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ABSTRACT 

Potash processing plants generally use austenitic stainless steels in their piping system due 

to their relatively good mechanical and corrosion properties. However, when exposed to hot 

chloride environments, these steels are susceptible to stress corrosion cracking (SCC) attack, 

which may compromise the equipment's integrity and lead to a costly downtime and product 

wastage. This research investigated the performance of the UNS S31603 austenitic stainless steel 

(ASS) and three duplex stainless steels (DSS) (UNS S32205, UNS S32760, and UNS S32550) in 

relation to SCC damage in a saturated potash brine solution. The electrochemical corrosion 

behavior of these alloys in a chloride environment and their strain rate sensitivities were also 

investigated. 

SCC experiments were performed using the slow strain rate test technique (SSRT). The 

effect of strain rate (10-6 to 5 x 10-7 s-1) and temperature (25 to 80 °C) on the corrosion performance 

of the selected alloys were studied. Additionally, potentiodynamic polarization (PP), cyclic 

polarization (CP) and critical pitting temperature tests (CPT) were performed. Strain rate 

sensitivity (SRS), strain hardening rate (SHR) and strain hardening exponent (SHE) were also 

investigated in air at ambient temperature and strain rates ranging between 10-2 and 10-7 s-1. The 

samples were characterized using optical microscopy, scanning electron microscopy (SEM), X-

ray diffraction (XRD), energy dispersive spectroscopy (EDS), electron-backscattered diffraction 

(EBSD) and Raman spectroscopy. 

The results of the SRS experiment revealed that the total strain of the alloys remained 

almost constant as the strain rate varied from 10-7 to 10-3 s-1, decreasing only at 10-2 s-1. Intense 

serration was observed in the stress-strain curves when the alloys were tested at strain rates ≥10-6 

s-1. Also, SHE and SHR of the alloys increased with decreasing strain rate. The results of the SCC 

tests showed that UNS S31603 showed high susceptibility to SCC, while DSS exhibited 

considerable resistance to SCC under the conditions tested. Microstructural evaluation of 

specimens that underwent CPT and SCC testing showed that the ASS alloy corroded appreciably 

at low temperatures. SEM and Raman analyses indicated a significant amount of corrosion 

products in the exposed area of the ASS. PP and CP tests results showed that the DSS performed 

better than UNS S31603 at all temperatures. SEM evaluation of tested PP and CP specimens 

revealed stable pits formed on UNS S31603 surface after exposure at 25 °C. On the other hand, 

pitting in DSS only occurred at 80 °C.  
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CHAPTER 1 

INTRODUCTION 

1.1 Overview 

Saskatchewan is the major player in potash production in Canada [1]. The potash industry 

combined with oil and gas extraction and other forms of mining accounts for about 25.7% of 

Saskatchewan's gross domestic product in 2019, valued at around $20.9 billion [2]. Potash is 

primarily used as a fertilizer, providing nutrients for plants. There are eleven potash mines in 

Canada, out of which ten are located in Saskatchewan. The only potash outside Saskatchewan is 

in New Brunswick. Of these ten mines in Saskatchewan, nine are conventional mines and one is a 

solution mine. Conventional mining is used when potash reserves are between 900 m and 1100 m 

below the earth's surface while solution mining is used when potash deposits are more than 1500 

m below ground surface. Underground potash deposits developed millions of years ago in three 

different Saskatchewan regions: Belle Plaine, Esterhazy and Patience Lake members [3]. The word 

"potash" originates from the pioneer practice of potassium carbonate extraction by leaching of 

wood ashes and evaporation of the solution in large iron pots. Nowadays, it refers to the potassium 

compounds, including the most common potassium chloride (KCl). Presently, the potash industry 

is facing a significant problem associated with high maintenance costs caused by corrosion 

damage, including stress corrosion cracking (SCC). Therefore, finding ways of mitigating SCC 

and the related cost in potash processing plants is very critical. Interactions with stakeholders in 

the Saskatchewan potash processing plants have shown that SCC damages occur mainly in 

stainless steels used in processing components such as product dryers, mixers, rotary conditioners, 

screw conveyors, etc. 

Stress corrosion cracking occurs due to the combined effect of a corrosion reaction and stress that 

may be applied or residual. The susceptibility of a material to stress corrosion cracking in an 

environment is conditioned on the concentration of the aggressive species in the environment 

(severity), corrosion susceptibility of the material in the environment, and the magnitude of the 

applied or residual stress. In the potash plants, the corrosive environment is the potash solution 

rich in chloride ions. Some of the methods used to reduce SCC of different alloys are increasing 

the nickel content in stainless steels [4], proper materials selection, reduction of the applied and 
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residual stresses, use of corrosion inhibitors, cathodic protection, and application of barrier 

coatings [5–8]. 

Most chloride stress corrosion cracking studies on stainless steels in brine solutions are limited to 

solutions containing Na or Mg chloride [9–11]. These are simulated lab conditions which are 

usually mostly different from exposure conditions in potash processing plants. Since potash brine 

solutions in potash processing plants consist of chlorides of K, Na, Mg and Ca in varying 

concentrations, it is crucial to investigate and understand SCC behavior and mechanisms of 

corrosion-resistant alloys (CRA) in potash brine solutions. Only a few previous studies focused on 

potash brine solutions typically encountered in potash processing plants. Examples include the 

studies by Shirazi [12] and Blackmore [13], who studied the susceptibility of stainless steels to 

localized corrosion in potash mine industries. Both authors observed higher corrosion resistance 

for the duplex stainless steels when compared to the austenitic and ferritic stainless steels. 

1.2 Research Motivation 

Despite the progress made to reduce stress corrosion cracking damage, it is still one of the most 

considerable threats in potash processing plants. Hence, it is crucial to find ways to mitigate stress 

corrosion cracking attacks to reduce equipment maintenance costs and workplace risks. Therefore, 

the principal goal of this Ph.D. research is to use materials selection to solve the problem related 

to stress corrosion cracking in the potash processing industry. In this research, the stress corrosion 

cracking behavior of selected stainless steels in saturated KCl solution was investigated using a 

slow strain rate testing machine. The impacts of temperature and strain rate on the alloys' localized 

corrosion and SCC susceptibility were determined. 

1.3 Research Objectives 

The overall purpose of this study is to mitigate SCC damage in potash processing plants. To 

achieve this goal, the following specific objectives were pursued: 

1. Determine the effect of temperature and strain rate on selected alloys' SCC susceptibility 

in saturated KCl solution. 

2. Investigate the uniform and pitting corrosion behavior of the selected alloys in saturated 

potash brine solution. 

3. Determine the effect of strain rate on mechanical properties of the selected alloys. 



3 
 

1.4 Research Contributions 

It is expected that the results of this research will expand knowledge of the stress corrosion 

behavior of austenitic and duplex stainless steels in saturated potash brine solutions. The outcome 

will be very useful for improved materials selection for an enhanced materials performance in 

potash processing plants. Moreover, the study will provide an increased understanding of the 

effects of temperature and strain rates on the SCC, uniform, and pitting corrosion behavior of the 

selected stainless in saturated potash brine solutions. The potential application of this study will 

be in reducing the maintenance costs associated with corrosion damage in potash processing 

plants. Furthermore, the corrosion and mechanical data useful for predicting the lifespan of the 

equipment have been generated. 

 

1.5 Thesis Organization 

The thesis comprises six chapters. Chapter one contains a brief introduction to the research project, 

including motivation, objectives, and thesis organization. Chapter two consists of a literature 

review of potash processing in Saskatchewan and stress corrosion cracking behavior of metallic 

alloys. A review of the microstructure and corrosion performance of stainless steels is also 

included. The investigated materials, experimental methods, equipment, and testing methods used 

in this study are provided in chapter three. This chapter also contains detailed information on the 

microstructural characterization techniques used in this research. 

 

The experimental results of this study are presented in chapter four (Objective 1), chapter five 

(Objective 2) and chapter six (Objective 3). In chapter four, the results of the investigations on the 

susceptibility of the investigated alloys to stress corrosion cracking at three different temperatures 

(25, 50 and 80 ºC) and two different strain rates (10-6 and 5x10-7 s-1) are presented and discussed. 

This chapter is published in Corrosion Science. In chapter five, the effect of strain rate on the 

tensile behavior of selected stainless steels is discussed. The strain hardening and strain rate 

susceptibilities of the investigated corrosion-resistant alloys are compared. The results of this study 

have been accepted for publication in the Journal of Materials Engineering and Performance. In 

chapter six, the corrosive behavior of the investigated alloys in the saturated KCl solution is 

presented and discussed. This chapter has been submitted for publication in Corrosion science. 
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Chapter seven contains the summary, research findings and major conclusions drawn for these 

findings. This chapter also includes some recommendations for future work.  
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Potash and Potash Processing in Saskatchewan 

Potash refers to the term used for a group of chemicals and minerals with a significant amount of 

potassium in its composition (potassium-rich salt). It is mainly used as a fertilizer, which is a 

nutrient for plants. The major component of potash is potassium chloride (KCl). Depending on 

where it is extracted, it can have different amounts of potassium. Therefore, potash quality is 

usually measured in terms of potassium oxide (K2O) for consistency. One ton of KCl has an 

equivalent of 0.63 tons of K2O [14]. Potash has been mined in the province of Saskatchewan since 

1959. Currently, there are ten operating mines in the province, eight of which are conventional 

underground extraction mines, and two are solution mines. 

Fig. 2.1 provides a general view of the activities for both conventional and solution mining. In 

conventional mining, two vertical shafts, classified as service shaft and production shaft, connect 

tunnels dug directly into the seams of potash ore. The service shaft is responsible for transporting 

equipment and miners from ground level to the subterranean site, while the production shaft moves 

the potash ore from the underground location to the ground level. The extraction occurs by 

continuous rotary mining machines that transfer the mineral to a conveyor belt system which 

transports the ore to a structure of bins or bunkers for temporary storage. The ore is then crushed 

by dry and wet crushing. The removal of the potash ore contaminants occurs by scrubbing, which 

is the addition of brine to the crushed ore in a system of agitated tank cells to expel these elements 

from the potash. It is followed by the flotation process, which separates potassium chloride from 

the NaCl and the remaining contaminations. This separation is achieved by adding, in a flotation 

tank, potash ore slurry, brine and several conditioning agents. The slurry is then agitated and 

aerated, producing a surface foam composed mainly of potash that is skimmed and transported to 

a settling container. NaCl and the remaining impurities decant and are removed as tailings. 

The brine from the settling tank is centrifugated and forced against a screen where the product is 

concentrated. The semi-dried product passes through the centrifuge along with the screen through 

the conveyors to the outlet, where it is taken to remove the remaining moisture (the drying step). 

The product is usually dried using direct-fired rotary or fluidized-bed dryers (both fuelled by 

natural gas). After drying, the potash is sorted using a screening process, which proceeds by 
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mechanical agitation that forces smaller particles through fixed mesh screens of different sizes 

while larger particles remain over the screen film. A compaction process is often carried out to 

increase the production of larger granular particles. It uses high pressure to compress small feed 

particles into solid potassium flakes, which can be up to 16 mm thick. After the compaction, the 

solid flakes are broken into large fragments and then sieved into coarse and granular product 

fractions. Overall, the material handling activities are commonly composed of storage bins and 

product transportations (elevators, shafts, conveyor belts, etc.). In order to reduce environmental 

pollution, de-dusting agents are added during material handling. 

The solution mining operations (Fig. 2.1) begin with the straight injection of water through two 

mining wells into the plant's underground part. The impregnated brine, rich in NaCl and KCl, is 

transported to the surface plant by the extraction wells to extract dissolved potassium chloride 

product. The next stage is evaporation, where the brine is heated to temperatures close to 100 °C, 

causing the NaCl to precipitate out and the KCl to become unsaturated. Continuous water 

evaporations are made to increase the concentration of KCl to saturation and force more NaCl to 

precipitate. This procedure is intended to generate brine primarily saturated with KCl. The final 

product after the evaporation step is pumped to a system of crystallizers that operates on the 

principle of gravity settling. Each subsequent crystallizer runs at a lower temperature than its 

predecessor and vapour pressure to precipitate out the KCl gradually. After the crystallization 

stage, all the remaining surface activities are similar to those of conventional underground mining, 

as detailed in the previous paragraph. 
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Figure 2.1. Description of the essential operations in the potash mining and processing 

[15]. 

A major problem in potash processing is the high materials-related maintenance cost caused by 

corrosion damage. The presence of potash brine provides a conducive environment for several 

forms of corrosion attack in stainless steels used in fabricating the processing equipment. This 

corrosion attack can include uniform corrosion, erosion-corrosion, pitting corrosion, crevice 

corrosion, and stress corrosion cracking. 

2.2 Stainless steels  

The combination of low cost and excellent mechanical properties makes steels the most broadly 

used metal for engineering applications [16,17]. Stainless steels, which contain at least 10.5% 
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chromium, are commonly used in mining and mineral processing plants, food, petrochemical, and 

paper industries. Chromium addition gives the stainless steel capacity to form protective chromium 

oxide on the surface (passive film). Depending on the thermomechanical history and alloy content, 

stainless steels may have different stable phases at room temperature [18]. Therefore, they are 

classified according to their stable microstructure at room temperature as ferritic, austenitic, 

martensitic, duplex (ferrite + austenite), and precipitation hardened stainless steels. As the 

stabilizing effects of the various alloying elements in stainless steel are well known, it is possible 

to use the Schaeffler diagram (Fig. 2.2) to predict which phase will be stable at room temperature 

for a specific alloy composition. The two axes represent chromium and nickel contents in the 

Schaeffler diagram since they are the main stabilizing agents for ferrite and austenite, respectively. 

This particular diagram shows the structure obtained for stainless steels heated to 1050 ˚C for 30 

minutes and then quenched in water [19]. The addition of other alloy elements, such as manganese, 

molybdenum, nitrogen, copper, and tungsten, affect the mechanical properties and the corrosion 

resistance of stainless steels. Improvement of corrosion resistance by an alloying element may 

have a negative influence on mechanical properties. In several cases, it comes down to a trade-off 

between corrosion and mechanical properties. 

 
Figure 2.2. Schaeffler diagram showing stainless steel structure based on its composition [19]. 
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2.2.1 Ferritic Stainless Steels 

Ferritic stainless steels are the class of steels with a microstructure that consists entirely of the 

ferrite phase and body-centered-cubic (BCC) crystal lattice. They usually have higher localized 

corrosion resistance and consequently lower SCC susceptibility when compared to the austenitic 

stainless steels [20]. It is promoted by the high chromium content, which is responsible for the 

formation of a protective film. Several authors reported good SCC resistance of various ferritic 

grades in chloride environments [19,21,22]. Some typical grades that present low SCC 

susceptibility are AISI 405, AISI 409, AISI 430, AISI 439, AISI 444 and AISI 448. Tests in high-

temperature water showed that certain grades of ferritic steels have around 100 times less 

susceptibility to crack growth rate when compared to typical austenitic stainless steel grades, such 

as AISI 304 and 316 [23]. On the other hand, the ferritic stainless steels can become susceptible to 

cracking when there is the presence of residual stresses due to prior plastic deformation and high-

temperature treatment such as welding and alloying content [24]. To address this and other 

problems, super ferritic steels were developed. They contain low amounts of interstitial atoms like 

carbon and nitrogen and a higher presence of chromium and molybdenum, which increases the 

thermal and corrosion resistance of the alloy [25]. An alternative option to improve the mechanical 

behaviour of ferritic stainless steel at high temperature, and consequently their corrosion resistance 

behavior, is the addition of niobium either when it goes into solid solution or forms precipitates 

[26]. 

Although ferritic stainless steels have high resistance to chloride SCC (CLSCC) compared to 

austenitic steels, their protection against other forms of corrosion may be lower depending on 

parameters such as alloy composition, processing history and environmental conditions. An 

example is the high chromium ferritic alloys. They can suffer from embrittlement in chloride 

environments under incorrect and prolonged heat treatments, commonly referred to as “475 °C 

embrittlement” [27]. This increase in cracking susceptibility may be due to the reduction of 

ductility, which occurs in portions of the alloy surface where precipitation of carbides and nitrides 

is more concentrated. Therefore, it is important to address these varieties of conditions that could 

promote crack-related damage. The susceptibility of any stainless steel to cracking should also be 

discussed in relation to different parameters that characterize the start of degradation.  
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2.2.2 Austenitic Stainless Steels 

Austenitic stainless steels are a class of steel alloys with face-centered-cubic (FCC) crystal lattice. 

Their microstructure is basically composed of austenite, which is the stable phase at room 

temperature. These steel grades are commonly used in many industries due to their excellent 

combination of good corrosion resistance and mechanical properties [28,29]. They have better 

general corrosion performance when compared to ferritic and martensitic stainless steels [30], yet, 

their susceptibility to SCC remains one of the most severe limitations to their use in chemical and 

petrochemical industries [31]. Nickel is primarily responsible for the stability of the austenite 

phase at room temperature. Austenitic steels also form the protective layer of chromium oxide on 

their surface. Nonetheless, in wet and humid environments containing chloride ions, corrosion 

damages by pitting and crevice can occur [10]. Structural components subjected to an applied or 

residual stress can suffer SCC in some environments [10]. Several studies reported the 

susceptibility to SCC of the primary grades of austenitic stainless steels such as AISI 306L and 

AISI 316L in chloride environments [32,33]. 

Other parameters that may affect SCC in stainless steels are temperature and pH. Truman [34] 

tested the SCC susceptibility of the 304 austenitic stainless steel in NaCl solution in the 

temperature range of 20 to 80 °C and pH varying from 2 to 12. He observed that temperature and 

pH played a major role in the SCC susceptibility of 304 alloy and that all the samples tested above 

60 °C were degraded by SCC. He concluded by stating that alkaline pH is generally less prone to 

causing SCC. Fattah-alhosseini and Vafaeian [35] observed that acidic pHs reduce the stability of 

the oxide film, thereby increasing the chance of formation of defective sites and increasing the 

alloy susceptibility to pitting initiation and consequently to increased SCC susceptibility. 

Inadequate control of processing parameters can also increase austenitic stainless steels 

susceptibility to SCC. An example is poor welding. If welding is not done correctly, there are 

chances of secondary phase nucleation in the fusion and the heat-affected zones, producing 

prominent sites for crack initiation/propagation [36]. 

2.2.3 Martensitic Stainless Steels 

Martensitic stainless steels have a microstructure consisting entirely of body-centered tetragonal 

(BCT) martensite with small portions of bainite and/or ferrite. They do not have a wide industrial 

application its lower corrosion resistance than other stainless steels' grades. This higher corrosion 
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susceptibility is caused by the need to keep the content of alloying elements, such as nickel, low 

to guarantee the martensite structure [37]. On the other hand, this grade of steels is used in 

applications requiring good mechanical strength and fatigue resistance in combination with 

bearable corrosion resistance [38]. 

Martensitic stainless steels are prone to SCC in several environments [39,40]. Rusnaldy et al. [41] 

observed high susceptibility to SCC of 13%Cr martensitic stainless steels in 3.5% NaCl solution 

at an elevated constant load that is approximately 80% of UTS. They related this corrosion 

susceptibility to carbide precipitation in the form of M7C or M23C6. Zucchi et al. [42] also reported 

SCC damage in 13%Cr martensitic stainless steel in a solution made of 5% NaCl, 0.5% acetic acid 

and sodium acetate in the absence or presence of thiosulphate. The pH of the solution varied from 

2.7 to 6. Yoshino [42] investigated the effect of chromium content on the SCC susceptibility of 

martensitic stainless steels in a 42% MgCl2 solution. The author observed that when chromium 

content was increased to ~15%, the cracking susceptibility of these grades of steels improve 

considerably by a specific heat treatment, which consists of an inter-critical tempering to obtain a 

mixed microstructure of tempered martensite. 

2.2.4 Duplex Stainless Steels 

Duplex stainless steel (DSS) consists of approximately equal proportions of ferrite and austenite 

phases at room temperature. They exhibit excellent toughness, corrosion resistance (including 

SCC) and strength. The good SCC resistance is due to the absence of a continuous austenite phase. 

The stress corrosion crack propagation in the austenite phase can become arrested once it spreads 

into the ferrite phase [37]. This resistance can also be attributed to the difference in the elastic 

limits, which are lower in austenite than in ferrite grains [43]. Several authors have reported high 

resistance to pitting and crevice corrosion in alloys with high Cr, Mo, N and W content [44,45]. 

Hamm et al. [46] studied the effect of chromium addition on passive film growth in stainless steel 

alloys with Cr content ranging from 15 to 54%. They observed that a higher Cr content resulted in 

thicker passive films and increased corrosion resistance. Ha et al. [47] observed that Mo enhances 

the resistance of passive film on stainless steels by decreasing the density of point defects. Ghanem 

[48] reported that stainless steels alloys exhibit an increase in pitting resistance with increasing 

nitrogen content. The author noticed that this occurs because N slows the rate of pitting attack 

through Cl- ions repulsion. The study also reported that nitrogen reacts with H+ ions and makes the 
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solution more alkaline [48]. Also, Irhzon et al. [49] investigated the addition of tungsten (W) on 

DSS. They established that W hinders the formation of the brittle secondary phases, which may 

have a beneficial impact on localized corrosion and, consequently, SCC susceptibility. 

Currently, the DSS are divided into five groups [50,51]: 

(i) Lean duplex stainless steels such as 2304: They are considered lean due to their low 

concentration of expensive elements such as Ni, Mo, and Cr (< 22%). They are known 

for their good price and relatively high heat input compared to the other DSS groups. 

Their corrosion performance is comparable to standard austenitic steel grades like AISI 

304L and AISI 316L. 

(ii) Standard duplex steels such as 2205 (22% Cr): These account for more than 80% of 

duplex used in various engineering applications. This group of alloys is designed with 

increased strength and finds structural applications in mildly corrosive environments. 

(iii) Highly alloyed grades (25 %Cr) duplex, such as Alloy 255: These DSS have a pitting 

resistance equivalent number (PREN) of less than 40 and possess considerable strength 

to weight ratio, good ductility and good performance in marine applications. 

(iv) Super duplex alloys with PREN between 40 to 45: They contain around 25-26 %Cr and 

higher Mo and N contents compared to the 25 %Cr grades, such as 2507. They have 

corrosion resistance comparable to high-performance austenitic stainless steels and are 

used in aggressive corrosive environments such as desalination plants, storage tanks 

and pressure vessels. 

(v) Hyper duplex alloys: These are alloyed duplex stainless steels with PREN above 45 

and Cr content above 27%. This group is the most expensive as it requires additional 

processing parameters and rigorous quality control. 

2.2.5 Precipitation Hardening Stainless Steels 

Precipitation hardening stainless steels (PH) are Fe-Cr-Ni alloys and are identified by their 

elevated toughness and strength compared to the other stainless steel groups. They offer an 

alternative option for excellent corrosion resistance and relatively good ductility. They achieve 

high strength by forming fine precipitates during aging treatment after machining the alloy in 

solution-treated conditions [52]. There are three groups of PH, which are martensitic, semi-
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austenitic and austenitic [37]. Its microstructure depends exclusively on the heat treatment used. 

Martensitic and semi-austenitic PH steels are known for their good combination of ductility, 

strength, toughness and corrosion resistance without cold working [53,54]. The addition of 

retained austenite into the martensitic steel is one of the most effective methods for improving 

their toughness and ductility. The austenitic PH steels are highly formable, nonmagnetic, exhibit 

high toughness at all temperatures, excellent creep and SCC resistance [37]. Two of the most 

common hardening mechanisms of PH steels are by precipitation of nitrogen triiodide (Ni3) or cold 

working preceding aging. 

Workman [55] investigated the SCC behavior of 10 different PH in a solution containing 3.5% of 

NaCl using the constant load test. He observed that the alloy's susceptibility to SCC increased with 

increasing strength or hardness. However, in specific situations, it appeared to be correlated with 

the processing history used to obtain these properties. Hitoshi et al. [56] studied the effect of cold 

working on the SCC susceptibility of the SUS 631 precipitation hardened stainless steel in MgCl2 

solution using the constant load test. They noted that the alloy’s SCC susceptibility decreased with 

increasing pre-strain and the SCC fracture morphology is primarily dependant on heat treatment 

parameters. 

2.3 Corrosion of Stainless Steels 

Even though stainless steels have higher general corrosion resistance when compared to other 

grades of steels, they are still susceptible to corrosion attacks in some environments. Corrosion is 

mostly an electrochemical reaction that consists of two half-cell reactions: anodic and cathodic 

reactions. The anodic reaction comprises the loss of electrons, which is consumed in the reduction 

reaction at the cathode. For example, corrosion of iron in an aerated acid solution consists of the 

following reactions: 

Anodic reaction: 

2Fe → 2Fe2+ + 4e− . . . . . . . . . . (2.1) 

Cathodic reaction: 

O2 + 2H2O + 4e− → 4OH− . . . . . . . . . (2.2) 

Overall reaction: 



14 
 

2Fe + 2H2O + O2 → 2Fe2+ + 4OH− . . . . . . . (2.3) 

The most common corrosion form is general or uniform corrosion, which accounts for the most 

significant cause of material loss due to corrosion on a tonnage basis [57]. It is characterized by 

metal dissolution that occurs uniformly over the whole exposed metal surface. Like any other type 

of passive metal, stainless steels are less susceptible to uniform corrosion due to the development 

of passive protective chromium oxide film formed by chromium reaction with oxygen at the alloys' 

surface on exposure to oxygen. Fig. 2.3 shows the schematic illustration of uniform corrosion. 

 
Figure 2.3. Simplified illustration of uniform corrosion [58]. 

Usually, stainless steels corrode by localized corrosion, which occurs by rapid penetration at 

confined areas and may remain undetected until it causes complete wall thickness penetration. 

Examples of localized corrosion include pitting and crevice corrosion. Pits are commonly small, 

appearing on the metal surface. They are easily mistaken for corrosion products that are harmless 

in appearance [59]. The crevice corrosion occurs at the interface between two metals bolted or 

riveted together or at the interface between metals and non-metals. The interface is characterized 

by stagnant conditions and depletion of oxygen, creating anodic and cathode parts. The stagnant 

condition leading to crevice corrosion can occur under deposits. Depending on the metal's 

susceptibility to corrosion in the environment, corrosion pits can be said to be partial or complete, 

which are also referred to as metastable or stable pits, respectively. Metastable pits are pits that 
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have been repassivated and not fully developed, while stable pits have not been repassivated and 

are therefore fully developed [60,61]. Ameri et al. [62] investigated the pitting behaviour of AISI 

316 stainless steel in a 0.6 M NaCl solution using PD and potentiostatic polarization tests. They 

observed that the electric charge density dictates the initiation of metastable pits on the AISI 316 

steel surface. Ebrahimi et al. [61] studied the temperature for stable pit formation in DSS2205 and 

20Cr-28Ni stainless steels using electrochemical impedance spectroscopy and potentiostatic tests. 

They observed that both techniques provided similar temperatures for stable pit nucleation, which 

was around 55-60 °C for DSS2205 and 45-55 °C for 20Cr-28Ni stainless steel. 

2.3.1 Pitting Corrosion 

The formation of microscopic holes or cavities on the metal surface due to the local breakdown of 

the passive metal film is referred to as pitting corrosion. It can occur due to heterogeneities present 

on the metal surface. These homogeneities may be due to the presence of precipitates, cracks or 

defects. Pitting corrosion occurs in two steps; pit initiation and pit propagation. Fig. 2.4 shows a 

schematic of the formation of corrosion of pits (pitting corrosion). The pit's initiation in a chloride 

environment occurs by a localized breakdown of the passive film without its repassivation due to 

the accumulation of chloride ions and local acidification. The pit propagation is an accelerated 

metal dissolution process in the portion of the metal that is unprotected. The corrosion reactions 

are shown in equations 2.4 to 2.6. Equation 2.4 represents the anodic reaction, due to continuing 

metal dissolution, an excess of positive ions of iron (Fe2+) is accumulated in the anodic area. The 

electrons in excess will be used in the cathodic reaction (equation 2.5). These reactions result from 

the electrolyte inside the pit becoming positively charged, different from the electrolyte that 

surrounds the well, which is negatively charged (equation 2.6). The process remains until the metal 

is completely perforated. Jones [59] reported that the susceptibility of stainless steel and nickel 

alloys to pitting corrosion is mainly due to the local breakdown of the protective film in isolated 

locations. According to Galvele [63], this breakdown in chloride environments occurs due to the 

environment's acidity and low concentration of dissolved oxygen, which reduces the protective 

oxide film's stability. Chloride ions are responsible for the most severe corrosion problems due to 

their presence in various environments, such as seawater, food and the chemical and petrochemical 

industry. 
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Figure 2.4. Mechanism of pitting corrosion in a chloride-containing medium. 

 

Fe → Fe2+ + 2e− . . . . . . . . . . (2.4) 

O2 + 2H2O + 4e− → 4OH− . . . . . . . . . (2.5) 

FeCl2 + 2H2O → Fe(OH)2(↓) + 2HCl . . . . . . . (2.6) 

2.3.2 Crevice Corrosion 

Crevice corrosion refers to a severe form of localized corrosion that occurs due to the presence of 

a stagnant condition in a crevice (Fig. 2.5). Inside the crevice, oxygen diffusion is restricted, and 

pH decreases as chloride ions are enriched [64]. This change in the chemical environment inside 

of the crevice promotes the localized depassivation of the metal surface. The rate of anodic reaction 

in the crevice is balanced with that of a cathodic reaction outside of the crevice, which accelerates 

the corrosion inside of the crevice [65]. According to Laycock et al. [66], there are four major 

models for crevice corrosion initiation on stainless steels, and they are: (1) formation of metastable 

pitting in the crevice; (2) localized dissolution causing accumulation of the corrosive solution and 

assisting passive film breakdown; (3) passive dissolution leading to continuous acidification and 

oxide film breakdown; (4) electrical potential drop inside the crevice which causes the metal to 

enter in the active state. 

Pardo et al. [67] studied the effect of chloride, temperature and pH variation on the pitting and 

crevice corrosion performance of high alloyed stainless steels using immersion and cyclic 

polarization tests. They observed that the alloys' pitting and crevice potential decreased with pH, 

temperature, and Cl- increase. This behavior is attributed to the loss of stability of these alloys’ 

passive layer under these conditions. Garner [68] investigated the crevice corrosion behavior of a 

large group of austenitic stainless steels, immersing them for two years in seawater media. He 
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reported that all investigated austenitic stainless steels alloys containing at least 20%Cr, 18-

24%Ni, 6%Mo, and 4.5%Mo were not susceptible to crevice corrosion in seawater environment 

at room temperature. 

 
Figure 2.5. Mechanism of crevice corrosion [65]. 

2.3.3 Stress Corrosion Cracking 

Stress corrosion cracking (SCC) is caused by the combined effect of tensile stress and corrosion 

reaction. Crucial for SCC occurrence is the presence of tensile stress (applied or residual), specific 

corrosive environment, and material susceptibility to corrosion in that environment (Fig. 2.6). SCC 

is one of the major causes of failure and enormous maintenance costs in petrochemical and mineral 

processing industries, including potash plants [69]. Brown [70] reported that the first historical 

record of SCC probably occurred at the beginning of the second millennium. The blacksmiths 

using brass and bronze in the metal fabrication observed the formation of cracks in the presence 

of ammonia (particularly around stables). Cold-worked brass or bronze are likely the metals in 

which the SCC phenomenon was first observed. In the 1930s, SCC was observed in austenitic 

stainless steels in the petrochemical and paper industries [70]. Around the same period, Hehemann 

[24] reported the susceptibility of austenitic stainless steels to cracking, mainly in hot chloride 

solutions. 

Cottis [71] reported that SCC is practically impossible to be detected by visual inspection during 

periodic maintenance because the crack propagation is quite insidious and proceeds undetectable 

until the component fails. Failure occurs when crack propagation leads to a reduction in the 

effective cross-sectional area of the component and, consequently, its load-carrying capacity. SCC 

attacks can result in leakage of pipes or vessels containing corrosive liquids or gases, which can 

endanger human life in addition to the associated cost. Therefore, materials selection for service 

in the aqueous environment needs to be carefully carried out to minimize SCC damage. 
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Figure 2.6. Conjoint material, stress and environment requirements for SCC. 

Temperature is one of the factors that affect the susceptibility of CRA to SCC in chloride solutions. 

