly caused by reduction in the DΔC term. This is also 

supported by the plate results in 4 M MgCl2 showing multiple sites of initial attack. 

This means that the initiation site that succeeds when atmospheric corrosion occurs 

under a droplet may not be primarily determined by the most active initiation site but 

by other environmental factors. This observation is supported by results in chapter 5 
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regarding corrosion under droplets of different deposition concentration. When 

saturated MgCl2 droplets are deposited on 304L there is a strong trend towards 

pitting at the centre of the droplet. This implies a rapid deoxygenation of the droplet 

shortly after deposition that allows cathodic regions to develop at the droplet edges. 

The evidence of multiple attack sites in plates submerged in 4 M MgCl2 provides a 

mechanism to explain how the solution at the plate interface would deoxygenate so 

quickly, as so many sites are active at the same time. The reduced DΔC values at 

such high concentrations also limit the resupply of oxygen to these regions. 

Repassivation is also hindered at concentrations similar to those that show 

atmospheric corrosion. The sharp drops in current seen in both wire loops and one-

dimensional pitting experiments in 1 M and 2 M MgCl2 solutions indicate 

repassivation, but these correspond to humidities above 83% RH which is 

significantly above the repassivation threshold of atmospheric corrosion observed in 

both alloys. The lack of repassivation behaviour in solutions with concentrations 

above 3.5 M MgCl2 shows that repassivation does not readily occur in atmospheric 

corrosion if humidity is kept in an aggressive range. This has consequences for the 

interpretation of the role of Mo in 316L. Reduction in active dissolution rates after 

alloying with Mo, as proposed by Newman et al. [13, 109, 110, 180, 211-213], is 

probably a much more significant factor the passivation and repassivation behaviour 

in these conditions, than suggested by Marcus et al [26, 77, 107, 180, 214]. 

Atmospheric corrosion under droplets of MgCl2 is observed to have a shallow dish 

region that appears early in the corrosion process [126, 136]. The appearance of this 

shallow dish region, which has significant etching in the region surrounding the 

attacked sulphide inclusions, is very similar to the superficial etching attack observed 

in fully-immersed plate in 4 M MgCl2 (Figure 6-16e).  



 

139 
 

6.4. Conclusions 

 Potentiodynamic sweeps were conducted using three types of electrochemical 

samples: wires, one-dimensional artificial pits, and flat plates of stainless 

steel. Sweeps were conducted in solutions of between 1 – 5 M MgCl2. 

Experiments used both 304L and 316L austenitic stainless steels. 

 It was found that increasing solution concentration reduces Epit and Erp in 

wire and plate experiments, and Erp in one-dimensional experiments. At 

concentrations of 3 M MgCl2 and above, i.e. concentrations where attack is 

normally observed in atmospheric corrosion, pitting and repassivation 

behaviour was changed as compared to lower concentrations. Metastable 

pitting was rarely observed at higher concentrations and pitting potential was 

not a single point but a gradual increase in current density over a period of 

tens of seconds. Repassivation behaviour at high MgCl2 concentrations was 

not a sharp reduction of current density but a gradual reduction that showed 

no sign of repassivation but instead a mere cessation of current. There did not 

appear to be a competition between repassivation and active dissolution at 

high concentrations of MgCl2. 

 Where a repassivation did exist, at lower MgCl2 concentrations, this did not 

appear at a sharp potential but over a range of potentials as shown by the zig-

zag data. This indicated that partial passivation occurs on the surface of the 

pit that then propagates over the active surface. 

 The addition of Mo to austenitic stainless steel is observed to affect both the 

active dissolution rate and repassivation potential. However, in conditions 

similar to those that induce atmospheric corrosion on stainless steels, 

repassivation behaviour is less significant due to the general resistance to 
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repassivation in these highly concentrated solutions. Mo is seen to cause 

passivation in more aggressive solution. 

 EIS has potential to be useful in helping to calculate interfacial potentials, 

and clear differences have been observed between 304L and 316L under salt 

layer dissolution and active dissolution. There is still scope for improvement 

in this approach as the suggested model did not generate data that is 

consistent with current knowledge about the physical system of one-

dimensional pitting. 
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7. General Discussions and Future Work  

7.1. Synchrotron studies 

7.1.1. Identification of nitrate-rich salt with XRD 

Synchrotron-based XRD was used to identify the species of salt at the bottom of pits 

in 304L stainless steel pits grown in 1 M NaCl and with trace amounts of nitrate. 

