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ABSTRACT 

This study is part of a larger study designed to help a consortium of pipeline operators 

replace current (very expensive) approaches to managing stress corrosion cracking (SCC) 

concerns in near-neutral pH (NNPH) environments with mathematical models that predict SCC 

growth rates. This could significantly reduce the cost of pipeline integrity management 

programs. The goal was to help find ways to improve the accuracy of existing models. 

NNPHSCC cracks are surface-type flaws. However, NNPHSCC was typically modelled 

as through-thickness cracks in previous laboratory studies. This was identified as a major reason 

why current NNPHSCC models are inaccurate. Therefore, this study was designed to model 

NNPHSCC cracks as surface-type flaws rather than through-thickness cracks.  

Results showed contrary to popular opinion that surface-type flaws propagated less 

rapidly than through-thickness cracks in NNPHSCC environments. Also, inherent variations in 

the local environment under a disbondment produce hydrogen concentration gradients that result 

in very high propagation rates at the open mouth of a disbondment. The propagation rate declines 

very sharply non-linearly distance away from the open mouth inside the disbondment. It was 

determined the environmental factor used to account for the contribution of the environment to 

crack propagation, could be up to ten times higher at the open mouth compared to other locations 

under the disbondment. Identifying these issues helps to guide NNPHSCC modellers in selecting 

more appropriate growth rates for SCC programs. A series of propagation rate ranges under 

various environmental and mechanical loading conditions were determined.  

Contrary to popular opinions, increased CO2 concentration in groundwater decreased 

crack propagation rates by intensifying (environmental) crack tip blunting. This delayed crack 

re-initiation from a dormant state. Under benign loading conditions, this helps to reduce/stop 



crack growth by driving towards dormancy. Mechanically blunting a crack tip was found to 

produce the same effect. Hydrogen enhanced localized plasticity (also called hydrogen enhanced 

low temperature creep) was found to be responsible for this blunting effect. Means of 

manipulating the mechanical loading factors to produce this effect were identified.



 

ACKNOWLEDGEMNT 

My sincerest appreciations go to Dr Weixing Chen for giving me the opportunity to work 

on this project. I am very grateful for his most valuable guidance, timely advice and support 

throughout the duration of this study. I sincerely appreciate Dr. Reginald Eadie for making his 

research facilities available to me for this work and for sharing his vast insight and knowledge in 

the field freely with me. I acknowledge Dr. Hao Zhang’s valuable contributions and technical 

support at various stages of this work. 

I am grateful to NSERC for the award of PGSD Scholarship, and special thanks are due 

to TransCanada, Spectra Energy, Department of Transportation, Pipeline Research Council, and 

Enbridge for financial support for this study. I must also express my profound appreciation to 

Messieurs Clark Bicknell, Dave Parlin, James Mckinnon, Herb Green, Kevin Heidebrecht, 

Robert (Bob) Smith and, Walter Boddez, Les Dean, and Richard Cooper for their technical 

assistance. Mr Clarke Bicknell was amazing in every way possible.  I will also like to express my 

gratitude to my wonderful friends – the Rabius, the Oladirans, the Idowus, the Obiosa-Maifes, 

Joy Welke, Janna Olson, Tammy Adante – and colleagues in the group: Majid Eslami, 

Mohammad Marvasti, Xinwei Cui, Hao Li, Tianfei Wang, Dong Ziquiang, Tinyong Xing, 

Yonwang Kang, and others.  

I am profoundly grateful for the understanding and wonderful support of my dad and 

siblings – the ‘Folas – Folake, Folarin and Folahan (D.Y.), who were put to great inconveniences 

when I decided to proceed on this study. Words will fail to express my gratitude to Mrs. E.Y. 

Egbewande (my mum, most prized friend, and supporter); your love, faith and passion has been 

my best encouragement at every stage of my pursuits. Finally, my unreserved appreciation goes 

to God, the source of my wisdom and understanding. 



 

 

Table of Contents 

 

1.0 Introduction ................................................................................................................................... 2 

References ..................................................................................................................................................... 5 

2.1 Important background concepts ........................................................................................................ 7 

2.1.1 General description of corrosion ............................................................................................... 7 

2.1.2 Galvanic corrosion .................................................................................................................. 10 

2.1.3 Pitting corrosion ...................................................................................................................... 10 

2.1.4 Hydrogen embrittlement (hydrogen induced cracking) ................................................................. 12 

2.1.5 Pipelines operation and corrosion prevention ......................................................................... 12 

2.2 Environmentally induced cracking ....................................................................................................... 13 

2.2.1 Stress corrosion cracking ........................................................................................................ 14 

2.2.2 History of stress corrosion cracking ........................................................................................ 14 

2.2.3 SCC in pipelines...................................................................................................................... 16 

2.2.4 SCC development ................................................................................................................... 18 

2.3 Effects of alloy metallurgy – material factors ................................................................................. 20 

2.3.1  Microstructure ........................................................................................................................ 22 

2.3.2  Inclusions ............................................................................................................................... 24 

2.3.3 Carbon content and alloying additions .................................................................................... 26 

2.3.4 Weld heat affected zones ........................................................................................................ 28 

2.3.5 Precipitates .............................................................................................................................. 29 

2.3.6  Grain size ............................................................................................................................... 30 

2.3.7 Lattice strain (deformation) .................................................................................................... 31 

2.4 Mechanical factors – stress ............................................................................................................. 32 

2.4.1 Forming process and residual stress ........................................................................................ 35 

2.4.2 Stress concentration ................................................................................................................ 37 



 

2.4.3 Hydrostatic testing .................................................................................................................. 37 

2.4.3 Summary of the effect of stress on SCC ................................................................................. 39 

2.4.4 Cyclic loading ......................................................................................................................... 41 

2.4.5  Effect of strain rates ............................................................................................................... 45 

2.5 Environmental factors ..................................................................................................................... 47 

2.5.1 Soil .......................................................................................................................................... 47 

2.5.2 Role of hydrogen ..................................................................................................................... 49 

2.5.3  Electrolytes ............................................................................................................................ 51 

2.5.4 Effect of applied potential ....................................................................................................... 54 

2.5.5 Effect of the type of coating .................................................................................................... 57 

2.5.6 Seasonal variation ................................................................................................................... 61 

2.6 Corrosion fatigue ............................................................................................................................ 63 

2.6.1 Corrosion Fatigue Mechanisms .............................................................................................. 65 

2.6.2  Factors controlling corrosion fatigue ..................................................................................... 69 

2.6.3  Mechanical factors ................................................................................................................. 69 

2.6.4  Corrosion fatigue initiation .................................................................................................... 72 

2.6.5 Corrosion fatigue crack propagation ....................................................................................... 74 

2.7 SCC propagation mechanisms .................................................................................................... 76 

2.7 Dormancy ........................................................................................................................................ 82 

2.8 Mechanisms of hydrogen embrittlement ......................................................................................... 83 

2.8.1  Decohesion model .................................................................................................................. 83 

2.8.2 Adsorption model .................................................................................................................... 86 

2.8.3 Pressure theory ........................................................................................................................ 86 

2.8.4  Surface energy theory ............................................................................................................ 87 

2.8.5  Enhanced plastic flow theory ................................................................................................. 87 

2.8.6 Hydride formation theory ........................................................................................................ 89 

2.8.7 Hydrogen attack ...................................................................................................................... 89 



 

2.9 Predictive modeling of NNPHSCC ................................................................................................. 89 

2.9.2 Crack tip strain rate model ...................................................................................................... 95 

2.9.3 Superposition model ............................................................................................................... 98 

2.9.4 Corrosion fatigue model ........................................................................................................ 100 

2.10 Fatigue Cracking details................................................................................................................ 102 

2.10 Crack closure ................................................................................................................................ 108 

2.11 SCC in near-neutral pH environment and current models – A discussion .................................... 113 

2.12 Objective ....................................................................................................................................... 117 

References ................................................................................................................................................. 118 

3.0 Introduction ................................................................................................................................... 147 

3.1 Experimental ................................................................................................................................. 151 

3.1.1 Sample preparation ............................................................................................................... 151 

3.1.2 Mechanical loading ............................................................................................................... 156 

3.1.3 Post-test Analysis .................................................................................................................. 158 

3.2 Results ........................................................................................................................................... 159 

3.2.1 Characteristics of crack growth monitored by potential drop systems ................................. 159 

3.2.2 Morphological characteristics of cracks on surface .............................................................. 161 

3.2.3 Morphological characteristics of cracks at the depth direction ............................................. 166 

3.2.4 Morphological characteristics of fracture surface ................................................................. 169 

3.2.5 Determination of crack growth rate ...................................................................................... 169 

3.3 Discussion ..................................................................................................................................... 173 

3.3.1 Variation in local environment under the disbondment ........................................................ 173 

3.3.1.1  Variation in CO2 concentration in the solution in contact with specimen surface ........ 173 

3.3.1.2  Effect of hydrogen abundance on dissolution rate ........................................................... 175 

3.3.1.3 Variation in hydrogen concentration at the crack tip with distance from the open mouth ... 176 

3.3.2 General understanding of cracking mechanisms of pipeline steels in near-neutral pH 

environments ..................................................................................................................................... 177 



 

3.3.3 Crack growth mechanisms under disbonded coating ............................................................ 179 

3.3.3.1  Crack growth at the surface tip ........................................................................................ 179 

3.3.3.2  Crack growth at the depth tip ........................................................................................... 184 

3.3.4 Growth rate behavior of surface cracks under disbonded coating ........................................ 186 

3.4 Conclusions ............................................................................................................................... 190 

3.5  References ................................................................................................................................ 192 

4.0 Introduction ................................................................................................................................... 197 

4.1 Experimental ................................................................................................................................. 199 

4.1.1 Sample preparation ............................................................................................................... 199 

4.1.2 Mechanical loading ............................................................................................................... 206 

4.1.3 Post-test Analysis .................................................................................................................. 206 

4.2 Results ........................................................................................................................................... 207 

4.2.1 Crack growth behavior of sharp crack under propagating loading in 5% CO2 (Test 1) ....... 208 

4.2.2  Crack growth behavior of sharp crack preceded by non-propagating loading in 5% CO2 (Test 

II) 211 

4.2.2.1 Condition for crack initiation ............................................................................................ 211 

4.2.2.2  Characteristics of crack morphologies ............................................................................. 212 

4.2.2.3  Crack growth rate behavior .............................................................................................. 220 

4.2.3  Crack growth behavior of sharp crack preceded by non-propagating loading in 20% CO2 

(Test III) 223 

4.2.3.1  Condition of crack initiation ............................................................................................ 225 

4.2.3.2  Characteristics of Crack morphology............................................................................... 225 

4.3 Discussion ..................................................................................................................................... 232 

4.3.1  Crack growth rate behavior .................................................................................................. 232 

4.3.2 Crack growth mechanisms of dormant cracks ...................................................................... 235 

4.3.3 Mechanisms of crack dormancy............................................................................................ 243 

4.3.4 Rate of discontinuous crack propagation .............................................................................. 248 



 

4.4 Conclusions ................................................................................................................................... 254 

References ................................................................................................................................................. 257 

5.1 Introduction ................................................................................................................................... 261 

5.2 Experimental ................................................................................................................................. 263 

5.2.1 Justification of sample geometry and crack size/geometry used .......................................... 270 

5.2.2 Justification of stress level used ............................................................................................ 271 

5.3 Results ........................................................................................................................................... 272 

5.3.1 Mechanical deformation of crack tip in air (Test P1) ........................................................... 272 

5.3.2 Test results in the 20% CO2 environment ............................................................................. 274 

5.3.2.1 Corrosion behavior at sample surface ............................................................................... 274 

5.3.2.2 Crack re-initiation after hydrostatic testing ....................................................................... 274 

5.3.2.3 Crack tip morphology following reloading after hydrostatic testing ................................ 276 

5.3.2.4 Crack propagation behavior .............................................................................................. 276 

5.3.3  Test results in the 5%CO2 environment (Tests II and III) ..................................................... 284 

5.3.3.1 Corrosion behavior at sample surface ............................................................................... 284 

5.3.3.2 Crack re-initiation following loading in the 5% CO2 environment after hydrostatic testing

 284 

5.3.3.3 Crack tip morphology following loading in the 5% environment after hydrostatic testing

 285 

5.3.3.4 Crack propagation behavior in the 5% CO2 environment ................................................. 289 

5.3.4 Comparison of fracture face morphologies ........................................................................... 294 

5.4 Discussion ..................................................................................................................................... 294 

5.4.1 Current understanding of crack propagation mechanisms .................................................... 294 

5.4.2 Crack re-initiation conditions ................................................................................................ 298 

5.4.2.1 Environmentally enhanced mechanical considerations..................................................... 298 

5.4.2.2 Crack tip morphology considerations ................................................................................... 303 

5.4.3 Crack propagation ................................................................................................................. 306 



 

5.4.3.1 Environmental effect on crack growth rates ..................................................................... 307 

5.4.3.2 Effect of loading frequency on growth rates ..................................................................... 308 

5.4.3.3  General Growth Behaviour at open circuit potential ....................................................... 309 

5.5 Conclusions ................................................................................................................................... 313 

References ................................................................................................................................................. 314 

6.1 Introduction ................................................................................................................................... 319 

6.2 Experimental ................................................................................................................................. 320 

6.2.1 Sample preparation ............................................................................................................... 320 

6.2.2 Mechanical loading ............................................................................................................... 327 

6.2.3 Post-test Analysis .................................................................................................................. 327 

6.3 Results ........................................................................................................................................... 328 

6.3.1 Crack growth behavior of sharp crack under propagating loading (Test 1) ................................. 328 

6.3.2  Crack growth behavior of sharp crack preceded by non-propagating loading (Test II) ....... 328 

6.3.3 Test results in 5% CO2 testing environment and applied cathodic potential of 0.9V ........... 334 

6.3.3.1 Corrosion behavior ............................................................................................................ 334 

6.3.3.2 Characteristics of crack morphologies .............................................................................. 334 

6.3.3.3  Condition of crack re- initiation ....................................................................................... 339 

6.3.3.4  Crack growth rate behavior .................................................................................................. 339 

6.4 Test IV results ............................................................................................................................... 347 

6.4.1 Comparison of crack behavior when loaded at 100% SMYS in direct contact with C2 

solution, in indirect contact with C2 solution and in air – Test IV ....................................................... 347 

6.4.2 Crack growth behavior in test IV .......................................................................................... 347 

6.5 Discussion ..................................................................................................................................... 350 

6.5.1 Crack morphology................................................................................................................. 350 

6.5.2 Role of crack wall dissolution ............................................................................................... 350 

6.5.3 Effect of hydrogen on crack morphology ............................................................................. 352 

6.5.4 Effect of hydrogen- enhanced localized plastic deformation ................................................ 357 



 

6.5.6 Crack propagation ................................................................................................................. 359 

6.6 Conclusions ................................................................................................................................... 367 

References ................................................................................................................................................. 368 

7.0 Introduction ................................................................................................................................... 373 

7.1 Experimental ....................................................................................................................................... 375 

7.1.1 Justification of sample geometry and crack size/geometry used .............................................. 381 

7.2 Results ........................................................................................................................................... 382 

7.2.1 Mechanical deformation of crack tip in air (Test P1) ........................................................... 382 

7.2.2 Open circuit potential test results .......................................................................................... 384 

7.2.2.1 Corrosion behavior at sample surface at OCP .................................................................. 384 

7.2.2.2 Crack re-initiation following loading at OCP ................................................................... 384 

7.2.2.3 Crack propagation behavior at OCP ................................................................................. 387 

7.2.3 Test results at an applied potential of -0.9V ......................................................................... 387 

7.2.3.1 Surface features observed at -0.9V ................................................................................... 387 

7.2.3.2 Crack re-initiation following loading at -0.9V .................................................................. 393 

7.2.3.3 Crack propagation behavior at -0.9V ................................................................................ 393 

7.2.4 Test results at an applied cathodic potential of -1.2V ........................................................... 393 

7.2.4.1 Surface features observed at -1.2V ................................................................................... 393 

7.2.4.2 Crack re-initiation following loading at -1.2V .................................................................. 394 

7.2.4.3 Crack propagation behavior at -1.2V ................................................................................ 394 

7.3 Discussion ..................................................................................................................................... 400 

7.3.1 Crack growth mechanism at applied cathodic potential of -1.2V ......................................... 400 

7.3.2 Crack growth mechanism at applied cathodic potential of -0.9V ......................................... 405 

7.3.3 Crack growth behaviour ........................................................................................................ 409 

7.3.3.1 Crack re-initiation ............................................................................................................. 409 

7.3.3.2 Crack propagation ............................................................................................................. 410 

7.3.3.2.1 Crack propagation – Average growth rates ............................................................... 410 



 

7.3.3.2.2 Crack propagation – Corrosion fatigue behaviour .................................................... 412 

7.4 Conclusion .................................................................................................................................... 418 

References ................................................................................................................................................. 420 

CONCLUSIONS....................................................................................................................................... 423 

8.1 Summary and Conclusions.................................................................................................................. 424 

8.2 Recommendations for future work ............................................................................................... 428 

A1.0 Introduction ................................................................................................................................... 431 

A2.0 Experimental method .................................................................................................................... 432 

A3.0  Results and discussion ................................................................................................................. 436 

A4.0 Relevance of hydrogen permeation study to crack growth study ................................................. 445 

A5.0 Conclusion .................................................................................................................................... 448 

References ................................................................................................................................................. 449 

B.1 Materials ....................................................................................................................................... 454 

B.2 Metallography ........................................................................................................................... 454 

B.3 Sample preparation ................................................................................................................... 454 

B.3.1 Sample machining ............................................................................................................. 454 

B.3.2 Sample Pre-fatigue cracking ............................................................................................. 459 

B.3.3 Wire attachment ................................................................................................................ 459 

B.4 Test solution .............................................................................................................................. 459 

B.5 Chemical analysis of test solution ............................................................................................. 459 

B.6 Test Cell ........................................................................................................................................ 462 

B.7 Test assembly ............................................................................................................................ 462 

B.8 Cathodic protection ................................................................................................................... 464 

B.9 Crack growth measurement ...................................................................................................... 465 

B.10 Post-test Sample analysis .......................................................................................................... 465 

B.11 Potential Drop Data analysis ..................................................................................................... 467 

B.11 Hydrogen permeation testing .................................................................................................... 470 



 

List of Tables 

 

Table 2.1: Composition of simulation NNPHSCC soil solutions. Concentrations are in g/litre. pH measure 

after solution was sparged with 5% CO2 bal N2 ......................................................................................... 55 

Table 3-1: Alloy (X65) composition ......................................................................................................... 152 

Table 3-2:  Initial and final stress intensities calculated for the crack at the open mouth ........................ 157 

Table 4-1: Alloy (X65) composition ......................................................................................................... 200 

Table 4-2: Test conditions ........................................................................................................................ 205 

Table 4-3: Characteristics of crack growth for cracks on the specimen surface ....................................... 213 

Table 4-4: Characteristics of crack growth for cracks in the depth direction ........................................... 221 

Table 4-5: Width of crack opening at the bottom of pit after correction for hinge effect in test I ..... 245 

Table 4-6: Width of crack opening at the bottom of pit in test III ...................................................... 247 

Table 5-1: Alloy (X65) composition ......................................................................................................... 264 

Table 5-2: Details of test conditions ......................................................................................................... 269 

Table 5-3: Characteristics of crack growth for cracks on the specimen surface ................................ 283 

Table 5-4: Characteristics of crack growth for cracks in the depth direction ..................................... 283 

Table 5-5: Critical combined factor for surface crack initiation at the open mouth. All units in 

[(MPam)
3
Hz

-0.1
] ...................................................................................................................................... 300 

Table 5-6: Critical combined factor for depth crack initiation at the open mouth. All units in 

[(MPam)
3
Hz

-0.1
] ...................................................................................................................................... 300 

Table 6-1: Alloy (X65) composition ......................................................................................................... 323 

Table 6-2: Test conditions ........................................................................................................................ 326 

Table 6-3: Characteristics of crack growth for cracks on the specimen surface ................................ 340 

Table 6-3: Characteristics of crack growth for cracks in the depth direction ..................................... 341 



 

Table 6-5: Width of crack crevice at the pre-fatigue crack tip (measured at the edge of the EDM slot) after 

correction for hinge effect at the open mouth ........................................................................................... 356 

Table 7-1: Alloy (X65) composition ......................................................................................................... 378 

Table 7-2: Summary of test conditions ..................................................................................................... 380 

Table 7-3: Characteristics of crack growth for cracks on the specimen surface ....................................... 389 

Table 7-4: Characteristics of crack growth for cracks in the depth direction ........................................... 390 

Table A-1: Test Matrix ............................................................................................................................. 435 

Table A-2: Summary of diffusion coefficients ......................................................................................... 440 

Table B- 1: Alloy (X65) composition ....................................................................................................... 455 

Table B- 2: C2 solution composition (pH=6.29) ...................................................................................... 461 

  



 

List of Figures 

 

Figure 2.1: Illustration of the electrochemical nature of corrosion [1]. ........................................................ 9 

Figure 2.2:Showing SCC cracks and pitting corrosion on a pipeline ......................................................... 11 

Figure 2.3: Factors required for SCC to occur ............................................................................................ 21 

Figure 2.4:(a)Preferential corrosion attack in pearlite region , (b) Showing corrosion along banded 

structure [15]. .............................................................................................................................................. 23 

Figure 2.5: Stresses in pipelines [4] ............................................................................................................ 34 

Figure 2.6: Modes of loading a) mode I, b) mod II, c) mode III [63] ......................................................... 43 

Figure 2.7: Variation of elongation to failure with applied cathodic potential [79] ................................... 50 

Figure 2.8: Potential ranges where SCC is likely to occur [1] .................................................................... 56 

Figure 2.9: showing a pipeline in which severe de-bonding of the polyethylene coating has occurred. .... 59 

Figure 2.10: Tape tenting around a tape overlap [45] ................................................................................. 59 

Figure 2.11: Illustration of fatigue life reduction due to load cycling in aggressive environment [100] .... 64 

Figure 2.12: Schematic illustration of (a) slip dissolution mechanism (b)hydrogen embrittlement in 

aqueous media[101] .................................................................................................................................... 67 

Figure 2.13: Schematic representations of possible combinations of mechanical fatigue and 

environmentally enhanced crack growth (a) fatigue crack growth in inert environment (b) stress corrosion 

cracking under sustained loading (c) True corrosion fatigue (d) superposition of (a) and (b), (e) 

superposition of (b) and (d) [101] ............................................................................................................... 75 

Figure 2.14: Crack propagation by film rupture model showing corrosion tunnel mechanism with grooved 

fracture face [34] ......................................................................................................................................... 78 

Figure 2.15: Crack propagation mechanism by tunnel mechanism (a) by formation of tunnel at slip steps 

and ductile deformation and fracture of remaining ligament (b) schematic representation of tunnel 

mechanism of SCC and flat slot formation [34] ......................................................................................... 79 

Figure 2.16: Stages of NNPHSCC crack propagation [46] ......................................................................... 91 

2.9.1 Dissolution controlled model ...................................................................................................... 92 

Figure 2.17: Dependence of fatigue (a) threshold stress (b) threshold stress intensity on crack length [203]

 .................................................................................................................................................................. 106 

Figure 2.18: Comparison of experimental and predicted value of fatigue threshold [203] ...................... 107 



 

Figure 2.19: Illustration of short crack growth deceleration [202] ........................................................... 109 

Figure 2.20: Crack closure mechanisms [208] .......................................................................................... 111 

Figure 2.21: Classification of cracks ......................................................................................................... 114 

Figure 2.22: Progression of a typical NNPHSCC crack ........................................................................... 115 

Figure 3-1: Typical microstructure of the alloy X65 used in this study ................................................... 153 

Figure 3-2: Test sample designed for this study .................................................................................. 154 

Figure 3-3: Schematic drawing of the corrosion test cell used for study .................................................. 155 

Figure 3-4: Potential drop data showing crack propagation during test ................................................... 160 

Figure 3-5: Corrosion products on sample surface .............................................................................. 162 

Figure 3-6: Low magnification image of crack tip (a) open mouth (b) 75 mm from the open mouth (c) 

150 mm from the open mouth ................................................................................................................... 163 

Figure 3-7: Pre-crack tips in the 5% CO2 environment (a) open mouth, (b) 75 mm from open mouth and 

(c) 150 mm from open mouth ................................................................................................................... 164 

Figure 3-8:  High magnification image of the crack tip at the sample surface (a) open mouth, (b) 75 mm 

from open mouth, (c) 150 mm from open mouth...................................................................................... 165 

Figure 3-9:  Low magnification image of crack tip in the depth (a) open mouth, (b) 75 mm from open 

mouth, (c) 150 mm from open mouth ....................................................................................................... 167 

Figure 3-10:  High magnification image of the crack tip in the depth direction (a) open mouth, (b) 75 

mm from open mouth, (c) 150 mm from open mouth .............................................................................. 168 

Figure 3-11: Fracture face (half section) of cracks at (a) open mouth (b) 150 mm from OM .................. 170 

Figure 3-12:  (a) Pre- and post-crack sizes at sample surface (b) Pre- and post-crack sizes in depth 

direction .................................................................................................................................................... 171 

Figure 3-13: Variation of average growth rates with distance from the open mouth ............................... 172 

Figure 3-14: Variations in crack aspect ratio with distance from the open mouth of the disbondment .... 174 

Figure 3-15: Comparison of the corrosion fatigue behavior of crack growth data at the open mouth to that 

of a through-thickness crack. .................................................................................................................... 187 

Figure 4-1: Typical microstructure of the alloy X65 used in this study ................................................... 201 

FIGURE 4-2: Test sample designed for this study ................................................................................... 202 

Figure 4-3: Schematic drawing of the corrosion test cell used for study .................................................. 204 



 

Figure 4-4: Low magnification image of pre-crack tip and crack tip (a) open mouth (b) 75 mm from the 

open mouth (c) 150 mm from the open mouth ......................................................................................... 209 

Figure 4-5:  High magnification image of the crack tip width measured at sample surface (a) open mouth, 

(b) 75 mm from open mouth, (c) 150 mm from open mouth. ................................................................... 210 

Figure 4-6: Potential drop data for test II ............................................................................................. 214 

Figure 4-7: Post-test crack lengths measured at the sample surface after test II at (a) open mouth, (b) 75 

mm from OM, (c) 150 mm from OM ....................................................................................................... 215 

Figure 4-8: Crack tip Morphology at the sample surface in Test II (a) OM (b) 75 mm from OM, (c) 

150 mm from OM ..................................................................................................................................... 216 

Figure 4-9: Crack morphology in the depth direction for test II (a) Open mouth, (b) 75 mm from OM, (c) 

150 mm from OM ..................................................................................................................................... 218 

Figure 4-10: Crack tip morphology in depth direction at higher magnification for test II (a) Open mouth, 

(b) 75 mm from OM, (c) 150 mm from OM (d) higher magnification of (c) ........................................... 219 

Figure 4-11: Initial aspect ratios ............................................................................................................ 222 

Figure 4-12: Average crack growth rates measured at sample surface .................................................. 224 

Figure 4-13: Pre-fatigue crack and post-test crack tips in the 20% CO2 environment - test III (a) open 

mouth, (b) 75 mm from open mouth and (c) 150 mm from open mouth .................................................. 226 

Figure 4-14: High magnification image of the crack tip width at sample surface for test III (a) open 

mouth, (b) 75 mm from open mouth, (c) 150 mm from open mouth........................................................ 227 

Figure 4-15: Low magnification image of crack tip in the depth direction for test III (a) open mouth, (b) 

75 mm from open mouth, (c) 150 mm from open mouth ......................................................................... 229 

Figure 4-16: High magnification image of the crack tip in the depth direction for test III  (a) open mouth, 

(b) 75 mm from open mouth, (c) 150 mm from open mouth. ................................................................... 230 

Figure 4-17: Aspect ratios of cracks in Test III ........................................................................................ 231 

Figure 4-18: Crack growth rate of Test III ............................................................................................. 231 

Figure4-19: Combined corrosion fatigue analysis for tests II and III ................................................... 233 

Figure 4-20: Comparison of the corrosion fatigue behavior of crack growth data at the open mouth in test 

1 to that of a through-thickness crack ....................................................................................................... 236 

Figure 4-21: (a) Stress distribution ahead of a crack tip (b) triaxial stress state in the hydrogen process 

zone (c) profile of a crack that experienced periodic dormancy during crack propagation ...................... 238 

Figure 4-22: Comparison of crack growth rate (a) at sample surface (b) in the depth direction .............. 249 



 

Figure 4-23: Crack morphology in the depth direction of the crack located at MP of Test III................. 252 

Figure 5-1: Typical microstructure of the alloy X65 used in this study ................................................... 265 

FIGURE 5-2: Test sample designed for this study ................................................................................... 266 

Figure 5-3: Schematic drawing of the corrosion test cell used for study .................................................. 268 

Figure 5-4: Pre-fatigue crack morphology of verification test (a) before, and (b) after 1min hold at 100% 

SMYS ........................................................................................................................................................ 273 

Figure 5-5: Post-test surface features before cleaning (a) test I, (b) Test II and III. Insets are higher 

magnification images (at 400X) ................................................................................................................ 275 

Figure 5-6: Crack tip morphology at sample surface in test I (a) at 75 mm from OM, (b) at 150 mm from 

OM ............................................................................................................................................................ 277 

Figure 5-7: Secondary cracks at the pre-fatigue crack tip in test I (a) at low magnification, (b high 

magnification ............................................................................................................................................ 278 

Figure 5-8: Surface crack profile for test I at (a) 75 mm from OM, (b) 150 mm from OM ..................... 279 

Figure 5-9: Crack morphology in the depth direction in test I (a) at 75 mm from OM, (b) at 150 mm from 

OM ............................................................................................................................................................ 280 

Figure 5-10: Crack tip morphology in the depth direction in test I (a) at 75 mm from OM, (b) at 150 mm 

from OM ................................................................................................................................................... 281 

Figure 5-11: Fractured surface for test I showing half of crack section (a) open mouth (b) 75 mm from 

OM, (c) 150 mm from OM ....................................................................................................................... 282 

Figure 5-12: Post-test pre-fatigue crack tip morphology (a) 75 mm from OM in test II, (b) 150 mm from 

OM in test II, (c) 75 mm from OM in test III, (d) 150 mm from OM in test III ....................................... 286 

Figure 5-13 : Surface profiles of cracks at 75 mm from OM in (a) Test II and (b) Test III ..................... 287 

Figure 5-14 : Surface profiles of cracks at 150 mm from OM in (i) Test II and  (iii) Test III .................. 288 

Figure 5-15: Depth profiles of cracks at 75 mm in(a) Test II and (b) Test III .......................................... 290 

Figure 5-16: Depth profiles of cracks at 150 mm in (a) Test II and (b) Test III ....................................... 291 

Figure 5-17: Crack tips at higher magnification at 75 mm from OM in depth direction (a) Test II, (b) Test 

III .............................................................................................................................................................. 292 

Figure 5-18: Crack tips at higher magnification at 150 mm from OM in depth direction (a) Test II, (b) 

Test III ....................................................................................................................................................... 293 

Figure 5-19: Fractured surface of test II showing just half of crack cross section (a) open mouth (b) 75 

mm from OM, (c) 150 mm from OM ....................................................................................................... 295 

Thesis%20-%20September%2028%20FGSR%20copy%20-%20Copy.docx#_Toc368341187


 

Figure 5-20: Fractured surface for test III showing half of crack section (a) open mouth (b) 75 mm from 

OM, (c) 150 mm from OM ....................................................................................................................... 296 

Figure 5-21: Growth rate data for all tests reported; showing Chen and Sutherby’s combined factor. Data 

for the long crack was obtained in the same environment as the other tests results presented in the figure.

 .................................................................................................................................................................. 304 

Figure 5-22: Comparison of growth at 100% SMYS max stress and 75% max stress. Test Prev was done 

at75% SMYS, and subjected to low temperature creep prior to crack re-initiation in 5%CO2 environment 

[18]. ........................................................................................................................................................... 311 

FIGURE 6-1: Test sample designed for this study. All units in mm. ....................................................... 322 

Figure 6-2: Typical microstructure of the alloy X65 used in this study ................................................... 324 

Figure 6-3: Schematic drawing of the corrosion test cell used for study. ................................................. 325 

Figure 6-4: Pre-crack tips in Test I (a) open mouth, (b) 75 mm from open mouth and (c) 150 mm from 

open mouth................................................................................................................................................ 329 

Figure 6-5  High magnification image of the crack tip in test I (a) open mouth, (b) 75 mm from open 

mouth, (c) 150 mm from open mouth. ...................................................................................................... 330 

Figure 6-6: Post-test crack lengths measured at the sample surface after test II ...................................... 332 

Figure 6-7: Crack tip Morphology in Test II (a) OM (b) 75 mm from OM, (c) 150 mm from OM ......... 333 

Figure 6-8: Corrosion behavior at the sample surface (a) at the open mouth (b) 75 mm from the open 

mouth, (c) 150 mm from the open mouth. ................................................................................................ 335 

Figure 6-9: Post test crack lengths at the sample surface in test III (a) at the open mouth (b) at 75 mm 

from open mouth (c) at 150 mm from open mouth ................................................................................... 336 

Figure 6-10: Crack tip morphology in test III (a) at the open mouth (b) 75 mm from open mouth (c) at 150 

mm from open mouth ................................................................................................................................ 338 

Figure 6-11: Fracture surface morphology of the test sample in test III at the (a) OM, (b) 75 mm from OM 

and (c) 150 mm from OM. The images clearly show that while there was significant growth at the open 

mouth in both the surface and depth directions, there was very little growth at 75 mm from the OM and 

no growth at 150 mm from the OM. ......................................................................................................... 342 

Figure 6-12: Crack growth behavior in tests I and III ............................................................................... 343 

Figure 6-13: Initial aspect ratios ............................................................................................................... 344 

Figure 6-14: Final aspect ratios ................................................................................................................. 345 

Figure 6-15: Ratio of initial to final aspect ratios ..................................................................................... 346 



 

Figure 6-16: Crack morphology when cyclically loaded in (a) air, (b) indirect contact of crack tip with C2 

solution, (c) direct contact of crack tip with C2 solution .......................................................................... 348 

Figure 6-17: Crack outlines: in air, indirect contact with solution, direct contact with solution.  Crack 

outline at sample surface (horizontal), crack outline in depth direction (vertical).................................... 349 

Figure 6-18: Variation of cathodic potential with distance from the open mouth, at different applied 

potentials. Legend shows the cathodic potential applied at the open mouth of the disbondment............. 351 

Figure 6-19: Comparison of crack crevice width in (a) Tests II (red) and (b) Test III (blue). Outline shows 

both the precrack and in-test crack growth combined .............................................................................. 356 

Figure 6-20: Fracture face morphology at the open mouth in (a) test III and (b) test II ........................... 362 

Figure 6-21: Combined crack growth factor plot for tests I and III .......................................................... 364 

Figure 6-22: Comparison of the growth rates in test III with those of a through-thickness crack ............ 366 

FIGURE 7-1: Test sample designed for this study. All units in mm. ....................................................... 377 

Figure 7-2: Typical microstructure of the alloy X65 used in this study ................................................... 379 

Figure 7-3: Schematic Drawing of the corrosion test cell used for the study ........................................... 380 

Figure 7-4: Pre-crack morphology of verification test .............................................................................. 383 

Figure 7-5: Crack tip morphology after 1min hold at 100% SMYS ......................................................... 383 

Figure 7-6: Post-test surface features before cleaning in test I ................................................................. 385 

Figure 7-7: Corroded surface at (a) open mouth (b) 75 mm and (c) 150 mm from the open mouth (d) 

Higher magnification image of 150 mm from OM. .................................................................................. 386 

Figure 7-8: Average growth rates; growth initiated at R=0.58 in test I, but at R=0.6 in tests II and III. .. 388 

Figure 7-9: (a) Initial aspect ratio (b) Final aspect ratio ........................................................................... 391 

Figure 7-10: Corroded surface of the test sample  at (a) open mouth (b) 75 mm from open mouth (c) 150 

mm from open mouth (d)150 mm from open mouth after sample has been rotated at 45
o
 relative to 

secondary detector to confirm the features seen are pits not deposits on sample surface. Sample was tested 

at -0.9V cathodic potential ........................................................................................................................ 392 

Figure 7-11: Corroded surface of the test sample at (a) open mouth (b) 75 mm from open mouth (c) 150 

mm from open mouth. Sample was tested at -1.2V cathodic potential. .................................................... 395 

Figure 7-12: Half section of ruptured sample. Sample ruptured during test and was manually held together 

for photo. Micro-crack colony was found oriented along a 45
o
 line from shear lip. ................................ 396 

Figure 7-13: a) Array of tiny secondary cracks at crack tip next to shear lip, b) higher magnification 

image of crack array. ................................................................................................................................. 397 



 

Figure 7-14: Cluster of pits at crack tip (75 mm from open mouth). Highlighted area shows dense pit 

clusters around the final crack tip ............................................................................................................. 398 

Figure 7-15: Variation of potential with distance from the open mouth of a disbondment ...................... 399 

Figure 7-16: Schematic depiction of hydrogen distribution within disbondment at an applied potential of -

1.2V ........................................................................................................................................................... 401 

Figure 7-17: Schematic depiction of hydrogen ion distribution inside a disbondment at an applied 

potential of -0.9V ...................................................................................................................................... 408 

Figure 7-18:  Growth curves in test III ..................................................................................................... 413 

Figure 7-19: Ratio of initial aspect ratio to final aspect ratio ................................................................... 415 

Figure 7-20: Growth curves in tests at OCP and -1.2V ............................................................................ 417 

Figure A-1: Test setup .............................................................................................................................. 433 

Figure A-2: Variation in permeation behavior with distance from open mouth at OCP in test I ............. 437 

Figure A-3: Variation in permeation behavior with distance from open mouth at -1.2V (Test II) ........... 439 

Figure A-4: Repeat test of permeation behavior at -1.2V ......................................................................... 440 

Figure A-5: Variation in permeation behavior with distance from open mouth at -0.9V (test II) ............ 442 

Figure A-6: Variation of permeation behavior with distance from the open mouth at OCP in 20% CO2 

environment. ............................................................................................................................................. 443 

Figure B-1: Typical microstructure of the alloy X65 used in this study ................................................... 456 

Figure B-2: Test sample designed for this stud ......................................................................................... 457 

Figure B-3: Test sample orientation on pipe section ................................................................................ 458 

Figure B-4: Wire connections for test setup ............................................................................................. 460 

Figure B-5: Corrosion test cell used for this study ................................................................................... 463 

Figure B-6: Typical potential drop data .................................................................................................... 468 

Figure B-7: Stress intensity factor equation for a semi-elliptical crack .................................................... 471 

Figure B- 8: Test setup .............................................................................................................................. 472 

Thesis%20-%20September%2028%20FGSR%20copy%20-%20Copy.docx#_Toc368341244
Thesis%20-%20September%2028%20FGSR%20copy%20-%20Copy.docx#_Toc368341257


1 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER ONE 

INTRODUCTION  



2 

 

1.0 Introduction 

It is estimated that the oil and gas pipeline network in Canada alone is almost long 

enough to stretch all the way from earth to the moon and back [1]. Although, pipelines are buried 

seemingly harmlessly all around us, they present an ever present risk of danger capable of 

unleashing immense horror and destruction in the event of an accidental pipeline rupture 

followed by an explosion. Such accidental rupture of pipelines often results from the 

compromise of pipeline integrity by the formation of in-service cracks on pipelines. It is 

instructive to note that there is hardly any single pipeline network in Canada, or elsewhere 

around the world, that does not have these cracks at various stages of growth. 

Since near-neutral pH stress corrosion cracking (NNPHSCC) was discovered on 

Canadian pipelines in 1985, several pipeline ruptures have been attributed to NNPHSCC in 

Canada and the US. This form of corrosion often occurs even where otherwise effective 

corrosion prevention measures are put in place. NNPHSCC usually initiates on pipeline surface 

at sites of coating imperfection, disbondment or mechanical damage. At such sites groundwater 

containing CO2 and specific chemical species could set up a potent environment with pH in the 

5.5-7.5 range which activates NNPHSCC development. Popular opinion among NNPHSCC 

researchers is that NNPHSCC develops through a combination of anodic dissolution and 

hydrogen embrittlement. Anodic hydrogen embrittlement is thought to be responsible for the 

quasi-cleavage nature of crack propagation in rather ductile materials while anodic dissolution is 

assumed to be responsible for the often noticed corrosion and widening of the crack walls. 

There are two aspects to the NNPHSCC problem – initiation and propagation. A lot of 

studies have been conducted on the initiation aspect of the problem and our understanding of the 

initiation mechanism has significantly improved over the years. Although a lot of studies have 
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also been carried out on the propagation aspect of the problem, current understanding of the 

propagation of these cracks could still be quite surprisingly inadequate. NNPHSCC is currently 

managed by in-line inspection for oil pipelines or by hydrostatic testing for gas pipelines. These 

expensive procedures need to be repeated at predetermined intervals and involve digging up the 

pipe in order to carry out tests and inspection for crack growth. Re-inspection intervals are 

currently determined using empirical models that have proven to rather underestimate crack 

growth rates [2]. This increases the risk of accidental pipeline rupture. To reduce this risk, a few 

more inspections than necessary are usually carried out, further increasing the cost of pipeline 

integrity management schemes. Further, it is not possible to dig up just every pipe. Hence, there 

is a significant interest among pipeline operators in replacing the current industry approach with 

accurate mathematical models that can predict the initiation and growth rate of NNPHSCC 

cracks. 

Careful examination of currently available literature on the growth of NNPHSCC cracks 

revealed that currently existing models were developed using samples and/or crack geometries 

that do not properly represent those of NNPHSCC cracks typically observed in the field. For 

instance, whereas NNPHSCC cracks are typically shallow non-through-thickness cracks, 

existing models were developed using samples that simulate through-thickness cracks. Results 

from contemporary research in fatigue crack growth suggest that shallow cracks tend to grow at 

significantly higher rates than through-thickness cracks [3]. Shallow cracks may even grow 

under loading conditions where through-thickness cracks are typically dormant. This difference 

in the behaviour of shallow and through-thickness cracks may be responsible for the 

underestimation of the growth rate of NNPHSCC cracks. 
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Therefore, this study was conducted to produce a model that more accurately predicts the 

growth behaviour of NNPHSCC cracks on steel pipelines, by simulating the growth of shallow 

cracks rather than through-thickness cracks, in a near-neutral pH environment. In order to 

achieve this objective, a unique sample and corrosion cell that have never been used in any 

reported NNPHSCC study have been designed for this study. The design removes several 

experimental constraints that have hitherto precluded a thorough investigation of the growth rate 

of NNPHSCC cracks using shallow flaws. The new design also allows the study of several 

NNPHSCC rate parameters simultaneously.  

This thesis reports the findings of recent studies conducted by the author as part of a 

bigger project on the stress corrosion cracking of pipeline steels in near neutral pH environments. 

The thesis is presented with a detailed literature review of the problem (Chapter 2), results and 

discussions are presented in chapters 3-7 and Appendix A.  

In Chapter 3, the crack growth behavior of a sharp crack at open circuit potential, 

representative of an actively growing crack, was examined along with the influence of spatial 

separation from the open mouth of a disbondment on crack tip morphology and on variations in 

growth rates.  

In Chapter 4, the influence of environmental blunting of the crack tip under conditions 

where environmentally enhanced creep deformation is possible was examined. This revealed 

vital information on the effect of crack tip/wall dissolution as well as the effect of low 

temperature creep and hydrogen enhanced plasticity. Conditions for crack re-initiation at the tip 

of an environmentally blunted crack were also examined.  

In Chapter 5, the role of mechanical deformation, under conditions where 

environmentally enhanced creep deformation could occur, was examined. Variations in the effect 
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of spatial separation from the open mouth of the disbondment, and its attendant gradient of 

environmental effects, on crack tip morphology were examined. Conditions for crack re-

initiation under these conditions, which are representative of crack behavior after hydrostatic 

testing, were determined.  

In Chapter 6, the role of hydrogen enhanced room temperature creep, under conditions 

where crack tip/wall dissolution was eliminated, was examined.  

In Chapter 7, the effect of applied cathodic potentials on the nature of the environment 

under the disbondment, and its effect on crack growth rates, was determined. This study also 

revealed vital information on possible stress corrosion cracking initiation mechanism.  

A summary of findings and suggestions for future work is provided in Chapter 8.  

Appendix A presents hydrogen permeation data – a qualitative measure of the amount of 

hydrogen present in the system. This provides a qualitative measure of the variation in hydrogen 

flux through the system with distance from the open mouth. 

The methodology of study is attached as Appendix B. 
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2.1 Important background concepts 

This section is intended to briefly introduce important concepts that are relevant to subsequent 

development of the discussion on near-neutral pH stress corrosion cracking (NNPHSCC) of oil 

and gas steel pipelines. The contents of section 2.1 are only intended as brief introductions and 

more detailed information is provided on each concept as necessary later in this chapter. 

2.1.1 General description of corrosion 

Corrosion is usually defined as the destructive result of chemical reaction between a 

metal or a metal alloy and its environment. Corrosion returns a piece of metal to its original 

combined (often oxide) form. Aqueous corrosion is one of the most often encountered types of 

corrosion. NNPHSCC involves aqueous corrosion. Aqueous corrosion involves the transfer of 

electronic charge in aqueous solutions, such as water, seawater, atmospheric moisture, ground 

water etc., basically water in which various salts and gases are dissolved [1, 2]. Thus, aqueous 

corrosion is electrochemical in nature, with the aqueous solution acting as the electrolyte through 

which electronic charge(s) are transferred. As in all electrochemical reactions, some form of 

anodic and cathodic reaction must occur concurrently within the solution. A typical corrosion 

reaction is the attack of zinc by hydrochloric acid [1], 

22 HZnClHClZn   …………. (2.1) 

in which the anodic and cathodic reactions are:    

   
  eZnZn 22
 anodic reaction …………. (2.2) 

   222 HeH    cathodic reaction …………. (2.3) 
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This type of half reactions is typical of most corrosion processes i.e., the corroding metal 

(anode) is oxidized to provide electrons for the reduction of another ionic specie. This is 

illustrated in figure 2.1. It must be pointed out that a sequence of half-cell reactions might 

sometimes be involved in forming the final corrosion product. It is important to stress that the 

corroding metal is always the anode in corrosion processes. The cathode in this type of reaction 

may often be difficult to identify. Sometimes it is another metal to which the corroding metal is 

coupled, but often it is not the entire metal piece; it might just be a localized region of the same 

piece of metal that becomes cathodic relative to other regions because of metallurgical 

differences, differential aeration, differences in concentration of the solution to which the parts 

of the same piece of metal is exposed, etc. For steel corrosion, iron always acts as the anode 

while the cathode may be any of those aforementioned. 

There are different forms of corrosion, but galvanic and pitting corrosion are of particular 

importance to the rest of this dissertation and are the only ones briefly discussed here. Also, 

several mechanisms are known to operate in most corrosion processes, but hydrogen induced 

cracking is of special relevance to subsequent discussion in this dissertation and it is the only one 

discussed in this section on background concepts.  
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Figure 2.1: Illustration of the electrochemical nature of corrosion [1]. 
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2.1.2 Galvanic corrosion 

This type of corrosion, which occurs when two dissimilar metals are coupled in the 

presence of an electrolyte, causes one of the metals to be preferentially attacked while the other 

is protected from corrosion attack. Which metal gets attacked and which is not is mainly 

determined by the position of the two metals on the galvanic series (or electrochemical series). 

Generally, the more anodic material (the one with the more negative potential) gets attacked 

while the more cathodic one (the one with the more positive electrochemical potential) is 

seemingly immune to attack. However, as already mentioned localized metallurgical (or 

environmental) variations within the same piece of metal can cause one part to be anodic relative 

to the other, resulting in galvanic corrosion.  

2.1.3 Pitting corrosion 

A pitted pipeline surface is shown in Figure 2.2. Pitting corrosion occurs as a result of 

localized attack of an otherwise resistant metal surface that results in the formation of holes (pits) 

on the metal surface [1, 3]. It usually occurs as a result of localized/non-uniform dissolution at 

the metal surface, possibly because of differences between the rate of dissolution of 

precipitates/inclusions and the adjacent matrix. Pitting corrosion is a very insidious form of 

corrosion as it may cause a material to fail as a result of perforation with an otherwise little loss 

of mass. Pits may be widely spaced or may occur very close together, in which case 

neighbouring pits may coalesce to form a bigger one. Pits are sites for stress concentration, hence 

cracks may initiate from such sites at applied stress levels below the yield strength of the alloy. 

This is of particular significance in SCC of pipeline steels as will be discussed later. 
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Figure 2.2:Showing SCC cracks and pitting corrosion on a pipeline 
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2.1.4 Hydrogen embrittlement (hydrogen induced cracking) 

Hydrogen assisted cracking is a well-known metallurgical phenomenon. This effect is caused 

by the entrapment of atomic hydrogen within the crystal lattice of a metal. Hydrogen has only one 

proton in its nucleus and is so small that it can easily migrate through the crystal structure of metals 

and alloys [1]. Its entry into metals is known to result in a loss of ductility, which could assist brittle 

cracking. Also, atomic hydrogen may recombine within the crystal lattice, forming hydrogen gas, 

which may form internal voids from which cracks may nucleate due to high (local) gas pressure [1]. 

It is also generally accepted that hydrogen inside a metal lattice may act to weaken interatomic bonds 

between metal atoms especially around crack tips where plane strain stress conditions exist. 

Furthermore, at high temperatures, hydrogen is also capable of reacting with carbon in steel causing 

degradation in mechanical properties. NNPHSCC is known to involve hydrogen assisted cracking. 

Several mechanisms are known to contribute to hydrogen assisted cracking. More substantial 

information is provided on this subject in later sections. 

2.1.5 Pipelines operation and corrosion prevention 

Oil and gas pipelines are an important part of the energy industry. To satisfy the enormous 

daily demand for energy, copious amounts of oil and gas products have to be conveyed from various 

production facilities to the final consumer in an economic, safe and energy efficient manner. A 

network of steel pipelines has proven to be adequate for this purpose. Oil and gas pipelines either 

bear compressed or pressurized petroleum products; hence, they operate at intensely high pressures. 

For example, natural gas is compressed to as high as 8700 kPa [4]. Thus, to prevent disastrous 

failures great care must be taken to ensure that there is no sudden release of the enormous pressures 

stored in these pipelines. As earlier suggested, corrosion can compromise the safe operation of these 

pipelines; hence, several measures have been developed over the years to forestall the occurrence of 

accidental leakages and/or rupture of operating pipelines. 
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To prevent most forms of corrosion, several methods have been devised to isolate the 

pipe surface from the environment, in a bid to prevent moisture and ions that induce the 

electrochemical processes that cause corrosion from reaching the pipe surface. A major way of 

achieving this is by applying different types of coatings to the pipe surface. Corrosion protection 

techniques such as cathodic or anodic protection, in which an applied potential is used to prevent 

corrosion of pipelines, may also be used alone or in combination with surface coatings. Common 

examples of coating materials include: asphalt, coal tar and polyethylene tape. However, in the 

presence of holidays, breaks, or localized de-bonding of the coating material, isolated portions of 

the pipe surface may be exposed to the environment. This sort of localized exposure of the pipe 

surface to the environment has been found to be a major recipe for environmentally assisted 

cracking – a broad group of corrosion phenomena to which stress corrosion cracking belongs. 

2.2 Environmentally induced cracking 

Environmentally induced cracking refers to brittle material failures that result from the 

interaction between a tensile stress and a corrosive environment.  Corrosion rates are typically 

quite low and EIC often results in component failure at operating stresses well below the yield 

strength of the material in question [1]. EIC is further subdivided into: 

1. Stress Corrosion Cracking (SCC) 

2. Corrosion Fatigue (CF) 

3. Hydrogen Embrittlement (HE)*** 

 

 

______________________ 

***Pure HE of steels is more appropriately classified as part of hydrogen damage rather than as part of EIC. 

However, it is included here because some of the mechanisms involved in HE are similar to those typically 

associated with EIC 
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2.2.1 Stress corrosion cracking 

Stress corrosion cracking (SCC) is customarily defined as the delayed failure of alloys by 

cracking when exposed to certain environments in the presence of static tensile stress [2]. SCC is 

distinguished from other forms of corrosion cracking failures by the fact that ‘the stress level at 

which such failures occur is typically well below the stress required for mechanical failure in the 

absence of corrosion, and the threshold stress level below which stress corrosion cracking 

cannot occur may be as low as 10% of the yield strength of the alloy’ [2]. The tensile stress 

leading to SCC failure may result from service loads (hoop stress for a pipeline), residual stresses 

from the fabrication process,  mismatch in fit-up, soil movement,  heat treatment or by wedging 

action of corrosion products. 

2.2.2 History of stress corrosion cracking 

Stress corrosion cracking (SCC) was first observed in the last half of the 19
th

 century as 

the so called season cracking of cold drawn brass cartridge shells in ammonium fumes. It became 

a very important problem in the explosion of firearm ammunition during the world wars. With 

the rapidly expanding power industry during the industrial revolution, SCC quickly acquired a 

certain notoriety which earned it its deserved attention with the frequent cracking of brass 

condenser tubing (but not unalloyed copper) and the caustic cracking of carbon steel engine 

boilers. It was during this era that the problem became important enough to acquire its own name 

“season cracking”. SCC was also observed on mild steels in nitrate environment and aluminum 

alloys in moist atmosphere in the early 20
th

 century. Early in the same century it became obvious 

very quickly that the problem was more widespread than originally thought as SCC was detected 

on magnesium alloys in moist atmospheres; with the advent of the aerospace industry it was 

found on titanium in nitrates, hot salts, methanol and N2O4, on martensitic steels in the aerospace 
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industry; stainless steels in chlorides in the paper, chemical and petroleum industries; pipeline 

steels under cathodic protection; and nickel alloys in nuclear-purity water [5, 6]. Soon, SCC was 

observed in almost all metals and alloys, even pure metals, in certain environments and under 

certain service conditions.  

With the notoriety SCC was gaining in the late 19
th

 century, early work quickly identified 

ammonia environments with SCC. It soon became obvious that certain material-environment 

interaction were necessary for the development of the phenomenon. However, with the list of 

known material-environment interactions growing by the day, exception to the known rule(s) 

quickly multiplied and it became known early that there may not be any specificity to the 

environment/material combinations required for SCC to develop. With further understanding of 

the problem, it was realized that regardless of the environment in which it occurs, the specific 

causative species do not need to be present in large quantities or at a high concentration before 

SCC develops. 

The development of the electron microscope, transmission electron microscope and 

particularly the carbon replica technique led to significant advancement in the understanding of 

the SCC phenomena. With carbon replicas of fracture surfaces, it was discovered that SCC 

fracture faces contained macroscopically brittle failure features and electron microscopy led to 

the differentiation of the features involved in SCC from those of other failures. For instance it 

was quickly realized that even when SCC occurred in very ductile materials, SCC cracks are 

always macroscopically brittle. Finally, the development of fracture mechanics has had a 

tremendous impact on current understanding of SCC. The ability to analyze the stress fields and 

stress distribution around cracks coupled with increases in the understanding of material 

behavior under fatigue situations opened new vistas in the study of SCC.  
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Although there has been a lot of improvement in our understanding of SCC, and clearly 

there has been a lot of progress made over the years, there still remains a lot of uncertainty about 

the phenomenon. For instance, there is yet a lot of uncertainty about its initiation and 

propagation mechanism. Although there are lots of theories about how SCC initiates and 

develops over time, there is not a single theory that fully explains (by itself) all that is involved 

in the initiation or propagation of SCC either individually or as whole. Worse still, there is not a 

single theory that is universally accepted by experts in this field on the initiation and propagation 

of SCC. Perhaps, more than anything else, the best testimonial to the incompleteness of our 

understanding of SCC is the fact that despite the huge resources devoted yearly to researching 

and managing SCC, there are still quite a few failure/rupture incidences, often with grave 

consequences, attributed to SCC around the world. Among what is known for certain right now 

are: certain materials with high strength and ductility fail catastrophically in certain 

environments; SCC is able to develop well below nominal fracture stress in purely mechanical 

failures; the fact that a material is inert to SCC in one environment does not mean it won’t 

perform woefully in other environments; SCC is still discovered frequently in new 

material/environment combinations. And oh lest we forget, SCC can be either transgranular or 

intergranular. Besides these, many things still reside in the realm of speculations.    

 

2.2.3 SCC in pipelines 

SCC is a major problem plaguing oil and gas pipelines around the world. From Canada to 

Australia, Europe, Middle East to the United States, SCC induced pipeline failures have been 

reported. Generally, innocuous looking, very fine and shallow cracks develop on the surface of 
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the pipe; they deepen, elongate and/or coalesce over time to form decent size cracks that 

ultimately lead to leakage or outright rupture of segment(s) of the pipe.  

At first, SCC in pipelines was thought to be exclusively intergranular in nature, but some of 

the more recent failures have been shown to be transgranular [7]. This difference in the nature of 

fracture has been the subject of much research and it is now recognized that two unique forms of 

SCC are possible in buried pipelines. Further, it has also been established that the operational 

type of SCC is dependent on the nature of the environment in which the corrosion occurs, 

particularly its pH – intergranular SCC (IGSCC) occurs in environments having pH values of 

about 9.0-10.5 while transgranular SCC occurs in environments having pH values of about 5.5-

8.5 (TGSCC). Consequently, intergranular SCC is sometimes referred to as high pH SCC while 

transgranular SCC is referred to as near-neutral pH SCC. Apart from the mode of crack 

propagation, IGSS can be distinguished from TGSCC by the following features [8]: 

1. Temperature dependence: IGSCC displays a temperature sensitivity not shown by 

TGSCC in field and laboratory tests. IGSCC is known to typically develop at service 

temperatures above 100
o
F whereas no correlation has been found between temperature 

and TGSCC. Hence most IGSCC failures occurred in the vicinity of compressor stations 

and though failures do occur as far as 20km downstream from a compressor station, the 

frequency of occurrence of IGSCC colonies decreases exponentially with distance from 

compressor stations [4]. However TGSCC does seems to occur more frequently in colder 

climates where CO2 concentration in groundwater is higher [4].   

2. Nature of corrosion products at corrosion site: TGSCC is associated with relatively 

large amounts of white iron carbonate trapped between the coating and the pipe surface 
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whereas very little carbonate is present in IGSCC and any carbonate present is usually 

incorporated into the magnetite film that almost inevitably forms in IGSCC. The open 

mouth of IGSCC is usually coated with dark oxidized material while the remote end of 

the wall is shiny silver in color.  

3. Crack width: IGSCC cracks are usually very fine due to the effectiveness of the 

tenacious magnetite film in preventing the dissolution of the crack walls. TGSCC cracks 

on the other hand, are usually wide, due to significant lateral dissolution of the crack 

walls. 

4. Crack density: TGSCC are characterized by high densities of cracks in localized regions 

whereas IGSCC are more widely spaced. 