Alyousif and Nishimura [72] reported SCC susceptibility of AISI 304, 310 and 316 stainless steels 

in a saturated MgCl2 solution at varying temperatures. Chen et al. [73] reported that the SCC 

susceptibility of nickel-based 690 alloys is very sensitive to NaCl solutions' pH, temperature, and 

chloride concentration. Fritz and Gerlock [74] reported the existence of a threshold temperature 

for the occurrence of SCC in 6% Mo stainless steels, and this threshold temperature increases as 

chloride concentration decreased. A threshold temperature below which no SCC occurs was also 

reported by Nishimura and Maeda [75] in their work on the SCC behavior of AISI 304 and 306 

stainless steels in acidified NaCl solutions. Hinds and Turnbull [76] identified a threshold 

temperature of between 70 ºC and 80 ºC for stress corrosion cracking of 22Cr and 25Cr stainless 

steels in seawater. 

2.4 Effects of Chemical Composition on Corrosion Resistance of Stainless Steels 

2.4.1 Chromium 

Chromium is the element that mostly contributes to the formation of protective oxide film on 

stainless steels. Chromium is responsible for increasing the metal's passivity, shifting the 

transpassive potential to more noble values in chloride solutions [77]. The passive film on iron-
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chromium alloys is reported to exhibit two layers in chloride environments [78]. Fe ions migrate 

to the stainless steel surface at the initial stages of corrosion, wherein they form the porous layer 

by precipitation. The chromium ions, which have a lower solubility in the chloride environment, 

tend to react and form a chromium-rich inner oxide layer [78]. Popov [79] reported that increasing 

the chromium concentration in stainless steel alloys increases the passive film's thickness. The 

variation of chromium content on the pitting potential of Fe-Cr alloys in 0.1N NaCl solution at 25 

ºC is provided in Fig. 2.7 [80]. It shows that the pitting potential, which is the potential necessary 

for the metal to corrode by pitting, rises with the increase in chromium content up to ~40% Cr, 

where it becomes stable. 

 

 
Figure 2.7. Effect of chromium variation on pitting potential of Fe-Cr alloys in a deaerated 

solution of 0.1N NaCl solution at 25 ºC [80]. 

2.4.2 Nickel 

The addition of nickel to stainless steel leads to increased strength, stabilization of the austenite 

phase at room temperature, and increased SCC resistance in hot chloride solutions [81]. Nickel 

also reduces the corrosion rate of stainless steel in acidic environments [52]. The results of previous 

studies have suggested that Ni push Cr and Mo towards the outermost surface of the metal [82,83], 
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which may explain the more considerable nobility and corrosion potential of the austenite grains 

compared to ferrite grains, even with a lower concentration of Cr and Mo in its grains [84]. Fig. 

2.8 exhibits the effect of nickel concentration on the pitting potential of Fe-15%Cr alloys in 0.1 N 

NaCl at 25 ºC in deaerated solution [80]. Analogous to the chromium concentration, an increase in 

nickel content also elevates the alloy's pitting potential, consequently, its pitting resistance. 

 
Figure 2.8. Effect of nickel variation on pitting potential of Fe-15 %Cr alloys in a deaerated of 

0.1N NaCl solution at 25 ºC [80]. 

2.4.3 Molybdenum 

The primary function of molybdenum is to increase the corrosion resistance of stainless steels. The 

passive film of stainless steels is in the form of hydroxides and oxides. It was suggested that 

molybdenum could form Mo6+oxide in the passive film, which blocks the penetration of Cl- ions 

to attack the steel [85] or alternately reduce the dissolution rate by formation and retention of 

molybdenum oxy-hydroxide or molybdate at active surface sites [86]. Ha et al. [47] reported the 

benefits of alloying Mo in increasing the pitting and repassivation potentials and enhancing the 

corrosion resistance of the passive film due to decreased number of points defects in the film. In 

addition, the authors also observed a reduction in the critical dissolution rate of the molybdenum-

containing stainless steel in acidified chloride solutions, which resulted in the alloy with higher 

Mo content remaining in the passive state in a strong acid solution. The effect of molybdenum 
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addition on the pitting potential of Fe15%Cr13%Ni alloys in a deaerated solution of 0.1 N NaCl 

is shown in Fig. 2.9. Similar to chromium and nickel increase, molybdenum also increases the 

pitting potential and pitting corrosion resistance. 

 
Figure 2.9. Effect of molybdenum addition on pitting potential of Fe-15 %Cr-13 %Ni alloys in a 

deaerated 0.1N NaCl solution at 25 ºC [80]. 

2.4.4 Nitrogen 

The presence of nitrogen in stainless steels improves austenite's stability and their mechanical 

properties and resistance to corrosion [87]. The increased corrosion resistance occurs due to its 

reaction with molybdenum leading to the formation of nitrides that segregate and block the active 

dissolution of stainless steels inside the corrosion pits [87]. Olsson [88] reported that the interaction 

between molybdenum and nitrogen near the passive film builds an outlying region of the protective 

film. This newly created region is independent of the underlying layer, having either a ferritic or 

austenitic composition, enhancing the protective properties of the passive oxide film. Nitrogen also 

slows down the pit growth kinetics by reacting with hydrogen and forming N𝐻4
+ and N𝑂3

−
 which 

increases the pH of the pit site [89]. 

2.4.5 Pitting Resistance Equivalent Number  

Pitting Resistance Equivalent Number (PREN) provides a theoretical measurement to predict 

stainless steels' susceptibility to pitting corrosion based on their alloying composition. It is very 
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useful for ranking and comparing different grades of stainless steel. It is calculated based on the 

chromium, molybdenum, nitrogen and tungsten contents of each alloy (see equation 2.9). 

PREN = Cr + 3.3(Mo + 0.5W) + 16N . . . . . . . (2.9) 

Large values of PREN indicate higher pitting corrosion resistance. Table 2.1 shows the typical 

values of PREN for some grades of stainless steels. The major problem in using a parameter based 

only on chemical composition is that it ignores the often-found adverse effects of microstructural 

constituents such as sigma, chromium-depleted zones, manganese sulphide and alloying element 

segregation due to coring produced during processing [80]. Therefore, the use of this parameter is 

recommended in alloys, where there is strict control of secondary phase formation. 

Table 2.1. PREN of some grades of stainless steel [90]. 

Alloy name Structure PREN 

AISI 304 Austenitic 18 

UNS S31603 Austenitic 26 

 UNS 44635 Ferritic 39 

UNS 44660 Ferritic 39 

SAF 2205 Duplex 35 

UNS S32760 Duplex 40 

 

2.5 Electrochemical Polarization Tests 

Several electrochemical methods such as potentiodynamic polarization (PP), cyclic polarization 

(CP), and electrochemical impedance spectroscopy are commonly used to measure stainless steels' 

corrosion resistance in chloride environments [61,91–93]. The details of the electrochemical 

corrosion techniques used in this research are provided in this section. 

2.5.1 Potentiodynamic Polarization 

Potentiodynamic polarization (PP) is a technique where the electrode potential is varied at a 

specific rate by applying a current through an electrolyte. Through PP scan, it is possible to obtain 

information regarding polarization resistance, corrosion rate, susceptibility to pitting, cathodic and 

anodic behavior, etc. The test is divided basically into cathodic and anodic scans (Fig. 2.10). The 
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cathodic scan starts at the initial potential set in the software setup (point A). The potential is then 

increased until the corrosion potential (Ecorr) or open circuit potential (OCP) is reached, which is 

the potential where the transition from the cathodic slope to anodic slope occurs (point B). When 

the anodic polarization scan begins, the potential and current increase at a similar rate. This 

increase is characteristic of the active region (point C). 

 

 

 
Figure 2.10. Typical potentiodynamic polarization plot. 

2.5.2 Cyclic Polarization 

The cyclic polarization (CP) scan covers more extensive ranges of potential. It provides a reverse 

scan in addition to the forward scan that is carried out in the potentiodynamic polarization (PP). 

The CP plot shows additional zones to the ones shown in the PP section (Fig. 2.11). After the 

active zone, there is a decrease in current density to a primary passivation potential. It is due to the 

formation of the oxide protective film on the metal surface (Zone A). This passivity is extended 

until zone B is reached, which is called the transpassive region. In this region, we have the passive 

film's breakdown due to the continuous increase of current density, causing the metal's dissolution. 

The metal dissolution can occur over the whole metal surface by uniform corrosion or be in specific 
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spots by crevice or pitting corrosion. The formation of a hysteresis loop and the reverse scan 

starting in zone C indicates alloy repassivation. Larger hysteresis loop sizes mean more significant 

interruption of the protective film, making the restoration of the passive film more difficult [94]. 

Zone D is known as repassivation potential (ERP), and depending on the alloy composition, it can 

be more noble or equal to the corrosion potential. 

 
Figure 2.11. Typical cyclic polarization plot. 

2.5.3 Critical Pitting Temperature  

The CPT is defined as the lowest temperature on the specimen surface at which stable propagating 

pit occurs under specific experimental conditions. It is indicated by a sudden increase of anodic 

current density beyond a set limit. CPT measurements have a beneficial interest to several 

researchers because they can be used as a ranking tool for the pitting corrosion resistance of 

stainless steels. 

2.6 SCC Mechanisms 

Several experimental and theoretical analyses have been done to comprehend how SCC proceeds 

in metals. Consequently, many mechanisms have been proposed; the ones receiving the most 

significant consideration are presented below. 
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2.6.1 Adsorption Induced Cracking 

In this model, during the electrochemical process, adsorbed species from the environment weaken 

the interatomic bonds at crack tips, thereby facilitating the nucleation of dislocations causing the 

reduction of the amount of stress necessary to initiate a crack [95]. The crack propagation was 

reported to grow in a continuous process by brittle fracture, as demonstrated in Fig. 2.12. However, 

there are problems with this model for some specific systems, such as portions of the cracks with 

significant discontinuities as the crack advances and the fact that the model requires a sharper 

crack tip than is present in a real situation [96,97]. 

 

Figure 2.12. Schematic diagram illustrating the adsorption-induced decohesion mechanism [98]. 

2.6.2 Slip-dissolution Model 

The slip dissolution model or film rupture, shown schematically in Fig. 2.13, is one of the most 

accepted models. It states that tensile stress produces enough plastic strain to cause a localized 

break of the passive film at an emerging slip band. This crack will grow by anodic dissolution 

from the reactions of ions from the environment, such as chloride, with the metal surface's 

unprotected area resulting in local acidification until the crack reaches a length sufficient to cause 

the ultimate failure of the metal [98]. 
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Figure 2.13. Schematic drawing of crack initiation and growth by slip-dissolution model [99]. 

In this model, SCC would propagate in the material by either intergranular or transgranular 

cracking. The transgranular cracking is less common than intergranular. However, both may occur 

simultaneously in the same material-environment system [59]. Sivanathan et al. [100] reported 

that chloride stress corrosion cracking (CLSCC) initiates from localized pitting or crevice 

corrosion sites. The propagation occurs when cracks grow more quickly from the pit or crevice 

than the general corrosion rate [10]. As SCC failure is time-dependent, it is evident that laboratory 

testing must be accelerated or terminated in a smaller timescale than components' service lives. 

Acceleration of testing conditions involves applying extreme mechanical stress or severe 

environmental conditions such as high temperature or critical pH to obtain realistic simulation with 

the actual terms [38]. 

2.6.3 Atomic Surface Mobility  

The atomic surface mobility model is based on the proposition that cracks grow by diffusion of 

metal atoms across the surface from a very sharp crack tip to the crack wall, i.e., the capture of 

vacancies of the crack tip [79]. There is a high-stress concentration at the tip of the crack, and it is 

known to reduce the free energy of formation of vacancies: 

ΔF1
o = ΔFo − σa3 . . . . . . . . . . (2.10) 

where 𝛥𝐹1
𝑜 is the bulk free energy change per unit of volume, 𝛥𝐹𝑜 is the free energy formation in 

the initial state of the bulk metal, with infinite dilution of vacancies, α is the atomic size and σ is 

the tensile stress. This relationship leads to the thermodynamic equation 2.11. 
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(
δFl

δP
) = Vf . . . . . . . . . .  . (2.11) 

where 𝐹𝑙 is the free energy for vacancy formation, P is pressure, and Vf is
 the vacancy formation 

volume (value approximately equal to α3). Equations 2.11 and 2.12 lead to the equilibrium 

concentration of vacancies C in the region of stress: 

C = Co exp( σα3/kT) . . . . . . . .   . (2.12) 

where Cº is the number of vacancies in the initial stage of the stress-free bulk metal, T is the 

temperature in Kelvin and k is the Boltzmann constant. 

 

Figure 2.14. Atomic surface mobility model [101]. 

2.6.4 Localized Surface Plasticity 

Fig. 2.15 shows another theory used to explain the SCC mechanism, which proposes that the film's 

rupture promotes large anodic currents at the rupture site by the galvanic coupling of the exposed 

surface, which is active to the surrounding passive (covered with film) surfaces [59]. The steps of 

the localized surface plasticity (LSP) mechanism, as described by Jones [102], consist of (1) film 

rupture initiated by plastic deformation at emerging slips bands caused by applied stress exposing 

underlying bare surface at rupture sites; (2) anodic dissolution of the unprotective metal zone at 

the rupture sites by galvanic coupling to adjoining large noble passive surfaces; (3) repassivation 
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is delayed by competitive adsorption or chemical cooperation by critical dissolved species that 

extend anodic dissolution at the rupture film spots; (4) decline of strain hardening, inducing 

localized surface plasticity in the near surface microvolume of the slip band underlying each film 

rupture site; (5) crack initiation on the planes {111} in the subsurface slip-band volume, which 

becomes triaxial stress by transverse Poisson stresses which develop during LSP; (6) propagation 

of brittle crack by cleavage fracture on low-energy prismatic planes, through the triaxially stressed, 

near-surface slip band volume and into the underlying unaffected alloy, where it holds temporarily; 

(7) The combination of continuous repetition of film rupture, galvanic anodic current, LSP at the 

crack tip, and new brittle crack increments, produce commonly observed discontinuous SCC 

growth. 

 
Figure 2.15. Schematic showing the LSP mechanism of SCC [102]. 

2.6.5 Film Induced Cleavage 

Initially proposed by Sieradzki and Newman [103], the model involves the repeated sequences of 

formation of an environmentally induced brittle film at crack tips; (1) rapid crack of the brittle 

film; (2) continuation of brittle fracture into the underlying substrate for distances that are much 

greater (10 - 1000x) than the film thickness; and (3) crack-arrest and blunting (Fig. 2.16). For film 

induced cleavage (FIC) to occur, the film must be brittle and firmly bonded to the substrate [98]. 
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Figure 2.16. Schematic diagram depicting FIC for SCC [98]. 

2.6.6 Hydrogen Embrittlement 

Hydrogen embrittlement occurs when the metal in an aqueous environment is in contact or 

saturated with atomic hydrogen. Atomic hydrogen degrades the interatomic bonds in the crack 

tip's plain-strain region by reducing the surface energy [104]. Eliaz et al. [105] reported that the 

hydrogen embrittlement (HE) processes depend on three main conditions: (1) where the hydrogen 

originated; (2) the transport processes involved in moving the hydrogen from its source to the 

metals where it reacts to cause the embrittlement; (3) the embrittlement mechanism itself. There 

are multiple mechanisms by which atomic hydrogen is believed to cause embrittlement. Was [106], 

in his book described three different mechanisms: (1) the decohesion mechanism which holds that 

hydrogen atoms lower or reduces the metal-metal bond strength; (2) the pressure theory, which is 

based on the formation of hydrogen as a gas at the internal defects; and (3) a variation of the 

pressure theory in which a reaction between hydrogen and carbon lead to the formation of methane. 

This reaction causes decarburization and a weakening of the metal. 

2.7 SCC of Stainless Steels in Chloride Environment 

Stainless steels are considered corrosion-resistant due to their ability to form a protective (passive) 

film on the surface. When in contact with the oxygen-containing environment, chromium in 

stainless steels reacts with the oxygen to form a protective chromium oxide surface film. Ambrose 

and Kruger [107] reported that Cl- ions' infiltration into this passive film accelerates its breakdown. 

They noted that the breakdown process occurs through the weakening of the passive film when 

Cl− ions displace oxygen from the passive film. The repassivation kinetics of stainless steels has 

often been related to susceptibility to localized corrosion processes, such as crevice and pitting 

corrosion, which later evolve into SCC. If the passive film breakdown ratio is higher than the rate 

of repassivation, localized acidification leads to pitting or crevice corrosion [108]. SCC occurs 

with little warning, and failure develops rapidly for mechanisms with very fast propagation rates. 
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Therefore, the present inspection technology based on periodic examination cannot reliably detect 

CLSCC in stainless steels before failure unless initiation is earlier than the scheduled inspection 

[9]. 

Several reports in the literature contain information on stainless steels' susceptibility to SCC in 

chloride environments [109–111]. Chen et al. [109] studied the SCC susceptibility of AISI 321S 

austenitic stainless steel in a simulated petrochemical process environment containing hydrogen 

sulphide and chloride using the slow strain rate tensile (SSRT) test. They analyzed the effect of 

chloride concentration (0-20 wt.%), solution pH (1-7) and temperature (25-80 ºC) on the 

susceptibility of AISI 321 stainless steel to SCC. They obtained the following order of 

environmental factors on SCC susceptibility: Temperature effect >> Solution pH effect > Cl− 

concentration effect. Bastos et al. [110] investigated the electrochemical and SCC behavior of the 

austenitic stainless steel UNS 304 (S30400) in acidic solutions at room temperature. The results 

showed that at pH 0 and constant stress level, the metal surface suffered mainly uniform attack 

while localized attacks seemed to for solution pH of 1. Duplex stainless steels are also susceptible 

to chloride-induced SCC. However, they often offer valuable benefits over austenitic grades in 

terms of cracking resistance [43]. Tavara [112], attributed the superior performance of the duplex 

alloys in media containing chloride ions to the presence of delta ferrite, which promotes an increase 

in electrochemical and mechanical properties of the duplex stainless steels. 

From the aforementioned research works, it is evident that there is a need to find means to mitigate 

the SCC damage of stainless steel in a chloride environment. Obviously, the most effective way to 

prevent SCC of stainless steels is to avoid exposure to the chloride-containing environment, which 

is not practicable. Other alternatives include increasing the nickel content of the austenitic steel 

[81] or adding coatings to isolate the metal from the environment [113]. Garcia et al. [114] studied 

the effect of cold work on austenitic stainless steel type 304 on SCC susceptibility. They found 

that the alloy showed a higher degree of SCC damage deformed to 40% degree of cold work. Like 

Chen et al. [109], investigated the effect of the test parameters on SCC susceptibility of stainless 

steels and found that it decreases in the same order, i.e., temperature effect > solution pH effect > 

Cl− concentration effect. They also reported that 304 stainless steel showed a transition from 

intergranular stress corrosion cracking to transgranular stress corrosion cracking depending on the 

prior degree of cold work and thermal sensitization.  
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2.8 Electrochemical Effects on SCC 

Fig. 2.17 shows a typical electrochemical polarization curve with shaded parts indicating zones 

where an alloy is usually susceptible to SCC in a corrosive environment [115]. In zone 1, the rapid 

increase in current density with a small growth in potential is an indication of the transpassive 

zone, which is characterized by the passive film breakdown and continuous metal dissolution. This 

metal dissolution may be in the form of stable pits that become a precursor for SCC initiation. The 

interval between the zones is identified as the passive region, where the repassivation rate 

overcomes the corrosion rate. In zone 2, we have the initial formation of the passive film indicated 

the accelerated drop in current density caused by the protective film stabilization. Since zone 1 

and 2 have regions with lower stability of the protective film, they become regions with more 

susceptibility to SCC [59]. In general, the crack growth rate depends on how fast the passive film 

repassivates after its rupture. Therefore, it is possible to say that the crack growth rates are 

proportional to anodic dissolution currents at straining electrode surfaces [116]. 

 
Figure 2.17. Illustration of the anodic polarization curve demonstrating zones of susceptibility to 

SCC [106]. 

2.9 Testing Methods for SCC 

Like any other crack phenomenon induced by the environment, the stress corrosion cracking 

causes embrittlement of the metal. The best alternative to verify the metal's susceptibility to this 
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type of corrosion is by measuring the amount of ductility loss. Below is a brief description of the 

two most commonly used test methods. 

2.9.1 Constant Load Test 

The constant load test, as described in the standard ISO 7539-6:2018 [117], involves conducting a 

tensile test at a constant load applied to a sample immersed in a corrosive solution. The specimen's 

shape can vary widely: cylindrical, flat, with a notch, and can even contain a welded joint. In this 

type of test, the time to fracture is evaluated for a variety of applied initial stresses, and an estimate 

of threshold stress below which fracture due to SCC does not occur can be obtained [118]. It is 

usual to stop the test after pre-defined test time if the failure has not occurred. In this case, the total 

number of cracks per unit length of material is analyzed for a comparative estimation of 

susceptibility, especially concerning the initiation of the SCC attack [119]. Under the constant load 

tests, the crack tip strain rate can be related to the creep processes at a moving crack tip [120]. 

Constant load (CL) and constant displacement (CD) tests are often used as auxiliary techniques to 

obtain more detailed information about material resistance. However, these tests do not provide 

elementary parameters used directly in engineering design or to determine the "safe life" of the 

equipment. The absence of these parameters can be explained by the lack of a model to interpret 

the macroscopic behavior of the material observed during the SCC tests [121]. 

2.9.2 Slow Strain Rate Test 

Slow Strain Rate Test is presently the most commonly used test to measure the material 

susceptibility to stress corrosion cracking. According to the ASTM G49-85 [122], it involves 

imposing an external force to deform a gauge section of a uniaxial tension specimen at a very low 

strain rate under predetermined environmental conditions. The apparatus used for this type of test 

is similar to an ordinary tensile test machine, but its driving mechanism is capable of a slower 

crosshead movement than those encountered in a regular tension test. The range of strain rate used 

is usually in the order of 10-4 to 10-7 s-1 [123]. Kane [120] identified a short test time as the major 

advantage of the SSRT technique over CL or constant extension techniques. With the SSRT, the 

specimen is generally strained to failure, and the test duration itself provides an indication of 

cracking susceptibility. 
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2.10 Strain Rate Sensitivity of Stainless Steels 

The mechanical properties of stainless steels are generally related to the deformation rate at which 

the metal is being tested. This relationship is called strain rate sensitivity (SRS), and it can be either 

positive or negative [124,125]. Historically, the sensitivity of metals to strain rate was first 

observed in 1909, where it was found that the stress needed for the final fracture increased with an 

increase in the speed of stretching [126]. Fig. 2.18 shows a summary of strain rate ranges for 

several load sources. At strain rates below 10-6 s-1, tests are usually governed by creep or slow 

strain rate tests. Tensile and compression tests are in the intermediary strain rate region between 

10-5 and 1 s-1 [127]. Strain rates higher than 100 s-1 are used for impact, ballistic and explosive 

tests. Quasi-static stress-strain curves are often used to describe the material behavior. When 

higher strain rates are used, the stress-strain relationship may change due to material sensitivity to 

strain rate [126]. 

 

 
Figure 2.18. Schematic of strain rate ranges for different load sources. 

The results of previous studies have indicated the occurrence of negative SRS in stainless steels 

[128–130]. This phenomenon is usually related to dynamic strain aging (DSA) and the Portevin 

Le-Chatelier effect (PLC), as well as to the higher strain hardening intensity at lower strain rates. 

The DSA and PLC are commonly attributed to the pinning and unpinning of dislocations by 

interstitial solute atoms during plastic deformation [131,132]. Lower strain rates benefit the 

diffusion of interstitial solute atoms to the partial dislocations sites leading to a stronger DSA [133] 

and lower stacking fault (SF) [134] effects and, consequently, a higher strain hardening rate (SHR) 

[135]. 
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CHAPTER 3 

MATERIALS AND EXPERIMENTAL METHODOLOGY 

The techniques used to test and evaluate the SCC resistance of the selected materials are presented 

in this chapter. The characterization methods used in this investigation, such as optical microscopy, 

scanning electron microscopy (SEM), X-ray diffraction (XRD), electron backscattered diffraction 

(EBSD), Raman spectroscopy and energy dispersive spectroscopy (EDS), are discussed. 

3.1 Materials 

The chemical composition of the UNS S31603 austenitic stainless steel and three duplex stainless 

steels UNS S32205, UNS S32760, and UNS S32550, used in this research, are presented in Table 

3.1. Gambit machining and Langley alloys supplied them in hot-rolled and solution-annealed 

conditions. Afterwards, they were quenched in water. Their processing conditions are provided in 

Table 3.2.  

Table 3.1. Chemical compositions of the investigated alloys (wt.%). 

 Fe C Mn Cr Mo Cu Ni N Si W Others 

UNS S31603 Bal. 0.019 1.34 16.87 2.06 0.36 10.53 0.04 0.34 - >0.21 

UNS S32550 Bal. 0.018 0.51 25.40 3.62 0.55 7.07 0.22 0.22 0.55 >0.04 

UNS S32760 Bal. 0.012 0.88 25.87 3.25 1.55 6.41 0.23 0.22 0.06 >0.05 

UNS S32205 Bal. 0.019 1.55 22.21 3.10 0.32 5.95 0.16 0.51 - >0.11 

 

Table 3.2. Rolling and annealing conditions of the investigated alloys. 

Material 
Rolling 

temperature (°C) 

Annealing 

temperature (°C) 

UNS S31603 1204 1040 

UNS S32550 1280 1100 

UNS S32760 1250 1040 

UNS S32205 1150 1040 

 

3.1.1 Electrolyte 

The electrolyte used in all corrosive tests was deionized water saturated with potash chloride 

(KCl). The potash was provided by Nutrien Ltd., Canada. The solution was saturated by adding 
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potash chloride with continued mixing until the salt particles were almost completely dissolved. 

The variation in electrolyte solubility with increasing temperature is shown in Table 3.3. 

Table 3.3. Solubility variation of potash brine with temperature. 

Temperature (°C) 
Potash brine solubility 

(g/100ml water) 

30 37.2 

40 40.1 

50 42.6 

60 45.8 

70 48.3 

80 51.3 

 

3.2. Stress Corrosion Cracking Test 

For the determination of mechanical properties and SCC parameters, the alloys were machined 

into tensile specimens according to ASTM A484/A484M standard [136]. Each tensile specimen 

has a length of 62 mm, a gauge diameter of 3.93 mm, and a gauge length of 14 mm. They were 

polished to a surface finish of 250 AA (arithmetic average) roughness height to eliminate any stress 

concentration zones [137]. A photograph showing the geometry and dimensions of the tensile 

specimen used for the SCC test is provided in Fig. 3.1. Uniaxial tensile tests were carried out 

according to the ASTM G49-85 standard [122]. A ZwickRoell KAPPA 250DS testing machine 

interfaced with Zwick TestXpert II data analysis software was used for all measurements. The 

machine is designed with two configurations, one for air testing (Fig. 3.2) and one for testing in 

corrosive environments (Fig. 3.3). The specimens were strained to failure in air and at room 

temperature using the following strain rates: 5 × 10-2, 1 × 10-2, 5 × 10-3, 1 × 10-3, 1 × 10-5, 1 × 10-

6, 5 × 10-7 and 1 × 10-7 s-1 while the specimens selected for SCC were tested at 25, 50 and 80 °C at 

1 × 10-6 and 5 × 10-7 s-1 strain rates. A contact extensometer controlled the test strain rates to 

eliminate any effect of machine stiffness. The extensometer had a length of 14 mm, which 

established a close strain rate even in the elastic region. To prevent any problem related to galvanic 

coupling, the grips of the test samples were isolated from the potash brine solution using a 

combination of silicone heat exchanger coils and separate water as the heating fluid. Also, plastic 

washers and ceramic sealing rings were used to avoid touching the extensometer and specimen. 

Baseline tests were conducted for all the four alloy specimens in air at room temperature (25 ºC). 

Then, the specimens were further tested in an aerated saturated potash brine environment at 
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different temperatures (25, 50, and 80 ºC) to determine the alloys' SCC susceptibility in the 

corrosive solution. The test conditions were chosen to test the selected alloys under the most typical 

potassium processing conditions. Initial tests were conducted three times under ambient conditions 

at 1 × 10-6 s-1 strain rate in air and in potash brine to ascertain the reproducibility of the results 

obtained from this study. A Lauda Eco Silver water bath controls the temperature of the potash 

solution during the SCC test. The volume of the electrolyte during the experiment was maintained 

at 1 L. The estimated flow rate of the solution while testing at specified temperatures was 25 ± 2, 

50 ± 2 and 80 ± 2 °C was 15, 22 and 30 ml/hour, respectively. The duplex stainless steels were 

further tested at 1 × 10-7 s-1 at 80 °C since they did not show significant signs of SCC susceptibility 

under the previous test conditions (1 × 10-6 s-1 strain rate at 25, 50 and 80 °C). All the tests were 

repeated at least two times. 

 
Figure 3.1. Picture showing the geometry and dimensions of a typical tensile specimen. 
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Figure 3.2. A schematic diagram of ZwickRoell KAPPA 250DS testing machine configured for 

tests without corrosion effect.  

 
Figure 3.3. A schematic diagram of ZwickRoell KAPPA 250DS testing machine configured for 

corrosion testing. 
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The SCC susceptibility of the selected alloys was determined using final elongation and fracture 

time, as shown in the equations 3.1 and 3.2. 

ITF =
TFA−TFC

TFA
∗ 100%. . . . . . . . . . (3.1) 

Iδ =
δA− δC

δA
∗  100%  . . . . . . . . . (3.2) 

where ITF is variation in time to failure, I is variation in elongation, TFA is the time to failure of 

the material in air, TFc is the time to failure of the material in the corrosive environment, 𝛿A is 

elongation after fracture in air and 𝛿C is the elongation after fracture in corrosive media. 

3.3. Strain Rate Sensitivity and Strain Hardening Calculations 

The strain rate sensitivity (SRS) of the alloys, when tested in air, was determined by plotting the 

log of true stress (𝑙𝑜𝑔𝜎𝑇) against the log of true strain rate (𝑙𝑜𝑔휀�̇�) for selected true strain points 

within the plastic zone. The slope (𝑚) of the resulting straight line provides the SRS based on 

equation. 3.3. The true strain rate used in equation 3.3 was obtained using equation. 3.4. The slope 

obtained from the plot of 𝑙𝑜𝑔𝜎𝑇 against 𝑙𝑜𝑔휀�̇� provides the strain hardening exponent (SHE), 

which is designated as (𝑛) according to equation. 3.5. The strain hardening capability of each alloy, 

when tested at different strain rates, was determined using the strain hardening rate (SHR), as 

described in equation. 3.6. 

logσT = log K + mlogε̇T . . . . . . . . . (3.3) 

ε̇T = dεT/dt . . . . . . . .  .  . (3.4) 

logσT = log K + nlogεT . . . . . . . . . (3.5) 

ni = dσT/dεT  . . . . . . . . . . (3.6) 

where 𝜎𝑇   = true stress, K = material constant and 휀�̇� = true strain rate, t = time in seconds, 휀𝑇 = 

true strain and 𝑛𝑖= SHR. It is noteworthy that only data points within the uniform plastic 

deformation region, specifically from the yield point to the maximum stress, were used for 

determining SRS and SHE. 
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3.4 Electrochemical Corrosion Tests 

The specimens for electrochemical corrosion tests were machined into round bars and 

subsequently cut to a test specimen with a height of 1 cm and an exposed surface area of 1.261 

cm². They were then connected to copper wires using conductive silver epoxy and cold mounted 

with epoxy resin (Fig. 3.4). The ends of the mounted samples were ground using 320, 500, 800 

and 1200 grit abrasive papers and posteriorly polished using MD-Allegro (9 μm), MD-Dac (3 μm) 

and MD-nap (1 μm) cloths to high surface smoothness. The circular-shaped test samples were then 

cleaned with ethanol, rinsed with distilled water, and dried before immersing them into the 

electrolyte. 

 

Figure 3.4. A typical specimen used for electrochemical corrosion tests. 

