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I 

 

Abstract 

This research is focused on defining limiting conditions for corrosion of 

stainless steels. The aim of the first part (Papers I-IV) was to understand 

the role of alloying level and environmental parameters on localised 

corrosion in aqueous conditions. Testing was done with a combination of 

short-term electrochemical and long-term immersion experiments. 

Results show that the chloride ion concentration and temperature are the 

main factors that affect the localised corrosion resistance. The presence of 

residual chlorine is also significant, since it leads to the ennoblement of the 

corrosion potential. If the corrosion potential exceeds the breakdown 

potential, the stainless steel will suffer from localised corrosion. Oxygen 

content and pH were identified as additional factors influencing the 

corrosivity of the environment.  

The aim of second part (Papers V-VIII) was to present information about 

the effect of alloying level, surface condition and environmental conditions 

on atmospheric corrosion resistance in Middle-East environments. Field 

exposure tests were performed and supplemented by laboratory aqueous 

corrosion tests. Results demonstrate that a higher alloying level (in both 

the bulk material and the surface), plus a smoother and cleaner surface 

gave an improvement in the corrosion performance and resistance to 

aesthetic degradation. Chloride and sulphate are the main surface 

contaminants found in the Middle East atmosphere. Stainless steels 

exposed in sheltered conditions showed a better atmospheric corrosion 

resistance than in open conditions. Three factors are considered to 

contribute to this difference: a very low rainfall, more condensation leading 

to corrosion in the open conditions and a higher level of beneficial sulphate 

in the deposits in sheltered conditions. The results showed a reasonable 

correlation between laboratory pitting corrosion tests and atmospheric 

field tests.  

The results from this thesis provide reference data to aid selection of 

appropriate stainless steel grades. Results can also be used to help 

understand the limits for use of stainless steels in different conditions in 

both aqueous environments and in the atmosphere. 

 



 

II 

 

Keywords 
 

stainless steel, localised corrosion, atmospheric corrosion, alloy 

composition, surface finish, surface roughness, surface treatment, surface 

orientation, contamination, chloride, sulphate, temperature, chlorination, 

exposure conditions. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

III 

 

Sammanfattning 

Denna avhandling inriktar sig på att definiera gränser för korrosion hos 

rostfria stål. Syftet med den första delen (Artikel I-IV) var att förstå 

inverkan av legeringssammansättning och miljöparametrar på lokal 

korrosion i vattenlösningar. En kombination av elektrokemiska 

korttidsförsök och långvarig provning har utförts. Resultaten visar att 

kloridhalten och temperaturen är de två viktigaste faktorerna som 

påverkar den lokala korrosionsbeständigheten hos rostfritt stål. Närvaro 

av kvarvarande klor är också en betydande faktor som leder till                        

att korrosionspotentialen ökar. Om korrosionspotentialen når 

genombrottspotentialen drabbas det rostfria stålet av lokal korrosion. 

Syreinnehåll och pH visade sig vara ytterligare faktorer som påverkar 

miljöns korrosivitet. 

Syftet med den andra delen (Artikel V-VIII) var att presentera information 

om hur olika legeringsämnen, yttillstånd och miljöparametrar påverkar 

den atmosfäriska korrosionsbeständigheten i Mellanöstern. Fälttester har 

utförts i kombination med korrosionstester i laboratoriet. Resultaten visar 

att ett högre legeringsinnehåll (i både bulkmaterialet och på ytan), samt en 

jämnare och rengjord yta gav en förbättring av korrosionsegenskaperna. 

Klorid och sulfat är de två huvudsakliga föroreningarna som finns i 

Mellanösterns atmosfär. Rostfria stål exponerade under skyddade 

förhållanden uppvisade en bättre korrosionsbeständighet än under öppna 

förhållanden. Tre faktorer anses bidra till denna skillnad: en mycket låg 

nederbörd, mer kondens som leder till korrosion under öppna 

förhållanden och en högre nivå av gynnsamt sulfat i avlagringar under 

skyddade förhållanden. Resultaten visade också en rimlig korrelation 

mellan laboratorietester och de atmosfäriska fälttesterna. 

Resultaten från forskningen ger referensdata som kan användas som stöd 

för materialval och för att lättare kunna välja rätt rostfri stålsort. 

Resultaten kan också användas för att förstå gränser för rostfritt stål 

gällande lokal korrosion i olika miljöer. 
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Preface 

The focus for this thesis is the environmental limits for localised corrosion 

and atmospheric corrosion of stainless steels. The main factors that 

influence the corrosion resistance are the material characteristics and the 

environmental conditions. The table below shows which stainless steels 

and parameters were investigated in each paper. The author hopes that this 

can serve as a useful reference when reading this thesis. 

 Paper 
Localised corrosion I II III IV 

Stainless steel  
grade 

4307 x   x 
4404 x x   
4432   x  
904L   x  
254 SMO   x  
4565   x  
654 SMO   x  
LDX 2101 x   x 
LDX 2404 x    
2205 x  x  
2507   x  

Investigated 
parameters  

Effect of chloride concentration and 
temperature 

 x  x 

Effect of residual chlorine in 
chlorination system 

x    

Effect of oxygen, pH and temperature 
in high chloride environment 

  x  

 

 Paper 
Atmospheric corrosion V VI VII VIII 

Stainless steel  
grade 

4003 x  x x 
4016 x  x x 
4521 x  x  
4307 x  x x 
4404 x  x x 
254 SMO x  x  
4565 x  x  
654 SMO x  x  
LDX 2101 x  x x 
2304   x x 
2205 x x x x 
2507 x  x x 

Investigated 
parameters  

Effect of alloying composition x  x  
Effect of surface condition x x   
Effect of environmental condition x   x 
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1. Introduction 

Stainless steels are found in a wide range of different applications as 

structural and architectural materials because of their high degree of 

corrosion resistance, aesthetic quality and stability in many corrosive 

environments. This corrosion resistance is the result of a very thin 

protective oxide layer on the stainless steel surface, usually referred to as 

the passive film. Localised corrosion (a term which is used here to denote 

corrosion such as pitting and crevice corrosion in aqueous media) and 

atmospheric corrosion can occur because of local breakdown of this film 

even if stainless steel is highly corrosion resistant 1, 2.  

The main factors that affect localised corrosion resistance and surface 

degradation of stainless steel in aqueous and atmosphere conditions are 

the metallurgical properties of the material, the environmental conditions 

and the surface condition. The alloying composition, particularly the 

chromium (Cr), molybdenum (Mo) and nitrogen (N) content in the bulk 

material, often have the largest impact on the corrosion properties. The 

Pitting Resistance Equivalent Number, PREN (PREN = 

%Cr+3.3%Mo+16%N) has proved to be a good tool to predict the relative 

resistance in chloride environments 3. Chromium has been shown to be 

the most centrally important alloying element in term of resistance to 

aesthetic degradation. This resistance depends on the content of chromium 

in the surface film, although the film structure can also have an influence. 

Thus, different surface finishing processes can affect the appearance of the 

stainless steel surface 2. The chloride concentration and temperature are 

the most critical environmental parameters that negatively affect localised 

and atmospheric corrosion resistance of stainless steel. Other parameters 

such as pH, dissolved oxygen, effect of other species such as chlorine (Cl2) 

and sulphate (SO4
2-), etc. and exposure conditions also influence the 

resistance. Selecting a suitable stainless steel grade for an application 

requires knowledge and information about the corrosion performance of 

different materials in that specific environment.  
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1.1. Aim of this work 

The focus of this work is defining limiting conditions for localised corrosion 

of stainless steel in aqueous and atmospheric conditions. The aim of the 

first part (Papers I-IV) was to understand the critical levels of key 

parameters for localised corrosion in aqueous conditions in terms of the 

alloying compositions and environmental parameters such as temperature, 

potential, chloride concentration, residual chlorine, oxygen level and pH. 

Extensive testing has been done with a combination of short-term 

electrochemical measurements and long-term immersion experiments. 

Results are discussed in the light of the current understanding of the 

critical parameters for localised corrosion. 

The aim of the second part (Papers V-VIII) was to present information 

about the effect of alloying elements, surface conditions and environmental 

conditions on the atmospheric corrosion resistance in the Middle-East 

after several years of exposure. Field exposure testing has been performed 

at three different locations (marine and semi-marine test sites in Dubai 

and rural test site in Saudi Arabia). The evaluation of atmospheric test 

coupons was done in terms of corrosion performance (depth and number 

of localised attacks) and degree of degradation (extent of red rust, 

discolouration and staining). Results are discussed in terms of the 

influence of alloying composition, surface condition and environmental 

conditions and are also correlated to aqueous corrosion resistance 

measured in laboratory tests. The obtained results provide new 

understanding for stainless steel selection and provide a reference for 

choosing appropriate grade.   

1.2. Relation to the UN Sustainable Development Goals 

The United Nations Sustainable Development Goals are the plan to build a 

better world. They address the global challenges we face as 17 goals for 

Sustainable Development (SDGs). These cover issues that affect us all and 

involve everyone to build a more sustainable, prosperous and safer world. 

To achieve the SDGs, research, technology and innovation should work 

together towards economic growth and welfare. 
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Stainless steel use for drinking water, structural and architectural 

applications is increasing in the world. For water applications, stainless 

steels offer several advantages compared to other materials, such as mild 

steel, cast iron and copper which have been used for decades. Correct grade 

selection and good practice will minimize the risk of corrosion and metal 

release in the environment. This research, investigating the limitation of 

localised corrosion of stainless steel, can provide more accurate material 

selection in specific water conditions, and thus contributes to Goal 6 

(Ensure access to water and sanitation for all). 

The use of stainless steel in construction and as architectural material has 

increased significantly in the last twenty years because of the material’s 

high strength, good corrosion resistance, unique aesthetic quality and 

stability in an unpolluted atmosphere. Although stainless steel is highly 

corrosion resistant, corrosion can occur in certain environments if an 

appropriate grade is not used. The results from this investigation provide 

information on appropriate selection of material and surface conditions in 

a specific location or application. These contribute to Goal 9 (Build 

resilient infrastructure, promote sustainable industrialization and foster 

innovation). The knowledge obtained in this work can help us to ensure 

longer lifetime of materials and equipment, which will reduce maintenance 

and help create more sustainable consumption and production patterns 

which contribute to Goal 12 (Ensure sustainable consumption and 

production patterns). 
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2. Stainless steels 

Stainless steels have been widely used in a variety of applications because 

of their high degree of corrosion and degradation resistance in severe 

environments. These properties vary depending on the characteristics of 

the stainless steel used and the environmental conditions. The alloying 

element content, microstructure and surface condition are characteristics 

of the stainless steel which can influence the corrosion resistance. In this 

section, the role of alloying elements in different stainless steel types and 

effect of surface conditions are discussed. 

2.1. Alloying elements 

Stainless steels are iron-base alloys that contain at least 10.5 wt% 

chromium and maximum 1.2 wt% carbon according to the European 

standard EN 10088 4-6. Chromium produces a thin layer of oxide on the 

surface of the steel known as the 'passive film'. This surface layer protects 

the stainless steel from the corrosive environment, which is influenced by 

many factors, such as alloying composition, electrode potential, pH, 

temperature and electrolyte composition 1, 6-21. Chromium is the most 

important alloying element in steel for corrosion resistance because it 

forms a large part of the oxide film layer. It also promotes a ferritic 

microstructure 1, 4-17. The main advantage of adding chromium to steel 

is to improve localised and uniform corrosion resistance 5, 11. The 

disadvantages of chromium are that it decreases the formability and 

promotes secondary phases, which are detrimental for corrosion resistance 

and mechanical properties of stainless steels 22. 

Stainless steel may also contain varying amounts of molybdenum (Mo), 

nitrogen (N), nickel (Ni) and manganese (Mn). These elements may be 

added to provide other useful properties such as corrosion resistance and 

microstructure stability 4-12. The presence of molybdenum in stainless 

steels has a beneficial effect on the resistance to both uniform and localised 

corrosion 5, 11, 12. Molybdenum increases the mechanical strength and 

strongly promotes a ferritic microstructure. The disadvantages of 

molybdenum are that at high levels it promotes secondary phases, which 

decrease the corrosion resistance of stainless steels 24, 25. In strongly 

oxidising environments, such as hot concentrated nitric acid and alkaline 
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solutions, stainless steel grades containing molybdenum can be less 

resistant than alloys without molybdenum 5, 32. Nickel is a strong 

austenite stabilizer and a basic addition to austenitic stainless steel. It plays 

an important role in maintaining the phase balance in duplex stainless 

steels 6. In term of mechanical properties, nickel increases ductility and 

toughness 26. In the chromium and iron oxide layers, nickel may or may 

not be present depending on the nickel content in the stainless steel [27, 

28]. One disadvantage of nickel is that it is expensive, so partial or full 

replacement with manganese and nitrogen is a cost benefit 5, 6. Nitrogen 

has multiple effects on stainless steels by increasing localised corrosion 

resistance, austenite content and mechanical strength 6, 29-33. Nitrogen 

increases the resistance to localised corrosion, especially in combination 

with molybdenum 13, 14, 32. Manganese is an austenite former, although 

the effect depends on the manganese level and the presence of other 

alloying elements 33-38. The effect of manganese on the resistance to 

pitting corrosion of stainless steel is not fully clarified. A high manganese 

content in nickel free stainless steels can increase their resistance to 

uniform and localised corrosion [33, 34]. Some studies performed on        

Cr-Ni-Mn-Mo alloys containing up to 10 wt% manganese found improved 

pitting resistance in 10% FeCl3 solution tests 35. However, a high 

manganese content (20 wt% Mn) in grade 316LN was shown to be 

detrimental to pitting corrosion, even though higher levels of nitrogen 

could be obtained 36. Nitrogen and manganese are intimately connected 

from an alloy design aspect. Manganese enhances the solubility of nitrogen 

at higher temperature which means that there is less probability for nitride 

formation in thermal treatment and welding processes 37-39.  

Other alloying elements used to improve properties of stainless steel are 

copper (Cu), carbon (C) and silicon (Si). Copper enhances the corrosion 

resistance in certain acids and promotes an austenitic microstructure. It 

can also be added to decrease hardening and improve machinability. 

Carbon is a strong austenite former that also significantly increases the 

mechanical strength. However, it also reduces the resistance to 

intergranular corrosion due to carbide formation. Carbon strongly reduces 

corrosion resistance and toughness in ferritic stainless steels. In 

martensitic stainless steels carbon increases hardness and strength but 

decreases the toughness. Silicon in stainless steels promotes a ferritic 

microstructure and increases the strength 4-6. It has a beneficial effect 
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on the resistance to oxidation in strongly oxidising solution at both high 

and low temperatures 5-7.  

2.2. Stainless steel grades 

The stainless steel family can be divided into five different types based on 

their microstructure: ferritic, austenitic, duplex, martensitic and 

precipitation hardening steels. The effect of alloying elements differs in 

some respects between the different types of stainless steel. In this work 

three different types are considered: austenitic, ferritic and duplex 

stainless steel. 

2.2.1. Austenitic stainless steels 

Austenitic stainless steels are the largest group of stainless steels. They 

have a face-centred cubic crystal structure and are usually alloyed with 

nickel to promote the austenitic structure. The austenitic stainless steels 

can be divided into five different groups, Cr-Ni, Cr-Ni-Mo, Cr-Mn, high 

performance austenitic and high temperature austenitic grades. The Cr-Ni 

grades are mainly alloyed with chromium and nickel but with no 

molybdenum and are exemplified by 304L (or 4307 in papers I, IV-VIII). 

The Cr-Ni-Mo grades containing molybdenum (2–3 wt%) exhibit 

increased corrosion resistance and include such grades as 316L types 

(4404 and 4432 in papers II-VIII). The chromium content is around             

17 wt% and the nickel 10–13 wt %. In the Cr-Mn grades (not investigated 

in this study), the nickel content is decreased, and partially replaced by 

manganese and nitrogen. The high performance austenitic stainless steels 

have a higher alloying content and include grades 904L, 254 SMO, 4565 

and 654 SMO (in papers III, V and VII). The chromium content varies 

between 17 and 25 wt%, the nickel between 14 and 25 wt% and 3 to 7 wt% 

molybdenum. This group is developed for use in highly aggressive 

environments. The high temperature austenitic stainless steels (not used 

in this study), are developed for use at temperatures exceeding 550 °C 

where creep strength is the dimensioning factor. The benefits of austenitic 

stainless steels are that they have good to excellent corrosion resistance, 

good formability, good impact strength at low temperatures and are easily 

weldable 4-7.  
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2.2.2. Ferritic stainless steels 

Ferritic stainless steels typically have a higher strength than the standard 

austenitic grades but a lower corrosion resistance. They have a body-

centred crystal structure and are magnetic due to the ferritic 

microstructure. The ferritic grades are alloyed with chromium (11.2–19 

wt%) with very small or no addition of nickel and include grades 4003 and 

4016 (in papers V-VII). Ferritic grades are often more price stable 

compared to grades with high nickel content. Molybdenum is added to 

some grades such as 4521 (in papers V-VII) to improve the corrosion 

resistance, while alloying with niobium and/or titanium improves the 

weldability 4-6, 21.   

2.2.3. Duplex stainless steels 

Duplex stainless steels have a ferritic-austenitic microstructure, with a 

phase balance of approximately 50% ferrite and 50% austenite and include 

grades LDX 2101, LDX 2404, 2304, 2205 and 2507 (in papers I, III- V, VII 

-VIII). The characteristics for the duplex stainless steels are high 

chromium content (20.1–25.4 wt%), but a rather low nickel content       

(1.4–7 wt%) compared to the austenitic grades. The low nickel content of 

the duplex stainless steels makes them more price stable. Molybdenum 

(0.3–4 wt%) and nitrogen are added to improve the corrosion resistance 

and balance the microstructure. Nitrogen also increases the strength. 

Manganese is added to some grades, as partial replacement of nickel, but 

also to increase the solubility of nitrogen in the material 35, 37-39. The 

duplex grades LDX 2101 and 2304 are sometimes referred to as lean duplex 

grades and 2507 as a superduplex grade 6. Duplex stainless steels 

combine many of the beneficial properties of ferritic and austenitic 

stainless steels. The duplex microstructure provides the high strength, 

lower thermal expansion, good erosion and wear resistance and high 

resistance to stress corrosion cracking 4-5. These properties enable the 

use of duplex stainless steels in a wide range of industries and in a wide 

range of applications. 
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2.3. Surface conditions 

Surface conditions such as mill surface finish, surface roughness and 

surface treatment are important parameters which affect the aesthetic 

degradation and corrosion resistance of stainless steel. Significant effects 

can be related to the surface film which is formed following different type 

of process routes. Different processes result in variations in the oxide film 

thickness, composition and structure, which can influence pit initiation 

and propagation 40-47.  

2.3.1. Surface finishes 

The variety of mill surface finishes available for stainless steel products is 

wide. Surface requirements depend on the application and the 

environmental conditions 4. Table 1 shows typical surface finishes and 

types of process routes of stainless steel which are used in different 

applications and in this research. The 1D, 2E and 2B surfaces are standard 

surface finishes for most stainless steel types and used for structural 

application. The 2R, 1J or 2J, 2K and 2M surfaces are special finishes used 

mainly for external architectural applications. 

Table 1. Type of process route and surface finishes 4 

Surface 
finish 

Parameter 

1D Hot rolled, heat treated, mechanically descaled through shot blasting then 
pickling Also a common finish for further processing. 

2E Cold rolled, heat treated, mechanically descaled through shot blasting or 
brushed and pickled. Surface roughness depends on the mechanical descaling 
method and may differ if the surface is e.g. shot blasted or brushed. 

2B Cold rolled, heat treated, pickled, skin passed, Smoother than 1D and 2E; also 
a common finish for further processing. Skin passing may be by tension 
levelling. 

2R  Cold rolled, annealed in a protective (reducing) atmosphere. (Bright annealed 
finish) 

1J or 2J Cold rolled, heat treated, mechanically descaled through brushing and then 
pickled.  

2K Wet polished to a satin finish. Additional specific requirements to a “J” type 
finish, in order to achieve adequate corrosion resistance for marine and 
external architectural applications. Transverse Ra < 0.5 μm with clean cut 
surface finish. 

2M Final rolling is made with an imprinted roll pattern on one side. The pattern is 
embossed on plates used for floors. A fine texture finish mainly used for 
architectural applications 
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The difference in process routes and surface finishes results in variations 

in passive film composition. Chromium in the stainless steel passive film 

has been reported to be the main factor in controlling the aesthetic 

degradation and the corrosion resistance 21, 40-46. The level of 

chromium in the passive film increases with the chromium level in the bulk 

material 2. For the same type of stainless steel grade, the level of 

chromium enrichment in the surface film may be similar but the film 

structure and film formation process can be different as result of different 

surface finishing processes 2, 40-45.  

2.3.2. Surface roughness 

Surface roughness is an important parameter which also influences the 

aesthetic degradation and corrosion resistance. To characterize the surface 

roughness the arithmetic average roughness, Ra (centre line average) is 

normally used. A smoother surface (lower Ra value) on stainless steel tends 

to increase the resistance to corrosion and degradation 2, 41. There are 

several factors that contribute to this. On the microscopic scale, a smoother 

surface has a smaller effective area compared to a rougher surface, which 

will decrease the probability of an initiation site being present on the 

smoother surface 2, 45-48. Smoother mill finishes such as 2B, bright 

annealed or mirror polished surfaces have better resistance to 

accumulation of salt deposits and degradation 2, 41, 42, 45. A surface 

roughness (Ra) of 0.5 µm or less is strongly recommended for aggressive 

environments 4, 41.  

