
ABSTRACT 

TJAYADI, LEONARDI. Innovative Approach to SCC Inspection and Evaluation of Canister in 

Dry Storage (Under the direction of Dr. K. L. Murty). 

 

The spent nuclear fuels (SNFs) in the U.S. after removal from nuclear reactors and 

submersion in spent fuel pools are transported to Independent Spent Fuel Storage Installations 

(ISFSI) for storage in dry storage canisters usually made of austenitic stainless steels (SS) type 

304, 304L, 316 or 316L for several decades. The dry storage canisters are then enclosed in a dry 

storage cask (DSC) equipped with a ventilation for natural cooling. Since the locations of the 

ISFSIs in the U.S. are generally near the ocean, the dry storage canisters can be exposed to ambient 

site conditions through the ventilation. The high level of chloride salts found in the ISFSI location 

can be deposited on the dry storage canister through the ventilation on the DSC leading to possible 

chloride-induced stress corrosion cracking (CISCC). Electric Power Research Institute (EPRI) 

conducted a study regarding the materials degradation mode in ISFSI and listed CISCC as the 

number one potential degradation mode for dry storage canisters. With the uncertainty of the 

projects on permanent storage facilities for the SNFs, dry storage facilities for the SNFs are in high 

demand and need to be given top priority. As the SNFs are stored in dry storage canisters for 

decades until a permanent storage facility is ready, the safety and long-term integrity of dry storage 

canisters are important. Understanding the SCC mechanism is key to the long-term integrity of the 

dry storage canisters and the mechanism can be investigated by performing crack growth 

experiments at different environmental conditions with fracture mechanics approach using a 

wedge opening loading (WOL) specimen and direct-current potential drop (DCPD) technique. 

Prior to the crack growth experiments, calibration of the DCPD with crack length was 

established using a fatigue pre-cracked WOL specimen in air as well as in marine environments. 

This calibration chart was used later in the data analysis of the crack growth experiments.  



 Crack growth experiments were conducted using sensitized SS304H and sensitized 

SS304L at 22, 37 and 60 °C with substitute ocean water producing 0.975x10-10 ± 9.528x10-12, 

3.258x10-10 ± 9.551x10-11 and 1.580x10-9 ± 2.593x10-10 m/s for sensitized SS304H and 3.064x10-

11 ± 4.009x10-12, 1.945x10-10 ± 1.315x10-11 and 8.830x10-10 ± 9.863x10-11 m/s for sensitized 

SS304L. The obtained average crack growth rates as a function of temperature yielded activation 

energies of 60.9 ± 0.62 and 69.1 ± 8.96 kJ/mol for sensitized SS304H and sensitized SS304L, 

respectively which are associated with hydrogen diffusion in iron and steel. An experiment 

conducted with sensitized SS304L at 3x higher concentration produced an average crack growth 

rate of 1.985x10-10 ± 2.603x10-11 m/s which is similar to that of sensitized SS304L at a regular 

concentration suggesting that increasing salt concentration does not significantly increase the 

average crack growth rate in sensitized SS304L. Further data analysis shows that crack initiation 

time is also primarily dependent upon temperature. Therefore, hydrogen embrittlement is 

considered to be responsible for stress corrosion cracking as the main driving force since it dictates 

the hydrogen transport to the crack tip for crack initiation and hydrogen propagation for crack 

growth. In addition, microstructural characterization post experiments indicated that cracks 

propagate intergranularly due to the chromium depletion along the grain boundaries by forming 

carbides (M23C6). 

 

 

  



 

 

 

 

 

 

 

 

 

 

 

© Copyright 2020 by Leonardi Tjayadi 

All Rights Reserved



Innovative Approach to SCC Inspection and Evaluation of Canister in Dry Storage 

  

 

 

 

by 

Leonardi Tjayadi 

 

 

 

 

A dissertation submitted to the Graduate Faculty of 

North Carolina State University 

in partial fulfillment of the  

requirements for the degree of 

Doctor of Philosophy 

 

 

 

Nuclear Engineering 

 

 

 

Raleigh, North Carolina 

2020 

 

 

 

APPROVED BY: 

 

 

 

_______________________________                       _______________________________ 

Dr. K. L. Murty                                                                     Dr. Mohamed Bourham 

Committee Chair 

 

 

_______________________________                       _______________________________ 

Dr. Jacob Eapen                                                           Dr. Ronald Scattergood 



 

ii 

 

DEDICATION 

To the only savior Lord Jesus Christ, my beloved family, Prisca Tjahjadi and her family. 

 

 

 

 

 

 

 

 

 

 

 

 



 

iii 

 

BIOGRAPHY 

Leonardi Tjayadi was born in Jakarta, Indonesia. He moved to the United States of America 

to continue his post-secondary education after receiving his high-school diploma from Jakarta, 

Indonesia. He earned his bachelor’s degree in December 2011 and master’s degree in December 

2012 from the University of Michigan in Nuclear Engineering and Radiological Sciences with 

Magna Cum Laude distinction. During his study at the University of Michigan, he was a recipient 

of University Honors designation and twice named to the Dean’s Honor List. He performed 

research activities as an undergraduate student in cadmium zinc telluride (CZT) detectors, high-

purity germanium (HPGe) radiation detectors and half-live measurement in the Neutron Science 

Laboratory at the University of Michigan. After receiving his master’s degree, he was involved in 

a project funded by Department of Defense (DoD)/ Defense Threat Reduction Agency (DTRA) in 

manufacturing radiation detectors at the University of Michigan between 2013 - 2015 and joined 

an internship program with the department of reactor core design at a sister’s company of 

Westinghouse Nuclear, Shanghai Nuclear Engineering Research and Design Institute (SNERDI) 

in Shanghai, China. He then continued his doctoral study in nuclear engineering at North Carolina 

State University in 2016 working on Innovative Approach to SCC Inspection and Evaluation of 

Canister in Dry Storage under the direction of Prof. K. L. Murty. In addition, he conducted nuclear 

materials research during an internship program at Oak Ridge National Laboratory in summer 

2018 where he was featured in the internship participant spotlight. 

 

 

 

   



 

iv 

 

ACKNOWLEDGMENTS 

Gratitude and praise are first and foremost to Lord Jesus Christ who persistently advised 

me to continue my education, guided every step of the way from the start to completion of doctoral 

program through his unconditional love and power. 

Special thanks to my PhD advisor, Prof. K. L. Murty for his trust in me in the project in 

the first place, unwavering support, persistent encouragement, experienced supervision and 

priceless advice throughout the project. In addition to the project, it was an honor and pleasure to 

have enrolled in his last ever Nuclear Materials course in fall 2016 where he added to the course 

materials his decades of expertise, knowledges and experiences in nuclear materials.  

Tributes and regards are handed to the committee members; Prof. Ronald Scattergood, 

Prof. Mohamed Bourham and Prof. Jacob Eapen for their insightful inputs and discussions 

throughout the project. A special honor as well to have registered in Prof. Ronald Scattergood’s 

last ever Mechanical Behavior of Materials course in Spring 2019 where he taught the material 

with an easily understandable explanation reflecting his expertise, knowledges and experiences in 

the field. 

A distinctive recognition is passed to Dr. Nilesh Kumar who provided me with his 

knowledge, background and expertise at the beginning of the project that helped my transition to 

Prof. K. L. Murty’s group smoother, guidance and discussions on the experiments and data 

analysis, work plans throughout the PhD program as well as aid in publications and presentations. 

    A particular tribute is dedicated to Prisca Tjahjadi, her family, Pastor Jo, Tante Hana, 

Mas Wit, Ci Sandra, Father Justin, Father Ed, Father Kane who flourished me with love, patience, 

advice and prayers throughout those difficult times when I was lost that I have returned to the 

correct path which has made this PhD journey possible and with encouragement to pursue my 



 

v 

 

education. A specific gratitude for my parents and brother who showered me with advice, support, 

love and motivation for this program. Please accept my apology that we could not spend time 

together as much as we wanted. 

 I would like to extend my appreciation to those who assisted me throughout along the way 

of this PhD journey; Dr. Harvey West, Ervin Miller, Dr. Stephen Liu, Dr. Scott Gordon, Chris 

Sanford, Emad Tawardrous, Dr. Charles Bryan, Prof. Zeev Shayer, Stefanie Keto, Mario Milev, 

Abdullah Alomari, Zeinab Alsmadi, Pratik Joshi, Micah Tillman, Daisuke Tezuka, Kevin 

Godeaux, Jamison Harris, Jonny Klemes, Dr. Zhang Guanheng and those whose names I forgot to 

mention. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

vi 

 

TABLE OF CONTENTS 

LIST OF TABLES ......................................................................................................................... x 

LIST OF FIGURES ...................................................................................................................... xi  

DISSERTATION OUTLINE......................................................................................................... 1 

CHAPTER 1: INTRODUCTION ............................................................................................... 3 

1.1. Fission reaction ................................................................................................................. 3 

1.2. Spent nuclear fuel ............................................................................................................. 4 

1.3. Project objectives .............................................................................................................. 8 

1.4. References ......................................................................................................................... 9 

CHAPTER 2: LITERATURE REVIEW ................................................................................ 11 

2.1. Physical metallurgy of stainless steels ............................................................................ 11 

2.2. Stress corrosion cracking ................................................................................................ 15 

2.3. SCC important factors..................................................................................................... 19 

2.3.1. Microstructure/martensite ...................................................................................... 19 

2.3.2. Sensitization ........................................................................................................... 22 

2.3.3. Composition ........................................................................................................... 25 

2.3.4. Stress ...................................................................................................................... 27 

2.3.5. Environment ........................................................................................................... 28 

2.3.5.1. Temperature .................................................................................................. 28 

2.3.5.2. Solution composition .................................................................................... 29 

2.3.5.3. pH .................................................................................................................. 31 

2.4. Mechanisms of SCC ....................................................................................................... 33 

2.4.1. Chromium depletion .............................................................................................. 33 



 

vii 

 

2.4.2. Slip dissolution....................................................................................................... 34 

2.4.3. Hydrogen embrittlement ........................................................................................ 36 

2.4.4. Strain-induced martensite formation ...................................................................... 38 

2.5. Intergranular crack propagation ...................................................................................... 39 

2.6. Fracture mechanics ......................................................................................................... 40 

2.7. References ....................................................................................................................... 44 

CHAPTER 3: MATERIAL AND EXPERIMENTAL METHODS ...................................... 62 

3.1. Corrosion chamber .......................................................................................................... 62 

3.2. Wedge opening loading specimen .................................................................................. 64 

3.3. Instrumented bolt for loading WOL specimen ............................................................... 66 

3.4. Fatigue pre-cracking ....................................................................................................... 67 

3.5. Direct-current potential drop technique .......................................................................... 70 

3.6. References ....................................................................................................................... 76 

CHAPTER 4: RESULTS AND DISCUSSIONS ..................................................................... 79 

4.1. Microstructural characterization of as-received samples ................................................ 79 

4.2. Mechanical properties ..................................................................................................... 80 

4.3. Calibration chart.............................................................................................................. 81 

4.4. Crack growth experiments .............................................................................................. 82 

4.4.1. Crack growth tests with non-sensitized SS304 specimens .................................... 82 

4.4.2. Crack growth experiments with sensitized SS304H specimens in substitute ocean     

water ................................................................................................................................. 85 

4.4.3. Crack growth experiments with sensitized SS304L specimens in substitute ocean 

water ................................................................................................................................. 92 



 

viii 

 

4.4.4. Effect of temperature on crack growth of sensitized SS304 specimens in  

substitute ocean water ...................................................................................................... 96 

4.4.5. Effect of temperature on crack initiation in substitute ocean water ....................... 98 

4.4.6. Crack growth experiments on sensitized SS304L in NaCl solution .................... 100 

4.4.7. Crack growth experiments on sensitized SS304H specimens in MgCl2 solution 102 

4.4.8. Crack growth experiments with sensitized SS304H specimens in NaCl + HCl 

solution ........................................................................................................................... 104 

4.5. Microstructural characterization following crack growth experiments ........................ 106 

4.5.1. Microstructural characterization of non-sensitized SS304 specimens ........... 106 

4.5.2. Microstructural characterization of sensitized SS304H ................................. 107 

4.5.3. Microstructural characterization of sensitized SS304L ................................. 112 

4.5.4. Microstructural characterization of sensitized SS304L in 126 g/L NaCl ...... 115 

4.5.5. Microstructural characterization of sensitized SS304H in MgCl2 brine ........ 116 

4.5.6. Microstructural characterization of sensitized SS304H in NaCl + HCl  

solution ..................................................................................................................... 117 

4.6. References ..................................................................................................................... 118 

CHAPTER 5: CONCLUSIONS AND FUTURE WORK .................................................... 122 

5.1. Conclusions ................................................................................................................... 122 

5.2. Future work ................................................................................................................... 126 

ACKNOWLEDGMENTS ....................................................................................................... 127 

APPENDICES .......................................................................................................................... 128 

Appendix A: Publications and presentations ....................................................................... 129 

Appendix B: Fracture Mechanics-Based Study of Stress Corrosion Cracking of SS304  



 

ix 

 

Dry Storage Canister for Spent Nuclear Fuel ...................................................................... 130 

Appendix C: Understanding stress corrosion cracking behavior of austenitic stainless  

steel SS304 for dry storage canisters in simulated sea-water .............................................. 139 



 

x 

 

LIST OF TABLES 

Table 2.1 Chemical Composition of Austenitic Stainless Steel 304, 304L and 316L in  

 wt% [5,6] .................................................................................................................. 13 

Table 3.1 Strainsert Calibration Chart ...................................................................................... 66 

Table 4.1 Tensile test results of sensitized (at 600 °C for 215 hrs) SS304H/L with the  

 errors indicated inside the brackets .......................................................................... 80 

Table 4.2 Chemical composition of the substitute ocean water [1] ......................................... 83 

Table 4.3 Load calculation versus KI values for a specimen with two different crack  

 lengths ...................................................................................................................... 84 

Table 5.1 Summary of crack growth experiments. ................................................................. 123 

Table 5.2 Comparison of crack growth values from DCPD technique and optical  

 microscopy from crack growth experiments. ......................................................... 124 

 



 

xi 

 

LIST OF FIGURES 

Figure 1.1. A representation of pressurized water reactor nuclear power plant [3] ..................... 4 

Figure 1.2. Spent nuclear fuels submerged in spent fuel pools [5] ............................................... 5 

Figure 1.3. A dry storage canister encapsulated in a dry storage cask [6] .................................... 6 

Figure 1.4. Vertical dry storage canister of spent nuclear fuels [6]. ............................................. 6 

Figure 1.5. Independent spent fuel storage installations locations throughout the U.S. [6]. ........ 7 

Figure 1.6. Potential degradation modes of dry storage canister [10]. ......................................... 7 

Figure 2.1. Body-centered cubic crystal structure [4]. ............................................................... 11 

Figure 2.2. Face-centered cubic crystal structure [4]. ................................................................. 13 

Figure 2.3. Stainless Steel Phase Diagram at 900 °C [3]. ........................................................... 14 