This study solves a long-standing question about the nature of the salt layer in these 

pits [14]. There had been a suggestion that this presence of nitrate causes between 

nitrate-rich and chloride-rich salt species, generating current oscillations [215]. 

There was also the possibility that a molten salt may be present, as observed in high 

voltage electrochemical machining of Fe in NaNO3 solutions [98, 216]. We have 

shown (4.2.3) that this is not the case and that competitive salt species are not the 

likely cause of the oscillatory behaviour seen in electrochemical scans. 

7.1.2. Use of radiography to isolate partial passivation mechanism 

By using radiography on 1D pits, we were able to isolate subtle variations in pit 

surface roughness, that led to the observation of a partial passivation mechanism 

where the surface showed islands of passive regions that  propagated out (4.2.5). 

This was not a uniform transition between two competing processes, as had been 

previously argued by Uhlig and Leckie [88], who proposed a uniform transition 

occurred at certain potentials where Cl ions would be displaced at the corrosion 

surface by adsorbed NO3
-
 ions. A mechanism has been proposed that explains the 

partial passivation behaviour and how it could generate current oscillation by the 

advancing corrosion front undercutting localised passive regions 

7.2. Electrochemistry of Atmospheric Corrosion 

MgCl2 is a significant salt in atmospheric corrosion as it has low deliquescence 

humidity (33% RH) and is abundant in sea water. By using highly concentrated 
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MgCl2 we are able to closely link this electrochemistry with atmospheric corrosion. 

Both the pitting and repassivation behaviour of 304L and 316L are affected by 

changes in concentration.  

7.2.1. Pitting Behaviour in ‘atmospheric’ conditions 

In wire samples, forward sweeps of 304L in highly concentrated solutions of MgCl2 

were conducted by Mi [12, 126]. Mi found that Epit reduced with increasing solution 

concentration and that metastable pitting ceased at concentrations of 4 M MgCl2 or 

greater. The pitting potential at these higher concentrations was between -200 and -

350 mV, which is close to OCP values. In the current work with polarisation curves 

on wires on 304L and 316L (6.2.5), pitting was preceded by metastable pitting in 

solutions with concentrations of 1-3.5 M for both alloys with sharp pitting potentials 

between 1-2 M MgCl2 in 304L and 1-3 M MgCl2 in 316L. The extended pitting 

resistance of 316L is significant as this is the concentration that pitting is generally 

considered to start in atmospheric conditions [114]. Traces of metastability appear at 

concentrations of 3.5 M in both alloys, but the pitting behaviour at higher 

concentrations is not a sudden increase but a curve upwards. This behaviour agrees 

with the results from the plate sample (3.7) which shows extensive attack around 

dozens of sites, indicating the gradual increase in current may well be a summation 

of several sites of attack. In practice, very few instances of atmospheric corrosion 

show multiple sites [126, 190] of attack, due to cathodic protection across the 

droplets surface.  

7.2.2. Repassivation behaviour in ‘atmospheric’ conditions 

Understanding of Erp is not particularly consistent in the literature. Analysis is 

usually done under bulk conditions, and does not consider local effects. Solution 

concentration has shown to generally lower Erp linearly with logarithmic increase in 

chloride concentration [81, 85]. However, this work shows that the various 
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definitions of repassivation may not inform us of the physical processes occurring at 

low potentials. Ernst and Newman [55] suggested repassivation occurs when the 

current density cannot be recovered with a rapid increase in potential. Mi [12] also 

used this definition. Repassivation was said to be detectable by a pronounced 

curvature in the plot of current against potential during slow reverse sweeps. 

Woldemedhin et al. [11, 217] looked at one-dimensional pitting that has been 

conducted in different chloride solutions to look at repassivation behaviour, but the 

concentration tested never goes above 3 M [Cl-] and once Erp is reached there is no 

reverse sweep to ensure that the surface has fully passivated. Guo [57] developed 

this technique by implementing zig-zag potential program on one dimensional pits of 

304L. This technique gives “passivation loops” (6.2.2), as once repassivation begins 

and potential is increased current cannot be contributed by the passivated region. 

This allows easier isolation of the Erp value.  

In the current study, this zig-zag technique was extended to include both 304L and 

316L to investigate the role of Mo on repassivation behaviour on localised corrosion. 

