
 
 

Chloride-Induced Transgranular                  
Stress Corrosion Cracking                                       

of Austenitic Stainless Steel 304L 
 

 

 

 

A dissertation submitted to the University of London                                      
for the degree of Doctor of Philosophy                                                          
and the Diploma of Imperial College 

 

 

by 

Giuseppe Giovanni Scatigno 

 

 

Department of Materials 

Imperial College of Science, Technology and Medicine 



ii 
  

 

 

 

 

 



iii 
  

Declaration of Originality 

 

 

I, Giuseppe Giovanni Scatigno, hereby declare that this thesis and the work here reported was composed by and 

originated entirely from my efforts. All information and sources for this work, from the published and 

unpublished work has been indicated and acknowledged in the text by means of complete reference given in the 

list of sources.  

                                                                                                      Giuseppe Giovanni Scatigno (September 2016) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 
  

Copyright Declaration 

 

The copyright of this thesis rests with the author and is made available under a Creative Commons Attribution 

Non-Commercial No Derivatives licence. Researchers are free to copy, distribute or transmit the thesis on the 

condition that they attribute it, that they do not use it for commercial purposes and that they do not alter, 

transform or build upon it. For any reuse or redistribution, researchers must make clear to others the licence 

terms of this work 

 

© Giuseppe G Scatigno



vi 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vii 
  

Abstract 

 

Stress corrosion cracking (SCC) of austenitic stainless steels has been a known failure mode for more than 80 

years and it continues to be a major cause of concern in the nuclear industry. The so-called nuclear grades, such 

as 304L, contain low levels of C and are therefore hard to sensitise, which is a major problem with high C 

grades, and these low C grades mainly fail by transgranular SCC. The effect of cold work (CW) has long been 

known to have a detrimental effect on SCC performance of a stainless steel component. CW is readily 

introduced in engineering components, through manufacturing history, or implementation, i.e. welding and 

hammering during fitting.  

 

The aim of this thesis is to systematically assess the role of CW in Cl-induced atmospheric SCC in 304L grade 

austenitic stainless steel. 304L is widely used in the nuclear industry, for both the primary cooling system of 

nuclear power plants and dry casks for interim storage of spent nuclear fuel. CW was applied in uniaxial tension 

to levels of 0, 0.5, 1, 2, 5 10, 20, and 40%. The specimens were loaded in a jig to produce a uniform stress of 

60 MPa on the top surface and corroded under atmospheric conditions at 75°C, 70% relative humidity, using 

MgCl2, for 20 days. The role of applied stress (from 60-180 MPa), on SCC susceptibility was investigated at a 

fixed level of CW (chosen as 10% CW after preliminary experiments) using indicators such as crack density. 

 

Secondary and transmission electron microscopy, electron back-scattered diffraction, focused ion beam and 

secondary ion spectroscopy were the main characterisation techniques used. The maximum susceptibility to 

SCC was observed between 0.5-5% CW, while 20 and 40% CW did not exhibit cracking. The characterisation 

of the samples tested provided evidence that Cl is found ahead of the crack tip, whereas oxygen is not, which 

was never previously observed in the literature. Secondary ion mass spectroscopy and transmission electron 

microscopy were both used to observe and study the presence of Cl. Simulations such as SRIM and Casino 3.2 

were used to confirm that the findings were not a technique artefact. Evidence of dealloying was also observed 

during the characterisation. Dealloying has long been deemed unlikely in Cl-SCC of austenitic stainless steel, 

but recent work showed that this may also be an available mechanism for SCC as more and more of the 

characteristics features of dealloying are observed. The dealloying signs observed were: nanoporosity, found on 

fracture surfaces; severe striations, heavy dissolution of slip planes; element migration (areas of light and dark 

contrast in back scattered electron images, dictated by the migration of Cr); cleavage failure; Cr and Ni 

migration around the crack. The role of salt loading was investigated. Different levels of salt deposition were 

tested in order to obtain an engineering threshold for salt deposition, namely: low (<5.70 x 10-3 g cm-2), medium 

(5.70 x 10-3–1.42 x 10-2 g cm-2) and high (>1.42 x 10-2 g cm-2). A linear relationship was observed between 

level of salt deposited and both crack density and corrosion area. However, more work is necessary to obtain a 

threshold. 
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1 
 

1 Introduction 

 

Austenitic stainless steel (ASS) is a widely used alloy, implemented across many industries. It’s 

inexpensive, abundant, easy to manufacture and easy to install and weld [1–3]. The large experience 

matured within the industry with this alloy is a primary reason for its current wide use across different 

fields. A large number of novel alloys have been created over the past one hundred years. However, 

alloys with superior qualities have still not replaced stainless steel, as it was envisaged in the past. This 

is often due to the higher cost, but also because the limited experience with these alloys can translate in 

unpredictable problems that could arise while in service. The nuclear industry, since the establishment 

of both a military and a civil sector, has worked hard to increase the reliability of all its components, 

from a nuclear reactor vessel, to the pipes of the cooling system essential to maintain a cooled reactor 

and ensure its robustness and safety, to cooling ponds and nuclear fuel dry cask storage. For these 

reasons ASS remains widely used in the nuclear industry. 

 

1.1 Nuclear fission 

 

Nuclear reactors can produce a large amount of energy from a small quantity of fuel. With 1 kg of 235U 

24x106 kWh can be generated, roughly 2 to 3 million times the energy produced using 1 kg of coal or 

mineral oil. This is achieved within a nuclear reactor in a similar way to a common thermal power plant: 

water heated by the fuel creates steam which converts thermal energy into mechanical and eventually 

electric energy. The nuclear fuel is produced out of heavy isotopes, which can undergo fission, in other 

words “split”, in order to create energy [4,5]. Heavy isotopes such as 238U, are not very stable as the 

large numbers of protons in their nucleus makes them unstable. The Coulombic repulsion between the 

+ve protons is counterbalanced by the short ranged nuclear attractive force exerted by both protons and 

neutrons. Heavy elements with odd atomic number > 208, but even proton number, are fissile. A fissile 

material is one capable of sustaining nuclear fission chain reaction when reacting with a thermal 

neutron. The only fissile isotope found in reasonable quantity in nature, that is used in  nuclear fuel, is 
235U[4]. Other fissile elements are produced in the reactor when a fertile isotope is involved in a nuclear 

interaction with a thermal neutron, for example 238U → 239Pu or 232Th → 233U [5].  A fission event takes 

place when a fissile isotope captures a neutron, becoming a metastable isotope for a brief moment and 

the splitting into two isotopes more energetically stable. There is a finite likelihood of an element 
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capturing a neutron based on the energy of the incoming neutron. This likelihood, or cross-section (σf), 

is measured in barns and it is different from isotope to isotope. In the case of 235U a capture-fission 

event is more likely if the neutrons are slowed down, their energy decreased to a so called “thermal 

neutron” [4,5]. Neutrons are “slowed down” by a moderator, through a series of collisions, preferably 

by an isotope with a small absorption cross section, such as C or heavy water D2O, which limits parasitic 

neutron absorption. Equation 1 shows how a fission event takes place [4].  

𝑛0
1 +  𝑈 → 95

235 𝐵𝑎56
144 + 𝐾𝑟36

90 + 2 𝑛0
1         (1) 

Ba and Kr are not necessarily the two isotopes formed, but the isotopes created tend to have an atomic 

mass around 95 and 135; Ba and Kr were chosen as example. A small difference in mass, Δm, is 

registered between the left hand side and the right hand side of Equation 1. This mass difference is 

translated in thermal energy, Δm = ~ 200 MeV. Thus every fission event produces ~200 MeV (against 

~4 eV for every C oxidised in fossil fuel). Nuclear fission is a chain reaction. Each of the neutrons 

created in Equation (1), can contribute to more fission events and so on (assuming no parasitic 

absorption) [4,5]. This exponential growth in fission events is accompanied by an exponential build-up 

of heat which needs to be dissipated. Water or gas are usually used to cool the reactor core. The heat 

removed is then passed on to a heat exchanger which creates steam. The high temperature high pressure 

steam drives turbines which in turn generate electricity. The cooling of the core, and thus the integrity 

of all components that bring coolant to the core, is essential. 

 

1.2 Reactor designs and spent nuclear fuel 

 

In the nuclear civil sector, the most common reactor design is the light water reactor (LWR), with 63% 

pressurised water reactor (PWR) and 18% boiling water reactor (BWR) [4,5]. In LWRs, the enriched 

uranium fuel, usually <5% enriched 235U [4,5], and the associated reactivity control systems are 

contained within a sealed reactor pressure vessel (RPV). Purified water is passed through the RPV, 

where it acts as a neutron moderator and heat transfer medium. Fig. 1 shows a schematic of a portion 

of the RPV, highlighting the reflector function of the water, and its role as coolant around the fuel 

elements [6]. The BWR design consists of a single cooling circuit. In this design the water boils inside 

the pressure vessel and the steam generated is fed directly to the steam turbines. This design has the 

main advantage of being simpler (easier to build and less features to inspect). However, the water that 

reaches the turbines is slightly radioactive, and therefore poses a threat to the power plant workers, 

requiring shielding of the turbines [4,5]. 
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In a PWR, the water is circulated through a system of external pipework, the primary circuit, by 

pumping, and transfers heat from the RPV to a secondary water circuit via a heat exchanger, the steam 

generator (SG). A second pressure vessel, the pressuriser, deals with changes in the water internal 

volume and maintains the pressure of this sealed primary circuit. Although both LWR designs are 

widely used throughout the world, in the UK at the moment the only LWR design is the PWR, employed 

in both the civil and military sector. Fig. 2a) shows an example of a PWR nuclear power plant, complete 

with reactor building, RPV, primary and secondary system, steam generator, and fuel pool. Fig. 2b) 

shows an example of the RPV surrounded by four steam generators and a pressuriser. The primary 

circuit is directly connected to the reactor core. Water is kept at 15.5 MPa and flows with an inlet 

temperature of 290°C and an outlet of around 330°C [4]. The temperature drop is achieved through the 

heat exchange. The thermal exchange generates steam in the secondary side of the SG and this in turn 

generates mechanical energy that is transformed into electricity, without coming in direct contact with 

the water of the primary circuit. Water in the steam line is not irradiated reducing problems within the 

turbine section, common in the BWR design. Nuclear power plants (NPP) have enormous potential 

for electricity generation; some of their major advantages are: 

 

 Once assembled it can be operated at any rate; 

 Very high power generation; 

 Low cost for kilowatt hour; 

 Only limited by the amount of heat that can be removed safely. 

 

On the other hand, there are problems associated with the consequences of a failure, although unlikely: 

 

 hazardous radioactive material is produced during the fission process; 

 requires a long time to decay; 

 must be isolated from environment; 

 It does not stop generating heat when switched off. 
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Fig. 1.  A schematic drawing of a section of the reactor core of an Areva EPR design, through the reflector, core barrel 

and RPV wall [6]. 

The radioactive decay of β and γ emitters within the fuel, amounts to about 7% of the total 

thermal output of the reactor [5]. This heat, known as decay heat, is emitted even when the 

reactor is shut down and the control rods are inserted in the core. However, as the name 

suggests it decays with time. An operating cooling system is essential to ensure a stable 

temperature, and therefore safety. In order to keep the reactor cooled, and to extract as much 

power as possible from the fuel, the water throughput is maximised. On average for a standard 

1000 MWe reactor, 20 tons of water per second flow through the reactor core [4,5]. Fig. 3 

shows a more in depth schematic of the “nuclear island”, split into a primary a secondary 

systems. The operation of both sides of the nuclear island is essential for both, running the 

reactor at its full potential (20 tons/s through the RPV), and the safety of the reactor in case of 

trip, or full on accident. 
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Fig. 2: (a) A schematic of a PWR nuclear power plant showing the main reactor building, cut away to show inside the 

reactor pressure vessel, the cooling system and the pressuriser. The steam turbine engine room outside the primary 

building [7]; (b) Schematic of the primary circuit showing the reactor pressure vessel, centre, connected to four steam 

generators, coolant pumps and a pressuriser [8]. 

 

Fig. 3: A schematic of a PWR nuclear power plant (3). 

Another safety critical aspect of the nuclear industry is dealing with the spent nuclear fuel (SNF). SNF 

is initially stored on reactor site in a “cooling pool”, or ponds, shown in Fig. 4b), where the fuel is 

allowed time to cool while the decay heat decreases steadily with time [4,9]. Once SNF has cooled 

sufficiently, the fuel can be reprocessed or stored as it is. Reprocessing can recycle > 90% of the SNF 

(a) (b) 
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which can be reused in a reactor as normal fuel or as mixed oxide (MOX) fuel, if the reactor 

specifications allow it. At the moment, only about a third of nuclear waste is reprocessed [10]. With a 

worldwide lack of permanent disposal facilities, interim storage of SNF using dry cask storage has 

become a primary option [11–13]. Dry casks, such as the Holtec’s dry cask design in Fig. 4a), are a 

temporary option, which keeps the SNF safe and cooled for tens of years, while permanent disposal 

facilities are being developed. It also guarantees retrievability of the fuel should the reprocessing option 

be considered viable again in the future. As the majority of countries with nuclear civil plants don’t yet 

have a plan for a permanent storage facility, dry casks will have to survive in interim storage for at least 

40-60 years [1,11,14]. In the UK, EDF Energy has plans for dry casks storage for up to 100 years [15]. 

 

 
Fig. 4. a) Holtec’s HI‐SAFE system for dry cask interim storage [16]; b) Sellafield cooling pond in Cumbria [17]. 

It is important that dry casks, like the piping system of NPPs, are robust and safe throughout their 

lifetime. Thus material options must be considered, weighing safety, long term integrity, experience 

and, eventually, cost. Aside from the RPV, manufactured mainly in ferritic steel, many components in 

the cooling system are manufactured from ASS, often the grade 304L. Austenitic grades such as 316, 

316L, 304 and 304L are largely used within the energy industry. 304L is widely used within the nuclear 

industry as piping material in the cooling system of different reactor designs, and has also been proposed 

for the dry casks interim storage.    

 

(a) (b) 
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    1.3 Austenitic stainless steel, 304L, and SCC                                  

 

304L ASS is a ductile and reliable grade of steel with 

good corrosion properties. It exhibits a large elongation 

to failure (~55%) and a high ductility over all 

temperatures. Its ductility is a crucial property, as it 

prevents brittle catastrophic failures. In the case of a 

crack ASS would leak before breaking or catastrophic 

failure. This principle is known as “leak before break”. 

With small cracks, pinhole size, the pipe shouldn’t 

burst, but retain integrity thanks to the malleability of 

the metal, and the leak formed should be detected in 

time for repairs to take place. ASS exhibits ductility 

from temperatures close to -200°C, all the way up to 

room temperature and hundreds of degrees ºC[18,19]. 

This allows weld repair of the pipes in a reactor in situ. 

Typically, the section of the pipe that requires repair will 

be isolated with two jackets filled with liquid nitrogen 

(at -196°C). The water underneath the jacket will 

solidify and the rest of the pipe can be repaired (cutting, welding or else), Fig. 5.  

 

Large ductility and absence of a ductile-to-brittle transition are accompanied by good toughness, tensile 

strength and corrosion resistance. On the surface of the steel, a thin layer of chromia forms, which 

makes the metal impervious to further oxidation. However, in the right combination of residual or 

applied tensile stress and chemical environment, 304L will crack in a fashion that can cause pseudo-

brittle failure of an otherwise very ductile component. This problem is known as stress corrosion 

cracking (SCC). The cracks formed are sharp and therefore hard to detect. Regardless of the ductility 

of the alloy, the failure will be catastrophic. Although this is a problem common to many alloys, not 

only ferrous based, in the case of ASS, the main chemical species that causes it, is Cl. Even though 

caustic SCC in stainless steel is possible, Cl-SCC is the most common in nuclear components, as Cl is 

readily found around nuclear sites (proximity to the sea), and can be also be found in gaskets, seals and 

adhesives (human sweat can be a source of Cl if precautions are not taken). It requires great attention 

from the workforce to apply the lessons learned by the industry over the years. Unfortunately, it seems 

the lessons learnt are periodically forgotten until the same issues resurface [20–23]. In an industry where 

safety is of major importance and good public perception crucial, the approach taken is to increase 

redundancy and rely heavily on passive safety. Thus not only is there a number of components that 

carry out the same task, but the tendency is to rely as little as possible on human actions, to minimise 

Fig. 5. Example of jacket used for the in-service 

repair [28]. 
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human errors. For these reasons SCC is a problem that needs to be monitored and controlled. Because 

it is very hard to eliminate Cl from the working environment, either a different alloy must be used or 

the problem must be controlled and its mechanism understood, so that the environment or the alloy can 

be “re-engineered”. Tensile stress is often present, in ASS components, combined with the likely 

presence of Cl salts, the 304L is prone to SCC. Tensile stresses don’t need to be applied, but can be 

present as residual stresses. Residual stresses can arise from welding, common in the piping system, or 

even simply geometric constraints, such as U-bends. Residual stresses can easily be introduced during 

manufacturing itself, e.g. surface machining, again leading to SCC and eventually failure of the 

component. The possible simultaneous existence of both tensile stresses and Cl-salts, requires 

inspection, the implementation of measures to avoid the deposition of salts, and the removal of residual 

stress when possible. 

 

Within the nuclear industry the main alternative to ASS are nickel alloys, such as Inconel 600 and 690, 

which have been used for several decades now especially in the USA for turbines.[23,24]. Ni alloys 

have very similar mechanical properties to stainless steel, comparable yield stress, ultimate tensile 

strength (UTS) and elongation to failure, but nickel alloys have better corrosion properties than ASS. 

Nickel has a lower driving force than iron on the standard electrode potential scale, also known as 

electromotive force (EMF) scale[26]. Nickel not only has a higher resistance than iron to corrosion, but 

it also forms a more resistant oxide on the surface as shown by the Pilling-Bedworth ratio, which will 

be discussed later on, in Chapter 2 Literature Review. Iron forms a porous layer, which leads to constant 

attack to the exposed metal underneath. The addition of chromium solves this problem since chromia 

is a protective oxide layer, uniform and non-porous. Nickel though has some drawbacks itself. Ni is 

much more expensive than steel and, like steel, it is still subjected to SCC. Nickel-base alloys are 

susceptible to polythionic acids, which form readily in the presence of sulphide and oxygen, and caustic 

soda. Nickel alloys have also shown PWSCC in nuclear power plants. Thus even nickel-base alloys do 

not solve the problems, despite their superior corrosion resistance. The industry has therefore not moved 

away from ASS and there have been efforts in order to better understand the problem, contain it, and 

eventually eliminate it. 

 

          1.4 Project aims and objectives 

 

The aim of this project is not only to study SCC with respect to 304L, but to study the effect that residual 

tensile stress in the form of cold work (CW), will have on the SCC resistance. Thus different levels of 

CW have been analysed along with different applied stresses. A bending test is applied to several 

samples in a closed chamber within a controlled environment with fixed temperature and humidity, 

exposed to MgCl2. SCC is a complex phenomenon, with chemistry and mechanics intertwining. Both 

sides of the problem require in depth study. Different mechanisms of initiation propagation and failure 
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are possible if the conditions that lead to SCC are slightly changed. The several factors analysed and 

their effect of Cl-SCC on 304L were: 

 

 The effect of CW, at constant stress, as well as the effect of different stress levels at fixed CW. 

 The role of Cl at crack tip was studied to better understand crack propagation mechanisms. 

 The investigation of the role of dealloying in SCC was investigated.  

 The amount of Cl-salt deposited overtime is particularly important for dry cask storage. The 

susceptibility of 304L to Cl-SCC to different initial Cl-salt loading was investigated.  

 

 More than 60 years ago the problem was recognised as unique and not as a general form of corrosion 

[27], although a similar problem in the literature has been observed as early as the beginning of the last 

century [23]. After more than 60 years of study a definitive answer has not been obtained, but progress 

has been made.  

 

        1.5 Thesis outline 

 

This thesis is divided into eight chapters. The first chapter is an introduction to the problem of SCC, its 

relevance to the 304L ASS alloy, its use in the nuclear industry, where the prevention of SCC is 

paramount. 

 

In chapter two a literature review of SCC is presented. An in depth description of what the problem is 

and how it emerges is presented. The mechanisms and literature specific to 304L ASS have been 

presented. This chapter includes information about the main proposed mechanism to explain SCC for 

low carbon and other austenitic steels. Whenever relevant, work on duplex steel has also been 

considered. A key part of the chapter is in the role of residual stresses and Cl deposition. A comparison 

of the main mechanisms is presented, especially film rupture model/slip dissolution and dealloying/film 

induced cleavage. 

 

The third chapter describes the material, the methods and techniques used during the research project. 

 

Chapter four describes the effect of CW and stress on the susceptibility of 304L to SCC. It describes 

what techniques were used and what factors were recorded to analyse the effect of residual stresses.  

Chapter five presents a study of the role of Cl in the propagation of SCC. Post-test examination of 

cracked samples and cracked tips were carried out using advanced characterisation techniques, such as 

TEM and SIMS, as well as simulation techniques to investigate the likelihood of artefacts due to the 

sample preparation and investigation routine. 
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Chapter six presents an investigation of several factors that point into the direction of a long discarded 

SCC mechanism: dealloying. Evidence of dealloying were found by performing fractography, 

backscattered electron imaging, as well as elemental distribution examination through chemical 

analysis. 

Chapter seven, the last results chapter, presents the effect of salt loading and its relevance for dry cask 

storage of SNF. The extent of corrosion and cracking was recorded at intervals of 2 to 3 days during a 

500 hours test. Conclusions on the effect of salt loading are drawn. 

Chapter eight a short summary and of the major conclusions that were obtained in the 4 experimental 

chapters, concerning the effect of cold work, role of chlorine at the crack tip, dealloying and salt loading. 

Chapter nine presents suggestions for further work to increase the degree of confidence in the 

conclusions proposed in the area of study. Some of the proposed further work is already underway in 

a master project and will be likely continued during a subsequent PhD. 

 

             1.6 Publications and talks 

 

The work presented in this thesis was carried out by the author in the Department of Materials, Imperial 

College London between July 2012 and February 2016 under the supervision of Dr M. R. Wenman, Dr 

F. Giuliani and Prof. M. P. Ryan. All the work is original and the work of other authors has been 

properly acknowledged and referenced. Some of the work in the results chapter has already been 

published or has been submitted for review. Some of the work has also been presented at research 

seminars and conferences. 

 

Publications: 

 

D.T. Spencer, M.R. Edwards, M.R. Wenman, C. Tsitsios, G.G. Scatigno, P.R. Chard-Tuckey. The 

initiation and propagation of chloride-induced transgranular stress-corrosion cracking (TGSCC) of 

304L austenitic stainless steel under atmospheric conditions, Corros. Sci. 88 (2014) 76–88. 

doi:http://dx.doi.org/10.1016/j.corsci.2014.07.017.  

G. G. Scatigno, M.P. Ryan, F. Giuliani, M.R. Wenman, Effect of cold work on Chloride-Induced 

Transgranular Stress Corrosion Cracking of 304L Austenitic Stainless Steel, NACE Corrosion 

Conference 2015, Dallas (TX), NACE CorrosionJournal.  



11 
 

G.G. Scatigno, M.P. Ryan, F. Giuliani, M.R. Wenman, The effect of prior cold work on the chloride 

stress corrosion cracking of 304L austenitic stainless steel under atmospheric conditions, Mater. Sci. 

Eng. A. (2016) 1–11. doi:10.1016/j.msea.2016.05.037. 

G.G. Scatigno, A. Bhowmik, M.P. Ryan, F. Giuliani, M.R. Wenman, Crack tip chemistry in chloride-

induced stress corrosion cracking of 304L austenitic stainless steel under atmospheric conditions, 

Submitted to Materials letters in September 2016 

G.G. Scatigno, M.P. Ryan, F. Giuliani, M.R. Wenman, The effect of salt loading in chloride induced 

stress corrosion cracking of 304L austenitic stainless steel under atmospheric conditions, in progress. 

 

Conferences (speaker):  

 

G. G. Scatigno, M.P. Ryan, F. Giuliani, M.R. Wenman, NACE International, Corrosion 2015, March 

15-19, 2015, The Kay Bailey Hutchinson Convention Center Dallas, Texas, USA. 

G. G. Scatigno, M.P. Ryan, F. Giuliani, M.R. Wenman, NuMat 2014: The Nuclear Materials 

Conference, 27-30 October 2014, Clearwater, USA. 

G. G. Scatigno, M.P. Ryan, F. Giuliani, M.R. Wenman, Universities Nuclear Technology Forum, 23-

25 April 2013, Imperial College London, London, UK. 

G. G. Scatigno, M.P. Ryan, F. Giuliani, M.R. Wenman, Universities Nuclear Technology Forum, 14-

16 April 2014, Oxford University, Oxford, UK. 
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2 Literature Review 
 

    2.1 Steel Basic Metallurgy 

 

The main components of a steel alloy are iron and carbon. Even 

though carbon is a main alloying element, its presence is 

restricted within the austenitic steel alloys. The stable phase of 

steel at room temperature (RT) is α-ferrite. Because of the limited 

interstitial space in the bcc structure, Fig. 1a) of ferrite [1–4] the 

solid solubility at RT of C in α is extremely low (~0.002 C wt%). 

In the austenitic or γ-phase the solubility of C is a lot greater. 

Austenite is fcc, Fig. 2a), and is stable from around 1400 °C, 

down to 723 °C and at the eutectoid composition, as much as 0.08 

wt% C can be accommodated. The austenitic phase is not stable 

at RT, but can be made so. The addition of nickel in steel will 

stabilise the fcc phase, counteracting the chromium, an α-phase 

stabiliser. Carbon is an austenite stabiliser. By varying the 

amount of different alloying elements an austenitic stainless steel 

(ASS) stable at RT can therefore be created. The Schaeffler 

stability diagram is a tool that helps choosing the right elemental 

composition to obtain the desired phase [1,5]. Fig. 2 shows an 

austenite stability phase diagram with different percentages of Ni 

and Cr. 

ASS has a much higher ductility and elongation to failure than 

ferritic steel. This is due to their different crystallographic 

structure. Ductility, or ease of deformation, requires a slip 

system, i.e. a close packed direction and a close packed atomic 

plane. In an fcc structure there are 12 slip systems (<110> and 

{111}) which make the slip temperature independent in fcc 

alloys. In a bcc structure, Fig. 2b) on the other hand there are not 

close packed slip directions, only 4 nearly-close slip directions. 

This means that effectively slip is a highly temperature dependent 

Fig. 1.a) fcc structure; b) bcc 
structure. 

Fig. 2. Schematic phase stability diagram for 
ASS [4]. 
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process in bcc alloys, although it also depends upon dislocations width. As shown by the Peierls-

Nabarro relationship, the dislocation width dictates the force required to move a dislocation through the 

crystal lattice. A material with wide dislocations will require a lower stress to move through the crystal, 

compared to a material with narrow dislocations [1]. It is crucial to be aware of what properties one 

wants to achieve as well as which phase is wanted. In order to obtain corrosion resistant (or stainless) 

steel, at least 10-12wt% Cr is required. Nickel is the most expensive of the alloying elements and its 

amount is kept at a minimum. Using a Schaeffler diagram it is possible to find the most convenient 

composition. For this reason, the most common composition for most ASS in fact is 18/8; 18wt% Cr 

and 8% Ni. The Schaeffler diagram depicts the various phases in stainless steel, by calculating the Cr 

(eq. 1) and Ni (eq. 2) equivalents from the expected elemental constituents.  

 

 

The addition of chromium gives the steel corrosion 

resistance properties, provided the content of Cr >10 

wt%. The corrosion resistance is achieved through the 

formation of a protective oxide on the top surface. Cr2O3 

in fact has a Pilling-Bedworth (PBR) ratio that is around 

2 [6]. 