Figure 2.4. Schaffler constitution diagram for stainless steels [1,7,8]. ....................................... 14 

Figure 2.5. Necessary conditions for SCC to occur [14-16]. ...................................................... 16 

Figure 2.6. Fracture toughness as a function of specimen thickness in plane stress and plane 

strain behavior [23]. ................................................................................................. 18 

Figure 2.7. Plane stress and plane strain condition [24]. ............................................................ 19 

Figure 2.8. Body-centered tetragonal crystal structure [25]. ...................................................... 20 

Figure 2.9. Hexagonal close packed (hcp) crystal structure [30]. .............................................. 21 

Figure 2.10.  Precipitation of chromium carbides at grain boundaries due to slow  

  cooling [46]. ............................................................................................................ 24 

Figure 2.11. The depleted zone of chromium below 12% [46]. .................................................. 24 

Figure 2.12.  Sensitization temperature range of austenitic stainless steels [46]. ......................... 24 

Figure 2.13.  Quench anneal heat treatment of austenitic stainless steels [46]. ............................ 25 

Figure 2.14.  A schematic depiction of crack growth rate with stress intensity factor [75]. ........ 28 



 

xii 

 

Figure 2.15. A model of crack propagation as a function of temperature for IGSCC in 304 by 

ASM International [83]. ........................................................................................... 29 

Figure 2.16.  Pourbaix diagram for iron [111] .............................................................................. 32 

Figure 2.17.  A schematic diagram of slip dissolution model consisting of film rupture, anodic    

dissolution and film repassivation [124]. ................................................................. 35 

Figure 2.18. A depiction of hydrogen embrittlement model for SCC mechanism [140]. ........... 37 

Figure 2.19. Dislocation-obstacle interaction in hydrogen enhanced plasticity model [151]. .... 38 

Figure 2.20. Intergranular cracking in sensitized SS304. ............................................................ 40 

Figure 2.21. Three modes of fracture [157]. ................................................................................ 41 

Figure 2.22. Plane stress and plane strain condition [24]. ........................................................... 41 

Figure 2.23. Fracture toughness as a function of specimen thickness in plane stress and plane  

strain behavior [23]. ................................................................................................. 42 

Figure 2.24. Outcomes from determining stress intensity factor in SCC environment [158]. .... 43 

Figure 3.1. (a) A CAD model showing the design of the corrosion chamber and (b) a  

 photograph of the corrosion chamber built. ............................................................. 63 

Figure 3.2. 2-D and 3-D drawing showing WOL specimen geometry and dimensions ............. 64 

Figure 3.3. Pin made of SS 304H for assisting in loading of WOL specimen using  

 instrumented bolt. ..................................................................................................... 65 

Figure 3.4. (a) Different views of WOL samples prepared from SS 304-H alloy supplied by 

Colorado School of Mines, Golden, (b) Optical macrograph showing tip region  

 of the WOL specimen, and (c) A magnified view of the notch tip depicting the  

 shape of the tip for measuring the radius of the tip (radius = ~193 µm) .................. 65 

Figure 3.5. A drawing of instrumented bolt designed by Strainsert company. .......................... 66 



 

xiii 

 

Figure 3.6. Instrumented bolt straight-line signal as a function of test load. .............................. 67 

Figure 3.7. (a) Dimensions of WOL specimen in inches and (b) a WOL specimen. ................. 68 

Figure 3.8. Fatigue pre-crack experimental setup. ...................................................................... 68 

Figure 3.9. A fatigue pre-cracked WOL specimen. .................................................................... 69 

Figure 3.10. Optical microscope to measure the fatigue pre-crack length. ................................. 70 

Figure 3.11. DCPD measurement in air for calibration chart. ..................................................... 72 

Figure 3.12. DCPD experiment setup in marine environment for calibration chart. ................... 73 

Figure 3.13. (a) Crack growth experimental setup and (b) WOL specimen submerged in  

 marine environment. ................................................................................................. 74 

Figure 4.1. (a) Optical micrograph, (b) Elements identified from EDS and (c) Intensities of  

 the identified elements through EDS of SS304H. .................................................... 79 

Figure 4.2. (a) Optical micrograph, (b) Elements identified from EDS and (c) Intensities of  

 the identified elements through EDS of SS304L. .................................................... 80 

Figure 4.3. Engineering stress-engineering strain curve of SS304H/L in rolling and  

 transverse directions. ................................................................................................ 81 

Figure 4.4. Calibration curve of potential drop of WOL specimen as a function of fatigue  

 pre-crack length in air (solid) and marine environments (open). ............................. 81 

Figure 4.5. (a) A non-sensitized SS304 specimen with a fatigue pre-crack length of 2,475  

 μm under load and (b) The deformed specimen after 1,000 lbf. .............................. 82 

Figure 4.6. (a) Non-sensitized SS304 specimen fatigue pre-cracked to 3,200 μm and (b) The 

plastically-deformed specimen after 1,000 lbf. ........................................................ 83 

Figure 4.7. (a) Bolt load variation with time, (b) Crack length versus time, (c) Stress intensity 

factor with time, (d) Crack growth versus time, (e) Stress intensity factor versus 



 

xiv 

 

crack extension and (f) Crack growth rate with stress intensity factor for SS304H 

under substitute ocean water at 22 °C. ..................................................................... 86 

Figure 4.8. (a) Bolt load versus time, (b) crack length versus time, (c) stress intensity factor 

versus logarithmic time, (d) threshold stress intensity factor, (e) crack growth  

 versus time, (f) stress intensity factor versus crack growth and (g) crack growth  

 rate with stress intensity factor for SS304H under substitute ocean water at  

 37 °C. ........................................................................................................................ 88 

Figure 4.9. (a) Bolt load versus time, (b) Crack length versus time, (c) Stress intensity factor 

with time, (d) Crack growth versus time, (e) Stress intensity factor with crack 

extension and (f) Crack growth rate versus stress intensity factor for SS304H at  

 60 °C. ........................................................................................................................ 91 

Figure 4.10. (a) Bolt load versus time, (b) Crack length versus time, (c) Stress intensity  

 factor with time, (d) Crack growth versus time, (e) Stress intensity factor with  

 crack extension and (f) Crack growth rate versus stress intensity factor for  

 SS304L at 21 °C. ...................................................................................................... 93 

Figure 4.11. (a) Bolt load versus time, (b) Crack length versus time, (c) Stress intensity  

 factor with time, (d) Crack growth versus time, (e) Stress intensity factor with  

 crack extension and (f) Crack growth rate versus stress intensity factor for  

 SS304L at 38 °C. ...................................................................................................... 94 

Figure 4.12. (a) Bolt load versus time, (b) Crack length versus time, (c) Stress intensity  

 factor with time, (d) Crack growth versus time and (e) Crack growth rate versus 

stress intensity factor for SS304L at 60 °C. ............................................................. 95 

Figure 4.13. Arrhenius plot of crack growth rates for sensitized SS304H and sensitized  



 

xv 

 

 SS304L. .................................................................................................................... 96 

Figure 4.14. Comparison of average crack growth rates between the experimental values  

 and those from Speidel at 22, 40 and 60 °C [3]. ....................................................... 98 

Figure 4.15. (a) Crack initiation time versus temperature and (b) Arrhenius plot of crack 

initiation time for sensitized SS304H and sensitized SS304L under substitute  

 ocean water. .............................................................................................................. 99 

Figure 4.16. (a) Bolt load versus time, (b) Crack length versus time, (c) Stress intensity  

 factor with time, (d) Crack growth versus time and (e) Crack growth rate versus  

 time for SS304L in 126 g/L NaCl solution at 39 °C. ............................................. 101 

Figure 4.17. (a) Bolt load versus time, (b) Crack length versus time, (c) Stress intensity  

 factor with time, (d) Crack growth versus time and (e) Crack growth rate versus 

stress intensity factor for SS304H at 60 °C in MgCl2. ........................................... 103 

Figure 4.18. (a) Bolt load versus time, (b) Crack length versus time, (c) Stress intensity  

 factor with time, (d) Crack growth versus time and (e) Crack growth rate versus 

stress intensity factor for SS304H at 60 °C in NaCl + 3mL/L HCl solution. ........ 105 

Figure 4.19. A non-sensitized SS304 specimen with pitting corrosion after submersion in 

 marine environment ................................................................................................ 106 

Figure 4.20. (a) Cracked sensitized SS304H and branching at the crack tip and (b)-(e)    

intergranular crack propagation of sensitized SS304H after submersion in  

 marine environment at 22 °C.................................................................................. 108 

Figure 4.21. (a) A WOL specimen of sensitized SS304H after nine weeks under substitute  

 ocean water at 37 °C, (b) crack length measurement of 2775 μm under a 

metallurgical microscope and (c)-(f) intergranular crack propagation of  



 

xvi 

 

 sensitized SS304H after submersion in marine environment for nine weeks at  

 37 °C. ...................................................................................................................... 110 

Figure 4.22. (a) Conditions of sensitized SS304H WOL specimen after the experiment  

 under substitute ocean water at 60 °C, (b) a total crack length of 1377 μm,  

 (c) and (d) cracked open sensitized SS304H and branching of the crack and (e)  

 and (f) intergranular crack propagation of sensitized SS304H after submersion  

 in substitute ocean water at 60 °C. ......................................................................... 111 

Figure 4.23. (a) A measurement of total crack length of 1535 μm and (b) intergranular crack 

propagation of sensitized SS304L after submersion in substitute ocean water  

 at 21 °C. .................................................................................................................. 112 

Figure 4.24. (a) Condition of WOL specimen after the experiment, (b) crack growth 

measurement of 277 μm using optical microscopy and (c)-(f) intergranular  

 crack propagation of sensitized SS304L after submersion in substitute ocean  

 water at 38 °C. ........................................................................................................ 113 

Figure 4.25. (a) Condition of sensitized SS304L WOL specimen after the experiment,  

 (b) total crack length and (c) and (d) intergranular crack propagation of  

 sensitized SS304L after submersion in substitute ocean water at 60 °C. ............... 114 

Figure 4.26. (a) Condition of sensitized SS304L WOL specimen after the experiment,  

 (b) crack growth of 444 μm using optical microscopy and (c) and (d)  

 intergranular crack propagation of sensitized SS304L after submersion in  

 126 g/L NaCl solution at 39 °C. ............................................................................. 115 

Figure 4.27. (a) A crack growth of 390 µm and (b)-(e) intergranular crack propagation of 

sensitized SS304H after submersion in MgCl2 solution at 60 °C. ......................... 116 



 

xvii 

 

Figure 4.28.  (a) Condition of sensitized SS304H WOL specimen after the experiment and  

 (b) total crack length using optical microscopy and (c)-(f) intergranular crack 

propagation of sensitized SS304H after submersion in 42 g/L NaCl + 3 mL/L  

 HCl solution at 60 °C. ............................................................................................ 117 

Figure 5.1. Crack growth rate versus inverse temperature for sensitized SS304H and  

 sensitized SS304L under different environments. .................................................. 125 

Figure 5.2. (a) Crack initiation time with temperature and (b) Arrhenius plot of crack  

 initiation time for sensitized SS304H and sensitized SS304L under different 

environments. ......................................................................................................... 125



 

1 

 

DISSERTATION OUTLINE 

This thesis consists of five chapters. Chapter 1 provides an introduction of spent nuclear 

fuels after being used inside a nuclear reactor for fission reactions, their removal to spent fuel pools 

and storing at dry storage facilities as there are currently no permanent storage facilities for spent 

nuclear fuels. Project objectives conclude this introductory chapter.   

Chapter 2 consists of the literature review performed for the project starting with physical 

metallurgy of stainless steels, followed by stress corrosion cracking including its important factors 

(e.g microstructure, sensitization, composition, stress, environmental effects) and mechanisms. 

Intergranular crack propagation and fracture mechanics end this literature review chapter.   

Chapter 3 describes the materials utilized for the crack growth experiments such as the 

chamber, specimen and bolt to apply stress to the specimen and the experimental methods 

employed for monitoring the crack growth and stress behavior throughout the experiment. Optical 

microscopy technique is also used to measure the length of the fatigue pre-crack before the crack 

growth experiments.   

Chapter 4 starts with the microstructural characterization of as-received samples to detect 

the distribution of different elements in the alloy followed by tensile tests to determine the 

mechanical properties. Calibration chart is displayed to be used later during data analysis of crack 

growth experiments. Results from the crack growth experiments with different parameters are the 

main topic of this chapter. Outcomes from optical microscopy technique in assessing the accuracy 

of the technique employed for monitoring crack growth and the nature of crack propagation 

complete this chapter.  
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Chapter 5 presents the important points about SCC from the conducted experiments, 

summarizes the results of the crack growth experiments in tabular and graphical forms and 

suggests future work that can be conducted to give a better understanding of SCC. 

This thesis is concluded with several appendices. Appendix A lists the publications and 

presentations during the author’s PhD study. Appendix B shows a paper entitled “Fracture 

Mechanics-Based Study of Stress Corrosion Cracking of SS304 Dry Storage Canister for Spent 

Nuclear Fuel” published during TMS 2019 conference and Appendix C displays another paper 

“Understanding stress corrosion cracking behavior of austenitic stainless steel SS304 for dry 

storage canisters in simulated sea-water” published during TMS 2020. 
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CHAPTER 1: INTRODUCTION 

1.1. Fission reaction 

A typical nuclear reactor uses water to generate steam that converts thermal energy to 

mechanical and electrical energy. The heat required to increase the temperature of the water comes 

from the nuclear fuel that undergoes fission reactions to create energy. A material that can sustain 

fission reactions is a fissile material in reaction with a neutron and the only naturally occurring 

fissile isotope is 235U which makes up 0.7 % of natural uranium [1]. The energy of a neutron is 

important for the capture event and thus, for the fission event. There is a greater probability for a 

capture event to occur if the neutrons have lower or thermal energies and are achieved through 

collisions by a moderator, for example water. The fissile isotope with high neutron fission cross 

sections will capture a thermal or slowed down neutron to become a metastable isotope and split 

into two more energetically stable isotopes as shown in Eq. 1.1 [1,2]. 

 

𝑈92
235 +0

1𝑛 → 𝐾𝑟 +36
89

56
144 𝐵𝑎 + 3 𝑛 + 200 𝑀𝑒𝑉0

1                (1.1) 

 

The occurred fission event produces a mass difference that is equivalent to a thermal energy of 

about 200 MeV per fission event. As the released neutrons will cause another fission event and 

produce more neutrons in the subsequent fission events, a fission chain reaction will occur in the 

reactor core and therefore, generates a lot of heat which is then transferred to a heat exchanger to 

generate steam. The steam that is now of high temperature and pressure will propel the turbines to 

produce electricity. A representation of a pressurized water reactor is displayed in Fig. 1.1 [3]. 
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Figure 1.1. A representation of pressurized water reactor nuclear power plant [3]. 