2.3.3. Surface treatments 

The corrosion and degradation resistance of stainless steels are also 

affected by the surface treatment. The chromium content in the surface 

film depends on the treatment method 40-41, 49. Chemical and 

mechanical treatment are typical processes for treating stainless steel 

surfaces. Picking and passivation is the chemical treatment which is used 

for removing the oxide scales formed during heat treatment and welding 

operations. This oxide scale (or heat tint) differs from the protective 

passive film. There is usually a chromium depleted layer that needs to be 

removed below the oxide scale to allow self-repairing of the desired passive 

layer. Mixed acid, comprising nitric acid (HNO3) and hydrofluoric acid 
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(HF), is usually used as a pickling solution. The use of hydrochloric acid 

(HCl) should be avoided since it might lead to localised pitting corrosion. 

The mechanical descaling treatment such as shot-peening, sandblasting or 

brushing can be prior to pickling when the oxide scale is too thick or has a 

very high chemical resistance, as is the case for high alloyed grade. Fine 

grinding, polishing or electro-polishing can be performed depending on 

the desired level of roughness 40-41, 49. 
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3. The corrosion resistance of stainless steels 
 

The corrosion resistance of stainless steels is associated with the thin 

protective layer called the passive film. This is only a few nanometer thick, 

forms spontaneously on the stainless steel surface and consists of an inner 

and an outer oxide layer 8. The thickness and the composition of the 

passive film depend on environmental and metallurgical factors 5-21. 

Stainless steel is often highly corrosion resistant, but a breakdown of this 

passive film in a specific environment can cause corrosion. This can result 

in different forms and mechanisms of corrosion, for example localised 

corrosion (pitting and crevice corrosion) in an aqueous environment and 

atmospheric corrosion in a moist environment.  

3.1. Pitting corrosion 

Pitting corrosion is caused by localised breakdown of the passive film, 

which can typically occur in a chloride-containing environment 5-7. The 

characteristic of pitting corrosion is that it occurs on small discrete areas. 

The pitting corrosion mechanism can be divided in two steps. The first step 

is pitting initiation which is not fully understood and still a subject for 

discussion. The most common mechanisms used to explain pitting 

initiation are the penetration mechanism, the adsorption mechanism and 

the film breaking mechanism 50. The penetration mechanism occurs 

when the chlorides penetrate the passive film and dislocations are 

generated at the metal-oxide interface. The adsorption mechanism of the 

passive layer begins with chloride ions adsorbing onto the passive layer and 

forming complexes with the oxide film. This leads to the dissolution of the 

passive film which makes the passive film thinner at local areas. The 

dissolution of the passive film continues until the metal is reached and 

pitting can initiate. The film breaking mechanism is initiated from cracks 

in the film. Chloride ions can directly enter through such cracks or other 

areas of unprotected metal surface 50. The second step of pitting 

corrosion is the propagation phase. When a small pit is created, the 

localised dissolution continues. The unprotected metal that is exposed to 

the environment becomes the anode and the surrounding surface acts as 

the cathode. This creates a potential difference between the pit and the 

surrounding area. In many cases the passive film will repassivate at the 

attacked site and the corrosion process will stop. The pits that initiate and 
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repassivate are called metastable pits. If the localised dissolution continues 

and no repassivation takes place, the unfavourable ratio between anode 

and cathode surface areas will result in a high local corrosion rate at the pit 

site.  As the pit continues to grow, self-acidification leads to a lower pH in 

the pit, which will hinder the repassivation process 5-7. The mechanisms 

for pit initiation and propagation are illustrated in Figure 1.  

 

Figure 1. Schematic illustration of the mechanism of pitting corrosion. 

The different stages of pitting corrosion of stainless steel can be assessed 

based on electrochemical cyclic polarization measurements as shown 

schematically in Figure 2. During upward scanning, the passive region will 

show a very low current density up to the water dissociation potential or to 

the transpassive dissolution of chromium from the steel, in the absence of 

aggressive anions. Pitting corrosion is shown on the polarization curve by 

a rapid current increase when the critical value for the pitting potential  

(Epit) is exceeded. The higher the Epit is, the more corrosion resistant is the 

material. At potentials below the Epit metastable pits can occur. For the 

reverse scanning, when the potential is decreased below the repassivation 

potential (Erp), the driving force for dissolution is reduced. The attacked 

sites are deactivated by formation of an oxide film in the pit. The difference 

between Epit and Erp has also been considered as a measure of pitting 

corrosion susceptibility. If Erp is close to Epit it will be more corrosion 

resistant than if Erp is very low. This because when the two potentials are 

close together, any potential drop in the pit will shut down its growth 

(current decrease). When a very low Erp is measured on a material, this 

means that every initiated pit will grow and these pits will be very difficult 

to repassivate. The Epit is sometimes compared with the corrosion potential, 
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EOCP (redox potential) of the environment. Pitting will not occur when the 

pitting potential is higher than the corrosion potential 5, 7, 50, 51.  

 

Figure 2. Schematic representation of cyclic polarization curve indicating characteristics of 

metastable pitting, pitting potential (breakdown potential, Epit) and repassivation potential (Erp). 

3.2. Crevice corrosion 

Crevice corrosion occurs in restricted areas and typically when the stainless 

steel is immersed in a chloride-containing environment in the presence of 

a crevice. The mechanism of crevice corrosion is similar to that of pitting 

corrosion. At the initial stage, the inside and outside of the crevice area are 

in the passive state. The reduction reaction which takes place on the 

cathodic area is oxygen reduction. When the corrosion occurs in a crevice, 

the geometry will obstruct the mass transport of ions between the outside 

and inside of the crevice. This can lead to depletion of oxygen and a 

decrease in pH inside the crevice.  The electrode surface in the crevice 

switches from the passive state to an active dissolution state, resulting in a 

shift of potential and a high chloride ion concentration inside the crevice. 

This causes the potential to shift in the negative direction and the 

difference between the inside and outside of the crevice increases sharply. 

Protons can be reduced on the uncorroded electrode surface and hydrogen 

bubbles formed inside the crevice 5, 50. 
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3.3. Factors affecting localised corrosion 

There are two main groups of factors that affect localised corrosion 

properties of stainless steels: metallurgical factors and environmental 

factors. The metallurgical factors include the alloy composition and surface 

topography while the environmental factors are the chloride ion 

concentration, temperature, oxidising species, pH and oxygen content. 

3.3.1. Metallurgical factors 

3.3.1.1. Effect of alloy composition  

The alloy composition and microstructure of stainless steels have strong 

effects on the susceptibility to localised corrosion. Chromium is the most 

important element for giving passivity to stainless steel. An inadequate 

chromium level cannot prevent chemical dissolution at the interface 

between the oxide film and the solution. A benefit of a high chromium 

content in terms of corrosion properties is that chromium increases the 

pitting potential (Epit), the critical pitting temperature (CPT), the critical 

crevice temperature (CCT) and improves passive film stability in acid 

environments 5, 12, 21, 51. The direct effect of an increased nickel content 

on corrosion properties is that it reduces the corrosion rates in the active 

state in acid environments 5, 6. The pitting susceptibility can also be 

decreased by small additions of molybdenum and nitrogen in stainless 

steels. Molybdenum is mainly beneficial when chromium is present. The 

influence of molybdenum on corrosion resistance of stainless steel 

corrosion has been investigated in various studies [12-14, 20, 21, 23]. 

Molybdenum is enriched in the active region of the surface film but is not 

found in the passive film 21. The passivating mechanisms of molybdenum 

is explained in such way that molybdenum acts by blocking active sites 

during active dissolution or by adsorbing on the surface as molybdate. 

Small amounts of other elements, such as nitrogen also have a strong 

influence on the localised corrosion of stainless steels, especially in 

combination with molybdenum. It has been shown that molybdenum and 

nitrogen act together and enhance the pitting characteristics in acid to 

neutral conditions. Some studies suggested that the formation of ammonia 

(NH3) in the film-substrate interface may locally increase the pH and 

induce the formation of corrosion inhibiting molybdates 13, 14, 32.  
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The pitting resistance and alloying levels are correlated in the concept of 

the PREN (PREN = %Cr+3.3%Mo+16%N). PREN has proved to be a 

good predictor for the relative resistance in chloride environments 3. 

Various studies have found that the CPT, Epit and corrosion rate were 

dependent on the PREN values. A higher PREN indicates a higher 

resistance to corrosion. The CPT and Epit increase linearly with increasing 

PREN in chloride environments 52, 53. Therefore, it is convenient to use 

the PREN as a way of ranking different stainless steel grades.  

3.3.1.2. Effect of surface topography 

The surface topography affects the pitting susceptibility of stainless steel. 

The chromium-enriched passive film layer on the stainless steel surface 

prevents corrosion and the surface topography can influence this layer. The 

correlation between the surface topography and corrosion behaviour of 

stainless steel has been studied by various researchers, who have reported 

similar conclusions of improved corrosion resistance with surface 

smoothness [47, 48, 54-56]. A smooth surface increases the pitting 

potential (Epit), critical pitting temperature (CPT), and resistance to pit 

initiation and propagation. The Epit has been shown to decrease linearly 

with increasing surface roughness [55]. Moayed et al. 54 studied the 

relationship between CPT and surface roughness by electrochemical 

measurements. They found that CPT decreased with an increased surface 

roughness and the standard deviation of the CPT results increased with 

increasing surface roughness. Smooth surfaces are more resistant to the 

initiation and propagation of pits. The geometry of surface valleys and pits 

influenced the diffusion of active ions during corrosion [48, 56].  

3.3.2. Environmental factors 

3.3.2.1. Effect of chloride ion (Cl-) 

Chloride is a small anion with a high diffusivity and an active pitting agent. 

The passive stainless steel behaviour is less dependent on the chloride ion 

concentration, but the breakdown of passivity is directly affected by 

chloride ion at certain temperatures. An increase in chloride content will 

increase the chances of adsorption and/or penetration of chloride into the 

passive film 57 which causes pit initiation. A greater concentration of 
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chloride ions will more easily replace water molecules or hydroxide ions at 

undeveloped parts of the passive film (e.g. at H2O-M-OH2 bridges) 58. It 

will also favour the transition from metastable to stable pits by supporting 

the formation of a salt film at the pit mouth [54].  

The chloride ions have a significant effect on the polarization behaviour. 

An increased chloride ion concentration moves Epit to lower values, reduces 

the passive region and increases the passive current density 53, 63-65.  

An increased chloride ion concentration will also result in a decreased 

critical pitting temperature (CPT) 53, 61. High alloyed stainless steels are 

less affected by increasing chloride ion levels and the Epit changes only 

slightly. The severity of pitting corrosion tends to vary with the logarithm 

of the chloride ion concentration 59-63. Stainless steels may suffer pitting 

corrosion in water containing chlorides and this limits their use at different 

chloride ion levels depending on the alloying composition 66.  

3.3.2.2. Effect of temperature 

Temperature is a critical factor that affects the pitting corrosion resistance 

of stainless steel. There is a critical pitting temperature (CPT) which is the 

minimum temperature at which stable pits start to grow in a given 

environment. Pitting corrosion will usually not occur at temperatures 

below the CPT. However, pitting is a stochastic process and some variation 

is to be expected. Temperature has also a significant effect on the 

polarization behaviour. At low temperatures, the breakdown potentials are 

high, corresponding to transpassive dissolution which is not pitting 

corrosion. Pitting corrosion occurs at a potential that is below the 

transpassive breakdown potential and just above the pitting potential. If 

the temperature is increased the Epit decreases. The rate of chemical 

reactions (metal dissolution and the rate of pit growth) and diffusion of 

species through the oxide film also increase [57]. The passive film may 

change and probably has different structural characteristics at low and 

high temperatures, due to the thermodynamics of hydrolysis reaction 

between water molecules and the ions of alloying elements 58. The 

porosity of the passive film and the defect structure of the semiconductor 

anodic film may change from p-type to n-type with temperature. The           

n-type films may be more susceptible to pit initiation than p-type films due 

to the existence of oxygen vacancies, which can enhance the transport of 
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chloride ions through the oxide lattice [67-69]. Both the Epit and CPT can 

be used for ranking susceptibility to pitting. The higher Epit or CPT the 

more resistant the alloy is to pitting corrosion 5. 

3.3.2.3. Effect of potential of the environment 

The corrosion potential (open-circuit potential or rest potential, EOCP) is      

a mixed potential at which the rate of anodic dissolution and cathodic 

reactions of the electrode are equal. This means that there is no net current 

flowing to or from the electrode. The corrosion potential is a useful 

parameter for detection and estimation of localised corrosion of stainless 

steel. The EOCP is strongly connected with initiation of localised corrosion. 

The presence of oxidising species influences the EOCP and increases the 

potential in the noble direction, which makes environmental conditions 

more aggressive. It is useful to compare EOCP with the Epit of stainless steel: 

pitting is unlikely to occur if the corrosion potential of the environment is 

lower than the pitting potential 70-75. 

Chlorination of water is one of many methods that can be used to disinfect 

water, to prevent the formation of biofilms and decrease the degree of 

fouling 70-83. Chlorine is a strong oxidant and adds its effect to the 

oxidation effect of oxygen which already is present in the water.  According 

to Ives et al., the major cathodic reactions in chlorinated saline water 

systems are the reductions of free chlorine species (see reactions 1-3) 84. 

The rates of each reaction will depend on the pH of the electrolyte and the 

relative concentration of each species [84]. At higher pH values, 𝐶𝑙𝑂− 

becomes the major form of residual chlorine while 𝐶𝑙2 and 𝐻𝐶𝑙𝑂  are 

dominant at neutral pH values 75, 77, 84. This oxidising effect of chlorine 

may have a detrimental effect for stainless steel. The stainless steel may 

suffer from localised corrosion if the potential of the chlorinated system is 

higher than the Epit. For these reasons the amount of residual chlorine must 

be limited, and chlorination can also be intermittent 70, 75, 80, 84.  

𝐶𝑙2 + 2𝑒− = 2𝐶𝑙−   (1) 

𝐻𝐶𝑙𝑂 +  𝐻+ + 2𝑒− =  𝐻2𝑂 + 𝐶𝑙−  (2) 

𝐶𝑙𝑂− + 2𝐻+ + 2𝑒− = 𝐻2𝑂 + 𝐶𝑙−  (3) 
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3.3.2.4. Effect of pH 

The effect of pH is seen both in terms of thermodynamic equilibria 

(Pourbaix diagram, E vs pH) and with respect to corrosion behaviour in a 

polarization curve. A change of pH changes the chemistry of an aqueous 

medium which affects the corrosion potential (EOCP), passive region, 

pitting potential (Epit), and corrosion rate of stainless steels 8, 60, 70, 85-

87. The redox reactions depend on the metal and the environment 

(reactions 4-7) to which the metal is exposed. In acidic environments 

(lower pH), the reduction of O2 is more favourable, see reaction 4. 

Acidic environment 
Oxygen reduction:  

Alkaline environment 
Oxygen reduction: 

 𝑂2 + 4𝐻+ + 4𝑒− = 2𝐻2𝑂      (4) 
 

𝑂2 + 2𝐻2𝑂 + 4𝑒− = 4𝑂𝐻−     (6) 

Hydrogen reduction: 
2𝐻+ + 2𝑒− =  𝐻2                     (5) 

Hydrogen reduction: 
2𝐻2𝑂 + 2𝑒− =  𝐻2 + 2𝑂𝐻−   (7) 

 
It has been found that the EOCP and corrosion rate decrease with increased 

pH 60, 70, 85, 86. The main effect of an increased pH on the passive film 

of stainless steel is that the passive region is considerably wider while a 

decreased pH and higher temperatures leads to a decrease in the extent of 

the passive region. This can be explained because at higher pH, there is a 

larger fraction of iron in the film (as iron oxides) leading to a passive film 

which is more stable than at the lower pH  87.  

It has been shown that Epit is independent of pH in the slightly/moderately 

acidic pH range (pH 3-7.5) 85. A linear relationship between Epit and pH 

was found for chloride solution in the alkaline pH range and the Epit shifted 

to more positive values with increasing pH 85, 70. In chloride-sulphate 

solution at 70C, a pH increases in the range 1-10 caused a linear increase 

in Epit 70. The independence of Epit in the acidic pH range in chloride 

solutions may be explained because at lower pH, the passivity of stainless 

steel slightly influences the pH of the bulk solution and the corrosion 

process itself enhances the local acidity inside the pit. At higher pH, 

hydroxide ions (OH-) inhibit the pitting attack on the metallic surface. This 

stabilizes the passive film and slows down the rate of pit growth [8, 86]. 
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3.3.2.5. Effect of dissolved oxygen 

The presence of oxygen influences the corrosion behaviour, formation of 

the passive film and pitting corrosion. Oxygen diffuses through the 

solution and is adsorbed on the metal surface. The reduction reaction, 

which take places at cathodic areas of the metal in oxygen-containing 

solutions is oxygen reduction (reactions 4 and 6). The hydrogen reduction 

reaction will take place on cathodic areas of the metal (reactions 5 and 7) 

in oxygen-free solutions. The rate of oxygen reduction is fast, so the 

corrosion rate is limited by the rate of diffusion of dissolved oxygen 50.  

The risk for corrosion in highly concentrated chloride environments is 

dependent on the dissolved oxygen level, temperature and chloride content 

57, 88-92. At low temperatures the water can dissolve more oxygen than 

at higher temperatures. However, higher temperatures accelerate the 

diffusion of oxygen through cathodic layers of the protective oxide film, 

which influences the corrosion rate. The corrosion rate tends to increase 

with increasing temperature 88-91. Solubility of dissolved oxygen also 

decreases as salinity increases 90. Cramer 88 found that above 60°C the 

effect of temperature on the oxygen solubility in geothermal brines is 

different from that for sodium chloride brine and pure water. Oxygen is 

also found to influence the anodic and the cathodic processes in acid-

containing chloride solutions, with evidence of increases in both the 

corrosion potentials (positively) and the corrosion current densities 92. 

One explanation is that the increase in dissolved oxygen concentration 

accelerates the corrosion process by increasing the availability of electron 

acceptors, so the rate of electroreduction of oxygen at the electrode or on 

oxides increases [92]. 

3.4. Atmospheric corrosion 

Atmospheric corrosion is an electrochemical reaction in the presence of a 

thin aqueous layer on the oxidised metal in the atmosphere and its 

pollutants. This type of corrosion can be both dry and wet. Atmospheric 

corrosion occurs by balancing anodic and cathodic reactions in the thin 

film electrolytes. The anodic oxidation reaction takes place by the 

dissolution of the metal in the electrolyte, while the cathodic reaction is 

often the oxygen reduction reaction. Oxygen from the atmosphere is 

provided to the thin film electrolyte under corrosion conditions. However, 
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the presence of surface contaminants or dust deposits can block the supply 

of oxygen from the atmosphere and form a crevice. When the passive film 

is dissolved the corrosion starts under a thin aqueous layer. The acidity and 

anion concentration increase at the corroded area and the decreased 

oxygen concentration will facilitate the corrosion progress 93-94.  

The surface degradation increases with the development of corrosion. The 

surface degradation process occurs when chloride particles (which are 

covered by a natural surface film) deposit on the stainless steel surface. In 

wet atmospheric conditions, the chloride deposit will form a concentrated 

chloride solution. Localised corrosion can develop when the chloride ion 

concentration of the solution is high enough to break the surface film. 

When the atmospheric conditions become drier, rust will form around the 

corroded areas because dissolved species such as ferric cation (Fe3+) will 

be deposited, leading to further surface degradation. The breakdown of the 

surface film has been reported to initiate at defect sites of the passivating 

oxide 2, 95. 

3.5. Factors affecting atmospheric corrosion 

There are two main groups of factors affecting the atmospheric corrosion 

resistance of stainless steel; metallurgical factors and environmental 

factors. The metallurgical factors for stainless steel include alloy 

composition and surface condition (surface finish, surface treatment and 

surface orientation). The environmental factors include the presence of 

contamination and exposure conditions.  

3.5.1. Metallurgical factors 

3.5.1.1. Effect of alloy composition  

The compositions both in the bulk material and in the surface film are 

important factors affecting atmospheric corrosion of stainless steel. The 

chromium, molybdenum and nitrogen contents improve the atmospheric 

corrosion resistance in term of corrosion performance and surface 

degradation 2, 41-44, 95, 96. Stainless steel with only 12 wt% chromium 

does not have sufficient self repassivation ability in aggressive 

environments. The beneficial effects of increased chromium content 

include a decreased corrosion rate (weight loss), pitting depth, less 
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corrosion products and surface degradation. The addition of other 

elements, for example, molybdenum, nitrogen, copper, etc., can be 

effective in preventing surface degradation and in reducing the dimension 

of pits in atmospheric environments containing chlorides 42, 43, 95-101. 

The PREN is often used to rank different stainless steels regarding their 

resistance to pitting and crevice corrosion and it can also be used to rank 

the resistance to atmospheric corrosion 3. The higher the PREN value, 

the higher the resistance to atmospheric corrosion 99, 100. 