𝑃𝐵𝑅 =  
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑥𝑖𝑑𝑒

𝑉𝑜𝑙𝑢𝑚𝑒 𝑚𝑒𝑡𝑎𝑙
                  (3) 

This means that, neither it is so thin that it does not 

cover the entire bare metal underneath, or so much more 

voluminous than the bare metal that it flakes off, leaving 

the metal exposed. Fig. 3 shows there are many layers 

forming on the top of the bare metal. The chromia layer, only a few nm thick, is adherent and continuous 

and strongly hinders the oxygen anions migration. The top layer is usually a mixture of magnetite, 

Fe3O4, or hematite, Fe2O3, and Cr2O3/Cr(OH)3 [6–8]. 

The composition of ASS is standardised, with some slight variation between countries. The most widely 

employed ASS alloy in the nuclear industry is 304L, where L stands for low carbon, whose role will be 

discussed later. Its nominal average composition is shown in Table1 [9].  

 

Cr equivalent = (Cr) + 2(Si) + 1.5(Mo) + 5(V) + 5.5(Al) + 1.75(Nb) + 1.5(Ti) + 0.75(W)    (1) 
Ni equivalent = (Ni) + (Co) + 0.5(Mn) + 0.3(Cu) + 25(N) + 30(C)                                        (2)  

Fig. 3. The different barriers and oxide formed on a 
classic ASS are shown [16]. 
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Table 1.  The composition of EU grade 304L ASS (wt%) [9]. 

 

      2.2 Microstructure 

 

Although the basic microstructure consists of an austenitic solid solution, other phases and 

microstructures can form which may affect the alloy performance. Among these, there are various 

martensitic phases and the ones produced by heat treatment, sigma phase and sensitisation. 

 

                      2.2.1 Martensitic transformation 

 

In many of the basic grades, such as 304, the austenitic structure is metastable and can be transformed 

into a body centred tetragonal (bct) martensitic phase. Similar to carbon steels the austenitic stainless 

steels show a martensite start temperature on cooling and for 304 grades this tends to be just below 0 

ºC. The accepted influence of composition on this temperature is given in Equation 4 [8]. 

𝑀𝑆(º𝐹) = 75(75(14.6 − 𝐶𝑟) + 110(8.9 − 𝑁𝑖) + 60(1.33 − 𝑀𝑛) + 5(0.47 − 𝑆𝑖) +

3000  [0.068 − (𝐶 + 𝑁)]                                                                   

Equation 3 illustrates that little martensite will form unless cooling well below 0 ºC. However, the 

equation shows that for low carbon contents the temperature is raised significantly. This temperature 

may be reached during maintenance using liquid nitrogen when “live” pipework is frozen to make 

“freeze seals” which allow disconnection for maintenance and repair. Lo et al. [10], provides a full 

comparison of other progresses in predicting martensite start temperatures in his review paper, in which 

the correlation of stacking fault energy with austenite stability is also discussed. Deformation induced 

transformation may also form martensite in these alloys. The temperature at which 50% by volume is 

transformed to martensite by a plastic deformation of 30% is known as the MD30 temperature. This can 

be calculated by Equation 5 [8].  

𝑀𝐷30(º𝐶) = 413 − 462(𝐶 + 𝑁) − 9.2(𝑆𝑖) − (𝑀𝑛) − 13.7(𝐶𝑟) − 9.5(𝑁𝑖) − 18.5(𝑀𝑜)  (5) 

The low carbon grades of austenitic stainless steel in particular, are quite sensitive to this martensitic 

transformation, with MD30 of 304L just above RT. Fig. 4 shows the effect of temperature and strain on 

 C Cr Mn Ni P S Si Co Cu Fe 

304L 0.022 18.19 1.23 8.35 0.034 0.004 0.25 0.152 0.078 Bal. 

(4) 
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the transformation of austenite to martensite, but, does not allow for variations in strain rate and 

composition which are also controlling factors.  

 

Fig. 4. The influence of temperature and strain on the martensitic transformation in 304L; solid lines data from Angel, 

dashed lines from Hecker et al. cited in Davis et al [8].. 

Martensite forms in two distinct types when cooling or deforming. The first is a hexagonal phase called 

ε-martensite, which forms on {111} planes. It is quite similar to, but much larger than, deformation 

twins or clusters of stacking faults both of which also follow a {111} habit. The second form is a bcc 

type called α’-martensite. On cooling α’-martensite forms on {225} habit planes surrounded by faulted 

sheets of austenite. Under deformation it may form from ε-martensite precursor material or directly 

from austenite. In low stacking fault energy materials, the deformation process/formation of cell 

structure, is accompanied by the formation of deformation induced martensite, first as ε martensite and 

then as α’ martensite [11,12]. The two phases are shown in Fig. 5. Martensite is an hard phase and may 

therefore aid crack initiation, as further discussed later [13]. 
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Fig. 5. Typical morphologies of ε-martensite (white in left image) and α’-martensite (black in right image) formed by 

deformation [14]. 

 

                           2.2.2 Sigma phase 

 

Sigma phase in an intermetallic phase that can form in this alloy system. It is a chromium-molybdenum 

rich phase (in a Fe-Cr-Mo system) that is formed in the temperature range of 550 to 900ºC. This phase 

can lead to problems with reduced corrosion resistance and increased embrittlment. This problem is 

more prevalent in the higher chromium and molybdenum content alloys than that discussed here and it 

wasn’t in fact observed in this system. 

 

                           2.2.3 Sensitisation 

 

In the temperature range of 425°C to 870°C, dissolved carbon can precipitate out of supersaturated solid 

solution as carbides. Fig 6 shows how the solubility of carbon in austenite is very low even up to quite 

high temperatures. These carbides are chromium rich of the form (Cr,Fe)23C6 and can precipitate 

throughout the microstructure. It is energetically favourable, however, for the carbides to precipitate at 

grain boundaries and this leads to a depletion of chromium in the surrounding solid solution, Fig 7. If 

the local chromium content falls below 11% Cr then the microstructure is susceptible to corrosive 

attack, since the chromium level is too low to maintain a passive oxide film. This process is called 

sensitisation.  
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Fig. 6. Solubility of carbon in 18/8 austenitic stainless steels [8]. 

The chief cause of sensitisation is the application of a thermal cycle during the fusion welding processes 

used in fabrication or during the implementation of pipes and dry casks. If the thermal cycle allows any 

region of the fabrication to remain too long in the critical temperature range, then this part of the material 

will be sensitised. The usual region that passes through this time-temperature range is a region of the 

heat affected zone (HAZ) either side of the weld bead. A major factor in the sensitivity of the alloy is 

the carbon content, Fig. 8 showing how reducing the carbon content from 0.08 to 0.02% can increase 

the allowable time at temperature by four orders of magnitude. 

 

Fig. 7. Representation of grain boundary segregation of chromium in the sensitisation process [8]. 

The control of sensitisation in the steels became quickly a major issue, as it causes intergranular 
corrosion, crevice corrosion and intergranular stress corrosion cracking occurring. 
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Fig. 8. The sensitisation time shift with varying C content [8]. 

Various approaches, or combinations thereof, have been used to reduce the occurrence of such defects: 

 Use of lower carbon, “L”, grades of steel with a maximum of 0.03%, both for the substrate and 

the weld filler metal such as 304L and 316L.  

 The use of stabilised grades of austenitic stainless steel. Here additions of strong carbide 

forming elements of up to five times the carbon content are made. This reduces sensitisation 

since the added element reacts with the carbon in solid solution in preference to the chromium, 

thus precipitation does not form a chromium depleted zone. Typical additions are niobium 

(grade 347) and titanium (grade 321).  

 Cold work enhances the precipitation of carbides, and hence sensitisation, thus all material to 

be joined should be in the annealed condition.  

 Refinement of the welding procedure to minimise the time at temperature. This may be by low 

heat input processes or by addition of cooling systems. 

 Solution heat treatment in the range 900-1100ºC of the whole structure followed by controlled 

cooling such as quenching. This is obviously limited by size of the assemblies and also the 

possibility of distortion.  

 

Reducing the carbon percentage further to a maximum of 0.02% has led to the nuclear grades. The 

reduction in strength due to the low carbon content is counterbalanced by nitrogen, which has been 

added to restore the strength of the alloy to that of the higher carbon grades. N seems to have a similar 
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effect to C with precipitates formation and depresses the sigma phase formation reducing embrittlement 

[15]. This gives 304NG, 316NG and 347NG nuclear grade stainless steels.  

 

The combination of these measures has been very successful in strongly reducing intergranular stress 

corrosion cracking in the naval PWR due to thermal sensitisation [16].  

One factor that has made the study of SCC more complicated is the great deal of misunderstanding 

present in the literature when talking about sensitised steel. From 2006, in the UK much of the material 

supplied to the industry is AISI type 304L, but large volume of the literature still refers to them as 

sensitised steel, even though the material investigated is actually a low carbon grade [17]. Because the 

implementation of ASS resistant to IGSCC is relatively recent, much of the literature has dealt with 

IGSSC [13,18–20]. However, even nowadays there is a considerable confusion in the use of the term 

sensitised steel. The high level of confusion in the literature is not only due to the mix-up between the 

grades; sometimes an ASS is termed sensitised not because it has actually been exposed to the 

sensitisation process, but because it could become sensitised if exposed to high temperatures, even when 

the composition is low in carbon [17,21]. 304L can become sensitised if kept at temperature for an 

extended number of hours (~100 hours), or under the influence of irradiation. A rather uncommon 

phenomenon, especially for environmental SCC.  

 

                       2.2.3.1 Irradiation assisted sensitisation and SCC 

 

The neutron and gamma irradiation flux produced by the reactor, can displace atoms within the lattice 

of the alloy. This causes defects (vacancies and interstitials), lattice misfit at the grain boundaries, 

radiation induced segregation, and dislocation formation. Over time the material hardens, loses its 

ductility and becomes gradually more brittle. Because of these changes in the alloy, irradiation plays a 

role in SCC. Irradiation assisted SCC (IASCC) refers to the involvement and acceleration of the SCC 

process by irradiation. IASCC doesn’t stem only from change in material properties, but environment 

as well. Gamma radiation, heavy ions, neutrons, can cause changes to the water chemistry via radiolysis 

which can play a role on the component susceptibility to SCC. The radiation induced segregation can 

cause the segregation of Cr and the formation of Cr23C6 even in low C steels[22]. There are a limited 

number of samples that can be extracted from a reactor core in order to test material response to heavy 

irradiation flux. Most predictions are obtained using surrogates like heavy ions or proton irradiation, as 

usually there is good agreement with the data obtained from neutron irradiation, as shown by Was et 

al.[23]. Even so there is a limited data set to study IASS. As a relative high irradiation time, 40 years 

or more, is necessary for such an effect to become apparent, IASCC is still not a fully understood 
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mechanism. Within a nuclear power plant, ASS is used mostly in the primary circuit, where the neutron 

flux is below one of the proposed thresholds, at 0.8 dpa [24]. Therefore, IASCC does not pose a threat 

at the moment for the primary circuit. With the life extension planned for most of the existing power 

plants, the threshold may actually be exceeded. It may be necessary to run more simulations to 

understand what the physical properties of the pipes will be. 

 

                     2.2.4 Low temperature sensitisation 

 

A rare phenomenon that has occurred in the low carbon, L, grades is sensitisation at temperatures and 

times outside those normally generating the problem. This has occurred where a combination of a short, 

high temperature, excursion is followed by a long service interval at temperatures up to 300ºC. It has 

been suggested by Lipold et al. that this may occur because of the initial high temperature cycle 

producing embryonic carbide precipitates while the service temperature is high enough for carbon 

diffusion to occur and thus allow the carbide particles to grow [25].  

 

         2.3 Pitting Corrosion of 304L Austenitic Stainless Steels  

 

Pitting corrosion is an important component of environmentally induced failure of austenitic stainless 

steels. The process of SCC most often initiates at pits on the surface of the steel and the pitting process 

is entwined with the cracking process. In the next sections the features, micromechanism, environment 

and evolutions of pits is reviewed. 

 

                    2.3.1 Features of pitting corrosion 

 

Corrosion plays a significant role in SCC. Pitting corrosion, and its correlated process crevice corrosion, 

both occur where localised breakdown of the passive oxide film occurs. In the case of pitting this is on 

an open surface, with crevice corrosion it is in occluded areas such as joints between components 

[6,26,27]. For pitting corrosion to occur in this alloy system the presence of oxygen and chloride ions 

is necessary, as shown in Fig. 9. Once a pit begins to form, it is initially in a metastable condition; in 

other words, not all the pits created will grow to be stable and eventually lead to crack initiation. One 
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feature that a growing number of researchers have been observing is the lacy cover pit geometry 

[21,26,28]. Pitting is a competition between dissolution of fresh metal and repassivation of the surface. 

Thus, for a pit to become stable, its geometry and local chemistry are essential. A pit is usually depicted 

as a hemispherical cap, but if it had an open mouth it would be highly susceptible to repassivation. It 

seems that traces of the surface passive layer, are left behind, effectively partially covering the mouth 

of the pit, hence the term “lacy cover”. This leads to a stable unperturbed environment and a more stable 

pit. Once formed, the pit will remain stable and grow. 

The exposed metal is subjected to anodic dissolution [6,17,27,29,30]: 

                  𝑀 →  𝑀𝑛+ + 𝑛𝑒−                         (6) 

In order for this to be balanced, oxygen reacts at the cathode, forming hydroxide: 

           𝑂2 + 2𝐻2𝑂 + 4𝑒−  → 4𝑂𝐻−                (7) 

 

Fig. 9. The autocatalytic process of pit corrosion and growth in presence of Cl [31]. 

At the bottom of the pit there is a concentration of Cl ions that keeps the neutral charge and leads to the 

formation of metal hydroxide and acid through the hydrolysis of the metal chloride [28]: 

𝑀𝑛+(𝐶𝑙−)𝑛 + 𝑛(𝐻2𝑂) →  𝑀𝑛+                       (8) 
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Because of its geometry and the lacy cover, the pH 

within the pit can be very low, ~ pH 2-3. The 

strongly acidic nature of the pit will tend to prevent 

further repassivation and increase the corrosion rate. 

Many pits don’t exceed a metastable phase and never 

fully grow. If the establishment of the 

electrochemical cell within the pit is complete and 

the geometry provides the right conditions, the pit 

will become stable and continue growing, eventually 

leading to cracking. 

 

           2.3.2 Initiation 

 

Pitting in ASS often initiates at MnS inclusions [32], possibly because of the local variations in 

electrochemical potential observed as a consequence of local thinning and/or compositional changes of 

the passive film [10,26,33]. One possibility is the presence of a Cr denuded area around the inclusion 

that enables the pit initiation. Although there have been conflicting studies [34], there is strong evidence 

that this is the case [10,26,35]. It has been convincingly shown by Ryan et al. how sulphide inclusions 

are associated with lower chromium content locally, impeding the formation of the chromia passive 

layer [26]. The layer around the inclusion can exhibit a Cr concentration that varies from 5%, to the 

solubility limit in MnS of 37% [32,33,36]. On average, when 1 wt% Mn is present, the MnS inclusions 

exhibit the lower Cr solubility limit. When the Mn concentration is lowered to less than 0.5 wt%, then 

the inclusion will display higher Cr concentrations. The Cr content does not affect the pit propagation 

rate [26,28]. The initiation and propagation phase are both dependent on the sulphide chemistry, thus 

can vary widely. As well as the composition, the shape of the sulphides also plays an important role in 

pitting. The shape of the inclusion is mainly due to the manufacturing history (thermal and mechanical 

treatment), and oxygen content, as this changes the solidification process of the MnS inclusion [33]. 

Some researchers even implied that the chloride itself, often judged as the main chemical agent 

responsible for SCC, might be nothing more than a catalyst, while the real determining factor is the 

sulphur and the sulphur compound formed [33]. Not all of the pits formed on the surface will lead to a 

crack, but some of the pits will not keep growing and eventually reform a passive layer. Mikhailov et 

al. [37], proposed the existence of a pit density threshold, above which the release and diffusion of 

aggressive ionic species can affect the adjacent nuclei and the pitting process can become autocatalytic. 

Fig. 10. A typical pit from an ASS sample [26]. 
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However, MnS inclusions are not the only site for initiation on ASS surface. It has been shown that 

plastic deformation on the surface can provide a platform for pit initiation. The presence of a 

nanocrystalline layer on a mechanical polished surface can lead to the formation of slip steps, on which 

pit initiation can take place [38–41]. Several studies show how different degrees of mechanical 

polishing (similar effects to CW although of unknown entity)r effects to CW although of unknown 

entity), or the lack thereof, yield different pit density and, consequently, crack density. 

 

               2.3.3 Pit morphology 

 

The occluded geometry of a pit, will help in establishing a local pH and chemistry. For a long time, the 

pit formation mechanism has worked under the assumption that a pit will approximate to a 

hemispherical shape. The geometrical shape of the pit may not be enough for the establishment of a 

stable, autocatalytic pit. Ernst et al. first reported the presence of some sort of cover over the pit [28]. 

The lacy cover helps maintaining the pit isolated. This patchy cover is shown to be the remnant 

fragments of the passive film left by dissolution of the metal underneath. The lace-like cover helps 

maintain the stability of the pit. The lack of such partially dissolved cover, could lead to the 

repassivation of the open mouth pit [26,28]. The mechanism of the “lacy cover” formation as proposed 

by Ernst et al. is shown in Fig 11. The mechanism proposed by Ernst et al. is in good agreement with 

the research carried out by Ryan et al. [26,28], who observed a similar situation analysing the 

morphology of pits using FIB-SIMS. If the pit does form on an inclusion, the lace-like cover that forms 

above the open mouth pit will also contain a sulphur crust, consequence of the partial dissolution of the 

MnS inclusion. The diffusion of aggressive species, Cl- and other ions, has been proposed as the rate 

controlling factor for pit growth [26,42]. It has therefore been proposed, that a more likely shape for a 

pit is bowl shape, rather than bullet shape, as this would render the diffusion length of the species more 

favourable. An aspect ratio with a low depth/large width should be more favourable for pit stability, as 

the diffusion path over the edges to the centre of the pit would be shorter. These hypotheses were further 

confirmed by the computer simulations of Laycock et al., who were able to duplicate the pit propagation 

mechanism. The predominant scenario would therefore present a multitude of small to medium pit, 

“bowl” shaped, to a point where it is difficult for the pit to grow further, as the lace-like cover starts 

falling apart, and simultaneously the diffusion length grows larger. 
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Fig. 11. The thick black lines indicate the passive film loosely connected above the pit mouth [28]. 

 

In-situ X-ray tomography has become a valuable tool to study SCC, in particular pit morphology. The 

lacy-like structure and pit have been studied with this technique [43].It has shown that roughly 

hemispherical pits may in fact form beneath this cover. Fig. 12 shows the observed lateral propagation 

of cracks from pits. Ghahari et al. suggest that there are several other factors which have a strong 

influence on pits stability, environment, state of stress, composition, the microstructure, particularly the 

final rolling direction and inclusion stringers [27,30,43]. 
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Fig. 12. (a) SEM image of pit with cracks analysed with 3D X-ray tomography (b to d). Cracks are generated either 

side of the pit and they are shown to join at the base of the pit [44]. 

 

               2.3.4 The role of the environment 

 

The stability and potential growth of a pit are dependent on many environmental parameters. The 

temperature plays a role in every stage of SCC.  It enables and speed-up the diffusion process. Laycock 

and Newman, have in fact proposed a critical pitting temperature (CPT) below which stable pit growth 

will not take place, while above CPT, the resistance to pitting gradually falls. Thresholds have often 

been disproved in science, especially in a complex scenario like SCC [21,45].  An actual threshold 

rarely exists, as in the case of stress. Jivkov et al. reported that in the case of applied tensile stress true 

threshold doesn’t exist [46]. The crack initiation it’s only a matter of kinetics, as the sample will crack 

if given enough time. Yet, thresholds are a valuable engineering tool, providing a safer frame of 

operation within the timescale of analysis. 

The surface roughness of ASS has also been reported to influence pitting and its temperature onset. 

CPT increases markedly with polished surfaces, free of dents and inclusions [47]. The highest CPT was 

(a) 

(d) (c) 

(b) 
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found to be when the surface was polished to the best mirror finish, and was 10°C lower when the 

surface was mechanically ground with a 16 grit paper [47]. 

Generally, the Cl- concentration within the corrosive environment correlates well with degree of pitting 

and cracking. As argued by Burstein et al., this is an interaction that cannot be separated from the other 

factors in the system [48]. Pit initiation and propagation are microscopic events and it is the local 

concentration of ions that is the rate determining step. 

 

                  2.3.5 The role of the stress and strain state  

 

The work performed by Martin et al. using atomic force microscopy, and the work performed by 

Acharyya et al. with electron backscattered diffraction and scanning electrochemical microscopy, has 

shown the effect of mechanical polishing on both the reactivity of the surface and the strain stored 

within the surface [39,49]. Both works showed that mechanical polishing can produce strain to a depth 

of 5-20 microns.  Work hardened areas can be a preferential site for pit nucleation [21,39,40,50]. Martin 

et al. showed that in 304L up to 70% of all the pits initiated in strain hardened regions. A correlation 

between residual stress level and pitting was found. Several studies reported a link between the stress 

level on the surface and the number of pits observed [51]. Oltra and Vignal proposed a stress level, 20 

MPa/µm, above which only metastable pits occurred [51]. However, recent studies, both experimental 

work and finite element modelling, shown a correlation between strain and pitting/cracking, rather than 

stress, in particular the work by Trethewey et al., as discussed later within this chapter [17,52–54]. 

 

                  2.3.6 The role of microstructure 

 

Martensite has been often discussed in relation to SCC, for both pitting and cracking. Strain induced 

martensite transformation has been the focus for pitting corrosion by many workers, and was believed 

to be a key factor until recently. Strain induced martensite was investigated in respect to pitting, by 

Peguet et al., who found a relationship between increasing martensite volume and the level of pitting 

initiation [55]. However, they found a consistent maximum pitting level at circa 20% strain. They 

postulated a direct link between dislocation pile-up and pitting, while high level of martensite, or 

possibly low stacking fault energy, was acting to stabilise dislocation pile-ups. This correlation is quite 

weak, chiefly because of the high scatter presented in the data, and also for the difficulties in discerning 

bcc α’ martensite, and all other bcc phases [14,56,57]. The large scatter could be due to other phases in 

the mix, such as retained δ ferrite, or α ferrite. Previous work by Peguet et al. found a difference between 
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the plastic strain in rolling reduction (10% strain), and tensile test (20%), in causing maximum pitting 

[58]. Furthermore, they suggested a decreased ability to re-passivate with increasing plastic strain. 

However, both sets of results have at best a minimal link with martensite phase fraction, as martensite 

continued increasing past the strain found for maximum pitting.  A strong correlation was found, but 

between pitting and strain, by Lu et al., with maximum susceptibility to pitting between 0-10% strain, 

and not significant change in pitting past 10%. It could be argued that this is linked to a saturation level 

of martensite, above which no further pitting occurs [59]. This could be related to the threshold site 

density previously discussed in 2.3.2 Initiation [60]. Later works, diminish further the role of 

martensite in pitting, and even more so in the case of cracking, as it will be later discussed [21,61]. 

 

                   2.3.7 The role of composition 

 

The role of composition on the resistance to pitting and corrosion in general has always been subject of 

investigation [6,27,62]. A system has been developed to assess the pitting resistance of different grades 

of stainless steel and compare them on a quantitative basis. The first is the use of CPT. If the component 

is in a temperature range where pitting is likely, a pitting resistance equivalent (PRE) number is used 

[63].The addition of several elements has been investigated. One in particular, nitrogen, has been found 

to increase the pitting resistance of the alloy [29,64]. Initially, the N was added to PRE to help identify 

a composition containing nitrogen, as such: PRE (N), PREN [65,66]. Unfortunately, over the years it 

has become common practice to incorporate the N, as if it stood for number, PREN. It is a common 

error found in the literature [63,64]. An example of the PRE number equation is found below [63]. 

  PREN = %Cr + 3.3(%Mo) + 30(%N)       (9) 

The equation that describes PRE, provides a number which can be used to rank the resistance to pitting. 

The higher the number the more resistant is the alloy composition. Molybdenum has also been found 

to increase PRE, especially for 316, and 316L [10,67]. The role of other additions, such as tungsten, is 

being investigated. In order to flag specific element, PRE can also be written, for example, as PREW 

[67]. 
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            2.3.8 Pit-to-crack transition 

 

Pit-to-crack transition is an area that has often been neglected. It is difficult to analyse the transition 

from one mechanism to the other. Before the use of finite element modelling, or cellular automata, the 

only way to define differences and observe the phenomenon was in-situ techniques [68,69]. Until 

recently this was rather complicated, leaving the transition an estimation more than an observed fact.  

Pit-to-crack transition is of great importance to the lifetime prediction of the component, since not all 

pits evolve in to crack, or the crack growth can be triggered after a long time [29,70,71].  

Horner and Turnbull have proposed that pit growth and crack initiation are effectively two competing 

processes [44]. Fig. 13 shows that once the pit has exceeded a threshold size, the crack will nucleate. 

For relatively shallow defects, pit growth will be more favourable, while for relatively deep defects 

crack growth will be preferred. It is not clear which conditions dominate this transition. Temperature, 

stress-strain and chemistry are all candidates [17,44,52,72].   

 

Fig. 13. The competition between pitting and cracking is shown schematically [44]. 

It used to be commonly assumed that a crack would propagate from the base of the pit into the thickness 

of the specimen. Recent works have, on the other hand, noticed how the vast majority of cracks in ASS 

propagates from the mouth of the crack rather than the base [44,72]. The geometry itself can have a 

rather important effect on the crack initiation, as it has been recently shown [73], with a simple finite 

element (FE) analysis. The main factor is the aspect ratio, pit width over depth, with long thin pits 

leading to a higher stress concentration, as shown in Fig. 14.  
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Fig. 14: Examples of the different pit geometry. Dotted lines represent the geometries considered for the FE work 

[73]. 

It was also thought that the crack initiation will be governed by the stress field around the pit. In order 

to confirm or disprove this idea, Turnbull et al. used a simple continuum finite element model (FEM) 

using the commercial software, Abaqus. In this model hemispherical pits were created a priori in the 

FE model and then stress was applied to the model. They were able to mimic the stress and strain field 

around a pit, even if pre-built. A uniform stress was applied at one end of the specimen. The maximum 

stress is at the base of the pit, and one would expect the cracks to originate there. Fig. 15 shows that the 

total strain field does not match the stress field, the highest strain is located at the mouth of the pit. Not 

only do the two fields not match, but the crack initiation seems to be governed by the plastic strain 

rather than the stress, i.e. the cracks originate at the mouth rather than the base of the pit [74,75]. Even 

though this is a simplistic model, based on experimental results, pits and crack can be grown in FE 

using the element deletion method. Wenman et al. created a model [52], based on some observations 

conducted during previous work [17]. This model set simple rules to govern the element removal from 

the model, based on parameters such as equivalent plastic strain, and can be used to predict how the 

crack growth redistributes the stress.  

Horner and Turnbull were able, performing in-situ 3D X-ray tomography (Fig. 16), to image the SCC 

in the early stage of their propagation and confirm to some extent the theory proposed by Turnbull et 

al. that indeed cracks propagate more often from the mouth of the pit, rather than the base, as predicted 

by the FEA works [44]. This seems to confirm the hypothesis that the main factor in crack initiation is 

total strain (in particular plastic strain) and not applied tensile stress. The statistical analysis performed 

by Horner et al. shows that 87% of the cracks studied (26) emanated from the wall of the pit, while only 

13% emanated from the pit bottom.  This is an important result in terms of structural integrity. Cracks 

propagating from the bottom of the pit deep into a steel component are the one most likely to cause a 

through crack, and could potentially cause one more quickly than cracks initially propagating on the 

component surface, if that is the direction of stress.  
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Fig. 15: Stress and strain field distributions around a pit are shown as obtained from a FE software, Abaqus [44]. 

The observation that most cracks propagate from the mouth of the pit suggests that plastic strain may 

have a more dominant role than other factors. This indicates that stored deformation as an important 

role in the crack initiation process. As previously mentioned, pits and cracks can be initiated in areas of 

high plastic deformation, even without the presence of MnS inclusions. It is thus expected that the role 

of stored energy in the material can be determinant for the SCC process. 