 

1.2. Spent nuclear fuel 

After being used in the reactor for 18 – 36 months, about a third of the nuclear fuels are 

removed from the reactor to be replaced with fresh fuels. The removed fuels will still emit radiation 

and heat, so they are stored in a spent fuel pool next to the reactor to reduce the radiation levels of 

the used nuclear fuels. The water in the spent fuel pool shields the radiation and absorbs the heat 

that is then removed by water circulation to external heat exchangers [4]. 

After submersion of at least five years in spent fuel pools (Fig. 1.2 [5]), the spent nuclear 

fuels (SNFs) in the U.S. are transferred to Independent Spent Fuel Storage Installations (ISFSI) 

for storage for more than several decades (with discussion currently underway to extend the life 

beyond 100 years) in horizontal and/or vertical dry storage canisters typically made of austenitic 

stainless steels (SS) type 304, 304L, 316 or 316L. As seen in Figs. 1.3 and 1.4, the dry storage 
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canisters are then encapsulated in a dry storage cask (DSC) equipped with air ventilation for 

cooling [6]. The spent fuel storage facilities in the U.S. as shown in Fig. 1.5 are usually located 

next to the ocean which then can cause the dry storage canisters to be exposed to ambient site 

conditions through the air ventilation [7]. National Atmospheric Deposition Program reported that 

the majority of ISFSI locations in the U.S. contain high levels of chloride salts [8]. The 

combination of the DSC equipped with air ventilation for natural cooling and the high level of 

chloride salts may cause the salts to be deposited on the dry storage canister leading to possible 

chloride-induced stress corrosion cracking (CISCC) [9]. In fact, in a recent study regarding the 

degradation mode of materials used in ISFSI, Electric Power Research Institute (EPRI) 

recommended several potential degradation mechanisms and CISCC topped the list as displayed 

in Fig. 1.6 [10]. Recent canister inspections have shown that chloride salts were present on the 

surface of the in-service canisters in near-marine settings which can cause canister penetration and 

radioactive gas releases that pose a threat to fuel rod integrity [11-13].  

 

Figure 1.2. Spent nuclear fuels submerged in spent fuel pools [5]. 
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Figure 1.3. A dry storage canister encapsulated in a dry storage cask [6]. 

 

Figure 1.4. Vertical dry storage canister of spent nuclear fuels [6]. 
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Figure 1.5. Independent spent fuel storage installations locations throughout the U.S. [6]. 

 

Figure 1.6. Potential degradation modes of dry storage canister [10]. 

With the uncertainty of Yucca Mountain Nuclear Waste Repository [14] and nuclear waste 

reprocessing facility projects for non-proliferation issues, there is currently no permanent storage 

facilities for the SNF. With a total commercial SNF of 60,000 metric tons as of the end of 2009 

(78 % in the spent fuel pools and 22 % already in DSCs) and an increasing number of SNFs 
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annually (2,000 to 2,400 metric tons) [15], there exists a high need of dry storage facilities for 

storing SNFs [16]. The DSCs will then have to remain in the dry storage facilities for many decades 

[17] putting the robustness, safety and long-term integrity of the DSCs of utmost importance. 

 

1.3. Project objectives 

The objective of this project is to investigate the potential degradation mechanism(s) of 

austenitic SS canisters used in dry storage systems for SNF by [18]: 

1. Investigating SCC of SS with emphasis on fracture mechanics using wedge opening 

loading (WOL) specimens. 

2. Performing crack growth experiments using direct-current potential drop (DCPD) 

technique at various environmental conditions. 

3. Identifying and understanding environmental conditions and metallurgical factors 

conducive to SCC such as salt concentrations, temperature, pH and stresses. 

 

The obtained results from the project will be used to predict and monitor canister corrosion 

process (CISCC) that will provide possible solutions for aging management of dry storage 

facilities. 
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CHAPTER 2: LITERATURE REVIEW 

2.1. Physical metallurgy of stainless steels 

The presence of chromium (Cr) in steels causes the formation of a protective passive layer 

that makes them neither to discolor in a normal atmospheric condition nor to stain and hence, they 

are called stainless steels. Beddoes and Parr mention that a minimum chromium content of 11% is 

required to maintain the passivity of stainless steels in normal atmospheric conditions. The main 

classifications of stainless steels are ferritic stainless steels, martensitic stainless steels, austenitic 

stainless steels, precipitation hardening stainless steels and duplex stainless steels [1,2].  

Ferritic stainless steels (α) receive their name due to the similarity of its crystal structure 

to that of iron (Fe) at room temperature that is body-centered cubic (bcc) as illustrated in Fig. 2.1. 

They exhibit magnetic behavior when heated to 750 °C and the corrosion resistance in ferritic 

stainless steels comes from its chromium content of at least 11.5 %. Chromium also serves as a 

ferrite stabilizer that preserves the alloy in BCC crystal structure [2,3]. The most popular type of 

first-generation ferritic stainless steels is SS430 that contains 16-18 % Cr and 0.12 % carbon (C). 

The second generation of ferritic stainless steels have low carbon and nitrogen (N) content with 

SS409 being the most popular of second generation that contains titanium (Ti) as a carbide 

stabilizer. Meanwhile, superferritic stainless steels are the third-generation stainless steels 

recognized for the high chromium content between 18-30 % [1].  

 

Figure 2.1. Body-centered cubic crystal structure [4]. 
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While the ferritic stainless steels keep the carbon content low, martensitic stainless steels 

must have a high carbon content to achieve the desired hardness value. In fact, in martensitic 

stainless steels, the hardness comes primarily from carbon whereas the other existing elements 

enhance the hardening capacity or hardenability. Martensitic stainless steels have several classes. 

The low-carbon martensitic stainless steels with SS410 being the most popular contains 11.5-13.5 

% Cr and 0.15 % C. The nickel (Ni) in Ni-containing low-carbon martensitic stainless steels 

enhances toughness and corrosion resistance in chlorides (Cl) and oxidizing acids. Meanwhile, 

SS440 is the most popular type of high-C martensitic stainless steels with different carbon content 

(0.6-0.75 %, 0.75-0.95 % and 0.95-1.20 %) and it also contains molybdenum (Mo). The last type 

of martensitic stainless steels is cutlery stainless steels with 12-14 % Cr and 0.15 % C found in 

SS420 [1-3].  

Austenitic stainless steels (γ) exhibit nonmagnetic behavior and have a face-centered cubic 

(fcc) crystal structure as shown in Fig. 2.2. The presence of Ni retains the shape of austenitic 

stainless steels at room temperature and improves corrosion resistance. Chromium in the form of 

a thin chromium-rich (Cr2O3) passive surface layer also increases the corrosion resistance of 

austenitic stainless steels [1-3]. The high toughness, corrosion and oxidation resistance and easy 

fabrication make SS304 the most popular type of austenitic stainless steels. Since SS304 contains 

18 % Cr and 8 % Ni, austenitic stainless steels are also called 18-8. Table 2.1 lists the chemical 

composition of SS304, 304L and 316L [5,6]. SS316 is recognized for its greater Mo content (2-4 

%) compared to SS304 that improves high-temperature strength and corrosion resistance 

especially in chloride solutions. Although SS304 is popular due to its features, it is highly 

susceptible to CISCC [1]. Figure 2.3 shows the ternary phase diagram for stainless steel [3] and 

the chromium- and nickel-equivalent content of ferritic, martensitic and austenitic stainless steels 
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can be found in the Schaeffler diagram in Fig. 2.4 [1,7,8]. The Schaeffler diagram plots the 

composition of ferrite, martensite and austenite at room temperature as a function of the nickel and 

chromium equivalents to indicate the effects of addition of other elements in the basic structure of 

stainless steels. The three phases of ferrite, martensite and austenite can be achieved when the 

desired amount of nickel and chromium equivalents is met [3]. The nickel- and chromium-

equivalent can be expressed by [1] 

Nieq = Ni + 30 x C + 0.5 x Mn                        (2.1) 

Creq = Cr + Mo + 1.5 x Si + 0.5 x Nb              (2.2) 

 

Figure 2.2. Face-centered cubic crystal structure [4]. 

Table 2.1. Chemical Composition of Austenitic Stainless Steels (304, 304L and 316L) in wt% 

[5,6]. 

Material Fe Cr Ni Mo Mn C S P N Si Cu 

SS304 Bal 18.19 8.07 0.1 1.21 0.039 0.002 0.026 0.042 0.55 N/A 

SS304L Bal 18.14 8.07 0.18 1.29 0.025 0.001 0.025 0.032 0.34 0.27 

SS316L Bal 16.43 10.13 2.06 1.35 0.019 0.0006 0.027 0.022 0.51 0.32 
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Figure 2.3. Stainless Steel Phase Diagram at 900 °C [3]. 

 

Figure 2.4. Schaffler constitution diagram for stainless steels [1,7,8]. 

 

Precipitation hardening steels comprise of Cr > 16 %, Ni > 7 % and aluminum (Al) of about 

1%. The Cr and Ni are to provide an optimum combination of good strength through martensitic 

steels properties and good corrosion resistance from the austenitic steels properties whereas the 

inclusion of Al is to form Ni-Al precipitates. They possess austenitic crystal structure in the 
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annealed condition and martensitic structure following cold deformation. Between 450 – 600 °C, 

they undergo age hardening where a single, low-temperature heat treatment is applied after 

machining without distortion to improve the strength. The commonly encountered precipitation 

hardening steel is 17-4 PH or SS630 which contains 17% Cr, 4 % Ni, 4 % copper (Cu) and 0.3 % 

niobium (Nb) [9]. 

Duplex stainless steels (DSS) are steels whose grade is between that of ferritic and 

austenitic stainless steels. They possess better toughness than ferritic steels and better corrosion 

resistance and strength than austenitic stainless steels. Molybdenum is included to improve the 

pitting and crevice corrosion resistance. The amount of ferrite and austenite depends on 

temperature, and ferritic structure is more pronounced at high temperatures. The DSSs have higher 

yield strength compared to austenitic stainless steels, better strength than ferritic and austenitic 

stainless steels in the annealed condition and cannot be hardened via heat treatment. The standard 

22 % Cr type is the most popular type of DSS with a composition of 22 % Cr, 5 % Ni, 3 % Mo 

and 0.17 % N that provides better corrosion resistance than SS316 [2,3,10-13].  

 

2.2. Stress corrosion cracking 

The chloride salts from the atmospheric seacoast deposited on the dry canister through the 

ventilation of DSC can lead to possible CISCC where SCC is defined as the cracking of a material 

under static load by a combination of tensile stress, corrosive environment and material 

susceptibility as depicted by the diagram shown in Fig. 2.5 [14-16]. The susceptible material in 

this project is austenitic stainless steel 304 with variables of composition, heat treatment and 

microstructure, the corrosive environment is the atmospheric seacoast with high concentration of 

chloride salts with variables of temperature and pH whereas the tensile stresses required to induce 
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SCC originate from fabrication or welding residual stresses of SS304 [5]. All these three factors 

must be present for SCC to occur; if any of these three factors does not exist, SCC will not occur. 

 

 

Figure 2.5. Necessary conditions for SCC to occur [14-16]. 

 

Cracking starts with crack initiation that serves to form a defect that will later result in a 

crack where the defect can derive from machining or scratches. An appropriate local 

environmental condition must be met for crack initiation to occur which is a vital stage for active-

passive materials for example austenitic stainless steels as the local environmental condition at the 

crack tip is different from the bulk environmental condition. Crack initiation can be determined 

using crack initiation time and threshold stress intensity factor, KISCC, where pre-existing cracks 

or fatigue pre-cracks exist [17]. 

Crack propagation then follows crack initiation with environment and stress being the 

important factors in this stage. Several proposed rate-controlling processes in crack propagation 

are (a) surface reactions at the crack tip through oxidation, water reduction and hydrogen 

adsorption, (b) mass transportation along the crack in liquid phase through chemical diffusion and 
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(c) local modification at the crack tip from hydrogen diffusion and plastic strain as a result of stress 

concentration [18]. Crack growth can be determined using for example optical means where the 

crack growth rate can then be obtained. Microstructural characterizations then give information 

about the nature of the crack propagation of SCC. SCC causes a material to lose its strength 

considerably which then leads to brittle failure with no preliminary signs and thus, ends in 

catastrophic failure.  

A lot of factors contribute to SCC which makes it a complicated phenomenon to understand 

despite SCC has occurred for many decades. All these contributing factors must be included if one 

tries to quantify this phenomenon in a mathematical expression, such as the one shown in the 

following expression [19-21] 

 

dxcrack

dt
= ẋcrack = αcrack f(T) f(K) f(Ra) f([Cl−]) f(mCl)f(pH) f(σys)                       (2.3) 

 

where the crack growth rate (ẋcrack) is dependent upon the crack growth rate at a fixed reference 

set of conditions (αcrack), temperature (T), stress intensity factor (K), degree of sensitization (Ra), 

chloride concentration (Cl-), chloride mass per unit area (mCl), pH of solution and yield stress (σys). 

Another version from Sandia National Laboratory has considered the effects of stress intensity 

factor and temperature by using the power-law dependence and Arrhenius relationship, 

respectively [21] 

 

dxcrack

dt
= crack ∙ exp [−

Q

R
(

1

T
−

1

Tref
)] ∙ (K − Kth)βcrack                                                  (2.4) 

 



 

18 

 

where Q is the activation energy for crack growth, R is the universal gas constant (8.314 J mol-1 

K-1 or 1.987 cal mol-1 K-1), T is the absolute temperature in K, Tref = 60 °F = 15.6 °C, Kth is the 

threshold stress intensity factor for SCC and βcrack is the stress intensity factor exponent. Evidently, 

the use of mathematical model of crack-growth expressed by Eq. (2.4) would require, among many 

parameters, knowledge of threshold stress intensity factor. In non-corrosive media, Kth 

corresponds to plane strain fracture toughness denoted by KIC when the specimen thickness, B >

2.5 (
KIC

σy
)

2

as shown in Figs. 2.6 and 2.7 whereas in corrosive media, Kth becomes KISCC, the stress 

intensity factor in SCC environment [21,22]. Thus, KISCC is one of the important parameters to be 

evaluated in the project along with the crack growth rate, ẋcrack. 

 

 

Figure 2.6. Fracture toughness as a function of specimen thickness in plane stress and plane 

strain behavior [23].  
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Figure 2.7. Plane stress and plane strain condition [24]. 

 

2.3. SCC important factors 

2.3.1. Microstructure/martensite 

Microstructure plays an important role in austenitic stainless steel corrosion behavior since 

microstructures susceptible to SCC such as intergranular cracking and other phases can be 

developed from thermomechanical processes that may affect the material performance. One of 

those is martensitic transformation.  