The presence of chromium in the passive film is the main factor 

contributing to the resistance of stainless steel to corrosion and surface 

degradation in atmospheres containing chlorides 2, 43. The amount of 

chromium in the passive film depends on the chromium content in the bulk 

material and the surface conditions 2. The amount of chromium in the 

surface film affects the atmospheric corrosion resistance in term of pitting 

depth and degree of surface degradation. It does not show any correlation 

with bulk composition in the short term (o.5-1 year of exposure) 2. Silicon 

may be present in the surface film and is particularly enhanced by bright 

annealing. The higher the silicon content in stainless steel, the higher the 

corrosion and surface degradation resistance 41, 43. 

Uniform corrosion and localised pitting can occur when the alloy content 

is inadequate. Increased alloying level can give a change in the corrosion 

morphology from the uniform corrosion over the stainless steel surface to 

more localised pitting. The alloying levels have a significant effect on the 

atmospheric corrosion resistance of stainless steel in severe environments 

or marine atmospheres 42, 43, 95-99. The composition of the bulk 

material, surface film and the environmental conditions also influence the 

amount of released metals. These processes have been studied on standard 

austenitic grades 304 and 316 at an urban site in Stockholm, Sweden. The 

results clearly showed that iron is released to a greater extent than nickel 

or chromium. The release rates of chromium and nickel were somewhat 

higher from grade 316 than grade 304 103. 
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3.5.1.2. Effect of surface condition 

The surface condition includes the surface finish, surface roughness, 

surface treatment and surface orientation. Chromium in the surface film is 

a major parameter affecting the corrosion and surface degradation 

resistance 2, 40-45, 95-101. A surface with enriched chromium will 

effectively prevent corrosion, if the environment is not very severe.                  

A smoother surface tends to increase the resistance of stainless steel to 

atmospheric corrosion. The effect of surface condition on the corrosion and 

degradation resistance of stainless steel has been studied by numerous 

researchers 2, 40-45, 95-101. For example, Asami et al. 2 investigated 

the effect of chromium in the surface film before atmospheric exposure of 

four different surface finishes with 2B, hairline polishing (2B finish 

followed by mechanical polishing, #180 along rolling direction), mirror 

polishing (2B finish followed by mechanical mirror polishing, #600), and 

bright annealing on grades 304, 316, 430, and 444. The surface finishes 

that enriched chromium most in the surface were mirror polishing, bright 

annealing, 2B and hairline polishing surface. A smooth bright annealed 

surface has been reported to give the best performance in different 

atmospheres due to its surface composition (Cr and Si enrichment) and 

hygroscopicity. The reason for this is that bright annealing is done at a low 

dew point which suppresses oxidation of iron and chromium and promotes 

oxidation of silicon 41-43, 45.  

Contamination and moisture are retained less efficiently on a smoother 

surface compared to a rougher surface. Rougher surfaces can also have 

micro-crevices that increase the risk of corrosion attack and staining 2, 41. 

The release rate of metal (chromium and nickel) is faster from a rougher 

surface compared to a smoother surface (2B-finished) 103. 

To achieve the best corrosion performance of a stainless steel, the surface 

should be clean, free of contamination and have a continuous passive layer. 

Surface treatment such as acid pickling, passivation or electropolishing can 

remove contaminants and inclusions from the stainless steel surface. 

Chromium enrichment in the passive film has been observed as a result of 

both pickling and passivation treatment 40, 41, 49. The combination of 

mechanical and chemical treatment can give a relatively rough surface, but 

it still exhibits a high resistance to corrosion and degradation. This is 

because of the high chromium levels in the surface film and the removal of 
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contamination during pickling 40, 41, 49. Another surface condition 

factor which influences atmospheric corrosion resistance of stainless steel 

is the surface orientation. This is frequently observed on a ground surface, 

where a ground surface with a vertical grinding direction has a higher 

corrosion resistance compared to a surface with horizontal grinding. This 

is because a vertical grinding direction is more easily cleaned by rain, while 

a horizontal grinding direction has a texture that traps moisture and 

contaminants 104.  

3.5.2. Environmental factors 

3.5.2.1. Effect of contamination 

The main sources of contamination of stainless steel surfaces are airborne 

salts and pollution. The main contaminants contained in the atmosphere 

include chloride ions (Cl-), sulphate ion (SO4
2-), nitrate (NO3

-) and sulphur 

dioxide (SO2). The presence of contaminants in combination with a certain 

temperature and relative humidity will facilitate the corrosion process 

104-111.  

Chlorides, sulphate and nitrate salts from seawater are present in droplets 

in the air. These droplets will evaporate and leave a residue of sea salt on 

the stainless steel surface. The presence of salts on the surface is also one 

of the major causes of atmospheric corrosion of stainless steels. High 

chloride deposition levels are found in the areas which are close to the sea 

coast. The high chloride levels observed inland are mainly from industrial 

sources 93-110. Sulphate and nitrate salts can inhibit the chloride 

induced atmospheric pitting corrosion of stainless steel under certain 

conditions 105. For example, an inhibitor effect for nitrate was found 

under magnesium salt droplets when the ratio between the deposition 

density of nitrate anions and chloride ions was above a critical value. 

Sulphate acts as a pitting inhibitor in the form of magnesium salts 

(MgCl2+MgSO4) but only at higher humidity. In calcium salts 

(CaCl2+CaSO4), there is no inhibitor effect due to the low solubility of 

CaSO4) 105. Sulphur dioxide (SO2) resulting from the combustion of 

fossil fuels in industrial areas, can dissolve in water droplets and form 

sulphuric acid in the presence of oxygen. This makes the electrolyte lower 

in pH and more aggressive 106- 108.  
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The most corrosive environments for stainless steels have been reported at 

sites with high pollutant levels of sulphur dioxide, chlorides and particles. 

Sites with low to moderate rainfall and moderate to high humidity, sites 

with high temperature and humidity and sites with frequent salt spray and 

low rainfall are also particularly corrosive 93-110. In order to specify 

suitable stainless steel grades, it is necessary to identify the effect of 

atmosphere on the corrosion resistance where the selected grade will be 

exposed. The ISO 9223 standard describes a process to estimate a 

corrosivity classification of an atmosphere based on the chloride 

deposition, time of wetness (TOW), sulphur dioxide and the corrosion rate 

of the reference materials 112. The corrosivity of different atmospheres is 

classified from C1 to CX, where C1 is the least aggressive and CX the most 

aggressive atmosphere. Corrosivity classes are a good tool for materials 

that suffer uniform corrosion under atmospheric conditions, such as 

carbon steel, zinc, aluminum and copper. However, stainless steels with 

their passive layer exhibit a totally different corrosion mechanism.  

3.5.2.3. Effect of exposure conditions 

The effect of different exposure conditions such as temperature, relative 

humidity and rain washing (fully exposed, partly sheltered and sheltered) 

should be considered when it comes to structural and architectural 

applications 99, 100, 113, 114. The temperature and relative humidity will 

influence the corrosion process as a conductive electrolyte is needed for 

atmospheric corrosion to occur. The amount and availability of moisture 

are important factors 112. High humidity and high temperatures create 

favourable conditions for the occurrence of atmospheric corrosion. High 

humidity generates a film of moisture on the steel surface that dissolves 

salt deposits and creates a corrosive electrolyte. 

Stainless steels fully exposed or in sheltered areas can exhibit different 

amounts of staining and corrosion. A sheltered condition is often more 

severe because the stainless steel is protected from rain. There is no natural 

run off and no natural cleaning. The amount of contaminants on the 

surface is larger than when fully exposed. No cleaning in combination with 

a humid atmosphere and high temperature will give rise to a more severe 

environment and the electrolyte may contain aggressive pollutants 99, 

100, 111. If the conditions are very aggressive in sheltered areas, this may 
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cause a significant corrosion attack and surface degradation 

(discolouration, staining or red rust) 99, 100. However, the situation may 

also be the opposite where there is little rainfall: the corrosion on a fully 

exposed surface may be more than that in sheltered areas. Another factor 

which can exacerbate the atmospheric corrosion of stainless steel is the 

angle of the exposed surface. The influence of the angle of eaves on the 

atmospheric corrosion of stainless steel was studied by Tochihara et al. 

111. The stainless steel coupons were installed below the eaves at angle 

from the horizontal. They found that the larger the angle from the 

horizontal, the more the stainless steel corroded. In other words, the 

vertical position showed the most corrosion. This is probably due to the 

higher chloride deposit on the surface in combination with a specific 

humidity on the eaves which facilitated atmospheric corrosion. 

When selecting stainless steel for structural and architectural applications 

there are several guidelines and standards available, such as EN 1993-1-4 

Annex A (Eurocode 3) and International Molybdenum Association Site and 

Design Evaluation System tool (IMOA program) 113, 114. The effect of 

exposure conditions, surface condition and design are considered in these 

standard and guideline, which is a different approach compared to the ISO 

9223 standard. The EN 1993-1-4 Annex A standard provides a procedure 

for selecting an appropriate grade of stainless steel for service 

environments where the structural integrity is the primary concern 113. 

In accordance with the standard, the selection of grade depends on the 

environmental conditions, which are assessed in terms of three 

components: risk of exposure to chlorides from salt water or de-icing salts 

(distance from the sea and roads with de-icing salts), risk of exposure to 

sulphur dioxide and cleaning regime including washing by rain. The 

evaluation in the IMOA program uses five different factors: environmental 

pollution, coastal and de-icing salt exposure, local weather pattern, design 

considerations and maintenance schedule. The IMOA program is a useful 

tool as a grade selection guide when surface appearance matters 114.  
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4. Experimental work 

4.1. Materials 

Ferritic, austenitic and duplex stainless steels have been used in the current 

work. The designations, type of microstructure and typical chemical 

composition of the steels are given in Table 2. The PREN numbers 

(%Cr+3.3%Mo+16%N) are included to provide a rough ranking of their 

relative resistance to localised corrosion. All the steels were taken from 

standard commercial production at Outokumpu, either in Sweden or 

Finland. All steels had normal microstructures with very low levels of non-

metallic inclusions. 
 

Table 2. Typical chemical compositions of the stainless steels investigated (wt%). The alloys 

are given in order of increasing PREN (%Cr+3.3%Mo+16%N) within each group. 

Stainless 
steel 

UNS 
designation 

Trade 
name 

Paper Typical chemical composition, wt% PREN 

C Ni Cr Mo N Other 

Ferritic S40977 4003 V, VII, 
VIII 

0.02 0.5 11.5 - - - 12 

S43000 4016 V, VII, 
VIII 

0.05 - 16.2 - - - 16 

S44400 4521 V, VII 0.02 - 18.0 2.0 - Ti, Nb 25 

Austenitic S30403 4307 I, IV, V, 
VII, VIII 

0.02 8.1 18.1 - - - 18 

S31603 4404 I, II, V, 
VII, VIII 

0.02 10.1 17.2 2.1 - - 24 

4432 III 0.02 10,7 16.9 2.6 - - 28 

N08904 904L III 0.01 24.2 19.8 4.3 - 1.4 Cu 34 

S31254 254 SMO III, V, 
VII 

0.01 18.0 20.0 6.1 0.20 Cu 43 

S34565 4565 III, V, 
VII 

0.02 17.0 24.0 4.5 0.45 5.5Mn 46 

S32654 654 SMO III, V, 
VII 

0.01 22.0 24.0 7.3 0.50 3.5Mn, 
Cu 

56 

Duplex  S32101 LDX 2101 I, IV, V, 
VII, VIII 

0.03 1.5 21.5 0.3 0.22 5Mn, Cu 26 

S32304 2304 V, VII, 
VIII 

0.02 4.8 23.0 0.3 0.10 Cu 26 

S82441 LDX 2404 I 0.02 3.6 24.0 1.6 0.27 3Mn,Cu 34 

S32205 2205 I, III, V, 
VI, VII, 
VIII 

0.02 5.7 22.0 3.1 0.17 - 35 

S32750 2507 III, V, 
VII, VIII 

0.02 7.0 25.0 4.0 0.27 - 43 

 

Different surface finishes and different types of specimens were used for 

the current work. A reference surface (wet machine grinding with 320 grit 

SiC paper) was used for the short term electrochemical studies (Papers II, 

III, IV and VI). For the long-term studies (Papers I-VI) as-received and 

pickled surfaces (using mixed acid containing 3M HNO3 and 3M HF) were 
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used and different types of specimens were selected: plate (sheet), welded 

and creviced specimens. Further details regarding the surface condition, 

specimen types and welding conditions are given in each experimental 

section below and in the different papers. 

4.2. Localised corrosion in chloride solution 

Two test programmes were selected for localised corrosion test: short term 

electrochemical tests and long-term immersion tests. Both aim to 

determine limiting conditions for localised corrosion of stainless steels in 

terms of temperature, potential and chloride concentration. For the short-

term electrochemical testing, three electrochemical methods were used:  

potentiodynamic polarization, potentiostatic measurements and critical 

pitting temperature (CPT) determination. The Avesta cell (Figure 3) was 

used for all electrochemical tests in order to eliminate the influence of 

crevice corrosion [115]. For the long-term immersion testing, two different 

environmental conditions were used: a slightly chlorinated environment at 

different temperatures and a highly concentrated chloride environment. 

 

 
 

Figure 3. Avesta electrochemical cell used to avoid crevice corrosion. 
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4.2.1. Short term electrochemical testing 

4.2.1.1. Potentiodynamic polarization measurements 

The purpose of this test was to determine limiting conditions for pitting 

corrosion of stainless steels in terms of temperature and chloride 

concentration. Pitting potential (Epit) measurements based on ASTM G61 

and ISO 15158 116, 117 were performed in chloride solutions at different 

temperatures (Papers II and IV). This method was also used to investigate 

the effect of oxygen content on pitting corrosion in Paper III.  

Specimens of size 30x30x3 mm were used and were wet ground to 320 grit 

at least 18 h before testing, then immediately before the experiment 

cleaned with ethanol. The test area in the flushed port cell was 1 cm2. 

Polarization curves for the different steels were obtained in solutions with 

different chloride ion concentrations (35-100 000 ppm Cl-) and at different 

temperatures (10-80C). Polarization measurements were made using a 

Solartron 1287 potentiostat. The potential of the working electrode was 

measured versus a saturated calomel (SCE) reference electrode. The 

auxiliary electrode was platinum (Pt) wire. Dissolved oxygen was 

maintained at a low level by bubbling nitrogen through the sodium 

chloride solution during the whole test time (Papers II, III and IV). For 

Paper III, the effect of oxygen content was evaluated by purging the test 

solution with either air or nitrogen gas. Before each polarization 

measurement, the open circuit potential (EOCP) was measured for 10 min 

in the test solution. The polarization started at –300 mV vs SCE and the 

scan rate was 20 mV·min-1. Epit was defined at the point where the current 

exceeds 100 μA·cm-2 116 and remains above this level for at least 1 min as 

shown in Figure 4a. Pitting on the surface was confirmed after the test by 

using a light optical microscope at 20x magnification. Duplicate samples 

were tested and gave, in most cases, a difference of <100 mV. If larger 

differences were observed, additional measurements were made.  

4.2.1.2. Potentiostatic measurements 

For cases in which the potentiodynamic results gave questionable results 

(Paper II), potentiostatic experiments were also carried out. Specimens of 

size 30x30x3 mm were used and were wet ground to 320 grit at least 18 h 

before testing, then immediately before the experiment cleaned with 
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ethanol. A specimen was held at a given temperature in the solution at an 

applied constant potential close to Epit, as evaluated from the anodic 

polarization curve. These experiments were carried out in 1000 ppm 

chloride solution at 30-60°C and potentials of 400, 500 and 600 mV vs 

SCE. Before each measurement, the open circuit potential (EOCP) was 

measured for 10 min, then the potential was increased at 20 mV·min-1 from 

the starting potential of –300 mV vs SCE up to the set potential for the 

potentiostatic experiment. The current was then monitored for a test 

period of 3 h as shown in Figure 4b. The solution was purged with nitrogen 

throughout the test. 

   
(4a) Potentiodynamic curve (4b) Potentiostatic curve (4c) Critical pitting temperature 

 
Figure 4. Schematic polarization curves for (a) Potentiodynamic method, (b) Potentiostatic 
method and (c) Critical pitting temperature. 

4.2.1.3. Critical pitting temperature (CPT) 

The aim with critical pitting temperature (CPT) tests was to rank the pitting 

corrosion resistance for different stainless steel grades (Paper III) and 

surface finishes (Paper VI). The CPT was determined according to         

ASTM G 150 118 in both the standard solution of 1 M NaCl (35 450 ppm 

Cl-) and in a NaCl solution with 100 000 ppm Cl-. Specimens of size 60 x 

60 mm were tested with surfaces wet ground to 320 grit (Paper III) and 

with different as-delivered finishes (Paper VI). After the grinding operation 

the specimens were left to passivate in air for a minimum of 18 h prior to 

testing. From an initial temperature of 0°C, the test solution was heated at 

1°C·min-1 while the potential was held at 700 mV vs SCE. The current was 

monitored, and the CPT is defined as the temperature at which the current 

density exceeds 100 μA·cm-2 for 60 s (Figure 4c). The test area in the 

flushed port cell was 10 cm2. Throughout the test nitrogen gas was bubbled 

through the test solution. Duplicate specimens were used to determine the 
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CPT. Pitting on the surface and the absence of crevice corrosion was 

confirmed after the test by using a microscope at 20X magnification. 

4.2.2. Long term immersion test 

4.2.2.1. Chlorinated environments 

To determine limiting conditions for localised corrosion of stainless steels 

in chlorinated environments, coupons of duplicate plain (Paper I), creviced 

(Paper I) and welded specimens (Papers I-IV) with size 60x30x3 mm were 

used with an as-received surface as seen in Figure 5a. All cut edges were 

wet ground to 320 grit. The welded samples were produced by gas tungsten 

arc welding (GTAW). This welding process is often used for water pipe 

applications. All samples had the same thickness of 3 mm. Welded samples 

were pickled in mixed acid (3M HNO3 and 3M HF).  

The crevice samples had a 12 mm hole placed in the centre of the sample 

(see Figure 5b). Samples were bolted together with INCO crevice formers 

on both sides of specimen 119. All crevice formers were tightened with a 

torque of 1.58 Nm. It was verified that there was no electrical contact 

between the samples and the screw. Plain (sheet) and welded specimens 

were suspended in the solution on platinum wires to minimize crevice 

effects when investigating pitting corrosion. 

Samples were tested by long term immersion in slightly chlorinated 

environments at different temperatures. The test solutions were prepared 

from distilled water (conductivity of 0.067 µS·cm-1) and sodium chloride to 

give chloride ion levels in the range of 100-100 000 ppm. The pH was in 

all cases in the range 6.5-7.5. The solutions were dosed with sodium 

hypochlorite (1000 ppm) to give 1 ppm residual chlorine concentration. 

The residual chlorine level was measured by using a DPD (diethyl-p-

phenylene diamine) chlorine test kit. The DPD colorimetric reagent reacts 

with the residual chlorine turning it to a shade of pink. The residual 

chlorine level was identified by comparing it with the colour standard. The 

open circuit potential was monitored in some cases. Immersion tests were 

carried out for 30 days at various temperatures (30°C and 50°C for        

Paper I and 20-80°C for Papers II and IV). The depth of maximum attack 

was measured under a light optical microscope and a depth of attack of at 

least 0.025 mm was defined as pitting and crevice corrosion.  
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(5a) Plain (sheet), welded and crevice 
specimens (Papers I, II, IV) 

(5b) Welded and crevice  
specimen (Paper III) 
 

(5c) Stress corrosion 
specimen (Paper III) 

Figure 5. Coupons of plain (sheet), welded, crevice and stress corrosion specimens used 
for long term testing. 

4.2.2.2. Highly concentrated chloride environment 

The aim of Paper III was to explore the corrosion resistance of stainless 

steels in highly concentrated chloride solutions. Investigations were 

carried out in sodium chloride (NaCl) solution with chloride contents up to 

200 000 ppm at 90°C. The effect on the corrosivity of pH and oxygen 

content was also investigated using long-term exposures.  

Two different types of specimens were prepared. The first type was the 

welded and crevice specimens (with a centre hole with ø 12 mm) with size 

60x60 mm as seen in Figure 5b. The specimens were mounted on an 

insulated titanium bolt and between each specimen PTFE crevice washers 

were placed, and a torque of 1.58 Nm was applied 119. Each washer had 

20 crevice sites, and thus there were 40 crevice sites on each specimen. The 

second type was the stress corrosion cracking specimens which were of size 

127 x 13 mm and bent to U-bend specimens with a radius of 12 mm, using 

a two-step procedure (Figure 5c). The U-bends were secured using 

titanium bolts and nuts with PTFE washers insulating them from the test 

specimens. Stress corrosion specimens were dry ground to minimum     

120-grit on all surfaces. A smaller specimen size of 50 x 25 mm (with a 

small hole for suspension with platinum wire) was used for potential 

measurements on grade 654 SMO. All edge surfaces were ground to 

minimum 320 grit surface finish. 

The test solutions were prepared using pro analysis grade sodium chloride, 

NaCl and distilled water (conductivity of 0.067 µS·cm-1). Adjustment of the 

pH was done by adding hydrochloric acid, HCl (with the same chloride 

concentration as the test solution) for pH 4 and sodium hydroxide, NaOH 
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for pH 8. Specimens were placed in the test solution which was heated and 

kept at a test temperature of 90°C for the duration of the test, which was 

56 days (1300 h). Either air (using a diaphragm air pump with a capacity 

of 1000 cm3·min-1) or nitrogen gas was bubbled through the test solution 

throughout the duration of the test. All specimens were weighed before and 

after exposure for determination of the weight loss, and calculation of the 

corrosion rate in mm·year-1. After the test was ended, the specimens were 

cleaned (with tap water, followed by a short rinse in acetone), weighed and 

examined using a microscope with 20x magnification. Any corrosion was 

noted and classified as pitting, crevice corrosion, stress corrosion cracking 

or edge attack. If crevice corrosion was observed under the crevice washers, 

the number of crevice corrosion sites under each washer was noted as well 

as the maximum depth of crevice corrosion. 