In summary, the onset of SCC seems therefore to be controlled by the following steps: 

 Breakdown of passive film around an inclusion or an area of high plastic deformation; 

 Development of an electrochemical cell with the presence of aggressive species; 

 Pit growth by dissolution of bare metal; 

 Pit-to crack transition dictated by several factors (pit shape, chemistry, stress-strain); 

 Plastic deformation around the pit due to applied or residual tensile stresses leads to crack 

initiation and later propagation. 
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Fig. 16. (a) SEM image of (b to e) 3D X-ray tomography performed on a stainless steel sample, showing a crack 

emerging from the mouth of a pit [44]. 

Provided that the majority of the cracks propagates on the surface of a sample, in this work most of 

samples were analysed on the upper surface rather than within the thickness.   
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    2.4 Stress Corrosion Cracking 

 

SCC is generally defined as the initiation and propagation of a 

crack following the combined action of a material composition, 

aggressive environment and applied or residual tensile stress 

[27,30,62,76], as in Fig. 17. If any of these three factors is not 

present SCC will not take place. Even materials which are normally 

not susceptible to corrosion, in a particular environment specific to 

that material, will corrode. In the presence of an applied or residual 

tensile stresses,  a sharp crack can develop which can lead to 

catastrophic pseudo-brittle failure [61,77].  

After pitting initiation/growth and crack initiation, if not detected the 

crack will propagate until the failure of the component, whenever a large enough KIC is reached. Even 

though 304L has been engineered to be very resistant to corrosion, it is prone to SCC in environments 

containing chloride. Although the problem of SCC has been known for almost a century a solution is 

still elusive, due to the many factors leading to SCC. Their synergy is very important and not fully 

understood as usually it is easier to focus on one aspect (CPT, CW, applied stress, etc...), rather than 

investigating all the factors at once. 

Staehle and Gorman attempted to quantify the effect of the different factors, deemed most important, 

that have an influence on the depth penetration of SCC (Equation 10) [78]. 

 

 

 

Fig. 17. A Venn diagram of the 3 
factors contributing to SCC. 
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The various factors included in Equation 10, such as pH and stress, are raised to different powers to 

represent their variable effect on SCC. Although useful, there are several problems with this kind of 

approach. Most of all there is no representations of interactions or synergistic behaviour between the 

variables. Furthermore, the approach does not allow for minimum and maximum thresholds which are 

thought to occur and may not be accurate for all pH levels. 

 

                  2.4.1 Environmental factors 

 

It is known that there is a multitude of factors affecting the rate of crack growth in aqueous solutions. 

The American Society for Metals reported the parameters that they consider more important [79]. 

 temperature; 

 pressure; 

 pH; 

 electrochemical potential; 

 solute species; 

 solute concentration and activity; 

 solution viscosity; 

 stirring or mixing. 

The temperature range at which most SCC occurs is between 50 ºC – 200 ºC [27,80]. This is reduced 

to 100 ºC for atmospheric SCC. Other studies suggest that SCC could occur at temperatures as low as 

25 ºC [81]. Often spraying tests or droplets evaporation are used. However, spraying test is widely used 

within the engineering community as this tends to mimic better how the salt is deposited on dry casks. 

The relationship between crack propagation rate and temperature has been used for the creation of a 

predictive model. The coupled environment fracture model attempts to predict the crack propagation 

rate for IGSCC at different temperatures, based on the slip dissolution theory [82].  
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Fig. 18. Crack propagation rate versus temperature for IGSCC in 304, as reported by ASM international [79]. 

These prediction models are however limited as they don’t account for numerous other parameters, such 

as the role of the chemical species. It is known that Cl is the aggressive species [62], but its 

aggressiveness its affected by which other cation it is bound with [83]. The most commonly used salt 

for tests is MgCl2, as it is the most aggressive salt and therefore the main choice for accelarated testing. 

NaCl is also used. Aside from temperature and salt type, pH is also an important factor for the 

electromigration process. pH dependency is shown in Fig. 19, with an example of the Pourbaix diagram 

[6,84]. 
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Fig. 19. The relationship between pH and electrochemical potential is highlighted in this Pourbaix diagram for pure 

iron [6]. 

 

Even few parts per million of Cl in a solution can be enough to cause SCC, as long as enough of the Cl 

present is found in a position of interest on the surface of the metal, such as an inclusion. As previously 

discussed for pitting, the availability of Cl is very important for cracking too. For atmospheric corrosion, 

the main engineering parameter of interest will be the salt loading. If there is enough salt on the surface, 

presumably the crack tip will never be starved of Cl and therefore will be able to continue growing. The 

humidity necessary for SCC to take place depends on the salt species, as the deliquescence of the salt 

must be achieved [85–87]. It is reported in the literature that SCC is most aggressive at the 

deliquescence point of the salt [88–90]. However, all these studies have quite a large deviation from the 

deliquescence point of the salts they studied, which is largely unaccounted for. Recent work from 

Spencer et al. showed that the deliquescence point is not necessarily the most aggressive relative 

humidity (RH). In this study on 304L ASS using MgCl2, he obtained the highest number density of 

cracks was at 70 ºC and 75% RH [21]. Even though RH% has been widely investigated there are still 

some less clear areas. Mayuzumi et al. in fact, achieved SCC at 35% RH with NaCl and proposed that 

the RH threshold could be as low as 15 % RH [91].  
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                     2.4.1.1 The role of salt loading 

 

The amount of chloride, or chloride salts, used, is often quantified in terms molar concentration 

[87,92,93], rather than loading, e.g g/cm2 [89]. As NPP and interim storage facilities are often placed 

close to the sea, most of the deposition of salt will occur as a layer of salt slowly accumulates on 

surfaces. Dry casks containing high level waste, such as SNF, and are often placed within a building 

which allows air circulation to passively cool them [80,92,94]. This will lead to salt deposition on the 

cask within the building. It is predicted that the initial temperature of the casks will be too high to reach 

the salt deliquescence point, as high as 100 °C, thus avoiding wetting the surface and inducing SCC 

[92]. However, the canisters will plausibly reach different salt loading on their surface depending on 

their location within the storage building, wind pattern, ventilation, and possibly bacteria. As the SNF 

decays, the heat production will drop and temperatures ideal for wetting and SCC propagation will be 

reached. The effect of salt loading has rarely been properly assessed with the standard laboratory 

experiments, which tend to deal with solution concentration rather than weight [93,95–97].  

The role of applied and, to an extent, residual tensile stress has been largely investigated in the literature 

[21,39,41,61,98]. The role of tensile stress is paramount, but without the synergetic action of the 

aggressive species, in this case Cl, SCC wouldn’t take place. MgCl2 is usually the salt of choice with 

accelerated tests, as it is the most aggressive of the available salts and there is a wide literature to refer 

to [27,76,80,99]. In real sea salt a mixture of chloride and sulphate salts is present.  Their combined 

presence may be somewhat less aggressive than MgCl2, as different salts have different deliquescence 

points which may interact with each other depressing the deliquescence point [93,96,97]. Another 

problem with performing studies with real sea salt is that it would have to be site specific, to capture 

the effects of local sea composition. Real sea salt studies are complicated further by the presence of 

organic components. Most designs of dry casks have welds, which will produce a large degree of 

residual stresses. Most components will often receive a rough surface finish which also involves 

residual stresses [39,92].  The effect of residual stresses needs to be taken into account when designing 

tests to study the effect of salt loading. Study on the level of salt loading could lead to relationships 

between the loading of salt and the possibility of SCC taking place. It would be ideal if a lower and 

upper loading limit were present, as for the CPT. Although these values wouldn’t be absolute, they 

could provide the industry with an indication of which window of operation is safer. As for the other 

environmental factors, it is hard to isolate variables, as their effect is probably affected by other factors, 

such as the residual or applied tensile stress present in a component. 
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                  2.4.2 The stress state 

 

It is widely accepted in the literature that as the applied tensile stress increases the time to failure 

decreases in samples subjected to SCC [27,30,80]. There is evidence that the increased levels of applied 

tensile stress does not translate into faster crack propagation or higher crack density [21,61,100,101].  

It is believed stress plays a key role in breaking the oxide film that protects the bare metal, it is logical 

to think that higher applied tensile stress would lead to higher crack density and shorter time to failure 

[102,103]. Fig. 20 shows the relationship between stress level and normalised time to failure for 4 

different ASS grades, (with strength levels between 210 MPa and 360 MPa) as reported by Jiang and 

Staehle [104]. Time to failure shortens with increasing applied tensile stress, although there is a fair 

amount of variations in the data. The data presented arrive from different sources and doesn’t take into 

account the role of environment, which was not reported. Environment will have a big impact on the 

time to failure. The data presented are inconclusive at best. This data reported is for IGSCC and in the 

case of TGSCC the time to failure may vary significantly. 

 

Fig. 20. The role of stress on failure time for four different ASS grades [104].  

It is important to note that much of the existing literature data on the role of stress is from tests where 

the applied tensile stress was considerably above the yield stress. Albeit this approach shortens the test 

duration, it is unrealistic in terms of engineering applications, and makes it very difficult to isolate the 
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influence of any other metallurgical factor, such as the 

dependence on mechanical history. Work has also been 

carried out focusing on the role of stress intensity factor 

on the crack propagation rate and linear fit to failure, 

Fig. 21. Fig. 21 shows again a large spread in failure 

time [100], this is because, as often occurs, the data 

come from many different sources, without the proper 

information concerning the chemistry and environment 

of testing. This leads to large spreads and the erroneous 

conclusion of time to failure depending on the state of 

stress [100]. There is good evidence that between KIAEC 

(crack initiation threshold) and KIC (final fracture) the 

crack growth rate is practically constant [3,16,93,105], 

as shown in Fig. 22 a) with data from experimental 

work and b) schematic work. The presence of cracks 

changes the stress field locally, relieving the stress 

either side of the crack [106]. This means that a 

minimum distance must be present between cracks 

[106], before the stress again reaches a level where 

cracking is possible, and therefore high levels of applied 

tensile stress will not necessarily cause higher crack 

density. In fact, it is questionable if tensile stress alone, 

once an electrochemical attack is established, is the 

driving force for SCC or whether it is the crack tip stress 

intensity that is the most important parameter. 

Furthermore, Jivkov et al. questioned the existence of a 

true threshold stress intensity value, and suggested that 

any level of stress intensity can cause SCC. The 

phenomenon will simply occur over a longer period of 

time, provided the crack growth rate is higher than 

general corrosion [107]. In other words, once the three 

Fig. 21. Crack propagation rate vs. stress intensity 
relationship for "sensitized" type 304 stainless steel in 
"aerated" "high purity" water at 288 °C [100]. These data 
are from many different sources which provide only the 
nominal water and material chemistry definition. This lack 
of information leads to a rise in the spread of the 
propagation rate, which can be mistakenly be attribute to a 
dependence on stress intensity. 
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conditions for SCC are met cracking will most likely occur, although the kinetics may be very slow and 

time to rupture might be 30 or more years [107,108]. C 

 

 

 

 

 

 

 

 

 

Fig. 22. a)The three stages of environment assisted crack growth under sustained loading with increasing stress 

intensity [3]; b) Plot of log crack growth rate vs. initial stress intensity factor for an Al alloy [109] 

                  

  2.4.3 The role of cold work 

 

Cold work (CW) is plastic deformation carried out in a temperature region and over a time interval such 

that the strain hardening is not relieved [1]. It is an important industrial process to harden metals and 

alloys. CW can be introduced deliberately during manufacturing, i.e. cold rolling, or accidentally during 

the fitting of the component on site, i.e. hammering and welding. CW seems to accelerate the rate of 

crack propagation and decrease the lifetime of the component. Unlike applied stress, Fig. 21, CW has a 

deleterious effect on the lifetime of the component, probably due to residual stress distribution, as it 

will discussed later Most of the work on the effect of CW was linked into trying to understand the role 

of microstructures and more specifically martensite. Martensite was thought to accelerate the SCC 

mechanism, but the idea has been rejected by many experts in the field. According to the majority of 

researchers in the field martensite doesn’t play a role at all in the SCC mechanism of failure. Although 

martensite can be induced by CW, it is not the marteniste, but the heterogeneous stress distribution 

created by the CW, as this work shows. On the other hand, the prior cold work may play a significant 

role [21,61]. 

There is evidence that CW alone could be enough to cause SCC, even without applied tensile stress, as 

some form of CW has been observed in all SCC studies, for both IGSCC and TGSCC in ASS [108]. It 
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has also been observed that pipes in the cooling system of reactors only fail in the presence of CW 

[30,108,110]. CW has always been deemed detrimental, and increasingly so as more CW is introduced 

into the material [76]. However, early reports were not necessarily in agreement with this hypothesis. 

When it was found that samples subjected to very high levels of CW (>40% CW) did not crack, further 

investigation was suggested but, to the author’s knowledge, not carried out [111]. One of the factors 

that could affect crack resistance could be the presence of coincident site lattice (CSL) boundaries, in 

particular Σ3 [112,113]. CSL boundaries have been proven to have a beneficial effect when it comes to 

SCC, especially in the case of IGSCC. These boundaries could have a beneficial effect for TGSCC too, 

as they can be energetically unfavourable for crack propagation [30,114]. 

Trethewey et al. reported how plastic strain seems to be a relevant factor in the pitting onset in 304L, 

rather than the residual stress [17]. In another published work, from finite element modellingthey have 

observed how the CW could affect the rate of repassivation (hence propagation) and therefore should 

be an important factor to be analysed in future work [54,115]. The CW strongly affects the yield stress 

in ASS and this in turns affects the fracture toughness, hence the ease of crack propagation. Lozano-

Perez et al. have recently published a work on the role of CW in PWSCC in 304 [116]. A dual-beam 

technique, SEM-FIB, has been used. The same technique has been used in this work. The authors have 

tried to characterise the effect of CW on oxidation, by comparing samples with and without CW. Only 

one level of prior deformation was used, 20% CW. The methodology they used is not clear. As a 

consequence the results are of difficult comparison. They suggests that CW clearly increases the amount 

of oxidation, because it provides an increased density of dislocations which can act as fast diffusion 

paths for O and Fe. 

Spencer et al., in an extensive controlled atmospheric SCC study, tested 304L samples with different 

levels of CW under different applied stresses [21]. SCC was observed even at low plastic strains, but 

as the percentage of CW was increased above 0.5%, the severity of the cracking increases, it peaks and 

then decreases again. The worst crack growth rate was in fact observed between 0.5-2% prior CW 

[21,61]. Spencer’s findings are supported by other researchers, such as Kain et al. [112]. They have 

witnessed how a combination of CW and heat treatment leads to inhibition of the SCC process. Some 

authors have claimed that heavily CW alloys might induce the formation of CSL and how these may 

reduce the susceptibility to corrosion [117] . They have attributed this phenomenon to the increased 

grain boundaries connectivity. Garcia et al. observed that the increased amount of CW can change 

IGSCC in TGSCC even in sensitised 304 steel, possibly due to the formation of deformation bands that 

lead to a more energetically favourable option for crack propagation [118]. 

Garcia et al. observed that the increased amount of CW can change IGSCC into TGSCC even in 

sensitised 304 steel, possibly due to the formation of deformation bands that lead to a more energetically 

favourable option for crack propagation [118]. 
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              2.4.4 Martensite transformation and plastic deformation 

 

The role of martensite on SCC of ASS has always been reason for debate and not a large consensus is 

present in the literature [12,14,18,19,104,119–122]. It has been suggested that martensite 

transformation in austenite can be achieved through cathodic charging [119]. However, martensite 

transformation in austenite is usually the result of plastic deformation [12,18,19]. Upon plastic 

deformation, ε martensite is often a precursor to αˊ [12,14]. ε martensite is an hcp phase. When 

deformed, the stacking fault sequence of austenite is equivalent to a thin hcp region, usually the embryo 

for annealing twins formation [1]. For this reason, the formation of the hcp phase ε martensite is a 

closely related process to twinning, albeit  a diffusionless process and not driven by the same driving 

force [1]. The similarities between ε martensite and the thin hcp regions formed upon deformation 

maybe why ε martensite is not always observed. The transition from austenite to αˊ martensite is 

reported without the intermediate ε martensite step, but at slip bands intersections, where ε martensite 

is formed, suggesting that it formed on a site that generated ε martensite first [19,120], while low levels 

of martensite reduce SCC resistance through dislocation pile-ups and increasing hardness. Many 

possible, and opposite roles, have been proposed for αˊ martensite. In sensitised steel it has been 

proposed that the denuded Cr areas can enhance martensitic transformation [19]. At the same time, it 

has been suggested that deformation induced martensite may lead to easier sensitisation because of 

faster diffusion through martensite and heavily deformed areas [120,122]. Some research has argued 

for diminished SCC resistance of the alloy with increasing percentage of martensite, while others have 

proposed a bimodal behaviour, with high level of martensite enhancing SCC resistance through cathodic 

protection [120,123]. According to Andresen and Morra martensite plays neither a negative nor a 

positive role when it comes to SCC, but is the creation of slip planes and increase in dislocation density 

that has a real impact on the SCC performances of an alloy [18]. Furthermore, the role of martensite in 

connection to the role of hydrogen has been investigated, suggesting that martensite could be a primary 

cause for hydrogen embrittlement, or at the same time a trapping site for hydrogen, increasing austenite 

resistance to hydrogen embrittlment [119,120].  

 

In other words, there is very little agreement in the literature on the role of martensite. Martensite is 

simultaneously detrimental and beneficial for SCC resistance. The role of martensite has always been 

studied in conjunction with other parameters and effects. It may be possible that in different chemical 

environments, or under different thermomechanical history, it may have several different effects. The 



44 
 

role of αˊ martensite needs to be studied in isolation to have a deeper understanding of its role, but of 

course in SCC this is very difficult. 

 

        2.5 Intergranular crack propagation 

 

The crack can propagate in two distinctive manners, intergranular (IG) or transgranular (TG) [27]. 

Depending on the various conditions, such as CW amount and composition, a crack can initiate 

transgranular and after a certain length switch to growing in an intergranular manner, as it at been 

observed when heavily CW regions are followed by relatively strain-free areas, like in the BWR core 

shroud shown in Fig. 23 [124]. Overtime a crack that may have stopped, could gather enough potential 

energy (i.e. higher number of Cl- reaching the crack tip) that a boundary particularly favourable could 

provide a new path for crack propagation. 

 

 

Fig. 23. a) Heavy cold worked area of the shroud showing TGSCC; b) region of the shroud further away from the cold 
worked area showing IGSCC [124]. 

 

IGSCC mainly takes place in grades that contain a relatively large amount of carbon, > 0.04 wt%, which 

can undergo sensitisation. The main mechanism associated with IGSCC is the film rupture/dissolution 

(or slip dissolution process [20,102,125]. Fig 24 shows a schematic of the process. Tensile stress 

ruptures the passive film layer and shear stress can expose bare metal. In high C steel the resistance of 

the boundary can be lowered due to sensitisation. In low C alloys, an energetically favourable boundary 

may be present. The bare metal is then attacked by the aggressive chemical species present. The crack 

repassivates, and the process starts again. Nishimura has proposed a unified SCC model based on the 

film rupture/metal dissolution hypothesis, for both IGSCC and TGSCC [126]. However, SCC is 

(a) (b) 
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complicated by many factors. A unified theory that reasonably consider all aspect still has not satisfied 

the scientific community. 

 

Fig. 24. The discontinuous IGSCC propagation process is broken down into three main steps. As the applied stress 

causes a displacement, δ, cracking the passive layer, shear stress may expose bare metal which will be dissolved by the 

aggressive chemical species until the metal is able to repassivate. The process will then repeat [102] 

 

        2.6. SCC propagation 

 

In ASS low carbon grades, the most common propagation mechanism is TGSCC, although a mixture 

of TG and IGSCC can be observed. However, as the majority of the literature focused on high carbon 

grades until the 80’s,TGSCC is still a relatively obscure mode of crack propagation. Until only few 

decades ago the main reason for the presence of SCC in ASS was sensitisation, and thus IGSCC. For 

this reason TGSCC became of interest only recently, after noticing that even low C grades undergo 

SCC. New mechanisms have been studied, and the effect of other factors has been more extensively 

studied, such as the effect of CW.  
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                 2.6.1 Slip dissolution 

 

Slip dissolution is the most commonly proposed mechanism for SCC, especially IGSCC. Once the pit 

has grown above a certain threshold that the crack growth becomes more favourable, if the crack tip 

meets a slip plane, under the stress applied, the oxide film will break, see Fig. 24. Fresh metal will be 

exposed followed by anodic dissolution of the crack tip. Repassivation of the crack tip is likely to occur, 

but under the strain build-up more slip will occur and the mechanism repeats. As previously mentioned, 

the crack stays very sharp. This suggests that the flanks stay passive, while the crack tip stays active. 

This mechanism has been extensively reported by Ford-Andresen, and has constituted the main model 

in the field for more than 20 years [18,100]. The model has suffered severe critics over the years, 

especially by Hall Jr. [127]. He claims not only lack of mathematical consistency in the way the model 

is derived, but also the inability of the model to predict a real situation. Rather than have a continual 

competing crack propagation/metal repassivation model, as observed in experiments, the model 

describes sequential events, but provides no justification for this.  

Over the years the role of hydrogen has also been investigated in TGSCC [128]. As early as in 1980 a 

study by Hahn and Pugh suggested hydrogen diffusion to be the rate determining step in crack 

propagation, since its diffusion would aid the decohesion of metal and so the opening of the crack 

[27,129]. The same authors later on seem unclear though on the role of hydrogen because of the 

encountered lack of correlation between SCC and the role of hydrogen in many experiments and other 

fcc metallic systems, where the role of hydrogen can clearly be neglected [27,129]. Only recently 

Magnin et al. proposed a model with an accepted hydrogen role [130]. 

 

                   2.6.2 Hydrogen enhanced plasticity model 

 

The hydrogen enhanced plasticity model (HEPM), also known as hydrogen enhanced local plasticity 

(HELP), is widely used and cited model for TGSCC. It stems from the corrosion enhanced plasticity 

model (CEPM), first proposed by Magnin et al., where the crack tip meets an active slip plane, Fig. 24 

[128,131]. In HEPM the combination of stress and corrosive environment causes the anodic dissolution 

of the metal at the crack tip and hydrogen production, as shown in Fig. 25. The high stress intensity 

factor at the crack tip causes plasticity, enhanced by hydrogen. Hydrogen would reduce the chances of 

a cross-slip, by creating a dislocation “forest obstacle”, keeping the propagation direction stable, hence 

the zigzag pattern. Furthermore, the KIc is lowered because of the vacancy diffusing ahead of the crack 

tip, a process made more energetically favourable by hydrogen which would effectively allow the crack 
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embryo formation at lower stress intensities than normally occur in these alloys. The hydrogen would 

be one of the factors keeping the flanks of the crack inactive and therefore contributing to keep the 

crack very sharp, by making the tip of the crack much more reactive than the flanks. During the 

deformation the material hardens, as more dislocations are created. This leads to interaction between 

dislocations and an obstacle, such as grain boundaries (gb) or precipitates. The crack area is now divided 

into: 

 Diffusion zone, near the crack tip; 

 Hardened zone, further away from the crack tip in the plastic zone. 

A significant part of the stress is moved ahead of the crack tip. A crack embryo is formed which will 

propagate according to the Stroh’s model of crack propagation, leading to crack opening [132,133]. 

Dislocations then move along the next slip plane and the process repeats. This leads to a series of 

distinctive zigzag pattern on the {111} planes, with each step being on average 1 μm long. 

 

Fig. 25.  Schematic of the steps in HEPM [128,130]. 
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However, the role of hydrogen is still debated. The literature is divided on the relevance of hydrogen in 

SCC, and although it is known that hydrogen causes embrittlment, it is not necessarily a factor so 

strongly linked to SCC, although it might contribute to crack propagation in certain situations 

[10,30,76,134,135]. Several different mechanisms are available when the right combination of 

temperature, humidity, chemical species, microstructure and tensile stress arises. Recently, Lozano 

Perez et al. have proposed a new mechanism available for crack propagation, in 304L under PWR 

primary water conditions, in the presence of deformation bands [98,136–140].  

 

 

Fig. 26. (a)- (d)Schematic of the TGSCC model proposed by Lozano Perez et al. Light grey being the chromium rich 

oxide, while the iron rich oxide is dark grey; f) secondary electron image of oxide fingers [98,136]. The dislocations 

formed ahead of the crack are a quick pathways for diffusion. Cr and Fe will form oxide with a lower fracture 

toughness, reducing the resistance to cracking. 

 

By performing extensive characterisation analysis, they were able to show a strong correlation between 

deformation bands and corrosion. As the crack approaches a deformation band, chromium rich oxide 

forms ahead of the crack tip and along a deformation band, as shown in Fig. 26. Deformed structures 
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induce by the CW and the approaching crack, create areas dense with dislocation, which are fast 

pathways for diffusion, facilitating the movement of species such as Cr and Fe. This lead to the 

formation of Cr rich and Cr depleted oxidation bands. The stress applied causes the fracture of the oxide, 

which is brittle compared to the bulk metal. As a consequence, the crack extends. The crack then slowly 

propagates until it encounters another deformation band, which will lead to an increase in the crack tip 

propagation rate. Therefore, there is slow-fast sequential crack propagation, observable in the 

microstructure as a series of dark bands and lateral small cracks [98]. This model, as all the others, has 

its weaknesses. In fact, this type of crack has also been observed on gb (i.e. IGSCC), but it has only 

been discussed as relevant for TGSCC by the authors [21]. It is unlikely this mechanism is always valid. 

It is unclear if the deformation bands are a consequence of the cracking process or form uniquely under 

high applied stress, like some authors suggest [21,141]. 

 

              2.6.3 Film-induced cleavage or dealloying 

 

Film-induced cleavage, or dealloying, has been a well-known mechanism for SCC for quite sometime 

[62,76].  Although it was initially associated to steel, especially when exposed to caustic soda, e.g. 

alkaline or OH-, dealloying mechanism within austenitic steels was put aside within the field. 

Dealloying promotes a series of micro cleavage events that can be related to the film-induced cleavage 

mechanism [27,142–144]. This failure mode has been more strongly related to alloys of noble metals 

and brass [143,145,146].  In brass and noble alloys the role of hydrogen is completely ruled out and it 

is easier to link the cleavage event to dealloying processes [27,143,144,147]. In stainless steel, however, 

hydrogen has been regarded as a main agent in bond decohesion and microcleavage events in SCC, 

through the HEPM, although its role has not always been discussed [116,128,130,148,149]. If 

dealloying is present the result of the process should be visible as a porous sponge, or nanoporous metal, 

the formation on the surface of a metal hydroxide and a difference in contrast due to species diffusion 

[70,143,145]. These characteristics are readily noticeable with noble metals and brass, but not so evident 

with ASS [27]. Dealloying in chloride, unlike dealloying in caustic conditions [27], occurs under 

conditions of simultaneous dissolution of the components of the alloy, leaving a thin reaction layer, 10-

20 nm [150,151]. The dealloyed layer is also heavily contaminated with Cr(OH)3, often not noticed or 

misjudged upon characterisation [27,150,151]. The majority of SCC tests are performed using MgCl2, 

which maximise the tendency for precipitation of Cr(OH)3 within the dealloyed layer, rendering its 

detection even more difficult [3,31].When Cr(OH)3 forms on the surface of ASS it is often misjudged 

for an oxide, as a clear O peak will be visible with any techniques used, and a simple chromia layer 

may be assumed [27,134,150,151]. Improvement in the resolution of microscopy techniques and 

materials characterisation, have led to the observation of micro cleavage events strongly associated to 
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porous sponge layer, dealloying around pits and cracks, and the migration of Ni and Cr around cracks, 

with Ni rich areas correlating with Cr depleted areas [70,150].  A comparison of the effect of dealloying 

on noble metal alloys and ASS is often carried out as a further means to confirm the experimental 

observations [27,150,152].Even, without applied tensile stresses SCC can keep growing, as long as 

there is some residual stresses stored in the material [21]. A more chemically driven process such as 

dealloying/film induced cleavage could explain how, even after the removal of an applied tensile stress, 

cracks continue propagating [153], or pits reappear, as will be shown and discussed later. 

