
 
 

 

 

 
 

 

 
 

 

 

 

 

 

 

 

 

 

EFFECT OF MICROSTRUCTURE ON HYDROGEN INDUCED CRACKING IN PIPELINE STEEL 

 

 
 

 

 
 

 

 

 
 

 

 
 

 

 
 

 

 

 

 

 

 

by 

Mary K. O’Brien 



  ii 

A thesis submitted to the Faculty and the Board of Trustees of the Colorado School of Mines in 

partial fulfillment of the requirements for the degree of Master of Science 

(Metallurgical and Materials Engineering). 

 

 
 

 

Golden, Colorado 
 

 

Date: ______________ 

 
 

 

 
Signed: _________________________ 

Mary K. O’Brien 

 
 

 

 

Signed: _________________________ 
 

Dr. Kip O. Findley 

Thesis Advisor 
 

 

 
 

 

 

 
 

 

 
 

 

Golden, Colorado 

 
 

Date: ______________ 

 
 

Signed: _________________________ 

 
Dr. Angus Rockett 

Professor and Department Head 

Department of Metallurgical 

and Materials Engineering 



  iii 

 ABSTRACT 

Pipeline steels used for sour service applications in the oil and gas industry are subjected to 

corrosive internal environments containing high partial pressures of hydrogen sulfide (H2S). During sour 

service, the presence of H2S allows for enhanced hydrogen ingress into the steel and subsequent internal 

cracking, a process called hydrogen induced cracking (HIC). The steels utilized for these applications are 

fine grained, thermomechanically processed (TMP) alloys with complex microstructures that can include 

microconstituents such as polygonal ferrite, quasi-polygonal ferrite, pearlite, martensite/austenite (M/A) 

microconstituents, non-metallic inclusions, and carbonitride precipitates. Steel cleanliness, inclusion 

shape control, and alloying strategies have been developed to mitigate HIC, yet it persists in higher 

strength steel grades, and would be relevant in other applications such as hydrogen pipelines.  

The primary objective of this study is to understand the interaction of HIC with the grain 

structures and secondary microconstituents in X52 and X70 steel alloys. Transgranular cracking was 

primarily observed in the X52 alloy, while both intergranular and transgranular cracking were observed in 

the X70 alloy. Misorientation distribution functions characterizing grain boundaries in the as-received 

material were compared to discrete misorientations measured across boundaries in cracked regions. Low 

angle boundaries (2 to 5°) appeared the most often in the X52 material and cracked the most often. In 

contrast, low angle boundaries (2 to 5°) appeared much less frequently in cracked regions in the X70 

alloy than in the as-received microstructure. However, 5 to 25° misorientation boundaries appeared more 

frequently in cracked regions in both alloys. The boundary type with the highest multiples of a random 

distribution in the AR X70 material, 43.6°úú <100>, did not exhibit any cracking. These boundaries 

appear to be interphase ferrite/cementite boundaries in the AR X70 steel. It is hypothesized that these 

regions contain cementite precipitates that affect local hydrogen diffusion. Analysis of transgranular 

cracking revealed that the crack trace was found near both cleavage and slip plane traces at various 

locations along the crack length in both alloys, indicating that hydrogen could play an important role in 

the mechanism of transgranular cracking. In addition, M/A microconstituents occurred with equal 

frequency alongside cracks and in the AR X70 at the centerline, suggesting that M/A constituents are not 

more susceptible to cracking than other microstructural constituents.  
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CHAPTER 1 : INTRODUCTION 

Steels used for sour service applications in the oil and gas industry are subjected to corrosive 

internal environments containing high partial pressures of hydrogen sulfide (H2S). During sour service, 

the presence of H2S allows for enhanced hydrogen ingress into the steel and subsequent internal cracking, 

a process called hydrogen induced cracking (HIC). The diffusion of hydrogen atoms and subsequent 

cracking is affected by the microstructural features present in the steel in two ways: local diffusivity and 

hydrogen “trapping”. The steels utilized for these applications are fine grained thermomechanically 

processed (TMP) alloys with complex microstructures that can include microconstituents such as 

polygonal ferrite, quasi-polygonal ferrite, pearlite, martensite/austenite (M/A) microconstituents, non-

metallic inclusions, and carbonitride precipitates.  

Elongated MnS inclusions and hard bands due to segregation are deleterious to HIC 

resistance [1-3], so steel cleanliness and alloy shape control measures have been utilized to mitigate these 

factors [4]. Higher strength grades are also more susceptible to HIC.  NACE MR0175/ISO 15156 

suggests a maximum yield strength of 116 ksi (~248 HV) for steels for use in sour service 

applications [5]. In practice however, steels with much lower yield strength, such as 60 ksi, are typically 

used to avoid HIC. 

HIC can interact with multiple microstructural features besides inclusions in steel alloys. In 

higher strength grades that contain M/A microconstituents, there is some speculation through qualitative 

fracture surface analysis that M/A regions are preferential HIC initiation and propagation sites [3,6–9]. 

However, no studies have determined quantitatively whether these M/A constituents crack more often 

than they appear in the microstructure. Further investigation is necessary to evaluate the influence of M/A 

on HIC propagation. HIC results in both transgranular and intergranular cracking through the ferritic 

microstructure [10–15]. In TMP linepipe steels, texture can result from processing [16], which can affect 

HIC propagation.  For example, it has been hypothesized that the presence of grains with {001} planes 

parallel to the rolling plane have increased HIC susceptibility [10,11,17]. 