4.3. Atmospheric corrosion testing 

To understand the influence of factors that affect the atmospheric 

corrosion resistance of stainless steels in the Middle East, field test 

exposures were conducted. Three main factors were selected for this work: 

the effect of stainless steel composition (Papers V and VII), the effect of 

surface condition (Paper VI) and the effect of exposure conditions (Papers 

V and VIII).   

4.3.1. Field test exposure 

Different stainless steel grades were tested as plain (sheet), welded and 

creviced samples as illustrated in Figure 6. The samples were made by 

cutting the stainless steel to dimension of 150 x 100 x t mm (t= thickness) 

and the cut edges were then dry ground (320 grit) to minimize edge attack 

by removing residual carbon steel from cutting and giving a smoother 

surface. The samples were thereafter marked and cleaned before mounting 

in accordance with ASTM G1-03 120. The time between grinding and 

exposure was in all cases more than 1 week. 

In Papers VI, VII and VIII the corrosion properties of the base material 

were the main focus, so the welded and creviced areas were disregarded. 

The samples were exposed in open and sheltered conditions at an angle of 

45 degrees from the horizontal. Duplicate samples were exposed for most 

of the steel grades. In Papers V and VII, different sets of samples were 
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investigated after 2 and 4 years of exposure while 4 years of exposure was 

used for studies of the effect of surface finishes and exposure condition on 

atmospheric corrosion in Paper VI and VIII. The typical chemical 

compositions and PREN of the materials investigated are given in Table 2 

and the surface conditions are described in detail in each experimental 

section in the different papers. 

The welded samples were prepared with appropriate welding procedure 

(heat input and shielding gases). The post-weld treatment was shot 

blasting then laboratory pickling in a mixed acid (HNO3 + HF) bath until 

the specimens appeared free from weld oxides to the naked eye. Some 

specimens were left as-welded in order to study the effect of residual weld 

oxides on atmospheric corrosion resistance. Crevice samples were bolted 

together through a 12 mm hole with INCO crevice formers on both sides of 

the specimen. All crevices were tightened with a torque of 2.5 Nm. It was 

verified that there was no electrical contact between the samples and the 

bolt as shown in Figure 6.  

Figure 6. Schematic atmospheric test coupons. 
 

The field exposure program was performed in Dubai, UAE in a marine 

(Papers V, VI and VII) and semi-marine area (Paper VIII) and in Riyadh, 

Saudi Arabia in a rural area (Papers VIII). This work was performed within 

the Atmospheric Corrosion Program of Avesta Research Center, 

Outokumpu Stainless AB. Dubai Electricity and Water Authority (DEWA), 

Hidayath Group, Dubai Investment Park 2 in Dubai and Outokumpu 

Armetal Stainless steel in Riyadh provided the test sites in Dubai and Saudi 

Arabia respectively. The atmospheric corrosion testing station data of the 

three exposure sites is given in Table 3.  

 

Welded sample Plate sample Creviced sample 

100 mm 

150 mm 

Torque 2.5 
Nm 
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Table 3. Atmospheric corrosion test station data. 
 

Environment Location Place Co-ordinates Distance 
from the 
shore of 

Arabian gulf 

Exposure 
time 

Marine Dubai, 
UAE 

Dubai Electricity and 
Water Authority 
(DEWA) 

25°02'53.9" N 
55°06'05.0" E 

0 km 2, 4 
years 

Semi-marine Dubai, 
UAE 

Hidayath Group, Dubai 
Investment Park 2 

24°59'04.5" N 
55°12'41.4 E 

14 km 4 years 

Rural Riyadh, 
Saudi 
Arabia 

Outokumpu Armetal 
Stainless steel 

25°00'21.3" N 
46°56'15.2" E 

400 km 4 years 

4.3.2. Characterization 

4.3.2.1. Evaluation for corrosion performance and 

appearance rating 

After exposure, all specimens were first cleaned with tap water in order to 

get rid of dirt and dust, followed by a short rinse in acetone. The cleaned 

specimens were evaluated for atmospheric corrosion resistance. There is 

no standardized way to characterize stainless steel coupons exposed to 

natural atmosphere sites. Two different criteria were therefore chosen for 

evaluation in this investigation. The first is the ranking of the corrosion 

resistance of the different surface conditions based on the extent of 

localised attack on the flat surfaces (number of pits and the depth of 

corrosion attack) under a microscope at 20x magnification. Corrosion 

attack shallower than 25 μm is classified as surface etching and excluded 

119. Edge attack was disregarded because in the majority of applications 

these are not usually exposed. Generally, the mass loss was not found to be 

useful for evaluation because sometimes the edges corroded heavily during 

the long exposure time. The second criterion used was a visual rating of the 

aesthetic degradation in terms of the extent of red rust, discolouration and 

staining on the exposed surfaces. The concept of the rating number (RN) 

was developed by modifying the procedure described in the JIS G 0595 

standard 121, which involves comparison with standard specimens. In the 

present case the ranking was defined in such way that more corrosion led 

to a higher rating number, the opposite of the principle used in JIS G 0595 

121. The average rating number was calculated from 3 values obtained 

from 3 different evaluators. The relationship between the rating number 

and percentage of the specimen area with rust and staining is shown in 
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Figure 7. The rating ‘9’ means that the entire surface is covered by rust and 

stains, whereas ‘0’ means no rust/staining or discolouration and the 

appearance is the same as before the exposure. The difference between 

discolouration, staining and rust is that discolouration is defined as a 

change in the overall surface colour i.e. duller, faded or darker. Staining is 

defined as a result of corrosion attack. Although it can look quite significant 

in term of appearance, this corrosion usually does not penetrate into the 

steel, and does not affect the structural integrity. Rust is formed on the 

surface of stainless steel when a condition develops in which corrosion 

products are formed. 

         
RN 1 
Discolour
-ation 

RN 2 
~ 1% 
rust  
and  
stain  
area 

RN 3 
~ 5% 
rust  
and  
stain 
area 

RN 4 
~ 12% 
rust  
and  
stain 
area 

RN 5 
~ 20% 
rust  
and  
stain 
area 

RN 6 
~ 30% 
rust    
and  
stain 
area 

RN 7 
~ 50% 
rust  
and  
stain 
area 

RN 8 
~ 70% 
rust  
and  
stain 
area 

RN 9 
100% 
rust  
and  
stain 
area 

 
Figure 7. The relationship between the rating number and percent rusting and staining area. 

4.3.2.2. Alloying levels in surface film by GDOES 

Glow discharge optical emission spectroscopy (GDOES) was used for 

characterization of alloying levels in the surface film and depth profile 

analysis (Papers VI, VII). The GDOES compositional depth profiles were 

obtained with a LECO GDS 850A spectrometer. The GDOES analysis was 

performed at Swerim on unexposed samples after cleaning the surface 

ultrasonically in acetone. The sample is mounted as the cathode in a 

vacuum chamber. The anode consists of a copper grid. A high voltage is 

applied after argon is let into the chamber and plasma is created. The 

excited noble gas atoms sputter the cathode (sample) surface and layer by 

layer atoms leave the surface and enter the plasma. Depth profiles were 

obtained by measuring emission intensities for constituent elements as a 

function of sputtering time. The quantitative relationship between the 

composition and thickness was estimated according to a standard 

procedure 122. 
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4.3.2.3. Roughness measurements by optical confocal 

microscopy 

Two-dimensional roughness measurements and three-dimensional 

surface texture characterization were performed with a NanoFocus μsurf 

optical confocal microscope (Paper VI). The roughness evaluation was 

performed as closely as possible in accordance with the recommendations 

given in ISO 4288 123. The evaluation lengths ranged from 1.25 up to   

12.5 mm while the cut-off lengths ranged from 0.25 up to 2.5 mm 

depending on roughness. A needle filter was used. The evaluated               

two-dimensional parameters were calculated as an average of 512 profiles. 

The 10xs and 20xs objectives were used during the roughness evaluation. 

Stitching was done when the required evaluation length was longer than 

one objective field length. 

4.3.2.4. Other analytical techniques employed in this 

work 

DIONEX DX-120 ion chromatography (IC) 124 and SPECTRO ARCOS- 

FHX inductively coupled plasma optical emission spectrometry (ICP-OES) 

125 were used for analyzing the elemental composition of deposits (Paper 

VI) at Outokumpu. The deposit particles were collected from stainless steel 

surfaces after exposure by dissolving in demineralized water (conductivity 

of 0.067 µS·cm-1) and using ultrasonic cleaning. The resulting solutions 

were analysed by IC for anions (chloride and sulphate) and ICP-OES for 

cations (sodium, magnesium, potassium and calcium ions). For IC method 

the anions are separated in the column by their transit time. The ion 

concentrations 0btained are then used to calculate the amount of chloride 

and sulphate present in the deposit. For cations analysis by ICP-OES, the 

plasma is used to produce excitations that emit electromagnetic radiation 

at wavelengths characteristic of a particular element. The emission is 

analysed with the optical spectrometry to determine the concentration of 

each specific element. 

ZEISS AxioVision light optical microscopy (LOM) and ZEISS ULTRA 55 

scanning electron microscopy (SEM) were used at Outokumpu for 

characterization of corrosion attack after corrosion tests, to give 

information such as the depth of pit attack and number of pits. 
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5. Summary of appended papers 

5.1. Paper I 

Localised corrosion of stainless steels depending on chlorine 
dosage in chlorinated water 

 
Paper I aimed to understand the effect of environmental conditions in 

terms of residual chlorine on the localised corrosion behaviour, and to 

determine the extent to which residual chlorine levels at various chloride 

contents affect the localised corrosion of the standard austenitic stainless 

steel grades 4307 and 4404 and duplex grades LDX 2101, LDX 2404 and 

2205. A simulated chlorination system was created in which the specimens 

were immersed for 30 days at 30°C and 50°C at chloride levels of 200 ppm 

and 500 ppm, with residual chlorine levels of 0.2, 0.5 and 1 ppm at               

pH 6.5-7.5. The specimens were investigated by visual examination and 

microscopy. The most important conclusion from this work was that the 

presence of residual chlorine lead to ennoblement of the corrosion 

potential and had a significant influence on the localised corrosion 

resistance of stainless steel. In this study the duplex grades LDX 2404 and 

2205 performed very well in all the chlorinated environments tested.      

LDX 2101 performed as well as or better than 4307 at both 30°C and 50°C. 

The presence of a crevice on the samples increased the risk for localised 

corrosion in a chlorinated environment. This study demonstrates that 

duplex stainless steels are good candidates to use in water pipes or water 

storage tanks. 

5.2. Paper II 

Limiting conditions for localised corrosion of EN 1.4404 (316L) 
in terms of temperature, potential and chloride concentration 

 
Paper II addresses the concept of defining limiting conditions for pitting 

corrosion of 4404 in terms of environmental parameters such as 

temperature, potential and chloride concentration. Extensive testing was 

done with a combination of short-term electrochemical measurements and 

long-term chlorination experiments. Results are discussed in the light of 

the current understanding of the critical levels of key parameters for pitting 

corrosion. The conclusion is that the chloride concentration and 
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temperature are the most important environmental conditions that affect 

pitting resistance, and both decrease the pitting resistance. The 

potentiodynamic polarization method for determining pitting potentials is 

a useful tool to enable definition of engineering diagrams showing the 

boundaries between pitting and no pitting in terms of chloride 

concentration and temperature at different selecting potentials. The pitting 

risk diagram is a useful tool to aid materials selection, although it is 

important to realise that additional factors such as surface condition, flow 

rate, deposits and the presence of other environmental species will affect 

the exact position of the boundaries. 

5.3. Paper III 

Corrosion of Stainless Steel in Sodium Chloride Brine Solutions 
 

The aim of Paper III was to explore the corrosion resistance of stainless 

steels in highly concentrated sodium chloride solutions. The risk for 

corrosion in brines is dependent on the chloride content, temperature, pH 

and oxygen level. Investigated materials included duplex, super duplex, as 

well as 6Mo and 7Mo superaustenitic stainless steels, which were 

compared to a standard austenitic grade (316L). The effects of chloride 

content, oxygen content and solution pH were studied on test coupons with 

and without welds and on U-bend specimens. Long-term exposures 

(>1300 h) were combined with electrochemical measurements such as 

cyclic polarization curves and determination of the critical pitting 

temperature (CPT).  The most important conclusion from the work is that 

oxygen content was found to be an important factor influencing the 

corrosiveness of the sodium chloride brine solutions, with aerated 

conditions being the most corrosive. Increasing chloride content and 

decreasing pH also increased the corrosiveness of the brine solution.  

5.4. Paper IV 

Limiting conditions of pitting corrosion for lean duplex 
stainless steel as a substitute for standard austenitic grades 
 
Paper IV focuses on the performance of the lean duplex stainless steel   

LDX 2101 as a substitute for type 4307 and 4404 stainless steel in chloride 

containing environments ranging from potable water to seawater.                   

A combination of short term electrochemical testing and long term 
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exposures was used to investigate the tendency to pitting corrosion as a 

function of chloride ion concentration and temperature. The results were 

compared with those from Paper I. The most important conclusion from 

the work was that the alloy composition, microstructure and temperature 

were found to be important factors influencing the pitting corrosion 

resistance and pit morphology in the chloride environment. The 

performance of LDX 2101 was intermediate between these two austenitic 

grades and is in some cases very close to that of 4404.  

5.5. Paper V 

Atmospheric corrosion resistance of stainless steel: Results of a 
field exposure program in the Middle-East 

 
The main objective of Paper V was to present information about the 

atmospheric corrosion resistance of a number of stainless steels at                    

a marine site in the Middle-East. The results obtained were analysed and 

discussed in terms of factors affecting atmospheric corrosion of stainless 

steel such as the alloying element level in terms of PREN, surface 

roughness, surface treatment, and microclimate. The most important 

conclusion from the work was that a correlation was observed between the 

alloying level PREN and the atmospheric corrosion resistance. A smooth 

surface finish or bright annealed surfaces gave an improvement in 

corrosion resistance. To achieve the best corrosion performance the 

surface should be clean and free of contamination and have a crevice-free 

design. Specimens in a sheltered location showed better performance than 

those which were openly exposed, in contrast to the situation usually 

observed at European sites. This may be due to the lack of rainfall in 

combination with condensation effects, plus sulphate ion accumulation at 

sheltered locations which can act as a corrosion inhibitor. 

5.6. Paper VI 

Effect of surface finishes on the atmospheric corrosion of 
duplex grade UNS S32205: Results of a field exposure program 
in Dubai 

 
The main objective with Paper VI was to present information about the 

effect of different surface finishes on the corrosion and aesthetic 

appearance of the duplex 2205 exposed at a marine test site in Dubai, UAE. 
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The results obtained include the effect of characteristics such as surface 

roughness, surface treatment and surface orientation after several years of 

exposure. Results show that the duplex grade 2205 can be considered for 

architectural use in severe marine locations such as the Dubai site.                   

A smooth surface and an appropriate surface treatment gave improved 

corrosion resistance. Chromium and silicon in the passive film were found 

to be beneficial in terms of resistance to aesthetic degradation.                            

A correlation was observed between aqueous corrosion resistance 

measured in laboratory pitting corrosion tests and the atmospheric field 

test results. 

5.7. Paper VII 

Effect of stainless steel composition on atmospheric corrosion 
resistance at a marine site in Dubai 
 
Paper VII focused on the influence of stainless steel composition (in the 

bulk material and surface film) on atmospheric corrosion resistance in          

a marine environment in Dubai. Different stainless steel grades with 

different surface finishes were included in the investigation: three ferritic 

stainless steels, five austenitic stainless steels and four duplex stainless 

steels. The alloying elements chromium and molybdenum both had                  

a beneficial influence on the corrosion resistance. The most important 

conclusion from the work is that the PREN = %Cr+3.3%Mo+16%N in 

the bulk material and the (%Cr+3.3%Mo) content in the surface film 

correlated well to the atmospheric corrosion resistance. An increased 

chromium content both in the bulk material and in the passive film 

improved the atmospheric corrosion resistance and the additional 

presence of molybdenum was effective in preventing red rust and also 

reduced the depth of pits. The depth of the pitting attack and the degree of 

aesthetic degradation were both influenced by alloying level, surface finish 

and exposure conditions (open and sheltered). In the severe marine 

environment in Dubai, it is necessary to use molybdenum-bearing high- 

chromium stainless steel for adequate atmospheric corrosion resistance.  

The most resistant stainless steel grades were the high alloyed grades 

which ranked in the order 254 SMO ~ 2507  4565  654 SMO.   
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5.8. Paper VIII 

Atmospheric corrosion resistance of stainless steel in Middle 
East: Result of field exposure program in various environments  
 
The aim of Paper VIII was to present information about the effect of 

various environments in the Middle East on the atmospheric corrosion 

performance of stainless steels after 4 years exposure. Three different test 

sites were used: a marine site and a semi-marine site in the UAE and a rural 

site in Saudi Arabia. The field test results obtained were used for 

comparing the atmospheric corrosion resistance of eight different stainless 

steel grades: two ferritic, two austenitic and four duplex stainless steel 

grades. The field test results show that the distance to the sea (exposure to 

chloride) is the most significant factor affecting the atmospheric corrosion 

performance of the investigated stainless steel grades in this geographical 

area. A shorter distance to the sea gives higher humidity and a higher load 

of chlorides (marine site in Dubai) which results in a more corrosive 

environment, while the inland sites have drier and less salty conditions 

which result in a less aggressive environment. The corrosion performance 

and degree of degradation were found to be related to the levels of the 

alloying elements. The amounts of chloride in the atmosphere were found 

to be the main cause of pitting corrosion. 
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6. Results 

6.1. Limiting condition of localised corrosion resistance    

Selecting a suitable stainless steel grade for water applications requires 

information about the performance of candidate stainless steels. 

Environmental factors such as chloride and temperature, pH, dissolved 

oxygen and the presence of oxidising species are the most important 

parameters that affect localised corrosion resistance of stainless steel. In 

the current work, the limiting conditions for pitting corrosion resistance of 

standard austenitic stainless steel 4307, 4404 and the duplex stainless 

steel LDX 2101 over a wide range of chloride ion concentrations and 

temperatures were investigated (Papers II, IV). For chlorinated potable 

water applications, two standard austenitic stainless steel 4307, 4404 and 

three duplex stainless steel grades LDX 2101, LDX 2404 and 2205 were 

investigated (Paper I). For highly concentrated chloride media, the limiting 

localised corrosion resistance in term of oxygen and pH was studied (Paper 

III). Investigated materials included duplex 2205, super duplex 2507, as 

well as the super austenitic stainless steels (904L, 4565, 254 SMO and      

654 SMO), which were compared to a standard austenitic grade (4432). 

6.1.1. Effect of chloride concentration and temperature 

The effect of chloride and temperature was studied for 4404 (Paper II), 

4307 and LDX 2101 (Paper IV). LDX 2101 is used as alternative to 

traditional grades such as austenitic stainless steels 4307 and 4404 and has 

advantages in terms of higher strength and better price stability. The 

reduced nickel content is compensated by an increased alloying level of 

manganese and nitrogen in the steel to stabilize the austenite phase in the 

duplex microstructure [37, 126-128]. Localised corrosion resistance 

usually depends on the alloying composition and the microstructure of 

stainless steel 127-134 but for any new material it is important to make     

a systematic study to assess the performance in different environments.     

In this work, potentiodynamic anodic polarization curves were used to 

determine the pitting corrosion susceptibility in term of potential (Epit) at 

different chloride concentrations and temperatures.  
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Figures 8a, 9a and 10a show the relationship between Epit and chloride 

concentration at different temperatures and indicates that the Epit 

decreases as the logarithm of the chloride concentration increases. There 

is good general agreement between the trends presented here and results 

presented by other authors 60, 70, 71, 86, 135, 136. At the lowest chloride 

level investigated (35 ppm) transpassive behaviour with a breakdown 

potential above 1200 mV vs SCE is seen at temperatures up to 50°C for all 

tested steel grades. As the chloride level is increased there is a fairly sharp 

drop in the critical potential. Thereafter the decrease in Epit is more gradual. 

The sensitivity of the pitting resistance, and hence, Epit to temperature is 

illustrated in Figures 8b, 9b and 10b.  This relationship has frequently been 

used to define a critical pitting temperature (CPT) [54, 57, 60, 61, 137-139], 

particularly in cases in which there is a sharp transition. However, the 

obtained result indicates that the protective efficiency of the passive film is 

relatively insensitive to temperature in certain ranges. The LDX 2101 is 

seen to have the highest pitting resistance (Epit) at temperatures of  20°C. 

This is particularly clear in the most concentrated chloride solutions, 

indicating that LDX 2101 may be predicted to perform well when chloride 

solutions evaporate on ambient temperature surfaces. For LDX 2101, the 

curves show a large drop as the temperature is increased from 10 to 20°C, 

a range that spans the CPT [57, 60, 61, 137, 138]. However, for 4307 and 

4404 the difference between the two temperatures is minor.   