The austenitic structure of the basic stainless steels 304 is metastable which can alter to a 

body-centered tetragonal (bct) (shown in Fig. 2.8 [25]) martensitic phase. The temperature at 

which austenitic stainless steels 304 transform to martensite start at around the freezing 

temperature of water. ASM International quantifies this temperature in terms of elemental 

composition as [3] 
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𝑀𝑠(°𝐹) = 75  (75 (14.6 − 𝐶𝑟) + 110 (8.9 − 𝑁𝑖) + 60(1.33 − 𝑀𝑛) + 5(0.47 − 𝑆𝑖) +

3000(0.068 − (𝐶 + 𝑁)))                                                                           (2.5) 

 

which suggests an inverse relationship between the carbon content and the temperature raise; the 

higher the carbon content, the lower the temperature raise and vice versa. Martensite can also be 

formed in austenitic stainless steels through deformation-induced transformation at a higher 

temperature compared to Ms where the temperature at which 50% of volume is transformed into 

martensite via a plastic deformation of 30% is defined as [3] 

 

𝑀𝐷30(°𝐶) = 413 − 462(𝐶 + 𝑁) − 9.2 𝑆𝑖 − 𝑀𝑛 − 13.7 𝐶𝑟 − 9.5 𝑁𝑖 − 18.5 𝑀𝑜            (2.6) 

 

Equations 2.5 and 2.6 indicate that the martensitic transformation in austenitic stainless steels is 

more pronounced in 304L due to its lower carbon content as compared to 304H. 

 

 

Figure 2.8. Body-centered tetragonal crystal structure [25]. 
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Following transformation, two different types of martensite are formed, α’ martensite and ε 

martensite. α’ martensite has a bct crystal structure and consists of four types; lath, plate, surface 

and massive [26]. Lath martensite is found in low carbon stainless steels with 10-16 % Cr [27] 

with a habit plane of {2 2 5} [28] whereas plate martensite has a high carbon content with <7 % 

Cr and 22-35 % Ni. Nutting suggested that the surface and massive α’ martensite are derivatives 

of lath martensite [29]. On the other hand, ε martensite has a hexagonal close-packed (hcp) crystal 

structure illustrated in Fig. 2.9 [30]. As the formation of ε martensite is inversely related to the 

stacking fault energy, it is also well known as faulted austenite with pure shear in (1 1 1) plane 

[31]. In materials with low stacking fault energy, the deformation process is followed by the 

formation of deformation-induced martensite, ε martensite then α’ martensite [32,33]. 

 

 

Figure 2.9. Hexagonal close packed (hcp) crystal structure [30]. 

 

Strain-induced martensite transformation has been related to pitting corrosion as studied 

by Peguet et al. who not only established a relation between martensite volume and pitting 
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initiation, but also a relation between dislocation pile-up and pitting as well as the relation of low 

stacking fault energy in stabilizing the dislocation pile-ups [34]. They also found the effect of 

different plastic strain on maximum pitting where they postulated an inverse relation between 

plastic strain and repassivity [35]. The relation between pitting and strain was also investigated by 

Lu et al. where they found a maximum pitting of less than 10% and a saturation level of martensite 

above 10% where no considerable pitting was observed [36].  

Some investigators suggested that plastic deformation causes austenitic stainless steels to 

transform into martensite [37,38]. As an hcp ε martensite usually precedes the α’ martensite, the 

stacking fault is similar to a thin hcp region which causes the formation of an ε martensite linked 

to twinning [6]. The α’ martensite transformation occurs at slip bands interactions where ε 

martensite is formed indicating that α’ martensite is developed on a site that previously formed ε 

martensite [39]. Various suggestions have been made for α’ martensite; Butler and Burke 

mentioned that exposed Cr can support martensitic transformation in sensitized austenitic stainless 

steels [38], Lai et al. and Kain et al. proposed that deformation-induced martensite may enhance 

sensitization due to faster diffusion through martensite [39,40], Hanninen believes that SCC 

resistance can be improved with high level of martensite via cathodic protection [32], Andresen 

and Morra concluded that SCC is not affected by martensite but by slip planes and dislocation 

density [37] whereas others proposed martensite as a trapping site for hydrogen which increases 

resistance to hydrogen embrittlement [41]. 

 

2.3.2. Sensitization     

Related to cracking in austenitic stainless steel is sensitization that occurs upon arc welding 

in fabrication of austenitic stainless steels and it was first observed in a region of heat affected 
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zone (HAZ) next to the weld that becomes susceptible to corrosion, thus it is also known as weld-

decay.  Within a critical temperature range of 425-870 °C, carbon can precipitate out as carbides 

and combine with chromium at grain boundaries to form (Cr0.7-0.8Fe0.2-0.3)23C6 [42]. Carbon as a 

small interstitial atom moves swiftly whereas the chromium as substitutional atoms move slower. 

The formation of chromium carbide precipitates at grain boundaries as shown in Fig. 2.10 attract 

carbon from the grains whereas chromium is pulled from the local regions to grain boundaries. 

Chromium depletion occurs when the chromium content decreases below 12% as shown in Fig. 

2.11, a level insufficient to retain a passive oxide film which causes the microstructure to be 

susceptible to corrosion and can lead to intergranular cracking [1].  

Many investigators observed intergranular fracture of sensitized austenitic stainless steels 

in their study such as by Berry et al. on the effect of oxygen on SCC where the intergranular 

fracture occurs independent of sensitization type [43], by Theus and Cels in fluoride solutions [44] 

and by Hishida and Nakada on the effect of chloride in high-temperature water [45] confirming 

the correlation between intergranular cracking and sensitized stainless steels.  

Although sensitization in austenitic stainless steels leads to intergranular cracking, there 

are several ways to prevent sensitization of stainless steel and thus, intergranular cracking [46]: 

1. Decreasing carbon to less than 0.03% to avoid the formation of chromium carbide 

2. Increasing chromium content to avoid decrease to below 12% 

3. Adding titanium (Ti) and/or niobium (Nb) to form titanium carbide (TiC) and niobium 

carbide (NbC) which stabilize stainless steel 

4. Avoiding the sensitization temperature regime between 425-870 °C as shown in Fig. 2.12 

5. Performing quench annealing heat treatment by heating to more than 870 °C and then 

quench below 425 °C as shown in Fig. 2.13. 
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Figure 2.10. Precipitation of chromium carbides at grain boundaries due to slow cooling [46]. 

 

Figure 2.11. The depleted zone of chromium below 12% [46]. 

 

Figure 2.12. Sensitization temperature range of austenitic stainless steels [46]. 
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Figure 2.13. Quench anneal heat treatment of austenitic stainless steels [46]. 

 

2.3.3. Composition 

Resistance to SCC of austenitic stainless steels can be improved through compositions. 

Addition of Ni has been reported to improve SCC resistance of austenitic stainless steels in 

chloride environments [47, 48]. Additions of Mo less than 5% as well as Cr contents of less than 

15% and more than 25% also enhance SCC resistance of austenitic stainless steels [49]. There are 

also other elements that reduce SCC resistance of austenitic stainless steels such as phosphorus (P) 

that promotes hydrogen entry to the metal thus increasing the rate of hydrogen evolution on the 

surface of steels [50,51]. Additionally, increasing manganese (Mn) reduces the volume fraction of 

austenite, and changes the shape and size of the austenite which affects the pitting resistance and 

reduces the SCC susceptibility of steels [52].  

Pitting corrosion is a localized corrosion which generates pits on the metal surface that can 

take place in neutral environments and the severity of localized corrosion (passive film breakdown 

and pit initiation) is enhanced in chloride environment [53]. Stainless steels are susceptible to this 

localized corrosion since corrosion will occur at a higher rate at one surface area than the rest of 

the surface. The pits sometimes undercut the surface that the real cross-section of the pit is larger 

than the observed pit cross-section on the metal surface [54,55]. During pitting corrosion, a passive 



 

26 

 

film is damaged to form an anode and the undamaged film forms a cathode. From the anode, the 

localized corrosion will speed up and pits will be created where the corrosion then propagates even 

faster due to the electrolyte inside the expanding pit [56,57]. It has been investigated that high 

chloride concentration, low pH, high temperature and dissolved oxygen are the suitable conditions 

for pitting initiation and propagation of stainless steels. As temperature is one of the important 

factors in pitting corrosion, it is imperative to introduce critical pitting temperature (CPT) which 

is the temperature at which pitting starts [54]. Temperature strongly influences the rate of any 

chemical reactions including corrosion where the higher the temperature, the faster the corrosion 

process and therefore, the worse the corrosion resistance [58].    

The effect of composition on pitting and corrosion resistance of stainless steels can be 

quantified by a pitting resistance equivalent (PRE) number [59-62]. It gives a number that indicates 

the pitting resistance where the higher the number, the better the pitting resistance. As N has been 

found to improve the pitting resistance of stainless steels, PREN is often specified instead of PRE 

to quantify the pitting resistance equivalent of a composition containing nitrogen, expressed as 

[63-66] 

 

𝑃𝑅𝐸𝑁 = %𝐶𝑟 + 3.3 𝑥 %𝑀𝑜 + 30 𝑥 %𝑁                                                                (2.7) 

 

The biggest contributing factor in the PRE equation is Cr as there is at least a hundred times more 

Cr than N by weight. For stainless steels consisting of tungsten, the PRE equation is modified 

slightly as [63-66] 

 

𝑃𝑅𝐸 = %𝐶𝑟 + 3.3 𝑥 (%𝑀𝑜 + 0.5%𝑊) + 30 𝑥 %𝑁                                                          (2.8) 
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2.3.4. Stress 

Tensile stress is one of the three conditions needed for SCC to occur and so, it is important 

to understand the effect of stress in SCC. It is reported that increasing applied tensile stress 

decreases the time to failure in SCC [67] although it does not increase rate of crack propagation 

[68-71]. At stress levels lower than those suitable to fracture materials, the cracks form and 

propagate perpendicularly to the axis of the applied tensile stress [72,73]. Effect of applied tensile 

stress on time to failure was examined by Jiang and Staehle with several different austenitic 

stainless steels [74] whereas the effect of stress intensity factor on crack growth rate was 

investigated Andresen and Ford [70].  

A typical schematic of crack growth rate as a function of stress intensity factor is illustrated 

in Fig. 2.14 [75] where there are three different stages. In the first stage, crack propagates in a way 

that its plane is perpendicular to the axis of the applied tensile stress. In the second stage, the crack 

growth rate is independent of the stress intensity factor and this region is used to obtain the average 

crack growth rate value. In the third stage, crack growth rate increases with stress intensity factor 

until KIC is reached where then the specimen fractures [76-79].  

It is reported that crack tip stress intensity, not the applied tensile stress, dictates the crack 

growth rates in SCC. The crack tip stress intensity alters the local stress field, thereby decreasing 

the stress on the sides of the crack which suggests that the stress will increase again to initiate a 

crack. Hence, increasing applied tensile stress does not increase crack propagation rate [80]. Jivkov 

and Marrow believe that SCC can occur regardless of the level of stress intensity factor [81]. 



 

28 

 

 

Figure 2.14. A schematic depiction of crack growth rate with stress intensity factor [75].  

 

2.3.5. Environment 

There are many factors affecting SCC such as temperature, solution composition and pH. 

Each of these factors will be described in the following sections. 

 

2.3.5.1. Temperature 

It has been reported that SCC can occur at temperatures starting at 25 °C and mostly 

between 50 – 200 °C for atmospheric SCC [81]. ASM International proposed a predictive model 

between crack propagation rate and temperature for intergranular stress corrosion cracking 

(IGSCC) as shown in Fig. 2.15 [83]. 

Temperature dictates the speed of the particles’ movement and their collision frequency. 

Particles that collide with enough minimum energy (activation energy) will result in a reaction. 

Increasing temperature increases the number of high energetic particles and their collision 
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frequency resulting in an increase of reaction rate. As in any chemical reaction, corrosion rate is 

also strongly dependent on temperature where the higher the temperature, the faster the corrosion 

process and therefore, the worse the corrosion resistance [58, 84]. Van Gelder et al. reported that 

temperature may have the biggest contribution among other environmental conditions to SCC [85]. 

From the perspective of stress and temperature, SCC is a corrosion process involving mechanical 

and chemical processes resulting in cracking of a material that later loses its mechanical strength 

from fracture and catastrophic failure without preliminary indications of metal loss and damage. 

 

Figure 2.15. A model of crack propagation as a function of temperature for IGSCC in 304 by 

ASM International [83].  

2.3.5.2. Solution composition 

Chloride environment is the most popular environment encountered in SCC of stainless 

steels with many SCC studies conducted in sodium chloride (NaCl), magnesium chloride (MgCl2), 

calcium chloride (CaCl2) and lithium chloride (LiCl) [86-95]. It is interesting to note that SCC was 

not observed in anhydrous aluminum chloride (AlCl3), potassium chloride (KCl) and iron III 

chloride (FeCl3) melts [96]. Dean suggested that chloride ions play a role in the destruction and 
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hindrance of formation of passive surface films where chloride ions tend to accumulate at regions 

of high stress [97]. Mallinson shared the same observation on the role of chloride ions that they 

remove the antioxidant or passive surface film from the surface of a material and initiate the 

oxidation process [98]. A small amount of chlorine in a solution is sufficient to initiate SCC, the 

location of where the chlorine is present in the material such as the crack tip is more important. 

With sufficient chlorine, crack will grow from the crack tip [61]. Theus and Staehle reported that 

SCC susceptibility is enhanced in sensitized steels with increasing chloride ions or oxygen 

concentration [48]. Similar observations were also made by Berry et al. [43] and Clark and Gordon 

[99] indicating that in SCC of austenitic stainless steels, water produces readily reducible species 

in the form of H+ or O2.  

SCC of austenitic stainless steels was also observed in magnesium bromide (MgBr2) 

solutions [96], fluoride environments less than 10 parts per million (ppm) at room temperature 

[100,101] and caustic solutions for example sodium hydroxide (NaOH) and potassium hydroxide 

(KOH) above boiling temperatures [102,103]. The SCC susceptibility of SS304L in caustic 

solutions occurs above 100 °C but it can take place at 50 °C with the addition of sulfide ions as 

they enhance the susceptibility of austenitic stainless steels to caustic solutions [104,105]. Sulfide 

ions can be present in the form of HS-, S2- and polysulfides [106]. In the pulp industry, sulfur 

anions such as thiosulfate (S2O3
2-), sulfite (SO3

2-) and sulfate (SO4
2-) may exist [107]. Polysulfides 

and thiosulfates are reported to enhance the corrosion of mild steel [108]. Enhanced corrosion of 

steel or mild steel passivation with reduced corrosion rate can occur by increasing the amount of 

polysulfides [109]. On the other hand, no SCC was observed in sulfite, sulfate and iodide 

environments [109, 110]. 
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2.3.5.3. pH 

Besides temperature and solution composition, SCC is also affected by the pH of the 

environment as it affects the electromigration process. Information on the stability of metals in 

different pH conditions is illustrated in Pourbaix diagram developed by Marcel Pourbaix [111] 

where it summarizes the corrosion thermodynamic information for a given metal by indicating its 

potential as a function of pH. Figure 2.16 displays the Pourbaix diagram for Fe where it indicates 

certain regions of potential and pH where a metal undergoes corrosion and where a metal is 

protected from corrosion [111]. In the Pourbaix diagram, liquid water is stable in the region 

between the two dotted lines indicating that water is unstable relative to hydrogen gas (H2) below 

the H2 line (lower dotted line) and water is unstable relative to oxygen (O2) above the O2 line 

(upper dotted line). With Fe stable below the H2 line, Fe is unstable in water [112] in acid and 

base, respectively. 

