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ABSTRACT 

Intermediate level nuclear waste (ILW) will be stored above ground in 304L stainless 

steel (SS) containers for the next 100 years. During this period, the containers need to 

be monitored for atmospheric pitting corrosion - a known precursor of atmospherically 

induced stress corrosion cracking. Hyperspectral (HS) and optical imaging of pitting 

corrosion products from droplet experiments have been investigated towards 

developing a system for long term monitoring of atmospheric pitting corrosion of 

stainless steel containers in ILW stores.  

Common corrosion products were first identified via Raman spectroscopic mapping as 

akaganeite (β-FeOOH) and lepidocrocite (γ-FeOOH), with a secondary presence of 

layered double hydroxide (green rust).  

HS and optical methods were then compared for their efficacy at rust detection. Whilst 

it was not possible to identify specific corrosion species using HS imaging, HS images 

of rust under pitted droplets provided better contrast with the background steel than 

colour photography due to species having lower absorbance the near infrared (850 nm) 

than red (650 nm).  

Finally, the relationship between rust area and pit volume was determined by 

comparing colour photography (rust area) with confocal laser scanning microscopy (pit 

volume). A good correlation was present for samples exposed to a fixed relative 

humidity (RH) for MgCl2 droplets and CaCl2 droplets with small pit volumes. Poor 

correlation was found for samples exposed to natural fluctuations in RH.  It was 

concluded that optical methods are viable for the detection of rust, but less effective for 

quantification of pit volumes. 

 
 



 
 

 
 
 
 
 
 
 
 

Dedicated to my family and friends 
 
 
 
 
 
 
 
 
 

Two roads diverged in a yellow wood, 
And sorry I could not travel both 
And be one traveler, long I stood 

And looked down one as far as I could 
To where it bent in the undergrowth; 

 
Then took the other, as just as fair, 

And having perhaps the better claim, 
Because it was grassy and wanted wear; 

Though as for that the passing there 
Had worn them really about the same, 

 
And both that morning equally lay 

In leaves no step had trodden black. 
Oh I kept the first for another day! 

Yet knowing how way leads on to way, 
I doubted if I should ever come back. 

 
I shall be telling this with a sigh 

Somewhere ages and ages hence: 
Two roads diverged in a wood, and I- 

I took the one less traveled by, 
And that has made all the difference 

 
-‘The Road not Taken’, Robert Frost[1] 
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1. INTRODUCTION 

The UK’s Nuclear Decommissioning Authority (NDA) estimates that it will have 

to dispose of 286,000m3 of intermediate level nuclear waste.[2] This includes 

legacy waste from previous nuclear projects as well as a projection of waste 

produced from future commitments. The current long term disposal plan 

favoured by both the UK NDA and the International Atomic Energy Agency 

(IAEA) is internment in a geological disposal in facility (GDF) deep 

underground. This will require many years to plan and implement.  

As no deep GDF yet exists, waste will remain above ground, stored in 

warehouses for a significant interim period while a site is selected and 

prepared. During this period the containers housing the waste may be 

susceptible to atmospheric corrosion. The containers are constructed of 

stainless steel which displays good resistance to general corrosion, but it is 

susceptible to localised corrosion known as pitting. Pitting corrosion does not 

significantly affect the structural integrity of the container, but has been 

identified as a precursor to atmospherically-induced stress corrosion cracking 

(AISCC) which might lead to loss of structural integrity when containers are 

moved to the GDF. It is therefore desirable to monitor the development of pitting 

corrosion as a precursor to AISCC.  As established corrosion detection 

techniques rely on quantifying material loss, pitting is difficult to detect. 

Corrosion pitting attack leads to formation of a rust scale on the surface of the 

container, meaning optical detection methods are of interest.  
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Hyperspectral imaging is a well-established technique used to detect and 

quantify similar iron rich compounds in other fields [3-5], Hyperspectral imaging 

therefore presents a possible avenue for the remote sensing of the corrosion 

product that forms around pitting on stainless steel.  

This project aims to investigate the applicability of hyperspectral imaging and 

conventional “RGB” colour imaging to monitor atmospheric pitting corrosion in 

stores. The overall aim of the project is to identify likely corrosion products, 

determine the optimum imaging method for quantifying visible rust, and then to 

use this method to determine the relationship between corrosion pit volume and 

visible rust.    
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2. LITERATURE REVIEW 

2.1 Interim storage of intermediate level nuclear waste 

2.1.1 Overview 

Nuclear waste is separated into levels based on hazard and heat output as a 

measure of impact on repository design; the types are low, intermediate and 

high level waste. Intermediate level waste is radioactive, but does not produce 

heat in large enough quantities to require additional, specialist cooling. [2, 6]  

The UK government’s policy for long term disposal of this waste is in a large 

underground repository called a geological disposal facility (GDF). There will be 

an interim period of up to 100 years while the site of the GDF is selected, the 

facility is prepared and the waste is moved. During this time, the waste is to be 

immobilised in concrete and stored above ground in containers made of 316L 

and 304L stainless steel[2, 7] 

During this period in above-ground storage, the containers will be susceptible to 

atmospheric pitting corrosion from gradual deposition and deliquescence of 

chloride salts from the atmosphere. While pitting is the expected mode of 

corrosion and not likely to affect the structural integrity of the container in itself, 

it is a known precursor of atmospherically-induced stress corrosion cracking 

(AISCC) which could compromise container integrity and complicate waste 

transfer to the GDF.[8] 
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2.1.2 Conditions within waste stores 

The risk of occurrence of atmospheric corrosion is dependent on the local 

atmospheric conditions. The NDA has commissioned surveys to determine the 

environment that the waste containers will be exposed to until they are moved 

to the geological disposal facility.  

2.1.3 Temperature and humidity 

There are several current ILW stores located around the UK. Encapsulated 

product stores (EPS) 1 and 2, located at Sellafield are currently subject to 

environmental control aimed at reducing surface wetting of the containers from 

condensation, others are passively ventilated[9]. The conditions of stores under 

passive ventilation will be subject to local weather conditions although the 

shelter provided by the buildings will slow any rapid variations.  

While present in interim storage the surface temperature of the containers 

expected to follow the trend of the local environment.[10] Temperature and 

humidity maximum and minimum values for a number of stores fluctuated 

between near-freezing and high room temperature (Table 1), with more precise 

time resolved data from Culham (Figure 1) indicating that conditions follow the 

seasons with higher humidity and lower temperature present in winter 

months.[9, 11-13] 
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Table 1 Summary of environmental conditions within some stores and stores analogues.[9, 11, 14]  

Store 
Monitoring Period Temperature (℃) Humidity (% RH) 

Start End Min Max Min Max 

Culham[9] Sep 1990 Aug 2008 1.71 25.3 19.5 100.0 

Harwell[9] Apr 2009 Jun 2010 2.35 18.10 32.03 100.00 

Trawsfynydd[
11] 

Oct 2008 Oct 2009 8 18 55 98 

Sellafield[11] Jul 2001 May 2012 4 20 50 95 

Winfrith[14] May 2008 
March 
2011 

1 24 21 94 

Total Range - - 1 25.3 21 100 

 

 

Figure 1 Temperature and humidity data from an inland warehouse in Culham, Oxfordshire for the 
period Nov ‘00 to Oct ‘02.[11] 

2.1.4 Aerosol deposition 

The composition of aerosol salts deposited on the exterior of containers will play 

a major role in the initiation and propagation of pitting corrosion as well as the 

composition and distribution of corrosion product distributed across the 

container surface. Swab analysis has been carried out on a number of sites in 

the UK, summarized in Table 2 with values of mass per unit area.[11] 

 



 
 
6 

Table 2 Summary of maximum surface concentrations of swab results across stores and a deep 
store analogue[11] 

Anion surface concentration (μgcm-2) Cation surface concentration (μgcm-2) 

Species 
Surface 
Store 

Deep Store Species 
Surface 
Store 

Deep Store 

F - 0.711 2.131 Li+ 0.012 3.008 

CH3CO2
- 3.715 5.553 Na+ 16.060 588.963 

HCO2
- 0.567 1.243 NH4

+
 0.618 4.794 

Cl - 22.296 1024.351 K+ 14.426 7.573 

NO2
-
 0.159 0.675 Mg2+ 1.947 3.830 

Br- 0.030 0.456 Ca2+ 23.540 74.734 

NO3
-
 10.819 47.299    

PO4
- 0.254 -    

SO4
-
 25.618 154.342    

C2O4
-
 1.788 15.803    

  

During salt swab testing of a ‘dummy’ container that had been exposed to 

stores relevant conditions for 12 years at Culham, a similar range and 

concentration of species were observed to those found in Table 2. [15] It was 

also observed that the box had a higher than expected concentration of chloride 

and metal species across the underside of the surface, attributed to road salt 

and particulate matter deposited during transit. Chloride deposition rates were 

assessed and estimated to range from 3.8 to 0.14 μg cm-2 yr-1. [15, 16] 

2.2 Stainless Steel 

Table 3 Components of 304L and 316L stainless steel by weight[17, 18] 

Type %C %Mn %P %S %Si %Cr %Ni %Mo %N %Fe 

304L 0.03 
max 

2 
max  

0.045 
max 

0.03 
max 

0.075 
max 

18-20 8-12 0 0.1 
max 

balance 

316L 0.03 
max 

2 
max 

0.045 
max 

0.03 
max 

0.075 
max 

16-18 10-
14 

2-3 0.1 
max 

balance 

 

Stainless steel’s corrosion resistance stems from the addition of a minimum of 

10.5% chromium by weight[19], which forms a Cr-enriched  ‘passive film’ upon 
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contact with the air[20]. This acts to protect the bulk metal from corrosive 

environments, increasing the resistance to uniform corrosion.[19] 304L and 

316L are common austenitic stainless steel grades have a higher %wt of 

chromium, as outlined in Table 3. 316L is differentiated from 304L by the 

addition of 2-4%wt molybdenum which further enhances the resistance to 

localised corrosion.[21] 

304L and 316L stainless steel are both austenitic stainless steels, however 

some residual ferrite is known to persist throughout the manufacturing 

process.[22] 

2.3 Corrosion 

2.3.1 Overview 

Corrosion is an electrochemical process involving the oxidation and dissolution 

of a metal, which occurs at an anode. For iron, the anodic (oxidation) reaction 

is: 

Fe ⇌ Fe2+ + 2e-   Equation 1   

For oxidation to take place, it is necessary for the electrons to be consumed in a 

cathodic (reduction) reaction.  The typical cathodic reaction is reduction of 

oxygen:   

      2H2O + O2 +4e- ⇌ 4OH-    Equation 2   

When iron corrodes, the soluble ferrous ions may react with the hydroxide ions 

produced in the cathodic reaction and oxygen from the air to form rust, which is 

typically an iron oxy-hydroxide with the general formula FeOOH: 
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4Fe2+ + O2 + 8OH- ⇌ 4FeOOH + 2H2O   Equation 3   

Equation 3 is one example of charge being balanced by combining the metal 

and hydroxide ions, forming an iron hydroxide which will precipitate out of the 

solution as corrosion product. The equilibrium point of the reaction in equation 1 

and therefore whether a metal is likely to undergo dissolution is governed by the 

reduction potential and pH of the system. A potential-pH or ‘Pourbaix’ diagram 

can be used to indicate graphically whether or not corrosion might be 

thermodynamically favourable in certain conditions.[23]  

2.3.2 Passivity 

Passivity occurs when environmental conditions thermodynamically favour the 

growth of an insoluble metal-oxide layer several atoms thick which prevents the 

metal underneath from contact with the environment.[24]. On stainless steels 

this film is enriched in Cr2O3 which is stable under a wide range of conditions 

and strongly adheres to the underlying metal. The addition of a significant %wt 

of chromium as an alloying element also gives stainless steel the ability to ‘heal’ 

this Cr-rich passive film as selective dissolution of Fe will cause the surface 

layer to rapidly once again become enriched with Cr.[20, 25]  

2.3.3 Pitting corrosion of stainless steel 

Pitting corrosion of stainless steel usually initiates at MnS or oxide inclusions.  

Anodic dissolution of the metal forms metal ions which react with water 

(hydrolysis) forming H+ ions which lower the local pH, e.g. Equation 4 for iron.  

This decreases pH and prevents the passive oxide layer from reforming within 

the pit.[26]  
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Fe2+ + H2O ⇌ Fe(OH)+ + H+   Equation 4   

Pitting corrosion of stainless steel is a well-studied phenomenon in full 

immersion conditions and proceeds in three stages; initiation, meta-stable 

pitting and propagation.[8, 27]. 

 

Figure 2 Representation of passive film breakdown via the point defect model[28]  

 

Initiation first requires the breakdown of the protective passive Cr2O3 film 

(Figure 2). This almost always occurs at the site of a metallographic inclusion in 

stainless steels, usually manganese sulphide in the case of austenitic stainless 

steels[8, 29-32], but pitting has also been reported to initiate at other inclusions 

such as multi-element oxides[30, 33-35].  Inclusions which are not 

thermodynamically stable are then likely to wholly or partially dissolve and leave 

a cavity or occluded site which can prevent aggressive chemistry from being 
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diluted by the bulk solution.[29, 31, 36, 37] As a result, the metal continues to 

dissolve and the pit continues to grow. 

While this occluded geometry persists, the pit will go through a period of rapid 

growth, eventually the passive film above will rupture and the pit solution mixes 

with the bulk electrolyte. Many pits repassivate at this point as the pH and metal 

ion concentration inside the pit is no longer low enough to sustain active 

dissolution. If a young pit repassivates in this manner it’s said to have been 

meta-stable. If the rate of diffusion of metal ions out of the pit is equal to or 

exceeded by the rate of those leaving the metal surface however, the 

aggressive conditions will be maintained, dissolution will continue and the pit 

will continue to propagate[26, 38]. 

 

Figure 3 Representation of the key processes involved during propagation of pitting of metal in 
NaCl solution in non-occluded conditions[39] 
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The large number of positively charged species in the pit draws anions from the 

bulk solution to maintain charge balance, Cl- being of particular note as it 

remains fully dissociated from H+ ions, allowing a large concentration of them to 

remain in the pit and maintain a low pH.   

As a result of this occluded geometry and ion exchange with the bulk solution, a 

concentration gradient of metal ions occurs between the pit mouth and the site 

of active dissolution, which can super-saturate and cause a layer of salt to 

form.[40-42] This can act as a reservoir of metal ions and protect the pit against 

sudden, temporary changes in conditions which could otherwise cause the 

active surface to repassivate.[43, 44] 

2.3.4 Atmospheric pitting corrosion 

Atmospheric pitting occurs with deposition of aerosol salts that absorb water 

from the atmosphere or ‘deliquesce’ to form a thin, confined layer of solution or 

‘droplet’. At equilibrium, the water activity is equal to that of the relative humidity 

the surrounding atmospheric environment. There are several interconnected 

factors which can affect the severity of this attack: relative humidity of the 

environment, the density of chloride deposited on the metal surface and the 

microstructure of the metal.  

The relative humidity of the environment controls the solution concentration as 

any deposited salt will absorb or expel water until it reaches equilibrium with the 

water activity of the air. As a result, relative humidity (together with the chloride 

deposition density) governs the total volume of electrolyte as well as the 

resistivity and diffusivity of the solution. All salt species differ in the minimum 
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relative humidity at which they absorb enough water from the air (deliquesce) to 

form a saturated solution. For example, MgCl2 has a deliquescence humidity of 

33% RH at 30°C and so will form a saturated solution above this relative 

humidity. This will become less concentrated if humidity increases, as shown in 

Figure 4a.[45]  

Due to the confined nature of the solution, a ‘three phase boundary’ exists 

between the metal, the solution and the air. This was first explored by Evans in 

his seminal work where it was observed that the cathodic reactions are most 

likely to happen towards the droplet edge due to high O2 availability via diffusion 

from the surrounding air[46]. The size of the droplet can therefore also affect the 

corrosion process. A wider droplet area is associated with a larger pit mouth 

diameter[47] and a higher probability of pitting[45, 48]. Droplet thickness is 

controlled by a combination of the relative humidity and the salt deposition 

density (CDD) on the metal surface. An increase in local RH will reduce the 

solution concentration and therefore increase the diffusivity and conductivity of 

the droplet (to a point, see Figure 4b), while a higher CDD will give a thicker 

droplet for a particular RH and therefore increase the overall conductance of the 

droplet and distance that O2 needs to travel to reach a cathodic region from the 

droplet surface. Consequently, both RH and CDD have a significant effect on 

the growth rate of pits.[47, 49]  
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Figure 4 Relationship between the solution concentration (M) of MgCl2 and (a) equilibrium relative 
humidity, (b) electrical conductivity (mohmm-1) and (c) self diffusivity of Fe2+ (m2s-1) in MgCl2 
solution at 30°C, calculated using OLI 9, reproduced from Street et al. [22]  

 

For pitting to initiate on stainless steel in atmospheric conditions, the relative 

humidity must be high enough for any deposited salts to deliquesce into a 

solution, but not so high that the concentration of the solution drops below that 

needed for pitting to initiate. Prosek et al. saw pitting on 304L and 316L at 50% 

RH, but not at 70% RH where the concentration is lower.[50] Tsutsumi et al. 
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also investigated pitting on 304 stainless steel under MgCl2 droplets and saw 

pitting between 65% and 75% RH. [45, 51, 52]  

As the relative humidity of the environment rarely stays constant, work has been 

done to characterise the effects of fluctuating conditions on the pitting process 

in situations where the electrolyte repeatedly dries out, or ‘wet-dry’ cycling 

conditions. It is widely accepted that pits will repassivate during the ‘wetting’ 

stage (high RH) while during the ‘drying’ stage, new pits will initiated and 

grow.[44, 52-56] Nam et al. isolated initiation and repassivation events under 

MgCl2 droplets using electrochemical methods. They observed initiation at 47-

58% RH for 304 and 48-58% RH for 430 at 298k, and noted repassivation at 

56-70% RH for 304 and 67-73% for 430.[57] During wet and dry cycles a 

droplet’s viscosity and conductance vary, which will significantly affect the rate 

of corrosion. Wet-dry cycling is likely to be more aggressive overall than 

constant exposure to a thin electrolyte due to multiple initiation events.[58-60] 

2.3.4.1 Morphology of pitting 

The shape of pits can have a significant effect on how the pit propagates and 

vary depending on the metallographic structure and on the exposure conditions. 

In full immersion conditions pits are often hemispherical and require some form 

of additional occlusion to maintain an aggressive environment. This can be 

provided by a ‘lacy cover’ as has been observed over in the initial stages of 

growth of these pits.[61]  

In atmospheric conditions, pits have been shown to grow with different 

morphologies to full immersion conditions. ‘Shallow dish’ regions[52, 62, 63] are 
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prominent on young pits which can either develop into ‘spirals’ or ‘satellites’ 

depending on conditions.[63, 64] It has also been shown that preferential 

dissolution and therefore pit propagation can occur along bands of residual δ-

ferrite in the metal sub-surface.[65]   

RH has also been found to significantly influence pit morphology, with Street et 

al. observing ‘satellite' morphology at lower RH values (33%) and ‘spiral’ 

morphologies at 43-48%RH, along with a shallow dish region. At 56% RH, no 

shallow dishes were present instead a deeper, rougher morphology was 

observed[22] This was attributed to differences in solution diffusivity and 

conductivity producing a higher IR drop for droplets exposed to lower RH 

conditions. Street also reported that the diameter of the shallow dish region 

varies with distance from the droplet edge, with smaller diameters seen at 

locations closer to the droplet edge.  

 

Figure 5 Typical examples of pit morphologies grown under MgCl2 droplets with CDD of 750 μgcm-2 
after exposure at constant RH for 1 day at 30°C. (a) and (b) show satellite morphologies, (b-e) spiral 
pits, (f) circular pit [22] 
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2.3.5 Atmospherically induced stress corrosion cracking 

Pitting itself does not significantly affect the structural integrity of the attacked 

metal, but it is a known precursor of atmospherically induced stress corrosion 

cracking (AISCC) in high chloride environments. The major contributing factors 

to risk of AISCC risk that are relevant to this project are temperature (higher 

temperatures increase risk), solution composition (higher chloride 

concentrations increase risk) and tensile stress (higher stresses increase risk) 

with cracks developing perpendicular to the applied stress.[39] It is generally 

accepted that austenitic stainless steels are resistant to AISCC as long as the 

temperature remains below ~50°C, this is due to the fact that stress corrosion 

cracking can only develop from an active pit if the rate of pit growth is lower 

than that of the rate of crack growth[66, 67]. There have been high profile 

exceptions to this, however, where chloride induced AISCC failures of austenitic 

stainless steels have occurred in swimming pools and coastal areas.[68-70] 

Austenitic stainless steels such as the 304L and 316L used to fabricate 

Intermediate level waste containers will be susceptible around the welds used 

to affix the lids and laser etched identifiers due to residual stress and depletion 

of chromium  increasing susceptibility to corrosion respectively.[71, 72] Stress 

corrosion cracking can compromise the structural integrity of the container and 

so identifying sites at risk of AISCC via detecting the development of the pitting 

precursor is the primary motivation of this project.  
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2.4 Corrosion products of iron 

Rust is the collective name for the mix of iron(II/III) oxide species which form the 

corrosion product when steel undergoes corrosion. For general surface 

corrosion it takes the form of a crust that covers the entirety of the metal 

surface. With localised corrosion, the rust precipitates out of the solution at the 

intersection between the ions formed by the anode and cathode.   

There are many iron oxides; the 9 most likely compounds to form during 

atmospheric corrosion of stainless steel are outlined in Table 4[73]. 

Table 4 - Phases of rust, their formula and structure, information collated from 
Cornell & Schwertmann[73] 

Name Formula Structure Colour Found in: 

Goethite α-FeOOH Orthorhombic yellow-
brown 

rocks, soils 

Akaganeite β-FeOOH Monoclinic bright 
yellow-
brown 

Chloride rich 
environments 

Lepidocrocite γ-FeOOH Orthorhombic orange rocks, soil, 
biota, rust 

Feroxyhyte δ’-FeOOH Hexagonal red-
brown 

 ‘various 
surface 
environments’ 

Hematite α-Fe2O3 Rhombohedral 
hexagonal 

blood-
red 

soils, rocks 

Maghemite γ-Fe2O3 Cubic or 
tetragonal 

red-
brown 

Soils 

Ferrihydrite Variable - 
Fe2O3·XH2O/ 
Fe5O8H.H2O 

Hexagonal red-
brown 

streams, 
rivers, mud, 
soil, rock, all 
living things 

Magnetite Fe3O4 Cubic black rocks, biota 

Green rusts many, 
contains FeII 
and FeIII, Cl- 
and SO4

2- 

Layered 
double 
hydroxide 
octahedral 

green corrosion 
product 
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2.4.1 Formation and transformation of the iron oxides 

Formation of an iron oxide or hydroxide phase is a well understood process and 

occurs through either direct precipitation from a solution containing ferric (Fe3+) 

or ferrous (Fe2+) ions or by transformation from another crystal phase, either by 

dissolution and re-precipitation or by solid state transformation. The formation of 

a particular species over another is heavily dependent on the pH, temperature, 

rate of ion supply and presence of other local ions such as chloride or sulphate. 