Dealloying is often overlooked also because the enrichment of Ni in the dealloyed layer is subtle enough 

that it can be overlooked by the copious chromia precipitation [142]. No phase change is detected 

between the bulk metal and the dealloyed layer [30,147,150]. These are all characteristics that impaired 

the study of a film induced cleavage mechanism in Cl-SCC. Cl measurements in areas of high Cr 

inhomogeneity, not just in cracks but even on the surface, are a further indication of the nature of the 

process, i.e. dealloying. This meant that in the last three decades de-alloying has been dismissed as a 

mechanism in ASS SCC and its fingerprints often confused for different models. Dealloying usually 

has five indicators, or fingerprints: 

 nanoporosity, found on fracture surfaces; 

 severe striations, slip plane heavy dissolution; 

 element migration, specifically Cr and Ni (areas of light and dark contrast dictated  by the 

migration of Cr); 

 cleavage failure; 

If these five fingerprints are observed dealloying it is a likely candidate for the failure mechanism. This 

is not to say that dealloying is the only or most likely mechanism for Cl-SCC. Like the other 

mechanisms, it will take place if the conditions are particularly favourable. 
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3    Experimental 
 

    3.1 Material 

 

The material used in this work was entirely 304L austenitic stainless steel (ASS) and it came from two 

different heats, in plate form, identified by their thickness, 1 and 3 mm. They complied with BS EN 

10008-2-2005 requirements for grade 1.4307 (304L) [1]. The material was provided in the hot rolled 

condition. In the as-received condition the steel had a room temperature 0.2% proof stress of 344 MPa, 

a tensile strength of 663 MPa, an elongation to failure of 55% [2], and a Vickers’ hardness of 285.7 Hv. 

All samples were machined into tensile test specimens[2]. The composition of the plate as provided by 

the manufacturer is given in Table1.  

 

Table 1. 304L steel composition (wt%). 

 C Cr Mn N Ni P S Si Co Cu Fe 

3 mm 0.023 18.26 1.23 0.066 8.01 0.029 0.04 0.36 - - Bal 

 

     

              3.1.1 Specimen preparation 

 

The majority of the machining work was performed at Cranfield University, who provided the samples 

for the characterisation work carried out in this project. The plate material was provided as free of 

residual stresses from rolling but when the samples were cut from the plate, some developed a noticeable 

curvature indicating their presence. In order to remove residual stress, present from the manufacture of 

the plate, the samples were stress relieved at 900 ºC for 30 minutes under a nitrogen atmosphere. This 

was done rather than a full solution heat treatment at 1050-1100 ºC to avoid recrystallization and any 

excessive grain growth. It is difficult to maintain a controlled grain size, due to the abnormal grain 

growth tendency of the alloy, as some grains grow preferentially to others giving a wide range of sizes 

[3], and it was therefore avoided altogether. This stress relief heat treatment was carefully chosen in 

order to avoid the creation of intermetallic phases (specifically sigma phase), and abnormal grain growth 

in the austenitic phase, and therefore preserve the rolled sheet grain microstructure [3,4]. 
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Fig. 1. Showing the time-temperature transformation curve for formation of sigma phase in 18-8 stainless steels where 

B is the initial, H is the intermediate (50%) and E is the final formation [4].   

The specimens were water quenched from 900ºC to avoid any prolonged time at the sensitisation 

temperature range, despite the unlikelihood of this occurring with the low carbon content, see Fig. 1. 

The specimens were machined using wire electric discharge machining (EDM). Even though EDM 

introduces surface stresses, these can easily be removed during sample preparation. Finally, in order to 

check that the residual stress was effectively removed, the yield strength was estimated from a hardness 

test; σy = 210 ± 10 MPa, while the ultimate tensile stress was measured as 632 MPa at 44% ε. 

Furthermore, the value obtained after stress-relief of the sample, was in accordance with the expected 

value of 304L in the annealed state with a similar grain size. This further suggests that the material 

underwent recovery as well as stress relief. 

From previous work it is known that the EDM process leaves a thin remelted layer on the cut surface 

with the surface contaminated by copper residue from vaporisation of the cutting wire. In previous work 

carried out by Spencer et. al [2], these surface defects were removed by pickling in concentrated acids, 

but, in the initial tests, cleaning with 120 grit SiC paper was used to remove the deposits in the area of 

the specimen to be tested, i.e. along the sides of the gauge length. The variations from this policy are 

discussed in the appropriate experimental sections.  

 

All regions that were to be corrosion tested were prepared by removal of a sufficient amount of the 

surface layers, i.e. the plate surface, using standard metallographic techniques, to a final finish of 1-

micron diamond. Due to slight warping of the specimen in the EDM cutting and heat treatment, this 

had to be accomplished by hand rather than by a more controllable automatic polisher. Variations in a 

later test are also discussed in the next experimental section. 

 

 

Experimental 

set-up 
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          3.1.2 Specimen preparation for salt loading test 

 

A part of the machining was performed at Imperial College London. The material was from the same 

plate material as in 3.1.1 Specimen preparation, and it was used for the test described in Chapter 7. 

The plate material was cut using EDM by the same method as at Cranfield University. However, this 

time the samples did not produce the noticeable curvature previously observed. The samples were then 

encapsulated in a glass tube, voided of air and refilled in an argon atmosphere. The encapsulation 

allowed for use of normal furnaces exposed to air, while the samples were still in a non-reactive 

atmosphere. In order to remove residual stress present from the manufacture of the plate the samples 

were again stress-relieved at 900 ºC for 30 minutes. As before the samples were water quenched to 

avoid prolonged exposition at higher temperature. A fixed displacement of 5% plastic strain was applied 

using a Strauss servo-hydraulic tensile machine. An extensometer was used to accurately measure the 

elongation and the strain. A fixed displacement rate of 0.1 mms-1 was used, equivalent to a strain rate 

of 2x10-3 s-1. 

The Cu residue from the EDM machining was eliminated via grinding. This time much finer paper was 

used, starting with 800 SiC and finishing with 4000 SiC paper. Avoiding coarser paper reduces the 

introduction of residual stress on the samples gauge length surface. 

 

      3.2 Cranfield university: preliminary test 

 

The work carried by Spencer at Cranfield university focused on the study of the effect of several factors 

on the susceptibility of 304L to SCC. Spencer tried to move away from the boiling saturated MgCl2 test 

used previously by Barton et al. [5]. A preliminary test was therefore used to assess the viability of 

using an atmospheric corrosion test similar to that used by Engelberg et al. [6]. This was desirable for 

a number of a reasons:  

 

• It would permit the use of external jigs to apply loads to the samples without the equipment being 

necessarily exposed to the corrosive conditions.  

• The high temperature of saturated boiling MgCl2 is nominally 155°C and is well above the range of 

temperatures that atmospheric corrosion can occur.  

• The high temperature of saturated boiling MgCl2 will induce accelerated rates of corrosion 

compared to in service conditions.  

• The fixed temperature does not allow the influence of temperature on TGSCC to be investigated.  
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• The atmospheric test is much closer to the conditions on the outside of the pipework and the amount 

of salt contamination is designed to simulate the evaporation of seawater on pipework and dry casks 

for spent fuel storage [7]. 

• The influence of atmospheric conditions such as humidity cannot be investigated. 

 

The test was also designed to allow the use of simpler geometry test specimens with a view to reducing 

calculation time for the finite element modelling (FEM) proposed for future work. Rectangular cross 

section specimens were chosen using a double shoulder tensile dog-bone design.  

The test conditions used were those that had been chosen by Barton et al. [5] and Tani [8], and shown 

by them to be the most aggressive. These were a relative humidity above 35% (for MgCl2), temperature 

above 283 K, a plastic strain of 5% and a minimum tensile stress of 180 MPa. 

The actual conditions applied by Spencer were:  

 

• A relative humidity of 75% obtained by using the fixed point humidity above a saturated sodium 

chloride solution.  

• Temperature controlled 80ºC using a PID (proportional, integral, derivative) controlled oven.  

• Plastic tensile strain of 5%.  

• Initial tensile stress of 182MPa applied using a calibrated spring to attempt to approximate constant 

load conditions.  

• MgCl2 contamination by applying three drops of hot saturated solution to the upper surface of the 

specimen and drying in warm air.  

 

     3.3 Bending test – Cranfield university 

 

Spencer chose a tensile constant load test that applies a tensile stress in the same direction as the tensile 

stress used to generate the original plastic strain. The fact that this direction was controlled was felt to 

be important and subsequent tests were planned using this same feature to eliminate a possible source 

of variation. Initial preliminary tests proved incapable to support large numbers of rigs. This made the 

production of large volumes of data, and the study of several variables, difficult. A more efficient and 

easier to control design was sought which could apply the same conditions. 

The test method chosen to allow concurrent testing in greater numbers was the bent beam test, Fig. 2 

[9]. This test approximates to a four-point bend test and similarly applies a constant bending moment 

between the supports with no shear stress. If the specimen width to thickness ratio is less than four, then 

biaxial stresses are minimal.  
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Fig. 2. Bend test geometry mimicking a 4-point beam test [9]. 

The stress in the convex surface can be calculated from: 

 

𝜎 =  
4𝐸𝑡𝑦

ℎ2
 

σ = tensile stress 

h = distance between inner edges of the supports 

y = maximum deflection between inner edges of the supports 

t = thickness of the specimen 

E = modulus of elasticity 

 

This test was modified from the one above by addition of a compression spring to apply the load. 

Although most bend tests in the past have used the constant strain approach, Spencer opted for a 

constant load, in order to reduce the time to failure and allow for shorter testing time. This approach 

was maintained for the further testing done at Imperial College. 

 

This test tried to achieve an approximately constant stress intensity factor (K) without having to use 

expensive and complex computer feedback control systems. Computer feedback control systems have 

been used successfully with single compact tension specimens where the crack propagation rate was 

measured using an electrical resistance system. The applied load can then be varied to maintain a 

constant stress intensity factor. This setup would produce a low volume of data and it wouldn’t allow 

for the simultaneous test of several variables and their effect on SCC. The spring systems allows for the 

amount of bend in the specimen to increase as a decreasing stress is applied. As a crack propagates, the 

sample will bend more, while the spring will apply less load, therefore keeping the stress intensity factor 

(1) 
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approximately constant. The stress intensity factor is increased by the increase in crack length, and at 

the same time decreased by the reduction in the applied load by the spring. Finite element analysis can 

be used to calculate the exact variation in stress intensity factor for a single crack, as demonstrated by 

Behzad et al.[10], but not as easily at present for multiple cracks. It can therefore be argued that the 

only stress conditions that are precisely known are those being applied to the single crack condition. 

Although this is a weakness of the experimental design, Spencer felt to be more than outweighed by the 

resulting simplicity, as does this author. 

 

Fig. 3 shows an example of the experimental setup. All jigs were manufactured from 304L ASS, with 

the exception of the screw thread, hex head screws, and wing nuts, which were manufactured using 304 

ASS, while the spring is 302. These alloys are all extremely similar. They were chosen in order to avoid 

the generation of any superimposed galvanic current. The most dissimilar alloy is the 302 spring, but 

this would be shorted by the 304 thread. In other SCC studies, testing has been undertaken with different 

levels of superimposed current. This does not reflect the nature of atmospheric SCC, where the pipes 

would be exposed to an open circuit condition.  

 

Specimen dimensions were chosen to provide sufficient area for the corrosive medium, and a thickness 

of 3 mm was chosen as the compliance of plates less thick would have been too high, with the weight 

of the jig alone deforming this thickness. Fig. 4 shows the samples’ dimensions used during the test. 

The setup chosen by Spencer, allowed for the testing of specimens with different levels of prior plastic 

strain, or cold work (CW), that can be pre-applied by a conventional tensile testing machine. Various 

levels of superimposed tensile stress can then be applied, in a corrosive environment, while choosing 

the fixed relative humidity (RH) and temperature. This requires many more tests to investigate the effect 

of stress and strain, compared to other tests, like the one previously described. However, the large 

volume of specimens exposed, as in Fig.5, ensures that the effects of the test should be clearly observed 

and the statistical relevance of the results. The test was run in a Perspex chamber, see Fig. 6, where the 

humidity was kept constant by a supersaturated NaCl solution. 
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Fig. 3.  Jig for 4-point beam bending test loaded with a sample. 

 

Fig. 4. Specimen dimensions. 

The first test was designed to assess the validity of the test procedure and to start testing the effects of 

prior plastic strain on the SCC susceptibility. After the heat treatment previously discussed, this 

procedure follows: 

1. Clean specimen gauge length sides of oxide and copper residue from EDM manufacture using 

240 grit carborundum paper. 

2. Polish upper surface using standard metallographic preparation techniques to 1-micron 

diamond finish. 

3. Apply a range of fixed displacements using servo-hydraulic tensile machine, measuring loads 

and temperature rises. A fixed displacement rate of 0.1mm/sec was used (giving 2x10-3 s-1 

strain rate). 

4. Measure changes in gauge length and transverse dimensions using Vernier calliper and 

micrometre to give actual strain and reduction in area. 
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5. Place specimens in test jigs and apply load using compression spring. Curvature of specimen 

measured using a differential variable reluctance transducer (resolution 0.6 micron, 

repeatability 1 micron), value previously calculated for actual specimen thickness so as to 

apply a set bending moment and hence correct upper surface tensile stress. 

6. Surface thoroughly degreased and then sprayed with a saturated solution of MgCl2 in pure 

ethanol using an airbrush. The alcohol was evaporated with warm air. This was repeated until 

a white deposit of MgCl2 was clearly visible on the surface. 

7. Jigs placed in non-metallic, airtight containers with bubbler style airlock, electrically isolated 

from each other. Beaker of saturated ionic salt solution placed in container to produce a fixed 

humidity point [11] and data logger for temperature and humidity installed. 

8. Whole system placed in temperature controlled oven (±1°C) for three weeks. 

9. Samples inspected and photographed at regular intervals of 3 to 4 days (no access at 

weekends).  

 

Fig. 5. Upper surface of samples loaded in the jigs and ready to be tested. 
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Fig. 6. SCC environment testing chamber. 

 

                    3.3.1 Bending test – Imperial College London 

 

One further bending test was carried out at Imperial College London. Using all the same specifications 

used at Cranfield University for heat treatment, machining, pre-straining, testing and material.  

For this test, a fixed displacement of 5% plastic strain was applied using a Strauss servo-hydraulic 

tensile machine, rather than introducing the whole CW range as in the previous experiment. In this test, 

the samples were then sprayed with a saturated solution of MgCl2 and ethanol using an airbrush. The 

samples were weighed using a Fisher Scientific MH-214 analytic scale (accuracy 0.1 mg, repeatability 

1 mg). The Fisher scientific scale was operated in a fume cupboard. The scale was insulated from the 

environment, by a case, and by shutting the fume cupboard door. 

A first test run was performed to ensure the set-up worked as expected. The test run was performed at 

70°C, and 40% RH. The fixed humidity was kept by using a saturated solution of MgCl2 in isopropanol. 

A data logger was placed within the container, inside the oven, in order to constantly monitor 

temperature and humidity. After the first successful test, a second one was performed, at 90°C and 75% 

RH (supersaturated solution of NaCl in water). All samples were loaded on the jigs and subjected to 60 

MPa of applied tensile stress were applied. The curvature necessary to achieve the wanted applied 
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tensile stress was calculated beforehand, both analytically and using FEM software Abaqus (~ 180 µm 

of deflection). The curvature of the samples was measured using a variable reluctant transducer 

(resolution 0.1 µm, repeatability 0.5 µm). For every other aspect, the test was the same as the one 

previously described. However, this time not only the number of cracks, but also the extent of the 

corroded area was recorded.   

 

 

Fig. 7. SCC environment testing chamber at Imperial College London. 

 

       3.4 Parameters studied 

 

Spencer performed numerous tests to study the effect of different parameters on the 304L susceptibility 

to SCC, namely: level of prior CW, level of applied tensile stress, humidity, temperature. The outcome 

of these tests was measured in various ways to attempt to produce data of the following types in relation 

to the factors studied: 

• Area of pitting/corrosion. 

• Depth of pitting. 

• Crack initiation time. 
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• Crack propagation – depth OR time to failure. 

• Propagation rate. 

• Number of cracks. 

• Crack spacing. 

The work carried at Imperial College was aimed at gaining at deeper understanding of the mechanism 

of SCC by carrying out a characterisation study of the samples produced a Cranfield university. The 

samples produced from the salt loading study at Imperial College London, were used to measure the 

extent of pitting, the corroded area of the samples and the number of cracks per unit area. 

Among the volume of data produced at Cranfield University, it was observed that the role of CW and 

of stress were the most interesting variables analysed. It was therefore decided to investigate further the 

role of CW and applied stress in the 304L susceptibility to SCC. Table 2 Provides the grid of tests run 

at 90 ºC and 70% RH, while testing different levels of CW and/or applied tensile stress. 

Table 2. Stress vs pre-strain test grid created by Spencer. Highlighted in red are the conditions chosen for further 

characterisation at Imperial College London. 

 

One of the most important finding of Spencer’s study is the threshold stress level. As discussed in 

Chapter 2, it was widely believed in the past that for SCC to take place the level of applied stress had 

to be relatively high, e.g. 2/3 σy [12–14]. Spencer suggested that even at levels of applied stress as low 

as 10 MPa, SCC can take place [2]. A relatively low level of applied stress was therefore chosen, 60 

MPa, which still allowed the study of the whole CW range, 0-40% CW, as highlighted in Table 2 by 

the vertical red lines. The horizontal lines indicate the fixed level of CW that was chosen to analyse the 

effect of varying stress, while still having a pre-strained sample. 
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     3.5 Materials characterisation 

 

            3.5.1 Samples preparation 

 

The samples produced at Imperial, received a post-corrosion test treatment very similar to the one 

performed at Cranfield university. The samples were washed using distilled water and propan-2-ol in 

order to remove loose corrosion products.  

Initial characterisation was carried out on all samples using an optical microscope, Olympus – BXS1. 

All magnifications available were used, namely 2.5x, 10x, 20x, 50x, and 100x. The lowest 

magnification set up was used to record and reconstruct the morphology of the main cracks. The first 

analysis was carried out on the whole sample after just the removal of loose corrosion product. The 

samples were then glued to a large sample holder and ground using an 800 grit SiC plate to remove the 

oxide on the surface. Intervals of 30 s grinding were used, followed by optical microscopy inspection. 

Microscopy examination was performed after each short grinding in the attempt to observe all features 

and avoid grinding away only surface breaking cracks.  

All samples, both those tested at Cranfield University and Imperial College London, were cut using a       

StruersAccutom50 diamond saw at the lowest feed rate of 0.05 mm/min, to avoid the introduction of 

further residual stresses, and a saw rotation of 2000 rpm. The samples were subjected to standard 

metallographic preparation using SiC up to 4000 grit paper. The polished samples were prepared using 

a StruersTegraForce1/Tegrapol-15 with the following procedure: 

 800 grit SiC is used as first rough step, for 1-2 minutes, based on the surface oxide thickness 

 Grinding with 1200 grit SiC paper for 2-5 minutes.  

 1200 grit SiC paper, for 5-10 minutes 

 2400 grit SiC paper, for 10-15 minutes 

 4000 grit SiC paper, for 15-20 minutes 

 Polishing with OPS for 30 minutes. 

 A finish fit for electron back scattered diffraction (EBSD) analysis was achieved using 

VibroMet2. 

OPS is a colloidal silica suspension, or oxidised porous silicon, commonly used for metallographic 

polishing. OPS was always diluted with water, to a 1/5 ratio. A VibroMet2 machine, is a gentle 

mechanical polisher that provides a high mirror finish with the elimination, to a large extent, of stresses 
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introduced during the grinding and polishing steps. A VibroMet2 machine was used on average for 8 

hours, once again using OPS. The 8 hours and low intensity polishing guarantee a very high finish.  

Prior to grinding and polishing, the cut samples were mounted in a holder. Bakelite powder was used 

and the samples mounted using a METASERV. After polishing, the samples were carefully removed 

from the Bakelite to avoid damaging the mirror finish surface. Once removed from the holder, the 

samples were washed in water and isopropanol. The samples were then mounted on studs using silver 

paint, as silver paint provides great adhesion and charge diffusion, which avoids charging when 

performing electron microscopy. The samples were once again washed using water and isopropanol. 

OPS can be extremely hard to remove from the sample surface. This can make the polishing exercise 

counterproductive. If OPS is retained on the surface, it would make it more difficult to distinguish 

features and can make the EBSD analysis difficult, leading to a very low quality analysis. The samples 

must be washed as soon as they are removed from the polishing machines. If the OPS is particularly 

hard to remove, household detergent, such as Fairy liquid, has proved extremely helpful in its removal. 

When the samples had received a final wash with water and isopropanol, they were stored in a vacuum 

desiccator. For the first few months of this work, the samples were stored in sample bags containing 

silica gel, in order to absorb the moisture from the air. 

 

          3.5.2 Hardness Test and Optical Microscopy 

 

The hardness of all samples, Cranfield University and Imperial College London, was measured using a 

micro-indenter. As-received, after stress relief, and all applied levels of CW were measured. The 

samples were indented a total of 10 times, on both sides of the sample. Each indentation was performed 

for a total of 10 s with an applied load of 10 N. The Vickers’ hardness uses a square-based diamond 

pyramid as indenter. The angles between opposite faces are at 136º to each other, as this have been 

proved to be the most desirable ratio from Brinell hardness test [15]. If the load selected for the material 

is correct, the indentation mark will be square. If the material is too soft or too hard for the load selected, 

the indent will not have a symmetric shape, making assigning a hardness value inaccurate. The Vickers’ 

hardness number, known as HV, VHN, VPH or DPH, is calculated as follow.  

𝐷𝑃𝐻 =  
2𝑃𝑠𝑖𝑛(𝜃

2⁄ )

𝐿2
=

1.854𝑃

𝐿2
 

DPH = hardness value; 

P = applied load (kg); 

θ = angle between opposite faces of an indenter, typically 136°; 

L= average length of diagonals (mm). 

(2) 
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A direct relationship between hardness and other mechanical properties does not exist. However, an 

empirical relationship exists between hardness and a material flow curve. This relationship allows to 

convert hardness into an approximate yield stress[15]. The HV values measured were converted into 

0.2% offset yield stress (kgf/mm2) using Equation 3. [15]:  

 

𝜎0 =
𝐷𝑃𝐻

3
(0.1)𝑛′−2 

 

σ0 = the 0.2 percent offset yield strength, kgf/mm2 (= 9.81 MPa); 

DPH = the Vickers hardness number; 

n' = n + 2= exponent in Meyer’s law. 

The exponent n’ is a material constant related to the strain-hardening of the material. This was used to 

match each CW level with a yield stress, ensuring that the levels of CW were indeed the ones provided 

by Cranfield University and no mix up had taken place. 

After polishing to a high finish, optical characterisation of the sample surfaces was performed again 

using the Olympus – BXS1 optical microscope. The same analysis as described in 3.5.1 Samples 

preparation, was carried out. The lowest magnification set-up was used to record and reconstruct the 

morphology of the main cracks. All cracks, on all samples, were recorded and analysed. Once the 

number of cracks and crack deviations was established, for each crack, it was then normalised by the 

crack length. All samples were analysed with the same magnification in order to have the same reference 

frame of analysis. Several pictures per sample were taken and later stitched together using image editing 

software (ImageJ). Features of interest were imaged at higher magnification. Crack tips and pits, for 

example, were analysed to a much greater magnification using electron microscopy. 

The optical microscope has been used throughout the project, not only as an initial characterisation tool. 

It has been in constant use to control the quality of the grinding and polishing, e.g. to check if any 

further polishing step was required. Similarly, it has been in use to check the final quality of the samples 

before an electron microscopy session. 

 

 

 

 

 

(3) 
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               3.5.3 Electron microscopy 

 

The relation between grain orientation, phase distribution, and elemental distribution, is very complex 

[16]. An optical, or light, microscope has neither the resolution, nor the tools necessary for in depth 

study of the mechanism behind SCC, especially given the small dimensions of a crack tip (1-100 nm) 

[2,16]. Scanning electron microscopy (SEM) provides a much higher resolution, qualitative and 

quantitative elemental chemical analysis, and larger depth of field. SEM provides images of the sample 

surface, by scanning it with a focused beam of high energy electrons.  

SEM uses the interaction between matter and electrons, in order to image and analyse a sample surface. 

Like all other microscopy techniques, SEM operates in vacuum, although recently SEMs that operate 

in atmosphere have been developed. A high vacuum ensures a large mean free path of electrons and 

higher quality results. Optical lenses are substituted by electromagnetic ones through which the electron 

beam is focused [17–20]. Based on factors such as density, atomic number, morphology, an accurate 

image of the microstructure of the sample can be obtained [17–20]. The main information that can be 

obtained are phase difference, grain structure, and morphology. In this work a field emission gun FEG-

SEM microscope has been used, with a maximum nominal resolution of around 1 nm. 

As the electrons interact with a sample, Fig. 8, they will go through a series of elastic and inelastic 

collisions (predominantly inelastic, giving the thick nature of SEM samples [19–21]). Common signals 

detected in an SEM are low energy secondary electron (SE), and high energy backscattered electrons 

(BSE).  SE are originated when a primary electron excites an atom electron shell in the sample enough 

that an electron will be released [18]. SE are sensitive to the surface topography and therefore they 

provide information about the surface morphology. A small fraction of the primary beam is scattered 

by angles greater than π, i.e. BSE. The BSE fraction created is governed by the average atomic number 

of the surface analysed. BSE provide information related to the variation in mass density across the 

sample. Because BSE have an energy roughly the same order of magnitude as the primary electrons, 

they can be used to acquire crystallographic information, i.e. grain and phase distributions [18]. The 

SEs make up most of the energy released by a sample surface upon electrons irradiation. The incoming 

beam provides energy to the electrons in the elements of the target, which have enough energy to escape 

the surface. BSE are backscattered primary electrons.  

 In this work both a tungsten filament Jeol 6400 and a FEG Auriga Zeiss have been used. In the case of 

detailed analysis, the Auriga was used, whilst the Jeol was used for general surface investigation. The 

Auriga was used in both SE and BSE mode. The acceleration voltage used for imaging was typically                                   

1.5 keV, to improve the quality of the image. Imaging was operated at a 5 mm working distance (WD). 
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Auriga was used in both SE and BSE mode. The acceleration voltage used for imaging was typically 

1.5 keV, to improve the quality of the image. Imaging was operated at a 5 mm working distance (WD). 

π, i.e. BSE. The BSE fraction created is governed by the average atomic number of the surfaced 

analysed.  analysed. π, i.e. BSE. The BSE fraction created is governed by the average atomic number 

of the surfaced analysed. by the average atomic number of  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. (a) Schematic drawing of an SEM beam interacting with a solid sample, showing some of the signals generated 

by this interaction, that can be used to characterise the microstructure. (b) An inelastic scattering event causes the 

excitation of the electron in one of the atomic shells of the target. The target electron can be excited to a higher energy 

state. As the electron drops back to a lower energy state, a photon is emitted, with an energy characteristic of the 

difference between the two states [18]. 

 

                         3.5.3.1 Electron Dispersive X-ray spectrometry 

 

X-rays are also created when the sample surface interacts with the primary electron beam. The X-rays 

so generated are fingerprints of the elements present within the sample and can therefore be used for 

chemical analysis. The detector used for characterising X-rays in this work is an energy dispersive 

spectrometer, EDS, also known as energy dispersive X-ray spectroscopy, EDX. The interaction volume 

(a) 

(b) 
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of the beam, can be a concern as it makes it difficult to analyse the chemical composition of two features 

of interest close to each other, as it will be discussed later on in Chapter7.  

Fig. 9, shows the interaction volume of the incident electron beam. In this work, for EDX analysis, an 

acceleration voltage of 20 keV was used, in order to observe heavy elements, such as Fe and Cr. Line, 

grid, spot mode and maps were used depending on the feature analysed. EDX analysis was performed 

using INCA software. Dead-time during acquisition was kept below 20%. 