5. Potential ranges: TGSCC typically occurs at the open circuit potential, usually between 

-760 to 790 mV (Cu/CuSO4), or close to the free corrosion potential. This suggests that 

TGSCC occurs where the pipe surface is shielded from the applied cathodic protection. 

IGSCC usually occurs at more anodic potentials, -650 to -750 mV (Cu/CuSO4), 

suggesting it develops where the applied cathodic potential does not effectively reach the 

pipe surface.   

 

2.2.4 SCC development 

 From the general picture of SCC that has emerged from both laboratory and field 

investigations, the occurrence of SCC begins with the appearance of corrosion pits. Often the 

role of corrosion pits in the initiation of SCC is only considered from its mechanical point of 

view – stress amplification around pits. However, equally important to SCC development is the 

presence of the corrosion products, often formed as a porous cap, on top of the pits. The presence 
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of this cap modifies the ion exchange process between the electrolyte within the pit and that in 

the surrounding bulk solution, while selectively permitting the ingress of anions such as 

chlorides. This effectively alters the solution chemistry, generating the right kind of environment 

for SCC, and developing concentration gradients as well as pH differences between the pit 

electrolyte and the surrounding electrolyte.  

 With the right pit morphology and stress-environment combination, tiny SCC cracks may 

initiate from the bottom of pits or from jagged edges. If the right level of stress or stress cycles is 

sustained, progressive crack propagation could occur until the crack is long enough to initiate 

unstable crack propagation leading to the rupture of the final ligament of material [4]. Typical 

SCC cracks were shown in Figure 2.2. Stress corrosion cracking on buried pipelines starts with 

the development of small cracks on the outside surface of the pipe. Generally, these cracks which 

form in colonies of cracks positioned in the same direction, are initially not visible to the eyes 

but must be revealed by magnetic particle inspection. These cracks, which are usually oriented 

along the same direction, can grow over a long period of time and deepen, or cracks within a 

colony may join together to form longer cracks, that may cause the pipe to leak [9]. Under 

favourable conditions, such cracks may propagate and reach a critical size at which they become 

unstable, resulting in fast fracture behaviour. However, it must be emphasized that it has been 

observed in a few cases that neither the presence of a pre-existing flaw nor the formation of 

corrosion pits is necessary for the initiation of SCC cracks. The combined effect of the right 

environment and a susceptible material may sometimes be sufficient for SCC initiation from a 

smooth surface. Although no instance of SCC initiation from a smooth surface in pipeline steels, 

without the presence of a notch or corrosion pits, was found in literature in the course of this 

review, instances of such have been reported in other systems. In a systematic study, Smialowska 
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and Gust [10] found that when stainless steels are in their passive state and conditions favoured 

pitting then pits formed first. But when conditions favour the formation of a protective layer with 

limited protective ability, stress corrosion cracks nucleated on the apparently smooth metal surface.  

It has also been reported that in the absence of pre-existing flaws titanium alloys may not develop 

SCC in a salt water environment, however, they readily develop SCC from a smooth surface in 

methanol [11]. In another study, it was found that SCC may not initiate on 13-8Mo in salt water 

unless a corrosion pit is first formed, but in acidified salt water (with HCl), SCC easily initiates on a 

smooth surface [11].  

 It has been shown that three conditions must be simultaneously met for SCC to occur in 

pipelines [4, 12]: a specific potent crack-initiating environment must be present at the pipe surface, 

the metallurgy of the alloy must be susceptible to SCC, and tensile stresses above the threshold 

required for SCC in the particular environment-material combination must be present (Figure 2.3).  

 The factors that have been identified as contributing to the development of SCC are 

individually discussed in the following sections. 

2.3 Effects of alloy metallurgy – material factors 

Experimental studies and critical examination of previous failures have suggested that pure 

metals are more resistant to SCC cracking than alloys of the same metal but are not immune to SCC 

[1]. It has also been observed that transgranular cracks preferentially propagate on specific planes, 

especially the low index planes such as {100}, {110} and {210} [13]. These and other observations 

suggested early in the quest to understand the SCC phenomenon that SCC kinetics may be strongly 

influenced by the metallurgy of the alloy in question.  The influence of the alloy’s metallurgy on 

SCC is discussed in the following sections. 
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Figure 2.3: Factors required for SCC to occur 
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2.3.1  Microstructure 

 

Bulger et al. [14] have analyzed available data and concluded that differences in 

microstructure can have a significant effect on susceptibility to SCC. It was found that resistance 

to SCC decreases with yield strength for alloys that have the same microstructure. However, the 

relationship between SCC resistance and yield strength was found to be dependent on the alloy’s 

microstructure.  For alloys with the same yield strength, it was found that uniform bainitic 

structures or polygonal ferrite structures are less susceptible to SCC than ferrite-pearlite 

structures. For example, X70 which has a bainitic microstructure in the water quenched 

condition was found to be more resistant to SCC than X65 which has a ferrite-pearlite structure 

although they have similar yield strengths. Chu et al. [15]  and Chen et al. [16] observed that 

pearlitic colonies and banded phases in X65 are more susceptible to pitting corrosion and crack 

initiation and propagation than adjacent ferrite grains (Figure 2.4a).  Cracks were observed to 

propagate preferentially along the banded planes irrespective of direction of the externally 

applied stress (Figure 2.4b). Torres-Islas [17] et al. found that martensitic structures are more 

susceptible to SCC than other structures and attributed this to the highly stressed microstructure 

of martensitic structures which results from the excess carbon trapped interstitially. Kushida  et 

al. [18] opined that non uniform structures such as ferrite-pearlite increased susceptibility of 

pipeline steels to SCC. 
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Figure 2.4:(a)Preferential corrosion attack in pearlite region , (b) Showing corrosion along 

banded structure [15]. 
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The high susceptibility of pearlitic steels to SCC is related to the influence of 

metallurgical discontinuities on the alloy’s susceptibility to galvanic corrosion [15].  Localized 

corrosion and microcrack development can be expected to occur at metallurgical discontinuities 

such as grain boundaries, pearlite colonies and banded structures because of the galvanic effect 

set up between the discontinuity and adjacent ferrite matrix. The galvanic effect can persist even 

after crack initiation; in a situation where pearlite colonies intersecting the specimen surface 

extend deep into the material or forms a continuous interconnected network with other colonies, 

the interface between the pearlite and adjacent ferrite provides a favourable path for crack 

propagation [15]. This leads to an extensive distribution of closely spaced SCC cracks, which 

can then coalesce with other cracks, leading to rapid crack propagation through the material. This 

may ultimately lead to a complete failure of the pipeline in service. It has been suggested that the 

presence of martensitic colonies can similarly aid SCC [19]. Bulk alloy composition can also 

affect the stability of passive films as well as phase distribution within the alloy system, for 

example the amount of/distribution of chromium in stainless steels. 

2.3.2  Inclusions 

A few published results suggest that inclusions may play an important role in the 

initiation and propagation of SCC cracks. For example, Fang et al. [20] found that iron carbonate 

deposits and deposits enriched in Mn and Si were formed around pits in NNPHSCC tests on X80 

steel. The composition of these deposits was found to vary with the composition of adjacent 

inclusions. In particular the morphology of pits was found to be closely associated with inclusion 

chemistry. The study also detailed the presence of Mn and Fe oxide inclusions around corrosion 

pits. Asher and Singh [21] have also suggested that the dissolution of MnS inclusions might aid 

pit formation in slow strain rate test simulation of NNPHSCC in X65 steel. 
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It is probably conceivable that inclusions can increase an alloy’s susceptibility to SCC 

cracking. Since the composition of inclusions and the adjacent matrix is expected to be different, 

then it is possible that there might be a significant difference in their galvanic potentials. Thus, 

depending on the relative potentials, the inclusion might be anodic or cathodic to the surrounding 

matrix. This will set up localized micro galvanic couples within the material, causing localized 

galvanic corrosion at the precipitate/matrix interface. If the inclusion is cathodic, corrosion at 

this interface can ultimately cause the inclusion to detach from the matrix, leaving a pit where 

the inclusion once occupied. This pit can then become a crack initiation site within the matrix, if 

sufficient stress concentration develops around it.  An anodic inclusion will also produce a 

similar effect, though the inclusion itself is preferentially attacked in this case. Besides the 

galvanic effect, differences in dissolution rate between the inclusion and the adjacent matrix can 

also lead to pit formation. Cracks might also form by inclusion/matrix decohesion at the interface 

under sufficient loading conditions.  

The above discussion points to the fact that production process for pipeline steels can 

significantly influence its susceptibility to SCC. Inclusions are generally formed during the steel 

making and casting processes, either due to inadequate cleanliness of the casting environment or 

inadequate removal of impurities (including slag materials) prior to pouring. Often inclusions are 

oxides that form due to inadequate shielding of the melt, or inadequate de-oxidation of melt prior 

to pouring. Inclusions may also form when tramp elements such as sulphur, phosphorus etc. are 

present in the charge. Hence, adequate care must be taken during the casting operation to 

prevent/reduce the formation of inclusions during the casting process.  
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2.3.3 Carbon content and alloying additions 

It has been found that decarburized steel has a high resistance to caustic SCC and that 

susceptibility to SCC increases with increasing carbon content [22, 23]. Hence, steels with high 

carbon content are more prone to SCC than those with lower carbon content [22] and this 

behaviour is noticeable even at very low carbon contents. However, with increasing carbon 

content, the susceptibility to SCC peaks and resistance to SCC improves with additional carbon 

content. For example, Kowaka and Kitamura [24] found that irons with 0.009 and 0.05% carbon 

were more sensitive to SCC than annealed 0.12% carbon steel. Even higher carbon contents were 

found to retard SCC [25].  

 This behaviour has been attributed to the segregation pattern of carbon and its influence 

on the electrochemical properties of steels. Atrens et al. [26]  found that in X70 pipeline steel, 

carbon concentration at grain boundaries reached up to 10at%  even when the nominal carbon 

concentration is about 0.06at%.  

Generally, it has been found that alloyed steels show improved resistance to SCC 

compared to unalloyed steels. In the absence of alloying additions, intergranular and 

intragranular precipitates and segregates are mainly composed of carbon. However, in the 

presence of alloying additions like Ti, carbide particles are precipitated and carbon is tied up 

(probably in proportion to the amount of Ti present in microalloyed steels). This removal of 

carbon from solid solution was thought to improve resistance to SCC [27].  

The presence of carbon in solid solution induces lattice distortion, causing plastic strains 

that might aid the rupture of oxide layers [28]. Points at which oxide films rupture will be 

suitable sites for pit nucleation, which are fertile areas for SCC crack initiation. Carbon is also 
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known to have a strong influence on the anodic oxidation of iron.  It has been shown that carbon 

decreases the ability of iron to passivate and also promotes the accumulation of magnetite on 

corroding surfaces, in caustic solutions [29], and in dilute alkaline solutions [30]. Studies have 

shown that anodic oxidation of iron increases with carbon content up to about 0.4-0.6% but 

decreases with higher carbon content [31, 32]. Flis and Moroz [33] explained the effect of carbon 

on passivation thus:  

“Solid solutions of iron and carbon are more reactive than pure iron for thermodynamic 

reasons; therefore its active dissolution is enhanced. However, the hindrance in 

passivation can be rather associated with an effect of carbon on the formation of passive 

films. Due to the dissolution of iron, carbon accumulates on the corroding surface in the 

form of particles such as atom clusters and/or fine carbide precipitates. These particles 

can disturb the growth of the protective oxide film by introducing inhomogeneity on the 

substrate surface and into the structure of the film. It can be supposed that the 

accumulated particles will make the film growth directly on iron by electrochemical 

oxidation difficult. Instead, a film will grow largely by the precipitation mode and 

therefore it will be less protective”. 

Considering the fact that the carbon content of pipeline steels falls in the range where 

susceptibility has been found very high, it is conceivable that pipeline steels will be fairly 

susceptible to SCC.  

Finally, minor alloying elements can cause local changes in passive film-forming 

elements (carbon causes sensitization in stainless steels), impurity elements can segregate to 

grain boundaries and cause local differences in the corrosion rate (phosphorus in nickel and 
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nickel based alloys), and inclusions can cause local crack tip chemistry changes as the crack 

intersects them (for example manganese sulphides in steels) [34].  

 

2.3.4 Weld heat affected zones 

It has been observed that NNPHSCC cracks in pipelines are often seen at or near the toe 

of the longitudinal weld seam [1]. Bulger et al. [14] reported a 30% increase in crack 

propagation rates in the HAZ of a welded pipe.  Consistent with this, many of the SCC induced 

pipeline ruptures have been found to have occurred in this area. There might be several reasons 

for this behaviour. First, the weld seam is usually not flush with the pipe surface; rather, a weld 

crown is usually formed. When the surface coating, especially polyethylene coatings, are 

applied, tenting, a situation in which there is no adhesion or partial adhesion, may occur in this 

region. Holidays in the coating may therefore form in this region which allows groundwater to 

gain access to the weld seam region of the pipe, the pool being essentially formed in the HAZ 

area. This generates an environment that is suitable for SCC in this region (more on the 

environment in section 2.5). This is often aided by a large stress magnification near the toe of the 

weld. 

Perhaps a more important effect of HAZ is its influence on the metallurgy of the weld 

region. This becomes more important when one considers that even in several laboratory studies 

that simulated SCC without surface coatings, the HAZ was found to be more susceptible to SCC 

than the base metal [4, 35]. This effect might be due to stress at the toe of the weld. Another 

reason might be the formation of non-equilibrium structures in this region, which may act as 

metallurgical discontinuities that aid pitting, from which SCC cracks can subsequently initiate.  

This may also point to the influence of ductility on crack initiation, as the HAZ is known to be 
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more brittle than the base metal. Finally expansion and contraction of the weld pool and the area 

immediately next to it may also lead to the generation of residual stresses in this region, a factor 

that is known to enhance SCC cracking. 

2.3.5 Precipitates 

The effect of precipitates in pipeline steels mainly depends on the nature of the 

precipitates – intergranular precipitates or intragranular precipitates. Intergranular precipitates 

such as carbides in stainless steels and nickel base alloys can cause a depletion of protective film 

formers such as chromium adjacent to the grain boundary leading to a greater susceptibility to 

SCC cracking [34]. In most pipeline materials, the alloy composition and/or alloy processing 

procedures are designed to prevent the formation of significant intergranular precipitates. 

However, manganese is usually added to remove suphur from solid solution. The resulting MnS 

precipitates are often preferentially attacked in a corrosive environment leading to pitting which 

can then act as initiation sites for SCC cracks.  

Another significant influence of the nature/type of precipitates on susceptibility to SCC is 

its influence on hydrogen permeability of the metal lattice. This effect depends on the strength of 

the precipitate in question. If the precipitate has a higher strength than the matrix then the bulk of 

the deformation is concentrated in the surrounding matrix, filling the precipitate/matrix interface 

with dislocations. Hence hydrogen segregates to the interface; if sufficient embrittlement occurs, 

a crack may be initiated here which then propagates through the matrix. On the other hand if the 

precipitate is softer, then the precipitate is more easily deformed and more stress will be 

deflected to the particle which may cause it to rupture initiating a rupture induced crack in this 

region. If this occurs in the vicinity of the crack tip, hydrogen embrittlement may strongly 

influence the size of the plastic zone ahead of the crack tip [36]; the more the hydrogen 
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concentration the smaller the size of the plastic zone and the more susceptible the alloy is to 

cracking. It is also reasonable to assume that there must be a critical hydrogen concentration 

required to induce cracking. Thus the presence of precipitate can modify the ease with which 

hydrogen can permeate the lattice [36]. 

Alloying additions, especially Ti, V and Nb, etc. which are major constituents of pipeline 

steels, as well as the size of their respective precipitates, have been found to influence the 

hydrogen permeability of steels. Grabke et al. [37] found that both TiC and NbC can 

significantly increase the amount of hydrogen trapped within a microalloyed steel lattice. They 

suggested that this effect is probably due to the high amount of finely dispersed carbide particles, 

and the associated lattice strains. Generally, hydrogen is known to concentrate in regions of high 

lattice strains [1]. Hence, the presence of a large number of lattice distortion sites, due to fine 

carbides can increase hydrogen uptake. They found that VC and VN tend to have a strong 

influence on the amount of hydrogen trapped within the lattice, and attributed this to the 

tendency of VC and VN to stabilize high dislocation densities and cause internal strains in their 

surroundings. Dislocations are efficient trap sites for hydrogen since they are usually associated 

with fairly large lattice distortions. Thus pipeline steels with VC, VN, TiC and NbC tend to have 

a high density of hydrogen trap sites, resulting in an increased susceptibility to SCC. In a detailed 

study of the effect of MnS and other second phases on hydrogen occlusivity, Mardrid et al. [38] 

determined that the amount of hydrogen occluded into steel and the risk of hydrogen damage is a 

function of the volume fraction of inclusions. 

2.3.6  Grain size 

Grain boundaries play an important role in adjusting the mismatched strain among 

deformed grains under loading [39]. It has been suggested that fine grained ferrous alloys have a 
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lower susceptibility to hydrogen embrittlement than coarse grained ferrous alloys [40]. A 

decrease in hydrogen content was found for fine grained materials compared to those with grains 

larger than 70μm [38]; although fine grained materials had greater total grain boundary areas, 

they seemed to trap relatively little hydrogen. This behavior was related to lower lattice 

mismatch with progressively smaller grain sizes. It was also shown that alloys with larger grain 

sizes suffered more severe loss of ductility after hydrogen charging compared to those with 

smaller grain sizes. This was attributed to the lower hydrogen concentration at grain boundaries 

in the fine grained alloys. For hydrogen charged specimens, coarse grain size alloys were found 

to be more susceptible to intergranular fracture than fine grained alloys. Hence, coarse grained 

pipeline steels are more liable to SCC than fine grained alloys. 

 

2.3.7 Lattice strain (deformation) 

Plastic deformation increases the amount of lattice defects and imperfections formed 

within the lattice of any material. These defects and imperfections, dislocations, vacancies etc., 

are associated with energies and strain fields which can interact with the lattice to increase the 

amount of internal stress in the lattice. Moreover, plastic deformation reduces the ductility of the 

alloy and reduces the size of the plastic zone ahead of any advancing crack, reducing the lattice 

resistance to crack propagation. All these are factors that can significantly influence the lattice 

resistance to SCC, by increasing the number of sites at which hydrogen can be trapped. Thus, 

plastic deformation can be expected to increase an alloy’s susceptibility to SCC.  

Expectedly, it has been shown that plastic deformation increases the susceptibility of 

microalloyed steels to SCC [41]. It was found that the corrosion current density (a measure of the 

rate of corrosion) increased monotonically with plastic deformation prior to laboratory test.  For 
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alloy X52, it was found that for a 10% strain, corrosion current density increased by about 17% 

[41].  

2.4 Mechanical factors – stress 
 

Considerable research has been carried out to investigate the role played by applied stress 

in the SCC phenomena. Results of such studies almost unanimously conclude that the presence 

of tensile stresses is necessary for the propagation of SCC cracks. In laboratory studies, tensile 

stresses have also been found to play a vital role in crack initiation as SCC is precluded below 

some specific threshold stress level unique to each material [12].  

The stress experienced by a buried pipeline stems from different sources. As would be 

generally expected, the largest stress experienced by the pipeline is that due to the pressurization 

of the pipe contents. Other sources of stress include those imposed bending or axial tension, 

those imposed by the pipeline installation process, by soil movement, and residual stresses 

generated by the pipe fabrication process [4].  Heavy rains or periodic flooding of pipeline sites 

may result in soil slides or washouts which may undermine the stability of the soil on which 

pipeline supports are mounted. This may cause bending due to pipe sagging in areas where the 

soil support has been compromised.  

The orientation of SCC cracks has been found to be dependent on the direction of the 

stress producing it [4]. Stresses can either be in the circumferential or longitudinal direction 

(figure 2.5). The direction of crack propagation is usually perpendicular to the direction of the 

stress producing it. Hence, longitudinal cracks are caused by circumferential stresses while 

circumferential cracks are caused by longitudinal cracks. It has been suggested that 73% of 

failures in Canadian pipelines have involved axial cracks, which suggests that circumferential 
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stresses controlled most of the failures experienced in service [4]. Circumferential stresses 

originate from [4]: 

1. Hoop stress due to the operating pressure 

2. Residual stress created during pipe fabrication.  

3. Bending stresses result from subjecting out-of-round pipes to internal pressure  

4. Localized stresses around the weld seam, mechanical gouges, corrosion pits and other 

areas of stress concentration 

5. Secondary stresses resulting from soil settlement or land slides  

6. Temperature differences through the pipe wall thickness. 

Longitudinal stresses originate from [4]: 

1. Internal operating pressure with a resolved component in the longitudinal direction, 

usually about half to one-third of the hoop stress 

2. Stresses that can bend the pipeline such as soil settlement and landslides 

3. Stresses due to temperature changes along the axis of the pipe 

Other crucial factors that determine the influence of stress on SCC include: 

1. Load cycling 

2. Strain rates 

3. Hydrostatic testing 

4. Stress concentration 
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Figure 2.5: Stresses in pipelines [4] 
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2.4.1 Forming process and residual stress 

Considering the method by which pipes are formed, residual stresses can be developed 

during the formation of plate materials and/or during the pipe fabrication process. The 

production process for the plates from which pipelines are produced involves several stages of 

rolling. This might be especially significant when one considers the fact that the final rolling 

stage (finish rolling) involves a large amount of strain (up to 70%). This has the potential to lead 

to the formation of intensely high residual stresses unless a stress relief heat treatment is 

carefully carried out after the finish rolling process.  

Common methods by which line pipes are produced include by double submerged arc 

welding (DSAW), electrical resistance welding (ERW) or by seamless methods. In the DSAW 

process, the pipe is rolled into a tube, welded longitudinally and typically (although not always) 

expanded to final round shape by pressurizing it with water [4]. ERW pipes are cold formed into 

cylindrical shapes and then welded longitudinally. Seamless pipes are not commonly used 

because they are expensive and production time, hence delivery time, is usually rather too long. 

Both the ERW and the DSAW processes have the potential to induce residual stresses in the 

finished pipe. The residual stresses resulting from sheet material bending during pipe production 

are often tensile in nature and have been shown to be between 0% and 20% of the alloy yield 

strength [42]. 

 It has been shown that there is a correlation between residual stresses and locations of 

linepipe SCC [43]. Beavers et al. [44] determined that residual stresses in areas where SCC 

colonies were formed were twice as high as those in unaffected areas, 216 MPa and 108 MPa 

respectively. Van Bowen et al. [45] have also determined that the formation of micropits and 

microcracks could occur preferentially in areas where tensile residual stress were about 200 MPa 
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while only little pitting or general corrosion or microcracking occurred on the pipeline surfaces 

with compressive residual stress. 

Many of the pipes currently used in the oil and gas transportation welds have long seams 

where the the two ends of the bent plate are welded together to form a closed tube. Often, 

NNPHSCC cracks are found concentrated around these weld seams [4]. This is often attributed 

to the residual stresses induced by the welding process and the associated stress concentration. 

Also the coating tends to form a tent in this region, providing easy access of groundwater to the 

weld toe area. Welding of pipe seam during the fabrication process can create high weld-cooling 

induced stresses in the weld area and in the HAZ regions adjacent to it. Rapid cooling of the 

weld also produces a microstructure that is different from that of the base material. It is known 

that that residual stresses may vary from compressive stress up to 77% of the alloy yield strength 

and tensile stresses up to 20% of the yield strength [4, 42]. Baker [46] found that the resultant 

residual stress produced at girth welds in pipes may increase the probability of circumferential 

SCC. 

There are a few ways the effects of residual stresses can be reduced. One of such ways is 

to introduce compressive stresses at the pipe surface to counter the effect of tensile residual 

stresses. This can be done by shot peening or by grit blasting. Beavers et al. [47] have shown that 

grit blasted surfaces are more resistant to high pH SCC by inducing compressive stresses at the 

pipe surface.   
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2.4.2 Stress concentration 

Stress concentration is known to occur around geometric discontinuities and defects in 

engineering materials. Stress concentration can modify/amplify the local stress in engineering 

structures to levels well beyond the nominal design stress. This effect can be much more crucial 

when combined with an aggressive environment as is often associated with NNPHSCC and high 

pH SCC. The National Energy Board reported that all the ruptures reviewed in their report on 

SCC were associated with a stress raiser [4]. Of the eleven ruptures reviewed, five occurred near 

the long seam weld of the pipe, five were associated with general corrosion (reduced wall 

thickness) and one rupture initiated from a gouge on the pipe surface.  

The operating pressures of pipelines are strictly regulated and are chosen such that the 

service stress is well below the specified minimum yield strength of the material. These stresses 

are usually carefully regulated to within 72 to 85% of the specified minimum yield strength [4, 

48, 49]. Attempts to simulate SCC initiation in the laboratory at benign/service stress ranges 

have been largely unsuccessful. Often SCC initiation and propagation in laboratory studies have 

only been obtained at stress levels well in excess of the normal pipeline operating ranges [50, 

51]. Therefore, many researchers believe that stress raisers probably play a very significant role 

in the initiation and propagation of SCC. 

2.4.3 Hydrostatic testing 

Hydrostatic testing is used to determine the structural integrity of pipelines and to 

establish a safe operating pressure [4]. Before a new pipeline is issued an operating permit, 

regulatory authorities require the pipeline be made to undergo a hydrostatic pressure test 

successfully. This procedure involves pressurizing the pipeline/pipe segment to pressures in 

excess of its intended operating pressures. Hydrostatic testing may also be periodically redone to 
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detect cracks on operating pipelines or rather to determine a safe operating limit for serviceable 

pipelines. The goal is to determine how safe it is to operate the pipeline until the next designated 

retesting period given its current condition. During hydrostatic testing, a section of the pipeline is 

filled with a low-compressibility liquid, usually water, the pressure is then raised above the level 

at which the pipeline is designed to operate [4]. Next, the pressure is held at a prescribed amount, 

usually lower than the initial loading phase, for the amount of time recommended by the 

regulatory authority.  Usually the test involves initially loading the pipeline to 110% of its SMYS 

for 1hr followed by a load shed to 90% SMYS for 24 hours [52]. The initial loading phase is 

designed to cause the rupture of critical sized flaws while the second (prolonged) loading regime 

is designed to test for leaks. Periodic retesting of pipelines is often necessary for pipelines that 

have defects that propagate over time such as SCC. Any successful test is only an indication that 

the pipe is safe for operation for a certain period of time – that is until the cracks grow to a 

critical size that could cause rupture. Thus it is often necessary to conduct re-tests periodically 

over the service life of the pipeline or pipe segment.  

Besides causing critical size flaws to rupture, hydrostatic testing has been found to inhibit 

crack propagation by blunting the crack tip, making it harder for such cracks to re-initiate in 

service [35]. Thus even though crack propagation might occur during the test itself, there is no 

reduction in the overall life because the associated crack tip blunting ensures that growth rates 

are depressed for some time after the test. It has been shown that hydrostatic testing is no more 

harmful to pipelines than depressurization as the load-unload transients during depressurization 

occur at strain rates that can accelerate or re-initiate cracks in such a way that depressurization 

may be more detrimental to the predicted life of a pipe than hydrostatic stress [53-56]. 
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2.4.3 Summary of the effect of stress on SCC 

 Results of laboratory tests with notched and smooth samples have shown that TGSCC 

initiates in areas of high stress concentration [21]. In a slow strain rate test, Asher and Singh [21] 

showed that for X65 steel, preferential dissolution commences around inclusion sites 

(particularly large inclusions) and scratches in less than 27 hours, when a load of about 35% 

yield strength is applied. In fact at this stress level, some inclusions were found to have already 

fallen out of the specimen surface, producing pits which showed crack-like features. Chemical 

analysis showed that MnS inclusions were particularly susceptible to this type of behaviour. 

When samples were loaded to about 65% of the yield strength for the same period of time, they 

found even more intense localized dissolution, including dissolution around very fine inclusions, 

resulting in the formation of very fine pits on the specimen surface. Samples loaded to just under 

the yield strength of the alloy showed numerous larger pits, and even more extensive localized 

dissolution around inclusions. When specimen samples were loaded to a little above the yield 

strength of the material, pits became larger, deeper and increased in number. This was attributed 

to a more intense galvanic corrosion of MnS inclusions at this stress level.  

The above shows that stress levels can strongly influence the onset and extent of pitting 

by aggravating localized dissolution and/or breaking up of particles. Since such pits act as 

regions of stress concentrations, if the radius of curvature of such pits is small enough, localized 

plastic deformation may occur at the bottom or even on the edges of such pits (since pits are 

often irregularly shaped and sharp edges do occur), causing cracks to initiate in such regions. 

Cracks were found to have initiated in X65 at stresses as low as 65% of the yield strength.  

Another influence of stress on SCC is its apparent ability to worsen hydrogen 

embrittlement. Stress concentration has been shown to facilitate the ingress of hydrogen and its 
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subsequent localized accumulation, causing hydrogen embrittlement of steel. It has been reported 

in several studies involving slow strain rate tests [21] that SCC cracks were concentrated in 

regions of high stress concentrations such as at the transition point for necking or directly next to 

the fracture surface. This points to the fact that plastic deformation was necessary for TGSCC of 

pipeline steels in near-neutral pH environments [21]. It has been suggested that such isolation of 

cracking to regions of high plasticity and stress triaxiality might be a strong indication that stress 

concentration facilitates hydrogen diffusion and aids the TGSCC process. It also appears that 

there is a strong correlation between hydrogen solubility in pipeline steels, lattice strain and 

microstructure [33]. The role of stress concentration on SCC becomes even more obvious when 

one considers previous studies have shown that smooth slow strain rate test samples showed no 

significant deterioration in properties when held in air at stress levels up to 85% of the yield 

strength [57, 57, 58].  

There is a bit of controversy on the nature of stress required for the initiation and 

propagation of SCC cracks. Results of laboratory experiments, where no SCC cracks could be 

initiated under constant loading conditions, but in which cyclic loadings were used to generate 

cracks similar to field observed SCC, have suggested that stress fluctuations is a necessary 

requirement for the occurrence of SCC [4, 53, 59, 60]. The result of full scale tests carried out by 

CANMET has also suggested that pressure fluctuations inside operating pipelines is a necessary 

ingredient in NNPHSCC [61]. In this study static loading, up to 80% of the yield strength, 

produced no SCC cracks, but it is known that SCC cracking occurs at stress levels much lower 

than 80% yield strength. Judging by this, it might be concluded as has already been suggested in 

some quarters that some level of cyclic loading, no matter how low the frequency, might be a 

necessary condition for SCC. 



41 

 

2.4.4 Cyclic loading 

Attempts at producing stress-corrosion cracking in laboratories have involved subjecting 

pipeline materials to cyclic loading or other non-static loading as in the case of slow strain rate 

tests. There have been a few reports of high pH SCC being produced under static loading [50, 56, 

62, 63] but initiating near-neutral pH SCC in the laboratory under stressing conditions that are 

representative of those on an operating gas pipeline has proven very difficult. For instance 

researchers at CANMET produced clusters of transgranular cracks that appeared very similar to 

near-neutral pH stress-corrosion cracks that occurred under field conditions but these cracks only 

initiated in tests that involved thousands of high-amplitude (low-stress ratio) stress cycles [51]. 

While such high cycles may be experienced on oil pipelines, this situation is quite 

unrepresentative of gas pipelines. 

Experimental data suggests that quite a few cyclic loading parameters can have a 

significant effect on the initiation and propagation of SCC cracks. Among such are, the 

maximum stress (σmax) to which the material is loaded, stress amplitude (difference between the 

maximum and minimum stresses in the cyclic pattern), stress intensity factor, strain rate, and 

loading frequency. Usually, the maximum/minimum stress applied is stated in terms of the 

percentage of the specified minimum yield strength (SMYS) rather than the actual yield strength 

of the alloy. It should be noted that the SMYS can be significantly lower than the actual yield 

strength; up to 30% lower than the actual yield strength [4].  

More often than not, the stress amplitude is described in terms of the stress ratio, R-value, 

as the ratio of the minimum stress to the maximum stress in the cyclic pattern: 

  
    

    
…………. (2.4) 
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The stress intensity factor is defined by the laws of fracture  mechanics. This parameter describes 

the stress state near the tip of a crack by an applied load or residual stress. It is commonly 

applied to cracks in a homogenous material in the linear elastic loading regime and is most useful 

for determining the fracture criteria for brittle materials. Among other things the stress intensity 

depends on the sample geometry, crack shape, crack size and crack location as well as the mode 

of loading. There are three distinct modes of loading in fracture mechanics: crack opening mode, 

crack shearing mode, and crack tearing mode. These three modes are illustrated in Figure 2.6. 

For mode I loading, the  stress intensity factor is expressed in its general form as: 

    √    (
 

 
) …………. (2.5) 

where σ is the applied stress, a is the crack length, and f(a/w) is a geometric factor. 

When materials are subjected to a fluctuating stress, they fail at a stress level much lower 

than would have caused failure under static load. The fatigue life, defined as the number of 

cycles to failure, increases with reducing maximum stress until the endurance limit or the fatigue 

limit is reached. The endurance limit is the stress at/below which the material is able to survive 

an infinite number of cycles without failure. Generally, for engineering alloys, the fatigue limit 

only refers to the stress level below which the material does not fail within a specified number of 

cycles, usually between 10
7
 or 10

8
 cycles. 

In a bid to establish realistic in-service cyclic loading parameters for SCC research, 

CEPA found that there is a clear distinction between in-service cyclic loading experienced by oil 

pipelines compared to gas pipelines [64]. Oil (liquid) pipelines were found to experience an 

average of 2500 low R cycles annually while gas pipelines undergo fewer than 10 low R cycles 

per year. In this study, low R cycles was defined as R<0.5. They also found that pressure 

changes on liquid lines occur more rapidly than on gas lines. Whereas, during a shutdown, a 
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liquid line can be brought from highest operating pressure down to minimum operating pressure 

in just 15minutes, it takes up to 24hours to shut down a gas line. This disparity is due to the 

incompressibility of liquids compared to the high compressibility of gases. Therefore, oil 

pipelines experience much higher strain rates than gas pipelines.  

 

 

 

 

 

 

Figure 2.6: Modes of loading a) mode I, b) mod II, c) mode III [63]  
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Whereas gas lines only experienced high R stress ratio above R=0.9 90% of the pressure cycle, 

liquid lines experience R=0.7 stress ratios 90% of the time. This difference in stress ratio is quite 

important as it significantly impacts the change in stress intensity (ΔK). ΔK is often employed as 

a means of characterizing crack propagation. Hence care must be taken to select realistic stress 

ratios for SCC experiments.  ΔK is related to stress amplitude by  

             …………. (2.6) 

where Kmax is the stress intensity factor at maximum stress. 

In addition to the above, it is a generally known fact that a pipeline that is exposed to 

cyclic pressure fluctuations may experience cyclic softening. Cyclic softening is a phenomenon 

in which the application of stress cycles at maximum stress levels below the yield strength 

causes the steel to exhibit local micro-plastic deformation after a period of load cycles. This 

phenomenon manifests itself as a loss of yield strength and can significantly reduce the threshold 

stress. The stress ratio and stress state at the crack tip can have a significant effect on the extent 

of cyclic softening that occurs in a given material. These two effects, the relationship between 

ΔK and R and the influence of R on cyclic softening can have a significant effect on the 

initiation and propagation of SCC cracks. For instance, Beavers and Hagerdorn [55, 56] found 

that changing R ratios from 0.9 to 0.6 while keeping all other test conditions constant caused 

crack propagation rates to increase by a factor of two. Chen and Sutherby [65] found that crack 

tips subjected to low ΔK values showed significantly higher crack tip dissolution than those 

subjected to high ΔK values. Hence cracks subjected to low R cyclic loads tend to have sharper 

crack tips than those subjected to high R cyclic loads. Hence cracks subject to high ΔK values 

are more prone to purely mechanical advancement or corrosion fatigue than those subjected to 

lower ΔK.  
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Recently there have been reports of SCC initiation under static loading   in near neutral 

pH environments [66-68]. It must be noted however, that in the work by Fang et al. [68], SCC 

initiation only occurred at very high applied stresses, above the SMYS of the pipeline material 

used, and it is unclear whether these cracks would propagate or remain dormant under normal 

pipeline operating conditions. Also, the test samples used in the work by Jia et al. [67] have very 

thin walls that are unrepresentative of actual pipelines, hence it is not known if the reported SCC 

initiation and crack propagation is a side effect of the stress state. It is also pertinent to note that 

Jia et al. could not produce any cracks perpendicular to the loading direction or any SCC features 

when the applied stress was below 95.6% SMYS. 

 

2.4.5  Effect of strain rates 

Another factor that has been shown to have a significant effect on the rate of propagation of 

stress corrosion cracks is the strain rate at the crack tip. It has been established that many 

material-environment combinations where NNPHSCC are found are sensitive to the strain rates 

associated with the applied stress [50, 54, 69]. It has been suggested that for high pressure 

pipelines, both dissolution and hydrogen ingress into the steel are involved in crack propagation 

[8]. Parkins and Beavers [57] opined that the mechanistic implications of strain rate are more 

obvious in material-environment combinations where SCC is dissolution controlled. In such 

systems, SCC occurs by repeated film formation and film rupture at the crack tip, and the 

repetition of filming and dissolution and film rupture is sustained by film dissolution in the metal 

beyond the crack tip [69]. Even where the mechanism of crack propagation is associated with 

hydrogen ingress, indications seem to have emerged that the prevailing strain rate might still 

significantly influence crack propagation [69]. Generally, crack propagation rates increase with 
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increased strain rates. Beavers [43] determined that there is a strong correlation between the rate 

of SCC crack propagation and crack tip strain rates. Strain rate effects were found to be most 

pronounced at intermediate values as too high strain rates causes rapid ductile rupture before any 

significant crack tip dissolution/film formation or hydrogen permeation can occur [70]. This 

finding should not be surprising as decreasing the frequency of cyclic loading allows more 

interaction time between the material and the environment, hence more time for hydrogen to 

diffuse into the material [71]. Lichter et al. [72] showed that even in the absence of hydrogen, 

increasing strain may accelerate corrosion rates by an order of magnitude, which implies that 

localized microplasticity or some other hydrogen independent strain effect contributes to SCC 

propagation. However, one needs to be careful when applying laboratory generated data to actual 

pipelines.  Oil and gas pipelines, especially gas pipelines, are only subjected to very few cycles 

per day. The cumulative effect of dissolution and repassivation reactions between these load 

cycling events would probably have a pronounced effect on crack tip sharpness, hence the rate of 

crack propagation. Chen and Sutherby [65] have found that crack tip blunting may occur at low 

frequency cyclic loading at or below 0.0025 Hz and suggested that this phenomenon is produced 

by low temperature creep. It is generally known that steels exhibit higher strengths at high strain 

rates than at lower strain rates. Wang and Chen [73,2] have also shown that high strain rates 

cause larger room temperature creep deformation during static loading following a load ramping-

up event. Eadie et al. [71] opined that room temperature creep might contribute to near-neutral 

pH SCC. It is not unimaginable then that the relationship between strain rates and low 

temperature creep may in fact be the reason why higher strain rates produce higher SCC 

propagation rates.  
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2.5 Environmental factors 

Environment refers to the condition at the pipe surface [4]. The environment might or 

might not be exactly the same as that of the surroundings on a macro scale. For example, the 

environment at a buried pipeline surface may not be exactly the same as that of the surrounding 

soil as the SCC environment might be isolated from the (larger) surrounding environment [4]. 

Almost all studies agree that the environment required for NNPHSCC is one with a low 

concentration of carbonic acid and bicarbonate ions in the presence of ionic species such as 

chloride, sulphate and nitrate ions. This essentially means that the environment must be such that 

some amount of CO2 is dissolved in a suitable medium, usually dilute ground water for buried 

pipelines.  

Another important component of the SCC environment is that cathodic protection current 

is unable to effectively reach the pipe either because of coatings such as polyethylene tapes, high 

resistance soils, or a poor cathodic protection system design [12]. This is necessary to enable the 

formation of a dilute carbonic acid solution with a pH in the range 5.5-7.5. The carbonic acid is 

required to furnish hydrogen which is usually an active agent in SCC. 

Several environmental factors might influence the occurrence of or the kinetics of SCC. 

These factors are discussed next. 

 

2.5.1 Soil 

Some of the soil characteristics that may influence the tendency of SCC occurrence 

include: soil type, soil drainage, topography, CO2 levels, temperature, electrical conductivity or 

its inverse – resistivity, and the presence of inhibitors. However it must be said that no 

correlation has ever been found between soil chemistry and SCC – high or low pH. It has 
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however been observed that soil type could have a significant effect on the performance of 

coatings especially polyethylene tape coatings. Bluish-coloured clays tend to hold a lot of 

moisture and create soil stresses which have been found to aid SCC development [4, 74]. These 

soils tend to drain poorly, hence retain more of the aggressive environment that is required for 

the development of SCC. It has also been said that SCC may be more prevalent in clays and silts 

(lacustrine soils) than in sands and gravel (glaciofluvial soils). Generally, imperfectly drained or 

poorly drained soils, which tend to provide a steady supply of moisture and tend to support 

anaerobic and seasonally reducing environmental conditions, tend to be more conducive for 

NNPHSCC occurrence [75]. However, areas that are constantly at high moisture level have been 

said to be less likely to develop NNPHSCC than areas where moisture level constantly varies. 

Areas with anaerobic soils are also believed to be more conducive to the development of 

NNPHSCC because of the presence of sulphate reducing bacteria, which aggravate hydrogen 

embrittlement of steels, by producing sulphides that act as hydrogen recombination poisons [76].  

Soil resistivity can also determine whether or not cathodic potential is able to permeate 

through to the pipe surface. High soil resistivity can prevent the delivery of sufficient cathodic 

potential to holiday sites. Groundwater conductivity also determines how effectively cathodic 

protection reaches holidays and disbondments. Often, NNPHSCC is only found on ashphalt 

coated lines in dry soils where soil resistivity is so high that cathodic protection cannot reach the 

pipe surface [75].  Soils with lower corrosion currents and lower corrosion potentials have also 

been found to support higher crack propagation in laboratory tested X65 steel samples [77]. 
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2.5.2 Role of hydrogen 

There are possibly several ways by which hydrogen can influence an alloy’s 

susceptibility to SCC. Hydrogen is known to have an affinity for highly stressed areas (tensile 

only) and highly deformed areas in metals [78]. Crack tips and porosities are some of such 

regions with localized stress concentrations. Hydrogen embrittlement at such sites could result in 

a loss of ductility, making it easier for cracks to propagate by lowering the stress required for 

plastic deformation. It has been established in several studies, in which steel specimen samples 

were pre-charged with hydrogen, that hydrogen aids crack propagation. For example, in an SEM 

examination of fractured sample surfaces, Gu et al. [70] found that pre-charging with hydrogen 

increases the fraction of surface area over which brittle type crack propagation occurred. 

Delafosse and Magnin [79] showed that steel samples fail at decreasing elongation with 

increasing cathodic potentials in slow strain rate tests (Figure 2.7), due to increased hydrogen 

ingress into the material. Parkins [80] found that the hydrogen induced reduction of ductility of 

pipeline steels requires a continued supply of hydrogen during the deformation process. He 

found that when precharged specimens were subjected to SSRT tests in air, the elongation to 

failure was similar to samples that had not been precharged while those tested in solution showed 

marked reduction in ductility.  

Hydrogen is also known to induce/enhance the anodic dissolution of iron [81, 82] by the 

reaction 
  222 FeHHFe ad (where the subscript ‘ad’ refers to adsorbed hydrogen). This 

reaction, could result in the sharpening of otherwise blunt (hence, dormant) cracks, increasing 

the probability of crack propagation at low stress levels. 
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Figure 2.7: Variation of elongation to failure with applied cathodic potential [79]  
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It has been shown that the effect of hydrogen embrittlement is more pronounced at low 

pH values than at higher pH values [70, 83-85]. Also, the application of a cathodic potential has 

been shown to increase the hydrogen concentration around crack tips [70], possibly by increasing 

the rate of hydrogen adsorption. Both factors – a low pH environment and some level of cathodic 

protection – are present in operating pipelines. Furthermore, there is no shortage of atomic 

hydrogen from microbial activities, cathodic reduction of hydrogen or from the dissociation of 

ground water. Hence, pipelines might be very susceptible to hydrogen assisted NNPHSCC. 

Jack et al. [86] also found that increasing hydrogen concentrations correlated more with 

increasing bicarbonate levels than with lower pH, implying that hydrogen for SCC cracking 

results from the electrolysis of the bicarbonate species in solution rather than the H+ directly 

generated from water.  

 

2.5.3  Electrolytes 

The concentration and composition of the groundwater in contact with the pipe surface 

where a coating disbonds or holidays exits has a significant effect on the probability of SCC 

occurring and/or the severity of SCC if it occurs. As already mentioned, NNPHSCC develops in 

a carbonate-bicarbonate environment. This kind of environment is developed when CO2 

dissolves in ground water.  

CO2 plays a major role in maintaining the pH of the solution at the pipeline surface in the 

near neutral range. Ordinarily, when water dissociates by the reaction  OHHeOH 222 22   

or  OHeOHO 442 22 , the generation of hydroxyl ions causes the pH of the solution to 

increase. In the absence of CO2, the pH may increase to about 11-12 [87]. However, when CO2 is 
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present, CO2 dissolves in groundwater to form carbonic acid by the reaction 

3222 COHOHCO  which can further react with water to produce a hydronium ion and a 

bicarbonate ion by   33232 HCOOHOHCOH
 
[12, 88]. The bicarbonate ion is weakly 

basic while the hydronium ion is an acid radical. The formation of this pair of ions lowers the pH 

of the solution to the near neutral range, if CO2 is present at a sufficiently high partial pressure. 

Apart from its influence on the pH of the solution, hydronium ions can be reduced to furnish 

hydrogen gas at the pipe surface. This reduction reaction is another major source of hydrogen in 

NNPHSCC. 

In the field, the CO2 involved in the development of the SCC environment comes from 

the decay of organic matter in the soil [4, 89]. It is widely believed that crack propagation rates 

increase with increasing concentration of CO2 [77, 90-92]. However it has been noted that CO2 

concentration may have the opposite trend on crack initiation. Cracks are usually initiated from 

the bottom of corrosion pits. Increasing CO2 tends to increase the rate of general corrosion 

preventing the development of pits and probably blunting the tips of shallow cracks or 

obliterating shallow cracks altogether where the dissolution rate is high enough [61].  

Since Parkins [8] found that CO2 is necessary for the development of the NNPHSCC 

environment, laboratory studies of SCC usually involve sparging simulated ground water with 

CO2. The sparging gas is typically 5% CO2 balance N2 in keeping with the original finding, but 

sparging gas containing as high as 20% CO2 has been used. Increasing concentrations of CO2 in 

the sparging gas usually results in lower pH and increase in the hydrogen permeation rates [93, 

94]. Thus higher concentrations of CO2 in the sparging gas produce a more aggressive 
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environment. Increasing concentration of CO2 has been found to increase the anodic reaction – steel 

dissolution – by destabilizing the protective oxide film formed at the surface of the material [95].  

The concentration of hydrogen recombination poisons, especially sulphur, in the electrolyte 

can also have a significant effect on the severity of SCC. It is well documented that sulphur promotes 

the ingress of hydrogen into metal lattices [80]. The presence of sulphide reducing bacteria in the 

surrounding soil and media can lead to the reduction of sulphates in the surrounding soils as well as 

the reduction of manganese sulphide inclusions present in the steel. Another source of sulphur is the 

presence of H2S either in the surrounding soil or as part of the pipe contents. It is well known that the 

presence of as little as 1% H2S in the near-neutral pH environment can remarkably increase the 

cracking susceptibility of steels by as high as a factor of 6 for pipeline steels. 

Other species that may influence the tendency of a soil solution to support SCC include Ca2+, 

CO3
2-, SO4

2-,K+ and Mg. It is well document that iron carbonate, calcium carbonate, and iron 

sulphides are typically present in the corrosion products found at NNPHSCC sites (Jack et al. in [96]. 

He et al. [97] found that the addition of dilute amounts of Ca2+ and CO3
- ions to simulated soil 

solution (NS4) increased the production of hydrogen at open circuit potential and that increasing 

calcium concentration reduces the effectiveness of cathodic protection. It has also been found that the 

formation of CaCO3 on the specimen surface lowers the pH of the solution counterbalancing the pH 

increase resulting from the discharge of hydrogen by the applied cathodic potential [97, 98]. Beavers 

and Worthingham [89] also discovered that the ratio of [Na + K]/[Mg + Ca] seems higher for high 

pH SCC than for NNPHSCC, and that the ratio was always higher at sites were SCC is found 

compared to those devoid of SCC.  

There have been different types of simulated soil solutions developed for use in the 

laboratory study of NNPHSCC. These solutions have been developed by mimicking the 
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composition/concentration of electrochemical species found in analysis of solutions taken from 

various sites where SCC had been detected. The compositions of the more commonly used solutions 

are shown in Table 2.1. 

2.5.4 Effect of applied potential 

It has been established that steels are generally not susceptible to NNPHSCC at open circuit 

potential (i.e. where no cathodic potential is applied) [94]. The effect of applied potential on SCC is 

shown in Figure 2.8 [1]. As can be seen from the hatched area in this figure, the presence of some 

passive film is necessary for SCC to occur [1]. It can be seen from the Figure 2.8 that in zone 1, SCC 

is closely associated with potentials at which pitting is likely to occur, while in zone 2, the passive 

film is relatively weak at potentials barely adequate to form a passive film [1]. By critically 

examining the potential ranges over which SCC occurs, it seems that an unstable passive oxide film 

must be present before SCC cracking can occur. NNPHSCC is known to be typically associated with 

locations where there is little general corrosion which is indicative of either surface passivation or 

transpassive behaviour. Also, in keeping with the usually observed wide walls of NNPHSCC, 

potentiodynamic polarization tests suggest that active corrosion occurs in NNPHSCC systems [53].  

Field observations have shown that 87% of SCC occurs in pipelines with polyethylene coatings [8]. 

Chen et al. [94] explained that polyethylene tapes can form long disbondments trapping water 

against the pipe and reducing the amount of cathodic protection current reaching the pipe 

surface. This is likely to reduce the effective cathodic potential at the pipe surface to the active-

passive region where pitting readily occurs, ultimately leading to SCC. 
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Table 2.1: Composition of simulation NNPHSCC soil solutions. Concentrations are in g/litre. 

pH measure after solution was sparged with 5% CO2 bal N2 

 

 KCl NaHCO3 CaCl2.2H2O MgSO4.7H2O CaCO3 pH 

NS4 0.122 0.486 0.181 0.131 0 6.3 

C1 0.0035 0.0195 0.0255 00274 0.0061 5.89 

C2 0.0035 0.0195 0.0255 0.0274 0.0606 6.29 

C3 0.0035 00195 0.0255 0.0274 0.2422 6.83 

C4 0.0035 0.0195 0.0255 0.0274 0.4845 7.19 
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Figure 2.8: Potential ranges where SCC is likely to occur [1] 

  

Zone 1 

Zone 2 
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It has been shown that more anodic potentials tend to inhibit the occurrence of 

NNPHSCC. Such anodic currents will increase the general corrosion rates, which tends to 

prevent/reduce SCC incidences. Beavers et al. [89] found that applying a cathodic potential of 

just 100mV to pipeline steels in NS4 solution, while sparging with 5% CO2 gas, increases the 

hydrogen permeation rate by a factor of two. Since increased hydrogen ingress into steels is 

known to increase SCC propagation, it follows that cathodic protection could enhance 

NNPHSCC.  

Finally, the amount of CO2 within the system may affect the amount of cathodic 

polarization needed to effectively protect pipeline materials. Johnson et al. [93] found that at low 

concentrations of CO2, between 0 and 0.5% CO2, the pH of simulated soil solutions increase with 

cathodic polarization while the pH decreased with increasing cathodic potentials at higher CO2 

concentrations (10-100% CO2). This suggests that at high concentrations of CO2, higher cathodic 

potentials are needed to maintain cathodic protection of pipeline surfaces.  

2.5.5 Effect of the type of coating 

It has been severally determined in laboratory studies and field observations that the type 

of coating applied to the pipeline surface may have an influence on whether a pipeline ultimately 

experiences NNPHSCC or not or the extent to which it does. Some coatings are known to be 

more permissive of SCC than others. 

Several types of coatings are used to protect the surface of pipelines from the 

environment. These include: over-the-ditch type polyethylene tape, asphalt and coal tar coating, 

fusion bonded epoxy coating, extruded polyethylene coating, etc. [4].  Field observations have 

shown that 87% of SCC occurs in pipelines with polyethylene coatings [8]. A study has also 
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found that “single wrapped polyethylene coated pipe had five times as many SCC colonies per 

metre as asphalt/coal tar coated pipe, while double- wrapped polyethylene tape coated pipe had 

nine times as many colonies per meter as asphalt/coal tar coated pipe” [76].  

Polyethylene tape is a wraparound-the-pipe type of coating. It may be applied right at the 

mill or on the go in the field and was the most widely used coating on Canadian pipelines from 

the early 1960s up to the early 1980s. The national board of enquiry report details that most of 

the NNPHSCC crack failures on Canadian pipelines occurred on polyethylene wrapped pipelines 

that were installed between 1968 and 1973 [93]. Generally, SCC cracks form where there are 

holidays, breaks, or localized de-bonding of the coating material, at which points the pipe is 

directly exposed to the environment. Since polyethylene coatings are usually spirally wrapped 

round the pipe, there is a high tendency for the coating to de-bond from the pipe surface when 

the adhesive holding the tape to the pipe surface fails or is otherwise compromised and unable to 

stick to the pipe surface as anticipated. Figure 2.9 shows a polyethylene coated pipeline with 

significant de-bonding of the coating. Most of the susceptible pipes are seam welded and the 

welded seam is often not flush with the rest of the pipe surface. Hence, tape tenting tends to 

occur around these welded seams. Tenting may also occur in the contact area between the helix 

of the spirally wound tape. Tape tenting is illustrated in Figure 2.10. If ground water gains access 

to such de-bonded sites, SCC may readily occur. The possibility of several de-bonded sites being 

exposed to the environment is perhaps the main reason why polyethylene coated pipelines are 

more susceptible to SCC. Also, the disbonded tape shields the pipe surface from the applied 

cathodic protection, preventing sufficient cathodic potential from reaching the pipe surface and 

rendering the CP ineffective in preventing NNPHSCC.  
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Figure 2.9: showing a pipeline in which severe de-bonding of the polyethylene coating has 

occurred. 

 

 

Figure 2.10: Tape tenting around a tape overlap [45] 
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Fortunately, there has been quite some improvement in polyethylene tape coating technology, 

such that modern vintage tapes are less likely to disbond from the pipe surface. In the event of a 

disbondment of the more modern tapes, the tape itself separates from the adhesive such that the 

adhesive continues to protect the pipe surface [4]. 

Prior to the wide acceptance of the polyethylene tape, coal tar and asphalt coatings were 

mainly used, up until the early 1960s. They were commonly applied to the pipe over the ditch 

(on the right of way) with minimal surface preparation. Asphalt and coal tar coatings are 

relatively brittle and are usually applied in thicknesses of 2-4mm. Unless the pipe surface is 

carefully prepared, these coatings are particularly prone to poor adhesion to the pipe surface. 

Also because they are brittle, soil stresses tend to easily make them to disbond from the pipe 

surface.  Asphalt and coal tar coatings may also disbond, especially due to poor surface 

preparation. However when they disbond, they tend to become saturated with moisture such that 

they still retain a good measure of conductivity, hence they let the cathodic potential through to 

the pipe surface. Also, because they are brittle, they tend to break into pieces, so that CP current 

is still able to reach the pipe surface in the disbonded area. Nonetheless, SCC might still occur 

where the soil resistivity is so high that the CP current cannot reach the pipeline [46]. However, 

these coatings are less susceptible to SCC than polyethylene tapes [75]. In fact it has been found 

that polyethylene tapes are ten times more susceptible to NNPHSCC than either asphalt or coal 

tar coated pipelines [75].  

Fusion bonded epoxy coatings came on the market much later than polyethylene or asphalt or 

coal tar coatings and are the most widely used coating on newer generation lines. It has been 

recognized that fusion-bonded epoxy (FBE) coatings are an effective protection against SCC 

since no SCC has been found under these coatings [46]. Just like asphalt and coal tar coatings, 
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when epoxy coatings disbond, they get saturated with moisture and are permeable to the applied 

cathodic potential effectively preventing the development of SCC. Extruded polyethylene 

coatings are usually monolithic in structure and, usually thick and tough, such that even 

punctures from mechanical damage are likely. They have also not been associated with SCC. It 

must be stressed that these newer coatings have only been in service for a relatively short time; 

so it is perhaps premature to irreproachably talk about their excellent SCC prevention qualities. 

It must be mentioned however, that all coatings are susceptible to developing holidays or 

disbondment/holes due to mechanical damage, improper handling, improper applications, rock 

chips etc. However, it is crucial that cathodic potential be able to reach such regions of 

disbondment or imperfection at sufficient levels to prevent the development of SCC, barring 

which SCC will likely develop on any pipeline irrespective of the type of coating applied. 

 

2.5.6 Seasonal variation 

There are a few electrochemical and environmental factors that change across seasons on 

a pipeline with ongoing SCC issues. Some of these factors include: solution concentration, CO2 

levels, bacteria activity level, temperature, oxygen levels, soil resistivity, soilwater pH etc. 

Laboratory research results suggest these changes may have noticeable influence on SCC 

initiation and propagation.  

Delanty and O’Beirne [75] found that CO2 concentration in the bulk soil solution 

adjacent on the pipe surface varies significantly with the seasons. For instance soil CO2 level was 

4% in winter but could be up to 23% in spring. Since carbonic acid concentration is directly 

related to CO2 concentrations in the surround soil, carbonic acid concentrations can also be 

expected to vary with the seasons. Indeed Delanty and O’Beirne’s measurements revealed that 
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carbonic concentration in the soil water was 20 times higher in winter. This means that pipelines 

with disbonded coatings are exposed to higher levels of acidity and lower pH, in winter. 

Therefore, dissolution rates should be more intense in winter and pipelines may experience more 

localized type of corrosion, e.g. pitting, under this condition. Increased dissolution may also 

increase crack tip blunting and may lead to crack dormancy. Beavers and Harle [53] have 

proposed that crack growth may occur only during the fall and winter months when soil acidity is 

higher and trapped solutions are more concentrated and crack dormancy or near dormancy may 

occur during spring and summer months.  

Another issue that may have significant effect on crack propagation/initiation is the level 

of dissolved oxygen in ground water. As previously mentioned, NNPHSCC occurs in anaerobic 

conditions when insufficient cathodic protection is supplied to the pipe surface. It is 

inconceivable that no oxygen reaches the surface of pipelines that are buried in shallow grounds. 