[73, 74] Figure 6 shows an overview of major formation pathways of various iron 

oxides and oxide-hydroxides. Akaganeite (β-FeOOH) is of particular interest for 

the high chloride concentration systems found in atmospheric environments as 

it forms in acidic solutions above a threshold concentration of chloride ions, 

which stabilise its ‘tunnel’ structure in the early stage of formation, despite not 

being chemically included in compound.[73-75]  
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Figure 6 Schematic representation of major formation and transformation pathways of common 
iron oxides from Cornell & Schwertmann’s The Iron Oxides: Structure, properties, Reactions 
Occurrences and Uses [73] 
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Iron oxides are also well known for their propensity to transform into other 

oxides and hydroxides[73], care therefore has to be taken to minimise the 

possibility of transformation when performing characterisation techniques such 

as Raman spectroscopy which can heat the sample and induce undesired 

phase transformation, generally to hematite. [76-78]  

2.4.2 Characterisation of iron oxides and oxide-hydroxides 

Iron oxides and hydroxides have been characterised using various 

spectroscopic techniques; micro-Raman spectroscopy has been extensively 

utilised due to the ability to non-destructively discriminate between crystal 

phases with a small sample volume. [79-84]  

The UV-VIS-IR spectral region has been of interest for remote sensing of iron 

oxides and oxide-hydroxides in earth and space science due the ability to use 

ambient light to illuminate the sample, thus allowing for spectroscopy to be 

performed from long distances (i.e. from aircraft or satellites)[85-87]. 

Sherman[88] et al. characterised the UV-VIS-IR diffuse reflectance spectra of 

iron oxides and oxide-hydroxides from 350 nm-2150 nm for use in identifying 

Martian minerals and assigns the 400 -1000 nm region as the ‘most diagnostic 

spectral region for delineating the iron oxide phases’.  

Mossbauer, XRD and micro-XRD have also been used, but generally in a 

complementary context to verify sample powder purity, or for assessing physical 

properties of powders such as size, crystallinity and packing density[77, 87, 89-

91]  
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2.4.3 Atmospheric corrosion products of iron alloys 

Extensive work has been performed to characterise the corrosion products of 

iron, both by controlled laboratory experiment [92, 93] and by evaluation of 

corrosion products found on archaeological samples [81-83, 90, 94].  

Dunnwald et al.[92] used Raman spectroscopy to investigate corrosion products 

of iron after repeated wetting and drying of a 1 μm thin film of iron deposited on 

gold substrate, they reported a cycle whereby goethite (α-FeOOH) and 

lepidocrocite (γ-FeOOH) were formed, which would transform to Fe(OH)2 upon 

rewetting and then Fe(OH)3 upon partial drying before crystallising to α or β-

FeOOH again. This cycle could then be broken by the subsequent reduction of 

Fe(OH)2 and FeOOH to magnetite (Fe3O4) which would remain as the final 

product.  Dubois et al.[95] also observed magnetite, maghemite and goethite 

under wet-dry cycling of NaCl salt spray in atmospheric conditions, with a 

gradual transformation to akaganeite observed as more cycles are performed.  

Raman spectroscopy has also been extensively used for characterisation of 

atmospheric corrosion of corrosion products found on archaeological iron 

samples, Bellot-Gurlet et al. and Monnier et al. [81, 82] studied samples of iron 

chain from Amiens cathedral (1497), reporting layered corrosion products with 

iron oxide-hydroxides goethite, lepidocrocite and akaganeite present. They 

assign some spectra as ‘General poorly crystallised iron(III) oxide or oxide-

hydroxide’ due to poor signal to noise indicating a lack of crystallinity.  

Bellot-Gurlet et al. and Neff et al. [81, 83] also studied corrosion products in 

buried samples, seeing different corrosion products based on the level of 
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aeration of the soil, with Siderite (FeCO3) and magnetite in anoxic conditions 

and a mix of goethite, maghemite and magnetite in aerated soils, along with 

some siderite,  iron hydroxychloride (β-Fe2(OH)3Cl) and akaganeite associated 

with increased chloride and carbonate. Similarly, Shengxi et al. [90] studying 

carbon steel samples immersed in seawater for ~60 years found a layer of iron 

hydroxychloride, Fe3O4 and akaganeite covered in a layer of iron and calcium 

carbonates. Réguer et al. [84] also reports increased volumes of akaganeite in 

chloride rich environments.  

“Green rusts” are also potential corrosion products of iron, they are generally 

short lived and take the form of ‘layered double hydroxides’ in the hydrotalcite 

super-group of minerals. They are a mix of hydroxide and carbonate groups 

which include anions such as chloride and sulphate and have been known to 

include others e.g. halogenides, perchlorate and nitrate.[73]. Legrand identified 

an electrochemical method of producing chloride ‘GR1’ (green rust 1) and 

characterised it with Raman spectroscopy.[96]  Other, similar minerals exist, 

such as pyroaurite, iowaite and coalingite within this group and can be 

distinguished by their ratio of Fe3+ to Fe2+[97, 98].  

2.4.4 Corrosion products of stainless steel 

Some work has been done previously to characterise the product formed from 

pitting on 304/316 stainless steel in atmospheric conditions. Luo et al[99]., Dong 

et al. [100] and Dhaiveegan et al.[101] used a range of techniques including 

Raman spectroscopy to characterise corrosion products. Luo, Dong and 

Dhaiveegan studied the development of corrosion of 304L under atmospheric 

conditions over a time period of several months, the environments were tropical, 
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marine and urban respectively. Ferreira’s samples were under full immersion of 

0.15M NaCl. Luo, Dong and Ferreira observed similar Raman spectra; Ferreira 

assigns goethite, chromium oxides and ‘a mixture of oxides and hydroxides 

formed by atmospheric oxidation’ as the main constituents observed, whilst Luo 

and Dong report a mixture of akaganeite, magnetite, maghemite and hematite. 

Dhaiveegan was able to take multiple readings over a 36 month period and 

noted the transformation of corrosion products between magnetite, hematite, 

lepidocrocite and goethite across rainy seasons, which eventually stabilise to 

goethite with a low amount of maghemite and akaganeite[101].  

2.5 Corrosion detection and monitoring 

Many industries routinely inspect for corrosion and so non-destructive 

techniques have been developed to assess metal attack, some making use of 

advanced equipment such as millimetre wave radar ultrasound and x ray 

fluorescence[102] and others using simple visual and percussive-acoustic 

assessment by a skilled inspector.[103-107] However, these are generally 

operated manually and require contact or close proximity with the material being 

tested.  

Most remote sensing techniques that have involved image based corrosion 

detection focused on either texture or colour based analysis [108-110]. These 

have focused on detection of large areas of rust on carbon steel or for corrosion 

related deformation of surfaces and will be explored further in the image 

analysis section. 
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2.5.1 Principles of imaging and spectroscopy  

All characterisation techniques used in this project take advantage of the 

mechanisms by which light interacts with matter. Light is quantized, which is to 

say that it behaves as discrete units or quanta, each of a specific energy given 

by: 

𝐸 = ℎ
𝑐

𝜆
= ℎ 𝜈  

Where E is the energy of the photon, h is planck’s constant 6.63x10-34 m2kgs-1, c is the speed of 
light 3x108 ms-1, λ is the wavelength and ν the frequency of the photon 

 

Each of these units is a photon, which is produced fundamentally by the 

movement of charge – often via the relaxation of an electron in its atomic or 

molecular orbital from a high energy or ‘excited’ state to a lower energy state. If 

this is the case, the photon produced will be of a characteristic energy specific 

to the atom or molecule that produced it via its internal electronic structure and 

distribution of possible energy states. For the complex multi-electron, multi-

nucleus systems that constitute molecules there are many such states which 

are further split into sub-states which can be broadly clustered together as 

‘band spectra’. Specific spectral regions are associated with different excitation 

modes. For molecules the spectrum can be divided into three spectral ranges 

corresponding to the different types of transitions between molecular quantum 

states; the far infrared, characteristic of rotational motion, the near infrared, 

characteristic of vibration-rotation spectra and the visible and ultraviolet which is 

characteristic of electronic transitions[111]. 
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Figure 7 Jablonski Energy level diagram showing modes of emission. Energy of transition is given 
as hν where h is planck’s constant 6.63x10-34 and ν is the frequency of the photon. The subscripts 
A, F, p and R represent absorption, fluorescence, phosphorescence and Raman respectively.[112]   

Just as an atom or molecule can emit a photon, it can also absorb it, exciting 

the electron to a higher energy state in the process. This electron might then too 

relax internally or undergo ‘internal conversion’ with no radiative emission, 

transferring some of its energy to kinetic (observable as a temperature increase 

of the system) meaning a photon of a lower energy will be ultimately re-emitted.   

Photography, Fourier-Transform Infra-Red spectroscopy (FTIR) and UV-VIS-

NIR spectroscopy measure visible to infrared light that has been elastically 

(Rayleigh) scattered through, absorbed and re-emitted from a sample with a 

different wavelength, dependent on the compounds present. Raman 

spectroscopy makes use of the principle of Raman Scattering, which is inelastic 
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scattering of incident light, with no resonant characteristic between incident light 

and scattering molecule necessary (unlike fluorescence which requires 

resonant absorption of incident light). For Raman scattering to occur, the 

incident radiation must be monochromatic (frequency ν). The radiation scattered 

at right angles to the incident direction will contain not only elastically (Rayleigh) 

scattered light of frequency ν, but also much weaker radiation of frequency ν ± 

ν’ of which ν’ is the Raman scattered component. A resulting spectrum of this 

scattered light will not only have a strong monochromatic line of the illuminating 

frequency ν, but weak ‘Raman’ lines either side of it which will be characteristic 

of transitions in the scattering molecule.[111] 

2.5.2 Hyperspectral imaging 

Spectral images are obtained by gathering spectral information for each pixel in 

an image of a scene, rather than a single intensity value. Hyperspectral imaging 

is differentiated from multispectral imaging by having a regular spectral interval, 

usually on the order of 1-10 nm rather than discrete, often irregular wavelength 

points where intensity information is gathered. Data gathered is arranged in a 

‘hypercube’, with spatial information in the x and y dimensions and spectral in 

the z.  

Hyperspectral imaging sees extensive use in industry and science;  for example 

in earth and extra planetary science for classifying and mapping foliage cover 

and the extent of urbanisation around the world[113-116], for mineral 

prospecting [4, 5, 85, 117], for characterising the surface minerology of planets 

and asteroids[86, 118-121], agriculture for large scale assessment of crop 

state[122], the food industry for assessing product quality[123], in the 
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preservation and restoration of archives and paintings for characterising inks 

and paint pigments and also in medicine to diagnose cancers through imaging 

blood via capillaries in the eye.[124]  

Very little work has been done on hyperspectral imaging in a corrosion 

detection context, but work in prospecting for iron ores using air and space-

borne spectral imaging sensors and for characterising the surface of earth and 

mars are highly relevant as they aim to identify similar iron-bearing 

mineralogy[3-5, 86, 115, 117-119, 125]. For example the OMEGA instrument 

aboard the Mars express mission is used for identifying Martian surface 

mineralogy, atmospheric aerosols and polar CO2 ice. They are able to generally 

discriminate iron oxides from other minerals by a broad spectral band centred at 

900 nm, but also report useful regions at 1900 nm and 2500 nm for identifying 

hydration level of goethite [118, 125, 126]. Similarly the Landsat and EO-1 

missions have been used for mineral prospecting of iron ores using the 

multispectral Hyperion and orbital land imager instruments, using band ratios to 

ascertain hematite-goethite ratio and thus abundance of Fe3+ and quality of 

ore[127].  
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2.5.3 Image analysis 

The process of extracting useful features from an image is critical to the 

effectiveness of an imaging system, whether hyperspectral or a colour 

photograph.  The simplest method of doing this is thresholding, whereby an 

intensity gradient is identified across the image and a threshold is applied to 

separate the feature from the background. Due to the aforementioned diffuse 

UV-VIS-NIR reflectance band at 650-900 nm which gives iron oxides and iron 

oxide-hydroxides their characteristic red colouring[73, 80, 88], a natural 

differential exists with which to segment images in a corrosion context.  

Colour cameras measure intensity at three wavelength bands centered upon 

approximately 450, 550 and 650 nm. These correspond to the colours blue, 

green and red. When overlaid, these three colour ‘channels’ give an image 

which is natural to visually interpret, however the raw data is not intuitive to 

understand outside the representation of an image of a scene. For this reason, 

colour-spaces have been developed to aid and simplify manipulation of colour 

image data. Used in this project are the ‘HSV’ colour space and the ‘L*a*b*’ 

colour space.  
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Figure 8 Graphical representation of colour distribution in a. HSV colour space[128] and b. L*a*b* 
colour space[129]  

 

L*a*b* colour space (Figure 8b), laid out in the 1976 CIELAB standard[130] is 

based around providing a device-independent mathematical description of 

opposing pairs of primary colours a* being an axis from green to red, b* from 

blue to yellow and L* representing lightness to darkness. For an image to be 

reliably represented in L*a*b* colour space it needs to be transformed using a 

standard reference white. 

HSV, or Hue, Saturation, Value (Figure 8a), transforms colour image data into 

three indices which more closely match human perception of colour mixing 

attributes via paint mixing or light blending. Hue is usually arranged azimuthally 

and corresponds to major colour group i.e. red, green, blue, yellow. Saturation 

is arranged radially and corresponds to the dominance of a particular Hue in the 

colour. Value, or Intensity is arranged axially and corresponds to the ‘strength’ 

of the light[131].  
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Colour segmentation of images is used extensively in industry for machine 

vision applications such as high throughput produce quality assessment and 

sorting. [132-134] Some work has been done with the aim of developing image 

processing based corrosion detection systems: Itzhak et al. were first to employ 

image processing by intensity thresholding greyscale images of pitting on 304 

stainless steel in a 10%FeCl3 solution with the aim of developing statistical 

analysis tools for evaluating total pitted are of a metal surface. Due to the full 

immersion conditions producing little rust, segmentation highlighted deformation 

of the pitted metal surface rather than corrosion products. [135] This is 

expanded on by Choi et al.  who combine several texture and colour properties 

of the pitted metal surface to classify corrosion damage.[136] Medeiros et al. 

use a similar multi-descriptor based approach for corrosion detection on carbon 

steel, this time imaging the corrosion product rather than the metal surface 

before performing Fisher linear discriminant analysis (FLDA) [110], similarly 

Valeti outlined a procedure for colour based corrosion detection in L*a*b* space 

using k-means clustering [137]. Feliciano et. Al. have investigated a solely 

texture based approach on A36 steel to assess the development of corrosion 

over time.[138]  

Principal Component Analysis is extensively made use of as a dimensionality 

reduction and feature extraction method for hyperspectral imaging due to its 

ability to easily organize data down lines of maximum variance and quickly 

optimize a dataset for viewing[139-142]. It has similarly been used for 

unsupervised feature extraction of colour images with some success[143, 144] 
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and was also used as a pre-processing step before FLDA during Medeiros et 

al’s corrosion detection work on carbon steel[110] .  
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2.6 Summary 

Atmospheric pitting corrosion of stainless steel is an indicator of risk of AISSC, 

which could cause failure in containers when they come to be moved to 

permanent disposal in a GDF. It is caused by the deliquescence of aerosol salt 

particles to form a concentrated solution. Pitting leaves a deposit of rust which 

could be used to indicate the presence of a corrosion site.  

Hyperspectral imaging is extensively made use of in industry and science for 

detection and quantification of iron oxide species, but has yet to be applied to 

corrosion monitoring. Extensive work has been undertaken to characterise iron 

oxide products of corrosion products using Raman spectroscopy and while 

some techniques have been developed for detecting corrosion using 

photography and image processing, little work has specifically targeted pitting 

corrosion. 

The aims of this Thesis are: 

 To identify the specific corrosion products present on 304L stainless 

steel during pitting corrosion 

 Evaluate the effect of droplet chemistry on these corrosion products in 

stores relevant conditions 

 Determine the optimum imaging and analysis methods for quantifying 

visible rust 

 Use this method to investigate the relationship between corrosion pit 

volume and visible rust.   
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3. Methodology 

3.1 Droplet experiments 

3.1.1 Materials and sample preparation 

All droplet experiments were performed on 3 mm thick 304L stainless steel 

(Aperam-France, Table 5) which had been cold-rolled and solution treated at 

1040-1100°C before undergoing forced air cooling by the manufacturer. The 

plate was received in 250 x 250 mm plates. 

Table 5 - 304L standard vs. forge analysis provided by Aperam (forge reports in appendix 11.1) 

Type %C %Mn %P %S %Si %Cr %Ni %Co %N %Fe 

304L 
standard 

0.03 
max 

2 
max 

0.045 
max 

0.015 
max 

0.075 
max 

18-
19.5 

8-
10.5 

- 0.1 
max 

balance 

304L 
forge 
analysis 

0.023 1.46 0.032 0.0033 0.44 18.08 8.00 0.171 0.07 balance 

 

Pieces of stainless steel plate were cut to either 25 x 25 mm, 25 x 50 mm or 25 

x 75 mm coupons using a Buehler Isomet 4000 saw with a SiC blade and 

mounted with the surface exposed in VERISET resin (Metprep) in the case of 

25x25 and 25x50 mm plates or on clean rubber bungs in the case of 25x75 mm 

plates. Samples were then wet ground using P400 grit SiC paper parallel to the 

rolling direction and then finished with P800 grit perpendicular to the rolling 

direction. They were then ultrasonically cleaned in deionised water (DI) (>15 

MΩ·cm, Millipore) for 5 minutes to remove particulates from the grinding 

process, rinsed in deionised water, dried with the aid of an empty wash bottle 

and left in a covered container at ambient temperature and humidity for 24 

hours to repassivate before deposition. 
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3.1.2 Solution preparation 

Bulk 0.044 M MgCl2 and CaCl2 solutions were prepared from MgCl2·6H2O or 

CaCl2 salt (Sigma Aldrich) using DI water (>15 MΩ·cm, Millipore), which 

corresponded to ~100 μgcm-2 chloride deposition density (CDD) with a 4μL 

droplet. When a lower chloride deposition density was required, serial dilution 

was used to create a solution of the appropriate concentration; 0.022 μL for a 

CDD of 50 μgcm-2 and 0.00088 μL for 20 μgcm-2. 
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3.1.3 Droplet deposition 

 

Figure 9 Deposition via MultiPROBE II liquid handling system a) photograph of system showing 
arm and sample deck b) Pipette tips c) example of droplet deposition procedure, Credit: Dr. A 
Cook, reproduced with permission[145] 

 

Droplet deposition was performed using MultiPROBE II Ex robotic liquid 

handling system (Packard Biosciences, Figure 9a.), or by micropipette 

(Eppendorf, 20μL maximum volume) where stated on smaller samples. This 
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allowed for a large number of droplets of consistent volume and location to be 

deposited in a short amount of time.[145] The system consists of a robot arm 

which moves a pipette tip (Figure 9b), fed by an automated syringe. Hydraulic 

action of ‘system liquid’ (DI water) is used to aspirate and dispense aqueous 

solutions. An air gap is kept between the solution and the system liquid at all 

times and the system is flushed with DI water when switching between 

solutions.  

Droplets were deposited in grids with an interval depending on experimental 

requirement, but of no less than 2 mm between droplets (Figure 9c). 

4 μL droplets were used for all experiments which consistently spread to a 

radius of approximately 2 mm on the finished sample surface.[63] This allowed 

chloride deposition density to be controlled by deposition of solution of known 

concentration alone; 0.044 μLfor a CDD of 100 μgcm-2, 0.022 μL for 50 μgcm-2 

and 0.00088 μL for 20 μgcm-2.    

3.1.4 Exposure to fixed environmental conditions 

Humidity was controlled with sealed desiccators using saturated salt solution to 

maintain a set humidity based on ASTM standard E104-02(2007)[146] 

Temperature was controlled using an oven (Temperature Applied Sciences 

Ltd.) For the fixed 46% RH and 30°C environment, saturated potassium 

carbonate (K2CO3) solution was added to a quantity of dry K2CO3 in the base of 

a desiccator. The desiccator was sealed and placed in the oven 24 hours prior 

to the sample in order to allow the environment within the desiccator to reach 

equilibrium and ensure that the expected conditions were present. Exposure 
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conditions were verified by EasyLog EL-USB-2-LCD (Lascar Electronics Ltd.) 

with an accuracy of ±0.5°C and ±3% RH.  

3.1.5 Exposure to fluctuating ambient environmental conditions 

Samples described as exposed to fluctuating ambient conditions were exposed 

in desiccators which were left covered but not sealed to ensure equilibrium with 

the environment whilst minimising the chance of unintended additional 

deposition of atmospheric contaminants. Exposure conditions were recorded 

and verified by EasyLog EL-USB-2-LCD data logger (Lascar Electronics Ltd. 

with an accuracy of ±0.5°C and ±3% RH.  
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3.2 Photography 

 

Figure 10 Equipment used for colour photography of samples. Pentax K-r camera with Dx 50 mm 
macro lens. Lighting was provided by two tungsten lamps. 

 

Colour photographs were taken with a Pentax K-r DSLR utilising a Sigma DG 

50 mm f/2.8 macro lens. Images were saved as uncompressed JPEGS using 

the sRGB colour space. Illumination was provided by two tungsten lamps 

arrayed either side of the photographic equipment. All images were taken with a 

steel ruler in frame to provide scale information. Several steps were taken to 

improve image quality: 
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1. All images were taken at the minimum focal distance of the lens, 

maximising the size of the sample area on screen 

2. Samples were oriented such that the grinding direction was horizontal on 

the photograph. This minimised reflection from the light sources from 

ridges in the grinding pattern and ensured uniformity of lighting in the 

photograph. 

3. Photographs were taken on aperture priority mode with the aperture 

setting at f/2.8 to maximise sharpness of the image.  

4. All additional camera post-processing was disabled 

3.3 Iron oxide syntheses 

Iron oxides and oxide-hydroxides were synthesised by Dr. Rowena Fletcher-

Wood using procedures provided by Cornell and Schwertmann.[73] Individual 

procedures for each oxide and oxide-hydroxide crystal phase are outlined in 

Appendix 11.2. 
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3.4 Characterisation and Spectroscopy 

3.4.1 X-ray diffraction 

A Bruker D2 PHASER was used to gather XRD data, which operates with a Co 

source, and thus does not cause Fe and Mn to fluoresce. This instrument is run 

in Lynxeye reflection mode. λ = 1.79026 A. The tube operates under 30 kV/10 

mA acceleration, producing Co Kα-1 radiation. Samples were loaded into a 

cavity and the surface flattened with a slide and analysed for 1 hour per sample 

at a range of 5-80 
o. 

3.4.2 UV-VIS-NIR spectroscopy 

UV-VIS-NIR diffuse reflectance spectra were gathered using an Oceanoptics 

“Flame” UV-VIS-NIR spectrometer, with an Oceanoptics HL-2000 series 

tungsten-halogen light source. Spectra were gathered using a probe consisting 

of two optical fibres which guided light from the source to the sample and 

reflected light back to the spectrometer.  Instrument control and analysis was 

performed using the “Oceanview” analysis software provided with the 

instrument. Measurements were taken of the powdered samples deposited on a 

glass slide with a gently tamped surface. The fibre probe was clamped 

approximately 2 cm above the sample while measurement was performed. 

Bright and dark field spectra for correction were taken of SPECTRALON 99% 

and 2% calibrated reflectance standards. All measurements were taken in a 

dark room to eliminate visible spectrum interference from lighting,  
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3.4.3 Fourier-Transform Infra-Red (FTIR) spectroscopy 

FTIR spectroscopy was performed using a Thermo scientific Nicolet 8700 

Model 912A0685. Samples were suspended in KBr, which was dried overnight 

at 120°C. 300 mg of KBr was used per 3 g of sample.  
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3.4.4 Raman Spectroscopy 

A Renishaw InVia spectrometer with confocal microscope was used to identify 

corrosion products after exposure. The wavelength of the excitation laser was 

488 nm and the maximum estimated power output after optical losses was 20 

mW. All spectroscopy was performed through a 20x super long working 

distance objective, giving a spot size of approximately 10 μm. In order to 

prevent the thermal transformation of corrosion iron oxide-hydroxide corrosion 

products laser power was limited to 10% of maximum (~2 mW). Each 

measurement was the product of 30 accumulations of 10 seconds each (unless 

otherwise specified), giving a total per-measurement acquisition time of 5 

minutes. The data range was measured from 50 – 1600 cm-1. The instrument 

was controlled using Renishaw’s WiRE software version 4.0. No sample 

preparation such as rinsing of salt solution or corrosion product off the sample 

surface was performed and measurements did not take place under RH or 

temperature control due to equipment limitations.  

