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Abstract 

The hydrogen induced cracking (HIC) resistance of several grades of plate steels was investigated using 

electrolytic hydrogen charging. HIC generated by electrolytic charging was also compared to the industrial standard 

test for HIC, the NACE standard TM0284. The electrolytic charging (EC) apparatus was designed to optimize the 

reproducibility of the HIC results and the robustness of the components during long charging times.  

A characterization study on the EC apparatus was undertaken. Alterations to applied current density and 

charging time were conducted on a highly susceptible plate steel, 100XF, to assess HIC damage as a function of 

charging conditions. Intermediate current densities of 10 to 15 mA/cm
2
 produced the greatest extent of cracking 

without significant corrosion related surface damage. The hydrogen charging time did not greatly affect the extent 

and depth of cracking for test times between 24 to 48 hours.  Thus, for subsequent experiments, the applied current 

density was set to 15 mA/cm
2
 and the charging time was set to 24 hours. 

Plate steel grades X52, X60, X70, and 100XF were prestrained in tension to various levels and then 

electrolytically charged with hydrogen or tested with the NACE standard TM0284 test (solution A) saturated with 

H2S(g) to induce HIC. Prestrain was introduced to assess its impact on HIC. Hydrogen damage was quantified with 

the crack ratios defined in the NACE Standard TM0284. The results from the EC and NACE methods were very 

comparable to one, with respect to the magnitude of cracking and the trends between alloy and pre-strain conditions 

observed. Both methods showed that HIC substantially increased for the high strength 100XF steel compared to the 

lower strength alloys. This is consistent with NACE recommendations for HIC resistance steels, which suggests that 

alloy strength should be less than 116 ksi (800 MPa) or 248 HV (22 HRC). The HIC results were largely 

independent of the pre-strain levels imposed within the statistical accuracy of the evaluation method employed.  

The total, irreversibly trapped, and diffusible hydrogen amounts were measured or estimated for each 

condition using a LECO interstitial analyzer and the American Welding Society method for measuring diffusible 

hydrogen concentrations.  The total amount of diffusible hydrogen was highest for the 100XFalloy and lowest for 

the X52 alloy.  The amount of trapped hydrogen was similar for all the alloys, implying that the number of 

irreversible trap sites were comparable.  However, the diffusible hydrogen content was greatest for the 100XF alloy 

and lowest for the X52 alloy, which is believed to be related to the relatively high amount of grain boundary area 

and high dislocation density of the 100XF alloy.    

A qualitative analysis on the effect of microstructure and nonmetallic inclusions on HIC was performed and 

produced results that confirmed findings from literature. Cracking was observed around nonmetallic inclusions such 

as sulfides and oxides in the metal matrix. For materials in which both inclusion types were present, X60 and X70, 

HIC originated and was observed most often around sulfide type inclusions.   

 

  



iv 

 

Table of Contents 

 
Abstract ........................................................................................................................................................ iii 

Table of Contents ......................................................................................................................................... iv 

LIST OF FIGURES .......................................................................................................................................... vi 

LIST OF TABLES .......................................................................................................................................... xiii 

Acknowledgements .................................................................................................................................... xiv 

CHAPTER 1: Introduction ....................................................................................................................... 1 

1.1 Research Objectives ...................................................................................................................... 1 

CHAPTER 2: Background ....................................................................................................................... 3 

2.1 Hydrogen Entry into Steel and Hydrogen-Assisted Cracking Mechanisms ................................. 3 

2.2 Metallurgical Variables ................................................................................................................. 5 

2.2.1 Deoxidation and Casting Techniques.................................................................................... 6 

2.2.2 Microstructural Variables ..................................................................................................... 8 

2.2.3 Mechanical Processing Effects ........................................................................................... 11 

2.3 Experimental Methods to Test Plate Steels for HIC Susceptibility ............................................ 13 

2.3.1 NACE Standard Test TM0284 ............................................................................................ 13 

2.3.2 Electrolytic Charging .......................................................................................................... 15 

CHAPTER 3: Experimental Design and Methods ................................................................................. 17 

3.1 Experimental Design ................................................................................................................... 17 

3.2 Experimental Materials and Methods ......................................................................................... 17 

3.2.1 Materials ............................................................................................................................. 17 

3.2.2 Mechanical Properties ......................................................................................................... 18 

3.2.3 Microstructural Analysis ..................................................................................................... 18 

3.2.4 Introduction of Prestrain ..................................................................................................... 19 

3.2.5 Hardness Traverse and Determination of Microstructural Dependence on Plate Thickness

 ……………………………………………………………………………………………..21 

3.3 HIC Sample Generation and Preparation for HIC Testing ......................................................... 21 

3.4 NACE Standard TM0284 (H2S Method) .................................................................................... 22 

3.5 Electrolytic Charging Methodology (EC) ................................................................................... 26 

3.5.1 Initial Design and Fabrication of New Charging Apparatus ............................................... 27 

3.5.2 Characterization Study and Experimental Procedure for EC .............................................. 30 



v 

 

3.6 Assessment of Hydrogen Damage .............................................................................................. 32 

3.7 LECO® Hydrogen Analysis ....................................................................................................... 35 

3.7.1 LECO® Hydrogen Analysis Sample Generation................................................................ 35 

3.7.2 LECO® Hydrogen Analysis Experimental Procedure ........................................................ 37 

3.8 Diffusible Hydrogen Content Determined by Mercury Displacement ....................................... 37 

3.8.1 Mercury Displacement Sample Generation ........................................................................ 37 

3.8.2 Mercury Displacement Experimental Procedure ................................................................ 38 

CHAPTER 4: Results and Discussion.................................................................................................... 43 

4.1 Microstructure and Nonmetallic Inclusions ................................................................................ 43 

4.2 Mechanical Properties ................................................................................................................. 49 

4.3 Characterization Study ................................................................................................................ 54 

4.4 HIC Susceptibility Measurements .............................................................................................. 58 

4.4.1 Influence of Prestrain on Calculated Critical Crack Ratios ................................................ 59 

4.4.2 Influence of Mechanical Properties on HIC ........................................................................ 62 

4.5 Hydrogen Analysis ...................................................................................................................... 63 

4.5.1 Average Hydrogen Contents Total and Trapped from LECO® Analysis .......................... 64 

4.5.2 Average Diffusible Hydrogen Content from LECO® and Mercury Displacement Analysis

 ……………………………………………………………………………………………..66 

4.5.3 Influence of Sample Location on Diffusible Hydrogen Results (Sample Size Effect) ....... 67 

4.5.4 HIC Susceptibility and Diffusible and Trapped Hydrogen Contents from LECO® Analysis

 ……………………………………………………………………………………………..70 

4.6 Evaluation of HIC with respect to Microstructure and Nonmetallic Inclusions ......................... 71 

CHAPTER 5: Summary and Conclusions .............................................................................................. 79 

5.1 Electrolytic Charging .................................................................................................................. 79 

5.2 HIC Susceptibility Measurements .............................................................................................. 79 

5.2.1 Influence of Mechanical Properties .................................................................................... 79 

5.2.2 Influence of Uniaxial Prestrain ........................................................................................... 80 

5.3 Hydrogen Analysis ...................................................................................................................... 80 

5.4 Evaluation of HIC with respect to Microstructure and Nonmetallic Inclusions ......................... 80 

CHAPTER 6: Future Work .................................................................................................................... 81 

References Cited ......................................................................................................................................... 82 

 

 

  



vi 

 

LIST OF FIGURES 

Figure 2.1 Schematic representation of the dissociation of hydrogen sulfide gas at the metal/solution interface 

and subsequent diffusion into the metal to areas where hydrogen-assisted cracking can occur [5]. ...... 4 

Figure 2.2 Schematic representation of enhanced plastic flow mechanism for hydrogen embrittlement. Parts A, 

B, and C show various configurations of inclusion size/elongation, distribution, and amount and the 

resulting morphology of cracks [3]. ........................................................................................................ 5 

Figure 2.3 Schematic representation of the influence of ingot material location on HIC susceptibility of large 

sized ingots used to produce hot-rolled product [3]. ............................................................................... 7 

Figure 2.4 Schematic diagram illustrating the hydrogen penetration through two varying degrees of banding in a 

ferrite/pearlite microstructure: a) lower degree of banding and b) higher degree of banding. In a), the 

hydrogen penetration is hindered by pearlite along the ferrite regions. Adapted from [19]. .................. 9 

Figure 2.5 Examples of nonmetallic inclusions that form in fully killed steels. Shown are the changes of 

morphology due to rolling operations after casting. Adapted from [25]. .............................................. 10 

Figure 2.6 HIC susceptibility (crack length ratio ratio) as a function of cold rolling reduction. Lattice strain was 

determined through X-ray diffraction after cold rolling operations denoted as line broadening in the 

above figure. HIC testing was performed with respect to the NACE standard test TM0284. Steel used 

for HIC testing was a 0.07-C, 1.22-Mn, 0.006-S (all values in wt pct) micro-alloyed with Nb and V 

heavily controlled rolled steel. Adapted from [20]. .............................................................................. 12 

Figure 2.7 Effects of cold reduction at levels greater than 10 pct. Steels A and B have similar carbon equivalents, 

0.31, and were produced from an ingot whereas, steel C was produced by continuous casting and has 

a higher carbon equivalent of 0.39. Steels A and C would be categorized are HIC-Resistant steels and 

steel B is a low sulfur grade steel. See text for more detailed chemical compositions of Steels A, B, 

and C. Adapted from [20]. .................................................................................................................... 13 

Figure 2.8 Schematic illustration of the two reactions for hydrogen that occur at the metal/solution interface. The 

reaction (a) occurs at a much higher rate than (b). Reaction kinetics of (a) are suppressed in sour 

service applications due to the presence of sulfur ions, Equation 2.3. Reaction (b) causes subsequent 

HIC within the material through hydrogen interactions with features in the metal matrix [36]. .......... 14 

Figure 3.1 Schematic of strips that were machined in the transverse direction with respect to the rolling direction 

and then subsequently prestrained to target levels. The prestrain and rolling directions are labeled. 

Strip length was dependent on the plate material that was machined. The length ranged from 450 mm 

for the X52 to 700 mm for the 100XF. ................................................................................................. 20 

Figure 3.2 Example of a strip being prestrained using uniaxial tension. The entire length between grips was 

considered the gauge length. This gauge length was used in correspondence with target prestrain 

levels to set a predetermined crosshead displacement to achieve the desired prestain amount. ........... 20 

 



vii 

 

Figure 3.3 Test specimen geometry and orientation used in the NACE Standard and electrolytic charging studies; 

all dimensions are in millimeters. For specimens that were subjected to electrolytic charging, a taper 

hole was drilled and reamed in the transverse top face of the test specimen to allow for electrical 

conductivity. ......................................................................................................................................... 22 

Figure 3.4 a) NACE Standard TM0284 test vessel used to evaluate materials suscpetibilty to HIC, b) carousel 

used to hold test specimens allowing for adequate space for gas purge during testing. ....................... 26 

Figure 3.5 Prior generation cell used for electrolytic charging by B. Rosner [7] and G. Angus [44]. ................... 28 

Figure 3.6 From left to right, the images display the salient features for (a) the construction of the cathode 

electrode connection to be used in correspondence with (b) the steel specimens. The cathode electrode 

connection in (a) employs a taper pin fastened to a 316 SS rod. A corresponding taper hole is reamed 

into the top transverse face of the steel specimen. The cathode electrode connection is then inserted 

into the hole and frictionally locked with the test specimen. To protect this electrical connection, the 

region around the connection is covered in epoxy. ............................................................................... 29 

Figure 3.7 Schematic diagram for dual cell used for electrolytic charging experiments. ...................................... 29 

Figure 3.8 Electrolytic hydrogen charging (EC) test apparatus with components labeled. Electrolytic charging 

(EC) was accomplished through electrochemical polarization using this test apparatus. Tests apparatus 

was designed to optimize the reproducibility of the HIC results and the stability of the components 

during long charging times ................................................................................................................... 31 

Figure 3.9 Test specimen geometry and orientation used in the NACE Standard and electrolytic charging studies; 

all dimensions are in millimeters, (a) Faces 2, 4 and 6 are used in the NACE Standard evaluation 

while Faces 1 - 6 are used for the electrolytic charging method. Face 1 is the furthest from the 

electrode link. (b) Schematic showing how cracks are measured on the evaluated faces [34]. ............ 32 

 

Figure 3.10 ImageJ interface that allows the user to import selected images into the software for analysis. Once 

imported, the plate thickness is measured in pixels, shown by the white line. Knowing this distance in 

pixels, the “set scale” feature in the software allows the user to set the distance in pixels to a known 

distance. For this image and cross-section, 502 pixels equaled 12.42 mm. The “set scale” feature also 

displays the resolution of the image relative to the scale. This resolution was used to determine the 

accuracy of the measurements. ............................................................................................................. 33 

Figure 3.11 Example cracked face showing how images were used to (a) identify cracks that are offset from one 

another. (b) Example cracked face showing the measurement offset to determine if multiple cracks 

should be considered a single (cracks separated by less than 0.5 mm were considered as a single crack 

[34]). (c) The final measurement of the single cracks. Each crack in (b) was enhanced using the 

“zoom” feature to produce the images in (c) to aid in the precise measurement of the single crack. The 

white lines in (c) represent the length, a, and thickness, b, measurements used to calculate critical 

crack ratios. ........................................................................................................................................... 36 

 



viii 

 

Figure 3.12 “Daisy Chain” assembly components. From left to right, the images display the salient features (the 

five sub-sized specimens and copper wire) of the component assembly leading to the assembly of the 

“Daisy Chain” to allow for simultaneous charging of multiple specimens for hydrogen content 

measurements. ...................................................................................................................................... 35 

Figure 3.13 (a) Schematic representation with specimen geometry and the locations where test specimens were 

sectioned. The black areas represent material that was left after the sectioning process was complete. 

(b) Visual representation of samples fabricated for diffusible hydrogen analysis using EC. The 

sectioned areas allow for easy detachment after EC has been conducted. ............................................ 38 

Figure 3.14 (a) Dimensions of the eudiometer used in the mercury displacement method to determine diffusible 

hydrogen amount, (b) schematic representation of the use of a mercury-filled eudiometer to capture 

and measure the amount of diffusible hydrogen in the sample that is placed into the assembly. 

Adapted from [45]. ............................................................................................................................... 40 

Figure 3.15 Test setup for the mecury displacement method with the compontents labeled. .................................. 41 

Figure 4.1 Secondary electron micrographs taken with the FESEM of X52 plate steel. Images from three 

different planes (a) transverse, (b) longitudinal, and (c) normal plane are shown. 2 pct Nital etch. ..... 44 

Figure 4.2 Presence of degenerated pearlite in the X52 plate material. Image taken with the FESEM. 2 pct nital 

etch. ...................................................................................................................................................... 44 

Figure 4.3 Secondary electron micrographs taken with the FESEM of X60 plate steel. Images from three 

different (a) transverse, (b) longitudinal, and (c) normal plane planes are shown. 2 pct nital etch. 

Black circles on each micrograph indicate the presence of a secondary microconstituent. .................. 45 

Figure 4.4 Secondary electron micrographs taken with the FESEM of X70 plate steel. Images from three 

different planes (a) transverse, (b) longitudinal, and (c) normal plane are shown. 2 pct nital etch. 

Black circles on each micrograph indicate the presence of a secondary microconstituent. .................. 45 

Figure 4.5 Secondary electron micrographs taken with the FESEM of 100XF plate steel. Images from three 

different planes (a) transverse, (b) longitudinal, and (c) normal plane are shown. 2 pct nital etch. 

Black circles on each micrograph indicate the presence of a secondary microconstituent. .................. 45 

Figure 4.6 Nonmetallic inclusions observed in the four plate steels. Elements present in each image were 

confirmed by EDS mapping of the image shown. (a) Al-Ca-O X52, (b) Al-O X60, (c) Al-Mg-O-Ca-S 

X70, (d) Al-Mg-O 100XF (see pdf version for color). ......................................................................... 46 

Figure 4.7 Ternary diagrams (in wt pct) of two inclusions families, (a) Al-Ca-S and (b) Ca-Mn-S, present in the 

X52 plate steel. Ternary diagrams were generated by automatic feature analysis at the Nucor Indiana 

facility. Dashed regions 1and 2 in (a) and (b), respectively, show the grouping of the relative 

compositional distribution of inclusions evaluated by AFA, in reference to the three elements found in 

each ternary diagram. ............................................................................................................................ 47 

 

 

 



ix 

 

Figure 4.8 Ternary diagrams (in wt pct) of two inclusions families, (a) Al-Ca-S and (b) Ca-Mn-S, present in the 

X60 plate steel. Ternary diagrams were generated by automatic feature analysis at the Nucor Indiana 

facility. Dashed regions 1and 2 in (a) and (b), respectively, show the grouping of the relative 

compositional distribution of inclusions evaluated by AFA, in reference to the three elements found in 

each ternary diagram. Regions 3 in (b) indicate the presence of MnS type inclusions identified 

through AFA. ........................................................................................................................................ 48 

Figure 4.9 Ternary diagrams (in wt pct) of two inclusions families, (a) Al-Ca-S and (b) Ca-Mn-S, present in the 

X70 plate steel. Ternary diagrams were generated by automatic feature analysis at the Nucor Indiana 

facility. Dashed regions 1and 2 in (a) and (b), respectively, show the grouping of the relative 

compositional distribution of inclusions evaluated by AFA, in reference to the three elements found in 

each ternary diagram. Regions 3 in (b) show the presence of MnS type inclusions identified through 

AFA. ..................................................................................................................................................... 48 

Figure 4.10 Ternary diagrams (in wt pct) of two inclusions families, (a) Al-Ca-S and (b) Ca-Mn-S, present in the 

100XF plate steel. Ternary diagrams were generated by automatic feature analysis at the Nucor 

Indiana facility. Dashed regions 1and 2 in (a) and (b), respectively, show the grouping of the relative 

compositional distribution of inclusions evaluated by AFA, in reference to the three elements found in 

each ternary diagram. Regions 3 in (a) show a region where the types of inclusions within the area if 

evaluated with other elements i.e. Fe and O the composition of the inclusion would be found to be 

different. Speculated that these inclusions would be Fe-S and Al-O type inclusions. .......................... 49 

Figure 4.11 (a) Microhardness data from each rolled face to the center of the X52 plate thickness, along with the 

average microhardness (solid line with 90 pct confidence interval), (b) etched (2 pct Nital), and (c) 

non-etched macrographs taken from the edge to middle thickness. Cross-sections of the full plate 

thickness of the transverse plane with respect to rolling direction were evaluated. Microhardness 

measurements were taken every 0.254 mm (0.01 in), 500 gmf load, and 10 s dwell time. .................. 50 

Figure 4.12 (a) Microhardness data from each edge to the center of the X60 plate thickness, along with the 

average microhardness (solid line with 90 pct confidence interval), (b) etched (2 pct Nital), and (c) 

non-etched macrographs taken from the edge to middle thickness. Cross-sections of the full plate 

thickness of the transverse plane with respect to rolling direction were evaluated.  Microhardness 

measurements were taken every 0.254 mm (0.01 in), 500 gmf load, and 10 s dwell time. .................. 51 

Figure 4.13 (a) Microhardness data from each edge to the center of the X70 plate thickness, along with the 

average microhardness (solid line with 90 pct confidence interval), (b) etched (2 pct Nital), and (c) 

non-etched macrographs taken from the edge to middle thickness. Cross-sections of the full plate 

thickness of the transverse plane with respect to rolling direction were evaluated. Microhardness 

measurements were taken every 0.254 mm (0.01 in), 500 gmf load, and 10 s dwell time. .................. 52 

 

 

 



x 

 

Figure 4.14 (a) Microhardness data from each edge to the center of the 100XF plate thickness, along with the 

average microhardness (solid line with 90 pct confidence interval), (b) etched (2 pct Nital), and (c) 

non-etched macrographs taken from the edge to middle thickness. Microhardness measurements were 

taken every 0.254 mm (0.01 in), 500 gmf load, and 10 s dwell time. ................................................... 53 

Figure 4.15 Surface conditions of 100XF after cathodic charging at various applied current densities while 

keeping the duration of the test constant at 24 hours. (a) 0.80, (b) 1.50, (c) 5.0, (d) 10.0, (e) 15, and (f) 

25 mA/cm
2
. Image taken using light optical flash photography. .......................................................... 55 

Figure 4.16 Hydrogen Induced Cracks produced through electrolytic charging of 100XF at a current density of 15 

mA/cm2 for 24 hours, (a)Face #2 (b) Face #4. ..................................................................................... 57 

Figure 4.17 Variation of calculated crack ratios versus applied current density for 100XF that was cathodically 

charged for 24 hours. CSR – Critical Size Ratio, CLR – Critical Length Ratio, and CTR – Critical 

Thickness Ratio. ................................................................................................................................... 57 

Figure 4.18 Variation of average calculated crack ratios versus charging time for 100XF cathodically charged at 

an applied current density of 15 mA/cm
2
. ............................................................................................. 58 

Figure 4.19 Critical Crack Ratio values as a function of prestrain for the X52 material for each charging method: 

(a) Electrolytic charging and (b) H2S Method. CLR – Crack Length Ratio, CTR – Crack Thickness 

Ratio, and CSR – Crack Size Ratio. ..................................................................................................... 59 

Figure 4.20 Critical Crack Ratio values as a function of prestrain for the X60 material for each charging method: 

(a) Electrolytic charging and (b) H2S Method. CLR – Crack Length Ratio, CTR – Crack Thickness 

Ratio, and CSR – Crack Size Ratio. ..................................................................................................... 60 

Figure 4.21 Critical Crack Ratio values as a function of prestrain for the X70 material for each charging method: 

(a) Electrolytic charging and (b) H2S Method. CLR – Crack Length Ratio, CTR – Crack Thickness 

Ratio, and CSR – Crack Size Ratio. ..................................................................................................... 61 

Figure 4.22 Critical Crack Ratio values as a function of prestrain for the 100XF material for each charging 

method: (a) Electrolytic charging and (b) H2S Method. CLR – Crack Length Ratio, CTR – Crack 

Thickness Ratio, and CSR – Crack Size Ratio. .................................................................................... 61 

Figure 4.23 a) Crack length ratio dependence on tensile strength for the 0 pct prestrain condition: Electrolytic 

method (EC) and NACE Standard method (H2S). b) Crack thickness ratio dependence on tensile 

strength for the 0 pct prestrain condition. The vertical dashed lines represent the suggested 116 ksi 

threshold value for hydrogen assisted-cracking phenomena [47 and 48]. The two horizontal dashed 

lines represent sour service requirements outlined by ISO 3183 [52]. ................................................. 62 

Figure 4.24 (a) Crack length ratio and (b) crack thickness ratio dependence on hardness for the materials and pre-

strain conditions evaluated by EC. The vertical dashed lines represent the suggested 22 HRC (248 

HV) threshold value for HIC susceptibility [47 and 48]. The two horizontal dashed lines represent 

sour service requirements outlined by ISO 3183 [52]. ......................................................................... 63 

 

 



xi 

 

Figure 4.25 (a) Hydrogen concentration in as-received alloys. (b) Hydrogen concentration for each plate material 

as a function of prestrain. ...................................................................................................................... 64 

Figure 4.26 Trapped hydrogen values after degassing of material. Materials were hydrogen charged with the EC 

method, degassed at 50 °C for 72 hours, sectioned, and evaluated using the LECO® hydrogen 

analyzer to determine the trapped hydrogen content. ........................................................................... 65 

Figure 4.27 Diffusible hydrogen values determined by two different evaluation methods on the four materials and 

prestrain conditions investigated: (a) Mercury displacement and (b) LECO® analysis. LECO® 

diffusible hydrogen values were determined using Equation 4.2. ........................................................ 67 

Figure 4.28 Observation of hydrogen bubbles forming preferentially on the lower bottom end of the steel 

specimens during EC experiments. Sample numbers are shown on the steel sample in the image. ..... 68 

Figure 4.29 Dependence of location of sample (sample number) on the amount of diffusible hydrogen measured 

by the mercury displacement method. Sample 1 represents the sample furthest away from the 

electrode connection. Dimensions of the sample were the full thickness of the plate (100 XF and X70 

- 12.7, X60 - 9.5, and X52 - 19 mm) x 20 ± 3 mm (width) x 25 ± 2 mm (length). ............................... 69 

Figure 4.30 Dependence of calculated Crack Length Ratio on the location of the examined faces for each material 

and prestrain condition for EC experiments (a) X52, (b) X60, (c) X70, and (d) 100XF. ..................... 70 

Figure 4.31 HIC (CLR) dependence on (a) LECO® diffusible and (b) trapped hydrogen contents from EC. The 

two horizontal dashed lines represent sour service requirements outlined by ISO 3183, CLR < 0.15 

[52]. ...................................................................................................................................................... 71 

Figure 4.32 Light optical macrographs taken on as-polished full width and thickness EC test specimens. Images 

are representative of the cracking behavior observed for materials at all prestrain levels. (a) X52 0 pct 

prestrain Face 1, (b) X60 3 pct prestrain Face 2, (c) X70 5 pct prestrain Face 1, and (d) 100XF 0 pct 

prestrain Face 2. .................................................................................................................................... 72 

Figure 4.33 Secondary electron micrograph taken on the FESEM of the X52 EC 18 % prestrain Face 1 condition. 