It is also reasonable to assume that more oxygen will be dissolved in ground water at the high 

temperatures of the spring and summer months than the winter months. It is known that the 

presence of oxygen introduces an alternative reduction reaction path to the hydrogen reduction 

reaction,                 . This reaction increases the corrosion potential and 

reduces the kinetics of the hydrogen generation reaction. Also, the reaction products formed in 

the presence of oxygen tend to prevent/reduce the assimilation of hydrogen in the metal lattice. 

Johnson et al. [93] found that the presence of oxygen in low concentrations, up to 1%, reduces 

crack propagation while higher concentrations, 10% or more, in the sparging gas increases the 

crack propagation rate. Gu et al. [99] found that oxygen reduces the ductility to failure of 

pipeline steels in groundwater. 
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It can also be expected that there will be less microbial activity in the winter months 

compared to summer/spring, hence sulphide reduction may occur to a lesser extent in winter. 

There is a lot of speculation on the exact manner by which seasonal variations impacts SCC of 

pipelines, hence it is generally understood that more research is required to further understand its 

influence on SCC initiation and propagation.   

2.6 Corrosion fatigue 

Corrosion fatigue (CF) consists of the sequential stages of metal damage that evolve with 

accumulated load cycling, in an aggressive environment compared to inert or benign ones, and 

resulting from the interaction of irreversible cyclic plastic deformation with localized chemical 

or electrochemical reactions [100]. Similar to SCC, CF involves the use of a susceptible material 

in an aggressive environment, with suitable chemical and electrochemical parameters, and 

mechanical loading [101]. Corrosion fatigue is sometimes referred to as ‘enhanced fatigue failure 

due to corrosion’. This is perhaps due to the fact that the effect of corrosion fatigue is almost 

always greater than the added effects of corrosion damage and fatigue. In the presence of an 

aggressive environment capable of supporting CF, both the fatigue limit and the fatigue life can 

be markedly reduced and in a lot of cases, the endurance limit is no longer observed [101]. An 

example of fatigue life reduction and the elimination of the fatigue limit of high –strength steel is 

shown in Figure 2.11.  CF involves these processes – 1) corrosion damage, 2) anodic metal 

dissolution and cathodic reactions (usually hydrogen reduction), 3) mechanical fatigue [101]. CF 

leads to a reduction in the fatigue resistance of the susceptible materials due to the synergistic 

enhancements of fatigue caused by the above processes [101].  The exact nature of CF is 
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dependent on the particular environment and can be either transgranular to intergranular or a 

combination of both.    

 

 

 

 

Figure 2.11: Illustration of fatigue life reduction due to load cycling in aggressive 

environment [100]   
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A corrosive environment almost always compromises the fatigue properties of an engineering 

alloy; hence, it is often assumed that CF is not material-environment specific. Localized 

corrosion, pitting for example, generates favorable sites for CF crack initiation, but pitting is not 

a necessary pre-requisite for failure as pits are not the only sites where CF has been found to 

initiate. 

 

2.6.1 Corrosion Fatigue Mechanisms 

Gangloff [100] in his exhaustive review of corrosion fatigue explained that CF damage 

accumulates with increasing load cycle count (N) in four stages: i) cyclic plastic deformation, ii) 

microcrack initiation, iii) growth of small crack and linkup (coalescence), iv) macrocrack 

propagation.  For materials that possess a measure of ductility, like pipeline materials, CF 

involves plastic deformation and it is the localization of plastic deformation during cyclic 

loading that causes fatigue failure at a stress level far below the nominal yield strength of the 

material [101]. Like SCC, CF may also involve i) hydrogen embrittlement ii) enhanced localized 

plasticity, iii) interaction of dislocations with surface dissolution, iv) films or adsorbed atoms, v) 

and combinations of these processes [100, 102-106]. There is yet no consensus on the 

contribution of each of the above mechanisms to CF. Existing mechanism based models only 

provide an insight into the phenomenon, but are not able to accurately predict CF as observed 

from field generated data.  

Figure 2.12 shows a schematic illustration of the process by which CF initiates and 

propagates [101].  Figure 2.12a shows that cracks propagate by slip dissolution resulting from 

the diffusion of active species such as water molecules and halides to the crack tip followed by 

the rupture of the protective oxide film at a slip step or in the immediate wake of a crack tip by 
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strain concentration or fretting contact between the crack faces; dissolution of the exposed 

surface; and, nucleation and growth of oxide on the bare surface. This mechanism is often 

referred to as the passive film rupture. Transient anodic dissolution mechanism is often applied 

to CF propagation in carbon and stainless steels in high temperature pure water and is sometimes 

applied to titanium and aluminum alloys in aqueous chloride solutions. Localized plastic 

straining ruptures the protective film at the crack tip so that the crack propagates by transient 

anodic dissolution of metal at the breached film. The crack propagates at a decreasing rate while 

the surface re-passivates pending the repetition of the sequence. Since this model is based on 

dissolution/passivation of crack tips, CF is expected to depend Faradaically on the anodic charge 

per load cycle and should be governed by surface repassivation reaction kinetics in the occluded 

crack solution and by the time between ruptures determined from the local strain rate and film 

ductility. It must be stressed that the film rupture model is complex and there is no general 

consensus as to its validity as confirming data exist but the model has been found untenable for 

several specific alloy-environment combinations.   

Hydrogen embrittlement (Figure 2.12b) is a popular alternative mechanism for CF, 

especially in ferritic and martensitic steels, aluminum, titanium and nickel based alloys exposed 

to gaseous and liquid media within 100
o
C of ambient temperature [100, 102, 104, 107-110]. It 

must be pointed out that this hypothesis is only supported by circumstantial but extensive 

evidence. Here the proposition is as follows [100, 101]: 

1. mass transport of specific species occurs within the pit or crevice solution, crack tip 

dissolution and hydrolysis of cations for local acidification  
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Figure 2.12: Schematic illustration of (a) slip dissolution mechanism (b)hydrogen 

embrittlement in aqueous media[101]  
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2. Hydrogen is produced by the electrochemical reduction of hydrogen ions or water. 

Adsorbed hydrogen may also be furnished by the reactions/ electrolysis of H2O, C2H2, 

H2S or CO2 at the metal surfaces. 

3. Hydrogen is chemically adsorbed on strained but clean initiation sites or crack surfaces  

4. The adsorbed hydrogen then diffuses by lattice, interface or dislocation mechanisms in 

the initiation-volume or crack tip plastic zone.  

5. Segregation of lattice hydrogen to high energy sites such as grain boundaries, internal 

interfaces, and regions of high triaxiality ahead of the crack tip or void. 

CF damage is enhanced by hydrogen-affected lattice bond decohesion, grain or dislocation cell 

boundary decohesion, enhanced localized plasticity or metal hydride formation. 

In addition to the above, other mechanisms have been proposed based on the interaction between 

dislocations and environment-based processes at initiation sites or crack tip surfaces. Dislocation 

modeling and in-situ TEM microscopy have shown that adsorbed hydrogen localizes plastic 

deformation in several pure metals and alloys [111]. It has also been shown that reaction-product 

films are not capable of sustaining extensive plastic deformation compared to the base metal. 

This behavior has led to the hypothesis that CF may be caused by any of 1) interference with the 

reversibility of slip, 2) localization of persistent slip bands, 3) reduction of near-surface plasticity 

leading to reduced or enhanced CF depending on the cracking mechanism, 4) localization of 

near-surface dislocation structure and voids, or 5) film-induced cleavage [104, 112, 113]. It has 

also been suggested that adsorbed cations could affect fatigue in a similar way. It has also been 
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proposed that anodic dissolution at sample surface or at the crack tip may eliminate near-surface 

work hardening, enhancing fatigue damage. 

 

2.6.2  Factors controlling corrosion fatigue 

Some of the main issues that are central to understanding the influence of material, 

environmental and mechanical factors on CF can be summarized thus: 

1)  Mass transport and electrochemical reaction/kinetics are central and critical to the CF 

phenomenon. For example: [100] 

a.  The effect of electrolyte composition, electrode potential, pH, temperature, 

viscosity, conductivity, biological activity, etc. are governed by mass transport.  

b. Electrochemical reactions within pits, crevices, and cracks – including the role of 

strain in exposing fresh surfaces to sustain these processes – are very crucial to 

the CF phenomenon.  

2) Corrosion fatigue is time dependent [100]. The rate at which CF progresses is determined 

by one or more of the slow steps in the mass transport and crack surface reaction 

sequence. For instance, it has been determined that slow loading rates accelerate CF 

damage.   

 

2.6.3  Mechanical factors 

Since CF is essentially an environment enhanced version of fatigue, it can be reasonably 

expected that the same mechanical factors that affect fatigue failure also exert a significant 

influence on CF.  However, most of these effects are exacerbated by the aggressive environment 
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involved in CF. Under cyclic loading, crack closure – fretting contact between the mating 

surfaces at low stress levels above zero load during unloading; pumping of the aggressive 

solution to the crack tip by the crack walls; and progressive blunting and re-sharpening of the 

crack tip by the reversing load; can significantly influence the rate of dissolution [114].  

Therefore, cyclic frequency and loading waveform can strongly influence the progression of CF, 

to a greater extent than in ordinary fatigue.  

There has been a lot of work done on characterizing and modeling the effect of frequency 

on the propagation of CF based on the film rupture and hydrogen environment embrittlement 

mechanisms. These studies have given rise to the following conclusions [107, 110, 115-117]: 

1. Fatigue crack propagation is independent of frequency for alloys in inert gases, moist air 

and vacuum at low temperatures 

2. Under the influence of an aggressive environment (CF), the frequency response can be 

any of the following 

a. Pure time dependence: Here da/dN is proportional to (1/αf) 

b. Cycle-time dependence: here da/dN is proportional to (1/αf)
β
, β is on the order of 

0.5 

c. Cycle dependence: here da/dN is enhanced by the environment but frequency –

independent.  
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where α represents the proportion of the load-cycle time that produces CF damage and is usually 

taken as 2 for symmetrical loading cycles since unloading is usually assumed to have no 

significant contribution to environmentally enhanced crack propagation [102].  

Generally, time dependent cracking occurs in high strength SCC susceptible alloys at 

Kmax above KISCC or at very high da/dt while cycle time dependence occurs at ΔK levels below 

KISCC or at very low da/dt. Cycle dependence/frequency independent, otherwise referred to as 

true corrosion fatigue, occurs at very low ΔK, at high loading frequencies or for alloys that resist 

environmental cracking [100].  

Four stages are involved in the development of fatigue damage [101]: 

1. Pre-crack cyclic deformation:  here plastic strain is accumulated in local regions; 

dislocation and other substructures develop; persistent slip bands appear - slip bands that 

develop on the surface of a deformed material during cyclic deformation and that re-

appear at the same locations during further cyclic deformation after polishing the surface; 

extrusions and intrusions develop 

2. Crack initiation and stage I growth: Cracks, rather microcracks, form due to the 

deepening of intrusions. At this stage, crack growth is within the planes of high shear 

stress 

3. Stage II crack propagation: microcracks develop into well-defined cracks on the planes of 

high tensile stress in a direction that is perpendicular to the maximum tensile stress. 

4. Rupture (otherwise referred to as ductile fracture): occurs when the crack reaches a 

critical size and the remaining cross section of material cannot support the applied load. 
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A corrosive environment usually intensifies all stages except the ductile rupture phase. 

2.6.4  Corrosion fatigue initiation 

 

A little background information on corrosion fatigue initiation is relevant because for 

low-stress high-cycle fatigue, such as in many SCC cases, crack initiation comprises a fairly 

large portion of the total component life.  It is a general knowledge that fatigue failures initiate in 

alloys on the surface or subsurface of the component and are often associated with surface 

defects, usually non-metallic inclusions. Such inclusions must meet two criteria [118]:  

2a. The inclusion must be of a critical size or greater 

2b. The inclusion must have a low deformability 

In steels the main culprits are alumina, spinels, and calcium aluminates larger than 10µm 

in diameter. MnS inclusions, which are far more common in steels, and often have an elongated 

structure, are much less frequently the source of fatigue crack initiation. This is because even 

though these elongated inclusions can act as stress raisers, it is their ability to enhance the 

localization of plastic deformation around themselves that is more critical to the fatigue 

properties of a material.  

In the presence of an aggressive environment, localized attack around inclusions may 

provide favourable sites for the initiation of CF cracks. It has been shown that in the presence of 

an aggressive environment, inclusions may show a significant difference in their susceptibility to 

crack initiation than in air. For instance, calcium-aluminates, which were found to contribute 

significantly to fatigue crack initiation in air, did not have any significant contribution to 

cracking in a sodium chloride environment, whereas sulfide inclusions which were less 
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susceptible to cracking in air significantly raise susceptibility to fatigue cracking in sodium chloride 

solutions [119-121].  This behavior is due to the significantly higher electrochemical activity of 

sulfides compared to aluminates in steels. Sulphide inclusions and the areas immediately surrounding 

them have been shown to be anodic to steel [122, 123]. Dissolution of sulphide particles can also lead 

to the formation of hydrogen sulfide and HS- ions which are known to enhance the development of 

pits and may catalyze anodic dissolution of iron and enhance the absorption of hydrogen. The 

application of cyclic loading is known to increase the corrosion rate at an inclusion-matrix interface 

relative to the stress-free or static loading condition, enhancing the formation of micropits from 

which fatigue cracks can subsequently initiate [122]. 

Cathodic polarization can influence both the initiation and propagation of CF in steels. 

Opposing trends have been reported, depending on whether the steel specimen was initially smooth 

or notched. For smooth (un-cracked) steel specimens, fatigue life was only reduced when the 

dissolution rate exceeds a critical value; hence, cathodic polarization reduces or eliminates CF 

initiation in smooth samples by suppressing anodic dissolution and preventing the formation of pits 

making crack initiation more difficult [124-126]. These same studies also reported that CF was 

accelerated by cathodic polarization due to enhanced hydrogen effects.  Dissolution and pitting 

strongly influence the initiation of an environment-enhanced fatigue crack [124, 126, 127], while 

hydrogen plays a less significant role at high loading frequencies, near-threshold stress intensities, 

and uniaxial stress states typical of smooth specimens. Low frequency and hydrostatic stress states at 

crack tips enhance the hydrogen effect through crack tip acidification at free corrosion potentials and 

water reduction at cathodic potentials.  This trend is reversed when aluminum is subjected to anodic/ 

cathodic polarization. It has been reported that in aluminum, CF is accelerated by anodic polarization 

or extreme cathodic polarization and is arrested by moderate cathodic polarization [128-130]. 
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2.6.5 Corrosion fatigue crack propagation 

Similar to pure fatigue, CF is usually characterized using fracture mechanics laws by relating 

the average rate of crack advancement per load cycle (da/dN) to the applied stress intensity factor 

range (ΔK). In the presence of an aggressive environment, CF can propagate at maximum stress 

intensities (Kmax) well below the threshold stress intensity for SCC or pure fatigue, at a rate that is 

significantly higher than ordinarily expected.  

As already mentioned, CF can be cycle dependent, time dependent, or purely cycle-time 

dependent. To understand this categorization, it is important to consider the effect of the aggressive 

environment on the growth of CF by separately considering the crack growth under pure mechanical 

fatigue and under SCC conditions. Figure 2.13a shows a typical sigmoidal variation of crack growth 

rates with stress intensity factor under pure fatigue conditions while figure 2.13b plots a typical data 

as crack velocity vs stress intensity factor. This figure shows a unique stress intensity (KISCC), called 

the stress intensity threshold, below which the environment has no effect and no crack propagation 

will occur. Just above this stress is region I,  in which crack propagation rapidly increases with stress 

intensity. In region II, steady crack growth occurs and crack propagation is relatively independent of 

stress intensity. When the maximum stress intensity approaches the fracture toughness of the 

material, crack propagation increases rapidly in region III. Figure 2.13c depicts true corrosion 

fatigue, where cyclic plastic deformation and the environment interact synergistically to produce a 

cycle and time dependent crack propagation. Time dependent fatigue crack propagation is depicted in 

figure 2.13d, showing a simple superposition of mechanical fatigue and the effect of the 

environment. Here stress corrosion fatigue only occurs when Kmax > KISCC. In this form of CF, the 

cyclic waveform is unimportant. Figure 2.13e depicts cycle-time dependent corrosion fatigue which 

involves complete cycle-time dependent crack propagation over the entire life cycle of the crack. 

This behavior is the most general form of corrosion fatigue. 
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Figure 2.13: Schematic representations of possible combinations of mechanical fatigue and 

environmentally enhanced crack growth (a) fatigue crack growth in inert environment (b) stress 

corrosion cracking under sustained loading (c) True corrosion fatigue (d) superposition of (a) and 

(b), (e) superposition of (b) and (d) [101]  
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2.7 SCC propagation mechanisms 

It is impractical to provide a full list of the mechanisms that have been proposed for the 

propagation of stress corrosion cracking. Several mechanisms have been proposed and they are 

as diverse as they are many. Among the most prominent mechanisms are [34]: 

1. Dissolution mechanisms: Proponents of this mechanism ascribe the observed SCC 

propagation to the repeated rupture of protective passive films, repassivation of the 

exposed underlying surface, and a continued repetition of the whole cycle. After a 

rupture of the protective film at the crack tip, there is a burst of anodic dissolution, 

advancing the crack. Since a free surface cannot support stress, the protective layer on 

the crack wall preserves the shape of the crack and concentrates plastic deformation 

at the crack tip. Although the fact that anodic dissolution is involved in the 

NNPHSCC process is incontrovertible, it has been well documented that a dissolution 

mechanism alone cannot account for NNPHSCC as crack propagation rates are 

significantly higher than only dissolution mechanisms can properly account for. 

Among the mechanisms in this category are the film rupture and the active path 

mechanisms. The active path mechanism supposes there are preferentially corroded 

paths in metals and alloys on which crack propagation by SCC is localized. Among 

such paths are grain boundaries, dislocation pile ups and second phase boundaries. 

This mechanism may be reasonable for intergranular SCC but it does not explain 

NNPHSCC. 

2. Mechanical fracture mechanisms: here it is assumed that stress concentration at the 

base of corrosion pits increases over time until ductile rupture occurs [131]. Early 



77 

 

versions of this mechanism assumed that localized crack propagation occurred by 

localized dissolution until the remaining ligament between adjacent cracks failed by 

ductile rupture. There have been several revisions of this mechanism among which 

are: 

2a. corrosion tunnel mechanism: Here, the proposal is that fine arrays of small 

corrosion tunnels form at emerging slip steps and grow in diameter and length until 

the remaining ligament is unable to sustain the stress, causing ductile rupture. Hence 

crack propagation occurs by repeated dissolution tunneling and ductile rupture. A 

crack that propagates by this mechanism should present clearly defined grooving on 

the fracture surface coupled with ductile rupture indicators such as microvoid 

coalescence as illustrated in Figure 2.14. Such slots are typically not observed in 

SCC. It has been suggested that stress application modifies the tunnels to thin flat 

slots as depicted in Figure 2.15. Features similar to those depicted in Figure 2.15 have 

been observed in some transgranular SCC. 

2b. adsorption-enhanced plasticity: the proposal here is that the chemisorption of 

environmental species enhances the nucleation and motion of dislocations at the crack 

tip and promotes the shear processes that give rise to brittle cleavage-like features. 

The adsorption mechanism is assumed to be dependent on the applied potential and 

the competitive adsorption between aggressive and inhibitor species is assumed to 

account for the role of inhibitors in slowing down cracking. However, there has been 

no evidence of preferential adsorption sites involved in SCC [1].  
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Figure 2.14: Crack propagation by film rupture model showing corrosion tunnel 

mechanism with grooved fracture face [34] 
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Figure 2.15: Crack propagation mechanism by tunnel mechanism (a) by formation of 

tunnel at slip steps and ductile deformation and fracture of remaining ligament (b) 

schematic representation of tunnel mechanism of SCC and flat slot formation [34] 
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This mechanism also does not explain the measureable but limited plasticity ahead of a 

sharp crack tip in a ductile material and the discontinuous nature of crack propagation.   

2c. film induced cleavage: This mechanism was originally proposed in 1959. It explained 

that vacancy injection and de-alloying could generate brittle fracture. More contemporary 

versions of this model propose that [132]: i) In a corrosive environment, a thin film forms 

on the surface of the metal/alloy ii) brittle cracks initiate in this thin layer of film iii) 

some of the brittle cracks propagate through the film/matrix interface with sufficient 

velocity to keep propagating in the ductile matrix iv) the crack continues to propagate in 

the ductile matrix and will eventually be arrested until the process is repeated all over 

again. Anodic dissolution and corrosion are not required to cause crack propagation but 

only to form the required brittle surface film. However, there is no evidence to suggest 

that surface films are sufficiently brittle to sustain crack propagation into the ductile 

matrix since most of the films involved in SCC are hydrated and are not likely to be that 

brittle. However there are computer simulation results that have suggested that surface 

layers can indeed initiate brittle facture even if the layer is ductile depending on lattice 

mismatch [133]. 

2d. atomic surface mobility: This mechanism assumes that crack growth occurs by the 

capture of surface vacancies at the crack tip and counter current surface diffusion of 

atoms away from the crack tip [134, 135]. It predicts that SCC involves surface mobility 

maximization at the expense of bulk diffusion in a metal crystal and should be prevalent 

at temperatures below half the melting point of the metal in question. It proposes that 

SCC is produced by low melting compounds that enhance surface mobility. Parkins [136] 
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refuted this mechanism by noting that although SCC in carbon steels occurs in the 

presence of low melting compounds in nitrates, it also occurs in the presence of high 

melting point compounds like Fe3O4.  Oriani [137] also suggested that there are obvious 

demerits to this proposal since the flow of surface atoms in a stressed piece of metal 

should be towards the crack tip not away from it. 

2e. localized surface plasticity: Here, film rupture is assumed to initiate large anodic 

currents at the site of rupture by a galvanic coupling of the underlying metal and 

passivated surface. SCC initiation is known to involve both mechanical creep and anodic 

dissolution. It has also been suggested that anodic currents can aid creep occurrence 

[138]. At the crack tip, if a high creep rate is produced by the anodic current, then 

softening could occur by a surface defect structure reducing the strain hardening by 

primary creep. The softening structure even though it is able to deform plastically ahead 

of the surrounding metal is unable to do so because it is constrained by the surrounding 

material. Microstrain within the softened volume then produces a triaxial state of stress 

which hinders plastic slip. Continued straining of this volume can only produce a brittle 

crack. Jones [138] likened the crack tip under this condition to the soft solder joining the 

ends of two pieces of steel bars, wherein loading normal to the solder joint produces a 

brittle fracture of the solder due to the triaxial stress state which prevents plastic 

deformation of the normally ductile solder. This mechanism is able to explain several 

aspects of SCC propagation like  the resistance of pure metals to SCC (no second phases, 

more uniform deformation) and discontinuous crack propagation ( the softened crack tip 

must reform at an arrested crack tip before a new brittle crack burst can occur).  
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2f. hydrogen embrittlement: It is often noted that some of the features found in SCC are 

similar to those found in hydrogen induced cracking. Therefore, it is widely assumed that 

hydrogen plays some, albeit uncertain, role in SCC propagation. It has been noted that the 

effects of factors such as yield strength, impurity segregation and temperature on crack 

propagation in ferritic alloys in aqueous media follow the same pattern as in hydrogen 

induced cracking. Also it is assumed that since anodic dissolution must have a 

corresponding cathodic reaction, and hydrogen reduction is often the cathodic reaction 

and hydrogen is known to easily migrate into metal lattice, it is highly likely that 

hydrogen plays some role in SCC propagation. Several mechanisms have been proposed 

to account for the role of hydrogen in enhancing crack propagation. These mechanisms 

will be briefly discussed in section 2.8. 

2.7 Dormancy 

A cursory look at macrographs of SCC colonies suggests that most of the cracks within 

the colony are dormant (not propagating). In fact it has been found that 95% of cracks within a 

colony in field studies are dormant, with a blunt tip, and are very shallow in nature (under 1mm 

in depth) [139]. Generally crack dormancy refers to a state in which a crack experiencing cyclic 

or non-cyclic loading either does not grow at all or is growing at a very small rate (typically less 

than 10
-9

mm/s). In this way, dormancy does not necessarily mean there are no long term safety 

concerns as far as pipelines are concerned. Chen [140] argued that a crack growing at 5x10
-9 

mm/s could still reach a third of its wall thickness in 20 years.  

Generally, dormant cracks in the field present with blunted crack tips and corroded walls. 

Although crack propagation may not be occurring, continued corrosion of crack walls may 
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occur, causing further crack blunting and decreasing the probability of growth re-activation [54]. 

This is because several cycles of severe mechanical loading might be required to re-sharpen the 

tip of a dormant crack prior to growth reactivation. It is generally believed that high strain rate 

events such as the complete unloading and reloading of pipelines during shutdowns may be 

required to reactivate dormant cracks.  

Several factors may influence the tendency for a given crack to attain dormancy. Among 

these are environmental factors, crack tip strain rates, stress transients etc. There is no general 

consensus on the environment-material-stress interactions required for SCC crack dormancy nor 

are there any concrete explanation as to why some cracks grow in the field while others are 

dormant.  

Laboratory studies often have to be carried out under very severe mechanical loading 

conditions that are not representative of normal pipeline operating conditions because it has been 

almost impossible to grow cracks under benign conditions which are more representative of 

normal pipeline operating conditions in the lab. Under normal operating conditions, laboratories 

are usually only able to generate short cracks that soon become dormant and impossible to 

reinitiate under benign conditions [51, 141]. 

2.8 Mechanisms of hydrogen embrittlement  

2.8.1  Decohesion model 

The pioneer work on the embrittlement effect of hydrogen on steels was done by Troiano 

et al. [142] and Slaughter et al. [143]. They provided the initial framework for what is now 

known as the decohesion model of hydrogen embrittlement.  They opined that the dissolution of 

hydrogen in steels leads to the concentration of hydrogen in regions of positive hydrostatic 
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component, θ, of elastic stress and that such concentrated hydrogen weakens the lattice so that a 

crack nucleates under the applied stress.  Li et al. [144] further developed this concept by 

developing expressions for the variation of chemical potential of an interstitial solute with stress 

state of the metal matrix and making relevant deductions from it. They found that the local stress 

needed to separate atoms from each other on a hydrogen coated surface, in order to generate free 

surfaces, has to rise to very large values in order to overcome the interatomic forces. Contrary to 

the original proposition by Troiano et al., Li et al. found that the large stresses at crack tips can 

concentrate interstitial hydrogen by several orders of magnitude above the stress-free solubility. 

They also proposed that as hydrogen concentration is increased, the attractive force between 

metal atoms is decreased as well as the maximum cohesive force, Fm, developable by the atomic 

bond.  This provided a framework for later assertion by Oriani [144] that the condition for 

hydrogen-induced crack propagation is that the local tensile stress σz
’
 at the crack tip in mode 1 

loading just equals to the hydrogen-concentration-reduced local maximum cohesive force, Fm
 
per 

unit area (the hydrogen concentration at the crack tip being much larger than the concentration in 

the absence of the stress state of which σz
’
 is one component).  It was therefore proposed that 

σz
’
 = nFm(cH) …………. (2.7) 

where n is the number of metal atoms per unit area of crack plane and cH is hydrogen 

concentration. The exact value of σz
’
 relative to the externally applied stress is dependent on the 

macroscopic characteristic of the crack through the radius of curvature of the crack tip and the 

crack length. Realizing that the radius of curvature of the crack tip reflects the microscopic 

plastic properties of the material at the location in question, e.g. matrix, grain boundary, etc., 



85 

 

Oriani [144] adapted Gilman’s modification of the Inglis relation for the stress at the tip of a 

crack blunted by plastic deformation  

σz
’
 = k’σ(L/ρ)

0.5
  =k”K/ρ

0.5
 …………. (2.8) 

where σ is the externally applied stress, k’ and k” are numerical parameters and K is the stress 

intensity parameter, ρ is the radius of curvature of the crack tip, and L is the crack length. 

Combining the two equations above,  

K=kρ
0.5

Fm(cH) …………. (2.9) 

Since Fm is a decreasing function of cH, and  cH increases with  tensile stress state, equation 3 

therefore suggests  that for a perfectly homogenous steel there must exist a value of chemical 

potential of hydrogen for a given value of K below which a crack will not propagate, and also 

that for a given value of chemical potential there must exist a value of K below which a crack 

remains immobile. These thresholds have been demonstrated in several studies and some 

researchers accept that crack propagation can be switched on and off by changing the hydrogen 

pressure. 

Although the core principle of the decohesion theory is that hydrogen reduces the bond 

strength between atoms and lowers the stress requires to initiate a crack, it was explained that the 

manner in which the local stress is generated and the specific expression to be used for the 

Fm(cH)  and other functions will vary from material to material. For example, many low strength 

steels fail with similar dimple-rupture appearance irrespective of whether failure occurred with 

or without hydrogen, making it difficult to determine whether hydrogen induced decohesion 

played any role in such failures [145]. However,  Oriani and Josephic [146], using load 
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relaxation at constant crack length constraint approach, showed that a threshold value of 

hydrogen fugacity exists beyond which hydrogen-assisted crack propagation occurs, through 

enhanced decohesive nucleation and immediate subsequent growth of microvoids.  It was 

therefore theorized that the effect of hydrogen in such steels is to increase the number and mean 

size of microvoids at a given value of plastic strain over what would have occurred in the 

absence of hydrogen, by a decohesion mechanism. This ensures that the critical conditions for 

final ductile rupture such as critical area fraction of voids is attained at smaller values of plastic 

deformation with hydrogen than without it.  

2.8.2 Adsorption model 

The original adsorption energy model was proposed by Petch and stables [147], and the 

various forms of this model developed since the original work have been dubbed the Petch-

Stables model.  In simple terms, this model holds that due to the fact that the surface energy, γ, 

of a metal surface is lowered by a finite amount, ∆γ, by the adsorption thereon of hydrogen, the 

energy required from a stress field to grow a crack is lower in the presence of hydrogen than in 

its absence.  Li et al. suggested that while the adsorption model is thermodynamically correct, it 

possibly only describes the final separated state of crack and may not necessarily describe the 

intervening stages in the development/formation of a crack.  

2.8.3 Pressure theory 

This theory is premised on the fact that hydrogen diffuses to internal voids, fissures and 

interfaces where it forms molecular hydrogen causing a buildup of hydrogen pressure which aids 

void growth and crack propagation [148]. When atomic hydrogen recombines at free surfaces 

inside the material, it expands and the pressure increases as the hydrogen concentration increases 

until the local yield strength is exceeded causing plastic deformation and void creation in such 
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areas. Griffith proposed that for a crack to grow, the system must undergo a decrease in local 

energy content. The energy released by the expanding molecular hydrogen inside steels can 

facilitate crack growth by supplying the portion of strain needed to cause cracks to advance 

[149]. 

2.8.4  Surface energy theory 

The original proposition of what has now come to be known as surface energy theory of 

hydrogen degradation is attributed to Petch and Stables [147] who opined that hydrogen 

enhances crack propagation by adsorbing on the free surface created by cracking and decreasing 

the work of fracture. Although there have been a few criticisms of this model on the grounds 

that: it cannot account for the reversibility of degradation, underestimates the work of fracture, 

does not account for discontinuous crack growth, and that it cannot explain why oxygen which 

has a greater heat of adsorption than hydrogen suppresses the effect of hydrogen on crack 

propagation, this theory still subsists in contemporary literature. Some researchers believe that 

oxygen preferentially adsorbs at the crack tip thereby preventing the ingress of hydrogen, but 

because of its atomic size, it might be thermodynamically more favourable for oxygen atoms to 

reside at atomic sites unfavourable for crack propagation [150, 151]. Other researchers have 

shown that the occurrence of plastic flow may screen a sharp crack tip from extreme stress 

concentration while allowing some elastic stress concentration, may account for the 

underestimation of the work of crack propagation and discontinuous crack growth [152, 153]. 

2.8.5  Enhanced plastic flow theory 

Beacham [154] proposed that hydrogen enhances crack propagation by enhancing 

dislocation motion. Subsequent work on this proposition has led to the expansion of this 

definition to include the fact that hydrogen could also lead to the creation of dislocations at 
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surface and/or crack tips, leading to localized softening within the alloy [155]. The model is 

based on hydrogen-deformation interactions that occur on a microscopic scale, hence usually not 

observed in tests that probe material behaviour on a macroscopic scale. Typically when this 

mechanism is in operation, it is observed that within a certain range of temperatures and strain 

rates, the introduction of hydrogen into solid solution decreases the barriers to dislocation 

motion, increasing the amount of deformation that occurs in a localized region adjacent to the 

crack tip [156-160]. Birnbaum [156] using an in-situ TEM analysis observed that dislocation 

motion increased at the crack tip when hydrogen gas is introduced into the test. Of particular 

significance is the fact that increase in dislocation mobility occurs at constant stress. It was not 

only observed that the introduction of hydrogen into the test environment increases dislocation 

mobility but also that the removal of hydrogen from the test environment results in noticeable 

decrease in dislocation mobility. The behaviour was observed for both edge and screw 

dislocations, mixed dislocations and also for dislocation tangles [161]. In bcc metals, enhanced 

dislocation mobility was observed on {112} and {110} slip planes. The extent of dislocation 

mobility enhancement was observed to be more intense with increase in interstitial solutes (such 

as C) concentration for high purity iron. It was also observed that the presence of hydrogen in 

solid solution localized ductile rupture to regions close to the crack tip in notched specimens. 

Cracks that had propagated and arrested in vacuum could be re-started in a hydrogen 

environment without increasing the external load.  

It must be mentioned that even though this mechanism has been proven to operate in 

certain alloys, hydrogen has also been shown to cause a hardening of other materials including 

some steels. It has been shown however that hydrogen may enhance plastic flow at the crack tip 

by causing shear localization to the crack tip. 



89 

 

 

2.8.6 Hydride formation theory 

In some alloys especially the transition metals and magnesium, hydrogen is known to 

enhance cracking by the formation of brittle metal hydrides at the crack tip. This usually occurs 

spontaneously when sufficient hydrogen pressure builds up. Such hydrides are typically very 

brittle and can cleave under an applied stress. Such cracks will typically arrest when they 

propagate into the ductile base metal. However, the triaxial stress state at a crack tip is known to 

enhance hydride precipitation, hence the crack tip may enhance the tendency to form brittle 

hydrides. Therefore in a system that supports hydride formation, in the presence of a crack tip 

(which modifies the stress state), crack propagation could occur by the repeated precipitation and 

cleavage of hydrides. Hydrides are typically not observed in pipeline steels. 

 

2.8.7 Hydrogen attack 

This may occur by surface or internal decarburization of steel, usually at high 

temperatures. In this case, hydrogen diffuses into steel at high temperature and reacts with 

carbon to form a hydrocarbon, usually methane. This reaction may also occur at the surface of 

steel. The loss of carbon then weakens the steel in question. The associated loss of strength 

enhances crack propagation. 

2.9 Predictive modeling of NNPHSCC 

Near-neutral pH stress corrosion cracking is a dynamic process that occurs progressively 

over time. Generally, pipeline operators carry out periodically scheduled inspection in order to 

ascertain the serviceability/integrity of pipelines. Once an ongoing SCC issue is discovered, such 
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sites must be carefully monitored in order to prevent catastrophic failures or accidental 

discharges and the attendant environmental and economic issues.  

For ease of modeling NNPHSCC, the pipeline integrity manager often categorizes the 

lifecycle of an NNPHSCC crack into four stages (Figure 2.16). The stages usually involved are: 

i) establishment of conditions necessary for NNPHSCC development on pipe surface 2) 

microcrack initiation 3) growth and coalescence of microcracks leading to development of large 

cracks 4) coalescence of large cracks leading to failure. The remedial measures introduced are 

dependent on how mature the SCC site is. Among the usually recommended remedies are: 

grinding cracks off, putting a sleeve over areas where there is significant thickness loss, 

hydrotesting, section replacement, etc. 

Apart from understanding the mechanisms involved in the development of NNPHSCC, 

the pipeline integrity manager’s dilemma also includes being able to predict the rate of 

progression of ongoing NNPHSCC. Usually, pipeline integrity management involves relying on 

one crack propagation model or the other in order to determine what remedies may be required to 

prevent unpalatable eventualities at different stages over the lifetime of the pipeline or sections 

of it. These models also help the pipeline operator to schedule inspection intervals, hydrotesting 

intervals etc.  

Numerous laboratory investigations have been conducted on the subject of stress 

corrosion cracking. Hence numerous theories and models have been developed on the subject. A 

discussion has been published in identifying the merits and demerits of these models [9], yet 

there is no consensus on any model. Perhaps the fact that there is not a consensus on the 

mechanism responsible for the development of SCC nor is there a single mechanism that 
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explains all aspects of SCC, significantly undermines the development of an all-encompassing 

predictive model. Indeed it is very unlikely that a single model will ever fully explain all there is 

to know about SCC as there are probably a few mechanisms simultaneously involved in the 

development of the phenomenon. Some of the more popular proposed SCC mechanisms/models 

are presented in the next section. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.16: Stages of NNPHSCC crack propagation [46] 
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2.9.1 Dissolution controlled model 

Initial attempts to model corrosion induced crack growth related growth rates to the 

dissolution current density. It was found that for systems that display dissolution controlled 

environment sensitive cracking, the magnitude of crack growth showed a very reasonable 

correlation with the measured dissolution current density [162]. This led to a crack growth model 

given as [28]: 

zFd

M
i

dt

da
a . …………. (2.10) 

where da/dt is the crack velocity, ia is the anodic current density, M is the atomic weight of the 

metal, z is the valency of the solvated species and F is the Faraday`s constant. 

Although it is conceivable that anodic dissolution plays some role in the  development of 

NNPHSCC [91, 163], several laboratory data could not be correlated with this model. Parkins 

[91, 162] observed that crack growth rates were much higher than predicted by the anodic 

dissolution mechanism. The data used to generate the above model are typically obtained on pre-

cracked specimens loaded above ISCCK or from slow strain rate tests involving very high stresses 

and strain rates [162]. Such high strains and stresses are not observed in service conditions, 

except in the later stages of stress corrosion crack growth, and the earlier stages of growth may 

involve appreciably lower crack growth rates than those predicted by the above equation. Parkins 

[162] also reported that the crack growth rate reduces markedly with increasing test time under 

monotonic stress conditions. So this model has very poor correlation with both static and cyclic 

loading situations. 
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 It was later explained that dissolution controlled model only holds for as long as the 

crack tip remains bare and un-filmed. This is only likely under severe straining conditions. If a 

film forms at the crack tip, dissolution ceases, and dissolution rate remains zero until film rupture 

occurs and reactivates dissolution. Hence, the average stress corrosion rate depends on the 

processes of metal dissolution, film formation and film rupture. This explanation is the general 

form of what is now known as the film rupture model. The film rupture model, also known as the 

slip-dissolution model, proposes that SCC progress by the opening up of the crack by the applied 

stress and the stress-induced rupture of the protective film formed in aggressive environments. 

The exposed surface then dissolves leading to crack growth. This mechanism was first postulated 

by Champion [164] and Logan [165] who proposed that localized plastic deformation at the 

crack tip could rupture the passivating film.  

Although this model is fairly popular, there is no consensus on the manner in which 

dissolution occurs. Some researchers believe that once the film is ruptured and crack propagation 

starts, continuous crack growth occurs because the rate of film rupture far exceeds the rate of 

crack tip passivation.  Others believe that it is necessary for the film to be reformed and grow to 

a sufficient thickness before rupture is repeated. Hence in their estimation, the crack tip must 

repassivate completely and rupture is only cyclical or discontinuous.  

It must be mentioned that there is ample evidence to suggest that SCC propagation can be 

discontinuous. Among these evidences are the facts that crack arrest markings and discontinuous 

cracking have been observed in various media. NNPHSCC is often crystallographically 

orientated, fracture surfaces are flat and opposing faces match precisely suggesting very little 

crack tip dissolution during crack propagation. Thus, even though the film rupture mechanism is 
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widely accepted among SCC researchers, most researchers only agree that the mechanism is only 

viable for high pH SCC but not for NNPHSCC. 

There have been lots of other models developed in the dissolution model category. 

Among these are the preferential crack tip dissolution model, which attributes SCC propagation 

to the presence of active paths in the material; crack tip stresses, and chemical-mechanical 

interactions [131, 166, 167]. As it currently stands, only the film rupture model has gained any 

significant acceptance and all but the film rupture model have been eliminated. 

There have been some attempts to modify the dissolution mechanism in modern times to 

make it applicable to NNPHSCC. For instance, there have been various attempts to couple film 

rupture with the hydrogen enhancement of film rupture and dissolution, in order to account for 

the usually observed disparity between actual growth rates and those proposed by the film 

rupture model. Parkins et al. [8] showed that SCC crack propagation involved both hydrogen 

ingress into steel and anodic dissolution and suggested that hydrogen enhances crack growth 

(film rupture) by reducing alloy ductility. Mao and Li [168] suggested there is a synergy between 

hydrogen and stress effect on anodic dissolution of the crack tip during SCC propagation. Cheng 

et al. [169] suggested that the dissolution mechanism could predict SCC propagation rate if the 

effect of hydrogen on anodic dissolution in the absence of stress, the effect of stress on anodic 

dissolution in the absence of hydrogen and the synergistic effect of hydrogen and stress on 

anodic dissolution rate at the crack tip could be separately determined. However, Lu et al. [170] 

recently concluded that the synergistic effect due to hydrogen and local stress field is negligible 

and anodic dissolution must be contributing to SCC through other mechanisms yet to be 

satisfactorily explained. This insignificance of the synergism between anodic dissolution and 
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applied stress is in agreement with previous findings by Qiao et al. [171, 172] and Lu et al. 

[173].  

2.9.2 Crack tip strain rate model 

The film rupture model assumes that under cyclic loading, plastic strain accumulation at 

the crack tip can rupture the protective film causing crack advancement by a dissolution 

mechanism till the protective film is formed again. Increased strain at the crack tip increases the 

anodic dissolution rate and also increases the ingress of hydrogen into the metal.  The crack tip 

strain rate model attempts to relate the crack propagation rate to the periodicity of slip-induced 

film rupture [174]. This model is widely accepted and is recognized as valid for both types of 

SCC [174-179].  

It has been suggested that the crack tip strain rate is not a measurable parameter [174, 

180] as the strain of interest is very local to the crack tip where stress amplification occurs [181]. 

Hence modeling the crack tip strain rate is assumed to be out of the question, and fundamentally 

derived crack tip strain rate equations have to be developed. Many attempts have been made at 

deriving such equations and some of these are discussed next. 

Beavers [177] proposed that a critical strain rate is required at the crack tip to cause crack 

growth. He used the relationship between the crack tip opening displacement (CTOD) and crack 

growth driving force parameter (JIC) in small yielding situation (which neglects the plastic 

component of J). Considering the relationship between Kmax, ΔK and R, (ΔK = Kmax (1-R)) a 

model of the following form was proposed: 

 ̇          
…………. (2.11) 
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This model predicts a zero strain rate with static loads (f=0 and R=1), a fact that correctly 

predicts that cyclic loading is necessary for crack growth. However, given that the plastic 

component of J was ignored and analysis only assumed small scale yielding which does not 

reflect the main role of plasticity in near-neutral pH cracking of pipeline steels, this model might 

not be useful for crack growth behavior predictions in near-neutral pH environment.  

There have been several attempts at incorporating plasticity into the crack tip strain rate 

model.  Rice et al. [182], using finite element methods,  evaluated crack opening displacement 

rate near the crack tip for a steady growing crack under plane strain, small-scale yielding 

conditions in elastic-perfect plastic materials (no strain-hardening) and proposed that: 

 ̇  
  ̇

  
   

  

 
  ̇    

 

 
  …………. (2.12) 

where  ̇ is the crack tip opening displacement rate,    ̇is the rate of change of the J-integral with 

time,  ̇ is the crack growth rate, σy is the yield strength, E is the Young’s modulus, x  is the 

distance from the growing crack tip for evaluation of the crack opening displacement rate, and 

β,α and R are constants. Equation 2.12 was converted to an approximate expression of the crack 

tip strain rate by making relevant assumptions for parameter r, into: 

  ̇   ̇   …………. (2.13) 

This approximation can only give an evaluation based on crack tip opening displacement rate but 

cannot correlate environmentally assisted cracking quantitatively [178] and cannot be applied to 

work hardening materials. Shoji et al. [183] and Suzuki et al. [184] modified a previous work by 

Gao and Hwang [185] in order to include the effect of work hardening and proposed that: 
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Where  ̇ is the crack propagation rate,  ̇ the rate of change of K, ro is the characteristic distance 

at the crack tip where strain rate should be defined. However, this equation fails to account for 

the possible effect of creep on the crack tip strain rate and the determination of ro is necessary but 

not easy.  

Parkins and Beavers [57] and Been and Sutherby [186]  applied the above equation to 

their experimental data and found that there is a linear relationship between the crack 

propagation rate and crack tip strain rate. Been and Sutherby [186] compared their data with 

Parkins and Beavers’ and found that the crack tip strain rate could be related to frequency and 

that the crack tip experiences lower strain rates at lower frequencies and crack propagation rates 

decrease accordingly.  One major setback of this model however, is that it yielded a rather poor 

correlation with field data for NNPHSCC. 

Other researchers have attempted a composite dissolution-strain-rate model. Ford and 

Andersen [187] proposed that: 

 ̇  
 

   

      
 

     (  )
    ̇  

 
…………. (2.15) 

where to is the duration of constant current density io, εf the strain to fracture of the oxide film, m 

is the slope of the current decay curve (the repassivation rate) and   ̇  is the crack tip strain rate 

which accounts for the mechanical contributions.  
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Peng et al. [181]modified the above equation and proposed: 
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However, the estimation of the characteristic distance is a difficult issue in this model too. Even 

with the best estimate of the critical distance, only a marginal correlation is found with 

laboratory results and there was no attempt to validate the model with field data.  Also there is 

really no clear evidence that the crack propagation rate is related to the characteristic distance.  

In a very broad review of the strain rate model, Chen and Sutherby [9]  concluded that the crack 

tip strain rate model generally yields rather poor correlations with field observations of 

NNPHSCC. 

2.9.3 Superposition model 

This model assumes that fatigue and SCC are separate processes whose influences add up 

to the observed rage of SCC crack growth [92]. It was first introduced by Wei and Landes who 

modeled the growth of cracks undergoing cyclic loading in an aggressive environment as 

distinctly separate factors – fatigue crack growth (mechanical factor) aided by the environment. 

This relationship is usually expressed in the form [188-190]: 

SCCfatiguetotal dt

da

fdN

da

dN

da

























 1
…………. (2.17) 

where a is the crack size, N is the number of cycles, t is time, and f is the frequency of the cyclic 

loading (cycles/sec). In the above equation, (da/dN)total is the total crack growth rate (mm/cycle), 
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(da/dN)fatigue is the cyclic growth rate in air (mm/year),and  (da/dt)SCC is the stress corrosion 

crack growth rate(mm/s) at constant load. Applying this model to NNPHSCC in pipeline steels 

initially seemed natural, since most of the initial NNPHSCC ravaged pipelines were operated 

under very mild pressure fluctuations. However, it has been observed that the model is not 

inherently representative of the NNPHSCC process. Crack growth on pipeline steels exposed to 

near neutral pH environment has never been observed under monotonic loading [9]. Even if a 

NNPHSCC crack is initiated under monotonic loading or mild mechanical cycling conditions, 

the crack soon becomes dormant. This in fact coincides with the fact that the majority of cracks 

found on high pressure gas pipelines are usually in a dormant state.  It has also been pointed out 

that the contribution of the SCC term in the superposition model is negligible, leaving only the 

fatigue term. In fact, the crack growth rate in the original superposition model was found to fit an 

equation of the form [190] 

(da/dN) fatigue = C (ΔK) 
m

  …………. (2.18) 

which is the familiar Paris law. Chen and Sutherby [9] argued that this equation does not fit their 

reported NNPHSCC data, and could not be expected to fit such data since it does not include the 

effect of loading frequency and maximum stress intensity factor. Many researchers have 

compared their crack growth results with this model. Experimental crack growth data obtained 

by Plumtree et al., Zhang et al., and Beavers and Jaske could not be fitted to superposition model 

while the general trend was consistent with the model in some cases [9, 191, 192, 20]. Beavers 

and Jaske [193] proposed a modified version of the superposition model by replacing the fatigue 

crack propagation term with a corrosion fatigue term and reported an improved fit to their 
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experimental data. Others have introduced the stress shielding and crack coalescence effect and 

have been able to produce a simplified prediction of crack colony behavior [188-190]. 

A major shortcoming of this model is that it assumes the SCC component of crack 

advancement is a time-constant value over several years. Using this model for crack growth 

predictions generally leads to an underestimation of the crack growth rate in near-neutral pH 

environment. An appropriate growth model should represent the synergistic interaction between 

environmental factor and mechanical (loading) factor. The above model evidently does not 

represent such an interaction.   

2.9.4 Corrosion fatigue model 

Environmentally enhanced cracking can generally be classified into four groups: true 

stress corrosion cracking, true corrosion fatigue, combination of normal fatigue and SCC and a 

synergy of the latter two [9].  Pure SCC refers to crack propagation in corrosive environment but 

under exclusively static loading. Stress corrosion cracking of oil and gas pipelines definitely does 

not fit this category as the typical gas pipeline experiences a few tens of cycles per year while a 

typical oil line experiences a few thousand cycles annually. True corrosion fatigue involves 

corrosive environment-enhanced crack propagation with growth rates similar to those observed 

in regular fatigue situations. Considering the fact that the growth of SCC cracks in near neutral 

ph environments involve a synergistic influence of fatigue and corrosion cracking, it seems 

NNPHSCC belongs in the true corrosion fatigue category and a corrosion fatigue model should 

be better suited to the modeling of NNPHSCC crack growth rates.  

Been et al. [191] observed that crack propagation in near-neutral pH environment, crack 

propagation was higher at lower frequencies and suggested that a corrosion fatigue mechanism is 
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probably more suited to NNPHSCC. Chen and Sutherby [9] conducted several tests using a 

pipeline material (X65) in two different simulated near-neutral pH soil solutions, and carried out 

a pure fatigue analysis on the results and observed that the crack propagation rate could not be 

account for by ΔK alone as tests carried out at the same ΔK but different Kmax showed increased 

growth rate with increasing Kmax. Also the rate of crack propagation was found to decrease 

sharply with increasing ΔK in one medium. They concluded that crack propagation rates in near 

neutral pH environment cannot be characterized by either ΔK or Kmax alone. They also applied 

the crack tip strain rate model to their result but could not obtain a good fit. This conclusion is in 

agreement with that reached by Vasudevan et al. [194], who found that both ΔK and Kmax 

control the growth of fatigue cracks. They concluded ΔK and Kmax embody two thresholds that 

are intrinsic to fatigue crack propagation. Kmax, they suggested, is a primary driving force needed 

to quantify crack advancement, while ΔK accounts for the cyclic loading effect.  They concluded 

that there could not be any data correlation to either of these parameters individually as either of 

them provides an incomplete description of the cracking process.  

Based on these conclusions, Chen and Sutherby used a serendipity approach to obtain a 

true corrosion fatigue model that accounts for the combined effect of Kmax, ΔK and loading 

frequency on the crack propagation rate and obtained a good fit with minimal scatter with 

  fKK
dN

da
/max

2









…………. (2.19) 

where ∆K is the change in stress intensity at the crack tip due to cyclic loading, Kmax is the 

maximum stress intensity at the crack tip, and α is a factor that represents the influence of the 

corrosion environment on the crack growth rate. This relationship consists of two parts,
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max

2)( KK and 1/f
α
. The first term, max

2)( KK accounts for the fatigue contribution to crack 

propagation in agreement with the Paris law while the second factor 1/f
α
 accounts for crack 

propagation enhancement by the aggressive environment.  In addition to giving a much better fit 

to experimental data than exists hitherto, this model was able to demarcate between the active 

growth region and the threshold region below which no crack propagation will occur. 

Despite the reported success of Chen and Sutherby’s model [9], it cannot be described as 

being all encompassing in its ability to model field observations of NNPHSS. Some factors in the 

model, ∆K and Kmax, are strongly dependent on the geometry of the specimen, while α is 

dependent on the severity of the corrosion environment. Therefore, the validity of this model 

needs to be determined using other crack geometries. Also, the appropriate values of α for 

different environmental conditions need to be determined.  With regards to pipelines, when one 

considers the fact that the data used to generate the model above were obtained using a compact 

tension specimen which does not adequately represent NNPHSCC cracking in the field as 

discussed in the next section one realizes that a re-validation of this model must be carried out.   

2.10 Fatigue Cracking details 

As mentioned earlier, cyclic loading can cause material failure at stresses lower than the 

nominal yield strength of the material. This failure is often preceded by the formation of cracks 

which advance under stress reversal until rupture occurs. But one may ask, how exactly does 

crack initiation occur? Hunter and Fricke [195-198] carefully studied the progressive nature of 

fatigue damage and found that slip occurred very early in the fatigue life. The amount of slip 

increases in intensity with increasing number of cycles until a saturation level is reached at 

which point cracks are initiated. Forsyth [199-201] proposed that crack initiation and crack 
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propagation develops in two stages, stage I and stage II, as follows. Due to cyclic loading, 

intrusions and extrusions form in the slip bands of a material. These features act as microscopic 

notches and provide sites for crack initiation. In stage I, cracks develop as a result of dislocation 

motion along slip planes. Hence, cracks tend to show a preferential orientation along the slip 

system with the maximum shear stress since they form on closely aligned planes. These cracks 

continue to grow along the slip plane but at this stage they are so short, only a few grain 

diameters in length that the fracture faces are featureless. In stage II, cracks grow on planes 

which are normal to the principal tensile stress and the fracture faces display fatigue striations. 

The formation of microcracks can be accentuated by favourable crack initiation sites like second 

phases and grain boundaries or at the root of notches where a triaxial state of stress exists.  

Most models and fatigue relationships were generated from test pieces containing 

macroscopically long cracks, often in excess of 20mm. However, most defects in engineering 

materials, including pipelines, are often shorter than this. As pointed out above, cracks progress 

from very tiny microscopic features into long macroscopic ones. Hence, (especially) for small 

structures or those that fail from features that are short in comparison to the overall structural 

dimensions, it is important to model cracks using short crack sizes that are more comparable to 

those found in real life. 

In characterizing the crack tip for analyzing crack propagation, using KI or J-integral, the 

concept of similitude is assumed to be valid. This implies that for cracks of different sizes 

subjected to the same stress intensity in the same material (microstructure) and environment, 

crack tip plastic zone sizes are equal and the stress and strain distributions along the borders of 
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these zones (ahead of the crack tip) are identical [202]. There will however be a deviation from 

the similitude concept when [119, 202] 

1.  crack size are on the local microstructural scale  

2. crack size is comparable to the extent of local plasticity for non-stationary flaws 

3. through-thickness out of plane stress is different 

4. crack propagation mechanisms are different 

5. extensive fatigue crack closure occurs 

6. external environment significantly influences crack growth 

Most of these reasons for the exclusion of the similitude principle apply to short cracks. Short 

cracks are cracks that are  

1. on the order of the grain size 

2. of length comparable to the size of the plastic zone ahead of the crack tip 

3. physically small (≤0.5-1mm) in length 

This is because the above factors influence significantly the crack driving force, KI, near the 

crack tip and it is the near tip parameter that determines crack propagation behavior not the 

global value of the driving force. It has been shown that physically short cracks, i.e. cracks that 

are only long in terms of continuum mechanics and LEFM analyses, also propagate at a higher 

rate than long cracks under the same stress intensity [202].  
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In order to better understand the uniqueness of short cracks it is necessary to separate the 

unique behavior of small cracks into two categories: 

1. threshold stress intensity considerations including the relationship between the smooth 

bar endurance limit, Δσe and the threshold stress intensity for fatigue crack growth, ΔKth 

2. comparison of the kinetics of small crack growth to kinetics of large crack growth.  

The application of fracture mechanics to fatigue has resulted in the definition of threshold below 

which no further crack propagation occurs, ΔKth. For a given stress and frequency in a particular 

environment,      is a material property and it follows that as crack sizes become exceedingly 

small, the allowable stress range should be exceedingly high. However the limiting case where 

the crack approaches zero length, is the smooth bar endurance limit which is approximately half 

the tensile strength of the material.  For practical purposes, ΔKth is defined as the stress intensity 

value below which crack propagation rate is ≤10
-10

m/cycle [195]. From normal fracture 

mechanics considerations the threshold stress intensity is defined as  

         √    (
 

 
)…………. (2.20) 

Kitagawa et al. [203, 204] analyzed crack growth data for specimens of three different steels 

containing small surface type flaws and found that all three steels show the same relationship 

between Δσth and crack length, corresponding to the same      as specimens containing long 

through-thickness cracks (Figure 2.17a). However,      decreases asymptotically with 

decreasing crack length as the smooth bar endurance limit is approached indicating that 

    decreases with decreasing crack sizes. This indicates that small cracks can propagate at ΔK 

values below those defined by the conventional      for large cracks.  
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El-Hadad et al. [205, 206] observed that the threshold behavior for small cracks could be 

more accurately modeled (Figure 2.18) by modifying the stress intensity equation as follows: 

 

 

Figure 2.17: Dependence of fatigue (a) threshold stress (b) threshold stress intensity on 

crack length [203] 
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Figure 2.18: Comparison of experimental and predicted value of fatigue threshold [203] 
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     √         (
 

 
)…………. (2.21) 

Where the term (a+lo) is a so called effective crack length which accounts for the small crack 

behavior. lo was suggested to be a constant for a given material and can be calculated by 

substituting the endurance limit range for the stress range in the above 

   
 

 
(
    

   
)
 

…………. (2.22) 

It is obvious that as a increases, lo makes a more significant contribution to stress intensity and as 

crack size approaches zero, lo provides a finite value for ΔK. 

Examination of the results reported by several studies shows that the growth rate of short 

cracks could be up to two orders of magnitude higher than that of long cracks. Another main 

feature of short crack growth is the fact that the initially high growth rate of short cracks 

decelerates progressively and may arrest in some cases, and eventually merges with that of long 

cracks as depicted in Figure 2.19. This tendency of short cracks to show decreasing growth rates 

towards the long crack growth threshold has been attributed to  crack closure and crack 

interaction with microstructural features especially grain boundaries [202]. 

2.10 Crack closure 

Crack closure refers to a reduction in the effective stress intensity range at the crack tip 

during cyclic loading as a result of contact of crack surfaces during the unloading process at 

positive values of externally applied stress. This phenomenon can reduce the rate of crack 

propagation during cyclic loading by reducing the driving force for crack propagation at the 

crack tip.  
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Figure 2.19: Illustration of short crack growth deceleration [202]  
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Several reasons have been suggested for the crack closure effect. Among them are (Figure 2.20): 

1. Plasticity-induced closure: As a crack grows a plastic zone forms ahead of the crack, where 

the material has already been locally deformed. When the crack advances, the material that 

had previously been permanently deformed forms an envelope of plastic zones in the wake of 

the crack front. When the restraint is relieved, there is a displacement normal to the crack 

surfaces. This usually poses no problems as long as the crack is fully open. However, during 

cyclic unloading, the crack surfaces touch before the minimum load in the waveform is 

reached. This effect shields the crack from experiencing the effect of the remaining portion of 

the cyclic unloading. Rather than the crack tip experiencing a tensile stress after crack face 

contact, compressive stresses are developed in the crack wake during the lower part of the 

cycle. James and Knott [207] grew a fatigue crack in a standard specimen and then removed 

a small amount of material from the crack faces up to 0.5mm from the crack tip. When they 

placed the sample back in the test machine, the observed the crack growth rate increased by 

an order of magnitude compared to the previous measurement, confirming the role played by 

the size of the plastic wake behind the advancing crack front.  