 

3.4.4.1 Raman spectroscopic mapping 

Mapping data was collected by automated acquisition of multiple point 

measurements in a grid across the sample surface with the total number of 

points and interval between measurements dictated by the size of the sample 

and instrument time available for acquisition. Each pixel in the final map 

therefore constitutes an individual spectrum from the acquisition. Due to the 

long acquisition time necessitated by preventing thermal transformation of 

corrosion product species, the total acquisition time for a map was the limiting 
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factor when deciding mapping parameters. Table 6 contains the acquisition 

dimensions for all droplets mapped in chapters 4 and 5. 

Table 6 Mapping dimensions and total number of acquisitions for all mapped droplets (* shorter 
acquisition time of 6 accumulations x 10seconds for a 1 minute per point exposure time, rather 
than 5 minutes)  

Droplet salt 
and CDD 

Exposure 
conditions 

Exposure 
time (days) 

Mapping 
dimensions 
(mm) 

Mapping 
interval 
(μm) 

Total 
number 
of points 

100 μgcm­2 
MgCl2 Fixed 14  3.0x3.2 120 728 

100 μgcm­2 
MgCl2 

Fluctuating 14 3.5x2.1 105 1015 

100 μgcm­2 

CaCl2 
Fixed  14 3.6x2.9 80 1702 

100 μgcm­2 

CaCl2 
Fluctuating 14 3.4x3.9 130 783 

100 μgcm­2 

MgCl2 
Fixed 24 3.1x3.7 50 4725* 

50 μgcm­2 

MgCl2 
Fixed 24 2.3x2.0 60 1326 

30 μgcm­2 

MgCl2 
Fixed 24 1.7x1.7 75 576 

30 μgcm­2 

MgCl2 
Fluctuating 

~1275  
(42 months) 

3.4x3.2 170 420 

 

3.4.4.2 Raman data analysis 

Raman data analysis was performed using WiRE 4.0 (Renishaw plc, 2002) and 

Matlab R2016b. After data acquisition was completed, maps representative of 

the distribution of chemical compounds present on the sample surface were 

created by analysing each spectrum in the dataset for a chemical compound 

with one of two methods: 

1. Least squares (“Direct classical least squares (DCLS)” on WiRE 4.0) 

fitting of an experimental spectrum against a standard spectrum of a 

known compound. A minimum least squares index threshold of 0.4 was 
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used for compound assignment.  All iron oxide-hydroxide phases were 

fitted for in this manner. 

2. Index thresholding of a wavenumber to find the distribution of a single 

peak. The threshold intensity was 150 unless otherwise stated. This was 

performed if an unknown spectrum was observed. 

After a map had been created, all spectra associated with said map were 

averaged to improve the signal to noise ratio using the script provided in 

Appendix 11.3 

3.5 UV-VIS-NIR Hyperspectral Imaging 

3.5.1 Hyperspectral instrument hardware, motion control and data acquisition 

The hyperspectral imaging apparatus consisted of an Oceanoptics “Flame” UV-

VIS-NIR fibre spectrometer with a spectral range of 350-1000 nm, with an 

Oceanoptics HL-2000 series tungsten-halogen light source focused by a pair of 

achromatic doublets of focal length 30 mm arranged in opposing directions 

inside a 60 mm lens tube as described in Figure 11. Both illumination and 

acquisition were performed through the fibre bundle and the focusing optics. 

The probe was raster scanned across the sample surface by moving the 

sample using a pair of Thorlabs motorized translation stages with “K-cube” 

controllers in an x-y arrangement, allowing 25 x 25 mm range of movement. No 

sample preparation such as rinsing of salt solution or corrosion product off the 

sample surface was performed and measurements did not take place under RH 

or temperature control due to equipment limitations.  
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Figure 11 Schematic representation of hyperspectral imaging equipment showing arrangement of 
focusing optics and light path. 

 

Spectra were acquired at set intervals across the sample surface, forming a 

hyperspectral image whereby each spectrum constituted a pixel. Integration 

time was set at 6500 µs for all spectral acquisitions. Focusing was performed to 

maximise returned signal from the sample surface before acquisition using a 

Thorlabs PT1B manual z stage mounted vertically.  

The instrument was controlled by laptop via USB. Labview was used to 

integrate motion control with spectral acquisition, the program is provided with 

supplemental data attached to this document. Each hyperspectral image was 

output as a comma separated text file and processed using Matlab R2017b. 

Scripts for processing can be found in Appendix 11.4. 
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3.5.1.1 Flat field correction 

Flat field correction was performed on all experimental and standard 

acquisitions unless otherwise stated. This was done for an x by y (spatial) by n 

(spectral) hyperspectral image matrix I using: 

𝐼𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 =
𝐼𝑟𝑎𝑤 − 𝐼𝑑𝑎𝑟𝑘

𝐼𝑏𝑟𝑖𝑔ℎ𝑡 − 𝐼𝑑𝑎𝑟𝑘
 

Equation 1 Where Icorrected is the final hyperspectral image, Iraw is the raw hyperspectral image, Idark 
and Ibright are single spectra of 2% and 99% spectralon reflectance standards respectively as the 
dark and bright field  

 

Ibright and Idark were 1xn spectra averaged from hyperspectral images of 2x2 mm 

areas of 99% and 2% spectralon calibrated reflectance tiles (Figure 13). The 

spectra were reacquired at the beginning of every experimental session.  
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3.5.2 Characterisation of UV-VIS hyperspectral imaging system 

3.5.2.1 Resolution characterisation  

 

Figure 12 a. USAF standard 1951 image of test pattern taken with Pentax DSLR camera placed 
upon a white card background b. HS image slice at 535 nm of test pattern’s 1-1 region showing 2 
cycles per mm c. HS image slice at 535 nm of the central test patterns second group, showing 2-2 
(top, shown clearly in a.) 2-3 (second from top) and 2-4 (second from bottom) along with well as the 
3 group on the right [147] 

 

Figure 12 a. shows an image taken with a DSLR camera of the USAF 1951 

resolution test pattern printed on a glass slide, placed upon a white card 

background. The insets b. and c. are greyscale images of the 535 nm slice of a 

hyperspectral acquisition of the highlighted 4 x 4 mm areas of the standard 

taken at a 0.05 mm per pixel sampling resolution in order to test the resolving 

power of the instrument. Observable in inset a. is the test pattern’s 1-1 and 1-2 

region which consist of the triplets of horizontal and vertical lines with 2.00 and 

2.24 lines per mm respectively. Observable in inset b. is the central region of 
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the test pattern with regions 2-1 to 2-4 present on the left hand side of the 

image at 4.00 to 5.66 cycles per mm. 3-1 to 3-6 are present on the right hand 

side (partially obscured by image edge) with 8.00 - 14.3 lines per mm. Regions 

4 to 7 are present in the lower half of the image between regions 2 and 4, but 

are unresolvable. A full list of cyclic resolution values can be found in Table 7. 

Table 7 Reproduction of table included with 1951 USAF test pattern showing the resolution values 
for markings present[147] 

RESOLUTION VALUES FOR STANDARD USAF 1951 RESOLUTION TEST 

PATTERN 

(All values in Cycles Per Millimeter) 

 GROUPS 

ELEMENTS -2 -1 0 1 2 3 4 5 6 7 

1 .250 .500 1.00 2.00 4.00 8.00 16.0 32.0 64.0 128 

2 .281 .561 1.12 2.24 4.49 8.98 17.9 35.9 71.8 143 

3 .315 .629 1.26 2.52 5.04 10.1 20.1 40.3 80.6 161 

4 .354 .707 1.41 2.83 5.66 11.3 22.6 45.3 90.5 181 

5 .397 .794 1.59 3.17 6.35 12.7 25.4 50.8 101 203 

6 .445 .891 1.78 3.56 7.13 14.3 28.5 57.0 114 228 
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3.5.2.2 Instrument response function characterisation 

 

Figure 13 Spectral responses used for flat field correction, taken using a. 99% SPECTRALON 
diffuse reflectance standard and b. 2% SPECTRALON diffuse reflectance standard. No flat field 
correction was applied 

Figure 13 shows averages of a 2 x 2 mm area of a. 99% and b. 2% calibrated 

reflectance standards taken at a sampling resolution of 0.2 mm per pixel, 

showing combined spectral responses of the light source, fibre, focusing optics 

and spectrometer. These spectra were used for flat field correction of all other 

images in this chapter using Equation 1. The highest intensity is in the 450 nm-

850 nm wavelength interval, which is where the light source is brightest and the 

optics most transmissive. This is therefore where the signal to noise ratio will be 

highest. Subsequent spectral acquisitions will be trimmed to this wavelength 

interval. 
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Figure 14 Average value of light source intensity over 240 minutes as measured using a 99% 
SPECTRALON reflectance standard 

 

Figure 14 shows the average light source intensity over time as measured from 

the diffuse reflectance of a 99% calibrated reflectance standard. A spectrum 

was taken every 30 seconds and averaged and no flat field correction was 

applied. The first two minutes of acquisition give an approximate intensity of 

2500 counts before the intensity rapidly increases to approximately 14,000 

counts, dropping to 13500 counts over the following 50 minutes where it 

remains stable. As a result, apparatus was left for an hour after the light source 

was switched on in order to reduce error from light source instability. 
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3.5.2.3 Characterisation of wavelength specific intensity drift with distance from 

focal point  

It was found that addition of optics to focus light to and from the fibre introduced 

significant chromatic aberration into the system.  

 

Figure 15 Intensity drift with respect to target distance away from focal point using non-achromatic 
lenses. 

 

As axial distance from the focal point increased, so did the intensity recorded at 

800 nm with a corresponding drop in intensity at 500 nm, as shown in Figure 

15. As focal distance was reduced, the effect was reversed. This would prevent 

useful spectra from being acquired as the sample surface on a droplet 

experiment can vary significantly on this scale over the course of a droplet. To 
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combat this chromatic aberration in the instrument, the lenses present in the 

focusing optics were replaced with achromatic lenses.  

 

Figure 16 Intensity drift relative to a calibrated 75% reflectance standard as distance from focal 
point increases by wavelength after focusing optics were replaced with achromatic lenses.  

 

Figure 16 shows chromatic intensity drift relative to a maximum at 0 

displacement, indicating that intensity drops uniformly with axial displacement 

from the focal point. The system was focused by shifting the assembly such that 

the absolute intensity reflected from a 99% reflectance tile was maximized. 

Reference spectra of 99% and 2% standards were then taken before and used 

to correct subsequent spectra. Spectra were taken of a 75% reflectance 

standard at displacements away from the focal point ranging from -750 µm to 

+750 µm in increments of 150 µm. Spectra were the average of a 2 x 2 mm 
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area taken at an interval of 0.2 mm per acquisition. Intensity values are shown 

for several wavelengths as a decimal of the intensity of the 99% reflectance 

standard used for calibration. It should be noted that the corrected 75% 

reflectance standard consistently produces a spectrum of 80 - 85% reflectance 

rather than the expected 75%. Slight chromatic aberration is present above 

+200 μm, seen as converging lines, but this is not significant enough to 

compromise the ability to gather spectra on rough surfaces. Of note is ~5% 

lower than expected intensity at -150 μm displacement, this does not 

compromise the spectral response as a whole. 
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3.5.2.4 Characterisation of intensity with imaging angle relative to target 

surface 

 

Figure 17 Averaged spectra from a 2x2 cm patch of a 75% reflectance standard taken at different 
acquisition angles at a resolution of 0.2 mm per acquisition 

 

As the application requires imaging against a shiny metal surface, it is 

necessary to take measures to ensure that the reflectance spectra gathered are 

diffuse rather than specular in nature. This was done by taking spectra at an 

angle away from normal to the plane of the surface of the metal. Figure 17 

shows the effect of varying this angle on a 75% diffuse reflectance phantom. No 

overall trend is present in average intensity is, but a slight relative rise in 

intensity is visible on the 90° acquisition, relative to a linear baseline, this could 

be contribution from specular reflection as it is across the wavelength interval 
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where the light source is at its most intense and the effect becomes less 

pronounced as imaging angle decreases. An angle of 80° was deemed 

sufficient to avoid most of the effects of specular reflection and as a result is the 

acquisition angle used for all subsequent droplet and standard acquisitions, 

unless stated otherwise.  

3.5.2.5 Spectroscopic validation 

 

Figure 18. a. 75% calibrated diffuse reflectance standard, b. 50% calibrated diffuse reflectance 
standard, c. red d. blue and e. green standard colour tiles  

 

Figure 18 shows a series of spectra from both “SPECTRALON” calibrated 

spectrally flat reflectance tiles and “X-RITE” colour characterisation tiles. 

Spectra a. and b. are of calibrated 75% and 50% diffuse reflectance tiles, but 

display slight chromatic asymmetry favouring the NIR, as well as a 5-10% larger 
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relative intensity than expected. If the 99% standard is not spectrally flat and 

reflects lower intensity than desired, it could produce similar results to those 

observed after flat field correction is performed. As the drift is on the order of 5-

10% and is a known quantity, this does not compromise the ability to gather 

subsequent spectra c, d and e are red, blue and green X-RITE colour checker 

tiles which behave as expected with maxima in the 430-470 nm, 530-550 nm 

and 630-650 nm regions respectively. It should be noted that X-RITE does not 

provide absolute reflected intensity standardisation, nor make any claims about 

the performance in the NIR region and so only the relative intensities particular 

to the colour are guaranteed. All spectra were gathered at 90° to the surface 

and are the average of a 2x2 cm area of the target, taken at a resolution of 0.2 

mm per pixel.  
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3.6 Rust area analysis  

 

Figure 19 Flowchart of the procedure for extracting rust areas associated with individual corrosion 
sites from a colour photograph using the principal component analysis method  

 

Semi-automated high-throughput rust area analysis was performed on colour 

photographs using Matlab R2017b[148]. Scripts used can be found in 

Appendices 11.4 and 11.5. Figure 19 shows the process for extracting rust 

areas from corrosion sites using the principal component analysis (PCA) 

segmentation technique, the full procedure is as follows:  

1. Images were segmented using one of four techniques outlined below in 

sections 3.6.1 to 3.6.4 in order to separate ‘rust’ pixels from ‘non-rust’ 

pixels (Figure 19 shows segmentation via the 2nd principal component. 
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2. Connected component analysis was performed to group neighbouring 

pixels into individual ‘sites’, using the ‘bwconncomp’ function[148] 

3. Sites with less than 100 pixels were discarded. 

4. Almost-connected component analysis was used to group neighbouring 

sites (distance of less than 50 pixels from its nearest neighbour) and 

label individual corrosion sites.  

5. The number of pixels associated with each corrosion site was then 

extracted and converted to an area by multiplication by the average pixel 

dimensions as determined from the scale photographed alongside the 

sample.  

3.6.1 Red-Blue colour channel subtraction 

The RGB colour image is separated into its constituent colour channels and the 

red channel is subtracted from the blue, before thresholding to produce the 

segmented image.  Matlab code for this procedure can be found in Appendix 

11.5.1 

3.6.2 Principal component analysis 

Principal component analysis was performed on the data; the second principal 

component is then thresholded to produce the segmented image.  Matlab code 

for this procedure can be found in appendix 11.5.2 

3.6.3 HSV thresholding 

The image is converted to HSV colour space from sRGB using the Matlab 

standard “rgb2hsv” function before thresholds are then applied in hue and 

saturation. Matlab code for this procedure can be found in Appendix 11.5.3 
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3.6.4 L*a*b* thresholding 

The image is converted to L*a*b* colour space from sRGB using the Matlab 

standard “rgb2lab” function with the ‘d65’ standard white point. A threshold is 

then applied in b*. Matlab code for this procedure can be found in appendix 

11.5.4 
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3.7 Confocal microscopy for pit volume measurement 

Pit volumes measurements were performed using an Olympus LEXT OLS-4000 

confocal laser scanning microscope. 3D measurements were taken by 

sequentially scanning vertical sections of the sample which were reconstructed 

by the software to a 3D volume. The upper and lower limits of each 3D 

measurement were chosen by focusing on the metal surface and the lowest 

visible point in the pit respectively. Each cross section measurement was the 

average of 16 repeated scans of each horizontal slice of the sample.   

Each measurement was then tilt corrected using the software to compensate for 

any uneven surface present from the mounting process. Volumes were then 

taken by defining a bounding box around the horizontal extent of the pit and 

integrating the volume using the software.  
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4. CHARACTERISATION OF CORROSION PRODUCTS OF 304L 

STAINLESS STEEL USING COLOUR PHOTOGRAPHY AND RAMAN 

SPECTROSCOPY 

4.1 Introduction 

Intermediate level nuclear waste (ILW) will be packaged in containers made of 

304L and 316L stainless steel and stored above ground in warehouses for up to 

100 years while a geological disposal facility (GDF) is prepared to accept them 

for permanent disposal.[2] During this period the containers will be open to the 

atmosphere and therefore susceptible to deposition and deliquescence of 

aerosol salts which can cause atmospheric pitting corrosion to take place.  

While there have been investigations into the corrosion products of stainless 

steels, they are either for full immersion conditions and/or at high 

temperatures[149-151] or in atmospheric conditions but in urban or tropical 

marine environments[99, 101] which do not reflect the relatively still, covered 

conditions present in temporary waste stores where the majority of salt 

encountered is calcium chloride and carbonate from concrete dust.[9, 11, 16] 

The aim of this chapter is to assess the difference in corrosion products 

deposited during atmospheric corrosion of 304L stainless steel in stores 

relevant conditions. This will be done by comparison of synthesised iron oxide 

and oxide-hydroxide powder samples with controlled atmospheric corrosion 

droplet experiments on stainless steel using Raman spectroscopic mapping. 

This will be done by comparing: 

 Effects of salt – MgCl2 and CaCl2.  
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 Effects of atmospheric conditions – fixed 46% RH, 30°C and fluctuating 

ambient temperature and humidity on 100 μgcm-2 droplets exposed for 

14 days 

 Effects of chloride deposition density (CDD) – 100 μgcm-2, 50 μgcm-2 and 

20 μgcm-2 on MgCl2 droplets exposed for 24 days 

 Effects of exposure time – 100 μgcm-2 MgCl2 droplets exposed to fixed 

46% RH, 30°C for 14 days and 24 days.  
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4.2 Results 

4.2.1 Synthesised Iron Oxides and oxide-hydroxides 

 

Figure 20 Colour images of powdered akaganeite (β-FeOOH), goethite (α-FeOOH), lepidocrocite (γ-
FeOOH), maghemite (γ-Fe2O3) and magnetite (Fe3O4) 

 

Figure 20 shows colour images of iron oxides and oxide-hydroxides that were 

synthesised using methods outlined by Cornell & Schwertmann[73], (Appendix 

11.2) to provide standards for imaging and spectroscopy. Powdered akaganeite 

(β-FeOOH), goethite (α-FeOOH), lepidocrocite (γ-FeOOH), maghemite (γ-

Fe2O3) and magnetite (Fe3O4) are shown from left to right.  
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Figure 21 X-ray diffraction spectra of synthesised iron oxides and oxide-hydroxides, overlaid with 
coloured bars showing suggested fit from ICDD PDF2 standards database[152] a) akaganeite (β-
FeOOH), b) Goethite (α-FeOOH), c)Lepidocrocite with some maghemite (γ-FeOOH), d) Maghemite 
(γ-Fe2O3), e) Magnetite (Fe3O4) 

 

X-ray diffraction spectroscopy was performed on the synthesised standards in 

order to verify the presence of desired crystal phase via comparison with the 

ICDD PDF2 standards database[152]. Figure 21 shows the results of this 

spectroscopy. All syntheses show good agreement with their expected phase, 
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apart from lepidocrocite which contains a significant fraction of maghemite. A 

significant baseline is also present for lepidocrocite and to a lesser degree 

akaganeite and magnetite.  
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Figure 22 Raman spectra of synthesised iron oxides and oxide-hydroxides a) akaganeite (β-
FeOOH), b) Goethite (α-FeOOH), c) Lepidocrocite with some maghemite (γ-FeOOH), d) Maghemite 
(γ-Fe2O3), e) Magnetite (Fe3O4) 

 

Raman spectroscopy was performed on the synthesised powders, shown in 

Figure 22. a) Akaganeite has peaks at 300, 390, 520, 610 and 720 cm-1. b) 
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Goethite has peaks at 160, 200, 240, 300, 380, 480, 550, 680 and 1300 cm-1. c) 

Lepidocrocite (with maghemite) had peaks at 250, 340, 370, 530, 670 cm-1. d) 

Maghemite has peaks at 180, 365, 500, 650-720 and 1300 cm-1. e) Magnetite 

has a single visible peak at 650cm-1. 

 

Figure 23 Fourier-Transform Infra-red spectroscopy of synthesised iron oxides and oxide-
hydroxides a) akaganeite (β-FeOOH), b) Goethite (α-FeOOH), c) Lepidocrocite with some 
maghemite (γ-FeOOH), d) Maghemite (γ-Fe2O3), e) Magnetite (Fe3O4) 
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Figure 23 shows Fourier-transform infra-red spectroscopy of synthesised 

powder samples. All samples have a region of characteristic features from 500-

1000 cm-1 and a maximum absorbance from 1000-1200 cm-1.  

 

Figure 24 UV-VIS-NIR spectroscopy of synthesised iron oxides and oxide-hydroxides a) akaganeite 
(β-FeOOH), b) Goethite (α-FeOOH), c) Lepidocrocite with some maghemite (γ-FeOOH), d) 
Maghemite (γ-Fe2O3), e) Magnetite (Fe3O4) 

 

Figure 24 shows UV-VIS-NIR spectroscopy of the synthesised iron oxide and 

oxide-hydroxide standards. All spectra have a minimum at 420-500 nm. a) 
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Akaganeite (β-FeOOH) and b) Goethite (α-FeOOH) both show similar double 

peaks at 575 and 775 nm and have the highest overall reflectance with a 

maximum at 850 nm.  The c) Lepidocrocite (γ-FeOOH)-maghemite mix, d) 

Maghemite (γ-Fe2O3), e) Magnetite (Fe3O4) all reflect a much less light and 

have a maximum reflectance at 700-750 nm of 20-30%.  
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4.2.2 Droplet Experiments 

 

Figure 25 CaCl2 and MgCl2 droplets deposited on 304L stainless steel with a chloride deposition 
density of 100 μgcm-2 and exposed for 14 days at 46% relative humidity and 30°C. 

 

Arrays of droplets of MgCl2 and CaCl2 were deposited on 304L steel and 

exposed in either fixed 46% RH and 30°C or fluctuating ambient conditions. 