The pitting potential (Epit) is an extremely useful parameter for evaluating 

the stability of the passive film. The more positive the Epit values the more 

stable the passive film. In the case of multiphase materials such as duplex 

stainless steels, it is relevant to investigate whether attack is preferential in 

one phase, leading to an alteration of the morphology of the surface 130-

134. The location of pit attack of LDX 2101 was therefore investigated for 

samples tested in 35 450 ppm chloride ion concentrations (3.55 wt%) at 

10°C, 20°C and 80°C. The polarization curves for evaluation of Epit at this 

high chloride level are shown in Figure 11a. At lower temperatures             

(10-20°C), the Epit was high and the current increased slowly with 

increasing potential. Pitting was located primarily in the ferrite phase, as 

seen in Figures 11b-11c, and was relatively shallow and broad. At the higher 

temperature of 80°C, pitting propagated more rapidly, as seen by the rapid 

current increase in the polarization curve. The pits were roughly 

hemispherical, i.e. deeper and narrower than at lower temperatures, 
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Figure 11d, but still primarily located in the ferrite phase. This type of 

attack is more likely to lead to rapid perforation of a stainless steel tube or 

vessel than the shallower attack at lower temperatures. The same trends, 

of pitting in the ferrite and rapid growth of deeper pits at higher 

temperatures, were seen at a lower chloride concentration of 3545 ppm 

(0.35 wt%). These results are in agreement with published pit initiation 

studies 130, 134 which demonstrated that most of the attack is associated 

with ferrite in lean duplex stainless steel. 

  

(8a) (8b) 

 
Figure 8. Effect of chloride ion concentration and temperature on Epit for austenitic grade 
4404. 
 
 

  

(9a) (9b) 

 
Figure 9. Effect of chloride ion concentration and temperature on Epit for austenitic grade 
4307. 
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(10a) (10b) 

 
Figure 10. Effect of chloride ion concentration and temperature on Epit for duplex grade    
LDX 2101. 
 

 

 

 

(11a) (11b)  

  

(11c) (11d) 

 
Figure 11. Effect of temperature on Epit (a) and micro photos (LOM) of surface sections of 
polished and etched samples in a modified Beraha II solution (50 ml HCl, 100 ml H2O, 1.5 g 
K2SO5) after polarization in 35 450 ppm chloride solution at 10°C, 20°C and 80°C (b-d) for 
LDX 2101. 
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6.1.2. Effect of potential in the environmental system 

6.1.2.1. Effect of residual chlorine in chlorination 

system 

Selecting an appropriate stainless steel grade in a specific environment 

does not only depend on the chloride level and temperature of the 

environment but also depends on the maximum corrosion potential      

(EOCP max is defined as the highest potential of EOCP) in a system containing 

various oxidising species such as chlorine [70, 73, 82, 86]. For example, 

the EOCP max is typically in the range 190-220 mV vs SCE for a drinking water 

system and about 300 mV vs SCE for a water heater system [140, 141]. For 

chlorinated water, EOCP max increases with chlorine level because the 

oxidising power of the solution increases (Paper I). This work was 

conducted to determine to what extent the total residual chlorine levels at 

different chloride contents will affect the pitting and crevice corrosion 

behaviour of the standard austenitic stainless steel grades 4307 and 4404, 

also the duplex stainless steel grades LDX 2101, LDX 2404 and 2205. This 

work was performed at 30C and 50C at chloride levels of 200 ppm and 

500 ppm, with residual chlorine levels of 0.2, 0.5 and 1 ppm at pH 6.5-7.5. 

The result show that for chlorinated water, EOCP max increases with chlorine 

level because the oxidising power of the solution increases (Paper I).  The 

EOCP max is about 400 mV vs SCE for 0.2 ppm chlorine, about 500 mV vs 

SCE for 0.5 ppm chlorine and about 700 mV vs SCE for 1 ppm chlorine. 

The presence of oxidising species such as chlorine is a significant factor 

leading to the ennoblement of the corrosion potential (EOCP). This oxidising 

effect of chlorine may have detrimental consequences and stainless steels 

may suffer from localised corrosion if an inappropriate grade is used.  

Figure 12a shows that the EOCP of 4307 and 2205 rapidly increased just 

after chlorination (after 24 h immersion) and then remained at about 700 

mV vs SCE. On the other hand, the corrosion potential of 4307 suddenly 

decreased after about 450 h immersion, indicating that pit initiation and 

propagation had occurred on the surface 70, 79, 135. When selecting           

a suitable steel grade, the EOCP max should be significantly lower than the Epit 

of the selected grade in the tested solution, which is shown in Figure 12b. 

The duplex 2205 is unlikely to suffer pitting corrosion in this environment 
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since this material reached the transpassive region without pitting and   

EOCP max is significantly lower than the Epit.  

  

(12a) (12b) 

 
Figure 12. EOCP change of GTAW welded specimens of 4307 and 2205 in 500 ppm chloride 

and 1 ppm chlorine at 50C showing the potential drop associated with the onset of pitting 

corrosion (a) and Epit of 4307 and 2205 plain specimens in 500 ppm chloride at 50C (b). 
 

A summary of chlorination limits for different grades from Paper I is shown 

in Table 4. The duplex grades LDX 2404 and 2205 perform very well in all 

the chlorinated environments tested. The lean duplex grade LDX 2101 

performed as well as or better than 4307 at both 30°C and 50°C. The results 

also indicated that the presence of a crevice increased the risk for localised 

corrosion in a chlorinated environment.  

Table 4. Chlorination limits which did not cause corrosion in the 30 days immersion tests for 
stainless steels depending on chloride content 

 

Test condition 
Residual chlorine limits (ppm) for different grades  

depending on chloride content 

Temp. Chloride 4307 4404 LDX 2101 LDX 2404 2205 

(°C) (ppm) P W C P W C P W C P W C P W C 

30 200 0.5 0.5 <0.2 1 1 1 1 1 <0.2 1 1 1 1 1 1 

30 500 0.5 0.5 (<0.2) 1 1 0.2 0.5 0.5 <0.2 1 1 1 1 1 1 

50 200 0.5 0.5 0.2 1 1 0.5 0.5 0.5 0.2 1 1 1 1 1 1 

50 500 0.5 0.2 (<0.2) 0.5 0.5 0.2 0.5 0.2 <0.2 1 1 1 1 1 1 

 
P = plain (sheet) sample; W = welded sample; C = creviced sample; (  ) - not tested in this work but probable 
limit due to crevice corrosion was observed at 200 ppm Cl- 

 
 
 

0

200

400

600

800

1000

0 100 200 300 400 500 600 700

P
o
te

n
ti
a
l 
(m

V
 v

s
 S

C
E

)

Time (h)

50°C, 500 ppm Cl-, 1 ppm chlorine

4307-Weld 2205-Weld

No pitting 
corrosion

Pitting corrosion

0

200

400

600

800

1000

1200

4307 2205

E
p

it
(m

V
 v

s
 S

C
E

)

Epit, 500 ppm Cl-, 50°C

>1200 mV 



RESULTS | 48 

 

 

 

 

 

6.1.2.2. Effect of oxygen and pH in a high chloride 

environment  

The risk for corrosion in high chloride environments is mainly associated 

with the chloride content, temperature, pH and oxygen level, and the 

alloying content of the stainless steel 57, 88-92. The aim of Paper III was 

to explore the corrosion resistance of stainless steels in highly concentrated 

chloride solutions containing up to 20 wt% (200 000 ppm) Cl-. 

Investigated materials covered a broad range of stainless steel grades such 

as duplex, super duplex, as well as 6Mo and 7Mo super austenitic stainless 

steels. The results are compared with a standard austenitic stainless steel 

grade 4432.  

Long-term exposure (56 days) was performed to investigate the effect of 

pH and oxygen content in highly concentrated chloride solutions at 90C. 

The effect of welds, crevices, as well as the effect of applied 

stress/deformation on the risk for stress corrosion cracking were also 

investigated. The corrosion potentials (EOCP) were measured on 654 SMO 

specimens as shown in Figures 13 and 14. The aerated solutions have 

higher EOCP compared to de-aerated ones. For aerated solutions decreasing 

the chloride content increased the EOCP. The effect of chloride content and 

pH on the EOCP seems to be less than that of the oxygen content.                     

The long-term results are summarized in Table 5. Figure 15 shows samples 

after long-term exposure in 20 wt% Cl-, pH 8 at 90°C with air bubbling 

through the solution. Table 5 show that grade 4432 suffered crevice 

corrosion or pitting in all tested environments while 654 SMO only 

suffered crevice corrosion in test solutions 3 and 5. The corrosion rate was 

<0.05 mm·year-1 for all grades. This is to be expected since the main mode 

of corrosion was localised corrosion. The maximum depth of crevice 

corrosion was >1 mm for 4432 in test solutions 1, 4 and 6. None of the test 

conditions caused stress corrosion cracking. A rough ranking of the 

corrosion resistance in high chloride concentration environments is thus: 

4432 < 904L, 2205 < 254 SMO, 2507 < 4565 < 654 SMO. 
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Figure 13. Effect of aeration and chloride 
content on corrosion potential for 654 SMO 
at pH 8 and 90°C. 

 
Figure 14. Effect of aeration and chloride 
content on corrosion potential for 654 SMO 
at pH 4 and 90°C. 
 

 

    
(a) 4432 (b) 904L (c) 2205 (d) 2507 

 

   

 

(e) 254 SMO (f) 4565 (g) 654 SMO 
 

 

Figure 15. Samples after long-term exposure in NaCl brine solution with 20 wt% Cl-, pH 8   

at 90°C for 56 days with air purging of the solution. 
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Table 5. Summary of long-term test results in different chloride solutions at 90°C. 
 

Grade Solution 1 
10 wt% Cl-, pH 8, aeration 

Solution 2 
10 wt% Cl-, pH 8, N2 

Solution 3 
20 wt% Cl-, pH 8, aeration 

C P W S E C P W S E C P W S E 

4432 x x o o x x x x o x o x x o x 

904L x o x − x x o x − o x o x o o 

2205 x o x o x x o x o o (x) o x o x 

2507 o o o o o o o o o o x o o o x 

254 SMO x o o − o o o o − o x o o o o 

4565 o o o − o o o o − o x o o − o 

654 SMO o o o − o o o o − o x o o o o 

Grade Solution 4 
2 wt% Cl-, pH 4, aeration 

Solution 5 
10 wt% Cl-, pH 4, aeration 

Solution 6 
10 wt% Cl-, pH 4, N2 

C P W S E C P W S E C P W S E 

4432 x x x o o x x x o x x o x o o 

904L x o o − x x o x − x x o x − o 

2205 x o o o o x o o o x x o o o x 

2507 − − − − − − − − − − − − − − − 

254 SMO x o o − o x o o − x o o o − o 

4565 − − − − − − − − − − − − − − − 

654 SMO o o o − o x o o − o o o o − o 
 

Remarks: o = no visible attack, C = crevice corrosion, S = stress corrosion cracking, x = attack, 

P = pitting corrosion, E = attack on cut edges, − = not tested, W = pitting in weld metal / HAZ, 
( ) = attack on SCC specimen 
 

For the short-term tests, critical pitting temperatures (CPT) were 

measured according to ASTM G150 and the effect of the high chloride ion 

levels (3.5 wt% Cl- and 10 wt% Cl-) on the CPT of stainless steel was studied. 

The obtained results are compared in Figure 16. It is clear that high 

chloride levels influence the measured CPT for 904L and 254 SMO.  The 

effect of aeration and de-aeration on the breakdown potential (Epit) was 

investigated in a test solution of 10 wt% Cl- with cyclic polarization 

measurements. The results demonstrated that the effect of oxygen is 

greatest for 904L and 2507 (Figure 17). The polarization curves for 2507 

and 254 SMO (Figures 18 and 19) clearly show the difference in breakdown 

potential under aerated conditions for the two grades and with a larger 

hysteresis loop for 2507.  

The electrochemically tested specimens were further investigated using a 

microscope with 20x magnification in order to determine if pitting had 

occurred or not and the results can be found in Table 6. In the cyclic 

polarization measurements on 2507 and 254 SMO, pitting was found on 

specimens with Epit >1000 mV vs SCE, i.e. in the transpassive region. 

However, these specimens did not exhibit a pronounced hysteresis loop 

(Figure 19), which is typical for transpassive corrosion. Similar 

observations were made for the CPT measurements on 4565 in 10 wt% Cl- 
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where small pits were observed on the specimens after testing even though 

the CPT could not be determined due to the temperature limit of 90°C 

being reached. 

By comparing the short-term electrochemical results (Paper III) at                 

10 wt% Cl- with the long-term tests at the same chloride concentration, it 

is clear that pitting occurs more frequently in the former case. This is not 

surprising as the potential, e.g. 700 mV vs SCE for CPT test, applied in the 

electrochemical tests far exceeds what was recorded in the long-term tests 

(Figures 13 and 14). In some cases, it is also possible to see the effect of 

chloride content and aeration using the electrochemical test methods. The 

short term electrochemical tests tend to give more conservative results for 

the risk for pitting than longer term immersion tests. They will not give an 

answer about whether pitting will occur during longer exposure times or 

not but can indicate conditions where there is a risk of pitting if the 

potential is sufficiently high (e.g. caused by chlorination).  

  

 
Figure 16. Critical pitting temperature (CPT) 
tested according to ASTM G150 in NaCl 
solution with 3.55 wt% and 10 wt% Cl-. 

 
Figure 17. Pitting potential (Epit) in NaCl 
solution with 10 wt% Cl- under de-aerated 
and aerated conditions at 90˚C. 
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Figure 18. Cyclic polarization curves for 
duplex grade 2507 in NaCl solution with 10 
wt% Cl- under de-aerated and aerated 
conditions at 90˚C. 

 
Figure 19. Cyclic polarization curves for 
austenitic grade 254 SMO in NaCl solution 
with 10 wt% Cl- under de-aerated and 
aerated conditions at 90˚C. 

 

Table 6. Occurrence of corrosion in electrochemical tests 

Stainless steel 
grade 

ASTM G150 test Potentiodynamic test 

De-aerated 10 wt% Cl- 

3.55 wt% Cl- 10 wt%Cl- Aerated De-aerated 

4432 x x x x 

904L x x x x 

2205 x x x x 

2507 x x x (x) 

254 SMO o x (x) (x) 

4565 o x x o 

654 SMO o o o o 
o = no corrosion, x = pitting, (x) = pitting in the transpassive region 

6.2. Limiting conditions for atmospheric corrosion 

The metallurgical factors (alloying composition and surface preparation) 

and the environmental factors (contamination, distance from the sea and 

exposure conditions) are the important considerations that affect the 

atmospheric corrosion resistance of stainless steels. To summarize the 

investigated results, Table 7 shows what field test sites were used and what 

factors were investigated in Papers V-VIII. The tested specimens were 

exposed in open and sheltered conditions. In order to characterize the 

performance, the number of pits was counted, and the maximum pit depth 

was evaluated. The appearance rating was also used to assess the degree of 

aesthetic degradation. 
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Table 7. Summary of the investigated field test sites and the factors that affect the 
atmospheric corrosion used in the current work. 
 

Field test site 
(Paper no.) 

Factors that affect atmospheric corrosion  

Alloying 
composition 

Surface 
conditions 

Exposed 
condition 

Dubai marine site 
(Papers V, VII) 

2 and 4 years 
exposures 

4 years 
exposures 

4 years 
exposures 

Dubai semi-marine site 
(Paper VIII) 

No study No study 4 years 
exposures 

Riyadh, Saudi Arabia rural site  
(Paper VIII) 

No study No study 4 years 
exposures 

 

6.2.1. Effect of alloying composition 

6.2.1.1. Effect of alloying composition on the corrosion 

performance  

The composition of the bulk material influences the corrosion morphology 

and the maximum depth of corrosion attack. Two types of corrosion 

morphology were observed on the exposed surfaces after 2 and 4 years of 

exposure in the marine environment in Dubai. One was caused by uniform 

corrosion and the other appeared to be damaged by pitting corrosion.        

An example of an inadequate grade is the ferritic grade 4003, which has     

a chromium content of only 11.5 wt% Cr and showed severe pitting which 

merged to give uniform corrosion after longer exposure time (Figure 20a). 

Pitting corrosion was observed for the somewhat higher alloyed grades, as 

shown in Figures 20b-20c. No corrosion was observed for the high alloyed 

grades such as 254 SMO, 2507, 4565 and 654 SMO. These grades all 

exhibited high resistance to pitting corrosion in the marine environment 

in Dubai.  

   
(20a) SEM micrograph of 4003 
exposed in open conditions 
(Uniform corrosion) 

(20b) Pitting attack on 4307, 2B 
surface and pit depth is 40 μm 
exposed in open conditions 

(20c)  Corrosion attack shallower 
than 25 μm (defined as etching) 
for 2205, 2E-Brushed surface 
exposed in open conditions 
 

Figure 20. Appearance of corrosion attack on tested specimens after 4 years of exposure in 
marine environment, Dubai. 
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Table 8. Overview of atmospheric corrosion results after 2 years of exposure in marine 

environment, Dubai, UAE 

Stainless 
steel 

Stainless 
steel 

grades  

Surface 
finishes 

Corrosion performance Appearance rating 
(RN)  

Open  Sheltered  Open   Sheltered  
Max. 
depth 

(m)  

Number 
of pit 
attack 
(pit) 

Max. 
depth 

(m) 

Number 
of pit 
attack 
(pit) 

Ferritic 4003 2E 310, 350 >20, >20 490, 630 >20, >20 8 8 

4016 2B 250 >20 310 >20 6 4 

444 2B 113, 114 >20, >20 70, 85 >20, >20 4 2 

Austenitic 4307 1D 80, 110 >20, >20 100, 115 >20, >20 5 4 

2B 125, 155 >20, >20 280, 530 >20, >20 4 3 

4404 1D 100, 120 >20, >20 0, 120 0, >20 4 2 

2B 80, 110 >20, >20 85, 110 >20, >20 4 2 

254 SMO 2E 0, 0 0, 0 0, 0 0, 0 2 0 

4565 2E-Brushed 0, 0 0, 0 0, 0 0, 0 1 0 

654 SMO 2E-Brushed 0, 0 0, 0 0, 0 0, 0 0 0 

Duplex LDX 
2101 

2B 92, 120 >20, >20 75, 90 >20, >20 5 3 

2E 140, 162 >20, >20 110, 150 >20, >20 5 3 

2304 1D 117, 120 >20, >20 70, 160 >20, >20 6 3 

2B 130, 240 >20, >20 80, 250 >20, >20 5 3 

2205 1D 0, 70 0, 1 0, 0 0, 0 5 2 

2E 0, 90 0, 2 0, 0 0, 0 5 2 

2E-Brushed  85, 85 2, 3 0, 40 0, 1 2 1 

2507 1D 0, 0 0, 0 0, 0 0, 0 2 1 

 
Table 9. Overview of atmospheric corrosion results after 4 years of exposure in marine 
environment, Dubai, UAE 
 

Stainless 
steel 

Stainless 
steel 

grades  

Surface 
finishes 

Corrosion performance Appearance rating  
(RN) 

Open condition Sheltered condition Open   Sheltered   
Max. 
depth 

(m)  

Number 
of pit 
attack 
(pit) 

Max. 
depth 

(m) 

Number 
of pit 
attack 
(pit) 

Ferritic 4003 2E 461 Uniform 
corrosion 

 725 Uniform 
corrosion 

9 9 

4016 2B 180  >20 250  >20 8 7 

444 2B 158, 315  >20, >20 280, 300 >20, >20 7 6 

Austenitic 4307 1D 170, 190  >20, >20 130,135  >20, >20 8 6 

2B 150, 290  >20, >20 105, 205  >20, >20 7 6 

4404 1D 170, 185  >20, >20 145,180  >20, >20 7 6 

2B 110, 125  >20, >20 98, 130  >20, >20 7 6 

254 SMO 2E 0, 0 0, 0 0, 0 0, 0 4 1 

 4565 2E-Brushed 0, 0 0, 0 0, 0 0, 0 3 1 

654 SMO 2E-Brushed 0 0 0 0 1 0 

Duplex LDX 
2101 

2B 170, 250 >20, >20 95, 115 >20, >20 6 4 

2E 106, 106 >20, >20 170, 180 >20, >20 6 4 

2304 1D 108, 190  >20, >20 80, 120 >20, >20 7 6 

2B 120, 130 >20, >20 175, 200 >20, >20 7 6 

2205 1D 45 >20 0, 0 0, 0 6 3 

2E 40, 95  8, 3 55, 60 2, 4 6 3 

2E-Brushed  70, 97 >20, >20 0, 0 0, 0 4 3 

2507 1D 0, 0 0, 0 0, 0 0, 0 4 1 
 

The maximum pit depth for the low alloyed stainless steel grades decreased 

with increasing alloying level and was larger for the longer exposure time 

of four years. It was also higher for the sheltered exposures, as seen in  

Table 8 and Table 9. This may be because maintaining the passive film is 
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more difficult for the lower alloyed grades in the presence of the higher 

chloride deposition observed in sheltered condition 99, 100, 111, also 

because the beneficial effect of rain washing seen in more temperate 

environments is largely absent in the Dubai climate. Some samples had 

smaller pit depths after the longer exposure because of variability of 

samples. For the inadequate steel grades, the corrosion tended to be pitting 

corrosion rather than uniform corrosion and it is considered that this 

atmospheric corrosion is mostly caused by chloride attack from the marine 

environment. 