The current work expands on the studies performed by Angus [18] that assessed the differences in 

crack length ratio in four different steel alloys and two different charging conditions.  The primary 

objective of this study is to understand the interaction of HIC with the grain structures and secondary 

microconstituents in the X52 and X70 steel alloys, so that differences in cracking behaviors can be 

interpreted in relation to the microstructural constituents in each steel.  Influences of local texture, 

misorientation, and microconstituents are being considered as a part of this objective. An additional 

objective of this study is to determine if the cathodic and NACE TM0284 hydrogen charging methods 
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result in different crack morphologies or interactions with the microstructures.  

Chapter 2 provides a background of the research relevant to this study by providing a review of 

literature; it is divided into eight subsections. Hydrogen absorption and trapping are discussed in Chapter 

2.2 and 2.3, respectively. Microstructural influences on HIC and proposed cracking mechanisms make up 

Chapter 2.4 and 2.5, respectively, and proposed cracking mechanisms and the influence of texture on HIC 

are discussed in Chapter 2.6 and 2.7. Lastly, Chapter 2.8 discusses the research conducted by Angus [18] 

that was the precursor to the present work. Chapter 3 explains the experimental methodologies used to 

characterize HIC interaction with X52 and X70 microstructures. The results are discussed in Chapter 4, 

which is organized into six sections. Section 4.1 discusses the grain structures and secondary constituents 

in the as-received X52 and X70 materials. Section 4.2 compares the crack morphologies that resulted 

from hydrogen charging. Section 4.3 examines the boundaries that cracked, while Section 4.4 analyzes 

regions of transgranular cracking in both alloys. Section 4.5 discusses the effect of M/A microconstituents 

on cracking in the X70 alloy, and Section 4.6 compares crack morphologies and crack interaction in the 

X70 microstructure resulting from the cathodic and NACE TM0284 hydrogen charging methods. Lastly, 

Chapter 5 contains the summary and conclusions of the current work. 
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CHAPTER 2 : BACKGROUND 

2.1 Background  

This section serves to discuss literature findings relevant to the study of hydrogen induced 

cracking in pipeline steels used in sour service applications. 

2.2 Hydrogen Absorption 

Oil and gas service environments expose pipeline steels to highly corrosive “sour” environments. 

The term “sour” is used to describe gas that exceeds 5.7 mg of hydrogen sulfide per cubic meter of natural 

gas or sulfur levels greater than 0.5 wt pct in oil wells [18]. Sour service environments are notoriously 

deleterious, because many different corrosion phenomena may occur, including stress corrosion cracking, 

stress oriented hydrogen induced cracking, sulfide stress corrosion cracking, and hydrogen induced 

cracking. In fact, NACE MR0175/ISO 15156 has guidelines for the maximum strength levels and grade 

types that can be used for sour service [19]. In addition to concerns surrounding the presence of hydrogen 

sulfide, these guidelines suggest that the severity of the environment also increases with decreasing pH. In 

contrast, many researchers have found the effect of changing pH negligible compared to the effect of 

increasing H2S pressure [6, 20].  

The present work is concerned with hydrogen induced cracking in the presence of hydrogen 

sulfide environments. Some researchers have suggested that poisons such as sulfur and arsenic change the 

binding energy of hydrogen to the metal substrate [21]. As such hydrogen sulfide is considered to have a 

“poisoning” effect, where its presence interferes with the desorption of adsorbed hydrogen and hydrogen 

recombination. Kawashima et al. conducted kinetic studies to determine the effect of hydrogen sulfide on 

the surface hydrogen reaction mechanism of mild steel [21]. The study found that hydrogen sulfide 

additions increased the rates of reaction for both the cathodic reduction and hydrogen adsorption. The 

authors also found that the rate determining step of the hydrogen evolution reaction is proton discharge. 

The authors proposed that the adsorption of H2S accelerates proton discharge by the mechanism shown on 

the left hand side of Figure 2.1. 
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Figure 2.1 Schematic demonstrating the effect of hydrogen sulfide on hydrogen ingress based on 
the work of Kawashima et al. [21]. 

 

As shown in Figure 2.1, the anodic dissolution of iron and cathodic reduction of hydrogen sulfide 

produce free electrons and protons. During step one, shown in Figure 2.1a, an adsorbed hydrogen sulfide 

molecule absorbs an additional electron. Then in step two, Figure 2.1b, a proton is adsorbed onto the steel 

surface, where the negatively charged hydrogen sulfide ion can act as a bridge-forming ligand with the 

adsorbed proton (Figure 2.1c) and the proton is discharged (Figure 2.1d).  In this way, adsorbed H2S 

accelerates the proton discharge reaction and hydrogen entry into the steel, shown in Figure 2.1d [21].  

 

2.3 Hydrogen Trapping 

Hydrogen trapping occurs when a hydrogen ion interacts with a structural defect. The binding 

energy of the hydrogen ion to the microstructural feature determines the role a trap plays in HIC initiation 

and propagation. Traps are classified as either reversible or irreversible based on their binding energy. A 

trap is considered reversible if the binding energy of hydrogen to the trap site is low and irreversible if the 

binding energy is high. A list of traps with their respective binding energies is shown in Table 2.1. 

Equations to estimate the number density of common trap sites have been developed by several research 

groups and are shown in Table 2.2 in units of number of traps per volume. 