Figure 25 is an example of one sample plate of 304L steel after 14 days 
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exposed to fixed 46% RH and 30°C with CaCl2 and MgCl2 droplets of chloride 

deposition density 100μgcm-2. All droplets contain pits. MgCl2 droplets exposed 

to fixed conditions all have a dark ring of corrosion product directly around the 

pit mouth, surrounded by a lighter ring of red-brown rust. This in turn is 

surrounded by a white precipitate which occupies the rest of the droplet to the 

edge. CaCl2 droplets exposed to fixed conditions similarly have a dark ring 

directly around the pit surrounded by lighter red-brown rust. There is an 

additional thick band of white precipitate immediately at the edge of the red-

brown rust and further small areas of white precipitate throughout the remainder 

of the droplet. CaCl2 droplets that were exposed to fluctuating ambient 

conditions have a similar red-brown ring of corrosion product surrounded by 

white precipitated salt as the MgCl2 droplets exposed to fixed conditions. The 

major difference is in a deep red corrosion product which has precipitated 

directly over the pit mouth.  MgCl2 droplet exposed to fluctuating conditions had 

a thinner band of corrosion product and no precipitate. After 14 days a single, 

representative droplet for each salt species and exposure condition was 

selected for Raman mapping by similarity to other members of its set and 

consistency of features. No sample preparation such as rinsing of salt solution 

or corrosion product off the sample surface was performed for any photography 

or Raman spectroscopy in this chapter. Measurements did not take place under 

RH or temperature control, however, due to equipment limitations.  
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Figure 26 Colour photography of the 100 μgcm2 droplets selected for Raman mapping after being 
exposed for 14 days. a) MgCl2 and c) CaCl2 were exposed to fixed 46% RH and 30°C b) MgCl2 was 
exposed to ambient conditions which fluctuated between 26 and 55% relative humidity and 19 and 
31°C and d) CaCl2 was exposed to conditions which fluctuated between 24 and 46% relative 
humidity and 17 and24°C  

 

Figure 26 compares colour photography of 100 μgcm-2 MgCl2 and CaCl2 

droplets on which Raman mapping was performed. a) and c) were exposed at 

fixed 46% RH and 30°C while b) MgCl2 was exposed to ambient conditions 

which fluctuated between 26 and 55% relative humidity and 19 and 31°C 
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(shown in detail in Figure 35) and d) CaCl2 was exposed to conditions which 

fluctuated between  24 and 46% relative humidity and 17 and 27°C (Shown in 

detail in Figure 36) a), b) and c) precipitated rust in a ring around the pit mouth, 

which remains clear of corrosion product itself. d) had deeper, red rust directly 

over the pit mouth. All droplets then had a region of white precipitate outside the 

main rust region. This precipitate was dense immediately around the rust on 

droplet c) while other droplets it was either evenly spread across the non-rusty 

regions of the droplet or at denser the droplet edge.  
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Figure 27 i) Colour photography of 100 μgcm-2 droplets of a) MgCl2 exposed to fixed 46% RH and 
30°C, b) MgCl2 exposed to fluctuating 26-55% RH and 19-31°C, c) CaCl2 exposed to fixed 46% RH 
and 30°C and d) CaCl2 exposed to 24-46% RH and 17-27°C. ii)   Distribution of akaganeite on 
droplets as determined by least squares mapping using WiRE 4.0 software iii) the average of all 
spectra highlighted by the mapping process. e) Standard akaganeite spectrum used for least 
squares fitting. 
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Raman mapping was performed by raster scanning across the sample surface, 

acquiring spectra at set intervals. Each spectrum was assessed for the 

presence of a compound via either least squares (DCLS) fitting against a known 

standard spectrum or by taking the intensity at a particular wavenumber and 

thresholding using the WiRE 4.0 software provided with the Raman 

spectrometer. Figure 27 shows the results of this process for akaganeite. For all 

droplets a)-d), i) shows a colour image of the droplet, ii) shows the distribution 

of akaganeite in red of the droplets as assessed by direct classical least 

squares (DCLS) fitting against e) synthesised standard akaganeite from Figure 

22 with a minimum least squares index threshold of 0.4. iii) shows the averaged 

spectrum of all points associated with a compound in this manner.   

The akaganeite in a) MgCl2 exposed to fixed 46% RH and 30°C was 

predominantly found at the intersection between the main rust band and the 

droplet edge, with a smaller amount distributed in a ring throughout the main 

rust ring. In b) MgCl2 exposed in fluctuating ambient conditions which varied 

between 26-55% RH and 19-31°C, a small amount of akaganeite was present 

in the main rust band but most was concentrated at the droplet edge adjacent to 

the white salt precipitate. There were also two peaks present at 1350 cm-1 and 

1480 cm-1 rather than the broad 1400 cm-1 present in the standard and the other 

droplets. In c) CaCl2 exposed to fixed 46% RH and 30°C, the akaganeite was 

present across the entire central region of the droplet above the pit, extending 

to the boundary with the white precipitate. There was an additional peak present 

on these spectra at 900 cm-1. In d) CaCl2 exposed to fluctuating ambient 
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conditions which varied between 24-46% RH and 17-27°C the akaganeite was 

concentrated in a band across the droplet away from the pit mouth. 

 

Figure 28 i) Colour photography of 100 μgcm-2 droplets of a) MgCl2 exposed to fixed 46% RH and 
30°C, b) MgCl2 exposed to fluctuating 26-55% RH and 19-31°C. ii)   Distribution of lepidocrocite on 
droplets as determined by least squares mapping using WiRE 4.0 software iii) the average of all 
spectra highlighted by the mapping process. c) Standard lepidocrocite taken from a weathering 
steel sample spectrum used for least squares fitting along with the spectrum from the synthesised 
lepidocrocite.  

 

Figure 28 shows the distribution of lepidocrocite as determined by least squares 

fitting of a lepidocrocite spectrum taken from a weathering steel sample (chosen 

for similarity to literature spectra[81-83]). a,b) i) shows a colour image of the 

droplet, ii) shows the distribution of akaganeite in red of the droplets as 

assessed by direct classical least squares (DCLS) fitting with a minimum least 
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squares index threshold of 0.4. c) shows the standard lepidocrocite Raman 

spectrum acquired on a weathering steel sample that was used for fitting 

alongside the spectrum of the mixed lepidocrocite/maghemite spectrum from 

the synthesised powder sample. iii) shows the averaged spectrum of all points 

associated with a compound in this manner. The lepidocrocite in a) MgCl2 

exposed to fixed 46% RH and 30°C was predominantly found in two bands at 

the centre and edge of the main rust area away from the droplet edge. In b) 

MgCl2 exposed in fluctuating ambient conditions which varied between 26-55% 

RH and 19-31°C, lepidocrocite constituted a large band across the majority 

towards the outer edge of the main rust area in relation to the pit. No 

lepidocrocite was present on either CaCl2 droplet.   
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Figure 29 i) Colour photography of 100 μgcm-2 droplets of a) MgCl2 exposed to fixed 46% RH and 
30°C, b) MgCl2 exposed to fluctuating 26-55% RH and 19-31°C, c) CaCl2 exposed to fixed 46% RH 
and 30°C and d) CaCl2 exposed to 24-46% RH and 17-27°C. ii)   Distribution of 710cm-1 peak on 
droplets as determined by peak mapping using WiRE 4.0 software iii) the average of all spectra 
highlighted by the mapping process.  

 

A large number of spectra had no discernible lower wavenumber peaks for 

specific phase assignment due to poor signal to noise, but did contain a broad 

peak at 710 cm-1. Figure 29 shows the distribution of this peak across all 
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droplets a-d). i) shows colour photographs of the droplet, a-d) ii) shows maps 

created by highlighting all spectra with an intensity about 150 at a wavenumber 

710 cm-1 a-d) iii) are the average spectrum of all highlighted pixels in an 

associated droplet.  
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Figure 30 i) Colour photography of 100 μgcm-2 droplets of a) MgCl2 exposed to fixed 46% RH and 
30°C, b) MgCl2 exposed to fluctuating 26-55% RH and 19-31°C, c) CaCl2 exposed to fixed 46% RH 
and 30°C and d) CaCl2 exposed to 24-46% RH and 17-27°C. ii)   Distribution of 510cm-1 peak on 
droplets as determined by peak mapping using WiRE 4.0 software iii) the average of all spectra 
highlighted by the mapping process. e) Standard green rust spectrum for comparison[96]  
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Figure 30 shows the distribution of the peak at 510cm-1. For all droplets a)-d), i) 

shows a colour image of the droplet, ii) shows all points with a 510cm-1 peak 

with an intensity of over 150 counts in red iii) shows the averaged spectrum of 

all points associated with this peak. e) is a published spectrum of green rust 

1[96]  

In a) MgCl2 exposed to fixed 46% RH and 30°C this peak is distributed in two 

locations. The first band is directly around the pit mouth and the second is 

around the droplet edge, the peak itself is slightly shifted to 530-540 cm-1. There 

are smaller peaks present at 180 cm-1, 440 cm-1 and 900 cm-1.  In b) MgCl2 

exposed in fluctuating ambient conditions which varied between 26-55% RH 

and 19-31°C, a small number of pixels with the 530-540 cm-1 peak the droplet 

edge adjacent to the white salt precipitate. There are secondary peaks at 280 

cm-1, 440 cm-1 and 900 cm-1. In c) CaCl2 exposed to fixed 46% RH and 30°C, 

the 510 cm-1 peak was present across the white precipitate at the edge of the 

rust. The secondary peaks are present at 210 cm-1, 240 cm-1, 440 cm-1, 900 cm-

1 and 1000 cm-1. In d) CaCl2 exposed to fluctuating ambient conditions which 

varied between 24-46% RH and 17-27°C, the 510 cm-1 peak is present at the 

edge of the rust area. The peak is also slightly shifted to 520-530 cm-1. There is 

a small carbonate peak present at 1080 cm-1 
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Figure 31 i) colour photography of 100 μgcm-2 droplets of a) MgCl2 exposed to fixed 46% RH and 
30°C, b) MgCl2 exposed to fluctuating 26-55% RH and 19-31°C, c)CaCl2 exposed to fixed 46% RH 
and 30°C and d) CaCl2 exposed to 24-46% RH and 17-27°C. ii)   Distribution of 1000cm-1 peak on 
droplets as determined by peak mapping using WiRE 4.0 software iii) the average of all spectra 
highlighted by the mapping process. e) Standard calcium carbonate spectrum for comparison 
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Figure 31 shows the distribution of the peak at 1000 cm-1, associated with the 

bicarbonate anion. For all droplets a)-d), i) shows a colour image of the droplet, 

ii) shows all points with a 1000 cm-1 peak with an intensity of over 150 counts in 

red iii) shows the averaged spectrum of all points associated with this peak. e) 

is a standard spectrum of calcium carbonate (CaCO3)[153] with a major peak at 

1080 cm-1  

 

Figure 32 a)i)  CaCl2 exposed to 24-46% RH and 17-27°C. ii)   Distribution of 650cm-1 peak on 
droplets as determined by least squares mapping using WiRE 4.0 software iii) the average of all 
spectra highlighted by the mapping process. b) single spectrum from region used for fitting.  

 

Figure 32 shows the spectrum associated with the red/brown region directly 

over the pit mouth on the CaCl2 droplet exposed to fluctuating ambient 

conditions 24-46% RH and 17-27°C for 14 days (Figure 36). i) colour 

photography of the droplet. ii) shows the distribution of the spectra as 

determined by least squares fitting of b) a sample spectrum from the region in 
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question. iii) shows the average of the 30 spectra associated with the region by 

least squares fitting with a threshold of 0.8 least squares index.  
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Figure 33 Overview of corrosion product species identified by Raman spectroscopy on i) colour 
photography and ii) Raman mapping of 100 μgcm-2 a) MgCl2 and b) CaCl2  exposed to fixed 46% RH 
and 30°C for 14 days. 
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Figure 33 shows the distribution of all compounds as determined by Raman 

spectroscopic mapping under a) MgCl2 and b) CaCl2 droplets exposed for 14 

days at fixed 46% relative humidity and 30°C. The majority of rust present under 

the a) MgCl2 droplet is highlighted as ‘poorly formed iron(III) oxide-oxide-

hydroxide’ due to lack of identifying peaks in the spectra. Where phase 

assignment was possible two bands of lepidocrocite (β-FeOOH) were observed 

throughout the centre of the rust ring, away from the droplet edge while 

akaganeite (α-Fe-OOH) was observed primarily at the droplet edge, with 

smaller amounts concentrated throughout the main rust area. The rust under 

the b) CaCl2 droplet was predominantly akaganeite (α-FeOOH), surrounded by 

a band of green rust 1, identified by a peak at 510 cm-1 which in turn was 

surrounded by general carbonate salt identified by a peak at 1000 cm-1. 
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Figure 34 Overview of corrosion product species identified by Raman spectroscopy on i) colour 
photography and ii) Raman mapping of 100 μgcm-2 a) MgCl2 exposed to fluctuating conditions 
between 26-55% RH and 19-31°C and b) CaCl2   exposed to fluctuating conditions between 24-46% 
RH and 17-27°C droplets. Both droplets were exposed for 14 days. 
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Figure 34 shows the distribution of compounds as determined by Raman 

spectroscopic mapping for a) a MgCl2 droplet exposed to ambient conditions 

which fluctuated between 26 and 55% relative humidity and 19 and 31°C 

(shown in detail in Figure 35) and b) a CaCl2 droplet which was exposed to 

conditions which fluctuated between 24 and 46% relative humidity and 17 and 

27°C (Shown in detail in Figure 36).  

The predominant phase present in the a) MgCl2 droplet was lepidocrocite, with 

a small amount of akaganeite present at the droplet edge. A small amount of 

non-phase specific iron(III) oxide-oxide-hydroxide is present across the rest of 

the rust area identified by a 710 cm-1 peak and no phase specific lower 

wavenumber peaks. Small amounts of green rust, identified by a peak at 510 

cm-1 are present towards the edge of the rust area and the droplet edge and 

two pixels of salt spectrum, identified by a peak at 1000 cm-1 are present along 

a line of white precipitate along the right hand edge of the droplet.  

The predominant phase in the b) CaCl2 droplet is akaganeite which forms a 

large band across the centre of the droplet, surrounded by non-phase specific 

iron (III) oxide-oxide-hydroxide. This is surrounded by a band of green rust 

identified by a peak at 510 cm-1 which is in turn surrounded by 

carbonate/bicarbonate. There is also a spectrum identified by a strong peak at 

650cm-1 in addition to the one at 710 cm-1 associated with the deep red rust 

directly over the pit.  
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4.2.3 Exposure conditions for fluctuating ambient droplets  

 

Figure 35 Variation in atmospheric temperature and relative humidity that the 100 μgcm-2 MgCl2 

droplet underwent over 14 days.   

 

Figure 35 shows the atmospheric temperature and relative humidity for the 14 

days that the 100 μgcm-2 “fluctuating ambient” MgCl2 droplet was exposed to. 

The range was 26-55% RH and 19-31°C, with most of the experiment occurring 

below 40% RH and 30°C. 
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Figure 36 Variation in atmospheric temperature and relative humidity that the 100 μgcm-2 CaCl2 

droplet underwent over 14 days.  .   

 

Figure 36 shows the atmospheric temperature and relative humidity for the 14 

days that the 100 μgcm-2 “fluctuating ambient” MgCl2 droplet was exposed to. 

The range was 24-46% RH and 17-24°C with most of the experiment occurring 

below 40% RH and 25°C. 
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Figure 37 Variation in corrosion product distribution for chloride deposition densities of a) 100 
μgcm-2 b) 50 μgcm-2 and c) 30 μgcm-2 MgCl2 droplets after 24 days exposure at fixed 46% RH and 
30°C. a-c i) colour photography of the droplets in question while ii) compound distribution as 
determined by either least squares fitting (fitted)  or by individual peak fitting (peak number). 
Bounding boxes signify the extent of mapping.   
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Figure 37 shows the distribution of corrosion products as determined by Raman 

spectroscopic mapping under a) 100 μgcm-2, b) 50 μgcm-2 and c) 30 μgcm-2 

MgCl2 droplets exposed for 14 days at fixed 46% relative humidity and 30°C. 

Raman spectra were taken at intervals across the sample surface and analysed 

to determine the presence of a particular compound. Akaganeite and 

lepidocrocite presence was determined by ‘direct classical least squares’ 

(DCLS) fitting experimentally acquired spectra against synthesised standards 

using WiRE 4.0. Carbonate, green rust and poorly crystalline iron(III) oxide-

oxide-hydroxide were determined by mapping the presence of a single 

characteristic peak. These were at 1000 cm-1 for carbonate/bicarbonate, 510cm-

1 for green rust and 710 cm-1 for poorly crystalline iron(III) oxide-oxide-

hydroxide. Minimum thresholds for assigning a compound to a pixel were 0.4 for 

the DCLS method or an intensity of 150 counts for the peak presence method. 

The predominant phase of iron oxide-hydroxide on all droplets in Figure 37 is 

akaganeite, with minor regions consisting of lepidocrocite only present on the b) 

50 μgcm-2 and c) 30 μgcm-2 droplets along the outer edge of the rust area. All 

pixels with the presence of an iron oxide-hydroxide specific peak at 710 cm-1 

but no minor phase specific peaks at lower wavenumbers were assigned as 

poorly formed iron(III) oxide-oxide-hydroxide. Outside the iron oxide-hydroxide 

region, spectra with a strong peak at 510 cm-1 associated with Fe3+-OH are 

present. Bicarbonate, identified by a peak at 1000cm-1 was only observed on 

the a) 100 μgcm-2 droplet.  
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4.3 Discussion 

The distribution of corrosion products of 304L stainless steel was assessed by 

Raman spectroscopy for multiple chloride deposition densities (CDDs) of MgCl2 

and CaCl2 droplets exposed for 14 and 24 days in both fixed and fluctuating 

ambient conditions. Iron oxide-hydroxide phase assignment was performed by 

direct classical least squares (DCLS) fitting against synthesised iron oxide-

hydroxide standards, remaining compounds were identified by fitting of 

individual characteristic peaks and comparing them to spectra found in 

literature.  

4.3.1 Identification and assignment of compounds 

Iron(III) oxide-hydroxides, identified by a broad peak from 650-710 cm-1 

constituted the majority of corrosion product identified. Significant numbers of 

spectra had poor signal to noise and no discernable peaks at lower 

wavenumber characteristic which would identify it as a specific phase, and so 

fitting was performed by presence of the main peak at 710 cm-1 for these 

regions (Figure 29). This lack of identifying spectral features is associated with 

poor crystallinity[81, 82] and as such these points likely have a highly hydrated 

mix of ferrihydrite (2-line and 6 line) [77]  which have a similar broad peak at 

360-400 cm-1 and 710 cm-1
. This is supported by the higher incidence of more 

regular crystalline akaganeite on the MgCl2 exposed to fixed conditions for 24 

days (Figure 37) when compared to the one exposed for 14 days (Figure 33). 

Akaganeite and lepidocrocite were the only specific iron oxide-hydroxide 

phases identified. Their presence was determined by least squares fitting 

against synthesized iron oxide-hydroxide powders (Figure 20) which had purity 
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verified by XRD spectroscopy (Figure 21). Due to the maghemite present in the 

lepidocrocite standard, a lepidocrocite spectrum from weathering steel was 

used which better agreed with lepidocrocite spectra present in the literature [76-

83, 91, 92, 96, 99-101, 149, 151, 154-158] 

The formation of akaganeite is known to be favoured in the acidic, high chloride 

concentration environments[73] which are present under droplets during 

atmospheric corrosion. Without such a high chloride concentration environment, 

it’s likely that goethite would form instead. The formation of lepidocrocite is also 

pH dependent, but occurs in less acidic conditions (pH5-7) and is known to form 

via a green rust intermediary as well as by direct precipitation from Fe3+ 

species[73] suggesting that former green rust regions could be tracked via 

lepidocrocite presence. 

“Green rusts” (Figure 30) were identified by their large 510 cm-1 peak which is 

attributed to the Fe3+-OH stretching mode.[159] Legrand demonstrated that the 

ratio of 450 cm-1 (Fe2+-OH) peak area to that of the 510 cm-1 (Fe3+-OH) peak 

allows us to infer chemistry of the green rust.[96] As such, the reduced peak 

ratios in MgCl2 droplets suggest that we might instead be looking at a similar 

double layered hydroxide (LDH) of the hydrotalcite supergroup such as 

Coalingite (Mg10Fe3+
2(CO3)(OH)24·2H2O) or Iowaite (Mg6Fe3+

2(OH)16Cl2·4H2O) 

for MgCl2 droplets. The spectrum present on CaCl2 droplets agrees with the one 

described by Legrand, with additional peaks at 280 cm-1, 1000 cm-1 and 1080 

cm-1.  
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Many spectra present a peak at 900 cm-1 which was attributed to 

perchlorate.[160, 161] Bicarbonate peaks were also present on all droplets at 

1000 cm-1, CaCl2 droplets also had carbonate peaks at 1080 cm-1.[160]  

4.3.2 Distribution of compounds by cation 

A broad peak at 710 cm-1 indicating iron(III) oxide-hydroxide was present across 

all red-brown rusty regions on all droplets (Figure 29), in many places this peak 

was present without additional peaks that would denote a particular crystal 

phase such as lepidocrocite (Figure 28) or akaganeite (Figure 27). Where better 

crystallinity is observed i.e. the spectrum has a greater signal to noise ratio and 

peaks are more easily discernable, akaganeite favours CaCl2 droplets while 

lepidocrocite favours MgCl2 and is not present on CaCl2 droplets. It is known that 

a major pathway for the formation of lepidocrocite is via a green rust 

intermediary[73] and as such the lack of lepidocrocite on CaCl2 droplets could 

be due to a longer lived GR species which does not transform to lepidocrocite 

as readily. This is supported by the lack of a well matching GR spectrum with 

peaks at 280 cm-1 and 450 cm-1 on the MgCl2 droplet exposed in fixed 

conditions and that the distribution of lepidocrocite on this droplet occupies a 

similar location to the green rust on the CaCl2 droplets, along the edge of the 

rust area.  

All droplets have a region outside the main rust area where a white substance 

precipitates. On MgCl2 droplets this was found to be solely bicarbonate, while in 

CaCl2 it was a mix of carbonate and bicarbonate.  
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4.3.3 Distribution of compounds over time 

Two 100 μgcm-2 MgCl2 droplets exposed to fixed conditions were analysed, one 

after 14 days exposure(Figure 33), the other after 24 days (Figure 37). The 

proportion of well crystallised iron oxide-hydroxide phases is much larger on the 

24 day droplet compared to the 14 day as crystallinity improves over time. It’s 

also worth noting that the 14 day droplet shows a mix of lepidocrocite and 

akaganeite when a phase could be assigned while the 24 day droplet solely 

presents akaganeite.  

4.3.4 Distribution of compounds by chloride deposition density 

Figure 37 shows 100 μgcm-2, 50 cm-2 and 20 μgcm-2 MgCl2 droplets that were 

exposed for 24 days to fixed 46% RH and 30°C conditions before Raman 

mapping was performed to assess how corrosion product distribution varied 

with chloride deposition density. The distribution of species was similar across 

all CDDs, with iron oxide-hydroxide deposited over and around the pit mouth, 

surrounded by a band of Fe3+-OH indicating presence of green rust or green 

rust-like layered double hydroxide. The predominant iron oxide-hydroxide phase 

on all droplets was akaganeite, with only small amounts of lepidocrocite present 

at the interface between the iron oxide-hydroxide rust area and points bearing 

green rust. The green rust-like region was in turn surrounded by regions of 

white precipitate which were likely bicarbonate, but fluoresced too heavily for 

specific peaks to be identifiable. The main difference between CDDs was the 

extent of the rust area, with a higher CDD having a larger extent of iron oxide-

hydroxide. This could be due to the electrolyte layer being thicker for higher 

chloride deposition densities, meaning that more charge carriers are available 
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and the ‘wire’ is thicker. This would give a smaller I-R drop between anode and 

cathode and therefore allowing for a larger current of iron hydroxide ions further 

away from the pit .[63] 

 

Figure 38 A thicker droplet has a lower I-R drop and can facilitate a higher current of metal ions 
further away the pit 

4.4 Conclusions 

The corrosion products formed during the atmospheric corrosion of 304L 

stainless steel were investigated using Raman spectroscopic mapping and 

colour photography. The distribution of corrosion products was recorded after 

two weeks exposure for MgCl2 and CaCl2 droplets under both fixed and 

fluctuating atmospheric conditions: 

1. Iron oxide-hydroxides were formed in a ring around the pit mouth on all 

droplets. When crystal phase was identifiable, it was either akaganeite 

(β-FeOOH ) or lepidocrocite (γ- FeOOH) 

2. Akaganeite was present on all droplets and was the predominant phase 

on most droplets after 14 days, the exception being the MgCl2 droplet 

exposed to fluctuating ambient conditions 
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3. Lepidocrocite was only observed on MgCl2 droplets and was the 

predominant phase on the MgCl2 droplet exposed to ambient conditions 

after 14 days. 