6.2.1.2. Effect of alloying composition on the aesthetic 

degradation  

The degree of aesthetic degradation could also be related to the alloying 

level of the different stainless steels. Three different types of degradation 

after 2 and 4 years of exposure were distinguished on the exposed surfaces: 

discolouration, staining and red rust as seen in Figures 21-22.                        

The difference between discolouration, staining and rust is that 

discolouration is defined as a change in the overall surface colour i.e. duller, 

faded or darker. Staining is defined as a result of corrosion attack. Although 

it can look quite significant in term of appearance, this corrosion usually 

does not penetrate the steel, and does not affect the structural integrity. 

Rust is formed on the surface of stainless steel when a condition develops 

in which corrosion products are formed. The red rust and staining were 

more obvious for the steel grades with a lower alloying content (4003, 4016, 

444, 4307, 4404, LDX 2101 and 2304), while discolouration and staining 

were observed on intermediate (2205) and high alloyed grades (254 SMO, 

4565, 2507 and 654 SMO).  

The degree of red rust, staining and discolouration on the exposed surface 

is reported in terms of the appearance rating number (RN). The extent of 

red rust and staining was less for the sheltered conditions than in open 

conditions. This may be due to the presence of a thick protective layer of 

deposits (dirt/dust/particle) 41, 107, which is relatively favourable, and 

less night-time condensation 109. Although an increased chromium 

content improved the atmospheric corrosion resistance, a chromium 

content of 23% in the duplex stainless steel grades 2304 was not sufficient 

to prevent red rust. The addition of molybdenum was effective in 
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preventing red rust and reduced the depth of pits, as seen for the duplex 

stainless steel grade 2205 (Figures 21h and 22h).  

    

(21a) 4003 
2E, RN 9 

(21b) 4016 
2B, RN 8 

(21c) 444 
2B, RN 7 

(21d) 4307 
2B, RN 7 

    

    
(21e) 4404 
2B, RN 7 

(21f) LDX 2101 
2E, RN 6 

(21g) 2304 
2B, RN 7 

(21h) 2205 
2E, RN 6 
 

    
(21i) 254 SMO 
2E, RN 4 

(21j) 4565 
2E brushed, RN 3 

(21k) 2507 
1D, RN 4 

(21l) 654 SMO 
2E brushed, RN 1 

 

Figure 21. Appearance of stainless steel grades after 4 years of exposure in open conditions 

in marine environment, Dubai, UAE. 
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(22a) 4003 
2E, RN 9 

(22b) 4016 
2B, RN 7 

(22c) 444 
2B, RN 6 

(22d) 4307 
2B, RN 6 

    

    
(22e) 4404 
2B, RN 6 

(22f) LDX 2101 
2E, RN 4 

(22g) 2304 
2B, RN 6 

(22h) 2205 
2E, RN 3 
 

    
(22i) 254 SMO 
2E, RN 1 

(22j) 4565 
2E brushed, RN 1 

(22k) 2507 
1D, RN 1 

22l) 654 SMO 
2E brushed, RN 0 

 
Figure 22. Appearance of stainless steel grades after 4 years of exposure in sheltered 
conditions in marine environment, Dubai, UAE. 
 

6.2.2. Effect of surface condition 

The surface condition, a term used to include surface finish, surface 

treatment (post weld cleaning) and surface orientation, is also an 

important factor that affects the atmospheric corrosion resistance of 

stainless steel 2, 40-45, 95-101, 104. Different surface finishes for duplex 

stainless steel grade 2205 were investigated by exposure at the marine test 

site in Dubai for 4 years. The field test results were compared to laboratory 

pitting tests (CPT) in a chloride solution. 
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6.2.2.1.  Characteristics of duplex stainless steel grade 

2205 before exposure 

The duplex stainless steel grade 2205 was exposed with a wide range of 

different surface finishes with Ra values ranging between 0.20 and 5.74 µm 

(Table 10). The specimen surfaces may have different topographies even 

though they have the same roughness designation as seen in Table 10 and 

Figure 23. Laboratory CPT measurements were used to obtain                          

an indication of the effect of surface condition on localised corrosion 

resistance. This method evaluates the resistance to stable propagation of 

pitting corrosion of stainless steels 118. The CPT results showed                    

an increase of 5-10°C for the surface that was shot blasted and given a very 

careful laboratory pickling treatment (1D-SP) and for smooth surfaces with 

Ra of 0.2 µm (2R and 2E-brushed surface) compared to the reference 

surface (wet ground to 320 grit). These results are in agreement with other 

electrochemical test results which demonstrated that a smooth surface and 

an appropriate surface treatment give an improved pitting resistance 2, 41, 

43, 54, 55.                                                              

    

(23a) 2M-Patterned 
surface 

(23b) 1D surface (23c) 1D-SP surface (23d) 2E surface 

 

 

 

 

(23e) 2R surface (23f) 2E-Brushed surface (23g) 2K surface 

 
Figure 23. Three-dimension (3D) imaging before exposure of duplex grade 2205 specimens 
(a-d: 3D-confocal image with 10xs objective and e-g: 3D-confocal image with 20xs objective). 
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Table 10. Effect of surface condition on the atmospheric corrosion of duplex grade 2205 after 
4 years of exposure in Dubai (p=number of pits and w=number of weld attacks) 

 
Surface characteristic Ra (m) 

before 
exposure 

CPT 
(°C) 

Corrosion performance, 
Max. depth (no. of attack) 

Appearance rating 
(RN) 

Open 
condition 

Sheltered 
condition 

Open 
condition 

Sheltered 
condition 

Reference Wet ground 
surface 

0.17 50  3.0 Not tested Not tested Not 
tested 

Not 
tested 

Surface 
roughness 

2M 3.40 50  0.9 103 (7p) No pitting 7 2 

1D 2.97 52  0.2 45 (20p) No pitting 6 3 

2E 3.07 53  0.1 95 (8p) 60 (4p) 6 3 

2R 0.20 69  0.9 65 (5p) 67 (4p) 3 2 

Surface 
treatment 

1D-As welded 2.97 52  0.2 106 (4p) 72 (11p) 7 4 

1D-SP 5.74 60  5.6 45 (1w) No pitting 4 2 

Surface 
orientation 

2E-Brushed with 
vertical direction 

0.24 58  1.5 67 (20p) 30 (5p) 4 2 
 

2E-Brushed with 
horizontal direction 

 58  1.5 97 (20p) No pitting 4 3 

2K with vertical 
direction 

0.54 
 

53  0.7 91 (13p) 39 (11p) 4 3 

2K with horizontal 
direction 

 53  0.7 35 (5p) No pitting 4 2 

6.2.2.2.  Effect of surface roughness on atmospheric 

corrosion resistance 

In this investigation the pitting corrosion of the base material and welded 

area was the main concern, so the creviced areas were disregarded. Table 

10 shows that the number of pits in open conditions was smaller for                 

a smoother surface, especially the bright annealed 2R surface, compared 

to a rougher surface. The maximum pit depth showed less variation and 

was 100 µm or less for all surfaces. In sheltered conditions, the duplex 

stainless steel grade 2205 generally performed better in terms of pitting 

resistance than in open conditions. Some sheltered test specimens showed 

no pitting corrosion on the surface or edges, in other cases the number of 

pits was less than 5.  

After 4 years of exposure, the exposed surfaces exhibited stains with the 

rating number (RN) 3-7 for the open condition and only RN 2-3 for the 

sheltered condition, as illustrated in the photographs in Figures 24-25. The 

colour of the staining on the exposed surfaces was light grey, while the area 

adjacent to the crevice washers had dark brown stains. The appearance 

rating was the same for 1D and 2E mill surfaces: RN 6 in open conditions 

and 3 in sheltered conditions.  
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(24a) 2M-Patterned 
RN 7 

(24b) 1D 
RN 6 

(24c) 1D-As 
welded  
RN 7 

 (24d) 1D-SP 
RN 4 

(24e) 2E 
RN 6 

     

(24f) 2R 
RN 3 

(24g) 2E-Brushed 
vertical direction 
RN 4  

(24h) 2E-Brushed  
horizontal 
direction  
RN 4  
 

(24i) 2K 
vertical direction  
RN 4  

(24j) 2K 
 horizontal 
direction  
RN 4  

Figure 24. Appearance of duplex stainless steel grade 2205 with different surface finishes 

after 4 years of exposure to a marine atmosphere in open conditions in Dubai. 

     

(25a) 2M-Patterned 
RN 2 

(25b) 1D 
RN 3 

(25c) 1D-As 
welded 
RN 4 

 (25d) 1D-SP 
RN 2 

(25e) 2E 
RN 3 

     

(25f) 2R 
RN 2 

(25g) 2E-Brushed 
vertical direction 
RN 2  

(25h) 2E-Brushed  
horizontal 
direction  
RN 3  
 

(25i) 2K 
vertical direction  
RN 3 

(25j) 2K 
 horizontal 
direction  
RN 2  

Figure 25. Appearance of duplex stainless steel grade 2205 with different surface finishes 

after 4 years of exposure to a marine environment in sheltered conditions in Dubai.  
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The 2M-patterned surface showed a higher rating of 7 in open conditions 

while the bright annealed surface showed the best performance in open 

conditions, with a rating of 3. As seen in Figure 23a, the deep grooves on 

the 2M-patterned surface may be more susceptible to corrosion because 

they can trap salt (chlorides). When the surface dries the salt becomes 

concentrated and this, in combination with high temperatures and high 

humidity, creates conditions which lead to staining. This effect was much 

less severe for the sheltered condition, in which the 2M-patterned surface 

showed a visual appearance as good as the bright annealed 2R surface. 

Although pits were observed on the sheltered bright annealed surface, this 

did not affect the appearance rating. 

6.2.2.3.  Effect of post weld cleaning on atmospheric 

corrosion resistance 

The effect of surface treatment on atmospheric corrosion resistance for 

welded samples of 2205 were investigated both as-welded and after post 

weld cleaning (shot blasted and pickled in the laboratory). The post weld 

cleaning had a beneficial effect for the base material, the weld metal and 

the heat affected zone, as illustrated in the photographs in Figures 24c-d 

and Figures 25c-d. The weld performed as well as the base material after 

post-weld cleaning. The appearance rating after exposure in open 

conditions showed that omission of post weld cleaning could give                      

a deterioration in appearance corresponding to an increase of 3 points on 

the RN scale. The reason for this is that surface treatment such as acid 

pickling will remove contaminants from the surface as well as enhance the 

passive layer, leaving the stainless steel with a cleaner and more corrosion 

resistant surface. It has been reported that chromium enrichment in the 

surface film is the main factor controlling the atmospheric corrosion 

resistance in marine environments 2, 40-45. In the present case it is seen 

that even though shot blasting and pickling can give a relatively rough 

surface it still exhibits a high atmospheric corrosion resistance, which may 

be attributable to increased chromium in the passive film 40, 41, 49. This 

also significantly increased the critical pitting temperature, CPT (by about 

8°C). The extra shot blasting and pickling after welding also improved the 

atmospheric corrosion resistance of the base metal, seen when the results 

from the cleaned base metal are compared with those for the original 1D 

base material in Table 10.  
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6.2.2.4.  Effect of surface orientation on atmospheric 

corrosion resistance 

The effect of surface orientation was studied for brushed and pickled       

(2E-Brushed) and wet polished (2K) surface finishes on 2205, as illustrated 

in the photographs in Figures 24g-j and Figures 25g-j. The result from the 

field test in this study showed that the horizontal orientation was slightly 

beneficial for the 2K surface, while no consistent effect was seen for the    

2E-brushed surface, Table 10. One possible explanation for this effect is 

that the low rainfall means that the effect of washing from rain is of minor 

importance. In addition, horizontal wind may help to remove deposit 

particles, particularly in open conditions. There was a higher amount of 

deposition on sheltered samples but less corrosion. A probable explanation 

for this effect is that there was a higher proportion of sulphate, which may 

act as a corrosion inhibitor, in the deposits formed in the sheltered 

condition.   

6.2.3.  Effect of environmental conditions  

Three different test sites were selected to study the effect of environmental 

conditions (in this case distance from the sea shore of Arabian gulf):                

a marine site (at the  shore) and a semi-marine site in Dubai (14 km from 

the sea shore), UAE and a rural site in Riyadh, Saudi Arabia (400 km from 

sea shore) and eight stainless steel grades (4003, 4016, 4307, 4404,           

LDX 2101, 2304, 2205 and 2507) were exposed with their “as-delivered” 

surfaces.  

The classification of the atmospheric corrosivity classes at the three test 

sites was performed in accordance with the standard ISO 9223 112 and 

results are shown in Table 11. This takes into account the corrosion rates 

measured for one year of exposure on carbon steel, zinc, copper and 

aluminium. This rating is based upon the uniform corrosion rate of                

an active material. The mass loss per year for all reference materials at the 

marine site was found to fall into the highest corrosivity category, CX while 

the other two test sites showed very low corrosivity environments, C1.  
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Table 11. Corrosivity classes and corrosion rates, rcorr (g·m-2·y-1) for the first year of 
exposure. 
 

Test site Corrosivity class and corrosion rate, rcorr (g·m-2·y-1) 

Carbon steel Zinc Copper Aluminum 

Class rcorr Class rcorr Class rcorr Class rcorr 

Dubai marine site  CX 4010 CX 628 CX 93 CX 11 

Dubai semi-marine site C1 1.369 C1  0.015 C1 0.115 C1 0.000 

Riyadh, Saudi Arabia 
rural site 

C1 0.643 C1 0.573 C1 0.001 C1 0.007 

 

The deposited particles were collected before cleaning from some of the 

stainless steel coupons (6 coupons/exposed condition) after 4 years 

exposure in Dubai and Riyadh. The visual appearance of the coupons 

before cleaning is illustrated in Figure 26. The amount of chloride ions was 

highest close to the shore and decreased as the distance from the sea shore 

increased. Larger amounts of chloride and sulphate ions were found on 

stainless steel coupons exposed in the sheltered condition than in the open 

condition (Figure 27).  

      

Grade 4404 
1D, Open 

Grade 4404 
1D, Sheltered 

Grade 4404 
1D, Open 

Grade 4404 
1D, Sheltered 

Grade 4404 
1D, Open  

Grade 4404 
1D, Sheltered 

 
(26a) Marine site in Dubai  

 
(26b) Semi-marine site in Dubai 

 
(26c) Rural site in Riyadh, 
Saudi Arabia 

 

Figure 26. Appearance of exposed coupons after 4 years of exposure, before cleaning. 
 

  

(27a) Amount of chloride ions in soluble deposit 
particles 

(27b) Amount of sulphate ions in soluble deposit 
particles 

 

Figure 27. Comparison of the amount of anions in soluble deposit on the exposed coupons. 
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The field test results are summarized in Table 12 and the appearance of 

different stainless steel grades after 4 years exposure is shown in Figures 

28-35. 

Table 12. Effect of distance from the sea shore on the atmospheric corrosion after 4 years of 

exposure (p=number of pits) 

 

Environment/ 
Location 

Corrosivity 
class (ISO 

9223) 70 

Stainless 
steel type 

Grade Surface 
finishes 

Corrosion performance 
, Max. depth (µm)  

(Max. no. of attack) 

Appearance rating 
(RN)  

Open Sheltered Open   Sheltered   

Marine 
environment, 
Dubai, UAE 

CX Ferritic 4003 2E Uniform Uniform 9 9 

4016 2B 180 (>20p) 250 
(>20p) 

8 7 

Austenitic 4307 2B 290 (>20p) 205 
(>20p) 

7 6 

4404 1D 185 (>20p) 180 
(>20p) 

7 6 

Duplex LDX 
2101 

2E 106 (>20p) 180 
(>20p) 

6 4 

2304 2B 130 (>20p) 200 
(>20p) 

7 6 

2205 2E 95 (8) 60 (4p) 6 3 

2507 1D No pitting No pitting 4 1 

Semi-marine 
environment, 
Dubai, UAE 

C1 Ferritic 4003 2E 85 (>20p) 95 (>20p) 8 8 

4016 2R 60 (>20p) 73 (>20p) 4 3 

Austenitic 4307 2B etching No pitting 4 3 

4404 1D etching No pitting 3 2 

Duplex LDX 
2101 

2E etching No pitting 4 
  

2 

2304 2B etching No pitting 4 2 

2205 2E No pitting No pitting 3 2 

2507 1D No pitting No pitting 3 2 

Rural 
environment, 
Riyadh  
Saudi Arabia 

C1 
 

Ferritic 4003 2E No pitting 65 (12p) 3 4 

4016 2R No pitting No pitting 2 0 

Austenitic 4307 2B No pitting No pitting 2 0 

4404 1D No pitting No pitting 2 0 

Duplex LDX 
2101 

2E No pitting No pitting 2 0 

2304 2E No pitting No pitting 2 0 

2205 1D No pitting No pitting 2 0 
 

 

      

2E, RN 9 
Open 
 

2E, RN 9 
Sheltered 

2E, RN 8 
Open 

2E, RN 8 
Sheltered 

2E, RN 3 
Open  

2E, RN 4 
Sheltered 

(28a) Marine site in Dubai  (28b) Semi-marine site in Dubai (28c) Rural site in Riyadh, 
Saudi Arabia 
  

Figure 28. Appearance of ferritic grade 4003 after 4 years of exposure in marine site in Dubai, 
semi-marine site in Dubai and rural site in Riyadh, Saudi Arabia. 
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2B, RN 8 
Open 
 

2B, RN 7 
Sheltered 

2R, RN 4 
Open 

2R, RN 3 
Sheltered 

2R, RN 2 
Open 
 

2R, RN 0 
Sheltered 

(29a) Marine site in Dubai  (29b) Semi-marine site in Dubai (29c) Rural site in Riyadh, 
Saudi Arabia 

  
Figure 29. Appearance of ferritic grade 4016 after 4 years of exposure in marine site in 
Dubai, semi-marine site in Dubai and rural site in Riyadh, Saudi Arabia. 

 

      

2B, RN 7 
Open 
 

2B, RN 6 
Sheltered 
 

2B, RN 4 
Open 

2B, RN 3 
Sheltered 

2B, RN 4 
Open 

2B, RN 0 
Sheltered 
 

(30a) Marine site in Dubai (30b) Semi-marine site in Dubai (30c) Rural site in Riyadh, 
Saudi Arabia 
 

Figure 30. Appearance of austenitic grade 4307 after 4 years of exposure in marine site in 
Dubai, semi-marine site in Dubai and rural site in Riyadh, Saudi Arabia. 

 

      

1D, RN 7 
Open 

1D, RN 6 
Sheltered 

1D, RN 3 
Open 

1D, RN 2 
Sheltered 
 

1D, RN 2 
Open 

1D, RN 0 
Sheltered 

(31a) Marine site in Dubai  (31b) Semi-marine site in Dubai (31c) Rural site in Riyadh, 
Saudi Arabia 
  

Figure 31. Appearance of austenitic grade 4404 after 4 years of exposure in marine site in 
Dubai, semi-marine site in Dubai and rural site in Riyadh, Saudi Arabia. 
 
 
 
 



RESULTS | 66 

 

 

 

 

 

      

2E, RN 6 
Open 

2E, RN 4 
Sheltered 

2E, RN 4 
Open 

2E, RN 2 
Sheltered 
 

2E, RN 2 
Open 

2E, RN 0 
Sheltered 

(32a) Marine site in Dubai  (32b) Semi-marine site in Dubai (32c) Rural site in Riyadh, 
Saudi Arabia 

  
Figure 32. Appearance of duplex grade LDX 2101 after 4 years of exposure in marine site in 
Dubai, semi-marine site in Dubai and rural site in Riyadh, Saudi Arabia. 

 

      

2B, RN 7 
Open 
 

2B, RN 6 
Sheltered 

2B, RN 4 
Open 

2B, RN 2 
Sheltered 

2B, RN 2 
Open 

2B, RN 0 
Sheltered 
 

(33a) Marine site in Dubai  (33b) Semi-marine site in Dubai (33c) Rural site in Riyadh, 
Saudi Arabia 
  

Figure 33. Appearance of duplex grade 2304 after 4 years of exposure in marine site in Dubai, 
semi-marine site in Dubai and rural site in Riyadh, Saudi Arabia. 

 

      

2E, RN 6 
Open 

2E, RN 3 
Sheltered 

2E, RN 3 
Open 
 

2E, RN 2 
Sheltered 

1D, RN 2 
Open 

1D, RN 0 
Sheltered 

(34a) Marine site in Dubai  (34b) Semi-marine site in Dubai (34c) Rural site in Riyadh, 
Saudi Arabia 
  

 

Figure 34. Appearance of duplex grade 2205 after 4 years of exposure in marine site in Dubai, 
semi-marine site in Dubai and rural site in Riyadh, Saudi Arabia. 
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1D, RN 4 
Open 
 

1D, RN 1 
Sheltered 

1D, RN 3 
Open 

1D, RN 2 
Sheltered 

(35a) Marine site in Dubai  (35b) Semi-marine site in Dubai  
 

Figure 35. Appearance of super duplex grade 2507 after 4 years of exposure in marine site 
in Dubai and semi-marine site in Dubai. 
 