Etched with 2 pct nital. Evidence of transgranular (1and 3) and intergranular crack propagation (2).. 73 

Figure 4.34 EDS mapping of non-etched X52 EC 18 % prestrain Face 1condition. Primary crack propagation in 

close proximity to Al-O-Ca type inclusion. SEM image produced was taken in backscatter mode on 

the FESEM (see pdf version for color). ................................................................................................ 74 

Figure 4.35 Secondary electron micrographs taken on the X60 EC 0 % prestrain Face 6 condition. Image captured 

using the ESEM. Etched with 2 pct nital. Features 1 and 2 show HIC around inclusions in the 

microstructure. ...................................................................................................................................... 75 

Figure 4.36 Secondary electron micrograph taken on the X70 EC 5 % prestrain Face 1 condition. Image shows the 

presence of an inclusion in the primary crack area. Image was captured using the ESEM. Etched with 

2 pct nital. ............................................................................................................................................. 75 

Figure 4.37 EDS mapping of non-etched X60 EC 0 % prestrain Face 6 condition. SEM image was taken in 

backscatter mode on the FESEM (see pdf version for color).  The SEM image and EDS maps show 

the presence of MnS type inclusions in and distributed around the primary crack region. ................... 76 



xii 

 

Figure 4.38 EDS mapping of non-etched X70 EC 5 % prestrain Face 1 condition. SEM image was taken in 

backscatter mode on the FESEM (see pdf version for color). The SEM image and EDS maps show the 

presence of MnS type inclusions in and distributed around the primary crack region. ........................ 76 

Figure 4.39 Secondary electron images take on a) 100XF EC 0 % prestrain Face 2 (feature #1 shows transgranular 

cracking of acicular ferrite), b) 100XF EC 0 % prestrain Face 2 (feature #2 shows crack propagation 

across secondary microconstituent), and c) 100XF EC 2 % prestrain Face 1 (feature #3 shows 

nonmetallic inclusion). Image was captured using the FESEM. Etched with 2 pct nital. ..................... 77 

Figure 4.40 EDS mapping of non-etched 100XF EC 0 % prestrain Face 2 condition. SEM image was taken in 

backscatter mode on the FESEM (see pdf version for color). SEM image reveals an globular shaped 

inclusion found outside the primary crack region. EDS mapping identifies the inclusion being of the 

mixed composition of Al-O-Ca-S. ........................................................................................................ 78 

Figure 4.41 EDS mapping of etched 100XF EC 2 % prestrain Face 1 condition. SEM image was taken in 

backscatter mode on the FESEM. Etched with 2 pct nital (see pdf version for color). SEM image 

reveals an elongated inclusion found within the primary crack region. EDS mapping identifies the 

inclusion being of the mixed composition of Al-Mg-O. ....................................................................... 78 

 



xiii 

 

LIST OF TABLES 

Table 2.1 Chemical Composition of the Materials used in [41] (wt pct) ..................................................................... 16 

Table 2.2 NACE Standard Test Results and Results Using Electrochemical Charging on X70 Plate [7] ................... 16 

Table 3.1 Chemical Composition of As-Received Plate Steels in wt pct .................................................................... 18 

Table 3.2 Mechanical Properties in the Transverse Direction of As-Received Plate Steels ........................................ 18 

Table 3.3 Selected Prestrain Amounts for the Plate Steels .......................................................................................... 21 

Table 3.4 Test Specimen Geometry for the X52 Specimens used in each Hydrogen Exposure Method .................... 23 

Table 3.5 Test Specimen Geometry for the X60 Specimens used in each Hydrogen Exposure Method .................... 24 

Table 3.6 Test Specimen Geometry for the X70 Specimens used in each Hydrogen Exposure Method .................... 25 

Table 3.7 Test Specimen Geometry for the 100XF Specimens used in each Hydrogen Exposure Method ................ 26 

Table 3.8 Design Issues and Solutions taken for the Electrolytic Charging Methodology .......................................... 27 

Table 3.9 Measured values from Manual Image J Measurements of length ‘a’ and thickness ‘b’ of Cracks in Figure 

3.11. The Calculated Crack Ratio Values are also shown. ……………………………………………34 

Table 3.10 Uncertainty from the Method used to Measure Variables for use in Crack Ratio Calculation .................. 35 

Table 3.12 Uncertainty Values for the Instruments Used to Calculate Diffusible Hydrogen ...................................... 42 

Table 3.13 Total Uncertainty Calculated using Equation 3.9 for the Mercury Displacement Method ........................ 42 

Table 4.1 Microhardness Data Taken for each Material and Prestrain Condition ....................................................... 54 

Table 4.2 Experimental Matrix for the Characterization Study Conducted on the 100XF alloy ................................. 54 

Table 4.3 Charging conditions that produced cracking in 100XF that was cathodically charged for 24 hours ........... 57 

Table 4.4 Average crack depth in 100XF specimens at the current densities explored during EC experiments run for 

24 hours: Extremes represent the minimum and maximum crack depth observed ………………58 

Table 4.5 Average crack depth in 100XF specimens as a function of test duration during EC experiments, run at 

15 mA/cm
2
: Extremes represent the minimum and maximum crack depth observed ………………58 

Table 4.6 Hydrogen trap sites found in iron, table modified from [54] ....................................................................... 66 

Table 4.7 Crack Depth Observed on all Sectioned Faces for each alloy after EC ....................................................... 72 

Table 4.8 Summarized Cracking Behavior .................................................................................................................. 78 

 

  



xiv 

 

Acknowledgements 

I would like to thank the sponsors of the Advanced Steel Processing and Products Research Center for their 

support, guidance, and encouragement.  Particular thanks are given to Evraz for allowing me to visit their RND 

facility to conduct the NACE standard test for my thesis work (Thank you Laurie Collins and Shahrooz Nafisi for 

your support and guidance during my thesis). Thank you Nucor for also allowing me to visit and give you sample to 

conduct AFA analysis on (Thank you Dan Edelman for all your support and guidance). Dr. Martins thank you for all 

your knowledge and guidance in this project, without your expertise and communication the test cell would be 

nowhere close to where it is today. Thank you Lee and Jim Johnson in aiding me in the rebuild of the Bridgeport 

Knee mill as well as your knowledge you bestowed upon me.  Additional thanks go to Matt Merwin (U.S. Steel), D. 

Bai and Rick Bodnar (SSAB).  I am grateful for my advisor Kip O Findley, for supporting me through this program 

and increasing my knowledge and skills within the field of metallurgical and materials engineering. Finally I would 

like to thank my thesis committee for the knowledge and advice they gave to me during my thesis. 

  



 1 

CHAPTER 1: Introduction 

Plate steels used in pipeline applications are exposed to specific environmental challenges. One deleterious 

environment is the transportation of “sour gas” commodities. The presence of hydrogen sulfide gas promotes 

hydrogen-assisted cracking; specifically, sulfur inhibits the recombination of hydrogen into hydrogen gas, thus 

facilitating hydrogen diffusion into steel.  

Steel processing has evolved over the years to produce steel products that exhibit higher resistance to 

hydrogen induced damage. Specifically, processing strategies have included lowering sulfur contents (higher 

cleanliness of steel produced) [1], minimizing hydrogen contents (controlled cooling and low moisture in raw 

materials) [1], controlling the formation of specific microstructural constituents (more homogenous) [2], controlling 

nonmetallic inclusion shape control (limiting the degree of elongation) [6], and decreasing corrosion potentials while 

lower the diffusivity of hydrogen into the steel matrix (alloying) [6]. Also, casting techniques (ingot versus 

continuous cast) [4], deoxidation processes (fully versus semi killed steels) [6], rolling upon hot slab reduction 

(angle of rolls) [1], rolling [5], and controlled cooling (minimization of ‘hard’ bands and alloy segregation) [1] have 

been shown to affect hydrogen induced cracking resistance. Furthermore, plate manufacturing results in bending 

strains in the material, which may affect resistance to hydrogen induced damage through local increases in strength 

and decreases in ductility as well as increases in dislocation density and imposed residual stresses.  

The industrial standard for the evaluation of hydrogen induced cracking (HIC) is the NACE TM0284 

standard. This method relies on naturally occurring corrosion (reduction) reactions at the interface between one of 

two different solutions, A or B, containing dissolved hydrogen-sulfide gas, and the iron-containing base-metal. 

Thus, hydrogen adsorption at the metal/solution interface and subsequent diffusion into the metal is accomplished. 

The reduction of the dissolved hydrogen sulfide occurs at cathodic sites on the metal surface and the adsorption of 

atomic hydrogen is facilitated by the accompanying sulfide anion reaction-product that functions as a hydrogen 

association-inhibitor (reduces the rate of formation of diatomic-hydrogen gas).  However, there is inherent danger in 

handling hydrogen sulfide gas, and special procedures are required to use it for hydrogen-assisted cracking 

evaluation purposes. 

1.1 Research Objectives 

The scope of the current project is to develop a reproducible methodology using electrolytic charging as a 

means to introduce hydrogen into steels to assess their resistance to hydrogen-assisted cracking. Electrolytic 

charging has been commonly used to pre-charge steel specimens with hydrogen before mechanical testing or to 

charge hydrogen into specimens while applying a load; however, it has not been extensively employed to assess 

hydrogen-induced cracking resistance [6]. Electrolytic charging at prolonged test durations was explored by Rosner 

[7], who found that electrolytic charging produced similar results to the NACE Standard test mentioned above, a 

promising initial result.  
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The current project utilizes four low carbon plate steel grades, X52, X60, X70, and 100XF, to evaluate 

hydrogen susceptibility in relation to: 

1. As-received  mechanical properties i.e. strength, hardness, and ductility,  

2. The introduction of cold work in the form of uniaxial prestrain,   

3. Diffusible hydrogen amounts along with analysis of trapped hydrogen after degassing, 

4. Parent microstructure along with second phase microconstituents, and 

5. Presence of nonmetallic inclusions i.e. type, morphology, and/or size. 
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CHAPTER 2: Background 

In the following section, the various proposed mechanisms for hydrogen-assisted cracking are outlined and 

discussed. Variables such as selection of raw materials for steelmaking, fabrication processes that occur during the 

production of steel plates, and the final forming methods are presented in relation to hydrogen induced damage. Two 

experimental methods to introduce hydrogen into steel to study the effects of hydrogen are also discussed.  

2.1 Hydrogen Entry into Steel and Hydrogen-Assisted Cracking Mechanisms 

Hydrogen can be introduced into steel though steelmaking processes and in-service environmental 

exposure. Exposure to hydrogen from steelmaking comes from melting of the raw materials, casting of ingots or 

slabs, and subsequent processing techniques (e.g. electro-plating and pickling). In-service environmental hydrogen 

exposure has increased due to the increasing demand for oil and gas commodities, leading to the exploring and 

harvesting of reserves that contain hydrogen sulfide gas and/or sulfur as impurities.  In the oil and gas industry, the 

terms ‘sour’ and ‘sweet’ are used to denote the concentrations of the two impurities found in the commodity. For gas 

commodities, a ‘sour’ gas is defined as when the concentration of hydrogen sulfide gas exceeds 5.7 milligrams per 

cubic meter of natural gas. Oil wells are considered ‘sour’ when sulfur levels are at concentrations that exceed 0.5 

wt pct. At lower levels of hydrogen sulfide gas or sulfur, the gas or oil commodity is described as ‘sweet.’  

The production, interaction, and subsequent damage from hydrogen in steels are schematically shown in 

Figure 2.1. The production of nascent hydrogen atoms is generated through the naturally occurring corrosion 

reaction 

         

   
→           (

(2.1) 

in the sour environment [5]. Hydrogen ions are attracted to the metal interface due to the presence of excess 

electrons. Once at the interface, the nascent hydrogen can either recombine into hydrogen gas and bubble off the 

surface or diffuse into the steel and cause internal cracking and/or blistering at the surface. The diffusion of 

hydrogen into the steel is assisted by the presence of sulfide ions. The sulfide ions slow the recombination reaction 

of hydrogen ions to form hydrogen gas within the system. Internal cracking is generated though interactions 

hydrogen has with specific features, such as inclusions in the metal matrix.  Hydrogen-assisted cracking phenomena 

are caused by the following proposed mechanisms [8]: internal hydrogen pressure (blister or void formation), 

surface adsorption, decohesion, and enhanced plastic flow. Surface adsorption affects the energy needed (decreases) 

to form brittle cracking [8]. Decohesion occurs because the dissolved hydrogen weakens interatomic bonds therefore 

lowering the ductility of a material. These two mechanisms (surface adsorption and decohesion) require an applied 

stress, either external or residual, to observe their consequences. However, the other two mechanisms (internal 

hydrogen pressure and enhanced plastic flow) can occur without an applied external stress; they are related to an 

internal stress caused by increased levels of hydrogen in specific areas. These mechanisms lead to premature failures 

or costly repairs of the steels used in service.  
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Figure 2.1 Schematic representation of the dissociation of hydrogen sulfide gas at the metal/solution interface 

and subsequent diffusion into the metal to areas where hydrogen-assisted cracking can occur [5].  

 

Once hydrogen is introduced into the steel, it can lead to different forms of cracking such as sulfide-stress-

cracking (SSC), stepwise cracking (SWC), hydrogen induced cracking (HIC), hydrogen blister cracking, and stress-

oriented-hydrogen-induced-cracking (SOHIC).  SSC is a form of hydrogen-assisted cracking that occurs in high 

strength steels (> 100 ksi yield strength) or in areas of localized hardness, i.e. ‘hard bands’ produced though alloy 

segregation or heat affected zones found close to weldments. This type of cracking is produced through exposure to 

hydrogen while under tensile stress. SSC is generally intergranular and is primarily oriented perpendicular to the 

applied tensile stress [9]. SOHIC is a form of hydrogen-assisted cracking where the damage caused through the 

interaction with hydrogen is indicative of an applied stress. SOHIC is characterized by the interlinking of 

microscopic cracks, both on the surface and within the steel, that are oriented perpendicular to the applied stress as 

well as the plane defined by nonmetallic inclusions. Areas that are highly susceptible to SOHIC are the same as 

those described for SSC and material adjacent to the weld seam in pipeline steels. 

HIC covers a broad range of cracking behavior that occurs through the interaction with hydrogen. Within 

HIC, terms such as SWC, hydrogen pressure cracking, and hydrogen blister cracking are interchanged frequently. 

For the purposes of this document, all will be combined and referred to as HIC. HIC is caused through the internal 

interaction of hydrogen with the steel in the absence of an externally-applied stress. Hydrogen is believed to affect a 

material through its interaction with crystalline features such as dislocations and/or secondary micro-constituents 

such as carbides and non-metallic inclusions [8]. At these features, hydrogen becomes trapped and builds to 

pressures greater than the local strength of material, causing internal micro-cracks to form.  

Enhanced plastic flow has been one of the more accepted mechanisms associated with HIC and is shown 

schematically in Figure 2.2. This proposed mechanism for enhanced plastic flow is as follows: 1) hydrogen diffuses 

through the metal matrix  and becomes trapped at the metal/inclusion interface, 2) the presence of molecular 

hydrogen causes a separation between matrix metal and inclusions, 3) plastic deformation occurs around the crack 

tips; 4) plastic regions are embrittled by hydrogen ( stage 1); and 5) cracks propagate through the embrittled regions 

in a direction normal to blisters cracks (stage 2) [3]. Scenarios A, B, and C in figure 2.2 represent various 

configurations of inclusion size, amount, and spacing. Scenario A represents two elongated type inclusions that are 

separated, B represents a cluster of smaller inclusions that within close proximity to one another, and C shows a very 
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elongated inclusion in the presence of two minor inclusions. The crack morphology is altered from scenario A to C 

due the differences in the features of the inclusions.  

 

 
Figure 2.2 Schematic representation of enhanced plastic flow mechanism for hydrogen embrittlement. Parts 

A, B, and C show various configurations of inclusion size/elongation, distribution, and amount 

and the resulting morphology of cracks [3].   

2.2 Metallurgical Variables 

This section evaluates important metallurgical variables that are considered when producing plate steels. 

Variables such as different casting techniques, microstructure, nonmetallic inclusions, and alloy chemistry are 

important to monitor to increase steel resistance to HIC. Additionally, the effect of thermomechanical processing 

route and forming steps required for final pipe production from plate product are also considered. 

Before addressing these variables, it is important to distinguish the different classes of pipeline steels that 

are used within the oil and gas industry. These steels are as follows: 1) conventional steels, 2) low sulfur 

conventional steels, 3) “HIC-Resistant” Steels, and 4) ultra-low sulfur advanced steels [10].  

The term “conventional steel” refers to commercially produced hot rolled or normalized steel. When the 

environment is not challenging, the steels generally have a moderate level of inclusions and higher amounts 

(compared to others mentioned here) of sulfur present in the final chemistry of the steel (≥ 0.010 wt pct sulfur) [10]. 

These steel grades, when placed into sour environments, exhibit high degrees of hydrogen induced damage, which is 

to be expected from the higher levels of sulfur and inclusions present in the steel.  

Low sulfur conventional steels are produced in a similar manner to conventional steels but with more 

controlled sulfur levels. The sulfur levels range from 0.003 to 0.010 wt pct. Due to the decreased levels of sulfur, the 

amount of inclusions present is lower and these steels exhibit improved mechanical properties compared to 

conventional steels. When placed into a sour environment, low sulfur conventional steels perform better than 

conventional steels but may still exhibit a high susceptibility to cracking at moderate to severe service conditions 

[10].  
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HIC-Resistant steels denote steel that has been engineered at multiple levels of processing such that this 

material can be placed into moderate and severe environments and not fail due to hydrogen induced damage. 

Processing during ladle metallurgy involves the reduction of sulfur to levels designated as ultra-low, i.e. ≤ 0.002 wt 

pct, and a possible addition of calcium to aid in nonmetallic inclusion shape control during subsequent processing 

[10]. After hot rolling, these steels undergo a normalizing heat treatment to modify the rolled microstructure to 

improve the resistance to hydrogen induced damage.  

Ultra-low sulfur advanced steels have been specifically engineered to resist HIC under severe service 

conditions and improve resistance to SOHIC through the use of modern steelmaking and processing techniques. 

These steels, like the HIC-Resistant steel, have ultra-low sulfur contents and lower carbon equivalents at similar 

tensile strengths as conventional steels (such as ASTM A516-70). Ultra-low sulfur advanced steels undergo thermo-

mechanically controlled processing (TMCP) and/or accelerated cooling techniques to produce ferritic/bainitic 

microstructures where banding is minimal or not present [10]. Because of the TMCP, attention to sulfur contents, 

and nonmetallic inclusion shape control, these steels exhibit the highest resistance to hydrogen induced damage of 

the four grades of steel mentioned.  

2.2.1 Deoxidation and Casting Techniques 

Resistance to hydrogen induced damage is altered by casting techniques, due to the control over alloy 

segregation and regions of nonhomogeneous microstructure. Variables such as deoxidation process (‘fully’ versus 

‘semi’ killed), casting technique (ingot versus continuous cast); super heat in the tundish, casting speed, and position 

of rolls can alter the how the final steel product solidifies and where nonmetallic inclusions are present.  

Two types of deoxidation processes can be used before casting. The terms “fully-killed” and “semi-killed” 

are in reference to the deoxidation process before casting and the elements that are added to achieve deoxidation. In 

“fully-killed” steels, aluminum is added because its strong affinity for oxygen limits the gas evolution in the bath of 

liquid steel [11]. Aluminum oxides form in the liquid and float to the top but some oxide inclusions remain in the 

steel upon casting. In comparison, “semi-killed’ steels have ferrosilicon added to achieve deoxidation within the 

bath of liquid steel [12]. “Semi-killed” steels produce heats that have more homogenous chemistries as well as more 

uniform mechanical properties after rolling operations [12]. In a study conducted by Moore and Warga [12] on 14 

candidate steels for pipeline, HIC susceptibility was greater in fully-killed steels than semi-killed steels. The 

susceptibility was independent of the varying levels of sulfur, manganese, and silicon in the alloys but did depend on 

the amount of aluminum. The higher amount of deoxidation that occurs in the fully-killed steels leads to higher 

solubility of sulfur in the melt. The increase in solubility results in more Type I ellipsoidal manganese sulfides 

(MnS) upon solidification, which are subsequently elongated during rolling, leading to Type II stringer-like MnS 

[12]. The Type II MnS inclusions increase the degree of cracking in plate steels subjected to sour environments. In 

the semi-killed steels, the sulfides present after solidification and rolling operations are more globular, increasing the 

resistance to hydrogen-assisted cracking phenomena. 

Herbslab et al. [4] showed that continuous casting should be used instead of ingot casting because the 

steelmaker has better control over the position of the nonmetallic inclusions. Nieto et al. showed that continuous 

casting enabled them to control the final solidification of slabs to minimize centerline segregation. They also showed 
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that continuous casting, low superheats in the tundish (<250°C), and slower casting speeds produced plate steels 

(API X65) with high resistance to HIC [1] due to no centerline segregation, homogeneous chemistry though 

thickness, and microstructural uniformity.  

In contrast, when plates are produced from large ingots, it has been shown that HIC susceptibility scales 

with the position in the ingot [3]. In a study conducted by Ikeda et al. [13], samples were taken from four different 

locations within a large ingot and tested for HIC susceptibility. The HIC susceptibility in relation to these regions is 

shown in the ingot schematic in Figure 2.3. The positions examined were1/6 of the width (W), 1/3 W, 5/12 W, and 

11/12W from the surface, as well as the lower section (1/6 of the height) of the ingot away from the slag layer 

(Figure 2.3). This study showed that in the area labeled as ‘A’ (the outer edge and lower portion of the ingot), the 

HIC susceptibility of the final plate is not severe. Towards the center of the ingot, (i.e. positions of higher 

concentrations of impurities) denoted as areas ‘B and C’, the HIC susceptibility increases moderately compared to 

‘A’. Samples taken from the inner third of the ingot, section D, produced the lowest resistance to HIC due to the 

large amounts of alloy segregation and high concentrations of nonmetallic inclusions [13]. The importance of this 

study showed that steels produced from ingots have varying degrees of susceptibility and those from sections B, C, 

and D should not be used in sour environments.  

 

 
Figure 2.3 Schematic representation of the influence of ingot material location on HIC susceptibility of large 

sized ingots used to produce hot-rolled product [3]. 

 



 8 

2.2.2 Microstructural Variables 

This section highlights the different microstructural variables that are present in the final plate steel and 

how they influence the susceptibility to hydrogen-assisted cracking. The parent microstructure, presence of 

secondary microconstituents, non-homogenous microstructure, chemical make-up of nonmetallic inclusions, size 

and shape of nonmetallic inclusions, and finally alloying influence susceptibility to hydrogen-assisted cracking. In 

general, it is recommended by the National Association of Corrosion Engineers (NACE) that plate steels for use in 

sour service environments should not exceed a hardness value of 22 – 25 Rockwell C (HRC) [3]. Based on this 

recommendation, steels with an ultimate tensile strength of 116 ksi (800 MPa) or greater should not be considered 

for use in hydrogen environments. It is accepted in literature [14 and 15] that as the strength of the material 

increases, the tolerance to hydrogen concentration decreases and its overall mechanical properties (toughness, 

fracture toughness, tensile strength) are altered by the interaction with hydrogen. “Harder” microstructures 

inherently are generally less ductile, and require lower concentrations of hydrogen to cause severe damage to the 

steel.  

Acicular ferrite grains have a three-dimensional morphology of thin, lenticular plates, where grain size is 

characterized by an aspect ratio that ranges from 3:1 to 10:1 [16].  Acicular ferrite steels exhibit high strength 

coupled with high ductility, and have a higher resistance to hydrogen compared to polygonal ferrite or mixed 

ferrite/pearlite microstructures.  The degree of brittle intergranular fracture from the presence of hydrogen is reduced 

in acicular ferrite compared to polygonal ferrite [14 and 15]. In one study, tempering acicular-ferritic steels at 

650 °C for 30 minutes increased the resistance to HIC thorough the elimination of hard transformation products [3]. 

The tempering step allowed sufficient carbon diffusion out of martensitic islands, decreasing the susceptibly of 

cracking around these features. Increases in HIC resistance were also tied to increases in the uniformity of the 

microstructure, increases in fracture toughness (lower hardness), and internal stress relief. 

Grain size effects have been shown to alter HIC susceptibility in polygonal ferritic steels. Grain coarsening 

in polygonal ferrite has pronounced adverse effects on hydrogen-assisted cracking due to the ease of transgranular 

crack propagation in larger grains. Grain boundaries have been shown to reduce crack propagation through crack tip 

shielding [17]. Therefore, increasing the amount grain boundaries and decreasing grain size increases the degree to 

which a crack interacts with grain boundaries, reducing hydrogen-assisted cracking. However, at very fine grain 

sizes, it has been hypothesized that the increased grain boundary surface area associated with small-grained 

structures increases the probability for monoatomic hydrogen to segregate to grain boundaries, increasing the 

susceptibility to hydrogen-assisted cracking [18].  