There are several proposed mechanisms for HIC based on the strength of microstructural trap 

sites. Ha et al. and Li et al. proposed that traps can act as hydrogen reservoirs from which hydrogen can 

be repartitioned to the triaxial tensile stress fields of cracks during propagation [22,23]. Yamasaki et al.  
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have proposed that traps with high binding energies could improve HIC resistance by removing hydrogen 

from the lattice [24]. In situ observation of the role traps play during crack initiation and propagation is 

needed to confirm all of the proposed mechanisms. Some researchers have proposed that irreversible traps 

such as inclusions could contribute to the accumulation of hydrogen until internal hydrogen pressure 

initiates crack nucleation [25]. 

 

Table 2.1  Binding energy ranges of various trap sites in steel alloys 

Trap Type Binding Energy  

(kJ mol-1) 

Reference(s) 

Dislocation 18 – 59.9 [26–34] 

Grain Boundary 8.8 – 58.9 [27,29,30,35] 

Void 29.1 [27,29] 

Crack ≥ 200 [36] 

Interfaces   

Coherent M2C 

precipitates 

11.4 – 11.6 [23] 

TiC   

Incoherent 53 - 94.5 [37,38] 

Coherency 

unknown 

28.1 [39] 

Semi-coherent NbC 28 – 56 [40] 

Fe3C 8.4 – 15.7 [41–43] 

Ti substitutional atoms 26.1 [37] 

 

Traps considered irreversible include inclusions, carbide and nitride interfaces, high angle grain 

boundaries, cracks, and incoherent precipitates [23,26,36–38]. The role of irreversible trap sites in 

cracking is not yet agreed upon. Some researchers have recommended increasing irreversible trap density 

to reduce the amount of diffusible hydrogen [46]. Proposing that hydrogen can be rendered innocuous by 

filling irreversible traps assumes that there is a finite amount of hydrogen available. In a sour service 

pipeline however, there is a continuous supply of hydrogen. In contrast, some researchers have proposed 

that inclusions, which irreversibly trap hydrogen, are deleterious for hydrogen induced cracking. 

Hydrogen ions can accumulate at the inclusion interface, recombine to form molecular hydrogen, and 

subsequently initiate cracking [25]. The phenomena that occur at the inclusion/matrix interface are not 

currently well understood. 



  6 

 
 

Table 2.2  Trap density equations for several common trap sites 

 

Trap Type Equation (traps cm-3) Reference 

Dislocation cores �"#$%&' = √2
�,--

�/01 Krom & Bakker [44] 

 �"#2&34 = ��7�/01�8 Song et al. [33] 

Grain Boundaries �"2 = 2��:�8 Song et al. [33] 

Crack Face �"; = 8�=>�  Solano-Alvarez et al. [36] 

Precipitates �"@0(;,C) =
��̅7��:
(�H)7  Valentini et al. [45] 

�/01= Dislocation density 

�,--= Lattice constant of iron 

�	= Magnitude of Burgers vector 

�8 = 3	��������
P�	������

�����	������  

�: = Grain boundary surface area per unit volume 

�=> = Number of iron atoms on crack face 

�	= Unit volume of steel 

�= Number of hydrogen atoms per unit cell 

�̅7= Average precipitate diameter determined experimentally 

�:=Number of precipitates per unit volume 

(�HHH)7=Average area of tetragonal unit cell 

 

In contrast, there are many researchers that have shown that reversible trapping is the controlling 

variable in hydrogen induced cracking phenomena, due to the fact that irreversible traps are saturated 

before reversible traps are [22,37,47–49]. Novak et al. determined through a quantitative mechanics 

model that the density of reversible traps was of primary importance for hydrogen embrittlement [26]. In 

their model, dislocations pile up at matrix/carbide interfaces and act as reversible trap sites, causing 

localized enrichment of hydrogen. The localization of hydrogen results in hydrogen enhanced localized 

plasticity and hydrogen induced decohesion at carbide/matrix interfaces and grain boundaries [26]. The 

effect of hydrogen on fracture mechanics and dislocation movement will not be discussed in detail here 

[34,46,50–55]. 
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Dislocations are an abundant and therefore important source of reversible trap sites. Dislocation 

density in pipeline steel depends on microstructure and thermomechanical processing (TMP) parameters. 

Additional cold work to form pipe from steel plate further increases dislocation density. Kumnick and 

Johnson and Krom and Bakker discovered an increase in the amount of hydrogen trapped in iron with 

increasing plastic strain [30,44]. Ha et al. studied the effect of cold work on hydrogen trapping and 

diffusion in an API X-70 steel and observed that cold work caused a significant increase in the 

concentration of absorbed hydrogen [22]. The increase was attributed to an increased dislocation and 

vacancy density. Figure 2.2 shows trap density, calculated by Ha et al., as a function of percent reduction. 

Trap density was shown to increase by an order of magnitude with strains up to 10 pct., but only slightly 

increased with strains from 10 to 40 pct [22]. Song et al. also found that increasing dislocation density 

due to pre-straining increased hydrogen content (ppmw) after electrochemical charging in a solution of 3 

pct NaCl + 0.3 pct NH4SCN [33]. 

 

 

Figure 2.2 Calculated reversible trap density NT as a function of percent reduction, demonstrating 
that strains up to 10 pct greatly increased trap density, whereas reductions above 10 pct 

only slightly increased trap density adapted from Ha et al. [22]. 