 

Fig. 9. (a) The electron beam envelope of inelastic collisions within a sample. The boundary of the envelope defines the 

average limit where the incident electrons will reach the thermal kinetic value, kT. (b) The interaction volume, depth 

and width, depends strongly on beam energy and atomic number of the target. The envelope size can be defined by two 

parameters, XD, diffusion depth, and XR, penetration depth [18]. 

 

                            3.5.3.2 Electron backscattered diffraction 

 

BSE are also used to collect information for the determination of phases, grain size, orientation and 

morphology. BSE interact with the sample through inelastic collisions, therefore retaining most of the 

energy of the primary electron beam. BSE can thus provide information about the crystallography of 

the sample. EBSD patterns are generated on a phosphorous screen and then recorded by a charge-

coupled device (CCD) camera and in turn analysed by a software of choice. The sample is typically 

tilted at 70° to maximise the number of BSE hitting the detector thus improving the quality of data 

collected. The high energy BSE generates information from an area at a depth of approximately 20 nm 

[22]. The EBSD pattern produced consists in the regular arrangement of light and dark parallel lines, 

Fig. 10a), referred to as Kikuchi lines, on a steep continuous background [22]. The intersection of 
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Kikuchi bands, represent prominent and distinct zone axis. These points can be used to identify planes 

and directions using Bragg’s law, shown in Equation 4 [18]. 

2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆 

d = the distance btween crystallographic planes; θ = scattering angle; n = +ve integer, i.e reflection 

order; λ = wavelength of the incident beam. 

 

Fig. 10. a) An example of Kikuchi pattern from cadmium obtained at 20 keV, acquired with an analog video camera. 

b) schematic drawing of the diffracting cones created by the interaction of the primary electron beam with a tilted 

sample, respect to the EBSD detector [22]. 

The diffracting lattice planes can be thought of as stretched out to intersect in the centre of the 

corresponding Kikuchi lines. Fig. 10b) shows a schematic of the interaction between the primary 

electron beam and a diffracting plane, which results in a backscattered Kikuchi pattern. The width of 

the Kikuchi band is related to the interplanar space d, Equation 4, so that the crystallography of the 

material can be studied [22,23].  

In order to improve the quality of the data acquired, a few precautions are taken. The preparation of the 

sample is arguably the most important step. Even a state of the art detector cannot correct for heavily 

scratched or too heavily deformed sample. A final mechanical or chemical polishing is fundamental 

[23]. Other factors have to be compromised between acquisition time and crispness of the pattern, 

namely exposure time and binning of the map. It is important to try to achieve 10 indexing points per 

grain, and thus it is key to adjust the step size as a function of the grain size [23]. 

The Auriga Zeiss FEGSEM was used for EBSD analysis. The acceleration voltage used for EBSD 

characterisation was 20 keV. The sample was tilted at 70°, positioned at 15 mm WD, to maximise the 

BSE reaching the detector. A tilt correction option was used to cope with the image distortion caused 

by the tilt. For the same reason a dynamic focused option was used. The software used for EBSD data 

analysis was Bruker Esprit 1.9, which was used for phase identification and grain size measurements. 

The phases observed were mainly the fcc austenitic phase, and lower percentage of bcc phases. After 

a) b) 

(4) 
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an initial trial, step size and map size were kept mostly fixed, for ease of comparison, at 0.2 µm and 700 

x 500 pixels respectively. The indexing average for all the 83 maps collected across all samples was 

kept over 85%.   

 

                          3.5.3.3 Transmission electron microscopy 

 

As with SEM, the electrons in a transmission electron microscopy (TEM) are generated through 

thermionic emissions, usually with a LaB6 source, or by tunnelling with a FEG. TEM, like SEM, is a 

microscopy technique used to obtain information about the microstructure, surface morphology, 

crystallography and composition of a specimen.  One of the main differences between the two electron 

microscopy techniques is the much higher resolution of a TEM, which can generate high-resolution 

images with a spatial resolution at the atomic scale of 0.1 nm [18,24], but with the disadvantage that 

the volumes are  very much smaller, so care must be taken that they are representative.  

In order for transmission to be achieved, the samples must be very thin, electron transparent thin, which 

typically means less than 150 nm. The electron beam is kept extremely focused over a small area, and 

because the sample is “transparent” to the beam, the envelope of scattering is much smaller, thus much 

smaller features can be resolved [18,24]. One of the limitations of TEM is the imaging of three-

dimensional objects as two-dimensional projections. This is because while in SEM the image is 

produced by detecting secondary electrons, in TEM a beam of electrons is transmitted through an ultra-

thin foil and recorded on a detector, where it forms a projection [24]. The majority of the electron beam 

is inelastically scattered by the sample, randomly, if the sample is amorphous, or discretely, in a 

crystalline sample or phase. After this interaction, an image is formed either through the transmitted 

beam, a diffracted beam, or the interference generated by the diffracted beams [18,24].  

The electron beam is deflected by a series of electromagnetic lenses that accelerate and focus the beam 

and direct it at an imaging system. The electrons passed through the sample reach a detector, which is 

usually a fluorescent screen, photographic plate, or a CCD camera.  

Nowadays the images formed can be displayed on a computer screen in real time and recorded 

electronically [18,24]. Bright field (BF) and dark field (DF) are the two main modes of operation of 

TEM. A BF image is obtained when the transmitted beam, contributes to forming the image, while a 

DF image is obtained when the transmitted beam is excluded. If the incident beam is deflected using 

the electromagnetic lenses, or the objective aperture is translated, an image will be created on the back 

focal lens, a DF image. When an image is formed, its contrast is affected by its mass thickness. Not 

only the contrast increases monotonically with increases atomic number Z, but also increases with 

increasing sample thickness [18,24].  
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If the resolving power of the TEM is adequate, a larger aperture can be used and multiple scattered 

beams can be allowed through the selected area aperture (SAD). These is usually the case in high 

resolution TEM (HRTEM). In HRTEM the contrast arises because of the interference between the 

several electron waves, and it is therefore called phase contrast. If the beam interacts with a crystalline 

region and satisfies Bragg’s law, Equation 4, then a diffraction pattern can be formed and the 

information about the lattice, from reciprocal space to real space can be obtained. The reciprocal lattice 

is a mathematical tool composed of an array of points, each representing a plane reflection within the 

crystal, and therefore has the same indices as the matching reflecting plane.  

Specimen preparation is a key aspect in TEM analysis. The sample could be a colloidal suspension 

(nanomaterials analysis) or a powder, if the sample is suitable to this preparation. For solid samples, 

traditionally there are three ways of preparing TEM samples: mechanical thinning, electrochemical 

thinning, and ion milling.   

In this work a Helios Nanolab 600, a dual-beam field emission gun scanning electron microscope (FEG-

SEM) was used for sample preparation. A dual beam is a technique that provides a FIB and an SEM in 

the same chamber. The two probes are at 52° to one another, allowing electron imaging the sample as 

it is milled by the ion beam. The ion source used was a standard gallium one. The FIB cross-sections 

were made in a way to incorporate a secondary crack-tip in the final foil. The TEM foil samples were 

produced with final thicknesses of ~100 nm. Rough cuts were operated at 30 kV and 92 pA, and it was 

finally polished at an accelerating voltage of 5 kV and ion current of 47 pA. The lift-off was operated 

using an Omniprobe (a needle) onto which the sample was glued using a Pt source operated in vacuum 

within the chamber. Further details on FIB and dual-beam techniques will be provided in 3.5.3.4 FIB-

SIMS 

A JEOL 2100F TEM was used for characterisation of the foils under an accelerating voltage of 200 kV. 

Imaging was performed primarily using the scanning transmission mode with a high angle annular dark 

field (HAADF) detector. A spot size of 0.2 nm was used for scanning. Compositional analyses were 

carried out using TEM-EDX with spot and area scan modes. EDX was used to carry out elemental 

characterisation of the samples, using an accelerating voltage of 20 kV.  
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                      3.5.3.4 FIB-SIMS  

 

Focused ion beam (FIB) and secondary ion mass spectroscopy (SIMS) are two major tools for sample 

micromachining and elemental analysis. FIB-SIMS is a destructive technique, where an ion source is 

use to bombard the sample surface. A fraction of the atoms sputtered from the surface is ionised. A bias 

is applied to the detector so that either +ve or –ve ions can be collected and identified. 

FIB has traditionally used a Ga source, although several sources are available and are now routinely 

used. Like other microscopy techniques FIB-SIMS operate in vacuum, usually >10-7 mbar. The Ga was 

originally chose because is readily liquefied and can be easily drawn unto the tungsten wire that 

constitute the tip of the ion gun. Thanks to a high difference in voltage applied between the probe and 

the target, i.e. the sample, the Ga is ionised and hits the surface. The energy of FIB primary ion beam 

can be tuned over quite a wide range: 2-30 kV, and currents of 50-3000 pA. FIB will always be a semi-

destructive technique, but thanks to its tenability, it can be used for more than just micromachining. 

There are 4 main modes of operation a FIB-SIMS can be grouped in: 

 Micromachining. 

 Mass spectroscopy.  

 Imaging.  

 Depth profiling.  

Micromachining is primarily used for TEM sample preparation, as it is the case in this work. It can also 

be used to mill fiducial marks (in order to track and record a feature), or mill ramps/surfaces to expose 

fresh metal or specific features for further analysis, e.g. EBSD or EDX analysis. There is, as with any 

technique, a trade-off between milling time and sample quality. When the primary Ga+ interact with the 

sample at high energy, mechanical deformation is introduced into the milled surface. Particularly 

energetic Ga+, or those hitting the target at the ‘right’ angle, can also be implanted in the sample. 

Elemental mixing can also happen, which is less than ideal when a chemical analysis is the aim. A very 

gentle milling (50-100 pA) strongly minimises the introduction of mechanical damage, ions 

implementation and lateral mixing. This obviously is done at the cost of time. The most common 

procedure therefore is a mix of the two modes. Rough milling at high current, 1/2 nA, is routinely 

carried out to quickly remove large parts of unwanted material. As the feature of interest is approached, 

the current is reduced all the way down to 50 pA to obtain a final polish that will be largely free from 

machining artefacts. Generally, a thin layer of Pt is applied to the surface area to be milled, usually no 

more than 1 µm thick. This guarantees the protection of the surface during imaging and milling, but 

also ensure a homogeneous milling rate. Milling rate on an unprotected surface produces streaking, as 

different elements and phases mill at a different rate [25]. 
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Fig. 11. a) Example of a sample being milled, with fiducial mark (X) and front and side trenches. The top of the area 
of analysis has been coated with Pt; b) Schematic representation of dual beam set-up [29]. 

  

 

 

When FIB is used to produce new vertical surfaces, special precautions need to be taken. Firstly, the 

area to be analysed is covered in Pt, as indicated by the white rectangle in Fig. 11a). Two side trenches 

and a front trench are milled. The trenches are necessary because of a phenomenon referred to as 

redeposition [26]. When the sample is milled, a portion of the material sputtered away is redeposited 

close to where it was sputtered from. This material will eventual hinder the view of the area under 

analysis. Trenches provide space for the sputtered material to occupy, without obstructing the view of 

the area to be analysed. Fig. 11b) shows the classic set up of a dual beam, like the Helios Nanolab 600 

used in this work. The 52° angle between the two beams, allows the imaging of the material that has 

been milled away. The thickness of the slices can be set to tens of nm, usually not more than 30 nm, a 

compromise between milling time and slice thickness. The fiducial mark (X) shown in Fig. 11a) is a 

feature necessary for the software to be able to track the area of analysis so the process can be automated. 

A typical area analysed in this work, 15x10x15 µm cuboid, can be fully milled and images recorded in 

about 10 hours.  

In any FIB, when the primary ion beam interacts with a sample, atoms from its surface are sputtered in 

all directions. A fraction of these atoms will be ionised as a result of the interaction with the primary 

beam, whilst the majority of atoms will remain neutral. The ions and electrons created in the ionisation 

process can be used for imaging. Recent improvements in the technique have led to 5 nm or better 

spatial resolution and exhibit a number of novel control mechanisms [25]. The ionised species sputtered 

off the surface, or secondary ions (SI), can also be used to gain chemical information about the sample. 

In a FIB-SIMS, like the FIB200fei used in this work, SIMS detector is used to identify the ions sputtered 

from the sample surface. The ions are identified on a mass/charge basis (m/Z). Different isotopes of the 

same elements can therefore be identified. SIMS is a rather sensitive technique, able to detect impurities 

down to parts per million (ppm) or even parts per billion (ppb) depending on the sensitivity of the 

a 

Pt 
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detector. Three main type of detectors are commonly found: Time of flight (ToF); Magnetic sector; 

quadrupole. The first two detectors have a higher resolution but a longer analysis time compared to the 

quadrupole detector. A quadrupole detector was used in this study. It has mass resolution, R, of up to 

1000. Equation 5. Shows how the mass resolution is calculated. The higher R, the easier it is for the 

detector to distinguish between two species (or molecules) with a similar m/Z.  

𝑅 =  
𝑚

𝛥𝑚
 

The mass resolution of a SIMS detector can be calculated as the ratio of the nominal mass (m/Z) of the 

element of analysis and the difference between the mass of two elements [27]. Although quadrupole R 

is the lowest among the three detectors, it has a really quick set-up time and ease of operation. Moreover, 

the detector may not be able to distinguish between two elements with m/Z as close as 17O- and 16O1H- 

but it can still be very sensitive to elements down to ppm, or even ppb with the proper tuning. The aim 

of the SIMS work in this thesis was tracing the position of Cl-, O-, and the elements that make up the 

composition of the steel. For this reason, a quadrupole was preferred to the ToF detector. When 

secondary ions are created, they will be +ve or –ve depending on the nature of the elements bombarded 

(electropositive and electronegative species). The sample surface can be analysed and its composition 

obtained performing mass spectroscopy. The primary beam, IP continuously rasters the surface, and the 

secondary ions created collected by the detector, IS, secondary ion yield. The detector can be switched 

onto negative or positive, so that ions of the opposite charge will be collected. A rather large spectrum 

can be obtained. However, if the composition is known, and only specific elements are investigated, the 

range of m/Z allowed in the detector can be tailored, for example 30-60 atomic mass units (amu), 

measured in m/Z. This allows for a quicker scan. SIMS is a qualitative technique, as the intensity, counts 

per seconds, doesn’t simply depend on the abundancy of the elements in the sample, but it’s dictated 

by the ionisation energy of each element, and the primary ion beam source used. Highly electropositive 

elements, such as Na, have a very low ionisation energy, and even if present only in the traces, will 

show quite strongly on a spectrum. The difference in ionisation energy can produce a difference of 1-3 

orders of magnitude in intensity within elements equally abundant in a sample, θm. Isotopes are the only 

species that can be truly compared just from the peak intensity in the spectrum, as they have the same 

chemical properties. The ionisation probability of an element is reported in Equation 6, relating the 

secondary ion yield, or current, to the primary ion current, the ionisation probability of the species under 

analysis, m, the concentration of species m in the surface and the transmission of the analysis system 

[27].  

𝐼𝑠 = 𝐼𝑝𝑌𝑚𝛼𝜃𝑚 𝜂 

Where η is the transmission of the analysis system, and α the scattering angle. SIMS can also be used 

to analyse the elemental distribution with depth. Depending on the software and the detector, a certain 

(6) 

(5) 
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number of elements can be picked, 4 to 12 usually. Their distribution vs depth can be recorded. This 

can be particularly helpful for layered structure, as it is often the case for electronic structure. In this 

work particular relevance was attributed to the distribution of specific elements particularly detrimental 

to SCC, like Cl. Elemental mapping was therefore used. In elemental mapping analysis, one element at 

the time can be chosen, O for example. The beam will raster over the area of analysis, searching for the 

element of choice. Every time the element is found, it will appear as a bright pixel on the screen, or as 

dark if it is not found. The brighter the pixels, the more Cl- have been found. 

In this work, the incident beam energy used was 2-30 kV, with currents of 50-3000 pA. If a ramp milling 

was required, the stage was tilted using the whole range available, -15° to 60°. If required pre-tilt stages 

were used to increase the tilt (up to – 40° and 85°). The ramps and surfaces milled were used for different 

analysis: SIMS analysis, SEM imaging, TEM imaging and analysis, EDX analysis, and EBSD analysis. 

27 ramps were analysed. More if the dual beam images are accounted for. Ramps were usually cut with 

a width of 10 µm and a depth of 10/15 µm, in order to keep the measurements standard and to ease 

comparison 

 

                 3.5.3.5 Simulations: SRIM and Casino 3.2 

 

The chemical analysis performed in this work, relied mostly on EDX analysis and SIMS mass 

spectroscopy and elemental analysis, as well as FIB milling for sample preparation. It is therefore 

important to ascertain that artefacts from the ion milling were minimised and didn’t impact on the 

quality of the result. It was also important to establish the EDX information obtained were indeed from 

the area of analysis and not from adjoining areas, due to the e- beam interaction volume. To simulate 

the interaction of the primary FIB ion source with the sample and ensure that lateral and longitudinal 

mixing of species was minimal and that it was a negligible source of error stopping and range of ions 

in matter (SRIM) software was used [28].  The SRIM calculation was used to simulate the primary 69Ga+ 

ion irradiation of the material, with an accelerating voltage of 30 kV. The actual chemical composition 

of the 304L ASS plate, was used as the material input in the simulation. A material density of 8.030 

g/cm3 was used and sample target was assumed of 50 nm, which was larger than the expected primary 

Ga ion penetration depth. Similar simulations were performed using Casino 3.2 software, to mimic the 

electron interaction volume for the EDX technique used in the TEM chamber. A beam energy of 200 

keV was modelled with a sample thickness of 100 nm. Again the actual 304L composition was used for 

the material input as in the case of the SRIM simulation. 

The simulation run provided a higher degree of confidence that the information gathered were indeed 

novel and real and not an unwanted artefact or effect of the route of analysis chosen. 
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4 The role of cold work in SCC 

 

    4.1 Introduction 

 

In industrial practice cold work (CW) is a process that hardens a metal or alloy, by creating dislocations 

in the material. CW is usually introduced into a component as part of the manufacturing process, but 

can also be introduced unintentionally during fitting on site, e. g. welding geometrical constraints and 

surface finish (grinding and machining) [1–3]. Furthermore, CW affects all stages of SCC, from pitting 

and crack initiation, to crack propagation [2,4–9].  

There is in fact, still paucity of data on the role of CW and often in published studies only a few CW 

levels are chosen and conclusions are drawn without enough data to accurately determine a relationship. 

Therefore, the aim of the work in this chapter is to systematically assess the role of CW, from 0% CW 

samples, to a high level of CW of 40%, which is quite close to the UTS of the material used (55% 

plastic strain), paying particular attention to the role of microstructure. The CW was applied by placing 

the samples in uniaxial tension before unloading them.  Factors investigated were: crack density; 

favoured crack orientation; role of special grain boundaries; crack deviations per crack length and bcc 

phase content. Secondly, the role of applied stress (from 60-180 MPa), on SCC susceptibility was 

investigated for a fixed level of CW (chosen at 10% CW following the preliminary experiments) using 

indicators such as crack density.  

There is indication that CW alone could be enough to cause SCC, even without an applied tensile stress. 

Some form of CW has been observed in all SCC studies, for both IGSCC and TGSCC in ASS [5]. It 

has also been observed that pipes in the cooling system of reactors only fail in the presence of CW 

[4,5,10]. CW is often considered detrimental, and increasingly so as more CW is present in a sample 

[11]. However, early reports were not always in agreement with this assumption. It was observed that 

samples subjected to very high levels of CW (>40% CW) did not crack, and further investigation was 

suggested but rarely carried out [12]. The role of CW is therefore still controversial, as it seems that it 

may even be beneficial for SCC resistance in certain conditions and some of these ideas will be tested. 

 

 

 



92 
 

   4.2 Effect of CW and applied stress levels  

 

Fig.1 shows a schematic of a sample during beam bending. The X and Y directions are parallel to the 

transverse direction (TD) and rolling direction (RD) respectively. All results were collected from the 

transverse direction (TD) – rolling direction (RD) plane of the rolled sheet, as illustrated in Fig. 1, i.e. 

in the region with the highest applied tensile stress. The same geometry is to be used throughout the 

entire work. 

 

Fig. 1. RD is parallel to the X sample direction, while TD), along which cracks propagate on the top surface, is parallel 

to the Y sample direction. The Z sample direction goes through the sample thickness [13]. 

Fig. 2 shows the average crack density as a function of CW level at the fixed value of applied stress of 

60 MPa. From the data it can be seen that the number of cracks increases markedly with CW with a 

peak at 0.5% it then decreases steadily with additional CW. However, interestingly, there are no cracks 

observed for samples that have been exposed to ≥20% CW[13]. This shows that CW has a significant 

effect on cracking at low to medium amounts of CW clearly increases crack concentration (no. of cracks 

per surface area), whilst from the 20% and above it appears, in these experiments, to completely 

suppress the process, at least within the time of analysis of 500 h. This does not agree with the majority 

of the literature that has proposed a direct correlation between increase in CW level and increased crack 

density [5,11,14,15]. The effect of applied tensile stress is shown in Fig. 3 where the amount of CW 

was kept constant at 10% CW.  Fig. 3 was plotted with the same y-axis scale so that Fig. 2 and Fig. 3 

are directly comparable. In comparison with CW, the effect of applied tensile stress appears to show 

very little effect on crack density. This means that even for quite low applied tensile stress values, SCC 

can be observed in the presence of CW, this is in agreement with some previous work [5,16]. However, 

it does not explain the difference between the effect of CW and applied tensile stress. This might arise 

due to the applied tensile stress producing a more homogeneous stress state across the sample, while 

the CW  produces plastic deformations and local residual stresses, which will not necessarily be 
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homogeneous, and in the case of the early stages of plasticity are likely to be concentrated on particular 

grains (as emerge from this study those aligned along the <111>) and thus in specific regions [17–19]. 

 

Fig. 2. Plot of crack density against CW. Number of cracks has been normalised by the surface area of the samples and 

shown with error bars of standard deviation. Crack density is a maximum at 0.5% CW and highest in the range 0.5 to 

5%. No cracks were observed at more than 20% CW [13]. 

However, as CW increases, the plasticity is likely to become more homogenous reducing the magnitude 

of stress variations from grain to grain.  These plasticity concentrations followed by saturation, have 

not been previously investigated in 304L ASS but they have been observed in copper, using high 

resolution EBSD (HR-EBSD) [17–21], and in that case resulted in local stresses from 100 MPa to as 

high as 500 MPa, prior to saturation [18]. The heterogeneous stress state is due to the plastic deformation 

process that materials with low stacking fault energy, such as ASS [22], undergo. As plastic deformation 

is introduced into ASS, the planar dislocation structure evolves into stacking faults [23–26]. As more 

deformation is induced, the stacking faults form a cell structure. Cell walls differ from grain boundaries 

as they exhibit lower misorientation and a different morphology [27]. At low strain, these cell structures 

are rather heterogeneous, but as further deformation is introduced into the material, a much more 

uniform distribution of dislocations is observed[23–26]. It has also been reported that in low stacking 

fault energy materials, the deformation process/formation of cell structure, is accompanied by the 

formation of deformation induced martensite, first as ε martensite and then as α martensite [23,24]. 
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Fig. 3. Crack density was measured with respect to applied tensile stress and shown with standard deviation error bars. 

No significant change in the crack density is observed with increasing applied stress. The CW level for all the applied 

stresses was 10% [13]. 

In summary it is suggested that it is the heterogeneous stress state, created by low levels of plastic strain, 

not the applied stress, which is critical to the increase in the crack density observed. 

 

   4.3 bcc phases  

 

One of the features studied with EBSD was the presence of bcc phases. It is hard to distinguish between 

the different bcc phases, such as δ ferrite, α ferrite and α’ martensite phase [13,28]. A combination of 

techniques can be used to try and distinguish between the several bcc phases, mostly EBSD or X-ray 

diffraction (XRD) [28–31]. Some recent improvements in the characterisation techniques have made 

the identification of bcc phase easier [31], usually exploiting the difference in misorientation between 

martensite and other ferritic phases [28,30]. Man et al. have used a combination of techniques, from 

simple etching, to XRD, EBSD and the Kernel average misorientation method [30]. Despite the effort, 

effective differentiation of the martensite and ferritic  phases was only achieved for CW <5%; above 

10% only fcc and bcc phases could be distinguished [30]. The manufacturing history and chemical 
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composition of the samples normally produces a very small percentage of δ ferrite [32,33]. Whilst it is 

difficult to assess which bcc phase is present in the 0% CW samples, it can be assumed that any increases 

in bcc phase, that are measured in samples with higher CW levels, cannot be α or δ ferrite and will most 

likely be due to increases in stress induced α’ martensite[23,24,33].It is noted that it has been suggested 

in the literature that large volumes of martensite may cathodically protect the austenitic phase [23] 

inhibiting SCC.  

 

 

 

Fig. 4 shows phase maps of four different CW levels, with the austenite phase shown in green, while 

the bcc phase is shown in red. Fig. 4a) and Fig. 4b) show examples of cracked areas of 0.5% and 5% 

CW samples respectively. Fig. 4c) shows an example of a 10% CW sample, while Fig. 4d) is a 30% 

CW sample. In the 5% CW sample, shown in Fig. 4b), some of the bcc grains seem to be aligned along 

the rolling direction, which suggests they are δ ferrite grains due to the manufacturing process (hot 

Fig. 4. Maps obtained with EBSD, with red as bcc phase (including α’ martensite) and green as austenite. (a) shows a 
crack running through an area investigated in a 0.5% CW sample. (b) shows a thin bifurcating crack (indicated by 
arrows) running through the investigated area in a 5% CW sample. The black arrows indicate bcc grains aligned along 
RD. (c) shows a 10% CW sample with small cracks running through the middle exhibiting bcc grains running along 
the TD direction. (d) shows a 40% CW sample map exhibiting a large number of bcc grains, which are mostly aligned 
along TD [13]. 
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RD 

(b) 

(c) (d) 
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rolling). This is further confirmed by Fig. 4c) and Fig. 4d). In particular, Fig. 4d), the 40% CW sample, 

exhibits a large fraction of bcc grains, the majority of which are not aligned along the rolling direction. 

Samples subjected to 40% CW didn’t exhibit cracking, and therefore the formation of bcc grains, cannot 

be linked with crack growth. These observations suggest that α’ martensite was produced by the cold 

working process, rather than as a result of crack growth or manufacturing history. Fig. 4a) and Fig. 4b) 

and Fig. 4c) also exhibit a large number of bcc grains that are not aligned along the rolling direction. 

These grains, induced by the CW, make up the difference between the baseline measurements in 0% 

CW samples and higher level of CW. The bcc phase fraction present was measured over the whole CW 

range of 0 to 40% CW. It is noted, that the remaining majority phase found was austenite (very little 

hcp ε martensite could be detected on any of the samples, typically <1%)[13].  MnS particles were not 

detected in the maps collected. Fig. 5 shows the results from bulk areas on the TD-RD plane, which 

have no cracks, compared to mapped regions that contained cracks. The bcc phase percentage measured 

on the crack-free areas was below 10%, for up to 20% CW, before increasing markedly at 40% CW. 

The bcc phase measured on the cracked areas was much higher, ranging from 10% at 0.5% CW to 33% 

at 10% CW[13]. It can be assumed that the large increases in bcc phase measured in highly CW samples, 

were due to formation of α’ martensite [32,33].  Furthermore, this would suggest that either the cracks 

preferentially propagate into areas containing α’ martensite[34,35], or that the crack initiates first and 

then a transformation to α’ due to the local increase in stress follows.  

 

Fig. 5. The percentage of bcc phase and austenite as measured over the whole CW range of 0% to 40%. Error bars 

show standard deviation. Note the standard deviation is often smaller than the data points shown [13]. 
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Fig. 6 shows the average number of grains intersected by cracks with respect to the CW level. The 

highest number of bcc grains crossed by cracks can be observed at 0.5% CW and 10% CW. It seems 

therefore that at low levels of CW, it is more favourable to propagate across hard bcc phases (harder 

than austenite). It is likely that at 0.5% CW the majority of the bcc grains will be formed of retained δ 

ferrite. With increasing CW, i.e. presumably increasing residual stress stored in the material, the role of 

bcc phases becomes less prominent. At 10% CW the increased association between cracks and bcc 

phases, it is probably due to the increased fraction of α martensite formed with higher plastic 

deformation of the material. 