In the marine environment in Dubai, high alloyed stainless steel grades are 

required for adequate atmospheric corrosion resistance and appearance as 

seen in Table 12 and Figures 28-35. The somewhat less resistant duplex 

grade 2205 may be adequate if the corrosion does not pose any serious risk 

to structural integrity. If a very good corrosion performance and 

appearance is required, the more corrosion resistant grade 2507 is 

recommended. In the semi-marine environment in Dubai, chromium is 

probably the key beneficial element for resisting atmospheric corrosion. 

The austenitic grades 4307 and 4404 and the lean duplex grades LDX 2101 

and 2304 may be considered if this is combined with frequent cleaning. 

For the rural environment in Riyadh, Saudi Arabia, all stainless steel 

grades which have higher corrosion resistance than the ferritic grade 4003 

(11 wt% Cr) were found to be suitable.  Even though the corrosivity class 

was on the same level (C1) for the semi-marine area in Dubai and the rural 

area in Riyadh, the performance of the tested stainless steel coupons was 

totally different. The corrosivity class according to ISO 9223 cannot 

therefore always be used for assessment of the atmospheric corrosion risk 

of stainless steels. 
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7. Discussion 

7.1. Localised corrosion 

7.1.1. The potential diagrams (Correlation between 

chloride, temperature and potential) 

The pitting potentials (Epit) results were used as a basis for constructing 

engineering diagrams showing the risk areas for pitting in terms of chloride 

concentration and temperature. The idea of engineering diagrams based 

on Epit measurements has been presented earlier, for example by Fielder 

and Johns in 1989 [140]. In the present study (Papers II and IV), the 

diagrams are obtained by mapping the regions in which pitting occurs at 

different given potentials as shown in Figures 36-37. The critical potential 

used for defining the boundary was set at various levels in the range       

300–700 mV vs SCE. The solid points indicated that Epit is lower than the 

selected potential and open points indicate that it is higher or equal (Figure 

36a). When used in combination with knowledge of the corrosion potential 

in a system containing various oxidising species [70, 71, 138, 141] such 

diagrams can be used to assess the corrosion risk. 

The diagrams at all the five selected potentials are plotted together in 

Figures 36b-37. The curves are largely parallel and have an S-shaped form. 

The most notable feature from the engineering diagrams is that the basic 

trends are very similar for the three alloys in spite of their different alloying 

strategies and microstructures. As expected, the pitting potentials for the 

molybdenum-containing austenitic grade (4404) are higher than those of 

the molybdenum-free grade (4307), and the region of pitting risk in the 

engineering diagram is correspondingly smaller. The performance of the 

duplex stainless steel grade LDX 2101 lies intermediate between these two 

austenitic grades, being in some cases very close to that of the grade 4404. 

There is no significant difference which can be related to either the duplex 

structure or the alloying strategy employed, which uses manganese 

additions to increase the nitrogen solubility in LDX 2101. Manganese has 

been reported [39] to have a detrimental effect and it has been suggested 

that the chromium content of the film, which is related closely to corrosion 

resistance, is lower within the films formed on manganese stainless steel 

38, 39. However, it may be noted that LDX 2101 has a higher chromium 
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content compared to the two austenitic grades, so this should counteract 

any such effect. In the vast majority of cases the performance of LDX 2101 

was superior to that of 4307. The only exception seen in the short-term 

electrochemical tests was at low chloride concentrations and high 

temperatures, so this regime was subject to particular focus in the long 

term tests as detailed in Paper IV. 

  

(36a) 700 mV vs SCE,  ≥ 700 mV,  < 700 mV (36b) 
 

 
Figure 36. Potential diagram for 4404 (a) at 700 mV vs SCE and (b) at the different selected 
potentials. 
 

  

(37a) (37b) 

 
Figure 37. Potential diagram for 4307 (a) and LDX 2101 (b) at the different selected potentials. 
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An alternative approach to the analysis of the results is to divide the curves 

in the engineering diagrams (Figure 38) into sections. The S-shape 

indicates that there are three different regimes: a chloride-sensitive (or 

temperature-insensitive) region at high temperature and low chloride, 

then an intermediate temperature-sensitive (or chloride-insensitive) 

regime and finally a second chloride sensitive (temperature-insensitive) 

region at high chloride concentrations and low temperatures, as illustrated 

in Figure 38. The central regime could be regarded as a ‘chloride 

independent’ critical temperature, Tcrit in the same way as the ‘potential 

independent’ CPT concept in ASTM G150 while the first regions could be 

regarded as characterized by a ‘temperature independent’ critical chloride 

content, Clcrit. The third region, the ‘brine regime’ at very high chloride 

contents, might be regarded as a rather special case in which the 

concentration of the solution approaches saturated and could be expected 

to promote the formation and maintenance of a salt film.  

An increase in temperature is to be expected to have several effects. Firstly, 

the rate of chemical reactions, including metal dissolution, increases, as 

does the rate of pit growth. The characteristics of the passive film may also 

change. The high temperature passive film probably has a different 

structural characteristic from that developed at low temperature, due to 

the thermodynamics of hydrolysis reaction between the ions of alloying 

elements such as iron chromium, nickel, and molybdenum and water 

molecules at elevated temperature 58. The porosity of the passive film 

has also been reported to increase with temperature [67] and the defect 

structure of the semiconductor anodic film on Fe–Cr–Ni alloys may change 

from p-type to n-type with temperature 68. It has been argued that            

n-type films could be more susceptible to pit initiation than p-type films 

due to the existence of oxygen vacancies, which can enhance the transport 

of chloride ions through the oxide lattice [68-69]. Additional effects of 

temperature include faster diffusion of various species through the oxide 

film as well as into and out of the pit [57]. On the other hand, an increase 

in chloride content will increase the probability of adsorption and/or 

penetration of chloride into the passive film [57], causing pit initiation.        

A greater availability of chloride ions will more readily replace water 

molecules or hydroxide ions at undeveloped parts of the passive film        

(e.g. at H2O-M-OH2 bridges) [58. It will also favour the transition from 
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metastable to stable pits by facilitating the formation of a salt film at the 

pit mouth [54, 108].  

A proposed explanation for the shape of the engineering diagram curve, 

shown in Figure 38, is that at sufficiently low chloride contents the 

initiation process is impeded by the lower availability of chloride ions. 

Once Clcrit is exceeded, this ceases to become the rate determining process 

or at least becomes less sensitive. On the other hand, at sufficiently low 

temperatures, pit growth is so slow that it becomes a rate determining 

process, since the pit chemistry cannot be maintained, and pits repassivate. 

A contributory factor may be a greater rupture resistance of the low 

temperature passive film. Above Tcrit this ceases to be a rate-determining 

process. In intermediate conditions, marked by the circle in the figure, 

there is an unfavourable combination of initiation and propagation which 

leads to pitting developing more readily. The other set of unfavourable 

conditions are encounted at high chloride concentrations, in the brine 

regime marked by a square. In these conditions the closeness to saturation 

could mean that pit chemistry can be maintained in spite of a low 

dissolution rate, because the closeness to the saturation point means that 

a salt film can readily be maintained.  

 

Figure 38. Schematic illustration of the potential diagrams. 
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This work demonstrates that the potentiodynamic polarization method for 

determining pitting potentials gives sufficiently small standard deviations. 

This method enables definition of pitting risk diagrams showing the 

boundaries between pitting and no pitting in terms of chloride 

concentration and temperature at different environment potential. The 

pitting risk diagram is a useful tool to primarily aid materials selection 

while the pitting model could potentially be useful in connection with 

service monitoring to warn of the danger of pitting when environmental 

parameters change over time. Two main issues may affect the critical 

boundaries for diagrams indicated in this work: the tested material and 

electrochemical technique used to evaluate pitting corrosion. The pitting 

diagrams were determined on one typical alloy composition and one 

surface finish (wet ground to 320 grit). It is possible that differences in 

production of similar compositions and surface finishes may influence the 

pitting corrosion performance, and hence the critical boundaries of pitting 

diagrams. Potentiodynamic polarization measurement was used to 

evaluate pitting corrosion. Potentiostatic (applied constant potential at 

given temperature) measurements were used to obtain more information 

about the pitting behaviour at 500 mV vs SCE (Paper II), where there is      

a deviant linear trend in the engineering diagram. There are some critical 

differences between the two types of measurement methods. For 

potentiostatic measurements, an applied anodic potential in the passivity 

domain of stainless steel enhances the passivity on the entire surface while 

for potentiodynamic measurements, the polarization started at –300 mV 

vs SCE and the scan rate was 20 mV·min-1. The difference in applied 

potential for the two electrochemical methods may affect the thickness, 

composition and breakdown of passive film. The thickness of passive films 

on stainless steels grows linearly with the applied potential. The 

composition and chemistry of the film also vary with potential 8. The 

breakdown of passive film depends on the incubation time which means 

that if the potential scan rate (dE/dt) for the potentiodynamic technique 

increases, the pitting potential will shift to higher values compared to 

potentiostatic testing. The validation and intercorrelation of 

electrochemical techniques for evaluating pitting corrosion still merits 

further work. 

Another point that should be considered is that the diagrams focus on the 

parameters of chloride ion concentration, temperature and potential of the 

system. However, it is important to realize that additional factors such as 
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the presence of other environmental species, oxygen, pH, flow rate, 

deposits and presence of crevice design may affect the exact position of the 

boundaries.  

7.1.2. Chlorination limits 

Chlorination is one of many methods that can be used to disinfect water 

and control bacteria [70-83]. The limits for localised corrosion of stainless 

steel in chlorinated water systems depend on the chloride ion 

concentration and the oxidising effect of chlorine. The chloride ion is the 

most commonly encountered aggressive agent which cause localised 

corrosion 57, 60, 61, 70, 71, 86, 135-138 while the chlorine in water does 

not cause a significant change in the breakdown potential of stainless steel 

under potentiodynamically controlled conditions 71, 77. A more 

important effect of chlorine is the increase in the corrosion potential [70-

80, 82]. Normally, the cathodic reaction is the reduction of oxygen 

dissolved in the solution. When chlorine is added to water, it immediately 

begins to react with compounds found in the water to give hypochlorous 

acid (𝐻𝐶𝑙𝑂) and hypochlorite (𝑂𝐶𝑙−), see reactions 8-10 69-70.  

𝐶𝑙2 + 𝐻2𝑂 = 𝐻𝐶𝑙𝑂 + 𝐻𝐶𝑙 (8) 

𝐻𝐶𝑙𝑂 = 𝐻+ +  𝑂𝐶𝑙− (9) 

𝑁𝑎𝑂𝐶𝑙 =  𝑁𝑎+ +  𝑂𝐶𝑙− (10) 

Hypochlorous acid (𝐻𝐶𝑙𝑂) and sodium hypochlorite (𝑁𝑎𝑂𝐶𝑙) are active 

species and their dissociation produce 𝑂𝐶𝑙−, see reactions 8-10. According 

to Ives et al. [84] the probable cathodic reactions in electrolytes containing 

chlorine (Cl2) and its derivatives ( 𝑂𝐶𝑙− and 𝐻𝐶𝑙𝑂 ) are their reduction 

reactions 1-3 (see chapter 3). The rates of each reaction will depend on the 

pH of the electrolyte and hence the relative concentration of each species 

[84]. In this work reaction 1 (see chapter 3) is unlikely because the pH of 

the chlorinated solution was in the range 6.5-7.5. At higher pH values, 𝐶𝑙𝑂− 

becomes the major form of residual chlorine while 𝐻𝐶𝑙𝑂 is dominant at 

neutral pH values 75, 77, 84. The presence of residual chlorine (𝐻𝐶𝑙𝑂 and 

𝐶𝑙𝑂− ) affected the corrosion potential, which is increased with the 

increasing residual chlorine levels 77, 78, 80. Localised corrosion (pitting 

and crevice corrosion) occurs when the corrosion potential exceeds the 
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breakdown potential of stainless steel 71, 77. There is a general agreement 

in the literature that the presence of residual chlorine can ennoble the 

corrosion potential of stainless steels and increase the risk of localised 

corrosion, transpassive dissolution and a very high crevice corrosion rate 

[70, 71, 73-82]. When selecting suitable steel grades, the corrosion 

potential of environment should be significantly lower than the breakdown 

potential of the selected grade 70, 77 . 

Most research on the effect of chlorination on corrosion resistance of 

stainless steel has been at high concentrations of chloride and residual 

chlorine 70, 73-82, 45, 140. There is less available information about the 

limitation of corrosion resistance of stainless steel used for low chloride 

content such as drinking water applications. The chloride content in               

a typical European drinking water is between 10-250 ppm (mg. L-1) 71. 

The residual chlorine is typically measured in drinking water disinfection 

systems to determine whether the water contains enough disinfectant. 

Typical levels of residual chlorine in drinking water are 0.2-0.5 ppm [143, 

144], but the actual concentrations added are usually higher. The WHO 

drinking water standard states that 2-3 ppm chlorine should be added to 

water in order to attain a satisfactory disinfection and maintain residual 

concentration. The maximum amount of chlorine one can use is 5 ppm 

143. For effective disinfection the residual amount of free chlorine should 

exceed 0.5 ppm after at least 30 minutes of contact time at a pH value of 8 

or less [143]. The Nickel Institute guidelines for continuous exposure at 

neutral pH and ambient temperatures permit chloride levels of <200 ppm 

for 304L, 200-1000 ppm for 316L and 3600 ppm for duplex 2205 [66]. 

This guideline gives a general information, but no mention of the extent to 

which residual chlorine levels affect the corrosion resistance of stainless 

steel. 

There are two importance aspects for the classification of stainless steel 

when used in drinking water piping systems. One is the corrosion 

behaviour and the other is the amount of metal species leaching into 

drinking water. For stainless steels used in drinking water piping systems 

no standard test method is available due to the passivity of material surface. 

No leaching of critical substances such as nickel were observed in a studied 

time interval of 26 weeks 141, 145. Different electrochemical methods 

such as cyclic voltammetry, electrochemical impedance and long-term 
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leach testing in the passive state were used to compare stainless steels used 

in drinking water systems but the obtained results differed from that in the 

real environmental condition 141. In the present work, the long-term 

investigation simulates the real environmental condition better and 

provides help for selecting suitable grades. 

The obtained results from this work were compared to the potential 

diagrams predicted from Epit data (Figures 36-37) for 4404 (Paper II), 4307 

and LDX 2101 (Paper IV). The EOCP of condition with 0.2 and 0.5 ppm of 

residual chlorine corresponds to the potential curve for 500 mV vs SCE and 

the potential curve for 700 mV vs SCE to EOCP of condition with 1.0 ppm of 

residual chlorine (Paper I). The overall agreement with potential diagrams 

(Papers II, IV) predicted from the Epit data, see in Figures 39-41, is very 

good. It is clear from these diagrams that residual chlorine level has                 

a major impact on the risk for pitting. The chloride tolerance of different 

stainless steel grades is very sensitive to the chlorination level. It is 

important that a material is not exposed to excessive levels of residual 

chlorine. During practical operation, the chloride content will most 

probably be lower than during this test (≤ 250 ppm Cl-). Thus, there is            

a good chance that 4307, LDX 2101 and 4404 can be used successfully for 

normal service in water piping systems as long as problematic crevices can 

be avoided. In doubtful cases upgrading to LDX 2404 or 2205 may be 

advisable. 

  
(39a) 0.2 and 0.5 ppm residual chlorine (39b) 1.0 ppm residual chlorine 

 

Figure 39. Comparison between potential diagram predicted from Epit data (Paper II) and 

long-term chlorination tests (Paper I) for austenitic grade 4404. 
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(40a) 0.2 and 0.5 ppm residual chlorine (40b) 1.0 ppm residual chlorine 

 

Figure 40. Comparison between potential diagram predicted from Epit data (Paper IV) and 

long-term chlorination tests (Paper I) for austenitic grade 4307. 

  
(41a) 0.2 and 0.5 ppm residual chlorine (41b) 1.0 ppm residual chlorine 

 

Figure 41. Comparison between potential diagram predicted from Epit data (Paper IV) and 

long-term chlorination tests (Paper I) for duplex grade LDX 2101. 

7.1.3. Highly concentrated chloride environment limits 

The risk for corrosion in highly concentrated chloride environments 

depends on the chloride content, pH and oxygen level 57, 88, 92. Oxygen 
reduction is assumed to be the dominating reaction (see reaction 4 in 
chapter 3). 
 
The following half-cell potential is valid 

𝐸𝑂2/𝐻+ =  𝐸𝑂2/𝐻+
° +  

𝑅𝑇

𝐹
ln 𝑎𝐻+ +

𝑅𝑇

4𝐹
ln 𝑝𝑂2 (11) 
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The tested solutions in this work can roughly be ranked according to their 

corrosiveness based on the long-term test results in presented in Table 5 

and equation 11. Starting with the most aggressive environment the 

ranking is as follows: Test solutions 3 & 5 > test solutions 1 & 4 > test 

solutions 2 & 6. This points towards the importance of the oxygen content 

as a factor influencing the corrosiveness as the two de-aerated solutions 

are also the least corrosive. This is supported by the corrosion potential 

(EOCP) measurements on 654 SMO, where de-aeration is shown to decrease 

the potential (see Figures 13 and 14). Also, the effect of chloride content on 

the EOCP most likely reflects the solubility of oxygen, which decreases as the 

chloride content increases 146. Although pH and chloride content also 

have an effect, these factors seem to be of less importance than the oxygen 

content. However, it is also the case that the redox potential of solutions 

will be affected when corrosion products are dissolved into the solution. 

The obtained potentials in this work can be compared to those seen for 

stainless steel in natural seawater: at 30˚C the potential is around 300 mV 

vs SCE due to biofilm formation. With chlorination it increases to around 

600 mV vs SCE 147. However, if the seawater is heated to 70˚C the 

potential decreases dramatically to below -100 mV vs SCE 147. 

This work shows that none of the test conditions caused cracking of grade 

4432, which should be most susceptible to stress corrosion cracking (SCC). 

It may seem surprising that not even 200 000 ppm Cl- induces cracking for 

this grade but earlier experience suggests that U-bend specimens of 316L 

(with 2 wt% Mo) do not necessarily crack in a 25 wt% NaCl solution (150 

000 ppm Cl-) at the boiling point (105°C) 148. U-bend specimens are 

less detrimental than e.g. constant load and slow strain rate methods for 

SCC testing. It has been reported that constant load specimens of 316L are 

susceptible to cracking in NaCl at 180 000 ppm Cl- at 100°C 149. 

However, it has also been shown that making the test conditions more 

aggressive by lowering the pH of 25 wt% NaCl to 1.5 or by further 

increasing the chloride content to >250 000 ppm by using CaCl2 readily 

cause initiation of SCC of U-bend specimens 148, 151. In comparison, the 

higher alloyed austenitic grades 904L, 254 SMO and 654 SMO, and duplex 

stainless steel grades 2205 and 2507 all are expected to have a resistance 

to stress corrosion cracking that far exceeds that of 4432.  
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Crevice corrosion is present on grade 4432 in all tested environments, 

except interestingly at 200 000 ppm (20 wt%) Cl-, even though all other 

grades suffer crevice corrosion at this chloride content. For grade 4432, 

200 000 ppm Cl- probably represents such a corrosive environment that 

pitting corrosion readily occurs, and once pitting has initiated the potential 

of the specimen decreases, thus crevice corrosion might not initiate.               

A recent study on the limiting conditions for pitting corrosion on grade 

4404 showed that the limit was < 1000 ppm Cl- at 80°C 152.  

In 100 000 ppm (10 wt%) Cl- at pH 4 pitting corrosion in connection with 

the weld occurred for 904L under both aerated and de-aerated conditions, 

while no pitting was observed on 2205. This may be a result of the higher 

molybdenum content of 904L, which makes it more sensitive to 

molybdenum segregation in the weld if no heat treatment is performed 

after welding. Similarly to 4432, no crevice corrosion was found on the 

specimens with crevice formers, instead edge attack was present on those 

specimens as well as pitting. However, crevice corrosion was detected 

underneath the washer on the U-bend stress corrosion specimens. The 

current results indicate that crevice corrosion does not occur at 100 000 

ppm Cl- on 2507 at the high temperature of 90°C. Results from previous 

tests in 50 000 and 70 000 ppm Cl- at 40°C with air saturation showed that 

2507 suffered crevice corrosion at both chloride contents while no 

corrosion occurred on 4565 at 70 000 ppm Cl- 153. This could be an effect 

of the higher solubility of oxygen at 40°C than at 90°C. This once again 

indicates the significance of oxygen content on the corrosiveness of high 

chloride solution.  

7.1.4. Pitting Model (Correlation between chloride and 

temperature) 

Pitting corrosion is one of the most critical types of localised corrosion, 

since it can easily lead to failure of structural components and affect their 

service life. Figures 8-10 clearly show that the Epit decreases with 

increasing temperature at different chloride concentrations. These results 

are in agreement with other research [58-61, 63, 65, 68, 69, 86, 140].        

The pitting potentials were used as a basis for developing descriptive 

equations to predict the pitting performance of 4404 stainless steel    

(Paper II). The multivariate data analysis program Simca (Umetrics) was 

used to assess the significance of different possible factors and 
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combinations of factors on the pitting potential, Figure 42. Based on this, 

two different linear regression models were used to describe the 

experimental data. The first, full model used all the factors in Figure 43 and 

yielded the relation (Equation 12):   

Ep =  3.165 − 1.943 log[Cl−] − 0,0009 [T] + 0.572 log Cl−
2 +  0.00015T2 − 0.007 T log[Cl−] −

0.056 log Cl−
3 + 0,00000169T3 + 0,00038 T log Cl−

2 +  0,0000418 T2 log[Cl−]         (12) 

 

Where the Epit is the pitting potential (V vs SCE), Cl- is the chloride ion 

concentration (ppm) and T is the temperature (°C). This gave an excellent 

fit to the experimental data, with a coefficient of determination, R2=0.958 

as shown in Figure 43b. This suggests that the pitting model can efficiently 

simulate the intricate inter-relationship between the Epit and various 

environment parameters and predict the CPT of 4404 as a function of 

chloride ion concentration and temperature. This could potentially be 

useful in connection with service monitoring to warn of the danger of 

pitting when environmental parameters change over time. However, this 

complicated model is difficult to connect to physical reality.   