Passivation loops were observed in 1 M and 2 M MgCl2 on 304L, and 2 M and 3 M 

MgCl2 on 316L (1 M on 316L passivated readily). Each of these also showed 

pronounced curvature (6.2.3), agreeing with Ernst and Newman’s observation. At 3 

and 4 M MgCl2 for 304L and 4 M MgCl2 for 316L, passivation loops were not 

observed and current showed ohmic response to until very low potentials. In these 

pits, there does not appear to be the partial passivation observed in more dilute 

solutions, or in the nitrate-rich solutions examined using synchrotron techniques 

(4.2.5). This is also seen in the reverse sweep for the wire experiments (6.2.5). In 

304L, Erp becomes less of a sharp transition in concentrations of 3 M MgCl2 and 

above, and in concentrations of 4 M MgCl2 and above in 316L. This sharp transition 
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can be seen as the propagation of passivity inside the pit, as witnessed with 

radiography in (6.3.2).As Erp has been found to be independent of pit depth[11], it 

can be suggested that under atmospheric conditions pits will not repassivate by the 

formation of a passive oxide layer unless diluted. This ties in well with the wet-dry 

cycling results in atmospheric corrosion [57, 125, 150], where pits are observed to 

passivate at high humidities that correspond to solution concentrations of less than 3 

M MgCl2. Fluctuations in RH to higher percentages may limit corrosion damage. 

7.3. Role of Molybdenum in atmospheric corrosion 

316L is known to have higher corrosion resistance than 304L. Prosek [210] observed 

that this improved resistance is also observed in atmospheric corrosion of Mo-rich 

stainless steels. Mohammed-Ali [131] observed a pitting threshold where attack on 

316L plate occurred much less often than on 304L at 56% RH when using droplets 

of 1000 μg/cm
2
. Above 65% RH, 304L still occasionally pitted but 316L did not.  

Albores-Silva et al. [218] showed that in stress corrosion cracking tests that at 

elevated temperatures of 50 °C, the pitting that did occur at 60% RH resulted in large 

crack formation. 

Three main theories have been used to explain the effect of Mo on localised 

corrosion:  

1. Interruption of mass transport through the formation of polymeric molybdate 

species 

2. Reduction of active dissolution due to subsurface enrichment of Mo 

3. Increased stability of passive layer due to enrichment of Mo in oxide layer 



 

145 
 

Interruption of mass transport by polymeric molybdates has largely been disproved 

by XANES analysis [112]. This is further supported by the similarity in dissolution 

rates of 304L and 316L when a salt layer is present.  

Although this diffusion-limited current density is the same, the ET for both alloys are 

different and the anodic dissolution  kinetics of the bare (film-free) actively 

dissolving surface are different (6.2.1), as previously discussed by Newman [110, 

219]. This demonstrates that passive film formation is not the dominant factor for 

repassivation in the pit. Repassivation of 316L appears to occur at higher current 

densities than 304L. This implies that 316L passivates in more concentrated 

solutions, since: 

𝑖

𝑖𝑠𝑎𝑡
=  

𝐶

𝐶𝑠𝑎𝑡
        Equation 7-1 

Where i is current density, isat is saturated current density, c is solution concentration 

and csat is saturated concentration. As such, the solution when 316L passivates is 

more aggressive than when 304L passivates. There may be some effect of Mo on the 

passive film growth, but this is at very early stages of film growth and not at steady 

state. There is strong evidence of the absence of passivation in high concentrations of 

MgCl2, so this difference in passive layer stability is only relevant in non-

atmospheric conditions where solutions are dilute enough for passivation to occur. 

The increase in ET and reduction in active dissolution reduce pit stability 

significantly.   

7.4. Analysis of corrosion under droplets 

Maier and Frankel [136] and Hastuty et al. [162] both observed shallow dish 

formation of pits under droplets of MgCl2 on  stainless steels. Maier observed pit 
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formation on 304L in the first 100s of seconds to appear to grow as “earring” or in 

an ear-shaped morphology as it. Hastuty observed on 430L after 6 hours of growth 

large, shallow attack. Mohammed-Ali [131] showed the development of these 

shallow dish regions in relationship to 304L and 316L plate samples, showing that 

their diameter was broadly similar between alloys but was influenced by the size of 

the droplet. Mohammed-Ali also noted the development of satellite pits, that occur in 

the region near the shallow dish, and spiral morphologies that, developed from the 

earring attack, occur within the shallow dish region.  