 

Microalloying additions play an important role in producing the desired microstructure and 

strength. Alloying elements such as niobium (Nb), vanadium (V), and titanium (Ti) form various 

carbonitride precipitates that can act as hydrogen traps. Studying the trapping behavior of the precipitates 

that form because of these microalloying additions is an important part of understanding hydrogen 

induced cracking behavior. In low carbon microalloyed linepipe steels, TiC precipitates are the most 

commonly studied in hydrogen induced cracking literature [38,39,56–58]. The coherency of TiC 

precipitates plays a crucial role in the hydrogen trapping character of precipitates. Coherent and semi-
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coherent precipitates exhibit reversible trapping behavior, whereas incoherent precipitates act as strong 

irreversible traps [23,37].  In fact, Wei and Tsuzaki found that incoherent TiC particles had activation 

energies for hydrogen entry so high that hydrogen could not be trapped at room temperature [38]. Wei 

and Tsuzaki postulated that hydrogen is trapped at misfit dislocation cores at the precipitate-matrix 

interface of semi-coherent precipitates [57,59]. Takahashi et al. found evidence that corroborated this 

misfit dislocation core trapping theory using atom probe tomography [60].  

An additional study by Wei and Tsuzaki suggested that multiple types of trap sites exist around 

precipitates through their observation that the measured binding energy of NbC precipitates increases 

with decreasing hydrogen content [40]. In this study, 0.05C-0.41Nb-2.0Ni tempered martensitic steel 

samples were electrochemically charged for 48 hours to achieve hydrogen saturation, then placed in 

vacuum in a spectrometer where the hydrogen desorption rate was measured. Using this technique, Wei 

and Tsuzaki observed that the apparent binding energy of NbC in a martensitic sample tempered at 700°C 

increased with increasing vacuum exposure time as shown in Figure 2.3 [40]. The authors suggested that 

NbC precipitates have trap sites with different binding energies. Although coherency likely plays a role in 

this variation in binding energy, the authors did not investigate further. As such, further studies into the 

effect of precipitate coherency on hydrogen trapping would be beneficial. 

 

 

 

Figure 2.3  Desorption activation energy (binding energy) of NbC traps and hydrogen content as a 

function of time exposed to vacuum. The sample was a high purity 0.05C-0.41Nb-
2.0Ni steel tempered at 700 °C and cathodically charged with hydrogen for 48 hours. 

Adapted from Wei et al. [40]. 
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Michler and Naumann proposed that precipitates, when distributed homogeneously in sufficient 

quantities, might decrease susceptibility to hydrogen embrittlement [46]. In their study, steels with 

compositions shown in Table 2.3 were tensile tested at slow extension rates in both a hydrogen 

atmosphere and in air. Figure 2.4 demonstrates the results of the reduction of area for the various steels 

and testing atmospheres. The only steel unaffected by a hydrogen atmosphere is steel grade 1.5231, which 

has a much higher carbon content than would be desired in linepipe steel for weldability. 

 

 

 Table 2.3  Chemical Composition of Various Steels Used in Study Conducted by Michler and 

Naumann [46] 

wt pct C Mn Si Ni Cr Mo Ti 

1.5231 0.390 1.43 0.525 0.119 0.132 0.038 0.003 

X52 0.111 1.31 0.19 0.033 0.058 0.012 0.004 

X60 0.132 1.30 0.23 0.030 0.092 0.012 0.004 

X70 0.140 1.31 0.32 0.042 0.068 0.011 0.008 

X100 0.075 1.86 0.10 0.490 0.030 0.160 0.0094 

  

wt pct Nb V Al N S P Cu 

1.5231 0.002 0.096 0.0276 0.0192 0.064 0.0113 0.145 

X52 0.019 0.009 0.030 0.005 0.001 0.0170 0.075 

X60 0.048 0.010 0.046 0.003 0.004 0.0190 0.034 

X70 0.051 0.050 0.030 0.006 0.001 0.0100 0.032 

X100 0.003 <0.1 0.026 <0.005 0.002 0.0100 0.26 
 

 

Figure 2.4 Reduction of area comparison between various steel grades tensile tested in air and H2 

gas. Adapted from [46]. 
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Steel grade 1.5231 is a medium carbon precipitation hardened steel. The precipitates are on the 

order of nanometers in size and of (V, Nb)xCyNz type [46]. The other steels in Table 2.3 are low carbon 

pipeline steels like those used for the current study. Increasing the carbon content of these pipeline steels 

would decrease the weldability necessary for oil and gas applications. The authors attributed the HE 

resistance of the medium carbon steel to hydrogen trapping at precipitates, but did not discuss 

microstructural variations at length.  

 

2.4 Microstructural Influence on HIC 

The microstructure of high strength low alloy linepipe steels varies depending on processing 

conditions and alloying. The microstructures in these steels can consist of acicular ferrite, quasipolygonal 

ferrite, and polygonal ferrite with pearlite or bainite [3, 6, 8, 9, 13 ,17 ,45 , 61–73]. In addition, secondary 

microconstituents such as martensite/austenite (M/A) islands can appear in higher strength linepipe 

grades. These microstructures vary in carbon content, hardness, and dislocation density, all of which 

affect HIC susceptibility [7, 9, 46,74–76]. Other features such as secondary microconstituents, banding, 

and inclusions have been found to affect HIC susceptibility [2, 4, 70, 73, 77, 78]. The presence of 

secondary constituents such as martensite/austenite (M/A) islands can also increase HIC 

susceptibility [6-9]. Hard bands formed during solidification, such as pearlite bands, can be preferential 

crack propagation sites, depending on band hardness relative to the bulk [74]. Lastly, inclusions such as 

MnS and oxides can be crack initiation sites depending on their size and shape [1, 2, 79]. 