Pearlite in steel interacts differently with hydrogen than ferrite. Cementite in the pearlite structure acts as a 

retardant for hydrogen diffusion through the microstructure, but hydrogen reaches similar concentration levels to 

purely ferritic steels after longer exposure times [19 and 20].  It has been reported that HIC susceptibility scales with 

the degree of banding present in the parent microstructure [3, 10, and 21]. Hydrogen diffusion through a mixed 

ferrite/pearlite microstructure is shown Figure 2.4. The arrows indicate the path by which hydrogen diffuses though 

microstructure.  Figure 2.4a shows a lower degree of banding compared to figure 2.4b. As hydrogen moves through 

the microstructure, pearlitic colonies hinder its diffusion, and thus less banded steels inhibit hydrogen diffusion. 
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Thus, it was observed that an increase in the banding (Figure 2.4b) increased the amount of area affected by cracks 

[2]. Hydrogen is irreversibly trapped at the interface between the ferrite and cementite phases that make up lamellar 

pearlite. After long exposure times, the interface of the cementite becomes saturated by hydrogen, causing cracking.  

 

 
                            a)                         b)  

 

Figure 2.4 Schematic diagram illustrating the hydrogen penetration through two varying degrees of banding 

in a ferrite/pearlite microstructure: a) lower degree of banding and b) higher degree of banding. In 

a), the hydrogen penetration is hindered by pearlite along the ferrite regions. Adapted from [19].   

 

Taira et al. [2], showed that by quenching (at 900 °C) and tempering (at 650 °C) (Q&T) controlled rolled 

steels, there was a reduction in the amount of cracking compared to the same material that was only controlled 

rolled. The increased resistance was attributed to the elimination of the pearlitic structure and increased uniformity 

of the microstructure compared to controlled rolled steels of the same grade. The quenching and tempering process 

produced tempered bainite, resulting in an overall increase resistance to HIC. Other studies [22 and 23] on Q&T 

steels have also reported an increase in the resistance to HIC. 

It becomes apparent that for pipeline steels that are subjected to sour/severe environments that the control 

of nonmetallic inclusions is paramount to ensure resistance to hydrogen-assisted cracking. Inclusions that form in 

the final plate product are dependent on liquid metal processing practices. Practices such as stirring (how long, 

when, how vigorous), timing of alloy additions, shrouding (gas layers above the steel), controlling slag, and many 

others have a very strong effect on inclusion counts in the final steel [24].  

The region of discontinuity around the inclusion and matrix creates a trap site for hydrogen accumulation, 

favoring crack nucleation and propagation in those regions. The length of the inclusion is of greater importance than 

its thickness [15], with respect to the rolling direction or parallel to the banding direction. The interface area along 

the length of the inclusion is greater, making the material more susceptible to brittle fracture normal to these 

interfaces.  

Figure 2.5 is a schematic representation of examples of inclusions that might be present in fully killed 

steels [25] after casting and rolling operations. Alumina inclusions during casting form a dendritic structure but upon 

rolling operations are broken up and distributed with respect to the rolling direction. At higher calcium oxide to 

alumina ratios, the inclusion tends to become more globular in shape and will have minimal shape change after 

rolling operations. In contrast, MnS inclusions elongate greatly during rolling, which is very detrimental to 

resistance to hydrogen assisted cracking [3, 5, 21, and 26]. During casting, MnS inclusions are globular, but the 
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inclusion becomes elongated after rolling operations. This elongation allows for an increase in surface area for 

hydrogen adsorption along a single plane, increasing the degree of cracking observed in the microstructure [3, 26]. 

Because nonmetallic inclusions cannot be eliminated, the final example found in Figure 2.5 is an example of the 

type of inclusion that would be more resistant to HIC. The 12 CaO • 7 Al2O3 inclusion forms first during casting and 

then the sulfide ring (CaS/MnS) forms around it. The sulfide ring allows for better control of inclusion shape as well 

as size and distribution within the metal matrix. Controlling these variables with additions of calcium aids in 

enhancing resistance to HIC.  

 

 
Figure 2.5 Examples of nonmetallic inclusions that form in fully killed steels. Shown are the changes of 

morphology due to rolling operations after casting. Adapted from [25]. 

 

Alloying elements and impurities may affect interactions of steel with hydrogen by changing the corrosion 

potential of the steel, poisoning surfaces such as grain boundaries, forming precipitates that act as traps, and forming 

protective layers [3, 6, 26, and 27]. It is shown in literature that in environments where protective surface films can 

form, i.e. not severe sour service, copper additions greater than 0.20 wt pct increase plate steels resistance to HIC [3, 

21, 27 – 29]. However, when copper is present with molybdenum, nickel, or tungsten in the steel, it has been 

documented that the resistance to HIC is decreased due to their interactions increasing corrosion rates along with 

hydrogen adsorption [22 and 30]. In chromium, nickel, and cobalt-bearing alloys, the addition of these elements 

lowers hydrogen adsorption during exposure, thus increasing the resistance to HIC.  

Certain irreversible traps (precipitates) have been shown to increase the resistance to hydrogen-assisted 

crack phenomena [19 and 31]. The overall effectiveness of precipitates to increase resistance to HIC is based on the 

size and the distribution of that precipitate in the matrix [19 and 31]. Precipitates have high enough binding energy 

(i.e. > 60 kJ/mole) to act as irreversible traps and when they are distributed homogenously, small compared to 

inclusions, and present in sufficient quantities, they increase the resistance to HIC [31].  When the precipitates 

interact with hydrogen, they minimize the amount of hydrogen that can diffuse elsewhere into the material and 

initiate cracks around other irreversible traps such as inclusions. Assuming the precipitates are distributed 
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homogenously and in sufficient quantities, they can minimize the amount of cracking that occurs by allowing 

hydrogen to be more evenly distributed through the microstructure instead of at areas of higher crack susceptibility.  

2.2.3 Mechanical Processing Effects 

During the forming of plate steels from continuous cast slabs or ingots, parameters that may alter the 

resistance to HIC are start temperature for accelerated cooling, cooling rate, and finishing temperature [3, 5, and 20]. 

Strain introduced through cold rolling operations has been reported to have both detrimental and beneficial effects 

on plate steel performance in hydrogen environments. Further processing of plate into seam-welded pipe introduces 

plastic deformation and residual stresses into the final product. This section highlights the important variables to 

consider when rolling, cooling, and forming plate steels into pipeline steel products.   

During hot rolling of plate steels at low finishing temperatures, residual stresses are generated within the 

plate steel, and subsequent hot working does not relieve these stresses. Finishing temperatures of 900 °C produced 

steels that had higher resistance to HIC when compared to the same steels rolled at a low finishing temperature of 

790 °C, because the higher finishing temperature allowed for higher amounts of residual stresses to be relieved [19]. 

Moore and Warga [12] showed that with decreasing finishing temperature, the elongation of Type I MnS inclusions 

increased. This increase in elongated MnS within the plate steel increased the overall susceptibly to HIC. In a study 

conducted by Shinohara and Hara et al. [5], when the start temperature of accelerated cooling was held above 

approximately 10 °C of the Ar3 temperature, HIC susceptibly was lowered. Similarly, they found that when the 

cooling rate of the steel is below 10 °C/s, the banding present in their X70 pipeline steel at mid-thickness was still 

present. The banding present at mid-thickness created areas of preferential cracking, increasing the susceptibility to 

HIC.  

A good approximation for the levels of residual stresses is the X-ray diffraction line broadening [3 and 20]. 

Line broadening also relates to increases in increased dislocation density. Figure 2.6 shows the line broadening 

parameter and crack length ratio (extent of cracking) in a low carbon (0.07 wt pct) micro-alloyed (Nb and V) plate 

steel.  The HIC test used to evaluate this material was the NACE standard test TM0284. Crack length ratio, the 

definition of which is provided in section 3.5, was calculated as per the standard, upon optical microscopy 

inspection of sectioned faces.  The HIC resistance decreases while the line broadening parameter increases as the 

amount of strain in the material increases. Cold reduction from 0 to 10 pct reduces the crack length ratio from a 

value of 60 pct to 20 pct. The largest change in susceptibility is between the values of 0 to 5 pct cold rolling. This is 

important to note because beneficial effects of cold rolling are observed at relatively low amounts of cold reduction, 

i.e. strain.  The uniformity of strain through the thickness at these low reductions may also play in a role in HIC 

resistance.  

The effect of larger amounts of cold reduction on HIC susceptibly is shown in Figure 2.7. Three steels A, 

B, and C had similar levels of cold reduction introduced and were exposed to the NACE standard test TM0284. 

Compositions for the steels are as follows: Steel A - 0.04-C, 1.04-Mn, 0.004-S, Steel B – 0.05-C, 1.24-Mn, 0.005-S, 

Steel C – 0.09-C, 1.01-Mn, 0.008-S (all values are in wt pct); all 3 steels were micro-alloyed Nb and V plate steels. 

The plate thickness was 9.52 mm for A, 19 mm for B, and 14.3 mm for C. The experimental methodologies for cold 

rolling operations, such as strain per pass were not described. Steels A and C were produced for sour service 
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applications and steel B was a low sulfur grade steel. Steel C had the lowest degree of HIC at the highest cold 

reduction. This was attributed to it being continuously cast, compared to steel A and B that were ingot cast. The 

increase in non-homogenous microstructure in steel A increased its susceptibility at amounts higher cold reduction 

compared to the other alloys. The overall trend observed for the three steels is very similar and can be described as 

an S-curve (Figure 2.7). At values of cold reduction greater than 50 pct, the crack length ratio reaches saturation, and 

thus increasing the value of cold reduction to greater values has minimal effect to increase the degree of cracking.   

It is interesting to compare the results from Figure 2.6 and 2.7, where relatively small amounts of cold 

reduction have a beneficial effect on HIC resistance in Figure 2.6, while much larger reductions have  a detrimental 

effect. Other studies [32 and 33] have reported that values of cold strain from 2 to 16 pct increase susceptibility to 

HIC. The increase in resistance at low strains was attributed to decreases in the permeability of hydrogen into the 

metal matrix and a more uniform distribution of hydrogen in the matrix [20]. When hydrogen is unevenly distributed 

through the metal matrix, areas susceptible to hydrogen such as nonmetallic inclusions, reach levels of hydrogen in 

sufficient amount to initiate HIC. Whereas if hydrogen is more evenly distributed through the metal matrix, due to 

an increased level of traps created by cold reduction, HIC susceptibility decreases [20].   

 

 
Figure 2.6 HIC susceptibility (crack length ratio ratio) as a function of cold rolling reduction. Lattice strain 

was determined through X-ray diffraction after cold rolling operations denoted as line broadening 

in the above figure. HIC testing was performed with respect to the NACE standard test TM0284. 

Steel used for HIC testing was a 0.07-C, 1.22-Mn, 0.006-S (all values in wt pct) micro-alloyed 

with Nb and V heavily controlled rolled steel. Adapted from [20].  
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Figure 2.7 Effects of cold reduction at levels greater than 10 pct. Steels A and B have similar carbon 

equivalents, 0.31, and were produced from an ingot whereas, steel C was produced by continuous 

casting and has a higher carbon equivalent of 0.39. Steels A and C would be categorized are HIC-

Resistant steels and steel B is a low sulfur grade steel. See text for more detailed chemical 

compositions of Steels A, B, and C. Adapted from [20]. 

2.3 Experimental Methods to Test Plate Steels for HIC Susceptibility  

In this section, two experimental methods to evaluate pipeline steel susceptibility to HIC are outlined and 

discussed. The industrial standard developed by NACE involves the use of hydrogen sulfide gas to achieve 

hydrogen entry into the steel matrix. Electrolytic charging uses electrochemical reactions and polarization in an 

aqueous solution to introduce hydrogen to achieve similar effects as produced by the NACE standard test.  

2.3.1 NACE Standard Test TM0284 

For the introduction of hydrogen into the pipeline steels, the NACE standard [34] method uses naturally 

occurring corrosion reactions within an aqueous system saturated with hydrogen sulfide gas. These principals are 

schematically shown in Figure 2.8. At the metal/solution interface, anodic sites, i.e. elemental iron, are oxidized 

through the following equation: 

              (

(2.2) 

while the hydrogen sulfide is oxidized according to  
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↔           (

(2.3) 

due to the presence of water in the solution. Hydrogen is then reduced according to the following equation:  

               (

(2.4) 

These reactions create an electrochemical cell of reactions within the system. The presence of sulfide ions in 

solution due to the oxidation of hydrogen sulfide gas is known to suppress the rate at which the reaction in 

Equation 2.4 occurs. Hydrogen ions are attracted to the metal/solution interface due to the presence of electrons at 

the surface from the oxidation of iron [35 and 36]. The interaction of hydrogen at the surface, allows for hydrogen to 

recombine into hydrogen gas and bubble off to the surface into solution (Figure 2.8a) or diffuse into the steel matrix 

and potentially cause damage in the form of HIC (Figure 2.8b).  

 

 
Figure 2.8 Schematic illustration of the two reactions for hydrogen that occur at the metal/solution interface. 

The reaction (a) occurs at a much higher rate than (b). Reaction kinetics of (a) are suppressed in 

sour service applications due to the presence of sulfur ions, Equation 2.3. Reaction (b) causes 

subsequent HIC within the material through hydrogen interactions with features in the metal 

matrix [36]. 

 

The NACE Standard TM0284 [34] is a standardized test method, which was established to enable 

consistent evaluation of pipeline steels and their performance under sour environments. This performance is 

evaluated by the amount of HIC-induced damage the test generates in the specimen. The test is not designed to 

evaluate other adverse effects from a sour environment such as pitting, weight loss from corrosion, or sulfide stress 

cracking. The conditions of the test are not designed to simulate any specific pipeline or process operation [34]. For 

the test, unstressed specimens are exposed to one of two test solutions, solution A – a sodium chloride, acetic acid 

(NaCl, CH3COOH) solution saturated with hydrogen sulfide gas at ambient temperature and pressure, or solution B 

– a synthetic seawater solution saturated with hydrogen sulfide gas at ambient temperature and pressure. The 

specimens are subject to a 96 hour test in either solution after which they are removed and evaluated. Tests are 

conducted in an airtight vessel with adequate space for the test specimen along with provisions for gas purging and 

introduction of hydrogen sulfide gas into the vessel. The ratio of volume of test solution to the total exposed surface 

area of the test specimen is a minimum of 3 mL/cm
2
.  

The evaluation of HIC susceptibly is based on the calculation of three parameters, crack length ratio (CLR), 

crack thickness ratio (CTR), and crack size ratio (CSR). CLR is the sum of all the length of the cracks found on the 

evaluated faces normalized by the total width of the face that is examined. Higher values of CLR without inspection 

of microstructure could indicate higher degrees of cracking oriented with microstructural banding or elongation of 

inclusions. CTR is a measure of how much of the plate thickness is affected by HIC cracking. CTR values are a 

good indication of the linkage of cracks within the microstructure based on inclusion size and distribution as shown 
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in Figure 2.2b. CSR is a measure of the total area of the cross-sectioned face that is affected by cracking. Because 

this sums the area of the cracks in reference to total cross-section, high values of CSR would indicate large cracks 

were produced, both in length and thickness of the crack.  The definitions of CLR, CTR, and CSR are presented in 

greater detail in section 3.5. 

2.3.2 Electrolytic Charging 

Electrochemical polarization (ƞ) is the measure of the potential change in a system relative to the 

equilibrium half-cell reactions; the potential change is caused by changing the rate at which half-cell reactions occur 

at the interface of the metal/solution. Cathodic polarization causes an excess of electrons at the metal/solution 

interface and the surface potential becomes negative, which slows the anodic dissolution reaction rate. Therefore, by 

definition, the value of ƞ for cathodic polarization is negative. For anodic polarization, the surface potential is 

positive and the value of ƞ is positive. Another term used for cathodic polarization is overpotential [8]. These 

surface potentials and their effects on reaction rates are related to the kinetics of the system, not the 

thermodynamics. It should be noted that the reaction rates within the system do not correspond to the half-cell 

electrode potentials but rather to the current density associated with the reaction. The reactions are limited by kinetic 

surface reaction rates, mass transfer from both the material and aqueous solution, and potential concentration 

gradients found within the system [8]. 

Electrolytic charging is conducted by selectively polarizing a two electrode system by using a DC power 

supply that has negative and positive output terminals. The steel specimen serves as the cathode and another 

material such as graphite serves as the anode. The galvanic couple between the steel specimen and anode material 

creates the cathodic polarization mentioned in the previous paragraph, which allows hydrogen to be attracted to the 

steel specimen. Electrolytic charging is aided by the use of elemental additives such as arsenic or sulfuric species 

present in the electrolyte. The additives are introduced into the system as soluble compounds (e.g. As2O3, NaAsO2, 

CS2), which inhibit the formation of diatomic hydrogen from monatomic hydrogen [37]. By doing so, the uptake of 

hydrogen in the steel is enhanced, increasing the efficiency of the charging setup. In literature, the additives are 

referred to in a variety of terms such as hydrogenation promoter [37 and 38], hydrogen recombination inhibitor 

agents [38], or poison [38 - 40]. The effectiveness of the inhibitors can depend on their relative amounts in the 

electrolyte [40]. An electrolytic charging methodology has been commonly used to pre-charge steel specimens with 

hydrogen before mechanical testing or to charge hydrogen into specimens while applying a load. However, it has not 

been extensively employed to assess HIC resistance [6]. 

Perez Escobar et al. conducted a study that assessed the damage in high strength steels in relation to 

electrolytic charging conditions [41].  While this study has not designed to assess HIC resistance, it does provide 

some insight on charging conditions that might produce HIC damage. Four multi-phase high strength steels and pure 

iron were selected. The chemical compositions of the alloys used are displayed in Table 2.1. FB450 is a ferritic-

bainitic mixed microstructure steel, the TRIP700 is a multiphase steel containing ferrite, bainite, and retained 

austenite, the DP600 is a dual phase ferrite-martensite steel, and the S550MC is a high strength low alloy that has a 

mixed ferritie-pearlite microstructure with Ti-Nb precipitates [41]. The main objective of this study was to identify 

electrolytic charging conditions that produced blisters on the surface of the materials investigated. To achieve this, 
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electrochemical variables such as current density applied, test duration, aqueous solution (acidic or basic), and 

presence of additives (As2O3 or thiourea (CH4N2S)) were varied [41]. Blister formation increased at both higher 

current densities and longer test durations. For acidic aqueous solutions at similar charging times and applied current 

densities, the blister formation was greater. Pure iron was highly susceptible to blister formation in comparison to 

high strength ferrite bainite steel. In the absence of blisters on the surface, Perez Escobar et al. sectioned the high 

strength steels and examined for internal cracks. For the FB450, TRIP700, and DP600 cracks were generated at the 

center of the sample around elongated MnS inclusions [41].  

 

Table 2.1 Chemical Composition of the Materials used in [41] (wt pct) 

Material/Element C Mn Si Other 

FB450 0.07 1.00 0.10 0.5 – 1.0 Cr 

TRIP700 0.17 1.60 0.40 1 – 2 Al 0.04 – 0.1 P 

DP600 0.07 1.50 0.25 0.4 – 0.8 Cr + Mo 

S550MC 0.07 0.95 0.0 0.08 – 0.12 Ti + Nb 

Pure Iron 0.0015 0.0003 0.0 < 0.02 Al, P 
 

 

Most electrochemical charging times have been short, i.e. less than 6 hours, which does not allow for 

hydrogen to reach high enough levels of diffusible hydrogen to cause permanent internal damage in the form of 

HIC. In a recent ASPPRC study, X70 plate steel was charged with hydrogen by electrochemical charging in a 1 

normal sulfuric acid with 20 mg/L of As2O3 additive at test durations up to 24 hours [7]. The same X70 plate was 

also exposed to the NACE standard test TM0284 methodology. After the exposure to each method, the specimens 

were sectioned and evaluated for internal cracks generated by hydrogen. At test durations of 24 hours in electrolytic 

charging, the critical cracking parameters were on the same order of magnitude as the results produced by the NACE 

standard method conducted by U.S. Steel [7]. Table 2.2 shows the results obtained from the NACE Standard test and 

the electrolytic testing methodology. In general, the CTR, CTR, and CSR results from electrolytic testing range were 

greater than or equal to results obtained from the NACE standard test.  

 

Table 2.2 NACE Standard Test Results and Results Using Electrochemical Charging on X70 Plate [7] 

NACE standard test conducted by U.S. Steel B. Rosner Electrochemical Testing 

CSR (%) CLR (%) CTR (%)  Test No. CSR (%) CLR (%) CTR (%) 

0.1 6.0 0.3  1 0.33 24.7 2.9 

1.5 16.7 3.1  2 0.05 9.40 1.60 

    3 0.33 15.50 3.40 

    4 0.06 6.65 1.25 

    5 0.10 2.95 3.60 

    6 1.46 41.5 10.8 

    7 1.88 43.4 15.1 
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CHAPTER 3: Experimental Design and Methods 

This chapter presents the experimental methodology to create an electrolytic charging apparatus and 

procedure to evaluate plate steel susceptibility to hydrogen damage.  

3.1 Experimental Design 

Rosner [7] explored electrolytic charging to develop a reproducible methodology to investigate hydrogen 

induced cracking and hydrogen damage in steels. In the study, he showed that electrolytic charging could serve as a 

viable substitute to evaluate hydrogen susceptibility if there were modifications to increase the stability of 

methodology at prolonged test durations [7]. These issues and solutions are presented and discussed in section 3.5.1.  

A newly designed test cell for electrolytic charging was fabricated.  Characterization and validation of the 

electrolytic charging apparatus was undertaken. Alterations to certain parameters of the test apparatus and sample 

were conducted on a highly susceptible material, 100XF, to optimize the setup for HIC susceptibility experiments. 

Parameters such as current density (voltage), test duration, and surface finish of cathode were identified as variables 

that could alter the reproducibility of results obtained from this methodology. The validation of the proposed 

experimental procedure was evaluated by comparing results from the industrial NACE Standard for HIC evaluation.  

The electrolytic charging apparatus was used to investigate HIC susceptibility of four different plate steel 

grades, which were also subjected to cold-working before charging (uniaxial prestrain). The alloys were all low 

carbon plate steels with a range of tensile strengths. Two of the alloys, X52 and X60, were designated as HIC 

resistant grades.  

After exposure to the hydrogen environments, either wet hydrogen sulfide gas or electrolytic charging, 

through-thickness cross-sections were used to measure the extent of cracking. Further characterization of hydrogen 

damage was undertaken to explore effects of microstructure, nonmetallic inclusions associated with cracks, and 

diffusible and trapped hydrogen amounts. These methods are presented and discussed in subsequent sections of this 

chapter.  

3.2 Experimental Materials and Methods 

3.2.1 Materials 

The chemical compositions of the steel plates used in this study are shown in Table 3.1. The effects of 

prestraining were investigated using 100XF plate steel from the M.S. thesis of B. Farber [42], X70 plate steel from 

the M.S thesis of H.M. Al-Jabr [43], X60 plate steel received from EVRAZ North America, and X52 plate steel 

received from SSAB. The X70 was provided by Essar Algoma Steel in 45 x 30 x 1.27 cm (18 x 12 x 0.50 in) plates. 

The 100XF plate steel was received as 91 x 91 x 1.27 cm (36 x 36 x 0.5 in) plates. The X60 plate steel was received 

as 84 x 34 x 0.95 cm (33 x 13.5 x 0.375 in) plates. The X52 plate steel was received as 45 x 30 x 1.9 cm (18 x 12 x 

0.75 in) plates; the plates came from the center of the plate stock. The X52 and X60 plate steels have been 

engineered for use in hydrogen environments and rated for sour service by the NACE Standard TM0284 test. All of 

the steels are fully killed, calcium treated continuous cast steels. The X52 has the lowest amount of sulfur 
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(0.0007 wt pct) and highest amount of copper (0.35 wt pct). All grades were microalloyed with titanium, niobium, 

and/or vanadium to increase strength and control microstructure and transformation products.  The thermal 

mechanical processing and rolling operations were not provided by the steel suppliers.  

 

Table 3.1 Chemical Composition of As-Received Plate Steels in wt pct 

wt pct C Mn Si Ni Cr Mo Ti Nb V Al N S P Cu Ca 

X52 0.067 1.03 0.24 0.10 0.06 0.03 0.007 0.044 0.007 0.031 0.0082 0.0007 0.010 0.35 0.0027 

X60 0.055 1.42 - - 0.08 0.032 Ti+Nb+V – 0.09 - - 0.0028 - - - 

X70 0.050 1.59 0.30 0.01 0.26 0.09 0.013 0.066 0.005 0.026 0.0081 0.003 0.010 0.01 - 

100XF 0.046 1.8 0.21 - - 0.3 0.018 0.070 0.084 0.031 0.009 0.002 0.008 - - 

* “-“ in table represent values that were not reported from the steel supplier upon receiving plate steels 

3.2.2 Mechanical Properties 

Mechanical properties of the plate steels are summarized in Table 3.2. The mechanical properties were 

obtained from specimens oriented in the transverse direction with respect to rolling direction. The longitudinal and 

diagonal mechanical properties are not included because prestrain was performed in the transverse direction. 