The potentiodynamic and cyclic polarization experiments were conducted at three different 

temperatures (25, 50, and 80 ºC). The critical pitting temperature tests (CPT) were conducted 

between 30 and 80 ºC using a heating rate of 10 ºC. All the experiments were carried de-ionized 

water saturated with KCl as the electrolyte. A Gamry Reference 600 Potentiostat equipped with a 

Gamry temperature controller TDC4 was used to control the potential, current and temperature 

change during the experiment. A three-electrode Gamry Euro-Cell with graphite as the counter 

electrode and a saturated calomel electrode as the reference electrode (SCE) was used for the 

experimental procedure. A schematic diagram of the experimental setup used for potentiodynamic 

polarization (PP) and cyclic polarization (CP) experiments is presented in Fig. 3.5 and for the CPT 

tests in Fig. 3.6. The summary of the test conditions is presented in Tables 3.4 and 3.5. All the 

electrochemical tests were conducted based on ASTM G59-97 [138], ASTM G61-86 [139] and 
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ASTM G150 [140] guidelines, with each test repeated at least two times. Certain procedural 

alterations were done to reflect the operating conditions experienced by stainless steel alloys in the 

potash processing plants. 

The potentiodynamic and cyclic polarization tests differed from the standards only in relation to 

the electrolyte used, which was KCl instead of NaCl. The CPT tests, on the other hand, had 

additional modifications. Some of these changes include adapting the heating temperature, starting 

temperature, and electrolyte to simulate the real application's working conditions. For instance, a 

saturated potash brine solution was used as electrolyte because of its prevalence in the mines. Also, 

an initial temperature of 30 °C was chosen to commence the experiment instead of 0 °C prescribed 

in the standard. Since most alloys display relatively higher CPT values, it is reasonable to elevate 

the initial temperature. However, it has already been established that the temperature for stable 

pitting formation on the UNS S31603 in saturated potash brine is approximately 20 °C [12]. 

As CPT tests are performed to complement the potentiodynamic, cyclic polarization and SCC tests, 

it is essential to conduct all tests at similar temperatures. Moreover, the application of these alloys 

in the industry does not include service temperatures below 25 °C. A heating rate of 10 °C was 

selected for the CPT measurements in order to maintain the solution saturated as the temperature 

increased. A different current density limit of 1 mA/cm² was used for the duplex steels as they 

exhibited very high passive current density and did not show stable pit formation at the original 

current density (0.1 mA/cm²). This behavior is predicted by the ASTM G150 standard [140], which 

suggested that an alternative current density can be chosen when testing metals with high passivity. 
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Figure 3.5. Schematic diagram of the electrochemical test setup. 

Table 3.4. Parameters used for the potentiodynamic and cyclic polarization tests. 

Potentiodynamic  Cyclic polarization  

Scan rate (mV/s) 0.167 
Scan rate and  

reverse scan (mV/s) 
0.167 

Initial E (V) -0.2 Initial and final E (V) -0.6 

Final E (V) 0.2 Apex E (V) 1.5 

OCP delay (s) 3600 OCP delay (s) 3600 
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Figure 3.6. Schematic diagram of the CPT apparatus. 

Table 3.5. Parameters used for CPT tests. 

CPT Parameters 

Applied anodic potential (V) 0.7 

Initial temperature (˚C) 30 

Final temperature (˚C) 80 

Temperature step (˚C) 10 

Heating rate (˚C/min) 10 

Current density limit of UNS S31603 

(mA/cm²) 
0.1 

Current density limit of DSS 

(mA/cm²) 
1 

 

The electrochemical parameters, such as current density (j), corrosion rate (CR) and Tafel 

constants, were calculated using equations 3.7-3.9, respectively, as specified by Jones [59]: 
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I = Icorr (e
(

2.303(E−Ecorr)

βa
)

− e
−(

2.303(E−Ecorr)

βc
)
) . . . . . . (3.7) 

Icorr =
βa∗βc

2.3∗Rp∗(βa+βc)
 . . . . . . . .  . (3.8) 

CR = K1 ∗
icorr

ρ∗A
∗ EW   . . . . . . . .  . (3.9) 

where  

I = measured cell current (A) 

Icorr = corrosion current (A) 

E = electrode potential (V)  

Ecorr = open circuit potential (V) 

Rp = polarization resistance (Ω/cm²)  

βa = anodic Tafel slope (V/decade)  

βc = cathodic Tafel slope (V/decade)  

CR = corrosion rate (mm/year),  

K1 = constant that describes the units for corrosion rate (mm/(A×cm×year),  

A = specimen area (cm²)  

ρ = specimen density "(g/cm3)  

EW = equivalent weight of the alloy 

 

The pitting potential (Epit) was determined by the inflection point, where the current density 

increases rapidly [141,142]. The repassivation potential (Erep) was determined using the point 

where the reverse scan reaches the current density of 1 μA/cm2 [143]. The pitting resistance 

equivalent number (PREN) was determined using the Eq. 3.10 based on Okamoto [144] 

recommendation to account for the tungsten (W) effect: 

PREN = 1 ∗  % Cr +  3.3 (% Mo +  0.5 ∗  % W) +  16 ∗  % N  . . . (3.10) 

The PREN of the alloys studied in this work is presented in Table 3.6. 
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Table 3.6. PREN of the selected stainless steels. 

Material PREN 

UNS S31603 24 

UNS S32550  40 

UNS S32550 40 

UNS S32205 35 

 

3.5 Microstructural evaluation 

3.5.1 Optical Microscope 

The specimens for optical microscopy were pre-ground using 220, 500, 800, 1200 and 2000 grit 

sandpapers. The ground surfaces of each specimen were further polished with MD-Allegro (9 μm), 

MD-Dac (3 μm) and MD-nap (1 μm) cloths to obtain a mirror-like finish. After that, the specimens, 

UNS S31603, UNS S32760 and UNS S32205, were etched using glyceregia (consisting of 45 mL 

of HCl, 30 ml of glycerol and 12ml of HNO3). In contrast, the UNS S32550 was etched with 

Beraha (composed of 20 ml of HCl, 80 ml of distilled water and 1g of K2S2O5). A different etchant 

was used for the UNS S32760 because glyceregia was unable to reveal its microstructure. It may 

be due to its natural propensity to self-passivate rapidly in the presence of oxygen, which may 

offset the etchant action [145]. The microstructures of the etched alloys were subsequently 

examined using MA100 optical microscope (Fig. 3.7). Microstructural images were captured 

through the PAX-it software interface, and the results are shown in Fig. 3.8. The average ferrite 

and austenite contents in each alloy were estimated using the software ImageJ on random areas of 

three optical microscope maps, and are provided in Table 3.7. The content of each phase in the 

selected alloys is similar to the amount provided by their respective suppliers. As expected, UNS 

S31603 consists of 100% austenite, while the duplex stainless steels contain ferrite and austenite 

in approximately similar proportion as shown in Table 3.7. 
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Figure 3.7. Nikon Eclipse MA100 optical microscope. 

 
Figure 3.8. Microstructure of the as-received specimens: (a) UNS S31603, (b) UNS S32760, (c) 

UNS S32550 and (d) UNS S32205. 
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Table 3.7. Ferrite and austenite content of the investigated steel alloys. 

 UNS S31603 UNS S32760 UNS S32550 UNS S32205 

Ferrite - ~53% ~55% ~54% 

Austenite 100% ~47% ~45% ~46% 

 

3.5.2 Scanning Electron Microscope (SEM) 

The fractured surfaces and the corroded specimens were examined using a JEOL JSM-6010LV 

SEM, with a JSM-IT500 InTouchScope software interface (Fig. 3.9). The dimple morphology and 

fraction on each failed specimen's fracture surface were determined and correlated to the strain 

rate during tensile loading. The ImageJ, JSM-IT500 InTouchScope and Adobe Photoshop CC 

2019 software were used to calculate dimple size, dimple diameter, amount of corrosion products, 

and the concentration of brittle and ductile fractures for each specimen. 

 

Figure 3.9. JEOL JSM-6010LV SEM interfaced with JSM-IT500 InTouchScope. 
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3.5.3 X-Ray Diffraction (XRD) 

Specimens for X-ray diffraction (XRD) were machined to 1 mm height and polished using 320, 

500 and 800 grit sandpapers to obtain the required smooth surface for examination. The 

measurements were performed on the as-received and deformed samples along the rolling 

direction at the Saskatchewan Structural Sciences Center (SSSC) located at the University of 

Saskatchewan. Fig. 3.10 shows the Rigaku Ultima IV X-ray diffractometer interfaced with the 

Rigaku software used in this study. A Cu Kα x-ray source and wavelength of 1.54056Å were used 

in the XRD investigation. Diffraction patterns were collected from 30 to 90° with a step size of 

0.04° and 5 s counting time per step. This analysis was performed within the fractured zone of each 

sample, near the necking region. 

 
Figure 3.10. X-ray diffractometer (Rigaku Ultima IV X-ray diffractometer) with Cu Kα radiation 

source. 

3.5.4 Electron Backscatter Diffraction (EBSD) 

Specimens used for Electron Backscatter Diffraction (EBSD) analysis were machined and polished 

to 1 μm using the same procedure applied in the metallographic examination. However, further 

electropolishing was performed in a solution containing 90 ml of H3PO4 and 70 ml of H2SO4 mixed 

with 40 ml of distilled water. The negative terminal (cathode) of a DC power supply was connected 

to a platinum wire, while its positive terminal (anode) was connected to the test specimen. The 

electropolishing was performed using a voltage of 32V for 20 seconds at room temperature (25 
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°C). The EBSD measurements were done using an FEI Nova NanoSEM 450 at the Institute of 

Materials, University of Manitoba - Winnipeg (Fig. 3.11). The microscope is equipped with an 

EDAX EBSD detector interfaced with TEAM™ EBSD Analysis System used to acquire an 

electron diffraction pattern with a binning of 5 x 5 pixels. A step size of 1 µm was used for the 

UNS S31603 specimens, while 0.3 µm was used for the duplex stainless steels. Different step sizes 

were used due to the presence of finer grains in the duplex stainless steels. For the phase analysis, 

body centered cubic (BCC) iron and face centered cubic (FCC) austenite was specified for the 

UNS S32760, UNS S32550 and UNS S32205 due to their duplex structures. Since the UNS 

S31603 alloy is purely austenitic, only the FCC phase was chosen for its analysis. The Kernel 

Average Misorientation (KAM) analysis covered grains having a misorientation angle of less than 

5°. The average grain sizes of the selected alloys were determined from the post-processing of 

EBSD maps and are presented in Table 3.8. 

 

Figure 3.11. FEI Nova NanoSEM 450 equipped with EDAX EBSD detector interfaced with 

TEAM™ EBSD Analysis System. 

Table 3.8. The average grain size of the investigated alloys (µm). 

 UNS S31603 UNS S32760 UNS S32550 UNS S32205 

Ferrite - 11.5 ± 0.9 14.6 ± 1.3 10.5 ± 0.8 

Austenite  60.8 ± 3.6 10.6 ± 1.2 13.9 ± 1.3  8.5 ± 0.7 
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3.5.5 Raman Spectroscopy 

Raman spectroscopy was conducted after the SCC test to identify the composition of corrosion 

products formed on the steel specimens' surfaces. A Renishaw Invia Reflex Microscope with an 

Argon laser source set with a wavelength of 514 nm was used (Fig. 3.12). Calibrations were 

performed with a silicon reference specimen before each measurement. All the scans were 

conducted using a Raman shift of 100 to 1000 cm-1 as the baseline. The peak positions were 

determined using the WiRE Version.3.3 software. 

 

Figure 3.12. Renishaw Invia Reflex Microscope equipped with an IlluminatIRII FTIR microscope. 

3.5.6 Energy Dispersive Spectroscopy (EDS) 

The EDS analytical technique was used for the elemental analyses of phases in the specimens. It 

was made on the specimens that corroded during the electrochemical corrosion tests. The EDS 

measurements were in the SU 6600 Hitachi Field Emission scanning electron microscope coupled 

with Oxford X-Max Silicon Drift EDS detector operating at an accelerating voltage of 20 keV 

(Fig. 3.13). 
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Figure 3.13. SU 6600 Hitachi Field Emission scanning electron microscope. 
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CHAPTER 4 

Stress corrosion cracking behavior of selected stainless steels in saturated potash brine 

solution at different temperatures 

In this chapter, the results of the tests to determine the stress corrosion cracking (SCC) 

susceptibility of the investigated UNS S31603, UNS S32760, UNS S32550 and UNS S32205 at 

temperatures of 25, 50 and 80 °C and strain rates 10-6 s-1 and 5 x 10-7 s-1 presented and discussed. 

Microscopic and spectroscopic examinations of the corroded specimens were performed using 

SEM and Raman spectroscopy, and the results are also discussed in this chapter. This article is 

published in “Corrosion Science” as follows: 

Serafim, Felipe MF, Wahab O. Alabi, Ikechukwuka NA Oguocha, Akindele G. Odeshi, Richard 

Evitts, Regan J. Gerspacher, and Enyinnaya G. Ohaeri. "Stress corrosion cracking behavior of 

selected stainless steels in saturated potash brine solution at different temperatures." Corrosion 

Science (2020): 109025. 

My contributions to this research article comprise a review of relevant literature, design and 

conduction of experiments, analysis of experimental data, and manuscript preparation. My 

supervisors and the co-authors reviewed the draft manuscript before it was submitted for 

publication. The reviewed draft was submitted for publication in Corrosion Science after 

implementing their suggestions. The manuscript presented in this chapter is an altered version of 

the published article. The experimental procedure has been removed to avoid repetition, and 

detailed information about materials and methods is provided in chapter three of this thesis. 

Elsevier grants the author of the article full copyright permission to reuse the manuscript in his 

thesis. 

Abstract 

The susceptibility of UNS S31603, UNS S32550, UNS S32550, and UNS S32205 to stress 

corrosion cracking (SCC) in saturated potash brine (KCl) solution was studied using the slow strain 

rate testing (SSRT) method. Two strain rates (10-6 s-1 and 5 x 10-7 s-1) and three temperatures (25, 

50, and 80 °C) were used. UNS S31603 steel showed significant susceptibility to SCC, the severity 

of which increased with temperature. In contrast, the duplex steels exhibited considerable 
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resistance to SCC in KCl solution for all the test conditions. Examination of surfaces of failed 

specimens suggests a ductile fracture, indicated by the presence of dimples on the fracture surfaces. 

Keywords: Stainless steels, stress corrosion cracking, slow strain rate testing, critical pitting 

temperature, stable pits, Raman spectroscopy, scanning electron microscopy. 

4.1.  Introduction 

Stress corrosion cracking (SCC) is one of the major problems impairing equipment integrity in the 

mining, petroleum, and petrochemical industries [146,147]. Currently, potash plants in 

Saskatchewan, Canada, are facing several corrosion problems associated with the presence of 

chloride ions in the potash [12]. SCC requires the simultaneous presence of a corrosive medium, 

tensile stress (applied or residual), and a susceptible material to occur. However, other forms of 

corrosion, such as crevice and pitting, could contribute to the initiation of stress corrosion cracks. 

The inherent properties and microstructure of the metal can dictate how the cracks propagate, 

either in intergranular or transgranular mode. Other parameters such as the chemical composition 

of the alloy, solution temperature and pH, and applied potential can also affect the stress corrosion 

cracking behavior of metals and alloys [72,89,148]. 

In general, the presence of cracks leading to premature failures in steel structures is often 

associated with a reduction in ductility. This is the case for stress corrosion cracks which tend to 

occur very frequently in stainless steels operated at relatively high temperatures in chloride ion-

containing environments [103,149]. The understanding is that increased exposure to corrosive 

environment and heat could interfere with electrochemical reactions, thus enhancing the risks of 

stress corrosion damage [150,151]. Even the reliability and safety of equipment that is operating 

below its maximum design stress can be compromised by SCC [152]. Corrosion pits and/or pre-

existing surface imperfections may become favorable initiations sites for cracks. It is worth noting 

that pitting in metals is a function of a specific temperature and a minimum concentration of 

corrosive ions within the electrolyte. A common criterion for assessing the likelihood of pit 

formation in an alloy is the critical pitting temperature (CPT). Although CPT measurement is not 

considered a tool for SCC assessment, it can provide an indirect means of ranking materials for 

stress corrosion crack susceptibility. Consequently, the overall recommendation for minimizing 

the chance of SCC is maintaining considerably low operating temperatures [153,154]. The aim is 
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to avoid pitting corrosion of steels by exposing them to only the right kind of environment and 

conditions. 

Austenitic stainless steels (ASS) are known to have a high susceptibility to SCC in hot chloride 

environments [75,109,155], which usually occur as a result of the breakdown of the protective 

corrosion film formed on the metal surface [109]. ASS can be categorized based on their Cr and 

Ni contents. The most susceptible grades of ASS to stress corrosion cracking are the ones with 

lower nickel content (e.g. AISI 201L and 304L) [155,156]. Super ASS contains a high amount of 

Ni in addition to other alloying elements (e.g. Cr, N, and Mo). As such, they possess superior 

resistance to localized corrosion damage compared to common ASS grades [157]. Currently, one 

of the most recurring problems in stainless steel grades is related to their high SCC susceptibility 

in welded zones. This behavior can be related to the presence of secondary phases in the heat-

affected and fusion zones, which produced cracks [36,158]. 

Although the duplex stainless steels (DSS) are generally believed to be more resistant to corrosion 

than the austenitic grades, their performance is strongly related to operating conditions, service 

environments, and other factors. This category of steels contains an almost equal distribution of 

ferrite and austenite within their structure. Also, their primary alloying constituents contribute 

significantly to stabilizing both microstructural phases within the steel at room temperature. They 

display relatively high pitting resistance due to the increased weight fraction of elements such as 

Cr, Mo, N, and W. These components contribute towards maintaining the passive protective layer 

formed at the steel surface [159–161]. For example, DSS are used specifically in seawater heat 

exchangers and chemical containers because of their good corrosion resistance in these 

environments [162]. On the other hand, duplex steels are prone to sensitization and, consequently, 

intergranular corrosion and SCC due to the formation of secondary phases such as chromium 

nitrides during processing or welding [163,164]. Hence, it is necessary to address these varieties 

of conditions that could promote crack-related damage. The susceptibility of materials to cracking 

should also be examined with respect to different circumstances that can influence the onset of 

degradation. 

Therefore, the objective of this work is to investigate the SCC behavior of selected stainless steels 

(UNS S31603 ASS, UNS S32550 DSS, UNS S32550 DSS and UNS S32205 DSS) at the operating 
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conditions commonly found in the potash processing plants in Saskatchewan. Thus, the use of 

saturated potash brine (KCl) solution at similar operating temperatures (25, 50 and 80 °C). A 

combination of CPT measurement and slow strain rate test (SSRT) was performed to evaluate the 

alloys' susceptibility to SCC in a saturated potash brine environment. The tested samples were 

characterized using a scanning electron microscope and Raman spectroscopy. 

4.2. Experimental Procedure 

4.2.1 Materials and Processing Conditions 

The materials used for this work and their processing conditions are present in Section 3.1. 

4.2.2 Material Characterization 

The material characterization methods used in this work are described in Section 3.5. 

4.2.3 CPT measurement 

The CPT procedure is the same as explained in Section 3.4. 

4.2.4 SCC test 

The SCC test method and selected metals susceptibility calculations are described in Section 3.2. 

4.2.5 Raman Spectroscopy and Fractography 

The identification of the composition of corrosion products formed on the surfaces of steel 

specimens after the SCC test and the amount of corrosion products and ductile fractures of each 

SSRT specimen are described in Section 3.5.4 and 3.5.2, respectively. 

4.3. Results and Discussion 

4.3.1. CPT analysis 

The results of the CPT measurements are presented in Fig. 4.1. The CPT benchmarks (0.1 mA/cm² 

for ASS and 1 mA/cm² for DSS) [140] are included to aid the interpretation of the displayed data. 

Although the saturated potash brine solution used in the present study is different than the one 

proposed in the ASTM G150 standard [140], it still provides an indication of the temperature for 

stable pit formation for the tested alloys since chloride ions are present in both solutions. It is clear 

from Fig. 4.1 that the UNS S31603 steel will experience stable pit formation at a temperature lower 

than 30 °C in view of the high current density (~ 0.6 A/cm²) recorded at 30 °C for the alloy. Some 
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previous studies on UNS S31603 stainless steels exposed to different electrolytes (NaCl and FeCl3 

+ HCl) showed CPT values below 30 °C [165–167], which are consistent with the results obtained 

in this study. As seen in Figure 4.1, the duplex steels exhibited current density values much lower 

than their benchmark value of 1 mA/cm² at temperatures between 30 and 60 °C. At temperatures 

above ~66 °C, an accelerated increase in current density occurred until their CPT benchmark is 

reached, which could be interpreted as being due to the formation of stable pits. The high levels of 

chromium, molybdenum, tungsten and nitrogen present in the DSS may be the reason for the high 

CPT values obtained for them [46–48,168]. Furthermore, the observed increase in the final current 

density of the DSS alloys tested here could be due to stepwise temperature increase. Such behavior 

was observed in another study of UNS S31803 and UNS S32750 in NaCl solution [169]. The 

results of a different work indicated that pits form on UNS S32205 alloy at a current density of 

approximately 1.5 mA/cm² using a heating rate of 2 °C/min [170]. 

 
Figure 4.1. Determination of CPT of selected alloys. 
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A summary of CPT values obtained for tested alloys is presented in Table 4.1. It can be observed 

that CPT increased in the order: CPT(UNS S31603) < CPT(UNS S32205) < CPT(UNS S32550 )  < 

CPT(UNS S32550). Although the temperature at which materials attain CPT depends on their 

properties, the variations in this work can be attributed to differences in the PREN values of these 

steels. The relative localized corrosion resistance of stainless steels is estimated based on the 

composition of elements as shown in Eq. 3.10, and the order of results aligns with results presented 

in Table 3.6, which shows the highest PREN value for UNS S32550 alloys and the lowest value 

for UNS S31603. Additionally, the low CPT value of UNS S31603 could be related to its high 

localized corrosion susceptibility in chloride environments. Chloride ions are capable of degrading 

the protective oxide film at preferential spots such as inclusions or defects [171]. The oxygen atom 

in the oxide film that passivates ASS in the presence of chloride ions can be displaced in this 

process, resulting in further reduction-oxidation reactions with Fe2+ to promote pit initiation and 

propagation. Moreover, the complete consumption of oxygen will increase the acidic (H+) 

concentration inside the pit [172,173]. This situation can potentially cause local acidification and 

prevent the repassivation of the affected pits. 

Table 4.1. Critical pitting temperature of the selected alloys. 

Material CPT (°C) 

UNS S31603 <30 

UNS S32550  68 ± 1.0 

UNS S32550 75 ± 2.0 

UNS S32205 66 ± 1.0 

 

The SEM micrographs of the investigated alloys after the CPT test are presented in Fig. 4.2. They 

show clear evidence of the formation of stable pits on the alloys. In general, the ASS (Fig. 4.2a) 

contains larger pits compared to the DSS (Figs. 4.2b-c). The pits in the duplex alloys appear to be 

more stable, especially in the UNS S32205 and UNS S32550 steels (Figs. 4.2b and 4.2d). These 

pits are characterized by different shapes and sizes. To further probe into the possible cause of this 

variation, the final current densities of the alloys at CPT were examined. They are shown in Table 

4.2. The severe pitting in the UNS S31603 steel (Fig. 4.2a) is consistent with its high current 

density, as shown in Table 4.2. Although the test on DSS alloys ended at relatively lower current 
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densities in comparison to the ASS alloy, one can see that the UNS S32550 (Fig.4.2c) contains the 

largest pit relative to the UNS S32550 and UNS S32205 (Figs. 4.2b and 4.2d). The similarities 

observed in the CPT plots for the UNS S32205 and UNS S32550 alloys (Fig. 4.1) are consistent 

with their corresponding pitting patterns in Figs. 4.2b and 4.2d. Thus, the end current density of 

alloys during the CPT test can influence the pattern of the pits, as earlier established in the literature 

[174,175]. 

 

 
Figure 4.2. SEM micrographs of stable pits formed on the surfaces of the tested alloys when their 

respective CPT was reached: (a) UNS S31603, (b) UNS S32550, (c) UNS S32760 and (d) UNS 

S32205. 
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Table 4.2. Current density at CPT of the investigated alloys. 

Material 
Current density at CPT 

(mA/cm²) 

UNS S31603 0.6 × 103 ± 7.5 ×10-2 

UNS S32550 1.56 ± 7.42 ×10-4 

UNS S32550 5.06 ± 2.56 ×10-3 

UNS S32205 1.98 ± 4.75 ×10-4 

 

4.3.2.  SCC evaluation 

The stress-strain curves obtained from the SCC test of the investigated alloys are shown in Figs. 

4.3 and 4.4. The results from the baseline test (air) and corrosive media (saturated potash brine) at 

the tested strain rates (10-6 and 5 × 10-7 s-1) did not show any significant difference at 25 ºC. 

However, an increase in the temperature of the corrosive media promoted a reduction in ductility 

and strength for all the materials (Figs. 4.3 and 4.4). Also, there is greater ductility loss for the 

UNS S31603 compared to the duplex steels, which suggests that SCC could cause the 

embrittlement of metals (i.e. increase in the degree of SCC leads to decrease in ductility) 

[103,149,176]. The possible implication is that higher temperatures could have increased the SCC 

susceptibility of the UNS S31603. On the other hand, the DSS alloys displayed a minimal 

deterioration of mechanical properties (ductility and strength) when tested in saturated potash 

brine, which could be related to their higher resistance to SCC in comparison to the ASS grades. 

Besides, the presence of ferrite embedded in the austenite matrix can increase the stability of the 

passive film leading to a lower susceptibility of this alloy to SCC [177]. Among the DSS alloys, 

UNS S32205 had the most significant loss of ductility and strength followed by the UNS S32550 

and UNS S32550 almost tied. The decrease in strain rate did not promote a significant reduction 

in these properties. This may be because UNS S31603 steel has already suffered most of the 

possible damage caused by SCC at the 10-6 s-1 strain rate, while the DSSs were not susceptible to 

this type of corrosion under the selected test conditions. 
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Figure 4.3. Stress-strain curves obtained for alloys tested at a strain rate of 10-6 s-1 in air at 25 °C 

and in potash brine at 25, 50 and 80 °C. 



60 
 

 

Figure 4.4. Stress-strain curves obtained for alloys tested at a strain rate of 5 × 10-7 s-1 in air at 25 

°C and in potash brine at 25, 50 and 80 °C. 

The SCC susceptibility parameters determined using equations. 3.1 and 3.2 are presented in Fig. 

4.5. Alloys with ITF and I𝛿 values above 20% are clearly susceptible to SCC [178]. The results 

showed that UNS S31603 alloy I and ITF values of UNS S31603 alloy increased substantially with 

temperature for both strain rates, exceeding the benchmark value of 20% at 80 °C. This 

corroborates with data shown in Figs. 4.3 and 4.4, where a significant decrease in ductility is 

observed for the ASS alloy at 80 °C. It is believed that the austenite structure of the alloy could be 

responsible for it experiencing a more severe corrosion attack than DSS alloys in a saturated potash 

brine environment [10,75,152]. On the contrary, the DSS alloys showed ITF and I values that are 

significantly below the SCC benchmark at all temperatures. At the maximum test temperature (80 

°C), the duplex alloys displayed SCC susceptibility parameters ranging from ~5% to 6%, which is 

almost four times below the defined benchmark. Among the DSS grades, UNS S32205 showed 
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the greatest susceptibility to SCC at all temperatures and strain rates compared to UNS S32550 

and UNS S32550 alloys, which is in line with the PREN values shown in Table 3.6, with UNS 

S32205 having the lowest value compared to the other two DSS. 

The effect of temperature on SCC susceptibility and mechanical properties of the alloys can be 

explained by the kinetics of corrosion reaction. At elevated temperatures and the presence of 

chloride ions, the synergy between mechanical loading and corrosive environment plays a major 

role in the cracking of stainless steels [72,179–181]. Generally, the SCC behavior depends on the 

stability of the passive film against localized corrosion. In addition, Kwang [182] observed that 

plastic deformation also reduces the stability of the passive film. This aligns with the model 

proposed in the literature, which states that metals subjected to plastic deformation have regions 

with weaker film protection [183]. Therefore, the combined effect of plastic deformation and 

critical temperature for pitting formation being reached may be the reason why the UNS S31603 

showed greater SCC susceptibility at 80 °C. The logical explanation of why DSS alloys did not 

exhibit similar behavior, even when tested at temperatures above their CPT, may be due to the 

greater exposure in the corrosive environment that these alloys would require for the pits to initiate 

and propagate. 
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Figure 4.5. SCC susceptibility parameters obtained for the tested alloys at different temperatures: 

(a) & (b) I, variation in elongation and (c) & (d) ITF, variation in time to failure. 

4.3.3.  Fractography  

The SEM micrographs obtained for specimens tested at 80 °C and 5 × 10-7 s-1 strain rate are 

presented in Figs. 4.6-4.10. These conditions were chosen due to the severity of the property loss 

observed after testing. The results in Fig. 4.6 show two different regions on the fractured surfaces 

of the failed specimens. The region marked 1 consists mainly of centralized dimples, while region 

2 is characterized by corrosion products and plane fracture surface. The area fractions 

corresponding to each fracture region are presented in Table 4.3. The highest proportion of 

corrosion products and planar region was recorded for the UNS S31603 steel (Fig. 4.6a). This 

suggests that failure may have been promoted by pit formation. Some researchers [179,181] have 

suggested that the occurrence of SCC at elevated temperatures does not indicate continual pit 

initiation and propagation before cracking. Instead, a combination of corrosion and mechanical 

loading may increase the stress intensity factor at the microcracks inside the pit, thereby 

accelerating the onset of a non-ductile-like fracture. Visual assessment of the images shown in Fig. 
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4.6a shows that there is a minimal amount of dimples within region 1. On the other hand, more 

dimples are observed in the middle of the failed specimens of DSS alloys (Figs. 4.6b-4.8d). The 

correlations between these features and the SSRT results are evident. As expected, the order of 

decreasing region 1 and increasing region 2 (see Fig. 4.4 and Table 4.3) are the same and have 

UNS S31603 in the first place, followed by UNS S32205, UNS S32550, and UNS S32550. 

 

Figure 4.6. SEM micrographs showing fractured surfaces of the alloys tested at 80 °C and a strain 

rate of 5 × 10-7 s-1: (a) UNS S31603, (b) UNS S32550, (c) UNS S32550 and (d) UNS S32205. 

 

Table 4.3. Proportions of regions 1 and 2 in the tested alloys. 

 Region 1 (%) Region 2 (%) 

UNS S31603 64.3 35.7 

UNS S32550 97.4 2.6 

UNS S32550 97.2 2.8 

UNS S32205 96.7 3.3 
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Higher magnifications of the images in Fig. 4.6 are shown in Fig. 4.7. All the alloys displayed 

dimples of various sizes dominating their fracture surfaces (Figs. 4.7). It has been suggested the 

transgranular stress corrosion cracking fracture morphology on face-centered cubic alloys occurs 

due to selective dissolution at the crack tip path, resulting in a dissolution-controlled cleavage 

[184]. Perhaps the extension of the crack induced by selective dissolution was not significant 

enough in the tested alloys and therefore does not appear on their fracture surfaces. 

 

Figure 4.7. SEM micrographs obtained for the tested alloys at a strain rate of 5 × 10-7 s-1 and 80 

°C: (a) UNS S31603, (b) UNS S32550, (c) UNS S32760 and (d) UNS S32205. 

The exposed surface of the failed ASS UNS S31603 SSRT specimen and its longitudinal cross-

section are presented in Fig. 4.8. Again, the presence of surface pits is noticeable around the 

fracture zone in Fig. 4.8a. The high magnification micrograph clearly shows the agglomeration of 

corrosion products inside the pits (Fig 13b). Also, the polished longitudinal cross-sections 

presented in Figs. 4.8c – 4.8d shows evidence of visible cracks emanating from the pit bottoms. 

Yue et al. [148] observed a similar formation of lateral pits in a super 13Cr duplex steel subjected 

to SCC attack. The images obtained from a further microscopic examination of failed SSRT 

specimens of DSS alloys are presented in Figs. 4.9-4.11. It is clear that the DSS grades are less 
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degraded compared to UNS S31603 steel (Fig. 4.8). Less number of prominent pits were found on 

all exposed surfaces of the DSS steels (Figs. 4.9a, 4.10a and 4.11a). However, each of them 

featured superficially aggregated corrosion products (dark spots) in Figs. 4.9b, 4.10b and 4.11b. 