4. Layered double iron oxide-hydroxides were formed on all droplets. On 

CaCl2 this was green rust 1 (Carbonate, fougerite group) and was 

present in a ring around the main iron oxide-hydroxide region. Specific 

mineral allocation was difficult for similar spectra on MgCl2 droplets. 

5. The white precipitate which surrounded the iron oxide-hydroxide was 

comprised of carbonate and bicarbonate. 

The distribution of corrosion products of 304L under different chloride 

deposition densities was also investigated by Raman mapping of MgCl2 

droplets after a 24 day exposure to fixed 46% RH and 30°C where a larger 

region of iron oxide-hydroxide was associated with a higher chloride 

deposition density. Additionally, when a 100 μgcm-2 MgCl2 droplet that was 

exposed for 14 days in fixed conditions was compared with one exposed for 

24 days, proportionally more of the iron oxide-hydroxide species was 

akaganeite, indicating that crystallinity improves over time  
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5. EVALUATION OF HYPERSPECTRAL METHODS 

5.1 Introduction 

Hyperspectral imaging has been extensively studied for remote sensing of iron 

oxides in earth, space and medical science[3, 118, 124, 162, 163] as well as for 

assessment of  food quality for retail, soil quality and plant health in agriculture 

and in recovering text and detecting forgeries in historical conservation[122, 

123, 164]It has yet to be applied to corrosion detection in any significant 

capacity.  

This chapter evaluates applicability of hyperspectral imaging as a detection and 

monitoring technique for pitting on stainless steel via the rust that precipitates 

around the pit mouth. This was done by taking hyperspectral images of mature 

corrosion sites present on 304L stainless steel in the UV-VIS-NIR region (450 

nm – 850 nm) and comparing spectra to compound distribution information 

acquired via Raman spectroscopic mapping. For this purpose, a hyperspectral 

imager was constructed which operates by raster scanning a UV-VIS-NIR fibre 

optic probe across the target surface, recording diffuse UV-VIS-NIR reflectance 

spectra at set intervals. The first section of this chapter concerns the imaging 

and analysis of a mature corrosion site and the second section consists of an 

overview of some methods which could be used to segment an image for 

decision making based on observed rust area.  
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5.2 Results 

5.2.1 UV-VIS-NIR for iron oxide phase identification 

A typical corrosion site on a mature sample was imaged optically with a Leica 

DMLM microscope to provide RGB images and with the UV-VIS-NIR 

hyperspectral imaging apparatus. The spectra gathered by the HS imaging 

apparatus were compared to Raman spectroscopic mapping (as utilized in 

chapter 4) which allowed the determination of crystal phase of the iron oxide-

hydroxide compounds as well as the identification of other compounds present 

in the droplet.  

 

Figure 39 a. Microscopy of 30 μgcm-2 MgCl2 droplet exposed for 42 months in ambient conditions 
b. Raman DCLS map of the droplet showing distribution of compounds  
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Figure 39 shows the distribution of compounds across the droplet surface. The 

sample was a MgCl2, droplet with chloride deposition density (CDD) of 

30 μgcm-2 which had been exposed for 2 weeks at 46% R.H. and 30°C then a 

further 42 months in fluctuating ambient conditions. The central rust spot is 

primarily akaganeite (β-FeOOH), surrounded by a ring of lepidocrocite 

(γ-FeOOH). This is in turn surrounded by a region of carbonate green rust 

(GR1) as described by Legrand[96]. There is a similar but distinct compound 

with a 540 cm-1 peak interspersed in regions throughout the main body of 

red/brown rust which remains unassigned. The remaining droplet area is an 

unassigned ‘salt’, characterised by a peak at 1370 cm-1 which was not observed 

on droplets in chapter 4.  
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Figure 40  a. RGB Colour microscopy of 30µgcm-2 droplet b. 81x 81 pixel pseudo-RGB image of 

droplet taken by combining d. 450 nm, f. 550nm, h.650 nm wavelength slices of HS image to make 
pseudoRGB image c,e,g. red, green and blue channels of RGB microscope image. 
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Figure 40 shows colour microscopy compared to ‘pseudoRGB’ images 

constructed using 450 nm, 550 nm and 650 nm wavelength slices of an 81x81 

pixel HS image to visualize the hyperspectral data cube for point data 

correlation. a and b consist of the combined ‘full colour’ images while c, e, g 

correspond to red, green and blue colour channels of the RGB colour 

microscopy and d, f, h correspond to the 450 nm, 550 nm and 650 nm 

wavelength slices taken from a HS image. The hyperspectral image of the 

droplet was of a 4 x 4 mm area, taken at a resolution of 0.05 mm per pixel. 

Visible on both composite images are the central rust region, surrounding white 

‘salt’ and bare steel background. 
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Figure 41 Comparison of Raman spectra and spectra taken from HS image for akaganeite regions. 
a. Microscopy of 30µgcm-2 CDD MgCl2 droplet, exposed for 42 months in ambient conditions b.) 
PseudoRGB image constructed from hyperspectral image (left) and UV-VIS-NIR spectra associated 
with regions i-iv (right)  c. Raman DCLS map showing the distribution of akaganeite (left) alongside 
Raman spectra associated with regions i-iv (right) 
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In Figure 41, akaganeite regions are identified using Raman spectroscopic 

mapping and UV-VIS-NIR spectra are extracted from a HS image and 

compared. Points i-v were selected as representative akaganeite regions and 

their UV-VIS-NIR spectra were compared with that of a synthesised akaganeite 

standard (Figure 24, chapter 4). a. is microscopy of 30 μgcm-2 MgCl2 droplet 

corroded for 2 weeks at 46% RH and 30°C before a further 42 months in 

fluctuation ambient conditions. b. 81 x 81 pixel PseudoRGB image of same, 

constructed from hyperspectral image with 4 x 4 mm area with sampling 

resolution of 0.05 mm per acquisition. c. DCLS map of binary akaganeite 

presence overlaid on microcopy of droplet.  Raman spectra are consistent with 

the standard, with major peaks at 300 cm-1, 390 cm-1 , 540 cm-1 and 710 cm-1  

accounted for in all spectra. UV-VIS-NIR spectra are lower in  intensity than the 

standard and do not present the same distinctive double peak.  Spectra from 

regions ii, iv and v in the interior of the rust region are similar to each other, 

while those associated with i and iii towards the droplet edge have more 

variation.  
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Figure 42 Comparison of Raman spectra and spectra taken from HS image for lepidocrocite 
regions. a. Microscopy of 30µgcm-2 MgCl2 droplet, exposed for 42 months in ambient conditions b.) 
PseudoRGB image constructed from hyperspectral image (left) and UV-VIS-NIR spectra associated 
with regions i-iv (right)  c.  Raman DCLS map showing the distribution of lepidocrocite (left) 
alongside Raman spectra associated with regions i-iv (right) 
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In Figure 42, lepidocrocite regions are identified as points i-v and their UV-VIS-

NIR spectra are compared with that of a representative lepidocrocite spectrum 

taken from weathering steel due to it’s similarity to literature spectra[81-84] . a. 

is microscopy of 30 μgcm-2 MgCl2 droplet corroded for 2 weeks at 46% RH and 

30°C before a further 42 months in fluctuation ambient conditions. b. 81 x 81 

pixel PseudoRGB image of same, constructed from hyperspectral image with 4 

x 4 mm area with sampling resolution of 0.05 mm per acquisition. c. DCLS map 

of binary lepidocrocite presence, overlaid on microcopy of droplet. Raman 

spectra are mostly consistent with the standard, with major peaks at 240 cm-1, 

370 cm-1, 515 cm-1, 640 cm-1, and 1300 cm-1 accounted for in all spectra. 

Spectra i-iv have an additional peak which extends the 640 cm-1 peak to 720 

cm-1. UV-VIS-NIR spectra are higher in overall intensity than the standard, 

particularly in the UV-blue (below 500 nm) and red-NIR regions (over 700 nm). 
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Figure 43 a. Microscopy of 30µgcm-2 MgCl2 droplet, exposed for 42 months in ambient conditions 
b.) PseudoRGB image constructed from hyperspectral image (left) and UV-VIS-NIR spectra 
associated with i) central and ii) edge regions c.  Raman DCLS map showing the distribution of 
fitted GR-like species(left) alongside Raman spectra associated with central and edge 
regions(right) 
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Figure 43 shows regions which are characterised by their large 540 cm-1 peak in 

Raman spectroscopy. a. is microscopy of 30 μgcm-2 MgCl2 droplet corroded for 

2 weeks at 46% RH and 30°C before a further 42 months in fluctuation ambient 

conditions. b. 81 x 81 pixel PseudoRGB image of same, constructed from 

hyperspectral image with 4 x 4 mm area with sampling resolution of 0.05 mm 

per acquisition. c. DCLS map of 540 cm-1 peak presence, overlaid on microcopy 

of droplet. Two similar but distinct spectra are present. Spectra associated with 

the edge of the rust area are characterised by additional peaks at 290 cm-1 and 

450 cm-1. The compound towards the centre has no significant peaks below 540 

cm-1 and has a large additional peak at 700 cm-1. The rough, broad peaks at 

900 cm-1 are unassigned.  The compounds present at the edge of the rust 

region are spectrally flat in the UV-VIS-NIR. The spectra present towards the 

centre of the rust region display the same red/brown ‘cliff’ as is present in the 

previous spectra associated with iron oxide-hydroxide.  
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Figure 44 a. Microscopy of 30µgcm-2 MgCl2 droplet, exposed for 42 months in ambient conditions 
b.) PseudoRGB image constructed from hyperspectral image (left) and UV-VIS-NIR spectra 
associated with highlighted region c.  Raman DCLS map showing the distribution of fitted ‘salt’ 
spectrum (left) alongside example Raman spectrum used for fitting (right) 
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Figure 44 shows the UV-VIS-NIR spectra associated with the white compound 

which surrounds the central rust spot. It is spectrally flat with a reflectance of 

approximately 40% of the calibrated 99% reflectance standard. The Raman 

spectrum shows a strong peak at 1370 cm-1, with a smaller shoulder at 1340 

cm-1.  
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Figure 45 a. Microscopy of 30µgcm-2 MgCl2 droplet, exposed for 42 months in ambient conditions 
b.) PseudoRGB image constructed from hyperspectral image (left) and UV-VIS-NIR spectra 
associated with highlighted region c.  Microscopy showing region where example background 
steel was taken from. 
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Figure 45 shows UV-VIS-NIR spectra associated with the bare stainless steel 

surrounding the droplet. It is spectrally flat with a reflectance of approximately 

5% of the 99% calibrated reflectance standard. The Raman spectrum is that of 

a typical area of the steel.  
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Figure 46 a. 30µgcm-2 CDD MgCl2 droplet exposed for 42 months in ambient conditions, image 

taken with microscope b. composite RGB image made from hyperspectral image by combining 450 
nm, 550nm, 650 nm wavelength slices alongside representative UV-VIS-NIR spectra for each 
region. c. Raman map showing overall distribution of spectra appearing in accompanying stacked 
plot.  
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Figure 46 consists of representative examples of all spectra associated with all 

measured species. Of note is that the spectra from regions assigned as central 

‘green rust’, lepidocrocite and akaganeite spectra are point iv on Figure 42 and 

point iii on  Figure 41. Spectra are either flat (Figure 46 e,d,f) or have a positive 

gradient with a maximum at 800 - 850 nm (Figure 46 a,b,c)  
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5.2.2 Comparison of techniques for area quantification 

 

Figure 47 a, b, c colour microscopy of 3 droplets with CDD of 30, 10 and 3 µgcm-2, exposed for 42 
months in fluctuating ambient conditions. d, e, f. pseudoRGB images of the above droplets made 
by combining the 450 nm, 550 nm and 650 nm wavelength slices from a hyperspectral acquisition 
with a resolution of 0.2 mm per acquisition and a sample area of 4 x 4 cm.  

 

Three HS images were acquired of droplets with chloride deposition densities of 

30, 10 and 3 µgcm-2, exposed for 2 weeks at 46% RH and 30°C and then for a 

further 42 months at ambient RH and temperature. Figure 47 shows a,b,c 

colour microscopy of droplets. (d, e, f) Pseudo-RGB images of each, 

constructed with 450 nm, 550nm and 650 nm wavelength slices of HS images 

for broad comparison. Each HS image consists of a 4 x 4 acquisition area with a 

sampling resolution of 0.2 mm per acquisition.  
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Figure 48 a, b, c. colour microscopy of 3 droplets with CDD of 30, 10 and 3 µgcm-2, exposed for 42 
months in fluctuating ambient conditions d, e, f greyscale images of remaining intensity after the 
blue colour channel is subtracted from the red. 

 

Figure 48 shows the colour microscopy (a,b,c) compared to the intensity values 

remaining when the blue channel is subtracted from the red as a technique for 

segmenting ‘red’ areas of the image.   
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Figure 49 a, b, c. pseudoRGB images of 3 droplets with CDD of 30, 10 and 3 µgcm-2 made by 
combining the 450 nm, 550 nm and 650 nm wavelength slices from a hyperspectral acquisition d, e 
,f Images of intensity remaining after subtracting the 450 nm wavelength slice from the 650 nm 
wavelength slice. g,h I Images created by subtracting the 450 nm slice from the 850 nm slice. 

  

Figure 49 shows the HS pseudoRGB images (a,b,c) and the contrast between  

450 nm and 650 nm wavelength slices (d,e,f) against the contrast between 450 

nm and 850 nm slices (g,h,i), showing that a higher residual intensity and 
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therefore better contrast is present for the 850 nm-450 nm subtraction than for 

the 650 nm -450 nm subtraction.   

 

Figure 50  a, b, c PseudoRGB images of 30, 10 and 3 μgcm-2 MgCl2 droplets. d, e, f images derived 
from hyperspectral images by taking the mean differential of the spectrum associated with each 
pixel. 

 

Figure 50 shows a comparison between the pseudoRGB and the mean 

differential of the spectrum associated with each pixel. Red/brown coloured 

regions are associated with a higher mean differential.  
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Figure 51 a, PC1-4 images reconstructed from scores generated from principal component analysis 
of a hyperspectral image of a corrosion site under a 30 μgcm-2 MgCl2 droplet. b i. spectra 
associated with bright regions in accompanying images, generated by averaging the spectra from 
all pixels with a P.C. score exceeding 0.1. ii,iii,iv are standard spectra provided for comparison.  
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Principal component analysis was performed on the HS image in order to 

assess its viability for fast analysis of HS images in a corrosion context. Figure 

51 shows the results of principal component analysis of a 21 x 21 pixel 

hyperspectral image of a corrosion site under a 30 μgcm-2 MgCl2 droplet, 

corroded for 2 weeks at 43% RH and 30°C, followed by 42 months ins 

fluctuating ambient conditions. The hyperspectral image is of a 4 x 4 mm area 

taken at a sampling resolution of 0.2 mm per acquisition. A. PC1-4 are images 

constructed with per pixel scores for each of the first 4 principal components, 

accounting for 55% (PC1), 12% (PC2), 1.2% (PC3) and 0.6% (PC4) of the 

variance in the dataset. Their corresponding spectra are displayed in b, 

gathered by averaging all spectra associated with relevant P.C. and with a 

score greater than 0.1. P.C.1 highlights bare steel surrounding the droplet, 

P.C.2 highlights the red/brown ‘rust’ region in the central droplet. P.C.3 

highlights the yellow tinted region immediately surrounding the main rust region. 

P.C.4 highlights the thicker rust layer to the bottom left of the circumference of 

the droplet as well as an area of rust at the centre.  

  



 
 

122 

5.3 Discussion 

Apparatus for taking hyperspectral images of droplet sized targets was 

assembled and characterised (Section 3.5.2). This apparatus was then used to 

take hyperspectral images of mature corrosion sites exposed for 42 months. 

The gathered spectra were compared to Raman spectroscopic mapping for 

compound identification and phase assignment. Some techniques for 

preliminary hyperspectral image analysis were explored.  

5.3.1 Iron oxide phase identification using UV-VIS-NIR imaging 

Spectra of a mature corrosion site gathered using the hyperspectral apparatus 

were compared to Raman spectroscopic mapping for phase analysis. This 

distribution can be seen in Figure 39. The corrosion site was under a 30 μgcm-1 

CDD MgCl2 droplet, exposed for 2 weeks at 30°C and 46% RH and a further 42 

months in fluctuating ambient conditions. An exposure of greater than a month 

was desired to ensure relevance to corrosion sites that will be found in 

temporary waste stores. 

The major constituents of the rust region as seen in Figure 39 were identified as 

akaganeite (β-FeOOH) towards the centre of the rust area and lepidocrocite (γ-

FeOOH) around the edge of the rust area, which is typical of MgCl2 droplets 

over short term exposures (as seen in Chapter 4). Raman spectra matching 

green rust 1 (GR1) as described by Legrand were also observed in the vicinity 

immediately surrounding the droplet (Figure 43c)[96]. Some central regions with 

a strong 540 cm-1 peak which corresponds to Fe3+-OH[159] and 700 cm-1 peak 

corresponding to Fe-O[77, 81, 82] were also observed. The absence of a peak 

at 290 cm-1 and 450 cm-1 prevents these central spectra from being assigned as 
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GR1. There was also a strong 1370cm-1 peak associated with the white 

compound surrounding the rust region that remains unassigned (Figure 44 c). 

This ‘salt’ spectrum was stronger near the droplet edge, indicating that the 

crystals were larger and better formed. This likely due to the droplet edge being 

first to dry and crystallize during wet-dry cycles as it is where the electrolyte is 

thinnest.  

In order to aid visualization and correlation between HS images and Raman 

maps ‘pseudo-RGB’ images were created by combining 450 nm, 550 nm and 

650 nm wavelength slices of the HS image as the red, green and blue 

photographs in a colour image. These were then used for matching and 

validation of the regions used for correlation with the Raman mapping. 

UV-VIS-NIR spectra were then extracted from HS images for regions of each 

compound identified by Raman mapping. For points identified as bearing 

akaganeite by Raman spectroscopy in Figure 41, no UV-VIS-NIR spectra 

present the same intensity distribution as the akaganeite standard (Figure 24), 

which has reflectance of 40-60% in the 550-600 nm region, giving it a yellow 

hue. Instead the ‘akaganeite’ spectra in the HS image have a reflectance in the 

10-30% range. Similarly in Figure 42, no regions of the HS image associated 

with lepidocrocite via Raman spectroscopy present UV-VIS-NIR spectra that 

match the standard powdered lepidocrocite. There could be several reasons for 

this disparity; Synthesized standards were dry and ground into powder whilst 

lepidocrocite and akaganeite present in the droplet are precipitated from and 

still present alongside the droplet solution meaning particle size, wetting and 

arrangement were different for standards and droplet spectra, meaning differing 



 
 

124 

scattering effects between the two.  Additionally, the large (~50-100 μm2) 

acquisition area of the UV-VIS-NIR illumination makes it likely that several 

compounds are illuminated at once, as opposed to the very small region (~10 

μm2) gathered during Raman mapping, which would mean that spectra would 

be acquired as a mixture.  

There are minor regional differences in UV-VIS-NIR spectrum observed for both 

crystal phases of iron oxide. For akaganeite in Figure 41, regions ii, iv and v are 

consistent with each other despite being from different areas of the droplet, 

though all three regions are located towards the interior of the rust region. 

Regions i and iii are closer to the edge of the rust region and have a higher 

reflectance in the blue-green (450 -550 nm) wavelength interval and a shallower 

slope overall. This could be due to spectral blending with light reflected from 

outside the rust region due to the large circle of confusion of the illumination. 

Regional comparison of lepidocrocite is shown in Figure 42. Significantly more 

variation is present in the spectra extracted from HS images due to the regions 

of lepidocrocite present on the droplet occurring towards the outer area of the 

rust region and so some spectral blending with the surrounding ‘salt’ has 

occurred in the HS image. It should be noted that regions i, ii and iv also have 

an additional Raman peak at 700 cm-1 usually attributed to Fe-O[157] and an 

additional unknown peak at 1500 cm-1. The addition of this Fe-O peak doesn’t 

have a reliable effect on the UV-VIS-NIR spectrum however as all measured 

display the broad 450-850 nm red/brown slope the same degree.  
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On the edge of the rust region and in the central region there are spectra 

characterised by a strong 540 cm-1 peak corresponding to Fe3+-OH[96]. The 

spectra around the edge of the rust region match a carbonate green rust that 

Legrand describes[96], with an additional sharp peak at 1000 cm-1 which 

corresponds to bicarbonate[160] and weaker peaks at 450 cm-1 (Fe2+-OH) and 

at 290 cm-1. The UV-VIS-NIR spectrum associated with this region differs very 

little from the surrounding salt and does not present a green hue that is usually 

associated with green rust. The spectrum associated with the central region is 

characterised by an additional peak at 700 cm-1 and significantly reduced 450 

cm-1 and 290 cm-1 peaks. The presence of a 700 cm-1 Fe-O band suggests that 

this a distinct but similar double layered iron oxide-hydroxide in the fougerite 

group rather than Legrand’s green rust 1. This is further supported by the 

observed UV-VIS-NIR spectrum presenting the red/brown cliff associated with 

akaganeite and lepidocrocite regions across the rest of the droplet. Similar 

spectra presenting large 540 cm-1 peaks and small 450 cm-1 peaks are reported 

in a paper by Gomez and suggest that it could be due to the uptake of Mg to 

form MgFeCO3 or MgFeSO4, but neither carbonate or sulphate peaks are 

present between 950 and 1100 cm-1 for central regions[165].  

The UV-VIS-NIR salt spectra in Figure 45 are distinct from the surrounding steel 

(Figure 46) by virtue of a significantly higher overall reflectance – 30-40% as 

opposed to 5-10%, but neither have major spectral features.  The Raman 

spectrum associated with this ‘salt’ has a single major peak at 1370 cm-1 which 

remains unassigned. This suggests that despite lack of spectral features the 
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surface contaminants can be discerned from background steel solely by 

reflected intensity rather than any particular spectral band.   

5.3.2 Techniques for area quantification/Image analysis 

Due to the high dimensionality of the data gathered with a hyperspectral 

acquisition, it is necessary to find efficient techniques to both analyse and 

visualize the data in an intuitive manner.  

Figure 47 shows a comparison between microscopy and ‘pseudoRGB‘ images 

of three droplets of CDD 30 μgcm-1, 10 μgcm-1 and 3 μgcm-1, chosen for having 

significantly different rust areas.  The rust regions are clearly visible as 

red/brown pixels. A simple way of segmenting these images for rust area 

feature extraction is to highlight red pixels by subtracting the blue channel from 

the red, as has been demonstrated in Figure 48 on the colour microscopy 

images, and as is commonly utilized as a spectral identifier for iron oxide[5, 117, 

166, 167]. This technique is applied to HS images in Figure 49 by subtracting 

the 450 nm channel from the 650 nm, with similar results to the microscopy. 

Precise area comparison is difficult due to the low spatial resolution of the HS 

imager but rusty regions of interest are similarly highlighted.  When the same 

technique is applied to the 850 nm channel in the near infra-red (Figure 49c) an 

average of 65% better contrast is seen over pixels associated with rust region, 

suggesting that NIR could significantly improve detectability of small rust 

regions. As the peaks are broad, this could be performed with filters i.e. a 

multispectral system rather than needing the full spectral range of a HS imaging 

system.  
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Another feature extraction technique explored in the Figure 50 is the use of the 

mean differential of the spectrum. Higher order differentials are routinely used 

for industrial applications[168], but the fact that no sharp features are present in 

droplet spectra suggest that higher orders are unnecessary. This is further 

supported by the differential method not showing any improvement over colour 

channel subtraction for highlighting rusty areas.  