Mechanical property data for the 100XF and X70 materials were obtained from Farber [42] and Al Jabr [43] thesis 

work. X52 and X60 mechanical property data were obtained from the two plate producers, SSAB and EVRAZ 

North America, respectively.  

 

Table 3.2 Mechanical Properties in the Transverse Direction of As-Received Plate Steels 

Material 

0.2% Offset Yield 

Strength (MPa (ksi)) 

Tensile Strength 

(MPa (ksi)) YS/UTS 

pct Elongation 

@ 2 in 

X52 405 (58.7) 480 (69.6) 0.86 41.2 

X60 515 (74.7) 585 (84.8) 0.88 34 

X70 465 (67.4) 595 (86.3) 0.78 32 

100XF 724 (105) 804 (116.6) 0.9 18.8 
 

3.2.3 Microstructural Analysis  

Microstructural analysis on the four plate grades was performed with field-emission scanning electron 

microscopy (FESEM). Faces in the transverse direction (TD), rolling direction (RD), and the normal direction (ND) 

were polished and etched with 2 pct Nital. The three orientations were evaluated to assess grain shape with respect 

to the rolling direction, the presence of second phase microconstituents, and degree of banding.  Analyses of 

polished and etched HIC samples were conducted. Using the energy-dispersive x-ray spectroscopy (EDS) 

capabilities of the FESEM, the presence and composition of nonmetallic inclusions was identified. 

Automatic feature analysis (AFA) was conducted with the aid of Nucor Corporation at their 

Crawfordsville, IN facility. AFA was conducted on two inclusion families (conventional melt shop analysis for 

inclusion control): 1) Ca-Al-S and 2) Mn-Ca-S. Comparison between these two families is a typical melt shop 

evaluation of the nonmetallic inclusions formed during steelmaking [24]. Steels modified for use in hydrogen 

environments show higher amounts of inclusions in the Ca-Al-S family to increase resistance to HIC. HIC 

susceptibility is greater if greater amounts of MnS type inclusions are produced during steelmaking. The presence of  



 19 

 

 

MnS is evaluated through the analysis of the Mn-Ca-S inclusion family [24].The purpose of the AFA analysis was to 

identify the relative composition of the inclusions that formed. The term relative composition is used because the 

ternary diagrams that were generated represent amounts of each element relative to the other two elements 

evaluated. Thus, when the amount of an element is observed at levels of 90 pct or greater in the ternary diagrams, it 

assumed that the inclusion is comprised of other elements i.e. Fe, Mg, O, etc.  

 

3.2.4 Introduction of Prestrain 

The experimental plate alloys were pre-strained in tension rather than by rolling or bending in order to 

avoid strain gradients and residual stresses. A schematic representation of the strip geometry, orientation, and the 

prestrain direction of the strips is shown in Figure 3.1. Prestrain was introduced using a 978.6 kN (220 kip) tensile 

machine located at NIST in Boulder, Colorado with the help of Mr. D. McColskey. Strips that were 20 mm 

(0.787 in) in width were cut so the specimen longitudinal axis was transverse to the rolling direction. Based on the 

as-received plates geometry, the strip length differed from between each material and was between 450 mm (17.7 in) 

and 700 mm (27.5 in). Prestrain was introduced in the transverse direction with respect to the rolling direction. The 

presence of Lüder bands in the X52, X60, and X70 materials required specimens from these plates to be subjected  

to higher amounts of prestrain (to ensure uniform strain was introduced throughout the material) than specimens 

from the 100XF plate, which did not exhibit such behavior.  

Strips were first loaded to failure and, using crosshead displacement and the grip-to-grip distance of the 

strip as the gauge length, engineering stress-strain curves were generated in order to select displacement/strain 

values outside the Lüders band region. The prestrain levels for each material and are shown in Table 3.3. 

Extensometers were not used due to the large grip to grip length of the strips, approximately 225 mm (9 in) to 

305 mm (12 in). To introduce these prestrain levels, strips were placed into the load frame and the grip to grip 

distance was measured as shown in Figure 3.2. This distance was used as the gauge length, and the crosshead 

displacement was then set to a desired distance to obtain the target prestrain level. When the set value of crosshead 

displacement was reached for each material and prestrain condition, the final gauge length was measured to ensure 

the desired prestrain level had been reached. Prestrain levels for the X60 material were chosen based on 

recommendations by the steel producer. The X70 material were prestrained to higher amounts than the X60 to 

evaluate greater amounts of cold work at an increased strength. Prestrain was greatest for X52 material to test if 

higher amounts of cold work could initiate HIC. The 100XF specimens could not be pre-strained beyond 2 pct, 

because the specimens did not contain a reduced cross-section gauge length and stress concentrations near the 

gripped sections resulted in non-uniform deformation at relatively small strains. Therefore, only one prestrain 

condition was selected for 100XF. 
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Figure 3.1 Schematic of strips that were machined in the transverse direction with respect to the rolling 

direction and then subsequently prestrained to target levels. The prestrain and rolling directions are 

labeled. Strip length was dependent on the plate material that was machined. The length ranged 

from 450 mm for the X52 to 700 mm for the 100XF.  

 

 
 

Figure 3.2 Example of a strip being prestrained using uniaxial tension. The entire length between grips was 

considered the gauge length. This gauge length was used in correspondence with target prestrain 

levels to set a predetermined crosshead displacement to achieve the desired prestain amount.  
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Table 3.3 Selected Prestrain Amounts for the Plate Steels  

Material Prestrain Amount in pct 

X52 0 12 18 

X60 0 3 5 

X70 0 5 7 

100XF 0 2 
 

 

3.2.5 Hardness Traverse and Determination of Microstructural Dependence on Plate Thickness  

Vickers microhardness measurements were conducted on all as-received plate materials. Cross-sections of 

the full thickness of the transverse plane were sectioned and polished to 1 µm surface finish. Microhardness 

measurements were taken (every 0.254 mm (0.01 in), 500 gmf load, and 10 s dwell time) from each rolled face edge 

to the middle thickness of the material. The microhardness traverse data for each as-received material were 

normalized with respect to plate thickness. For each hardness traverse, 50 pct plate thickness represents the mid-

thickness of the plate with respect to each rolled face. Edge 1 and edge 2 represent traverses taken from each of the 

rolled surfaces towards the center of the material. Microhardness measurements were also taken on the prestrained 

plate materials. Sample size and orientation were kept constant for the hardness traverse procedure. Hardness 

measurements were taken from the center of the material towards the rolled surface. A minimum of five hardness 

measurements were performed for each material and prestrain condition; additionally, care was taken to ensure that 

no indent was within three diagonals of the previous indent. 

In order to determine the microstructure as a function of plate thickness, micrographs were taken at 20X 

from the mid-thickness to the rolled face and subsequently pieced together. Micrographs were produced on both 

non-etched and 2 pct nital etched samples. The non-etched samples illuminate the distribution of nonmetallic 

inclusions from the rolled surface to the mid-thickness. It should be noted that these micrographs were not used to 

determine the actual size or composition of the non-metallic inclusions present. The 2 pct nital etched samples were 

used to identify areas of microstructural differences on a broad scale such as banding and differences in 

microstructural from the rolled surface to the mid-thickness of the plate. 

3.3 HIC Sample Generation and Preparation for HIC Testing  

The geometry and orientation of the HIC test specimens, machined after pre-straining, are shown in Figure 

3.3. After prestrain was introduced, strips were sectioned into shorter pieces approximately 110 mm long. Once 

these smaller test specimens were created, an abrasive saw was used to precisely cut the specimen to the final 

desired length of 100 mm.  To remove the oxide layers on the rolled faces and rust that formed on the cut faces from 

machining the as-received plates into strips, the 100 mm long specimens were placed into the Bridgeport knee mill 

and face milled. Milling removed 125 hundredths of inch (0.3175 mm) from the selected face for each pass until the 

oxide layer and rust were removed. This procedure was repeated for each of the remaining three faces with respect 

to normal and longitudinal planes. Milling did not alter the total length of the sample. After milling, all faces were 
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ground and finished with 320 SiC grit paper to maintain a constant surface roughness between test specimens. For 

specimens that were subjected to electrolytic charging, a taper hole was drilled and reamed in the transverse top face 

of the test specimen to allow for electrical conductivity. After these procedures, each test specimen was 100 ± 3 mm 

(3.937 ± 0.118 in) long by 20 ± 3 mm wide (0.7874  ± 0.118 in), and the thickness is the full thickness of the plate 

[34]. Three samples of each material and prestrain were fabricated for each hydrogen exposure environment. The 

test specimen geometry of each specimen created from each material and prestrain condition is found in Tables 3.4 

through 3.7. 

 
Figure 3.3 Test specimen geometry and orientation used in the NACE Standard and electrolytic charging 

studies; all dimensions are in millimeters. For specimens that were subjected to electrolytic 

charging, a taper hole was drilled and reamed in the transverse top face of the test specimen to 

allow for electrical conductivity. 

 

3.4 NACE Standard TM0284 (H2S Method) 

A total of 33 specimens, representing the full experimental matrix with 3 replicates for each material and 

prestrain condition, were tested according to NACE standard TM0284 [34]. The test vessel for the NACE Standard 

test along with the carousel that the test specimens were placed into is shown in Figure 3.4. Figure 3.4a shows the 

airtight vessel the test specimens are placed into and the input for hydrogen sulfide gas and the off gas stream. 

Figure 3.4b shows the carousel that was used to hold the specimens while being submerged in the test solution. The 

carousel allows for adequate space between the test specimens for equal exposure to the solution and hydrogen 

sulfide gas. The ratio of volume of test solution to the total exposed surface area of the test specimen was a 

minimum of 3 mL/cm
2
. Solution A, a sodium chloride, acetic acid (NaCl, CH3COOH) solution, saturated with 

hydrogen sulfide gas at ambient temperature and pressure was used. The specimens were subject to a 96 hour test in 

this solution after which they were removed and evaluated. Results from the H2S method serve a dual purpose in the 

current study: 1) to validate the experimental procedure for electrolytic charging to produce HIC and 2) to 



 23 

investigate the effects of prestrain on HIC susceptibility. This test was conducted with the help of EVRAZ North 

America at their Research and Development facilities located in Regina, Saskatchewan.  

 

 

 

 

 

Table 3.4 Test Specimen Geometry for the X52 Specimens used in each Hydrogen Exposure Method  

NACE Standard test specimen geometry 

Material & Prestrain Specimen No. Width (mm) Thickness (mm) Length (mm) 

X52 0 % 1 19.17 18.38 101.48 

 

2 19.17 18.31 101.78 

 

3 19.23 18.4 101.19 

X52 12 % 1 18.13 17.26 100.72 

 

2 18.45 17.22 101.02 

 

3 18.34 17.23 101.04 

X52 18 % 1 17.67 16.84 100.98 

 

2 17.52 16.82 100.85 

 

3 17.48 16.93 100.17 

EC test specimen geometry 

Material & Prestrain Specimen No. Width (mm) Thickness (mm) Length (mm) 

X52 0 % 1 19.23 18.31 99.89 

 

2 19.37 18.21 101.21 

 

3 19.41 25.58 102.99 

X52 12 % 1 17.93 17.78 102.77 

 

2 17.91 17.42 102.92 

 

3 17.81 17.32 98.54 

X52 18 % 1 17.93 16.84 102.33 

 

2 17.81 16.99 100.82 

 

3 17.78 16.69 102.76 
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Table 3.5 Test Specimen Geometry for the X60 Specimens used in each Hydrogen Exposure Method 

NACE Standard test specimen geometry 

Material & Prestrain Specimen No. Width (mm) Thickness (mm) Length (mm) 

X60 0 % 1 19.4 8.24 98.3 

 

2 19.82 8.49 98.77 

 

3 19.28 8.36 98.51 

X60 3 % 1 19.56 8.66 99.74 

 

2 19.88 8.68 99.55 

 

3 19.68 8.4 98.52 

X60 5 % 1 19.48 8.92 99.38 

 

2 19.7 8.86 98.75 

 

3 19.73 8.9 99.42 

EC test specimen geometry 

Material & Prestrain Specimen No. Width (mm) Thickness (mm) Length (mm) 

X60 0 % 1 20.04 8.89 98.97 

 

2 19.66 8.92 102.21 

 

3 19.69 9.02 100.71 

X60 3 % 1 20.12 8.69 98.14 

 

2 19.81 8.69 101.26 

 

3 19.71 8.69 98.62 

X60 5 % 1 19.91 8.53 100.35 

 

2 20.12 8.33 100.63 

 

3 20.08 8.28 100.87 
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Table 3.6 Test Specimen Geometry for the X70 Specimens used in each Hydrogen Exposure Method 

NACE Standard test specimen geometry 

Material & Prestrain Specimen No. Width (mm) Thickness (mm) Length (mm) 

X70 0 % 1 19.48 12.1 100.01 

 

2 18.96 12.13 99.91 

 

3 19.01 12.06 99.35 

X70 5 % 1 19.05 11.83 100.01 

 

2 18.97 11.84 99.74 

 

3 19.07 11.91 99.78 

X70 7 % 1 18.8 11.89 99.75 

 

2 18.97 11.87 100.69 

 

3 18.57 11.8 99.7 

EC test specimen geometry 

Material & Prestrain Specimen No. Width (mm) Thickness (mm) Length (mm) 

X70 0 % 1 19.58 12.12 100.73 

 

2 19.42 12.17 100.49 

 

3 19.61 12.07 100.44 

X70 5 % 1 19.1 11.84 100.22 

 

2 19.08 11.58 100.61 

 

3 19.23 11.89 99.84 

X70 7 % 1 19.08 11.74 99.62 

 

2 19.03 11.68 102.73 

 

3 19.03 11.71 98.63 
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Table 3.7 Test Specimen Geometry for the 100XF Specimens used in each Hydrogen Exposure Method 

NACE Standard test specimen geometry 

Material & Prestrain Specimen No. Width (mm) Thickness (mm) Length (mm) 

100XF 0 % 1 19.26 11.77 100.47 

 

2 19.39 12.11 100.16 

 

3 18.78 11.85 100.15 

100XF 2 % 1 18.72 12.08 98.11 

 

2 18.77 12.1 98.65 

 

3 18.74 12.09 98.27 

EC test specimen geometry 

Material & Prestrain Specimen No. Width (mm) Thickness (mm) Length (mm) 

100XF 0 % 1 18.69 12.27 101.63 

 

2 19.38 12.37 100.83 

 

3 19.28 12.02 98.11 

100XF 2 % 1 19.43 12.34 99.93 

 

2 19.33 12.16 100.88 

 

3 19.48 12.34 100.58 
 

 

 

 
a) b)  

 

Figure 3.4 a) NACE Standard TM0284 test vessel used to evaluate materials suscpetibilty to HIC, b) carousel 

used to hold test specimens allowing for adequate space for gas purge during testing.   

3.5 Electrolytic Charging Methodology (EC) 

The following section highlights the research and development of the EC methodology. Design issues 

encountered from previous attempts at EC charging for HIC resistance are presented.  Then, solutions to address 
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these design issues are discussed as well as the fabrication of the new EC apparatus used in the present study. A 

characterization study of the new EC cell was undertaken to optimize the experiment for HIC assessment. Based on 

the characterization study, an experimental procedure was developed and implemented to investigate HIC using EC.  

3.5.1 Initial Design and Fabrication of New Charging Apparatus 

Cathodic charging to introduce hydrogen to the test specimens has been selected as a substitute for NACE 

standard test TM0284 [34]. Figure 3.5 shows the previous generation cell used for electrolytic charging. The cell is a 

simple beaker (referred to as a monocell) that holds the electrolyte and both electrodes (steel cathode and graphite 

anode).  In previous attempts to validate this electrolytic charging setup for long tests (e.g. 24 hours or greater), it 

was observed that the current within the system tends to vary when the system is voltage controlled, or voltage 

varies if the applied current is controlled.  The slight variation in the electrical response of the system is important to 

monitor in order to assess the reliability of the charging. Due to the long term nature of the charging, Rosner [7] and 

Angus [44] discovered issues related to the stability and repeatability of electrolytic charging experiments. The 

issues Rosner [7] and Angus [44] summarized and the solutions to them are summarized in Table 3.8.   

 

Table 3.8 Design Issues and Solutions taken for the Electrolytic Charging Methodology 

Design Issue Design Solution 

During electrolytic charging, the anode material 

(graphite) underwent mass loss and changes in geometry. 

The mass loss of the graphite would then pollute the 

electrolyte, changing the nature of the charging conditions 

within the cell.   

A titanium mesh that was coated in 

ruthenium oxide, provided by Dr. Martins, was 

selected as the anode. This material does not 

undergo the weight loss and changes in specimen 

geometry during testing as observed for the 

graphite. 

Alligator clips have been used as the main 

method to achieve an electrical connection to the cathode, 

which is the steel specimen. At long test durations, i.e. 

greater than 18 hours, the alligator clips would fail and the 

electrical connection to the steel specimen would be lost, 

limiting the possible test duration.  

A new taper pin plug in friction fitted 

electrode connection was devised. The taper pin fit 

to a predrilled hole into the steel specimen to create 

the electrical connection. To protect this 

connection further, the area of the taper pin 

exposed to the aqueous solution was coated in 

epoxy. 

The initial trials for electrochemical hydrogen 

charging of test specimens in aqueous solutions used a 

single cell design. Both the anode and cathode were in the 

same compartment. This lead to cross-contamination of 

ion species at each anode/cathode interface. This cross-

contamination causes unwanted reactions to occur at those 

interfaces, lowering the overall effectiveness of 

electrolytic charging. It was also observed that corrosion 

and mass loss of the steel specimen could occur in this cell 

due to increased concentration of ions within the system 

around the steel specimen, regardless of the cathodic 

overpotential that the steel specimen was experiencing.  

To minimize cross-contamination within 

the system, a newly designed dual cell was 

fabricated. The dual cell has separate anodic and 

cathodic compartments. Ion separation was 

achieved through a salt bridge between the 

compartments. This salt bridge allows for anodic 

species in the cathodic compartment to flow to the 

anodic compartment and vice versa for cathodic 

species. Purge gas systems was fabricated for each 

compartment to aid in the flow of ionic species 

from one compartment to another and minimize 

potential ionic concentration gradients.  

Oxide scale from the steel specimen flaked off 

during testing and polluted the electrolyte. This pollution 

altered the nature of the electrolyte and changed to 

electrical response within the system.  

Each steel specimen face was milled and 

subsequently ground to a final surface roughness of 

320 grit to remove oxide scale.  
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Figure 3.5 Prior generation cell used for electrolytic charging by B. Rosner [7] and G. Angus [44]. 

 

The initial cell in Figure 3.5 was a very simple monocell design.  In order to achieve ion separation, the 

anodic and cathodic compartments were separated to create a dual cell design, schematically shown in Figure 3.7. 

To allow for ion species to travel from one compartment to another, the two compartments are connected to each 

other via a side branch with a salt bridge. An O-ring seal is used at the connection, which is fastened together with 

flanges. Each compartment is fitted with a Teflon cover that incorporates ports with Teflon compression-fittings for 

positioning of each electrode assembly as well as for gas effluent-discharge. Fitted aluminum flanges provide a 

means to attach the Teflon compression-fittings to each compartment. A side-connection on the bottom of the main 

body of each compartment allows inert-gas purging of the anodic and cathodic compartments, respectively. Altering 

the initial test apparatus to the proposed dual cell design aids in stabilizing EC experiments at prolonged test 

durations.  

Using the design solutions in Table 3.8, a newly designed test cell for electrolytic charging was fabricated. 

The anode material was changed from the graphite anode to the titanium mesh coated in ruthenium oxide, and this 

assembly is referred to as a dimensionally stable anode (DSA). The (anode) counter-electrode assembly was 

fabricated at Colorado School of Mines and consisted of a titanium rod welded to a titanium collar that is welded to 

the DSA.  The composite material comprising the DSA is a diamond-pattern expanded titanium-metal, coated with 

ruthenium oxide (semi-conductor).  

The electrical connector to the working-electrode test-specimen consisted of a hardened taper-pin welded to 

a 316SS rod. Fabrication of the cathodic electrical connector is shown in Figure 3.6a. A taper hole to accommodate 

this connector was drilled and reamed in the transverse top face of the test specimen shown in Figure 3.6b.  Once 
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inserted (and friction locked) into the test specimen, the lower region of the connector was electrically insulated with 

a thin coating of epoxy resin. 

 

 
a) b) 

 

Figure 3.6 From left to right, the images display the salient features for (a) the construction of the cathode 

electrode connection to be used in correspondence with (b) the steel specimens. The cathode 

electrode connection in (a) employs a taper pin fastened to a 316 SS rod. A corresponding taper 

hole is reamed into the top transverse face of the steel specimen. The cathode electrode connection 

is then inserted into the hole and frictionally locked with the test specimen. To protect this 

electrical connection, the region around the connection is covered in epoxy.  

 

 
Figure 3.7 Schematic diagram for dual cell used for electrolytic charging experiments.  

 

The fabricated EC cell is shown in Figure 3.8. The separate anodic and cathodic compartments were 

custom made Pyrex glass vessels, fabricated by Allen Scientific Glass Inc., of Boulder, Colorado. The fitted Teflon 
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compression fittings were fabricated by Dr. Martins. The two compartments, when assembled, are held by a custom-

designed aluminum stand, fabricated by Stephen Tate. The gas purge ports include a Teflon up-leg connection to 

allow for inert-gas purging (argon gas), fabricated by Dr. Martins. The flow rate of the gas is controlled by a flow 

meter (found in Figure 3.8). A BK Precision 1735A 30V/3A DC power supply with high sensitivity (voltage ≤ 

0.02% ± 3 mV, current ≤ 0.2% ± 3 mA) was used to supply the current (the Potentiostat found in Figure 3.8).  

3.5.2 Characterization Study and Experimental Procedure for EC 

Electrolytic charging (EC) was accomplished through electrochemical polarization using an 

electrochemical cell designed to optimize the reproducibility of the HIC results and the stability of the components 

during long charging times. Current was controlled using a Potentiostat, while voltage varied based on the 

electrochemical nature of reactions occurring between the two electrodes in the test setup.  

A characterization study on the newly fabricated test cell (Figure 3.8) for EC was undertaken. The 100XF 

as-received plate material was chosen for this study, based on the assumption that it would show the highest 

susceptibility to HIC and facilitate identifying the parameters that would alter the reliability of EC. The parameters 

that were altered during this study were: 

 The applied current (voltage) density 

 Test duration 

Applied current density and test duration were chosen as variables to alter within the system based on a 

study by Perez Escobar et al. [41].  The results Perez Escobar et al. obtained showed increased levels of hydrogen 

damage were caused from increases in both applied current density and test duration. Changes in electrolyte 

chemistry were not explored in this study because these effects have been explored in previous theses [6 and 7]. 

Other variables such as flow rate of gas purge, cathodic surface exposure to gas purge bubble stream, temperature of 

electrolyte, and surface finish of steel specimen were held constant throughout the characterization study. Tests were 

conducted at room temperature (20 – 22 °C) and ambient barometric-pressure (~ 0.80 atm). The surface finish of the 

steel specimen was ground to 320 grit (as described in section 3.3) to avoid contamination of electrolyte during 

testing. The results from the characterization study are presented in section 4.3. The following experimental 

procedure for EC was established based on this study for the remaining investigation of HIC in the material and 

prestrain conditions outlined in Section 3.2:  

 Current density of 15 mA/cm
2
  

 Test duration set at 24 hours  

 The total volume of the electrolyte maintained at 750 mL  

 The argon gas purge set to 25 cm
3
/min  

 The electrolyte is 1 normal H2SO4 solution with an addition of 20 mg/L of As2O3 

 Surface finish of steel specimen ground to 320 grit 

 No manual alteration to increase temperature during testing, tests were conducted at room temperature 

 No alteration to pressure within the test apparatus was undertaken, tests were conducted at ambient 

barometric pressure 
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Figure 3.8 Electrolytic hydrogen charging (EC) test apparatus with components labeled. Electrolytic charging (EC) was accomplished through 

electrochemical polarization using this test apparatus. Tests apparatus was designed to optimize the reproducibility of the HIC results and the 

stability of the components during long charging times 
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3.6 Assessment of Hydrogen Damage 

Upon completion of each hydrogen charging method (H2S or EC), the test specimens were taken out of the 

solution and cleaned, and the electrical connection was subsequently removed from the charged specimens. Each 

specimen was then sectioned as shown in Figure 3.9a; as per the NACE Standard Test, only faces 2, 4 and 6 were 

evaluated for specimens that were charged by the H2S method, whereas all 6 locations were evaluated for specimens 

charged by the EC method.  