The ferrite morphology can affect HIC susceptibility. A study by Koh et al. investigated HIC 

susceptibilities of different ferritic microstructures by varying start and finish cooling temperatures after 

controlled rolling [9]. In this study, ferrite/pearlite morphologies developed when accelerated cooling 

started in the single-phase austenite region and finished at an unspecified elevated temperature. The 

microstructure was characterized as acicular ferrite, which formed upon lowering to an unspecified finish 

cooling temperature at the same cooling rate. When the starting cooling temperature was in the two-phase 

austenite-ferrite regime and the finishing cooling temperature was low, a mixed ferrite/bainite 

microstructure formed. The cooling rate for all of these TMP regimes was maintained at approximately 

11 °C/s. In addition, the area fraction of M/A islands increased with decreasing finish temperature. 

Polygonal ferrite, with equiaxed grains and low dislocation density, had the lowest hardness. The acicular 

ferrite microstructure resulted in higher hardness than the polygonal ferritic morphology. The 

microstructures consisting of ferrite and bainite were the hardest examined in the study [9]. An important 

caveat is that the identification of the ferritic microstructures produced by thermo-mechanical processing 
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is subjective when using the light optical microscopy techniques often employed. Higher resolution is 

necessary to distinguish upper bainite and acicular ferrite so that the presence and type of carbides and 

dislocation substructures can be identified. In addition, the assertion that acicular ferrite is the 

classification of ferrite present in the microstructure is hard to justify.  Acicular, also known as bainitic, 

ferrite is defined as containing parallel crystals of ferrite with intervening austenite or M/A [80]. In 

contrast, quasipolygonal is discussed as containing high dislocation densities, dislocation subboundaries, 

and M/A constituents [80]. The latter is consistent with the microstructures apparent in the study by Koh 

et al. and the microstructures in the X60 and X70 steels in the current study. 

 Steels in the Koh et al. study were subjected to the standard HIC test as defined by NACE 

TM0284-96A by submersion in a solution saturated with H2S with a pH of 3.5 [81]. The resulting amount 

of HIC was measured using both ultrasonic and light optical microscopy to assess crack area ratio, and the 

results are shown in Figure 2.5. Crack area ratio is defined in NACE TM0284 as the total crack length 

multiplied by the total crack width divided by the total specimen area [81]. Figure 2.5 demonstrates that 

HIC susceptibility vastly increased with hardness in steels with high inclusion contents. In contrast, steels 

with low inclusion contents showed very good HIC resistance, nearly independent of hardness. 

 

 

Figure 2.5  HIC susceptibility (measured as crack area ratio) as a function of inclusion content and 

microstructure. Microstructures are denoted by the following: F for ferrite, F/AF for 

acicular ferrite, and F/B for ferrite/bainite. Microhardness increases from left to right. 
Steels with low inclusion contents demonstrate good HIC resistance, whereas HIC 

resistance of high inclusion contents vastly decreases with increased hardness. Adapted 

from [9]. 
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Following the HIC tests, the resulting fracture surfaces were analyzed to determine differences in 

fracture initiation and propagation. In steels with high inclusion contents, Koh et al. asserted that HIC 

nucleated at clusters of non-metallic inclusions. In the steels with low inclusion contents, fracture surfaces 

showed M/A clusters. HIC in steels with polygonal or “acicular ferrite” propagated along regions of M/A 

constituents and along bainitic regions in ferrite/bainite mixed microstructures [9]. Both M/A constituents 

and bainite have the highest microhardness in their respective steels, which the authors suggest is the 

reason cracks preferentially propagate through them [9].  

Elongated MnS inclusions have long been considered the feature most detrimental for HIC in 

rolled high strength low alloy (HSLA) steels. A study by Brown and Jones found that the aspect ratio of 

MnS inclusions was a key factor influencing HIC susceptibility [1]. In addition, a study conducted by 

Domizzi et al. showed that increasing MnS inclusion length can increase HIC susceptibility [2]. Clusters 

of oxides can also increase susceptibility to hydrogen induced blister cracking [79]. The study by Brown 

and Jones observed large planar cracks around clusters of alumina particles [1]. One way to reduce the 

harmful effects of MnS inclusions is to decrease sulfur (S) content, which is the reason most of the low 

carbon steels approved for sour service today have sulfur contents less than 0.005 wt. pct. In addition, 

inclusions can be made less detrimental through inclusion shape control. Brown and Jones found 

semi-killed steels were less susceptible to HIC than fully killed steels due to the formation of lenticular 

MnS in semi-killed steels and elongated inclusions in fully killed steels [1]. In addition, their study found 

that limiting inclusion elongation by increasing the ratio of calcium (Ca) to S increased resistance to HIC. 

Although rare earth metals have been successfully used for inclusion shape control, Brown and Jones 

showed that rare earth metal-treated steels were more susceptible than the Ca treated steels [1]. Elongated 

MnS stringers at the centerline have been shown to greatly decrease HIC resistance, but as cleanliness 

practices used by steelmakers continue to improve, the importance of studying the effect of large 

inclusions on HIC decreases. 