Principal component analysis is a method which has been used heavily in 

hyperspectral imaging applications for dimensionality reduction as well as for 

supervised feature extraction of data due to the technique’s ability to self-order 

data along lines of maximum variance, essentially grouping together like 

spectra[5, 121, 166, 169, 170]. PCA has been performed on a HS image of a 

corrosion site in Figure 51. The first P.C. contrasts the bare metal and the 

droplet area as a whole, likely due to bulk reflected intensity differences. The 

second P.C. specifically highlights the red/brown rust region due to the positive 

intensity gradient associated with the iron oxides present. The majority of the 

variance (67%) in the dataset is explained by these first two principal 

components, but the third is potentially of note despite the low variance fraction 

(1.2%) as it highlights the thinner yellow/orange rust around the exterior of the 

rust region, co-incident with the lepidocrocite Raman map. However, the UV-

VIS-NIR spectrum associated with these pixels does not match that of the 

standard lepidocrocite. The fourth P.C. corresponds to only 0.6% of the loading 

and has no easily discernable spectral features, suggesting that it is not useful 

despite it highlighting areas to the edge of the rust ring and centre of the rust 

region.  
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In summary, the distinctive red/brown spectrum associated with rust is a 

powerful indicator for use in corrosion site detection. The differential in intensity 

between the red/NIR (650/850 nm) and the blue (450 nm) allows for simple 

feature detection with minimal hardware and software complexity. Hyperspectral 

imaging has an advantage in that it provides more reliable intensity information 

with a larger spectral range and so could aid with detecting and classifying 

unknown non-corrosion related compounds. Unsupervised analysis techniques 

such as PCA could also be employed to make use of this increased volume of 

data and efficiently segment images with unknown spectra. If complete 

automation is the goal, significant attention should be paid to variance fractions 

so as to avoid false positives. If a pure corrosion detector is desired, however, it 

is not clear that HS + PCA would be any more effective than an arithmetic 

colour channel subtraction performed on high resolution colour photography. 

While there was a 65% increase in contrast observed by utilizing the 850 nm 

wavelength channel over the 650 nm, this would be at the cost of significant 

increases in complexity and acquisition time for little gain as all rust was still 

detected on the three sites by using colour photography. Single wavelength 

optical filters could also be used to take advantage of the extra contrast given 

by utilizing the near infra-red without having to invest in HS hardware.   
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5.4 Conclusions 

Methods for remote sensing of corrosion products were assessed for their 

viability for long term monitoring of corrosion on stainless steel. The expected 

corrosion products contain spectral features present in the UV-VIS-NIR region 

which are suited for hyperspectral imaging. A system was constructed which 

images in the 450 - 850 nm wavelength interval was characterised and 

compared to colour photography for detecting corrosion. corrosion product 

phase information was verified by Raman spectroscopic mapping.  

1. Both UV-VIS-NIR hyperspectral imaging and colour photography were 

effective at detecting corrosion site presence from the deposition of rust 

around the pit mouth 

2. Iron oxide phase identification was not possible using the UV-VIS-NIR 

hyperspectral imager, but a positive intensity gradient from 450 nm to 

850 nm was associated with the presence of iron oxides and hydroxides. 

3. Subtraction of the 450 nm (blue) channel from the 650 nm (red) channel 

of RGB colour imagery is adequate for rust region detection, but utilizing 

the intensity at 850 nm (NIR), present in the HS image, instead of 650 

nm (red) provided 65% better contrast for imaging.  

4. HSI has the potential to provide higher contrast for detection of rust, but 

at the cost of significantly increased complexity and acquisition time as 

colour photography provides the ability to acquire 650 nm and 450 nm 

colour channels using off the shelf hardware.  

5. Principal component analysis was demonstrated to segment 

hyperspectral data of a corrosion site, with PC1 contrasting the 
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background metal with anomalies due to bulk intensity variation and PC2 

contrasting rust regions by the red/brown intensity gradient. 
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6. ASSESSMENT OF PIT VOLUME WITH RESPECT TO VISIBLE RUST 

AREA 

6.1 Introduction 

Corrosion attack is usually quantified by metal loss, either by weight or by 

volume, but metal loss for pitting is small which presents a challenge for 

inspection efforts. Standard methodology for assessing pitting attack is based 

on labour intensive individual close inspection of the attack sites, with surfaces 

being cleaned of corrosion product before inspection[171]. During atmospheric 

pitting all rust generated will be retained in the immediate vicinity of the 

corrosion site, suggesting that quantifying metal attack by measuring visible rust 

is possible. To date there has been no quantification of visible rust with respect 

to a metric for metal loss. 

In this chapter, this relationship is investigated for salts relevant nuclear waste 

stores (MgCl2, CaCl2), chloride deposition density (CDD) (<100 μgcm-2) and 

conditions(fluctuating, 20-30°C and 20-50% RH)[9] by comparing rust area 

measurements from colour photography to pit volume information gathered by 

confocal laser scanning microscopy.  

Colour based image segmentation techniques are widespread in industry and 

has been previously proposed for corrosion detection[110, 136, 137]. Four 

colour based image processing techniques (outlined in sections 3.6.1 to  3.6.4) 

are compared for their efficacy at rust detection:  

 Red-Blue colour channel subtraction of the RGB image, followed by 

thresholding of the remaining intensity. This was chosen due to its 
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simplicity of application, requiring only two matrix operations to fully 

segment the image.  

 Principal component analysis (PCA) of the RGB image, followed by 

thresholding of the score of the second principal component. PCA is an 

unsupervised technique in wide use for anomaly detection and semi-

automated segmentation of RGB colour and hyperspectral images in 

industry[141, 144, 170, 172, 173]. 

 Conversion to HSV colour space followed by thresholding of the hue and 

saturation indices. Use of HSV colour space allows for thresholding to be 

performed using criteria which are more intuitive to a user. Chroma (Hue) 

is separated from saturation(S) and brightness (Value), allowing for the 

selection of colour independent of lighting condition. 

 Conversion 1976 CIELAB (L*a*b*) colour space, followed by thresholding 

of the b* (green-yellow) index. L*a*b* colour space was designed to be 

both device independent and perceptually uniform, meaning that the 

technique should be more robust when using data gathered using 

different instruments and that the supervised thresholding process 

should be more consistent. 
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6.2 Results 

MgCl2 and CaCl2 droplets of 100, 50 and 20 µgcm-2 chloride deposition density  

were deposited on 304L stainless steel and exposed for 14 days in either fixed 

46% RH and 30°C conditions or fluctuating ambient conditions between 19- 

49% RH and 19-24°C to provide a range of rust areas and pit volumes. 73 

MgCl2 and 74 CaCl2 droplets with pits were analysed. After exposure, colour 

photographs were taken before the corrosion product was removed and 

confocal laser scanning confocal microscopy was performed to measure pit 

volume.  

Four segmentation techniques were used to separate rust area from other 

surface features in the colour photographs:  

 Red-Blue colour channel subtraction of the RGB image, followed by 

thresholding of the remaining intensity  

 Principal component analysis (PCA) of the RGB image, followed by 

thresholding of the score of the second principal component 

  Conversion to HSV colour space, followed by thresholding of the hue 

and saturation indices 

  Conversion to L*a*b* colour space, followed by thresholding of the b* 

(green-yellow) index.   
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Figure 52 Representative corrosion product morphology for all tested conditions; 20, 50 100 μgcm-

2 chloride deposition densities, fluctuating and fixed RH and temperature and both MgCl2 and CaCl2  

droplets.  

Figure 52 shows colour photography of representative examples of corrosion 

product morphologies observed under all tested conditions at point of 

extraction, before corrosion products were washed off. 100, 50 and 20 µgcm-2 

MgCl2 and CaCl2 droplets were exposed in both fixed 43% RH and 30°C and 

fluctuating ambient conditions with a range of 19% - 49% RH and 19-24°C. All 

droplets with pits show red/brown rust directly around the pit mouth and a white 

salt precipitate outside the rust area, concentrated at the droplet edge. In CaCl2 
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droplets exposed in fixed conditions there is a thick, white band of salt 

precipitate present at the edge of the rust area. 

6.2.1 Measurement of Pit Volume via confocal laser scanning microscopy 

 

Figure 53 a)b)c) i) Height maps generated by the confocal laser microscope are compared to ii) 
unprocessed 3D heat-maps for 3 representative pits from CaCl2 droplets exposed in fluctuating 
ambient conditions of CDD a) 100 b) 50 and c) 20 μgcm-2 
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After exposure, the samples were photographed, rinsed and ultrasonically 

cleaned in deionized water to remove corrosion products. Laser scanning 

confocal microscopy was then used to measure pit volumes. Figure 53 shows 

a) i,b) i , c)i intensity height map produced by the confocal microscopy in 

relation to the raw 3D heat map produced by the software. a), b), c) ii. 
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Figure 54 Comparison between photography of droplets of similar rust area and intensity height 
maps of their pits, gathered by confocal microscopy. All droplets have a CDD of 100 µgcm-2. a i), ii) 
MgCl2 droplet in fixed conditions b i), ii) CaCl2 droplet in fixed conditions c i), ii) MgCl2 droplet in 
fluctuating ambient conditions d i), ii) CaCl2 in fluctuating ambient conditions.  
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Figure 54 shows photography of a representative set of 100 µgcm-2 CDD 

droplets of similar rust area for all tested conditions and associated confocal 

microscopy images showing pit morphology. In the case of the CaCl2 droplet 

(b), a site was chosen with a large pit volume as no valid droplet was available 

with similar rust area to the other sites. All other droplets have different pit 

volumes, despite having near identical rust area. Several pit morphologies are 

present. a and b i) showing hemispherical morphology while c and d i) show a 

shallow dish with a spiral morphology.  
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Figure 55 Comparison between photography of droplets of similar rust area and confocal 
microscopy of their pits. All droplets have a CDD of 50 µgcm-2. a i), ii) MgCl2 droplet in fixed 
conditions b i), ii) CaCl2 droplet in fixed conditions c i), ii) MgCl2 droplet in fluctuating ambient 
conditions d i), ii) CaCl2 in fluctuating ambient conditions. 
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Figure 55 shows photography of a representative set of 50 µgcm-2 CDD 

droplets of similar rust area for all tested conditions and associated confocal 

microscopy images showing pit morphology. All pits show a hemispherical 

morphology. 
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Figure 56 Comparison between photography of droplets of similar rust area and confocal 
microscopy of their pits. All droplets have a CDD of 20 µgcm-2. a i), ii) MgCl2 droplet in fixed 
conditions b i), ii) CaCl2 droplet in fixed conditions c i), ii) MgCl2 droplet in fluctuating ambient 
conditions d i), ii) CaCl2 in fluctuating ambient conditions. 

 

Figure 56 shows photography of a representative set of 20 µgcm-2 CDD 

droplets of similar rust area for all tested conditions and associated confocal 
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microscopy images showing pit morphology. a) and b) show hemispherical 

morphology while c) and d) show spiral and satellite morphologies respectively. 

 

 

Figure 57 Pit volumes of all droplets compared to their CDD as measured by confocal laser 
microscopy, with error bars showing standard deviation of the measurements.  

 

Figure 57 shows the pit volumes of all droplets as measured by confocal laser 

microscopy, arranged by chloride deposition density and by condition. Larger 

volumes are recorded for droplets exposed to fixed conditions than to 

fluctuating. At corrosion sites where multiple pits were present, the volume of all 

pits was summed to give a single value per site. A larger pit volume is also 

associated with a larger variability in volume. Error bars were applied as the 

standard deviation of all pits exposed to a particular condition and CDD.   



 
 

143 

6.2.2 Estimating error in pit volume due to user controlled parameters 

The process for pit volume measurement had opportunities for the introduction 

of random error due to user set parameters in tilt correction of the sample 

surface, upper and lower vertical limits during acquisition and manual region 

allocation for volume assessment. In order to estimate the error introduced by 

user input during the measurement process, acquisition of pit volume was 

repeated 6 times on 34 pits from MgCl2 and CaCl2 droplets in fixed conditions.  

 

Figure 58 Volumes for 6 repeat measurements of pit volume for 34 pits using laser scanning 

confocal microscopy for 100, 50 and 20 μgcm-2 CDDs exposed to fixed 46% RH and 30℃. Each 
vertical line represents an individual pit, crosses are volumes given by each repeat measurement 
of said pit.  

  

Figure 58 shows the variation of repeated measurements of pit volume due to 

user error for 34 droplets exposed to fixed 46% RH and 30°C conditions. 
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Table 8 Breakdown of standard deviation as averaged percentage of the mean associated pit 
measurement by salt cation and chloride deposition density for all 34 pits present in Figure 58 

Salt Cation 
Chloride Deposition density (μgcm-2) 

All CDDs 
100 50 20 

Mg 16% 12% 23% 18% 

Ca 8% 16% 14% 17% 

 

Table 8 shows the averaged percentage standard deviation present in the 

measurement of pit volume for 34 pits exposed to fixed conditions. Standard 

deviations are shown as an averaged percentage of the mean of all 

measurements for a particular chloride deposition density, salt cation or 

combination of the two.  
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6.2.3 Determination of threshold for Red-Blue colour channel subtraction 

method 

 

Figure 59 a) i) Colour photograph of 100 μgcm-2 CDD MgCl2 droplet exposed in fixed conditions and ii) 
Distribution of intensities associated with each colour channel in a) i). b) i) Greyscale image of remaining 
intensity when the blue channel of a) i) is subtracted from the red. b) ii) Distribution of residual intensities after 
colour channel subtraction c) i) Area segmented when an intensity threshold of 20, 30, 40, 50, 60 or 70 is 
applied to b) i). c) ii) Distribution of residual intensities after colour channel subtraction with thresholds 
highlighted. 
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Figure 59 consists of a i) a colour photograph of a 100 μgcm-2 MgCl2 droplet. 

Visible in the image is the red/brown rust area showing the range and area 

distribution of red rust. The associated histogram a ii) shows all three intensity 

distributions peaking at 70, indicating that most of the brightness is centred 

around this value. The red channel has an additional broad peak at 190, and 

blue a low shoulder at 30-40 indicating that there are a significant number of 

pixels with a red hue. Finally all three distributions show a sharp peak at 255, 

indicating the presence of white pixels.  

Inset b i) consists of the intensity remaining when the blue channel from a) is 

subtracted from the red as a method for separating all pixels with a red hue. 

The central rust area remains visible along with a small amount of the white salt 

at the droplet edge. The associated histogram b ii) shows the intensity 

distribution of the remaining pixels. The highest frequency is near zero, with a 

secondary peak at 50. Frequencies are then equally represented until 200, 

where frequency drops to zero.  

Inset c) shows the areas of the image segmented when thresholding is applied 

to b), with each colour corresponding to extra area acquired when a lower 

threshold is applied. The associated histogram has the same colours overlaid 

showing intensity intervals accounted for by a particular threshold. An Intensity 

threshold of 70 segments the smallest area, a threshold of 20 segments the 

highest. 
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6.2.4 Determination of threshold for principal component analysis method 

 

Figure 60 a) i) Colour photograph of 100 μgcm-2 CDD MgCl2 droplet exposed in fixed conditions 
and ii) Distribution of intensities associated with each colour channel in a) i). b) i-iii) 1st, 2nd and 3rd 
principal components of a) i). c) i) Distribution of scores in the 2nd principal component c) ii) 
histogram of scores of the 2nd principal component. d) i) Areas segmented when score threshold 
is applied to the second principal component d ii) distribution of intensities segmented with a 
particular threshold. 
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Figure 60 consists of a i) a colour photograph of a 100 μgcm-2 MgCl2 droplet. 

Visible in the image is the red/brown rust area showing the range and area 

distribution of red rust. The associated histogram a ii) shows all three intensity 

distributions peaking at 70. The red channel has an additional broad peak at 

190, the green channel has a large shoulder from 70 to 170 and the blue 

channel has two shoulders at 40 and 100 either side of the main peak at 70. 

Finally all three distributions show a sharp peak at 255. 

b i-iii) shows heat maps of the 1st, 2nd and 3rd principal components of the image 

in a) The first principal component highlights the variation in overall intensity 

with the bright white salt around the droplet being given a low score and the rest 

of the image approximately equal. In the second principal component the rusty 

region is highlighted with a lighter yellow rust colour associated with a higher 

score. The third principal component highlights visible rust with a deeper red-

brown rust colour associated with a higher score. c i) shows a zoom of the 2nd 

principal component and the associated histogram cii) shows the score 

distribution. It has a large peak in score at -20 with the rest of the distribution 

being approximately equal in frequency up to a score of 80, where it drops to 

zero.  

The image d i) and associated histogram d ii) are the product of score 

thresholding of the second principal component showing the regions contained 

within each score interval. A threshold of -20 includes significant non- rusty 

pixels, a threshold of zero maximizes segmentation of rusty area.   
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6.2.5 Determination of threshold for HSV thresholding method 

 

Figure 61 Comparison of rust areas gathered by applying different thresholds to photography in 
HSV colour space alongside histograms of the pixel distribution of the images. a) Initial colour 
photograph showing corrosion product morphology of a 100 μgcm-2 MgCl2 droplet alongside 
histogram of the intensity distribution of its colour channels taken using DSLR camera b) map of 
areas generated when a minimum hue threshold was applied to a.  c) map of areas generated when 
a minimum saturation threshold was applied to a as well as limiting hue to 0-0.15. 
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Figure 61 consists of a) colour photograph of a 100 μgcm-2 MgCl2 droplet 

alongside the histogram of the hue, saturation and value distributions. The 

major feature in hue is a large peak at 0-0.15. Saturation is largest close to 0 

with minor peaks at 0.5 and 0.8. Value is zero below 0.2, peaks at 0.3 and has 

a very broad peak centred at 0.7. Inset b) shows the areas associated with 

different values of hue. All areas are included with a value over 0.2, while 

progressively smaller regions of the total rusty area are included with lower 

thresholds. Inset c) shows the areas gathered when saturation thresholds are 

applied to an image trimmed to 0-0.15 in hue. All thresholds include the rust 

area but saturations below 0.3 also include parts of the white salt at the edge of 

the droplet.  
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6.2.6 Determination of threshold for L*a*b* thresholding method 

 

Figure 62 Comparison of rust areas gathered by applying different thresholds to photography in 
L*a*b* colour space alongside histograms of the pixel distribution of the images. a) Initial colour 
photograph showing corrosion product morphology of a 100 μgcm-2 MgCl2 droplet alongside 
histogram of the intensity distribution of its colour channels b) map of areas generated when a 
minimum b* threshold was applied to a). 

 

Figure 62 shows a) colour photograph of a 100 μgcm-2 MgCl2 droplet alongside 

a histogram of the  Luminance (L*), green-red (a*) and blue-yellow (b*) 

distributions of the image when converted to the 1976 CIELAB colour space. b) 

consists of the area distributions associated with different thresholds in (b*). A 

threshold of 20 is associated with the difference between getting purely rust 

area and including elements of the white salt at the edge of the droplet. 
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Figure 63 

Figure 63 shows a per droplet comparison of different rust area acquisition 

segmentation techniques for MgCl2 (red) and CaCl2 (blue) droplets in fixed 46% 

RH and 30°C (no fill) and fluctuating ambient conditions between 19% and 49% 

RH and19-24°C (filled). Thresholds were determined by visual inspection of rust 

area with respect to the extent of pixel areas segmented by a particular 

threshold and technique for a small sample of the dataset. Thresholds used for 

each technique were:  

 20 for R-B colour channel subtraction,  

 30 for principal component analysis  

 0-0.15H, 20S for HSV  

 20b* for L*a*b* 

Chloride deposition densities of 20, 50 and 100 μgcm-2 were tested. There is a 

general trend where rust area increases with CDD, except for CaCl2 droplets 

exposed in fixed conditions which have low rust areas compared to other 

droplets. 
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Figure 64 Comparison of colour intensity values by histogram of highlighted region of interest of a 
i), ii) MgCl2 and b i), ii) CaCl2 droplets corroded for 2 weeks at 46% RH and 30°C. 

Figure 64 shows an example of the central region directly over the pit of a) a 

MgCl2 droplet compared to that of a b) CaCl2 droplet in the same conditions, 

with the histograms a,b) ii) showing this lack of colour gradient for use in colour 

based segmentation. 
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6.2.7 Rust area vs. pit volume  

 

Figure 65 Comparison of pit volume vs. rust area for all rust area segmentation methods for both 

MgCl2 and CaCl2 droplets exposed for 2 weeks under either fixed conditions (46% RH and 30℃) or 

fluctuating ambient conditions (19-49% RH and 10-24℃) 

Figure 65 shows a comparison between rust area and pit volume for the four 

rust area segmentation methods. Thresholds used were: 

 Red-Blue colour channel subtraction with a residual intensity threshold of 

20 
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 2nd principal component score of 30 for the PCA method.  

 HSV threshold of 0.15 hue and 0.2 saturation  

 b* threshold of 20 for L*a*b* thresholding 

All four methods present a broadly linear relationship for droplets exposed in 

fixed 46% RH and 30℃, while droplets exposed in fluctuating ambient 

conditions (19-49% RH and 10-24℃) are limited to pit volumes of less than 

400,000 μm3 despite having a similar spread of rust areas to the droplets 

exposed to fixed conditions. CaCl2 droplets with pit volumes over 1,000,000 

μm3 had significantly lower rust areas than would be expected from a linear 

relationship.  
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Figure 66 Comparison of pit volume vs rust area gathered by Red-Blue colour channel subtraction 
and thresholding (as in figure 62) for both MgCl2 and CaCl2 droplets exposed for 2 weeks under 
either fixed conditions (46% RH and 30°C) or fluctuating ambient conditions (19-49% RH and 19-
24°C). 

 

Figure 66 shows a comparison of pit volume vs rust area as gathered by Red-

blue colour channel subtraction and thresholding to above a residual intensity of 

20 for both MgCl2 and CaCl2 droplets exposed for 2 weeks under either fixed 

conditions (46% RH and 30°C) or fluctuating ambient (19-49% RH and 19-

24°C) conditions. MgCl2 droplets exposed in fixed conditions display a linear 

relationship between pit volume and rust area whilst CaCl2 droplets show a 

much larger variation in pit volumes and rust areas. Droplets exposed in 

fluctuating ambient conditions have a maximum pit volume of 400,000 μm3.  
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Figure 67 Comparison of pit volume vs rust area gathered by thresholding of the second principal 
component (as in figure 62)  for both MgCl2 and CaCl2 droplets exposed for 2 weeks under either 
fixed conditions (46% RH and 30°C) or fluctuating ambient conditions (19-49% RH and 19-24°C).  

 

Figure 67 shows a comparison of pit volume vs rust area as gathered by 

thresholding of the second principal component score to above 30 for both 

MgCl2 and CaCl2 droplets exposed for 2 weeks under either fixed conditions 

(46% RH and 30°C) or fluctuating ambient (19-49% RH and 19-24°C) 

conditions. MgCl2 droplets exposed in fixed conditions display a linear 

relationship between pit volume and rust area whilst CaCl2 droplets in fixed 

conditions have a similar relationship below 1,000,000 μm3. Above this 
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threshold observed rust area is reduced to below 1.5 mm2. Droplets exposed in 

fluctuating ambient conditions have a maximum pit volume of 400,000 μm3.  

 

Figure 68 Comparison of pit volume vs rust area gathered by thresholding in HSV colour space (as 
in figure 62)  for both MgCl2 and CaCl2 droplets exposed for 2 weeks under either fixed conditions 
(46% RH and 30°C) or fluctuating ambient conditions (19-49% RH and 19-24°C).  

 

Figure 68 shows a comparison of pit volume vs rust area as gathered by 

thresholding in HSV colour space to 0.15 in hue and 0.2 in saturation for both 

MgCl2 and CaCl2 droplets exposed for 2 weeks under either fixed conditions 

(46% RH and 30°C) or fluctuating ambient (19-49% RH and 19-24°C) 

conditions. MgCl2 droplets exposed in fixed conditions display a linear 

relationship between pit volume and rust area whilst CaCl2 droplets in fixed 
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conditions have a similar relationship below 1,000,000 μm3. Above this 

threshold observed rust area is reduced to below 1.5 mm2. Droplets exposed in 

fluctuating ambient conditions have a maximum pit volume of 400,000 μm3.  