Light optical microscopy was used to determine the NACE crack ratios on the polished sections, as shown 

schematically by Figure 3.9b. The Crack Sensitivity Ratio (CSR), Crack Length Ratio (CLR), and Crack Thickness 

Ratio (CTR) were calculated with the following equations: 

 

 

where a is length of single crack, b is the thickness of a single crack including crack branching, and W and T are the 

width and thickness of the cross-section, respectively. Cracks separated by less than 0.5 mm were considered as a 

single crack. All cracks observable at magnifications as high as 100X are included in the three calculations. The 

average of each ratio was calculated for all of the examined faces of each test specimen [34].  

 

 
                            a) b) 

 

Figure 3.9 Test specimen geometry and orientation used in the NACE Standard and electrolytic charging 

studies; all dimensions are in millimeters, (a) Faces 2, 4 and 6 are used in the NACE Standard 

evaluation while Faces 1 - 6 are used for the electrolytic charging method. Face 1 is the furthest 

from the electrode link. (b) Schematic showing how cracks are measured on the evaluated faces 

[34].  

     ∑          ⁄  
(3.1) 

 

     ∑  ⁄  (3.2) 

     ∑  ⁄  (3.3) 
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The hydrogen charged specimens from both the EC method and NACE standard test were evaluated 

according to the procedures outlined in NACE standard test TM0284 [34]. The specimens from the NACE standard 

test conducted at EVRAZ were evaluated by a technician, and the results were provided in an Excel spreadsheet 

report. The method used to measure cracks on the EC cross-sections started by taking an image of the full cross-

section of the examined face using the stereoscope; the image was imported into ImageJ, an image processing 

program. . The scale of the image was set in ImageJ. A screen shot of this process is shown in Figure 3.10. 

Figure 3.10 shows the interface from the program along with the measurement of the plate thickness in order to set 

the scale. Once the plate thickness is measured and the corresponding value in pixels is found, the “set scale” feature 

in the program the amount of pixels can be set to the known plate thickness in mm. For the image shown in 

Figure 3.10, the value in pixels ‘502’ corresponds to 12.42 mm. ImageJ also displays the resolution of the image in 

reference to pixels, which was 40.419 pixels per mm in Figure 3.10. Taking the reciprocal of this value to get mm 

per pixel, it is assumed that calculations of crack lengths and thickness from the image are accurate out to 

3 hundredths of an mm (30 µm).  

 

 
Figure 3.10 ImageJ interface that allows the user to import selected images into the software for analysis. Once 

imported, the plate thickness is measured in pixels, shown by the white line. Knowing this 

distance in pixels, the “set scale” feature in the software allows the user to set the distance in 

pixels to a known distance. For this image and cross-section, 502 pixels equaled 12.42 mm. The 

“set scale” feature also displays the resolution of the image relative to the scale. This resolution 

was used to determine the accuracy of the measurements.  

 

Cracks were identified and measured using the steps shown in Figure 3.12. A crack was distinguished from 

a scratch by the jagged features of the cracks compared to the straight line morphology of the scratches. According 

to the NACE standard, “cracks separated by less than 0.5 mm are considered as a single crack [34].” An example of 
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the measured separation in cracks is shown in Figure 3.12a. Distances between the cracks were measured as shown 

in Figure 3.12a. Because the offset of cracks identified in regions No. 1, 2, and 6 in Figure 3.12a were less than 

0.5 mm (Figure 3.12b), the two cracks in each region are considered a single crack. Cracks identified as No. 3 – 5 

(Figure 3.12b), have an offset distance greater than 0.5 mm, so crack was identified as a single crack. Using the 

“zoom” feature in ImageJ, each crack is enhanced to measurement length, a, and thickness, b, of the crack (Figure 

3.12c).  White bars represent the measurements of the 8 identified cracks shown in Figure 3.12c. The corresponding 

values of length and thickness for each crack are shown as an example of representative measurements in Table 3.9. 

Using Equations 3.1 – 3.3, the crack ratios were calculated (Table 3.9).  

 

Table 3.9 Measured values from Manual Image J Measurements of length ‘a’ and thickness ‘b’ of Cracks in Figure 

3.12. The Calculated Crack Ratio Values are also shown. 

Material & Prestrain condition 100XF 0 pct W = 24.77 mm T = 12.47 mm 

Crack # a (mm) b (mm) CLR CTR CSR 

1 1.93 0.29 (fractional) (fractional) (fractional) 

2 11.93 1.06 1.1114 0.2013 0.0524 

3 2.23 0.07 

4 1.65 0.07 

5 2.05 0.07 

6 4.11 0.21 

7 2.59 0.61 

8 1.04 0.13 
 

 

The uncertainties for the measurements used in equations 3.1 – 3.3 are shown in Table 3.10. The 

uncertainty for variables a and b are in reference to the image resolution imported into Image J used to measure each 

individual crack. Values of uncertainty for the W and T variables are from the calipers that were used to measure the 

cross-section of the selected face. The total uncertainty for equations 3.1 – 3.3 are calculated by the root sum of 

squares equation, 

 

 

where wx is the uncertainty in the device used to obtain the measurement and δ(CTR, CLR, CSR)/δx is the partial 

derivative of the function with respect to the variable associated with the measuring device. Using Equations 3.4 and 

3.5, values of total uncertainty were calculated for each plate material. The uncertainty values for each material and 

critical crack ratio are shown in Table 3.10. All uncertainty values for critical crack ratios are accurate out to 

approximately 0.0005 of a fractional value except the CTR value for the X60. Because the X60 is the thinnest plate 

material out of the four, the uncertainty is 0.001 of a fractional value. 

          [ ∑              ⁄   ]
   

 
(3.4) 

 

      [ ∑          ⁄   ]
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Table 3.10 Uncertainty from the Method used to Measure Variables for use in Crack Ratio Calculation  

Method Variable Uncertainty (mm) 

Caliper W and T 0.005 

Image J a and b 0.03 
 

 

3.7 LECO® Hydrogen Analysis  

The LECO® RH-404 hydrogen analyzer induction melts a test specimen and reports the total hydrogen 

content at the time of measurement in units of ppm (mass fraction). For accurate measurements of hydrogen content, 

the weight of the specimens that are placed into the hydrogen analyzer should be 1.0 ± 0.5 g. Total hydrogen levels 

in the current study were measured using sub-size test specimens that were placed into the LECO® RH-404. As-

received plate materials were evaluated for hydrogen content to serve as a baseline of hydrogen present in the 

material before charging.  Total hydrogen levels were also measured for each material and pre-strain condition. 

3.7.1 LECO® Hydrogen Analysis Sample Generation 

A means to charge multiple sub-sized specimens was generated because the hydrogen analyzer is only able 

to analyze small specimens. The specimen geometry is set to: plate thickness (which ranges from 0.95 to 1.9 cm) x 

0.2 x 0.7 cm ((0.375 to 0.75 in) x 0.079 x 0.276 in). Figure 3.11 shows the fabrication of a “daisy chain” that 

allowed for multiple sub-sized specimens to be charged for hydrogen evaluation.  For each material and prestrain 

condition, a total of 5 replicas were created. Samples of each material and prestrain condition were cut to the 

geometry mentioned above and, using copper wire, wound so that they were securely in contact with the wire to 

ensure electrical conductivity.   

 

 
Figure 3.11 “Daisy Chain” assembly components. From left to right, the images display the salient features 

(the five sub-sized specimens and copper wire) of the component assembly leading to the 

assembly of the “Daisy Chain” to allow for simultaneous charging of multiple specimens for 

hydrogen content measurements. 
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a) b) 

 
c) 

Figure 3.12 Example cracked face showing how images were used to (a) identify cracks that are offset from one another. (b) Example cracked 

face showing the measurement offset to determine if multiple cracks should be considered a single (cracks separated by less than 0.5 mm were considered as a 

single crack [34]). (c) The final measurement of the single cracks. Each crack in (b) was enhanced using the “zoom” feature to produce the images in (c) to aid 

in the precise measurement of the single crack. The white lines in (c) represent the length, a, and thickness, b, measurements used to calculate critical crack 

ratios. 
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3.7.2 LECO® Hydrogen Analysis Experimental Procedure 

With “daisy-chains” fabricated for each material and prestrain condition (Figure 3.11) the total exposed 

surface area of the samples and copper wire was determined to apply the correct current at the applied current 

density of 15 mA/cm
2
. The “daisy-chain” was placed into the EC apparatus (Figure 3.8) and charged with hydrogen 

for 24 hours, following the sample procedure outline for full size test specimens that were evaluated for HIC.  After 

charging, the “daisy chains” were removed, cleaned with water, and placed into a liquid bath of nitrogen within 30 

seconds in order to suppress the diffusion of hydrogen out of the samples. LECO® steel standards with known 

amounts of hydrogen were then used to calibrate the H analyzer before measuring the steel specimen hydrogen 

content. The resolution of the LECO® RH-404 is 0.05 ppm H. After calibrating the LECO® H analyzer, individual 

samples were taken from the bath of liquid nitrogen, removed from the “daisy chain,” rinsed, dried, and placed into 

the LECO® RH-404 for hydrogen analysis. For each sub-sized test specimen, the time spent at room temperature 

(22 °C) before the LECO® RH-404 induction melted and evaluated the hydrogen content was on average 90 

seconds.  

Diffusible hydrogen concentration for the LECO® method were calculated by, 

where, HTotal is the hydrogen concentration determined by the LECO®  immediately after EC, and HTrapped is the 

hydrogen concentration evaluated after degassing determined by the LECO® analyzer. Degassing was achieved by 

placing full size test specimens in a liquid water bath at an elevated temperature of 50 °C for 72 hours, as described 

in Section 3.8. Samples were sectioned from these degassed full size test specimens to create the sub-sized 

specimens needed for LECO® analysis. A total of 5 specimens were generated from each material and prestrain 

condition. The 5 values from each hydrogen concentration value, HTotal and HTrapped, were then used in combination 

with Equation 3.6 to produce LECODiffusible values.  

3.8 Diffusible Hydrogen Content Determined by Mercury Displacement 

The American Welding Society (AWS) created a standard for diffusible hydrogen measurements based on 

mercury displacement. This section presents the experimental procedure that was modified from this standard, AWS 

A4.3-86 [45], and implemented to measure diffusible hydrogen contents after exposure to the EC method. 

3.8.1 Mercury Displacement Sample Generation 

Multiple specimens for diffusible hydrogen analysis were created from a single sample charged with 

hydrogen by EC. A visual representation of the fabrication of these sectioned EC test specimens is shown in Figure 

3.13. Full size test samples were sectioned so that after EC trials, 4 equal sized specimens (test samples labeled #1, 

#2, #3, and #4 in Figure 3.13) could be generated without further processing steps. After the taper hole was drilled 

into the top transverse section, the specimen was placed into the abrasive saw, where it was partially sectioned at the 

25, 50, and 75 mm locations (Figure 3.13a). The black area in Figure 3.13a represents the material left after 

sectioning, visually shown in Figure 3.13b (designated as the areas of electrical connection by the arrows). The 

                                  
(3.6) 
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overall dimensions of the cut were not recorded, but care was taken to leave enough material at each section location 

to ensure electrical conductivity but remove enough so sections could be separated from one another after EC trails. 

The sectioning of these areas produced 6 added surfaces that were exposed to solution and EC. The surface area of 

these surfaces was factored into the current calculation, calculated to produce an applied current density of 

15 mA/cm
2
. It was assumed that the material left from the sectioning process was minimal, such that the total width 

and plate thickness dimensions were used to calculate the additional exposed surface area. The 4 test specimens 

generated from this method allowed for an average diffusible hydrogen concentration to be calculated, as well as the 

distribution of diffusible hydrogen along the specimen i.e. from test sample #1 to sample #4.  

 

 
a) b) 

 

Figure 3.13 (a) Schematic representation with specimen geometry and the locations where test specimens were 

sectioned. The black areas represent material that was left after the sectioning process was 

complete. (b) Visual representation of samples fabricated for diffusible hydrogen analysis using 

EC. The sectioned areas allow for easy detachment after EC has been conducted.  

 

3.8.2 Mercury Displacement Experimental Procedure 

The procedure outlined by the AWS [46] covers correct handling, storage, and placement of specimens into 

the mercury filled eudiometers for measurement, as well as incubation periods and the final measurement of 

diffusible hydrogen. The following section highlights important details from the AWS standard pertinent to setting 

up the procedure for the current study.   

The specimen of interest is required to be placed into a low-temperature liquid bath (-60 °C (-76 °F)) within 

60 seconds after removal from the hydrogen environment. After test specimens have been in this liquid bath for two 

minutes, they may be removed for further handling, i.e. cleaning, detaching specimens from one another, and/or 

being placed into the mercury displacement apparatus [45]. It is stated that when removed from the low-temperature 

bath, a specimen has to be placed back into the bath after one minute exposure to ambient conditions and only after 
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two minutes in the bath may it be removed again [45]. This procedure is used each time a specimen is removed from 

the liquid nitrogen bath to ensure that hydrogen remains trapped before further analysis.  

Diffusible hydrogen analysis is performed with a mercury-filled eudiometer. Figure 3.14 shows 

schematically the dimensions of the eudiometer (Figure 3.14a), as well as the evolution of hydrogen from a sample 

placed into the mercury-filled eudiometer (Figure 3.14b). The test apparatus requires loading a test specimen into 

the incubation chamber located at the lower end of the eudiometer, allowing for hydrogen to diffuse out of the 

sample and recombine into molecular hydrogen. The process of removing the test specimen from the low-

temperature bath and placing into the incubation chamber is advised to be within 150 seconds from start to finish to 

ensure reliable results.  

During the degassing of the sample in the eudiometer, hydrogen displaces the mercury away from the top 

valve (the Teflon stopcock) towards the mercury bath at the bottom. Because there is a physical height difference of 

mercury in the eudiometer and the lower mercury bath, there is a pressure difference for the evolved hydrogen 

compared to the ambient pressure on the mercury bath. When calculating the volume of hydrogen, this pressure 

difference is incorporated. The time required before evaluation is dependent on the liquid bath temperature. After 

the incubation period, the volume of hydrogen present and height of displacement are measured to calculate 

diffusible hydrogen value at STP. The volume of hydrogen gas is calculated as, 

where T is the temperature (°C) of the gas column at the time of measurement (room temperature), P is the 

barometric pressure (mm Hg) at the time of measurement, V is the measured volume (mL) taken from the 

eudiometer, H is the head height of mercury (mm) at time of measurement as shown in Figure 3.14b, and VH is the 

volume of hydrogen gas at STP in milliliters [45]. 

The same conditions used to generate HIC by EC were employed to test for diffusible hydrogen in the 

sectioned specimens for each alloy and prestrain conditions. After EC was completed, the steel specimen was 

removed from the EC test apparatus, rinsed with water, and placed into a low-temperature liquid nitrogen bath 

within 60 seconds. The specimens were transported to the displacement test apparatus. The mercury test setup is 

shown in its entirety in Figure 3.15; shown are the four mercury-filled eudiometer tubes, the temperature setting and 

thermometer for the water bath, and the ambient pressure gauge. When placing the samples into the eudiometers, the 

following procedure was implemented:  

 Remove full-size test specimen from liquid nitrogen bath 

 Using pillars, break sample of interest from the full-size test specimen (placing remaining pieces 

back into the bath of liquid nitrogen) 

 Clean in liquid water bath to remove layer of ice created by exposure to the atmosphere 

 Dry sample so no moisture is present on the surface (failing to do so will give inflated readings of 

VH) 

 Place sample into the bottom end of the eudiometer; this assembly is then inverted and placed into 

the mercury  

     
   

       
 
      

   
 (3.7) 
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 The mercury is drawn up to the top of the eudiometer with a vacuum, after which the top valve 

(the Teflon stopcock) is closed to allow for hydrogen to be captured and displace the mercury 

 
Figure 3.14 (a) Dimensions of the eudiometer used in the mercury displacement method to determine 

diffusible hydrogen amount, (b) schematic representation of the use of a mercury-filled 

eudiometer to capture and measure the amount of diffusible hydrogen in the sample that is placed 

into the assembly. Adapted from [45].  
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Figure 3.15 Test setup for the mecury displacement method with the compontents labeled.  

 

For the current study, the temperature of the liquid bath was set to 50 °C, which corresponds to a 72 hour 

incubation period. After the incubation period is completed, the height, volume, and other required variables at time 

of measurement are recorded such that VH (Equation 3.7) can be calculated for each specimen. In order to compare 

the measured hydrogen contents with those obtained through other hydrogen analysis techniques, the VH value was 

converted to parts per million. The parts per million of diffusible hydrogen for each sample was calculated as, 

where VH is the calculated value from Equation 3.7, msteel is the mass of the individual steel specimen,    
 

is the density of molecular hydrogen gas at STP, and 10
-6

 is the conversion factor to parts per million. 

Uncertainty for the mercury displacement method was calculated by the root sum of squares equation 

where wH is the uncertainty for the height measurement taken by a tape ruler with a resolution of 1 cm, wM 

is the uncertainty from the analytical balance used to measure the mass of the individual samples, wP is the 

uncertainty in the ambient pressure gauge, wT is the uncertainty in the thermometer used to determine room 

temperature, wV is the uncertainty of the volume taken from the eudiometer, and         ,             , 

       ,        ,         are the partial derivatives of Equation 3.8 with respect to each variable that was 

      
  

      

     
       (3.8) 

 wppm = 

 

(3.9) 
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measured. Uncertainty values for Equations 3.7 and 3.8 are shown in Table 3.11. Using a range of values of 

diffusible hydrogen from results presented in section 4.5, total uncertainty calculations were made for each material 

using Equation 3.9 and values of uncertainty in Table 3.11. The results for total uncertainty are shown in Table 3.12. 

Lower amounts of diffusible hydrogen in the X52 produced lower amounts of uncertainty (0.02 ppm), and at the 

highest value of diffusible hydrogen measured in the 100XF, the uncertainty increased to 0.05 ppm.  

  

Table 3.11 Uncertainty Values for the Instruments Used to Calculate Diffusible Hydrogen 

Method Variable Uncertainty 

Eudiometer V 0.01 mL 

Pressure gauge P 0.01 mm Hg 

Tape ruler H 5 mm 

Analytical balance msteel 0.01 grams 

Standard thermometer T 0.01 °C 
 

 

Table 3.12 Total Uncertainty Calculated using Equation 3.9 for the Mercury Displacement Method 

Material Method Variable Diffusible hydrogen (ppm) 
Total uncertainty 

(ppm) 

X52 Mercury Displacement ppm 1.56 0.02 

X60 Mercury Displacement ppm 3.99 0.04 

X70 Mercury Displacement ppm 3.97 0.04 

100XF Mercury Displacement ppm 6.42 0.05 
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CHAPTER 4: Results and Discussion 

This chapter will present and discuss the results obtained from the different experimental methods 

discussed in the previous chapter.  

4.1 Microstructure and Nonmetallic Inclusions 

The microstructure of the as-received materials was evaluated using standard metallographic techniques. 

Faces in the transverse direction (TD), rolling direction (RD), and the normal direction (ND) were polished and 

etched (2 pct Nital).  

The X52 plate material was produced by controlled rolling and then cooled using on-line accelerated 

cooling. FESEM micrographs of X52 are shown in Figure 4.1. Micrographs were taken on the three different planes 

to evaluate the uniformity of the microstructure. The micrographs exhibit a mixed ferrite/pearlite structure. The 

ferrite in the microstructure is polygonal or equiaxed. Figure 4.2 shows higher resolution image of the secondary 

phase that formed in the X52. The pearlite (Figure 4.2) in the microstructure is not fully developed and does not 

resemble the conventional lamellar morphology, caused by the low carbon levels (hypoeutectoid) and the cooling 

operations performed on the X52. It is described as degenerated pearlite, which forms due to insufficient carbon 

diffusion when the eutectoid reaction proceeds at a low temperature [46]. The degree of elongation with respect to 

rolling direction is minimal, i.e. minimal pancaking of grains, and the degree of banding is low.  

The X60 and X70 material were both produced from continuous cast slabs that were subsequently hot-

rolled into plate. The micrographs of the three planes with respect to rolling direction are shown in 

Figures 4.3 and 4.4, for the X60 and X70 respectively. The difference in microstructures is minimal as shown in 

Figures 4.3 and 4.4. The microstructure is dominated by acicular ferrite with some quasi-polygonal ferrite.  The 

presence of second phase microconstituents (martensitic islands) appears to be slightly greater in the X70, as shown 

by the circled regions in each micrograph. Rolling operations and cooling practices for these plate materials resulted 

in a small amount of elongation of grains with respect to the rolling direction.  

The three micrographs from each plane with respect to rolling direction for the 100XF steel are shown in 

Figure 4.5. The plate was produced by controlled rolling followed by accelerated cooling, which is expected to 

result in an acicular ferrite microstructure [42]. The micrographs show elongated grains as well as some that are 

more equiaxed in shape. The microstructure can be described as acicular ferrite with minimal quasi-polygonal 

ferrite. The 100XF exhibits relatively higher amounts (visual comparison) of second phase microconstituents, 

indicated by the black circled regions in the micrographs, compared to the other alloys.  

The plates selected in the current study had calcium additions to aid in controlling the types (composition) 

and morphologies of nonmetallic inclusions present. As mentioned in the materials selection section, the X52 and 

X60 materials were produced for use in hydrogen environments. A general guide for steels used in sour service is to 

have ratios of Ca:S at levels greater than 2 [24]. It is expected that the addition of calcium resulted in inclusions that 

are globular instead of elongated and the amount of MnS type inclusions is minimized. During steelmaking, the 
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aluminum and calcium react with the oxygen and sulfur before manganese or other elements in the melt, therefore 

minimizing the formation of MnS type inclusions [24].  

 

 
a) b) c) 

 

Figure 4.1 Secondary electron micrographs taken with the FESEM of X52 plate steel. Images from three 

different planes (a) transverse, (b) longitudinal, and (c) normal plane are shown. 2 pct Nital etch.  

 

 
Figure 4.2 Presence of degenerated pearlite in the X52 plate material. Image taken with the FESEM. 2 pct 

nital etch.  
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a) b) c) 

Figure 4.3 Secondary electron micrographs taken with the FESEM of X60 plate steel. Images from three 

different (a) transverse, (b) longitudinal, and (c) normal plane planes are shown. 2 pct nital etch. 

Black circles on each micrograph indicate the presence of a secondary microconstituent.  

 

 
a) b) c) 

Figure 4.4 Secondary electron micrographs taken with the FESEM of X70 plate steel. Images from three 

different planes (a) transverse, (b) longitudinal, and (c) normal plane are shown. 2 pct nital etch. 

Black circles on each micrograph indicate the presence of a secondary microconstituent. 

 

 
a) b) c) 

 

Figure 4.5 Secondary electron micrographs taken with the FESEM of 100XF plate steel. Images from three 

different planes (a) transverse, (b) longitudinal, and (c) normal plane are shown. 2 pct nital etch. 

Black circles on each micrograph indicate the presence of a secondary microconstituent. 
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Nonmetallic inclusions in each steel are shown in the images of Figure 4.6. The micrographs and their 

corresponding EDS maps represent the common shape, size, and compositions of the inclusions that were found. 

Because an extensive statistical inclusion study was not conducted, the possibility of other types, sizes, and 

morphologies cannot be ruled out. Metallographic observations of the alloys showed that the inclusions were 

6 ± 1 µm
2
 on average and were largely globular in their morphology (Figure 4.6). Several inclusion types were 

found including: Al-Ca-O (Figure 4.6a), Al-O (Figure 4.6b), Al-Mg-O-Ca-S (Figure 4.6c), and Al-Mg-O (Figure 

4.6d). The composition of inclusions presented here were present within each steel evaluated.  

 

  
a) b) 

  

  
c) d) 

Figure 4.6 Nonmetallic inclusions observed in the four plate steels. Elements present in each image were 

confirmed by EDS mapping of the image shown. (a) Al-Ca-O X52, (b) Al-O X60, (c) Al-Mg-O-

Ca-S X70, (d) Al-Mg-O 100XF (see pdf version for color). 

 

The ternary diagrams produced for X52 from two inclusion families, 1) Al, Ca, S and 2) Ca, Mn, S, are 

shown in Figure 4.7a and b, respectively. The values of composition determined by the tie lines in the ternary 

diagram are relative to the other elements present, not necessarily the actual composition of inclusion evaluated. The 

grouping of compositions in the two ternary plots is an example of the qualitative behavior modified steel for use in 

sour service would display [24]. Region 1 in Figure 4.7a shows inclusions in the family of Al-Ca-S (on average) 

have relative levels of Ca at 40  to 80 wt pct, S at levels of 50 wt pct or less, and Al at a maximum of 30 wt pct . 

Lower amounts of sulfur in the inclusion compositions are expected because of the ultra-low level of sulfur 

(0.0007 wt pct) that was achieved during plate production. Figure 4.7b shows that the amount of MnS inclusions 

formed in the X52 is minimal. Most of the inclusions in the Ca-Mn-S family appear to be CaS. This is displayed by 

the dashed region 2 in Figure 4.7b: Ca levels range from 30 to 85 wt pct, S from 15 to 70 wt pct, and Mn from 0 to 

20 wt pct.  