2. Oxide induced closure: The crack closure effect may be generated by the presence of 

corrosion products in the crack crevice. When oxides or corrosion products are trapped 

between the crack faces, they can form localized wedges bring the opposite faces into contact 

at more positive stresses during cyclic unloading. If this occurs to a significant extent, the 

crack tip may not experience the full stress range being applied and this can slow down crack 

advance. 
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Figure 2.20: Crack closure mechanisms [208] 
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3. Asperity induced closure: for ductile materials, the crack path is often quite irregular 

and high points on the facture surfaces may interlock during unloading, producing the 

same effect as above. On a global scale, most fatigue cracks propagate in mode I loading. 

However, because of crack interaction with microstructural features, there could be local 

crack deflections. This often leads to mixed mode crack propagation. When a crack 

deviates from its mode I symmetry path, it may experience mode II displacements, which 

may cause contact between the upper and lower crack faces at a positive load. This can 

be more severe in coarse grained materials.  

This phenomenon has led to the development of the effective stress-intensity range concept. 

Assuming a cracked specimen is cyclically loaded to stress levels corresponding to Kmax and 

Kmin and that the crack faces come into contact at a positive stress intensity factor (also the stress 

intensity at which the crack opens on the loading cycle), Kop, stresses below Kop do not 

contribute to crack propagation and the effective stress intensity range is defined as 

               …………. (2.23) 

Elber [209], who was first to propose the closure concept, proposed a modified Paris-Erdogan 

equation as  

  

  
       

 …………. (2.24) 
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2.11 SCC in near-neutral pH environment and current models – A 

discussion 
Generally, for the purpose of modelling, engineering cracks can be divided into two categories: 

long cracks and short/shallow cracks (short in the direction of propagation). Short cracks are further 

divided into microstructurally short cracks and mechanically short cracks. The former is usually less  than 

100 μm; its growth is usually microstructure dependent, and is not governed by rules of fracture 

mechanics. Mechanically short/small/shallow cracks are usually around 1 mm long, but size may be 

subject to other factors. The laws of fracture mechanics can be applied to analyze the growth of 

mechanically short/small/shallow cracks.  The distinguishing features of these different kinds of are 

summarized in Figure 2.21 while the evolution of a typical NNPHSCC is schematically depicted in 

Figure 2.22.  

NNPHSCC cracks are usually initiated from corrosion induced defects such as pits 

generated from localized dissolution or pits resulting from the removal of inclusions and/or 

precipitates from solid solution. A NNPHSCC crack spends a very small fraction of its lifetime, 

shortly after crack initiation, as a microstructurally short crack.  The exact amount of time spent 

in this category can be expected to be strongly influenced by coating type, microstructures, 

millscales, and residual stress levels. The crack then progresses with further growth into the 

mechanically short crack category and remains mechanically short for a significant portion of its 

lifetime. Growth rate in this region is primarily determined by pipeline operation conditions and 

residual stresses. This stage is usually the focus of integrity management programs. The cracks 

eventually morph into long type cracks, typically with very high growth rates that ultimately lead 

to leakage or failure in a very short time. 
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Figure 2.21: Classification of cracks 
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Figure 2.22: Progression of a typical NNPHSCC crack 
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The main shortcoming of existing models is their tendency to underestimate the growth 

rate of SCC cracks in near neutral pH environments. To understand the reason behind this, a 

recourse to some fundamental issues in fracture mechanics is relevant. It is important to recall 

that most of the common forms of the various expressions of linear elastic fracture mechanics 

were developed for through-thickness cracks which are more familiar in engineering structures. 

As discussed earlier, corrections must be applied to these expressions when applied to other 

crack geometries. However, most of the currently available models were generated with 

specimens that feature long through-thickness cracks even though a cursory look at NNPHSCC 

crack images reveals that they are typically “short” surface cracks over much of their lifetime. 

This perhaps is one of the reasons responsible for the usually poor correlation of these models to 

field data on NNPHSCC. Existing models also have the shortcoming of assuming that the rate of 

crack propagation in pipelines is constant and independent of pipeline operating conditions. This 

is evidently too simplistic. 

From the above discussion, it is evident that the challenge of modeling the growth rates 

of NNPHSCC cracks reduces to that of modeling mechanically short cracks. Hence, if more 

accurate models are to be developed, such models will have to focus on developing sample 

geometry and testing conditions that enable a study of the growth rate of mechanically short 

cracks in a near-neutral pH environment. This is the approach that will be adopted in this study. 
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2.12 Objective 

Chen and Sutherby [9] recently developed a corrosion fatigue model that provided much better 

fit to NNPHSCC crack growth data than those that previously existed. However, this model 

needs to be validated with crack growth data obtained with crack geometries, surface cracks, that 

are more representative of field NNPHSCC.  Therefore, the objectives of this research are to 

conduct a series of studies aimed at determining empirical growth rates for typical pipeline steel, 

and to use the result of these studies to validate Chen and Sutherby’s model. Particularly, this 

study will provide better understanding of ways to improve the corrosion fatigue model 

developed by Chen and Sutherby using short surface type flaws. These studies will also enhance 

current understanding of the nature of SCC crack growth in near-neutral pH environments as 

well as the mechanisms involved in NNPHSCC crack growth.  
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3.0 Introduction 

Oil and gas pipelines are crucial facilities in the distribution of oil and gas products. 

Although they are very expensive to install they are yet the most efficient and/or safest way of 

moving and distributing oil and gas products. It is estimated that the oil and gas pipeline network 

in Canada alone is long enough to stretch all the way from earth to the moon and back [1]. 

Because they often convey flammable products, they present a significant level of danger and 

may cause significant destruction and chaos in the event of an accidental pipeline rupture 

followed by an explosion. Since it was first reported, near-neutral pH stress corrosion cracking 

has been responsible for a few accidental rupture/leakages [2] in Canada, some of which 

involved loss of property and significant environmental damage. 

Near-neutral pH SCC continues to be a major pipeline integrity issue mainly because of 

imprecise understanding of the initiation and propagation mechanisms. Although it is generally 

accepted that the near-neutral pH environment plays a role in the development and propagation 

of these cracks, proper understanding of the role played by the environment or the species in it is 

at best still evolving [3-10]. 

Eslami et al. [11] used a novel test set up to study the combined influence of pressure 

fluctuation, coating disbonding and environmental parameters on the initiation of cracks in near-

neutral pH environments at open circuit potential. The study established that variations in the 

localized environments under the disbonded coating could result in varying SCC initiation 

mechanisms. Such variations in the local environment under the disbondment could result in 

preferential crack initiation from the mouth of large pits, formation from persistent slip bands, 

initiation at the bottom of deep scratch lines, and from sub-micrometer pits.  
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 NNPHSCC cracks typically start as very fine surface cracks that grow both in the depth 

and at the pipe surface over time, sometimes until rupture occurs. Pipeline operators are 

generally aware that several segments of their pipes have cracks developing on them. However, 

as long as these cracks have not attained critical sizes above which the pipeline cannot be safely 

operated, such a pipeline is usually not removed from service. Monitoring/mitigation measures 

often have to be designed and implemented. Among several other steps, it is often important to 

determine/monitor crack sizes in order to determine the most appropriate measure to be 

implemented.  

Although mathematical models will provide a cheap means of estimating  the progression 

of NNPHSCC crack sizes, pipeline operators still rely on in-line inspection for oil pipelines 

and/or hydrostatic testing for gas pipelines because of its much better reliability when compared 

to currently available models [11]. Both hydrostatic testing and inline inspection are expensive 

procedures which may involve repeated shut downs, and exhumation of pipelines as well as 

coating removal at pre-determined intervals. Re-inspection intervals are currently determined 

using empirical models that have proven to rather underestimate crack growth rates [2].  

Underestimation of crack growth rates increases the risk of accidental pipeline rupture 

and the attending oil spillage. To reduce this risk, conducting a few more inspections than 

necessary often becomes inevitable, further increasing the cost of pipeline integrity management 

schemes. The economics of pipeline integrity management, with respect to NNPHSCC 

management, will drastically improve if the existing models are replaced with more accurate and 

reliable mathematical models that can predict the growth rate of NNPHSCC cracks upon 

accounting for operating field conditions, material history and local environmental factors. The 

often reported poor correlation of available models to field observations may be attributed to 
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several reasons, including but not limited to the assumption of a constant growth rate over the 

entire lifespan of the crack, failure to account for possible effects of variations in the local 

environment, and the use of modeling specimens that do not adequately represent NNPHSCC 

cracks in laboratory studies.   

Careful examination of literature on the growth of NNPHSCC cracks reveals that 

currently existing models were developed using samples and/or crack geometries that do not 

properly represent those of NNPHSCC cracks typically observed in the field. For instance, 

whereas NNPHSCC cracks are typically shallow non-through-thickness cracks, existing models 

were developed using samples that simulate through-thickness cracks especially the compact 

tension specimen. Results from contemporary research in fatigue crack growth suggest that 

shallow cracks tend to grow at significantly higher rates than through-thickness cracks and may 

grow under conditions where through-thickness cracks are typically dormant [12-27]. This 

difference in the behaviour of shallow and through-thickness cracks may be responsible for the 

underestimation of the growth rate of NNPHSCC cracks. The current industry approach also has 

the shortcoming of assuming that the rate of crack propagation in pipelines is constant rather 

than dependent on pipeline operating conditions, crack size and morphologies. This is evidently 

simplistic.  

Basic fracture mechanics classifies cracks into two categories: long/deep cracks and 

short/shallow cracks (short in the direction of propagation). Short cracks are further divided into 

microstructurally short cracks and mechanically short cracks. The typical SCC crack starts as a 

microcrack, often from the base of a pit, measuring from a fraction of a micrometer to one or two 

grain sizes in length. Compared to the overall lifespan of a typical crack, the typical NNPHSCC 

crack spends only a small, probably insignificant portion of its lifespan in the microstructurally 
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small crack category. The crack then develops into a mechanically short crack, usually at over 

100 µm in length. A SCC crack spends the largest fraction of its life cycle in the mechanically 

short crack category, and will eventually develop into a long crack for a brief period before final 

rupture occurs. Therefore the mechanically short crack stage is usually the focus of integrity 

management programs. Hence, in order to generate more accurate mathematical models, there is 

a need to simulate NNPHSCC using surface type flaws rather than through-thickness flaws as 

commonly done.  

Chen and Sutherby [9] proposed a true corrosion fatigue model that accounts for 

NNHPSCC as a synergistic effect of fatigue and corrosion. This model assumes that the 

influence of both corrosion and fatigue on the propagation of NNHPSCC cracks cannot be 

separated. It successfully fitted NNPHSCC data much better than the existing models. The 

general form of the model is given as:   










dN

da

            

fKK /)( max

2      (3-1) 

where ∆K is the change in stress intensity at the crack tip due to cyclic loading, Kmax is the 

maximum stress intensity at the crack tip, and  is found to be around 0.1, a factor representing 

the influence of the corrosion environment on the crack growth rate. ∆K and Kmax are strongly 

dependent on the geometry of the specimen, while  is dependent on the severity of the corrosion 

environment. Therefore, modified forms of this model need to be produced for several crack 

forms, specimen geometries and environmental conditions.  

There has been no study of the effect of variations in the local environment under the 

disbondment on the rate of crack propagation. This study is aimed at studying the effect of 

variations in the local environment under the disbondment on the rate of crack propagation in a 

∝ 
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near-neutral pH environment. This was achieved by using a novel setup [11, 28] and a novel non-

standard specimen designed with surface flaws that allow the study of variations in local 

environment with distance from the open mouth of a disbondment on the rate of crack propagation. 

3.1 Experimental 

3.1.1 Sample preparation 

Tensile specimens (Figure 3-2) bearing three reduced sections were machined from the 

longitudinal direction of a X65 pipe section that had failed in service. The alloy composition is 

shown in Table 3-1, while a typical alloy microstructure is shown in Figure 3-1. Only pipe sections 

unaffected by NNPHSCC and other forms of corrosion, and external damage were used. Gauge 

sections were 23 × 45 × 9.2 mm in dimension and identical semi-circular shallow notches, 0.2032mm 

wide, with dimensions 2c = 5 mm (surface length) and a = 2.5 mm (depth) were made by electrical 

discharge machining (EDM) in the middle of each gauge section. 

A corrosion test cell consisting of two chambers was designed and fabricated from acrylate 

(Figure 3-3). The inner tube, named the shielding, was designed to simulate coating disbondment at 

the surface of a pipe. The width of this inner tube was made adjustable so that coating disbondment 

of various sizes can be studied. The outer tube holds the bulk solution which simulates the 

surrounding soil around a pipe in the field while the solution contained in the inner shielding 

simulates the solution trapped between the coating and the pipe surface on an actual pipeline. The 

bulk solution in the outer tube was purged by a mixture of certified grade 5% CO2 (nitrogen balance) 

fed in through openings at the bottom of the cell, so that CO2 can only diffuse into the simulated 

disbondment (shielding) from the open mouth.  
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Table 3-1: Alloy (X65) composition 

Element Composition (wt %) 

Carbon 0.13 

Manganese 1.55 

Copper 0.05 

Niobium 0.05 

Chromium 0.08 

Molybdenum 0.01 

Vanadium 0.002 

Nickel 0.05 

Aluminum 0.042 

Titanium 0.002 

Nitrogen 0.009 

Iron Balance 
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Figure 3-1: Typical microstructure of the alloy X65 used in this study 
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    Figure 3-2: Test sample designed for this study
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Figure 3-3: Schematic drawing of the corrosion test cell used for study 
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Preparatory to each test, each gauge section was separately pre-fatigue cracked by tensile 

cyclic loading in air to produce the required pre-test surface crack length of 3.3 mm. The pre-

cracked samples were then exposed to the corrosion media in a sealed test cell and filled with C2 

solution (0.0035 KCl, 0.0195 NaHCO3, 0.0255 CaCl2.H2O, 0.0274 MgSO4.7H2O, 0.0606 CaCO3 

g/l). The C2 solution was purged with 5% CO2 + N2 gas mixture for 48 hours prior to starting the 

test in order to remove dissolved oxygen and to establish a pH of 6.23. Cyclic stresses with a 

maximum stress of 75% specified minimum yield strength was applied during the test.  

In an attempt to closely simulate real pipeline service conditions, the sides and back 

surface of each specimen (the one without the surface cracks) were coated with epoxy in order to 

isolate these surfaces from the corrosion media. Crack growth rates were monitored using a 

custom made potential drop system through copper wire leads spot welded to the back surface 

across the EDM slots in each gauge section. A constant current of 20A was applied by the 

potential drop system in order to measure the potential drop across each crack.  

3.1.2 Mechanical loading 

Chen and Sutherby analysed the corrosion-fatigue crack growth behavior of X65 pipeline 

steel using the compact tension specimen geometry in a near-neutral pH environment using the  

corrosion-fatigue model [9]. This work found that crack growth threshold conditions were below 

8500 (MPa
.
√m)

3
/Hz

0.1 
in C2 solution. For the current study, a maximum stress of 75% specified 

minimum yield strength and a cyclic frequency of 0.005 Hz were used. A stress ratio of 0.4 was 

used and test was purged with 5% CO2 (N2 balanced). These conditions would correspond to an 

initial maximum stress intensity of about 26.8 MPa
.
m

0.5
 at the sample surface and 24.3 MPa

.
m

0.5
 

in the depth direction (Table 3-2).  
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Table 3-2:  Initial and final stress intensities calculated for the crack at the open mouth 

location initial final 

K surface (MPam) 26.8 34.3 

K depth (MPam) 24.3 33.9 
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  This would yield an initial combined factor of between 11600 to 12100 (MPa
.
 √m)

3
/Hz

0.1
 

at the sample surface and ranging from 8535 to 8917 (MPa
.
 √m)

3
/Hz

0.1
 in the depth direction at 

the beginning of corrosion exposure. These ranges arise due to the fact that the initial aspect ratio 

of the cracks could not be individually controlled during the pre-cracking operation. The 

relationship for calculating the stress intensity factor for a surface flaw is dependent on the 

aspect ratio. Since the initial aspect ratios slightly vary, and the growth rate per cycle is a third 

order function of the ΔK, small changes in the value of ΔK tend to have large effects on the 

combined factor. On a 9.88 mm thick 36” outside diameter pipeline, the maximum stress 

intensity factors above correspond to an SCC crack measuring 13.5 mm long at the sample 

surface with an aspect ratio of 0.1. This translates to a surface crack measuring 1.35 mm deep in 

X65 plate being subjected to a maximum stress of 75% SMYS. It is typical to operate pipelines 

at a maximum operating pressure of about 72% SMYS. Aspect ratios of about 0.1 are also 

typical of SCC cracks in the field [34]. The test was stopped at about 23.2 days because of 

substantial crack growths at the open mouth of the disbondment (OM). 

 

3.1.3 Post-test Analysis 

After each test, the fracture surface was examined and post-test crack lengths determined 

in order to validate potential drop measurements with actual crack growth measured from the 

surface of fractured specimens. Potential drop data were converted to crack sizes by block 

averaging the data and using a mathematical relationship derived by assuming that changes in the 

resistivity of material with increasing crack propagation is directly related to the changes in the 

surface area of the crack. Crack growth rates were derived as crack length increase per cycle. 

Prior to fracture surface examination, iron oxide-type corrosion products were removed using a 
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rust remover solution composed of water (100ml), HCl (3ml), and cis-2-but-1-4-diol (4ml). 

Initial fracture face examination was done using an optical microscope. More detailed 

examination of fracture surfaces was carried out using a Hitachi scanning electron microscope 

equipped with an energy dispersive x-ray spectrometer for chemical composition analysis.   

3.2 Results 

3.2.1 Characteristics of crack growth monitored by potential drop systems 

The potential drop curves indicating that crack propagation was not preceded by any 

period of dormancy are shown in Figure 3-4. Only two of the three curves are shown because 

there were several interruptions in the third recording due to equipment failure. Although the 

magnitude of potential change in the two curves seems to indicate that crack growths are similar, 

we have often found that it is impossible to determine the relative amount of growth from the 

potential drop readings themselves. Hence, a curve fitting technique had to be adopted for 

individual curves. The serrations in the curves are often indications of processes that interfere 

with the measured potential, such as static charges, formation of corrosion deposits inside the 

crack, and little power surges from equipment being turned on and off in the building in the 

evenings and over the weekends. Although crack growth was indicated by the rising potential 

curve at 75 mm from the open mouth, the final drop at the end of the curve (which is not 

replicated at the open mouth) indicates that the crack had stopped growing towards the end of the 

test.  
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Figure 3-4: Potential drop data showing crack propagation during test 
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3.2.2 Morphological characteristics of cracks on surface 

Post-test low magnification examination of the corroded surfaces reveals the presence of 

corrosion deposits on the surface of the samples Figure 3-5. These corrosion products were 

analyzed to be FeCO3, Fe2O3 and FeOOH by powder mode x-ray diffraction technique.  

Despite the low corrosion-fatigue factor in the test design, crack propagation was 

physically noticed on the sample after the test. Figure 3-6 compares the extent of crack 

propagation that occurred during the test. It is clear that the largest growth occurred at the open 

mouth of the disbondment while the least growth occurred at the far end of the disbondment (150 

mm from the OM). Generally, the magnitude of change in the measured potential drop follows 

the same trend as the amount of growth noticed after the test.  

At a slightly higher magnification, the behavior of the pre-fatigue crack tip shows that 

there is significantly higher crack opening at the open mouth of the disbondment while 

comparable crack opening could be observed at 75 mm and 150 mm from the open mouth. High 

magnification examination of the post-test crack tip reveals a significant difference in the crack 

opening size just behind the crack tip (Figures 3-7 and 3-8). At the open mouth, the crack tip was 

very sharp – much sharper than the crack tip at the other two locations inside the disbondment 

while the crack tip was bluntest at 150 mm from the open mouth. All cracks are transgranular in 

nature. 
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Figure 3-5: Corrosion products on sample surface 

  



163 

 

 

 

 

 

Figure 3-6: Low magnification image of crack tip (a) open mouth (b) 75 mm from the 

open mouth (c) 150 mm from the open mouth 
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Figure 3-7: Pre-crack tips in the 5% CO2 environment (a) open mouth, (b) 75 mm from 

open mouth and (c) 150 mm from open mouth 
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Figure 3-8:  High magnification image of the crack tip at the sample surface (a) open 

mouth, (b) 75 mm from open mouth, (c) 150 mm from open mouth. 
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3.2.3 Morphological characteristics of cracks at the depth direction 

The difference in crack opening size just behind the crack tip is even more pronounced in 

the depth direction (Figure 3-9). Also, it seems propagating cracks could interact with elongated 

inclusions in a process that modified their growth path and may affect crack propagation rates. 

These inclusions were found to be manganese sulphides. Just as previously stated, the 

magnitudes of the change in potential drop measurements are consistent with the observed 

increase in crack length during the test. 

Comparing the amount of growth in the depth and surface directions shows that more 

growth occurred along the sample surface than in the depth direction. Lower magnification 

images reveal that crack openings at the pre-crack root are larger at the sample surface than in 

the depth direction, making the crack appear to be wider at the surface. The morphology at the 

crack tip can be better viewed at a higher magnification (Figure 3-10). Again very fine cracks are 

observed at both the OM and 75 mm from the OM. There is hardly any difference in crack tip 

width at these two locations. However, there is significant crack tip blunting at 150 mm from the 

open mouth as evidenced by the significantly wider crack tip. Although it is possible to argue 

that the increased width might be a result of the interaction between the main crack front and the 

sulphide inclusion noticed in the micrograph, however, a similar interaction is present in the 

micrograph at 75 mm from the open mouth but there is no crack tip widening.  All cracks seem 

to be transgranular in the depth direction. 
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Figure 3-9:  Low magnification image of crack tip in the depth (a) open mouth, (b) 75 mm 

from open mouth, (c) 150 mm from open mouth 
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Figure 3-10:  High magnification image of the crack tip in the depth direction (a) open 

mouth, (b) 75 mm from open mouth, (c) 150 mm from open mouth 

  

10 𝝁𝒎 

c b a 



169 

 

3.2.4 Morphological characteristics of fracture surface 

A typical micrograph of the fracture face, showing the original slot, the pre-crack region, 

the distinct ledge formed between the pre-fatigue region and the SCC crack propagation region is 

shown in Figure 3-11. The ledge may have resulted when crack propagation was halted for a 

while during cyclic loading. Figure 3-11 also shows that shape deviated from its original semi-

circular shape during crack propagation in air (during pre-cracking) and in the corrosion media 

resulting in an elliptical crack shape after the test. Higher magnification examination of the 

fracture surface showed a quasi-cleavage type of crack propagation. 

 

3.2.5 Determination of crack growth rate 

Figure 3-12 shows the initial and final crack sizes at all three locations. This figure 

indicates the most significant enhancement of crack propagation along the surface and depth 

directions occurred at the open mouth while much lower enhancement occurs at 75 mm and 150 

mm from the open mouth. At the latter locations, the difference in crack growth was very small. 

Average crack growth rate data (Figure 3-13) indicate a significantly higher growth rate at the 

open mouth relative to the other locations, while comparable rates were observed at 75 mm and 

150 mm from the open mouth.  

Analysis of growth at the surface and in the depth directions indicates that growth could 

be significantly more rapid at the surface compared to the depth direction at the open mouth 

(Figure 3-12). However, growth rate in the depth direction was found to be lower than at the 

surface at 75 mm and 150 mm from the open mouth. 
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Figure 3-11: Fracture face (half section) of cracks at (a) open mouth (b) 150 mm from OM 
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Figure 3-12:  (a) Pre- and post-crack sizes at sample surface (b) Pre- and post-crack sizes in 

depth direction 
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Figure 3-13: Variation of average growth rates with distance from the open mouth 
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Due to the above different growth scenarios, there were different changes in crack aspect ratios 

at different locations from the open mouth. As shown in Figure 3-14, the aspect ratios of the pre-

fatigued cracks were around 0.94 and varied slightly at different locations. The aspect ratio at the 

open mouth decreased significantly, indicating much faster growth at the surface than at the 

depth. However, this trend seemed reversed at 75 and 150 mm from the open mouth and faster 

growth occurred in the depth than at the surface. 

3.3 Discussion 

3.3.1 Variation in local environment under the disbondment 

3.3.1.1  Variation in CO2 concentration in the solution in contact with specimen surface  

Since the sparging gas was purged in the bulk solution, CO2 concentration is highest in 

the bulk solution. The CO2 concentration in the bulk solution is at equilibrium with the CO2 

concentration in the purging gas. Since the solution at the open mouth is in direct contact with 

the bulk solution, the concentration of CO2 at the open mouth is the same as that in the bulk 

solution. However, inside the disbondment, CO2 concentration reduces with distance from the 

open mouth; setting up a CO2 concentration cell.   

It is known that CO2 is dissolved in water to produce carbonic acid which in turn 

dissociates to produce hydrogen ions. The amount of CO2 at locations farther away from the 

open mouth of disbondment is diffusion controlled. Since diffusion is down a concentration 

gradient, the concentration of CO2 decreases with increasing distance from the open mouth, and 

the concentration of hydrogen ions in contact with the sample surface should also decrease with 

distance from the open mouth. In another study, Appendix A, it was shown through hydrogen 

permeation test results that this hydrogen concentration gradient does occur under the simulated 

disbondment. 
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Figure 3-14: Variations in crack aspect ratio with distance from the open mouth of the 

disbondment 
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However, this difference in hydrogen concentration is usually not reflected in pH values 

measured down the disbondment since the solution is buffered because of the equilibrium 

between the carbonic and carbonate species. This tends to keep the pH uniform at all locations 

under the disbondment. 

3.3.1.2  Effect of hydrogen abundance on dissolution rate 

In a near neutral pH solution, carbon dioxide may dissolve in ground water (C2) solution 

to liberate hydrogen in solution via the reduction reaction proposed by Asher  et al. [30]: 

 

H2CO3    HCO3
-
  +  H

+
    (3-2) 

Fe    Fe
2+

  +  2e
-
     (3-3) 

HCO3
- 
 +  Fe

2+
    FeCO3  +  H

+
   (3-4) 

   2H
+
    2H(ads     (3-5) 

 

In the absence of cathodic protection, in order to complete these reactions, the steel 

sample has to liberate an electron for every hydrogen ion that is reduced. This is achieved 

through dissolution of iron at the free surfaces. Hence, the more the Fe is dissolved, the more the 

hydrogen ions are reduced. Chen et al. [10] reported that under open circuit potentials, corrosion 

rate reduces with distance from the open mouth. This is consistent with the CO2 concentration 

gradient within the trapped solution as explained above. More dissolution will tend to occur at 

the open mouth since more hydrogen ions are available to be reduced. Conversely lesser 
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dissolution will tend to occur farther away from the open mouth since less hydrogen ions are 

present in the solution in direct contact with the steel surface. 

 

This gradient in the rate of dissolution can have a profound effect on the crack tip 

morphology and crack growth rate as will be explained in Section 3.3.3. 

 

3.3.1.3 Variation in hydrogen concentration at the crack tip with distance from the open mouth 

The final stage in the CO2 dissolution, Equation 5, above is the production of adsorbable 

hydrogen. It is a known fact that some of the adsorbable hydrogen migrates into metal lattices, 

where they tend to cause hydrogen embrittlement which may have a profound effect on cracking 

[30]. It is also well known that lattice hydrogen tends to segregate to regions with the highest 

tensile hydrostatic stresses within the metal lattice. For a cracked body, the region with the 

highest tensile stress corresponds to the plastic zone, otherwise called the process zone [31, 32]. 

This region may experience a very high level of hydrogen enhanced crack propagation, and the 

more the amount of hydrogen that segregates here the more intense the rate of hydrogen 

enhanced crack propagation. 

In the absence of a surface film, or where the same amount and type of surface film is 

formed at all locations inside the disbondment, and where initial mechanical loading is the same, 

the rate of hydrogen adsorption into the metal lattice at all three crack locations inside the 

disbondment should be proportional to the concentration of adsorbable hydrogen present at the 

surface. Hence there should be a higher hydrogen concentration in the lattice at the open mouth. 

Since initial mechanical conditions at the crack tip are similar at all three locations and more 

hydrogen is adsorbed into the lattice at the open mouth, a higher lattice concentration at the open 
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mouth enables the delivery of more hydrogen atoms to the process zone ahead of the crack since 

hydrogen migration through the lattice is diffusion controlled. This causes more severe hydrogen 

enhanced crack propagation at the open mouth. This effect should decrease in magnitude with 

distance from the open mouth.  

3.3.2 General understanding of cracking mechanisms of pipeline steels in near-neutral pH 

environments 

The present investigation was conducted primarily to understand 1) how the coating 

disbondment affects crack growth mechanism 2) the growth rate behavior of surface cracks as 

compared with that of long through-thickness cracks. In the field, SCC cracking manifests as 

surface cracks associated with coating disbondment at the pipe surface. Despite this unique crack 

morphology and its association with coating disbondment, most studies have neglected one or 

the other component in laboratory simulations of this phenomenon. Also, most studies have 

employed rather severe loadings rather than the very benign loadings in terms of loading 

frequency typically experienced in the field.  Despite the above uniqueness, it is generally 

believed that the crack growth mechanisms determined from investigations primarily using 

compact tension specimens are still applicable.  

Crack growth mechanisms of pipeline steels exposed to near neutral pH environments 

have been traditionally undertaken to understand both the physical process of cracking and the 

rate behavior of crack growth. The common beliefs are summarized as follows [10]: 

1) For the physical mechanisms of crack growth, it is generally believed that crack growth 

proceeds by either or both of the following two  processes: 
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 By dissolution at the crack tip only, which is primarily a process found in the earlier stage 

of crack growth when the crack is shallow, for example, up to 1 mm, and during the 

growth of cracks on the pipe surface. 

 By direct cracking of the crack tip through hydrogen embrittlement mechanisms, which is 

primarily the mechanism of crack growth following the dissolution mechanism in the 

initial stage. 

2) When the rate controlling factors are considered, crack growth is believed to be a result of 

the following competitive processes: 

 Crack tip blunting, which results from the dissolution of materials at the crack tip and low 

temperature creep: The former can cause crack growth but may also cause crack tip 

blunting because of the non-passivating nature of the corrosion system. The latter occurs 

when crack grows at a very slow rate or under non-propagating mechanical loading 

conditions, for example, pressure fluctuating with high R-ratios (minimum 

stress/maximum stress). 

 Crack tip sharpening, which is caused by fatigue loading and the segregation of 

hydrogen, a by-product of corrosion, to the crack process zone at and ahead of the crack 

tip. Crack growth can proceed without a direct exposure of the near neutral pH solution to 

the crack tip as long as the fatigue component and hydrogen segregation can occur 

synergistically. 

The above two competitive processes have been mathematically synergized through a combined 

factor in the form of (K)

/Kmax


/f 


, where  +  = 1 and  is a factor relevant to corrosiveness 

of environment or the generation of atomic hydrogen [9, 10]. Based on the above understanding, 
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the experimental results obtained in this investigation can be rationalized, as discussed in the 

sections below. 

3.3.3 Crack growth mechanisms under disbonded coating 

3.3.3.1  Crack growth at the surface tip 

Since cathodic protection was not applied, the experiment in this investigation is believed 

to have simulated the growth of surface cracks exposed to different levels of CO2. At the open 

mouth, the aqueous solution was in equilibrium with 5% CO2 in the gas composition. Down the 

coating disbondment, the aqueous solution may be considered to be in equilibrium with a CO2 

level progressively lower than 5% CO2 in the gas mixture except for the initial stage of exposure 

when the aqueous solution was just introduced into the test cell. In the later situation (early 

stages), the steel surface within the disbonded coating at all the locations should be exposed to 

aqueous solution in equilibrium with 5% CO2+N2 gas mixture.   

With the above consideration, one may try to understand the crack mechanisms at the 

surface tip, first by taking the growth at the open mouth, where the aqueous solution was always 

in equilibrium with 5% CO2 + N2 gas mixture. The dissolution rate of the X65 pipeline steel in 

C2 solution in equilibrium with 5% CO2 + N2 mixture was measured to be about 1.210
-9

 mm/s 

(~ 0.037 mm/year) [9], which is nearly 3 orders of magnitude lower than the crack growth rate 

determined at the open mouth, which was ~ 2 10
-4

 mm/cycle or 1.010
-6

 mm/s at a loading 

frequency of 0.005 Hz. The difference may be attributed to the contribution of fatigue loading 

and hydrogen effects.  For the latter effect, the average lattice hydrogen should be the highest at 

the surface where atomic hydrogen is generated but decreases toward the opposite surface that 

was isolated from the test solution, as governed by the law of diffusion.  
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With an increase of distance from the open mouth, crack growth at the surface tip rapidly 

decreased and stabilized at approximately the same rate at the middle and bottom position. This 

non-linear profile of growth rate needs further discussion. One could simply relate the growth 

rate at the surface tip at various positions to the dissolution rate of pipeline steel at those 

positions. Despite the fact that hydrogen effects on crack growth are predominant, the amount of 

hydrogen generated should be proportional to the rate of dissolution at the surface. This could 

rationalize the attempt to correlate the growth rate at the surface tip to the dissolution rate.  

It has been observed that the dissolution rate of pipeline steel determined using a setup 

similar to the one in the present investigation depends on the gap distance between the disbonded 

coating and the steel surface [33]. When the gap distance was set at about 10 mm, like the one 

used in the current investigation, a near linear relationship between the rate of dissolution and the 

distance to the open mouth was found [33]. The abrupt decrease of dissolution rate with 

increasing distance to the open mouth and an enhancement in dissolution at the open mouth can 

be found only when the gap is very narrow, for example, 5 mm or less.  

The inconsistency between the non-linear crack growth rate at the surface tip and the 

linear relationship between the dissolution rate at the steel surface and the distance can be 

bridged by further examining the morphology of the crack tip at various positions. It is clearly 

shown in Figure 3-8 that the crack tip was so sharp at the open mouth that the crack crevice 

could hardly be discerned in the microstructure. In contrast, the crack tip at the middle and 

bottom positions became progressively blunt. In fact, at both locations, the tip is so blunt that it 

may not be considered to be a “crack” from the definition of fracture mechanics.  
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Now one may wonder what has caused crack tip blunting at the middle and bottom 

positions. As briefly discussed in Section 3.3.2, crack tip blunting of pipeline steel in near neutral 

pH environments is a very common phenomenon that can be caused by: 

1) Excessive corrosion at the crack tip, particularly in environments with very high CO2 level, 

which certainly cannot rationalize the above inconsistency as the CO2 level is highest at the 

open mouth but the crack tip is seen to be very sharp instead of blunt; 

2) Benign fatigue loading, for example, under a near static loading state, which should not be a 

contributing factor as well since all the cracks were subjected to the same loading scheme 

and the initial crack dimensions were also almost identical.  

 

It is certain that all the cracks at the beginning of corrosion exposure were sharp as they 

were fatigue cracked in air by the same scheme. Therefore, there must be a sharp to blunt 

transition for cracks at the middle and bottom positions of disbonded coating. This suggests that 

the cracks at the latter positions were growing at least in the initial stage of corrosion exposure. 

This is also highly possible when environmental conditions were considered. When the fresh 

solution was added into the cell, the solution was in equilibrium with 5% CO2 regardless of its 

position within the disbonded coating. This should lead to a similar situation of growth at all 

three positions. However, with increasing exposure time, a gradient of CO2 was gradually 

formed, which would reduce the environmental driving force at positions farther away from the 

open mouth. 

The above environmental driving force is included in the combined factor, (K)

/Kmax


/f 


, where the term (1/f 


) is considered to be the environmental factor. In this environmental 

factor,  is directly related to the corrosiveness of the environment, which was determined to be 
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0.1 in C2 solution in equilibrium with 5% CO2. When the CO2 level is reduced, the pH of the 

solution becomes less acidic and the crack growth rate was found to increase linearly with 

decreasing pH of the solution. Therefore, a lower  value can be assigned to the middle and the 

bottom position. For example, the environmental factor (1/f 

)  at the open mouth with  = 0.1 is 

calculated to be 1.7 at f = 0.005 Hz. When  is reduced to a third of that at the open mouth, the 

environmental factor becomes 1.19, which is accompanied with a reduction of the combined 

factor to 8148 (MPa
.
√m)

3
/Hz

0.033
 for the crack at the bottom position. The latter is below the 

threshold value of about 8500 (MPa
.
 √m)

3
/Hz

0.1
 for crack growth. Therefore it is well justified 

that the surface crack at the middle and the bottom position had been subjected to an 

environmental driving force transient from a higher value at the beginning of the test to a lower 

value at the end of the test. This will correspond to a state of crack growth at the beginning of the 

test and crack dormancy towards the end of the test. This analysis is also consistent with the 

recorded potential drop data shown in Figure 3-4 for the crack in the middle position. The much 

blunter tip at the bottom position than the middle position reflects a smaller  value at the bottom 

and therefore less driving force for growth.  

The transition from a growing state to a non-growing state has been reported previously. 

A sharp crack produced by pre-fatigue in air was loaded to combined factors below the threshold 

value and the crack was found to grow in the initial stage of approximately 10 days from the 

potential drop curves recorded but ceased to grow afterwards [9].  A crack tip morphology very 

similar to what is seen in Figure 3-8b and 3-8c) was found. In this reported example, the 

transition from propagating state to non-propagating state was caused by initial sharp state of the 

crack tip. In the present investigation, the crack tip also experienced a decreasing environmental 
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driving force due to coating disbondment. The transition from the growing state to non-

propagating state could take place even sooner.  

 

Increased blunting of the crack tip with distance from the open mouth of the disbondment 

cannot be explained by crack tip dissolution as dissolution is highest at the open mouth. The 

blunting seen at the crack tip in this investigation should be attributed to the occurrence of low 

temperature creep. When the crack is not propagating, the material at the crack tip will have 

more time available for time-dependent creep deformation to take place. The much blunter tip at 

the bottom position than at the middle position indicates that the crack tip at the bottom position 

must have suffered from more creep deformation, probably because of much shorter propagating 

period due to much smaller environmental driving force. 

The above analysis has finally allowed us to understand the non-linear relationship 

between the average growth rate at the surface tip and the distance to the open mouth. It is 

obvious that crack growth at the middle position and the bottom position occurred only in the 

early stage of the test, for example, approximately 10 days or shorter, especially for the bottom 

crack. This could increase the average crack growth at the surface tip by at least 2 times, which 

would make the average crack growth rate curve of the surface tip approach a near linear state 

and positioned above the average growth rate curve of the crack in the depth direction, as 

illustrated in Fig. 3-13. The latter conclusion will be further discussed after the crack growth 

mechanisms in the depth direction are discussed below. 

The above discussion has been made based on the crack growth at the bottom position 

and by assuming a reduced environmental factor with  = 0.033, which is only a third of the 

value used for the open mouth position. One may wonder if the assumption of   = 0.033 at the 
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bottom position is realistic. It is believed that an assumption of  = 0.033 is rather conservative. 

The final combined factor at the surface tip at bottom position was calculated to be 16709 (MPa
.
 

√m)
3
/Hz

0.1
 when  = 0.1 is used. This would yield a combined factor of about 11737 (MPa

.
 

√m)
3
/Hz

0.033
 at end of the test if  = 0.033. This suggests that the surface tip at the bottom 

position was propagating at end of the testing, which is inconsistent with the crack tip 

morphology observed. Therefore, a  value lower than 0.033 as assumed must have existed at the 

location, especially after the CO2 gradient along the disbonded coating was established during 

the test. 

 

3.3.3.2  Crack growth at the depth tip 

It is interesting that the crack tip morphologies at the depth tip at all three locations were 

quite similar. The tip was not as sharp as the one seen at the surface tip at the open mouth, but 

was much sharper than that at the surface tip at the middle and bottom positions. These 

observations suggest that the growth rate behavior in the depth direction at all three locations 

was quite similar. As shown in Figure 3-13, the average growth rate was progressively lower but 

not significantly different with increasing distance to the open mouth. The initial combined 

factors at the depth tip was at 8725, 8535 and 8918  (MPa
.
√m)

3
/Hz

0.1
 for the open mouth, middle 

position and bottom position, respectively. When the environmental driving force was reduced, 

for example, with  = 0.033, the combined factor at the depth tip of the middle crack at the 

beginning of test should be well below the threshold value of 8500 (MPa
.
 √m)

3
/Hz

0.1
 determined 

using compact tension specimens. This also suggests the possible occurrence of dormancy during 

the test, which is also consistent with the blunt appearance of the crack tip in the depth direction. 
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Again, it should be pointed out that the 
 
 value at the beginning of test should be equal to 0.1 at 

all locations as discussed previously. The initial growth would also make the combined factor 

higher. The growth rate should reduce and the crack in the depth direction may cease to grow 

when the  value was reduced at the later stage due to the establishment of a CO2 gradient in the 

disbonded area. However, the transition to a dormant state should be much less likely at the 

depth tip of the crack at the open mouth. The substantial growth at the open mouth may have 

increased the combined factor to or above the threshold value. 

There seems one remaining issue to be addressed: why does the surface crack tip grow at 

relatively higher rate than the depth tip? For example, taking the crack at the open mouth as an 

example, both the surface crack and the depth crack at this location had been growing all the 

time. However, the growth rate at the surface tip was much higher than at the depth tip. Although 

a clear answer to this can be extremely difficult, the following factors can be considered: 

First, the lattice surrounding the crack tip at the surface should have much higher diffusible 

hydrogen than that surrounding the depth tip because of diffusion gradient of hydrogen atoms. 

This would seem to make the environmental driving force higher at the surface tip. However, the 

surface tip is under a plane stress state, which could cause much less extent of segregation of 

atomic hydrogen in the plastic zone at or ahead of the crack tip (crack process zone). It is the 

amount of segregated hydrogen in the crack process zone that is responsible for the cracking.  

Second, the comparison is made under different combined factors. A more justified comparison 

would be when the initial mechanical driving force, (K)

/Kmax


, was the same both at the 

surface tip and the depth tip. With such a consideration and because of much higher initial 

(K)

/Kmax


 value at the surface tip in the current investigation, the crack growth rate at the 

depth tip, if crack growth can occur, should be higher than what is shown in Figure 3-12. 
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The less blunt appearance of the depth tip (Figure 3-10) could also be related to its plane 

strain state as compared with the plane stress state at the surface. Under the same level of applied 

stress intensity factor, a plane stress state would form a much larger size of (~ 3 times bigger) 

plastic zone ahead of the crack tip and much higher plastic deformation. Since low temperature 

creep is a result of motion of existing mobile dislocations, the higher plastic strain at the crack tip 

would create more mobile dislocations and therefore much higher low temperature creep 

deformation, which would lead to a blunter crack tip. 

The above observation in fact reflects one of the most important characteristics of near-

neutral pH cracks found in the field. The aspect ratios of the cracks (depth/surface length) is seen 

to decrease as the cracks grow, indicating the slower growth at the depth direction, and then to be 

stabilized at around 0.1 (a/c) at a depth of about 1 mm, which is also the depth at which over 

95% of cracks are seen to be dormant [10]. Despite that cracks with such small aspect ratios 

should have much higher mechanical driving force at the depth tip, the depth tips remain non-

propagating until less than 5% of them are subjected to an increased combined factor [9, 10, 34, 

35] 

 

3.3.4 Growth rate behavior of surface cracks under disbonded coating 

The growth rate behavior is important as it serves as a base for residual life prediction and 

integrity management in the field. The growth rate behavior of long through-thickness cracks is 

relatively well established and the growth rate can be correlated to a combined factor with a 

trend represented by the dashed line in Figure 3-15. In the current investigation, only complete 

data from the crack at the open mouth are available for analysis, which is also plotted as a 
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function of the combined factor with  = 0.1 in Figure 3-15.  In this figure, the crack growth in 

the depth direction was assumed to occur during the entire period of exposure despite that 

dormancy at the depth direction at the open mouth may have occurred.  

 

 

Figure 3-15: Comparison of the corrosion fatigue behavior of crack growth data at the 

open mouth to that of a through-thickness crack. 
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The crack growth rate behavior of the surface crack has two distinct features when compared 

with the growth rate behavior of the long through-thickness cracks exposed to the same 

environment: 

1) Surface cracks grow at a lower rate than the long through-thickness crack in the current 

system when rationalized to the combined factor (Figure 3-15). This is surprisingly different 

from the general belief that surface cracks can grow at a rate at least the same as long 

through-thickness cracks if not higher.  

2) The growth rate of surface cracks is less sensitive to the combined factor compared to long 

through-thickness cracks. 

It is believed that all the above disagreements can be bridged when the environmental 

specifics of surface cracks and through-thickness cracks, as briefly summarized below, are 

compared.  

1) Dissolution is affected by different environmental access paths: the crack tip at the surface 

can be considered to be exposed to the same environmental conditions as it grows. Surface 

cracks and through-thickness cracks in CT specimens are no different in this regard. 

However, for the crack tip away from the surface, the environmental conditions can be very 

different between the two types of cracks. The different path length will create mini-scale 

effects of coating disbonding in terms of CO2 gradient and the environmental driving force 

for crack growth. Under this situation, the crack crevice will serve as a mini-gap in a way 

similar to the gap between the surface of the specimen and the disbonded coating being 
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created in the experimental setup used in this investigation. However, it is hard to determine 

which type of cracks would be more susceptible to overall crack growth.   

  

2) The hydrogen effects are affected by different environmental paths. For a CT specimen, 

hydrogen is generated on both sides of surface and diffuses to the middle wall of the 

specimen where lattice hydrogen concentration is the lowest at the beginning but will 

approach the concentration at the surface with increasing time. The surface crack in the 

current investigation is designed to simulate the situation in the field and hydrogen is 

generated only on the surface with the crack and diffuses to the other surface where hydrogen 

concentration is assumed to be zero. A much weaker hydrogen effect should be expected at 

the depth crack tip compared to the surface tip.  

3) Tunneling effects: the crack tip in the middle wall position of CT specimen propagates much 

faster than the surface tip, as observed in Ref [9] most likely because of factor 2) above and a 

near plane strain condition. This could increase the crack growth rate at the surface tip of CT 

specimen because the un-cracked ligament at the surface may bear an increased mechanical 

driving force when the middle wall tip advances ahead of the surface tip. In contrast, the 

depth tip of a surface crack is found to grow much slower probably because of hydrogen 

effects as identified above.   

 

It should be pointed out that the current investigation has not been aimed at determining the 

threshold of crack growth of surface crack as compared with that determined for the long 

through-thickness cracks. Cracks in the field frequently and repeatedly become dormant because 

of the nature of pressure fluctuations. Determining the threshold combined factor above which a 
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surface crack with sharp tip can start to grow is less meaningful than determining the threshold 

conditions at which a dormant crack is to be reactivated. The latter is beyond the scope of the 

current investigation but will be one of our focuses in the future. 

3.4 Conclusions 

This study examined the effects of variation in the concentration of CO2 in a near neutral 

pH environment on the rate of propagation of cracks under a coating disbondment. Among the 

main findings are: 

1. A large disbondment on a pipeline may set up a CO2 concentration gradient that induces 

electrochemical processes that significantly affects crack growth behavior.  

2. This variation in CO2 concentration gradient induces a hydrogen concentration gradient from 

the open mouth to the far end of the disbondment. 

3. With 5% CO2 in the bulk solution surrounding the disbonded site, highest growth rate was 

obtained at the open mouth while growth rates were similar at 75 mm and 150 mm from the 

open mouth. 

4. The growth rate pattern suggested that hydrogen induced environmental contribution can 

amplify the mechanical driving force for crack propagation such as at the open mouth 

5. Analysis suggests environmental factors could be three times higher at the open mouth than 

at the locations farther from the open mouth. 

6. A combination of low temperature creep and dissolution in the presence of less severe 

environmental crack propagation enhancement could lead to crack tip blunting. More 

specifically, while the less severe environmental effects reduce the growth rate, low 
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temperature creep aids crack tip blunting. Such low temperature induced blunting may delay 

crack re-initiation when more aggressive loading conditions are introduced. 

7. Growth rates were found to be more significantly enhanced at the surface than in the depth 

direction. The disparity in growth rates was highest at the open mouth where growth was 

almost two times higher at the surface than in the depth direction 

8. Such disparity in growth at the surface compared to that at the depth tip explains why 

NNPHSCC cracks often have very low aspect ratios (≤ 0.1). Cracks propagate faster at the 

surface than in the depth direction making them long in the longitudinal direction but shallow 

in the depth direction. 

 

  



192 

 

3.5  References  

 

[1]. National Energy Board, 1996, "Public Enquiry Concerning Stress Corrosion Cracking on 

Canadian Oil and Gas Pipelines," Report # MH-2-95. 

[2]. Delanty, B., and O'beirne, J., 1992, "Major Field Study Compares Pipeline SCC with 

Coatings," Oil and Gas Journal, 90(24) pp. 39-44. 

[3]. Colwell, J. A., Leis, B. N., and Singh, P. M., 2005, "Recent Developments In 

Characterizing The Mechanism Of Near Neutral pH SCC," Corrosion/2005; Houston, TX; 

USA; 3-7 Apr. 2005, paper no. 05161. 

[4]. Parkins, R. N., 2000, "A review of stress corrosion cracking of high pressure gas 

pipelines," Corrosion 2000, NACE, Orlando, FL. 

[5]. Parkins, R.N., 1999, "A review of stress corrosion cracking of pipelines in contact with 

near-neutral (low) pH solutions," PRCI, Report for the Line Pipe Research Supervisory 

Committee of PRC International, . 

[6]. Charles, E. A., and Parkins, R. N., 1995, "Generation of Stress-Corrosion Cracking 

Environments at Pipeline Surfaces," Corrosion, 51(7), pp 518-527. 

[7]. Brousseau, R., and Qian, S., 1994, "Distribution of Steady-State Cathodic Currents 

Underneath a Disbonded Coating," Corrosion, 50(12) pp. 907-911. 

[8]. Yan, M., Wang, J., Han, E., 2008, "Local Environment Under Simulated Disbonded 

Coating on Steel Pipelines in Soil Solution," Corrosion Science, 50(5) pp. 1331-1339. 

[9]. Chen, W., and Sutherby, R. L., 2007, "Crack Growth Behavior of Pipeline Steel in Near-

Neutral pH Soil Environments," Metallurgical and Materials Transactions A, 38A(6) pp. 

1260-1268. 



193 

 

[10]. Chen, W., Kania, R., Worthingham, R., 2009, "Transgranular Crack Growth in the Pipeline 

Steels Exposed to Near-Neutral pH Soil Aqueous Solutions: The Role of Hydrogen," Acta 

Materialia., 57(20) pp. 6200-6214. 

[11]. Eslami, A., Chen, W., Worthingham, R.G., 2011, "Effect of CO2 on Near-Neutral pH 

Stress Corrosion Cracking Initiation of Pipeline Steel," Corrosion Science , 53, pp. 2318–

2327 

[12]. McClung, R. C., and Sehitoglu, H., 1992, "Closure and Growth of Fatigue Cracks at 

Notches”, ASME Journal of Engineering Materials Technology, 114, pp. 1-7. 

[13]. Haddad, M. H. E., Topper, T. H., and Mukherjee, B., 1981, "Review of New 

Developments in Crack Propagation Studies," ASTM Journal of Testing and Evaluation, 

9(2) pp. 65-81. 

[14]. Fine, M.E., and Richie, R.O., 1979, “Fatigue and Microstructure”, American Society for 

Metals, Metals Park, Ohio, pp. 245. 

[15]. Gangloff, R.P., 1983, “Advances in Crack Length Measurement”, Engineering Materials 

Advisory Ltd., Warley, West Midlands, pp. 175. 

[16]. Hudak, S. J., and , J., 1981, "Small Crack Behavior and the Prediction of Fatigue Life," 

Journal of Engineering Materials and Technology (Transactions of the ASME), 103(1) pp. 

26-35. 

[17]. Schijve, J., 1982, “Fatigue Thresholds” , Engineering Materials Advisory Ltd., Warley, 

West Midlands, pp. 881. 

[18]. El Haddad, M. H., Smith, K. N., and Topper, T. H., 1979, "A Strain Based Intensity Factor 

Solution for Short Fatigue Cracks Initiating from Notches," Fracture Mechanics ASTM 

STP 677, pp. 274-289-289.  



194 

 

[19]. Leis, B. N., and Forte, T. P., 1981, "Fatigue Growth of Initially Physically Short Cracks in 

Notched Aluminum and Steel Plates," pp. Fracture Mechanics; Philadelphia; Pa. 

[20]. Leis, B.N., and Galliher, R.D., 1982, "Fatigue and Life Prediction, ASTM STP 

770,"American Society for Testing and Materials, pp. 399-421. 

[21]. Leis, B. N., 1982, "Fatigue Crack Propagation through Inelastic Gradient Fields," 

International Journal of Pressure Vessels and Piping., 10(2) pp. 141-158. 

[22]. Shin, C. S., and Smith, R. A., 1988, "Fatigue Crack Growth at Stress Concentrations--the 

Role of Notch Plasticity and Crack Closure," Eng.Fract.Mech., 29(3) pp. 301-315. 

[23]. Sun, S., Shiozawa, K., Gu, J., 1995, "Investigation of Deformation Field and Hydrogen 

Partition Around Crack Tip in Fcc Single Crystal," Metall. Mater. Trans.A, 26A(3) pp. 

731-739. 

[24]. Shin, C. S., and Smith, R. A., 1985, "Fatigue Crack Growth from Sharp Notches," 

Int.J.Fatigue.Vol.7, 7(2) pp. 87-93. 

[25]. Tanaka, K., and Nakai, Y., 1983, "Propagation and Nonpropagation of Short Fatigue 

Cracks at a Sharp Notch," Fatigue Eng. Mater. Struct., 6(4) pp. 315-327. 

[26]. SEHITOGLU, H., 1983, "Fatigue Life Prediction of Notched Members Based on Local 

Strain and Elastic--Plastic Fracture Mechanics Concepts," Eng. Fract. Mech., 18(3) pp. 

609-621. 

[27]. Sehitoglu, H., 1985, "Characterization of Crack Closure," Fracture Mechanics: Sixteenth 

Symposium; Columbus, (868) pp. 361-380. 

[28]. Eslami, A., Fang, B., Kania, R., 2010, "Stress Corrosion Cracking Initiation Under the 

Disbonded Coating of Pipeline Steel in Near-Neutral pH Environment," Corrosion Science, 

52(11) pp. 3750-3756. 



195 

 

[29]. S. Asher, P. Singh, J. Colwell, B. Leis. Crack Initiation of Line Pipe Steels in Near-Neutral 

pH Environments. 16th International Corrosion Congress. 2005. Beijing, China 

[30]. Li, J. C. M., Oriani, R. A., and Darken, L. S., 1966, "Thermodynamics of Stressed Solids," 

Z. Physik. Chem., 49, pp. 271-290. 

[31]. Gangloff, R. P., 2003, "In: Comprehensive Structural Integrity”, I. Milne, R.O. Ritchie, 

and B. Karihaloo, Eds., Elsevier Science, New York, NY, 6, pp. 31-101. 

[32]. Thomas, R. L. S., Scully, J. R., and Gangloff, R. P., 2003, "Internal Hydrogen 

Embrittlement of Ultrahigh-Strength AERMET 100 Steel," Metallurgical and Materials 

Transactions A, 34A(2), pp. 327-344A. 

[33]. Chevil, K., Eslami, A., Chen, W., 2012, " Developing Cathodic Protection Based On 

Disbondment Geometry",  International Pipeline Conference 2012,. Paper no. 90675.  

[34]. Chen, W., King, F., and Vokes, E., 2002, "Characteristics of Near-Neutral-pH Stress 

Corrosion Cracks in an X-65 Pipeline," Corrosion, 58(3) pp. 267-275. 

[35]. Bouaeshi, W., Ironside, S., and Eadie, R., 2007, "Research and Cracking Implications from 

an Assessment of Two Variants of Near-Neutral pH Crack Colonies in Liquid Pipelines," 

Corrosion (Houston), 63(7) pp. 648-660. 

  



196 

 

 

 

 

 

CHAPTER FOUR 

SURFACE CRACK INITIATION AND GROWTH OF PIPELINE STEELS 

UNDER DISBONDED COATING IN NEAR-NEUTRAL PH SOIL 

ENVIRONMENTS AFTER ENVIRONMENTALLY INDUCED CRACK TIP 

BLUNTING 

 

 

 



197 

 

4.0 Introduction 

Since it was first identified in the mid ’80s, near-neutral pH stress corrosion cracking 

(NNPHSCC) has remained a virile integrity risk for oil and gas pipelines [1]. Although pipeline 

integrity groups have developed means of mitigating catastrophic failures, NNPHSCC still 

remains a major threat to pipeline integrity. This problem often occurs where coatings are 

disbonded or where there are coating imperfections on the surface of a pipe or where coatings are 

tented, often along the toe of a seam weld. These cracks are usually trans-granular in nature and 

are most frequently formed under disbonded polyethylene tape coated pipes [1, 2].  

NNPHSCC remains a major problem to oil and gas pipeline integrity managers mainly 

because of insufficient understanding of the initiation and propagation mechanisms. Although it 

is generally accepted that the near-neutral pH environment plays a role in the development and 

propagation of these cracks, proper understanding of the role played by the environment or the 

species in it are at best still evolving [3-7].  

In the field, the CO2 involved in the development of the SCC environment comes from 

the decay of organic matter in the soil [2, 8]. Delanty and O’Beirne [1] found that CO2 

concentration in the bulk soil solution adjacent to the pipe surface varies significantly with the 

seasons. For instance soil CO2 levels were 4% in winter but could be up to 23% in spring. Since 

carbonic acid concentration is directly related to CO2 concentrations, carbonic acid 

concentrations can also be expected to vary with the seasons. Delanty and O’Beirne’s 

measurements revealed that carbonic concentration in the soil water was 20 times higher in 

winter. This means that pipelines with disbonded coatings are exposed to higher levels of acidity 

and lower pH, in winter. Therefore, dissolution rates should be more intense in winter and 
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pipelines may experience more localized type of corrosion, e.g. pitting, under this condition. 

Increased dissolution may also increase crack tip blunting and may lead to crack dormancy. 

Beavers and Harle [9] have proposed that crack growth may occur only during the fall and winter 

months when soil acidity is higher and trapped solutions are more concentrated and crack 

dormancy or near dormancy may occur during spring and summer months.  

It is known that CO2 plays a major role in maintaining the pH of the solution at the 

pipeline surface in the near neutral range when cathodic protection currents are being applied. 