Small pits were formed on the fringes of every duplex steel specimen (Figs. 4.9c-d, 4.10c-d and 

4.11c-d). However, no evidence of pits progressing into cracks was found. This could mean that 

pitting did not contribute significantly towards the cracking of the duplex steels. It also agrees with 

SSRT results, which showed low SCC susceptibility of the DSS alloys (Fig. 4.5). 

 

Figure 4.8. SEM micrographs obtained for UNS S31603 at a strain rate of 5 × 10-7 s-1 and 80 °C: 

(a & b) exposed surface and (c & d) longitudinal cross-section. 
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Figure 4.9. SEM micrographs obtained for UNS S32550 at a strain rate of 5 × 10-7 s-1 and 80 °C: 

(a & b) exposed surface and (c & d) longitudinal cross-section. 

 



67 
 

 

Figure 4.10. SEM micrographs obtained for UNS S32550 at a strain rate of 5 × 10-7 s-1 and 80 °C: 

(a & b) exposed surface and (c & d) longitudinal cross-section. 
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Figure 4.11. SEM micrographs obtained for UNS S32205 at a strain rate of 5 × 10-7 s-1 and 80 °C: 

(a & b) exposed surface and (c & d) longitudinal cross-section. 

4.3.4 Effect of Microstructure on SCC Performance 

The differences in the SCC behavior of the studied alloys could be directly linked to their 

microstructures. The microstructure of the austenitic steel UNS S31603, consisting of only 

austenite, differs from those of the duplex grades, which consist of austenite and ferrite. Therefore, 

variation in their SCC susceptibility can be anticipated. Reports in the literature [12,185] suggest 

that dual-phase alloys exhibit more tendency to resist crack initiation and propagation compared 

to single-phase alloys. A reasonable explanation is that there are complex structural features that 

limit crack propagation in duplex alloys. For instance, the presence of phase boundaries can 

obstruct a crack propagation path [186]. Most importantly, extensive grain growth is often 

restricted when there are separate phases evolving concurrently [187]. Judging from the initial 

microstructure of the steels investigated in the current study, one can see that the austenite grains 

in UNS S31603 are bigger than those in DSSs (Fig. 3.7). This indicates that the appearance of 
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ferrite grains in the neighborhood of austenite grains impinged on their enlargement. Therefore, it 

is believed that smaller grains contributed to imparting relatively high resistance to SCC in the 

duplex steels. Besides, the grain refinement caused by the dual-phase structure leads to greater 

strength and less sensitivity to intergranular corrosion [188]. A separate study [189] on duplex 

stainless steel pipes in Cl- environments found a loss in ductility due to the preferential dissolution 

of austenite grains instead of ferrite. Such enhanced anodic dissolution behavior of austenite grains 

agrees with the higher susceptibility to pitting and SCC observed in the UNS S31603 steel shown 

in (Figs. 4.1-4.5). Moreover, the duplex steels investigated here are highly micro-alloyed with Cr 

and Mo, W and N (Table 3.1). The implication is that their resistance to localized corrosion is 

greatly enhanced [190]. In addition, N contributes to increasing the tensile strength of stainless 

steels [191]. The stress-strain graphs (Figs.4.3 and 4.4) confirm that the DSSs, with higher N 

contents, have higher strength than UNS S31603 alloy. 

4.3.5. Raman Analysis 

To gain further insights into the relationship between the protective film and the SCC susceptibility 

of the investigated alloys, the corrosion products formed on each steel were analyzed using Raman 

spectroscopy and the results obtained from the corroded specimens are shown in Fig. 4.12. The 

spectrum of the adsorbed corrosion products on UNS S31603 alloy (Fig. 4.12) displays four oxide 

peaks at Raman shifts of 240, 265 and 400 cm-1, which corresponds to Fe2O3  [192]. Also, present 

in the spectrum are Cr2O3 
 at 600 cm-1 [193], CrO2 at 900 cm-1 [194] and spinel of Fe, Ni and Cr 

peak at 670 cm-1 [192]. Sharper peaks are seen in the UNS S31603 alloy due to the considerable 

extent of corrosion on its surface. Weaker peaks are seen on the Raman spectra for the DSS 

specimens (Fig. 4.12). This may be due to minimal corrosion on these steels. Similarly, the duplex 

alloys display a peak attributed to CrO2 at 900 cm-1 [194] and an iron oxide peak (Fe2O3) at 265 

cm-1 [192] for UNS S32550 and UNS S32550. The formation of chromium oxide peaks is reported 

to occur mainly in the ferrite grains of duplex alloys [195]. The austenite grains, on the other hand, 

exhibit −Fe oxides, such as Fe2O3. These findings were attributed to the increased corrosion 

resistance of ferrite relative to the austenite phase [195]. The broadening and shifting of the Raman 

peaks are the consequence of phonon scattering [196], which is related to defects and residual 

stresses in crystalline solids. Similar to UNS S31603 spectra (Fig. 4.12), the UNS S32205 alloy 

also presented Fe, Ni and Cr spinel peak at 670 cm-1 [192]. 
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The peaks presented in Fig. 4.12 are possible indications of pit penetration into the central region 

of the surface film on each tested alloy. Such findings are typical for stainless steels. A study 

observed mainly of iron-chromium oxides passive film within the central to the inner layer of 

several different stainless steels, whereas the outer layer comprises mostly hydroxides [197]. Also, 

the presence of the Fe-Cr-Ni spinel is often noticed through the thickness of protective films on 

stainless steels [198]. This explains the manifestations of the duplex Cr and Ni oxide structures on 

the ASS after exposure to water at high temperatures [199–201]. Nickel enrichment is usually 

found at the metal/passive film interface of UNS S31603 stainless steels [202]. The implication is 

that the Fe-Cr-Ni spinel peaks seen in the UNS S31603 and UNS S32205 spectra could suggest a 

more substantial pitting penetration compared to the UNS S32550 and UNS S32550 surface films 

without those peaks. 

 
Figure 4.12. Raman spectra obtained from surfaces of SCC specimens tested at a strain rate of 5 × 

10-7 s-1 and 80 °C: (a) UNS S31603, (b) UNS S32550, (c) UNS S32550, and (d) UNS S32205. 
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4.4.  Conclusions 

The susceptibility of an austenitic stainless steel (AISI UNS S31603) and three duplex stainless 

steels (UNS S32550, UNS S32550 and UNS S32205) to stress corrosion cracking (SCC) in 

saturated potash brine at 25, 50 and 80 °C were investigated using slow strain rate tests (SSRT) 

conducted at 10-6 and 5 × 10-7 s-1 strain rates. Critical pitting temperature (CPT) tests were also 

conducted to determine the temperature at which stable pits will form on the investigated alloys in 

a saturated brine solution. Microscopic and Raman spectroscopic analyses were done to evaluate 

the mechanical and corrosion damage. The following conclusions can be drawn from the research 

findings: 

1. The UNS S31603 austenitic stainless steel exhibited the lowest critical pitting temperature 

(<30 °C), followed by UNS S32205 (~66 °C), UNS S32550 (~68 °C) and UNS S32550 (~76 

°C). SEM examination showed stable pits with sizes that varied according to the current density 

that each alloy exhibited at the end of the CPT test. 

2. The results of SSRT showed a significant decrease in ductility and ultimate tensile strength 

with an increase in temperature of the brine solution from 25 to 80 °C for the UNS S31603, 

while the duplex steels did not show any substantial change in strength or ductility with the 

increase in temperature. Variation in strain rate did not significantly change the SCC 

performance of the alloys. The SCC susceptibility parameters (I the ITF) obtained for the UNS 

S31603 are greater than the SCC standard benchmark at 80 °C, which means a confirmation of 

this alloy’s susceptibility to SCC, while the duplex alloys remained resistant for all the 

temperatures and strain rates. 

3. The UNS S31603 is the most susceptible to SCC among the tested alloys. 

4. Raman spectroscopy analysis showed the formation of iron and chromium oxides on the 

surfaces of tested SCC specimens of the four alloys. Also, the Fe-Cr-Ni spinel occurred on the 

surfaces of UNS S31603 and UNS S32205 alloys. 
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CHAPTER 5 

Mechanical Response of Stainless Steels at Low Strain Rate 

In this chapter, the mechanical response of the UNS S31603, UNS S32760, UNS S32550 and UNS 

S32205 is reported for strain rates varying from 10-2 to 10-7 s-1. The results of the analyses to 

determine strain rate sensitivity, strain hardening rate and strain hardening exponent are discussed 

herein. Pre- and post-deformation microstructural examinations were done using EBSD and XRD. 

This work investigates the impact of different strain rates on the selected alloys’ deformation 

mechanisms and consequently how it may affect their SCC susceptibility. This article is published 

in “Journal of Materials Engineering and Performance” as follows: 

F. M. F. Serafim, I. N. A. Oguocha  ̧A. G. Odeshi, R. Evitts, R. J. Gerspacher, E. G. Ohaeri, A. 

A. Tiamiyu, W. O. Alabi, “Mechanical response of stainless steels at low strain rate.” Journal of 

Materials Engineering and Performance, 30(5), 2021, pp. 3771-3785. 
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Abstract 

The deformation behavior of the selected stainless steels (UNS S31603, UNS S32205, UNS 

S32550, and UNS S32760) was evaluated at strain-rates ranging between 10-2 and 10-7 s-1. The 

microstructural evaluation was conducted using optical and scanning electron microscopy, 

electron backscattered diffraction and X-ray diffraction. The total strain at fracture remained 

approximately constant as the strain rate increased from 10-7 to 10-3 s-1. Further increase in strain 

rate above 10-3 s-1 resulted in relatively lower strain. The strain rate sensitivity of each steel 
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decreased with increasing strain. Also, the strain hardening rate and exponent of the alloys 

increased with decreasing strain rate. Post-deformation microstructure evaluation on UNS S31603 

specimens showed slip, twinning and martensitic transformation, while the duplex alloys exhibited 

slip, twinning with less noticeable martensitic transformation. Fractographic examination after 

tensile test indicates an increase in dimple diameter with strain rate and subsequent decrease in 

dimple density. 

Keywords: Dynamic strain aging, Portevin Le-Chatelier effect, strain rate sensitivity, strain 

hardening exponent, strain hardening rate, martensitic transformation. 

5.1.  Introduction 

The combination of excellent mechanical properties and relatively low cost have made steels the 

most widely used metal for most engineering applications. Stainless steels containing a minimum 

of 11 % Cr are commonly used in the food, petrochemical, pulp, and paper processing industries 

[203]. At room temperature, stainless steels may possess different stable phases depending on their 

chemical composition and production histories [18]. The common microstructure-based 

classifications of stainless steel are ferritic, austenitic, martensitic, precipitation hardened and 

duplex stainless steels. Duplex stainless steels contain equal proportion of ferrite and austenite 

phases in their microstructure. Austenitic stainless steels are broadly used due to their excellent 

combination of corrosion resistance and mechanical properties [204]. However, their susceptibility 

to corrosion in chloride environments remains one of the most challenging problems in many 

industrial applications [204,205]. The development of duplex stainless steels offers an alternative 

to austenitic stainless steels in highly corrosive media. A recent review of duplex stainless steels 

and their associated failure mechanisms established that the excellent combination of mechanical 

properties, weldability and corrosion resistance makes them favorable over other classes of steels 

[206]. The performance of duplex steels is limited by variables such as mode of processing and 

service conditions. The authors in reference [206] determined that the suitable temperature range 

for the use of duplex stainless steels is between -50 and 300 °C. Based on the complexities involved 

in the production of duplex stainless steels, there are high possibilities of developing 

microstructures that possess poor properties. The ability to add alloying elements such as Cr, N 

and Mo to duplex steels in larger quantities makes them unique among other stainless steels 

[160,207]. Nonetheless, uncontrolled processing condition creates a risk of forming brittle Cr-rich 
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precipitates inside duplex stainless steel. This will eventually deplete Cr in neighboring areas, 

leading to high susceptibility to localized corrosion and lower fracture toughness [208]. The idea 

is to ensure that steel production parameters are carefully determined for their intended use. 

There is a need to properly understand the deformation mechanisms of contemporary stainless 

steels under constant uniaxial loading. Several studies [209,210] have shown that the deformation 

mode in metallic alloys can be linked to processing parameters, microstructure, and strain rate. 

Most importantly, the mechanical response of steels is strongly related to strain rate sensitivity 

(SRS) [125]. The SRS value may be either positive or negative, depending on the interaction of 

interstitial solutes with thermally activated dislocation slips [211]. Other researchers [212,213] 

have examined the role of strain rates on the deformation-induced microstructural changes in 

stainless steels. The results of their investigations indicate a general increase in strength with strain 

rate as ductility decreases at low strain rates. Conversely, there is a consensus in the literature 

regarding the threshold disparity in mechanical behavior at strain rates exceeding 103 s-1 [214]. 

This is mainly due to a change in strain rate sensitivity, which is an indication of a change in rate-

controlling deformation mechanisms. For instance, low strain rates will require thermal assistance 

to overcome obstructions to dislocation motion [215], whereas high strain rates above 103 s-1 may 

not [216]. Therefore, strain rates exceeding the 103 s-1 thresholds create a continuous deformation 

process, which depends solely on the drag mechanism to control the velocity of dislocation [216]. 

Lee et al. [217] investigated the effect of the strain rate on the tensile behavior of an austenitic 

twinning-induced plasticity (TWIP) steel (Fe-22Mn-0.7C) at strain rates ranging between 10-4 and 

10-1 s-1 in room temperature. They observed an increase in the flow stress with the reduction of 

strain rate, which resulted in negative strain rate sensitivity, and the formation of serrations in the 

stress-strain curves. Such findings have been directly correlated to DSA elsewhere [218]. 

Most investigations on the tensile behavior of stainless steels were conducted in the strain rate 

range of 10-4 s-1 – 103 s-1 [212,219]. Less attention has been given to the mechanical behavior of 

these steels at much lower strain rates within the creep regime (< 10-6 s-1). Moreover, some duplex 

alloys such as UNS S32550, UNS S32760 and UNS S32205 are seriously considered as 

replacements for the traditional UNS S31603 used in mineral processing plants. This is specifically 

due to the superior stress corrosion cracking performance of these duplex stainless steels relative 

to austenitic stainless steel in hot chloride media [220]. The main objective of the current study is 
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to establish a clear comparison between these alloys based on their mechanical characteristics. 

Therefore, the focus will be on the effects of extremely low strain rates on the properties of the 

selected steels. The mechanical responses of these stainless steels were investigated in the strain 

rate range of 10-7 s-1 – 10-2 s-1 to provide a new understanding of their behavior under the chosen 

conditions. 

5.2. Experimental Procedure 

5.2.1 Microstructural Characterization 

The materials used for this work, processing conditions and microstructural analysis are presented 

in Sections 3.1 and 3.5.1 (OM), 3.5.3 (XRD) and 3.5.4 (EBSD). 

5.2.2 Mechanical Test 

The tensile test and Equations used to estimate the parameters used in this article are described in 

Section 3.3. 

5.3. Results and Discussion 

5.3.1  EBSD Microstructure Evaluation of Undeformed Samples 

The EBSD maps of the undeformed as-received (AR) steel samples are presented in Fig. 5.1. The 

average grain sizes of the investigated alloys presented in Table 3.7 were determined from post-

processing the acquired maps. The UNS S32205 alloy exhibits the smallest grain size, while the 

UNS S31603 has the largest grain size. Fig. 5.1a indicates that the UNS S31603 alloy is fully 

austenitic with fairly equiaxed coarse grains. The duplex steels consist of austenite surrounded by 

ferrite, with both phases elongated and aligned along the rolling direction. Some unindexed regions 

appear in the ferrite phase of the duplex stainless steels (Figs. 5.1e, 5.1i, and 5.1m). These areas 

are likely to consist of chromium nitride precipitates (Cr2N). They are usually formed under 

conditions in which the chromium-depleted zones have less time to recover during annealing or 

poor welding practice [208]. A plausible explanation for the variation in unindexed spots in UNS 

S32760 compared to the other duplex steels may be due to the difference in their processing 

parameters. The higher annealing temperature used for UNS S32760 (1100 °C) could have 

contributed to its larger concentration of quenched-in Cr2N particles during the cooling process 

[221]. The larger drop in temperature may have resulted in a greater reduction of nitrogen solubility 
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in ferrite, which diffused into the austenite grains, forming a higher amount of quenched-in Cr2N 

precipitates. 

Annealing twins are observed in the austenitic phase, and not in the ferritic phase for all the 

investigated steels (Figs. 5.1b, 5.1f, 5.1j, 5.1n). They are considered annealing twins and not 

deformation twins because the twin boundaries are parallel. Deformation twins are usually 

lenticular. These twins are suspected of having developed during solution-annealing of the alloys 

after hot rolling. They evolve mainly in FCC metals with low stacking fault energy (SFE) [222] 

and have been widely reported in stainless steels [223,224]. The crystallographic orientation of 

grains in UNS S31603 alloy is moderate due to the reasonable dominance of {110}||ND orientation 

in the inverse pole figure (IPF) map shown in Fig. 5.1c. Meanwhile, the grain orientation in the 

duplex steels is random and moderate (near-{100}||ND fairly dominant) in the austenite and ferrite 

phases, respectively, as shown in Figs. 5.1g, 5.1k, and 5.1o. Although the KAM intensity in the 

duplex alloys is relatively low compared to that of the UNS S31603 steel, Figs. 5.1d, 5.1h, 5.1l, 

and 5.1p indicate that the average local misorientation in the investigated steels is ~1o. This is 

expected due to the undeformed condition of the as-received steels. 
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Figure 5.1. Phase map, band contrast and twin map, inverse pole figure map, and kernel average misorientation map obtained for the as-

received alloys: (a-d) UNS S31603, (e-h) UNS S32550, (i-l) UNS S32760, and (m-p) UNS S32205. RD and TD are rolling and transverse 

directions, respectively. 
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5.3.2  Mechanical Response 

The engineering stress-engineering strain curves obtained for the investigated alloys at various 

strain rates are presented in Fig. 5.2. These curves represent the basic mechanical response of each 

alloy subjected to specific strain rates. The plots consist of an initial elastic region that is quickly 

followed by a plastic region that is characterized by strain hardening. Stress continues to increase 

with strain at the initial stage of the plastic deformation region. The curves eventually peak, 

followed by a drop in stress with further increase in strain until failure occurs. A summary of 

mechanical test data obtained for the steels is provided in Fig. 5.3. An increase in yield and tensile 

strengths can be observed for all the investigated alloys as the strain rate increased from 10-7 s-1 to 

10-2 s-1 (Figs. 5.3a and 5.3b). For example, the percentage increase in tensile strength for UNS 

S31603, UNS S32550, UNS S32760 and UNS S32205 stainless steels as strain rate increased from 

10-7 to 10-2 are 6.4, 6.1, 5.7 and 6.5 %, respectively. On the other hand, the yield strength increased 

by 4.1, 11.3, 12.7 and 8.2 %, respectively. As expected, one can see that the duplex stainless steels 

displayed higher tensile strength compared to the austenitic stainless steels. 

These variations in the mechanical response of steels tested at strain rates of 10-3 and 10-2 s-1 could 

be due to the transition in deformation mechanism. Both strain rates are relatively higher than the 

other values considered in this study. The significant differences in the extent of plastic 

deformation experienced by each sample tested at 10-3 and 10-2 s-1 strain rates (Fig. 5.2) can be 

noted. Conversely, total strain remained similar for relatively lower strain rates (specifically 10-5, 

10-6 and 10-7 s-1). This implies that tests conducted at lower strain rates will most likely require 

thermal aid to overcome obstacles to dislocation motion unlike in those tested at higher strain rates. 

Reduction in the rate of dislocation annihilation plus an increase in the number of barriers to 

dislocation motion enhances flow stress with increased strain rates [225]. 

The total strain at rupture for each steel is shown in Fig. 5.3c. Apart from the UNS S31603 alloy, 

the other duplex stainless steels experienced a similar amount of strain prior to failure. This trend 

was quite prominent as the strain rate increased from 10-7 s-1 to 10-3 s-1. However, a slight decrease 

in total strain was observed at 10-2 s-1 (Fig. 5.3c). The higher strength and lower ductility obtained 

for the duplex stainless steels compared to the UNS S31603 alloy can be attributed to its smaller 

grain size [226]. It should be noted that relatively stronger delta ferrite grains found in the duplex 

stainless steels could have contributed to its improved mechanical characteristics. Also, excellent 
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strength in duplex steels has been linked to substantial suppression of slip deformation in the 

austenite-FCC grains by the ferrite-BCC grains [227]. Even with studies in the literature reporting 

a decrease in the toughness of duplex steels with high amounts of chromium nitrides [208], the 

UNS S32760 did not have its property considerably affected when compared to the other duplex 

alloys with lower concentration of this feature (Fig. 5.2b-d). The absence of this behavior may be 

due to the insufficient presence of this precipitate in the UNS S32760 microstructure. A work 

elsewhere [228] investigated the influence of Cr2N precipitates on the mechanical strength of AISI 

304 and AISI 316 austenitic stainless steels. The authors reported an insignificant effect on strength 

with a drastic reduction in strain under necking. They concluded that the mechanical response of 

these alloys varied with the concentration of these precipitated nitrides. 
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Figure 5.2. Typical engineering stress-engineering strain curves obtained for the tested alloys at 

different strain rates. 

An interesting observation in the stress-strain curves in Fig. 5.2 is the evolution of serrated 

yielding. It is well established that deformation-induced serrations occur as a result of the Portevin 

Le-Chatelier effect (PLC), also known as dynamic strain aging (DSA) [229]. Serrations are often 

attributed to the pinning and unpinning of dislocations at interstitial solute atoms during plastic 

deformation. Each serration signifies the nucleation and propagation of deformation bands through 

the specimen [230]. It was reported [231,232] that serrations due to DSA are of five different types 

as summarized in Table 5.1. The ones observed in the present study are mainly type C, where yield 

drops usually occur below the average level of the flow curve due to the unpinning of dislocations 

(Figs. 5.2a-d).  
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The intensity of serrated yielding in all investigated alloys increased with decreasing strain rate; 

they are most pronounced at strain rates of 10-6 and 10-7 s-1 as shown in Fig. 5.2. Kubin et al. [233] 

reported that an increase in serration intensity at low strain rates is due to the extensive time 

available for solute atoms to diffuse and pin down dislocations. The results here show that DSAs 

started at the elastic-plastic transition regime for all steels tested at 10-7 s-1, whereas they evolved 

at a much higher strain in the plastic regime at 10-6 s-1. Hence, DSA can be said to be dependent 

on the strain rate. This agrees with an earlier work that concluded that the critical strain for 

serration to occur increases with strain rate [234]. Furthermore, the slight variations in the alloying 

composition of the duplex steels could have affected the onset of DSA. Steels with smaller grains 

require higher strain to undergo DSA. For instance, the onset of DSA in tests performed at 10-6 s-

1 occurred at a much lower strain in UNS S32760 compared to both UNS S32550 and UNS 

S32205. Recall that the UNS S32760 consists of the largest grain size amongst the duplex alloys. 

This observation may be due to the ‘spatial restriction effect’ in smaller grains, as the pinning and 

unpinning of dislocations may be more difficult in the smaller grains than larger ones [235]. 

Although it is expected that the failure time for the alloys would increase considerably with 

decreasing strain rate (Fig. 5.3d), the exponential decrease at strain rates lower than 10-5 s-1 can be 

connected to DSA. It is also noted that the failure time in UNS S31603 is significantly higher than 

those recorded for duplex steels at strain rates below 10-5 s-1. Above this strain rate, deformation 

time becomes comparable. Such change at strain rates between 10-6 s-1 and 10-5 s-1 could signal the 

emergence of a different physical phenomenon that governs the deformation behavior of the alloys.
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Figure 5.3. The effect of strain rate on (a) yield strength, (b) tensile strength, (c) total strain at rupture and (d) test duration for the 

investigated stainless steels. 
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Table 5.1. Different types of serrations [231,232]. 

Type Features 

A 

This type of serration is described as locking serrations, identified 

by an abrupt rise followed by a decrease to below the usual level of 

the stress-strain curve. 

B 

Serrations that oscillate in the normal level of the stress-strain 

curves occurring in fast progression due to alternating band 

propagation arising from the DSA of the moving dislocations in the 

band 

C 
Yield drops that appear under the general flow curve level and are 

thus considered to be due to dislocation unpinning. 

D 

Serrations that appear in the form of plateaus in the stress-strain 

curve due to band propagation like Luders band with no strain 

hardening or strain gradient ahead of the moving band front 

E 
Similar to type A serrations in format, but small or no strain 

hardening occurs during band propagation. 

 

5.3.3  Strain Rate Sensitivity, Strain Hardening Rate, and Strain Hardening Exponent 

True stress-true strain data of the selected alloys combined with equations 3.3-3.6 were used to 

calculate strain rate sensitivity, strain hardening rate and strain hardening exponent presented in 

this section. How the selected alloys SRS was determined is presented in Fig. 5.4 and their SRS 

dependence on true strain is presented in Fig. 5.5. It is seen in Fig. 5.5 that the SRS of the tested 

alloys decreased with increasing true strain and became negative at high true strain values. This is 

in agreement with previously published works [236,237]. The SRS of the investigated alloys at the 

highest true strain selected is -0.0005 (for UNS S31603 and UNS S32205), -0.0032 (for UNS 

S32550) and -0.00002 (for UNS S32760). Negative SRS is usually attributed to the high intensity 

of strain hardening at relatively low strain rates [217]. Negative SRS is also associated with the 

contribution of strain hardening to the flow stress during plastic deformation [238]. This may be 

due to a transition in deformation mechanism through the strain rates variation [215], including 

the interactions, pile-up and pinning of dislocations during straining [239]. Fig. 5.5 also shows that 

the SRS of the UNS S31603 steel is lower than those of the duplex steels at low true strains. The 
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possibility of some thermal softening at the highest strain rate (5 × 10-2 s-1) cannot be ruled out in 

this situation. Consequently, there could be some relationship between such behavior at increased 

strain rate and enhanced DSA which increased the flow stress. 

 

Figure 5.4. Determination of the selected alloys SRS: (a) UNS S31603, (b) UNS S32550, (c) UNS 

S32760 and (d) UNS S32205. 
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Figure 5.5. Relationship between SRS and true strain of the tested alloys. 

Fig. 5.6 shows the relationship between strain hardening exponent (SHE) and strain rate for the 

tested alloys. All the stainless steels indicate a decrease in SHE with an increasing strain rate. The 

reduction becomes more pronounced at strain rates higher than 10-3 s-1, which is in agreement with 

findings in other previous studies [240,241]. Also, the UNS S31603 steel shows higher SHE than 

the duplex steels. The difference in SHE between the duplex steels may be due to variation in their 

chemical composition (Table 3.1) and grain size (Table 3.7) [242]. The higher SHE of austenitic 

stainless steels is commonly attributed to their low stacking fault energy (SFE) [134,243]. 

Relatively low strain rates will enhance the diffusion of interstitial solute atoms towards partial 

dislocations, leading to extensive DSA [134]. The presence of ferrite in the duplex stainless steels 

will lead to an increase in the SFE, and consequently to low SHE. Moreover, reduced SFE results 

in the formation of twins and/or partial dislocations [244]. It is worth mentioning that cross-slip 

requires the recombination of partial dislocations. If the separating distance between partial 

dislocations is large enough, there is a reduced chance for cross-slip occurring. This is because a 

large force is needed to recombine partial dislocations when the separation distance is wide [244]. 

Obstructions to dislocation glide often result in dislocation pile-up, and potentially high SHE. As 
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the strain level increases, the dislocation density in the twinning areas will increase [245], which 

will increase the SHE and strain hardening rate (SHR) of the tested alloys [246]. Low strain rates 

will enhance the diffusion of interstitial solute atoms to the partial dislocations sites leading to a 

stronger DSA and a lower SFE, as found in [134], and consequently to a higher SHR [130]. 

 

Figure 5.6. Plots showing the variation of strain hardening exponent with strain rate obtained for 

the tested steel specimens. 

The plots of SHR against true strain for the alloys at different strain rates are provided in Fig. 5.7. 

The curves can be divided into three distinct regions. In region 1, SHR decreases rapidly with 

strain for all the alloys at each strain rate. The sharp drop in hardening rate within this zone can be 

attributed to the change in the amount of stress required to initiate plastic deformation in the grains 

[247]. In region 2, the SHR remained almost constant but above zero, as the strain increases. This 

is due to several slip systems becoming active, along with dislocation generation [248]. In region 

3, the onset of necking occurs. This is characterized by a drop in SHR below zero. The specimens 

tested at the strain rate of 10-2 s-1 show the onset of necking at a lower strain compared to those 

tested at lower strain rates. The onset of region 3 at a higher true strain for specimens tested at 
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strain rates below 10-2 s-1 may be due to extensive nucleation of deformation twins, which could 

have delayed the necking process by decreasing dislocation mobility. Therefore, one can say that 

the strength and ductility of the alloys may have been enhanced through a phenomenon known as 

“twinning-induced plasticity (TWIP) effect” [243]. 

 

 

 

 

Figure 5.7. Strain hardening rate versus true strain plots obtained for the tested alloys at different 

strain rates: (a) UNS S31603, (b) UNS S32550, (c) UNS S32760 and (d) UNS S32205. Numbers 

1, 2, and 3 indicate the three regions of hardening behavior in the investigated steels. 

5.3.4  EBSD and XRD analysis 

The EBSD maps for specimens subjected to a strain rate of 10-6 s-1 for all investigated steels are 

presented in Figs. 5.8-5.11. The goal here is to ascertain the dominant deformation mechanisms 
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and compare the response of the alloys to plastic deformation at low strain rates. The IPF maps in 

Figs. 5.8a,d-5.11a,d show color interplay between the starting grain orientation and the stable-end 

orientation, a behavior that shows gradual lattice rotation and the occurrence of slip as a dominant 

deformation mechanism. This is supported by the evidence of slip bands in Figs. 5.8e,f-5.11e,f, 

which is more pronounced in UNS S31603 steel. Although few regions in the microstructure could 

not be resolved. This may be largely due to the significant deformation that makes indexing 

difficult. Only UNS S31603 alloy shows traces of martensitic phase transformation when 

compared to the duplex alloys (Figs. 5.8b,c-5.11b,c). This confirms the contribution of martensitic 

phase transformation to strengthening the UNS S31603 stainless steel.  

 

Figure 5.8. (a,b) Low and (c-f) high resolution EBSD maps for UNS S31603 steel deformed at 10-

6 s-1: (a,d) inverse pole figure map, (b,c) phase map, (e) band contrast and twin map, and (f) kernel 

average misorientation map. White arrows point at the deformation twin nucleation site. TD is the 

tensile direction. 
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Figure 5.9. (a,b) Low and (c-f) high resolution EBSD maps for UNS S32550 steel deformed at 10-

6 s-1: (a,d) inverse pole figure map, (b,c) phase map, (e) band contrast and twin map, and (e) kernel 

average misorientation map. White arrows point at deformation twin nucleation sites. TD is the 

tensile direction. 

 

Figure 5.10. (a,b) Low and (c-f) high resolution EBSD maps for UNS S32760 steel deformed at 

10-6 s-1: (a,d) inverse pole figure map, (b,c) phase map, (e) band contrast and twin map, and (e) 
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kernel average misorientation map. White arrows point at deformation twin nucleation sites. TD 

is the tensile direction. 

 

 

Figure 5.11. (a,b) Low and (c-f) high resolution EBSD maps for UNS S32205 steel deformed at 

10-6 s-1: (a,d) inverse pole figure map, (b,c) phase map, (e) band contrast and twin map, and (e) 

kernel average misorientation map. White arrows point at deformation twin nucleation sites. TD 

is the tensile direction. 

The band contrast and twin maps in Figs. 5.8e, 5.9e, 5.10e, and 5.11e show that, in addition to slip, 

twinning is another deformation mechanism in these alloys. It can be seen from these maps that 

deformation twins occur only in the austenite phase of the duplex steels during the tensile loading. 

A close look at Figs. 5.8e to 5.11e indicates the fraction of deformation twins in UNS S31603 

(0.022) is substantially higher than in the duplex alloys (~0.002). Deformation twins mainly occur 

by dislocation activity [249], hence a critical dislocation density and stress concentration at the 

grain boundaries are necessary for initiation [250]. The KAM maps for the duplex steels (Figs. 