Figure 4.8 shows the ternary diagrams for the X60 inclusions in the Ca-Al-S and Ca-Mn-S families. 

Dashed regions in Figure 4.8a and b represent the common range of inclusion compositions within each ternary 
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diagram. As shown in the dashed regions 1 and 2 in Figure 4.8a and b, the inclusions in the X60 plate material have 

a higher tendency compared to the X52 (Figure 4.7b) to be rich in sulfur, at least 30 wt pct or greater. The X60 also 

exhibits higher propensity to form aluminum rich inclusions, shown in the dashed region 1 of Figure 4.8a.  There is 

also an increase in the presence of manganese in the inclusions in comparison to the X52 with a large number of 

values ranging from 0 – 50 wt pct, shown in the dashed region 2 of Figure 4.8b. The level of manganese added to 

the X60 is 1.42 wt pct compared to 1.03 wt pct for the X52. The higher manganese content present in the X60 

increases the likelihood for more MnS type inclusions to form with unreacted sulfur in the melt, causing the shift in 

Ca-Mn-S ternary plot towards the manganese sulfur tie line (Figure 4.8b). It was expected based on literature 

findings [3, 10, 12, 15, 22, and 23] that cracks generated in this material will originate around MnS inclusions.  

 

 
a) b) 

 

Figure 4.7 Ternary diagrams (in wt pct) of two inclusions families, (a) Al-Ca-S and (b) Ca-Mn-S, present in 

the X52 plate steel. Ternary diagrams were generated by automatic feature analysis at the Nucor 

Indiana facility. Dashed regions 1and 2 in (a) and (b), respectively, show the grouping of the 

relative compositional distribution of inclusions evaluated by AFA, in reference to the three 

elements found in each ternary diagram.  

 

The analysis of the two inclusional families 1)Al-Ca-S, and 2) Ca-Mn-S for the X70 are shown in Figure 

4.9. Dashed regions 1 and 2 in Figure 4.9a and b represent the common range of inclusion compositions within each 

ternary diagram produced from AFA. The bulk of inclusions present in the X70 material are greater in calcium 

(Figure 4.9a and b) than the levels found in the X60. Like the X60, there is more scatter in the compositions of the 

inclusions when compared to the X52 material, as indicated by the qualitative assessment of the areas encompassed 

by the two dashed regions. The relative amount of inclusions with the composition rich in manganese is comparable 

to the X60 (Figure 4.8b) but greater than the X52 (Figure 4.7b). This is expected from the amount of manganese 

present, 1.59 wt pct. The X70 compositions indicate the presence of MnS (regions 3 in Figure 4.9b). The formation 

of MnS is related to ladle metallurgy practices [24]. It was expected that cracks generated through hydrogen 

exposure in the X70 would originate around the sulfide type inclusions because of their ability to irreversibly trap 

hydrogen. 
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a) b) 

 

Figure 4.8 Ternary diagrams (in wt pct) of two inclusions families, (a) Al-Ca-S and (b) Ca-Mn-S, present in 

the X60 plate steel. Ternary diagrams were generated by automatic feature analysis at the Nucor 

Indiana facility. Dashed regions 1and 2 in (a) and (b), respectively, show the grouping of the 

relative compositional distribution of inclusions evaluated by AFA, in reference to the three 

elements found in each ternary diagram. Regions 3 in (b) indicate the presence of MnS type 

inclusions identified through AFA.  

 

 
a) b) 

 

Figure 4.9 Ternary diagrams (in wt pct) of two inclusions families, (a) Al-Ca-S and (b) Ca-Mn-S, present in 

the X70 plate steel. Ternary diagrams were generated by automatic feature analysis at the Nucor 

Indiana facility. Dashed regions 1and 2 in (a) and (b), respectively, show the grouping of the 

relative compositional distribution of inclusions evaluated by AFA, in reference to the three 

elements found in each ternary diagram. Regions 3 in (b) show the presence of MnS type 

inclusions identified through AFA. 
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Figure 4.10 displays the ternary diagrams generated by AFA analysis. Within the two separate ternary 

plots, a and b in Figure 4.10, the dashed areas (regions 1 and 2) represent the common range of inclusion 

compositions. In region 1, the range inclusion compositions are Ca 25 – 75 wt pct, S 35 – 75 wt pct, and Al - < 35 

wt pct (Figure 4.10 a). In region 2, the range of inclusion compositions are Ca < 65 wt pct, S > 35 wt pct, and       

Mn - < 30 wt pct (Figure 4.10b). The 100XF material had the highest amount of manganese (1.8 wt pct) of all the 

materials, but unlike the X60 and X70 (at a similar level of sulfur 0.003 wt pct), the inclusion compositions did not 

show a shift towards the manganese sulfur tie line. This is believed to be attributed to differences in steeling making 

operations that the 100XF underwent compared to the X60 and X70. Steel casting operations were not obtained 

from the steel producers. The 100XF exhibits low amounts of aluminum type nonmetallic inclusions in the steel 

matrix, shown in region 3 of Figure 4.10a. It is speculated that if the inclusions within this area (Figure 4.10a region 

3) were evaluated with other elements, i.e. Fe and O, the composition of the inclusion would be different, i.e. Fe-S 

and Al-O type inclusions.   

 

 
a) b) 

 

Figure 4.10 Ternary diagrams (in wt pct) of two inclusions families, (a) Al-Ca-S and (b) Ca-Mn-S, present in 

the 100XF plate steel. Ternary diagrams were generated by automatic feature analysis at the Nucor 

Indiana facility. Dashed regions 1and 2 in (a) and (b), respectively, show the grouping of the 

relative compositional distribution of inclusions evaluated by AFA, in reference to the three 

elements found in each ternary diagram. Regions 3 in (a) show a region where the types of 

inclusions within the area if evaluated with other elements i.e. Fe and O the composition of the 

inclusion would be found to be different. Speculated that these inclusions would be Fe-S and Al-O 

type inclusions.  

4.2 Mechanical Properties 

Figures 4.11 – 4.14 show microhardness data from each rolled face to the center of each plate thickness, 

along with the average microhardness (solid line with 90 pct confidence interval calculated from the standard 

deviation) in part (a). Part (b) shows etched (2 pct Nital) macrographs taken from the rolled face to middle thickness. 

Finally, part (c) shows non-etched macrographs taken from the rolled face to mid-thickness. This analysis of 
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hardness in part (a) was used to identify the presence and location of hard bands. The microstructure as a function of 

plate thickness was evaluated from the macrograph shown in part (b). The non-etched specimens in part (c) reveal 

inclusion location and distribution.  

Figure 4.11shows the hardness traverse, microstructure, and inclusion distribution as a function of 

thickness for the X52steel.  The hardness in the X52 decreases from each rolled face, stabilizing to a constant value 

after approximately 8 pct through-thickness (Figure 4.11a). There is also a slight rise in hardness from the average 

hardness (162 HV), towards the centerline of material, but otherwise there are no hard bands through the thickness.. 

The mostly consistent hardness through-thickness is consistent with the homogenous microstructure present from 

the edge to mid-thickness (Figure 4.11b). The inclusions in X52 also appear to be distributed homogeneously 

(Figure 4.11c).  

 

 
 

a) b) c)  

Figure 4.11 (a) Microhardness data from each rolled face to the center of the X52 plate thickness, along with 

the average microhardness (solid line with 90 pct confidence interval), (b) etched (2 pct Nital), and 

(c) non-etched macrographs taken from the edge to middle thickness. Cross-sections of the full 

plate thickness of the transverse plane with respect to rolling direction were evaluated. 

Microhardness measurements were taken every 0.254 mm (0.01 in), 500 gmf load, and 10 s dwell 

time. 
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Figures 4.12 and 4.13 show the hardness traverse, microstructure, and inclusion distribution as a function of 

thickness for the X60 and X70 alloys.  The X60 and X70 show similarities with respect to the hardness traverse 

taken from each rolled face (Figures 4.12a and 4.13a). Hardness is greater than average (X60 – 202HV and X70 – 

210HV) from the rolled face to a thickness of 20 pct plate thickness; after the quarter positions in each material, the 

values are slightly lower than the average hardness. The X60 and X70 grade have very similar mechanical properties 

and microstructures that were produced during steelmaking and subsequent processing operations. There are higher 

amounts of banding and elongation towards the mid-thickness for the X70. The X60 and X70 exhibited no real 

observable hard bands based on the evaluation of (Figures 4.12b and 4.13b) or inhomogeneous inclusion distribution 

(Figures 4.12c and 4.13c). Because a comprehensive study on inclusion distribution was not conducted during the 

thesis work, areas of alloy segregation cannot be ruled out. 

 

 

a)  
b) c) 

 

Figure 4.12 (a) Microhardness data from each edge to the center of the X60 plate thickness, along with the 

average microhardness (solid line with 90 pct confidence interval), (b) etched (2 pct Nital), and (c) 

non-etched macrographs taken from the edge to middle thickness. Cross-sections of the full plate 

thickness of the transverse plane with respect to rolling direction were evaluated.  Microhardness 

measurements were taken every 0.254 mm (0.01 in), 500 gmf load, and 10 s dwell time. 
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Figure 4.14 shows the hardness traverse, microstructure, and inclusion distribution as a function of 

thickness for the 100XF alloy. The 100XF edge 2 exhibited a higher hardness, relative to the average hardness 

(280 HV), for the first 20 pct through thickness of the plate (Figure 4.14a). The higher values of hardness produce 

areas that would be more susceptible to HIC, and thus, the first 20 pct through thickness of the material might be 

more vulnerable to HIC damage. It was inferred the edge experienced higher cooling rates, allowing for higher 

hardness to be achieved during rolling operations. The macrographs (Figure 4.14b) produced for the 100XF do not 

exhibit higher amounts of second phase microconstituents or drastic changes in microstructure due to plate 

thickness. Additionally, inclusions appear to be equally distributed throughout the matrix (Figure 4.14c). 

 

 

a)  
b) c) 

 

Figure 4.13 (a) Microhardness data from each edge to the center of the X70 plate thickness, along with the 

average microhardness (solid line with 90 pct confidence interval), (b) etched (2 pct Nital), and (c) 

non-etched macrographs taken from the edge to middle thickness. Cross-sections of the full plate 

thickness of the transverse plane with respect to rolling direction were evaluated. Microhardness 

measurements were taken every 0.254 mm (0.01 in), 500 gmf load, and 10 s dwell time. 
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a)  
b) c) 

 

Figure 4.14 (a) Microhardness data from each edge to the center of the 100XF plate thickness, along with the 

average microhardness (solid line with 90 pct confidence interval), (b) etched (2 pct Nital), and (c) 

non-etched macrographs taken from the edge to middle thickness. Microhardness measurements 

were taken every 0.254 mm (0.01 in), 500 gmf load, and 10 s dwell time. 

 

Hardness measurements after prestrain were conducted as a measure of the amount of work hardening that 

occurred due to prestrain. Results from the hardness measurements are shown in Table 4.1. The hardness for the 

X52 increases the most due to the higher amounts of prestrain introduced (increase from 157 to 200HV). At similar 

levels of prestrain, 5 pct, the X60 hardness increases more than the X70 (increase of 22HV and 15HV respectively), 

but the overall hardness at 5 pct prestrain is greater in the X70 (218 HV) than the X60 (211 HV).  The low prestrain 

amount for the 100XF does not increase the hardness. Hardness for plate steels used for sour service are is advised 

to be below 248 HV [3]. Based on the hardness measurements, HIC susceptibility is expected to be greatest in the 

100XF condition. 
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Table 4.1 Microhardness Data Taken for each Material and Prestrain Condition 

Material & 

Prestrain Condition 

Microhard

ness (HV) 

90 % 

Confidence (HV) 

X52 0% 157 2 

X52 12% 200 4 

X52 18% 200 1 

X60 0% 190 1 

X60 3% 206 3 

X60 5% 211 3 

X70 0 % 203 1 

X70 5 % 218 3 

X70 7% 222 4 

100XF 0% 271 2 

100XF 2 % 272 2 
 

4.3 Characterization Study 

A characterization study on the fabricated double cell (Figure 3.8) was conducted to optimize charging 

conditions. This study tested the ability of the test method to produce cracks in the material. The 100XF as-received 

plate was selected for the characterization study, as it was assumed to have the highest HIC susceptibly. The high 

susceptibility allows for ease in identifying parameters that could alter charging conditions during the 

characterization study.   

Two variables, 1) applied current density and 2) duration of test, were varied to observe their effects on 

HIC damage; the applied current density ranged from 0.80 to 25 mA/cm
2
 (duration set at 24 hours), and charging 

times of 24, 36, and 48 hours were assessed (applied current density set at 15 mA/cm
2
). The experimental matrix is 

shown in Table 4.2. Current density was varied first, while holding test duration constant. A total of two tests were 

conducted for each condition, with the exception of the 25.00 mA/cm
2
 condition due to deleterious conditions that 

occurred during charging, which are described later. Once the optimal applied current density was identified, it was 

held constant while test duration was varied. Three tests for each condition were conducted during this round of 

experiments to identify the influence of test duration.  

 

Table 4.2 Experimental Matrix for the Characterization Study Conducted on the 100XF alloy 

 Applied Current Density (mA/cm
2
) 

Duration of Test 

(hrs) 
0.80 1.50 5.00 10.00 15.00 25.00 

24 2 2 2 2 3 1 

36 - - - - 3 - 

48 - - - - 3 - 

The numbers denote the number of tests conducted at each test duration and applied current density pairing 
 

 

After charging the specimens during applied current density experiments, the specimen surface conditions 

were observed. A visual comparison of the surface conditions for the range of applied current densities is shown in 

Figure 4.15. The luster of the charged specimens is affected the applied current density. The most pronounced 
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effects are observed in the 0.80 and 25 mA/cm
2
 cases. The luster of these two specimens is far less than the other 

four. It is speculated that the 0.80 mA/cm
2
 current density is associated with a lower cathodic-overpotential 

(compared to the higher current density), and as such, galvanic corrosion of iron can occur at the metal/solution 

interface (Figure 4.15a). A possible surface reaction at the highest current density, 25 mA/cm
2
, is also possible, 

although the applied current density was sufficient to provide cathodic protection. At this current density, the cell 

voltage and current changed significantly from the initial readings during testing. After 18 hours of EC charging, the 

cell potential changed from 20.85 Volts to 28.51 Volts, and the current dropped from 1.622 Amps to 0.725 Amps. 

Deterioration and mass loss of the steel sample were observed, which subsequently polluted the electrolyte and is 

believed to be the cause of the change in potential (Figure 4.15f). At intermediate current densities of 5 to 

15 mA/cm
2
, surface blisters appeared on the surface of the test specimens (Figure 4.15c – e). The amount of blisters 

present on the surface of the 15 mA/cm
2
 condition (Figure 4.15e) was greater than the other two applied current 

densities.  

 

 
 a) b) c) d) e) f)  

 

Figure 4.15 Surface conditions of 100XF after cathodic charging at various applied current densities while 

keeping the duration of the test constant at 24 hours. (a) 0.80, (b) 1.50, (c) 5.0, (d) 10.0, (e) 15, and 

(f) 25 mA/cm
2
. Image taken using light optical flash photography.  

 

Upon completion of hydrogen charging, specimen faces 2, 4, and 6 (Figure 3.9a) were sectioned, polished, 

and evaluated for cracks. Face 2 is the furthest from the electrode connection as shown in Figure 3.6. The charging 

conditions that produced cracking for each of the faces and those that did not are shown in Table 4.3. For the lower 

current densities of 5.00 and 10 mA/cm
2
, cracking was not observed throughout the entire specimen. An applied 

current density of 15 mA/cm
2
 produced hydrogen cracks on each of the faces evaluated. The typical cracks observed 

are shown in Figure 4.16. The cracks generated were mainly long and straight, but there were some regions of step-

wise cracking. The CLR, CTR, and CSR are plotted as a function of applied current density in Figure 4.17.  For the 

values of current density that were evaluated, the crack ratios reached their maximum at 15 mA/cm
2
 and then 



 56 

decreased at 25 mA/cm
2
. The values for the 25 mA/cm

2
 current density condition are likely affected by the surface 

effects that were observed during testing (Figure 4.15f). Table 4.4 shows the average crack depth (measured from 

the top surface) as a function of the applied current density. Most of the cracks occurred at depth of approximately 

2 mm (Figure 4.16), and very few samples exhibited cracks at the centerline (~ 6.25 mm). The applied current 

density of 15 mA/cm
2
 produced the largest range of crack depths. Because an applied current density of 15 mA/cm

2
 

produced the greatest extent of cracking it was chosen for the current density for further experiments.  

The effect of charging time on hydrogen cracking was explored by performing experiments at a range of 

charging-times while controlling current density (15 mA/cm
2
). The diffusivity of hydrogen in BCC ferrite is 

reported to be 10
-6

 to 10
-4

 cm
2
/s at room temperature [47 and 48]. The hydrogen penetration for the different 

charging conditions can be estimated based on these diffusivity values. A simple estimate for diffusion distance 

(lattice diffusion) is [49]: 

where x is the diffusion distance, Dz is the hydrogen diffusivity, and t is the elapsed time in seconds during 

which diffusion occurred. The equation is an approximation since it is based on unidirectional diffusion in a system 

where the dimension in the diffusion direction is infinite.  

Cracks in the 100XF material were predominately within 3 mm of the outer exposed surface, perhaps 

implying that damage deeper in the specimens was diffusion limited after charging for 24 hours. Using a diffusivity 

of 10
-6

 cm
2
/s, a lower limit, the diffusion distance of hydrogen at room temperature is approximately 2.9 mm for 

24 hours, which approximately correlates to the value of crack depth observed at an applied current density of 

15 mA/cm2 at the test duration of 24 hours (Table 4.4). Table 4.5 shows crack depth data as charging time is 

changed.  At longer charging times of 36 and 48 hours (at 15 mA/cm
2
), the depth of cracking did not change. Also, 

electrolytic charging of the 100XF occasionally produced cracking close to the centerline (6.06 mm at 15 mA/cm
2
 

and 24 hours) and thus, it was concluded that hydrogen was able to diffuse through the thickness of the specimens 

within 24 hours. The crack depths observed for this material is believed to be related to the higher hardness in the 

first 20 pct through thickness of the plate (Figure 4.14a). It is also believed that cracks that are generated in the first 

24 hours inhibit the growth of other cracks deeper in the specimen. In support of this argument, Griesche and Dabah 

et. al. [50], electrically charged duplex stainless steel samples and evaluated the presence of hydrogen though 

neutron imaging. The results from this study showed that sub-surface pores (generated from the blister/void 

mechanism) had high amounts of hydrogen, compared to other areas found in the cross-section of the material. The 

pores were likely produced by the volume expansion produced through the formation of H2 at grain boundaries, 

producing internal stress that created the cavity. If hydrogen is trapped in the initially cracked regions, HIC deeper 

in the specimen could be inhibited.  

The effect of test duration on the crack ratios is shown in Figure 4.18. The CLR at all test durations is 

greater than the CTR values. The scatter in the data for the critical crack ratios suggests that test duration does not 

significantly change the amount of cracking in the 100XF.  

 

    √      
(4.1) 
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Table 4.3 Charging conditions that produced cracking in 100XF that was cathodically charged for 24 hours  

 
Applied Current Density (mA/cm

2
) 

Face 

Examined 
0.80 1.50 5.00 10.0 15.0 25.0 

2 - - X X X X 

4 - - - - X - 

6 - - - - X - 

X Marks Presence of Cracks on Examined Cross-sections 
 

 

 

 
a) b)  

 

Figure 4.16 Hydrogen Induced Cracks produced through electrolytic charging of 100XF at a current density of 

15 mA/cm2 for 24 hours, (a)Face #2 (b) Face #4.  

 

 
Figure 4.17 Variation of calculated crack ratios versus applied current density for 100XF that was cathodically 

charged for 24 hours. CSR – Critical Size Ratio, CLR – Critical Length Ratio, and CTR – Critical 

Thickness Ratio. 
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Table 4.4 Average crack depth in 100XF specimens at the current densities explored during EC experiments run for 

24 hours: Extremes represent the minimum and maximum crack depth observed 

Average Thickness = 12.5 mm Extremes 

mA/cm
2
 Depth (mm) 

Standard Deviation 

(mm) 
Min (mm) Max (mm) 

0.8 - - - - 

1.5 - - - - 

5 2.13 0.09 2.07 2.19 

10 1.54 0.90 0.34 2.17 

15 2.33 1.87 0.42 6.06 

25 1.78 0.07 1.73 1.83 
 

 

Table 4.5 Average crack depth in 100XF specimens as a function of test duration during EC experiments, run at 

15 mA/cm
2
: Extremes represent the minimum and maximum crack depth observed 

Average Thickness = 12.5 mm Extremes 

Test Duration (hrs.) Depth (mm) 
Standard Deviation 

(mm) 
Min (mm) Max (mm) 

24 2.33 1.87 0.42 6.06 

36 2.12 0.87 0.64 2.64 

48 2.17 0.68 0.68 2.60 
 

 

 
 

Figure 4.18 Variation of average calculated crack ratios versus charging time for 100XF cathodically charged 

at an applied current density of 15 mA/cm
2
. 

4.4 HIC Susceptibility Measurements 

This section presents the degree of cracking that was observed for each alloy and prestrain condition and 

discusses the results in light of differences in mechanical properties (tensile strength and hardness). 
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4.4.1 Influence of Prestrain 

HIC was observed in all but the X52 12 pct and X60 3 and 5 pct prestrain conditions exposed to the H2S 

method. Influence of Prestrain on Calculated Critical Crack Ratios 

Each pre-strained test specimen was charged with hydrogen either by the EC method or H2S method. The 

crack ratios for each of the two charging methods, alloy, and pre-strain condition are shown in Figure 4.19 - Figure 

4.22. Error bars on the plots show the 90 pct confidence interval, calculated based on the standard deviation of the 

population as well as the sample size.  

The results from the EC and H2S methods are comparable in magnitude to one another even though there is 

generally significant scatter in the data for both methods. The most significant difference is apparent for the X60 

alloy (Figure 4.20), which exhibited significant cracking when charged by the EC method, but only minor cracking 

when charged by the H2S method. The differences in behavior are believed to be due to the statistical uncertainty of 

the evaluation method used. The statistical uncertainty of the evaluation method is possibly related to sectioning 

predetermined areas of the full specimen geometry. The sectioning process could miss crucial cracks that would 

contribute to the calculation of critical crack ratios. The critical crack ratios for the 100XF material and prestrain 

conditions are considerably greater compared to the other three alloys.   

 

 
a) b) 

 

Figure 4.19 Critical Crack Ratio values as a function of prestrain for the X52 material for each charging 

method: (a) Electrolytic charging and (b) H2S Method. CLR – Crack Length Ratio, CTR – Crack 

Thickness Ratio, and CSR – Crack Size Ratio.  
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The HIC results are largely independent of pre-strain level within the statistical accuracy of the methods 

employed with the possible exceptions found in the X52 (Figure 4.19a) and X70 (Figure 4.21a).  The EC CLR 

results for X52 and X70 possibly exhibit an effect of pre-strain, though HIC increases with increasing prestrain for 

the X70 while HIC decreases with pre-strain for the X52. It is speculated that dislocation density increases with 

increasing prestrain levels, which might be expected to mitigate HIC by trapping hydrogen at dislocations [51] 

rather than more detrimental sites such as inclusions in the material.  The X52 results are consistent with this 

hypothesis. However, prestraining increases hardness and decreases ductility, which might make steel more 

vulnerable to hydrogen embrittlement, consistent with the X70 results.  It is also worth noting that the prestrain 

levels of the X70 are lower than the pre-strain levels of the X52, and thus, the increase in trapping sites is less in 

X70.  However, neither of the trends observed in the X52 and X70 alloys are observed in the other alloy conditions 

for either test method, so the statistical certainty based on the evaluation method is unclear. The scatter observed 

with the critical crack ratios and prestrain is believed to be a reflection of the large variance associated with, and 

intrinsic to, the evaluation method employed. 

 

 

 
a) b) 

 

Figure 4.20 Critical Crack Ratio values as a function of prestrain for the X60 material for each charging 

method: (a) Electrolytic charging and (b) H2S Method. CLR – Crack Length Ratio, CTR – Crack 

Thickness Ratio, and CSR – Crack Size Ratio. 
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a) b) 

 

Figure 4.21 Critical Crack Ratio values as a function of prestrain for the X70 material for each charging 

method: (a) Electrolytic charging and (b) H2S Method. CLR – Crack Length Ratio, CTR – Crack 

Thickness Ratio, and CSR – Crack Size Ratio. 