The role of martensite in the Cl- induced SCC appears to be only marginal and not crucial in crack 

propagation. If martensite were playing a key role in Cl-induced SCC of ASS, the crack density might 

be expected to continue to increase for high levels of CW where the highest martensite content was 

observed. This is clearly not observed (see Fig. 2).  

 

Fig. 6. The number of bcc grains intersected by an individual crack against CW, as measured using SEM is reported 

with standard deviation. 
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   4.4 Effect of grain size 

 

Fig. 7 shows that the average grain size decreases with increasing percentage of CW. There was some 

scatter at the lower range of the CW, namely between 0 and 5% CW. Between 0 and 5% CW the 

measured average of grain size was in the range of 9.3 to 14.9 µm. However, the standard error of these 

data was only ± 1 µm. From 5% to 40% CW the average grain size decreases to 6.1 µm. From the 

hardness tests carried out, before and after stress relief, average HV values have been obtained. The 

mean Vickers hardness number (HV) decreases by 113 HV with an average pre-stress relief value of 

285.7 HV (standard deviation of 6.08 HV) and 172.7 HV (standard deviation of 2.65 HV) post-stress 

relief. This shows that the heat-treatment has removed the internal stress and is unlikely to have induced 

any hard intermetallic phases [32].  The difference observed in hardness, and thus in yield stress, 

indicates that the material is not in an annealed state when-supplied, but contains residual stress from 

the manufacturing process. However, such a marked decrease in hardness is probably due to the 

combination of relief of residual stress and polygonization of the grains, also known as recovery of the 

material. 

 

Fig. 7. Average grain size versus CW showing decrease in grain size with increasing CW. The typical standard deviation 

is within ± 1µm. 
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    4.5 Crack path analysis 

 

Fig. 8 shows the number of times a crack changes trajectory, as measured from optical micrographs. 

The number of crack deviations was established for each crack observed and normalised by the crack 

length. An increase in number of deviations from the main path with CW was observed, but only for 

low levels of CW below 5%, followed by a plateau after 5% CW. The number of changes in trajectory 

of the cracks is linked to the energy associated with the crack propagation process. Cracks paths are 

conditioned by the lowest energy path available. A deviation from the original trajectory usually 

corresponds to the presence of either an obstacle or conversely a more energetically favourable path. 

Fig. 9 shows the average number of changes in direction from the main path, per CW level at higher 

magnification, as observed using a field emission gun SEM. Note that Fig. 8 has a larger length scale 

than the data presented in Fig. 9 (mm and µm respectively). Fig. 8 and Fig. 9 show that even at different 

magnifications, the cracks exhibit a similar behaviour, although standard deviations in Fig. 9 overlap 

more, making it more difficult to see a conclusive trend. At the same time, as with increasing 

deformation dislocations becomes more homogeneous, at a microstructural level, it is less probable to 

encounter areas with soft and hard grains next to each other [18–20], areas that are typically prone to 

SCC.  When cold work is introduced in the material, on a macroscopic level, the plastic strain is 

uniform. At a microscopic level however, certain grains end up accommodating most of the 

deformation, in form of dislocations, whereas some other grains have almost none at all. Soft and hard 

grains are defined here as grains that are favourable (soft) and unfavourable (hard), for slip under the 

applied global stress, which in this case was applied during the pre-straining process.   This is a perfect 

situation for cracks to propagate. Work carried out by Jiang et al. and with HR-EBSD and by Sweeney 

et al. with finite elements crystal plasticity shows this inhomogeneity within the local distribution of 

dislocation density [17,18]. 
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Fig. 8. Number of cracks deviations along their paths, as recorded for all samples and CW levels between 0.5% and 

10% CW, normalised by crack length and shown with standard deviation error bars.  Measurements were taken from 

optical micrographs [13]. 

Fig. 9 shows that the values for the 2% CW data are slightly lower than 1, 5 and 10% CW values, but 

still in line with the errors observed. The increase in crack path deviations could be linked to the more 

homogeneous stress distribution (at high CW levels), or to the effect of martensitic cathodic protection 

at high CW percentage. The dominant effect of martensite seems to depend on the concentration: at low 

percentage, martensite presents its role as a hard phase and therefore a path for crack propagation 

dominates; as more stress induced martensite is created [24], the cathodic protection of the austenitic 

phase dominates.  

Overall, this means that as the CW level is increased, a more uniform deformation level is introduced 

within the structure. As a consequence, a crack may have to change its direction multiple times in order 

to find the ideal soft-hard grain situation (difference in plastic strain between the adjacent grains), 

decreasing the crack growth rate.. This possibly explains why cracks are more likely to deviate as CW 

increases, eventually plateauing when the deformation within the grains is more homogeneous. 
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Fig. 9.  Number of crack deviations along their path, normalised by crack length, measured for all samples and CW 

levels between 0.5% and 10% CW, shown with standard deviation error bars. Measurements were taken from FEG-

SEM images [13]. 

 

    4.6 Role of special grain boundaries 

 

Coincident site lattice (CSL) boundaries, in particularly Σ3 boundaries, are well known for their 

corrosion resistance, especially for IGSCC [36–39]. Σ3 grain boundaries are generated upon 

deformation, such as uniaxial straining. Their beneficial presence can be maximised through grain 

boundary engineering, by following a well-defined thermomechanical route [40]. It has been reported 

that CSL boundaries can inhibit crack nucleation [37] and crack propagation through crack bridging 

[41,42], especially for IGSCC. It is possible that CSL could play a role in obstructing the SCC process 

for TG cracks too [15,43]. Aside from impeding crack nucleation, as a crack is crossing a grain 

boundary, a more corrosion resistant grain boundary, such as Σ3, may require more energy to be crossed, 

and therefore retard crack propagation. In this work it was observed that crack density diminishes with 

increasing CW. The role of CSL boundaries was investigated in relationship to CW and compared to 

crack density. If the decrease in crack density is linked to Σ3 boundaries, their number should rise with 

increasing CW. Fig. 10 shows the distribution of Σ3 boundaries with respect to CW level. A bi-modal 

behaviour emerges whereby the normalised number of Σ3 boundaries was higher for low levels of CW 
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decreasing to a constant value, within error, for 10% CW or greater. The decrease in number of Σ3 

boundaries with increasing CW indicated that these special boundaries, at least within the conditions of 

this experimental work, do not improve the resistance to SCC of 304L. Fig. 10 shows that CSL are 

either not relevant, or that CW plays a more prominent role. This is also related to the non-threshold 

idea previously discussed. A crack may be idle for a long time, but a slow build-up of Cl- or diffusion 

within the alloy, may make a grain boundary susceptible to corrosion, so that the SCC process can 

continue. 

 

Fig. 10. The length of Σ3 boundaries was measured by analysing EBSD maps. Their length was normalised by the total 

grain boundary length and compared for each CW level, shown with standard deviation error bars [13]. 

 

      4.7 Role of texture and alignment of grains to crack paths 

 

Fig. 11 shows an example of the evolution of the texture strength, i.e. preferential orientation, using 

pole figure analysis. Fig. 11a) shows the texture strength of 0.5% CW sample, whilst Fig. 11b) shows 

the texture strength of a 40% CW sample. The comparison shows a higher degree of preferred 

orientation in the more heavily CW sample. More detailed analysis using EBSD, of the orientations of 

all the grains intersected by a crack, or adjacent to a crack, have been recorded for both primary cracks 
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and branches of cracks, and compared to the orientation observed in bulk (uncracked) areas. Fig. 12 

shows the three main crystal directions parallel to the TD sample direction. TD was chosen as sample 

direction, because this was parallel to the surface crack growth direction, due to the applied stress (see 

Fig. 1). Fig.12 shows a slight increase in preferred direction with CW in bulk (uncracked) areas, as 

would be expected due to the texture increase from increasing uniaxial strain. However, for cracked 

areas, whilst a large scatter was observed, a trend is visible. For well-established cracks, Fig. 13 shows 

that at the higher end of the CW range there is a clear difference between the favoured directions.  The 

<111> direction shows a clear separation from the <110> and <100>, with both showing a similar 

likelihood of occurring. As CW decreases this preference for <111> diminishes. The <100> on the 

contrary decreases with increasing CW while <110> remains more or less constant as the least probable 

direction. 

 

Fig. 11. Pole figures show the texture strength of different levels of applied CW. (a) shows the texture strength of a 

0.5% CW sample, while (b) shows the texture strength of a 40% CW sample.  Red colour indicates very common 

orientation while dark blue indicates lack of orientation [13]. 

Crack branching was also a commonly observed feature and different morphologies of branching have 

been observed. Some were characterised by branches with alternating patterns while keeping an overall 

straight propagation direction (zig-zagged pattern), whilst some branches were very straight, depending 

on the stage of the crack propagation, i.e. early onset or more mature branching. The alternating zig-

zag pattern branches and straight branches have been associated with a specific form of crack 

propagation, characterised by deformation bands and oxide layers, also called oxide fingers, as initially 

proposed by Lozano-Perez et al. [4,44,45]. They were therefore extensively recorded and analysed in 

this work.  
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Fig. 12. EBSD texture measurements made on bulk material on the TD-RD plane for increasing levels of CW.  Error 

bars show standard deviation [13]. 

 

Fig. 13. EBSD texture measurements made on regions containing cracks, from the TD-RD top surface plane, for 

increasing levels of CW. Error bars show standard deviation. The crystal directions parallel to the crack are shown for 

well-established (primary) cracks [13]. 
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Fig.14 a) shows an example of these branching cracks. Fig. 14b) shows an inverse pole figure (IPF) 

map of the area analysed. Fig.14b) presents an IPF map of the preferred crack growth directions parallel 

to the sample TD direction, obtained by indexing individual grains around the crack branches. It was 

found that straight branches have a slightly higher preference to grow along <111>, unlike zig-zag 

patterned branching cracks, and also slightly more than well-established cracks. Fig. 13 shows that at 

least 40% of total grains intersected by, and/or neighbouring a crack, are aligned along the <111> as 

similarly seen by Lozano-Perez et al. [45]. For the straight branching crack analysed in Fig. 15, the 

percentage of <111> increases with CW to over 60% at 10% CW, with a mean value slightly higher 

than in Fig.13, although with a larger standard deviation. The pattern for the <110> direction was less 

clear but <100> decreases with increasing CW to a mean value of only 8%. This suggests that Cl-

induced SCC of 304L ASS may be related to CW through the <111> slip direction, which becomes 

more prominent with increasing amount of CW, but further work is required to fully validate this. 

The misorientation of branching cracks has been studied with respect to the grain they are propagating 

through. Fig. 16 shows a SE image of an established crack running through a grain, accompanied by a 

large number of branching cracks propagating off its flanks. A misorientation analysis run using EBSD 

data collection, was performed for all levels all CW exhibiting cracking, i.e. 0.5% CW to 10 % CW. It 

seems that branching cracks mostly propagate within small misorientation angles relative to the grain 

they propagate in. Throughout the whole CW range the misorientation angle is kept between ~ 2° to 5°, 

with the highest misorientation found at 10% CW, i.e. the highest CW level to exhibit cracking, as in 

Fig. 17. As deformation is introduced within the samples, areas within the same grain will exhibit some 

degree of misorientation until new sub-grains can be formed and eventually entirely new grains with 

new grain boundaries. Low misorientation angle grain boundaries are generally more energetically 

favourable than high misorientation grain boundaries to crack propagation. On the contrary, some high 

misorientation angle, such as Σ3 CSL boundary, are less energetically favourable to crack propagation. 

The evidence therefore suggests that branching cracks grow preferentially along <111> and along low 

misorientation angles. 
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Fig. 14. a) Secondary electron image of a 0.5% CW sample, showing straight branching crack morphology. (b)  Inverse 

pole figure map of crystal directions parallel to the TD sample direction for individual grains around the crack 

branches [13]. 

 

Fig. 15. EBSD texture measurements made on regions containing cracks, from the TD-RD top surface plane, for increasing 

levels of CW. Error bars show standard deviation. The crystal directions parallel to the crack are shown for branching 

cracks [13]. <111> is the most favourable direction by an higher margin compared to well established cracks. 
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Fig. 16. a) SEI of a 5% CW sample exhibiting several straight cracks branching off a main crack. b) a misorientation 

map of the area shown in a) is presented, where blue means no misorientation and green/red high misorientation. 

 

 

Fig. 17.  The misorientation within the grain of branching cracks has been measured. Very low misorientation angles 

have been recorded. 
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    4.8 Summary 

 

The study of the effect of CW on SCC in 304L, induced by uniaxial tension and tested with magnesium 

chloride, in atmospheric conditions, under applied tensile stress, has led to the following conclusions: 

1. SCC was most aggressive in the range of 0.5% - 5% CW with a strong decrease in crack 

density measured for 10% CW. 

 

2. A total absence of cracking was observed for all samples with 20% CW or more. This was 

observed along with an increasing fraction of bcc phase, considered to be α’ martensite, at 10% 

CW and greater. 

 

3. Cracks propagates more often across bcc grains at 0.5% CW and at 10% CW, suggesting that 

harder phases are particularly important at low levels of CW. The increase at 10% CW is 

justified by the much higher presence of bcc phase at that CW level. 

 

4. The Σ3 CSL boundaries were measured and normalised by the total grain boundary length; their 

fraction does not increase steadily with CW, which indicates it is not a primary cause for the 

lack of cracking at more than 10% CW. However, the results show a decrease in Σ3 boundary 

fraction at 10% CW, suggesting a subtle bi-modal behaviour.  

 

5. An increase in applied stress does not change the SCC behaviour, as the crack density does not 

exhibit a notable trend with applied stresses ranging from 60-180 MPa and does not increase 

even at high levels of applied tensile stress for a fixed level of CW of 10%. 

 

6. The crack morphologies measured showed a preferred alignment to the <111> // TD. Crack 

branches propagate preferentially along <111> and low misorientation angles. 
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5 The role of Cl: crack tip chemistry studies 

 

   5.1 Introduction 

 

In this chapter the role of chemical species, especially Cl, acting at SCC tips, are studied to try to 

provide insight into their role in Cl-SCC. Cl is an aggressive species that promotes SCC in 304L 

austenitic stainless steel (ASS), making it vulnerable to any solution containing Cl ions. Cl in low C 

grades, such as 304L, tends to promote transgranular SCC (TGSCC), although some intergranular 

SCC (IGSCC) can also be observed [1–4]. In 304L ASS, once a pit has formed, Cl ions play a crucial 

role in enabling a lower local pH, leading to crack initiation and propagation [5–9]. The local pit 

environment, together with tensile stress, leads to the local breakdown of the passive film, allowing 

crack propagation, as discussed by Marcus et al. [10].  

 

Advances in characterisation technologies have improved our understanding of SCC mechanisms. 

New techniques have allowed studies to be carried out at the nanometre scale. A number of chemical 

species, whose role in SCC could only have been postulated until not so long ago, such as B or Cl, 

was recently confirmed through the use of improved technologies. In autoclave testing for SCC B was 

found incorporated in the Cr rich oxide layer ahead of the crack tip and, although it is not confirmed, 

it seems that it is related to crack propagation [11]. Techniques such as transmission electron 

microscopy (TEM), secondary ion mass spectroscopy (SIMS), improved energy dispersive X-ray 

spectroscopy (EDX), atom probe tomography (APT), atomic force microscopy (AFM), and other 

advanced techniques, have been used to understand the role of the various factors that affect SCC 

[4,11–20]. As a result, new unexpected features have been observed. For example, Lozano-Perez et 

al. observed the presence of B ahead of SCC crack tips using Nano-SIMS [11]. However, it is worth 

noting that the exact location of a crack tip observed from TEM/SEM images may be down to 

interpretation, as SCC tips are extremely sharp (1-100 nm). The constant improvement in resolution 

of all aforementioned techniques has aided the assessment of crack tip location, but there are still 

problems to be addressed [11,16–18]. For example, the EDX signal from elements collected ahead of 

the crack tip, are dependent upon the size of the electron interaction volume [12,21–24]. There are a 

series of potential errors that need to be evaluated when carrying out such elemental crack tip 

analysis. For example, mixing of species due to sample micro-machining by FIB, or due to irradiation 

implantation, or detection of signals from a portion of material behind the crack, not visible due to a 

crack deviation just below the surface [25–27]. It is good practice to take into account these technique 

limitations and possible artefacts, and to cross-examine a sample with more than one technique when 
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possible. In this work, several techniques have been used to study the presence of Cl and O at crack 

tips.  

 

    5.2 SRIM and Casino 3.2 simulations 

 

In order to validate the chemical information collected using FIB-SIMS and TEM, two simulation 

methods were employed. Stopping and Range of Ions in Matter (SRIM) software was used to simulate 

the interaction of the primary FIB ion source with the sample and ensure that lateral and longitudinal 

mixing of species was minimal and that it was a negligible source of error [28].  Casino 3.2 software 

was used to simulate the volume where the signal is detected from when using EDX in a TEM. 

Casino 3.2 can replicate the interaction volume of the electron beam within the sample so that the 

exact origin of the signal can be accurately estimated. 

The SRIM calculation was used to simulate the primary 69Ga+ irradiation of the material, with an 

accelerating voltage of 30 kV. Complementary simulations were performed using Casino 3.2 

software, to mimic the electron interaction volume for the EDX technique used in the TEM chamber. 

The conditions used in both simulations are described in Section 3.5.3.5 (Simulations: SRIM and 

Casino 3.2). According to the SRIM simulation, in the conditions used for the FIB micromachining 

the depth of penetration and lateral mixing was limited to the uppermost layer. Fig. 1a) shows that the 

peak damage depth is found at 11 nm (straggle of 5.2 nm), and Fig. 1b) shows that the mean lateral 

mixing was limited to 3.4 nm (with a straggle of 4.4 nm).  

 

Fig. 1. The penetration depth and lateral mixing of Ga+ ions at 30 keV in 304L ASS as simulated using SRIM 

software. a) The maximum penetration depth was found at 10.7 nm; b) the lateral mixing at the maximum 

penetration depth is 3.4 nm, as shown by the black vertical line. 
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Table 1 shows the simulated distribution of the electron beam spread within the sample. The diameter 

of the interaction volume within the TEM foil was recorded as a function of the sample depth. The 

maximum diameter of the electron beam at the back face of the TEM foil (100 nm thickness) was 6 

nm. This allows for a better understanding of the geometry of the interaction volume of a 200 eV 

electron beam in 304L ASS.  In particular, it provides confidence as to where the chemical signals 

originate from within the samples. 

Table 1. The width of the e- interaction volume, as a function of depth from the surface of the TEM foil, as calculated 

by Casino.  An energy of 200 keV was used together with 100 nm sample thickness. 

Depth from sample 

surface in the z 

direction (nm)  

Width of e- 

distributions in the   

x-y plane (nm) 

0.1 0.2 

50 1.4 

100 6 

 

 

These results provide further confidence that the micro-machining and chemical analyses performed 

in the current work provided accurate results with minimal artefacts contributions. 

 

     5.3 FIB-SIMS: micromachining and elemental analysis 

 

The aim of the FIB-SIMS characterisation performed here was to establish relationships between the 

elemental composition around and within a crack and link it to the propagation and growth of the 

crack. Before data collection of the elemental maps, mass spectroscopy was carried out over a wide 

area, in order to identify the exact mass to charge ratio of the different elements. This method enables 

the calibration of the atomic mass unit (amu) of the element subject to the investigation. Fig 2 is an 

example of a mass spectroscopy carried out on a surface that showed evidence of pitting. The data 

shown in Fig. 2 were collected over an adjacent area to the one shown in Fig. 3a) and Fig. 3d).  

Fig. 2 shows the negative ion spectrum collected over the pitted area. O and Cl are the main elements 

of interest, but carbonaceous compounds are also present. Carbon and hydrocarbons are very volatile 
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and it is very difficult to get rid of them even if high vacuum is achieved [28]. S is also present, 

consistent with what one may expect in the presence of a pit [29,30]. 

 

 

Fig. 2. Mass spectrum collected over a sample exhibiting pits. The spectrum shown here has been collected over an 

area adjacent to the pitted surfaces shown in Fig. 3a) and Fig. 3c). 

 

 Fig. 3a) and 3c) show two secondary electron (SE) images of pitted areas analysed using SIMS 

elemental mapping. Fig. 3b) exhibits a Cl- elemental map, while Fig. 3d) shows a S elemental map. 

As expected, both Cl and S are concentrated at the pits. S was only observed in pitted areas, whereas 

Cl was found in all cracked samples. Subsequent elemental maps concentrated on the distribution of 

both O and Cl, as S could not be observed outside the pitted areas. 
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Fig. 3. a) SE image of the pitted area on a polished sample. b) Cl elemental map of Fig. 3a) collected using FIB-SIMS; 

c) SE image of a pitted area adjacent to Fig. 3a); d) S elemental map of Fig. 3c) collected using FIB-SIMS. 

Fig. 4 shows the distribution of Cl and O at two different depths in a cracked area. SE images (Fig. 4 

a) and Fig. 4d)) show areas of darker contrast associated with the cracked area. This was a commonly 

observed feature in cracked areas and could be associated to elemental inhomogeneity, as will be later 

discussed in Chapter 6. Fig. 4b) and Fig. 4e) show Cl elemental maps, where the Cl- is concentrated 

in and around the cracks. The O elemental maps in Fig 4c) and Fig. 4f) show how O appears more 

widely distributed and less concentrated over a specific feature, compared to Cl.  

 

a) 

c) 

b) 

d) 

Cl- 

S- 
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Fig. 4.a) Shows a SE image of a milled ramp; b) shows a Cl- elemental map; c) shows an O- elemental map. The 
second row shows a further milling on the same ramp that was then analysed with the same procedure as a- c. d) SE 
image of the milled ramp; e) Cl- elemental map collected over the ramp; f) O- elemental map obtained with FIB-
SIMS.  

Another example of elemental maps collected using SIMS, is shown in Fig. 5. Three ramps were 

milled one after the other and Cl and O maps were collected. Fig. 5a), Fig. 5d), and Fig. 5g) are SE 

images of the ramp prior to elemental analysis. Fig. 5b), Fig. 5e), and Fig. 5h) exhibit Cl- maps 

showing a high concentration of Cl- at the cracks, as indicated by the arrows. The O maps in Fig. 5c), 

Fig. 5f), and Fig 5i), show how O is more widely distributed over the ramp, although with higher 

concentrations at the cracks (although Fig. 5f) shows a lower concentration than the other maps).  

All the elemental maps collected consistently show that Cl is highly concentrated at the crack, while 

O is more uniformly distributed over all regions analysed. This is again visible in Fig. 6. Additionally, 

in Fig. 6e), Cl is observed ahead of the visible crack tip, as highlighted by the white dashed box.  O on 

the other hand, shows an homogeneous distribution of the element across the map, with no significant 

increase in the region of the dashed box suggesting O is not present in large quantities ahead of, or at 

the crack tip.  A similar result was reported by Spencer et al. [31], as can be observed in Fig. 7, 

reproduced from [31]. The Cl- map in Fig. 7b) shows a distinct feature, resembling a branch of the 

main crack, which is not visible in the SE image shown in Fig. 7a). Something similar can be 

observed in Fig 7e), where Cl is visible in areas not containing cracks or other features. However, in 

this case the features not visible in the SE image, are visible in the O map as well as the Cl map, as 

a) 

d) 

b) c) 

e) f) 
O- 

Cl- O- 

Cl- 
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shown in Fig. 7f). This suggests that the crack was simply right below the ramp’s surface, and the 

gentle sputtering of the elemental analysis exposed those previously covered features. 

 

 

Fig. 5. Three ramps subsequently milled onto the same sample. a) SE image of the first milled ramp with b) Cl- 

elemental map and c) O- elemental map; d-f) and g-i) show SE image, Cl– ma and O– map for the second and third 

ramp respectively. The arrows in the central images indicate narrow features, possibly cracks, which are rich in Cl-. 

. 

Cl- O- 

Cl- 

Cl- 

O- 

O- 
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Fig. 7. a) SE Image of the ramp analysed. The arrows indicate two cracks, one IG and one TG. b) Cl elemental map. 
The arrow indicates Cl detected ahead of the visible crack. c) O elemental map. d)  SE Image of a ramp. e) Cl 
elemental map. Areas indicated by arrow show Cl concentrated over cracks not visible in d). f) O elemental map 

 

Fig. 6. a) Shows a SE image of a milled ramp; b) shows a Cl- elemental map; c) shows an O- elemental map. The 

second row shows a different sample on which the same procedure as a- c was adopted. Dashed box highlights Cl 

ahead of the crack tip. 
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The SIMS analysis suggests that Cl-
 may be present ahead of the crack tip. O, on the other hand, 

although more concentrated on oxides, appear more homogeneously distributed over the areas 

analysed. This suggests that Cl- is the more dominant factor in the propagation of SCC. Observing Cl- 

ahead of the crack tip emphasises the importance of the role of Cl-. The results are consistent across 

all elemental maps collected, which increases confidence in the results themselves. The simulations 

run using SRIM indicate that the lateral and in-depth mixing ranges are small relative to the size of 

the cracks, suggesting the results are not due to technique artefacts. It is important to notice that all the 

samples exhibiting Cl- ahead of the crack tip are 0.5% CW samples. This suggests that there may be a 

mechanism by which very low levels of deformation can favour chemical attack, possibly because of 

the heterogeneity of deformation within the alloy at low level of CW. In the next section, three 0.5% 

CW samples were investigated using TEM to further study the phenomenon further. 

 

   5.4 TEM and Slice&View 

 

An elemental analysis analogous to the SIMS one was carried out with TEM. Three TEM samples 

were prepared using a DualBeam FIB machining technique. TEM was used for both imaging and 

elemental analysis. Prior to TEM sample preparation, EDX was used to perform spot analysis and 

obtain spectra around cracks and on cracks flanks. The spectra showed evidence of the presence of Cl 

concentrated in the cracks and on cracks flanks in all three samples, while O was found on the crack 

flanks as well as on the milled surface. Fig. 8a) shows the TEM sample 1 as observed after the dual-

beam milling. Fig. 8b) and Fig. 8c)  shows the location of the spectra collected on the TEM sample. 

They all shown evidence of Cl in the crack. EDX was used to collect elemental spectra and maps. Fig. 

9a) and Fig. 9b) show two example of spectra, no. 27 and no. 28, which exhibit evidence of Cl within 

the crack. Elemental maps of this crack are presented in Fig. 10. Cl was found inside the crack as well 

as O, this time on a similar level, although O is also present outside the crack.. Of the alloy elements 

collected, the one most abundant in the crack was Cr, whereas Fe and Ni are mostly absent from the 

crack, showing that the chromia is the main oxide product in the crack, suggesting a spinel structure 

[13]. 
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Fig. 8. a) SE Image of the first of the three TEM samples created. b) and c) STEM-HAAD image of one of the two 

cracks shown in a). The area where some of the EDX point analyses were performed is shown. 

 

 

Fig. 9. a) EDX elemental spectrum no. 27 showing evidence of Cl in the crack; b) EDX elemental spectrum no. 28 
showing evidence of Cl within the crack.  

a) c) b) 

Spectra Spectrum 
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Fig. 10. Elemental maps were collected using EDX. The area shown is the part of Fig. 8b). 

 

Fig. 11. SE image of the second TEM sample. Elemental maps were collected using EDX. The several elements 

analysed show variations around and inside the crack. Fe is absent from the crack, with Cr being more present (along 

with more faint Ni variations). O and Cl were found on the crack flanks and in the crack. 
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Fig. 11 shows elemental maps obtained from a second TEM foil. This time Cl and O maps are rather 

noisy, whereas the Fe, Cr and Ni maps show a similar picture to those shown in Fig. 10. A third TEM 

foil was then prepared and EDX analysis in TEM was carried out again. The elements that constitute 

the steel were found following the same trend of the previous foils, as shown in Fig. 12. However, in 

this foil, where a crack tip was carefully selected, the TEM sample showed evidence of Cl ahead of 

the visible crack tip, which is this time shown on its own in Fig.13 for ease of identification. For this 

reason this foil underwent in depth investigation. Fig. 13a) shows a close up of the area ahead of the 

visible crack tip while Fig. 13b) of the Cl elemental map obtained from this region. Fig. 13c) and Fig. 