Alloying element segregation and banding during the continuous casting process affects the 

microstructure through the thickness of the plate by impacting the local hardenability. The impact of 

segregation and banding on HIC resistance was examined by Matsumoto et al. in a study that simulated 

segregation zones [74]. Sulfur content was kept less than 0.002 pct to eliminate the effect of large 

inclusions. Figure 2.6a shows that HIC susceptibility evaluated using NACE Standard TM0285, measured 

as average crack length, increased with increasing hardness [74, 81]. The researchers found that 

increasing phosphorous levels in the simulated segregation zones dramatically increased hardness as 

shown in Figure 2.6b. The alloying elements that segregate most during the continuous casting process 

are carbon, phosphorous and sulfur, but manganese also plays a key role in increasing local hardenability 
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at the centerline. Matsumoto et al. studied this localized increase in hardness by conducting hot working 

simulation tests on steels with chemistries shown in Table 2.4 [74].  The working temperatures were 

varied from 1000 - 900 °C for steel 2S, 950 - 800 °C for steel 1S1, and 900 – 700 °C for steel 1S2 as 

displayed on the x-axis in Figure 2.7. The resulting microstructures after hot working were not 

specifically discussed. Figure 2.7 shows that decreasing hot working temperatures increased hardness, as 

expected. However, the authors discovered that segregation zones with Vickers hardness values less than 

approximately 340 HV did not have significant HIC. In a similar study, Domizzi et al. observed that 

banding did not affect HIC if the Vickers microhardness of the bands was less than 300 HV [2]. High 

hardness is commonly cited as the reason for increased HIC susceptibility. However, the reason why high 

hardness increases HIC susceptibility has yet to be understood.  

 

  

(a) (b) 

Figure 2.6 (a) Simulated segregation zone sensitivity to HIC measured by average crack length as a 

function of hardness. Increasing hardness dramatically increases HIC sensitivity. In 

addition, control rolled steels demonstrated greater HIC susceptibility than QT steels. 

(b) Hardness of simulated segregation zone steels as a function of increasing carbon 
equivalence Ceq and phosphorus content. Increasing carbon equivalency and phosphorous 

content increased Vickers hardness. Note that the hardness of quench and tempered (QT) 

materials was much less dependent on Ceq and P than control rolled steels [74]. 
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Despite some aspects of HIC that are not currently understood, steel makers have improved HIC 

resistance by reducing inclusion contents and minimizing banding.  An overview of the improvements 

ArcelorMittal has made to improve HIC resistance in one of their steel mills was published by 

Nieto et al [4], which discussed continuous casting variables, alloy content, cleanliness practices, heat 

treatments and quality control aspects. The authors asserted that modern day HIC resistant steels are 

intentionally low in C, Mn, P and S to decrease macrosegregation, and continuous casting methods have 

been developed to control macro segregation. Despite these improvements, HIC is still found in steels with 

little chemical segregation and small volume fractions of detrimental inclusions, indicating that it is still 

imperative to understand the effect of microstructure on HIC. 

 

 

 

 

Figure 2.7 Effect of decreasing working temperature on microhardness and HIC resistance of three 

different steels with compositions shown in Table 12.3. The highest microhardness 

resulted from the highest carbon content and, in the steels with lower carbon content, the 
addition of P. Note that HIC did not occur below 340 HV. Adapted from [74]. 

 

Table 2.4  Compositions of Steels Shown in Figure 2.7 in wt pct [74]. 

Steel C Si Mn P S Nb Soluble Al Others 

2S 0.16 0.48 2.68 0.211 0.002 Trace 0.058 Ti 

1S1 0.05 0.26 3.34 0.192 0.002 0.04 0.030 Ti, B 
1S2 0.05 0.26 3.30 0.017 0.002 0.04 0.029 Ti, B 
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2.5 Proposed Cracking Mechanisms for HIC 

The effect of hydrogen absorption, trapping, presence of inclusions, segregation, and hardness on 

HIC have been discussed. A complete understanding of how all the aforementioned factors work together 

to produce HIC must be created to develop steels that have higher HIC resistance. Examining hydrogen 

induced cracking in relatively pure single crystals effectively eliminates a large majority of these 

variables. Tetelman and Robertson conducted hydrogen charging studies on single crystal Fe-3pct Si. 

Their results showed that crack propagation due to hydrogen charging was discontinuous, as shown in 

Figure 2.8 [50, 82]. Their findings indicated that an increase in plastic deformation in the form of 

dislocation etch pits occurred during crack arrest. They also observed a low density of dislocation etch 

pits alongside cracks between the high strain locations, which indicated that these regions accumulated 

strain during crack propagation. The researchers proposed that internal hydrogen pressure increased until 

some local fracture toughness in the presence of hydrogen was exceeded, at which point the crack 

propagated quickly until the internal hydrogen pressure decreased below some threshold value and the 

crack arrested. This proposal assumes that the rate of hydrogen diffusion was slower than the rate of crack 

propagation [50].  

 

 

Figure 2.8 Dislocation etch pits surrounding a crack in single crystal Fe 3 pct Si induced by 

hydrogen charging, demonstrating that crack propagation due to internal hydrogen 

pressure is discontinuous [82].  