 

𝐹𝑒 (𝑠) + 2 𝐻+ → 𝐹𝑒2+(𝑎𝑞) + 𝐻2                                                                          (2.9) 

𝐹𝑒 (𝑠) + 2 𝐻2𝑂 → 𝐹𝑒(𝑂𝐻)2(𝑠) + 𝐻2                                                                    (2.10) 

 

Closer to the O2 line, Fe2O3 is formed based on the reaction 

 

4 𝐹𝑒 (𝑠) + 3 𝑂2 → 2 𝐹𝑒2𝑂3(𝑠)                                                                                           (2.11) 

 

where the oxide forms a protective coating on the metal passivating the surface and reduces the 

corrosion reaction of iron in solutions containing oxygen [112].   
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Figure 2.16. Pourbaix diagram for iron [111]. 

 

It has been reported that the crack tip environment is not necessarily the same with the bulk 

solution environment which makes the pH at the crack tip and the bulk solution to be different as 

well. Investigations were made on the conditions of the two locations by Suzuki et al. [113], Baker 

et al. [114] with austenitic stainless steels 304L and 316L and Sandoz et al. [115] with different 

steels all in NaCl solution where they all observed lower pH at the crack tip compared to that in 

the bulk solution. They suggested that the combination of high chloride concentration and 

hydroxychloro complexes of dissolved metal ions produces the low pH values at the crack tip 

[113-115]. Baker et al. further proposed a metal ion-oxide hydrolysis reaction [114], Eq. 2.12 that 

may produce an oxide film on the internal crack surfaces. 

 

2 𝐶𝑟2+ + 3 𝐻2𝑂 →  𝐶𝑟2𝑂3 + 6 𝐻+                                                                             (2.12) 
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This proposed reaction is confirmed by Wilde where he noted a lower Cr content after his SCC 

experiments using MgCl2 solution as compared to that from the alloy corrosion [116]. The low pH 

at the crack tip can be preserved where the hydrogen ions will undergo reduction away from the 

crack tip.  

 

2.4. Mechanisms of SCC 

Mechanisms of SCC are divided into those based on active path models that rest on anodic 

dissolution at crack tip region for crack propagation such as stress-assisted localized corrosion and 

slip dissolution and based on mechanical models such as hydrogen embrittlement and strain-

induced transformation.  

 

2.4.1. Chromium depletion 

Chromium depletion model is proposed for SCC mechanism based on stress-assisted 

localized corrosion where tensile stress acts to speed up the mechanical failure of the material. 

This model was initially developed by Bain et. al., to find out what causes the corrosion of 

sensitized stainless steels [117]. They observed that a chromium depleted zone nearby the region 

of chromium carbides prompted the susceptibility of sensitized austenitic stainless steels to 

IGSCC. The formation of chromium carbide precipitates at grain boundaries as depicted in Fig. 

2.10 attract carbon from the grains whereas chromium is pulled from the local regions to grain 

boundaries. Chromium depletion occurs as the chromium content decreases below 12%, a level 

insufficient to retain a passive oxide film which causes the microstructure to be susceptible to 

corrosion and leads to IGSCC [1].  
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This model was also confirmed by several other investigators. A diffusion-controlled 

model was derived by Stawstrom and Hillert where they included chromium carbide precipitates 

with uniform chromium concentration at grain boundaries and chromium depleted zone [118]. 

They proposed that the local equilibrium of chromium carbide (Cr0.7-0.8Fe0.2-0.3)23C6 precipitates 

thermodynamically governs the content of Cr whereas the annealing temperature and carbon 

content dictate the minimum Cr content. In addition, they also speculated that the elimination of 

chromium depleted zone can take place with carbide precipitation. 

 An identical model was also developed by Tedmon et al. in which they considered non-

uniform Cr concentration between the carbides at the grain boundary [119]. They determined the 

Cr concentration with respect to distance from the carbides using a thermodynamic analysis. 

Experimental observations indicated that non-uniform Cr concentration occurred between the 

carbides at a grain boundary which led to a conclusion that a non-uniform attack occurred at the 

grain boundaries and a non-uniformly sensitized grain boundary could exist. 

 

2.4.2. Slip dissolution 

The slip dissolution model also known as the film rupture model was suggested by 

Champion that hinges on the passive film rupture due to plastic deformation at the crack tip and 

anodic dissolution of the metal which sharpens the crack tip, increases stress concentration at the 

crack tip, promotes successive deformation and film rupture [120]. The strain at the crack tip 

promotes a surface offset or step where the metal surface and the slip plane intersect causing 

rupture of protective film. Crack continues to propagate since repassivation of the crack tip is not 

considered in Champion’s model. A similar model that incorporated repassivation of the crack tip 

was proposed by Staehle and Vermilyea [121-123] where Staehle accused slip events to be the 
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root of the film rupture [121] and Vermilyea suggested that the strain in the film causes the film 

rupture without including slip events [122,123]. Crack propagates as a result of repeating 

mechanism of film rupture, anodic dissolution and film repassivation as illustrated in Fig. 2.17 

[124].   

 

Figure 2.17. A schematic diagram of slip dissolution model consisting of film rupture, anodic 

dissolution and film repassivation [124]. 
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Scully believes that slip mode, crack tip potential drop, repassivation rate and strain rate 

are the vital parameters [125]. The role of slip mode in determining the height of the slip step was 

observed by Silcock and Swann in their studies with SS316 where the slip step height must be 

greater than the passive film thickness for the slip dissolution model to be active [126, 127]. On 

the other hand, the role of potential drop was verified by Doig and Flewitt in their SCC experiment 

using NaOH [128, 129]. Ford and Povich in their study using SS304 in H2O and SO4
2- concluded 

that the dissolution rate of the metal surface dictates the crack propagation rate [130-132].  

Passive film on the metal surface may be ruptured as a result of strain which then initiates 

cracks [133]. Pit initiation has been detected by other investigators that becomes tunnels as a result 

of different dissolution rates between different crystallographic directions and different dissolution 

rates between different elements [134,135]. This tunnel formation then promotes SCC along with 

the observed fractures on the metal surface. The crack propagation is dictated by the oxidation 

process, system thermodynamics, system kinetics and film repassivation. The features of IGSCC 

can be observed using this model due to the slower repassivation rate at grain boundaries as 

compared to that in the grains.   

 

2.4.3. Hydrogen embrittlement 

Hydrogen embrittlement is another SCC mechanism that occurs as a result of hydrogen 

evolution on the surface of a metal, causing hydrogen penetration to the metals (hydrogen 

adsorption) which later leads to crack growth, SCC and brittle fracture of the metals [136,137]. 

Hydrogen atoms can be created by electrochemical reaction in solution (hydrogen production at 

cathode) or hydrogen dissociation in hydrogen gases. The correlation between hydrogen and SCC 

was confirmed by Barth and Troiano where they concluded that electrochemical conditions are 
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vital in governing the hydrogen evolution rate and they noted that acidic crack tip enhances proton 

reduction [138]. Brittle intergranular fracture was noticed by Briant in static tests in hydrogen 

environments with stainless steels [139]. Hydrogen embrittlement in metals causes reductions in 

area, KIC and fracture stress at failure. An illustration of hydrogen embrittlement model for SCC 

mechanism is shown in Fig. 2.18 [140].  

 

Figure 2.18. A depiction of hydrogen embrittlement model for SCC mechanism [140]. 

 

Some investigators believe that hydrides formed in SCC of austenitic stainless steels 

[141,142] present paths for brittle fracture via the formation of hydride phase or serve as obstacles 

to dislocation motion, stimulating brittle fracture of the matrix. However, an investigation of 

hydrogenated surface layers in SS304L, 310 and 316L indicated that hydride does not form in 

austenitic stainless steels [143] and they are apparently ε-martensite [144-146]. 
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Hydrogen can also link with dislocation pile-ups to promote brittle fracture. Hydrogen 

production decreases the number of cross-slip by forming dislocations and enhances vacancy 

diffusion in front of the crack tip leading to a decrease in KIC so cracks can be formed at lower 

stress intensity. More dislocations are formed during plastic deformation at the crack tip which 

increases the dislocation-obstacle interaction shifting the stress concentration along with the crack 

tip. Cracks can then propagate and dislocations glide through the next slip plane. This mechanism 

repeats to create a zigzag pattern [147-150]. The dislocation-obstacle interaction is displayed in 

Fig. 2.19 [151]. 

 

 

Figure 2.19. Dislocation-obstacle interaction in hydrogen enhanced plasticity model [151]. 

 

2.4.4. Strain-induced martensite formation 

Martensite plays a role in SCC as strain contributes to the formation of martensite in 

austenitic stainless steels where the martensite serves as the pre-existing route for crack 

propagation [152]. Thin foils made of SS304 were immersed in a solution of H2SO4 + NaCl to 

investigate the strain-induced martensite formation where pits were detected along the martensite 
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bands, and α’ and ε martensites were responsible for crack initiation and propagation, respectively 

[153,154].  

Some investigators believe that hydrides form in SCC of austenitic stainless steels 

[141,142] although an investigation of hydrogenated surface layers in SS304L, 310 and 316L 

indicated that hydride does not form in austenitic stainless steels [143] where they were identified 

as ε-martensite [144-146]. It is suggested that the martensite forms due to lattice expansion as 

hydrogen atoms at the crack tip penetrate the γ lattice [96]. Another investigation showed that 

hydrogen segregates at α’ interface, ε/γ interface or grain boundaries [155,156]. Many researchers 

did not consider ε-martensite in SCC although it plays a role in SCC. 

 

2.5. Intergranular crack propagation 

IGSCC occurs in sensitized austenitic stainless steels due to precipitation of chromium rich 

carbide at the grain boundary. Carbon can precipitate out as carbides in the sensitization 

temperature range and combine with chromium at grain boundaries to form (Cr0.7-0.8Fe0.2-0.3)23C6 

[42]. Carbon as a small interstitial atom moves swiftly whereas the chromium as substitutional 

atoms move slower. The chromium carbide precipitates at grain boundaries attracts carbon from 

the grains whereas chromium is pulled from the local regions to grain boundaries. Chromium 

depletion occurs in the regions close to grain boundaries, and when the chromium content 

decreases below 12% the region becomes sensitive to corrosion. This causes the bare 

microstructures in the grain boundary to be susceptible to aggressive chemical species and thus, 

cracks propagate through the grain boundary, known as intergranular cracking [1]. An 

intergranular cracking in sensitized SS304 specimen obtained from one of the crack growth 

experiments in the project is shown in Fig. 2.20. 
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Figure 2.20. Intergranular cracking in sensitized SS304. 

 

2.6. Fracture mechanics 

SCC can be characterized by measuring the fracture toughness of a material. In materials 

that exhibit linear elastic condition, the fracture toughness is denoted by the parameter, K, the 

stress intensity factor. The stress intensity factor is usually given a subscript to denote the loading 

mode, KI, KII or KIII. There are three modes of loading that can be applied to a crack as shown in 

Fig. 2.21 [157]. 

Mode I loading occurs when the load is applied normal to the crack plane and as a result, 

it opens the crack. Mode II loading corresponds to in-plane shear loading resulting in sliding one 

crack face with respect to the other and thus called the sliding mode. Mode III loading corresponds 

to out-of-plane shear loading, resulting in tearing mode. Mode I loading is the most common mode 

of fracture and is expressed by [157] 

 

𝐾𝐼 = 𝑌𝜎√𝜋𝑎                                                                                                              (2.13) 
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Figure 2.21. Three modes of fracture [157]. 

where KI is the stress intensity factor for mode I loading, Y is a geometry factor which is a function 

of specimen’s thickness and crack length, σ is the applied stress and a is the edge crack length or 

half internal crack length. Given the applied stress and measured crack length, the stress intensity 

factor can then be determined. 

The stress intensity factor KI becomes plane strain fracture toughness KIC when plane strain 

condition exists where the specimen thickness, 𝐵 > 2.5 (
𝐾𝐼𝐶

𝜎𝑦
)

2

 [23]. If KI < KIC, fracture will not 

occur in non-corrosive environment but it will in a corrosive environment. To avoid fracture of a 

component in a corrosive medium, KI < KISCC, the threshold stress intensity factor in SCC 

environment. The difference between plane stress and plane strain conditions are shown in Fig. 

2.22 [24] and 2.23 [23]. 

 

Figure 2.22. Plane stress and plane strain condition [24]. 



 

42 

 

 

 

Figure 2.23. Fracture toughness as a function of specimen thickness in plane stress and plane 

strain behavior [23]. 

 

One way to determine the stress intensity factor in SCC environment, KISCC, is as follows. 

The load can be applied by an instrumented bolt such that KI is below KIC. In the case of constant 

displacement test, the load will drop as crack propagates. The crack will continue to propagate as 

long as KI is greater than KISCC. As a result, useful information for the prediction of the SCC 

behavior of a material such as crack length as a function of time (a vs t), stress intensity factor as 

a function of time and crack length (KI vs t and KI vs a), and crack growth-rate as a function of 

stress intensity factor (log 
𝑑𝑎

𝑑𝑡
 vs KI) can be obtained [158]. There are three important stages in the 

behavior of crack growth rate as a function of stress intensity factor. In the first stage, crack 

propagates in a way that its plane is perpendicular to the axis of the applied tensile stress. In the 

second stage, the crack growth rate is independent of the stress intensity factor and this region is 

used to obtain the average crack growth rate value. In the third stage, crack growth rate increases 

with stress intensity factor until KIC is reached where then the specimen fractures [76-79]. 
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Figure 2.24. Outcomes from determining stress intensity factor in SCC environment [158]. 

 

The determination of KISCC and average crack growth rates by fracture mechanics will be 

useful in predicting the integrity of a structure under a certain loading condition which in turn will 

help in assessing its useful life in a marine environment. 
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CHAPTER 3: MATERIALS AND EXPERIMENTAL METHODS 

3.1. Corrosion chamber 

To investigate SCC behavior of SS304 and SS304L which have been used for fabricating 

dry storage canisters, a corrosion chamber was built at North Carolina State University. A CAD 

drawing of the corrosion chamber is included in Figure 3.1a and the photograph of the actual 

chamber is shown in Figure 3.1b. The length, width, and depth of the chamber are 762 mm x 305 

mm x 305 mm (30 in. x 12 in. x 12 in.), respectively. The size of the chamber is sufficient to 

conduct SCC experiments of up to four specimens simultaneously. This feature will come in handy 

when evaluating many specimens either in different conditions or for measuring scatter in data 

points under the same condition. The sides and bottom of the chamber were fabricated from 

polycarbonate and the internal edges of the chamber were sealed using a marine grade silicone-

based sealant. For suspending samples inside the chamber, a hanger was built with its ends resting 

on the top portion of the sides of the chamber opposite to each other. The hanger is equipped with 

four clamps with provisions for suspending samples in the marine solutions and also managing 

input/output signal wires from/to the samples. Both the hanger and clamps are made of Garolite 

(also known as Phenolic), a polymer matrix composite made of glass fibers impregnated with 

epoxy resins. It is a very strong, stiff, electrically non-conducting, and highly corrosion resistant 

material. 
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Figure 3.1. (a) A CAD model showing the design of the corrosion chamber and (b) a photograph 

of the corrosion chamber built. 
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3.2. Wedge opening loading specimen 

In the study of SCC using fracture mechanics-based approach, a wide variety of specimens 

are used. Compact tension, single edge bend, and disk-shaped compact specimens are some 

specimen geometries most commonly used in the evaluation of fracture toughness. ASTM standard 

E399–12 can be referred to for further details on these specimens [1]. Wedge opening loading 

(WOL) specimen was developed in response to very large sample size requirement for 

conventional specimens for evaluating KIC of medium to low strength metallic materials [2]. 