Ordinarily, when water dissociates by the reaction 
 OHHeOH 222 22 or

 OHeOHO 442 22 , the generation of hydroxyl ions causes the pH of the solution to 

increase. In the absence of CO2, the pH may increase to about 11-12 [10]. However, when CO2 is 

present, CO2 dissolves in groundwater to form carbonic acid by the reaction 

3222 COHOHCO  which can further react with water to produce a hydronium ion and a 

bicarbonate ion by   33232 HCOOHOHCOH
 
[8, 11]. The bicarbonate ion is weakly basic 

while the hydronium ion is an acid radical. The formation of this pair of ions lowers the pH of 

the solution to the near neutral range, if CO2 is present at a sufficiently high partial pressure. 

Apart from its influence on the pH of the solution, hydronium ions can be reduced to furnish 

hydrogen gas at the pipe surface. This reduction reaction is another major source of hydrogen in 

NNPHSCC. 

It is widely believed that crack propagation rates increase with increasing concentration 

of CO2 [12-15]. However it has been noted that CO2 concentration may have the opposite trend 

on crack initiation. Cracks are usually initiated from the bottom of corrosion pits. Increasing CO2 
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tends to increase the rate of general corrosion preventing the development of pits and probably 

blunting the tips of shallow cracks or obliterating shallow cracks altogether where the dissolution 

rate is high enough [16].  

There has been no systematic study aimed at determining the effect of CO2 levels on the 

growth of surface type NNPHSCC flaws. This study along with the other manuscripts under 

preparation from this study reports recent findings on the role of CO2 levels in the propagation of 

stress corrosion cracks in near-neutral pH environments.  

4.1 Experimental 

4.1.1 Sample preparation 

Tensile specimens (Figure 4-2) bearing three reduced sections were machined from the 

longitudinal direction of a X65 pipe section that had failed in service. The alloy composition is 

shown in Table 4-1, while a typical alloy microstructure is shown in Figure 4-1. Only pipe sections 

unaffected by NNPHSCC and other forms of corrosion, and external damage were used. Gauge 

sections were 23 mm  45 mm  9.2 mm in dimension and identical semi-circular shallow 

notches, 0.20 mm wide, with dimensions c = 5 mm and a = 2.5 mm were made by electrical 

discharge machining (EDM) in the middle of each gauge section. 
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Table 4-2: Alloy (X65) composition 

Element Composition (wt %) 

Carbon 0.13 

Manganese 1.55 

Copper 0.05 

Niobium 0.05 

Chromium 0.08 

Molybdenum 0.01 

Vanadium 0.002 

Nickel 0.05 

Aluminum 0.042 

Titanium 0.002 

Nitrogen 0.009 

Iron Balance 
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Figure 4-1: Typical microstructure of the alloy X65 used in this study 
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    FIGURE 4-2: Test sample designed for this study
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A corrosion test cell consisting of two chambers was designed and fabricated from 

acrylate (Figure 4-3). The inner tube, named the shielding, was designed to simulate coating 

disbondment at the surface of a pipe. The width of this inner tube was 20 mm and the sample 

was centered in the simulated disbondment. The outer tube holds the bulk solution which 

simulates the surrounding soil around a pipe in the field while the solution contained in the inner 

shielding simulates the solution trapped between the coating and the pipe surface on an actual 

pipeline.  

The corrosion medium used was C2 solution (0.0035 KCl, 0.0195 NaHCO3, 0.0255 

CaCl2.H2O, 0.0274 MgSO4.7H2O, 0.0606 CaCO3 g/l), which was purged with either 5% CO2 + 

N2 or 20% CO2 + N2 gas mixture for 48 hours prior to starting the test in order to remove 

dissolved oxygen and to establish a pH of 6.23 and 5.8, respectively. Purging of the test solutions 

with CO2 + N2 gas mixture was also maintained during the corrosion exposure, which was fed in 

through openings at the bottom of the cell, so that the gas mixture can only diffuse into the 

simulated disbondment from the open mouth.  

For the tests reported in this paper, a maximum stress of 75% specified minimum yield 

strength and a cyclic frequency of 0.005 Hz were used for both tests. Three tests were performed 

to investigate the effect of environments on crack growth in near neutral pH conditions under 

disbonded holidays. A summary of test conditions is given in Table 4-2. Test I was carried out at 

a single stress ratio of 0.4. A series of stress ratios was used for tests II and III. The rationale 

behind the tests with different R-ratios is provided in Section 4.2. Tests III and II lasted for about 

5 months while test I only lasted for about 23.2 days. Test III was purged with 20% CO2 while 

tests I and II were purged with 5% CO2. 
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Figure 4-3: Schematic drawing of the corrosion test cell used for study 
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Table 4-2: Test conditions 

Test conditions Test 1 Test II Test III 

Maximum stress 0.75 SMYS 

Test environments C2 solution 

Purging gas 5%CO2 +N2 Bal 20% CO2 + N2 Bal. 

Pre-test pH 6.3 5.6 

R-ratio/duration 
0.4/23.2 

days 

0.65/14 days 

0.6/14 days 

0.58/14 days 

0.56/14 days 

0.53/14 days 

0.50/7 days 
1
 

0.47/7 days 

0.43/7 days 

0.40/7 days 
2
 

0.37/7 days 

0.33/7 days 

0.30/7 days 

0.27/7 days 

0.22/4.5 days 0.22/7 days 

Combined factor at start of test 

[(MPam)
3
Hz

-0.1
] 

8770 3250 3250 

Combined factor at the R-ratio at 

which crack started to grow 

[(MPam)
3
Hz

-0.1
] 

8770 14330 14330 

1
Approximately the R ratio at which the combined factor at the surface tip of crack reaches 

the threshold for continuous growth when crack tip is sharp 
2
Approximately the R ratio at which the combined factor at the tip of crack in the depth 

direction reaches the threshold for continuous growth when crack tip is sharp 
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In an attempt to closely simulate real pipeline service conditions, the sides and back surface of 

each specimen (the one without the surface cracks) were coated with epoxy in order to isolate 

these surfaces from the corrosion media. Crack growth rates were monitored using a custom 

made potential drop system through copper wire leads spot welded to the back surface across the 

EDM slots in each gauge section. A constant current of 20A was applied by the potential drop 

system in order to measure the potential drop across each crack. 

 

4.1.2 Mechanical loading 

Chen and Sutherby [17] developed a corrosion-fatigue model that identified crack growth 

threshold conditions for X65 pipeline steel to be below 8500 (MPa
.
m)

3
/Hz

0.1 
in C2 solution. For 

the current study, a combined factor of 4570 (MPa
.
m)

3
/Hz

0.1
 at the sample surface and 3250 

(MPa
.
m)

3
/Hz

0.1
 in the depth direction was selected for tests II and III. Other testing conditions 

are summarized in Table 4-2. Such low combined factors were selected since the aim of this 

study was to determine the effect of environmentally induced crack tip blunting on crack re-

initiation and propagation. The initial testing conditions for test I are as reported in our earlier 

report and are also summarized in Table 4-2. The goal was to study the effect of dissolution 

induced crack tip blunting on subsequent crack propagation after crack re-initiation. 

4.1.3 Post-test Analysis 

After each test, the fracture surface was examined and post-test crack lengths determined 

in order to validate potential drop measurements with actual crack growth measured from the 

surface of fractured specimens. Prior to fracture surface examination, iron oxide-type corrosion 

products were removed using a rust remover solution composed of water (100ml), HCl (3ml), 
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and cis-2-but-1-4-diol (4ml). Initial fracture face examination was done using an optical 

microscope. More detailed examination of fracture surfaces was carried out using a Hitachi 

scanning electron microscope equipped with an energy dispersive x-ray spectrometer for 

chemical compositional analysis.  

4.2 Results 

Post-test low magnification examination of the corroded surfaces reveals the presence of 

corrosion deposits on the surface of the samples. A large amount of corrosion products was 

found implanted in the cracks in test III while much lesser amount of corrosion products were 

formed on the surface in tests I and II. These corrosion products were analyzed to be FeCO3, 

Fe2O3 and FeOOH by powder mode x-ray diffraction technique. When the corrosion products 

were removed, only general corrosion was found at all three locations. 

In a previous publication (chapter 3) the growth behavior of a sharp surface crack under 

conditions where crack propagation spontaneously occurs was examined. These test conditions 

corresponded to test I in this study. A summary of this result is briefly provided in the next 

subsection. The remaining tests were designed to determine the effect of both the mechanical and 

environmental factors on the crack growth re-initiation and subsequent propagation mechanisms 

of the cracks that were loaded initially under non-propagating conditions. The non-propagating 

conditions were determined based on the threshold value of the combined factor expressed as 

(K)

/Kmax


/f 


.  
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4.2.1 Crack growth behavior of sharp crack under propagating loading in 5% CO2 

(Test 1) 

Crack propagation started at a stress ratio of 0.4 and was not preceded by any period of 

dormancy. The extents of crack propagation during the test at the three different locations are 

compared in Figure 4-4. The most rapid crack propagation occurred at the open mouth of the 

disbondment while the least growth occurred at the far end of the disbondment (150 mm from 

the OM). There was a higher crack opening at the pre-crack tip at the open mouth while 

comparable crack tip opening could be observed at 75 mm and 150 mm from the open mouth. 

Higher magnification examination of the post-test crack tip reveals a significant difference in the 

crack opening size just behind the crack tip (Figure 4-5). At the open mouth, the crack tip was 

very sharp – much sharper than the crack tip at the other two locations inside the disbondment 

while the crack tip was bluntest at 150 mm from the open mouth. All cracks were transgranular 

in nature. The same trend was observed in the depth direction. 

It was analyzed that the cracks at 75 and 150 mm positions were propagating during the 

initial stage of exposure but became dormant as they propagated. This was related to the fact that 

the environments at all the locations within the disbonded coating were the same at the beginning 

of exposure but had developed a concentration gradient corresponding to the different level of 

CO2 in equilibrium with water that decreases with increasing distance from the open mouth. The 

crack tip became blunter as it moved away from the open mouth, which was caused by the 

occurrence of low temperature creep rather than the corrosion at the crack tip. The latter should 

also decrease with increasing distance from the open mouth and therefore would contribute less 

to the crack tip blunting through dissolution if any dissolution occurred.  
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Figure 4-4: Low magnification image of pre-crack tip and crack tip (a) open mouth (b) 75 

mm from the open mouth (c) 150 mm from the open mouth 
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Figure 4-5:  High magnification image of the crack tip width measured at sample surface 

(a) open mouth, (b) 75 mm from open mouth, (c) 150 mm from open mouth. 
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4.2.2  Crack growth behavior of sharp crack preceded by non-propagating 

loading in 5% CO2 (Test II) 

Test I is an idealized situation under which the crack tip from pre-fatigue crack in air 

prior to corrosion exposure was sharp and the initial mechanical condition measured by a 

combined factor was also above the threshold such that immediate growth occurred as soon as 

corrosion exposure started.  

Under field operating conditions, pressure fluctuations are often very benign and the 

combined factor if calculated will be often well below the threshold, even for the oil pipelines 

that are often under more severe pressure fluctuations than the gas pipelines. This is to say, a 

growing crack in the field may repeatedly stop growing (crack dormancy). This phenomenon has 

been extensively discussed by Chen et al. [18]. 

To simulate both mechanical and environmental effects under field situations, Test II was 

cyclically loaded initially to a R-ratio (0.65) that will not lead to immediate growth, that is, the 

so-called non-propagating condition. The combined factor corresponding to R=0.65 was 

calculated to be 2868 (MPam)
2
Hz

-0.1
, which is well below the threshold (~8500 (MPam)

2
Hz

-

0.1
).  

4.2.2.1 Condition for crack initiation 

As shown in Table 4-2, crack growth of Test II was not detected until the R ratio was 

reduced by very small steps, ~ 0.02 – 0.05, to about 0.22. At the latter R ratio, the combined 

factor was determined to be 14330 (MPam)
3
Hz

-0.1
, which is well above the threshold value of 

about 8500 (MPam)
3
Hz

-0.1
. According to Test I, crack growth can occur when R is at 0.4 as the 
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applied stresses and the initial crack dimensions were the same (see Table 4-3). The R-drop 

process was monitored by a potential drop system. Figure 4-6 compares the change of potential 

with time under a non-propagating loading and at R=0.22 where crack growth was initiated. The 

potential drop did not detect crack growth at the other two locations possibly because change in 

crack size was small and the stress applied was not high enough to cause a significantly high 

enough crack opening. 

4.2.2.2  Characteristics of crack morphologies 

Crack growth was observed at all the positions as shown in Figure 4-7, despite that it was 

detected by the potential drop system only at the open mouth for the reasons mentioned above. 

The crack growth should have occurred primarily at the last R-ratio loading, which is below the 

threshold R determined based on the threshold of the combined factor. Although crack re-

initiation occurred at the same R-ratio at all the positions, the extent of crack growth was found 

to be quite different, as shown in Figure 4-7. Since the cracks at different positions from the open 

mouth started at the same time, the fastest growth occurred at the open mouth and slowest 

growth at the bottom of the disbondment.  

At the sample surface, cracks were generally narrow but slightly wider than in Test I. 

Crack opening just behind the crack tip increased with distance from the open mouth (Figure 4-

8). Cracks were generally longer in test II than in test I, which is indicative of more rapid crack 

propagation in test II. This is even more significant when one considers that the cracks in test II 

were only subjected to 1945 cycles (4.5 days) during crack propagation while the ones in test I 

were subjected to 9824 cycles (23.2 days).  
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Table 4-3: Characteristics of crack growth for cracks on the specimen surface 

  

Initial crack 

length (mm) 

Final Crack 

length (mm) 

Net crack 

growth (mm) 

Average crack growth 

rate (mm/cycle) 

Test I 

OM
*** 

3.34 5.4945 2.1545 2.15E-04 

MP 3.31 3.82875 0.51785 5.16E-05 

BP 3.38 3.8532 0.4782 4.77E-05 

Test II 

OM 3.32 7.36 4.05 2.08E-03 

MP 3.30 3.73 0.44 2.24E-04 

BP 3.31 3.53 0.23 1.16E-04 

Test III 

OM 3.42 3.82 0.40 1.55E-04 

MP 3.44 3.86 0.42 1.60E-04 

BP 3.40 3.71 0.31 1.21E-04 

 

***
  OM = open mouth of the disbondment 

 MP = crack at middle position – 75 mm from the open mouth of the disbondment 

 BP = crack at bottom position – 150 mm from the open mouth of the disbondment 
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Figure 4-6: Potential drop data for test II 
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Figure 4-7: Post-test crack lengths measured at the sample surface after test II at (a) open 

mouth, (b) 75 mm from OM, (c) 150 mm from OM 
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Figure 4-8: Crack tip Morphology at the sample surface in Test II (a) OM (b) 75 mm 

from OM, (c) 150 mm from OM 

 

 

 



217 

 

The surface crack tip morphologies at different positions to the open mouth were found 

very similar in Test II. In general, the crack tip is blunt. Despite much faster growth rate at the 

open mouth in Test II than in Test I, a blunt tip morphology was seen in Test II. Another 

noticeable morphological feature of the cracks is that there exists a sharp change in crack 

crevice/width in the vicinity of the crack tip, which is clearly seen in the crack from 150 mm 

position (see circled areas in Figure 4-8c). 

In the depth direction, in test II, the crack was much longer at the open mouth than the 

other two locations (Figure 4-9). There is a mild wedge-shaped morphology along the crack for 

the crack from the open mouth, probably because of its long length. The crack crevice along the 

depth direction was similar for the cracks at the 75 mm and 150 mm positions. The crack tip 

morphologies are shown in Figure  4-10, which remained generally blunt, especially when 

compared to the sharp crack tip morphology seen in Figure 4-5a). There is hardly any observable 

difference in the crack openings behind the crack tip. However there is significant crack 

branching at 150 mm from the OM. Also, some of the branches at 150 mm from the OM tended 

to have very sharp crack tips.  However, the main crack front itself has a tip comparable to those 

at the OM and 75 mm from the OM. Crack widths are significantly wider than in test I. The 

sharp changes in crack width as indicated earlier are also observed in the depth cracks, as marked 

in Figures 4-9b) and 4-9c). 
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Figure 4-9: Crack morphology in the depth direction for test II (a) Open mouth, (b) 75 mm 

from OM, (c) 150 mm from OM 
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Figure 4-10: Crack tip morphology in depth direction at higher magnification for test II 

(a) Open mouth, (b) 75 mm from OM, (c) 150 mm from OM (d) higher magnification of (c) 
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4.2.2.3  Crack growth rate behavior 

Generally crack propagation rates decreased with distance from the open mouth. The 

initial and final crack sizes are shown in Tables 4-3 and 4-4, while the initial and final aspect 

ratios are shown in Figures 4-10a). The initial crack aspect ratios at different positions of both 

specimens can be considered to be similar, despite slight variations that reflect the 

microstructural heterogeneity in the steel. Figure 4-11b) shows the ratio of aspect ratio after and 

before the exposure. Aspect ratios decreased at the open mouth but remained about the same at 

75 mm and 150 mm positions from the OM. The reduced aspect ratio at the open mouth indicates 

a faster growth rate at the surface than in the depth. This is consistent with the field findings and 

was explained to be a result of stronger environmental factor at the crack tip on the surface at the 

OM (Chapter 3).  

The associated average growth rates of Test I and Test II are plotted in Figure 4-12. The 

average growth rates of Test II were calculated based on the number of cycles during the test at 

the lowest R-ratio (Table 4-2) at which crack propagation was assumed to have been initiated. 

Similar trend of growth behavior was found in both specimens. Surface growth rates decreased 

towards the bottom of the disbondment in test II. It is important to note that crack growth was 

deferred to much lower stress ratio (0.22) in test II. The crack growth rate at the open mouth is 

significantly higher than at the other locations while the lowest growth rate was obtained at 150 

mm from the open mouth. In fact crack growth rate at the open mouth is about four times higher 

than at 75 mm from the open mouth. Crack growth rates in test II are obviously significantly 

higher than in test I.  
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Table 4-4: Characteristics of crack growth for cracks in the depth direction 

  

Initial crack 

length (mm) 

Final Crack 

length (mm) 

Net crack 

growth (mm) 

Average crack growth 

rate (mm/cycle) 

Test I 

OM 3.13 4.09 0.96 9.56E-05 

MP 3.20 3.74 0.55 7.15E-05 

BP 3.09 3.73 0.63 6.31E-05 

Test II 

OM 3.19 5.33 2.14 1.10E-03 

MP 3.38 3.52 0.14 7.12E-05 

BP 3.43 3.57 0.14 7.12E-05 

Test III 

OM 3.18 3.53 0.35 1.34E-04 

MP 3.16 3.61 0.44 1.71E-04 

BP 3.20 3.44 0.25 9.42E-05 
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Figure 4-11: Initial aspect ratios 
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Growth rates in the depth direction are also shown in Figure 4-12. Crack propagation was 

more rapid at the open mouth than at the other two locations while growth rates at 75 mm and 

150 mm are quite similar. The actual depth growth rate at 75 and 150 mm positions in Test II 

was also much higher than that of cracks at the same positions in Test I, despite similar values 

shown in Figure 4-12. This was because of much longer growth period and higher growth rate of 

the longer crack in Test I (also Table 4-2 and Table 4-4). 

 

4.2.3  Crack growth behavior of sharp crack preceded by non-propagating loading 

in 20% CO2 (Test III) 

Test II simulates the effect of start-stop type crack propagation in the field, and gives a 

good insight into the effects of cyclic loading history on crack re-initiation and crack 

propagation. Environmental conditions could modify the crack tip behavior, hence the ability of 

cracks to re-initiate, as well as the growth rates once crack propagation is resumed.  

As mentioned in the introduction, field studies have shown that CO2 concentrations could 

vary significantly with the seasons. This variation could influence the ability of cracks to re-

initiate and resume propagation. Although there are very few dissenting voices on the effect of 

increasing CO2 concentrations on crack re-initiation and subsequent propagation, many 

researchers believe that higher CO2 concentrations should give rise to a higher hydrogen 

concentration hence an increased rate of crack propagation. This section examines the effect of 

higher CO2 propagation on crack re-initiation and prevailing growth rates once crack propagation 

resumes. 
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Figure 4-12: Average crack growth rates measured at sample surface 
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4.2.3.1  Condition of crack initiation 

In test III, the potential drop system did not detect crack propagation at any stage, so the 

test was terminated at the same stress ratio of 0.22 as in test II. The R ratio was reduced by very 

small steps, ~ 0.02 – 0.05, to about 0.22 as in test II. At the latter R ratio, the combined factor 

was determined to be 14330 (MPa
.
√m)

3
/Hz

0.1
, which is well above the threshold value of about 

8500 (MPa
.
 √m)

3
/Hz

0.1
.  

4.2.3.2  Characteristics of Crack morphology 

Unlike in test II, crack propagation rates were found to be similar at all three locations in 

test III. Figure 4-13 compares the crack length on the surface of specimens. Examination of the 

pre-crack tip in test III indicated that crack tips were significantly blunter (Figures 4-14) than in 

tests I and II. As in test II, there was no indication of growth at a stress ratio of R=0.4 by the 

potential drop data. 

Wide cracks were observed and despite the prolonged and more severe loading only a 

little crack propagation occurred during the test. There is not any significantly discernible 

difference in the crack opening size just behind the crack tip (Figures 4-14) in test III. At the 

open mouth and 75 mm from the OM, cracks were transgranular in nature. However, 

examination of the crack path at 150 mm from the open mouth shows that although some mixed 

mode behavior could be seen, crack propagation was overwhelmingly intergranular along the 

surface, especially in Figures 4-14c.   
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Figure 4-13: Pre-fatigue crack and post-test crack tips in the 20% CO2 environment - test 

III (a) open mouth, (b) 75 mm from open mouth and (c) 150 mm from open mouth 
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Figure 4-14: High magnification image of the crack tip width at sample surface for test III 

(a) open mouth, (b) 75 mm from open mouth, (c) 150 mm from open mouth. 
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In the depth direction despite the high CO2 concentration, crack propagation at the open 

mouth was not as large as in tests I and II, but the extent of crack growth was similar at all three 

locations (Figures 4-15 and 4-16). Similar to observations at the specimen surface, crack tips 

were significantly blunted and crack walls are wide. Cracks are generally transgranular at all 

locations in the depth direction (Figure 4-16), which is different from the intergranular features 

seen at the surface. Another morphological feature found was the sharp change in crack wall 

width along the cracks both at the surface and in the depth direction. These sharp changes are 

circled in Figures 4-14 and 4-16. They were also identified in Test II. 

The initial and final crack sizes for all three tests are shown in Tables 4-3 and 4-4 while 

the initial and final aspect ratios are shown in Figure 4-17. In test III, there is hardly any 

difference in final crack dimensions at all three locations after the test and no changes in aspect 

ratios before and after the tests were found. This is quite unlike tests I and II where significant 

variation in the extent of crack propagation was observed with distance from the open mouth of 

the disbondment. Crack aspect ratios increased with distance from the open mouth.  

The associated surface growth rates are shown in Figure 4-18. Growth rates are very 

similar at all three locations, suggesting there is hardly any difference in the extent of 

environmental enhancement with distance from the open mouth in the 20% CO2 environment. 

Unlike in tests I and II, a clear indication of the time at which crack growth was initiated in Test 

III was not found. This makes it very hard to determine an accurate average crack growth rate in 

Test III.  
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Figure 4-15: Low magnification image of crack tip in the depth direction for test III (a) 

open mouth, (b) 75 mm from open mouth, (c) 150 mm from open mouth 
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Figure 4-16: High magnification image of the crack tip in the depth direction for test III  

(a) open mouth, (b) 75 mm from open mouth, (c) 150 mm from open mouth. 
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Figure 4-17: Aspect ratios of cracks in Test III 

 

 

Figure 4-18: Crack growth rate of Test III 
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When crack growth was assumed to take place during the last R-ratio loading, like in Test II, the 

average crack growth rates in Test III, as presented in Figure 4-18, were very comparable to 

those at MP and BP in Test II and I. However, when the entire test period is considered, the 

average crack growth rates in Test III will be almost 20 times slower than those shown in Figure 

4-18. 

4.3 Discussion 

This investigation is designed to understand the crack growth mechanisms and growth 

rate behavior of surface cracks in NNpH environments under disbonded coating, especially after 

a crack has become dormant either because of mechanical or environmental attributes. It seems 

quite complicated as many factors of testing conditions have been incorporated into the 

investigation. To rationalize the results obtained, the crack growth rate at the open month was 

analyzed first, from which a clear picture of growth mechanisms and growth rate behavior can be 

envisioned. 

4.3.1  Crack growth rate behavior 

Figure 4-19 shows the crack growth rate at the open mouth obtained from Test II, which 

was calculated based on the potential drop curve recorded and validated using the actual crack 

growth measured on the fractured surface opened in liquid nitrogen after corrosion exposure. The 

master crack growth curve obtained from a similar X65 pipeline steel exposed to the same test 

environment (C2 solution in equilibrium with 5% CO2 + N2 Balance) but using compact tension 

specimen is also comparatively presented. This curve represents the growth behavior of a long 

crack with a sharp crack tip. 
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Figure4-19: Combined corrosion fatigue analysis for tests II and III 
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As shown in Figure 19, crack growth rate at OM is very high at the very beginning of the 

test. This is followed by a quick drop of crack growth rate with a growth trend quite consistent 

with the master curve. A deviation from the master curve and different growth rate behavior at 

the surface and in the depth was observed as the crack propagated.  

It is certain that the sharp crack tip obtained from pre-fatigue cracking in air prior to the 

corrosion exposure had become blunt after a long period of loading under non-propagating 

conditions (applied combined factor below the threshold). It is well established that stress 

concentration exists in the material ahead of the blunt tip. When a sharp crack was initiated due 

to an increase of combined factor (reduction of R-ratio to 0.22 in this case), it would propagate at 

a much higher rate because of magnified applied stress as a result of stress concentration. Crack 

growth rate will be reduced after the crack has advanced over the region where stress 

concentration exists. The different trend in crack growth rate at the later stage of crack growth is 

usually explained due to the breakdown of linear elastic fracture mechanics assumptions.  

The crack growth data at the other two positions (MP and BP) are also presented in 

Figure 4-19, which were the average growth rates calculated using the time during the last 

loading period with R = 0.22. These growth rates are extremely exaggerated for reasons to be 

discussed.  Although the potential drop systems did not detect any continuous growth at both the 

MP and BP positions, crack growth was observed (for example, 0.44 mm and 0.23 at surface, 

respectively, for MP and BP) on the fractured surface after corrosion exposure. This suggests 

that the thresholds for the occurrence of continuous growth at middle and bottom positions are 

much higher than that at the open mouth, and crack growth is possible when the combined factor 

is below the threshold but may occur by a different mechanism. 



235 

 

To activate a dormant crack for continuous growth as the case of the cracks at the open 

mouth requires a very high driving force (high value of combined factor), which can be rare 

events in their early stage of crack growth for oil pipelines or for high pressure gas pipelines 

because of very benign pressure fluctuations and low maximum stress intensity factor. That is, 

crack growth in the field may proceed primarily by those mechanisms as seen for the cracks at 

MP and BP positions, which will be the main focus of the discussion in the remaining sections, 

which have not been investigated so far. 

4.3.2 Crack growth mechanisms of dormant cracks 

To better understand the crack growth mechanisms of dormant cracks loaded with a 

combined factor below the threshold for continuous growth, the growth curve in Figure 4-19 was 

generalized and illustrated in Figure 4-20. In this figure, two threshold positions are identified; 

one is for the occurrence of continuous growth of the crack with a sharp tip, the other for the 

crack with a blunt tip, the so-called dormant crack. Crack growth mechanisms can be discussed 

based on the position of the loading driving force (the combined factor) relative to the position of 

the two thresholds shown in Figure 4-20. 

For the cracks with a sharp tip, fracture mechanics concept such as stress intensity factor 

can be used to quantify the stress state at the crack tip. When the crack tip is blunt, a stress 

concentration factor is usually defined and the actual stress in the material ahead of the blunt tip 

is a function of both the stress concentration factor and the applied nominal stresses through the 

following expression. 

atk       (4-1) 
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Figure 4-20: Comparison of the corrosion fatigue behavior of crack growth data at the 

open mouth in test 1 to that of a through-thickness crack 
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Where, a is the applied stress, kt is the stress concentration factor, which can be expressed as: 



b
kt 21      (4-2) 

When b is the depth of crack with a blunt tip and  is the radius at the tip of the blunt crack. 

A blunt tip is a common morphological feature of cracks when loaded under the loading 

conditions at which continuous growth is not possible. Re-activating a dormant crack for active 

growth is certainly dependent on the magnitude of stress in the material ahead of the crack tip. For a 

sharp crack the highest stresses exist right at the tip of the crack if yielding at the crack tip has not 

occurred or has occurred to a very small scale, as determined by linear elastic fracture mechanics 

equations. For a blunt crack, however, the highest stress is shifted to a region ahead of the crack tip, 

which is often called the fracture process zone, as shown in Figure 4-21. When the crack is in plane 

strain loading state, triaxial stresses exist in the fracture process zone. A plane strain loading state is 

generally assumed for the surface cracks except for the crack tip at the surface.  

When steels are exposed to a corrosive environment in which atomic hydrogen, a by-product 

of corrosion reactions, is generated, the triaxial zone is associated with a segregation of hydrogen as 

applied stress increases. Under fatigue loading, the segregation can be maximized at the peak fatigue 

stress. The exact amount of hydrogen segregated depends on the magnitude of the stress in the 

triaxial zone, the average concentration of hydrogen in the lattice, and the rate of loading and the 

diffusivity of hydrogen. For the latter factor, a slower loading would yield higher hydrogen 

segregation at a given diffusivity of hydrogen as governed by the diffusion laws, which is measured 

by the (1/f ) term in the combined factor. 
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Figure 4-21: (a) Stress distribution ahead of a crack tip (b) triaxial stress state in the 

hydrogen process zone (c) profile of a crack that experienced periodic dormancy during 

crack propagation 
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When a critical level of hydrogen is reached, microcracks may be initiated in the fracture process 

zone by a hydrogen embrittlement mechanism. This crack can quickly propagate back to join the 

blunt tip of the main crack and turn the blunt crack into a sharp crack.  

When a crack is under fatigue loading, regardless of whether the effects of hydrogen 

embrittlement are present or not, crack initiation by a fatigue mechanism could also occur in the 

fracture process zone, although the mutual interaction of hydrogen and fatigue loading would 

facilitate the crack initiation in the fracture process zone. 

Microcracks are usually initiated at the weakest links in the fracture process zone, which 

are special microstructural features or metallurgical discontinuities in the material, such as 

inclusions, grain boundaries, secondary phases, or phase interfaces, where diffusible hydrogen in 

the lattice can be trapped and/or strain incompatibility is present such that initiation of fatigue 

cracks is facilitated.  

Based on the above understanding, crack growth mechanisms occurring when crack 

growth driving force is below the threshold (for cracks with blunt tip) for continuous growth can 

be clearly visualized. Since continuous growth is unlikely, all possible mechanisms that may 

cause discontinuous crack initiation in the fracture process zone should be discussed, which are 

detailed below:  

a) By hydrogen embrittlement mechanism 

It has been determined that the concentration of diffusible hydrogen in the pipeline steels 

when exposed to NNpH environments was less than 1/10 of the critical hydrogen concentration 

for forming hydrogen blistering, an instant cracking of steels due to the buildup of hydrogen 

pressure at hydrogen traps. Although cracking directly by hydrogen blister formation is not 
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possible, it has been proven that hydrogen assisted cracking is mainly responsible for the 

cracking of pipeline steels in NNpH environments. This is further discussed below. 

b) By static tensile loading 

Although near-neutral pH cracking has been termed as stress corrosion cracking due to 

some historical reasons, cracking of pipeline steels in neutral pH aqueous solutions has never 

been observed, and a sharp crack will always evolve into a blunt one when loaded with a static 

tensile stress. Compared to cyclic loading, static tensile loading is most effective in generating 

time-dependent room temperature creep deformation. Micro-crack formation in the fracture 

process zone could occur only by hydrogen embrittlement mechanisms by which microcracks 

form at sites with high hydrogen concentration, except that ductile fracture may occur when high 

tensile stress causes severe plastic deformation in the material ahead of the crack tip.  

As indicated earlier, the concentration of diffusible hydrogen in the pipeline steels when 

exposed to NNpH environments is less than 1/10 of the critical hydrogen concentration for 

forming hydrogen blisters, and therefore, an elevation of hydrogen concentration at least by a 

factor of ten is needed in order to initiate a microcrack in the fracture process zone.  This is very 

unlikely as discussed below: 

1) When the crack is shallow, for example in the initial stage of crack growth, the 

stress in the triaxial zone would be low and therefore would not be able to generate sufficient 

hydrogen segregation, the amount of which increases with increasing stresses in the triaxial zone. 

2) When the crack is long, for example at the latter stage of crack growth, the stress 

in the fracture process zone is high but the level of diffusible hydrogen in the pipeline steels 

surrounding the crack tip become much lower because of concentration gradient of hydrogen 

(highest at the external surface of the pipe and zero at the inner surface). 
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c) By cyclic loading 

Although cyclic loading alone can lead to crack initiation at low stresses, the cyclic loading 

in the present case is not sufficient to cause crack initiation because of very low loading 

frequency. The low frequency loading can cause two unfavorable conditions for fatigue crack 

initiation. First, fatigue crack initiation at a condition near the threshold requires millions of 

cycles, which is usually determined by cyclic loading at very high frequency (~10 Hz). Such a 

high number of cycles would require many years to complete at a low loading frequency 

meaningful to pipeline operation. Second, a low frequency loading leads to the occurrence of low 

temperature creep and crack tip blunting. 

d) By synergistic interaction of hydrogen, static and fatigue loading 

The ramping to the peak stress of cyclic loading allows the buildup of hydrogen in the 

triaxial zone if loading rate matches or is lower than the diffusivity of hydrogen (the effect of 

Kmax and 1/f 

), while cyclic stress measured by K can induce cracking directly in the fracture 

process by a fatigue mechanism. This provides a physical explanation of the combined factor in 

terms its effect on crack growth. 

Despite the above synergistic interaction, this discontinuous crack growth suggested 

above would be impossible when the crack driving force is lower than the threshold for 

continuous growth of the crack with a sharp tip. This is simply because of a very low driving 

force which cannot initiate any crack in the fracture process zone. A typical example of such 

situation would be the crack growth in the middle and bottom position in Test I, where only the 

main crack was seen and no crack branching or any other features that are indicative of crack 

initiation in the fracture process zone ahead of the crack tip are seen to be associated with the 

main crack.  
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In contrast to the crack tip morphology at MP and BP in Test I, the discontinuous crack 

growth seen in Test II and III shows repeated steps of blunting and reactivation, as illustrated in 

Figure 4-21c), which was made based on the crack image in Figure 4-16c). Similar features are 

also observed in all cracks under discontinuous growth. 

Based on the image in Figure 4-21c), one may wonder what would be the number of 

cycles needed for each step of discontinuous advance. The average length of each step is 

measured to be about 10 – 20 m, as shown in Figure 4-16c), which surprisingly is equivalent to 

the average size of grains in the materials. The grain size related jumps are quite obvious and 

generally seen in all the cracks with discontinuous growth shown in this investigation. The time 

required to generate each jump can be easily calculated to be around 1 to 2 days or 500 to 1000 

cycles at a loading frequency of 0.005 Hz.  

Since crack initiation at a blunt tip is limited to the size of grain, this localized initiation 

would not lead to continuous growth of adjacent areas, where their own crack initiations have not 

occurred due to unfavorable metallurgical conditions. The transition of discontinuous crack 

growth to continuous growth would occur when crack initiations in the facture process zones can 

take place simultaneously at most locations of the crack front.   

In operating pipelines, the combined factors calculated from pressure fluctuations and 

crack dimensions detected are often below the threshold value required for a sharp crack to 

propagate continuously, especially for high pressure gas pipelines where R ratios are generally 

higher than 0.9. Discontinuous crack growth involving crack tip blunting (dormant) and crack tip 

sharpening for growth (active growth) would be a major process of crack advancement. In the 

early stage of crack growth, only a few events of pressure fluctuations are able to re-activate a 
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dormant crack for growth, which leads to a very limited growth. This state of crack growth is 

usually considered to be dormant in the field. 

From characterizing the cracks developed in the field, it has been well determined that 

more than 95% of crack populations remain dormant and only less than 5% of them were found 

to be able to propagate leading to possible rupture. These latter crack populations are generally 

located in the region where the tensile residual stresses (for example, up to 110 MPa) and 

diffusible hydrogen in the steel are very high, raising the combined factor to a level above the 

threshold for the growth of the crack with a sharp tip. Since these cracks have a blunt tip, crack 

growth will proceed by the discontinuous mechanism discussed in this investigation. Further 

discussion will be made to confirm that discontinuous crack growth will take place when the 

loading combined factor is above the threshold for the growth of the crack with a sharp tip. 

4.3.3 Mechanisms of crack dormancy 

In pipeline steel-near-neutral pH environment system, crack dormancy is physically 

related to the crack tip blunting, which is either mechanically or environmentally induced. 

a). Mechanically induced 

Mechanically induced blunting occurs primarily due to low temperature creep at the crack tip 

where time-dependent plastic deformation reduces the sharpness of the crack tip such that the 

stress intensity at the crack tip, a key driving force for crack growth, is reduced to a level below 

the threshold value necessary for a continuous crack growth. Blunting can start either 

immediately if the mechanical loading is well below the threshold for crack growth, or gradually 

when the mechanical loading is below but near the threshold value, under which crack growth 

was so slow that there is sufficient time for creep to occur. Typical situations of mechanically 
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induced blunting are demonstrated at the crack tips located at bottom of disbonded coating, as 

shown in Figures 4-5c), 4-8c) and 4-10c), where the crack tip appears the bluntest or the crack 

crevice is seen to be the widest. At these locations, corrosion rates should be the lowest because 

of the lowest CO2 level in aqueous solution.  

To further quantify the mechanically induced blunting, the width of crack crevice at the 

root of machined slot after exposure was measured and corrected to remove the increase of crack 

opening due to the hinge effect of different crack length. As is listed in Table 4-5, the highest 

increase in width was seen at the OM, which is partially caused by corrosion because of the 

highest CO2 level at the position (which will be further discussed later). The bottom position 

should have the least corrosion but has a higher crack width, which should be attributed to 

mechanically induced blunting (by low temperature creep at the crack tip). 

b) Environmentally induced. 

Environmentally induced blunting is primarily caused by a direct removal of atoms 

through dissolution at and around the crack tip. It must be pointed out that the dissolution must 

occur over a wide area of the cracked surfaces, which is possible only in the corrosion systems in 

which passivation will not take place, such as the current steel-NNpH environment systems. In 

the corrosion system where passivating is possible, the crack tip is the only location where 

corrosion can take place under the assistance of stress and the dissolution of material at the crack 

tip will lead to a direct advance of the crack tip (crack growth). 
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Table 4-5: Width of crack opening at the bottom of pit after correction for hinge effect in 

test I 

Location from open mouth (mm) Width (µm) 

0 18.7 

75 8.38 

150 13.83 
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Environmentally induced blunting is typically seen during the early stage of crack growth and in 

environments with high levels of CO2, that is, in more acidic solutions. It is generally believed that the 

contribution of corrosion to crack advance decreases as a crack propagates in the depth direction because 

of the reduced CO2 level, similar to the reduction of CO2 toward the bottom of a disbonded coating. 

Because the CO2 level is highest at the surface, crack growth is faster on the surface and continuous 

dissolution of the crack crevice at the surface may cause the crack to evolve into a pit. 

Typical cases of environmentally induced blunting are demonstrated in Test III, where only 

limited crack growth had occurred at all positions but a very wide crack crevice had been formed, which 

to a large extent is caused by a direct removal of materials through dissolution over the cracked surface. 

Table 4-6 lists the width of crack crevice measured after corrosion exposure and the correction of the 

hinge effect. For cracks of similar lengths, the crack crevice width should be similar, in the absence of 

factors that enhance plastic deformation locally. Slight differences in crack lengths should not result in 

any significant differences in the crack crevice opening (width). Any difference in crack crevice width 

due to slight differences in crack length could be could be approximately determined by using the similar 

triangles approach. This could be used to determine a correction value to be applied to actually measured 

crevice width in order to eliminate the effect of small differences in crack lengths. After carrying out such 

a correction, a much wider crack crevice was seen in Test III, compared to that in Test I.  

In test I, the crack crevice at BP is about 65% wider than that at MP, despite the fact that the 

cracks at both positions are very much similar, suggesting similar mechanically induced blunting; 

environmentally induced blunting should be higher at MP because of a higher rate of corrosion. A similar 

trend has also been observed in Test II, where the crack crevice at BP is much wider than that at MP, as 

shown in Figures 4-8 – 4-10. In test III, a larger crack crevice at BP than at MP was also observed. All 

these suggest the existence of additional factors responsible for crack tip blunting. 
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Table 4-6: Width of crack opening at the bottom of pit in test III 

Distance from open mouth (mm) Width (mm) 

0 79.39 

75 50.45 

150 54.17 
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One possible factor could be hydrogen facilitated plastic deformation, that is, increased 

low temperature creep in the presence of diffusible hydrogen can cause additional crack tip 

blunting. This has been proven to be true in the current system. An increase of crack crevice by 

33% was observed when the crack tip was segregated with diffusible hydrogen, as compared 

with the crack crevice loading in air. These results will be published in a future communication. 

4.3.4 Rate of discontinuous crack propagation 

In addition to the understanding of discontinuous crack growth mechanisms, the 

investigation is also aimed at determining the discontinuous crack growth rate, which is 

important to remaining life prediction and integrity management. An accurate determination of 

the discontinuous growth rate can be impossible because of uncertainty of the time at which 

discontinuous growth starts. However, based on the discussion in previous sections, it is assumed 

that discontinuous crack started at the threshold for continuous growth of a crack with a sharp 

tip. This would start when the R ratio in Test II and Test III was reduced to about 0.5 for the 

crack tip intercepting the surface of the specimen and 0.4 for the crack tip in the depth direction. 

For the sake of simplicity, the period between R=0.4 and R=0.22 (end of test) was used.  

With the above assumptions, the average discontinuous crack growth rate was calculated 

and plotted as a function of the position to the open mouth, as shown in Figure 4-22. These 

growth rates are generally over one order of magnitude lower than those of continuous growth. 

For Test III, the growth rate was not very much different at various positions, although the 

middle position appears the highest both at the surface and in the depth direction. For Test II, 

only the data at MP and BP were used because continuous growth occurred at OM.  
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a) 

 

 

b)  

Figure 4-22: Comparison of crack growth rate (a) at sample surface (b) in the depth 

direction 
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The growth rates in both tests were quite similar at the surface. In the depth direction, the growth 

rate in Test II was about two times lower. 

A discontinuous crack growth rate around 210
-5

 mm/cycle was seen in Figure 4-22, 

which is equivalent to 110
-7

 mm/second at a loading frequency of 0.005 Hz. The rate of 

corrosion of the pipeline steel in C2 solution in equilibrium with 5% CO2 and 20% CO2 + N2 

balance was measured to be 1.310
-9

 mm/s (or 0.04 mm/year) and 5.110
-9

 mm/s (or 0.16 

mm/year), respectively, which are generally consistent with the measurements from the field, 

usually less than 0.2 mm/year. The actual discontinuous growth rate is about 20 to 80 times 

higher than the rate of dissolution. This simply suggests that discontinuous growth cannot occur 

through the dissolution of material at the crack tip. Or, in other words, the contribution of 

dissolution to crack growth can be ignored. A simple calculation can be used to further justify 

the above considerations. As it was determined that each step of crack advance was about 15 to 

20 m, which takes about 1 to 2 days. Within these periods, the crack advance by dissolution can 

be about 0.5 to 1 m and 0.1 to 0.2 m when exposed to 20% CO2 and 5% CO2+N2 solutions, 

respectively. 

The negligible role of dissolution in crack advance is also consistent with the insensitivity 

of discontinuous crack growth rate to the environments in terms of their rates of dissolution. It 

agrees well with our previous findings that crack growth can proceed without a direct exposure 

of crack tip to the corrosion environment as long as the diffusible hydrogen generated on the 

steel surface can reach the crack tip.  

It is surprising that there is a huge difference in crack crevice between the tests in the 

environment with 5% CO2+N2 (Test I and II) and 20% CO2 + N2 gas (Test III). This difference 

can be bridged now simply by considering the increase of crack crevice by corrosion. In Test III, 
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the crack crevice at the surface of specimen should have been exposed to the test environment 

for the entire period of exposure, which is about 133 days. This exposure time should yield a 

dissolution of crack surface by 58 m at a dissolution rate of 0.16 mm/year. Because of 

dissolution on both sides of the cracked surface, a crack crevice of about 116 m should be 

measured. 

To confirm the above calculations, the crack crevice intercepting the surface of specimen 

at the middle position in Test III was analyzed. The morphology of the crack crevice traced from 

Figure 4-13b) is shown in Figure 4-23. There is an obvious transition in the width of crevice 

between the cracked portion by corrosion and that by fatigue cracking in air prior to the test. The 

wedge shaped crack crevice could be formed only by an accumulated dissolution of cracked 

surface for a different length of time depending on the time the cracked surface was created. The 

measured width of crack crevice for the pre-fatigued crack with a full length of exposure time 

was about 105 m, which is very close to 116 m, the width of crack crevice calculated solely 

based on the rate of dissolution. 

At the site where corrosion cracking by discontinuous crack growth was first initiated, the 

width of crack crevice was measured to be 51.5 m. This width can be converted to a time point 

at which the corrosion will start based on the rate of corrosion. This has been calculated to be 

58.7 days. The starting Kmax at the surface tip of the crack at MP position was 27.95 MPam, 

which yields a combined factor of about 4544 (MPam)
3
/Hz

0.1
 at the starting R ratio of 0.65. 

When the R ratio is decreased to 0.52, the combined factor is calculated to be 8547 

(MPam)
3
/Hz

0.1
, which is the threshold value for the start of discontinuous crack growth of a 

blunt crack or continuous growth of a sharp crack as assumed previously. 
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Figure 4-23: Crack morphology in the depth direction of the crack located at MP of Test 

III 
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The time period from the beginning of the discontinuous crack growth (when R was reduced to 

0.50 in Table 4-2) to the end of test was 63 days, which agrees well with the time of period (58.7 

day) estimated based on the width of crack crevice measured at the location where discontinuous 

crack growth started (Figure 4-23). This agreement further confirms the assumption that 

discontinuous crack growth starts at the threshold for the continuous crack growth of the crack 

with a sharp tip. 

Similar calculation could be applied to Test I and Test II. However, the very low 

dissolution rate in C2 solution in equilibrium with 5% CO2 will make the estimation inaccurate. 

For example, a corrosion rate of 0.04 mm/year would yield a maximum dissolution of less than 3 

m for an exposure of 23.5 days in Test I, and less than 15 m for an exposure of 133 days in 

Test II, although the width of crack observed generally agrees with the above estimation.  

The crack crevice at the root of machined slot in the depth direction was also measured, 

as shown in Table 4-6. This width is much smaller than that measured at the surface. This is 

caused by the reduced CO2 level in the crevice with increasing distance to the crack mouth at the 

surface of the specimen, a phenomenon similar to the reduced corrosion rate or CO2 level with 

increasing the distance from the open mouth of a disbonded coating. This has been well studied 

in [19]. 

From the above discussion, one can clearly see the role of corrosion in discontinuous 

crack growth, which is summarized below: 

1) Increasing the rate of corrosion directly causes crack tip blunting through the removal of 

materials from the crack tip, but makes negligible contribution to crack advance. Higher 

corrosion rate will lead to a larger crack tip radius and in turn a higher threshold for 

continuous crack growth of the crack with a blunt tip. 
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2) Increasing the rate of corrosion may generate more hydrogen which on one hand would 

increase the potential of microcrack initiation in the fracture process zone, on the other hand, 

however, may facilitate plastic deformation further increasing the degree of crack blunting. 

These two factors may cancel each other in terms of their effect on crack growth. 

3) Overall, the first factor seems predominant; increasing the threshold for continuous crack 

growth. The second factor is secondary as the overall discontinuous crack growth rate was 

not very sensitive to the rate of corrosion. The situation may be very different if the rate of 

dissolution becomes extremely low, for example, in the case where CO2 level in the solution 

is very low such that effects of hydrogen are minimized and microbial corrosion may 

become predominant. 

In Figure 4-22, the growth rate in the depth direction in Test II was lower than that at the 

surface, while the opposite is observed in Test III. This is believed to be caused by the combined 

effect of crack tip blunting factor and the hydrogen factor. In Test III, much more hydrogen can 

be generated and the crack tip in the depth direction has not been blunted to a degree as large as 

seen at the surface, making the crack growth in the depth direction higher. In Test II, crack tip 

blunting by corrosion is not very much different between the surface and the depth, leaving 

hydrogen the dominant factor for crack growth. 

4.4 Conclusions 

This study examined the dependence of the effect of creep and crack tip dissolution on crack 

propagation. Major results obtained suggest that: 
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1. In high CO2 environments, unless severe mechanical loading is applied, crack propagation 

may occur by a predominantly dissolution controlled mechanism. However, even with high 

CO2 concentrations, the associated growth rates are very low. 

2. Under benign loading conditions, determined to be at a combined environmental-fatigue 

factors below the growth threshold , a sharp crack tip may be blunted by either or both of 

two factors; 

a. Environmental crack tip blunting 

b. Mechanical blunting through low temperature creep. 

3. Depending on the operating mechanical loading and/or environmental conditions, crack re-

initiation may occur by either 

a. A dissolution controlled mechanism if mechanical loading is benign and a severe 

corrosive environment is present 

b. Purely mechanically driven crack growth if ΔK or R-ratio are severe enough 

c. By a synergistic effect of environmental and mechanical factors, particularly by 

hydrogen enhanced crack propagation and mechanical (cyclic) loading. Such 

synergy results in crack re-initiation at mechanical loading conditions that would 

have otherwise been below the threshold required for crack propagation. 

4. Although increasing CO2 concentration in the simulated groundwater generates a more 

acidic solution with more hydrogen ions, it may not necessarily result in a higher crack 
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propagation rate as the increased hydrogen ion concentration may cause increased crack tip 

blunting by a dissolution mechanism as well as increased hydrogen enhanced localized 

plasticity which intensifies crack tip blunting. 

5. Generally, on crack re-initiation, a discontinuous type of crack propagation occurs, moving 

in discontinuous steps that correlate well with the average grain size. Each step in crack 

propagation required between 500-1000 stress cycles at a stress ratio of 0.22 

6. Generally the dissolution mechanism contributes significantly to crack tip blunting but has a 

negligible effect on actual crack propagation.  
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5.1 Introduction 

Since its discovery on Canadian oil and gas pipelines in the mid 80’s, near-neutral pH 

stress corrosion cracking has remained a major pipeline integrity concern to pipeline operators. 

There have been a lot of studies aimed at improving several aspects of the general understanding 

of this phenomenon. For instance, there have been several studies aimed at determining the 

influence of ionic species on the initiation and growth of stress corrosion cracks [1-5]. From 

these studies and others, our understanding of the mechanistic aspects of stress corrosion 

cracking development has greatly improved. However, there are still a few issues that challenge 

current understanding of the process. Ideally, mathematical/statistical models would have been 

more desirable for determining both the most likely sites and corresponding growth rates of 

stress corrosion cracking. However, up to the present, this has been precluded by insufficient 

understanding of initiation and growth behavior of the phenomenon. Pipeline integrity 

management programs still rely on in-line inspection for oil pipelines and/or hydrostatic testing 

for gas pipelines because of their much better reliability when compared to currently available 

models [6]. 

Hydrostatic testing is a qualitative method employed to determine the fitness for service 

of pressure piping systems. It involves filling the pipe with water and loading to a pressure 

higher than the design pressure. If the pipe survives without bursting or leaking, then it could be 

assumed that all existing cracks are below a pre-determined maximum size. This information is 

then used to determine a safe re-inspection interval, assuming a pre-determined constant crack 

growth rate. Besides causing critical size flaws to rupture, hydrostatic testing has been found to 

inhibit crack propagation by blunting the crack tip, making it harder for such cracks to re-initiate 

in service [7]. However, it has also been contended that although hydrostatic testing itself is a 
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one-cycle fatigue loading, substantial crack propagation may occur during the process [8-12]. 

Chen [12] concluded that the extent of crack propagation during hydrostatic testing is 

environmentally dependent and that hydrostatic testing can reactivate small dormant cracks, 

reversing any gains in crack growth retardation by crack tip blunting.  

Parkins [13-14] determined that CO2 plays a major role in the development of near-

neutral pH stress corrosion cracking. Since crack propagation during hydrostatic testing is 

environment dependent, CO2 concentration in the local environment under the disbondment 

could significantly influence cracking rate during hydrostatic testing. Delanty and O’Beirne [15] 

found that CO2 concentration in the bulk soil solution adjacent on the pipe surface varies 

significantly with the seasons. For instance soil CO2 levels was 4% in winter but could be up to 

23% in spring. Beavers and Harle [16] have proposed that crack growth may occur only during 

the fall and winter months when soil acidity is higher and trapped solutions are more 

concentrated and crack dormancy or near dormancy may occur during spring and summer 

months. Since carbonic acid concentration is directly related to CO2 concentrations, carbonic 

acid concentrations can also be expected to vary with the seasons. Indeed Delanty and 

O’Beirne’s measurements revealed that carbonic acid concentration in the soil water was 20 

times higher in winter. This means that pipelines with disbonded coatings are exposed to higher 

levels of acidity and lower pH, in winter. Therefore, dissolution rates should be more intense in 

winter and pipelines may experience more localized type of corrosion, e.g. pitting, under this 

condition. Increased dissolution may also increase crack tip blunting and may lead to crack 

dormancy.  

In this communication, variations in crack propagation rates of surface type flaws with 

CO2 content in the test environment at open circuit potentials in near-neutral pH range after 
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hydrostatic testing are presented. These results also detail the variations in growth rates of 

NNPHSCC cracks with variation in in local environment due to spatial separation from the open 

mouth of a coating disbondment at open circuit. The effects of varying extremes of CO2 

concentrations are also presented. 

5.2 Experimental 

This study involved four tests. Test P1 involved pre- fatigue cracking a tensile test 

sample bearing a single reduced section, width = 23 mm with a semi-circular surface type flaw 

with depth = 2.5 mm at a maximum stress of 75% of the specified minimum yield strength 

(SMYS). The crack tip was examined using a scanning electron microscope. This was then 

followed by rapidly ramping up the load to 100% SMYS in 10 seconds, holding the load at 100% 

SMYS tensile stress for 1 min followed by very rapid unloading and examining the crack tip 

after unloading. 

For the remaining tests, all samples were made from a section of X-65 pipeline steel 

removed from service. The alloy composition is shown in Table 5-1, while a typical alloy 

microstructure is shown in Figure 5-1. Custom made flat tensile specimens (Figure 5-2) having 

three reduced sections were machined from the longitudinal direction of a sectioned pipe. Gauge 

sections were 23 mm x 45 mm x 9.2 mm in dimension and identical semi-circular shallow 

notches, 0.2032mm wide, with dimensions 2c = 5 mm and a = 2.5 mm  (‘c’ and ‘a’ are the major 

axis and minor semi-axis dimensions of a semi-elliptical crack) were made by electrical 

discharge machining (EDM) in the middle of each gauge section. 
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Table 5-3: Alloy (X65) composition 

Element Composition (wt %) 

Carbon 0.13 

Manganese 1.55 

Copper 0.05 

Niobium 0.05 

Chromium 0.08 

Molybdenum 0.01 

Vanadium 0.002 

Nickel 0.05 

Aluminum 0.042 

Titanium 0.002 

Nitrogen 0.009 

Iron Balance 
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Figure 5-1: Typical microstructure of the alloy X65 used in this study 
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    FIGURE 5-2: Test sample designed for this study
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A corrosion test cell consisting of two chambers was designed and fabricated from 

acrylate (Figure 5-3). The inner tube, named the shielding, was designed to simulate coating 

disbondment at the surface of a pipe. The outer tube holds the bulk solution which simulates the 

surrounding soil around a pipe in the field while the solution contained in the inner shielding 

simulates the solution trapped between the coating and the pipe surface on an actual pipeline. 

The bulk solution in the outer tube was purged by a mixture of certified grade 5% CO2 (nitrogen 

balance) fed in through openings at the bottom of the cell, so that CO2 can only diffuse into the 

simulated disbondment from the open mouth.  

Preparatory to each test, each gauge section was separately pre-fatigue cracked in air to 

produce the required pre-test half surface crack length of 3.3 mm. The pre-fatigue cracked 

samples were then exposed to the corrosion media in a sealed test cell and filled with C2 solution 

(0.0035 KCl, 0.0195 NaHCO3, 0.0255 CaCl2.H2O, 0.0274 MgSO4.7H2O, 0.0606 CaCO3 g/l). 

Cyclic stresses with a maximum stress of 100% specified minimum yield strength and varying 

stress ratios was applied during the test. In an attempt to closely simulate real pipeline service 

conditions, the sides and back surface of each specimen (the one without the surface cracks) 

were coated with epoxy in order to isolate these surfaces from the corrosion media. Crack growth 

rates were monitored using a self-assembled potential drop system through copper wire leads 

soldered across the back of the EDM slots in each gauge section. A constant current of 20A was 

applied by the potential drop system in order to measure the potential drop across each crack.  

For three of the tests reported in this paper, a maximum stress of 100% specified 

minimum yield strength and a cyclic frequency of 0.005Hz were used for both tests I and II, and 

0.0025Hz for test III. All the test conditions are presented in Table 5-2. 
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Figure 5-3: Schematic drawing of the corrosion test cell used for study
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Table 5-2: Details of test conditions 

 

 Test P1 Test I Test II Test III 

Initial stress ratio/duration 

 

Ramp up to 100% 

SMYS, 10s, hold at 

100% SMYS for 1min 

0.65 / 15days 

0.60/15days 

0.58/15days 

0.56 / 3.2 days 

0.65 / 15days 

0.60/15days 

0.58 / 9.4 days 

0.65/15days 

0.60 / 15days 

0.58/11.8 days 

Frequency (Hz) - 0.005 0.005 0.0025 

Combined factor at start of test 

[(MPam)
3
Hz

-0.1
] 

- 8400 9800 11000 

Combined factor at the R-ratio at 

which crack started to grow 

[(MPam)
3
Hz

-0.1
] 

- 10425 11295 11088 

Maximum stress 100% SMYS 

Testing environment - C2 solution 

Purging Gas Air 20% CO2 5% CO2 

Pre-test pH - 5.6 6.3 6.3 
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Cracks were subjected to a peak stress of 100% SMYS and initially cyclically loaded at a stress 

ratio of 0.65 which was pre-determined as a condition where no propagation would occur. This 

was done to allow the material to interact with the environment to simulate a situation where a 

previously hydrotested crack had been returned into service. The stress ratio was then reduced to 

0.6 which is a stress cycle that could be experienced by a liquid line. If growth was not observed 

at this stress ratio, the stress ratio was gradually reduced in steps of 0.02 till crack propagation 

was detected by the potential drop system. 