5.9f, 5.10f and 5.11f) show lower KAM values for the ferrite phase, suggesting a lower tendency 

to deform plastically than the austenite phase. A similar observation has been reported elsewhere 

in the literature [150,251]. Therefore, it can be concluded that ferrite has less tendency to form 

deformation twins than austenite (Figs. 5.9e, 5.10e and 5.11e). It can be established from Figs. 
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5.8e,f-5.11e,f that deformation twins evolve at grain boundaries and/or regions of high KAM 

values within the austenite phase, which is consistent with the mechanism proposed by Yamakov 

et al. [252]. The higher KAM value obtained for austenitic steel UNS S31603 in comparison to 

those of duplex steels justifies the higher fraction of twins and plasticity in UNS S31603 steel. 

Among the duplex steels, twin fraction decreases from UNS S32760 steel with the largest average 

grain size (Fig. 5.10e) to UNS S32550 (Fig. 5.9e) and UNS S32205 (Fig. 5.11e) with smaller grain 

sizes. This affirms the role of grain size on the formation of deformation twins. Moreover, the 

evolution of deformation twin is suppressed as grain size decreases [253].  

There seems to be an interesting relationship among deformation twinning and DSA that can be 

gleaned from the present work. The tendency for twinning and DSA occurrence decreased in the 

investigated materials in the order UNS S31603 > UNS S32760 > UNS S32550 > UNS S32205. 

This correlation also holds to strain rate since the same condition, i.e., increase in strain rate (Fig. 

5.2), suppresses both DSA and deformation twinning. As strain rate increases, temperature rise 

within the specimen (though very small for the strain rates used in this study) becomes a 

contributing factor to the response of the material to external loading and increase in the SFE. It is 

believed that such strain rate conditions make twinning more difficult [254]. The observed 

serrations in the stress-strain curves can be linked to both deformation-induced twinning and the 

formation of slip bands within the steel structure. A similar observation has been previously 

reported [255]. The extensive twinning and slip observed in the UNS S31603 alloy facilitated an 

excellent combination of strength and ductility. This explains the higher total fracture strain, test 

duration (Fig. 5.3), higher SHE (Fig. 5.6), and increased true strain at the start of necking (region 

3 in Fig. 5.7) in the UNS S31603 steel, compared to the duplex alloys. 

Additional XRD diffractograms obtained for all the stainless steels in both undeformed and 

deformed conditions are presented in Fig. 5.12. Apart from the as-received specimens, selected 

deformed specimens, including those tested at 10-2, 10-5 and 10-7 s-1 strain rates were examined for 

possible evidence for phase transformation. Diffraction patterns for the UNS S31603 alloy show 

mainly γ-austenite peaks in the undeformed state (Fig. 5.12a), while the duplex steels displayed 

peaks corresponding to both α-ferrite and γ-austenite. No apparent martensitic phase 

transformation took place in deformed duplex steels. Perhaps, the extent of phase transformation 

was insignificant to be identified using XRD. One can say a slight increase in the α-ferrite peak at 
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the expense of γ-austenite is noticeable as the strain rate increases. As α-ferrite and α-martensite 

have very similar peaks, it is a challenge to rule out which phase is becoming more prominent. On 

the other hand, α-martensite peaks (i.e. (110)α’) in the UNS S31603 steel are easily noticeable, 

overlapping the austenite peaks (i.e. (111)γ) in the deformed specimens. The UNS S31603 

martensitic transformation was also observed previously in the EBSD analysis at the 10-6 s-1 strain 

rate, as shown in Fig. 5.8. A study elsewhere [256] reported that martensite contributes to negative 

strain rate sensitivity of steel alloys, which may have assisted this behavior in the austenitic 

stainless steel, as viewed in Fig. 5.4 in its highest true strain. This variation in α-martensite peak 

intensity with strain rate can be explained in terms of microstructure evolution influenced by 

plastic deformation. At high strain rates, localized self-heating may occur due to rapid plastic 

deformation, which inhibits the austenite-martensite transformation. On the other hand, at slower 

deformation rates, part of this increase in the local temperature is dissipated by the lower speed of 

the deformation process, providing favorable conditions for α-martensite nucleation. This more 

significant appearance of martensite in UNS S31603 may be the reason why this alloy exhibited 

the greatest increase in SHE with a decrease in strain rate shown in Fig. 5.6. 

A study [257] established that the degree of martensite transformation caused by mechanical 

loading differs according to the variety of crystal <hkl> orientations within the steel structure. 

Even without deconvoluting the diffraction peaks, one can attribute the changes in peak size to 

microstructural factors. Similar findings were reported by Lee et al. [258]. In their study, they 

noted that strain rates above 10-3 s-1 constrained strain-induced martensite transformation in Fe-

12%Mn-0.6%C-0.06%N steel. The idea is that weak peak intensity associated with relatively low 

strain rate deformation can be linked to increased lattice defects which consequently result in peak 

broadening. During plastic deformation, strain-related disordering induced by dislocation motion 

can facilitate microstructural alterations [259]. Such occurrence is most prominent when the rate 

of plastic deformation exceeds that of strain-induced ordering. Therefore, relatively high strain 

rates make mechanical twinning the controlling mechanism for enhancing plastic deformation in 

stainless steels.  
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Figure 5.12. XRD patterns obtained for the tested stainless steels in the as-received condition and 

deformed condition at strain rates of 10-2, 10-5 and 10-7 s-1: (a) UNS S31603, (b) UNS S32550, (c) 

UNS S32760 and (d) UNS S32205. 

5.3.5.  Fractography  

Typical SEM fractographs obtained for the stainless steel specimens tested at 10-2, 10-5 and 10-7 s-

1 strain rate are presented in Fig. 5.13. Fibrous fracture surfaces with equiaxed dimples can be 

observed on the fracture surfaces of all the investigated alloys. The measured average dimple 

diameter and average dimple density are shown in Fig. 5.14. It can be seen that the average dimple 

diameter decrease with strain rate for each alloy. On the other hand, the average dimple density 

increases with decreasing strain rate for all specimens. It may be an indication that the ductility of 

the alloys increased with the decrease of strain rate from 10-2 to 10-7 s-1, which is supported by 

total strain obtained for each strain rate as presented in Fig. 5.3c. The reduction in dimple density 

with increasing strain rate has also been reported for AISI 304LN austenitic stainless steel [260] 

and a high-Mn steel [261]. 
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Figure 5.13. Typical SEM fractographs obtained for (a-c) UNS S31603, (d-f) UNS S32550, (g-i) 

UNS S32760, and (j-k) UNS S32205 steels: strain rates of (a,d,g,j) 10-2 s-1, (b,e,h,k) 10-5 s-1 and 

(c,f,i,l) 10-7 s-1. 
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Figure 5.14. Average dimple (a) diameter and (b) density obtained for tested alloys at different 

strain rates. 

Conclusions 

Uniaxial tensile tests were conducted to investigate the mechanical behavior of an austenitic 

stainless steel (UNS S31603) and three different duplex stainless steels (UNS S32550, UNS 

S32760 and UNS S32205) under quasi-static loading at strain rates ranging from 10-7 to 10-2 s-1. 

Deformation-induced mechanisms and the consequent microstructural changes were further 

evaluated. The following conclusions are drawn from the research findings: 

1. The observations of unindexed regions in the undeformed EBSD maps could be related to the 

presence of precipitates made of chromium nitrides (Cr2N). Inverse pole figure maps show a 

relatively dominant presence of {110}||ND grain orientation in the UNS S31603 and more 

randomly oriented grains in the duplex stainless steels. 

2. Results of the mechanical tests indicate no significant increase in strength with an increase in 

strain rate. The extent of serration increase with decreasing strain rate for all steel specimens 

tested at a strain rate of 10-6 s-1 and below. Also, the strain rate sensitivity of the four 

investigated alloys decreased with an increase in strain. 

3. Post-deformation microstructural analysis using XRD and EBSD showed the formation of the 

martensite phase in UNS S31603. On the other hand, the duplex alloys may have occurred a 

noticeable occurrence of martensitic transformation. Fractographic analyses of failed test 
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specimens suggested ductile fracture for all the four investigated stainless steels with dimple 

diameter increasing with increasing strain rate, while dimple density decreased. 

  



97 
 

CHAPTER 6 

Electrochemical corrosion behavior of selected stainless steels in saturated potash brine at 

different temperatures 

In this chapter, the electrochemical corrosion performance of the UNS S31603, UNS S32760, UNS 

S32550 and UNS S32205 is investigated using potentiodynamic and cyclic polarization tests at 

25, 50 and 80 °C in saturated potash brine solution. Investigations on corrosion rate and pitting 

potential of the alloys when temperature and potential vary are discussed herein. Microstructural 

examinations were performed using SEM and EDS. These studies were carried out to complement 

the selected alloys’ SCC investigation regarding their pitting initiation mechanism, passive oxide 

film behavior in a saturated potash brine solution and any other electrochemical parameter related 

to SCC. This article has been submitted for publication in “Corrosion Science” as follows: 

Felipe Serafim, Wahab Alabi, Ikechukwuka Oguocha  ̧Akindele Odeshi, Enyinnaya G. Ohaeri, 

Richard Evitts, “Corrosion behavior of selected stainless steels in saturated potash brine at room 

and elevated temperatures.” 

My contributions to this research article comprise a review of relevant literature, experimental 

investigations, analysis of experimental data and preparation of the manuscript. My supervisors 

and the co-authors are reviewing the draft manuscript before its submission for publication. The 

manuscript presented in this chapter is an altered version of the article that will be submitted. Its 

experimental procedure has been removed to avoid repetition since the detailed information about 

materials and methods is provided in chapter three of this thesis. 

Abstract 

Samples of UNS S31603, UNS S32550, UNS S32760 and UNS S32205 steels were subjected to 

potentiodynamic and cyclic polarization tests in saturated KCl solution at three temperatures. The 

results indicate that duplex stainless steels (DSS) have better corrosion resistance than UNS 

S31603 in saturated KCl solution at 25, 50 and 80 °C. Microstructural evaluation after cyclic 

polarization indicates stable pits on UNS S31603 after testing at 25 °C. On the other hand, stable 

pit formation occurred on the duplex steels as a higher temperature of 80 °C was attained. Further 

analysis on the DSS revealed the preferential formation of metastable pits within the austenite 
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grains at relatively lower temperatures, whereas stable pits formed on both austenite and ferrite 

grains at 80 °C. 

Keywords: Stainless steels; pitting corrosion; electrochemical corrosion; critical pitting 

temperature; polarization. 

6.1.  Introduction 

Most stainless steel components used in potash mills are often faced with several forms of 

corrosion damage. It is well-known that stainless steels have better corrosion resistance than other 

classes of steels. The presence of Ni and Mn in austenitic stainless (ASS) steel helps to stabilize 

the passive film and contribute to their corrosion resistance [262]. However, this category of 

stainless steel is known for its susceptibility to localized corrosion in Cl- ion environments owing 

to the breakdown of the passive film [204,263,264]. Other factors that may influence corrosion 

damage in steels include temperature and pH [265–267]. To overcome the limitations of austenitic 

stainless steel, duplex stainless steels (DSS) have begun to find many applications in corrosion-

prone industries. DSS grades are produced according to the Fe-Cr-Ni alloying system. They are 

commonly used in seawater heat exchangers, where excellent corrosion resistance is an important 

design requirement [268]. The higher resistance of DSS to localized corrosion attack in 

comparison to austenitic stainless steels is due to the presence of relatively increased amounts of 

addition of Cr, N and Mo [160,207,269]. Increasing the proportion of these protective film-forming 

elements ensures that a significant extent of passivity is maintained when steel is exposed to 

corrosive conditions. 

Localized corrosion is often characterized by intense material loss at discrete areas. This metal loss 

can remain undetected until through-wall failure occurs either as leaks or ruptures. The common 

manifestations of localized degradation include crevice and/or pitting corrosion. Crevices are often 

created in the following situations: a) between metals and non-metal components, b) between two 

metal parts, and c) under deposits. On the other hand, pitting can be broadly described as the 

creation of a micro-electrochemical cell on the steel due to the actions of corrosive species. Most 

of the time, pits initiate at metal surfaces but can easily be hidden under corrosion products [59]. 

The formation of pits requires the attacked region to be an anode surrounded by cathodic regions; 

the anodic sites will corrode preferentially. With time, pits can either become metastable (partial 
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formation) or stable (full formation) depending on environmental conditions and material 

susceptibility [60,61,170]. Metastable pits are capable of re-passivating shortly after initiation, 

while stable pits are completely developed and cannot re-passivate. 

Understanding the degradation of stainless steels requires a thorough investigation into the 

parameters that control pitting during various applications. For instance, elevated Cl- concentration 

and temperature cause often shift pitting potential (Epit) of metallic alloys to more active values. 

Consequently, corrosion resistance can be drastically reduced with an increased propensity to 

pitting corrosion [270,271]. Favorable conditions for pit initiation and propagation have also been 

observed in stainless steels exposed to chloride ion-containing solutions at low pH [265]. Most of 

the studies [60,61,92,93,170] available in the literature have solely deployed potentiodynamic 

polarization techniques to determine the pitting potential. There are still challenges around 

determining where pits are emerging. Also, estimating how long it takes for stable pits to grow 

until leakage has remained a problem. Most of the existing knowledge on the corrosion behavior 

of stainless steels have been established as a function of the concentration of sodium chloride brine 

solutions. However, the corrosion effects of potash mining conditions on metallic alloys have not 

been well established. Globally, the major source of potassium fertilizer is from mining and 

processing of mineral deposits comprising of mixtures of sylvite (KCl), halite (NaCl) and carnallite 

(KMgCl3.6H20). The resulting potassium fertilizer, referred to as potash fertilizer, is mainly 

comprised of KCl (>98% w/w). Stainless steel equipment used in potash processing plants is 

exposed to saturated KCl solution, making them very liable to rapid corrosion damage. This is 

usually very costly due to lost production time and capital equipment replacement. There are little 

data reported on the corrosion degradation of the alloys reported in this study in saturated KCl 

solution. The goal of this research is to fill this knowledge gap. Hence, the corrosion responses of 

an austenitic stainless steel (UNS S31603) and three duplex stainless steels (UNS S32760, UNS 

S3276 and UNS S32205) were evaluated in a saturated KCl. A combination of potentiodynamic 

polarization and cyclic polarization methods were used in this study. Further, microstructural 

assessments were performed to complement the information obtained from the electrochemical 

corrosion tests. The overall goal is to relate variations in steel micro-alloying composition to their 

corrosion behavior.  
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6.2. Experimental Procedure 

6.2.1 Materials and Microstructure 

The materials used for this work, processing conditions and microstructural analysis are presented 

in Sections 3.1, 3.5.1 (OM), 3.5.2 (SEM) and 3.5.6 (EDS). 

6.2.2 Electrochemical Corrosion Tests 

The electrochemical corrosion techniques and Eqs. used to estimate the parameters used in this 

article are described in Section 3.4. 

6.3. Results and Discussion 

6.3.1  Potentiodynamic polarization 

The curves obtained from OCP and potentiodynamic polarization measurements are shown in Figs. 

6.1 and 6.2, respectively. OCP is a pure electrolytic measurement and is basically the potential 

difference between the working and the reference electrode. This test is used to identify whether 

the electrochemical system is stable for a disorder-based experiment. Table 3.4 summarizes the 

electrochemical corrosion parameters derived from the Tafel plots based on equations 3.7-3.9. It 

can be observed from Fig. 6.1 that when the samples were tested at larger temperatures (50 °C and 

80 °C), the stabilization of OCP occurred at more electronegative potentials. For example, the UNS 

S31603 at 25 °C had a drastic reduction in potential at the beginning of the measurement but later 

became stable throughout the remaining exposure time. However, a relatively steady OCP was 

observed for the UNS S31603 alloy exposed to 50 °C and 80 °C temperatures, respectively (Fig. 

6.1b-c). On the other hand, the DSS, at 50 °C and 80 °C, had an initial increase that became steady 

until the end of the test (Figs. 6.1a-c). Table 6.1 displays the final OCP of investigated alloys at 

each tested temperature. Such behavior may be explained by the faster corrosion kinetics caused 

by the larger interaction of the chloride ions with the alloys’ protective film at elevated 

temperatures [171]. 
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Figure 6.1. Open circuit potential versus immersion time curves obtained for the tested alloys at 

different temperatures: (a) 25 °C, (b) 50 °C and (c) 80 °C. 

The potentiodynamic polarization curves presented in Fig. 6.2 show that a well-defined cathodic 

and anodic slope was established for the tests at 25 °C. At both higher temperatures (50 and 80 °C), 

all materials showed anodic current fluctuations. Such behavior could be attributed to the onset of 

pit formation across the samples. It has been reported that the nucleation of metastable pits 

precedes the occurrence of pitting corrosion [272]. Moreover, increased anodic current fluctuations 

indicate the effect of high temperature on the corrosion response of the selected alloys in saturated 

KCl solution. These observations are supported by the electrochemical corrosion parameters 

presented in Table 6.1. As expected, the final Eoc values (Fig. 6.1) can be correlated to the corrosion 

potential (Ecorr) shown in Fig. 6.2. In addition, the corrosion current density (icorr) and corrosion 

rate (CR) for the alloys increased with temperature. Although the accelerated nature of 

potentiodynamic polarization evaluation can be misleading in terms of measuring corrosion rate, 
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it can provide an indication of the overall corrosion behavior of metallic alloys. At the three 

temperatures used in this study, the DSS alloys showed lower icorr and CR than UNS S31603 

(Table 6.1). This result can be explained in terms of the chemical composition and microstructure 

of the duplex stainless steels. As shown in Table 3.8, DSS have smaller grains compared to UNS 

S31603 (Fig. 3.8), and it can be correlated to a reduction in corrosion rates due to better 

stabilization of these alloys’ passive films [273]. This enhanced protective film performance may 

be due to the decreased amount of chloride ions adsorbed by the refined grained structures of the 

DSS alloys [274]. Other reports [275,276] have shown that the dual-phase structure of DSS, 

coupled with their relatively higher Cr, Ni, Mo and N content promotes the formation of stronger 

and thicker protective passive film. Hence, there is superior corrosion resistance DSS alloys 

compared to that of the austenitic steel. Particularly, the UNS S32550 tested in this study ranks the 

best among all the DSS alloys, followed closely by the UNS S32760. Higher temperatures can 

accelerate the rate of the anodic reaction and the overall corrosion kinetics leading to enhanced 

adsorption of Cl- ions by the oxide film on the metal surface [277]. The relatively high corrosion 

rate obtained for UNS S31603 at all temperatures confirms its greater susceptibility to localized 

corrosion in Cl- ion-rich environments. This poor corrosion performance of the UNS S31603 can 

be related to the results of the studies conducted by other authors [195,220]. They observed that, 

in corrosive environments, Fe-rich oxide (Fe2O3) forms on the surface of the austenite grains in 

contrast to Cr-rich oxide (CrO2) that forms on the surface of the ferrite grains which thereby exhibit 

better corrosion protection [195,220]. 
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Figure 6.2. Potentiodynamic polarization plots obtained for the tested alloys at three test 

temperatures: (a) 25 °C (b) 50 °C and (c) 80 °C 
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Table 6.1. OCPs and electrochemical corrosion parameters obtained for UNS S31603, UNS 

S32550, UNS S32205, UNS S32760 steels in saturated KCl solution at different temperatures. 

Materials 
Temperature 

(°C) 

EOC
a 

(V) 

Ecorr
a 

(V) 

Icorr 

(A/cm²) 

x 10-7 

a
a 

(V decade-1) 

c
a 

(V decade-1) 

CR 

(mpy) x 

10-1 

UNS S31603  25 -0.190 -0.220 1.42 0.10 0.10 0.51 

UNS S32550  25 -0.155 -0.172 0.45 0.33 0.10 0.17 

UNS S32760  25 -0.173 -0.182 0.64 0.18 0.07 0.22 

UNS S32205  25 -0.183 -0.202 1.31 0.36 0.10 0.47 

UNS S31603  50 -0.210 -0.216 5.30 0.40 0.13 1.90 

UNS S32550  50 -0.180 -0.182 1.24 0.58 0.10 0.45 

UNS S32760 50 -0.196 -0.189 1.47 0.27 0.12 0.52 

UNS S32205 50 -0.220 -0.219 4.69 0.02 0.18 1.13 

UNS S31603 80 -0.257 -0.259 6.09 0.94 0.68 2.17 

UNS S32550  80 -0.226 -0.230 1.56 0.48 0.14 0.69 

UNS S32760 80 -0.236 -0.237 1.97 0.17 0.70 0.71 

UNS S32205 80 -0.240 -0.245 5.87 0.30 0.09 2.09 

a All potential values are with respect to SCE. 

6.3.2  Cyclic Polarization 

The cyclic polarization experiments were conducted in order to determine the susceptibility of the 

selected metallic alloys to resist localized corrosion, such as crevice and pitting, when immersed 

in corrosive electrolytes. The curves obtained for the investigated materials at the tested 

temperatures are presented in Fig. 6.3. Table 6.2 presents the electrochemical corrosion parameters 

obtained for the tested alloys based on Fig. 6.3. “Epit-Ecorr” or PPD is the pitting potential 

difference, which basically means the passivation range of the alloys. A high value of PPD 

signifies excellent resistance against pitting corrosion [94]. “Erep-Ecorr” or RPD is the repassivation 

potential difference and describes the unstable passive regions that could potentially be affected 

by the growth of nucleated pits [278,279]. A positive RPD means Erep is nobler than Ecorr; thus, 

active pits are interrupted or re-passivated. Based on the parameters shown in Table 6.2, an 

increase in temperature led to a reduction in pitting potential (Epit) and the disappearance of re-
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passivation potential (Erep) for all the alloys. Again, this observation could be attributed to a 

corresponding increase in chloride ion (Cl-) activity with temperature [280]. 

Figure 6.3. Cyclic polarization plots obtained for specimens of the alloys tested in saturated potash 

solution at different temperatures. 

 

The forward and reverse arrows in Fig. 6.3 indicate the direction of the cyclic polarization scan. 

At 25 °C (Fig. 6.3a), UNS S31603 and UNS S32205 alloys showed positive hysteresis loops while 

UNS S32550 and UNS S32760 alloys showed negative hysteresis loops, which is characteristic of 

alloys with high resistance to localized corrosion. By a positive hysteresis is meant that the current 

density during the reverse scan is larger than that obtained for the forward scan at any given 

potential, while a negative hysteresis means the reverse. The presence of a negative or no hysteresis 

loop could also imply that the passive film formed on the surface of an alloy is protective and self-
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healing [94,281,282]. The area under the loop gives an indication of the extent or amount of 

localized corrosion suffered by the material. At 50 °C and 80 °C (Figs. 6.3b-c), all the tested alloys 

showed positive hysteresis loops, which indicates that they are all susceptible to localized 

corrosion at these temperatures. All alloys exhibited a decrease in the size of their positive 

hysteresis loops as the test temperature increased. This suggests that the susceptibility of the tested 

alloys to pitting corrosion in saturated KCl increases with temperature [283]. Yet, this affirmation 

is not necessarily true in specific cases, like the study conducted by Calle and MacDowell [285]. 

The authors observed that the 300-series stainless steel alloys in acidified 3.55% NaCl had their 

hysteresis loop decreased, but noted that this alone cannot be the only indication of the localized 

corrosion susceptibility of the alloys.  

Recall from Table 6.1 that UNS S31603 and UNS S32205 alloys are more corrosive than UNS 

S32550 and UNS S32760 on the basis of determined corrosion rates. A close examination of Fig. 

6.3 shows that only UNS S32550 and UNS S32760 alloys displayed Erep at 25 °C. At 50 °C and 80 

°C, Erep is absent for all tested alloys suggesting the formation of stable pits on their surfaces. This 

indicates that pitting constitutes the principal corrosion mechanism for these stainless-steel alloys 

in saturated potash brine. With temperature increase, the rate of re-passivation at the breakdown 

potential (Epit) cannot compete with the corrosion rate and an increase in metal dissolution is 

expected. The original breakdown potential of metallic alloys often decreases due to the early 

formation of stable pits [94]. This could facilitate an initial increase in current density, which may 

mean the metal is reaching its transpassive/breakdown potential sooner and corroding earlier than 

expected. The findings of the present study so far align well with reports in the literature 

[177,220,277] that observed stable pitting formation in Cl--containing electrolyte occurring at 

temperatures close to 25 °C for UNS S31603 and above 60 °C for DSS alloys. This means that the 

chloride ions were able to find weak/preferential spots in the passive film of the alloys for pitting 

nucleation at the mentioned temperatures. 

A close look at the curves in Fig. 6.3c shows no distinct potential that marked the onset of anodic 

slope and pitting, especially for the UNS S31603 alloy tested at 80 °C. It means that the austenitic 

alloy corroded without passivating significantly, which resulted in its Tafel plot anodic region 

having an almost straight current density increase until the maximum value defined in the software 

for this parameter, which was 10 mA/cm2. Such phenomenon typically results in a PPD of zero. It 
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is noteworthy that the DSS alloys showed a greater value for both PPD and the RPD compared to 

the ASS (i.e., UNS S31603). Therefore, larger PPD and RPD values obtained from the DSS alloys 

demonstrate a better corrosion response. Most importantly, it is an indication of higher resistance 

to pitting corrosion across the DSS compared to the UNS S31603 alloy. One can relate such 

characteristics to the increased proportion of W and Mo (Table 3.1) in DSS. Moreover, a higher 

amount of Cr and Mo are also capable of enhancing the localized corrosion resistance of duplex 

alloys [12]. These alloying elements combined with the presence of ferrite and austenite phases 

are known to stabilize passive films against pitting corrosion [284–286]. Similar findings have 

been reported severally within the literature [12,185,287]. 

Table 6.2. Cyclic polarization parameters obtained for the tested alloys. 

Material 

Temperature 

(°C) 

Ecorr
a 

(V) 

Epit
a 

(V) 

Erep
a 

(V) 

Epit-Ecorr
a 

(V) 

Erep-Ecorr
a 

(V) 

UNS S31603  25 -0.233 0.215 - 0.45 - 

UNS S32550  25 -0.240 0.868 0.855 1.11 1.095 

UNS S32760  25 -0.250 0.890 0.809 1.14 1.059 

UNS S32205  25 -0.251 0.885 - 1.13 - 

UNS S31603  50 -0.238 -0.094 - 0.14 - 

UNS S32550  50 -0.248 0.847 - 1.09 - 

UNS S32760  50 -0.252 0.860 - 1.10 - 

UNS S32205  50 -0.267 0.134 - 0.40 - 

UNS S31603  80 -0.288 -0.288 - 0.00 - 

UNS S32550  80 -0.301 -0.060 - 0.25 - 

UNS S32760  80 -0.280 -0.050 - 0.23 - 

UNS S32205  80 -0.309 -0.115 - 0.19 - 

a All potential values are with respect to SCE 

The reason why the alloys had different temperatures for stable pit formation can be associated 

with their critical pitting temperature (CPT), which is directly related to the pitting resistance 

equivalent number (PREN) that measures the localized corrosion resistance of stainless steels 

based on their chemical composition. The PREN expression (Eq. 3.10) was used to measure the 
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localized corrosion resistance of the selected alloys. The results obtained are shown in Table 3.6. 

Note that the UNS S32550 and UNS S32760 alloys are tied and exhibit a higher PREN value that 

almost doubles that of UNS S31603. This is a clear indication that the duplex steels are less 

susceptible to localized corrosion attacks. This behavior has been demonstrated throughout this 

study so far. Besides, each element used for the calculation has a unique contribution towards 

corrosion resistance in the alloy. For example: chromium increases the thickness of the passive 

film [46]; molybdenum enhances the resistance of the passive film by decreasing the density of 

point defects [47]; nitrogen retards the rate of pitting attack through Cl- ions repulsion and reaction 

with H+ ions to increase the solution pH [48]; and tungsten increases the number of negative ions 

in the passive film. Such negative ions may facilitate interaction with positive ions, thereby 

decreasing ionic migration rate and inhibiting the adsorption of Cl- ions on the passive film [168]. 

6.3.3  Corrosion Surface Analysis 

SEM and EDS analyses were performed on the specimens used for cyclic polarization test to gain 

additional information regarding the extent of corrosion damage experienced by the tested alloys. 

The micrographs and EDS maps obtained from the surfaces of the specimens are presented in Figs 

6.4-6.7. Stable pits were observed on the surface of the UNS S31603 alloy for all the test 

temperatures, as shown in Figs 6.4a-c. Only shallow pits with limited metal loss were seen at 25 

°C (Fig. 6.4a), while higher test temperatures (50 °C and 80 °C) resulted in fully formed pits (6.4b-

c). This is analogous to the cyclic polarization curve presented in Fig. 6.3. Considering the 

homogeneous presence of only austenite in the UNS S31603 steel, pits occurred randomly without 

any phase preference. Therefore, it was unnecessary to investigate the role of different 

microstructural phases on pitting behaviour. On the other hand, the DSS alloys showed contrasting 

corrosion responses across their duplex microstructure. This can be attributed to the galvanic 

coupling between the duplex austenite-ferrite phases. In this situation, the noblest phase will act 

as the cathode while the least noble act as the anode. According to Lee et al. [287], ferrite showed 

lower corrosion potential than austenite in duplex steels which led them to conclude that ferrite 

acted as the anode, while the austenite remained the cathode. Such a trend can also be deduced 

from the current study.  
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The formation of some metastable pits is observed on the austenite grains of the duplex alloys 

subjected to polarization at 25 °C and 50 °C (Figs. 6.5a-b, 6.6a-b and 6.7a-b), which is corroborated 

by the anodic fluctuations displayed on the corresponding cyclic polarization plots (Fig. 6.3b-d). 

Such pattern of metastable pit occurrence can be regarded as another evidence of higher 

susceptibility to localized corrosion in austenite grains relative to the ferrite grains. Nonetheless, 

the formation of stable pits on DSS at 80 °C suggests that the critical pitting temperature (CPT) is 

close to 80 °C. For instance, Figs 6.5c-d, 6.6c-d and 6.7c-d presents stable pits that are formed on 

each alloy surface. Complementary EDS grain mapping performed on the corroded DSS samples 

after cyclic polarization at 25 °C are shown in Figs 6.5e-6.7e. The idea is to differentiate the anodic 

microstructural phase from the cathodic phase. This analysis involves observing the amount of 

ferrite stabilizers (e.g., Cr and Mo) and austenite stabilizers (e.g., Ni and N) in each grain. The 

results show a higher intensity of Cr and Mo in the ferrite grains, whereas Ni and N are stronger 

in the austenite grains. This result validates the discussion presented previously in this section with 

respect to the identification of the phases in the DSS. 
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Figure 6.4. Morphology of pits produced in UNS S31603 specimens at: (a) 25 °C, (b) 50 °C and 

(c) 80 °C. 
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Figure 6.5. The microstructure of UNS S32550 SEM specimens tested at: (a) 25 °C, (b) 50 °C, (c-

d) 80 °C. and (e) EDS maps acquired from a corrosion specimen tested at 25 °C. 
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Figure 6.6. The microstructure of UNS S32760 SEM specimens tested at: (a) 25 °C, (b) 50 °C, (c-

d) 80 °C. and (e) EDS maps acquired from a corrosion specimen tested at 25 °C. 
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Figure 6.7. The microstructure of UNS S32205 SEM specimens tested at: (a) 25 °C, (b) 50 °C, (c-

d) 80 °C. and (e) EDS maps acquired from a corrosion specimen tested at 25 °C.  
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Conclusions 

The corrosion behavior of the UNS S31603 austenitic and three duplex stainless steels (UNS 

S32550, UNS S32760 and UNS S32205) was investigated in saturated potash brine solution at 

different temperatures using potentiodynamic and cyclic polarization tests. In addition, the surface 

features of the tested samples were characterized using SEM and EDS. The following conclusions 

are drawn from the research findings: 

1. As expected, UNS S31603 austenitic stainless steel exhibited the worst corrosion performance 

at all tested temperatures for both corrosion tests (potentiodynamic and cyclic polarization) 

when compared to the duplex steels. Among the DSS alloys, the UNS S32205 ranked last, 

followed by UNS S32760 and UNS S32550. This may be due to their different microstructure 

and phase composition. 

2. SEM examination of the UNS S31603 alloy displayed stable pit formation starting at the lowest 

tested temperature and increasing in severity with temperature. The DSS alloys, on the other 

hand, only presented stable pit formation upon reaching the highest temperature (80 °C). 