 

Some researchers have proposed a two-dimensional model for crack propagation extending from 

a circular cavity from a fracture mechanics solution [83, 84], as shown in Figure 2.9. In this case the 

circular cavity represents a circular void around an inclusion. The stress intensity factor associated with 

this geometry is: 

 

 �X = �√�� ∗ � \
�

� + �_ (2.1) 
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where p is internal pressure, a is crack length, R is the inclusion radius, and � \ `
ab`_ is a geometrical 

correction factor that decreases as 
`

ab` increases. If this model is applied to HIC driven by internal 

hydrogen pressure, crack growth occurs when KI exceeds Kth, the stress intensity above which crack 

growth occurs in the presence of hydrogen or when KI exceeds KIc if the deformation rates are too high to 

activate time dependent hydrogen embrittlement mechanisms. Kth is much smaller than KIc, and crack 

growth below the fracture toughness in the presence of hydrogen is called subcritical crack growth [85]; 

the diffusion of hydrogen to the plastic zone is also shown in Figure 2.9. This type of model has been 

used to predict conditions for HIC with good fit with experimental results [86, 87].  

 

 

 

Figure 2.9 Two-dimensional model of a circular cavity with extended crack subjected to internal 

hydrogen pressure. Hydrogen diffusion to the plastic zone ahead of the crack tip is shown 

on the right [83]. 

 

2.6 Intergranular Crack Analysis 

Many researchers have shown that HIC occurs both transgranularly and intergranularly [10, 15, 

23, 26, 47, 77, 78, 88–93]. To examine intergranular crack propagation mechanisms, it is important to 

characterize the grain boundary characteristics. Grain boundaries are defined using five parameters. Three 

of these parameters describe the misorientation matrix M necessary to bring two neighboring grain 

orientations, represented as �c	and �7, into coincidence[94, 95]. The other two parameters describe the 

boundary plane orientation [96].  

� = �cec�7 (2.2) 

 

There are many ways to represent these five parameters. Plots of misorientation angle as a 

function of frequency of occurrence, known as Mackenzie plots, are often used to examine grain 
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boundary character [94]. However, characterizing a grain boundary by only one of the five variables 

necessary to define a grain boundary does not consider many of the more complex crystallographic 

aspects of the grain boundary. To gain a more complete understanding of the grain misorientations 

present in a material, both the misorientation angle and misorientation axis of rotation must be 

considered. Grain boundaries are most often described using an angle/axis pair, where the misorientation 

angle (θ) is the minimum rotation necessary to bring two adjacent grains into coincidence, and the 

misorientation axis ([uvw]) is the direction about which the rotation occurs [97]. Misorientation angle and 

axis pairs are often denoted using the notation θ ǀǀ [uvw], meaning a misorientation of θ° about a [uvw] 

axis. This notation will be used in the current work. The distribution of misorientation axes for a given 

material is often displayed on the standard stereographic triangle in materials with cubic symmetry [94]. 

Misorientation distribution functions (MDF) are often used to represent grain boundary character, 

calculated from data collected using electron backscatter diffraction (EBSD) [94–99]. The MDFs are most 

often plotted in either angle/axis space, shown in Figure 2.10a, or Rodrigues-Frank (RF) space, shown in 

Figure 2.10b. For angle/axis space, shown in Figure 2.10a, standard stereographic triangles are used to 

plot multiple of a random distribution (MRD) values for misorientation axes at increasing values of 

misorientation angle, θ, from 0 to 62.5° for cubic materials. In Figure 2.10a, for example, the red color 

represents a high multiple times random value, i.e. more boundaries with this combination of 

misorientation angle and axis than predicted for a random distribution. 

Rodriguez-Frank space takes the same parameters used in axis/angle space, the misorientation 

axis and angle to calculate the Rodriguez vector R, which is represented in Equation 2.4, where uvw is the 

unit vector axis of misorientation and θ is the angle of misorientation [100].  

 

� = ���	tan	(� 2l ) (2.3)  

 

The components of R are (r1, r2, r3), and their unit vectors are shown in Figure 2.10b. The shape of RF 

space is highly dependent on crystal symmetry. Due to the symmetry implicit in cubic structures, the 

fundamental zone of RF space, represented as a truncated cube, can be reduced to the shape seen in 

Figure 2.10b for materials with cubic symmetry. This polyhedron is 1/48th the size of the entire RF 

fundamental zone [100]. Sections in the r1-r2 plane, at constant values of r3, of the RF fundamental zone 

are used to represent the misorientation distribution in RF space. Unlike angle/axis space, the cross-

sectional area of RF space changes with changing r3 values, as is apparent in Figure 2.10c. MDFs in 

Rodriguez-Frank space are also plotted in units of multiples of a random distribution.  
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(c) 

Figure 2.10 Schematics of misorientation distribution functions for cubic structures for a) 
angle/axis space b) Rodrigues-Frank space and c) generic schematic demonstrating 

how the r1-r2 plane changes in size with increasing r3 values (color image – see PDF 

copy). 

 

RF space makes identification of low index axes, small misorientation angles, and coincident site 

lattice (CSL) misorientations easier [100]. To demonstrate this, Figure 2.11 shows projections of cubic 

CSL misorientations on the basal plane of RF space, where r3 = 0 [100]. In addition to CSL boundaries, 

low angle misorientations can be readily identified as clusters near the origin of RF space [100]. 
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Figure 2.11 Projection of CSL misorientations on to the basal plane of RF space shown in Figure 

12.1b, from Randle and Day. The magnitude of the r3 component is shown using 

different size circles, as  indicated in the legend [100]. 

 

None of the aforementioned techniques characterize the grain boundary plane. Analyzing 

two-dimensional sections only gives four of the five parameters necessary to define a grain boundary 

plane, meaning that the inclination angle of the grain boundary cannot be determined [94, 96]. In order to 

obtain the inclination angle from EBSD data, Saylor et al. developed a statistically based stereological 

method by which grain boundary plane information can be approximated using a 2D section [96]. The 

study defined the grain-boundary plane distribution λ(Δg, n), with misorientation, Δg, and boundary plane 

normal, n, in units of multiples of a random distribution (MRD) [96]. After a probabilistic analysis, the 

authors concluded that the true boundary plane will occur more often than arbitrary planes if greater than 

50,000 or more boundary points are analyzed [96].  