 

 
a) b) 

 

Figure 4.22 Critical Crack Ratio values as a function of prestrain for the 100XF material for each charging 

method: (a) Electrolytic charging and (b) H2S Method. CLR – Crack Length Ratio, CTR – Crack 

Thickness Ratio, and CSR – Crack Size Ratio. 
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4.4.2 Influence of Mechanical Properties on HIC 

The HIC susceptibility of the non-strained specimens was compared based on the tensile strength.  As the 

strength of the material increases, the tolerance to hydrogen concentration generally decreases [14 and 15]. Figure 

4.23 shows the dependence of CLR and CTR values on tensile strength for non-strained test specimens, exposed to 

both EC and H2S methodologies. Horizontal lines in Figure 4.23 represent the values for which steel plates are 

deemed fit for sour service in accordance with ISO 3183 [52]; this standard states that at values of CLR less than 

0.15 (Figure 4.23a) and CTR less than 0.05 (Figure 4.23b), plate steel is qualified for sour service. The vertical line 

represents the NACE recommended maximum tensile strength (116 ksi) to avoid hydrogen-assisted cracking 

phenomena. Figure 4.23a shows the relationship between the CLR values from each method as a function of tensile 

strength for the non-strained conditions. The CLR values presented in Figure 4.23a are consistent with the 

expectation that HIC increases with increased strength [14 and 15].  The same trend is observed for the CTR values 

shown in Figure 4.23b. These results also show that the difference between the HIC resistance of the X52, X60, and 

X70 alloys from the 100XF alloy is approximately the same for samples charged by both the EC and H2S methods. 

Differentiation between the HIC resistance of the X52, X60, and X70 alloys is not evident with any statistical 

significance (scale of 90 pct confidence  intervals found in Figures 4.19 – 4.21) for results obtained from either 

method. Based on the results for both CLR and CTR, the X52, X60, and X70 materials could be considered for sour 

service.  

 

 
      a) b) 

 

Figure 4.23 a) Crack length ratio dependence on tensile strength for the 0 pct prestrain condition: Electrolytic 

method (EC) and NACE Standard method (H2S). b) Crack thickness ratio dependence on tensile 

strength for the 0 pct prestrain condition. The vertical dashed lines represent the suggested 116 ksi 

threshold value for hydrogen assisted-cracking phenomena [47 and 48]. The two horizontal dashed 

lines represent sour service requirements outlined by ISO 3183 [52]. 
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Hardness measurements after the introduction of prestrain were performed to relate HIC susceptibility to 

the hardness change of each condition. Figure 4.24a and b shows the CLR and CTR values as a function of the 

measured hardness for each condition after prestraining.  Neither crack ratio is strongly affected by hardness in the 

X52, X60, and X70 alloys.  The ISO 3183 crack ratio values are plotted as horizontal dotted lines on Figure 4.24, 

and the vertical dotted lines show the suggested threshold hardness (22 HRC (248 HV)) where materials become 

susceptible to hydrogen embrittlement.  As expected (based on its higher strength and lower ductility), the 100XF at 

0 and 2 pct prestrain has crack ratio values that disqualify it for use in sour service [3, 14, and 15]. All of the lower 

strength alloys have lower hardness values than this threshold, even after pre-straining, which is consistent with their 

low HIC susceptibility.  Their relatively low hardness may also explain why there is no apparent and consistent 

effect of pre-strain on their HIC susceptibility. 

 
 a)      b) 

 

Figure 4.24 (a) Crack length ratio and (b) crack thickness ratio dependence on hardness for the materials and 

pre-strain conditions evaluated by EC. The vertical dashed lines represent the suggested 22 HRC 

(248 HV) threshold value for HIC susceptibility [47 and 48]. The two horizontal dashed lines 

represent sour service requirements outlined by ISO 3183 [52]. 

4.5 Hydrogen Analysis 

The following section presents the hydrogen contents found by both hydrogen analysis methodologies 

presented in section 3.7 (LECO®) and 3.8 (mercury displacement).  The results of total hydrogen concentration 

immediately after EC and values of trapped hydrogen (in as-received and degassed specimens) are presented in 

section 4.5.1. Values of diffusible hydrogen concentration directly calculated by the mercury displacement method 

and estimated using the LECO measurements and Equation 3.6 are presented in section 4.5.2. The LECO and 

mercury displacement method used different sample geometries, and the influence of sample size on diffusible 

hydrogen results is discussed in section 4.5.3. HIC susceptibilities are then related to the diffusible hydrogen values 

and the amount of hydrogen permanently trapped in the material after exposure to EC.   
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4.5.1 Average Hydrogen Contents Total and Trapped from LECO® Analysis  

Initial hydrogen concentrations in as-received plate steels were evaluated using the LECO® Hydrogen 

Analyzer; the results are displayed in Figure 4.25a. The values represent the average of 5 measurements taken on 

each as-received plate steel. Error bars represent a 90 pct confidence interval calculated on the standard deviation of 

those 5 measurements. All of the alloys had levels of hydrogen less than 0.45 ppm (Figure 4.25a). These levels 

suggest that the as-received alloys did not have hydrogen in high enough levels to produce HIC damage.  

Using the daisy chain setup described in section 0.1, total hydrogen concentration in all of the conditions 

was evaluated after exposure to the EC method; the results are shown in Figure 4.25b.  The values represent the 

average of 5 measurements taken for each material and prestrain condition. Error bars represent a 90 pct confidence 

interval calculated on the standard deviation of those 5 measurements. The total hydrogen concentration consists of 

both trapped and diffusible hydrogen. The total hydrogen present after EC varied between 2 and 6 ppm. The 

hydrogen concentration in the X52 and X70 increases with increasing prestrain level. The hydrogen concentrations 

of the X60 and 100XF alloys are independent of prestrain level. Hydrogen concentration is greatest for the 100XF 

(~ 6 ppm) and lowest for the X52 (~ 3 ppm). The comparison of these two materials represents the extremes of the 

materials investigated. These two materials in the as-received and prestrain conditions have drastically different 

levels of hardness (157 HV for X52 and 270 HV for 100XF), and the microstructure was significantly different as 

well. Conversely, the similarities of chemical chemistry and microstructure for the X60 and X70 allow for similar 

levels of hydrogen to be achieved (~ 4 ppm).  The effect of differences in microstructure on measured hydrogen 

contents is elaborated further in section 4.5.2. 

 

 
                a) b) 

 

Figure 4.25 (a) Hydrogen concentration in as-received alloys. (b) Hydrogen concentration for each plate 

material as a function of prestrain. 

 



 65 

Diffusible hydrogen can move through the metal matrix and encounter microstructural constituents with 

high binding energies (> 60 kJ/mole) and become irreversibly trapped [53]. Values of binding energies for some 

typical hydrogen traps in steel are listed in Table 4.6. Depending on the type of trap, HIC susceptibility has been 

shown to increase or decrease [12 and 54]. Dislocations and grain boundaries are believed to exert a transient 

trapping effect on hydrogen as it moves through the lattice, which was observed by Bouraoui et al. [55]. However, 

features such as inclusion and precipitate interfaces serve as irreversible trap sites.    

The average values obtained from the LECO® trapped hydrogen analysis for the materials and prestrain 

conditions are shown in Figure 4.26. The average values represent the average of 5 values. Error bars represent a 

90 pct confidence interval that was calculated from the standard deviation of the 5 independent trapped hydrogen 

values. Other than X52 0 pct and 12 pct prestrain conditions, values of trapped hydrogen were 1 ppm or greater 

(Figure 4.26). The X52 trapped hydrogen concentration increases with prestrain. A statistically significant 

monotonic trend was not observed with respect to prestrain for the X60, X70, and 100XFalloys.  Overall, the 

trapped hydrogen in each condition is comparable, indicating that there are no significant differences in irreversible 

trap sites between the alloys.  The trapped hydrogen content of the alloys is likely mostly independent of pre-strain 

level, because dislocations are reversible trap sites and thus, increasing dislocation density through pre-straining 

should have minimal effect. 

 

 
 

Figure 4.26 Trapped hydrogen values after degassing of material. Materials were hydrogen charged with the 

EC method, degassed at 50 °C for 72 hours, sectioned, and evaluated using the LECO® hydrogen 

analyzer to determine the trapped hydrogen content.  
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Table 4.6 Hydrogen trap sites found in iron, table modified from [54] 

Trapping site Binding/activation energy (kJ/mol) Assessment Method* Reference 

H - dislocation 26 HTD analysis [56] 

H - grain boundary 49 HTD analysis [57] 

H - MnS 72 HTD analysis [58] 

H - Fe3C 84 Permeation [59] 

H - TiC interface  95 Permeation [60] 
 

 

4.5.2 Average Diffusible Hydrogen Content from LECO® and Mercury Displacement Analysis 

The diffusible hydrogen concentration was measured using the mercury displacement method on full size 

samples (outlined in section 3.8.1) that were subjected to the EC method. Diffusible hydrogen was determined by 

averaging values from each of the four samples, and a 90 pct confidence interval was calculated based on the 

standard deviation. The values for diffusible hydrogen determined from the mercury displacement method are 

shown in Figure 4.27a. The measured values of diffusible hydrogen for each material and prestrain condition 

showed high amounts of deviation. The greatest amount of diffusible hydrogen was observed in the 100XF material 

and prestrain condition (~ 7 ppm) and the least in the X52 material and prestrain conditions (~ 2.5 ppm) 

(Figure 4.27a). The amount of deviation was attributed to non-uniform charging over the sample geometry, which is 

discussed in the following section.  

Figure 4.27b shows the values of diffusible hydrogen calculated (Equation 3.6) from the two values, HTotal 

and HTrapped, obtained by the LECO (Figure 4.25b and Figure 4.26). Error bars on the plot represent a 90 pct 

confidence interval calculated on the standard deviation of the 5 values. The levels of diffusible hydrogen 

determined by the LECO® method are, depending on the material, 1 to 3 ppm less than those measured with the 

mercury displacement method. This is likely due to the sub-sized specimens. The sub-sized specimens are believed 

to have more uniform charging during EC due to the smaller size, represented by the tighter confidence interval 

(Figure 4.27b). However, the total hydrogen concentration values used in the calculation could be reduced during 

the lag time between placing each sample into the analyzer and subsequent melting and analysis by the LECO® 

analyzer (~ 90 seconds). The time where the sub-sized specimens are at room temperature allows for a degree of 

hydrogen diffusion out of the sample. This reduction in measured total hydrogen level could also reduce the 

estimated diffusible hydrogen concentration.  

In both methods, the diffusible hydrogen concentration is greater than 1 ppm for all conditions. Kittel et al. 

[61] suggested that a critical diffusible hydrogen concentration level of 1 ppm is necessary to induce damage within 

a steel matrix. These levels indicate that hydrogen was present in sufficient amounts to initiate HIC in all of the 

conditions, Also, the average values of diffusible hydrogen increase with increasing values of prestrain, except for 

the X60 material. This trend agrees with literature [62 and 63] that at higher degrees of strains (i.e. increases in 

dislocation density) the diffusible hydrogen is increased. Bouraoui et al. [55] stated that dislocations exert a transient 

trapping effect on hydrogen atoms, decreasing the hydrogen permeability though high purity iron, and a similar 

effect is likely observed in the present study. The differences in the amount of diffusible hydrogen in each alloy 

could be related to the grain size and morphology present in the materials. The X52 is dominated by larger 
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polygonal ferrite grains, whereas the other alloys are dominated by finer acicular ferrite grains and probably a higher 

dislocation density.  Of the acicular ferrite microstructures, the amount of second phase microconstituents is highest 

in the 100XF alloy.  It is hypothesized that the finer grain size (larger grain boundary surface area), higher 

dislocation density, and higher surface area of boundaries at secondary microconstituents all serve to increase the 

transient trapping sites and result in the 100XF having the highest diffusible hydrogen content. 

 

 
a) b) 

 

Figure 4.27 Diffusible hydrogen values determined by two different evaluation methods on the four materials 

and prestrain conditions investigated: (a) Mercury displacement and (b) LECO® analysis. 

LECO® diffusible hydrogen values were determined using Equation 4.2. 

 

4.5.3 Influence of Sample Location on Diffusible Hydrogen Results (Sample Size Effect) 

During the EC tests, it was observed that gas bubbles nucleate, grow, and detach preferentially at the 

bottom end of the test specimen (working electrode).  This characteristic is displayed in the photograph shown in 

Figure 4.28. The evolution of bubbles was predominately within the first 25 mm of the specimen being charged 

(sample #1 area shown in Figure 4.28).  The effects of preferential bubble formation were assessed based on 

differences in diffusible hydrogen content as a function of sample number (measured by mercury displacement) and 

CLR value as a function of location of the examined face.  

Diffusible hydrogen measurements for samples 1 – 4 from each material and prestrain condition were 

compiled to evaluate possible non-uniform charging conditions. Figure 4.29 shows the dependence of diffusible 

hydrogen measured by the mercury displacement method, with respect to the sample number referenced to the 

location of the electrode connection (shown in Figure 4.28). The diffusible hydrogen amount in sample #1 for all 

materials is greater than samples #3 and #4. The amount of diffusible hydrogen decreases from sample 1 to sample 
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4, which is evidence of the non-uniform charging. The non-uniform charging of these samples is believed to be due 

to a slight potential gradient on the sample during charging, causing the evolution of hydrogen to be greater at the 

end of the sample. Because of the large difference in diffusible hydrogen content from sample #1 to #4, the standard 

deviation between the four values was also large, producing the wide confidence interval in the diffusible hydrogen 

results shown in Figure 4.27a. The sub-sized specimens used for the LECO analysis are believed to have more 

uniform charging conditions, which is indicated by the tighter confidence interval in the diffusible hydrogen 

estimates shown in Figure 4.27b.  

The CLR values from faces 1, 2, 4, and 6 of full-sized EC specimens were averaged together for each face 

to produce a single CLR value at the specific sectioning location; this was done for each alloy and pre-strain 

condition. The CLR dependence on the examined face location is presented in Figure 4.30. Faces 1 and 2 are within 

areas of preferential bubble-formation and face 6 is farthest from it. The X70 (Figure 4.30c) and 100XF 

(Figure 4.30d) samples exhibit higher CLR values near the preferential hydrogen bubble formation region. The 

decrease in CLR value towards the top of the electrode, i.e. from face 1 and 2 to the other faces (face 4 and 6), can 

be interpreted as an indication that the presence of these bubbles at the bottom of the specimen corresponds to higher 

amounts of hydrogen damage in these regions. The measured crack ratios do not depend as greatly on location in the 

X52 (Figure 4.30a) and X60 (Figure 4.30b) samples, which may be a reflection of the large variance in CLR 

associated with, and intrinsic to, the evaluation method employed. 

 

 
 

Figure 4.28 Observation of hydrogen bubbles forming preferentially on the lower bottom end of the steel 

specimens during EC experiments. Sample numbers are shown on the steel sample in the image.  
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Figure 4.29 Dependence of location of sample (sample number) on the amount of diffusible hydrogen 

measured by the mercury displacement method. Sample 1 represents the sample furthest away 

from the electrode connection. Dimensions of the sample were the full thickness of the plate (100 

XF and X70 - 12.7, X60 - 9.5, and X52 - 19 mm) x 20 ± 3 mm (width) x 25 ± 2 mm (length).  
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a) 

 

b) 

 
 

c) d) 

 

Figure 4.30 Dependence of calculated Crack Length Ratio on the location of the examined faces for each 

material and prestrain condition for EC experiments (a) X52, (b) X60, (c) X70, and (d) 100XF. 

4.5.4 HIC Susceptibility and Diffusible and Trapped Hydrogen Contents from LECO® Analysis 

Figure 4.31 shows the dependence of CLR as function of (a) the diffusible hydrogen content determined by 

the LECO® analysis method and (b) the amount of trapped hydrogen after degassing. HIC appears to be more 

dependent on the diffusible hydrogen concentration than the total trapped hydrogen concentration (Figure 4.31a). 
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Two key observations can be made from Figure 4.31a. The first observation is that for the highest strength material, 

100XF, both CLR and diffusible hydrogen were the greatest. The CLR is believed to be associated with the higher 

strength and hardness of the material leading to higher amounts of cracking produced through the interaction with 

hydrogen; whereas, the higher diffusible hydrogen value is believed to be associated with increased surface area of 

grain boundaries and dislocation density to increase the overall transient trapping and therefore increasing the 

diffusible hydrogen. The second observation is that even with increases in the amount of diffusible hydrogen in the 

X60 and X70 (acicular ferrite steels) compared to the X52 alloy, the degree of cracking in the 3 alloys is 

approximately equal. It would be expected from interpretation of literature [61] that at higher amounts of diffusible 

hydrogen, HIC would increase. This trend is not observed and thus it can be inferred that for moderate and low 

strength steels, changes in microstructure will not greatly impact HIC susceptibility. Figure 4.31b shows that HIC is 

independent of the trapped hydrogen amount in the conditions assessed. At similar levels of trapped hydrogen, the 

HIC susceptibility of the 100XF is much greater than the other alloys.  

 

 
a) b) 

 

Figure 4.31 HIC (CLR) dependence on (a) LECO® diffusible and (b) trapped hydrogen contents from EC. 

The two horizontal dashed lines represent sour service requirements outlined by ISO 3183, CLR < 

0.15 [52]. 

4.6 Evaluation of HIC with respect to Microstructure and Nonmetallic Inclusions  

Figure 4.32 shows representative images of the cracking behavior in each of the four alloys. Centerline 

cracking was observed for some of the sectioned faces for each material. Centerline cracking was observed more 

predominantly in the X52 (Figure 4.32a), X60 (Figure 4.32b), and X70 (Figure 4.32c) conditions, whereas the 

100XF material produced cracking near the rolled face ( average depth of 1.65 mm) for all prestrain conditions 

(Figure 4.32d), consistent with the results obtained during the characterization study.  The location of cracking 

within the 100XF alloy is believed to be due to higher levels of hardness, compared to other areas within the plate 

thickness. The large range of crack depths, shown in Table 4.7, observed for the X52, X60, and X70 implies that 
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crack nucleation sites i.e. nonmetallic inclusions, are distributed throughout the plate thickness, as presented by the 

non-etched micrographs shown in Figures 4.11 – 4.13. The average crack depth shown in Table 4.7, represents the 

average of all cracks observed for the material and prestrain conditions evaluated. Each material had cracks at the 

centerline of the plate, as well as cracks near the rolled surface.   

 

Table 4.7 Crack Depth Observed on all Sectioned Faces for each alloy after EC 

Material 
Half Thickness 

(mm) 

Average Depth of 

Cracking (mm) 

Standard Deviation 

(mm) 

Extremes 

Max Depth 

(mm) 

Min Depth 

(mm) 

X52 9.50 8.02 2.03 9.19 2.05 

X60 4.75 3.02 1.27 4.54 0.59 

X70 6.50 4.09 1.77 6.23 0.54 

100XF 6.50 1.65 1.45 6.38 0.27 
 

 

 

 

a) 
b) 

 

  

c) 
d) 

 

Figure 4.32 Light optical macrographs taken on as-polished full width and thickness EC test specimens. 

Images are representative of the cracking behavior observed for materials at all prestrain levels. (a) 

X52 0 pct prestrain Face 1, (b) X60 3 pct prestrain Face 2, (c) X70 5 pct prestrain Face 1, and (d) 

100XF 0 pct prestrain Face 2. 
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ESEM, FESEM, and EDS mapping were used to investigate the interactions of HIC with microstructural 

features such as parent microstructure, secondary microconstituents/phases, and nonmetallic inclusions. The results 

presented in the following section were obtained from 5 faces that showed the highest amount of cracking, i.e. 

greatest CLR and CTR for each material. Primary cracking is denoted as the largest cracks; whereas, secondary 

cracking is the qualitative observation of cracking that branches from the largest cracks. 

Sectioned faces with the highest degree of cracking in X52 were evaluated after etching as shown in 

Figure  4.33.  The cracking behavior had evidence of transgranular propagation though both the ferrite and pearlite 

(Figure 4.33 features 1 and 3), as well as intergranular cracking of ferrite (Figure 4.33 feature 2).  

Samples were back polished to 1 µm surface finish after being etched to conduct EDS on non-etched 

samples. Cracks on the polished surface are shown in Figure 4.34. Cracking was not observed around inclusions on 

the plane of view for the faces evaluated for HIC in the X52; this does not rule out the possibility of inclusions being 

present in the cracks out of the plane of view that was examined. If inclusions were observed, they were outside the 

primary crack area (Figure 4.34). The composition of the inclusions found within close proximity of the primary 

crack, identified though EDS mapping, consistently contained Al, Ca, and O. These are likely alumina inclusions 

encapsulated by a calcium sulfide shell as shown in Figure 2.5.  

 

 
 

Figure 4.33 Secondary electron micrograph taken on the FESEM of the X52 EC 18 % prestrain Face 1 

condition. Etched with 2 pct nital. Evidence of transgranular (1and 3) and intergranular crack 

propagation (2). 
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Figure 4.34 EDS mapping of non-etched X52 EC 18 % prestrain Face 1condition. Primary crack propagation 

in close proximity to Al-O-Ca type inclusion. SEM image produced was taken in backscatter 

mode on the FESEM (see pdf version for color).  

 

The X60 and X70 steels were first etched with 2 pct nital to reveal the microstructure and then placed into 

the SEM to analyze the crack interaction with the microstructure. Figure 4.35 and Figure 4.36 show secondary 

electron images on the etched surfaces around the primary crack region for the X60 and X70, respectively.  Images 

taken in secondary electron mode on the FESEM revealed that in the X60 (Figure 4.35) and X70 (Figure 4.36), HIC 

was associated with inclusions. It was difficult to determine whether the crack growth was transgranular or 

intergranular in nature, but cracking associated with secondary microconstituents was occasionally observed.  

Figure 4.35 shows evidence of the primary crack propagating directly through two nonmetallic inclusions (feature 

#1), and cracking that originates around the interface of an elongated nonmetallic inclusion (feature #2) in the X60. 

Figure 4.36 also shows an example of HIC that propagates directly though a globular type nonmetallic inclusion in 

X70.  

After the microstructure was evaluated, samples were polished to a 1 µm to specifically examine how 

inclusions interact with HIC. Using backscatter mode on the SEM (gives composition contrast), areas where 

nonmetallic inclusions were present around the primary crack region were identified. Once identified, the areas were 

evaluated by EDS mapping to identify the type of inclusion present.  

Figures 4.37 and 4.38 show EDS mapping of primary crack regions where nonmetallic inclusions are 

present. In both SEM images, there is a cluster of nonmetallic inclusions present in and around the primary crack 

area. EDS showed these clusters as being high in sulfur and manganese. MnS type inclusions were found by both 

EDS mapping and the AFA analysis presented in section 4.1. It is well documented in literature that these types of 

inclusions are detrimental to HIC resistance [3, 5, 8, and 18]. This behavior is confirmed and observed for the X60 

and X70.  
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Figure 4.35 Secondary electron micrographs taken on the X60 EC 0 % prestrain Face 6 condition. Image 

captured using the ESEM. Etched with 2 pct nital. Features 1 and 2 show HIC around inclusions in 

the microstructure.  

 

 
 

Figure 4.36 Secondary electron micrograph taken on the X70 EC 5 % prestrain Face 1 condition. Image shows 

the presence of an inclusion in the primary crack area. Image was captured using the ESEM. 

Etched with 2 pct nital.  
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Figure 4.37 EDS mapping of non-etched X60 EC 0 % prestrain Face 6 condition. SEM image was taken in 

backscatter mode on the FESEM (see pdf version for color).  The SEM image and EDS maps 

show the presence of MnS type inclusions in and distributed around the primary crack region.  

 

 
 

Figure 4.38 EDS mapping of non-etched X70 EC 5 % prestrain Face 1 condition. SEM image was taken in 

backscatter mode on the FESEM (see pdf version for color). The SEM image and EDS maps show 

the presence of MnS type inclusions in and distributed around the primary crack region. 

 

Figure 4.39 shows secondary electron images from the 100XF alloy etched with 2 pct nital; the images 

were taken using the FESEM.  Cracking behavior in the 100XF showed: transgranular cracking of acicular ferrite 

grains (Figure 4.39a feature #1), cracking of secondary microconstituents (Figure 4.39b feature #2), and cracking 

around nonmetallic inclusions (Figure 4.39c feature #3). At areas where nonmetallic inclusions were present, the 

degree of secondary cracking decreases. In the absence of nonmetallic inclusions, smaller micro-cracks branch off 

from the main crack increasing the degree of secondary cracking (Figure 4.39a and b). It is speculated that the areas 

in the immediate vicinity of inclusions contains a high concentration of hydrogen, so cracking is localized in these 

regions. Hydrogen is more uniformly distributed in regions without inclusions and therefore secondary cracking can 

occur more easily.  
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Cracking behavior associated with inclusions in the 100XF is further shown in Figures 4.40 and 4.41. EDS 

mapping was conducted on both conditions to assess the type of inclusion present. Figure 4.40 exhibits a primary 

crack that propagates near but not through a spherical nonmetallic inclusion (Al-O-Ca-S). Conversely, in Figure 

4.41, the primary crack interacts directly with the nonmetallic inclusion (Mg-Al-O). It was observed that when the 

inclusions are more spherical in shape and are of the composition like the inclusion present in Figure 4.40 (Al-O-Ca-

S), cracks do not interact with the inclusion. The slight elongation of the inclusion in Figure 4.41is likely more 

detrimental for HIC, since there is a larger surface area in one plane for hydrogen accumulation and crack 

nucleation. The observed effects of inclusion shape as well as type of inclusion correlates with literature findings [3, 

18, 21, and 31]. Introducing CaS type inclusions or having a higher degree of spherical shaped nonmetallic 

inclusions from calcium treatment increases the overall HIC resistance with respect to inclusion susceptibility. 