The WOL specimen geometry and related dimensions are shown in Fig. 3.2. A combination 

of CNC and electro-discharge machining (EDM) techniques were used for specimen preparation. 

While the notch of the WOL specimen was prepared using EDM, the rest was made using CNC 

machining. The WOL specimen will be loaded using an instrumented bolt which goes inside the 

specimen through the tapped hole labeled as 1 and impinges on the flat portion on a pin inserted 

through the hole labeled 2 in Fig. 3.2. The drawing of the pin is shown in Fig. 3.3. The WOL and 

pin are made of SS304 H – the material sent by CSM. 

 

Figure 3.2. 2-D and 3-D drawing showing WOL specimen geometry and dimensions. 
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Figure 3.3. Pin made of SS 304H for assisting in loading of WOL specimen using instrumented 

bolt. 

A photograph of the WOL specimen is shown in Fig. 3.4a along with the pin for which the drawing 

is shown in Fig. 3.3. A close-up view of notched region of the WOL specimen at two different 

magnifications are shown in Fig. 3.4b and 3.4c. In this case, the notch root radius was measured 

and was found to be equal to ~193 µm (Fig. 3.4c).  

 

Figure 3.4. (a) Different views of WOL samples prepared from SS 304-H alloy supplied by 

Colorado School of Mines, Golden, (b) Optical macrograph showing tip region of the WOL 

specimen, and (c) A magnified view of the notch tip depicting the shape of the tip for measuring 

the radius of the tip (radius = ~193 µm). 
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3.3. Instrumented bolt for loading WOL specimen 

 

For loading WOL specimen to a desired level, an instrumented bolt will be used. A photo 

of the instrumented bolt (procured from Strainsert company) is included in Fig. 3.5 and it is made 

of 17-4 PH stainless steel designed to be good to compressive loads to 2400 lb. The calibration of 

the bolt was carried out by the manufacturer and the calibration values are included in Table 3.1 

which exhibit linear behavior (Fig. 3.6). 

 

Figure 3.5. A drawing of instrumented bolt designed by Strainsert company. 

 

Table 3.1. Strainsert Calibration Chart. 

Test Load (lbf) Test Load (N) Signal (mV/V) 

0 0 0 

480 2135.15 0.515 

960 4270.29 1.029 

1440 6405.44 1.544 

1920 8540.59 2.058 

2400 10675.73 2.573 
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Figure 3.6. Instrumented bolt straight-line signal as a function of test load. 

 

3.4. Fatigue pre-cracking 

 

A 2D CAD drawing model of the wedge opening loading (WOL) SS304 specimens used 

in the project along with dimensions in inches is shown in Fig. 3.7a. Note that the dimensions of 

the actual WOL specimen differed from the original dimensions shown in Fig. 3.2 to accommodate 

instrumented bolt load to develop sufficient level of stress intensity. An actual machined WOL 

specimen is shown in Fig. 3.7b with the radius of the notch ranging from 150-250 μm where the 

variation of the notch radius comes from the uncertainty in the fabrication of the WOL specimens. 

The WOL specimens were fatigue pre-cracked using a fatigue machine from Test Resources model 

910LX15 as shown in Fig. 3.8 to produce the desirable sharpness. A fatigue pre-crack in a WOL 

specimen is shown in Fig. 3.9. 
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Figure 3.7. (a) Dimensions of WOL specimen in inches and (b) a WOL specimen. 

 

 

Figure 3.8. Fatigue pre-crack experimental setup. 
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Figure 3.9. A fatigue pre-cracked WOL specimen. 

 

The fatigue pre-crack experiments followed ASTM E399-12 [1], E1820-15 [3] and E1681-

03 [4] where the WOL specimen was treated as a compact tension (CT) specimen and the stress 

intensity factor was calculated from the ASTM E399-12 [1],  

KQ =  
PQ

√B BN √W
 f(
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W
)                                                                                                  (3.1) 
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a

W
)

3
2

                                            (3.2) 

where PQ = load applied (N or lbf) 

           B = specimen thickness (m or in) 

           BN = specimen thickness between the roots of the side grooves (m or in) 

           W = specimen width (m or in) 

           a = crack length (m or in) 
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The fatigue pre-cracking experiment was performed under a sinusoidal cyclic loading at a load 

ratio of 0.1 with maximum applied load of 6,000 N giving a mean applied load of 3,300 N and a 

load amplitude of 2,700 N. Once the fatigue pre-crack of desired length was produced at the tip of 

the notch, the fatigue pre-crack lengths of the WOL specimens were measured using an optical 

microscope (Fig. 3.10). 

 

Figure 3.10. Optical microscope to measure the fatigue pre-crack length. 

 

3.5. Direct-current potential drop technique 

 

Fracture mechanics-based SCC study involves monitoring of load, load line displacement 

(or crack mouth opening displacement), and crack length with time [5]. There are many ways crack 

length can be monitored – optical microscopy, scanning electron microscopy (SEM), replication, 

potential difference, and ultrasonics [6-17]. Due to its simplicity, the direct-current potential drop 

(DCPD) technique has been widely used for detecting crack initiation and monitoring crack 

growth. This technique involves supplying a constant current through the specimen and measuring 
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potential drop as crack propagates. The principle of DCPD as per ASTM E647–15 is as follows 

[18]. 

“Determining crack size from electric potential measurements relies on the principle that 

the electrical field in a cracked specimen with a current flowing through it is a function of the 

specimen geometry, and in particular the crack size. For a constant current flow, the electric 

potential or voltage drop across the crack plane will increase with increasing crack size due to 

modification of the electrical field and associated perturbation of the current streamlines. The 

change in voltage can be related to crack size through analytical or experimental calibration 

relationships.”  

For prediction of crack length, a calibration curve has been developed for the specimen 

under consideration. Johnson [19] suggested that such calibration curves are independent of 

chemical composition, heat-treatment, and thickness. For the development of calibration chart, in 

the present case, the DCPD measurement unit involved a DC power supply from Kikusui (model 

number of PAT160-50T) and a nanovoltmeter from Keithley (model number of 2182A). The wires 

from the Keithley nanovoltmeter are attached to the WOL specimen as shown in Fig. 3.11 and Fig. 

3.12 for measurements in air and marine environments respectively. During the DCPD 

measurement, a 0.2V and 5A current was supplied by the Kikusui DC power supply and a reading 

was obtained in mV from the Keithley nanovoltmeter up to six decimal points. Once the fatigue 

pre-crack length has been measured, the fatigue pre-cracked WOL specimen was setup as shown 

in Fig. 3.11 for DCPD measurement. After a reading has been recorded, the fatigue pre-cracking 

experiment was repeated (Fig. 3.8) for the second time along with fatigue pre-crack length (Figs. 

3.10) and DCPD measurement (Figs. 3.11 & 3.12) to generate a calibration curve consisting of 

several data points. 
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For crack growth measurement, the DCPD measurement unit shown in Fig. 3.13a involves 

two DC power supplies from Kikusui (model number of PAT160-50T) for measurement of crack 

growth, BK Precision to provide electrical current for measuring applied load and two 

nanovoltmeters from Keithley (model 2182A) to measure the potential drop of the crack growth 

and from Fluke model 287 to measure the potential drop of the applied load throughout the 

experiment. The Keithley nanovoltmeter is attached to the WOL specimen and the load is applied 

through an instrumented bolt as shown in Fig. 3.13b. During the DCPD measurement, electrical 

current is supplied by the Kikusui and BK Precision DC power supply whereas the readings of 

crack growth and applied load are obtained in mV from the Keithley nanovoltmeter up to six 

decimal points and from Fluke nanovoltmeter up to three decimal points, respectively. 

 

Figure 3.11. DCPD measurement in air for calibration chart. 
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Figure 3.12. DCPD experiment setup in marine environment for calibration chart. 

 

 

 

 

 



 

74 

 

 

 

Figure 3.13. (a) Crack growth experimental setup and (b) WOL specimen submerged in marine 

environment. 

 

The KISCC experiment involves loading the specimen such that the stress intensity factor is 

above KISCC and less than KIC. A preliminary calculation has been performed that relates the stress 

intensity factor with the corresponding applied load for lower and upper limits of crack length of 
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7.72 and 9.43 mm (0.45 ≤a/W≤0.55), respectively. By utilizing Eqs. 3.1 and 3.2, for a specimen 

width of 0.675 in (17.145 mm) and a thickness of 0.625 in (15.875 mm), an applied load can be 

obtained for a specified value of stress intensity factor for the lower and upper limits of crack 

length. 

The crack growth measurement is performed in marine environment (substitute ocean 

water) using DCPD technique where the fatigue pre-cracked WOL specimen is submerged in the 

corrosion chamber such that the fatigue pre-crack length is submerged in the marine solution with 

the notch staying above the surface of the marine solution [20]. 
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CHAPTER 4: RESULTS AND DISCUSSION 

4.1. Microstructural characterization of as-received samples 

Prior to the crack growth experiments, the SS304H/L materials sensitized at 600 °C for 

215 hours received from Colorado School of Mines (CSM) were mechanically polished down to 

mirror finish and etched with a solution of hydrochloric acid, nitric acid and water of equivalent 

ratio, cleaned with methanol and deionized water for metallography. The energy dispersive 

spectroscopy (EDS) in SEM was used to detect the distribution of different elements among 

different phases present in the alloy as shown in Fig. 4.1 and 4.2 for SS304H and L, respectively. 

 

 

 

Figure 4.1. (a) Optical micrograph, (b) Elements identified from EDS and (c) Intensities of the 

identified elements through EDS of SS304H. 
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Figure 4.2. (a) Optical micrograph, (b) Elements identified from EDS and (c) Intensities of the 

identified elements through EDS of SS304L. 

4.2. Mechanical properties 

Tensile tests were performed at a strain rate of 10-3/s in air at room temperature for both 

SS304H and SS304L in the rolling (RD) and transverse (TD) directions, and the results are 

tabulated in Table 4.1. 

Table 4.1. Tensile test results of sensitized (at 600 °C for 215 hrs) SS304H/L with the errors 

indicated inside the brackets. 

 

Yield Stress 

(MPa) 

UTS 

(MPa) 

Uniform 

Elongation (%) 

Total Elongation 

(%) 

SS304H 215 hrs RD 302 (11) 701 (14) 80.8 (5.3) 92.4 (4.6) 

SS304H 215 hrs TD 272 (9) 702 (14) 76.6 (2.8) 84.2 (1.3) 

SS304L 215 hrs RD 264 (15) 670 (7) 84.3 (2.0) 97.7 (0.4) 

SS304L 215 hrs TD 274 (5) 672 (22) 85.7 (4.8) 96.6 (8.4) 
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Figure 4.3. Engineering stress-engineering strain curve of SS304H/L in rolling and transverse 

directions. 

4.3. Calibration chart 

After the steps of the experiment were repeated several times as described in section 3.5, a 

calibration curve with a reliable set of data is generated as shown in Fig. 4.4. The objective of these 

DCPD measurements is to create a calibration curve for a WOL specimen that will be used to 

study the SCC behavior of SS304 in marine environments which also requires monitoring of crack-

growth using DCPD during the experiment. 

 

Figure 4.4. Calibration curve of potential drop of WOL specimen as a function of fatigue pre-

crack length in air (solid) and marine environments (open). 
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The values from the DCPD measurements in the marine environment were plotted in the 

same graph as those in air and are shown in Fig. 4.4. Clearly, the DCPD measurements in marine 

environment yield similar results to those in air producing a linear relationship between the 

potential drop and the fatigue pre-crack length. In the fatigue pre-cracked WOL specimen, as crack 

length increases, resistance increases and therefore, the potential drop increases. This calibration 

curve was used for the SCC experiments in the project. 

 

4.4. Crack growth experiments 

4.4.1. Crack growth tests with non-sensitized SS304 specimens 

Before using the sensitized SS304H/L, two crack growth experiments were performed 

using non-sensitized SS304 materials to characterize the archival materials. First experiment was 

conducted with a non-sensitized SS304 material with a fatigue pre-crack length of 2,475 μm but 

the specimen plastically deformed beyond an applied load of 1,000 lbf as shown in Fig. 4.5. 

Another attempt was made with the same material with a fatigue pre-crack length of 3,200 μm and 

the specimen, again, plastically deformed at 1,000 lbf as shown in Fig. 4.6. Although these two 

attempts did not produce important outcomes, a particular note is made on the maximum applied 

load of 1,000 lbf for non-sensitized SS304 material for future experiments. 

 

Figure 4.5. (a) A non-sensitized SS304 specimen with a fatigue pre-crack length of 2,475 μm 

under load and (b) The deformed specimen after 1,000 lbf. 
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Figure 4.6. (a) Non-sensitized SS304 specimen fatigue pre-cracked to 3,200 μm and (b) The 

plastically-deformed specimen after 1,000 lbf. 

 

With the consideration that the non-sensitized SS304 material cannot be loaded beyond 

1,000 lbf without excessive plastic deformation ahead of the crack tip implying low value for stress 

intensity factor, the crack growth experiments were then performed with sensitized SS304 H/L. A 

sensitized SS304H specimen was fatigue pre-cracked to 897 μm and submerged in substitute ocean 

water (composition given in Table 4.2) with an applied load of 1,872 lbf (34 MPa m1/2 from Eq. 

3.1 and 3.2) at room temperature for six weeks. In addition, a calculation was performed to 

determine the stress intensity factor that corresponds to the initial applied load with an example 

shown in Table 4.3. 

 

Table 4.2. Chemical composition of the substitute ocean water [1,2]. 

Compound NaCl MgCl2 Na2SO4 CaCl2 KCl NaHCO3 KBr H3BO3 SrCl2 NaF 

Concentration 

(g/L) 

24.53 5.20 4.09 1.16 0.695 0.201 0.101 0.027 0.025 0.003 
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Table 4.3. Load calculation versus KI values for a specimen with two different crack lengths. 