3. SEM micrographs also showed that the DSS alloys, at lower temperatures, exhibited a 

combination of galvanic corrosion and pitting corrosion. The EDS showed that metastable pits 

were forming preferentially in the austenitic grains. 
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CHAPTER 7 

Conclusions and Recommendations  

7.1 Summary and Conclusions 

In the present study, the SCC susceptibilities of an austenitic stainless steel (UNS S31603) and 

three duplex stainless steels (UNS S32205, UNS S32760 and UNS S32550) were investigated in 

a saturated potash brine solution under different experimental conditions. Electrochemical tests 

were performed to complement the SCC experiments in investigating the selected alloys’ pitting 

initiation, passive oxide film behavior in saturated potash brine solution and other electrochemical 

corrosion parameters that may be correlated with SCC. In addition, studies on the strain rate 

sensitivity were performed to explore the effect of different strain rates and deformation 

mechanisms on the selected alloys’ SCC susceptibility. The microscopic and spectroscopic 

evaluations of the alloys before and after corrosion and SCC tests were conducted using the 

following tools: optical microscope, scanning electron microscope, energy dispersive 

spectroscopy, electron-backscattered diffraction, x-ray diffraction and Raman spectroscopy. The 

principal research findings from this study are presented as follows: 

1. The UNS S31603 displayed the lowest CPT (<30 °C), followed by UNS S32205 (~66 °C), 

UNS S32550 (~68 °C) and UNS S32550 (~76 °C). SEM analysis demonstrated that the 

stable pits' size varied with the final current density that each alloy experienced at the end 

of the experiment. 

2. The SCC test results showed a significant decrease in ductility and strength with an 

increase in temperature from 25 to 80 °C for the UNS S31603. In contrast, the duplex steels 

did not show any substantial change in these mechanical properties with temperature 

increase. Therefore, the DSS tested in this study are more suited for industrial application 

in saturated potash brine environments at temperatures up to 80 °C with the assurance that 

equipment using these types of steel will have integrity preserved longer than those using 

UNS S31603. 

3. Fractographic analysis showed ductile failure on all the alloys. However, UNS S31603 

displayed the most significant SCC susceptibility of all the tested alloys. 

4. Raman spectroscopic analysis showed the formation of iron and chromium oxides on the 

surfaces of all the alloys subjected to SCC test. In addition, Fe-Cr-Ni spinel also appeared 

on the surfaces of UNS S31603 and UNS S32205 alloys. 
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5. The unindexed regions in the undeformed EBSD maps may be related to the presence of 

chromium nitrides precipitates (Cr2N). Inverse pole figure maps exhibited a dominant 

presence of {110}||ND grain orientation in the UNS S31603 and more randomly oriented 

grains in the duplex steels. 

6. Results of the mechanical tests showed a moderate increase in strength with a decrease in 

strain rate. Strong serrations are observed in the stress-strain curves for all steel specimens 

tested at a strain rate of 10-6 s-1 and below, which are attributed to dynamic strain aging. 

Also, the strain rate sensitivity of all the selected alloys decreased with an increase in 

deformation. 

7. Post-test microstructural analysis using XRD and EBSD showed the formation of the 

martensite phase in UNS S31603. On the other hand, in the duplex alloys, a less noticeable 

amount of martensitic transformation may have occurred. 

8. SEM investigation on tested specimens in air suggested ductile fracture for all the 

investigated stainless steels with dimple diameter increasing with increasing strain rate, 

while dimple density decreased. 

 

Recommendation for Future Work 

I. This research was focused only on saturated potash brine condition and neutral pH; 

however, variations in chloride concentration and solution acidity could also be 

considered for simulation in other industrial conditions. 

II. Slower strain rates and greater temperatures may be explored to determine the duplex 

steels' lifespan, as they did not display any significant sign of SCC damage under the 

test conditions used in this research. 

III. When tested for cyclic polarization, the selected duplex alloys exhibited some degree 

of ionization. This phenomenon could be further investigated using the electrochemical 

impedance spectroscopy technique. 

  



117 
 

REFERENCES 

[1] A. Fuzesy, Potash in Saskatchewan, Saskatchewan Energy Mines. (1982) 44. 

https://publications.saskatchewan.ca/api/v1/products/7307/formats/38515/download 

(accessed December 19, 2021). 

[2] Government of Saskatchewan, Economic overview | Investment and economic 

development | Government of Saskatchewan, (2018). 

https://www.saskatchewan.ca/business/investment-and-economic-development/economic-

overview (accessed December 19, 2021). 

[3] W. Corp, Saskatchewan Potash, West. Potash.Com. (n.d.). 

https://www.westernpotash.com/about-potash/prairie-potash (accessed December 19, 

2021). 

[4] T.S. Srivatsan, A.J. Sedriks, S. Floreen, A.R. McIlree, The effect of nickel content on the 

stress corrosion resistance of Fe-Cr-Ni alloys in an elevated temperature caustic 

environment, Corrosion. 12 (1997) pp. 740–742. 

[5] NASA, Guidelines for the selection of metallic materials for stress corrosion cracking 

resistance in sodium chloride environments, NASA Tech. Stand. Syst. 454 (2005) 1–45. 

[6] S. Mahajanam, D. McIntyre, Residual stress control for prevention of environmental 

cracking of stainless steels, in: NACE - Int. Corros. Conf. EXPO - Atlanta, United States, 

Atlanta, Georgia, 2009: pp. 1–9. 

[7] G. Reumont, J.B. Vogt, A. Iost, J. Foct, The effects of an Fe-Zn intermetallic-containing 

coating on the stress corrosion cracking behavior of a hot-dip galvanized steel, Surf. 

Coatings Technol. 139 (2001) pp. 265–271. 

[8] H. Mazille, H.H. Uhlig, Effect of temperature and some inhibitors on stress corrosion 

cracking of carbon steel in nitrate and alkaline solutions, Corrosion. 28 (1972) 427–433. 

[9] A. Gregori, T. Kostrivas, S. Bond, Chloride stress corrosion cracking of duplex stainless 

steels in the absence of oxygen - Phase two - Electrochemical monitoring of SCC, Heal. 

Saf. Exec. 298 (2005) pp. 1–12. 

[10] R. Parrott, H. Pitts, Chloride stress corrosion cracking in austenitic stainless steel: 

Assessing susceptibility and structural integrity, in: UK Heal. Saf. Exec., Buxton, United 

Kingdom, 2011: pp. 1–62. 

[11] Y.L. Huang, I.N.A. Oguocha, S. Yannacopoulos, The corrosion wear behaviour of 



118 
 

selected stainless steels in potash brine, Wear. 258 (2005) pp. 1357–1363. 

[12] M. Shirazi, Localized corrosion of stainless steels in high temperature potash brine, M.Sc. 

at Thesis University of Saskatchewan, 1996. 

[13] C.E. Blackmore, Corrosion of stainless alloys in potash brines, M.Sc. at Thesis University 

of Saskatchewan, 1996. 

[14] M.P. Halabura, S.P. and Hardy, Paper of potash in Saskatchewan, Solut. Min. Res. 

Institut; Fall. (2007) pp. 1–18. 

[15] Government of Canada, Code of practice for managing particulate matter emissions in the 

potash sector - chapter 2 - Canada, (2019). https://www.canada.ca/en/environment-

climate-change/services/canadian-environmental-protection-act-

registry/publications/code-practice-managing-particulate-matter/chapter-2.html (accessed 

December 19, 2021). 

[16] U.S. Geological Survey, Mineral Commodity Summaries, Handb. Environ. Chem. 3 

(2019) pp. 179–203. 

[17] P.K. Sen T. K. Painkra, K. S. Naik, R. K. Nishad, Review about high performance of 

Austenitic Stainless Steel, Int. J. Innov. Res. Sci. Technol. 1 (2014) 93–99. 

[18] P. Cunat, Alloying elements in stainless steel and other chromium-containing alloys, in: 

Alloy. Elem. Stainl. Steels, International Chromium Development Association, Paris, 

France, 2004: pp. 1–24. 

[19] V. Kain, Stress corrosion cracking (SCC) in stainless steels, in: Stress Corros. Crack. 

Theory Pract., Woodhead Publishing Limited, Trombay, India, 2011: pp. 199–244. 

[20] S. Konosu, T. Nakaniwa, Hydrogen cracking of ferritic stainless thermal storage tanks, 

Eng. Fail. Anal. 5 (1998) pp. 323–331. 

[21] P. Lambert, Sustainability of metals and alloys in construction, in: Sustain. Constr. Mater., 

2nd ed., Elsevier, Sheffield, United Kingdom, 2009: pp. 148–170. 

[22] R. Nishimura, Stress corrosion cracking of type 430 ferritic stainless steel in chloride and 

sulfate solutions, Corrosion. 48 (1992) pp. 882–890. 

[23] R.B. Rebak, Resistance of ferritic steels to stress corrosion cracking in high temperature 

water, Am. Soc. Mech. Eng. Press. Vessel. Pip. Div. 6A (2013). 

[24] R.F. Hehemann, Stress corrosion cracking of stainless steels, Metall. Trans. A. 16 (1985) 

pp. 1909–1923. 



119 
 

[25] A. Di Schino, Corrosion behavior of new generation super-ferritic stainless steels, AIMS 

Mater. Sci. 6 (2019) pp. 646–656. 

[26] N. Fujita, K. Ohmura, M. Kikuchi, T. Suzuki, S. Funaki, I. Hiroshige, Effect of Nb on 

high-temperature properties for ferritic stainless steel, Scr. Mater. 1 (1996) 705–710. 

[27] S.B. Lyon, Corrosion of carbon and low alloy steels, in: Shreir’s Corros., Elsevier, 

Manchester, United Kingdom, 2010: pp. 1693–1736. 

[28] P. De Tiedra, Ó. Martín, Effect of welding on the stress corrosion cracking behaviour of 

prior cold worked AISI 316L stainless steel studied by using the slow strain rate test, 

Mater. Des. 49 (2013) pp. 103–109. 

[29] H.P. Seifert, S. Ritter, H.J. Leber, Corrosion fatigue initiation and short crack growth 

behaviour of austenitic stainless steels under light water reactor conditions, Corros. Sci. 59 

(2012) pp. 20–34. 

[30] Zaki Ahmad, Principles of corrosion engineering and corrosion control, Elsevier, Oxford, 

United Kingdom, 2006. 

[31] P. Kentish, Stress corrosion cracking of gas pipelines - Effect of surface roughness, 

orientations and flattening, Corros. Sci. 49 (2007) pp. 2521–2533. 

[32] R.K. Singh Raman, W.H. Siew, Stress corrosion cracking of an austenitic stainless steel in 

nitrite-containing chloride solutions, Mater. 7 (2014) pp. 7799–7808. 

[33] T. Li, H. Zhang, Y. He, X. Wang, Comparison of corrosion behavior of Mg-1.5Zn-0.6Zr 

and AZ91D alloys in a NaCl solution, Mater. Corros. 66 (2015) pp. 7–15. 

[34] J.E. Truman, The influence of chloride content, pH and temperature of test solution on the 

ocurrence of stress corrosion craking with austenitic stainless steel, Corros. Sci. 17 (1977) 

pp. 737–746. 

[35] A. Fattah-alhosseini, S. Vafaeian, Effect of solution pH on the electrochemical behaviour 

of AISI 304 austenitic and AISI 430 ferritic stainless steels in concentrated acidic media, 

Egypt. J. Pet. 24 (2015) pp. 333–341. 

[36] P.D. Antunes, E.O. Correa, R.P. Barbosa, E.M. Silva, A.F. Padilha, P.M. Guimaraes, 

Effect of weld metal chemistry on stress corrosion cracking behavior of AISI 444 ferritic 

stainless steel weldments in boiling chloride solution, Mater. Corros. 64 (2013) pp. 415–

421. 

[37] M. McGuire, Stainless steels for design engineers, in: ASM Int., ASM international, Ohio, 



120 
 

2008: pp. 68–89. 

[38] V.S. Raja, T. Shoji, eds., Stress corrosion cracking - Theory and practice, Woodhead 

Publishing Limited, Cambridge, United Kingdom, 2011. 

[39] M.G. Hay, Fitness-for-purpose material testing for sour gas service — An overview 

selection of test environment, Corrosion. 57 (2001) pp. 236–252. 

[40] K. Shimamoto, SCC performance of martensitic stainless steel OCTG in packer fluid, 

Corros. NacExpo 2006. 61 (2006) pp. 1–11. 

[41] Rusnaldy, E. Mabruri, L.W. Nugroho, Effect of heat treatment on the stress corrosion 

cracking (SCC) susceptibiliy of the 13Cr martensitic stainless steel for steam turbine 

blade, IOP Conf. Ser. Mater. Sci. Eng. 547 (2019) pp. 1–6. 

[42] Y. Yoshino, Stress corrosion cracking of CrNi martensitic stainless steel in concentrated 

MgCl2 solutions, Corrosion. 42 (1986) pp. 592–600. 

[43] T. Magnin, J. Lardon, C. Amzallag, Coupling effects between the alpha and gamma 

phases during corrosion fatigue of an alpha/gamma duplex stainless steel, Fatigue. 3 

(1987) pp. 1221–1229. 

[44] H.J. Park, H.W. Lee, Effect of alloyed Mo and W on the corrosion characteristics of super 

duplex stainless steel weld, Int. J. Electrochem. Sci. 9 (2014) pp. 6687–6698. 

[45] W.-T. Tsai, M.-S. Chen, Stress corrosion cracking behavior of 2205 duplex stainless steel 

in concentrated NaCl solution, Corros. Sci. 42 (2000) pp. 545–559. 

[46] D. Hamm, C.O. Olsson, D. Landolt, Effect of chromium content and sweep rate on 

passive film growth on iron-chromium alloys studied by EQCM and XPS, Corros. Sci. 44 

(2002) pp. 1009–1025. 

[47] H.-Y. Ha, T.-H. Lee, J.-H. Bae, D. Chun, Molybdenum effects on pitting corrosion 

resistance of FeCrMnMoNC austenitic stainless steels, Met. 8 (2018) pp. 1–13. 

[48] F.M. Bayoumi, W.A. Ghanem, Effect of nitrogen on the corrosion behavior of austenitic 

stainless steel in chloride solutions, Mater. Lett. 59 (2005) pp. 3311–3314. 

[49] K.Y. Kim, P.Q. Zhang, T.H. Ha, Y.H. Lee, Electrochemical and stress corrosion 

properties of duplex stainless steels modified with tungsten addition, J. Corros. Sci. 54 

(1998) pp. 910–921. 

[50] I.M. Association, Practical guidelines for the fabrication of duplex stainless steel, 

International Molybdenum, Pittsburgh, USA, 2009. 



121 
 

[51] Z. Brytan, J. Niagaj, Corrosion resistance and mechanical properties of TIG and A-TIG 

welded joints of lean duplex stainless steel S82441 / 1.4662, Arch. Metall. Mater. 61 

(2016) pp. 771–784. 

[52] Outokumpu, Handbook of Stainless Steel, First Ed., Outokumpu Oyj, Avesta, Sweden, 

2013. 

[53] H. Nakagawa, T. Miyazaki, Effects of the amount of retained austenite on the 

microstructures and mechanical properties of a precipitation hardening martensitic 

stainless steel, Tetsu-To-Hagane/Journal Iron Steel Inst. Japan. 84 (1998) pp. 43–48. 

[54] C. San Marchi, Technical reference on hydrogen compatibility of materials, Sandia Natl. 

Lab. (2005) pp. 1–5. 

[55] G.L. Workman, Stress corrosion cracking evaluation of precipitation-hardening stainless 

steels, NASA Tech Br. (1970) pp. 1–3. 

[56] H. Uchida, K. Koterazawa, I. Yamada, Stress Corrosion cracking of SUS 631 stainless 

steel deformed at high strain rate, Trans. Iron Steel Inst. Japan. 21 (1981) pp. 391–396. 

[57] H.S. Khatak, B. Raj, eds., Corrosion of austenitic stainless steels - mechanism, mitigation 

and monitoring, Elsevier, Pangbourne, England, 2002. 

[58] R.W. Cahn, P. Haasen, E.J. Kramer, eds., Corrosion of Steels, in: Mater. Sci. Technol. A 

Compr. Treat. Corros. Environ. Degrad., Wiley, Cologne, Germany, 2000: pp. 1–64. 

[59] D.A. Jones, Principles and prevention of corrosion, Second Ed., Prentice-Hall, Upper 

Saddle River, United States, 1996. 

[60] G.S. Frankel, Pitting corrosion of metals: A review of the critical factors, J. Electrochem. 

Soc. 145 (1998) pp. 2186–2198. 

[61] N. Ebrahimi, M. Momeni, A. Kosari, M. Zakeri, M.H. Moayed, A comparative study of 

critical pitting temperature (CPT) of stainless steels by electrochemical impedance 

spectroscopy (EIS), potentiodynamic and potentiostatic techniques, Corros. Sci. 59 (2012) 

pp. 96–102. 

[62] M. Al Ameri, Y. Yi, P. Cho, S. Al Saadi, C. Jang, P. Beeley, Critical conditions for pit 

initiation and growth of austenitic stainless steels, Corros. Sci. 92 (2015) 209–216. 

[63] J.R. Galvele, S. Begum, Corrosion, Pitting, Ref. Modul. Mater. Sci. Mater. Eng. (2016) 

pp. 1–6. 

[64] S. Hiromoto, Corrosion of metallic biomaterials, Met. Biomed. Devices. (2010) pp. 99–



122 
 

121. 

[65] D.A. Snow, ed., Corrosion, in: Plant Eng. Ref. B., Second Ed., Elsevier, Bodmin, United 

Kingdom, 2001: pp. 2–25. 

[66] N.J. Laycock, J. Stewart, R.C. Newman, The initiation of crevice corrosion in stainless 

steels, Corros. Sci. 39 (1997) pp. 1791–1809. 

[67] A. Pardo, E. Otero, M.C. Merino, M.D. López, M. V. Utrilla, F. Moreno, Influence of pH 

and chloride concentration on the pitting and crevice corrosion behavior of high-alloy 

stainless steels, Corrosion. 56 (2000) pp. 411–418. 

[68] A. Garner, Crevice corrosion of stainless steels in sea water: correlation of field data with 

laboratory ferric chloride tests, Corrosion. 37 (1981) pp. 178–184. 

[69] S.C. Tjong, Stress corrosion cracking behaviour of the duplex Fe-10Al-29Mn-0.4 C alloy 

in 20 % NaCl solution at 100 oC, J. Mater. Sci. 21 (1986) pp. 1166–1170. 

[70] B.F. Brown, Stress-corrosion cracking: A perspective review of the problem, A Perspect. 

Rev. Probl. (1970)  pp. 1–19. 

[71] R. Cottis, Guides to good practice in corrosion control - stress corrosion cracking, 

Teddington, United Kingdom, 1982. 

[72] O.M. Alyousif, R. Nishimura, The effect of test temperature on SCC behavior of 

austenitic stainless steels in boiling saturated magnesium chloride solution, Corros. Sci. 48 

(2006) pp. 4283–4293. 

[73] Y.Y. Chen, L.B. Chou, H.C. Shih, Factors affecting the electrochemical behavior and 

stress corrosion cracking of Alloy 690 in chloride environments, Mater. Chem. Phys. 97 

(2006) pp. 37–49. 

[74] J.D. Fritz, R.J. Gerlock, Chloride stress corrosion cracking resistance of 6% Mo stainless 

steel alloy (UNS N08367), Desalination. 135 (2001) pp. 93–97. 

[75] R. Nishimura, Y. Maeda, SCC evaluation of type 304 and 316 austenitic stainless steels in 

acidic chloride solutions using the slow strain rate technique, Corros. Sci. 46 (2004) pp. 

769–785. 

[76] A. Turnbull, G. Hinds, Threshold temperature for stress corrosion cracking of duplex 

stainless steel under evaporative sea water conditions, Corrosion. (2007) pp. 101–106. 

[77] H.P. Leckie, H.H. Uhlig, Environmental factors affecting the critical potential for pitting 

in 18-8 stainless steel, J. Electrochem. Soc. 113 (1966) pp. 1262–1267. 



123 
 

[78] J. Blazquez, F. Fernández, P. Lapeña, Corrosion of high chromium ferritic/martensitic 

steels in high temperature water. A literature review, Ciemat Tech. Reports. (2000) pp. 1–

56. 

[79] B.N. Popov, Corrosion engineering: principles and solved problems, First Ed., Elsevier, 

Oxford, United Kingdom, 2015. 

[80] T.S. Srivatsan, T.S. Sudarshan, K. Manigandan, eds., Corrosion of stainless steel, in: 

Mater. Manuf. Process., Taylor and Francis, Boca raton, United States, 2001: pp. 1707–

1749. 

[81] R.B. Rebak, Stress corrosion cracking (SCC) of nickel-based alloys, in: V.S. Raja, T. 

Shoji (Eds.), Stress Corros. Crack. Theory Pract., Philadelphia, United States, 2011: pp. 

273–306. 

[82] M. Froment, ed., Passivity Passivation of Metals and Semiconductors, in: Proc. 7th Int. 

Symp., Societe de Chimie Physique, Bombannes, France, 1983: pp. 185–188. 

[83] V. Maurice, H. Peng, L.H. Klein, A. Seyeux, S. Zanna, P. Marcus, Effects of molybdenum 

on the composition and nanoscale morphology of passivated austenitic stainless steel 

surfaces, Faraday Discuss. 180 (2015) pp. 151–170. 

[84] C. Örnek, C. Leygraf, J. Pan, Passive film characterisation of duplex stainless steel using 

scanning Kelvin probe force microscopy in combination with electrochemical 

measurements, Mater. Degrad. 3 (2019) pp. 1–8. 

[85] K. Hashimoto, K. Asami, K. Teramoto, An X-ray photo-electron spectroscopic study on 

the role of molybdenum in increasing the corrosion resistance of ferritic stainless steels in 

HC1, Corros. Sci. 19 (1979) pp. 3–14. 

[86] K. Sugimoto, Y. Sawada, The role of molybdenum additions to austenitic stainless steels 

in the inhibition of pitting in acid chloride solutions, Corros. Sci. 17 (1977) pp. 425–445. 

[87] R.C. Newman, T. Shahrabi, The effect of alloyed nitrogen or dissolved nitrate ions on the 

anodic behaviour of austenitic stainless steel in hydrochloric acid, Corros. Sci. 27 (1987) 

827–838. 

[88] C.O.A. Olsson, The influence of nitrogen and molybdenum on passive films formed on 

the austenoferritic stainless steel 2205 studied by AES and XPS, Corros. Sci. 37 (1995) 

pp. 467–479. 

[89] H. Tanabe, K. Togashi, T. Misawa, U. Kamachi Mudali, In situ pH measurements during 



124 
 

localised corrosion of type 316LN stainless steel using scanning electrochemical 

microscopy, J. Mater. Sci. Lett. 17 (1998) pp. 551–553. 

[90] J. Alsarraf, Hydrogen embrittlement susceptibility of super duplex stainless steels, Ph.D. 

Thesis at Cranfield University, 2010. 

[91] M. Hoseinpoor, M. Momeni, M.H. Moayed, A. Davoodi, EIS assessment of critical pitting 

temperature of 2205 duplex stainless steel in acidified ferric chloride solution, Corros. Sci. 

80 (2014) pp. 197–204. 

[92] F. Arjmand, L. Zhang, J. Wang, Effect of temperature, chloride and dissolved oxygen 

concentration on the open circuit and transpassive potential values of 316L stainless steel 

at high-temperature pressurized water, Nucl. Eng. Des. 322 (2017) pp. 215–226. 

[93] P.C. Pistorius, G.T. Burstein, Aspects of the effects of electrolyte composition on the 

occurrence of metastable pitting on stainless steel, Corros. Sci. 36 (1994) pp. 525–538. 

[94] S. Esmailzadeh, M. Aliofkhazraei, H. Sarlak, Interpretation of cyclic potentiodynamic 

polarization test results for study of corrosion behaviour of metals: A review, Prot. Met. 

Phys. Chem. Surfaces. 54 (2018) pp. 976–989. 

[95] Y.F. Cheng, Stress corrosion cracking of pipelines, A John Wiley & Sons, Inc., 

Publication, 2013. 

[96] R.C. Newman, R.P.M. Procter, Stress corrosion cracking : 1965-1990, Br. Corros. J. 25 

(1990) pp. 259–269. 

[97] K. Sieradzki, The relationship between dealloying and transgranular stress-corrosion 

cracking of Cu-Zn and Cu-Al alloys, J. Electrochem. Soc. 134 (1987) pp. 1635–1639. 

[98] S. Lynch, Mechanistic and fractographic aspects of stress corrosion cracking, Corros. Rev. 

30 (2012) pp. 63–104. 

[99] T.T. Nguyen, J. Bolivar, J. Réthoré, M.C. Baietto, M. Fregonese, A phase field method for 

modeling stress corrosion crack propagation in a nickel base alloy, Int. J. Solids Struct. 

112 (2017) pp. 65–82. 

[100] P. Sivanathan, M.C. Ismail, K.K. Eng, Chloride stress corrosion cracking (CSCC) of 

austenitic stainless steel under thermal insulation: Case study analysis, ARPN J. Eng. 

Appl. Sci. 11 (2016) pp. 14239–14243. 

[101] J.R. Galvele, Surface mobility mechanism of stress-corrosion cracking, Corros. Sci. 35 

(1993) pp. 419–434. 



125 
 

[102] D.A. Jones, Localized surface plasticity during stress corrosion cracking, Corros. Sci. 

(1996) pp. 356–362. 

[103] K. Sieradzki, R.C. Newman, Brittle behavior of ductile metals during stress-corrosion 

cracking, Philos. Mag. A. 51 (1985) pp. 95–132. 

[104] J.R. Galvele, 1999 W.R. Whitney award lecture: Past, present, and future of stress 

corrosion cracking, Corrosion. 55 (1999) pp. 723–731. 

[105] N. Eliaz, A. Shachar, B. Tal, D. Eliezer, Characteristics of hydrogen embrittlement, stress 

corrosion cracking and tempered martensite embrittlement in high-strength steels, Eng. 

Fail. Anal. 9 (2002) pp. 167–184. 

[106] G.S. Was, Fundamentals of radiation materials science: metals and alloys, 2nd ed., 

Springer, Ann Arbor, 2017. 

[107] J.R. Ambrose, J. Kruger, Tribo-Ellipsometric Study of the Repassivation Kinetics of a Ti 

8Al-1Mo-1V Alloy, J. Electrochem. Soc. 121 (2007) pp. 599–604. 

[108] J.R. Galvele, R.M. Torresi, R.M. Carranza, Passivity breakdown, its relation to pitting and 

stress-corrosion-cracking processes, Corros. Sci. 31 (1990) pp. 563–571. 

[109] Y.Y. Chen, Y.M. Liou, H.C. Shih, Stress corrosion cracking of type 321 stainless steels in 

simulated petrochemical process environments containing hydrogen sulfide and chloride, 

Mater. Sci. Eng. A. 407 (2005) pp. 114–126. 

[110] I.N. Bastos, R.P. Nogueira, J.A.C. Ponciano, Electrochemical impedance and current 

fluctuations analysis during slow strain rate test of a UNS S30400 stainlesss steel in low 

pH media, J. Braz. Chem. Soc. 16 (2005) pp. 545–552. 

[111] R. Nishimura, Y. Maeda, Estimation of parameter for predicting time to failure using three 

stress corrosion cracking methods - Constant load, constant strain, and slow strain rate 

technique, Corrosion. 60 (2004) pp. 650–657. 

[112] S.A. Távara, M.D. Chapetti, J.L. Otegui, C. Manfredi, Influence of nickel on the 

susceptibility to corrosion fatigue of duplex stainless steel welds, Int. J. Fatigue. 23 (2001) 

pp. 619–626. 

[113] M.T. Lin, C.H. Wan, W. Wu, Enhanced corrosion resistance of SS304 stainless steel and 

titanium coated with alternate layers of TiN and ZrN in a simulated O2-rich environment 

of a unitized regenerative fuel cell, Int. J. Electrochem. Sci. 9 (2014) pp. 7832–7845. 

[114] C. Garcia, F. Martín, P. De Tiedra, J.A. Heredero, M.L. Aparicio, Effects of prior cold 



126 
 

work and sensitization heat treatment on chloride stress corrosion cracking in type 304 

stainless steels, Corros. Sci. 43 (2001) pp. 1519–1539. 

[115] C.H. Zhang, T.-Y. Hsiao, Iron and steels, in: Microstruct. Prop. Mater., World Scientific 

Publishing Company, Hong Kong, China, 2000: pp. 179–334. 

[116] E.B. Shone, Corrosion in the petrochemical industry, Second, ASM international, 1995. 

[117] ISO 7539-6:2018 Corrosion of metals and alloys — Stress corrosion testing — Part 6: 

Preparation and use of precracked specimens for tests under constant load or constant 

displacement, in: International Organization for Standardization, Geneva, Switzerland, 

2018: pp. 1–40. 

[118] W. Dietzel, A. Turnbull, Stress corrosion cracking, GKSS-Forschungszentrum Geesthacht 

GmbH. (2007) pp. 44–73. 

[119] A. Turnbull, Test methods for environment assisted cracking, Br. Corros. J. 27 (1992). 

[120] Kane R. D., ed., Slow strain rate testing for the evaluation of environmentally induced 

cracking: research and engineering applications, ASTM International, Philadelphia, 

United States, 1993. 

[121] H.S. da Costa-Mattos, I.N. Bastos, J.A. Gomes, A simple model for slow strain rate and 

constant load corrosion tests of austenitic stainless steel in acid aqueous solution 

containing sodium chloride, Corros. Sci. 50 (2008) pp. 2858–2866. 

[122] ASTM International, ASTM G49-85 - Standard practice for preparation and use of direct 

tension stress-corrosion test specimens, West Conshohocken, United States, 2019. 

[123] ASTM International, ASTM G129-21 - Standard practice for slow strain rate testing to 

evaluate the susceptibility of metallic materials to environmentally assisted cracking, West 

Conshohocken, United States, 2021. 

[124] H. Wu, Continuum mechanics and plasticity, Chapman & Hall/CRC, New York, United 

States, 2005. 

[125] M.G. Stout, P.S. Follansbee, Strain rate sensitivity, strain hardening, and yield behavior of 

304L stainless steel, J. Eng. Mater. Technol. 108 (1986) pp. 344–353. 

[126] R.F. Laubscher, An evaluation of strain rate sensitivity of certain stainless steels, Ph.D. 

Thesis at Rand Afrikaans University, 1997. 

[127] G.M. Swallowe, ed., Mechanical properties and testing of polymers, Springer, 

Leicestershire, United Kingdom, 1999. 



127 
 

[128] R. A.Mulford, U. F. Kocks, New observations on the mechanisms of dynamic strain aging 

and of jerky flow, Acta Metall. 27 (1979) pp. 1125–1134. 

[129] B.A. Wilcox, A.R. Rosenfield, On serrated yielding and negative on strain-rate -

sensitivity, Chem. Eng. J. 1 (1970) pp. 83–84. 

[130] A. Bintu, G. Vincze, C.R. Picu, A.B. Lopes, J.J. Grácio, F. Barlat, Strain hardening rate 

sensitivity and strain rate sensitivity in TWIP steels, Mater. Sci. Eng. A. 629 (2015) pp. 

54–59. 

[131] G. Chai, M. Andersson, Secondary hardening behavior in super duplex stainless steels 

during LCF in dynamic strain ageing regime, Procedia Eng. 55 (2013) pp. 123–127. 

[132] S. Cunningham, Effect of substitutional elements on dynamic strain aging in steel, M.Sc. 

thesis at McGill University, 1999. 

[133] G. Ananthakrishna, Bistability, negative strain rate sensitivity and visualization of 

dislocation configurations, Proc. Sci. 43 (2005) pp. 1–20. 

[134] Y.J. Xu, D.Q. Qi, K. Du, C.Y. Cui, H.Q. Ye, Stacking fault effects on dynamic strain 

aging in a Ni-Co-based superalloy, Scr. Mater. 87 (2014) pp. 37–40. 

[135] M. Madivala, A. Schwedt, U. Prahl, W. Bleck, Strain hardening, damage and fracture 

behavior of al-added high mn twip steels, Met. 9 (2019) pp. 1–23. 