In this work, the dependence on droplet thickness and concentration was linked to 

the formation of specific morphologies of pits (5.2.2). “Spiral” shaped pitting always 

occurred when a shallow dish region was present. Satellite pits only occurred in 

some conditions, when in concentrated solutions and under thin solution thicknesses. 

Where satellite pits did occur, time-lapse imaging showed that spiral pitting stopped 

growing after a few hours while satellite pitting continued. This is attributed to the 

cathodic limited nature of atmospheric corrosion under droplets [163, 186], with the 

satellite pits starving the spiral regions of current by nature of being more stable due 

to increased occlusion. Satellite pits never occurred in the shallow dish region, 

though Mohammed-Ali did see instances where this did occur [131]. Satellite pit 

caps are known to have elevated S content [126] so it is reasonable to assume that 

they occur at sulphur inclusions and need sufficient occlusion to propagate. In highly 

concentrated solutions, diffusivity is lower so satellite pits would be more likely to 

stabilise and propagate. 

 The facetted nature of the shallow dish regions implies either active dissolution 

from a bare surface or dissolution of the passive surface, as dissolution under a salt 
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layer would lead to roughened surfaces, as seen in the spiral pits adjacent to the 

shallow dish regions and artificial pitting morphologies [6]. 

This work also addresses a common misconception about the relevance of Evans 

droplet model to metals that are highly passive (5.3.2.4). In Evans’ seminal work on 

droplets on freshly abraded Fe, he found that dissolution tended to be in the centre of 

the droplet, due to differential aeration. As iron can easily undergo reductive 

dissolution on the passive film dissolution can migrate across the metal-solution 

interface. However this approach is not appropriate for pitting of stainless steel, as 

pits initiate at inclusions.  

Recent work by Schindelhoz et al. has tried to compare salt crystal deposition to 

droplet work over long periods and has found that corrosion can occur under salt 

crystals by adsorbed water. This work also clarified the difference between 

atmospheric corrosion by aerosol deposition (where with first liquid phase is 

saturated) and by splash zone deposition (where the first liquid phase is dilute) which 

is not always appreciated in the literature [126, 190, 191]. 

7.5. Future Work 

7.5.1. More accurate EIS data to isolate critical values using TRFT-EIS 

There is great scope to continue in trying to isolate electrochemical values for 

modelling. The electrochemical impedance spectroscopy (EIS) that was used in 6.2.3 

was a useful preliminary approach with some limitations on providing accurate 

interfacial potential in one-dimensional pits of 304L and 316L. The time taken to 

conduct frequency sweeps during corrosion meant that the surface was changing 

appreciably during the course of the scan, and there was limitation in the range of 
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frequencies that could be used. It is possible to use more advanced EIS techniques, 

such as Time Resolved Fourier Transform EIS [220]. This technique is able to do 

full frequency sweeps between 1 M Hz to 10 mHz in under a second instead of 

several hours. 

7.5.2. In Situ investigation of partial passivation and repassivation 

While the foil results from radiography have provided useful data, the majority of the 

sample surface is in close proximity with the pit edge. By using a fast tomography 

set up at a synchrotron, it may be possible to observe local changes in morphology 

and any partial passivation when the sample is less influenced by restrictions in mass 

transfer near a pit edge. Radiography of nitrate to see oscillatory behaviour would 

also further inform localised corrosion studies 

 High speed atomic force microscopy (HS-AFM) has recently been used to 

investigate the early stages of corrosion [221]. This technique can achieve sub-

angstrom height resolution coupled with millisecond temporal resolution and has 

been used to investigate initiation stages of localised corrosion. It is feasible that this 

technique could be used to investigate the repassivation of localised corrosion, 

particularly using scratch-type experiments where the corroding interface is largely 

unoccluded. 

7.5.3. Nitrate Reduction Mechanisms 

The exact mechanism of nitrate reduction that caused passivation on 304L stainless 

steel in 1M NaCl, is still unknown. Use of synchrotron based spectroscopy, such as 

XANES or XAFS, could give evidence of reduction states of ions in the solution 

adjacent to the pit, allowing nitrate reduction pathways to be established.  
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7.5.4. Role of Molybdenum in concentrated solutions. 