KI (MPa√𝒎) 

ao = 7.72 mm ao = 9.43 mm 

P (N) P (lbf) P (N) P (lbf) 

5 1245.29 279.95 914.51 205.59 

10 2490.57 559.90 1829.02 411.18 

15 3735.86 839.86 2743.53 616.77 

20 4981.15 1119.81 3658.04 822.36 

25 6226.43 1399.76 4572.55 1027.95 

30 7471.72 1679.71 5487.06 1233.54 

35 8717.01 1959.66 6401.57 1439.13 

40 9962.29 2239.61 7316.08 1644.72 

45 11207.58 2519.57 8230.59 1850.31 

50 12452.87 2799.52 9145.10 2055.90 

55 13698.16 3079.47 10059.61 2261.49 

60 14943.44 3359.42 10974.12 2467.08 

65 16188.73 3639.37 11888.63 2672.67 

70 17434.02 3919.32 12803.14 2878.26 

75 18679.30 4199.28 13717.65 3083.85 

80 19924.59 4479.23 14632.16 3289.44 

85 21169.88 4759.18 15546.67 3495.03 

90 22415.16 5039.13 16461.18 3700.62 

95 23660.45 5319.08 17375.69 3906.21 

100 24905.74 5599.03 18290.20 4111.80 
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 4.4.2. Crack growth experiments with sensitized SS304H specimens in substitute ocean 

water 

The plots of bolt load and crack length with time in Figs. 4.7a and 4.7b indicate that the 

applied load decreases slowly and the crack length remains constant. Thus, the crack did not 

propagate for the first 310 hrs of the experiment. But the steep decrease in bolt load with time and 

increase in crack length with time (Figs. 4.7c and 4.7d) afterwards suggest that crack propagation 

occurred. The stress intensity factor decreases exponentially with crack extension (Fig. 4.7e) and 

further data analyses yielded the average crack growth rate of SS304H at 22 °C under substitute 

ocean water to be 0.975x10-10 ± 9.528x10-12 m/s which is in good agreement with the average 

crack growth rate for SS304 at 22 °C as reported by Speidel of 1.438x10-10 m/s [3]. 
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Figure 4.7a. Bolt load variation with time 
Figure 4.7b. Crack length versus time

 

Figure 4.7c. Stress intensity factor with time 

 

Figure 4.7d. Crack growth versus time

 

Figure 4.7e. Stress intensity factor versus 

crack extension 

 

Figure 4.7f. Crack growth rate with stress 

intensity factor for SS304H under substitute 

ocean water at 22 °C.
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Another experiment was conducted with a sensitized SS304H specimen fatigue pre-cracked to 860 

μm and with an applied load of 1,730 lbf (31 MPa m1/2) submerged in substitute ocean water at 37 

°C for nine weeks. As the experiment was conducted at higher temperature, the crack propagation 

occurred earlier than at 22 °C. From the bolt load behavior with time in Fig. 4.8a and crack length 

versus time in Fig. 4.8b, crack is noted to propagate after three days of the experiment. Performing 

the experiment for a longer time produced a saturation in the behavior of stress intensity factor 

with time as shown in Fig. 4.8d giving a threshold stress intensity factor (KISCC) of SS304H at 37 

°C under substitute ocean water of 15 MPa m1/2. Although there is no direct comparison for KISCC 

at this temperature, a fair comparison can be made with that obtained by Speidel for sensitized 

SS304 in 22% NaCl environment at 105 °C of 9 MPa m1/2 [4]. Figure 4.8f shows that the stress 

intensity factor decreases in the same manner as in the previous experiment and data analyses from 

Fig. 4.8g for SS304H experiment at 37 °C under substitute ocean water produces an average crack 

growth rate of 3.258x10-10 ± 9.551x10-11 m/s. A calculation of JISCC is shown in Eq. 4.1,  

 

𝐽 =  
𝐾2(1−𝜈2)

𝐸
                                                         (4.1) 

 

and by using the obtained data from the crack growth experiment of KISCC = 15 MPa m1/2, ν = 0.3, 

and E = 200 GPa, JISCC = 1023.75 J/m2 is obtained. 
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Figure 4.8. (a) Bolt load versus time, (b) crack length versus time, (c) stress intensity factor 

versus logarithmic time, (d) threshold stress intensity factor, (e) crack growth versus time, (f) 

stress intensity factor versus crack growth and (g) crack growth rate with stress intensity factor 

for SS304H under substitute ocean water at 37 °C. 
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Another sensitized SS304H specimen was fatigue pre-cracked to 735 μm and submerged 

in substitute ocean water with a starting applied load of 30 MPa m1/2 at 60 °C. The plots of bolt 

load and crack length with time in Figs. 4.9a and 4.9b indicate that the applied load decreases 

slowly and the crack length remains constant for the first 18 hours of the experiment. Based on the 

applied load behavior with time, the stress intensity factor with time was obtained as displayed in 

Fig. 4.9c. Fig. 4.9d shows the crack growth behavior with time indicating crack extension occurred 

after 18 hours (6.7x104 s). In addition, following crack propagation, the stress intensity factor 

decreases exponentially with crack extension (Fig. 4.9e). Crack growth rate behavior with stress 

intensity factor in Fig. 4.9f produces an average crack growth rate of SS304H at 60 °C under 

substitute ocean water of 1.580x10-9 ± 2.593x10-10 m/s. 
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Figure 4.9a. Bolt load versus time 

 

Figure 4.9b. Crack length versus time 

Figure 4.9c. Stress intensity factor with time 

 

Figure 4.9d. Crack growth versus time

Figure 4.9e. Stress intensity factor with 

crack extension 

 

Figure 4.9f. Crack growth rate versus stress 

intensity factor for SS304H at 60 °C.
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4.4.3. Crack growth experiments with sensitized SS304L specimens in substitute ocean water  

To determine the effect of carbon content on corrosion resistance, three experiments were 

conducted with sensitized SS304L specimens. Three specimens were fatigue pre-cracked to 1,450 

μm with an initial applied load of 1,712 lbf (34.3 MPa m1/2), 980 μm with an initial applied load 

of 1,545 lbf (28.6 MPa m1/2) and 1,000 μm with 1,472 lbf (27.3 MPa m1/2) and were all submerged 

in substitute ocean water at temperatures of 21, 38 and 60 °C, respectively. Data analyses yielded 

an average crack growth rate of 3.064x10-11 ± 4.009x10-12 m/s for SS304L experiment at 21 °C, 

1.945x10-10 ± 1.315x10-11 m/s at 38 °C and 8.830x10-10 ± 9.863x10-11 m/s at 60 °C. These average 

crack growth rates are lower compared to those for SS304H indicating that the lower the carbon 

content, the better the corrosion resistance and therefore, the lower the crack growth rate. The 

results from the experiments with sensitized SS304L are presented in Figs. 4.10-4.12, respectively 

for the three specimens. 
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Figure 4.10a. Bolt load versus time 

 

Figure 4.10b. Crack length versus time

Figure 4.10c. Stress intensity factor with 

time 

 

Figure 4.10d. Crack growth versus time

  

Figure 4.10e. Stress intensity factor with 

crack extension 

 

Figure 4.10f. Crack growth rate versus 

stress intensity factor for SS304L at 21 °C.
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Figure 4.11a. Bolt load versus time 

 

Figure 4.11b. Crack length versus time

 

Figure 4.11c. Stress intensity factor with 

time 

 

Figure 4.11d. Crack growth versus time

  

Figure 4.11e. Stress intensity factor with 

crack extension 

  

Figure 4.11f. Crack growth rate versus 

stress intensity factor for SS304L at 38 °C.
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Figure 4.12a. Bolt load versus time Figure 4.12b. Crack length versus time

 

Figure 4.12c. Stress intensity factor with 

time 

 

Figure 4.12d. Crack growth versus time

  

Figure 4.12e. Crack growth rate versus stress intensity factor for SS304L at 60 °C. 
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4.4.4. Effect of temperature on crack growth of sensitized SS304 specimens in substitute 

ocean water 

The temperature dependence of the crack growth rates is described through an Arrhenius 

equation as expressed by 

 

𝑑𝑎

𝑑𝑡
= 𝐶 exp [

−𝑄

𝑅𝑇
]                                       (4.2) 

 

where da/dt = crack growth rate (m/s), C = an arbitrary constant, Q = activation energy (J/mol),  

R = universal gas constant (8.314 J/mol K) and T = temperature (K). The average crack growth 

rates obtained with sensitized SS304H and sensitized SS304L each at three different temperatures 

are plotted as a function of their corresponding inverse temperatures in Fig. 4.13. The activation 

energy is then evaluated from the slope of the lines to be 60.9 ± 0.62 kJ/mol for sensitized SS304H 

and 69.1 ± 8.96 kJ/mol for sensitized SS304L, respectively. 

 

Figure 4.13. Arrhenius plot of crack growth rates for sensitized SS304H and sensitized SS304L. 
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These two activation energies are in agreement with those obtained by Khatak et al in the 

range of 50-65 kJ/mol for sensitized SS304 in NaCl environment [5,6]. Louthan and Derrick 

associated this activation energy with hydrogen diffusion in iron and austenitic stainless steels [6-

8] implying hydrogen embrittlement is responsible for stress corrosion cracking. Hydrogen is 

produced in the cathode as shown in Eq. 4.3 where it then enters the region of higher triaxial tensile 

stress regions in the steel matrix at the crack tip creating corrosion tunnels. These corrosion tunnels 

in turn initiate crack which then sharpen the crack tip thereby increasing the stress concentration. 

Hydrogen then segregates at slip bands and grain boundaries ahead of the crack tip separating the 

grain boundaries to produce intergranular fracture [9-12]. This propagating crack caused by crack-

tip deformation produces brittle fracture as encountered in in-service structures [13]. As in any 

reaction, temperature dictates the speed of the particles’ movement [14] and for the case of crack 

growth, the speed of hydrogen propagation through the tunnels enhances crack growth. Increasing 

temperature increases the speed of the particles resulting in an increase of speed of hydrogen 

propagation through the tunnels which is reflected in higher average crack growth rates for higher 

operating temperatures as seen in Fig. 4.13. The effect of temperature on crack growth rate is 

confirmed by Andresen [15] and Spencer et al [16]. 

 

𝐴𝑛𝑜𝑑𝑖𝑐 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛: 𝐹𝑒 (𝑠) → 𝐹𝑒2+(𝑎𝑞) + 2𝑒− 

𝐶𝑎𝑡ℎ𝑜𝑑𝑖𝑐 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛: 2 𝐻2𝑂 (𝑙) + 2 𝑒− → 𝐻2 (𝑔) + 2𝑂𝐻−(𝑎𝑞) 

𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛: 𝐹𝑒(𝑠) + 2𝐻2𝑂(𝑙) → 𝐹𝑒2+(𝑎𝑞) + 𝐻2(𝑔) + 2𝑂𝐻−(𝑎𝑞)                        (4.3) 
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The average crack growth rates obtained from the experiments with sensitized SS304H and 

sensitized SS304L in substitute ocean water are compared with those from Speidel with sensitized 

SS304 in NaCl solution [3] in Fig. 4.14. 

 

Figure 4.14. Comparison of average crack growth rates between the experimental values and 

those from Speidel at 22, 40 and 60 °C [3]. 

 

4.4.5. Effect of temperature on crack initiation in substitute ocean water 

Figure 4.15a shows time for crack initiation versus temperature and Fig. 4.15b shows 

Arrhenius plot of crack initiation time for both sensitized SS304H and sensitized SS304L where 

the time for crack initiation is strongly dependent upon temperature. Temperature dictates the 

speed of the particles’ movement in a reaction [14] and for the case of crack initiation, temperature 

governs the speed of transport of chloride ions to the crack tip where chloride ions remove the 

antioxidant or passive surface film from the surface of a material and initiate the oxidation process 
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[17,18]. Increasing temperature increases the speed of transport of chloride ions to the crack tip 

implying that the destruction of passive surface film will occur earlier. This is reflected in Fig. 

4.15 where crack initiation occurs earlier for higher operating temperature. The influence of 

temperature on crack initiation was also investigated by Andresen in his study with sensitized 

SS304 [15] and Spencer et al. with SS304L [16] who obtained an activation energy of 42 and 34 

kJ/mol, respectively indicating diffusion of chloride ions to the crack tip. 

Figure 4.15. (a) Crack initiation time versus temperature and (b) Arrhenius plot of crack 

initiation time for sensitized SS304H and sensitized SS304L under substitute ocean water. 

 

Thompson suggested that two mechanisms are involved in SCC [19]; slip dissolution 

mechanism which is responsible for crack tip sharpening and crack initiation [20,21] and hydrogen 

embrittlement which causes crack propagation [22-24]. Based on the experiments conducted, 

chloride ions are vital for crack initiation in breaking the passive surface film and hydrogen 

embrittlement is responsible for crack propagation in SCC with temperature being an important 

parameter [25]. As hydrogen is produced from the corrosion reaction, temperature dictates the 

speed of the reaction kinetics of hydrogen, i.e. temperature determines the speed of the hydrogen 
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transport to the crack tip and once the crack initiates, hydrogen diffuses through the grain 

boundaries for crack propagation [26]. The higher the temperature, the faster the hydrogen 

transport to the crack tip as indicated by the crack initiation time and faster the hydrogen 

propagation through grain boundaries as shown by the crack growth rates.  

 

4.4.6. Crack growth experiments on sensitized SS304L in NaCl solution 

An experiment was carried out to investigate the effect of salt concentration on crack 

growth rate with sensitized SS304L at 39 °C in a higher salt concentration of 126 g/L NaCl. The 

specimen was fatigue pre-cracked to 732 μm with an initial applied load of 1,631 lbf (28.9 MPa 

m1/2) and yielded an average crack growth rate of 1.985x10-10 ± 2.603x10-11 m/s (Fig. 4.16e) 

indicating that higher salt concentration does not increase the crack growth rate in SS304L. 

However, the crack initiation occurred faster at higher salt concentration (64.5 hrs) compared to 

the experiment with sensitized SS304L at 38 °C in 42 g/L substitute ocean water (68.6 hrs).  

Therefore, the higher the salt concentration, the faster is the crack initiation. 
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Figure 4.16a. Bolt load versus time 
Figure 4.16b. Crack length versus time

Figure 4.16c. Stress intensity factor with 

time 

Figure 4.16d. Crack growth versus time

 

Figure 4.16e. Crack growth rate versus time for SS304L in 126 g/L NaCl solution at 39 °C. 
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4.4.7. Crack growth experiments on sensitized SS304H specimens in MgCl2 solution 

To inspect whether the chlorine in MgCl2 brine is more aggressive than that in NaCl which 

was presumed to contribute to the higher crack growth rate in MgCl2 brine [4], an experiment was 

implemented with sensitized SS304H at 60 °C in MgCl2 brine.  The specimen was fatigue pre-

cracked to 700 μm and an initial stress intensity factor of 22 MPa m1/2 was applied.  An average 

crack growth rate of 1.017x10-9 ± 1.052x10-10 m/s was obtained from Fig. 4.17e which is of the 

same order of magnitude as that of sensitized SS304H under substitute ocean water at the same 

temperature of 60 °C. This suggests that temperature is the main parameter in determining the 

average crack growth rate. In assessing the effect of chlorine in MgCl2 brine and NaCl on average 

crack growth rate, Speidel conducted the experiments at 105 °C with NaCl and 130 °C with MgCl2 

brine which resulted in the higher crack growth rate under MgCl2 brine due apparently to its higher 

operating temperature [4]. 
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Figure 4.17a. Bolt load versus time 

 

Figure 4.17b. Crack length versus time

 

Figure 4.17c. Stress intensity factor with 

time 

 

Figure 4.17d. Crack growth versus time

  

Figure 4.17e. Crack growth rate versus stress intensity factor for SS304H at 60 °C in MgCl2.  
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4.4.8. Crack growth experiments with sensitized SS304H specimens in NaCl + HCl solution  

An experiment was carried out with sensitized SS304H under NaCl + 3mL/L HCl solution 

at 60 °C to study the effect of pH on crack growth rate. The specimen had a fatigue pre-crack 

length of 847 μm and the experiment began with an initial stress intensity factor of 24.4 MPa m1/2. 