After each test, the fracture surface was examined and post-test crack lengths determined 

in order to validate potential drop measurements with actual crack growth measured from the 

surface of fractured specimens. Initial fracture-face examination was done using an optical 

microscope. More detailed examination of fracture surfaces was carried out using a Hitachi 

scanning electron microscope equipped with an energy dispersive x-ray spectrometer for 

chemical compositional analysis.   

 

5.2.1 Justification of sample geometry and crack size/geometry used 

A cursory look at micrographs of SCC obtained from the field show that these cracks are 

surface type flaws rather than through-thickness flaws. It is well recognized in fracture 

mechanics that surface type flaws could propagate differently from through-thickness type flaws; 

hence, the choice of a surface type flaw for this test. In choosing this type of flaw, care was taken 

to ensure that the crack size chosen is representative of those in the field and that the mechanical 

driving forces for crack propagation, maximum stress intensity (Kmax) and stress intensity ranges 

(ΔK) are similar to those that could be obtained in the field. For instance for a semicircular flaw 

that is 3.3 mm deep as chosen in this study, at 100% SMYS, a Kmax of 31.97 MPam
1/2 

and a 
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stress intensity factor range of 12.79 MPam
1/2

 is obtained at a stress ratio of 0.6.  These 

mechanical conditions will be similar to those experienced by a field crack measuring 5 mm at 

the pipe surface having an aspect ratio (a/c) of 0.28. In this case, a Kmax of 32.09 MPam
1/2 

and a 

stress intensity factor range of 12.84 MPam
1/2

 are obtained at a stress ratio of 0.6. Thus the crack 

dimensions chosen could be easily obtained in the field, especially on a liquid line. Although it 

might be argued that individual cracks in the field may never measure 5 mm, pipeline operators 

typically rely on industry standards for fitness for service assessments. These standards 

recommend a minimum prescribed spacing between adjacent flaws below which such cracks 

must not be treated as isolated (or single) flaws. For instance ASME B31G (or BS7910) 

recommends that cracks that are closer than three times the wall thickness be regarded as 

interacting flaws. At the lowest level of assessment, these cracks will usually be taken as just one 

flaw by adding the lengths of all the interacting flaws. However, there are higher levels of 

analysis that employ a more complex analysis to determine the effective length of cracks. 

Whichever level of analysis is used, it is typical to have effective cracks lengths that are longer 

than 5 mm. 

 

5.2.2 Justification of stress level used 

In our previous communications [17, 18], crack propagation behavior was examined at 

stress levels (75% SMYS) that are very close to normal operating conditions. However, some of 

those tests took a long time to complete. In some instances tests lasted for over 5 months. It is 

standard practice to conduct accelerated tests to shorten testing times. One of the ways of 

achieving this is by using higher stress levels for testing. Using such higher stress levels result in 
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higher maximum stress intensity, Kmax, leading to more rapid crack re-initiation and higher crack 

propagation rates. Hence, the choice of a maximum stress of 100% SMYS in this study. Also, 

although operating stresses are typically kept at <72% SMYS in normal pipeline operations, it is 

well-known that secondary stresses resulting from residual stress, soil movement and geometric 

distortions could significantly increase the actual stress experienced by linepipe segments above 72% 

SMYS.  

5.3 Results 

5.3.1 Mechanical deformation of crack tip in air (Test P1) 

The reasoning behind this experiment design is as follows. Assume a pipeline contains a 

crack field (colony) which had been hydrotested before without failure. Since hydrotesting involves 

stresses up to 110% SMYS, the tips of the existing cracks will likely be deformed. The crack tip 

morphology after pre-fatigue cracking is shown in Figure 5-4a. The figure shows that very fine 

cracks were initiated at the notch tip during pre-fatigue cracking. The crack morphology after the one 

minute loading is shown in Figure 5-4b. Figure 5-4b clearly shows how intensely deformed the crack 

tip region could be after loading to 100% SMYS. This intense deformation resulted in the crack walls 

moving apart inelastically and causing a severe crack tip blunting. No crack propagation was 

observed during this test suggesting hydrostatic testing may not necessarily cause crack propagation. 

This type of blunting is generally regarded as mechanically induced blunting. It will be 

shown in one of the companion papers (manuscript under preparation) that environmental factors can 

also result in a similar blunting.  It is instructive to know that in the field, after a hydrostatic testing is 

complete, if the crack is in contact with groundwater, environmental factors can exert their 

independent effect until the next scheduled hydrostatic testing and this effect can also influence crack 

propagation during subsequent hydrostatic testing. 
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Figure 5-4: Pre-fatigue crack morphology of verification test (a) before, and (b) after 1min 

hold at 100% SMYS  
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Based on this verification test, the remaining tests were designed to study the effect of variations 

in the local environment under the disbondment in combination with the effect of localized crack 

tip deformation during hydrostatic testing. The rest of this study will examine the combined 

influence of localized deformation and environmental factor on the rate of crack propagation 

during hydrostatic testing. 

 

5.3.2 Test results in the 20% CO2 environment 

5.3.2.1 Corrosion behavior at sample surface 

Typical sample surface features after testing are shown in Figure 5-5a. Thick loosely 

adherent deposits of corrosion products were found on the surface of the sample at all three 

locations. Upon peeling back the corrosion products in test I, only general corrosion was 

observed at all three locations. The corrosion products were analyzed and found to be FeCO3, 

Fe2O3 and FeOOH by powder mode x-ray diffraction technique. 

 

5.3.2.2 Crack re-initiation after hydrostatic testing 

Crack re-initiation did not occur at a stress ratio of 0.6. No growth was detected at a by 

the potential drop equipment until the R-ratio was reduced to 0.56. Chen and Sutherby [6] 

proposed a true corrosion fatigue model 
  

  
∝             

  which has been used to clearly 

identify crack growth thresholds for NNPHSCC (∆K is the change in stress intensity at the crack 

tip due to cyclic loading, Kmax is the maximum stress intensity at the crack tip, and α is a factor 

that represents the influence of the corrosion environment on the crack growth rate). Analyzing 

the current test data using this equation, crack growth reinitiated at a stress ratio of 0.56 which 

corresponding to a combined factor of approximately 11100 (MPa
.
√m)

3
/Hz

0.1
 in the depth 

direction and 13300(MPa
.
 √m)

3
/Hz

0.1
 at the sample surface.  
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Figure 5-5: Post-test surface features before cleaning (a) test I, (b) Test II and III. Insets 

are higher magnification images (at 400X) 

a 
Crack grown 

during test 
Machined slot 

Fatigue cracked 

in air 

Corrosion product 

b 

b 



276 

 

5.3.2.3 Crack tip morphology following reloading after hydrostatic testing 

The test sample ruptured at the open mouth during this test; therefore, crack tip 

morphologies are available at only 2 locations – 75 mm and 150 mm from the open mouth 

respectively. This also applies to the rest of the tests presented in subsequent sections.  

In test I, scanning electron microscopy reveals intense blunting of the crack tip with 20% 

CO2. The pre-fatigue crack tips at the two locations were square in character (Figure 5-6). 

Secondary cracks were also observed at the tip of the pre-fatigue cracks in test I. High 

magnification images clearly revealed that secondary cracks preferentially nucleated in the 

pearlite phase in some instances and at the ferrite-pearlite interface in other instances (Figure 5-

7). The final crack tips were very sharp at both locations in (Figures 5-8).  Cracks were 

transgranular in nature. 

Examination in the depth direction revealed blunted pre-fatigue crack tips (Figures 5-9 

and 5-10). A lot of crack tip branching was observed in the depth direction at 150 mm from the 

OM, but such branching was not observed at 75 mm from the OM. The branch tips were not as 

blunted as the main crack front at 150 mm from the OM.  

 

5.3.2.4 Crack propagation behavior  

Crack propagation occurred during the test as shown in Figure 5-11. Highest growth rate 

was observed at the open mouth while growth rates at 75 and 150 mm from the open mouth are 

quite comparable. The initial and final crack sizes are shown in Tables 5-3 and 5-4 while the 

initial and final aspect ratios are shown in Table 5-3. The largest reduction in aspect ratios 

occurred at the open mouth but the reduction in aspect ratios are similar at 75 mm and 150 mm 

from the open mouth.  
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Figure 5-6: Crack tip morphology at sample surface in test I (a) at 75 mm from OM, (b) at 

150 mm from OM
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Figure 5-7: Secondary cracks at the pre-fatigue crack tip in test I (a) at low magnification, 

(b high magnification 
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Figure 5-8: Surface crack profile for test I at (a) 75 mm from OM, (b) 150 mm from OM 
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Figure 5-9: Crack morphology in the depth direction in test I (a) at 75 mm from OM, (b) at 

150 mm from OM 
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Figure 5-10: Crack tip morphology in the depth direction in test I (a) at 75 mm from OM, 

(b) at 150 mm from OM 
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Figure 5-11: Fractured surface for test I showing half of crack section (a) open mouth (b) 

75 mm from OM, (c) 150 mm from OM 
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Table 5-3: Characteristics of crack growth for cracks on the specimen surface 

  

Initial crack 

length 

(mm) 

Final Crack 

length (mm) 

Net crack 

growth 

(mm) 

Average crack 

growth rate 

(mm/cycle) 

Initial/final  aspect 

ratio 

Test I 

OM 3.42 5.21 1.79 1.30E-03 1.08 

MP 3.30 3.76 0.46 3.37E-04 1.03 

BP 3.41 3.85 0.44 3.22E-04 1.04 

Test II 

OM 3.54 6.25 2.71 6.68E-04 1.17 

MP 3.52 3.97 0.45 1.11E-04 1.03 

BP 3.55 4.26 0.71 1.75E-04 1.01 

Test III 

OM 3.37 6.25 2.88 5.66E-04 1.14 

MP 3.45 3.89 0.44 8.57E-05 1.05 

BP 3.34 3.74 0.41 8.02E-05 1.07 

 

Table 5-4: Characteristics of crack growth for cracks in the depth direction 

  
Initial crack 

length (mm) 

Final Crack 

length (mm) 

Net crack 

growth (mm) 

Average crack growth 

rate (mm/cycle) 

Test I 

OM 2.91 4.08 1.18 8.57E-04 

MP 2.90 3.21 0.31 2.23E-04 

BP 3.01 3.28 0.27 1.98E-04 

Test II 

OM 3.15 4.74 1.60 3.94E-04 

MP 3.14 3.44 0.31 7.58E-05 

BP 3.41 4.05 0.64 1.58E-04 

Test III 

OM 3.33 5.40 2.08 4.08E-04 

MP 3.33 3.58 0.25 4.90E-05 

BP 3.23E+00 3.40E+00 0.1639 3.22E-05 
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5.3.3  Test results in the 5%CO2 environment (Tests II and III) 

5.3.3.1 Corrosion behavior at sample surface  

Post-test examination of the corroded sample surfaces revealed that the corrosion 

behavior was different from that in the 20% environment. Post-test examination of the corroded 

sample surfaces reveals a thin layer of corrosion products at the sample surface at all three 

locations in test II (with 5% CO2) as shown in Figure 5-5b. The corrosion products were 

analyzed and found to be FeCO3, Fe2O3 and FeOOH by powder mode x-ray diffraction 

technique. Severe pitting corresponding to intense localized dissolution, coupled with general 

corrosion was observed at the open mouth (Figure 5-5b inset). Less severe pitting was observed 

at 75 mm from the open mouth while only general corrosion occurred at the bottom of the 

disbondment – 150 mm from the open mouth. Corrosion behavior in test III was similar to those 

in test II, as the same type of testing environment, 5% CO2 in C2 solution, was used. 

 

5.3.3.2 Crack re-initiation following loading in the 5% CO2 environment after hydrostatic testing 

In test II, no crack propagation was observed at a stress ratio of 0.6. Growth reinitiated at 

a stress ratio of 0.58 which corresponded to a combined factor of approximately 11300 

(MPa
.
√m)

3
/Hz

0.1
 in the depth direction and 14100 (MPa

.
 √m)

3
/Hz

0.1
 at the sample surface. Cracks 

also re-initiated at a stress ratio of 0.58 in test III (the lower frequency test). However, because of 

the lower frequency, these conditions correspond to a combined factor of 11100 (MPa
.
 

√m)
3
/Hz

0.1
 in the depth direction and 16300 (MPa

.
 √m)

3
/Hz

0.1
 at the sample surface. 
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5.3.3.3 Crack tip morphology following loading in the 5% environment after hydrostatic 

testing 

In both tests II and III, the pre-fatigue crack tips were severely blunted at the two 

surviving crack locations inside the simulated disbondment (Figure 5-12). Only two locations are 

shown as the test sample ruptured at the open mouth in tests II and III during the test. There is 

evidence of significant plastic deformation ahead of the pre-fatigue crack tip. In addition to this, 

there were several secondary cracks initiated in a colony at the root of the pre-fatigue crack 

(Figure 5-12). A major distinction between tests II and III is that although the pre-fatigue crack 

tips in both tests were blunted, the pre-fatigue crack tips in test II were rounded whereas those in 

test III developed into a squared morphology. A comparison of tests I and II revealed that there is 

less secondary cracking in the 20% CO2 environment (Figure 5-6 vs Figure 5-12). It is also 

evident that the pre-fatigue crack tips in test III developed a squared out morphology similar to 

the ones in test I. However the pre-fatigue crack tips in test I (20% CO2 environment) are more 

squared out than those in test III (5% CO2 environment).  The final post-test crack tips were very 

fine at 75 mm from OM in both tests II and III. At this location crack openings behind the crack 

tips were comparable (Figure 5-13). At 150 mm from the open mouth, cracks were blunter than 

at 75 mm from the open mouth, and the crack opening behind the final post-test crack tips were 

wider than at 75 mm from the open mouth (Figure 5-14). 
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Figure 5-12: Post-test pre-fatigue crack tip morphology (a) 75 mm from OM in test II, (b) 

150 mm from OM in test II, (c) 75 mm from OM in test III, (d) 150 mm from OM in test III 
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Figure 5-13 : Surface profiles of cracks at 75 mm from OM in (a) Test II and (b) Test III  
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Figure 5-14 : Surface profiles of cracks at 150 mm from OM in (i) Test II and  (iii) Test III  
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Examination in the depth direction also revealed blunted pre-fatigue crack tips (Figures 

5-15 and 5-16). Very fine crack tips were also observed at both locations (Figures 5-17 and 5-

18). Cracks were transgranular in nature. In test II, it is noticeable that towards the crack tip, 

cracks that are not connected to the main crack front seem to have initiated inside grains ahead of 

the main crack front. Some regions where such cracks have not rejoined the main crack front are 

circled in Figure 5-18. This behavior was not noticed in test III. However, in test III, at 150 mm 

from the open mouth, significant crack branching seems to have occurred similar to test I. No 

significant branching was noticed in test II. Generally, cracks were wider in the 20% CO2 

environment than in the 5% CO2 environment. Also, the final crack tips were noticeably sharper 

in the 5% CO2 environment than in the 20% environment despite the fact that crack propagation 

occurred at more severe mechanical loading in the 20% environment.  

 

5.3.3.4 Crack propagation behavior in the 5% CO2 environment 

The initial and final crack sizes are shown in Tables 5-3 and 5-4. The initial and final 

aspect ratios are shown in Table 5-3. These tables indicate that while crack propagation occurred 

at all locations during the test, variations in the local environment with distance from the open 

mouth could change the extent of growth significantly. In test II, aspect ratios generally 

decreased at all locations during the test. The largest reduction in aspect ratios occurred at the 

open mouth while the smallest reduction in aspect ratio occurred at the far end of the 

disbondment. In test III, aspect ratios generally decreased with distance from the open mouth. 

However, the lowest decrease in aspect ratios occurred at the open mouth while the largest 

decrease in aspect ratio occurred at the middle of the disbondment.  
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Figure 5-15: Depth profiles of cracks at 75 mm in(a) Test II and (b) Test III 
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Figure 5-16: Depth profiles of cracks at 150 mm in (a) Test II and (b) Test III
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Figure 5-17: Crack tips at higher magnification at 75 mm from OM in depth direction (a) 

Test II, (b) Test III
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Figure 5-18: Crack tips at higher magnification at 150 mm from OM in depth direction (a) 

Test II, (b) Test III 
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Post-test crack propagation rates were determined and a summary is shown in Tables 5-3 

and 3. In test II, average crack growth rate was highest at the open mouth and lowest at the far end 

of the disbondment (150 mm from the open mouth). However, average growth rate at 75 mm and 

150 mm from the open mouth are quite comparable. The same trend is observed in test III. 

However, growth rates are much larger in test II than in test III.  

5.3.4 Comparison of fracture face morphologies 

After completing all surface and cross section examination, the samples were broken open 

in order to examine the actual fracture surfaces. These figures are shown in Figures 5-11, 5-19 and 

5-20. The fracture surfaces confirm the observed crack growth trends for all tests. In addition, 

secondary cracks could be seen on the fracture surface. The density of secondary cracks generally 

reduced from open mouth to the bottom of the disbondment. Comparison of the density of 

secondary cracks at the open mouth between the tests in the 5% CO2 environment and the one in 

20% CO2 environment shows a significantly higher secondary crack population in the 20% CO2 

environment than in the 5% CO2 environment. 

5.4 Discussion 

5.4.1 Current understanding of crack propagation mechanisms 

In a recent communication, current understanding of the mechanisms involved in 

NNPHSCC crack propagation were summarized [25]. These were: 

1. Pure dissolution mechanism: Believed to be only relevant in the early stages of crack 

propagation 

2. Direct cracking through hydrogen enhanced mechanical mechanisms. 

 a 
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Figure 5-19: Fractured surface of test II showing just half of crack cross section (a) open 

mouth (b) 75 mm from OM, (c) 150 mm from OM 

  

b 

200µm 

c 

200µm 



296 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-20: Fractured surface for test III showing half of crack section (a) open mouth (b) 

75 mm from OM, (c) 150 mm from OM 
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One of the main conclusions of that study was that growth rates in the environment studied 

could not be explained by a dissolution controlled mechanism, as growth rates observed were 

orders of magnitude higher than previously determined dissolution rates. Also it was determined 

that variations in the CO2 concentration in the local environment under the disbondment could 

significantly influence the rate of crack propagation. Specifically, highest growth rate was 

obtained at the open mouth where CO2 concentration, hence hydrogen ion concentration at the 

crack tip, was highest. 

It is well recognized that there are two major competing forces as far as growth in CO2 rich 

environments are concerned: 

1. Crack tip dissolution which tends to blunt the crack tip 

2. Crack tip sharpening by hydrogen enhanced mechanical driving forces which tend to 

accelerate crack propagation. 

In a follow-up communication, where crack propagation in the normal pipeline operating 

pressure range was studied, the following major findings were reported: 

1. High CO2 concentration in the ground water surrounding the pipe may cause very intense 

dissolution that could blunt the crack tip and could make crack re-initiation difficult and 

defer crack propagation to very severe mechanical conditions or limit crack propagation to 

areas with very high residual tensile stresses.   

2. Low temperature creep at non-propagating conditions, coupled with hydrogen enhanced 

localized plasticity, may cause very severe crack tip blunting. The combined effect of these 
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two mechanisms may drive a propagating crack rapidly towards dormancy and may 

preclude the re-initiation of cracks at benign mechanical loading conditions. 

3. The dissolution mechanism seems to have an insignificant effect on actual crack 

propagation once cracks are re-initiated. 

As mentioned above, other than crack tip dissolution and low temperature creep, crack tip blunting 

could also be produced by overloading the crack tip as typically occurs during hydrostatic testing. 

Some questions then arise: 

1. Following the return of a cracked pipe segment to service after hydrostatic testing, the 

deformation of the crack tip experienced at the maximum stress involved in hydrostatic 

testing may blunt the crack tip and put the crack in a dormant state. What are the 

conditions necessary for crack re-initiation? 

2. What is the effect of high dissolution rates on crack re-initiation and/or subsequent crack 

propagation from a mechanically blunted crack tip? 

3. What is the effect of loading frequency on low temperature creep and subsequent crack 

propagation rates? 

These questions will be answered in the sections below. 

 

5.4.2 Crack re-initiation conditions 

5.4.2.1 Environmentally enhanced mechanical considerations 

In two previous communications [17-18], the conditions required for crack re-initiation were 

examined under two slightly different conditions: 
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1. When crack propagation occurred at a sharp tip under loading conditions similar to normal 

pipeline operating pressures 

2. When crack re-initiation occurred at a creep and/or dissolution blunted crack tip 

In the latter case, crack re-initiation at the open mouth of the simulated disbondment occurred at a 

combined factor of about 14246 (MPa
.
√m)

3
/Hz

0.1
 and a Kmax of about 27.2 MPa

.
m

0.5
.  

In the current study, the aim was to compare the conditions required for re-initiating a 

mechanically blunted crack with those of a creep/dissolution blunted crack. The combined factors 

at which crack re-initiation occurred in tests I-III as well as in previously published tests (at 75% 

SMYS) are shown in Tables 5-5 and 5-6. Although it appears that crack re-initiation was delayed 

to R=0.56 in test I, careful analysis reveals that this condition only corresponded to a combined 

factor of 13440 (MPa
.
 √m)

3
/Hz

0.1
 at the sample surface. This unusual disparity in numbers is due 

to the aspect ratio disparity between the two cracks. Unfortunately, there is no way to control the 

aspect ratios during precracking. In test III, crack re-initiation occurred at a stress ratio of 0.58 

which is the same stress ratio at which re-initiation occurred in test II. The higher combined factor 

here is due to the fact that test III was conducted at a lower frequency than test I and the combined 

factor is proportional to (1/f 

). At an applied maximum stress of 75% SMYS [18] crack re-

initiation occurred from both a creep blunted crack tip and an environmentally blunted one under 

very similar combined factors. The same trend was also observed in this study (max applied stress 

of 100% SMYS) i.e. crack re-initiation occurred at very similar combined factors from a 

mechanically blunted crack tip (test II) and a mechanically and environmentally blunted crack tip 

(test I). However, it is important to note that crack re-initiation occurred in the current case at 

lower combined factors than in the case where the maximum applied stress was 75% SMYS. 
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Table 5-5: Critical combined factor for surface crack initiation at the open mouth. All units in 

[(MPam)
3
Hz

-0.1
] 

 75% 100% 

Test I Test II Test III 

20% CO2+N2 environment 21974 13440 - - 

5% CO2+N2 environment 20425 - 14154 16186 

 

 

Table 5-6: Critical combined factor for depth crack initiation at the open mouth. All units in 

[(MPam)
3
Hz

-0.1
] 

 75% 100% 

Test I Test II Test III 

20% CO2+N2 environment 14246 11711 - - 

5% CO2+N2 environment 14246 - 11350 10952 
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It is understandable that crack re-initiation occurred at lower combined factors in the current set of 

tests compared to those earlier published. Several reasons might be responsible for this: 

1. The magnitude of the applied stress: 

At the higher Kmax values at 100% SMYS: 

a. The size of the plastic zone ahead of the crack tip, hence the hydrogen process zone 

would be larger than at lower Kmax values, so there is a larger volume over which 

hydrogen concentration occurs ahead of the crack tip.  

b. The large stress concentration at the crack tip at 100% SMYS causes a more intense 

plastic deformation of the crack tip region than at 75% SMYS. This results in a higher 

dislocation density in the plastic zone ahead of the crack tip. Dislocation motion is well 

known to facilitate hydrogen diffusion into the process zone. Thus a higher dislocation 

density enhances hydrogen segregation to the process zone. Hydrogen is known to help 

re-sharpen blunt cracks. Thus, a higher dislocation density increases hydrogen 

enhanced crack   re-initiation. 

c. Assuming there is enough stress concentration ahead of the crack tip under both 

loading conditions (maximum stress) to cause yielding, then, plastic deformation ahead 

of the crack tip should result in similar lattice dilations near the crack tip. However, at 

the higher stress level, 100% SMYS, the plastic zone is larger, resulting from the 

higher Kmax. Therefore, hydrogen atoms have a larger volume with lesser obstacle to 

overcome during diffusion to the process zone. Since hydrogen is known to segregate 

more to regions of higher tensile stresses within the lattice, higher hydrogen 

concentration ahead of the crack tip should occur over a larger volume at a maximum 

applied stress of 100% SMYS than at 75% SMYS. 
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2. The nature of the crack tip 

The nature of the crack tip can have a profound effect on crack re-initiation behavior. For 

the cracks with a sharp tip, a fracture mechanics concept such as stress intensity factor can be used 

to quantify the stress state at the crack tip. When the crack tip is blunt, a stress concentration factor 

is usually defined and the actual stress in the material ahead of the blunt tip is a function of both 

the stress concentration factor and the applied nominal stresses through the following expression: 

             …………………………..  (5.1) 

where, σa is the applied stress, kt is the stress concentration factor, which can be expressed as: 

        √ 
 ⁄     …………………………..  (5.2) 

where b is the depth of crack with a blunt tip and ρ is the radius at the tip of the blunt crack.  

For very blunt cracks the radius of curvature of the crack tip is large, therefore kt should be 

smaller compared to cracks with much sharper tips corresponding to a smaller radius of curvature. 

Careful consideration of the crack tips under an applied stress of 100% SMYS and 75% SMYS 

reveals that the radius of curvature is significantly larger in the former case than in the latter. 

Therefore kt should be smaller in the former than in the latter case.  

However, the stress experienced in the material around the crack tip is actually dependent 

on the applied stress which is higher in the former than in the latter case. Since there is an inverse 

square root relationship between kt  and ρ, the higher magnitude of the applied stress in the former 

case might result in higher stresses in the hydrogen process zone at an applied stress of 100% 

SMYS than at 75% SMYS. Such higher stresses will result in a larger amount of hydrogen 

segregating to the crack tip and/or hydrogen process zone in the former case than in the latter. In 
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such a situation, more hydrogen enhancement of crack re-initiation will occur at 100% SMYS than 

at 75% SMYS. The combined effect of the discussion above should be that there is more crack tip 

re-sharpening effect due to better hydrogen-enhanced crack propagation than at 75% SMYS. Thus 

cracks should be easier to re-initiate at a max stress of 100% SMYS than at 75% SMYS.   

It must be mentioned that on actual pipelines, cracks that survive hydrostatic testing are 

usually not returned to service at such high Kmax as those in the above analysis. Usually, the line is 

returned to normal operating pressures, usually between 30-72% SMYS. Under such conditions, 

the severe crack tip blunting suffered during hydrostatic testing could defer crack propagation to 

much lower stress ratios as those observed at 75% SMYS. This may explain why a few  authors 

have pointed out that hydrostatic testing may result in a transient cracking retardation after 

hydrotested lines are returned to service[7-9, 12, 16, 19-22]. 

 

5.4.2.2 Crack tip morphology considerations 

Careful examination of the growth curves in Figure 5-21 reveals three issues: 

1. Why is the pre-fatigue crack tip in test II not squared like the ones in tests I and III?  

2. In test II, crack propagation initiated from non-square pre-fatigue crack tips than in test I, but 

the crack in test II grew slower than the one in test I. Why? 

3. Cracks at the open mouth in tests II and III both initiated from very squared pre-fatigue crack 

tips, but they both displayed very different growth behaviour. Why? 
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Figure 5-21: Growth rate data for all tests reported; showing Chen and Sutherby’s 

combined factor. Data for the long crack was obtained in the same environment as the other 

tests results presented in the figure.  
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The crack tip after pre-fatigue cracking in test P1 is obviously not as square as in tests I 

and III and not as rounded as in test II. Thus it appears that somehow the pre-fatigue crack tip in 

test II got rounded while those in tests II and III got more squared during the test. The answer to 

this puzzle could lie in determining what tests I and III have in common but not with test II. 

Tests I and II were conducted under the exact same mechanical loading conditions but 

different environments while tests II and III were conducted under the same environmental 

conditions but different frequency. Carefully considering these testing conditions, one realizes that 

the lower frequency in test III enhances the occurrence of more low temperature creep 

deformation at the pre-fatigue crack tip. This probably explains the blunted crack tip. The fact that 

the pre-fatigue crack tip in test III shares the same morphology as that in test I may therefore 

suggest that somehow the testing condition in test I might have encouraged more severe creep 

deformation at the crack tip. Since the only difference between tests I and II is the concentration of 

CO2 in the sparging gas, it suggests that very high CO2 concentrations in the testing solution may 

aid low temperature creep at the pre-fatigue crack tip under severe mechanical loading conditions. 

It is well documented that one of the mechanisms by which hydrogen embrittlement occurs is 

hydrogen enhanced localized plastic deformation (HELP) [19-22]. It could then be that the extent 

of HELP that occurred at the crack tip is dependent on the hydrogen concentration ahead of the 

crack tip. Since hydrogen concentration is higher in test I than in test II, more HELP assisted creep 

deformation could occur in test I. More details of the occurrence of HELP assisted creep 

deformation at room temperature in near-neutral pH SCC will be provided in a future 

communication (manuscript under preparation). 
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5.4.3 Crack propagation 

A major similarity between tests I and III is the occurrence of crack branching. In test I, 

environmental crack blunting is more significant than in tests II or III because of the higher CO2 

concentration in the simulated soil solution. Thus, the advancing crack is subjected to more 

blunting due to the aggressiveness of the environment as the crack propagates. This results in 

discontinuous crack propagation. Evidence of this was provided in a recent publication by the 

current authors [18] where start and stop positions of an advancing crack were analyzed and 

shown to correlate to the grain size of the base metal. Evidence of such discontinuous cracking is 

obvious along the crack paths in test I. Recesses could be observed along the crack path in Figures 

5-9&5-10 corresponding to crack tip positions where the crack becomes stationary and stress 

assisted dissolution or creep deformation results in a blunt crack tip. Similar to the earlier report, it 

is fairly obvious that these recesses correspond to the grain size of the alloy. It is very evident in 

Figure 5-16b that the observed crack branching initiates at points where blunting induced recesses 

are developed.  This indicates that multiple cracks are formed at such recesses in order to re-

initiate the temporarily dormant cracks, until a few of them connect with the main crack front, 

advancing the dormant crack. Such large recesses were not observed in test II possibly because the 

environment used in test II was not aggressive enough to result in any significant crack tip 

blunting. However, at such low loading frequencies, creep induced blunting may be sufficient to 

blunt the tip of a slowly advancing crack long enough to require multiple crack initiations ahead of 

the crack front for further crack advancement. However, since the crack in test III is more static 

than that in test II, more time is allowed for hydrogen diffusion to the process zone ahead of the 

crack tip. Lattice hydrogen is known to be associated with such crack branching. Therefore, lower 

frequency loadings may allow sufficient environmental interactions with the crack tip over a long 
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time to produce the same effect as a more aggressive corrosive medium would have produced over 

a shorter period of time. 

5.4.3.1 Environmental effect on crack growth rates 

In a previous study, it was determined that at a maximum operating stress of 75% SMYS, 

very high CO2 concentration in the surrounding ground water may significantly retard crack 

propagation close to the open mouth of the disbondment [18]. One of the goals in this study was to 

determine if this same trend occurs at higher stresses. Comparing the growth rates between tests I 

and II reveals that the opposite trend occurs following re-initiation at higher stresses. Crack 

growth rates are significantly higher in the 20% CO2 environment than in the 5% CO2 

environment although initial combined factors are lower in test I.  

It is very interesting to note that crack growth rates in test I are consistently higher than in 

test II despite the fact that both the initial stress intensities, ΔK and combined factors are lower in 

test I. This behavior points to the significance of crack propagation enhancement by the hydrogen 

embrittlement mechanisms. The CO2 concentration in the trapped solution in test I should be 

significantly higher than in test II. In the absence of surface films that may impede hydrogen 

permeation into the specimen, the concentration gradient between the surface concentration of 

hydrogen and the other surface that was fully protected and isolated from the environment should 

result in more hydrogen atoms being assimilated into the lattice at all locations in test I than in test 

II. A higher lattice concentration of hydrogen will aid the diffusion of more hydrogen atoms to the 

hydrogen process zone ahead of the crack tip, increasing crack propagation rates in test I. 

The question then is why is the environmental effect in this study different from that in the 

earlier study [18] ? First, comparison of the width of the pre-fatigue crack region between tests I 

and II does not reveal very much difference in pre-fatigue crack widths. This was not the case in 
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the tests earlier reported. In the earlier report, crack widths were significantly larger in the 20% 

CO2 environment. This suggests that more dissolution occurred in the tests reported earlier than in 

the current one. In the current study, cracks re-initiated much earlier in the 20% CO2 environment 

because of the higher maximum stress intensity compared to those in the earlier report. This means 

the samples spent much less time interacting with the test environment in the current study. It is 

well known that dissolution is a time-dependent process. Thus, there is probably less dissolution 

induced crack tip blunting prior to crack re-initiation in the current test than in the previous one. 

Therefore, crack re-initiation could occur much earlier allowing the cracks to propagate longer 

than in the previous tests. 

Second, at the higher stresses involved in the current tests, crack tips experienced larger 

strains. These could cause crack tip films to rupture much more frequently than in the previous 

tests. Crack propagation by crack tip film rupture is a well-documented phenomenon [19, 23, 24]. 

Under the combined effect of larger crack tip strains and higher film rupture rates, fresh surface 

for film formation and rupture are exposed much more frequently. In the presence of higher 

hydrogen-enhanced crack propagation, this could lead to a higher crack propagation rate as 

observed in this study.  

 

5.4.3.2 Effect of loading frequency on growth rates 

It is widely known that the cyclic loading frequency may have a significant effect on crack 

propagation rates in corrosive environments. Comparing the average growth data in Tables 5-3 

and 5-4 reveals that crack growth rates are slightly higher in test II than in test III. Also, the 

growth data in Figure 5-21 shows that growth rates are higher at the higher frequency. 

Considering that the environmental contribution to crack propagation in the corrosion-fatigue 

growth model is correlated with (1/f 

), one would expect higher propagation rates at the lower 
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frequency. For instance if γ=0.1 at the open mouth, the environmental contribution in test II is 1.7 

while it is 1.82 in test III. Thus, judging by the combined factor alone, the growth rate should be 

higher in test III than in test II under similar loading conditions as was the case in tests I and II 

(except for loading frequency). Surprisingly, the growth rates are lower in test III than in test II.  

At lower frequencies, the loading rate is lower than at higher frequencies. Since lower 

frequency cycles are closer to static loading than the higher frequency ones, more creep 

deformation could occur at the crack tip at lower frequencies. This could reduce the rate of crack 

propagation when the applied ΔK is increased to levels where crack propagation could occur. This 

deviation from the expected trend may point to an inherent weakness of the corrosion-fatigue 

model used here. One would expect, as has been reported by many, that strain rate especially at 

such high stresses will have some effect on crack propagating rate. Generally it has been observed 

that crack propagation rate increases with increasing strain rates. For the tests under consideration, 

crack tip strain rate should be higher at the higher loading frequency (test II). This is perhaps what 

accounted for the slightly higher growth rate in test II. However, critically examining the 

combined factor model, one discovers that the model is missing any parameter that accounts for 

crack tip strain rate. Rather, frequency which could be an indirect representation of loading rate at 

the crack tip is modeled with an inverse power relationship which does not capture the crack tip 

strain rate effect. Further work will be carried out to determine ways of accounting for strain rate 

on the corrosion-fatigue model.  

5.4.3.3  General Growth Behaviour at open circuit potential 

In their seminal work on the growth behavior of NNPHSCC cracks, Chen and Sutherby [6] 

were able to fit one single curve to tests carried out at varying Kmax, ΔK and frequency ranges. 

Marvasti et al. [25] were similarly able to fit a single curve to growth data obtained under different 
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loading conditions such as with varying maximum stress intensity factors, varying frequencies and 

stress intensity ranges. In Figure 5-21, it can be observed that all three growth curves obtained 

under the same testing conditions seem to bunch together and are such that one can picture that 

they will eventually merge. However, data obtained with slightly different test conditions, such as 

those in tests II and III, seem to produce distinctly different data curves. Although the growth 

curves in Tests II and III seem to be very close they appear to be parallel curves that may never 

merge. In Figure 5-22, the growth data obtained in an earlier study at a maximum stress of 75% 

SMYS in a 5% CO2 environment following crack re-initiation from a state of creep induced 

dormancy is superimposed on those of the current study. These curves all appear as distinctly 

different curves unlike those reported by Chen and Sutherby, and Marvasti. 

The question then is why does this difference in growth behaviour occur? A major 

similarity between the studies performed by Chen and Sutherby, and Marvasti is that both studies 

used CT specimens rather than the surface type flaws used in this study. CT specimens typically 

have longer flaws than those used in this study. Also CT specimens are designed with through-

thickness cracks. Perhaps the difference in crack geometry could explain the observed difference 

in growth behavior. Looking carefully at the data in Figure 5-22, it appears that the curves in test I 

and the curve obtained at 75% SMYS appear to share a common curve for the latter part of 

growth. However the tail portions of these curves, which represent the near threshold conditions, 

are different. Such behavior where growing cracks have distinctly different growth curves in the 

near threshold conditions but the same curve after a crack path has been established has been 

reported by both Marvasti and, Chen and Sutherby.  
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Figure 5-22: Comparison of growth at 100% SMYS max stress and 75% max stress. Test 

Prev was done at75% SMYS, and subjected to low temperature creep prior to crack re-

initiation in 5%CO2 environment [18]. 
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The question then is what does test I have in common with the test at 75% SMYS? Careful 

examination reveals that test I was obtained under a slightly larger stress ratio than both tests II 

and III. Tests II and III were conducted at the stress intensity ranges where crack re-initiation and 

propagation was barely possible, whereas test I was conducted under a slightly larger stress 

intensity range. The test at 75% SMYS was conducted under very severe mechanical loading since 

crack growth could not be re-initiated at more benign loads following crack tip blunting by low 

temperature creep. It then appears that these curves might have merged simply because growth 

under these two conditions was more mechanically driven than in the other tests. Since cracks 

were barely re-initiated at relatively benign conditions in tests II and III, it is possible that both 

creep and environmental blunting were still able to exert a large enough effect on crack 

propagation to cause a noticeable retardation of crack growth. Since mechanical driving forces are 

larger in test I and the 75% SMYS test, such a retardation effect might be substantially offset by 

mechanical forces making the retardation effect less noticeable. This suggests that with further 

propagation of the cracks in tests II and III, an inflexion point may be reached where crack growth 

curve deviates slightly from its current path to merge with those of tests I and the 75% SMYS 

curves.  Unfortunately, the dimensions of the samples used for this study does not permit the 

growth of cracks to larger sizes where such an inflexion point may be observed. 

This could have a significant effect on hydrostatic testing. The current codes that govern 

hydrotesting, for example CSA Z662-11 clause 8, mandates that all piping operated at a pressure 

greater than 700 kPa be hydrotested in two phases – a strength test followed by a leak test. This 

clause allows for strength tests at pressures of up to 110% SMYS followed by leak test at 

pressures up to 100% SMYS.The growth rates obtained in this study are similar to what could 

occur during the leak test. This result therefore indicates that the growth rate during the leak test 
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may be lower than those observed under operating conditions where crack re-initiation and 

growth, from a dormant state, typically occur (assuming severe stress ratios as those determined in 

the previous publication are required to re-initiate stable crack growth). 

Finally, comparing the growth rate of the long (through-thickness) crack with those of 

surface type flaws reveals that contrary to popular opinion that surface flaws could grow at a 

higher rate or at least the same rate as through-thickness cracks, this study reveals that the growth 

rate of surface flaws under the testing conditions studied here are lower in every case than that of a 

through-thickness crack. This is consistent with earlier finding [25]. Reasons why this deviation 

occurred were adduced in our previous paper and the reader is encouraged to review that paper.  

 

5.5 Conclusions 

The results of this study are summarized as follows: 

1. The high stresses imposed on a pipeline during hydrostatic testing can cause a severe 

deformation of the crack tip leading to crack tip blunting. 

2. Such severe blunting may prevent the mechanical re-initiation of crack propagation at 

benign loading conditions. Crack re-initiation may require very severe loading conditions, 

such as high Kmax and moderate ∆K or low Kmax and high ∆K, or a high number of stress 

cycles. 

3. Comparison of the combined factors at which crack re-initiation occurred at a maximum 

stress of 100% SMYS with that at 75% SMYS revealed that crack re-initiation conditions 

at a blunted tip may be independent of whether blunting was environmentally or 

mechanically induced. 
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4. The conditions at which re-initiation occurred were independent of the CO2 concentration 

in the groundwater and was also independent of the loading frequency. 

5. Contrary to what was observed at benign maximum operating stresses, very high CO2 

concentration in groundwater led to significantly higher crack propagation rates at a 

maximum operating stress of 100% SMYS. 

6. Despite the higher value of the environmental factor in the corrosion-fatigue model, lower 

loading frequency did not result in a higher crack growth rate. Growth rates were higher at 

a higher loading frequency. This was related to the higher strain rate at the crack tip which 

may also result in more rapid crack tip film rupture that may expose fresh surface for crack 

tip film formation than at the lower frequency. 

7. Higher CO2 concentration in the simulated ground water was found to enhance crack 

propagation in the depth direction resulting in cracks with higher aspect ratios than in the 

lower CO2 concentration environment. 

8. Crack growth rates at loading conditions that are slightly higher than that required for 

crack re-initiation are very comparable both at 100% and 75% SMYS maximum operating 

stress.  
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6.1 Introduction 
Stress corrosion cracking in near-neutral pH stress corrosion cracking (NNpHSCC) 

environments remains a potent integrity issue that the oil and gas industry contends with. In many 

cases, effective monitoring programs have been put in place to detect and mitigate this issue 

before failure occurs or the general public is put at risk. Improvement in coating and cathodic 

potential technologies over the years have in some cases reduced the frequency of incidents or 

delayed SCC onset to later in the life of pipelines and other engineering infrastructures.  

General understanding of the factors that promote SCC and the mechanisms involved has 

improved over the years. Although there is no consensus yet on the mechanism involved, it is 

generally well accepted that hydrogen furnishing environments generally promote NNPHSCC. 

Several mechanisms have been proposed: enhanced localized plasticity [1-9], enhanced low 

temperature creep deformation [10-13], decohesion [14-16], bond weakening[17], film-induced 

cleavage[18-20], etc. Although these mechanisms are sometimes discussed in isolation, it is well 

understood that several combinations of these mechanisms are involved in NNPHSCC 

propagation. Often, it is very difficult to separate the effect of each of these mechanisms. Also, 

many of the effects produced by these mechanisms have only been observed in isolation on the 

micro-scale in thin film experiments.  

Recent studies carried out by the current authors led to the development of an innovative 

experimental setup that allowed the study of some of these mechanisms in isolation or in selected 

combinations. This communication reports the role of hydrogen enhanced localized plasticity 

(HELP) and hydrogen enhanced room temperature creep on crack re-initiation and propagation in 

near neutral pH SCC environments. 
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6.2 Experimental 

6.2.1 Sample preparation 

Tensile specimens (Figure 6-1) bearing three reduced sections were machined from the 

longitudinal direction of a X65 pipe section that had failed in service. Only pipe sections 

unaffected by NNPHSCC and other forms of corrosion and external damage were used. The alloy 

composition is shown in Table 6-1, while a typical alloy microstructure is shown in Figure 6-2. 

Gauge sections were 23 mm X 30 mm X 9.2 mm in dimension and identical semi-circular shallow 

notches, 0.2032mm wide, with dimensions 2c=5 mm and a=2.5 mm were made by electrical 

discharge machining (EDM) in the middle of each gauge section. 

A corrosion test cell consisting of two chambers was designed and fabricated from acrylate 

(Figure 6-3). The inner tube, named the shielding, was designed to simulate coating disbondment 

at the surface of a pipe. The width of this inner tube was 20 mm and the sample was centered in 

the simulated disbondment. The outer tube holds the bulk solution which simulates the 

surrounding soil around a pipe in the field while the solution contained in the inner shielding 

simulates the solution trapped between the coating and the pipe surface on an actual pipeline. The 

bulk solution in the outer tube was purged by a mixture of certified grade 5% CO2, or 20% CO2 

(nitrogen balance) fed in through openings at the bottom of the cell, so that CO2 can only diffuse 

into the simulated disbondment from the open mouth.  

For tests I, II and III, a maximum stress of 75% specified minimum yield strength and a 

cyclic frequency of 0.005Hz were used. Three tests were performed to investigate the effect of 

environmentally enhanced plastic deformation on crack growth in near neutral pH conditions 

under disbonded coatings. A summary of test conditions is given in Table 6-2. Test I was carried out at 

a single stress ratio of 0.4. A series of stress ratios was used for tests II, III and IV as shown in Table 

6-2. Test I lasted for about 23.2 days, test II for about 5 months, and test III for about 3 months.  Tests 
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I, II and III were purged with 5% CO2 + N2. Test IV was conducted at a maximum stress of 100% 

SMYS. The test was designed to simulate pre-fatigue crack behavior under three different conditions 

(1) in air; (2) when the crack is in indirect contact with the corrosive media, in which case hydrogen 

can only reach the crack tip by diffusing through the lattice; (3) when the crack is in direct contact with 

the corrosive media, the crack tip is well covered with the corrosive media and atomic hydrogen can be 

directly adsorbed at the crack tip and the hydrogen process zone. To achieve this, the cell was half 

filled with C2 solution such that the top crack was not in solution at all. The top crack area was 

masked with a cellophane tape and covered on both the front and the back side with epoxy to prevent 

pitting corrosion. The side of the specimen bearing the crack in the middle area of the specimen was 

also masked with cellophane tape and covered with epoxy while the back side was exposed to the 

solution. Only the backside was in direct contact with the C2 solution and hydrogen could only diffuse 

to the crack tip through the lattice. The bottom crack was exposed to the solution on the side bearing 

the crack while the backside was masked with epoxy. The inner shielding was not used in test IV.  A 

stress ratio of 0.65 was applied for 14 days followed by a stress ratio of 0.6 for 11.1 days. The solution 

was purged with a mixture of 5% CO2 + N2.  

In an attempt to closely simulate real pipeline service conditions, the sides and back surface of 

each specimen (the one without the surface cracks) were coated with epoxy in order to isolate these 

surfaces from the corrosion media. Except for test IV, crack growth rates were monitored using a 

custom made potential drop system through copper wire leads spot welded across the back of the EDM 

slots in each gauge section. A constant current of 20A was applied by the potential drop system in 

order to measure the potential drop across each crack. 



322 

 

 

 

             

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 6-1: Test sample designed for this study. All units in mm. 
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Table 6-4: Alloy (X65) composition 

Element Composition (wt %) 

Carbon 0.13 

Manganese 1.55 

Copper 0.05 

Niobium 0.05 

Chromium 0.08 

Molybdenum 0.01 

Vanadium 0.002 

Nickel 0.05 

Aluminum 0.042 

Titanium 0.002 

Nitrogen 0.009 

Iron Balance 
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Figure 6-2: Typical microstructure of the alloy X65 used in this study 
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Figure 6-3: Schematic drawing of the corrosion test cell used for study. 
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Table 6-2: Test conditions 

 

Test conditions Test I Test II Test III Test IV 

Maximum stress 75% SMYS 100% SMYS 

Test environments C2 solution 

Air, C2 

(direct and 

indirect 

contact) 

Purging gas 5%CO2 +N2 Bal. 

Pre-test pH 6.3 

Test potential (SCE) Open circuit -0.9V Open circuit 

R-ratio/duration 0.4/23.2days 

0.65/14 days 0.65/14 days 0.65/14days 

0.6/14 days 0.6/14 days 0.6/11.1days 

0.58/14 days 0.58/14 days  

0.56/14 days 0.56/14 days  

0.53/14 days 0.53/14 days  

0.50/7 days  0.50/7 days   

0.47/7 days 0.47/7 days  

0.43/7 days 0.43/7 days  

0.40/7 days  0.40/7.6 days   

0.37/7 days   

0.33/7 days   

0.30/7 days   

0.27/7 days 

0.22/4.5days 
 

 

Combined factor at start of 

test 

[(MPam)
3
Hz

-0.1
] 

8770 3250 3290 7250 

Combined factor at the R-

ratio at which crack started 

to grow 

[(MPam)
3
Hz

-0.1
] 

8770 14330 9680 9470 
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6.2.2 Mechanical loading 

Chen and Sutherby [21] developed a corrosion-fatigue model that accounts for 

NNHPSCC as a synergistic combination of fatigue and corrosion. The general form of the model 

was given as  
  

  
 

       

    where ∆K is the change in stress intensity factor at the crack tip due 

to cyclic loading, Kmax is the maximum stress intensity factor at the crack tip, and , a factor 

representing the influence of the corrosion environment on the crack growth rate, is found to be 

around 0.1. ∆K and Kmax are strongly dependent on the geometry of the specimen, while  is 

dependent on the severity of the corrosion environment. Using this relationship, the threshold 

condition for X65 pipeline steel was estimated to be below 8500 (MPa
.
√m)

3
/Hz

0.1 
in C2 solution. 

For the current study, an initial combined factor of 3290 (MPa
.
√m)

3
/Hz

0.1 
at the sample surface 

and 7250 (MPa
.
√m)

3
/Hz

0.1 
in the depth direction was selected for tests III and IV respectively. 

Other testing conditions are summarized in Table 6-2. Such low combined factors were selected 

since the aim of this study was to determine the effect of environmentally assisted creep on crack 

re-initiation and propagation. The initial testing conditions for test I are as reported in our earlier 

report and are also summarized in Table 6-2 (chapter 3). 

6.2.3 Post-test Analysis 

After each test, the fracture surface was examined and post-test crack lengths determined in 

order to validate potential drop measurements with actual crack growth measured from the 

surface of fractured specimens. Prior to fracture surface examination, iron oxide-type corrosion 

products were removed using a rust remover solution composed of water (100ml), HCl (3ml), 

and cis-2-but-1-4-diol (4ml). Initial fracture face examination was done using an optical 

microscope. More detailed examination of fracture surfaces was carried out using a Hitachi 
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scanning electron microscope equipped with an energy dispersive x-ray spectrometer for chemical 

compositional analysis.  

6.3 Results 

6.3.1 Crack growth behavior of sharp crack under propagating loading (Test 1) 

Crack propagation started at a stress ratio of 0.4 and was not preceded by any period of 

dormancy. The extents of crack propagation during the test at the three different locations are 

compared in Table 6-3. The most rapid crack propagation occurred at the open mouth of the 

disbondment while the least growth occurred at the far end of the disbondment (150 mm from the 

OM). There was a higher crack opening at the pre-fatigue crack tip at the open mouth while 

comparable pre-fatigue crack tip opening could be observed at 75 mm and 150 mm from the open 

mouth. Higher magnification examination of the post-test crack tip reveals a significant difference in 

the crack opening size just behind the crack tip (Figure 6-5). At the open mouth, the crack tip was 

very sharp – much sharper than the crack tip at the other two locations inside the disbondment while 

the crack tip was bluntest at 150 mm from the open mouth. All cracks were transgranular in nature. 

The same trend was observed in the depth direction. 

6.3.2  Crack growth behavior of sharp crack preceded by non-propagating loading 

(Test II) 

To simulate field situations where pipelines typically experience extensive periods of benign 

R-ratio loading, and to truly simulate the environmental effects in the field, Test II was cyclically 

loaded initially to a R-ratio (0.65) that will not lead to immediate growth, that is, the so-called non-

propagating condition. The combined factor corresponding to R=0.65 was calculated to be 3250, 

which was well below the threshold (~8500). As shown in Table 6-2, crack growth was not detected 

until the R ratio was reduced, in small intervals of  ~ 0.03 – 0.05, to about 0.22, corresponding to a 

combined factor of 14330, which is well above the threshold value of about 8500. 
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Figure 6-4: Pre-crack tips in Test I (a) open mouth, (b) 75 mm from open mouth and (c) 

150 mm from open mouth 
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Figure 6-5  High magnification image of the crack tip in test I (a) open mouth, (b) 75 

mm from open mouth, (c) 150 mm from open mouth. 
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At the sample surface, cracks were generally narrow but slightly wider than in Test I. Crack 

opening just behind the crack tip increased with distance from the open mouth (Figure 6-6). 

Cracks were generally longer in test II than in test I, which is indicative of more rapid crack 

propagation in test II. Despite much faster growth rate at the open mouth in Test II than in Test I, 

final crack tips were not as sharp as in test I (Figure 6-7).  

The results of this test were previously published in a recent communication (chapter 4). 

Careful discussion of the results of the above two studies led to the following conclusions: 

1. Contrary to popular belief, a high hydrogen ion concentration in soil water such as that 

produced by a high concentration of dissolved CO2, does not necessarily produce a higher 

crack propagation rate. Such high hydrogen ion concentration may be accompanied by a 

high dissolution rate, and may effectively blunt the crack tip. In such a situation, unless 

severe mechanical loading is applied, crack propagation may slowly occur by a 

predominantly dissolution controlled mechanism. Growth rates under this situation would 

be well below normally observed SCC rates. 

2. Also in environments with a high concentration of dissolved CO2, severe crack tip 

blunting may cause the crack tip to be static for a sufficiently long period of time that low 

temperature creep may become a very significant factor. The combined effect of these 

two, both crack tip dissolution and low temperature creep, may cause very significant 

blunting. Under a such condition, crack re-initiation may only occur at very severe 

mechanical loading conditions. 
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Figure 6-6: Post-test crack lengths measured at the sample surface after test II 
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Figure 6-7: Crack tip Morphology in Test II (a) OM (b) 75 mm from OM, (c) 150 mm from 

OM



334 

 

Under the testing conditions used for test II, it was impossible to separately study the effect of low 

temperature creep and crack tip dissolution, as both events occurred simultaneously during the study. In 

order to separately study the effect of low temperature creep and dissolution on crack re-initiation and 

subsequent propagation, it was necessary to design a study in which the effect of crack tip dissolution 

was eliminated so that the effect of low temperature creep, and the influence of other factors on low 

temperature creep, could be studied. This was achieved by applying a cathodic protection potential at the 

open mouth in this study. The level of cathodic potential applied was carefully selected so as to prevent 

complications from water dissociation at the open mouth. The results of this study are presented and 

discussed below.  

6.3.3 Test results in 5% CO2 testing environment and applied cathodic potential of 0.9V 

6.3.3.1 Corrosion behavior  

Examination of the sample surface after the test reveals that the metal surface was effectively protected at 

the open mouth. Pre-test scratches were seen to have been preserved throughout the duration of the test 

(Figure 6-8a). Slight general corrosion occurred at 75 mm from the open mouth probably due to the 

cathodic potential drop in the solution away from the open mouth (Figure 6-8b).  Severe corrosion 

occurred at the bottom of the simulated disbondment, at and around 150 mm from the open mouth 

(Figure 6-8c).  

6.3.3.2 Characteristics of crack morphologies 

No crack growth was detected by the potential drop measuring system until a stress ratio of 0.4 

was reached. Crack re-initiation occurred at the same stress ratio, corresponding to the same initial 

mechanical conditions, at the three locations. However, different extents of crack propagation were 

observed at all three locations.  Figure 6-9 compares the crack lengths at the surface of the specimens. 

Since the cracks at different positions to the open mouth started at the same stress ratio, the fastest growth 

occurred at the open mouth while much smaller rates were determined at both 75 mm and 150 mm from 

the OM. Growth rates at these two locations were very similar. 
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Figure 6-8: Corrosion behavior at the sample surface (a) at the open mouth (b) 75 mm from 

the open mouth, (c) 150 mm from the open mouth. 
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Figure 6-9: Post test crack lengths at the sample surface in test III (a) at the open mouth (b) at 

75 mm from open mouth (c) at 150 mm from open mouth 
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At the sample surface, the crack crevice at the open mouth was significantly wider than at the other 

locations (Figure 6-9). Very fine crack tips were observed at all three locations in test III (Figure 6-10). 

Comparison of the crack tips to those in test I suggest that crack tips were sharper at 75 mm and 150 mm 

from the OM in test III than in test I (Figure 6-10 and Figure 6-4). Comparison of the crack tip at the 

open mouth in test III and that in test I suggest that the crack tip at the open mouth in test III is blunter 

than in test I (Figure 6-10a and Figure 6-4a). At 75 mm and 150 mm from the OM, comparisons of crack 

crevice openings in Figure 6-4 and Figure 6-10 shows that crack crevices are slightly wider in test I than 

in test III. Crack crevice opening at 75 mm and 150 mm from the open mouth in test II are much wider 

than those in test III (Figure 6-9 vs Figure 6-6).  However, the crevice opening at the open mouth in test 

III is larger than that in test II. Generally crack tips are much blunter in test II than in either of test I or III. 

Cracks were generally longer in test II than in test I, which is indicative of more rapid crack 

propagation in test II. This is even more significant when one considers that the cracks in test II were 

only subjected to 1945 cycles while the ones in test I were subjected to 9824 cycles. Cracks in test II are 

also longer than those in test III except for the open mouth crack. However, cracks in test III were 

subjected to 3276 cycles indicating a more rapid rate of crack propagation in test II.  

In the depth direction, the crack crevice at the open mouth is also very wide; much wider than at the 

other two locations in test III and also wider than the corresponding open mouth crack in test I. However 

the crack tip remained very sharp, although the crack opening just a few micrometers behind the crack tip 

is very wide.  The crack opening just behind the crack tips at 75 mm and 150 mm from the open mouth in 

test III have very comparable widths. However, the crack tips are much blunter than that at the open 

mouth. Also crack tips are blunter in the depth direction than at the sample surface. 
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Figure 6-10: Crack tip morphology in test III (a) at the open mouth (b) 75 mm from open 

mouth (c) at 150 mm from open mouth
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Figure 6-11 shows the fracture surface morphology in test III. Figure 6-11(a), shows the presence 

of a substantial amount of secondary cracks. The fracture surface morphology at 75 mm and 150 mm 

from the open mouth (Figures 6-11b & 6-11c) do not display this trend. They have very little growth 

and few secondary cracks as a result of the limited amount of CP reaching these surfaces. 

6.3.3.3  Condition of crack re- initiation 

As shown in Table 6-2, crack growth was not detected until the R ratio was reduced at very 

small intervals, ~ 0.02 – 0.03, to 0.4 in test III. At this R ratio, the combined factor was determined to 

be 9680, which is well above the threshold value of about 8500. The R-drop process was monitored 

by a potential drop system.  

6.3.3.4  Crack growth rate behavior 

In test III the highest growth rate was observed at the open mouth where crack growth rate at 

the sample surface was found to be nearly 7 times higher than at the 75 mm and 150 mm from the 

open mouth (Figure 6-12). Crack growth rates were very similar at both 75 mm from the OM and 

150 mm from the OM. Comparing growth rates at the sample surface and the depth direction shows 

that growth was more rapid at the sample surface than in the depth direction at the OM. However, 

zero growth rates in the depth direction at 75 mm and 150 mm from the open mouth suggest that 

crack propagation only occurred at the sample surface but did not occur at the bottom of the crevice. 

Crack growth rates in test III are obviously significantly higher than in test I. Growth rates in the 

depth direction are shown in Figure 6-12.  