 

 
a) b) c) 

 

Figure 4.39 Secondary electron images take on a) 100XF EC 0 % prestrain Face 2 (feature #1 shows 

transgranular cracking of acicular ferrite), b) 100XF EC 0 % prestrain Face 2 (feature #2 shows 

crack propagation across secondary microconstituent), and c) 100XF EC 2 % prestrain Face 1 

(feature #3 shows nonmetallic inclusion). Image was captured using the FESEM. Etched with 2 

pct nital.  

 

The interaction with microstructural features for each alloy is summarized in Table 4.8. The X60 and X70 

interacted with hydrogen similarly. HIC appeared to be related to the presence of nonmetallic inclusions (MnS) in 

these alloys. The X52 and 100XF were the only alloys that showed signs of both intergranular/transgranular 

cracking within the fields of view observed, as well as consistently observed cracking around secondary 

microconstituents (pearlite in the X52 and martensite in the 100 XF). The X52 was the only material that did not 

show significant evidence of cracking around nonmetallic inclusions, which is believed to be connected to the low 

sulfur content achieved during steelmaking, lower manganese level, and effective shape control over nonmetallic 

inclusions due to Ca additions. The X60 and X70 had higher amounts of manganese and sulfur 

(1.03 and 0.0007 wt pct respectively), allowing for the formation of MnS, and leading to preferential cracking 

around those features. Further characterization and analysis is needed on the X60 and X70 alloys to evaluate for the 

intergranular and transgranular cracking behavior. The 100XF had signs of multiple types of cracking: intergranular 

and transgranular cracking through ferrite grains, cracking around secondary microconstituents (martensite), 

secondary cracking, and cracking along nonmetallic inclusions (oxides). 



 78 

 
 

Figure 4.40 EDS mapping of non-etched 100XF EC 0 % prestrain Face 2 condition. SEM image was taken in 

backscatter mode on the FESEM (see pdf version for color). SEM image reveals an globular 

shaped inclusion found outside the primary crack region. EDS mapping identifies the inclusion 

being of the mixed composition of Al-O-Ca-S.  

 

 
 

Figure 4.41 EDS mapping of etched 100XF EC 2 % prestrain Face 1 condition. SEM image was taken in 

backscatter mode on the FESEM. Etched with 2 pct nital (see pdf version for color). SEM image 

reveals an elongated inclusion found within the primary crack region. EDS mapping identifies the 

inclusion being of the mixed composition of Al-Mg-O. 

 

Table 4.8 Summarized Cracking Behavior  

Material 

Ferrite 
Secondary 

Microconstituents 

Secondary 

Cracking 

Nonmetallic 

Inclusions Intergranular Transgranular 

X52 X X X (pearlite) - -. 

X60 - - X - X (sulfides) 

X70 - - X - X (sulfides) 

100XF X X X (martensite) X X (oxides) 

X - Presence of behavior 

 “-“ denotes that further analysis is needed to determine presence of behavior 
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CHAPTER 5: Summary and Conclusions 

Conclusions for the study of hydrogen induced damage in plate steels are discussed below in reference to 

the research objectives outlined in Chapter 1.  

5.1 Electrolytic Charging  

A new dual cell electrolytic charging cell was designed for HIC experiments.  The design addressed issues 

discovered in the previously used monocell design. The important features of the new electrolytic cell are the salt 

bridge to avoid cross contamination of the ion species from the cathode and anode, a gas purge system to help 

agitate the solutions, removal of oxide scale on steel specimens to inhibit oxide particles from contaminating the 

solution, and an improved electrode connection. The new design was successfully used for stable long duration (e.g. 

24 hours) experiments.  

A characterization study on the fabricated dual cell using the 100XF alloy studied the influences of applied 

current density and test duration to on HIC damage. It was found that at an applied current density 15 mA/cm
2
 and a 

test duration 24 hours provided consistent HIC results.  

These testing parameters were then used for an investigation of HIC on non-strained and prestrained plate 

steels (X52, X60, X70, and 100XF). The results were compared to NACE Standard TM0284 tests (solution A) on 

the same conditions.  The critical crack ratios calculated from the EC method were similar in magnitude to the 

critical crack ratio values from the NACE test. Thus, the EC method is possibly a viable substitute for the NACE 

standard test to investigate HIC.  

However, further experimental refinement is necessary.  The diffusible hydrogen values in the lower 

section of the specimen (furthest section from electrode connection) were significantly larger than the rest of the 

specimen; there was approximately a 6 ppm difference in the 100XF and 3 ppm difference in the X52 alloy. The 

cause of the difference in hydrogen content is believed to be associated with non-uniform hydrogen charging over 

the specimen geometry.  

5.2 HIC Susceptibility Measurements 

5.2.1 Influence of Mechanical Properties  

The lower strength steels, X52, X60, and X70, always have HIC susceptibility less than the ISO standard 

guidelines for qualification of sour service plates: values of CLR < 0.15 and CTR < 0.05. The 100XF, regardless of 

prestrain level, had the highest values of crack parameters: CLR = 0.58 ± 0.06, CTR = 0.07 ± 0.01, 

CSR = 0.03 ± 0.005. The high susceptibility was attributed to higher tensile strength, hardness, and lower ductility, 

leading to high amounts of HIC. These observations are consistent with NACE recommendations that HIC resistant 

alloys have tensile strength and hardness  less than 116 ksi (800 MPa) and 248 HV (22 HRC). 
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5.2.2 Influence of Uniaxial Prestrain 

The HIC results are largely independent of the pre-strain levels imposed within the statistical accuracy of 

the evaluation methods employed. HIC resistance was largely independent of the effects of prestrain including 

increases in hardness, dislocation density, and reductions in ductility. Further, prestrain did not increase the level of 

HIC in the X52, X60, and X70 alloys to a point where it would be disqualified for sour service according to the 

ISO standard guidelines. 

5.3 Hydrogen Analysis 

The total amount of hydrogen, which includes both the diffusible and trapped hydrogen, was greatest in the 

100XF alloy conditions and least in the X52 alloy conditions.  The level of trapped hydrogen in the non-strained 

conditions did not vary greatly: X52 – 0.95, X60 1.07, X70 – 1.25, and 100XF - 1.18 ppm. This observation implies 

that the number of irreversible trap sites in the alloys is comparable. The differences in total hydrogen content are 

attributed to differences in the amount of diffusible hydrogen in the alloys. The average values for diffusible 

hydrogen are greatest in the 100XF ~ 7 ppm and lowest in the X52 ~ 2.5 ppm (values from mercury displacement). 

The large amount of diffusible hydrogen in the 100XF alloy compared to the X52 alloy is likely due to the relatively 

high grain boundary area and dislocation density. 

5.4 Evaluation of HIC with respect to Microstructure and Nonmetallic Inclusions 

The qualitative analysis of microstructure and nonmetallic inclusions produced results that confirmed 

findings from literature. Cracking is observed around nonmetallic inclusions such as sulfides and oxides in the metal 

matrix. For materials in which both types are present, X60 and X70, HIC is linked to areas of sulfide type 

inclusions. Elongated sulfide inclusions show the propensity to increase the degree of cracking.  
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CHAPTER 6: Future Work 

This section outlines proposed areas of future work to further optimize the EC test apparatus and to further 

evaluate HIC in plate steels. 

It was observed that the overall size of the sample used in EC influenced the uniformity of charging that 

occurred during testing. It is proposed to test the effects of size/volume of EC specimens. The goal would be to 

optimize EC specimens for hydrogen charging uniformity.  

Because this study focused on the effects of uniaxial prestrain on HIC susceptibility, a more comprehensive 

study involving different levels of residual stresses/strains to alter HIC behavior is suggested. This study should be 

applicable to actual industry practices used for plate forming operations that may alter plate steel resistance to HIC 

though the formation of residual stresses/strains. 

Conducting a study focusing on the microstructure influence on HIC susceptibility would be of interest. 

Targeted microstructures could be created by varying heat treatments, cooling techniques, and subsequent 

processing operations. The targeted strengths of the produced microstructures would have to be similar to be able to 

ignore the effects of increased strength to alter HIC susceptibility.  

The current evaluation method for HIC used in this study produced large variations in the cracking 

parameters calculated. The large variation made it difficult to discern differences between alloy and prestrain 

conditions. Similar concerns have been stated in the literature about the NACE standard H2S test.  The sectioning 

procedure may miss cracks that could significantly change the test results.  It is suggested that a study involving 

different evaluation methods be considered to increase the reliability of the results from HIC. The evaluation 

methods of interest could be Ultra-Sonic evaluation or 3-D X-Ray Tomography. These methods incorporate taking 

scans over the full size of the sample to identify defects such as internal cracks. It is thought that this type of 

evaluation may reduce the statistical error of the crack measurements.  

Inclusions in the low strength steels, X60 and X70, provided the weakest link within the microstructure 

with respect to HIC. It was suggested by industry members that a more in depth inclusion analysis would be worth 

pursuing. This study would incorporate quantifying relative inclusion content found in the steel, size distribution in 

the steel, morphology produced, and compositional mapping. Quantifying these variables would give rise to a rating 

scale of HIC susceptibility based on the features of the inclusion present within the steel. 

 

  



 82 

References Cited 

1. J. Nieto, T. Elias, G. Lopez, G. Campos, F. Lopez, R. Garcia and A.K. De, “Development of 

Technology for the Production of HIC Resistant Slabs for Sour Service Applications at 

ArcelorMittal Lazaro Cardenas, Mexico,” Materials Science and Technology (MS&T), 2012. 

2. T. Taira, Y. Kobayashi, H. Inagaki, and T, Watanabe, “Sulfide Corrosion Cracking of Line-Plate 

or Sour Gas Service,” NACE National Conference, unpublished paper No. 171. Atlanta, 1979. 

3. G. Biefer, “The Stepwise Cracking of Line-Plate Steels in Sour Envionments,” In R. Kane, R. 

Horvath, and M. Cayard, Wet H2S Cracking of Carbon Steels and Weldments, pp. 479 - 494. 

NACE International, 1996. 

4. G. Herbslab, R. Popperling, and W. Schwenk, “Occurrence and Prevention of Hydrogen-Induced 

Stepwise Cracking and Stress Corrosion Cracking of Low Alloy Pipeline Steels,” NACE National 

Conference, unpublished paper No. 9. Chicago, 1980.  

5. Y. Shinohara and T. Hara, “Metallurgical Design of UOE Line Plate for Sour Service,” 

Microalloyed Steels for Sour Service International Seminar, São Paulo, Brazil, August 2012. 

6. J. A. Ronevich, “Hydrogen Embrittlement in Advanced High Strength Steels,” M.S. Thesis, 

Metallurgical and Materials Engineering, Colorado School of Mines, Golden, CO, 2009. 

7. B. Rosner, “Exploration of a Hydrogen Charging Method to Understand Performance of Energy 

Tubular Products,” M.S. Thesis, Metallurgical and Materials Engineering, Colorado School of 

Mines, Golden, CO, 2011. 

8. D. Jones, Principals And Prevention Of Corrosion, 2nd ed., New Jersey: Prentice-Hall, Inc,      

pp. 5-18, 40-50, 75-96, 143-148, 249-254, 279-286, 335-342, 439-444. 1996.  

9. R. Kane, S. Wilhelm, and J. Oldfield, “Review of Hydrogen Induced Cracking of Steels in Wet 

H2S Refinery Service,” In R. Kane, R. Horvath, and M. Cayard, Wet H2S Cracking of Carbon 

Steels and Weldments, pp. 173 - 185. NACE International, 1996.  

10. M. Cayard and R. Kane, “Characterization and Monitoring of Cracking of Steel Equipment in 

Wet H2S Service,” In R. Kane, R. Horvath, and M. Cayard, Wet H2S Cracking of Carbon Steels 

and Weldments, pp. 633 - 651. NACE International, 1996.  

11. G. Krauss, Steels: Processing, Structure, And Performance, 4th ed., Ohio: ASM International,  

pp. 101-116. 2005. 

12. E. Moore and J. Warga, Materials Performance, vol. 15, No. 6, pp. 176. 1976. 

13. A. Ikeda, T. Kaneko, and F. Terasaki, “Influence of Environmental Conditions and Metallurgical 

Factors on Hydrogen Induced Cracking of Line Plate Steel,” NACE National Conference, 

unpublished paper No. 7. Chicago, 1980.  

14. S.U. Koh, J.S. Kim, B.Y. Yang, and K.Y. Kim. “Effect of Line Plate Steel Microstructure on 

Susceptibility to Sulfide Stress Cracking,” Corrosion Science, vol. 60, No. 3. 2004. 



 83 

15. G.T. Park, S.U. Koh, H.G. Jung, and K.Y. Kim, “Effect of microstructure on the hydrogen 

trapping efficiency and hydrogen induced cracking of linepipe steel,” Corrosion Science, vol. 50, 

pp. 1865-1871. 2008.  

16. H.K.D.H. Bhadeshia, “Acicular Ferrite,” In Bainite in Steels (Transformation, Microstructure 

and Properties), The Institute of Materials, London, Great Britain, Cambridge University Press, 

pp. 245-248. 1992. 

17. Z. Shabir, E. Van Der Giessen, C. A. Duarte, and A. Simone, “The role of cohesive properties on 

intergranular crack propagation in brittle polycrystals,”In Modelling and Simulation in Materials 

Science and Engineering, vol. 19, IOP Publishing Ltd. 2011. 

18. T. Michler and J. Naumann. “Microstructural aspects upon hydrogen environment embrittlement 

of various bcc steels,” International Journal of Hydrogen Energy 65, pp. 821 – 832. 2010.  

19. H. Lee and S.L. Chan, “Hydrogen embrittlement of AISI 4130 steel with an alternate 

ferrite/pearlite banded structure,” Materials Science and Engineering, A142, pp. 193-201. 1991.  

20. E. Miyoshi, T. Tanaka, F. Terasaki, and A. Ikeda, “Hydrogen-Induced Cracking of Steels Under 

Wet hydrogen Sulfide Environment,” In R. Kane, R. Horvath, and M. Cayard, Wet H2S Cracking 

of Carbon Steels and Weldments, pp. 461 – 470. NACE International, 1996.  

21. E. Moore, J. Warga, “Factors Influencing the Hydrogen Cracking Sensitivity of Pipeline Steels,” 

In R. Kane, R. Horvath, and M. Cayard, Wet H2S Cracking of Carbon Steels and Weldments,    

pp. 725 - 744. NACE International, 1996. 

22. T. Nishimura, H. Inagaki, and M. Tanimura, “Hydrogen Cracking in Sour Gas Pipeline Steels,” 

Second Intl. Cong. On Hydrogen in Metals, Paper Number 3E9, pp. 1 – 8, Paris, June 1977.  

23. H. Nakasugi, S. Sugimura, H. Matsuda, and T. Murata, “Development of New Line-Plate Steels 

for Sour Gas Service,” Nippon steel Technical Report, vol. 14, No. 12. pp 66, 1979. 

24. Email from D. Edelman, UCS Development Metallurgist, Nucor, Crawfordsville, Indiana, Dec. 

19, 2013.  

25. A. Ghosh, Secondary Steelmaking: Principals and Applications. Boca Raton, FL, USA: CEC 

Press, 1999. 

26. R. Kane and M. Cayard, “Evaluation of Advanced Plate Steels For Resistance to HIC and SOHIC 

in Wet H2S Environments,” In R. Kane, R. Horvath, and M. Cayard, Wet H2S Cracking of 

Carbon Steels and Weldments, pp 615 – 631. NACE International, 1996.  

27. T. Taira, Y. Kokayashi, K. Matsumoto, and T. Tsukada, “Resistance of Line Pipe Steels to Wet 

Sour Gas,” In R. Kane, R. Horvath, and M. Cayard, Wet H2S Cracking of Carbon Steels and 

Weldments, pp 509 -518. NACE International, 1996.  

28. R. Merrick and M. Bullen, “Prevention of Cracking in Wet H2S Environments,” In R. Kane, R. 

Horvath, and M. Cayard, Wet H2S Cracking of Carbon Steels and Weldments, pp. 149 – 172. 

NACE International, 1996.  

 



 84 

29. R. Kane and D. Abayarathna, “Characterization of Hydrogen Charging Severity in Simulated Wet 

H2S Refinery Environments,” In R. Kane, R. Horvath, and M. Cayard, Wet H2S Cracking of 

Carbon Steels and Weldments, pp 603 – 613. NACE International, 1996.  

30. A. Ikeda, T. Kaneko, and F. Teraski, “Influence of Environmental conditions and Metallurgical 

Factors on Hydrogen Induced Cracking of Line Plate Steel,” NACE National Conference, 

unpublished paper No. 8. Chicago, 1980. 

31. G. Domizzi, G. Amteri, and J. Ovejero-Garcia, “Influence of sulfur content and inclusion 

distribution on the hydrogen induced blister cracking in pressure vessel and pipeline steels,” 

Corrosion Science, vol. 43, pp. 325-339. 2001.  

32. C Parrini and A. DeVito, “High Strength Microalloyed Plate Steels Resistant to Hydrogen 

Induced Failures,” Proceedings of. MICON ’78, Houston , TX, April1978,  

33. A. Ikeda, Y. Morita, F. Terasaki, and M. Takeyama, “On the Hydrogen Induced Cracking of 

Line-Plate Steel Under Wet Hydrogen Sulfide Environment,” Second Intl. Cong. On Hydrogen in 

Metals, Paper No. 4A7, pp. 1 – 8. Paris, June 1977. 

34. Evaluation of Pipeline and Pressure Vessel Steels for Resistance to Hydrogen-Induced Cracking, 

NACE Standard TM0284-2003, 21215, NACE International, 2003. 

35. B. Berkowitz, J. Burton, C. Helms, and R. Polizzotti, “Hydrogen dissociation poisons and 

hydrogen embrittlement,” Scripta Metallurgica, vol. 10, pp. 481 – 484, 1996 

36. I. Bernstein and A. Thompson, “The Use of Electrical Permeation Technique to Study Hydrogen 

Transport and Trapping of Iron,” Presented at the Conference Proceedings of the Metallurgical 

Society of AIME, 1982.  

37. L. Céline, “Cathodic Hydrogenation of Very High Strength Steels - Influence of Arsenic as a 

Hydrogenation Promoter”, Effects of Hydrogen on Materials, Proceedings of the 2008 

International Hydrogen Conference, ASM International, pp. 300-307. 2009.  

38. S. M. Charca, O.N.C. Uwakweh, B. Shafiq, and V.S. Agarwala, “Characterization of Hydrogen 

Permeation in Armco-Fe during Cathodic Polarization in Aqueous Electrolytic Media,” ASM 

International, pp. 127-133. 2008. 

39. S.Y. Qian, B.E. Conway, and G. Jerkiewicz, “Kinetic Rationalization of Catalyst Poison Effects 

on Cathodic H Sorption into Metals: Relation of Enhancement and Inhabitation to H Coverage,” 

Journal of the Chemical Society, Faraday Transactions, vol. 94, pp. 2945-2954.1998.  

40. S. M. Charca, O.N.C. Uwakweh, and V.S. Agarwala, “Hydrogen Transport Conditions and 

Effects in Catholically Polarized AF1410 Steel,” The Minerals, Metals & Materials Society and 

ASM International, 2007. 

41. D.M. Perez Escobar, L. Duprez, K. Verbeken, C. Miñambres, M. Verhaege, “Identification of the 

damage in high strength steels after electrochemical hydrogen charging,” Metallurgists 49th 

Conference Proceedings, 2010. 

 



 85 

42. B.G. Farber, “Influence of Prestrain on the Impact and Fracture Toughness Properties of High 

Strength Plate Steels with regard to Various Microstructures,” M.S. Thesis, Metallurgical and 

Materials Engineering, Colorado School of Mines, Golden, CO, 2009. 

43. H. M. Al-Jabr, “Anisotropy of Mechanical Properties of API-X70 Spiral Welded Plate Steels,” 

M.S. Thesis, Metallurgical and Materials Engineering, Colorado School of Mines, Golden, CO, 

2011. 

44. G. Angus and K. Findley, “Investigation of Hydrogen-Induced Damage in Pipeline Steels,” 

Research Report, MT-SRC-012-003, Plate and Hot Rolled Steels, ASPPRC, Golden, CO, 2012. 

45. Standard Methods for the Determination of Diffusible Hydrogen Content of Martensitic, Bainitic, 

and Ferritic Steel Weld Metal Produced by Arc Welding, ANSI/AWS A4.3-86, American 

Welding Society Inc., December 1985. 

46. J. Kang,H. Lee, and S.H. Han, “Effect of Al and Mo on the textures and microstructures of dual 

phase steels,” Materials Science and Engineering: A, vol. 530, pp. 183 – 190. Dec. 2011.  

47. I. M. Bernstein, Materials Science and Engineering, vol. 6, pp. 1-19, 1970. 

48. J.P. Hirth, “Effects of hydrogen on the properties of iron and steel,” Metallurgical and Materials 

Transactions A, vol. 129, pp. 99-107, 1990. 

49. R. E. Reed-Hill and R. Abbaschian, Physical Metallurgy Principals, 3rd ed., Massachusetts: 

PWS Publishing Company, pp. 382. 1994.  

50. A. Griesche, E. Dabah, A. Hilger, N. Kardjilov, I. Manke, and T. Kannengiesser, “Neutron 

Imaging of Hydrogen in Steels,” Materials Science and Technology (MS&T) 2013, Montreal, 

Quebec, Canada. Oct. 27-37, 2013. 

51. H. Huang and W.J.D Shaw, “Hydrogen Embrittlement Interactions in Cold-Worked Steel,” 

Corrosion Science, pp. 30-36. January 1995. 

52. Petroleum and natural gas industries-Steel plate for pipeline transportation systems, ISO 3183, 

2nd edition, 2007, Appendix H. 

53. M.D. Herynk, S. Kyriakides & A.Onoufriou, "Effects of the UOE/UOC plate manufacturing 

processes on pipe collapse pressure," Int. J. Mechanical Sciences, vol. 49, pp. 533 – 553, Dec. 

2006. 

54. I. Maroef, D.L. Olson, M. Eberhart, and G. R. Edwards, “Hydrogen Trapping in Ferritic Steel 

Weld Metal,” International Materials Reviews, Vol. 47, No. 4, pp. 191-223. 2002.  

55. R. Bouraoui, Hydrogen Diffusion in Metals: A 30-Year Retrospective, Scitec Publications, pp. 65. 

1999.  

56. W. Y. Choo, J. Y. Lee, “Thermal Analysis of Trapped Hydrogen in Pure Iron,” Metallurgical 

Transactions A, vol. 13A, pp. 135-140. 1982.  

 

 



 86 

57. K. Ono, M. Meshi, “Hydrogen Detrapping from Grain Boundaries and Dislocations in High 

Purity Iron,” Acta Metallurgica et Materialia, vol. 40, pp. 1357-1364. 1992.   

58. J. L. Lee and J. Y. Lee, “Hydrogen Trapping in AISI 4340 Steel,” Metal Science, vol. 17, pp. 

426-432. 1983.  

59. T. Asaoka, C. Dagbert, M. Aucouturier, and J. Galland, “Quantitative Study of Trapping 

Characteristics of H in a Fe-0.15% Ti Ferrite by High-Resolution Autoradiography and during 

Degassing at High Temperatures,” Scripta Metallurgica, vol. 11, pp. 467-472. 1977.  

60. G. M. Pressouyre and I. M. Bernstein, “A Quantitative Analysis of Hydrogen Trapping,” 

Metallurgical Transactions A, vol. 9, pp. 1571-1580. 1978.   

61. J. Kittel, J.W. Martin, T. Cassagne and C. Bosch, “Hydrogen Induced Cracking (HIC) – 

Laboratory Testing Assessment of Low Alloy Steel Linepipe,” Corrosion Conference & Expo, 

Paper No. 08110. NACE International, 2008. 

62. D. Hejazi, A.J. Haq, N. Yazdipou, D.P.Dunne, F. Barbaro, and E.V. Pereloma, “Role of 

Microstructure in Susceptibility of X70 Plateline Steel to Hydrogen Embrittlement,” Materials 

Science Forum Cols, Trams Tech Publications, Switzerland, pp. 162 – 165, 2010.  

63. K. Easterling, Introduction to the Physical Metallurgy of Welding, 2nd edition, Butterworth-

Heinemann, pp219 -233. 1992.  

64. Personal Communications with ArcelorMittal, Plate/HR Tubular Products Group, ArcelorMittal, 

December 13, 2013. 

 