13d) are SE images of the crack taken with two different microscopes. The two images are divided 

into segments for ease of identifying the crack tip  

Fig 14 shows two images collected in the TEM, a bright and a dark field image of the TEM foil 

shown in Fig. 12 and Fig. 13. In both images, two cracks are visible, one that runs through the entire 

sample from top to bottom of the image, and one that runs almost half way through the sample from 

the left hand side of the image. The excellent contrast of the images, seems to confirm that the visible 

crack tip is indeed the crack tip and the crack morphology doesn’t change. In order to confirm this a 

slice-and-view with DualBeam was used. 

The slice-and-view analysis was carried out in order to confirm the crack morphology in 3D by 

continuously milling and imaging the sample. Fig. 15a) shows the TEM foil sample prior to the 

destructive examination in the dual-beam. Fig. 15b) to Fig. 15e) show the images recorded at intervals 

during the milling process. This allowed direct observation of the evolution of the crack tip position as 

the foil thickness was milled down slice by slice from an initial thickness of ~100 to ~30 nm whilst it 

was viewed live. The crack morphology appears consistent during the whole thinning of the foil. The 

milling was brought to a halt when the sample did not seem able to withstand any further thinning. 

Fig. 15e) shows a SE image taken after the milling was stopped, in order to prevent the sample from 

falling off, while Fig. 15f) shows a SE close-up image of the crack. 

The slice-and-view analysis strengthens the hypothesis that no contributions from a crack that 

branched underneath the surface were present. Fig. 16 shows a magnification of the crack tip area. In 

order to confirm, beyond the visual evidence, that the crack did not evolve, the distance between the 

crack tip of interest and the neighbouring crack was measured for each image recorded and the results 

are reported in Table 2. The crack in fact does not seem to exhibit any noticeable change in shape or 

width. The average distance measured between crack tip and crack flank of the second crack was 454 

nm, with minimal variation between images. By comparison, the distance between the area containing 

Cl and the neighbouring crack flank was 140 nm (Fig. 13 b). Thus, there is a 300 nm region ahead of 

the smaller crack tip containing Cl.  
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Fig. 12. SE image of the third TEM sample. Elemental maps were collected using EDX. The elements analysed show 

variations around and inside the crack. Fe and Ni are again absent from the crack, with Cr being more present. 

Given that the Casino predictions show a maximum lateral spread of mixing of 6 nm at the back-face 

of the foil, there is significant confidence the Cl is not from the crack flank of the neighbouring crack.   

This, combined with the fact that the Cl signal shown in Fig. 13b), did not come from extensions of 

the crack hidden underneath the surface because the crack morphology does not appear to change with 

depth, provides further evidence that Cl does reside some distance ahead of the crack tip. An 

alternative explanation is that the crack was open when a tensile stress was applied, and as the applied 

tensile stress was removed, the crack closed trapping the Cl. However, for this to be the case, oxide 

should also be found ahead of the crack tip, whereas this was not the case. Furthermore, SCC crack 

tips are rather sharp [4,12,31–33], whereas the area containing Cl ahead of the crack tip has a width of 

approximately 650 nm. 
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Fig. 13. a) Close up of the crack tip region of interest; b) Cl map collected using EDX on the same surface; c) SE 

image of the crack in a) broken down in segments to identify the crack tip; d) SE image of the crack tip also broken 

down in segments for ease of comparison with c). The black line connects the flank of the crack and a dip in the crack 

tip, in both c) and d), highlighting the fact that they are the same crack. 

 

a) b) 

c) 

d) c) 

140 nm 
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Fig.14. a) Bright field image of TEM foil no. 3; b) Dark field image of TEM sample no. 3. The crack shown in Fig. 12 

and Fig. 13 is highlighted by the white box. 

 
Fig. 15. a) Shows the SE image of the third TEM foil; (b) SE image of the first milling; c) SE image of the second 

milling; d) SE image of the third milling; e) SE image of the final milling as visible from the back side of the sample. 

Sample thickness was reduced from around 100 nm to circa 30 nm; it is important to notice that rather than milling 

slices of finite thickness, the milling was live, so that any change in crack path would not be missed. f) SE image the 

crack tip shown in Fig. 13. 

This is novel information, as Cl- is bulky and shouldn’t be able to diffuse through the passive film 

[34–36]. Cl- ions are relatively large, with an ionic radius of 1.72 Å [37]. However, Cl- could diffuse 

into the bulk when the passive film is broken and thus precede the crack tip. The diffusion in bulk 

metals, such as steel or molybdenum, seems to be somewhat easier [38,39]. However, little work on 

this topic is present in the literature, and no consensus on the mechanism of Cl seems to have emerged 

yet. 

 

 

a) b) 

(a)                                          (b)                                          (c) 

(d)                                          (e)                                          (f) 

Crack tip 
Crack tip 
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It is also possible that what was observed is a phenomenon of crack healing [40,41]. Crack healing 

has mainly been observed in ceramics and it is under investigation in metals, where usually some 

expedient must be adopted to achieve it [41,42]. This is because cracks in metals are usually large 

(micrometre scale) and the rapid formation of an oxide prevents crack healing [9,43]. In an 

environment where cracks are three orders of magnitude smaller, and bare metal is constantly exposed 

due to the nature of the SCC process, crack healing may theoretically occur. Upon removal of the 

applied tensile stress, crack healing could take place and explain the presence of Cl and other species, 

like B, ahead of the SCC tips in ASS. 

 

Fig. 16. Magnified view of the crack tip in Fig.14 a-e).  Each image is a magnification of the snaps taken during the 

milling process. The white horizontal line is a measurement of the distance between the two cracks and is reported in 

Table 2. 
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Table 2. The average measurements made from images in Fig. 15. Cut 0 refers to the initial surface of the TEM 

sample, prior to milling. 

 

     5.5 Summary 

 

Using both SIMS analysis and TEM analysis Cl has been observed ahead of several SCC crack tips, 

in 304L ASS, cracked in atmospheric conditions. The results have been corroborated by the use of 

SRIM and Casino 3.2 softwares to determine the irradiation interaction volumes of Ga+ ions and 

electrons within the 304L steel. The 3D crack morphology evolution has been monitored using a 

DualBeam FIB slice-and-view techique. Continuous milling of the TEM foil sample that the crack has 

a consistent morphology throughout the foil thickness, thus confirming that the Cl signal was not from 

a hidden crack extansion underneath the surface. Measurement of the crack tip from the main crack of 

the sample have shown a consistent distance throughout the thickness of between 434 and 484 nm. 

The distance from the area containing Cl and the second main crack flank was recorded as 140 nm. 

All the evidence indicates that: 

 Cl was ahead of the crack tip in several samples analysed in both FIB and TEM; 

 The Cl measured originated exclusively from the area ahead of the crack tip in the TEM foil 

sample and not from artefacts due to the techniques used; 

 The Cl signal was not originated from hidden crack extension underneath the surface, but 

from an area free of cracks (300 nm long in the TEM sample), ahead of the crack tip. 
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6 Dealloying and chemical studies 
 

   6.1 Introduction 

 

In this chapter the possibility of a dealloying mechanism in Cl-SCC in austenitic stainless steel (ASS) 

is explored. A series of failure mechanisms have been proposed over the years, none of them conclusive. 

During the 1960s through to the early 1990s, the main debate has been between “film rupture-slip 

dissolution” and “dealloying-film induced cleavage” [1–6]. In dealloying-film induced cleavage, a 

surface dealloyed layer can generate a crack at high enough velocity to penetrate into the underlying 

substrate, even if the substrate is fcc metal, i.e. should deform plastically and not fail by brittle fracture. 

[4,7]. Dealloying has been disregarded for a long time and deemed not likely to be a relevant mechanism 

in ASS. Recently, some of the work carried out on dealloying has been reconsidered as new evidence 

of this failure mode in ASS [6,8–10]. Dealloying promotes a series of micro cleavage events that can 

be related to the film induced cleavage mechanism [1,7,11,12]. This failure mode has been more 

strongly associated to noble metal alloys and brass, but past and recent evidence show that their failure 

mechanisms may be very similar to that of ASS [6,7,9].  Improvement in the resolution of microscopy 

techniques and materials characterisation, has led to the observation of micro cleavage events associated 

with porous materials, dealloying around pits and cracks, and the migration of Ni and Cr around cracks, 

with Ni rich areas associated with Cr deprived areas [8,10]. A comparison of the effect of dealloying in 

noble metals alloys with ASS is often carried out as a further means to confirm experimental 

observations [1,5,8]. 

Without applied tensile stresses cracks can keep growing, as long as there is some residual tensile 

stresses stored in the material [13,14]. A more chemically driven process such as dealloying/film 

induced cleavage could explain how, even after the removal of an applied tensile stress, in controlled 

laboratory conditions, cracks continue to propagate [15], and pits continue to form.    

Dealloying usually has five telltale signs, or fingerprints: 

 nanoporosity, found on fracture surfaces; 

 severe striations, heavy dissolution along slip planes;  

 element migration specifically Cr and Ni (areas of light and dark contrast, as imaged by back 

scattered electron (BSE) imaging, dictated  by the migration of Cr); 

 cleavage failure; 
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This work, like most of the recent work on dealloying, was originally not aimed at studying dealloying, 

but at assessing the role of microstructure and more specifically the role of cold work (CW) on 

atmospheric Cl-SCC of 304L ASS [14]. As such, a systematic assessment of the effect of different 

amounts of uniaxially applied CW was carried out [14]. Extensive microstructural characterisation was 

performed, including the role and distribution of chemical species. A series of features will be presented 

later showing same distinct dealloying/film induced cleavage characteristics. All five dealloying 

fingerprints were observed. 

 

    6.2 Post-test samples evolution  

 

At the start of this work, the samples were initially stored in air, or in bags containing silica gel desicant. 

In order to preserve the samples more effectively, the samples were then stored using a vacuum 

dessicator.  It was noticed that the surface of samples deteriorated, when stored out of the dessicator. 

Even samples polished to an EBSD finish showed signs of deterioration. Fig. 1 shows a series secondary 

electron (SE) images of pits that were observed in samples left exposed to the air at lab temperature 

(18-23°C) for approximately 8 weeks. The sample pictured in Fig. 1 was previously polished to a high 

finish with OPS and pits then evolved on the surface of the sample within one week. SIMS analysis 

(see Fig. 2 in Section 5.2 (FIB-SIMS: micromachining and elemental analysis)), shows S and Cl 

around the pitted area. The same has been observed using EDX, as shown in Table 1, where unusual 

levels of Cr have been observed (both much higher and lower than the nominal 18 wt% value), along 

with evidence of Cl and S. With further exposure to air, even cracks started initiating and propagating 

in the samples.  Fig. 2 shows the same sample area that was analysed before and after storing the sample 

in air for several months. The cracks in Fig. 2b) have branched significantly compared to the cracks in 

Fig. 2a). The area showed by the dashed box in Fig. 2b) highlights the area of overlap between the two 

micrographs. In order to observe the phenomenon in controlled conditions, one sample was 

purposefully stored in a cupboard, in air (approximately 20 ºC, 1 atm, 40% relative humidity (RH)), for 

4 weeks. A fiducial mark, a mark to identify a feature on the surface, was impressed on the surface near 

a crack tip using FIB (Fig. 3 a)). 
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Table 1. The EDX measurements where S and Cl were measured are reported. Unusual levels of Cr were observed. S 

and Cl were not always observed, and therefore not always reported. 

 

 

 

 

Fig. 3b) shows the crack of interest after the storage period. 4 weeks is a short time at room temperature 

(RT) for a crack to evolve. Even so, new features had emerged, and are visible on the higher 

magnification micrographs of Fig. 4. Fig. 4b) highlights two areas where the crack has evolved. 

Measurements carried out using SEM, showed that the distance between the left side of the crack and 

the right side of the crack, has changed. The horizontal distance between the two cracks in Fig. 4a) was 

22.3 µm. The same distance measured 4 weeks after shown in Fig. 4b) was 20.4 µm. This indicates that 

the crack morphology has changed. The crack has moved closer by ~ 2 µm (crack growth rate of 2x10-

5µm/s, in line with average atmospheric-SCC rates [16]) indicating that even after removal of the 

applied tensile stress, there is a driving force for crack propagation in this 0.5% CW material. This could 

pose a threat to several engineering components over a relative short term, depending on the wall 

thickness of the component. 

 

Fig. 1. SE image of 0.5% CW samples exposed to atmosphere after OPS polish. a) SE image of an area containing a 

large number of pits; b-c) magnified views of pits. 

It seems curious that researchers in the past have failed to see continuation of the SCC process after the 

removal of an applied tensile stress. A partial explanation could be the limited storage time of tested 

samples. Most analyses are done within the lifetime of a PhD. The samples are not always passed to the 

following PhD student, instead it is common practise to start from fresh samples, as this allows for a 

more thorough control of the experimental parameters. The majority of the samples analysed in this 

work, are the product of previous research, and some are as old as 10 years. Another possibility is that 

Measurements 1 2 3 4 

Weight% S 0.37 0.09 N/A N/A 

Weight% Cl 1.93 0.01 N/A N/A 

Weight% Cr 21.44 16.73 25.01 16.97 

a) b) c) 
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many researchers only investigate fully annealed materials. Hence almost no residual stress will be 

present to continue SCC after applied tensile stress is removed. 

 

Fig. 2. a) SE image of a crack on a 0.5% CW sample; b) SE image of a) after it has been stored in air for 4 months. 

 

The prolonged propagation of SCC, even after the removal of tensile stress, and the thorough clean-up 

of samples, could be very problematic. In industry, frequent inspection of all components, even those 

that may have undergone protective measures (water spray, grinding of the surface, etc.) remains 

necessary. Given that the samples continue cracking even after being polished, suggests that residual 

stress stored in the sample plays an important role.  

 

 

Fig. 3. A collection of SE images of a 0.5% CW sample showing a crack tip bifurcation marked by a fiducial mark. a) 

SE image taken prior to storage; b) SE image taken 1 month after storing the sample in a cabinet at RT. 

a) b) 

20 µm 

2 µm 

20 µm 

20 µm 

a) 

Crack tip 

b) 

Fiducial mark 

Crack tip 

Fiducial mark 
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Fig. 4. a) Magnification of Fig. 3 a); b) Magnification of Fig. 3b). The crack morphology has changed over the 1 month 

storage of the sample out of the vacuum desiccator. A new branch has formed, as highlighted by the white box. The 

crack tip highlighted by the dashed white box has also changed, becoming longer and closer to main crack in the 

picture. The white lines were used for measurements. 

 

However, the sample was only cold worked to 0.5% CW, just at the beginning of the most aggressive 

CW range, 0.5-5% CW. It seems, therefore, that there may be a synergy between the CW and the 

chemical driving force for the propagation of cracks after the test ended. A process such as dealloying-

induced film cleavage could explain the continuation of the crack propagation process. 

 

 

 

 

 

 

 

 

 

10 µm 5 µm 

a) b) 
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    6.3 Dealloying evidence: porosity, striations, areas of mass contrast 

  

Dealloying is usually accompanied by local variations in the distribution of key elements, such as Cr, 

Ni, and Fe. Often during SEM characterisation, several areas of dissimilar contrast have been observed 

in this work. Fig. 5a) Fig. 5b) and Fig. 5c) are examples of BSE images of cracked areas. Dark and light 

areas of contrast are visible around the cracks. 

 

 

Fig. 5. BSE images of FIB milled ramp. (a) surfaces showing white areas of contrast on the edge of the crack. (b) areas 

of dark contrast are visible around cracks. (c) Both dark and light areas of contrast are visible on cracks. 

 

Light areas of contrast appear mainly on the very edge of the crack flanks, whereas areas of dark contrast 
are a bit further away from the crack edges. Light areas of contrast indicate heavier atomic number 
elements, whilst darker areas indicate lower atomic number elements. Fig. 6(a-f) shows six further 
examples of dark and light areas of contrast around cracks and cracked areas. 
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Fig. 6.  BSE images of 5 different samples. a) Milled surface showing areas of dark contrast around cracks; b) same 
sample as a) after more milling, exhibiting areas of dark contrast; c) areas of dark contrast associated with cracks and 
areas rich in oxide; d) milled surface showing thin areas of dark contrast around cracks; e) areas of dark contrast are 
here visible with areas containing oxide around the cracks; f) dark and light areas of contrast visible on a milled surface. 
Areas of darker contrast are indicated by the white arrows. 

Dark 

contrast 

Dark 

contrast 

Dark 

contrast 

Dark 

contrast 

Dark 

contrast 

Dark 
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Fig. 7. BSE image from Deakin et al. [8] showing an example of SCC in ASS exhibiting evident dealloying. 

Similarities between the images collected by Deakin et al. [8] and those collected for this work are 

evident.  Fig. 7 is an example of dealloying in 316 ASS reported by Deakin et al. [8], showing a large 

area with diffused areas of dark contrast. Fig. 8 shows three features characteristic of dealloying: 

nanoporosity, slip plane striations and cleavage failure, as observed by Deakin et al., Meletis et al., and 

Nisbet et al. [8,12,17] respectively.  Fig. 9, Fig. 10a), and Fig. 10b) show examples of striations as 

observed similar to the ones shown by Meletis et al. [12] (Fig. 8b). Similar patterns of striations were 

also observed in fractography analysis performed.  

 

Fig. 8. a) An example of nanoporosity on 304L ASS [8]. b) SCC on 304L cracked because of film induced cleavage due 

to dealloying [12]. c) SCC cleavage observed in an ASS sample [17]. 
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Fig. 9. SE image of a crack showing severe striations crossing the crack path in a 5% CW sample. 

 

Fig. 10. a) Striations visible on a 5% CW sample. b) striations/crack opening perpendicular to the crack path. 

 

5 µm 

5 µm 

 

20 µm 

 

a) b) 
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Fig. 11. SE image of a fracture surface. A strong example of microporosity and dealloying on a 0.5% CW sample. 

 

Fig. 12. SE image of a fracture surface. A strong example of microporosity and dealloying on a 2% CW sample. 

Fig. 11–13 show SE images of fracture surfaces with both striations and microcleavage features (i.e. it 

is clear that very little plastic deformation has occurred).  This is especially clear from the top left hand 

corner of Fig 13. The appearance of features such as those shown from Fig. 5 to Fig. 13, are a strong 

50 µm 

20 µm 
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indication that film induced cleavage or dealloying could have taken place. Nanoporosity is another 

important feature to show that dealloying may have taken place. Microporosity and heavy striations are 

already visible in the fracture surface of Fig. 13, especially in the middle of the surface analysed. Fig. 

14 shows regions exhibiting nanoporosity, just like the one observed in Fig. 8a), that were found next 

to or on cracked areas. These could very well be fully dissolved slip planes, through which the crack 

may have propagated [12]. Slip planes are more energetic and therefore prone to corrosion. They can 

be observed as gaps of material across the samples. 

 

Fig. 13. SE image of a fracture surface. Micro cleavage is visible along with a strong example of microporosity (two 

dealloying tell-tale signs) on a 5% CW sample. 

Chemical analysis was performed with EDX on cracked areas, as well as areas containing dark and light 

contrast. Unusually low or high levels of Cr as shown in Fig. 14 and Fig. 15 a), have been found along 

with the presence of S and Cl, as previously shown in Table1. Another useful tool to study the presence 

of dealloying is the migration of Ni and Cr with respect to the crack, as areas richer in Ni are typically 

associated with lower counts of Cr in a dealloyed layer [1,8,17].  

50 µm 
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Fig. 14. SE images of the region around a cracked area exhibiting nanoporosity in a 2% CW sample. 

 

Fig. 15. a) An EDX profile in a 0.5% CW obtained over a cracked area shows the distribution of Ni, Cr, and Fe. b) A 

BSE of the area of the line scan EDX analysis shown in Fig. 15a). 
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Fig. 15a) shows an example of an EDX line scan performed across a mature crack, shown in Fig. 15b) 

where Ni and Cr exhibit inhomogeneity, with the maximum Cr signal corresponding to the minimum 

Ni signal, and vice-versa. Moreover, the Ni peak was also associated with higher Fe counts. This further 

confirms the hypothesis that, at least in certain conditions, dealloying may be the relevant SCC 

mechanism. EDX measurements were taken both on the areas of dark contrast and the main areas (bulk) 

on the milled ramps. Light areas of contrast are smaller than the EDX electron beam interaction volume 

and couldn’t be analysed directly as there was uncertainty on where the signal originated from. EDX 

elemental analysis was carried out and the Fe/Cr ratio of the dark areas and main areas of the milled 

ramp are reported in Table 2. 

Table 2. The averages of the Fe/Cr ratios are shown for the areas of interest analysed on the milled ramps in Fig. 6. 

Area of Interest Fe/Cr 

Oxide free 3.64 

Dark area 1.45 

Light area  (1.2-8.5) 

 

The Fe/Cr ratio obtained from the bulk areas of the FIB milled ramps analysed were very close to the 

ideal Fe/Cr ratio for this alloy composition of 3.7. The areas of dark contrast show higher levels of Cr 

and thus lower Fe/Cr ratios of 1.45 on average. From the Fe/Cr ratios measured by EDX together with 

the contrast observed from several BSE images, it can be inferred that light areas are richer in Fe while 

the dark ones are depleted of it. The milled ramp areas analysed were standardised to 15 x 15 µm2. 

Chemical analysis was not only carried out on milled ramps, but also on the surface of cracked areas 

and crack-free areas (bulk). 36 points were analysed over large areas, 50 µm2 or more, on multiple 

surfaces and all levels of CW were tested in order to have a higher statistical significance. An example 

of grid EDX measurements made on a cracked area is shown in Fig. 16 and its results are shown in 

Table 3. The results in Table 3 are intensity coded, with the highest Fe/Cr ratios in dark grey and the 

lowest one in light grey. It has been found that cracked areas, especially around heavily branched cracks, 

present a strong variation in Fe/Cr ratio. On the other hand, bulk measurements are very consistent at 

ratio of 3.67 and hardly vary across samples, with a standard deviation of just σ = 0.06 across hundreds 

of points. This result is an indication that the elemental variations in Fe/Cr ratio are certainly linked to 

the presence of Cl-SCC, whether it be either a pre- or post-cracking phenomenon. Fig. 17 presents an 

analysis of the surface measurements carried out over cracked and uncracked areas. It is evident how 

the variation of Fe/Cr ratio in the cracked areas is very large (σ = 0.75), but even within this spread it 

is consistently less than the bulk value of 3.67. Fig. 18 shows that the variation of Fe/Cr ratio in cracked 



147 
 

areas is correlated to the level of CW applied to the samples, with higher variations observed at the 

lower end of the CW range, especially at 1% CW. 

  

 

Fig. 16. SE image of a cracked region on a 0.5% CW sample exhibiting branched cracks. An EDX 5x6 grid of spot 

analyses has been used to map the elemental compositions around the cracks and is shown in Table 3. 

 

Table 3. The measurements were taken on the area presented in Fig. 16. The darkest cell indicate the highest Fe/Cr 

ratios, while the lightest cell indicates the lowest Fe/Cr ratios. 

Column/Row 1 2 3 4 5 

1 3.65 2.50 3.09 2.82 3.58 

2 3.68 2.68 3.50 2.75 3.68 

3 3.06 3.41 3.54 1.67 2.97 

4 3.10 2.60 3.56 2.66 3.66 

5 3.67 3.40 1.76 3.28 3.62 

6 3.69 3.12 1.87 3.19 2.95 
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Fig. 17. A comparison of the EDX readings of the Fe/Cr ratio taken both on cracked areas and bulk uncracked sample 

areas. The standard deviation exhibits very little variation in the bulk areas, while very large variations of the Fe/Cr 

ratio can be observed around cracked areas. The results provided are from a sample for each CW level between 0.5-

10% CW. Six maps per sample (three cracked and three uncracked) were taken.  

Fig. 18 shows that the Fe/Cr ratio variations over the different cracked areas analysed diminish with 

increasing CW. Increasing CW results in a Fe/Cr ratio closer to bulk value and with smaller standard 

deviation. It is interesting to note that often the strongest Cr inhomogeneity were also associated with 

the presence of S and Cl. Dealloying in a chloride environment, unlike dealloying in caustic conditions 

(where subsequent dissolution is observed) [1], occurs by simultaneous dissolution of the components 

of the alloy, leaving a thin reaction layer, 10-20 nm thick [8,18]. The dealloyed layer is also heavily 

contaminated with Cr(OH)3, which is often dismissed as an oxide upon characterisation [1,5,8]. The 

majority of SCC tests are performed using MgCl2, which maximise the tendency for precipitation of 

Cr(OH)3 within the dealloyed layer, rendering its detection even more complicated [1,4]. Furthermore, 

the enrichment of Ni in the dealloyed layer is subtle enough that it may go unnoticed, especially given 

the copious Cr(OH)3 precipitation [4]. Lastly, no phase change was detected between the bulk metal 

and the dealloyed layer [1,8,17]. These features have all rendered the study of a film induced cleavage 

mechanism in Cl-SCC difficult. However, the fact the previous measurements of Cl were found in areas 

subsequently found high in Cr inhomogeneity, not just in cracks but even on the surface, are a further 

indication that the nature of the process is in fact dealloying. Despite the fact that in the last three 

decades dealloying has been dismissed as a mechanism in ASS Cl-SCC, the results of the current work 

are a strong indication that in fact dealloying occurs and its five fingerprints are observed. Features such 

as cleavage, Ni - Cr migration around the crack, slip plane dissolution, have always been associated to 

other mechanisms, such as the film rupture model. Other signs, such as the dark/light contrast areas 

have rarely been reported (possibly simply ignored), as the nanoporosity, which may have been missed 

because of the lack of proper SEM facilities in the past. It is not believed that dealloying is the only 

mechanism of SCC. In a given combination of environmental and mechanical factors, another 

mechanism may be more likely. Dealloying needs to be considered along with the other possible 

mechanisms. 
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Fig. 18. Box plot of the Fe/Cr variation in cracked areas for CW levels between 0 and 10% CW. The red line indicates 

the median. 
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     6.4 Summary 

 

The study of Cl induced SCC in 304L tested with MgCl2 in atmospheric conditions, under applied 

uniaxial tensile stress, has led to the following conclusions: 

 

1. Cracks continue evolving even after the applied tensile stress is removed from the sample, 

possibly due to microstructural level of residual tensile stress present in the sample and small 

level of Cl trapped in the cracks. 

 

2. Evidence of dealloying features have been found on samples, both through fracture surface 

analysis, FEGSEM, and chemical analysis using EDX. Dissimilar areas of BSE contrast have 

been observed consistently, along with striations, microcleavage, and nanoporosity, all 

indications of dealloying/film induced cleavage. 

 

3. EDX analysis of cracks have shown a decrease in the Cr and Fe concentration, associated with 

an increase in Ni levels; another indication that dealloying could be one of the available 

mechanisms for SCC in ASS. 

 

4. EDX measurements of the areas of dark BSE contrast have shown large variations in the Fe/Cr 

ratio (average = 2.43, σ = 0.75) compared to the bulk of the sample (average = 3.67, σ = 0.06). 

This is consistent with dealloying being the SCC mechanism. Moreover, there is evidence that 

the variations of Fe/Cr ratio are more significant in the lower end of the CW range tested, 

between 0.5 and 2% CW, where SCC was more severe. 

Although dealloying is not the sole mechanism for SCC, in the right conditions its presence may be 

the lead cause of crack propagation. This mechanism needs to be taken into account and studied on 

its own, with tailored experiment and not as a side products of the study of other mechanisms. 
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7 The effect of salt loading 
 

    7.1 Introduction 

                                                                                                                                                                  

In this chapter the role of salt loading, that is the amount of salt deposited per unit area, and its 

effects on corrosion and SCC are analysed. As previously discussed, 304L austenitic stainless 

steel (ASS) is used as a material for the cooling circuit in the nuclear power plant (NPP) and 

as a material for canisters used for storage of spent nuclear fuel (SNF) (interim storage). NPP’s 

are often located in coastal areas and thus exposed to sea salt deposition [1–3], which contains 

a mixture of chloride and sulphate salts [4]. Currently only a third of SNF is reprocessed and 

the cooling pools at reactor sites are either at or near capacity [5]. With a shortage of permanent 

disposal facilities, interim storage of SNF using dry cask storage has become a primary option 

[3,6,7]. The interim storage facility in most instances will be placed close to the NPP, located 

close to coastal areas, often within the perimeter of NPPs, for logistic and security reasons [3]. 