 

Figure 69 Comparison of pit volume vs rust area gathered by thresholding in L*a*b* colour space 
(as in figure 62)  for both MgCl2 and CaCl2 droplets exposed for 2 weeks under either fixed 
conditions (46% RH and 30°C) or fluctuating ambient conditions (19-49% RH and 19-24°C).  

 

Figure 69 shows a comparison of pit volume vs rust area as gathered by 

thresholding to a b* index of 20 in 1976 CIELAB (L*a*b*) colour space for both 

MgCl2 and CaCl2 droplets exposed for 2 weeks under either fixed conditions 

(46% RH and 30°C) or fluctuating ambient (19-49% RH and 19-24°C) 

conditions. MgCl2 droplets exposed in fixed conditions display a linear 
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relationship between pit volume and rust area whilst CaCl2 droplets in fixed 

conditions have a similar relationship below 1,000,000 μm3. Above this 

threshold observed rust area is reduced to below 1.5 mm2. Droplets exposed in 

fluctuating ambient conditions have a maximum pit volume of 400,000 μm3.  

 

Figure 70 Comparison of pit volume vs rust area gathered by four image processing techniques (as 
in figures 62-66) for both MgCl2 and CaCl2 droplets exposed for 2 weeks under either fixed 
conditions (46% RH and 30°C) or fluctuating ambient conditions (19-49% RH and 19-24°C).  

 

Figure 70 shows data on pit volume gathered by confocal laser microscopy 

compared to rust area data gathered by the four colour based segmentation 

techniques described in section 3.6. MgCl2 and CaCl2 droplets exposed for 2 
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weeks under either fixed conditions (46% RH and 30°C) or fluctuating ambient 

(19-49% RH and 19-24°C) conditions. MgCl2 droplets exposed in fixed 

conditions display a linear relationship between pit volume and rust area whilst 

CaCl2 droplets in fixed conditions have a similar relationship below 1,000,000 

μm3. Above this threshold observed rust area is reduced to below 1.5 mm2. 

Droplets exposed in fluctuating ambient conditions have a maximum pit volume 

of 400,000 μm3. 

 

Figure 71 Comparison of pit volume vs rust area for both MgCl2 and CaCl2 droplets exposed for 2 
weeks under either fixed conditions (46% RH and 30°C) or fluctuating ambient (19-49% RH and 19-
24°C). Error bars show standard deviation of pit volume measurements (x) and standard deviation 
of area measurements acquired through different threshold-based techniques (y).  
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Figure 71 shows data on pit volume gathered by confocal laser microscopy 

compared to averaged rust area data gathered by the four colour based 

segmentation techniques described in section 3.6.Vertical error bars (variable) 

were drawn by calculating the standard deviation of areas across all four 

techniques for each individual droplet whilst horizontal error bars (17.4%) were 

drawn by taking the average standard deviation of 6 volume measurements of 

34 representative pits and extrapolating to the full population as described in 

section  

6.2.8 Ambient exposure conditions 

 

Figure 72 Data from temperature and humidity logger placed alongside fluctuating ambient 
samples during exposure with a 30 minute interval between acquisitions. a and b show 
deliquescence points for CaCl2 (29% RH) and MgCl2 (33% RH) respectively at this temperature 
range [174] 
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Figure 72 shows the exposure conditions as recorded from a data logger placed 

alongside the samples left open to fluctuating ambient conditions. The 

temperature remains steady between 19°C and 23°C whilst the relative humidity 

fluctuated between 20% and 43%. Deliquescence points of a. MgCl2·6H2O at 

33% RH and b. CaCl2·6H2O at 29% RH are marked.[174]  

6.3 Discussion 

6.3.1 Pit volume measurements 

A general increase in pit volume with chloride deposition density (CDD) was 

observed for droplets exposed to fixed conditions, but this relationship was not 

present for droplets in fluctuating conditions (Figure 57), where pit volumes 

were consistently very low compared to those in fixed conditions.  

It is well understood that pit morphology is heavily dependent on atmospheric 

conditions via solution concentration[175, 176] and during this experiment the 

droplets exposed to fluctuating ambient conditions spent significant amounts of 

time at a lower relative humidity and temperature than the ones in fixed 

conditions (Figure 72).  

This would have a number of effects. Firstly a lower temperature would mean a 

lower overall growth rate and a longer initiation time[63, 145] and secondly a 

generally lower relative humidity would mean a more concentrated solution and 

a thinner electrolyte layer, meaning a higher I-R drop limiting cathodic area. As 

pit growth rate is cathodically controlled[8, 27, 55] this would manifest as lower 

gross metal loss after a set time. This is likely to be in combination with a 

change in morphology to a spiral or satellite mode rather than hemispherical, as 
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seen in Figure 54, Figure 55 and Figure 56. Significant volume of the pit could 

be undercut and therefore unobserved by confocal microscopy.[64, 65] It’s also 

worth noting that a larger number of small pits such as in a satellite pitting 

regime might correspond to a lower risk of stress corrosion cracking for similar 

total metal loss in a hemispherical pit[22, 177]. Additionally, preferential 

dissolution of delta ferrite in 304L stainless steel could account for significant 

‘lost’ volume as almost all of this growth could be undercut along the rolling 

direction of the steel.[64] This makes volume assessment difficult without 

vertical sectioning or sequential tomographic grinding of the sample, which 

should be performed in future experiments. Finally, the relative humidity 

dropped below the efflorescence point of the electrolyte salts twice during the 

experiment, meaning that there was a risk that some or all of the droplets left in 

fluctuating ambient conditions underwent wet-dry cycling. This drop was less 

than a day in both cases however (Figure 72) and it has been previously 

observed that this is not enough time for the occluded environment within the pit 

to dry and repassivate.[44] 

6.3.2 Rust area measurement 

Rust area was assessed by image processing of colour photography through 

four techniques: Red-Blue colour channel subtraction and thresholding (Figure 59), 

Principal component analysis (PCA) followed by thresholding of the 2nd principal 

component (Figure 60), thresholding of hue and saturation in HSV colour space 

(Figure 61) and thresholding of b* (blue-yellow channel) in L*a*b* colour space 

(Figure 62). Error! Reference source not found. shows the variation in area 

measurement for each droplet in the dataset). Final thresholds for rust area 
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determination of the full dataset were determined by visual inspection of rust 

area with respect to the extent segmented area by a particular threshold and 

technique for a single droplet. i.e. The threshold which extracted the greatest 

rust area without assigning any of the surrounding steel or salt was the one 

used for rust area extraction for the full dataset.  

Thresholds used for each technique were:  

 Residual intensity of 20 for R-B colour channel subtraction,  

 Score of 30 for principal component analysis  

 0.15 hue and 20 saturation for HSV  

 b* index of 20 for L*a*b* 

After segmentation with appropriate thresholds (Error! Reference source not f

ound.), a general increase in rust area associated with chloride deposition 

density was present for all four techniques on all droplets except CaCl2 droplets 

exposed under fixed conditions. The low rust area gathered for CaCl2 droplets 

with pits above 1,000,000 μm3 in fixed conditions was due to all techniques 

requiring a colour gradient to be detected, which was minimal for these droplets 

due to the dominant precipitation of a white corrosion product, determined as 

green rust 1 in chapter 4. Figure 64 shows this in detail, the MgCl2 droplet’s red 

colouration manifests as a clear difference in the distribution of red and blue 

cannels, allowing the red area to be segmented while the CaCl2 droplets 

distributions are equal, preventing segmentation.  

All four segmentation techniques were able to separate rusty pixels from non-

rusty by colour. R-B colour channel subtraction gave consistently higher area 
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measurements than the mean of the 4 techniques, followed by HSV 

thresholding, then 2nd P.C. and finally L*a*b* produced the lowest area 

measurements. The average single droplet standard deviation from the mean 

for all area measurement techniques was 24%, meaning results were 

reasonably consistent.  

6.3.3 Pit volume rust area comparison 

Figure 66 - Figure 69 compare pit volume and rust area measured by each rust 

area segmentation technique and Figure 70 shows all techniques in a single 

plot for comparison. For all techniques, pit volume and rust area have a linear 

relationship for droplets exposed to fixed conditions, excepting CaCl2 droplets 

with a pit volume greater than 1,000,000 µm3. Above this volume threshold, 

segmented rust area is much lower than would be expected from similar pits 

under MgCl2 droplets.  

Red-Blue colour channel subtraction (Figure 66) shows a generally higher area 

of rust gathered, but a larger spread in the rust areas, while the principal 

component analysis based technique (Figure 67) has a more consistent 

relationship between pit volume and rust area as do the comparisons with HSV 

(Figure 68) and L*a*b (Figure 69) techniques. It should be noted that the 

principal component analysis based technique is unsupervised for the non-

thresholded portion of the process, meaning that the 2nd principal component 

used for area allocation will show different pixels depending on the properties of 

the data. i.e. if no rust is present in the image (red-blue variance axis), the 

second principal component will show the next highest axis of variance in the 

image. The other 3 techniques are all supervised for the whole process, 
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meaning that they require user input to set the thresholds which segment the 

rust area. Under different lighting conditions or if a different camera is used, 

these thresholds would need to be reassessed. As the 1976 CIELAB colour 

space used for the L*a*b area measurement was designed to be device 

independent, this need would be minimized for that technique.   

Droplets exposed in fluctuating conditions have a similar spread of rust areas to 

those in fixed, but due to their lower pit volumes, no correlation is present 

between pit volume and rust area. Figure 71 shows the pit volume data against 

averaged rust area data with error bars. The average standard deviation for the 

rust area by the four techniques in Figure 54-Figure 57 was 24%, while the 

average standard deviation of pit volume of a representative sample of pits was 

17.4%. These are not large enough to significantly affect the confidence in the 

trends in the data and no rust area segmentation technique proved decisively 

more effective than any other.  

Both pit volume and rust area were observed to increase with CDD for the 

majority of droplets in fixed conditions (Figure 57, Error! Reference source not 

found.), but only rust area was seen to increase for fluctuating ambient 

conditions. This manifested as a linear relationship between pit volume and rust 

area for MgCl2 droplets in fixed conditions and for CaCl2 droplets with pit 

volumes of less than 1,000,000 µm3 (Figure 70, Figure 71), while no relationship 

was present between pit volume and rust area for droplets exposed to 

fluctuating ambient conditions. 
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In summary, rust area gathered by image processing of photography is a good 

indicator of corrosion site presence, but preliminary attempts at quantification 

are inconclusive due to unresolved questions with undercutting potentially 

disrupting pit volume measurement and non-red corrosion product disrupting 

area measurement. Future work should endeavour to improve reliability of 

measurements by taking other corrosion products into account as well as total 

rust volume or density into account instead of solely rust area. A tomographic 

technique such as sequential grinding should also be utilized to measure pit 

volume in order to resolve the question of unmeasured volume due to undercut 

pit morphology.  

6.4 Conclusions 

The relationship between rust deposition area and pit volume on 304L stainless 

steel after two weeks of exposure was assessed for fixed 46% relative humidity 

and 30°C and ambient conditions which fluctuated between 20% - 46% RH and 

19-23°C. Four colour-threshold based segmentation techniques were compared 

for assessing rust area via colour photography and pit volume was measured 

using confocal laser scanning microscopy.  

1. Visible rust area increased with chloride deposition density for all 

segmentation techniques, but no rust area segmentation technique 

proved decisively more effective than any other. 

2. In fixed conditions a linear relationship between pit volume and rust 

areas was present for MgCl2 droplets and for all CaCl2 droplets with pits 

of volume less than 1,000,000 µm3.  
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3. No relationship was observed between rust area and pit volume in 

fluctuating conditions due to low observed pit volumes for a given rust 

area.  

4. CaCl2 droplets with pit volumes of greater than 1,000,000 μm3 generated 

a band of green rust 1 which confounded rust area assessment by colour 

analysis.  
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7.  GENERAL DISCUSSION 

Hyperspectral imaging and image processing of colour photography were 

investigated with the aim of assessing their applicability to long term monitoring 

of intermediate level waste containers. Corrosion product species that could be 

expected to be present in waste stores were first identified using Raman 

spectroscopic mapping for relevant salts and conditions. RGB colour and 

hyperspectral images were then acquired and compared to Raman 

spectroscopic mapping of a mature corrosion site in order to assess the viability 

of different imaging techniques. Finally rust area was compared to pit volume in 

order to investigate the relationship between visible surface rust and extent of 

metal attack. 

The corrosion products of 304L stainless steel were found to consist of the iron 

oxide-hydroxide akaganeite (β-FeOOH), lepidocrocite (γ-FeOOH) and layered 

double hydroxide (green rust) also present on some droplets. Akaganeite was 

the majority phase present on most droplets, with a notable exception being 

MgCl2 exposed to fluctuating ambient conditions which mainly consisted of 

lepidocrocite. The ‘mature’ droplet utilised in chapter 5 had a mix of akaganeite, 

lepidocrocite and green rust which made it viable for broad comparison between 

HS imaging and colour photography.  

When UV-VIS-NIR hyperspectral imaging was performed on a mature droplet 

with a corrosion site containing all common corrosion products it was found that 

specific phase identification was not possible with HS imaging i.e. only the 

general presence of iron oxide-hydroxide could be distinguished from the 

background steel. This was because the iron oxide-hydroxide spectra gathered 
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from droplet experiments have no significant features besides the broad band at 

700-900 nm and as such the high spectral resolution (~ 1 nm) afforded by the 

hyperspectral imaging apparatus is not utilised.  

As a result, corrosion product detection can be performed by comparing just two 

wavelength points – the maximum at 700-900 nm and the minimum at 500 nm. 

High resolution colour photography was able to provide good rust area 

assessment, with the red (~650 nm) and blue (~450 nm) colour channels of a 

standard RGB colour camera providing an ‘off-the-shelf’ solution as sensors, 

optics and software techniques designed for use with colour photography are 

well understood and widely available.  This did come at the cost of lower 

contrast for corrosion detection, however, as the reflectivity of iron oxide-

hydroxide is lower at 650 nm (red) than 850 nm (near infra-red) as explored in 

chapter 5. 

Colour photography was used to assess rust area by way of this intensity 

differential in chapter 6 and while there was no clear correlation drawn between 

rust area and pit volume, rust was detected by using colour photography in 

every droplet that pitted. It is worth noting that for CaCl2 droplets exposed to 

fixed 46% RH for two weeks (Figure 34, Figure 64), the thick band of LDH-

green rust that was associated with large pits did not prevent detection of the 

corrosion site entirely in any case.  

A system might therefore be implemented whereby high resolution colour 

photography provides fast, broad scale assessment of container surfaces to 

highlight regions of interest for closer inspection and chemical analysis using 
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Raman spectroscopy, which would be able to better determine the chemical 

composition of a particular region of interest.  

7.1 Limitations 

It should be noted that the investigations undertaken during the course of this 

project had a number of potential limitations. Firstly, most droplets were 

exposed for less than a month and therefore their corrosion products may not 

be representative of those found in stores which could have been present for 

years or even decades. However, comparing the distribution of corrosion 

products of 30 μgcm-2 droplets present in Figure 37 (24 days exposure, fixed 

46% RH and 30°C) and Figure 39 (14 days at fixed 46% RH and 30°C followed 

by 42 months in fluctuating ambient conditions) suggests that the distribution 

and species of corrosion product does not significantly change with additional 

exposure time, only that species become better crystallised due to the lack 

spectra with poor signal to noise and a single identifying peak at 710 cm-1. This 

is further supported by Cornell and Schwertmann that suggest that significant 

heating or pH change is required to undergo phase transformation[73] 

Secondly, all experiments were performed on 304L stainless steel, when 

containers will be made out of both 304L and 316L.[178]  This is unlikely to 

significantly affect the results as other alloying elements such as nickel and 

chromium were not incorporated into corrosion products and so it’s not 

expected that molybdenum would change the distribution or composition of 

corrosion products. Boucherit et al discuss incorporation of molybdates into 

goethite macrostructure, however [159] and so it is not out of the realm of 

possibility that similar incorporation occurs with other iron oxide-hydroxides.  
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8. GENERAL CONCLUSIONS 

Corrosion products of 304L stainless steel exposed to ILW stores relevant 

atmospheric corrosion conditions were characterised using Raman 

spectroscopic mapping. A hyperspectral imager was then assembled, 

characterised and used to image a mature corrosion site in the 450-850 nm 

wavelength interval, with iron oxide-hydroxide phase information being verified 

by Raman spectroscopic mapping. Finally surface rust area assessed by colour 

photography was compared to metal loss from pitting by volume gathered by 

laser scanning confocal microscopy. 

1. The major visible corrosion products were the iron oxide-hydroxides 

akaganeite and lepidocrocite with a major secondary presence of layered 

double hydroxide (green rust). 

2. Colour based image segmentation was effective at detecting the 

presence of pitting corrosion by the ring of iron oxide-hydroxide 

deposited around the pit mouth 

3. Iron oxide-hydroxide phase assignment on corrosion product from 

droplet experiments was not possible using UV-VIS-NIR hyperspectral 

imaging with a spectral range of 450 – 850 nm due to a lack of identifying 

features in spectra acquired from precipitated rust. 

4. Image segmentation of corrosion product species was more effective 

when utilising the near infra-red (850 nm) rather than the red (650 nm), 

producing up to 65% greater contrast with the blue (450 nm) due to iron 

oxide-hydroxides’ reflectance being larger in this band.  
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5. The additional spectral resolution afforded by hyperspectral imaging is 

not utilised due to the feature-poor UV-VIS-NIR spectrum of corrosion 

products that precipitate in droplets and while there was the benefit of 

additional image contrast from using hyperspectral imaging, the 

additional complexity and acquisition time is significant. Colour 

photography could instead be implemented as an off-the-shelf solution, 

but would sacrifice the improved contrast of the NIR spectral region.  

6. Visible surface rust was useful for indicating the presence of a corrosion 

site, however no general correlation could be drawn between visible 

surface rust and sub-surface attack in all circumstances. A relationship 

was present for droplets exposed in fixed conditions, but there was no 

correlation observed for those exposed to fluctuating ambient conditions.  

 

 

 

 

 

 

  



 
 

176 

9. FUTURE WORK 

Tomographic techniques for improved pit volume measurement 

A major confounding element in chapter 6 was the possibility of undercutting pit 

morphology preventing accurate pit volume assessment, more accurate 

methods of assessing pit volume such as vertical sectioning could be used in 

the future. 

The effects of relative humidity and temperature 

The range of atmospheric conditions tested for was limited; a single RH and 

temperature point for fixed conditions and poorly controlled fluctuating 

conditions via ambient exposure. As it was found that corrosion product 

morphology was significantly affected by atmospheric conditions, a larger range 

of fixed conditions should be investigated, as well as a better controlled study 

into what effects varying the atmospheric conditions have on the formation of 

corrosion product. 

The effects of salt accumulation over time 

All droplet experiments were the result of a single deposition of salt, whereas 

atmospheric corrosion in the real world involves the accumulation of salt over 

time. This could have a significant effect on droplet formation and therefore on 

final corrosion product distribution. Further investigation is needed into the 

effects of droplet size and salt accumulation over time 

Effects of other salt anions, cations as well as real-world compounds 

All experiments were carried out using single salt depositions. Real world 

conditions not only involve the simultaneous deposition of multiple different 
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chloride salts, but also multiple anions such as carbonates, nitrates and 

sulphates. Combinatorial studies of these as well as standard mixes such as 

concrete dust and ocean water would be useful for understanding the potential 

effects of deposition mixtures on corrosion product formation.  

Investigate corrosion product spectra in the SWIR region 

No work was undertaken in the short wave infrared (SWIR) spectral region from 

1000 nm to 2500nm. This is a region is made use of in industry and science and 

while it is not as strongly diagnostic as the 400-1000 nm it has been reported to 

be useful for assessment of hydration level of iron oxide-hydroxide[126] 

Photography and hyperspectral imaging 

A more detailed assessment comparing hyperspectral imaging to colour 

photography is necessary as no investigation of false positive/negative 

detection rate was performed and no possible confounding variables were 

introduced such as non-corrosion related substances which might trigger 

detection, such as paints, tape or dust. 
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11. APPENDIX 

11.1 Mill certificate – 304L stainless steel 

 

Figure 73 mill certificate of 304L austenitic stainless steel provided by Aperam, France. 
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11.2 Powdered iron oxide standard synthesis 

Powdered iron oxides were prepared by Dr. Rowena Fletcher-Wood using the 

following procedures: 

Akaganeite was precipitated from a solution consisting of 5.37 g of FeCl3.6H2O 

(Sigma Aldrich 97%) dissolved in 200 ml deionised water, mixed in a 

polypropylene flask and held at 70 °C in a preheated oven for 48 hours before 

being immediately removed to cool to room temperature. An orange brown 

grainy powder was produced that penetrated filter paper when filtered with a 

Buchner funnel under suction filtration. To separate the solid from the liquid, the 

sample was left to settle and water pipetted off to leave a dense suspension. 

The remainder of the solution was left upon a warm oven for 5 days to dry, 

before being scraped from the bottom of the flask. 

Goethite was prepared by dissolving 25.24 g of KOH (Sigma Aldrich 90%) in 

90 ml deionised water to get 5 M KOH solution which was subsequently 

combined with 1 M Fe(NO3)3.9H2O (Aldrich 98+%) solution, itself prepared by 

first dissolving 20.20 g of the solid in 50 ml deionised water. The solution was 

diluted to 500 ml with deionised water and poured into a polypropylene flask, 

sealed, then held at 70 °C in a preheated oven for 60 hours before turning off 

the oven to allow the sample to cool to room temperature. The solution was 

filtered with a Buchner funnel whilst still warm (~ 40 °C). The goethite 

precipitate was a pale orange brown colour and crystals were shape flaky and 

block-like. 
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Lepidocrocite and magnetite were prepared from identical starting solutions. 

5.93 g of FeCl2.4H2O (Sigma Aldrich ≥99.0%) was dissolved in 500 ml 

deionised water. A concentrated solution of NaOH (Sigma Aldrich ≥98%) was 

also prepared by dissolving flakes in deionised water. The pH of the iron 

chloride solution was monitored with a HANNA Instruments pH211 

Microprocessor pH Meter calibrated using buffer solutions at ~pH9 and pH6. 

NaOH solution was administered dropwise using a squeezy pipette to maintain 

a pH of 7±0.20. As pH varied, the reaction colour differed from orange (low pH) 

to misty green (high pH). Simultaneously, air was bubbled through the solution 

via a cannula attached to the exhaust of a vacuum pump. The pump was first 

flushed for ~10 minutes by pumping on and into air to eliminate contaminants. 

An empty flask was placed between the pump and cannula to prevent suck 

back. A round bottomed flask fitted with a Young’s tap was introduced at a T 

junction control the flow rate by turning the tap to create a second exhaust, thus 

limiting the pressure that passed directly through the cannula. A measurement 

of flow rate could not be obtained, but was approx. 1-5 bubbles per second. 

  

Diagram of bubble set up from the vacuum pump exhaust. 
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Lepidocrocite was obtained after bubbling and holding the solution for 1 hour 20 

minutes.  At times exceeding 2 hours of bubbling, magnetite was obtained at 

phase fractions of 98+%. At times ≤1 hour, a mixture of phases was obtained. 