Scratch tests have been used on passive alloys to measure the charge needed for 

oxides to regrow, and there has already been work comparing 304/316. However, 

this has never been done in concentrated solutions and could further inform the 

influence of repassivation and the role Mo plays in the additional corrosion 

resistance that Mo gives to stainless steels.  

. 
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8. Conclusions 

1. Work in this thesis has developed ideas about the competition between active 

dissolution and repassivation inside austenitic stainless steel pits. The 

development of passivation has been observed using both radiography and 

electrochemistry. In the case of stainless steel 304L dissolving under a salt layer 

in a mixed chloride:nitrate solution, repassivation develops first in a finite region 

on the pit surface and propagates across the metal surface.  

2. The salt layer that occurs during current oscillations of pitting of 304L in mixed 

chloride:nitrate solutions is not a nitrate salt but has been identified as being 

similar to FeCl2.4H2O. A mechanism has been proposed to explain the 

oscillatory behaviour in current as a consequence of partial passivation leading to 

accelerated dissolution adjacent to passive areas and undercutting them. 

3. Pitting and repassivation behaviour of 304L and 316L stainless steels in chloride 

solutions is affected by solution concentration. In more dilute solutions, 

polarisation curves show metastable pitting in the passive regions followed by a 

sharp breakdown (pitting) potential  However, in highly concentrated solutions, 

similar to those found during atmospheric corrosion, pitting was found to give a 

gradual increase in current with no obvious sign of metastable pitting. Where 

repassivation of stainless steels in dilute solutions shows a sharp drop in current 

as the passivation spreads rapidly throughout the pit, this was not observed in 

highly concentrated solutions in which the current reduced gradually. 

4. A comparison was made between the electrochemical behaviour of 304L and 

316L artificial pits in concentrated solutions to establish the significance of Mo 

in atmospheric corrosion of stainless steels. When the potential was swept down 

from conditions where the current was under diffusion control and the pit surface 

was initially covered with a salt layer, 316L was observed to lose its salt layer at 
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higher potentials than 304L, and have a lower active dissolution rate. When 

passivation of the pit took place, it was observed to occur at higher current 

densities in 316L than in 304L, indicating that the passive film is stable in more 

concentrated and aggressive solutions. 

5. Electrochemical impedance spectroscopy (EIS) was used to calculate IR-

corrected current voltage characteristic diagrams. Evidence was shown of an 

increased interfacial potential in 316L as compared to 304L, supporting the 

hypothesis of Mo enrichment at the corrosion interface.  

6. The morphology of atmospheric corrosion under droplets of MgCl2 on 304L 

stainless steels has been shown to be strongly influenced by RH and solution 

thickness during the propagation phase. The initial stage of pit growth when 

RH ≤ 52%.  involves development of a shallow “dish” that has crystallographic 

attack, and is likely to be covered with a rapidly dissolving passive film.  

Following this, the dish may develop spiral pits (sometimes referred to as “ears”) 

under conditions where there are higher and more dilute droplets (higher chloride 

deposition density and higher RH).  However, under conditions of lower chloride 

deposition density and lower RH, “satellite” pits with dense covers may be 

observed outside the shallow dish region.   This sensitivity to RH, hence solution 

concentration, has been attributed to a combination of diffusivity and 

conductance in the solution. The formation of “satellite” pits at low RH in thin 

solutions has been attributed to the increase of stability of pitting sites adjacent to 

the shallow dish region. 

7. Pitting position under droplets of MgCl2 on 304L stainless steel is affected by the 

initial solution concentration and the thickness of the solution droplet as at the 

moment initiation occurs. Under dilute solutions, there is no trend in pitting 
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position regardless of environmental RH. A trend towards pitting towards the 

edge of the droplet occurs in more concentrated solutions, and in highly 

concentrated solutions, i.e. concentrations that promote immediate pitting, there 

is a trend for pitting at the centre of the droplet. This has been explained by the 

generation of different aeration in the droplet and changes in IR drop between 

anodic and cathodic regions with droplet thickness. 

8. The variation in pitting behaviour between deposition of dilute and concentrated 

droplets highlighted differences in atmospheric corrosion application. Corrosion 

caused by the aerosol deposition of salts experience saturated solutions as their 

first liquid phase. Corrosion caused by splash zone deposition experience dilute 

concentrations initially. These two regimes behave differently in application, 

though this difference is rarely acknowledged in the literature. 
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