[136] ASTM International, ASTM A484/A484M - 18a - Standard specification for general 

requirements for stainless steel bars, billets and forgings, West Conshohocken, United 

States, 2005. 

[137] ASTM International, ASTM A182/A182M - 20 - Standard specification for forged or 

rolled alloy-steel pipe flanges , forged fittings , and valves and parts for high-temperature 

service, West Conshohocken, United States, 2004. 

[138] ASTM International, ASTM - G59-97 - standard test method for conducting 

potentiodynamic polarization resistance measurement, West Conshohocken, United 

States, 2020. 

[139] ASTM International, ASTM G61 − 86 - Standard Test Method for Conducting Cyclic 

Potentiodynamic Polarization Measurements for Localized Corrosion Susceptibility of 

Iron-, Nickel-, or Cobalt-Based Alloys, West Conshohocken, United States, 2018. 

[140] ASTM International, ASTM G150 − 18 - Standard test method for electrochemical critical 

pitting temperature testing of stainless steels, West Conshohocken, United States, 2004. 



128 
 

[141] R. Baboian, G. Haynes, Cyclic polarization measurements - experimental procedure and 

evaluation of test data, Electrochem. Corros. Test. (2009) pp. 274–283. 

[142] G.S. Frankel, Pitting corrosion, in: Stephen D. Cramer, J. Bernard S. Covino (Eds.), 

Corros. Fundam. Testing, Prot., ASM International, Columbus, United States, 2003: pp. 

1–237. 

[143] N. Sridhar, C.S. Brossia, D.S. Dunn, J.P. Buckingham, A. Anderko, Predicting localized 

corrosion in seawater cooling systems, Corrosion. 915–936 (2002). 

[144] H. Okamoto, The effect of tungsten and molybdenum on the performance of super duplex 

stainless steels, in: Proc. Appl. Stainl. Steels, Stockholm, Sweden, 1992: pp. 1–20. 

[145] K.B. Small, D.A. Englehart, T.A. Christman, Guide to etching specialty alloys, 

Wyomissing, United States, 2008. 

[146] A.A. El-Yazgi, D. Hardie, Stress corrosion cracking of duplex and super duplex stainless 

steels in sour environments, Corros. Sci. 40 (1998) pp. 909–930. 

[147] M. Mayuzumi, T. Arai, K. Hide, Chloride induced stress corrosion cracking of type 304 

and 304L stainless steels in air, Zair. to Kankyo/ Corros. Eng. 52 (2003) pp. 166–170. 

[148] X. Yue, M. Zhao, L. Zhang, H. Zhang, D. Li, M. Lu, Correlation between electrochemical 

properties and stress corrosion cracking of super 13Cr under an HTHP CO2 environment, 

R. Soc. Chem. 8 (2018) pp. 24679–24689. 

[149] W.C. Chung, J.Y. Huang, L.W. Tsay, C. Chen, Microstructure and stress corrosion 

cracking behavior of the weld metal in alloy 52-A508 dissimilar welds, Mater. Trans. 52 

(2011) pp. 12–19. 

[150] C. Herrera, D. Ponge, D. Raabe, Design of a novel Mn-based 1 GPa duplex stainless TRIP 

steel with 60% ductility by a reduction of austenite stability, Acta Mater. 59 (2011) pp. 

4653–4664. 

[151] Z. Lu, T. Shoji, Y. Takeda, Y. Ito, S. Yamazaki, The dependency of the crack growth rate 

on the loading pattern and temperature in stress corrosion cracking of strain-hardened 

316L stainless steels in a simulated BWR environment, Corros. Sci. 50 (2008) pp. 698–

712. 

[152] I.I. Ahmed, A.G.F. Alabi, J.K. Odusote, N.I. Aremu, Stress corrosion cracking of 

austenitic stainless steels in chloride environment, in: Niger. Eng. Conf., Zaria, Nigeria, 

2014: pp. 1–6. 



129 
 

[153] A. Turnbull, S. Zhou, Pit to crack transition in stress corrosion cracking of a steam turbine 

disc steel, Corros. Sci. 46 (2004) pp. 1239–1264. 

[154] R.N. Parkins, Mechanisms of stress-corrosion cracking, in: Stress. Crack. Mater. Perform. 

Eval., Third Ed., ASM international, Materials Park, United States, 2013: pp. 1–10. 

[155] C. García, F. Martín, P. De Tiedra, S. Alonso, M.L. Aparicio, Stress corrosion cracking 

behavior of cold-worked and sensitized type 304 stainless steel using the slow strain rate 

test, Corrosion. 58 (2002) pp. 849–857. 

[156] C.H. Hsu, T.C. Chen, R.T. Huang, L.W. Tsay, Stress corrosion cracking susceptibility of 

304L Substrate and 308L weld metal exposed to a salt spray, Mater. 10 (2017) 1–14. 

[157] R. Singh, Welding corrosion resistant alloys – stainless steel, Appl. Weld. Eng. (2012) pp. 

191–214. 

[158] P.D. Antunes, C.C. Silva, E.O. Correa, S.S.M. Tavares, Influence of the heat input and 

aging treatment on microstructure and mechanical properties of AISI 317 L steel 

weldments using 0020 robotic–pulsed GMAW, Int. J. Adv. Manuf. Technol. 105 (2019) 

pp. 5151–5163. 

[159] S.S.M. Tavares, G.F. Feijo, H.N. Farneze, M.J.R. Sandim, I.R. De Souza Filho, Influence 

of microstructure on the corrosion resistance of AISI 317L (UNS S31703), Mater. Res. 20 

(2017) pp. 108–114. 

[160] Robert N Gunn, ed., Duplex stainless steels: microstructure, properties and applications, 

Woodhead Publishing Limited, Glasgow, Scotland, 1997. 

[161] Z. Ahmad, Selection of materials for corrosive environment, in: Princ. Corros. Eng. 

Corros. Control, Second Ed., Butterworth-Heinemann, Oxford, United Kingdom, 2006: 

pp. 479–549. 

[162] J. Nilsson, Overview Super duplex stainless steels, Mater. Sci. Technol. 8 (1992) pp. 685–

700. 

[163] M.E. Arikan, R. Arikan, M. Doruk, Determination of susceptibility to intergranular 

corrosion of UNS 31803 type duplex stainless steel by electrochemical reactivation 

method, Int. J. Corros. 2012 (2012) pp. 1–10. 

[164] T.A. Vicente, L.A. Oliveira, E.O. Correa, R.P. Barbosa, V.B.P. Macanhan, N.G. de 

Alcântara, Stress corrosion cracking behaviour of dissimilar welding of AISI 310S 

austenitic stainless steel to 2304 duplex stainless steel, Met. 8 (2018) pp. 1–10. 



130 
 

[165] J. Liu, T. Zhang, H. Li, Y. Zhao, F. Wang, Modeling of the critical pitting temperature 

between the laboratory-scale specimen and the large-scale specimen, J. Electrochem. Soc. 

165 (2018) pp. 328–333. 

[166] J. Liu, T. Zhang, G. Meng, Y. Shao, F. Wang, Effect of pitting nucleation on critical 

pitting temperature of 316L stainless steel by nitric acid passivation, Corros. Sci. 91 

(2015) pp. 232–244. 

[167] B. Widyanto, M. Wahyunda, R. Suratman, Study of temperature and chloride 

concentration effect on pitting corrosion of AISI 316L with immersion method, in: 

EUROCORR 2017 - Annu. Congr. Eur. Fed. Corros., Prague, Czech Republic, 2017: pp. 

1–8. 

[168] N. Bui, F. Dabosi, The role of alloyed tungsten on the conductivity of stainless steel 

passive layers, Corros. Sci. 26 (1986) 769–780. 

[169] L. Zhang, Y. Jiang, B. Deng, D. Sun, J. Gao, J. Li, Effect of temperature change rate on 

the critical pitting temperature for duplex stainless steel, J. Appl. Electrochem. 39 (2009) 

pp. 1703–1708. 

[170] B. Deng, Y. Jiang, J. Gong, C. Zhong, J. Gao, J. Li, Critical pitting and repassivation 

temperatures for duplex stainless steel in chloride solutions, Electrochim. Acta. 53 (2008) 

pp. 5220–5225. 

[171] A. Robin, Effect of temperature and concentration on electrochemical corrosion behaviour 

of Nb-20Ta alloy in sodium hydroxide solutions, Corros. Eng. Sci. Technol. 40 (2005) pp. 

51–56. 

[172] A.A. Panova, P. Pantano, D.R. Walt, In situ fluorescence imaging of localized corrosion 

with a pH-sensitive imaging fiber, Anal. Chem. 69 (1997) pp. 1635–1641. 

[173] P. Guo, E.C. La Plante, B. Wang, X. Chen, Direct observation of pitting corrosion 

evolutions on carbon steel surfaces at the nano-to-micro- scales, Sci. Rep. 8 (2018) 1–12. 

[174] C.E. Suarez, ed., Light metals 2012, Springer, Carabobo, Venezuela, 2016. 

[175] G.J. Syaranamual, On-state reliability study of algan/gan high electron mobility transistor 

on silicon, Ph.D. Thesis at Nanyang Technological University, 2018. 

[176] G.M. Scamans, R. Alani, P.R. Swann, Pre-exposure embrittlement and stress corrosion 

failure in AlZnMg Alloys, Corros. Sci. 16 (1976) pp. 443–459. 

[177] E. Cristina De Souza, S.M. Rossitti, C.A. Fortulan, J.M. Domingos, A. Rollo, Influence of 



131 
 

ferrite phase content on the electrochemical properties of duplex stainless steels, Mater. 

Res. 20 (2017) pp. 21–29. 

[178] S. Wilhelm, D. Currie, Relationship of localized corrosion and SCC in oil and gas 

production environments, in: Slow Strain Rate Test. Eval. Environ. Induc. Crack. Res. 

Eng. Appl., ASTM International, New Orleans, United States, 1993: pp. 263–289. 

[179] Y.H. Lu, Q.J. Peng, T. Sato, T. Shoji, An ATEM study of oxidation behavior of SCC 

crack tips in 304L stainless steel in high temperature oxygenated water, J. Nucl. Mater. 

347 (2005) pp. 52–68. 

[180] R. Nishimura, Characterization and perspective of stress corrosion cracking of austenitic 

stainless steels (type 304 and type 316) in acid solutions using constant load method, 

Corros. Sci. 49 (2007) pp. 81–91. 

[181] L.J. Qiao, K.W. Gao, A.A. Volinsky, X.Y. Li, Discontinuous surface cracks during stress 

corrosion cracking of stainless steel single crystal, Corros. Sci. 53 (2011) pp. 3509–3514. 

[182] K.M. Kim, J.H. Park, H.S. Kim, J.H. Kim, Y.Y. Lee, K.Y. Kim, Effect of plastic 

deformation on the corrosion resistance of ferritic stainless steel as a bipolar plate for 

polymer electrolyte membrane fuel cells, Int. J. Hydrogen Energy. 37 (2012) pp. 8459–

8464. 

[183] H.L. Logan, Film-rupture mechanism of stress corrosion, J. Res. Natl. Bur. Stand. 48 

(1952) pp. 99–105. 

[184] W.F. Flanagan, P. Bastias, B.D. Lichter, A theory of transgranular stress-corrosion 

cracking, Acta Metall. Mater. 39 (1991) pp. 695–705. 

[185] Y. Wang, P.M. Singh, Corrosion behavior of austenitic and duplex stainless steels in 

thiosulfate- and chloride-containing environments, Corrosion. 71 (2015) pp. 937–944. 

[186] R. Pettersson, E. Johansson, Stress corrosion resistance of duplex grades, in: J. Charles 

(Ed.), Proc. Duplex Stainl. Steel World Conf., Aperam, Beaune, France, 2010: pp. 13–15. 

[187] R. El-Khozondar, H. El-Khozondar, G. Gottstein, A. Rollet, Microstructural simulation of 

grain growth in two-phase polycrystalline materials, Egypt. J. Solids. (2006) pp. 35–47. 

[188] J. Johansson, Residual stresses and fatigue in a duplex stainless steel, Ph.D. Thesis at 

Linkopings university, 1999. 

[189] S.M. Wilhelm, R.D. Kane, Effect of heat treatment and microstructure on the corrosion 

and SCC of duplex stainless steels in H2SCl − environments, Corrosion. 40 (1984) pp. 



132 
 

431–439. 

[190] L. de Carvalho Valeriano, E.O. Correa, N.A. Mariano, A.L.M. Robin, M.A.G. Tommaselli 

Chuba Machado, Influence of the solution-treatment temperature and short aging times on 

the electrochemical corrosion behaviour of UNS S32520 super duplex stainless steel, 

Mater. Res. 22 (2019) pp. 11–13. 

[191] H.Y. Ha, C.H. Lee, T.H. Lee, S. Kim, Effects of nitrogen and tensile direction on stress 

corrosion cracking susceptibility of Ni-free FeCrMnC-based duplex stainless steels, 

Mater. 10 (2017) pp. 17–19. 

[192] T. Misawa, T. Ohtsuka, M. Seo, M. Saito, Comparison of stress corrosion cracking 

susceptibility of austenitic and ferritic stainless steels in small punch testing, J. Nucl. 

Mater. 179–181 (1991) pp. 611–614. 

[193] M. Mohammadtaheri, Q. Yang, Y. Li, J. Corona-Gomez, The effect of deposition 

parameters on the structure and mechanical properties of chromium oxide coatings 

deposited by reactive magnetron sputtering, Coatings. 8 (2018) pp. 1–14. 

[194] S. Kikuchi, K. Kawauchi, M. Kurosawa, H. Honjho, T. Yagishita, Non-destructive rapid 

analysis discriminating between chromium(VI) and chromium(III) oxides in electrical and 

electronic equipment using Raman spectroscopy, Anal. Sci. 21 (2005) pp. 197–198. 

[195] Y. Li, J. Wang, Y. Zhang, J. Bai, Y. Hu, Analysis of initial oxidation process of 2205 

duplex stainless steel in closed container at high temperature, J. Chinese Soc. Corros. Prot. 

38 (2018) pp. 296–302. 

[196] V. Lughi, D.R. Clarke, Defect and stress characterization of AlN films by Raman 

spectroscopy, Appl. Phys. Lett. 89 (2006) pp. 1–4. 

[197] P. Brüesch, K. Müller, A. Atrens, H. Neff, Corrosion of stainless steels in chloride 

solution: An XPS investigation of passive films, Appl. Phys. A Solids Surfaces. 38 (1985) 

pp. 1–18. 

[198] F.P. Ford, P.M. Scott, N. Le Roi, P. Combrade, C. Amzallag, Environmentally-assisted 

degradation of structural materials in water cooled nuclear reactors – An introduction, 

A.N.T. International, Analysvägen, Sweden, 2015. 

[199] S.E. Ziemniak, M. Hanson, Corrosion behavior of 304 stainless steel in high temperature, 

hydrogenated water, Corros. Sci. 48 (2006) pp. 2525–2546. 

[200] D.H. Lister, R.D. Davidson, E. McAlpine, The mechanism and kinetics of corrosion 



133 
 

product release from stainless steel in lithiated high temperature water, Corros. Sci. 27 

(1987) pp. 113–140. 

[201] J. Robertson, The mechanism of high temperature aqueous corrosion of stainless steels, 

Corros. Sci. 32 (1991) pp. 443–465. 

[202] T. Terachi, K. Fujii, K. Arioka, Microstructural characterization of SCC crack tip and 

oxide film for SUS 316 stainless steel in simulated PWR primary water at 320°C, J. Nucl. 

Sci. Technol. 42 (2005) pp. 225–232. 

[203] S.L. Chawla, R.K. Gupta, Materials selection for corrosion control, ASM international, 

Materials Park, United States, 1993. 

[204] D. Eliezer, D.G. Chakrapani, C.J. Altstetter, E.N. Pugh, The influence of austenite 

stability on the hydrogen embrittlement and stress- corrosion cracking of stainless steel, 

Metall. Trans. A. 10 (1979) pp. 935–941. 

[205] E. Otero, A. Pardo, M. V. Utrilla, E. Sáenz, F.J. Perez, Influence of microstructure on the 

corrosion resistance of AISI type 304L and type 316L sintered stainless steels exposed to 

ferric chloride solution, Mater. Charact. 35 (1995) pp. 145–151. 

[206] C.R. de Farias Azevedo, H. Boschetti Pereira, S. Wolynec, A.F. Padilha, An overview of 

the recurrent failures of duplex stainless steels, Eng. Fail. Anal. 97 (2019) pp. 161–188. 

[207] R.M. Souto, I.C. Mirza Rosca, S. González, Resistance to localized corrosion of passive 

films on a duplex stainless steel, Corrosion. 57 (2001) pp. 300–306. 

[208] J.C. De Lacerda, L.C. Cândido, L.B. Godefroid, Effect of volume fraction of phases and 

precipitates on the mechanical behavior of UNS S31803 duplex stainless steel, Int. J. 

Fatigue. 74 (2015) pp. 81–87. 

[209] P. Marshall, Austenitic stainless steels: microstructure and mechanical properties, 

Springer, Barkin, United Kingdom, 1984. 

[210] D.M. Xu, X.L. Wan, J.X. Yu, G. Xu, G.Q. Li, Effect of strain rate on microstructures and 

mechanical properties of Fe–18Cr–8Ni steel, Mater. Sci. Technol. 35 (2019) 195–203. 

[211] Y. Estrin, L.P. Kubin, Plastic instabilities: phenomenology and theory, Mater. Sci. Eng. A. 

137 (1991) pp. 125–134. 

[212] E. Cadoni, L. Fenu, D. Forni, Strain rate behaviour in tension of austenitic stainless steel 

used for reinforcing bars, Constr. Build. Mater. 35 (2012) pp. 399–407. 

[213] D.M. Xu, X.L. Wan, J.X. Yu, G. Xu, G.Q. Li, Effect of strain rate on microstructures and 



134 
 

mechanical properties of Fe–18Cr–8Ni steel, Mater. Sci. Technol. 35 (2019) 195–203. 

[214] W.S. Lee, H.F. Lam, Mechanical response and dislocation substructure of high strength 

Ni-Cr-Mo steel subjected to impact loading, J. Phys. IV  JP. 4 (1994) pp. 307–312. 

[215] E.B. Zaretsky, G.I. Kanel, Effect of temperature, strain, and strain rate on the flow stress 

of aluminum under shock-wave compression, J. Appl. Phys. 112 (2012) pp. 1-9. 

[216] P.S. Follansbee, U.F. Kocks, A constitutive description of the deformation of copper 

based on the use of the mechanical threshold stress as an internal state variable, Acta 

Metall. 36 (1988) pp. 81–93. 

[217] S.Y. Lee, S.I. Lee, B. Hwang, Effect of strain rate on tensile and serration behaviors of an 

austenitic Fe-22Mn-0.7C twinning-induced plasticity steel, Mater. Sci. Eng. A. 711 (2018) 

pp. 22–28. 

[218] A. Benallal, T. Borvik, A. Clausen, O. Hopperstad, Dynamic strain aging, negative strain-

rate sensitivity and related instabilities, Tech. Mech. J. Eng. Mech. 23 (2003) pp. 160–

166. 

[219] G.X. Sun, Y. Jiang, X.R. Zhang, S.C. Sun, Strain rate and cold rolling dependence of 

tensile strength and ductility in high nitrogen nickel-free austenitic stainless steel, Chinese 

Phys. B. 26 (2017) pp. 1-9. 

[220] F.M.F. Serafim, W.O. Alabi, I.N.A. Oguocha, A.G. Odeshi, R. Evitts, Stress corrosion 

cracking behavior of selected stainless steels in saturated potash brine solution at different 

temperatures, Corros. Sci. 178 (2020) pp. 1–15. 

[221] E. Bettini, U. Kivisäkk, C. Leygraf, J. Pan, Study of corrosion behavior of a 2507 super 

duplex stainless steel: Influence of quenched-in and isothermal nitrides, Int. J. 

Electrochem. Sci. 9 (2014) pp. 61–80. 

[222] Y. Jin, Annealing twin formation mechanism, Ph.D. Thesis at Carnegie Mellon 

University, 2012. 

[223] V. Randle, Mechanism of twinning-induced grain boundary engineering in low stacking-

fault energy materials, Acta Mater. 47 (1999) pp. 4187–4196. 

[224] J. Nomani, A. Pramanik, T. Hilditch, G. Littlefair, Investigation on the behavior of 

austenite and ferrite phases at stagnation region in the turning of duplex stainless steel 

alloys, Metall. Mater. Trans. A. 47 (2016) pp. 3165–3177. 

[225] W. Wang, Y. Ma, M. Yang, P. Jiang, F. Yuan, X. Wu, Strain rate effect on tensile 



135 
 

behavior for a high specific strength steel: from quasi-static to intermediate strain rates, 

Met. 8 (2017) pp. 1–14. 

[226] R. Song, D. Ponge, D. Raabe, J.G. Speer, D.K. Matlock, Overview of processing, 

microstructure and mechanical properties of ultrafine grained bcc steels, Mater. Sci. Eng. 

A. 441 (2006) pp. 1–17. 

[227] M. Okayasu, D. Ishida, Effect of microstructural characteristics on mechanical properties 

of austenitic, ferritic, and γ-α duplex stainless steels, Metall. Mater. Trans. A Phys. Metall. 

Mater. Sci. 50 (2019) pp. 1380–1388. 

[228] J.W. Simmons, Influence of nitride (Cr2N) precipitation on the plastic flow behavior of 

high-nitrogen austenitic stainless steel, Scr. Metall. Mater. 32 (1995) 265–270. 

[229] S.P. Joshi, C. Eberl, B. Cao, K.T. Ramesh, K.J. Hemker, On the occurrence of Portevin-

Le Chêtelier instabilities in ultrafine-grained 5083 aluminum alloys, Exp. Mech. 49 (2009) 

pp. 207–218. 

[230] M. Abbadi, P. Hähner, A. Zeghloul, On the characteristics of Portevin - Le Chatelier 

bands in aluminum alloy 5182 under stress-controlled and strain-controlled tensile testing, 

Mater. Sci. Eng. A. 337 (2002) pp. 194–201. 

[231] E. Pink, S. Kumar, Patterns of serrated flow in a low-carbon steel, Mater. Sci. Eng. A. 201 

(1995) pp. 58–64. 

[232] P. Rodriguez, Serrated plastic flow, Bull. Mater. Sci. 6 (1984) pp. 653–663. 

[233] L.P. Kubin, Y. Estrin, Dynamic strain ageing and the mechanical response of alloys, J. 

Phys. III. 1 (1991) pp. 929–943. 

[234] Y. Nakada, A.S. Keh, Serrated flow in Ni-C alloys, Acta Metall. 18 (1970) 437–443. 

[235] R.D.K. Misra, V.S.A. Challa, P.K.C. Venkatsurya, Y.F. Shen, M.C. Somani, L.P. 

Karjalainen, Interplay between grain structure, deformation mechanisms and austenite 

stability in phase-reversion-induced nanograined/ultrafine-grained austenitic ferrous alloy, 

Acta Mater. 84 (2015) pp. 339–348. 

[236] J.A. Lichtenfeld, M.C. Mataya, C.J. Van Tyne, Effect of strain rate on stress-strain 

behaviour of alloy 309 and 304L austenitic stainless steel, Metall. Mater. Trans. A. 37 

(2006) pp. 147–161. 

[237] G.S. Langdon, G.K. Schleyer, Unusual strain rate sensitive behaviour of AISI 316L 

austenitic stainless steel, J. Strain Anal. Eng. Des. 39 (2004) pp. 71–86. 



136 
 

[238] Y.N. Dastur, W.C. Leslie, Mechanism of work hardening in hadfield manganese steel, 

Metall. Trans. A. 12 A (1981) pp. 749–759. 

[239] M. Koyama, T. Sawaguchi, K. Tsuzaki, Overview of dynamic strain aging and associated 

phenomena in Fe–Mn–C austenitic steels, Iron Steel Inst. Japan. 58 (2018) pp. 1383–

1395. 

[240] X. Yang, H. Guo, Z. Yao, S. Yuan, Strain rate sensitivity, temperature sensitivity, and 

strain hardening during the isothermal compression of BT25y alloy, J. Mater. Res. 31 

(2016) pp. 2863–2875. 

[241] F. Ozturk, A. Polat, S. Toros, R.C. Picu, Strain hardening and strain rate sensitivity 

behaviors of advanced high strength steels, J. Iron Steel Res. Int. 20 (2013) pp. 68–74. 

[242] Z. Fan, H. Mingzhi, S. Deke, The relationship between the strain-hardening exponent n 

and the microstructure of metals, Mater. Sci. Eng. A. 122 (1989) pp. 211–213. 

[243] Y.Z. Tian, L.J. Zhao, S. Chen, A. Shibata, Z.F. Zhang, N. Tsuji, Significant contribution 

of stacking faults to the strain hardening behavior of Cu-15%Al alloy with different grain 

sizes, Sci. Rep. 5 (2015) pp. 2–10. 

[244] X.Y. San, X.G. Liang, L.P. Chen, Z.L. Xia, X.K. Zhu, Influence of stacking fault energy 

on the mechanical properties in cold-rolling Cu and Cu-Ge alloys, Mater. Sci. Eng. A. 528 

(2011) pp. 7867–7870. 

[245] K.T. Park, K.G. Jin, S.H. Han, S.W. Hwang, K. Choi, C.S. Lee, Stacking fault energy and 

plastic deformation of fully austenitic high manganese steels: Effect of Al addition, Mater. 

Sci. Eng. A. 527 (2010) pp. 3651–3661. 

[246] A. Grajcar, A. Kozłowska, B. Grzegorczyk, Strain hardening behavior and microstructure 

evolution of high-manganese steel subjected to interrupted tensile tests, Met. 8 (2018) pp. 

1–12. 

[247] J. Friedel, Coldwork. Piled up groups, in: R. Smoluchowski, N. Kurti (Eds.), Dislocations, 

Pergamon, Paris, France, 1964: pp. 241–274. 

[248] K. Yvell, T.M. Grehk, P. Hedström, A. Borgenstam, G. Engberg, Microstructure 

development in a high-nickel austenitic stainless steel using EBSD during in situ tensile 

deformation, Mater. Charact. 135 (2018) pp. 228–237. 

[249] K.M. Rahman, V.A. Vorontsov, D. Dye, The effect of grain size on the twin initiation 

stress in a TWIP steel, Acta Mater. 89 (2015) pp. 247–257. 



137 
 

[250] A. Ghaderi, M.R. Barnett, Sensitivity of deformation twinning to grain size in titanium 

and magnesium, Acta Mater. 59 (2011) pp. 7824–7839. 

[251] S. Wroński, J. Tarasiuk, B. Bacroix, A. Baczmański, C. Braham, Investigation of plastic 

deformation heterogeneities in duplex steel by EBSD, Mater. Charact. 73 (2012) pp. 52–

60. 

[252] V. Yamakov, D. Wolf, S.R. Phillpot, H. Gleiter, Deformation twinning in nanocrystalline 

Al by molecular-dynamics simulation, Acta Mater. 50 (2002) pp. 5005–5020. 

[253] Y. Matsuoka, T. Iwasaki, N. Nakada, T. Tsuchiyama, S. Takaki, Effect of grain size on 

thermal and mechanical stability of austenite in metastable austenitic stainless steel, ISIJ 

Int. 53 (2013) pp. 1224–1230. 

[254] K.T. Park, S.W. Hwang, J.H. Ji, C.S. Lee, Static and dynamic deformation of fully 

austenitic high Mn steels, Procedia Eng. 10 (2011) pp. 1002–1006. 

[255] Z. Li, L. Zhang, N. Sun, L. Fu, A. Shan, Grain size dependence of the serrated flow in a 

nickel based alloy, Mater. Lett. 150 (2015) pp. 108–110. 

[256] R. Alturk, S. Mates, Z. Xu, F. Abu-Farha, Effects of microstructure on the strain rate 

sensitivity of advanced steels, Miner. Met. Mater. Ser. (2017) pp. 243–254. 

[257] S. Harjo, N. Tsuchida, J. Abe, W. Gong, Martensite phase stress and the strengthening 

mechanism in TRIP steel by neutron diffraction, Sci. Rep. 7 (2017) pp. 2–4. 

[258] S. Lee, Y. Estrin, B.C. De Cooman, Effect of the strain rate on the TRIP-TWIP transition 

in austenitic Fe-12 pct Mn-0.6 pct C TWIP Steel, Metall. Mater. Trans. A. 45 (2014) pp. 

717–730. 

[259] S.H. Bak, S.S. Kim, D.B. Lee, Effect of hydrogen on dislocation structure and strain-

induced martensite transformation in 316L stainless steel, RSC Adv. 7 (2017) pp. 27840–

27845. 

[260] A. Das, S. Tarafder, Geometry of dimples and its correlation with mechanical properties 

in austenitic stainless steel, Scr. Mater. 59 (2008) pp. 1014–1017. 

[261] S. Sun, A. Zhao, Q. Wu, Effect of strain rate on the work-hardening rate in high-Mn steel, 

Mater. Sci. Technol. 33 (2017) pp. 1306–1311. 

[262] J.R. Davis., ed., Metals handbook - Desk edition, 2nd ed., ASM International, Ohio, 

United States, 1998. 

[263] V.N. Rajaković-Ognjanović, B.N. Grgur, Corrosion of an austenite and ferrite stainless 



138 
 

steel weld, J. Serbian Chem. Soc. 76 (2011) pp. 1027–1035. 

[264] P.R. Rhodes, Mechanism of chloride stress corrosion cracking of austenitic stainless 

steels, Corrosion. 25 (1969) pp. 462–472. 

[265] A.U. Malik, P.C. Mayan Kutty, N.A. Siddiqi, I.N. Andijani, S. Ahmed, The influence of 

pH and chloride concentration on the corrosion behaviour of AISI 316L steel in aqueous 

solutions, Corros. Sci. 33 (1992) pp. 1809–1827. 

[266] M.D. Asduzzaman, C.M. Mustafa, I. Mayeedul, Effects of concentration of sodium 

chloride solution on the pitting corrosion behavior of AISI-304L austenitic stainless steel, 

Chem. Ind. Chem. Eng. Q. 17 (2011) pp. 477–483. 

[267] S. Tsouli, A.G. Lekatou, E. Siozos, S. Kleftakis, Accelerated corrosion performance of 

AISI 316L stainless steel concrete reinforcement used in restoration works of ancient 

monuments, in: 5th Int. Conf. Eng. Against Fail., Chios Island, Greece, 2018: pp. 1–8. 

[268] J.-O. Nilsson, Super duplex stainless steels, Mater. Sci. Technol. 8 (2014) pp. 685–700. 

[269] T.S. Huang, W.T. Tsai, S.J. Pan, K.C. Chang, Pitting corrosion behaviour of 2101 duplex 

stainless steel in chloride solutions, Corros. Eng. Sci. Technol. 53 (2018) pp. 9–15. 

[270] C. Dong, H. Luo, K. Xiao, T. Sun, Q. Liu, X. Li, Effect of temperature and Cl- 

concentration on pitting of 2205 duplex stainless steel, J. Wuhan Univ. Technol. Mater. 

Sci. Ed. 26 (2011) pp. 641–647. 

[271] A.K. Roy, D.L. Fleming, S.R. Gordon, Effect of chloride concentration and pH on pitting 

corrosion of waste package container materials, in: 190th Meet. Electrochem. Soc., San 

Antonio, United States, 1996: pp. 1–9. 

[272] Z.F. Yin, Y.R. Feng, W.Z. Zhao, C.X. Yin, W. Tian, Pitting corrosion behaviour of 316L 

stainless steel in chloride solution with acetic acid and CO2, Corros. Eng. Sci. Technol. 46 

(2011) pp. 56–63. 

[273] K.D. Ralston, N. Birbilis, C.H.J. Davies, Revealing the relationship between grain size 

and corrosion rate of metals, Scr. Mater. 63 (2010) pp. 1201–1204. 

[274] L. Liu, Y. Li, F. Wang, Influence of grain size on the corrosion behavior of a Ni-based 

superalloy nanocrystalline coating in NaCl acidic solution, Electrochim. Acta. 53 (2008) 

pp. 2453–2462. 

[275] M. Adeli, M.A. Golozar, K. Raeissi, Pitting corrosion of SAF2205 duplex stainless steel 

in acetic acid containing bromide and chloride, Chem. Eng. Commun. 197 (2010) pp. 



139 
 

1404–1416. 