The initial and final crack sizes are shown in Tables 6-3 and 6-4 while the initial and final 

aspect ratios are shown in Figures 6-13 and 6-14. The ratio of initial to final aspect ratios are also 

shown in Figure 6-15.  These figures indicate that while crack propagation occurred at all locations 

during the test, variations in the local environment with distance from the open mouth could change 
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the character of growth significantly. Aspect ratio decreased at the open mouth but remained about 

the same at 75 mm and 150 mm from the OM. 

 

 

 

 

Table 6-3: Characteristics of crack growth for cracks on the specimen surface 

  
Initial crack 

length (mm) 

Final Crack 

length (mm) 

Net crack 

growth 

(mm) 

Average crack 

growth rate 

(mm/cycle) 

Test I 

OM 3.34 5.49 2.15 2.15E-04 

MP 3.31 3.83 0.52 5.16E-05 

BP 3.38 3.85 0.48 4.77E-05 

Test II 

OM 3.32 7.36 4.05 2.08E-03 

MP 3.30 3.73 0.44 2.24E-04 

BP 3.31 3.53 0.23 1.16E-04 

Test III 

OM 3.54 8.12 4.58 1.40E-03 

MP 3.50 3.66 0.16 4.90E-05 

BP 3.62 3.62 0.00 0.00E+00 

Test IV 

Air 3.35 3.60 0.26 5.08E-05 

Ind. 

Contact 3.37 3.60 0.25 4.64E-05 

Dir. 

Contact 3.44 3.86 0.39 8.70E-05 
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Table 6-3: Characteristics of crack growth for cracks in the depth direction 

  
Initial crack 

length (mm) 

Final Crack 

length (mm) 

Net crack 

growth 

(mm) 

Average crack 

growth rate 

(mm/cycle) 

Test I 

OM 3.13 4.09 0.96 9.56E-05 

MP 3.20 3.74 0.55 7.15E-05 

BP 3.09 3.73 0.63 6.31E-05 

Test II 

OM 3.19 5.33 2.14 1.10E-03 

MP 3.38 3.52 0.14 7.12E-05 

BP 3.43 3.57 0.14 7.12E-05 

Test III 

OM 3.70 6.25 2.55 7.76E-04 

MP 3.44 3.44 0 0 

BP 3.47 3.47 0 0 

Test IV 

Air 3.17 3.28 0.11 2.37E-05 

Ind. 

Contact 3.05 3.21 0.16 3.43E-05 

Dir. 

Contact 3.34 3.56 0.22 4.48E-05 
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Figure 6-11: Fracture surface morphology of the test sample in test III at the (a) OM, (b) 75 

mm from OM and (c) 150 mm from OM. The images clearly show that while there was 

significant growth at the open mouth in both the surface and depth directions, there was 

very little growth at 75 mm from the OM and no growth at 150 mm from the OM. 
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Figure 6-12: Crack growth behavior in tests I and III 
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Figure 6-13: Initial aspect ratios 
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Figure 6-14: Final aspect ratios 
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Figure 6-15: Ratio of initial to final aspect ratios
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6.4 Test IV results 

6.4.1 Comparison of crack behavior when loaded at 100% SMYS in direct contact with 

C2 solution, in indirect contact with C2 solution and in air – Test IV 

This test was conducted to determine the effect of the testing environment on crack behavior 

in cases where the crack tip is in direct contact with a near neutral pH environment compared to 

cases where the crack tip is in indirect contact with a near neutral pH environment. The control test 

was the crack that was cyclically loaded in air. 

There was hardly any difference in the morphology of the fatigue pre-crack tip (Figure 6-16). 

However, when the crack paths are traced out and superimposed as in Figure 6-17, it becomes 

obvious that at the sample surface, the crack crevice loaded in direct contact with the corrosive media 

is wider than the one loaded in indirect contact with the C2 solution. Comparing crevice width along 

the line indicated in Figure 6-17 showed that the crevice is about 30% wider when in direct contact 

with the solution than when in indirect contact with the solution or in air. Crevice widths are very 

similar for the cracks loaded in indirect contact with the solution and the one loaded in air. The 

difference in width is less obvious in the depth direction. 

6.4.2 Crack growth behavior in test IV 

At the sample surface, very short fine cracks were found to have initiated at the tip of the pre-

fatigue cracks in all three cases. Crack lengths are as shown in Tables 6-3 and 6-4. These growth 

rates are very low and are not included in Figure 6-12 so that they do not overlap the growth rates of 

Test III. It must also be pointed out that in companion studies (manuscript under preparation) steady 

growth was not observed at a stress ratio of 0.6 even at a maximum stress of 100% SMYS cyclic 

loading; even when a much higher number of cyclic loads was applied. It is usual to observe a small 

transient crack elongation when stress ratios are changed during fatigue loading. It is strongly 

believed that the growths observed in this test are in fact transient and are not sustained steady 

growth.
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Figure 6-16: Crack morphology when cyclically loaded in (a) air, (b) indirect contact of 

crack tip with C2 solution, (c) direct contact of crack tip with C2 solution 
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Figure 6-17: Crack outlines: in air, indirect contact with solution, direct contact with 

solution.  Crack outline at sample surface (horizontal), crack outline in depth direction 

(vertical)

Crevice width measured 

here 

air 

front covered 

back covered, front exposed 

back exposed 

Crack profile at sample surface 

Crack profile in depth direction 
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6.5 Discussion 

6.5.1 Crack morphology 

Besides the difference in crack propagation rates between tests I and III, an equally important 

observation is the difference in crack crevice width behind the crack tip. The observed difference in 

crack width may be grouped into two different categories as is the mechanisms responsible for their 

development:  

1. Between tests I and III, a comparison of crevice width at 75 mm and 150 mm from the open 

mouth reveals the same trend. Crack widths at both locations in each test are quite comparable. 

However, comparing the crevice width at these locations between the two tests reveals that the 

crack crevices in test I are slightly wider. 

2. Comparison of the crack width at the open mouth in both tests reveals that the OM crack in test 

III has a much wider crevice than in test I. 

To explain these two different scenarios, critical consideration must be given to the different factors that 

could influence the crevice formation: dissolution, crack tip opening/closure and low temperature creep.  

6.5.2 Role of crack wall dissolution  

The application of a cathodic potential in test III should suppress any significant crack wall 

dissolution at the open mouth. This is well supported by the observed full protection of the sample 

surface at the open mouth as noted in section 6.3.3.1. The variation of cathodic potential under the 

disbondment with distance from the open mouth is shown in Figure 6-18. This shows that cathodic 

potential can diminish very significantly with distance from the open mouth, approaching open circuit 

potentials at the far end of the disbondment. However, a careful examination of the potential variations 

at the different applied potentials, especially those at the higher applied cathodic potentials, shows that 

the potential curves never really drop off to the open circuit potential at the far end of the disbondment.  
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Figure 6-18: Variation of cathodic potential with distance from the open mouth, at 

different applied potentials. Legend shows the cathodic potential applied at the open mouth 

of the disbondment 
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Rather, there is always a residual cathodic potential at the far end of the disbondment. 

Since a cathodic potential suppresses or slows down anodic dissolution, lesser crevice widening 

by a dissolution mechanism should occur in test III than in test I. This explains why crack 

crevices at 75 mm and 150 mm from the OM are wider in test I than in test III. However, a 

dissolution mechanism does not account for the significantly wider crack crevice at the open 

mouth in test III, especially given that crack tip dissolution is more intensely suppressed at the 

OM than at other locations in test III. 

6.5.3 Effect of hydrogen on crack morphology 

The question then is what is responsible for the wider crack crevice in test III? The answer to 

this question could probably be traced to the local environment difference at the OM between 

test I and test III – namely the application of a cathodic potential at the OM in test III and the 

possible effect of such a cathodic potential. It has been shown elsewhere that when a cathodic 

potential is applied at the open mouth of a disbondment such as the one used in this study, the 

following scenario occurs [22] 

1. The main source of hydrogen ions within the solution is from the dissolution of CO2 in 

the ground water to form carbonic acid and the subsequent dissociation of carbonic acid 

into hydrogen ions through the reaction 

 

H2CO3                                HCO3
- 
    +     H

+
    ……………..(1) 

Fe                                       Fe
2+ 

       +    2e
-
      ……………..(2) 

HCO3
-
 + Fe

2+
                                 FeCO3    +    H

+
   ……………..(3) 

   2H
+
 + 2e

-
                       2H (ads)             ……………..(4) 
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2. Hydrogen ions can only migrate into the disbondment through the open mouth of the 

disbondment. Hence hydrogen ion concentration in the disbondment is highest at the 

open mouth. 

3. Hydrogen ions being positively charged will prefer to reside at the region of highest 

cathodic potential. Hence, hydrogen ions should be more reluctant to migrate away from 

the areas of higher cathodic potential. Therefore, hydrogen ions should preferentially 

reside at the OM. However, the concentration gradient (chemical driving force) between 

the open mouth and the far end of the disbondment, still exerts sufficient influence to 

drive hydrogen diffusion to the farther end of the disbondment. Hydrogen migration to 

the father end is probably moderated by the reluctance of hydrogen ions to migrate away 

from the higher cathodic potential areas. 

4. In addition to the hydrogen concentration resulting from the dissociation of carbonic acid 

in solution, more hydrogen could be generated at the OM from the direct dissociation of 

water into hydrogen and oxygen, if the cathodic potential is high enough. 

The implication of the scenario presented above is that hydrogen ion concentration at the 

surface of the specimen could be significantly higher at the OM than at the other locations 

under the disbondment in test III. It is known that the majority of hydrogen atoms generated 

from reduction of hydrogen ions at the surface of a metallic specimen are recombined into 

hydrogen gas bubbled out of the solution. A small fraction of hydrogen atoms adsorbed on 

the surface are subsequently able to migrate into the metal lattice. Atomic hydrogen entry 

into the lattice is driven by the concentration gradient between the atomic hydrogen adsorbed 

at the exposed metal surface and the opposite surface which was protected or isolated from 

the corrosive media. It is important to note that the formation of corrosion products on the 
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surface of the sample is known to reduce the rate of hydrogen entry into the metal lattice. As 

mentioned earlier, the sample surface was well protected by the applied potential at the OM 

and this should result in more efficient hydrogen pick up by the lattice at the open mouth 

than at the other locations in test III. This should also result in more efficient hydrogen pick 

up at the OM in test III than in test I.  

As far as crack behavior is concerned, the amount of atomic hydrogen present in the fracture 

process zone ahead of the crack tip can significantly influence crack behavior. It is well 

known that hydrogen will prefer to reside at interstitial lattice positions that are experiencing 

more tensile loading, such as the plastic zone ahead of the crack tip, where the lattice is more 

dilated. In this case both the amount of hydrogen adsorbed at the surface in direct contact 

with the crack tip and the total hydrogen concentration within the overall surrounding metal 

lattice are important. If a higher concentration of hydrogen atoms is adsorbed on the crack 

surface around the crack tip, more atomic hydrogen is assimilated directly into the process 

zone. Also, more atomic hydrogen in the overall metal lattice, means more atomic hydrogen 

can migrate through the lattice to the fracture process zone until saturation occurs. Therefore, 

there is a higher tendency that the lattice is more quickly saturated with hydrogen at the open 

mouth in test III than in test I. The presence of such atomic hydrogen could have a variety of 

effects, depending on whether crack propagation is occurring or not: 

1. Hydrogen enhanced localized plasticity could occur especially under static loading 

2. It was shown in earlier publications [23-25] that even at open circuit potential where 

unconstrained migration of hydrogen ions occurred within the solution, there exists a 

sufficiently larger atomic hydrogen concentration in the metal lattice at the open mouth to 
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cause a significantly higher crack advance at the OM than at the other locations. Under 

crack propagating conditions, the higher concentration of lattice hydrogen at the OM 

under the applied cathodic potential can significantly modify crack propagation rates. 

In a previous study [23], the effect of low temperature creep deformation on crack re-initiation 

and subsequent crack propagation was discussed. In that study, it was found that load cycling 

under benign loading conditions where crack propagation could not occur, resulted in low-

temperature-creep-induced crack tip blunting.  Comparing the open mouth crack crevice width in 

Figure 6-9 to that in Figure 6-6 it is clear that the crack crevice at the OM in Figure 6-9 is 

significantly wider, although the final crack length of the crack shown in Table 6-3 and Table 6-

4 and that of the OM crack in test III are quite similar. The extent of the difference in crack 

crevice width was illustrated by tracing out the two crack outlines and superimposing them in 

Figure 6-19. To quantify the difference in crack crevice width, the width of the crack crevice at 

the root of the machined slot after exposure was measured and corrected to remove the increase 

of crack opening due to the hinge effect due to differences in crack length (Table 6-5). Since the 

difference in crevice width cannot be attributed to crack opening as a result of the difference in 

crack length, the observed difference in crack length must be attributed to other factors related to 

the difference in local environment at the OM on account of the applied cathodic potential. A 

major possibility is hydrogen enhanced creep deformation.  The influence of time independent 

HELP will be discussed in the next section. 
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Table 6-5: Width of crack crevice at the pre-fatigue crack tip (measured at the edge of the EDM 

slot) after correction for hinge effect at the open mouth 

 Width (µm) 

Test I 18.48 

Test II 110.2 

Test III 223.5 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-19: Comparison of crack crevice width in (a) Tests II (red) and (b) Test III (blue). 

Outline shows both the precrack and in-test crack growth combined 

a 

b 

200µm 
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6.5.4 Effect of hydrogen- enhanced localized plastic deformation 

As mentioned earlier, the wider crack crevice at the OM in test III cannot be attributed to a 

dissolution process or crack opening on account of crack length compared to the remaining crack 

ligament. One of the probable reasons for such a wide crack could be enhanced localized plastic 

deformation. It is well known that hydrogen can either increase or reduce the macroscopic yield 

strength of metal systems depending on the particular system in question [26]. Hinton and 

Procter [27] found that at slow strain rates and an applied cathodic potential, between -0.9V –     

-1.6V (SCE), the ductility of X-65 steel is significantly reduced. The reduced ductility was 

associated with the formation of transgranular cleavage cracks. Previously, Ulner and Alstetter 

[28] had observed a decrease of work-hardening rate in stainless steels after hydrogen charging. 

Neumann [26] opined that such a decrease in work-hardening capability may result in strong 

strain localization. Such strain localization should then result in localized necking which may 

occur on a microscopic scale. Such enhanced strain localization upon hydrogen adsorption into 

steel lattice has been attributed to increased dislocation mobility [8].  

Given the intense stress concentration ahead of a crack tip even under non-propagating 

conditions, there should be a lot more dislocations produced at and near the crack tip in the so 

called fracture process zone. It has been shown that a high dislocation density develops in the 

near surface region prior to SCC cracking [30]. The presence of hydrogen in steel lattice could 

lead to a two prong enhancement of localized plasticity. First, hydrogen aids dislocation motion 

by weakening long-range barriers to dislocation motion [9]; and second, dislocation motion helps 

transport more hydrogen if the dislocation velocity is below a critical value [9] causing an 

autocatalytic effect.  By softening the alloy such that permanent deformation occurs more easily 

at the crack tip than in the absence of hydrogen, increased segregation of hydrogen to the process 
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zone ahead of the crack tip, such as occurs under an applied cathodic potential, could increase 

deformation ahead of the crack tip.  

Under non-propagating conditions, the resulting localized plasticity would result in an increased 

crack tip opening due to early onset of permanent deformation of the crack tip region. This could 

result in a permanent intense deformation of the crack tip area and could result in a wider crack 

crevice as observed in test III. Such an intense deformation prior to crack propagation could 

modify the shape (width) of the crevice developed when crack propagation resumes. Evidence of 

this is shown in the results of test IV. As mentioned in section 3.4, the crack crevice is about 

30% wider when there is a direct contact of the simulated soil solution with the crack tip than 

when the test was done in air or when there is no direct contact of the simulated soil solution 

with the crack tip. In a case where there is no direct contact of the solution with the crack tip, 

hydrogen segregation to the crack tip is limited to the amount transported to the hydrogen 

process zone through the lattice.  

The fact that crack crevice width under lattice hydrogen transportation is very similar to that 

under fatigue in air, suggests that atomic hydrogen is not delivered to the crack tip at a high 

enough concentration to induce sufficient hydrogen enhanced plastic deformation ahead of the 

crack tip, to significantly modify the crack shape. However, when there is a direct contact of the 

simulated soil solution to the crack tip, the crack surface is covered in the hydrogen-bearing 

solution and hydrogen is directly adsorbed and absorbed on the crack surface, providing a more 

direct access to the crack tip. This could result in a higher hydrogen concentration ahead of the 

crack tip, probably resulting in more localized plastic deformation; hence a wider crack crevice. 

It has been well reported that transgranular SCC propagation is a discontinuous process [30-32].  
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During such a process it is possible that the crack stays stationary enough under an applied 

cathodic potential, for the sequence of microscopic activities that result in such intense localized 

plastic deformation to repeat itself over and over again resulting in a sustained wide crack 

crevice as observed at the open mouth in test III compared to that in test I.  

6.5.6 Crack propagation 

It is very interesting to observe that in test III, as in test I, crack propagation occurred at a stress 

ratio of 0.4. However, in test II, crack propagation was delayed to a stress ratio of 0.22. This 

points to the importance of localized hydrogen concentration to crack re-initiation.   

Comparing the crack growth results in test III with those in test I (Figure 6-12) reveals two very 

important details: 

1. Crack growth rate at the OM in test III is nearly seven times higher than at the same 

location in test I 

2. Crack growth at 75 mm and 150 mm in test III are significantly lower than at the 

same location in tests I or II. 

In test I, crack propagation started from a very sharp pre-fatigue crack tip because 

loading commenced at a stress ratio that is just severe enough for crack propagation to occur and 

there was no time allowed for any significant crack tip dissolution or low temperature creep to 

blunt the crack tip. However, in test II, crack re-initiation was delayed at all locations until a 

much more severe mechanical loading condition was applied (R=0.22) because the crack tip was 

blunted by a combination of crack tip dissolution and low temperature creep. Although in test III 

loading started at a benign condition, and gradually increased to more severe conditions until 

crack re-initiated at a stress ratio of 0.4, the applied cathodic potential protected the crack tip 
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from blunting by a dissolution mechanism. However, low temperature creep deformation would 

still occur at these benign conditions and there is no evidence that such creep-induced crack tip 

blunting did not occur in test III. The fact that very minute crack propagation occurred at 75 mm 

and 150 mm from the OM indicates that it was impossible to initiate a stable crack growth at 

these locations, unlike in test I. It should be noted that it is usual to observe a minute transient 

crack growth each time the stress ratio is changed. However, such growth is usually quickly 

arrested and the crack attains dormancy. This possibly explains the minute crack growth 

observed at these two locations. Therefore, it is reasonable to assume that creep induced crack tip 

blunting indeed occurred during the testing pre R=0.4 testing conditions in test III making it 

impossible for cracks to initiate except at the open mouth in test III. The result is therefore proof 

that at 75 mm and 150 mm from the OM, the combined environmental-mechanical crack driving 

forces were unable to overcome the crack tip blunting forces – dissolution and low temperature 

creep – such that sustained crack propagation could not occur. 

The results of test IV suggest that such low temperature creep induced deformation of the 

crack tip could be more severe under conditions where hydrogen concentration in contact with 

the surface is higher, as the crack crevice was found to be 30% wider when the cracked surface 

was directly exposed to the testing solution compared to when the cracked surface was not 

directly exposed. This suggests that the pre-fatigue crack tip should have experienced more crack 

tip deformation at the OM than at the other locations.  

Despite significant crack tip blunting during the pre-R=0.4 cyclic loading, stable crack 

propagation was able to initiate at the OM in test III and growth rate was almost seven times 

higher than when testing occurred under the same testing condition except for the application of
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a cathodic potential (test I). This suggests that both enhanced deformation and enhanced crack 

propagation occurred simultaneously under the testing condition in test III. It is well known that 

hydrogen enhances crack propagation. Although there is no agreement on the mechanism by which 

this hydrogen enhanced crack propagation occurs, this much is known: 

1. The extent of crack propagation enhancement increases with the amount of hydrogen that 

is able to segregate to the hydrogen process zone ahead of the crack.  

2. A critical hydrogen concentration is required to cause crack initiation from a dormant 

state, and to sustain stable crack propagation 

3. At applied stresses below the stress threshold required for direct crack re-initiation from a 

dormant crack solely by mechanical factors, the amount of hydrogen required to cause 

crack initiation and stable crack propagation from a dormant crack tip decreases as the 

level of applied tensile stress increases. The higher the stress applied, the lower the 

amount of hydrogen required to cause crack re-initiation. 

The consequence of the hydrogen distribution provided in section 6.5.3 is that hydrogen 

concentration at the open mouth in test III should be significantly higher than in both test I and test 

II. Thus, it is well possible that despite the occurrence of significantly more pre-fatigue crack tip 

blunting in test III compared to test I, there is a sufficiently high lattice hydrogen concentration at the 

open mouth to cause an environmentally assisted crack re-initiation and sustained propagation at the 

open mouth. Hinton and Procter [27] showed that a reduced ductility was associated with the 

formation of transgranular cleavage cracks. Careful examination of the fracture face at the open 

mouth in tests I and III reveals a flatter fracture surface, with more cleavage type fracture in test III 

compared to test I (Figure 6-20). It is well known that hydrogen-enhanced crack propagation could 

encourage more cleavage type propagation. This confirms a more intense hydrogen enhanced crack 

propagation at the OM in test III compared to test I.  
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Figure 6-20: Fracture face morphology at the open mouth in (a) test III and (b) test II 
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In a recent publication [22], the current authors showed that the environmental factor at the 

OM under open circuit potentials could be three times higher at the open mouth than at 75 mm 

and 150 mm from the OM. It is therefore reasonable to assume that with a 7 fold increase in 

crack growth rates under an applied cathodic potential of -0.9V, and the much lower crack 

propagation rates at other locations, the environmental factor at the OM under an applied 

cathodic potential of -0.9V might be at least 10 times that at locations within the disbondment. 

Comparison of the growth curve in tests I and II, Figure 6-21, shows the growth rate at an 

applied cathodic potential of -0.9V is about an order of magnitude higher in the depth direction 

than under OCP conditions. Reasons why growth may be enhanced in the depth direction 

include: 

1. A potential difference between the sample surface and the bottom of the pit could create a 

situation where the bottom of the pit is anodic with respect to the sample surface. Under 

this situation, the bottom of the pit may become less protected and anodic dissolution 

could expose fresh metal surface for film formation and subsequent rupture leading to 

enhanced growth in the depth direction.  

2. Increased hydrogen concentration at the open mouth will necessitate the migration of 

more Cl
-
 ions to the open mouth to balance out the positive charges of the hydrogen ions. 

Chlorides are known to cause an acidification effect inside pits which results in increased 

corrosivity inside pits. Such localized acidification could enhance dissolution and tends to 

break down passive films that may form at the bottom of the pit. This in combination 

with the applied stress could ensure that a cycle of film formation and rupture occurs 

more frequently at the bottom of the pit leading to enhancement of crack propagation in 

the depth direction. 
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Figure 6-21: Combined crack growth factor plot for tests I and III 
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However, it is worthy of note that even when cracks are initiated under the increased 

environmental aggressiveness resulting from the applied cathodic potential, the growth rate of 

surface flaws is lower than those of through-thickness cracks under OCP conditions (Figure 6-

22). This is contrary to the popular opinion that short surface cracks might propagate faster than 

through-thickness cracks.  

Finally, the possibility of the simultaneous occurrence of enhanced deformation and 

significantly enhanced crack propagation at the OM in test III raises one important issue – the 

mechanism by which hydrogen rich systems promote SCC crack propagation might involve 

enhanced localized plastic deformation. Sobotka et al. [33], have suggested that hydrogen 

promotes a tensile strength softening in fcc systems such as steels. Sofronis et al. showed that 

hydrogen induces necking instability under tensile loading at much lower loads than in the 

absence of hydrogen by causing shear localization [9]. Liang et al. [8] also came to similar 

conclusions. At non-propagating conditions, such softening might result in the crack walls 

moving apart much more than in the absence of hydrogen, resulting in a wider crack as observed 

in this study and increasing the extent of crack tip blunting. However, under propagating 

conditions such localized yielding may enhance crack propagation as necking instability is easier 

to achieve at/near the tip of the propagating crack. Thus, in steel systems similar to the one 

observed here, the presence of hydrogen may both promote crack blunting under conditions that 

are too benign for crack initiation, but may cause crack propagation under conditions that are 

severe enough to cause crack propagation. 
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Figure 6-22: Comparison of the growth rates in test III with those of a through-thickness 

crack 
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6.6 Conclusions 

1. Localized hydrogen concentration could significantly influence crack behavior in 

NNPHSCC environments. Depending on the operating conditions (stress levels), 

hydrogen may produce two effects: 

a. at low to moderate stresses where the combined environmental-mechanical crack 

driving forces are low, hydrogen may promote enhanced localized plasticity and 

enhance low temperature creep deformation. These result in crack tip blunting. 

b. At higher stresses and/or higher lattice hydrogen concentration, enhanced 

localized plasticity and enhanced low temperature creep deformation may 

promote more brittle type fracture by aiding transgranular cleavage type crack 

propagation. 

2. The application of moderate cathodic potentials could set up localized hydrogen rich 

environments that promote higher growth rates by the mechanisms identified above 

(point 1). 
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7.0 Introduction 
Stress corrosion cracking of pipeline steels in near-neutral pH environment remains a 

major pipeline integrity issue to pipeline operators in Canada and elsewhere around the world. 

To the engineers and integrity managers in the field, the rate of SCC propagation in near-neutral 

pH environment is very important data to have. Several approaches have been developed, based 

on laboratory studies, field data and simulations, to tackle this problem. However, most of these 

approaches have fallen short in terms of accuracy. 

Although the industry has developed means of determining where flaws exist, such as by 

using crack detection tools, pigging etc., the reliability of these techniques are often called into 

question. Some of the issues that commonly arise center on unsatisfactory probability of 

detection, probability of identification and probability of sizing. Other issues include miscalls, 

false negatives, false positives, undercalls etc. In addition to the fact that these tools are very 

expensive to run, issues such as those identified above tend to necessitate the use of other 

methods for determining safety of operations.    

An alternative to these tools is the use of hydrostatic testing. Hydrostatic testing is a 

qualitative method employed to determine the fitness for service of pressure piping systems. 

During this process, the pipe is filled with water and loaded to a pressure higher than the design 

pressure. If the pipe survives without bursting or leaking, then it could be assumed that all 

existing cracks are below a pre-determined maximum size that is dependent on the pressure used. 

This information is then used to determine a safe re-inspection interval, assuming a pre-

determined constant crack growth rate.  

Harle et al. [1] found that hydrostatic testing inhibits crack propagation by blunting the 

crack tip, making it harder for such cracks to re-initiate in service. However, it has also been 
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contended that substantial crack propagation may occur during the process [2-7]. Chen [6] 

concluded that the extent of crack propagation during hydrostatic testing is environmentally 

dependent and that hydrostatic testing can reactivate small dormant cracks, reversing any gains 

in crack growth retardation by crack tip blunting [7]. 

Chen et al. [8] recently determined that the application of various levels of cathodic 

protection in a near-neutral pH environment can have a significant effect on the electrochemistry 

of the solution, including the amount of hydrogen available within the system. The effect of this 

variation in local environment due to variation in cathodic potential reaching various locations 

under the disbonded coating on the rate of propagation of stress corrosion cracks has not been 

investigated. Also, in a recent study, the current authors studied the re-initiation conditions and 

variation in growth rate of SCC cracks in near-neutral pH environments with distance from the 

open mouth after hydrostatic testing at open circuit potentials (Chapter 5). The study also 

revealed the effects of dissolution and low temperature creep on the growth of SCC cracks in 

near neutral pH environments. In that study the effect of cathodic protection, which is a 

mandatory practice in the field, was not accounted for. This study will examine the effect of 

cathodic protection on the variation of the rate of propagation of SCC cracks with distance from 

the open mouth of the coating disbondment in a near natural pH environment. Such a study will 

help shed more light on variations in the rate of propagation of SCC cracks in near-neutral pH 

environment with seasonal changes in soil resistivity. This study reports the influence of such 

local variations in the environment developed under a disbonded coating on the growth rate of 

stress corrosion cracks. 
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7.1 Experimental 

Flat tensile specimens (Figure 7-1) with three reduced gauge sections were machined 

from the longitudinal direction of a sectioned pipe. Samples were machined from a section of X-

65 pipeline steel removed from service, but only sections unaffected by mechanical deformation 

were used. The alloy composition is shown in Table 7-1, while a typical alloy microstructure is 

shown in Figure 7-2. The dimension of the reduced sections were 23 mm X 45 mm X 9.2 mm 

and identical semi-circular shallow notches with major and minor axis dimension of 5mm and 

2.5mm were EDM machined in the middle of each gauge section. The cracking direction for 

these flaws is identical to that for the most common cracks in the pipeline.  

The corrosion cell, Figure 7-3, consists of two chambers: the inner chamber, called the 

shielding, was designed to simulate the solution trapped in the disbonded coating crevice while 

the outer chamber was designed to simulate the bulk surrounding soil solution. The width of this 

inner tube was made adjustable so that coating disbondment of various sizes can be studied. The 

bulk solution in the outer tube was sparged with a 5%CO2 balance nitrogen mix, fed in through 

openings at the bottom of the cell, so that CO2 can only diffuse into the simulated disbondment 

from the open mouth. The bottom of the disbondment was O-ring sealed from the bulk chamber 

so that the sparging gas could only diffuse into the disbondment from the open mouth. Also ion 

exchange between the bulk chamber and the simulated disbondment could only occur through 

the open mouth. The specimen was always mounted in the center of the disbondment.  

A reference (saturated calomel electrode) and counter electrode (platinum mesh) 

arrangement was used to apply cathodic protection to the sample. Test I was carried out at open 

circuit potential while cathodic protection was applied in tests II and III. Cathodic protection was 

applied at the open mouth just above the topmost crack. An EG&G potentiostat operating in 
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constant voltage mode was used to apply cathodic protection voltage of -1.2V and -0.9V for two 

of the tests reported here, test II and test III respectively. All potentials were measured vs. the 

Standard Calomel Electrode (SCE). In both tests, all cracks were pre-fatigued to give a surface 

half crack length of 3.3mm.   

Prior to each test, each gauge section was ground to grit 600 and separately pre-fatigue 

cracked in air to produce the required pre-test surface crack length. The pre-fatigue cracked 

samples were then exposed to the corrosion media in a sealed test cell and filled with C2 solution 

(0.0035 KCl, 0.0195 NaHCO3, 0.0255 CaCl2.H2O, 0.0274 MgSO4.7H2O, 0.0606CaCO3 g/l). 

Cyclic stresses with a maximum stress of 100% specified minimum yield strength and varying 

stress ratios were applied during the test.  This higher stress simulates the combination of 

operating plus residual stress that is commonly associated with cracking in the field [9]. The 

sides and back surface of each specimen (the one without the surface cracks) were coated with 

epoxy in order to isolate these surfaces from the corrosion media. Crack growth rates were 

monitored by measuring the potential drop across each crack through leads connected to opposite 

sides of each crack. A constant current of 20A was applied by the potential drop system in order 

to measure the potential drop across each crack. Other tests conditions are shown in Table 7-2.  

After each test, the fracture face was examined and post-test crack lengths determined in order to 

validate potential drop measurements with actual crack growth measured on the surface of 

fractured specimens. Detailed examination of fracture faces was carried out using a Hitachi 

scanning electron microscope equipped with energy dispersive x-ray spectrometer for chemical 

compositional analysis.  
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FIGURE 7-1: Test sample designed for this study. All units in mm.  
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Table 7-5: Alloy (X65) composition 

Element Composition (wt %) 

Carbon 0.13 

Manganese 1.55 

Copper 0.05 

Niobium 0.05 

Chromium 0.08 

Molybdenum 0.01 

Vanadium 0.002 

Nickel 0.05 

Aluminum 0.042 

Titanium 0.002 

Nitrogen 0.009 

Iron Balance 
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Figure 7-2: Typical microstructure of the alloy X65 used in this study 
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Figure 7-3: Schematic Drawing of the corrosion test cell used for the study 

 

Table 7-2: Summary of test conditions 

 Test I Test II Test III 

Stress ratio, duration 0.65 / 15days 

0.60/15days 

0.58 / 9.4 days 

0.65, 15days 

 

0.60, 14days 

 

0.65, 15days 

 

0.60, 7days 

 

Stress applied (MPa) 100% SMYS 

Purging gas 5% CO2 5% CO2 5% CO2 

Potential (V) OCP -0.9 -1.2 

Frequency (Hz) 0.005 0.005 0.005 

Specimen 

Inner shielding to 

simulate coating 

disbondment Main chamber for 

holding bulk solution 

simulating surrounding 

soil water 

Sample grip to 

machine 
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7.1.1 Justification of sample geometry and crack size/geometry used 

A cursory look at micrographs of SCC obtained from the field show that these cracks are surface type 

flaws rather than through-thickness flaws. It is well recognized in fracture mechanics that surface 

type flaws could propagate differently from through-thickness type flaws; hence, the choice of a 

surface type flaw for this test. In choosing this type of flaw, care was also taken to ensure that the 

crack size chosen is representative of those in the field and that the mechanical driving forces for 

crack propagation, maximum stress intensity (Kmax) and stress intensity ranges (ΔK) are similar to 

those that could be obtained in the field. For instance for a semicircular flaw that is 3.3 mm deep as 

chosen in this study, at 100% SMYS, a Kmax of 31.97 MPa.m1/2 at the depth tip of the crack and a 

stress intensity range of 12.79 MPa.m1/2 is obtained at a stress ratio of 0.6.  This mechanical condition 

will be similar to those experienced by 32mm long crack with an aspect ratio of 0.1 on a 9.88 mm 

thick 36” outside diameter pipeline. This translates to a surface crack measuring 3.2 mm deep in X65 

plate with a half width of 2873.28 mm being subjected to a maximum stress of 100% SMYS. In this 

case, a Kmax of 31.97 MPa.m1/2 and a stress intensity range of 12.8 MPa.m1/2 is obtained at a stress 

ratio of 0.6. Thus the crack dimensions chosen could be easily obtained in the field, especially on a 

liquid line. Although it might be argued that individual cracks in the field may not be 32 mm long, 

pipeline operators typically rely on industry standards for fitness for service assessments. These 

standards, recommend a minimum prescribed spacing between adjacent flaws below which such 

cracks must not be treated as isolated (or single) flaws. For instance ASME B31G (or BS7910) 

recommends that cracks that are closer than three times the wall thickness be regarded as interacting 

flaws. At the lowest level of assessment, these cracks will usually be taken as just one flaw by adding 

the lengths of all the interacting flaws. However, there are higher levels of analysis that employ a 
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more complex analysis to determine the effective length of cracks. Whichever level of analysis is 

used, it is typical to have effective cracks lengths that are longer than 32 mm. 

7.2 Results 

7.2.1 Mechanical deformation of crack tip in air (Test P1) 

The reasoning behind this experiment design is as follows. Assume a pipeline contains a 

crack field (colony) which had been hydrotested before without failure. Since hydrotesting involves 

stresses up to 110% SMYS, the tips of the existing cracks will likely be deformed. The crack tip 

morphology after pre-fatigue cracking is shown in Figure 7-4. The figure shows that very fine cracks 

were initiated at the notch tip during pre-fatigue cracking. The crack morphology after the one 

minute loading is shown in Figure 7-5. Figure 7-5 clearly shows how intensely deformed the crack 

tip region could be after loading to 100% SMYS. This intense deformation resulted in the crack walls 

moving apart inelastically and causing severe crack tip blunting. No crack propagation was observed 

during this test suggesting hydrostatic testing may not necessarily cause crack propagation. 

This type of blunting is generally regarded as mechanical blunting. It was shown in an earlier 

communication [10] (Chapter 4) that environmental factors can also result in a similar blunting.  It is 

instructive to know that in the field, after a hydrostatic testing is complete, environmental factors can 

exert their independent effect until the next scheduled hydrostatic testing and this effect can also 

influence crack propagation during subsequent hydrostatic testing. 

Based on this verification test, the remaining tests were designed to study the effect of variations in 

the local environment under the disbondment in combination with the effect of localized crack tip 

deformation during hydrostatic testing under cathodic protection conditions. The rest of this study 

will examine the combined influence of localized deformation and environmental factor on the rate 

of crack propagation during hydrostatic testing. 
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Figure 7-4: Pre-crack morphology of verification test 

 

Figure 7-5: Crack tip morphology after 1min hold at 100% SMYS 
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7.2.2 Open circuit potential test results 

7.2.2.1 Corrosion behavior at sample surface at OCP 

Typical sample surface features after testing are shown in Figure 7-6. Post-test examination of the 

corroded sample surfaces revealed a thin layer of corrosion products at the sample surface at all three 

locations in test I. The corrosion products were analyzed and found to be FeCO3, Fe2O3 and FeOOH by 

powder mode x-ray diffraction technique. Severe pitting corresponding to intense localized dissolution, 

coupled with general corrosion was observed at the open mouth. Less severe pitting was observed at 75 

mm from the open mouth while only general corrosion occurred at the bottom of the disbondment – 150 

mm from the open mouth (Figure 7-7).  

 

7.2.2.2 Crack re-initiation following loading at OCP  

 

Chen and Sutherby [11] developed a corrosion-fatigue model that accounts for NNPHSCC as a 

synergistic interaction of fatigue and corrosion. The general form of the model was given as  
  

  
 

       

    where ∆K is the change in stress intensity at the crack tip due to cyclic loading, Kmax is the 

maximum stress intensity at the crack tip, and  is found to be around 0.1, a factor representing the 

influence of the corrosion environment on the crack growth rate. ∆K and Kmax are strongly dependent on 

the geometry of the specimen, while  is dependent on the severity of the corrosion environment. This 

relationship was used to determine the crack re-initiation conditions for all the tests in this study. In test I, 

no crack propagation was observed at a stress ratio of 0.6. Growth reinitiated at a stress ratio of 0.58 

which corresponded to a combined factor of approximately 11100 (MPa
.
√m)

3
/Hz

0.1
 in the depth direction 

and 14400 (MPa
.
√m)

3
/Hz

0.1
 at the sample surface.  
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Figure 7-6: Post-test surface features before cleaning in test I 
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Figure 7-7: Corroded surface at (a) open mouth (b) 75 mm and (c) 150 mm from the open 

mouth (d) Higher magnification image of 150 mm from OM. 
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7.2.2.3 Crack propagation behavior at OCP 

Post-test crack propagation rates were determined and a summary is shown in Figure 7-8. 

In test I, average crack growth rate was highest at the open mouth and lowest at 75mm from the 

open mouth of the disbondment. However, average growth rate at 75 mm and 150 mm from the 

open mouth are quite comparable.  

The initial and final crack sizes are shown in Tables 7-3 and 7-4 while the initial and final 

aspect ratios are shown in Figure 7-9. These figures indicate that while crack propagation 

occurred at all locations during the test, variations in the local environment with distance from 

the open mouth could change the character of growth significantly. In test I, aspect ratios 

generally decreased at all locations during the test. The largest reduction in aspect ratios occurred 

at the open mouth while the smallest reduction in aspect ratio occurred at the far end of the 

disbondment.  

7.2.3 Test results at an applied potential of -0.9V 

7.2.3.1 Surface features observed at -0.9V 

Examination of the sample surface after the test reveals that for the test carried out at a 

cathodic potential of -0.9V, severe pitting corrosion/pitting occurred at the bottom of the 

simulated disbondment, at and around 150 mm from the open mouth (Figure 7-10c&d).   At the 

open mouth of the disbondment, no evidence of corrosion was observed (Figure 7-10a). Pre-test 

scratches were completely preserved during the test and neither pitting nor general corrosion was 

observed. Complete surface protection evidenced by absence of dissolution also occurred at 75 

mm from the open mouth (Figure 7-10b).  
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Figure 7-8: Average growth rates; growth initiated at R=0.58 in test I, but at R=0.6 in tests 

II and III. 
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Table 7-3: Characteristics of crack growth for cracks on the specimen surface 

  Initial crack 

length(mm) 

Final Crack 

length(mm) 

Net crack 

growth(mm) 

Average crack 

growth 

rate(mm/cycle) 

Test I OM 3.54E+00 6.25E+00 2.71E+00 8.97E-04 

MP 3.52E+00 3.97E+00 4.49E-01 1.49E-04 

BP 3.55E+00 4.26E+00 7.10E-01 2.35E-04 

Test II OM 3.31E+00 4.76E+00 1.45E+00 2.40E-04 

MP 3.32E+00 5.66E+00 2.34E+00 3.89E-04 

BP 3.32E+00 3.96E+00 6.43E-01 1.07E-04 

Test III OM 3.55E+00 6.10E+00 2.55E+00 8.45E-04 

MP 3.63E+00 4.44E+00 8.13E-01 2.69E-04 

BP 3.50E+00 3.76E+00 2.61E-01 8.64E-05 
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Table 7-4: Characteristics of crack growth for cracks in the depth direction 

  Initial crack 

length(mm) 

Final Crack 

length(mm) 

Net crack 

growth(mm) 

Average crack 

growth 

rate(mm/cycle) 

Test I OM 3.15E+00 4.74E+00 1.598 5.29E-04 

MP 3.14E+00 3.44E+00 0.307277 1.02E-04 

BP 3.41E+00 4.05E+00 0.64 2.12E-04 

Test II OM 3.03E+00 3.88E+00 0.850275 2.24E-04 

MP 2.97E+00 4.81E+00 1.84233 3.88E-04 

BP 3.04E+00 3.39E+00 0.357143 1.18E-04 

Test III OM 3.00E+00 5.39E+00 2.38612 7.91E-04 

MP 3.07E+00 4.24E+00 1.17504 3.89E-04 

BP 2.85E+00 3.03E+00 0.18 5.96E-05 
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Figure 7-9: (a) Initial aspect ratio (b) Final aspect ratio 
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Figure 7-10: Corroded surface of the test sample  at (a) open mouth (b) 75 mm from open 

mouth (c) 150 mm from open mouth (d)150 mm from open mouth after sample has been 

rotated at 45
o
 relative to secondary detector to confirm the features seen are pits not 

deposits on sample surface. Sample was tested at -0.9V cathodic potential 
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7.2.3.2 Crack re-initiation following loading at -0.9V 

In test II, growth reinitiated at a stress ratio of 0.60 which corresponded to a combined 

factor of between 9100-9165 in the depth direction and 11400-11800 (MPa
.
√m)

3
/Hz

0.1
 at the 

sample surface. 

7.2.3.3 Crack propagation behavior at -0.9V 

Post-test crack length measurements revealed that different extents of crack growth, 

hence different crack propagation rates, occurred during the tests (Figure 7-8). The rate of crack 

propagation varied with distance of the cracks from the open mouth (and point of application of 

cathodic potential). A careful examination of the growth rate data reveals there is a correlation 

between the observed growth rates and local potential at different locations. 

However, when a cathodic potential of -0.9V is applied, a notable deviation from the 

above observation occurs – namely, the highest growth rate is recorded in the middle of the cell. 

Repeat tests also produced the same trends suggesting that the observed rates are real and not 

artefacts of the procedure. This behaviour is counter intuitive as most researchers believe that 

since hydrogen concentration is highest at the open mouth and the open mouth is subjected to a 

higher cathodic potential, crack propagation should be most rapid at the open mouth.  

7.2.4 Test results at an applied cathodic potential of -1.2V 

7.2.4.1 Surface features observed at -1.2V 

Visual examination of the sample tested at cathodic potential of -1.2V revealed that a 

white powdery substance, calcium carbonate, was deposited at the open mouth early in the test. 

This powder eventually turned into a dark substance during the test. The dark substance quickly 

oxidized into the well-known dark brown color of Fe3O4 on removal of the sample from the cell 

after the test. Examination of the corroded surface of this sample revealed that whereas the 

sample surface is fairly protected at the open mouth of the disbondment, localized pitting 
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occurred during the test (Figure 7-11a). Localized pitting also occurred near 75 mm from the 

open mouth as shown in Figure 7-11b. However, only general corrosion occurred at the bottom 

of the cell (150 mm from the open mouth) as shown in Figure 7-11c. Upon careful examination 

of the ruptured sample (Figure 7-12), microcracks oriented at 45
o
 to the direction of applied 

stress were found at the open mouth in an array around the final crack tip position just before 

rupture (Figure 7-13). The microcracks are shown at a higher magnification in Figure 7-13(b). 

These cracks were arrayed along a 45
o 

angle away from the crack tip itself. This feature was not 

observed at 75 mm or 150 mm from the open mouth. Rather only a dense colony of pits was 

found clustered together stretching away from the crack tip at a 45
o
 angle at 75 mm from the 

open mouth (Figure 7-14).  

7.2.4.2 Crack re-initiation following loading at -1.2V 

In test III, growth reinitiated at a stress ratio of 0.60 which corresponded to a combined 

factor of between 10100 – 10800 (MPa
.
√m)

3
/Hz

0.1
 in the depth direction and 10800-12400 

(MPa
.
√m)

3
/Hz

0.1
 at the sample surface. 

7.2.4.3 Crack propagation behavior at -1.2V 

At a cathodic potential of -1.2V, there was a sharp distinction between the growth rates 

recorded at all three locations (Figure 7-8). The highest growth rate occurs at the open mouth 

where the CP is -1.2V, while the lowest growth rate was recorded at the bottom of the cell. This 

correlated very strongly with the actual potentials measured at these three locations. The 

measured potentials at the open mouth, middle and bottom of the cell (0mm, 75 mm and 150 mm 

from the open mouth respectively) were -1.2V, -0.912V and -0.838V respectively (Figure 7-15). 
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Figure 7-11: Corroded surface of the test sample at (a) open mouth (b) 75 mm from open 

mouth (c) 150 mm from open mouth. Sample was tested at -1.2V cathodic potential.  
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 Figure 7-12: Half section of ruptured sample. Sample ruptured during test and was 

manually held together for photo. Micro-crack colony was found oriented along a 45
o
 line 

from shear lip.  
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Figure 7-13: a) Array of tiny secondary cracks at crack tip next to shear lip, b) higher 

magnification image of crack array.  
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Figure 7-14: Cluster of pits at crack tip (75 mm from open mouth). Highlighted area shows 

dense pit clusters around the final crack tip  
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Figure 7-15: Variation of potential with distance from the open mouth of a disbondment  
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7.3 Discussion 

7.3.1 Crack growth mechanism at applied cathodic potential of -1.2V 

It has been suggested that microcracks like those found at the open mouth (Figure 7-13) 

are usually associated with hydrogen induced cracking [12]. The presence of this feature 

therefore suggests that hydrogen is involved in propagation of cracks in this study. As mentioned 

above, there is a potential gradient from the open mouth (point of potential application) to the 

bottom of the disbondment due to ohmic resistance. The open mouth should experience the 

highest cathodic potential while ohmic resistance should cause a drop in potential to near open 

circuit potential towards the bottom of the disbondment. Under the influence of a sufficiently 

high cathodic potential, hydrogen ions being positively charged will preferentially migrate to the 

more cathodic portions of the specimen [13]. Hence, a hydrogen ion concentration gradient will 

develop within the disbondment.  This potential induced distribution of hydrogen ions inside the 

disbondment may cause a higher than expected concentration of hydrogen ions at the open 

mouth. It is also likely that additional hydrogen was produced at the open mouth by the 

dissociation/reduction of water due to the fairly high cathodic potential applied, further 

increasing the concentration of hydrogen ion in this region. Under such conditions, a higher 

amount of hydrogen may diffuse into the metal lattice at the open mouth compared to the other 

locations resulting in a significantly higher crack propagation rate at this location. The least 

amount of hydrogen will be available at the bottom of the cell where the least growth rate was 

also determined. The fact that hydrogen induced microcracks could not be found at 75 mm or 

150 mm from the open mouth lends credence to the fact that a hydrogen concentration gradient 

developed inside the disbondment. The resulting hydrogen concentration gradient at a cathodic 

potential of -1.2V is schematically illustrated in Figure 7-16. 
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Figure 7-16: Schematic depiction of hydrogen distribution within disbondment at an 

applied potential of -1.2V 
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Some may argue that the presence of microcracks at the open mouth of the disbondment where    

-1.2V CP was applied indicates that the dominant mechanism is hydrogen induced cracking. However, 

the following points need to be carefully considered: 

1. The microcracks were only formed in the region where final rupture occurred and highest 

plastic deformationexisted (considering the high stress concentration ahead of the crack tip, 

due to a very small remaining ligament, just before rupture). The absence of such micro-

cracks earlier in the test suggests that the combined environmental and mechanical factors at 

the start of test and until very close to the final rupture could not cause the initiation of such 

microcracks. This suggests that even in the presence of a high hydrogen concentration such as 

existed at the open mouth at an applied potential of -1.2V, severe plastic deformation was still 

necessary for the formation of these microcracks. 

2. Microcracks were not found at the crack tip at 75 mm nor 150 mm from the open mouth. In 

both of these cases, lesser crack propagation had occurred by the time the crack at the open 

mouth ruptured, therefore less plastic deformation at the crack tip would have occurred 

compared to the final stages of cracking at the open mouth. This speaks to the fact that at 

these locations, hydrogen concentration was not sufficiently high to cause cracking all by 

itself and a certain combination of hydrogen effect and plastic strain may be necessary to 

induce such micro-cracking. 

It is therefore our firm belief that most of the crack propagation observed in this case is NNPHSCC, a 

hydrogen enhanced crack propagation, rather than a hydrogen embrittlement/hydrogen damage 

mechanism.  

To determine whether the formation of these microcracks was just a one-time incidence, the 

remaining samples on which tests were conducted at -1.2V were carefully examined (these tests are not 

reported here). In all cases microcracks were found on the shear ligament, similar to what was observed in 

test III. However, these arrays of microcracks were not found in any tests conducted at -0.9V or at OCP. 
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It must however be pointed out that the two tests conducted at -0.9V did not experience sufficient crack 

growth to result in final fracture before the tests were stopped due to power failure (as these two tests 

were performed at a time when the building was undergoing vast re-modeling).  

It is often argued that SCC cracks are not likely to be initiated at the open mouth where there is 

adequate cathodic protection. While this could be true, on careful consideration of the results presented in 

this study as well as careful consideration of industry reported SCC events it is not difficult to find 

situations where these results may be relevant. The NEB enquiry [14] reported that “In almost all pipeline 

failures associated with SCC, local stress intensifiers such as corrosion, gouges or stress concentrations 

at the toe of the weld seam have been present.” Similar observations have been made in other studies.  

Situations where gouges or combinations of dents and gouges occur are cases where local stresses 

could be significantly high, and localized plastic deformation could be severe, similar to the situation at 

the later stages of crack propagation in test III. It is instructive that the absence of microcracks at -0.9V 

suggests that even with severe plastic deformation, higher hydrogen concentration at such regions with 

high stress concentration, such as at high cathodic potentials, could be necessary for the initiation of SCC 

cracks at or near the open mouth of a disbondment.  The formation of a cluster of pits near the crack tip at 

-0.9V cathodic potential rather than the formation of microcracks could also be a very important piece of 

information. It is often noted that SCC regions are bordered by pit clusters.  

The results presented in this study could therefore suggest that SCC cracks are only initiated in 

the most severely deformed region in the presence of a high enough hydrogen concentration, whereas 

localized pitting would occur in areas with borderline combination of local stresses and/or hydrogen 

concentration, but where the combination of both environmental enhancement due to hydrogen and 

mechanical loading is not high enough to cause crack initiation. Although it might be argued that SCC 

develops only in cases where such severe plastic deformation exists, perhaps what is most important is 

not the severe plastic deformation but the exhaustion of available ductility. For instance, eutectic clusters 

or hard (brittle) second phase clusters or hard spots developed from arc strikes etc. are regions where 
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ductility could be quickly exhausted locally, without any significant gross plastic deformation. These are 

all regions where SCC is known to preferentially be formed.  

For instance it is well known that rolled alloys with a banded structure are often more susceptible 

to NNPHSCC than those that are not banded. Perhaps the main reason such structures are more 

susceptible is not only because of preferential corrosion or strain incompatibility at the ferrite/pearlite 

interface but because of the exhaustion of ductility in the more brittle pearlite band and subsequent 

deflection of deformation to the weakest regions within the alloy structure – the ferrite-pearlite interfaces, 

leading to the formation of micro-cracks and subsequently SCC in such regions. The carbide precipitates 

being harder than the ferrite matrix are able to resist plastic deformation and shearing by dislocations, so 

that a much higher stress is required to fill the carbide phase with dislocations. This should lead to the 

deposition of edge dislocations at the carbide ferrite interfaces as well as the pearlite ferrite interfaces.  

Since the presence of interfacial dislocations provide a much more efficient diffusion path for hydrogen, 

the presence of dislocations provide a faster diffusion route which leads to a segregation of atomic 

hydrogen to the ferrite-pearlite interface. The presence of hydrogen at such regions could then cause a 

reduction in ductility, aiding quicker exhaustion of ductility at such regions and aiding the formation of 

microcracks.  

The fact that these micro cracks only developed in the final ligament, close to the end of cyclic 

loading, where very few load cycles are experienced prior to failure, suggests that only very few load 

cycles are required to cause SCC initiation at locations where very high stresses and high plastic 

deformation exist. Theoretically, SCC could initiate under static or near static loading, although this has 

generally not been observed in the laboratory. The current results seem to confirm that if SCC initiation 

only occurs in regions with severe plastic deformation due to secondary stresses – due to residual, soil 

sliding, mechanical damage etc. – then very few stress cycles or near static loading may very well cause 

SCC cracking.  
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Soil resistivity is known to vary with moisture content, salinity and temperature. Generally, an 

increase in moisture and salt content as sometimes happens in summer can significantly lower soil 

resistivity allowing more cathodic potential to reach the open mouth of the disbondment. Also more rapid 

transient variations in soil water composition and moisture content as could occur in the high rain season 

could induce significant variation in soil resistivity. This could allow cathodic potentials to temporarily or 

extensively rise to higher values than anticipated and could cause significant cyclic increases in crack 

propagation rates. However, it can be argued that there are not likely to be any cracks at the open mouth 

of the disbondment if the cathodic protection system is working properly. The truth is that seasonal 

variations in soil water levels can move the position of the open mouth around significantly such that 

there may indeed be a crack present at the open mouth even if the cathodic protection is working 

properly. If a high cathodic potential reaches the open mouth in such an instance, crack propagation rates 

may significantly increase at the open mouth with an attendant general increase in propagation rates at 

other locations in the interior of the disbondment. This could be a very important mechanism when 

considering crack re-initiation from dormancy. Even if cracks do not initiate at the open mouth, but 

further inside the coating disbondment, seasonal variations in soil water level or further coating 

degeneration may cause locations with existing dormant cracks to experience high potentials which could 

then lead to the reactivation of such cracks under normally benign conditions.  

 

7.3.2 Crack growth mechanism at applied cathodic potential of -0.9V 

Usually the distribution of hydrogen within the disbondment is explained in terms of the 

distribution/amount of hydrogen available in the local environment surrounding the crack tip; the 

assumption being that the more the hydrogen ions present at a given location within the aqueous solution, 

the more the hydrogen atoms being generated from reduction on the steel surface at the location and 

therefore the more lattice concentration of hydrogen at the crack tip at the location. Based on this 

argument alone, one will expect more hydrogen to be present at the open mouth of the crevice. If this 
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were the case, a high growth rate should have resulted at the open mouth when a potential of -0.9V is 

applied. However, the experimental results suggest otherwise. Another possible factor that could play a 

significant role in hydrogen ingress into pipeline steel – the local availability of electrons for the hydrogen 

reduction reaction – is often ignored. Figure 7-15 shows that at an applied potential of -0.9V, the potential 

quickly drops to near OCP values such that the potential at both 75 mm and 150 mm from the open mouth 

are quite similar.  This is similar to results already reported in a few previous studies [8, 15, 16].  

Under this condition, more and more metal dissolution could occur towards the bottom of the 

disbondment, giving up electrons. These electrons may not necessarily be (fully) consumed by the 

hydrogen reduction reaction at the same site where they were produced, depending on the amount of 

hydrogen ions present at that site. Since an unbound electron is unstable the availability of unreduced 

hydrogen ions at other sites may provide a driving force for the migration of unbound electrons that are 

unused at the site of production to other locations and a corresponding migration of hydrogen ions from 

other sites in search of free electrons. Under this scenario, the balance of these three processes – water 

reduction, carbonic acid dissociation, and availability of electrons – will determine the location with the 

highest concentration of hydrogen ions. At CP=-1.2 V, CP may be high enough to attract  larger 

quantities of hydrogen to the open mouth while suppressing general corrosion at the open mouth and 

further down the cell. Chen et al. [8] concluded that the general increase in pH in a simulated crevice 

when no CO2 is being purged in simulated soil solution at an applied potential of -1.2V is a result of water  

dissociation rather than the accumulation of hydroxyl ions in the crevice as postulated previously. Song et 

al. [17] also arrived at a similar conclusion in a study of chemical evolution under a disbonded coating 

with cathodic protection. Although water reduction to hydrogen may also be possible at an applied 

potential of -0.9 V, the kinetics of the process may not support the production of any significant amount 

of hydrogen. Also, at -0.9 V, the potential may not exert such a strong attraction on hydrogen ions, while 

still offering enough protection at the open mouth. However, increased dissolution toward the cell bottom, 

resulting from insufficient cathodic protection, may furnish electrons necessary for hydrogen reduction 
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and the balance of all forces may drive a higher flux of hydrogen ions to the neighborhood of 75 

mm from the open mouth. This may explain the observed high growth rate at -75 mm from the 

open mouth at an applied potential of -0.9mV.  

Evidence of this is seen when one compares the extent of corrosion/pitting that occurred 

during the test at these three locations within the disbondment (Figure 7-10). Figure 7-10b shows 

that there is almost perfect protection of the sample surface around 75 mm from the open mouth 

whereas there was significant pitting at 150 mm from the open mouth. This indicates that 

whereas there was no need for iron dissolution at 75 mm from the open mouth to support 

hydrogen reduction at this site, anodic dissolution resulting in localized pitting occurred at the far 

end of the cell. This suggests that electrons produced from the open mouth and the far end of the 

disbondment simply fed the process occurring at 75 mm from the open mouth. A depiction of the 

distribution of hydrogen within the disbondment at an applied potential of -0.9V is shown in 

Figure 7-17.  