A simplified model was therefore developed using linear regression with 

the first three factors from Figure 44. This yielded equation 13 still gave a 

reasonable fit to the experimental data, with a coefficient of determination, 

R2 = 0.899 as seen in Figure 44b. 

Ep = 1.945 − 0.493 log [Cl−] − 0.0057 [T] + 0.0430 log  Cl−
2                (13) 

 

The inflection seen in the curves at very high chloride concentrations (to 

give the second chloride-insensitive regime) could perhaps be regarded as 

a very special case. However, removal of these values has only a small effect 

on the coefficient of determination, increasing it to R2 = 0.899. Even in the 

simplified case, the role of the chloride ion seems complicated, with both   

a negative coefficient for chloride (i.e. chloride decreases the pitting 

potential) and a positive coefficient for (Cl-)2. In the full model there is an 

additional feature of a negative coefficient for (Cl-)3, which is necessary in 

order to introduce the double inflection seen in the engineering diagram.   
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Figure 42. Multivariate analysis using Simca of factors affecting the potentiodynamic pitting 
potential. 
 
 

 
 
(43a) Three dimensional representation 

 
(43b) Deviations between measured and predicted values 

 
 

 
 

(43c) Comparison between measured and predicted curves 
 

Figure 43. Application of the full model to the potentiodynamic pitting potential data. 

0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

0 10 20 30 40 50 60 70 80 90

E
p

it
 (
V

 v
s
.S

C
E

)

Temperature (°C)

Epit (Full model and Experiment)
Exp. 35 ppm Cl-
Exp. 100 ppm Cl-
Exp. 355 ppm Cl-
Exp. 1000 ppm Cl-
Exp. 3545 ppm Cl-
Exp. 10000 ppm Cl-
Exp. 35450 ppm Cl-
Exp. 100000 ppm Cl-
Model 35 ppm Cl-
Model 100 ppm Cl-
Model 355 ppm Cl-
Model 1000 ppm Cl-
Model 3545 ppm Cl-
Model 10000 ppm Cl-
Model 35450 ppm Cl-
Model 100000 ppm Cl-



DISCUSSION | 81 

 

 

 

  
 

 
(44a) Three dimensional representation 

  
(44b) Deviations between measured and predicted values 

 

 

 
 

(44c) Comparison between measured and predicted curves 
 
Figure 44. Application of the simplified model to the potentiodynamic pitting potential data. 

7.2. Atmospheric corrosion 

7.2.1. Effect of surface conditions  

According to literature data, a finer surface finish generally leads to a better 

atmospheric corrosion resistance 2, 40-45, 95-101, but additional factors 

such as the presence of deeper grooves and differences in passive film 

composition are also significant factors affecting the resistance.                         

A smoother surface will have a smaller effective area compared to a rougher 

surface 2, 41, 43. This will decrease the probability of an initiation site 

compared to the rougher surface. A rough surface also has a higher 

tendency to retain moisture and deposits on the surface. In the present 

work the Ra value of brushed and pickled (2E-Brushed) and wet polished 
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(2K) surface finishes are in the range of the European standard                       

EN 10088-2 4. A surface roughness of Ra  0.5 m is often recommended 

for use in a highly corrosive environment. However, the number of pits was 

actually higher for Ra of 0.2 m (2E-Brushed surface) than Ra 0.5 m        

(2K surface), although there was no consistent effect when the maximum 

pit depth was examined. This suggests that factors such as the occurrence 

of metastable pitting may be significant 2, 47-49. The differences in 

passive film chromium content and silicon enrichment as a result of bright 

annealing, are also significant. Chromium has been reported to be the most 

beneficial element in term of resistance to aesthetic degradation 2, 21, 40, 

46. This resistance depends on the content of chromium in the surface 

film. Even though the level of chromium enrichment in the surface film 

may be similar, the film formation process and film structure can be 

different as a result of different surface finishing processes. This can affect 

the degradation of appearance 2, 40-45, 95-101. In this work, although 

pits were observed on the sheltered bright annealed surface, this did not 

affect the appearance rating. The bright annealed 2R surface showed              

a higher level of chromium in the passive film and also a higher degree of 

surface Si enrichment, Figures 45-46. The reasonable explanation for this 

is that bright annealing is done at a low dew point which suppresses 

oxidation of iron and chromium and promotes oxidation of silicon 2, 41, 

43. Both chromium and silicon enrichment are likely to improve corrosion 

resistance and can thus explain the superior corrosion resistance of the 

bright annealed surface.  

 

 
 

 

 
 

Figure 45. GDOES compositional depth 
profiles through passive films for 2R surface 
of duplex grade 2205 showing chromium and 
silicon enrichment in the oxide.  

Figure 46. Depth profiling of Cr in the passive 
film of duplex grade 2205 with different 
surface finishes. 
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7.2.2. Effect of environmental conditions 

In the current work, there were a significant difference in corrosivity class 

between the marine site in Dubai and the two inland test sites in Dubai and 

Riyadh. The results showed a good agreement with other inland field tests 

in Dubai (2 km from the sea) and Riyadh, Saudi Arabia 109, 154, which 

showed a relatively low corrosivity of the atmospheres due to the relatively 

large distance to the sea shore, the low relative humidity and the low levels 

of pollutants (SO2 and Cl-) at the exposure sites 109, 154. It was clearly 

seen that the distance from the sea is one of the main factors that affect the 

corrosivity of the atmosphere.  

The corrosivity class was on the same level (C1) for the semi-marine area 

in Dubai and the rural area in Riyadh, but the performance of the tested 

stainless steel coupons was totally different. The corrosivity class according 

to ISO 9223 cannot therefore always be used for assessment of the 

atmospheric corrosion risk of stainless steels. Although the ISO 9223 112 

system is intended to be generic, it is calibrated for assessing atmospheric 

corrosion risks for four reference materials (carbon steel, zinc, copper and 

aluminum). These materials normally suffer from general corrosion under 

atmospheric conditions, while stainless steels, if attacked, mainly suffer 

from localised corrosion 93, 96-99.  

The corrosion performance and degree of degradation were found to be 

related to the levels of the alloying elements and the distance to the sea. 

These are the most significant factors affecting the atmospheric corrosion 

performance in this geographical area. A shorter distance to the sea gives 

higher humidity and a higher amount of chlorides which results in a more 

corrosive environment, while the inland sites (the semi-marine site in 

Dubai and the rural site in Riyadh) have drier and less salty conditions 109, 

154 which result in a less aggressive environment. The amount of chloride 

ions in the atmosphere was thus found to be the main cause of pitting 

corrosion.  

The field test results in the Middle East demonstrate that stainless steel 

grades exposed under sheltered conditions showed a better corrosion 

performance and appearance than stainless steel grades exposed under 

open conditions. The general observation from European tests is the 

reverse 99, 100. In Europe, frequent rainfall cleans the surfaces that are 
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not sheltered. Dirt and accumulation of detrimental species are removed 

so these surfaces normally perform better than sheltered surfaces. In the 

Middle East the climate is much drier than in Europe, and rainfall is very 

rare, therefore the main source of wetting is condensation of water during 

the night when the temperature drops. This is especially pronounced for 

the coupons exposed in the open condition. Even though the coupons in 

the sheltered condition have more deposits on their surfaces, they do not 

become wet to the same extent and therefore no or very little corrosion 

occurs. Furthermore, it is possible that the high amount of sulphate found 

in the deposits on the sheltered coupons, is acting as an inhibitor and 

decreases the risk for corrosion 105. 

7.2.3. Effect of alloying level on the corrosion 

performance 

The concept of Pitting Resistance Equivalent has been reported to be              

a good predictor for ranking stainless steels regarding their resistance to 

pitting corrosion in aqueous chloride environments 3. Even though the 

PREN value was developed for immersion conditions, it may also be 

relevant to the atmospheric corrosion of stainless steel in this study.               

A correlation between the effects of alloying levels in the bulk material 

(PREN = %Cr+3.3%Mo+16%N) and the maximum pit depth (Paper VII) 

is shown in Figure 47. The maximum pit depth decreased with increasing 

alloying levels and was larger for the longer exposure time of four years.    

It was also higher for the sheltered exposures. This may be because 

maintaining the passive film is more difficult for the lower alloyed grades 

in the presence of the higher chloride deposition observed in sheltered 

condition.  

In general, sheltered specimens were slightly less affected than the openly 

exposed specimens, as seen by the shallower slope of the regression lines 

in Figure 47. The alloying level (PREN) gave a reasonable linear fit to the 

pit depth data for the open conditions, with R2=0.7 after 4 years, while the 

coefficient of determination decreased to R2=0.5 for the sheltered 

condition. The true relationship is expected to be more complex, with 

possible incubation times and non-linear growth, but evaluation of this 

requires appreciably more exposure times. The difference between 

sheltered and open conditions may be related to the beneficial effect of          

a higher proportion of sulphate in the deposits formed in the sheltered 
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condition, as discussed in Papers V-VIII. The results from this study 

showed that there is a clear threshold in terms of the alloying level of 

stainless steels which is required to resist the chloride-containing 

atmosphere in Dubai. 

  
(47a) Two years of exposure (47b) Four years of exposure 

 
Figure 47. The effect of alloying levels (PREN) on the maximum depth of pit attack for base 
material after (a) 2 and (b) 4 years of exposure in Dubai. 

7.2.4. Effect of alloying level on the surface degradation 

The higher the chromium and molybdenum level in the bulk material, the 

higher their level in the surface oxide, Figure 48. These are factors which 

have been recognized to increase the protective properties of the oxide film 

43, 44, 96. As shown in Figures 49-50, there is a reasonable correlation 

of the appearance ratings (RN) to the alloying levels in the bulk material, 

also to the composition of the surface film before exposure. The PREN 

(=%Cr+3.3%Mo+16%N) for the bulk composition and a simplified 

PREN for the surface compositions (%Cr+3.3%Mo) both showed a good 

correlation to the appearance rating for shorter exposure duration 

(R2=~0.7). For longer times, the bulk composition showed the strongest 

correlation (R2=~0.9), indicating that the continued supply of critical 

elements to the surface film from the underlying metal becomes more 

important than the initial film composition. The increase in the RN with 

time reflects an increase in both the density and distribution of corrosion 

products. The conclusion is that in the marine environment in Dubai,            

if a combination of a good surface appearance and corrosion performance 
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is required, a more corrosion resistant material such as 254 SMO, 4565, 

2507 or 654 SMO is recommended.  

  
(48a) (48b) 

 
Figure 48. Correlation between Cr (a) and Mo (b) levels in bulk material and in surface film 
from GDOES measurement for all 15 tested specimens.  
 
 

  
(49a) Alloying levels in surface film 

(%Cr+3.3%Mo) vs RN 
 

(49b) Alloying levels in bulk material 

(%Cr+3.3%Mo+16%N) vs RN 

Figure 49. The effect of alloying levels on the appearance rating (RN) after 2 years of 
exposure in marine environment, Dubai, UAE. 
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(50a) alloying levels in surface film 

(%Cr+3.3%Mo) vs RN 

(50b) alloying levels in bulk material 

(%Cr+3.3%Mo+16%N) vs RN 

 
Figure 50. The effect of alloying levels on the appearance rating (RN) after 4 years of 
exposure in marine environment, Dubai, UAE. 
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of both CPT and RN. This is clearly seen as an inverse correlation between 

Ra and CPT value and between Ra and appearance rating (RN) for open 

condition (Figure 51). On top of this is the beneficial effect of pickling, 

which removes surface contamination and slightly enhances the surface 

chromium content. Even if a pickled surface, such as the 1D-SP surface, has 

a relatively rough surface it still exhibits a high atmospheric corrosion 

resistance. The appearance of the rough pickled surface is similar to the 

smooth 2R, 2E-brushed and 2K surface (at Ra  0.5 m).  

The overall conclusion from this comparison is that the electrochemical 

laboratory CPT test can be used as a rough predictor of relative 

atmospheric corrosion performance, at least when comparing surface 

finishes for a single stainless steel grade. The differences in corrosion 

resistance between different surface finishes of 2205 are similar in 

magnitude to differences between some grades when evaluated with the 

same finish. This difference is about a step up or down in grade. The 

laboratory tests are usually performed to reduce the testing time, but              

a combination of laboratory test and field tests can provide a more 

complete picture of the material performance.  

 

Figure 51. Correlation between characteristic of materials (Ra and CPT) before exposure 

and appearance rating (RN) after exposure. 
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8. Conclusions 

This work has addressed the concept of defining the environmental limits 

for localised corrosion and atmospheric corrosion of stainless steels.         

The following main conclusions can be drawn: 

8.1. Localised corrosion  

• The pitting resistance of stainless steel at different chloride ion 

concentrations and temperatures depends on the alloy composition 

and decreases with increasing chloride ion concentration and 

temperature. The austenitic stainless steel grade 4307 (Mo-free 

grade) showed inferior performance compared to 4404 (Mo-grade). 

This was expected due to the beneficial effects of molybdenum 

addition. The performance of the duplex grade LDX 2101 was 

intermediate between the two austenitic stainless steel grades and is 

in some case very close to 4404. For LDX 2101, there was an 

optimum temperature below which the pitting resistance became 

more pronounced. At temperatures below 20°C, LDX 2101 showed 

higher Epit than 4307 and 4404. At temperatures above 20°C the 

performance of the LDX 2101 is between these two grades. However, 

for grade 4307 and 4404 the difference between the temperatures in 

this region is minor.   

• The presence of residual chlorine is a significant factor leading to the 

ennoblement of the corrosion potential in long-term (30 days) 

immersion tests done on grade 4307, 4404, LDX 2101, LDX 2404 

and 2205. Residual chlorine levels increased the corrosion potential. 

If the corrosion potential reaches the pitting potential, the stainless 

steel will probably suffer from pitting. The results in this work 

showed that the grades 2205 and LDX 2404 performed very well in 

the chlorinated environments tested. LDX 2101 performed as well as 

or better than 4307 in all conditions tested and it performed as well 

as 4404 in certain conditions. LDX 2101 is a good candidate for 

water systems, when the water is mildly chlorinated. In more severe 

conditions the higher alloyed LDX 2404 or 2205 are more suitable.  
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• The risk for corrosion in highly concentrated chloride environments 

is related to the chloride content, temperature, pH and oxygen level. 

Oxygen content was found to be an important factor influencing the 

corrosiveness, with aerated conditions being the most corrosive. 

Also, increasing chloride content and decreasing pH increased the 

corrosiveness. A ranking of the tested stainless steel grades 

according to their corrosion resistance in highly concentrated 

sodium chloride solutions was: 4432< 904L, 2205 < 254 SMO, 2507 

< 4565 < 654 SMO. 

• The potentiodynamic polarization method for determining pitting 

potentials is a useful tool for definition of pitting risk diagrams and 

for pitting modelling in terms of chloride concentration and 

temperature. The pitting diagram can be used to primarily aid 

materials selection. The pitting model could potentially be useful in 

connection with service monitoring to warn of the risk of pitting 

when environmental parameters change over time. However, it is 

important to consider that other factors such as the steel production 

process, surface condition, oxygen, flow rate, deposits, the presence 

of other environmental species and crevice design will affect the 

exact position of the boundary lines and the complicated pitting 

model is difficult to connect to physical reality.  

8.2. Atmospheric corrosion 

• From the research conducted at a marine site in Dubai it was seen 

that the alloy composition (in both the bulk material and in the 

surface) is the most important factor that affects the corrosion 

morphology, corrosion performance and surface degradation. Two 

different corrosion morphologies were observed in this work: 

uniform corrosion and pitting corrosion. Three different types of 

aesthetic degradation were observed on stainless steel surfaces: 

discolouration, staining and red rust. A good correlation and 

similar trends between the field testing results (pit depth and 

degree of surface degradation) and the alloying level in the surface 

film (PREN = %Cr+3.3%Mo) and in the bulk material (PREN = 

%Cr+3.3%Mo+16%N) before exposure were found for the 

shorter duration exposure (2 years). For longer exposure time        

(4 years), the bulk composition showed the strongest correlation.  



CONCLUSIONS | 91 

 

 

 

• The effect of different surface finishes on the atmospheric 

corrosion resistance of the duplex grade 2205 exposed at a marine 

test site in Dubai was investigated and compared to laboratory 

pitting tests in a chloride solution. The result from these tests 

shows that a smooth surface and an appropriate surface treatment 

gave improved corrosion resistance. Chromium and silicon in the 

passive film were found to be beneficial in terms of resistance to 

aesthetic degradation. No significant effect in terms of 

atmospheric corrosion resistance between the specimens with 

vertical or horizontal grinding direction was found. This is 

probably due to lack of rainfall. A reasonable correlation was 

observed between laboratory pitting corrosion tests and the 

atmospheric field test results. 

• Chloride ions and sulphate ions are the main surface contaminants 

found in the Middle East atmospheres investigated. The amount 

of chloride ions is the highest closer to the shore and decreases as 

the distance from the sea shore increases. Larger amounts of 

chloride and sulphate ions were found on stainless steel coupons 

exposed in sheltered conditions than in the open conditions. The 

corrosivity class according to ISO 9223 is of limited use for 

assessment of the atmospheric corrosion risk of stainless steels. 

Even though the corrosivity class was on the same level (C1) for the 

semi-marine area in Dubai and the rural area in Riyadh, the 

performance of the tested stainless steel coupons was totally 

different.  

• Stainless steels exposed in sheltered conditions in the Middle East 

atmospheres investigated showed a better corrosion resistance 

and appearance than in open conditions. Three factors are 

considered to contribute to this difference: a very low rainfall, 

more condensation leading to corrosion in the open conditions 

and a higher level of beneficial sulphates in the deposits in 

sheltered conditions. 

• In the marine environment in Dubai, higher alloyed stainless steel 

grades, like the duplex grade 2507 are required for adequate 

atmospheric corrosion resistance and appearance. The somewhat 

less resistant duplex grade 2205 may be adequate if the corrosion 
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does not pose any serious risk to structural integrity. In the semi-

marine environment in Dubai, chromium is the key beneficial 

element for resistance to atmospheric corrosion. The austenitic 

grade 4307 and 4404 and the lean duplex grades LDX 2101 and 

2304 may be considered if this is combined with frequent cleaning.  

In the rural environment in Riyadh, Saudi Arabia, all investigated 

grades with higher corrosion resistance than the ferritic grade 

4003 (11 wt% Cr) can be considered.  
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9. Future work 

Based on the results obtained in this work, the following future work can 

be proposed: 

• Development of a robust method to allow construction of pitting 

diagrams  

There is a need for further work to continue to develop a robust method to 

allow construction of pitting diagrams for existing and new stainless steel 

grades. Different electrochemical techniques such as potentiostatic 

polarization at constant temperature and critical temperature (CPT) could 

be considered. It is also important to understand how the experimental 

procedure will affect the passive film properties, which is correlated to the 

border lines of the diagram. This could give a useful information for deeper 

understanding of factors that affect the corrosion mechanism of stainless 

steels.  
 

• Pitting model for additional stainless steel grades  

This could be useful in connection with service monitoring to warn of the 

risk of pitting when environmental parameters change over time.  
 

• Influence of pH on the pitting performance and boundary lines of 

pitting diagrams 

The main limitation of the pitting diagrams is that they only relate to the 

chloride ion concentration, temperature and potential in neutral 

environments. Other factors such as pH can exert a significant effect on 

pitting performance. This would be useful data and allow correlation 

between different pH and the boundary lines of pitting diagram obtained 

in this work (Papers II, IV). 
 

• Effect of other oxidising species and contaminants  

This work considered only the effect of residual chlorine (sodium 

hypochlorite, NaClO) on the corrosion resistance of stainless steel. Other 

oxidising species and contaminants would be interesting to investigate and 

have significant practical relevance.  
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• Development of the evaluation method for atmospheric corrosion 

specimens 

Continued development of the evaluation method for atmospheric 

corrosion specimen is needed. There is no available standard for evaluation 

of atmospheric specimens. A standardized method would contribute to the 

correct selection of stainless steel grades for structural and architectural 

applications.  
 

• Analysis of the corrosion product of exposed specimens 

This would give a deeper understanding of the atmospheric corrosion 

mechanism of stainless steel in a specific environment. 
 

• Field test exposure in other environments. 

Field exposure tests are needed in other environments, such as different 

locations in Europe, including different stainless steel grades, surface 

condition, exposed condition. This would provide more knowledge and 

understanding of the environmental parameters affecting the atmospheric 

corrosion resistance of stainless steel. The combination of laboratory test 

and field tests could provide a complete picture of the material behaviour. 

Such results could be useful for supporting documentation for the selecting 

stainless steel for a specific application and for revision of standard:           

EN 1993-1-4: 2006+A1: 2015, Eurocode 3 - Design of steel structures -   

Part 1-4: General rules - Supplementary rules for stainless steels. 
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