Maghemite was synthesised as a transformation product of magnetite, 

prepared as described above with 2 hours of stirring and bubbling. The 

magnetite sample was loaded into an open alumina boat and placed in a 

preheated oven at 250 oC for 5 hours, before being removed to cool rapidly to 

room temperature. 
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11.3 Matlab script – Raman averaging 

11.3.1 Main file - Spectral averaging 

% Written by W.G.Rowley, University of Birmingham 2017 
%  
% Raman spectrum Averaging script 
% Takes a directory of tab seperated variable text files and an image 
% corresponding to a map produced by WiRE raman software. It will 

average  
% all spectra corresponding to pixels above a set intensity value in 

the  
% map image (set with thresh variable).  
%  
% To use:  
% 1.export your map image from WiRE using right click->export image, 
%   this should be a bmp with the same number of pixels as you have 

spectra 
%   in the map 
% 2. use file->multidataset save to export the full list of spectra as 

txt 
%   files 
%   dirvar is the path to the directory containing the text files, Im 

is the 
%   bmp image which has been imported to matlab as a variable 
% 3. Set thresh such that it is is below the pixel value of the areas 

that  
%   you want to average, but above those of the area you want to 

ignore  
% 4.Finally, modify the for loop on line 46 such that the '%u' falls 

in line 
%   with the spectrum number on each text file.  
%   e.g. 'Test_A_1_X_11243_Y_414_Z_312_Time_0' would be  
%   '%*s %*s %u %*s %*s %*s %*s %*s %*s %*s %*s' 
function [xout, yout] = RMNAVG(dirvar, Im) 

  
%Threshold for including spectrum in averaging | N.B. this is a pixel 
%intensity value ranging from 1-255, so 0.5 is 128, 0.75 is 191 etc. 
thresh = 100; 
%%process 
%read spectra 
%average spectra 
%output (display) 
%% Initialise  
Im = Im(:,:,1)';%delete pointless colour channels & transpose 
k=0; 
j=0; 
ImIndexLength = size(Im,1)*size(Im,2);                                  

%Get total # of expected spectra 
fnames = dir(strcat([dirvar,'\*.txt']));                                

%Get file name list 
if length(fnames) == 0 
    disp('Bad Filename'); 
    return 
end 
[xout,~] = readspec(fnames(1).name);                                    

%Extract list of wavenumbers (x axis) 
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Indexlist = zeros(ImIndexLength, 1);                                    

%Initialise list of indices 
speclist = zeros(ImIndexLength,size(xout,1));                           

%Initialise list of spectra for averaging 
if ImIndexLength ~= size(fnames)                                        

%Check to make sure that your image size is the same as the number of 

spectra in the folder 
    disp('Image dimensions do not match length of file list'); 
    return 
end 

     
%%   extract the spectrum indices from the filenames as they don't 

line up with array indices when imported 
for i = 1:ImIndexLength 
    %Indexlist(i) = cell2mat(textscan(fnames(i).name, '%*s %*s %*s %*s 

%*s %*s %*s %*s %*s %u %*s %*s %*s %*s %*s %*s %*s %*s', 'delimiter', 

'_'));     %oceanwater    
    %Indexlist(i) = cell2mat(textscan(fnames(i).name, '%*s %*s %*s %*s 

%*s %*s %*s %*s  %u %*s %*s %*s %*s %*s %*s %*s', 'delimiter', '_'));            

%nacl 
    Indexlist(i) = cell2mat(textscan(fnames(i).name, '%*s %u %*s %*s 

%*s %*s %*s %*s %*s %*s %*s ', 'delimiter', '_'));                                 

%magh 
end 
% set(gca, 'xlim',[0,1600]) 
%% read the spectra for relevant indices (Image intensity over 

threshold set at start of script) 
for i=1:ImIndexLength 
    clear tempname 
    tempname = fnames(Indexlist == i-1).name; 
    if exist('tempname','var') ~= 0 
        if Im(i) >= thresh  
            [~,tempy] = readspec(tempname); 
            tempy = abs(tempy./max(tempy)); 
            if isnan(tempy) 
                tempy = zeros(size(xout,1),1); 
            end 

             
%             figure(A1); 
%             hold on 
%             plot(xout, tempy,'b'); 
            %Im(i)=255; 
           % disp(strcat([num2str(i), ' of ', num2str(ImIndexLength), 

' spectra scanned'])); 
            %else Im(i) =0; 
            if tempy == 0       %sometimes there will be error spectra 

(all zeroes), ignore them. 
                k=k-1; 
                i 
            end 
            speclist(i,:) = tempy; 
            k=k+1; 
        else  
%             [~,tempy] = readspec(tempname); 
%             figure(A2); 
%             hold on 
%             plot(xout, tempy,'r'); 
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            j = j+1; 
        end 
    end 
end 
%imshow(Im) 
%speclist(speclist==0)=[]; 
speclist=reshape(speclist,k,size(xout,1));                                   
yout = mean(speclist,1);                                                    

%Actually average the spectra 
figure;plot(xout,yout, 'k')                                                 

%plot it 
set(gca, 'ylim',[0,inf]); 
disp(strcat(['Averaged ', num2str(k) ,' spectra']));            
end 

 

11.3.2 Dependency – import csv spectral from directory 

function [Wavenumber,Counts] = readspec(filename, startRow, endRow) 
%IMPORTFILE Import numeric data from a text file as column vectors. 
%   [WAVENUMBER,COUNTS] = IMPORTFILE(FILENAME) Reads data from text 

file 
%   FILENAME for the default selection. 
% 
%   [WAVENUMBER,COUNTS] = IMPORTFILE(FILENAME, STARTROW, ENDROW) Reads 

data 
%   from rows STARTROW through ENDROW of text file FILENAME. 
% 
% Example: 
%   [Wavenumber,Counts] = importfile('06-09-

16_test2_ocean_10s_2aq_100pw_28um-28um_mapping - truncate-

baselinesub_1__X_-22228.9__Y_-15589.7__Z_-6566.34__Time_20.txt',1, 

981); 
% 
%    See also TEXTSCAN. 

  
% Auto-generated by MATLAB on 2017/05/03 10:33:27 

  
%% Initialize variables. 
delimiter = '\t'; 
if nargin<=2 
    startRow = 1; 
    endRow = inf; 
end 

  
%% Format for each line of text: 
%   column1: double (%f) 
%   column2: double (%f) 
% For more information, see the TEXTSCAN documentation. 
formatSpec = '%f%f%[^\n\r]'; 

  
%% Open the text file. 
fileID = fopen(filename,'r'); 

  
%% Read columns of data according to the format. 
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% This call is based on the structure of the file used to generate 

this 
% code. If an error occurs for a different file, try regenerating the 

code 
% from the Import Tool. 
dataArray = textscan(fileID, formatSpec, endRow(1)-startRow(1)+1, 

'Delimiter', delimiter, 'HeaderLines', startRow(1)-1, 'ReturnOnError', 

false, 'EndOfLine', '\r\n'); 
for block=2:length(startRow) 
    frewind(fileID); 
    dataArrayBlock = textscan(fileID, formatSpec, endRow(block)-

startRow(block)+1, 'Delimiter', delimiter, 'HeaderLines', 

startRow(block)-1, 'ReturnOnError', false, 'EndOfLine', '\r\n'); 
    for col=1:length(dataArray) 
        dataArray[80] = [dataArray[80];dataArrayBlock[80]]; 
    end 
end 

  
%% Close the text file. 
fclose(fileID); 

  
%% Post processing for unimportable data. 
% No unimportable data rules were applied during the import, so no 

post 
% processing code is included. To generate code which works for 
% unimportable data, select unimportable cells in a file and 

regenerate the 
% script. 

  
%% Allocate imported array to column variable names 
Wavenumber = dataArray{:, 1}; 
Counts = dataArray{:, 2}; 

  

  

 

11.4 Matlab scripts – Hyperspectral image processing 

Scripts for importing hyperspectral images into matlab and plotting specific 

spectra from a hyperspectral image 

11.4.1 Principal component analysis  

%function [eigenvectors, secpricom] = PCA_ndim(I) 
% this function takes a hyperspectral image, calculates the principle 

components and 
% plots these as an image 

  
close all 
X = []; 
% To make it faster we will re-size the image to be smaller 
%I = imresize(I,0.25); 

  
% get size of image 
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[nr,nc,d]=size(I); 

  
% Convert to a double variable 
I = double(I); 

  
% extract the colours 
for i = 1:d 
In = I(:,:,i); 

  
% instead of a matrix, we want a long list of pixel intensity 
In = reshape(In,nr*nc,1); 

  
% This bit is where we calculate the PCA 
In = In-mean(In); 
In(In==Inf)=0; 
In(In==-Inf)=0; 
In(isnan(In))=0; 
X = [X, In]; 
end 
[U,S,V]=svd(cov(X)); 

  
eigenvectors= U'*X'; 

  
% and plot it! 
figure; 
for i = 1 : 5 
    subplot(1,5,i); 
    imagesc(reshape(eigenvectors(i,:),nr,nc));axis equal;axis 

tight;colormap gray; 
end 
firpricom =reshape(eigenvectors(1,:),nr,nc); 
secpricom = reshape(eigenvectors(2,:),nr,nc); 
thirpricom = reshape(eigenvectors(3,:),nr,nc); 
fourpricom = reshape(eigenvectors(4,:),nr,nc); 
fifpricom = reshape(eigenvectors(5,:),nr,nc); 
%subplot(1,3,3); 
%imagesc(reshape(eigenvectors(2,:)-(eigenvectors(1,:)./4),nr,nc));axis 

equal;axis tight 
%end 

 

 

11.5 Matlab scripts – Image processing 

11.5.1 Acquire rust area by Red-Blue colour channel subtraction 

% Takes an image; finds, labels pits by deposition area based on red-

blue 
% colour channel subtraction, boxes is optional  
%% I is a x*y*3 RGB image vector i.e. I = imread('IMAGE.NAME'); 
function output = colourfindrgb(I, boxes); 
if exist('boxes') == 0 
    boxes = false; 
end 
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%%classifying part 
%get size of image 
[nr,nc,d]=size(I); 

  
% Convert to a double variable 
I = double(I); 

  
% extract the colours 
IR = double(I(:,:,1)); 
IG = double(I(:,:,2)); 
IB = double(I(:,:,3)); 

  

  
thresh = IR-IB;             %for R-B 
thresh(thresh < 30) = 0;    %thresh of 30 
 

%Dust and Assign labels to each region of connected components 
conncomps = bwconncomp(thresh); 
dust = cellfun(@numel,conncomps.PixelIdxList); 
thresh(cat(1, conncomps.PixelIdxList{dust<100}))=0; 

  
almconncomp_im = bwdist(thresh) <= 50; 
L2 = labelmatrix(bwconncomp(almconncomp_im)); 
%Reduce areas to their original sizes 
L2(~thresh) = 255; 

  
%Extract Areas and Centroids and plot. We also have the option to 

colour 
%the plot based on label area 
s = regionprops(L2, 'Area', 'Centroid', 'Extrema', 'BoundingBox'); 
figure; 
imshow(L2); 
%imshow(label2rgb(L2, 'jet', 'w','shuffle'));   % colour 

  
%clean up output image 
%L2(L2~=255) = 1; 

  
%Initialise output variables 
Area = zeros(1,length(s)); 
Centroid = zeros(2,length(s)); 
Extrema = zeros(8,2,length(s)); 
BB = zeros(4, length(s)); 

  
%Populate output variables from struct and amend plot with desired 
%features.  
hold on; 
for i = 1:(length(s)-1); 
    if s(i).Area > 100 %%&& s(i).Area < 1000000 
        Area(:,i) = s(i).Area; 
        Centroid(:,i) = s(i).Centroid; 
        Extrema(:,:,i) = s(i).Extrema; 
        BB(:,i) = s(i).BoundingBox; 
        if boxes == true 
            %plot(Centroid(1,i),Centroid(2,i),'b*');                         

%Mark the centroid of each region 
            %plot(Extrema(:,1,i), Extrema(:,2,i), 'r+');                     

%Mark the extremeties of each region 
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            rectangle('Position',BB(:,i));                                  

%Draw a square around each region 
            %viscircles(rot90(Centroid(:,i)),(Centroid(2,i)-BB(2,i)));       

%Draw a circle around each region 
        end 
    end 
end 
%%output and close 
output = struct('Areas', Area, 'Centroid', Centroid, 'Extrema', 

Extrema, 'BoundingBox', BB, 'Im', L2); 
hold off 
end 

 

11.5.2 Acquire rust area by principal component analysis 

% Takes an image; finds, labels pits by deposition area based on 

principle 
% component analysis, boxes is optional  
%% I is a x*y*3 RGB image vector i.e. I = imread('IMAGE.NAME'); 
function output = pitfind(I, boxes); 
if exist('boxes') == 0 
    boxes = false; 
end 
%%PCA portion  
%get size of image 
[nr,nc,d]=size(I); 

  
% Convert to a double variable 
I = double(I); 

  
% extract the colours 
IR = I(:,:,1); 
IG = I(:,:,2); 
IB = I(:,:,3); 

  
% instead of a matrix, we want a long list of pixel intensity 
IR = reshape(IR,nr*nc,1); 
IG = reshape(IG,nr*nc,1); 
IB = reshape(IB,nr*nc,1); 

  
% This bit is where we calculate the PCA; 
%we first centre the data by subtracting the mean of each channel from 

each channel 
IR = IR-mean(IR); 
IG = IG-mean(IG); 
IB = IB-mean(IB); 

  
%These then get put in a single matrix 
X = [IR, IG, IB]; 

  
%Single value decomposition of the covariance matrix is performed 
[U,S,V]=svd(cov(X)); 

  
%the eigenvectors are then extracted by multiplying the transpose of 

the 
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%unitary matrix U by the transpose of X.  
eigenvectors= U'*X'; 

  
%the second principle component (second channel) is extracted from the 
%eigenvector and reshaped back into the original resolution of the 

image 
%(nr, nc) 
secpricom = reshape(eigenvectors(2,:),nr,nc); 

  
%clearvars -except secpricom I 

  
%%Regionfinding portion 
%Thresholding, all pixels of less than 50 intensity are set to zero 
thresh = secpricom; 
thresh(thresh < 20) = 0; 
 

%Dust and Assign labels to each region of connected components 
conncomps = bwconncomp(thresh); 
dust = cellfun(@numel,conncomps.PixelIdxList); 
thresh(cat(1, conncomps.PixelIdxList{dust<100}))=0; 

  
almconncomp_im = bwdist(thresh) <= 2; 
L2 = labelmatrix(bwconncomp(almconncomp_im)); 
%Reduce areas to their original sizes 
L2(~thresh) = 255; 

  

  

  
%Extract Areas and Centroids and plot. We also have the option to 

colour 
%the plot based on label area 
s = regionprops(L2, 'Area', 'Centroid', 'Extrema', 'BoundingBox'); 
figure; 
imshow(L2); 
%imshow(label2rgb(L2, 'jet', 'w','shuffle'));   %colour 

  
%clean up output image 
%L2(L2~=255) = 1; 

  
%Initialise output variables 
Area = zeros(1,length(s)); 
Centroid = zeros(2,length(s)); 
Extrema = zeros(8,2,length(s)); 
BB = zeros(4, length(s)); 

  
%Populate output variables from struct and amend plot with desired 
%features.  
hold on; 
for i = 1:(length(s)-1); 
    if s(i).Area > 100 %%&& s(i).Area < 1000000 
        Area(:,i) = s(i).Area; 
        Centroid(:,i) = s(i).Centroid; 
        Extrema(:,:,i) = s(i).Extrema; 
        BB(:,i) = s(i).BoundingBox; 
        if boxes == true 
            %plot(Centroid(1,i),Centroid(2,i),'b*');                         

%Mark the centroid of each region 
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            %plot(Extrema(:,1,i), Extrema(:,2,i), 'r+');                     

%Mark the extremeties of each region 
            rectangle('Position',BB(:,i));                                  

%Draw a square around each region 
            %viscircles(rot90(Centroid(:,i)),(Centroid(2,i)-BB(2,i)));       

%Draw a circle around each region 
        end 
    end 
end 
%%output and close 
output = struct('Areas', Area, 'Centroid', Centroid, 'Extrema', 

Extrema, 'BoundingBox', BB, 'Im', L2); 
hold off 
end 

 

11.5.3 Acquire rust area by HSV thresholding 

% Takes an image; finds, labels pits by deposition area based on HSV 

thresholding, boxes is optional  
%% I is a x*y*3 RGB image vector i.e. I = imread('IMAGE.NAME'); 
function output = colourfindhsv(I, boxes); 
if exist('boxes') == 0 
    boxes = false; 
end 
%%classifying part 
%get size of image 

  
[nr,nc,d]=size(I); 

  
% Convert to hsv 
I = rgb2hsv(I); 

  
% extract the variables 
Ih = I(:,:,1); 
Is = I(:,:,2); 
Iv = I(:,:,3); 

  

  
thresh = Is;                    %doing everything via the saturation 

channel 
thresh(Ih > 0.15) = 0;          %eliminate H that's not red 
thresh(Is < 0.2) = 0;           %threshold of 0.2S 

  
%Dust and Assign labels to each region of connected components 
conncomps = bwconncomp(thresh); 
dust = cellfun(@numel,conncomps.PixelIdxList); 
thresh(cat(1, conncomps.PixelIdxList{dust<100}))=0; 

  
almconncomp_im = bwdist(thresh) <= 50; 
L2 = labelmatrix(bwconncomp(almconncomp_im)); 
%Reduce areas to their original sizes 
L2(~thresh) = 255; 
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%Extract Areas and Centroids and plot. We also have the option to 

colour 
%the plot based on label area 
s = regionprops(L2, 'Area', 'Centroid', 'Extrema', 'BoundingBox'); 
figure; 
imshow(L2); 
%imshow(label2rgb(L2, 'jet', 'w','shuffle'));   %colour  
%clean up output image 
%L2(L2~=255) = 1; 

  
%Initialise output variables 
Area = zeros(1,length(s)); 
Centroid = zeros(2,length(s)); 
Extrema = zeros(8,2,length(s)); 
BB = zeros(4, length(s)); 

  
%Populate output variables from struct and amend plot with desired 
%features.  
hold on; 
for i = 1:(length(s)-1); 
    if s(i).Area > 100 %%&& s(i).Area < 1000000 
        Area(:,i) = s(i).Area; 
        Centroid(:,i) = s(i).Centroid; 
        Extrema(:,:,i) = s(i).Extrema; 
        BB(:,i) = s(i).BoundingBox; 
        if boxes == true 
            %plot(Centroid(1,i),Centroid(2,i),'b*');                         

%Mark the centroid of each region 
            %plot(Extrema(:,1,i), Extrema(:,2,i), 'r+');                     

%Mark the extremeties of each region 
            rectangle('Position',BB(:,i));                                  

%Draw a square around each region 
            %viscircles(rot90(Centroid(:,i)),(Centroid(2,i)-BB(2,i)));       

%Draw a circle around each region 
        end 
    end 
end 
%%output and close 
output = struct('Areas', Area, 'Centroid', Centroid, 'Extrema', 

Extrema, 'BoundingBox', BB, 'Im', L2); 
hold off 
end 

 

 

11.5.4 Rust area analysis by L*a*b* thresholding 

% Takes an image; finds, labels pits by deposition area based on 

L*a*b* thresholding, boxes is optional  
%% I is a x*y*3 RGB image vector i.e. I = imread('IMAGE.NAME'); 
function output = colourfindlab(I, boxes); 
if exist('boxes') == 0 
    boxes = false; 
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end 
%%classifying part 
%get size of image 

  
[nr,nc,d]=size(I); 

  
% Convert to lab 
I = rgb2lab(I); 

  
% extract the variables 
Il = I(:,:,1); 
Ia = I(:,:,2); 
Ib = I(:,:,3); 

  

  
thresh = Ib;                    %doing everything via the b* channel 
thresh(thresh < 20) = 0; 

  
%Dust and Assign labels to each region of connected components 
conncomps = bwconncomp(thresh); 
dust = cellfun(@numel,conncomps.PixelIdxList); 
thresh(cat(1, conncomps.PixelIdxList{dust<100}))=0; 

  
almconncomp_im = bwdist(thresh) <= 50; 
L2 = labelmatrix(bwconncomp(almconncomp_im)); 
%Reduce areas to their original sizes 
L2(~thresh) = 255; 

  
%Extract Areas and Centroids and plot. We also have the option to 

colour 
%the plot based on label area 
s = regionprops(L2, 'Area', 'Centroid', 'Extrema', 'BoundingBox'); 
figure; 
imshow(L2); 
%imshow(label2rgb(L2, 'jet', 'w','shuffle'));   % colour 

  
%clean up output image 
%L2(L2~=255) = 1; 

  
%Initialise output variables 
Area = zeros(1,length(s)); 
Centroid = zeros(2,length(s)); 
Extrema = zeros(8,2,length(s)); 
BB = zeros(4, length(s)); 

  
%Populate output variables from struct and amend plot with desired 
%features.  
hold on; 
for i = 1:(length(s)-1); 
    if s(i).Area > 100 %%&& s(i).Area < 1000000 
        Area(:,i) = s(i).Area; 
        Centroid(:,i) = s(i).Centroid; 
        Extrema(:,:,i) = s(i).Extrema; 
        BB(:,i) = s(i).BoundingBox; 
        if boxes == true 
            %plot(Centroid(1,i),Centroid(2,i),'b*');                         

%Mark the centroid of each region 
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            %plot(Extrema(:,1,i), Extrema(:,2,i), 'r+');                     

%Mark the extremeties of each region 
            rectangle('Position',BB(:,i));                                  

%Draw a square around each region 
            %viscircles(rot90(Centroid(:,i)),(Centroid(2,i)-BB(2,i)));       

%Draw a circle around each region 
        end 
    end 
end 
%%output and close 
output = struct('Areas', Area, 'Centroid', Centroid, 'Extrema', 

Extrema, 'BoundingBox', BB, 'Im', L2); 
hold off 
end 

 

  



 
 

203 

11.5.5 Supplemental figures (Chapter 6) 

 

Figure 74 Zoom of lower left region of Figure 66. Pit volume is compared to rust area for both 
MgCl2 and CaCl2 droplets exposed for 2 weeks under either fixed conditions (46% RH and 30°C) or 
fluctuating ambient (19-49% RH and 19-24°C).  
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Figure 75 Zoom of the lower left portion of Figure 71. Pit volume is compared to rust area for both 
MgCl2 and CaCl2 droplets exposed for 2 weeks under either fixed conditions (46% RH and 30°C) or 
fluctuating ambient (19-49% RH and 19-24°C). Error bars show standard deviation of pit volume 
measurements (x) and standard deviation of area measurements acquired through different 
threshold-based techniques (y). 

 

Figure 75 clarifies the areas of Figure 71 corresponding to pit volumes of less 

than 500,000 µm3 and rust areas of less than 2 mm2. A linear relationship is 

present for droplets exposed to fixed conditions; no relationship is present for 

fluctuating ambient droplets. .   
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Figure 76 Distribution of pit volume and rust area for MgCl2 droplets for a range of chloride 
deposition densities and for fluctuating and ambient RH 

 

Figure 76 shows the distribution of pit volumes with respect to rust area for 

MgCl2 droplets, split by CDD. A linear relationship is present for all droplets in 

fixed conditions, while fluctuating conditions have a maximum measured pit 

volume of 400,000 µm3. Higher CDDs are also associated with a larger visible 

rust area in all conditions and also a higher pit volume in the case of droplets 

exposed in fixed conditions.  
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Figure 77 Distribution of pit volume and rust area for CaCl2 droplets under a range of chloride 
deposition densities and for fluctuating and ambient RH 

 

Figure 77 shows the distribution of pit volumes with respect to rust area for 

MgCl2 droplets, split by CDD. In fixed conditions, higher CDDs are associated 

with larger pit volume and rust area for 20 and 50 µgcm-2 droplets, but 100 

µgcm-2 have a lower rust area than would be expected. For fluctuating ambient 

conditions, higher CDD is associated with a larger rust area, but not an increase 

in pit volume.  
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Figure 78 comparison of pit volume vs rust area for both MgCl2 and CaCl2 droplets exposed for 2 
weeks for fluctuating ambient conditions only(19-49% RH and 19-24°C). 

 

Figure 78 shows the distribution of droplets corroded in fluctuating ambient 

conditions. No correlation is present. 
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