The condition simulated in this section could be more representative of conditions at the 

open mouth of a coating disbondment on a pipeline surface under high soil resistivity conditions 

such as may obtain in winter for instance. Under such conditions, the cathodic potential at the 

open mouth of the disbondment can significantly weaken, driving potentials nearer to open 

circuit potentials. The implication of the above is that more adequate cathodic protection derived 

from a more balanced equilibrium between the amount of hydrogen resident at the open mouth 

and cathodic potential can result in a significant decrease in the rate of propagation of any cracks 

at the open mouth (if one is present). However, crack propagation can be almost double at 

locations that are a little remote from the open mouth. 
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Figure 7-17: Schematic depiction of hydrogen ion distribution inside a disbondment at an 

applied potential of -0.9V  
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7.3.3 Crack growth behaviour 

7.3.3.1 Crack re-initiation 

In earlier communications (Chapters 4 and 5), the role of dissolution in crack re-initiation and 

subsequent crack propagation was discussed. It was observed that at low maximum operating stresses, 

such as up to 75% SMYS, which is typical of oil and gas pipelines, crack tip/crack wall dissolution could 

play a very important role in crack propagation. This could significantly delay crack re-initiation/crack 

propagation. However, this effect was found to be minimal at higher operating stresses (Chapter 5). The 

application of cathodic potentials at the open mouth in the current tests should help eliminate the 

dissolution effect, at least at the open mouth and/or up to 75 mm from the open mouth. Thus growth 

under these conditions should simulate mechanical propagation and/or hydrogen effects in their purest 

form without interference from dissolution. 

Since mechanical loadings are similar in tests I, II and III, the inability to re-initiate cracks at 

R=0.6 at OCP in test I, whereas re-initiation occurred at R=0.6 in tests II and III, speaks to the role of 

crack tip dissolution. Recall that crack re-initiation not only occurred at the open mouth in tests II and III 

but also at the far end of the disbondment where local potentials are very close to OCP values. Also note 

that up till R=0.6 loading, the same extent of creep could be assumed to have occurred in all three tests. 

Hence, the only factor that could possibly explain delayed re-initiation at OCP are 1) crack tip dissolution 

and/or 2) hydrogen assisted crack re-initiation under the applied cathodic potentials. One would expect 

hydrogen assisted crack re-initiation to be far less significant at the far end of the disbondment in test II, 

where near OCP conditions were attained at -150 mm from the open mouth (figure 7-16), yet crack re-

initiation occurred even at this location. The application of a cathodic potential modifies the chemistry of 

the solution such that less hydrogen is resident at the far end of the disbondment under an applied 

potential, reducing the amount of hydrogen ions available for reduction to hydrogen gas at this location. 

This reduces the amount of iron that has to be dissolved to furnish electrons required for hydrogen 

reduction. Hence, more dissolution could occur at the far end of the disbondment under OCP conditions 



410 

 

than under an applied cathodic potential, resulting in a blunter crack tip at OCP than at an applied 

cathodic potential.  

7.3.3.2 Crack propagation  

7.3.3.2.1 Crack propagation – Average growth rates 

Comparing the average growth rates at the open mouth in both tests II and III reveals that average 

growth rate at the open mouth is about three times faster at -1.2V that at -0.9V. Since initial mechanical 

conditions are similar, this disparity in growth rates suggests more environmental enhancement in test III 

than in test II. In an earlier publication [13], the current authors explained that a moderately high cathodic 

potential could result in significantly higher hydrogen concentration at the open mouth because (1) 

hydrogen ions being positively charged could prefer to reside at locations with more cathodic potentials 

than lower potentials 2) such high cathodic potentials could cause water dissociation generating more 

hydrogen at the open mouth. The combination of these two factors favours more hydrogen ion 

concentration at the open mouth in test III than in test II. Thus more hydrogen ions will diffuse into the 

metal lattice under the influence of a higher concentration gradient between the exposed surface and the 

completely masked opposite surface. Consequently, more hydrogen will be present ahead of the crack tip 

to enhance crack propagation in test III than in test II.  

In previous communications we explained how variations in the local chemistry could cause a 

change in the environmental factor 1/f
γ 

in the corrosion fatigue model (ΔK
2
Kmax/ f

γ
). At the 

commencement of each test, prior to the application of a cathodic potential, the combined factor at the 

open mouth in the two tests would have been similar. However, when the cathodic potential is applied, 

cathodic potential induced changes in the solution chemistry, particularly hydrogen concentration, soon 

causes a marked change in the environmental factor in the two tests. Since da/dN is proportional to 

ΔK2Kmax/ f
γ, a growth rate difference by a factor of three suggests that 

 

    
 

 

     
. This implies that 

γII = 0.2074 + γIII. Since, γ=0.1 at the open mouth at OCP, the above implies that applying a CP of     

-1.2V could increase hydrogen concentration at the open mouth to the point that γ is at least three 
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times that at the open mouth under open circuit potential. Since γ at an applied potential of -0.9V will 

be closer to that at OCP, it is perhaps safe to assume that γ at -1.2V is at least twice that at an applied 

potential of -0.9V at the open mouth.  

As explained in the earlier publication, γ values will decrease with distance from the open 

mouth towards the far end of the disbondment. Thus γ at 75 mm from the open mouth should be 

higher in test III than in test II. Under this condition one would expect a higher growth rate at 75 mm 

from the OM in test III than in test II. However, the contrary was observed in test III. Reasons for 

this are provide in the next section. 

Comparison of growth rate at the open mouth under OCP conditions with those at -1.2V and 

-0.9V also reveals an important piece of information. Recall that no growth re-initiation was 

observed at R=0.6 at OCP conditions unlike at -0.9 and -1.2V. However, once growth was initiated at 

a slightly more severe mechanical loading condition, the growth rate observed at the open mouth was 

very similar to that at the open mouth at an applied potential of -1.2V. Comparing the growth rate at 

the open mouth at OCP to that at -0.9V reveals that growth rate at OCP under slightly more severe 

mechanical loading is more than three times that at -0.9V. This shows clearly that although higher 

hydrogen concentration induced by an applied cathodic potential is higher at -0.9V, the combined 

environmental-mechanical driving force for crack propagation is lower at -0.9V than at OCP but 

more severe mechanical loading. This suggests that although an applied cathodic potential could aid 

crack re-initiation at less severe mechanical loading, causing crack re-initiation and sustained growth 

at conditions where mechanical forces  are insufficient to cause re-initiation, crack propagation is a 

lot more sensitive to changes in mechanical factors than changes in environmental factors. Small 

changes in mechanical factors could have very remarkable effect on crack propagation.  

This observation could explain why many of the cracks observed in the field are dormant. It 

is well known that SCC cracks are usually formed as very fine cracks by a combination of loading 
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and environmental conditions. Most of them remain as such while only very few grow into longer 

cracks. It has also been well documented that residual stresses play a very important role in SCC 

formation and growth. It could very well be that rare spikes in operational stresses combined with 

secondary stresses cause an initial growth of suitably located cracks to a critical size. Once loading is 

restored to normal benign operating conditions, the growth of these cracks stop being mechanically 

driven. However, if the right environmental factors are locally set up, possibly by the applied 

cathodic protection or any other factors that may lower potentials locally, such cracks may 

experience growth re-activation by environmental factors. In such cases, only cracks that were 

propagated by mechanical factors to the critical size during transient loading would be reactivated 

and continue to grow. Others will remain dormant. 

7.3.3.2.2 Crack propagation – Corrosion fatigue behaviour 

Combined corrosion fatigue analysis of the crack growth data in test III revealed a trend not 

observed hitherto in our studies. At both the open mouth and 75 mm from the open mouth, growth curves 

in the depth direction are shifted to the left relative to growth curves at the sample surface (Figure 7-18). 

This suggests that growth thresholds may be different along the curved crack front. Also in these tests, 

growth rates are higher in the depth direction than at the sample surface (Figure 7-18). This behaviour 

was not observed in any of the previously reported tests conducted at open circuit potential. Also it is 

quite surprising that although total growth at 75 mm from the open mouth is significantly smaller than at 

the open mouth, growth rate in the depth direction at 75 mm from the open mouth was significantly 

higher than surface growth rate at the OM and slightly higher than the depth growth rate at the open 

mouth. 
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Figure 7-18:  Growth curves in test III
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This behaviour is consistent with the change in aspect ratios during the test (Figure 7-19). In test 

III, aspect ratios increased at both the open mouth and 75 mm from the open mouth during the test, 

contrary to observations in the previously reported studies. Also aspect ratios increased significantly 

more at 75 mm from the open mouth than at the open mouth. This is consistent with growth rates 

presented above. Unfortunately, no growth curves were recorded at -0.9V the two times the test was 

conducted because of damaged potential sensing connections. So it is not clear if this same behaviour 

occurred at -0.9V. However, aspect ratio data clearly shows that aspect ratio decreased during the test 

rather than increased as in the -1.2V test. The question then is, what is responsible for this behaviour? 

As earlier noted, in test III, initial deposition of an appreciable quantity of a white product which 

turned black after a few days was observed at the open mouth. However, only white products were 

observed to have formed at 75 mm from the open mouth through the test. Deposition of these products 

was not observed in the other tests. It is therefore possible that the deposition of these products was 

responsible for the preferential crack growth in the depth direction in test III. It is well reported that both 

carbonates and black magnetite films were present at NNPHSCC sites in field studies [14, 18, 19]. Also, 

laboratory simulations have revealed similar occurrence. He [20] observed that uniform corrosion 

occurred while carrying out hydrogen charging in NS4 solution at OCP. However, at -0.9V, the original 

sample surface was preserved because of adequate protection. Below -0.9V, white particles were 

deposited on the specimen surface. The size and population of these particles increased with decreasing 

potential. Particle size and surface coverage peaked at -1.2V and decreased with decreasing potentials 

after -1.2V. After just 67 hours of charging the deposit layer was so thick it started spalling off in the 

NS4 environment. This was consistent with our observation in this study.  He [20] confirmed by EDX 

analysis that the white particles were Ca(HCO3)2 and CaCO3. He’s study occurred for a much shorter 

period of time than the current study, so it is possible that his test duration was too short to observe the 

precipitation of the black products, presumably magnetite. 
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Figure 7-19: Ratio of initial aspect ratio to final aspect ratio
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The deposition of these products on the sample surface at lower potentials was found to significantly 

reduce the hydrogen permeation rate [20]. This could have a significant effect on the growth of cracks in 

such environments. At the open mouth in test III, the crack tip area at the surface is well covered with these 

deposits. Although there would also have been deposition inside the slot itself, the slot gap is much wider 

than the surface crack tip crevice. So, deposit coverage of the crack front in the depth direction could be more 

limited compared to the crack tip at the sample surface. Thus, the local solution is able to permeate the crack 

crevice more in the depth direction than at the sample surface. Under this condition, more sample surface is 

exposed to hydrogen in the depth direction than at the sample surface. Thus the sample could experience 

more hydrogen enhanced crack propagation in the depth direction than at the sample surface.  This could 

result in the observed higher growth rates in the depth direction as well as an increase in aspect ratios in the 

depth direction.  

It is also interesting to note that growth curves at the open mouth in both tests I and II were very 

similar despite the fact that growth only initiated under more severe mechanical loading in test I (Figure 7-

20).  In previous studies (Chapter 5) at open circuit potentials, growth under different loading conditions such 

as R-ratios and loading frequencies resulted in distinctly different growth curves. The similarity of growth 

behaviour in the current study suggests that although mechanical forces were more severe in test I, higher 

environmental driving force in test III, with γ probably three times higher at the open mouth in test III, was 

able to compensate for the lower mechanical factors. The same trend was observed at 75 mm from the open 

mouth. This result points to the importance of environmental enhancement in the growth of SCC cracks. 

Actual pipelines often experience very mild mechanical loading for extensive periods. Crack propagation 

under such very mild mechanical loadings, very high R-ratios, would have been impossible without 

environmental enhancement. This study points to the fact that although cathodic protection is great at 

precluding general corrosion, moderate to high cathodic potentials could set up electrochemical conditions 

that could be favourable to the re-initiation and subsequent continuous propagation of cracks that would 

otherwise have remained dormant.  
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Figure 7-20: Growth curves in tests at OCP and -1.2V 
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7.4 Conclusion 
This study shows that variations in the local environment under a disbonded coating can induce 

sufficient disparity in the amount of hydrogen available at different locations relative to the open mouth to 

significantly influence observed crack propagation rates in a near-neutral pH environment.  

1. High stresses involved in hydrostatic testing causes a mechanical deformation of the crack tip 

making it harder to initiate cracks at moderate loading conditions.  

2. Crack tip dissolution at open circuit potential could delay crack re-initiation compared to cases 

where a cathodic potential was applied. 

3. The application of cathodic protection following a hydrostatic testing could suppress dissolution 

controlled growth thereby eliminating dissolution induced retardation of crack propagation. 

4. The application of moderate to high cathodic protection could increase the environmental driving 

force for crack propagation by up to a factor of three. This could aid crack re-initiation at more 

benign loading conditions where crack re-initiation would otherwise not have occurred. 

5. Such increased environmental driving force for crack propagation could also help to sustain 

continued crack propagation at loading conditions where crack propagation would otherwise not 

have occurred. 

6. Whereas crack growth was faster at and near open circuit potentials, high cathodic enhanced 

growth in the depth direction relative to that at the sample surface resulted in higher aspect ratios. 

7. Contrary to expectations that the highest crack growth rate would always occur at the location 

with the highest applied cathodic potential, due to higher hydrogen segregation, the highest 

growth rate was found at 75 mm from the open mouth with a cathodic potential of -0.9 V 

although it was highest at the OM for -1.2 V applied CP. This was related to the balance between 

the availability of electrons and hydrogen ion migration within the solution. This observation is 

consistent with the often observed close proximity between stress corrosion crack colonies and pit 
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colonies in field excavations of SCC sites. This would suggest that the electrons used in the 

reduction of hydrogen in crack colonies might have been furnished at nearby pitting sites; hence 

both features are necessary for sustaining the growth of the other. This conclusion is only a 

hypothesis at this stage; further studies are being carried out to explore this hypothesis and will be 

reported in a future study. 

From the pipeline operator’s perspective, the implications of the results presented in this study are: 

1. Soil types or seasonal variations in soil conditions that result in lower soil resistivity may set up a 

localized chain of electrochemical events that may lead to a rapid propagation of cracks that 

would otherwise have remained dormant or almost-dormant. 

2. If a crack exists at the open mouth of a coating disbondment after hydrostatic testing and cathodic 

protection is applied, although one expects higher crack propagation rate at the open mouth 

because of high CO2 concentration and higher hydrogen concentration at the open mouth, soil 

types or seasonal variations in soil conditions that result in very high soil resistivity may increase 

crack propagation rates to higher levels further inside a coating disbondment. 

3. At high cathodic potentials such -1.2VSCE crack propagation is most rapid at the open mouth 

where hydrogen concentration is highest. However at more moderate potentials such as -0.9VSCE, 

the location where highest growth rate was observed shifted to 75 mm from the open mouth.  

4. Although these effects may be seasonal (cyclic) the cumulative effect determines the rate of 

propagation of existing cracks in a near-neutral pH environment. 
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CHAPTER 8 

CONCLUSIONS 
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 8.1 Summary and Conclusions 
 

1. A large disbondment on a pipeline may set up a CO2 concentration gradient that induces 

electrochemical processes that significantly affect crack growth behavior. This variation in 

CO2 concentration induces a hydrogen concentration gradient from the open mouth to the far 

end of the disbondment 

2. Such hydrogen concentration gradient in the solution in contact with the sample surface 

induces an atomic hydrogen concentration gradient within the metal lattice from the open 

mouth to the far end of the disbondment. The highest atomic hydrogen concentration at open 

circuit potential occurs at the open mouth of the disbondment while the least concentration 

occurs at the far end of the disbondment 

3. It is this atomic hydrogen concentration gradient that can significantly influence crack 

growth behavior under the disbondment.  However, the effect produced by the hydrogen 

induced gradient may vary with the amount of CO2 present within the groundwater trapped 

under the disbondment 

4. With 5% CO2 in the bulk solution surrounding the disbonded site, highest growth rate was 

obtained at the open mouth while growth rates were lower but similar at 75 mm and 150 mm 

from the open mouth. However, with high CO2 concentration, 20% CO2, crack growth rates 

were very similar at all locations under the disbondment 

5. Analysis of crack growth rates suggests that at open circuit potentials and moderate CO2 

concentrations, environmental factors could be three times more severe at the open mouth 

than at locations further down the disbondment. However, at very high CO2 concentrations, 

the environment is so severe at all locations that no variations in environmental severity 

factor with distance from the open mouth of the disbondment could be deduced from the 

growth rate 

6. Careful analysis of the growth rate pattern and crack morphologies vis a-vis testing 

environment revealed that depending on environmental factors (mainly the amount of CO2, 

hence the amount of hydrogen) present within the system, several different factors may 
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significantly affect growth behavior. These factors include: dissolution, low temperature 

creep, hydrogen-enhanced crack propagation and hydrogen enhanced plasticity 

7. Under benign loading conditions, determined to be at combined environmental-fatigue 

factors lower than the threshold required for crack propagation, a sharp crack tip may be 

blunted by either or both of two factors; 

a. Environmental crack tip blunting. The extent of blunting depends on the amount of 

CO2 present within the system. High CO2 concentration produces severe blunting 

while blunting is more moderate at lower CO2 levels  

b. Mechanical blunting through low temperature creep. It was also determined that local 

hydrogen concentration can significantly influence the amount of low temperature 

creep that occurs through the hydrogen enhanced localized plasticity mechanism. 

Areas with higher local hydrogen concentration such as the open mouth of the 

disbondment experience more HELP assisted creep blunting 

8. Mechanical crack tip blunting may also occur by severe mechanical loading such as those 

imposed on a pipeline during hydrostatic testing or by pressure spikes during regular pipe 

operation. Such severe blunting may prevent the mechanical re-initiation of crack 

propagation at benign loading conditions. Crack re-initiation may require very severe loading 

conditions, such as high Kmax and moderate ∆K or low Kmax and high ∆K, or a high number 

of stress cycles 

9. Careful analysis of test results revealed that crack re-initiation conditions at a blunted tip may 

be independent of whether blunting was environmentally or mechanically induced. The 

conditions at which re-initiation occurred were independent of the CO2 concentration in the 

groundwater and was also independent of the loading frequency 

10. Depending on the operating mechanical loading and/or environmental conditions, crack re-

initiation from a dormant state may occur by either 

a. A dissolution controlled mechanism if mechanical loading is benign and an 

aggressive environment is present 
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b. Purely mechanically driven crack growth if ΔK or R-ratio are severe enough 

c. By a synergistic effect of environmental and mechanical factors, particularly by 

hydrogen enhanced crack propagation and mechanical (cyclic) loading. Such synergy 

results in crack re-initiation at mechanical loading conditions that would have 

otherwise been below the threshold required for crack propagation 

11. Generally, on crack re-initiation, a discontinuous type of crack propagation occurs, moving 

in discontinuous steps that correlate well with the average grain size. Each step in crack 

propagation required between 500-1000 stress cycles at a stress ratio of 0.22 

12. Generally the dissolution mechanism contributes significantly to crack tip blunting but has a 

negligible effect on actual crack propagation. In high CO2 environments, unless severe 

mechanical loading is applied, crack propagation may occur by a predominantly dissolution 

controlled mechanism. However, even with high CO2 concentrations, the associated growth 

rates are very low  

13. In the normal pipeline operating stress range (up to 75% SMYS), although increasing CO2 

concentration in the simulated groundwater generates a more aggressive (acidic) solution 

with more hydrogen ions, it may not necessarily result in a higher crack propagation rate as 

the increased hydrogen ion concentration may cause increased crack tip blunting by a 

dissolution mechanism as well as increased hydrogen enhanced localized plasticity which 

intensifies crack tip blunting. However, the opposite trend was observed at higher stresses. 

This deviation is probably due to the fact that higher stresses cause fresh metal surface to be 

exposed to the solution so rapidly that the dissolution rate significantly lagged the rate of 

crack propagation  

14. The application of moderate to high cathodic protection could increase the environmental 

driving force for crack propagation by up to a factor of three. This could aid crack re-

initiation at more benign loading conditions where crack re-initiation would otherwise not 

have occurred. Such increased environmental driving force for crack propagation could also 

help to sustain continued crack propagation at loading conditions where crack propagation 

would otherwise not have occurred 
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15. Contrary to expectations that the highest crack growth rate would always occur at the 

location with the highest applied cathodic potential, due to higher hydrogen segregation, the 

highest growth rate was found at 75 mm from the open mouth with a cathodic potential of     

-0.9 V although it was highest at the OM for -1.2 V applied CP. This was related to the 

balance between the availability of electrons and hydrogen ion migration within the solution. 

This observation is consistent with the often observed close proximity between stress 

corrosion crack colonies and pit colonies in field excavations of SCC sites. This would 

suggest that the electrons used in the reduction of hydrogen in crack colonies might have 

been furnished at nearby pitting sites, hence both features are necessary for sustaining the 

growth of the other. This conclusion is only a hypothesis at this stage; further studies are 

being carried out to explore this hypothesis and will be reported in a future study 

16. Generally, surface (semi-elliptical) flaws grew at a slower rate than through-thickness flaws 

in a near-neutral pH SCC environment. For a CT specimen normally used to simulate 

through-thickness cracks, the hydrogen concentration in the solution in contact with the crack 

front is fairly uniform. Hence, atomic hydrogen concentration at the sample surface along the 

crack path is fairly uniform. However, for surface flaws, there is a concentration gradient 

between the concentration of hydrogen at the sample surface and the tip of the crack in the 

depth direction. Therefore growth enhancement is not uniform along the crack path. This and 

other effects such as the tunneling effect could lead to a slower rate of crack propagation for 

surface type flaws  
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8.2 Recommendations for future work 
 

1. The results reported in this thesis provide new information on the role of hydrogen in 

stress corrosion cracking. However, no study was carried out to quantify the influence of 

testing conditions and distance from the open mouth on the amount of hydrogen present 

within the metal lattice. The quantification of hydrogen concentration within the metal 

lattice under the conditions used in this study will help to properly determine possible 

variations in the value of α, the environmental factor, used in the corrosion-fatigue 

equation. This could help to determine more accurate crack growth curves than those 

determined in this study 

 

2. Although SCC initiation was not part of the objectives of this study, the discovery of 

microcrack colonies close to the final rupture point suggests that it might indeed be 

possible to initiate SCC cracks under static or near static loading conditions. It has been 

well reported that NNPHSCC has not been successfully initiated under static loading 

conditions in laboratory studies. Perhaps, local plastic deformation is the missing factor 

in the studies that have attempted to initiate NNPHSCC cracks under static loading in the 

laboratory. Further work should be carried out to verify the possibility of SCC initiation 

in locally deformed specimens under static or near static loading in near-neutral pH 

environments 

 

3. In actual coating disbondment in the field, the weight of the top soil on top of the pipeline 

squeezes the coating against the actual metal surface. Therefore except for regions with 

wrinkles and puffs, the gap size between the disbonded coating and the pipe could be 

very small. Previous studies have well established the fact that the gap size can have a 

significant effect on the nature and concentration of the species trapped under the 

disbondment.  This could have a significant effect on the crack growth behavior. It is 

therefore very important to study the effect of variations in gap sizes on the variation in 

crack growth behavior under a long disbondment using a slightly modified version of the 

test set up used in this study 

 

 

4. Actual pipelines do not typically experience symmetric loading spectra such as the ones 

used in this study. Rather, actual loading rates are variable in the field. Loading spikes are 

known to have a significant effect on crack growth behavior. It is therefore important to 
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study the effect of pressure spikes and/or under-loadings on the variation in crack 

propagation rates with distance from the open mouth of a disbondment, using the setup 

designed for this study 
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APPENDIX A 

 

A short paper on the variation in hydrogen permeation behavior with distance from the open mouth of 

a coating disbondment 
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A1.0 Introduction 

Oil and gas pipelines are very crucial in the delivery of oil and gas components to the end 

users. However, the protective coating usually applied to the surface of the pipelines at 

installation sometimes fails either due to imperfections during application or 

mechanical/chemical damage over time [1]. When this happens ground water is able to gain 

access to the holiday and the adjoining disbonded surface under the coating . In such situations 

where the coating is compromised, a near-neutral pH environment enriched with carbonate and 

bicarbonate species may develop [2]. This environment has been found to support the 

development of near-neutral pH stress corrosion cracking (NNPHSCC) [3] .  

It has been shown that the presence of CO2 generated from microbial activity and by 

decaying organic matter is crucial to the process [1, 4-16]. The dissociation of CO2 leads to the 

generation of carbonic species and hydrogen
 
[5, 6]. The hydrogen generated from this reaction 

has been shown to play a crucial role in the development and propagation of NNPHSCC [17, 

18]. Although there is no consensus on the exact mechanism by which hydrogen influences crack 

propagation, it is well established that hydrogen enhances crack propagation by helping to 

maintain a sharp crack tip which is crucial for rapid crack propagation [4, 17, 19, 20, 20-23].  

Although several studies have been conducted on the role of hydrogen in the development and 

propagation of SCC cracks, most studies have been unable to explain why some cracks 

propagate while most cracks remain dormant in the field. Most studies have focused on the effect 

of microstructure or chemical species in the solution on the crack initiation or propagation. 

Others studied the effect of hydrogen using slow strain rate tests or compact tension specimens, 
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often neglecting the effect of spatial separation of cracks combined with the effect of variation in 

local environments with distance from the open mouth of the disbondment on crack initiation and 

propagation. Also, there has been no systematic study to look at the effect of variations in the 

concentration of CO2 in soil solution on hydrogen assimilation into pipeline materials, particularly 

one that considers the effect of spatial separation from the open mouth on hydrogen enhancement 

effect. 

This study aims to provide addition information on the influence of hydrogen in the 

propagation of NNPHSCC cracks in a near-neutral pH environment using the hydrogen permeation 

method. Specifically, the effect of the spatial separation of cracks from the open mouth and the 

resulting variations in the local environment under the disbondment on the contribution of hydrogen 

to crack propagation in a near-neutral pH environment was studied.  

A2.0 Experimental method 

Samples were machined from a section of X-65 pipeline steel removed from service, but only 

sections unaffected by mechanical deformation were used. Test samples were milled into rectangular 

plates measuring 257 mm X 63 mm X 2 mm (LxWxT).  

A test cell was made out of acrylic to form a modified version of the Devanathan permeation 

test setup, Figure A-1. The charging side of the test cell consists of two chambers: the inner chamber, 

called the shielding, was designed to simulate the solution trapped in the disbonded coating crevice 

while the outer chamber was designed to simulate the bulk surrounding soil solution. The inner tube 

was selected to represent a 10 mm wide coating disbondment. The bulk solution in the outer tube was 

sparged with a CO2/nitrogen mix, fed in through openings at the bottom of the cell, so that CO2 can 

only diffuse into the simulated disbondment from the open mouth.  
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Figure A-1: Test setup 
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The detection side consisted of a round glass cell that exposes just a 3 cm diameter of the sample 

surface on the detection side to the oxidizing solution such that hydrogen permeation was measured over 

this area alone. The glass cell was filled with de-aerated 0.2M NaOH solution to oxidize hydrogen exiting 

the sample surface on the detection side. A 100% N2 gas was continuously bubbled through the NaOH 

solution to ensure continued de-aeration of the oxidizing solution. An anodic potential of 100mV was 

applied on the detection side using a counter-reference electrode arrangement. Usually, the glass cell was 

filled with the solution for 30 min. to ensure that a protective film is formed, then the anodic potential is 

applied to stabilize the protective film for 24 h before the charging side is filled with the test solution.  

During test cell assembly, the flat specimen is secured against the inner shielding with screws, so 

that the X65 plate is in direct contact with the solution trapped inside the simulated disbondment. 

However the charging side was initially kept empty. The detection is side is then set up. After, the 

detection side is filled with NaOH and conditioned for 24hrs, and a very low steady current is obtained, 

the flat samples were then exposed to the corrosion media on the charging side by filling with C2 solution 

(0.0035 KCl, 0.0195 NaHCO3, 0.0255 CaCl2.H2O, 0.0274 MgSO4.7H2O, 0.0606CaCO3 g/l). Prior to each 

test, both sides of the sample were cleaned in acetone to de-grease them and then cleaned in ethanol 

several times before the setup is assembled. This procedure is repeated three times to obtain permeation 

currents from three locations corresponding to the open mouth, 75 mm from the open mouth and 150 mm 

from the open mouth. A fresh solution was always used for the test at each location. While the test is 

being carried out at one location the surface of the sample at the other locations are masked off with a 

double sided tape while a metal sleeve is glued over the surface of the tape to ensure a conductive path for 

the applied cathodic potential. A photograph of a test set up is shown in Figure A-1. 

A reference (saturated calomel electrode) and counter electrode (platinum mesh) arrangement 

was used to apply cathodic protection to the sample. Cathodic protection was applied at the open mouth 

just above the topmost crack. An EG&G potentiostat operating in constant voltage mode was used to 
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apply cathodic protection voltage of -1.2V and -0.9V. Cathodic protection was applied only on the 

charging side of the test sample.  

A matrix of test conditions used in this study is shown in Table A-1. The hydrogen flux measured 

during the test was used to determine the effective diffusivity of hydrogen through the metal lattice using 

the breakthrough time method using the relationship: 

     
  

      
 

where L is the plate thickness, and tb is the breakthrough time. 

 

 

Table A-1: Test Matrix 

Test Gas Potential (V) vs SCE 

Test I 5% CO2 OCP 

Test II 5% CO2 -1.2V 

Test III 5% CO2 -0.9V 

Test IV 20% CO2 OCP 

 

 

……………………………… A.1 
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A3.0  Results and discussion 

The permeation curve at open circuit potential for the 5% CO2 environment (Test I) is 

shown in Figure A-2. The figure shows only a minor difference in the peak permeation current at 

all three locations under the disbondment. It is obvious that even with the minor difference in the 

peak permeation current, there is still a peak current trend suggesting that highest peak current 

occurs at the open mouth while the lowest peak current occurs at the far end of the disbondment. 

However, the curves shows a slightly longer breakthrough time at 75 mm from the open mouth 

compared to the other two locations. The effective diffusion coefficients were determined using 

the breakthrough time procedure. Comparison of the effective diffusion coefficient shows that 

the highest flux is obtained at the open mouth while there is a general decrease towards the far 

end of the disbondment. However, the lowest diffusion coefficient was obtained at 75 mm from 

the open mouth (midway inside the simulated disbondment). This is probably due to more rapid 

film formation at the 75 mm location which probably interfered with the extent of surface 

coverage by hydrogen atoms at that location. It is also obvious from Figure A-2 that there is a 

continuous rapid drop in the permeation current once the peak current has been reached at all 

three locations. However, the most rapid drop in permeation current occurred at the far end of the 

disbondment while the slowest drop occurs at the open mouth of the disbondment.  

 

 

 

 

 



437 

 

 

 

 

 

 

 

Figure A-2: Variation in permeation behavior with distance from open mouth at OCP in 

test I 
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Figure A-3 shows the permeation curve when a cathodic protection potential of -1.2V is applied in a 

5% CO2 environment (Test II). It is clear that the highest peak permeation current is obtained at the 

open mouth while the lowest peak permeation current was obtained at 75 mm from the open mouth. 

This test was repeated with a slightly thinner sample (1.5 mm thick) and the confirmation curves are 

shown in Figure A-4. The repeat test confirms the trend from the earlier test.  Again, the highest 

breakthrough time was obtained at 75 mm from the open mouth while the lowest breakthrough time 

was obtained at 150 mm from the open mouth. Comparison of the effective diffusion coefficient 

(Table A-2) shows that the highest diffusion coefficient is at the far end of the disbondment while the 

lowest is at 75 mm from the open mouth. The diffusion coefficient at the far end of the disbondment 

is higher than that at the open mouth. Once the peak current is reached, it is obvious that there is only 

a small drop in the permeation current at all three locations, after which the permeation current tends 

to remain high, unlike what was observed at open circuit potential. This could have a significant 

effect on the growth of stress corrosion cracks in a near neutral pH environment. The fact that the 

permeation current remained high after the peak current is reached suggests that at -1.2V, a rather 

high hydrogen assimilation rate could be maintained for an extensive period when samples are 

loaded in a near neutral pH environment at high cathodic potentials. This means that if a crack exists 

in a region experiencing such a high cathodic potential on an actual pipeline, then the material locally 

experiences a high hydrogen enhanced crack propagation compared to a crack located in a region at 

open circuit potential. Since the potential at the open mouth remained substantially higher than those 

at 75 mm and 150 mm from the open mouth, the most intense hydrogen effect will be felt at the open 

mouth. Thus, should a crack exist there, the crack may experience a high rate of crack propagation.  
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Figure A-3: Variation in permeation behavior with distance from open mouth at -1.2V 

(Test II) 
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Figure A-4: Repeat test of permeation behavior at -1.2V 

 

Table A-2: Summary of diffusion coefficients 

5% CO2 20% CO2 

Distance from open 
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OCP -1.2V 0.9V OCP 
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The results at an applied potential of -0.9V (Test III) are shown in Figure A-5.The 

calculated diffusion coefficients suggests that the highest diffusion rate occurs at 75 mm from the 

open mouth while the lowest diffusion rate occurs at 150 mm from the open mouth.  Figure A-5 

shows that the highest permeation peak occurs at the open mouth while the lowest permeation 

peak occurs at the far end of the disbondment. Similar to the case where a potential of -1.2V was 

applied the curves at both the open mouth and 150 mm from the open mouth suggest that no drop 

in the permeation current occurred once the peak permeation current is attained. Rather, once the 

peak permeation current is reached at these two locations, the curve seemed to remain at or very 

near the peak values. Only the curve obtained at 75 mm from the open mouth showed a deviation 

from this behavior. At this location, once the peak current is reached there is a rapid drop in 

permeation current similar to those observed at OCP in the 5% CO2 environment.  

Figure A-6 shows the permeation curves for tests carried out in the 20% CO2 sparging 

gas environment (Test IV). The peak permeation current reached in this test is almost double the 

peak current reached at OCP in the 5% CO2 environment. Similar to the previous OCP test at 5% 

CO2, the permeation current drops rapidly, once the peak current is attained, and seems to drop 

to a lower plateau close to the peak current in the 5% CO2 OCP test. The effective diffusion 

coefficient also decreases consistently from the open mouth to the far end of the disbondment. 

The diffusion coefficients in the 20% CO2 environment are generally higher than those obtained 

in the 5% CO2 environment, including when a cathodic potential of -1.2V is applied. This 

suggests that the hydrogen generated from increased CO2 dissociation is higher than the extra 

amount of hydrogen generated from water dissociation at the open mouth when a cathodic 

potential of -1.2V is applied.  
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Figure A-5: Variation in permeation behavior with distance from open mouth at -0.9V (test 

II) 

 

 

 

 

 

0.00E+00

2.00E-07

4.00E-07

6.00E-07

8.00E-07

1.00E-06

1.20E-06

1.40E-06

1.60E-06

0 5 10 15 20 25 30 35 40 45 50

P

e

r

m

e

a

t

i

o

n

 

c

u

r

r

e

n

t

 

(

A)

 

Time(hrs) 

-0.9V top

-0.9V middle

-0.9V bottom



443 

 

 

 

 

 

 

 

 

 

Figure A-6: Variation of permeation behavior with distance from the open mouth at OCP 

in 20% CO2 environment.  
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Park et al. [24] observed in their hydrogen permeation tests, carried out in a hydrogen 

sulphide environment, that permeation curves showing rapid drop in permeation currents after 

the peak current is attained, similar to those obtained at OCP and at 75 mm from the open mouth 

at -0.9V in this study, represent situations where unstable behavior occurred at the sample 

surface due to the formation of suphide scales. If it is assumed that similar reasons are 

responsible for this type of behavior in the present study, then the results suggest that the 

observed drop in permeation current at OCP and midway inside the disbondment at an applied 

potential of -0.9V may be due to the formation of protective films or corrosion products on the 

surface of the sample.  

Since the sparging gas is always purged inside the outer chamber, hydrogen from the 

hydrolysis of CO2 can only migrate into the disbondment through the open mouth. Therefore 

there should be a higher hydrogen concentration at the open mouth and the concentration should 

drop progressively towards the bottom of the disbondment. At an applied potential of -1.2V and -

0.9V, hydrogen ions should preferably migrate to the open mouth because hydrogen ions being 

positively charged are attracted towards more cathodic potentials. However, it has been shown in 

previous studies that higher cathodic potentials intensify the formation of carbonates. He et al. 

[25] showed that the presence of carbonate films on the surface of a pipeline steel specimen 

reduces the flux of hydrogen through the material. Meng et al. [22] also determined that the 

presence of corrosion deposits on steel surface has the tendency to reduce the absorption and 

permeation of hydrogen atoms due to the increased spatial separation of cathodic and anodic 

reaction sites.  Visual examination revealed the presence of white particles which are known to 

be calcium carbonates on the sample surface at the open mouth when both cathodic potentials 
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were applied. At -1.2V carbonate deposition was also observed at 75 mm from open mouth but 

none was observed at the same location at -0.9V.  

The formation of carbonates could reduce the hydrogen coverage on the surface of the 

test specimen. This would reduce the rate of adsorption. If these carbonates tend to break down 

periodically or the carbonate formed is porous, then it is possible that equilibrium may be 

reached between the rate of hydrogen permeation and carbonate formation resulting in a steady 

rate of permeation with time as observed with -1.2V cathodic protection. However, if a stable 

non porous film is formed on the sample surface, then the buildup of such film could cause a 

drastic continuous reduction in the permeation current as seen as OCP and at 75 mm from open 

mouth in the -0.9V test. The lower effective diffusivity coefficient at the open mouth in -1.2V 

compared to that at the far end under the same potential probably confirms the fact that 

carbonates formed at the open mouth tend to increase the breakthrough time. However, the fact 

that the peak current and the final current plateau observed at the open mouth are significantly 

higher at -1.2V probably points to the fact that the breakthrough effect is only a short time event. 

Once an equilibrium is reached between the rate of carbonate formation/deposition, the total 

hydrogen contribution to SCC could be quite significant. 

A4.0 Relevance of hydrogen permeation study to crack growth study 

Although the data presented in this study may appear inconsistent at first, careful consideration 

of the results reveal some important relevance to the previous studies present in previous 

chapters: 

1. Comparing the data at OCP, both the 5% CO2 and the 20% CO2 data confirms that: 
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a. Increased CO2 concentration could significantly increase the hydrogen flux 

through the steel lattice as assumed in Chapters 4 and 5. However, as explained in 

chapter 4, this could be accompanied by increased crack wall/ crack tip 

dissolution and enhanced room temperature creep. Both of these factors could 

result in significant crack tip blunting. This may retard crack propagation and may 

drive a crack towards dormancy under benign loading conditions. 

b. In both the 20% CO2 and 5% CO2 tests, the permeation current falls rapidly from 

its peak value to much lower values such that once the lattice and the hydrogen 

trap sites are filled, the rate of flux through the lattice in the long run are quite 

similar. However, this does not necessarily mean that for a growing crack , both 

the 20% and the 5% CO2 environments always produce the same level of 

enhancement.  

As far as crack growth is concerned, it is the amount of hydrogen that segregates 

to the hydrogen process zone ahead of the crack tip that determines the extent of 

crack growth enhancement. For a moving crack, the effectiveness of hydrogen 

delivery to the moving process zone can significantly determine the extent of 

growth enhancement. The result in chapter 5 confirms that when loading 

conditions are aggressive enough, such that there is insufficient time for 

dissolution and low temperature creep to cause significant blunting at the tip of 

the moving crack, a higher CO2 concentration may result in a more significant 

crack growth enhancement than a lower CO2 concentration. However, at more 

benign loading conditions, the opposite trend could be observed since there is 
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more time for crack tip dissolution and low temperature creep to cause more crack 

tip blunting. 

2. Contrary to OCP results, when a cathodic potential of -1.2V is applied, the permeation 

current only drops slightly after the peak current is reached. Thus the application of an 

applied cathodic potential may cause the permeation current, hence hydrogen flux rate 

through the lattice to remain high. This is consistent with the higher crack growth rates at 

the open mouth obtained in the studies where a cathodic potential of -1.2V was applied. 

Also, at 75 mm and 150 mm from the open mouth, the peak currents are significantly 

lower than at the open mouth. The levels to which the permeation current drops at these 

two locations are also significantly lower than at the open mouth. This explains the lower 

growth rate at the two locations compared to the open mouth. The similarity in the values 

to which the permeation current settles after the peak value also explains the similarity in 

the growth rates observed at these two locations. 

3. Comparison of the permeation curves at an applied cathodic potential of -0.9V and -1.2V 

reveals that the peak current at the open mouth is lower at -0.9V than at -1.2V. This 

explains the lower growth rates at -0.9V compared to -1.2V. Also, it is evident that at 

both the OM and the far end of the disbondment, at an applied potential of -0.9V, the 

permeation currents also remain high once the peak value is reached. This also explains 

the higher crack growth rate at an applied cathodic potential of -0.9V compared to the 

OCP crack growth rates.   
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A5.0 Conclusion 

The main findings of this study include: 

1. Although the highest hydrogen concentration should exist at the open mouth of the 

disbondment, the highest permeation current and diffusion coefficients may not 

necessarily occur at the open mouth.  

2. Surface conditions, which are strongly influenced by local potential, could significantly 

modify the local hydrogen diffusion into the sample.  

3. At OCP, in the 5% CO2 environment, the lowest permeation current and diffusion 

coefficients are obtained at 75 mm from the open mouth rather than at 150 mm from the 

open mouth. However, in the 20% CO2 environment, the lowest diffusion coefficient 

was obtained at 150 mm from the open mouth. 

4. Permeation currents and diffusion coefficients in 20% CO2 environment are significantly 

higher than in the 5%CO2 environment at open circuit   

5. Permeation currents tend to remain high when a cathodic potential is applied compared 

to OCP results. This suggests that cathodic protection aids hydrogen permeation over an 

extensive period. 

6. At -0.9V, the highest diffusion rate occurred at 75 mm from the open mouth. This was 

related to the formation of stable films at the surface of the sample at this location. 
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Appendix B 

EXPERIMENTAL METHODOLOGY 
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B.1 Materials 
For this study, X-65 pipeline steel received from Spectra Energy Transmission was used. This 

particular pipeline steel was chosen because it is one of the most common pipeline materials in service 

and has been identified with NNPHSCC in the field. The X-65 pipeline steel had a yield strength and 

tensile strength of 522.8 and 607.8 MPa, respectively. A section of this pipeline removed from service 

is being used for this study. Only sections that were unaffected by mechanical damage or corrosion 

damage were selected for test specimen fabrication. Alloy composition is given in Table B-1. A typical 

microstructure of the alloy is shown in Figure B-1. 

B.2 Metallography 

In order to reveal sample microstructure, representative samples were taken from the bulk alloy and 

standard metallographic preparations were carried out. All samples were mounted in bakelite and ground 

down to 1200 sand paper grit and polished on an emery cloth using 0.05 diamond paste. Polished samples 

were then etched using 2% Nital. Initial microstructure examination was carried out on an optical 

microscope. More detailed analysis was done by electron microscopy, using a EVO ZEISS electron 

microscope. 

B.3 Sample preparation  

 B.3.1 Sample machining 

Tensile specimens (Figure B-2) bearing three reduced sections were machined from the 

longitudinal direction of an X65 pipe section that had failed in service. Only pipe sections unaffected by 

NNPHSCC and other forms of corrosion, and external damage were used. Gauge sections were 23mm X 

45mm X 9.2mm in dimension and identical semi-circular shallow notches, 0.2032mm wide, with 

dimensions c=5mm and a=2.5mm were made by electrical discharge machining (EDM) in the middle of 

each gauge section. Samples were taken from the circumferential direction of the pipe as shown in Figure 
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B-3. Prior to pre-fatigue cracking each sample is ground by hand to grit 1200 so pre-fatigue cracks can be 

easily examined under the light microscope. 

 

Table B- 6: Alloy (X65) composition 

Element Composition (wt %) 

Carbon 0.13 

Manganese 1.55 

Copper 0.05 

Niobium 0.05 

Chromium 0.08 

Molybdenum 0.01 

Vanadium 0.002 

Nickel 0.05 

Aluminum 0.042 

Titanium 0.002 

Nitrogen 0.009 

Iron Balance 
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Figure B-1: Typical microstructure of the alloy X65 used in this study 
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Figure B-2: Test sample designed for this stud 
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                                                 Figure B-3: Test sample orientation on pipe section 
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B.3.2 Sample Pre-fatigue cracking 

Test samples were pre-cracked on a MTS machine frame before each test. Samples were all pre-cracked 

using a triangular wave with a maximum stress of 0.45SMYS and a stress ratio of 0.4. An optical 

microscope was used to monitor the pre-crack length by periodically removing the sample from the 

machine and examining under the microscope until the desired crack length is obtained.  

 B.3.3 Wire attachment 

Before each test, thin strips of stainless steel films were spot welded to the on either side of the backside 

of each machine slot at a distance of 3mm from each slot. A copper crimp connector is then used to crimp 

wires to the backside of each wire for signal feedback to the potential drop system. A small 1mm steel 

plate tab is welded to the inner side of the lower and upper gauge area as shown in Figure B-4. A 0.5mm 

gauge single wire is then soldered to the small steel tabs. These are the current wires to supply the 

necessary constant current and potentials to the sample for potential drop measurements.  

B.4 Test solution  

To determine the growth behavior of the pipeline steel in a near neutral pH environment, the pre-

fatigue cracked samples were exposed to the corrosion media in a sealed test cell and filled with 

C2 solution. C2 solution is a synthetic soil solution with the pH in the near-neutral pH range 

(5.5-7.5). Chemical composition of the solution is presented in Table B-2. The solution was 

purged for 48 hours with the N2/CO2 gas mixture to obtain the pH value of 6.29 before prior to 

testing. 

B.5 Chemical analysis of test solution 

Pre- and post- test chemical analysis of the test solution was contracted out to a commercial analytic 

company – Maxxam Analytics. Both the Edmonton and the Burnaby offices were used at different times. 
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Figure B-4: Wire connections for test setup 
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Table B- 7: C2 solution composition (pH=6.29) 

Chemicals  Composition (g/L) 

MgSO4.7H2O 0.0274 

CaCl2 0.0255 

KCl 0.0035 

NaHCO3 0.0195 

CaCO3 0.0606 
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B.6 Test Cell 
After careful consideration of the details of actual coating disbondment on real pipelines, a 

revolutionary test setup was designed. A corrosion test cell consisting of two chambers was designed and 

fabricated from acrylate (Figure B-5). The inner tube, named the shielding, was designed to simulate coating 

disbondment at the surface of a pipe. The width of this inner tube was made adjustable so that coating 

disbondment of various sizes can be studied. The outer tube holds the bulk solution which simulates the 

surrounding soil around a pipe in the field while the solution contained in the inner shielding simulates the 

solution trapped between the coating and the pipe surface on an actual pipeline. The bulk solution in the outer 

tube was purged by a mixture CO2 and N2 bearing the required concentration of CO2 and N2 to balance. The 

gas mix was fed in through openings at the bottom of the cell, so that CO2 can only diffuse into the simulated 

disbondment from the open mouth. The test solution could also be refreshed through these openings if 

necessary. The corrosion cell design allows for easy assembly and dis-assembly of the cell both pre- and 

post- test. All joints were O-ring sealed in order to ensure a hermetically sealed chamber. This also precludes 

the need for chemical sealants in assembling the cell. 

 

B.7 Test assembly 

The test specimen was carefully degreased and mounted in the metal grip jaw connector at the 

bottom of the cell using a dowel pin. The rest of the cell including the O-ring sealed cell bottom and the 

shielding were then carefully assembled. The O-ring sealing the disbondment from the main chamber is 

tested for leaks to ensure that the shielding is completely isolated from the main chamber at the bottom of the 

cell.  The O-ring sealed top lid was then mounted in place and all tubing leading into the cell are sealed tight 

with silicone. All electrical connections for potential drop measurement were then completed. The cell is then 

filled with C2 solution and the sparging gas in then passed into the cell and the specimen is cyclically loaded.
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Figure B-5: Corrosion test cell used for this study 
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The original concept behind this cell design was original conceived by Eslami
***

. However slight 

modifications to the original design were deemed necessary. First, to accommodate the sample 

dimensions, especially with regards to the crack positions, the cell had to be made longer. Second, the 

length of the internal shielding had to be reduced in order to allow the positioning of the sample such that 

the application of cathodic potential right at the location of the open mouth crack was possible. Third, the 

specimens used in this study were thicker than those used in the Eslami study. To ensure a gap size of 

10mm, the width of the internal shielding had to be modified. Lastly, the sample grips were redesigned as 

the original design led to very high shear stresses on the pin joints which caused pin rupture shortly after 

the commencement of cyclic loading. 

B.8 Cathodic protection 

A reference (saturated calomel electrode) and counter electrode (platinum mesh) arrangement was used to 

apply cathodic protection to the sample using a three electrode configuration. In all cases, cathodic 

protection was applied just above the open mouth of the inner shielding. An EG&G potentiostat operating 

in constant voltage mode was used to apply cathodic protection voltage for tests requiring cathodic 

protection. The specimen is the working electrode, two platinum gauzes are used as counter electrodes, 

and a saturated calomel electrode (SCE) is used as the reference electrode (Figure B-5). The platinum 

gauzes are separated from the main chamber of the corrosion cell in order to minimize contamination of 

solution by oxygen produced on the counter electrodes. To apply the cathodic protection voltage, a salt 

bridge comprised of Agar-agar saturated with KCl was used. Since only the potential at the open mouth is  

 

*** Eslami, A., Chen, W., Worthingham, R.G., 2011, "Effect of CO2 on Near-Neutral pH Stress Corrosion Cracking 

Initiation of Pipeline Steel," Corrosion Science , 53, pp. 2318–2327 
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controlled to the set potential, a long very narrow salt bridge was fabricated, so that it could be easily 

passed into the cell and used to determine the potential at other locations inside the disbondment. 

B.9 Crack growth measurement 

Crack growth rates were monitored using a self-assembled potential drop system through copper wire 

leads spot welded across the back of the EDM slots in each gauge section. As mentioned earlier, the thick 

wires were connected to the galvanostat supplying the current while the wires spot welded across the back 

of each slot was connected to the terminals of a volt meter with resolution in the millivolt range for 

measuring the voltage drop across the crack. A constant current of 20A was applied by the potential drop 

system in order to measure the potential drop across each crack. With crack propagation, the resistivity 

across the slot increases and higher potentials have to be applied to maintain the set constant current. This 

change in potential is read by the voltage meters connected to the leads across each slot. 

B.10 Post-test Sample analysis 

At the end of each test, the test cell is disassembled and the specimen is carefully removed.  

1. The sample is dried thoroughly using a hand held blow dryer. 

2. Samples cut into three smaller pieces using an hacksaw, taking care not to remove corrosion 

products around the test sections 

3. Each test section is then examined using a SEM to determine the corrosion behaviour of at the 

sample surface. EDS analysis of corrosion products is carried out where necessary. 

4. Prior to fracture surface examination, iron oxide-type corrosion products were removed using a rust 

remover solution composed of water (100ml), HCl (3ml), and cis-2-but-1-4-diol (4ml) (4ml). The 

surface of the each test section is then separately cleaned using the rust remover and each section is 

thoroughly dried.  
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5. The rust remover solution is preserved and filtered to separate out the corrosion products. The 

corrosion products are then dried by vacuum suction. The dried corrosion products are then 

examined using a XRD machine operating in the powder mode.  

6. Initial fracture face examination was done using an optical microscope. More detailed 

examination of fracture surfaces was carried out using a Hitachi scanning electron 

microscope equipped with an energy dispersive x-ray spectrometer for chemical 

compositional analysis.  

7. Crack morphology at the unpolished sample surface was carefully examined using the SEM. 

8. The sample was then carefully grinded using standard procedures, without using water 

rather using methanol. The decision to use methanol instead of water was taken to prevent 

any dissolution or modification of the crack tip during grinding. 

9. Polishing was then done using oil based diamond polishing fluid. 

10. The crack morphology at the polished surface was then carefully examined  using the SEM. 

11. Each specimen section was then sectioned using electrical discharge machining (EDM), in 

order to be able to examine crack morphology in the depth (thickness) direction. 

12. The transverse section of each specimen section was then polished using standard 

metallography procedures. 

13. SEM microscopy was used to evaluate crack morphology in the transverse direction. 

14. Once crack analysis using SEM is complete, the specimen was then quenched in liquid 

nitrogen and broken open by striking with a hammer, in order to expose the fracture surface 

so the fracture face can be studied by SEM microscopy. 
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15. Actual crack sizes, major and minor semi-axis dimensions of the semi-elliptical flaw, were 

determined by SEM microscopy. The SEM microscopy was also used to verify the initial 

flaw sizes. 

16. SEM microscopy was used for complete fractographic analysis. 

17. The crack dimensions obtained were then used to convert the potential drop data, obtained 

during the test, into actual crack sizes vs number of stress cycles. 

18. This data was then converted into a crack growth, da/dN vs combined factors, plots. 

B.11 Potential Drop Data analysis 

Conversion of the potential drop readings to actual crack sizes was very tricky. None of the 

methods listed in literature was found to work due to the unique geometry of the cracks. A curve fitting 

method was therefore used for converting the potentials to actual crack sizes. The method used is 

summarized below. A typical potential drop curve is shown in Figure B-6.  
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Figure B-6: Typical potential drop data 
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It is known that the potential drop is related to the crack area through the resistivity of the 

material through 

  
   

 
 …………………………..B.1 

  
   

  
  …………………………..B.2 

where R=material resistance, A
*
= area of the un-cracked ligament, l=length between the signal wires, 

I=applied current and V is the potential drop value. 

 

 ∝
   

   …………………………..B.3 

But     A
*
=A-Ac …………………………..B.4 

where A= cross sectional area of gauge area, Ac = the instantaneous crack area. Therefore 

 ∝
   

    
 ………………………….. B.5 

The initial and final crack sizes are known measurable values. Therefore the measured potential drop 

could be related to the point to point crack area. Since ρ is a finite value at every point on the curve, the 

numerator in equation B.5 could be treated as a constant so that 

  
 

    
     ………………………….. B.6 

To convert the full potential drop data to actual cracks sizes, the following steps could be followed: 

1. On the original potential vs time plot, select a few points (up to twelve was used) 

2. Record the potentials and times at these points. Convert the times to number of stress cycles (N) 

that elapsed up to that point during the test. 

3. Make a plot of the inverse of the  initial and final remaining crack ligaments to the corresponding 

potential drop values to obtain a linear relationship between V and A
*
. 

4. Use the relationship obtained in step 3 to determine an approximate value for A
*
 for each of the 

points selected in step 2. 

5. From each value of A
*
 determine the value of of Ac, the crack area. 
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6. Ac could then be related to the area of an semi-ellipse:  

   
   

 
      ………………………….. B.7 

where a=crack depth and c= crack size measure along the major semi-axis at the sample surface. 

7. Plot the initial and final values of ‘c’ against the initial and final values of ‘a’ to obtain a linear 

relationship between ‘c’ and ‘a’. 

8. The relationship obtained could then be used to substitute for c in B.7. 

9. The resulting equation could then be solved for ‘a’ to obtain the crack depth at all the points 

selected in step 1. 

10. Finally the values of ‘c’ could then be obtained using the relationship obtained is step 7. 

 The crack growth data obtained by the potential drop method were used to obtain crack growth 

rates per cycle da/dN, where the da/dN is the slope of the crack size vs number of cycle plot. Also 

corrosion fatigue analysis was carried out using Chen’s corrosion fatigue model to calculate the so called 

combined factor            
 . All data were finally presented as a da/dN vs. combined factor plot. 

Kmax was calculated using the relevant fracture mechanics relationship for surface type flaws (Figure B-

7).  To calculate the Kmax at the bottom of the pit a value of 90
o
 is used for φ while a value of 0

o
 is used to 

calculate Kmax at the sample surface. A value of 0.1 was assigned to α as deduced by Chen and Sutherby.  

B.11 Hydrogen permeation testing 

A test cell was made out of acrylic to form a modified version of the Devanathan permeation test 

setup, Figure B- 8. The charging side of the test cell consists of two chambers: the inner chamber, called 

the shielding, was designed to simulate the solution trapped in the disbonded coating crevice while the 

outer chamber was designed to simulate the bulk surrounding soil solution. The inner tube was selected to 

represent a 10mm wide coating disbondment. The bulk solution in the outer tube was sparged with a 
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CO2/nitrogen mix, fed in through openings at the bottom of the cell, so that CO2 can only diffuse into the 

simulated disbondment from the open mouth.  

 

 

  

Figure B-7: Stress intensity factor equation for a semi-elliptical crack 
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Figure B- 8: Test setup 
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The detection side consisted of a round glass cell that exposes just a 3cm diameter of the sample surface 

on the detection side to the oxidizing solution such that hydrogen permeation was measured over this area 

alone. The glass cell was filled with de-aerated 0.2M NaOH solution to oxidize hydrogen exiting the 

sample surface on the detection side. A 100% N2 gas was continuously bubbled through the NaOH 

solution to ensure continued de-aeration of the oxidizing solution. An anodic potential of 100mV was 

applied on the detection side using a counter-reference electrode arrangement. Usually, the glass cell was 

filled with the solution for 30mins to ensure that a protective film is formed, then the anodic potential is 

applied to stabilize the protective film for 24hrs before the charging side is filled with the test solution.  

Flat specimens measuring 257 mm X 63 mm X 1.5mm fabricated from X65 plates were used for 

the hydrogen permeation tests. The samples were long enough to allow tests to be carried at depths 0, 75 

and 150 mm from the open mouth of the disbondment similar to the tensile samples. Three tests were 

conducted on each sample to determine the hydrogen permeation characteristics at 0, 75, and 150 mm 

from the open mouth. Only one test was conducted at a time. While one test is being conducted, only the 

surface of the area to be tested is exposed to the testing solution on the charging side; the rest of the 

sample is completely masked off to prevent hydrogen entry into the rest of the specimen.  

During tests cell assembly, the flat specimens were secured against the inner shielding with 

screws, so that the X65 plate is in direct contact with the solution trapped inside the simulated 

disbondment. However, the charging side was initially kept empty. The detection is side is then set up. 

After, the detection side is filled with NaOH and conditioned for 24hrs, and a very low steady current is 

obtained, the flat samples were then exposed to the corrosion media on the charging side by filling with 

C2 solution.  

Prior to each test, both sides of the sample were cleaned in acetone to de-grease them and then 

cleaned in ethanol several times before the setup is assembled. This procedure is repeated three times to 

obtain permeation currents from three locations corresponding to the open mouth, 75 mm from the open 
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mouth and 150 mm from the open mouth each. A fresh solution was always used for the test at each 

location. While the test is being carried out at one location the surface of the sample at the other locations 

are masked off with a double sided tape while a metal sleeve is glued over the surface of the tape to 

ensure a conductive path for the applied cathodic potential. A photograph of a test set up is shown in 

Figure B-8. 

A reference (saturated calomel electrode) and counter electrode (platinum mesh) arrangement 

was used to apply cathodic protection to the sample. Cathodic protection was applied at the open mouth 

just above the topmost crack as earlier described in section B.8. Cathodic protection was applied only on 

the charging side of the test sample.  

The hydrogen flux measured during the test was used to determine the effective diffusivity of 

hydrogen through the metal lattice using the breakthrough time method using the relationship: 

     
  

      
 ………………………….. B.7 

where L is the plate thickness, and tb is the breakthrough time. 

 

 

 

 

 