[276] J.R. Hayes, J.J. Gray, A.W. Szmodis, C.A. Orme, Influence of chromium and 

molybdenum on the corrosion of nickel-based alloys, Corrosion. 62 (2006) pp. 491–500. 

[277] F. Eghbali, M.H. Moayed, A. Davoodi, N. Ebrahimi, Critical pitting temperature (CPT) 

assessment of 2205 duplex stainless steel in 0.1 M NaCl at various molybdate 

concentrations, Corros. Sci. 53 (2011) pp. 513–522. 

[278] A. Igual Muñoz, J. García Antón, J.L. Guiñón, V. Pérez Herranz, The effect of chromate 

in the corrosion behavior of duplex stainless steel in LiBr solutions, Corros. Sci. 48 (2006) 

pp. 4127–4151. 

[279] P. Guraieb, Q. Wang, Corrosion and scale at high pressure high temperature, in: A.M. El-

Sherik (Ed.), Trends Oil Gas Corros. Res. Technol., Elsevier, Houston, United States, 

2017: pp. 431–451. 

[280] J.O. Park, S. Matsch, H. Bo, Effects of temperature and chloride concentration on pit 

initiation and early pit growth of stainless steel, J. Electrochem. Soc. 149 (1970) pp. 34–

39. 

[281] M. Atapour, H. Sarlak, M. Esmailzadeh, Pitting corrosion susceptibility of friction stir 

welded lean duplex stainless steel joints, Int. J. Adv. Manuf. Technol. 83 (2016) pp. 721–

728. 

[282] J. Ma, J. Wen, Q. Li, Q. Zhang, Effects of acidity and alkalinity on corrosion behaviour of 

Al-Zn-Mg based anode alloy, J. Power Sources. 226 (2013) pp. 156–161. 

[283] X. Yu, Y. Huang, A.P. Yadav, W. Qu, R. De Marco, Study on the temperature 

dependence of pitting behaviour of AISI 4135 steel in marine splash zone, 

Electrochemistry. 83 (2015) pp. 541–548. 

[284] M. Bernås, R. Johnsen, A. Jernberg, M. Iannuzzi, Effect of tungsten on the precipitation 

kinetics and localized corrosion resistance of super duplex stainless steels, in: NACE - Int. 

Corros. Conf. Ser., Phoenix, United States, 2018: pp. 1–16. 

[285] H.J. Park, H.W. Lee, Effect of alloyed Mo and W on the corrosion characteristics of super 

duplex stainless steel weld, Int. J. Electrochem. Sci. 9 (2014) 6687–6698. 

[286] C.J. Park, H.S. Kwon, Effects of aging at 475 °C on corrosion properties of tungsten-

containing duplex stainless steels, Corros. Sci. 44 (2002) pp. 2817–2830. 

[287] J.S. Lee, K. Fushimi, T. Nakanishi, Y. Hasegawa, Y.S. Park, Corrosion behaviour of 



140 
 

ferrite and austenite phases on super duplex stainless steel in a modified green-death 

solution, Corros. Sci. 89 (2014) pp. 111–117. 

 

 

 

 



141 
 

Appendix A 

Copyright Permissions 

Chapter 2, Figure 2.2 

 

 

 



142 
 

Chapter 2, Figure 2.3 

This Agreement between Mr. Felipe Serafim ("You") and John Wiley and Sons ("John 

Wiley and Sons") consists of your license details and the terms and conditions provided by 

John Wiley and Sons and Copyright Clearance Center. 

License Number 5084461376161 

License date Jun 08, 2021 

Licensed Content 

Publisher 
John Wiley and Sons 

Licensed Content 

Publication 
Wiley Books 

Licensed Content Title Corrosion of Steels 

Licensed Content 

Author 
Michael Hagen 

Licensed Content Date Apr 21, 2008 

Licensed Content 

Pages 
68 

Type of use Dissertation/Thesis 

Requestor type University/Academic 

Format Print 

Portion Figure/table 

Number of 

figures/tables 
1 

Will you be 

translating? 
No 

Title 

STRESS CORROSION CRACKING OF SELECTED 

AUSTENITIC AND DUPLEX STAINLESS STEELS IN 

POTASH BRINE ENVIRONMENT 

 

Institution name University of Saskastchewan  

Expected presentation 

date 
Aug 2021  

Portions Figure 2.3. Simplified illustration of uniform corrosion.  

Requestor Location 

Mr. Felipe Serafim 

235 Willis cres. 

 

 

Saskatoon, SK S7T0W7 

Canada 

Attn: Mr. Felipe Serafim 

 

Publisher Tax ID EU826007151 

Total 0.00 USD   



143 
 

Terms and Conditions   

TERMS AND CONDITIONS 

This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc. 

or one of its group companies (each a"Wiley Company") or handled on behalf of a society 

with which a Wiley Company has exclusive publishing rights in relation to a particular 

work (collectively "WILEY"). By clicking "accept" in connection with completing this 

licensing transaction, you agree that the following terms and conditions apply to this 

transaction (along with the billing and payment terms and conditions established by the 

Copyright Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at 

the time that you opened your RightsLink account (these are available at any time 

at http://myaccount.copyright.com). 

 

Terms and Conditions 

• The materials you have requested permission to reproduce or reuse (the "Wiley 

Materials") are protected by copyright. 

• You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-

alone basis), non-transferable, worldwide, limited license to reproduce the Wiley 

Materials for the purpose specified in the licensing process. This license, and any 

CONTENT (PDF or image file) purchased as part of your order, is for a one-

time use only and limited to any maximum distribution number specified in the 

license. The first instance of republication or reuse granted by this license must be 

completed within two years of the date of the grant of this license (although copies 

prepared before the end date may be distributed thereafter). The Wiley Materials 

shall not be used in any other manner or for any other purpose, beyond what is 

granted in the license. Permission is granted subject to an appropriate 

acknowledgement given to the author, title of the material/book/journal and the 

publisher. You shall also duplicate the copyright notice that appears in the Wiley 

publication in your use of the Wiley Material. Permission is also granted on the 

understanding that nowhere in the text is a previously published source 

acknowledged for all or part of this Wiley Material. Any third party content is 

expressly excluded from this permission. 

• With respect to the Wiley Materials, all rights are reserved. Except as expressly 

granted by the terms of the license, no part of the Wiley Materials may be copied, 

modified, adapted (except for minor reformatting required by the new Publication), 

translated, reproduced, transferred or distributed, in any form or by any means, and 

no derivative works may be made based on the Wiley Materials without the prior 

permission of the respective copyright owner.For STM Signatory Publishers 

clearing permission under the terms of the STM Permissions Guidelines only, 

the terms of the license are extended to include subsequent editions and for 

editions in other languages, provided such editions are for the work as a whole 

in situ and does not involve the separate exploitation of the permitted figures 

  

http://myaccount.copyright.com/
http://www.stm-assoc.org/copyright-legal-affairs/permissions/permissions-guidelines/


144 
 

or extracts, You may not alter, remove or suppress in any manner any copyright, 

trademark or other notices displayed by the Wiley Materials. You may not license, 

rent, sell, loan, lease, pledge, offer as security, transfer or assign the Wiley 

Materials on a stand-alone basis, or any of the rights granted to you hereunder to 

any other person. 

• The Wiley Materials and all of the intellectual property rights therein shall at all 

times remain the exclusive property of John Wiley & Sons Inc, the Wiley 

Companies, or their respective licensors, and your interest therein is only that of 

having possession of and the right to reproduce the Wiley Materials pursuant to 

Section 2 herein during the continuance of this Agreement. You agree that you own 

no right, title or interest in or to the Wiley Materials or any of the intellectual 

property rights therein. You shall have no rights hereunder other than the license as 

provided for above in Section 2. No right, license or interest to any trademark, trade 

name, service mark or other branding ("Marks") of WILEY or its licensors is 

granted hereunder, and you agree that you shall not assert any such right, license or 

interest with respect thereto 

• NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR 

REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY, 

EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE 

MATERIALS OR THE ACCURACY OF ANY INFORMATION CONTAINED 

IN THE MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED 

WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY 

QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY, 

INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES 

ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED 

BY YOU. 

• WILEY shall have the right to terminate this Agreement immediately upon breach 

of this Agreement by you. 

• You shall indemnify, defend and hold harmless WILEY, its Licensors and their 

respective directors, officers, agents and employees, from and against any actual or 

threatened claims, demands, causes of action or proceedings arising from any 

breach of this Agreement by you. 

• IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR 

ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY 

SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR 

PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN 

CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR 

USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION, 

WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, 

TORT, NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, 

WITHOUT LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, 



145 
 

FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), 

AND WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE 

POSSIBILITY OF SUCH DAMAGES. THIS LIMITATION SHALL APPLY 

NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE OF ANY 

LIMITED REMEDY PROVIDED HEREIN. 

• Should any provision of this Agreement be held by a court of competent 

jurisdiction to be illegal, invalid, or unenforceable, that provision shall be deemed 

amended to achieve as nearly as possible the same economic effect as the original 

provision, and the legality, validity and enforceability of the remaining provisions 

of this Agreement shall not be affected or impaired thereby. 

• The failure of either party to enforce any term or condition of this Agreement shall 

not constitute a waiver of either party's right to enforce each and every term and 

condition of this Agreement. No breach under this agreement shall be deemed 

waived or excused by either party unless such waiver or consent is in writing signed 

by the party granting such waiver or consent. The waiver by or consent of a party to 

a breach of any provision of this Agreement shall not operate or be construed as a 

waiver of or consent to any other or subsequent breach by such other party. 

• This Agreement may not be assigned (including by operation of law or otherwise) 

by you without WILEY's prior written consent. 

• Any fee required for this permission shall be non-refundable after thirty (30) days 

from receipt by the CCC. 

• These terms and conditions together with CCC's Billing and Payment terms and 

conditions (which are incorporated herein) form the entire agreement between you 

and WILEY concerning this licensing transaction and (in the absence of fraud) 

supersedes all prior agreements and representations of the parties, oral or written. 

This Agreement may not be amended except in writing signed by both parties. This 

Agreement shall be binding upon and inure to the benefit of the parties' successors, 

legal representatives, and authorized assigns. 

• In the event of any conflict between your obligations established by these terms and 

conditions and those established by CCC's Billing and Payment terms and 

conditions, these terms and conditions shall prevail. 

• WILEY expressly reserves all rights not specifically granted in the combination of 

(i) the license details provided by you and accepted in the course of this licensing 

transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment 

terms and conditions. 

• This Agreement will be void if the Type of Use, Format, Circulation, or Requestor 

Type was misrepresented during the licensing process. 



146 
 

• This Agreement shall be governed by and construed in accordance with the laws of 

the State of New York, USA, without regards to such state's conflict of law rules. 

Any legal action, suit or proceeding arising out of or relating to these Terms and 

Conditions or the breach thereof shall be instituted in a court of competent 

jurisdiction in New York County in the State of New York in the United States of 

America and each party hereby consents and submits to the personal jurisdiction of 

such court, waives any objection to venue in such court and consents to service of 

process by registered or certified mail, return receipt requested, at the last known 

address of such party. 

WILEY OPEN ACCESS TERMS AND CONDITIONS 

Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription 

journals offering Online Open. Although most of the fully Open Access journals publish 

open access articles under the terms of the Creative Commons Attribution (CC BY) 

License only, the subscription journals and a few of the Open Access Journals offer a 

choice of Creative Commons Licenses. The license type is clearly identified on the article. 

The Creative Commons Attribution License 

The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and 

transmit an article, adapt the article and make commercial use of the article. The CC-BY 

license permits commercial and non- 

Creative Commons Attribution Non-Commercial License 

The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use, 

distribution and reproduction in any medium, provided the original work is properly cited 

and is not used for commercial purposes.(see below) 

Creative Commons Attribution-Non-Commercial-NoDerivs License 

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND) 

permits use, distribution and reproduction in any medium, provided the original work is 

properly cited, is not used for commercial purposes and no modifications or adaptations are 

made. (see below) 

Use by commercial "for-profit" organizations 

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes 

requires further explicit permission from Wiley and will be subject to a fee. 

Further details can be found on Wiley Online 

Library http://olabout.wiley.com/WileyCDA/Section/id-410895.html 

 

 

 

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://olabout.wiley.com/WileyCDA/Section/id-410895.html


147 
 

Chapter 2, Figure 2.5 

This Agreement between Mr. Felipe Serafim ("You") and Elsevier ("Elsevier") consists of your license 

details and the terms and conditions provided by Elsevier and Copyright Clearance Center. 

License Number 

4680280884884 

License date 

Oct 01, 2019 

Licensed Content Publisher 

Elsevier 

Licensed Content Publication 

Elsevier Books 

Licensed Content Title 

Plant Engineer's Reference Book 

Licensed Content Author 

Michael J Schofield 

Licensed Content Date 

Jan 1, 2002 

Licensed Content Pages 

1 

Start Page 

33-1 

End Page 

33-25 

Type of Use 

reuse in a thesis/dissertation 

Portion 

figures/tables/illustrations 

Number of figures/tables/illustrations 

1 

Format 

both print and electronic 

Are you the author of this Elsevier chapter? 

No 

Will you be translating? 

No 

Original figure numbers 

Figure 33.4 

Title of your thesis/dissertation 

STRESS CORROSION CRACKING OF SELECTED AUSTENITIC AND DUPLEX STAINLESS STEELS IN POTASH 

BRINE ENVIRONMENT 

Expected completion date 

Jan 2020 

Estimated size (number of pages) 

250 

Requestor Location 

Mr. Felipe Serafim 

235 Willis cres. 

 

 

Saskatoon, SK S7T 0W7 

Canada 

Attn: Mr. Felipe Serafim 

Publisher Tax ID 

GB 494 6272 12 

Total 

0.00 CAD 

Terms and Conditions 

 

 

 



148 
 

INTRODUCTION 
1. The publisher for this copyrighted material is Elsevier.  By clicking "accept" in connection with completing this 

licensing transaction, you agree that the following terms and conditions apply to this transaction (along with the 

Billing and Payment terms and conditions established by Copyright Clearance Center, Inc. ("CCC"), at the time that 

you opened your Rightslink account and that are available at any time at http://myaccount.copyright.com). 

GENERAL TERMS 

2. Elsevier hereby grants you permission to reproduce the aforementioned material subject to the terms and 

conditions indicated. 

3. Acknowledgement: If any part of the material to be used (for example, figures) has appeared in our publication 

with credit or acknowledgement to another source, permission must also be sought from that source.  If such 

permission is not obtained then that material may not be included in your publication/copies. Suitable 

acknowledgement to the source must be made, either as a footnote or in a reference list at the end of your 

publication, as follows: 

"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of chapter, Pages No., 

Copyright (Year), with permission from Elsevier [OR APPLICABLE SOCIETY COPYRIGHT OWNER]." Also 

Lancet special credit - "Reprinted from The Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright 

(Year), with permission from Elsevier." 

4. Reproduction of this material is confined to the purpose and/or media for which permission is hereby given. 

5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be altered/adapted minimally 

to serve your work. Any other abbreviations, additions, deletions and/or any other alterations shall be made only 

with prior written authorization of Elsevier Ltd. (Please contact Elsevier at permissions@elsevier.com). No 

modifications can be made to any Lancet figures/tables and they must be reproduced in full. 

6. If the permission fee for the requested use of our material is waived in this instance, please be advised that your 

future requests for Elsevier materials may attract a fee. 

7. Reservation of Rights: Publisher reserves all rights not specifically granted in the combination of (i) the license 

details provided by you and accepted in the course of this licensing transaction, (ii) these terms and conditions and 

(iii) CCC's Billing and Payment terms and conditions. 

8. License Contingent Upon Payment: While you may exercise the rights licensed immediately upon issuance of the 

license at the end of the licensing process for the transaction, provided that you have disclosed complete and 

accurate details of your proposed use, no license is finally effective unless and until full payment is received from 

you (either by publisher or by CCC) as provided in CCC's Billing and Payment terms and conditions.  If full 

payment is not received on a timely basis, then any license preliminarily granted shall be deemed automatically 

revoked and shall be void as if never granted.  Further, in the event that you breach any of these terms and 

conditions or any of CCC's Billing and Payment terms and conditions, the license is automatically revoked and shall 

be void as if never granted.  Use of materials as described in a revoked license, as well as any use of the materials 

beyond the scope of an unrevoked license, may constitute copyright infringement and publisher reserves the right to 

take any and all action to protect its copyright in the materials. 

9. Warranties: Publisher makes no representations or warranties with respect to the licensed material. 

10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and their respective officers, 

directors, employees and agents, from and against any and all claims arising out of your use of the licensed material 

other than as specifically authorized pursuant to this license. 

11. No Transfer of License: This license is personal to you and may not be sublicensed, assigned, or transferred by 

you to any other person without publisher's written permission. 

12. No Amendment Except in Writing: This license may not be amended except in a writing signed by both parties 

(or, in the case of publisher, by CCC on publisher's behalf). 

13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any purchase order, 

acknowledgment, check endorsement or other writing prepared by you, which terms are inconsistent with these 

terms and conditions or CCC's Billing and Payment terms and conditions.  These terms and conditions, together 

with CCC's Billing and Payment terms and conditions (which are incorporated herein), comprise the entire 

agreement between you and publisher (and CCC) concerning this licensing transaction.  In the event of any conflict 

between your obligations established by these terms and conditions and those established by CCC's Billing and 

Payment terms and conditions, these terms and conditions shall control. 

14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions described in this License at their 

sole discretion, for any reason or no reason, with a full refund payable to you.  Notice of such denial will be made 

using the contact information provided by you.  Failure to receive such notice will not alter or invalidate the 

denial.  In no event will Elsevier or Copyright Clearance Center be responsible or liable for any costs, expenses or 

http://myaccount.copyright.com/
mailto:permissions@elsevier.com


149 
 

damage incurred by you as a result of a denial of your permission request, other than a refund of the amount(s) paid 

by you to Elsevier and/or Copyright Clearance Center for denied permissions. 

LIMITED LICENSE 

The following terms and conditions apply only to specific license types: 

15. Translation: This permission is granted for non-exclusive world English rights only unless your license was 

granted for translation rights. If you licensed translation rights you may only translate this content into the languages 

you requested. A professional translator must perform all translations and reproduce the content word for word 

preserving the integrity of the article. 

16. Posting licensed content on any Website: The following terms and conditions apply as follows: Licensing 

material from an Elsevier journal: All content posted to the web site must maintain the copyright information line on 

the bottom of each image; A hyper-text must be included to the Homepage of the journal from which you are 

licensing at http://www.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for books 

at http://www.elsevier.com; Central Storage: This license does not include permission for a scanned version of the 

material to be stored in a central repository such as that provided by Heron/XanEdu. 

Licensing material from an Elsevier book: A hyper-text link must be included to the Elsevier homepage 

at http://www.elsevier.com . All content posted to the web site must maintain the copyright information line on the 

bottom of each image. 

 

Posting licensed content on Electronic reserve: In addition to the above the following clauses are applicable: The 

web site must be password-protected and made available only to bona fide students registered on a relevant course. 

This permission is granted for 1 year only. You may obtain a new license for future website posting. 

17. For journal authors: the following clauses are applicable in addition to the above: 

Preprints: 

A preprint is an author's own write-up of research results and analysis, it has not been peer-reviewed, nor has it had 

any other value added to it by a publisher (such as formatting, copyright, technical enhancement etc.). 

Authors can share their preprints anywhere at any time. Preprints should not be added to or enhanced in any way in 

order to appear more like, or to substitute for, the final versions of articles however authors can update their 

preprints on arXiv or RePEc with their Accepted Author Manuscript (see below). 

If accepted for publication, we encourage authors to link from the preprint to their formal publication via its DOI. 

Millions of researchers have access to the formal publications on ScienceDirect, and so links will help users to find, 

access, cite and use the best available version. Please note that Cell Press, The Lancet and some society-owned have 

different preprint policies. Information on these policies is available on the journal homepage. 

Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an article that has been 

accepted for publication and which typically includes author-incorporated changes suggested during submission, 

peer review and editor-author communications. 

Authors can share their accepted author manuscript: 

• immediately 

o via their non-commercial person homepage or blog 

o by updating a preprint in arXiv or RePEc with the accepted manuscript 

o via their research institute or institutional repository for internal institutional uses or as 

part of an invitation-only research collaboration work-group 

o directly by providing copies to their students or to research collaborators for their 

personal use 

o for private scholarly sharing as part of an invitation-only work group on commercial sites 

with which Elsevier has an agreement 

• After the embargo period 

o via non-commercial hosting platforms such as their institutional repository 

o via commercial sites with which Elsevier has an agreement 

In all cases accepted manuscripts should: 

• link to the formal publication via its DOI 

• bear a CC-BY-NC-ND license - this is easy to do 

http://www.sciencedirect.com/science/journal/xxxxx
http://www.elsevier.com/
http://www.elsevier.com/


150 
 

• if aggregated with other manuscripts, for example in a repository or other site, be shared in 

alignment with our hosting policy not be added to or enhanced in any way to appear more like, or 

to substitute for, the published journal article. 

Published journal article (JPA): A published journal article (PJA) is the definitive final record of published 

research that appears or will appear in the journal and embodies all value-adding publishing activities including peer 

review co-ordination, copy-editing, formatting, (if relevant) pagination and online enrichment. 

Policies for sharing publishing journal articles differ for subscription and gold open access articles: 

Subscription Articles: If you are an author, please share a link to your article rather than the full-text. Millions of 

researchers have access to the formal publications on ScienceDirect, and so links will help your users to find, access, 

cite, and use the best available version. 

Theses and dissertations which contain embedded PJAs as part of the formal submission can be posted publicly by 

the awarding institution with DOI links back to the formal publications on ScienceDirect. 

If you are affiliated with a library that subscribes to ScienceDirect you have additional private sharing rights for 

others' research accessed under that agreement. This includes use for classroom teaching and internal training at the 

institution (including use in course packs and courseware programs), and inclusion of the article for grant funding 

purposes. 

Gold Open Access Articles: May be shared according to the author-selected end-user license and should contain 

a CrossMark logo, the end user license, and a DOI link to the formal publication on ScienceDirect. 

Please refer to Elsevier's posting policy for further information. 

18. For book authors the following clauses are applicable in addition to the above:   Authors are permitted to place 

a brief summary of their work online only. You are not allowed to download and post the published electronic 

version of your chapter, nor may you scan the printed edition to create an electronic version. Posting to a 

repository: Authors are permitted to post a summary of their chapter only in their institution's repository. 

19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may be submitted to your 

institution in either print or electronic form. Should your thesis be published commercially, please reapply for 

permission. These requirements include permission for the Library and Archives of Canada to supply single copies, 

on demand, of the complete thesis and include permission for Proquest/UMI to supply single copies, on demand, of 

the complete thesis. Should your thesis be published commercially, please reapply for permission. Theses and 

dissertations which contain embedded PJAs as part of the formal submission can be posted publicly by the awarding 

institution with DOI links back to the formal publications on ScienceDirect. 

  

Elsevier Open Access Terms and Conditions 

You can publish open access with Elsevier in hundreds of open access journals or in nearly 2000 established 

subscription journals that support open access publishing. Permitted third party re-use of these open access articles is 

defined by the author's choice of Creative Commons user license. See our open access license policy for more 

information. 

Terms & Conditions applicable to all Open Access articles published with Elsevier: 

Any reuse of the article must not represent the author as endorsing the adaptation of the article nor should the article 

be modified in such a way as to damage the author's honour or reputation. If any changes have been made, such 

changes must be clearly indicated. 

The author(s) must be appropriately credited and we ask that you include the end user license and a DOI link to the 

formal publication on ScienceDirect. 

If any part of the material to be used (for example, figures) has appeared in our publication with credit or 

acknowledgement to another source it is the responsibility of the user to ensure their reuse complies with the terms 

and conditions determined by the rights holder. 

Additional Terms & Conditions applicable to each Creative Commons user license: 

CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new works from the Article, to 

alter and revise the Article and to make commercial use of the Article (including reuse and/or resale of the Article 

by commercial entities), provided the user gives appropriate credit (with a link to the formal publication through the 

relevant DOI), provides a link to the license, indicates if changes were made and the licensor is not represented as 

endorsing the use made of the work. The full details of the license are available 

at http://creativecommons.org/licenses/by/4.0. 

CC BY NC SA: The CC BY-NC-SA license allows users to copy, to create extracts, abstracts and new works from 

the Article, to alter and revise the Article, provided this is not done for commercial purposes, and that the user gives 

http://www.crossref.org/crossmark/index.html
http://www.elsevier.com/about/open-access/open-access-policies/article-posting-policy
http://www.elsevier.com/about/open-access/open-access-policies/oa-license-policy
http://creativecommons.org/licenses/by/4.0


151 
 

appropriate credit (with a link to the formal publication through the relevant DOI), provides a link to the license, 

indicates if changes were made and the licensor is not represented as endorsing the use made of the work. Further, 

any new works must be made available on the same conditions. The full details of the license are available 

at http://creativecommons.org/licenses/by-nc-sa/4.0. 

CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the Article, provided this is not 

done for commercial purposes and further does not permit distribution of the Article if it is changed or edited in any 

way, and provided the user gives appropriate credit (with a link to the formal publication through the relevant DOI), 

provides a link to the license, and that the licensor is not represented as endorsing the use made of the work. The full 

details of the license are available at http://creativecommons.org/licenses/by-nc-nd/4.0. Any commercial reuse of 

Open Access articles published with a CC BY NC SA or CC BY NC ND license requires permission from Elsevier 

and will be subject to a fee. 

Commercial reuse includes: 

• Associating advertising with the full text of the Article 

• Charging fees for document delivery or access 

• Article aggregation 

• Systematic distribution via e-mail lists or share buttons 

Posting or linking by commercial companies for use by customers of those companies. 

  

20. Other Conditions: 

  

v1.9 

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or +1-978-646-2777. 

  

http://creativecommons.org/licenses/by-nc-sa/4.0
http://creativecommons.org/licenses/by-nc-nd/4.0
mailto:customercare@copyright.com


152 
 

Chapter 2, Figures 2.7, 2.8 and 2.9 

 

  



153 
 

Chapter 2, Figure 2.12 

ELSEVIER LICENSE 

TERMS AND CONDITIONS 

Sep 30, 2019 

 

 
 

This Agreement between Mr. Felipe Serafim ("You") and Elsevier ("Elsevier") 

consists of your license details and the terms and conditions provided by Elsevier 

and Copyright Clearance Center. 

License Number 4678920529557 

License date Sep 30, 2019 

Licensed Content Publisher Elsevier 

Licensed Content Publication Elsevier Books 

Licensed Content Title Stress Corrosion Cracking 

Licensed Content Author S.P. Lynch 

Licensed Content Date Jan 1, 2011 

Licensed Content Pages 87 

Start Page 3 

End Page 89 

Type of Use reuse in a thesis/dissertation 

Portion figures/tables/illustrations 

Number of 

figures/tables/illustrations 

1 

Format both print and electronic 

Are you the author of this 

Elsevier chapter? 

No 

Will you be translating? No 

Original figure numbers Figure 1.15. 

Title of your thesis/dissertation STRESS CORROSION CRACKING OF SELECTED AUSTENITIC 

AND DUPLEX STAINLESS STEELS IN POTASH BRINE 

ENVIRONMENT 

Expected completion date Jan 2020 

Estimated size (number of pages) 250 

Requestor Location Mr. Felipe Serafim 

235 Willis cres. 

 

 

Saskatoon, SK S7T 0W7 

Canada 

Attn: Mr. Felipe Serafim 

 

Publisher Tax ID GB 494 6272 12 

Total 0.00 CAD   



154 
 

Chapter 2, Figure 2.13 

 

This Agreement between Mr. Felipe Serafim ("You") and Elsevier 

("Elsevier") consists of your license details and the terms and conditions 

provided by Elsevier and Copyright Clearance Center. 

License Number 4678921256144 

License date Sep 30, 2019 

Licensed Content Publisher Elsevier 

Licensed Content Publication International Journal of Solids and Structures 

Licensed Content Title A phase field method for modeling stress corrosion crack propagation 

in a nickel base alloy 

Licensed Content Author Thanh-Tung Nguyen,José Bolivar,Julien Réthoré,Marie-Christine 

Baietto,Marion Fregonese 

Licensed Content Date 1 May 2017 

Licensed Content Volume 112 

Licensed Content Issue n/a 

Licensed Content Pages 18 

Start Page 65 

End Page 82 

Type of Use reuse in a thesis/dissertation 

Intended publisher of new work other 

Portion figures/tables/illustrations 

Number of 

figures/tables/illustrations 

1 

Format both print and electronic 

Are you the author of this 

Elsevier article? 

No 

Will you be translating? No 

Original figure numbers Fig. 3. 

Title of your thesis/dissertation STRESS CORROSION CRACKING OF SELECTED AUSTENITIC 

AND DUPLEX STAINLESS STEELS IN POTASH BRINE 

ENVIRONMENT 

Expected completion date Jan 2020 

Estimated size (number of 

pages) 

250 

Requestor Location Mr. Felipe Serafim 

235 Willis cres. 

 

 

Saskatoon, SK S7T 0W7 

Canada 

Attn: Mr. Felipe Serafim 

 

Publisher Tax ID GB 494 6272 12 



155 
 

Total 0.00 CAD   

Terms and Conditions   

 

  



156 
 

Chapter 2, Figure 2.14 

 

This Agreement between Mr. Felipe Serafim ("You") and Elsevier ("Elsevier") 

consists of your license details and the terms and conditions provided by Elsevier 

and Copyright Clearance Center. 

License Number 4678940600379 

License date Sep 30, 2019 

Licensed Content Publisher Elsevier 

Licensed Content Publication Corrosion Science 

Licensed Content Title Surface mobility mechanism of stress-corrosion cracking 

Licensed Content Author J.R. Galvele 

Licensed Content Date Jan 1, 1993 

Licensed Content Volume 35 

Licensed Content Issue 1-4 

Licensed Content Pages 16 

Start Page 419 

End Page 434 

Type of Use reuse in a thesis/dissertation 

Portion figures/tables/illustrations 

Number of 

figures/tables/illustrations 

1 

Format both print and electronic 

Are you the author of this Elsevier 

article? 

No 

Will you be translating? No 

Original figure numbers Fig. 5. 

Title of your thesis/dissertation STRESS CORROSION CRACKING OF SELECTED AUSTENITIC AND 

DUPLEX STAINLESS STEELS IN POTASH BRINE ENVIRONMENT 

Expected completion date Jan 2020 

Estimated size (number of pages) 250 

Requestor Location Mr. Felipe Serafim 

235 Willis cres. 

 

 

Saskatoon, SK S7T 0W7 

Canada 

Attn: Mr. Felipe Serafim 

 

Publisher Tax ID GB 494 6272 12 

Total 0.00 CAD   

Terms and Conditions   

 

  



157 
 

Chapter 2, Figure 2.15 

 

 
  



158 
 

Chapter 2, Figure 2.16 

This Agreement between Mr. Felipe Serafim ("You") and Elsevier ("Elsevier") 

consists of your license details and the terms and conditions provided by Elsevier 

and Copyright Clearance Center. 

License Number 4678950483921 

License date Sep 30, 2019 

Licensed Content Publisher Elsevier 

Licensed Content Publication Elsevier Books 

Licensed Content Title Stress Corrosion Cracking 

Licensed Content Author S.P. Lynch 

Licensed Content Date Jan 1, 2011 

Licensed Content Pages 87 

Start Page 3 

End Page 89 

Type of Use reuse in a thesis/dissertation 

Intended publisher of new work other 

Portion figures/tables/illustrations 

Number of 

figures/tables/illustrations 

1 

Format both print and electronic 

Are you the author of this 

Elsevier chapter? 

No 

Will you be translating? No 

Original figure numbers Fig. 1.19 

Title of your thesis/dissertation STRESS CORROSION CRACKING OF SELECTED AUSTENITIC AND 

DUPLEX STAINLESS STEELS IN POTASH BRINE ENVIRONMENT 

Expected completion date Jan 2020 

Estimated size (number of pages) 250 

Requestor Location Mr. Felipe Serafim 

235 Willis cres. 

 

 

Saskatoon, SK S7T 0W7 

Canada 

Attn: Mr. Felipe Serafim 

 

Publisher Tax ID GB 494 6272 12 

Total 0.00 CAD   

Terms and Conditions   

 

 



159 
 

Chapter 2, Figure 2.17 

 

 