The experimental results are shown in Figs. 4.18.  An average crack growth rate of 2.146x10-9 ± 

1.190x10-10 m/s was achieved (Fig. 4.18e) from the experiment which is significantly higher than 

that with sensitized SS304H under substitute ocean water at 60 °C. One plausible reason for the 

higher average crack growth rate is the lower pH (0.9) of the solution indicating that more 

hydrogen exists in the solution which act as a catalyst for the crack propagation apart from the 

operating temperature. 
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Figure 4.18a. Bolt load versus time 

 

Figure 4.18b. Crack length versus time

 

Figure 4.18c. Stress intensity factor with 

time 

 

Figure 4.18d. Crack growth versus time

 

Figure 4.18e. Crack growth rate versus stress intensity factor for SS304H at 60 °C in NaCl + 

3mL/L HCl solution. 
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4.5. Microstructural characterization following crack growth experiments 

4.5.1. Microstructural characterization of non-sensitized SS304 specimens 

After the crack growth experiments, the specimens were cleaned with acetone and observed 

under microscope for crack growth measurement. Subsequently, the specimen was etched with the 

same solution as mentioned previously to observe the nature of crack propagation. Although the 

specimens were plastically deformed during loading for the two crack growth experiments with 

non-sensitized SS304 material and crack growth rate could not be obtained, they were still 

submerged under substitute ocean water to investigate the material behavior under marine 

environment. After 12 days of submersion, the non-sensitized specimen exhibited pitting corrosion 

as observed in Fig. 4.19.   

 

Figure 4.19. A non-sensitized SS304 specimen with pitting corrosion  

after submersion in marine environment. 
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4.5.2. Microstructural characterization of sensitized SS304H  

Optical microscopy was also performed on the sensitized SS304H specimens submerged 

in substitute ocean water at 22 °C. Figure 4.20a illustrates that the stress corrosion cracking in 

marine environment does not only open the crack but also produce branching at the crack tip. 

Crack length measurement from the micrograph yielded a value of 1,310 μm indicating a crack 

growth of 413 μm (after subtracting the fatigue pre-crack length of 897 μm) while the DCPD 

measurement yielded a crack growth of 405 μm showing a good agreement. As noted in Fig. 4.20, 

crack propagation occurred intergranularly. 
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Figure 4.20. (a) Cracked sensitized SS304H and branching at the crack tip and (b)-(e) 

intergranular crack propagation of sensitized SS304H  

after submersion in marine environment at 22 °C.
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The crack growth experiment of sensitized SS304H at 37 °C corroded the entire WOL 

specimen as illustrated in Fig. 4.21a. Crack length measurement from the micrograph yielded a 

value of 2,775 μm indicating a crack growth of 1,915 μm whereas the DCPD measurement yielded 

a crack growth of 1,840 μm again in good agreement. Observation under metallurgical microscope 

shows most of the cracks propagated intergranularly as displayed in Fig. 4.21c-f.  

Figure 4.22a shows the condition of the sensitized SS304H WOL specimen after the 

submersion in substitute ocean water at 60 °C while Fig. 4.22c and d illustrate that the stress 

corrosion cracking in marine environment opened the crack with branching of the crack as in the 

previous experiments. Crack length measurement from the micrograph yielded a value of 1,377 

μm as displayed in Fig. 4.22b indicating a crack growth of 642 μm (after subtracting the fatigue 

pre-crack length of 735 μm) while the DCPD measurement yielded a crack growth of 615 μm. 

Intergranular crack propagations are shown in Figs. 4.22e and 4.22f for SS304H specimen tested 

at 60 °C.
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Figure 4.21. (a) A WOL specimen of sensitized SS304H after nine weeks under substitute ocean 

water at 37 °C, (b) crack length measurement of 2775 μm under a metallurgical microscope and 

(c)-(f) intergranular crack propagation of sensitized SS304H after submersion  

in marine environment for nine weeks at 37 °C. 
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Figure 4.22. (a) Conditions of sensitized SS304H WOL specimen after the experiment under 

substitute ocean water at 60 °C, (b) a total crack length of 1377 μm, (c) and (d) cracked open 

sensitized SS304H and branching of the crack and (e) and (f) intergranular crack propagation of 

sensitized SS304H after submersion in substitute ocean water at 60 °C. 
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4.5.3. Microstructural characterization of sensitized SS304L 

The crack growth experiment using sensitized SS304L in substitute ocean water at a 

temperature of 21 °C produces a total crack length of 1,535 μm from the micrograph as shown in 

Fig. 4.23a indicating a crack growth of 85 μm in agreement with the DCPD measurement of 75 

μm. An intergranular crack propagation of the sensitized SS304L from the experiment is shown in 

Fig. 4.23b.   

 
Figure 4.23. (a) A measurement of total crack length of 1535 μm and (b) intergranular crack 

propagation of sensitized SS304L after submersion in substitute ocean water at 21 °C. 

 

Figure 4.24a exhibits the condition of WOL specimen after the crack growth experiment 

of sensitized SS304L at a temperature of 38 °C and Fig. 4.24b illustrates a crack growth of 277 

μm from the micrograph which agrees well with the crack growth from the DCPD measurement 

of 298 μm. Figures 4.24c-f exhibit intergranular crack propagation of sensitized SS304L after 

submersion in substitute ocean water at 38 °C. 
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Figure 4.24. (a) Condition of WOL specimen after the experiment, (b) crack growth 

measurement of 277 μm using optical microscopy and (c)-(f) intergranular crack propagation of 

sensitized SS304L after submersion in substitute ocean water at 38 °C. 
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Figure 4.25a shows the condition of WOL specimen after the crack growth experiment 

using sensitized SS304L at a temperature of 60 °C whereas Fig. 4.25b displays the total crack 

length from the micrograph. Intergranular crack propagation of sensitized SS304L after the 

experiment is shown in Fig. 4.25c and d. 

 

Figure 4.25. (a) Condition of sensitized SS304L WOL specimen after the experiment, (b) total 

crack length and (c) and (d) intergranular crack propagation of sensitized SS304L after 

submersion in substitute ocean water at 60 °C. 

 

 

 

 



 

115 

 

4.5.4. Microstructural characterization of sensitized SS304L in 126 g/L NaCl 

The condition of WOL specimen after the crack growth experiment of sensitized SS304L 

at a temperature of 39 °C in 126 g/L NaCl solution is included in Fig. 4.26a while Fig. 4.26b 

displays a crack growth of 444 μm from the micrograph matching the crack growth from the DCPD 

measurement of 443 μm. Intergranular crack propagation of sensitized SS304L after the 

experiment is shown in Fig. 4.26c and d.

 
Figure 4.26. (a) Condition of sensitized SS304L WOL specimen after the experiment, (b) crack 

growth of 444 μm using optical microscopy and (c) and (d) intergranular crack propagation of 

sensitized SS304L after submersion in 126 g/L NaCl solution at 39 °C. 
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4.5.5. Microstructural characterization of sensitized SS304H in MgCl2 brine 

The crack growth experiment with sensitized SS304H in MgCl2 brine at a temperature of 

60 °C grew the crack by 390 μm from the micrograph as shown in Fig. 4.27a which conforms to 

the DCPD measurement. Intergranular crack propagation of sensitized SS304H after the 

experiment is shown in Fig. 4.27b-e. 

 

Figure 4.27. (a) A crack growth of 390 µm and (b)-(e) intergranular crack propagation of 

sensitized SS304H after submersion in MgCl2 solution at 60 °C. 
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4.5.6. Microstructural characterization of sensitized SS304H in NaCl + HCl solution

Figure 4.28a shows the condition of WOL specimen after the crack growth experiment 

whereas Fig. 4.28b displays the total crack length from the micrograph. Intergranular crack 

propagation of sensitized SS304H after the experiment is shown in Fig. 4.28c-f. All the observed 

intergranular crack propagations are due to the chromium depletion along the grain boundaries 

[27-29]. 

 
Figure 4.28. (a) Condition of sensitized SS304H WOL specimen after the experiment and (b) 

total crack length using optical microscopy and (c)-(f) intergranular crack propagation of 

sensitized SS304H after submersion in 42 g/L NaCl + 3 mL/L HCl solution at 60 °C. 
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK 

The average crack growth rates of all the conducted experiments are summarized in Table 

5.1, and the comparison of crack growth measurement using DCPD technique and optical 

microscopy are displayed in Table 5.2. 

Based on the conducted experiments, it can be concluded that: 

1. From the experiments using sensitized SS304H and sensitized SS304L at 22, 37 and 60 °C, 

activation energies of 60.9 ± 0.62 and 69.1 ± 8.96 kJ/mol are obtained from the crack growth 

rates respectively indicating that hydrogen diffusion controls the SCC crack propagation in 

iron and steels whereas activation energies of 61.02 ± 5.97 and 43.54 ± 0.77 kJ/mol are 

obtained from the crack initiation time respectively indicating chloride ion diffusion controls 

crack initiation. 

2. Hydrogen embrittlement is the main mechanism for stress corrosion cracking with temperature 

being the main important parameter as it governs the hydrogen propagation for crack growth 

as shown in Fig. 5.1 and chloride transport to the crack tip for crack initiation in Fig. 5.2.  

3. The threshold stress intensity factor (KISCC) of sensitized SS304H under substitute ocean water 

at 37 °C is 15 MPa m1/2, and therefore, its JISCC is 1023.75 J/m2. 

4. Reducing carbon concentration in SS304L increases the corrosion resistance and thus, lowers 

the crack growth rate. 

5. Increasing salt concentration does not significantly increase the crack growth rate in sensitized 

SS304L (6.13 vs 6.26 mm/yr); therefore, salt concentration does not affect the crack growth 

rate in sensitized SS304L.  
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6. However, increasing salt concentration makes the cracks initiate slightly earlier (68.6 vs 64.5 

hrs) in sensitized SS304L; thus, salt concentration influences crack initiation in sensitized 

SS304L where the higher the salt concentration, the faster is the crack initiation. 

7. DCPD technique is suitable for monitoring load changes and crack growth during SCC 

experiments. 

8. Microstructural characterization after the experiments for the sensitized specimens indicates 

that cracks propagate intergranularly due to the chromium depletion by forming carbides 

(M23C6) along the grain boundaries. 

 

Table 5.1. Summary of crack growth experiments. 

Specimen 
Temp 

(°C) 
Environment pH 

Salt 

Conc. 

(g/L) 

Average da/dt 

(m/s) 

Average 

da/dt 

(mm/year) 

Crack 

Initiation 

(hrs) 

304H 

22.0 ± 0.6 

Substitute 

ocean water 
8.2 42 

0.975 x 10-10 ± 

9.528 x 10-12 

3.07 ± 

0.30 
310.5 

37.2 ± 0.9 
3.258 x 10-10 ± 

9.551 x 10-11 

10.27 ± 

3.01 
75.7 

60.3 ± 0.5 
1.580 x 10-9 ± 

2.593 x 10-10 

49.83 ± 

8.18 
18.5 

304L 

21.4 ± 0.7 
3.064 x 10-11 ± 

4.009 x 10-12 

0.97 ± 

0.13 
186.5 

38.4 ± 0.7 
1.945 x 10-10 ± 

1.315 x 10-11 

6.13 ± 

0.42 
68.6 

60.2 ± 0.2 
8.830 x 10-10 ± 

9.863 x 10-11 

27.85 ± 

3.11 
 

23.5 
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Table 5.1 (continued). 

304L 39.0 ± 0.8 NaCl  126 
1.985 x 10-10 ± 

2.603 x 10-11 

6.26 ± 

0.82 
64.5 

304H 60.8 ± 1.1 MgCl2  
6.1 

mol/kg 

1.017 x 10-9 ± 

1.052 x 10-10 

32.07 ± 

3.32 
27.7 

304H 60.1 ± 0.5 NaCl + HCl 0.9 42 
2.146 x 10-9 ± 

1.190 x 10-10 

67.68 ± 

3.75 
28.7 

 

Table 5.2. Comparison of crack growth values from DCPD technique and optical microscopy  

Specimen 
Temp 

(°C) 
Environment pH 

Salt 

Conc. 

(g/L) 

Crack Growth 

DCPD (μm) 

Crack 

Growth 

Optical 

Microscopy 

(μm) 

Difference 

(%) 

304H 

22.0 ± 0.6 

Substitute 

ocean water 8.2 

42 

405 413 1.94 

37.2 ± 0.9 1840 1915 3.92 

60.3 ± 0.5 615 642 4.21 

304L 

21.4 ± 0.7 75 85 11.76 

38.4 ± 0.7 298 277 7.58 

60.2 ± 0.2 402 367 9.54 

304L 39.0 ± 0.8 NaCl 126 443 444 0.07 

304H 60.8 ± 1.1 MgCl2  
6.1 

mol/kg 
390 353 9.49 

304H 60.1 ± 0.5 NaCl + HCl 0.9 42 807 760 6.18 
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Figure 5.1. Crack growth rate versus inverse temperature for sensitized SS304H and sensitized 

SS304L under different environments. 

 

Figure 5.2 (a) Crack initiation time with temperature and (b) Arrhenius plot of crack initiation 

time for sensitized SS304H and sensitized SS304L under different environments. 
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FUTURE WORK 

The following crack growth experiments are suggested: 

1. Sensitized SS304H under substitute ocean water or NaCl solution at higher concentrations such 

as at 126 g/L at 40 °C to determine the effect of salt concentration on average crack growth 

rates and/or crack initiation times of sensitized SS304H. 

2. Sensitized SS304H and L under MgCl2 brine at different temperatures (22, 40 and 60 °C) to 

determine the activation energy from their average crack growth rates as a function of inverse 

temperature. 

3. Sensitized SS304H and L under substitute ocean water or NaCl solution with different pH 

levels to assess the effect of pH on average crack growth rates, crack initiation time or other 

factors. 

4. Sensitized SS304H and L of several different degrees of sensitization under substitute ocean 

water at varied temperatures such as at 22, 40 and 60 °C. Such experiments can give useful 

information on the effect of degree of sensitization on the following but not limited to average 

crack growth rates, crack initiation time and activation energy. 
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Appendix B 

Fracture Mechanics-Based Study of Stress Corrosion Cracking of SS304 Dry Storage 

Canister for Spent Nuclear Fuel 
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Appendix C 

Understanding stress corrosion cracking behavior of austenitic stainless steel SS304 for dry 

storage canisters in simulated sea-water 
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