Because of the relative long term of the SNF storage, it is necessary to address all the issues 

that may affect the integrity of the casks. Microstructure, surface finish and residual stresses, 

chemistry, and salt loading are the main factors that may affect the durability of the dry cask 

[3,8–15]. The casks are usually placed within a building that allows air circulation to passively 

cool the casks [1,3,7]. This will lead to salt deposition on the casks within the building. The 

canisters will plausibly reach different salt loading on their surface depending on their location 

within the storage building. Although the initial temperature of the cask will be around 100 ºC 

[3], as the SNF decays, the heat will drop and temperatures ideal for wetting and SCC 

propagation will be reached. The effect of salt loading has so far rarely been assessed, as the 

standard laboratory experiments deal with solution concentration rather than weight, apart from 

a few examples [16–20]. The real engineering application of the casks require an understanding 

of the effect of salt loading on the likelihood of SCC to occur. In this work the effect of salt 

loading has been studied using an accelerated test. The same test used for the previous analysis 

has been used, refer to the experimental section in Chapter 3. The majority of casks design 

have welds, which will carry a large degree of residual stresses, as well as rough surface finish 

which also comports residual stresses [3,11]. 
In order to reflect this aspect, a level of cold work (CW) was chosen on the basis of the previous study 

shown in Chapter 4. The study indicated that the highest crack density was observed on samples with 
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strains 0.5-2% CW. Therefore, 5% CW was chosen to represent a medium level of cracking [15,21], 

obtained when combined with an applied stress of 60 MPa, with the expectation that this would give 

more prominence to the chemical aspect i.e. the level of aggressive Cl species rather than the mechanical 

effects of stress. 

 

       7.2 Experimental method  

 

 As in many previous studies in the field, MgCl2 was chosen for being the classical salt 

reference for accelerated tests. Several studies have shown how different salts can corrode steel 

more than others, making real sea salt somewhat less aggressive than MgCl2 [17–19]. Real sea 

salt would most likely have a lower corrosion and cracking rate, as the effect of MgCl2 would 

be mitigated by the other salts present, for example through the depression of deliquescence, 

or even simple dilution, as MgCl2 is the most aggressive salt. However, a study with real sea 

salt may be complicated by the presence of organic components, and would have to be site 

specific, to capture the effects of local sea water composition. Optical characterisation was 

once again carried out using the Olympus – BXS1 optical microscope.  Rules were set on what 

was considered a crack and what was ignored. (a) Cracks that had propagated all the way across 

the sample and/or through thickness were counted; (b) Cracks longer than 50 µm were 

considered and (c) crack branches that were longer than 50 µm and deviated at the beginning 

of the crack propagation (i.e. bifurcation, not branching, see Fig. 1).  

 
Fig. 1. Schematic of the cracks that were or were not taken into account for the total crack number. 

The pictures recorded with the digital camera were analysed with an open source imaging 

software, ImageJ. A threshold contrast was used to isolate corroded/tarnished areas, against 

unspoiled metal. These areas were then drawn by hand and the corroded area was recorded by 

the software. The evolution of the corroded area was recorded against time to a maximum 

extension of 351 mm2, i.e. the total area of the gauge length. The data obtained resembled a 

classic first order response to a step input, which has the exponential form of Equation 1. 



155 
 

 

𝑦 = 𝐴(1 − 𝑒−𝑘𝑡)               (1) 

 

Where A and k are fitting constants.  A gives the final plateau value of the system (in this case 

total corroded area) and t is time. At time, t = =1/k, where  is known as the time constant, 

the value of y is 0.63A and this is commonly used as standard to define the time response of 

the system. Origin Pro 2016 software was used to fit all three curves obtained with the 3 

different loading levels. The built-in Non-linear Curve Fit tool was used to fit the curves. All 

curves had a fitting confidence > 99%. A maximum curve was also obtained by giving higher 

weight to the maximum value of A = 351, i.e. the total gauge area, 351 mm2. The fitted values 

of were then used to obtain a relation between the salt loading level and the time required for 

63% coverage of the surface by corrosion product (at the stress, temperature and relative 

humidity (RH) conditions used in this work). 63% was chosen as it is a common  value used 

in the literature when dealing with this kind of extrapolation [22].The Origin Pro 2016 linear 

fit tool was used to fit these data, and the data relative to the crack number density, yielding a 

fitting accuracy > 98% and 97.7% respectively.  

The samples were prestrained to 5% plastic strain, by placing the specimens in uniaxial tension, 

see Section 3.1.2 (Specimen preparation for salt loading test). The actual strain measured 

for each sample is reported in Table 1. The samples surface was ground using standard 

metallographic techniques as reported in Chapter 3. The samples were then sprayed with a 

saturated solution of MgCl2 and ethanol using an airbrush. Three different salt loading levels 

were used, with two samples used for each loading, as reported in Table 2. The deposition 

levels can be divided into three categories: low deposition (<5.70 x 10-3 g.cm-2); medium 

deposition (5.70 x 10-3–1.42 x 10-2 g.cm-2); high deposition (>1.42 x 10-2 g.cm-2). Initial 

characterisation was carried out as reported in Section 3.5.1 (Samples preparation). 
Table 1. The strain measured with the uniaxial deformation. 

Sample Actual strain (%) 

II 5.04 

IV 5.06 

VI 5.03 

VIII 5.01 

X 5.08 

XII 5.10 
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Table 2. The different Cl loadings, along with samples weight before and after applying the salt. 

 

The samples were placed in the same air tight non-metallic container used for the previous 

tests. A beaker containing an ionic saturated solution of NaCl was placed in the container to 

ensure a target humidity of 70% RH [23]. The container with the samples mounted on the jigs 

and the beaker were placed in an oven to achieve a temperature of 90 °C (± 1°C). The total 

duration of the test was 500 hrs (20 days). A data logger was placed within the container inside 

the oven in order to constantly monitor temperature and humidity. The samples were inspected 

every 2 to 3 days. The conditions of the samples were recorded using a digital camera in order 

to study the evolution of the samples with different salt loading. After testing, the samples were 

washed using distilled water and propan-2-ol in order to remove loose corrosion products. For 

further information on the experimental, refer to Chapter 3. 

 

   7.3 Crack density with varying salt deposition levels 

 
Fig. 2 reports the data recorded during the corrosion test. The goal temperature and humidity 

were 90 °C and 70 % RH. The temperature remained stable during the whole experiment. The 

average humidity was slightly higher than expected, circa 73 % RH circa, with peaks of up to 

about 80 % RH, observed when the beaker for humidity control was replenished. It is not clear 

why the RH overshot, but it happened coincidentally with the replenishment of the water. 

Sample Weight of 

samples (g) 

Weight with MgCl2 

(g) 

Weight of 

MgCl2 (g) 

Surface density 

(mg/cm2) 

II 6.4220 6.4320 0.010    (<0.02) 0.029 

IV 6.2058 6.2186 0.013    (<0.02) 0.037 

VI 6.7734 6.8317 0.058    (0.02- 0.05) 0.165 

VIII 6.5612 6.6066 0.045  (0.02- 0.05) 0.128 

X 6.2708 6.3625 0.092      (>0.05) 0.262 

XII 5.8987 5.9712 0.073      (>0.05) 0.208 
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Fig. 2. The temperature and RH log as recorded during the 20 days test. 

 

 
Fig. 3. Sample VIII, X, and XII are shown as they appeared after 16 days of testing. 

Fig. 3 is an example of the state of the high salt loading samples after 16 days of testing. 

Roughly 4 days away from the end of the test. The sample in the centre of Fig. 3, sample X, 

exhibited a through crack. It is noticeable how the sample was only kept together by the tension 

provided by the spring loading in the jig. 
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Fig. 4. The samples as they appeared at the end of the test, with the deposition level for each sample reported on top. 

Fig. 4 shows the state of the samples at the end of the test. From left to right, Fig. 4 exhibits 

low salt loading to high salt loading samples. Only sample VI, a medium salt loading sample, 

has not cracked through. The samples have already been washed and ground trying to get rid 

of corrosion products and expose cracks. Sample X shows one dominant crack, which appears 

to have formed early (as noted in Fig. 3) and has therefore released much of the 60 MPa of 

tensile stress that was placed on it by the loading jig. Realistically, this could have then 

diminished the applied stress and the potential for further cracking in this sample.    

The extent of the corroded areas measured for the three different salt loadings are compared in 

Fig. 5. There is a large difference in the total areas corroded, after 20 days, for the low salt 

loading and the medium (7.5 %) and high salt loading samples (10.2 %). A difference, although 

smaller, is also present between high and medium salt loading (2.7 %). After 10 days the data 

points show there is some overlap between the standard deviations in the medium and high salt 

loading data. The fit curve is a mathematical extrapolation obtained by using the total surface 

of the sample as total corroded area.The data shown in Fig. 5 shows similar trends in many 

respects to the work carried out by Zhang et al. [24]. They have analysed the link between SCC 

and the influence of the level of machining-induced surface residual stress in 316 ASS. They 

showed an increased length of crack per unit area with increasing surface residual stress. In a 

similar fashion to the data presented in Fig. 5, Zhang et al. observe what looks like a plateau 

for different levels of residual stresses, but a marked difference in the early stages of SCC 

characterised by different rates of appearance of cracks [24]. A best fit of the data, using 

Equation 1, shows this effect for salt loading levels. The three curves fitted and a modified fit 

VIIII VI II IV X XIII 

0.029 mg.cm-2   0.037 mg.cm-2     0.165 mg.cm-2        0.128 mg.cm-2    0.262 mg.cm-2   
0.208 mg.cm-2    
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to high salt loading (maximum fit) obtained were analysed in order to obtain the classic time 

constant,  These  values were used to try and obtain a model linking salt deposition levels 

and corrosion rate. Fig. 6 shows the relationship present between salt loading and corrosion 

rate.  

 
Fig. 5. The evolution of corroded areas has been recorded with time and compared for the different level of salt loading 

and are here reported with their standard deviation. The top curve is an extrapolation obtained by using the total 

surface of the sample as total surface corroded. 

A linear relationship was obtained within 98.9 % accuracy. Assuming that the data can be 

extrapolated forwards and backwards it is possible to predict the time dependence of the 

corrosion product appearance.  The linear equation shown in Fig. 6, has an ordinate intercept y 

= 0.03571. This is theoretically the most aggressive deposition level. Whereas the abscissa 

intercept is x = 5.99 days, i.e. time to corrosion at no applied level of MgCl2. This is obviously 

unrealistic and it was only included for easy of observation of the linear fit. A very low 

deposition level should therefore, within the conditions used for this test, lead to SCC within 6 

days assuming there is no lower limit threshold value and that the linear extrapolation holds to 

very low values of salt loading. This is something that needs further investigation using longer 
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test times and of course lower deposition levels of salt.  However, for all deposition levels 

tested here it appears there is a tendency to corrode the entire sample surface, given long 

enough, but the time for this will be affected by the salt loading level. It could be argued that 

the low salt loading may not achieve a fully corroded area but the last data point suggests the 

curve is still rising and only further long term tests could corroborate this result.   

The number of cracks observed per unit area is reported in Fig. 7. A similar trend to what 

observed in Fig. 5 is visible in Fig. 7. There is a direct correlation between the level of salt 

loading and the crack number density. Fig. 8 shows a linear fit of the data reported in Fig. 7, 

yielding a fit of 97.7%. These data show larger similarities between the low and medium salt 

loading rather than medium and high salt loading. It is important to observe the standard 

deviation on the low loading is far larger than for medium or high salt loading. This is because 

there was a large difference in the number of cracks recorded for sample II and IV, although 

the two samples presented a very similar corrosion area. The difference in number of cracks 

per unit area, may be due to other factors rather than the salt loading level. Perhaps the most 

likely factors relate to material heterogeneity between samples.  Inclusions can play a very 

important role and that can differ significantly from sample to sample, promoting pitting and 

thus SCC [8,9,25]. Strain inhomogeneity is always present and, as previously shown by 

Scatigno et al. [18], can potentially promote strain incompatibilities between soft undeformed 

grains and hard heavily deformed grains formation, promoting in turn SCC itself [37–39]. 
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Fig. 6. The data represented were obtained using the 0.63A (221.13) intercept shown in Fig.5. The equation shown on 

the graph could be used to predict the initiation a salt loading threshold for SCC. It has been calculated using a linear 

fit. 

Fig. 9 shows an example of a crack recorded on sample IV after some initial grinding. 

Corrosion products are still present on the surface, but a shallow crack is already visible. An 

example of the pits that can lead to SCC is shown in Fig. 10. These pits were observed on 

Sample VI. Fig. 11 shows a pit close up on Sample VI prior to grinding. The characteristic lacy 

cover is visible, which helps shielding the pit and create a niche environment where a local 

lower pH than the system helps the pit grow. [3,24].  

There is a direct correlation between the salt deposition concentration and the likelihood of 

cracking and corrosion in general. Table3 shows the average crack surface density observed 

per level of salt deposition along with its standard deviation. The data shown in Fig. 5 and Fig. 

7 show a visible difference between the 3 different applied levels of salt. Although a clear 

plateau is not visible, Fig. 5 shows a common tendency in terms of visible corrosion on the 

sample surface. A longer test time, of perhaps 1000 hours could prove if this is the case. This 

doesn’t necessarily mean more cracks, as observed in Fig. 7. However, it does seem to suggest 

that over time the different levels of salt will cause a similar effect. Ideally, one would want to 

𝑦 =  −0.03571 − 0.00598 
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observe an upper and lower threshold, i.e. both a level of deposition low enough that SCC 

doesn’t take place, and a level high enough that more deposition doesn’t lead to more cracking.  

 
Table 3. The average crack surface density is recorded against deposition level along with the relative standard 
deviation. 

 
 Low deposition 

level 

Medium deposition 

level 

High deposition 

level 
Average cracks 
surface density    
(mm-2) 

 
0.042735 

 

 

0.05698 
 
      0.086895 

 
Standard deviation 

 
0.005698 

 

 
        0.002849 

 

                  
         0.002137 

 

 

 
Fig. 7. The number of crack per unit area is here shown, surface density, for the different salt loading levels. 
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An upper limit can probably be reached if the entire surface is uniformly covered by a thick 

layer of Cl. Once all the metal surface is constantly replenished by the Cl ions present in the 

wet film, further variations in the cracking may no longer correlate with an increasing amount 

of Cl. Most likely the SCC would change only as a result of temperature, RH, or 

micromechanical factors. A lower threshold level of Cl seems more elusive. It may be possible 

that an amount so small is deposited on the surface that cracking doesn’t occur in the lifetime 

of the component. Even so, it would be hard to deem the component in analysis safe from SCC. 

Any chloride containing salt would release the Cl ions in a water solution when deliquescence 

is reached. With the water, this very dilute chloride solution, could reach crevices and other 

confined geometrical areas. Here, the concentration of Cl ions could become high enough to 

cause SCC. A situation similar to the one proposed by Jivkov et al. in the case of  applied 

tensile stress would arise [26]. At very low concentration of Cl ions, like at very low levels of 

applied tensile stress, the kinetics of the phenomenon would be so low that SCC may not be 

observed. Altough, this wouldn’t mean there is a safe level of chloride deposition, it may be 

beneficial for the industry whom could tailor the storage facility to allow only minimal 

deposition of chloride salts. Therefore, it could be of interest to analyse lower levels of salt 

deposition, in order to extrapolate a safe time for the component regardless of other factors, 

such as humidity and residual stresses.  

 
Fig. 8. A linear fit was performed on the data plotted in Fig. 7. The linear fit yields an accuracy of 97.7%. 
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Fig. 9.  An example of a crack recorded on sample IV. 

 

200 µm 
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Fig. 10.  An example of pits observed on sample VI. 

 
Fig. 11. Close up on pit observed on sample II. 

 

 

200 µm 

1 µm 
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    7.4 Summary 

 

Beam bending applying a uniform stress of 60 MPa was carried out for 500 hours on 6 different 

samples, prestrained to 5% CW. Three different levels of salt were deposited on the samples 

surface: < 5.70 x 10-3 g.cm-2;5.70 x 10-3–1.42 x 10-2 g.cm-2
; 1.42 - 2.62 x 10-2 - g.cm-2. Pits and 

cracking evolution was observed. It can be concluded that there is a direct linear correlation 

between the level of salt deposited onto a sample, the visibly corroded area and the crack 

density. Importantly, the corrosion area of all three levels of salt loading tends to plateau. High 

salt loading reaches the plateau much more quickly than low salt loading. However, even low 

salt loading seems to tend towards the 351 asymptote. The  values, calculated (y = 0.63 A), 

show a linear relationship between salt loading and time to corrosion: 𝑦 =  0.03571 −

0.00598𝑥, where y is the salt loading (g.cm-2) and x is time (days). Like the extent of the 

corroded area, the crack number density was directly correlated to the salt loading level. High 

loading = 0.087 mm-2; medium loading = 0.057 mm-2; low loading = 0.043 mm-2. 
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8 Conclusions 

 

 

8.1 Introduction 

 

The aim of this thesis is to systematically assess the role of CW in Cl-induced atmospheric SCC in 304L 

grade austenitic stainless steel. 304L is widely used in the nuclear industry, for both the primary cooling 

system of nuclear power plants and dry casks for interim storage of spent nuclear fuel. CW was applied 

in uniaxial tension to levels of 0, 0.5, 1, 2, 5 10, 20, and 40%. An in depth study of the role of chemistry 

and in particular was carried out. The dealloying mechanisms in 304L austenitic stainless steel was 

investigated, characterised by several finger-prints that were observed and analysed. Finally, the role of 

salt loading was analysed, with the intent of obtaining a relationship between salt loading, corrosion 

area and crack surface density.  

The results found in this work are summarised by chapter herein. 

 

8.2 The role of cold work in stress corrosion cracking 

 

The study of the effect of CW on SCC in 304L, induced by uniaxial tension and tested with magnesium 

chloride, in atmospheric conditions, under applied tensile stress, has led to the following conclusions. 

SCC was most aggressive in the range of 0.5% - 5% CW with a strong decrease in crack density 

measured for 10% CW. A total absence of cracking was observed for all samples with 20% CW or 

more. This was observed along with an increasing fraction of bcc phase, considered to be α’ martensite, 

at 10% CW and greater. Cracks propagates more often across bcc grains at 0.5% CW and at 10% CW, 

suggesting that harder phases are particularly important at low levels of CW. The increase at 10% CW 

is justified by the much higher presence of bcc phase at that CW level. The Σ3 CSL boundaries were 

measured and normalised by the total grain boundary length; their fraction does not increase steadily 

with CW, which indicates it is not a primary cause for the lack of cracking at more than 10% CW. 

However, the results show a decrease in Σ3 boundary fraction at 10% CW, suggesting a subtle bi-modal 

behaviour. An increase in applied stress does not change the SCC behaviour, as the crack density does 

not exhibit a notable trend with applied stresses ranging from 60-180 MPa and does not increase even 

at high levels of applied tensile stress for a fixed level of CW of 10%. The crack morphologies measured 
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showed a preferred alignment to the <111> // TD. Crack branches propagate preferentially along <111> 

and low misorientation angles. 

 

8.3 The role of Cl: crack tip chemistry studies 

 

Using both SIMS analysis and TEM analysis Cl has been observed ahead of several SCC crack tips, in 

304L ASS, cracked in atmospheric conditions. The results have been corroborated by the use of SRIM 

and Casino 3.2 softwares to determine the irradiation interaction volumes of Ga+ ions and electrons 

within the 304L steel. The 3D crack morphology evolution has been monitored using a DualBeam FIB 

slice-and-view techique. Continuous milling of the TEM foil sample that the crack has a consistent 

morphology throughout the foil thickness, thus confirming that the Cl signal was not from a hidden 

crack extansion underneath the surface. Measurement of the crack tip from the main crack of the sample 

have shown a consistent distance throughout the thickness of between 434 and 484 nm. The distance 

from the area containing Cl and the second main crack flank was recorded as 140 nm. All the evidence 

indicates that: 

 Cl was ahead of the crack tip in several samples analysed in both FIB and TEM; 

 The Cl measured originated exclusively from the area ahead of the crack tip in the TEM foil 

sample and not from artefacts due to the techniques used; 

 The Cl signal was not originated from hidden crack extension underneath the surface, but from 

an area free of cracks (300 nm long in the TEM sample), ahead of the crack tip. 

 

8.4 Dealloying and chemical studies 

 

The tests and analysis here performed have led to a number of conclusions.  

Cracks continue evolving even after the applied tensile stress is removed from the sample, possibly due 

to microstructural level of residual tensile stress present in the sample and small level of Cl trapped in 

the cracks. 

Evidence of dealloying features have been found on samples, both through fracture surface analysis, 

FEGSEM, and chemical analysis using EDX. Dissimilar areas of BSE contrast have been observed 

consistently, along with striations, microcleavage, and nanoporosity, all indications of dealloying/film 

induced cleavage. 
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EDX analysis of cracks have shown a decrease in the Cr and Fe concentration, associated with an 

increase in Ni levels; another indication that dealloying could be one of the available mechanisms for 

SCC in ASS. 

EDX measurements of the areas of dark BSE contrast have shown large variations in the Fe/Cr ratio 

(average = 2.43, σ = 0.75) compared to the bulk of the sample (average = 3.67, σ = 0.06). This is 

consistent with dealloying being the SCC mechanism. Moreover, there is evidence that the variations 

of Fe/Cr ratio are more significant in the lower end of the CW range tested, between 0.5 and 2% CW, 

where SCC was more severe. 

Although dealloying is not the sole mechanism for SCC, in the right conditions its presence may be the 

lead cause of crack propagation. This mechanism needs to be taken into account and studied on its own, 

with tailored experiment and not as a side products of the study of other mechanisms. 

 

8.5 The effect of salt loading 

 

Beam bending applying a uniform stress of 60 MPa was carried out for 500 hours on 6 different samples, 

prestrained to 5% CW. Three different levels of salt were deposited on the samples surface: < 5.70 x 

10-3 g.cm-2;5.70 x 10-3–1.42 x 10-2 g.cm-2
; 1.42 - 2.62 x 10-2 - g.cm-2. Pits and cracking evolution was 

observed. It can be concluded that there is a direct linear correlation between the level of salt deposited 

onto a sample, the visibly corroded area and the crack density. Importantly, the corrosion area of all 

three levels of salt loading tends to plateau. High salt loading reaches the plateau much more quickly 

than low salt loading. However, even low salt loading seems to tend towards the 351 asymptote. The  

values, calculated (y = 0.63 A), show a linear relationship between salt loading and time to corrosion: 

𝑦 =  0.03571 − 0.00598𝑥, where y is the salt loading (g.cm-2) and x is time (days). Like the extent of 

the corroded area, the crack number density was directly correlated to the salt loading level. High 

loading = 0.087 mm-2; medium loading = 0.057 mm-2; low loading = 0.043 mm-2. 
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9 Future Work 

 

    9.1 Introduction 

 

The results of this PhD project contribute to a deeper understanding of atmospheric Cl-SCC of 304L 

austenitic stainless steel (ASS) and strengthen the basis for a better mechanistic understanding of SCC. 

There is potential for projects based on the results of this thesis in different areas, namely: 

micromechanics and finite element modelling; chemical characterisation of aggressive species; further 

study of the effect of salt loading; further chemical characterisation of alloy elements after cracking in 

order to confirm the dealloying mechanism in 304L ASS. 

 

     9.2 Cold work and deformation heterogeneity  

 

A key result of this work is the observation that SCC causes the highest crack density at low levels of 

cold work (CW), between 0.5% and 5% CW, whereas no cracking is observed at 20% and 40% CW 

[1,2]. It was observed in other alloys systems that macroscopically uniform plastic strain, is 

microscopically very heterogeneous. This leads to grains that accumulate a higher dislocation density 

compared to neighbouring grains, forming “hard” and “soft” grains next to each other which provides 

residual stress conditions perfect for crack propagation [1]. In order to confirm that this is the case in 

304L a high resolution electron backscatter diffraction (HR-EBSD) could be used. As in the work 

carried out by Jiang et al.  for Cu, it could be possible to observe the plastic strain distribution vs CW 

level and observe, as postulated here, how the heterogeneous distribution becomes progressively more 

uniform as the sample contains more and more dislocations [3,4]. The increase in dislocation density 

will eventually lead to a sample fully hardened which may contribute to the improved SCC resistance 

of heavily cold worked samples. Imperial College has at his disposal an Auriga Zeiss which is capable 

of performing HR-EBSD and also the expertise of researchers who have already performed successfully 

HR-EBSD. The results of this work and those that could be gathered using HR-EBSD, could be 

extremely useful to try to reproduce and study the problem using finite elements model, in particular 

crystal plasticity, which can simulate real microstructures. 

 

 



173 
 

    9.3 The role of chlorine in atmospheric SCC 

 

Another key result in this work was observing Cl ahead of the crack tip in several samples, using both 

secondary ion mass spectroscopy (SIMS) and transmission electron microscopy (TEM). Although the 

result was further confirmed by DualBeam slice-and-view technique and the possibility of ion mixing 

artefacts discounted by SRIM and Casino 3.2 simulations, more work needs to be carried out to 

understand the mechanism by which the Cl is able to advance ahead of the crack tip. It would be ideal 

to understand in what state the Cl is present in the bulk metal. Further TEM work is advised, in order 

to observe more samples and have a better statistical understanding of the phenomenon. Another great 

tool to study the Cl is atom probe tomography (APT). Recent improvements on the APT technique in 

Oxford university would allow 3D reconstruction of the needle (leading to observation of the position 

of the Cl atoms) and also possibly obtain crystallographic information. A further tool could be a 

modified atomic force microscopy where the study of the chemical species rather than sample 

tomography can be carried out. The limitations of these studies would be the difficult preparation of 

APT needles and TEM samples in general [5,6]. This process, carried out with focus ion beam, is time 

consuming and the samples may not present Cl, but if successful could lead to a new mechanism for 

Cl- SCC propagation in ASS.  There may also be value in atmospheric simulations of Cl in Cr2O3 and 

Fe, Ni, Cr metal alloys using density functional theory. This would aid understanding of the bonding 

and preferred sites for Cl in these lattices. 

 

9.4 Dealloying 

 

Dealloying has long been dismissed as a mechanism for Cl-SCC in ASS and only recently has it been 

reconsidered [7,8]. In this work all five indicators of dealloying were observed on the fracture surface 

(nanoporosity; slip plane dissolution; light and dark contrast areas; Cr and Ni migration around the 

crack). However, like in most of the recent dealloying studies, dealloying was not the main aim of the 

study but observed as a by-product of the study of other SCC mechanisms. For future projects it is 

important to have experiments tailored to study dealloying. In particular Ni migration, which is an 

important sign for the presence of dealloying. AC impedance could also be used as a tool to study the 

nanoporous layer often present with dealloying. 
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    9.5 Salt loading 

 

Different levels of salt loading have been tested in this work. In order to be able to find a high and low 

salt loading threshold, more work needs to be carried out. The aim of such work would be to find a level 

of salt loading that may be defined safe (from an engineering prospective), since it doesn’t lead to SCC, 

within the time of study, and can therefore be considered a low salt deposition threshold. In the same 

way, it would be of interest to define an upper salt loading threshold, which may be very close to the 

one used in this work, where all samples tarnish and the highest crack density is generated in the time 

of testing. It would be of great interest to study the difference between MgCl2 testing and real sea salt. 

Real sea salt needs to be site specific, but the use of synthetic sea salt would also be of interest. Using 

synthetic sea salt it would be possible to study how the interaction of different salts affects the 

deliquescence point and therefore the severity of the SCC process.  
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