To represent the distribution of grain boundary planes, the authors chose to plot the data on 

stereographic projections in units of MRD, as shown in Figure 2.12. The resultant figures are referred to 

as grain boundary plane distributions (GBPDs). Similar plots can be made for a given axis and angle pair 

to understand the tilt and twist character of the boundaries. These plots are made for a given axis/angle 

pair and thus, it is important to predetermine the angle and axis of interest. This can be achieved by 

choosing the axis/angle pairs that have the highest MRD in the previously obtained MDFs.  
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Figure 2.12 Representation of the distribution of grain boundary planes in commercially pure 
aluminum obtained by Saylor et al. plotted in units of MRD on a stereographic 

projection, where the (100), (110), and (111) poles are marked with a circled “+”, “-“, 

and triangle, respectively [97]. 

 

It is common in studies of FCC materials, such as nickel-based superalloys, to look at the effect 

of special CSLs, such as Σ3s, on cracking. Special low energy coherent twin boundaries, which are Σ3s in 

CSL notation, have particularly low energy and are thus often considered to be less prone to 

cracking [101]. An example of a study characterizing cracking in a FCC material was conducted by 

Zhang and Field on creep damage of a nickel based alloy [98]. In this study, MDFs of both damaged and 

undamaged boundaries were obtained, and angle/axis pairs with high MRD values of both cracked and 

uncracked boundaries were identified. A subsequent comparison of the GBPDs led the researchers to 

conclude that coherent twins and pure {111} twist boundaries were damage resistant [98]. Relating CSL 

boundaries to crack resistance is much less common for BCC materials, however there are several 

examples in literature. One such example was conducted by Leng and Field for ferritic/martensitic steel 

HT9 [99]. In this study, Leng and Field first identified prevalent angle/axis pairs in MDFs of both cracked 

and uncracked boundaries of HT9 steel after creep testing. They then created GBPDs at those angle/axis 

pairs and determined that boundaries 5 to 10° from Σ3s were more susceptible to creep damage than exact 

Σ3 boundaries [99].  

 

2.7 Influence of Texture on HIC 

There have been several studies on the influence of macro and micro texture on HIC. Many 

researchers have observed that HIC has been observed to occur both transgranularly and intergranularly, 
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which has initiated several studies on the influence of macro and micro texture on HIC [10, 11, 13, 17, 47, 

77, 90–92]. Venegas et al. conducted multiple studies concerning the effect of macro and meso texture on 

HIC susceptibility [10–13, 17]. One study investigated the plastic deformation and grain orientation 

surrounding HIC in samples of API-5L-X46 ferrite/pearlite low carbon steel taken from an in-service sour 

gas pipeline. The authors observed that cracks appeared intergranularly and transgranularly, and the 

cracks were found in many regions without pearlite/ferrite interfaces or inclusions. The authors noted that 

the crack ends appeared to deflect toward the radial direction at the tips which formed an “s” shape. 

EBSD image quality (IQ) maps were used to examine strain fields near the cracks. In a properly prepared 

specimen with uniform microstructure, IQ can be used qualitatively to determine strain in the 

lattice [102]. Regions of plastic deformation between step wise cracks were examined, and an example of 

this is shown in Figure 2.13, which is an image quality map of a step wise crack with darkened regions, 

indicating plastic deformation and an accompanying schematic of the strain fields around the crack. The 

authors noted the different thicknesses of the strain fields at different regions of the cracks, and the 

deflection of the tip of the crack.  To determine the origin of the crack tip deflection, the crystallographic 

orientations adjacent to the crack were assessed.  

 

 

Figure 2.13 API-5L-X46 pipeline steel removed from service from a sour gas pipeline where (a) is 

an IQ map of a cracked region and (b) is a schematic illustration of the strain gradients 

near the cracks [12]. 

 

To understand the impact of local crystallography on HIC propagation, Venegas et al. examined 

the relationship between the crack plane trace relative to the rolling direction [13]. To achieve this, the 

authors mapped the crack trace onto a pole figure shown in Figure 2.14, where RD is the radial direction 

and CD is the circumferential direction of the pipe. In Figure 2.14, the solid line represents the trace of the 

crack, and the authors also plotted the traces of the closest slip and cleavage planes. It is important to note 
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that these cracks are assumed to be perpendicular into and out of the RD-CD plane. Figure 2.14 

demonstrates this technique for Grain 1, labeled in the accompanying secondary electron micrograph. The 

authors concluded that because the closest slip plane is closer to the trace of the crack than the closest 

cleavage plane, Grain 1 plastically deformed by a shear mechanism with fracture occurring by the 

hydrogen enhanced localized plasticity mechanism often cited in hydrogen embrittlement research [12]. 

In contrast, the trace of the crack in Grain 2 in Figure 2.14 is closest to the nearest cleavage plane rather 

than the nearest slip plane, which could indicate that no plastic strain occurred prior to crack propagation. 

 

 

 

Figure 2.14 A stereographic projection relative to the sample rolling (RD) and circumferential 

directions (CD) is shown at the top, with associated legend to the right. In Grain 1, 
Venegas et al. demonstrate that the closest trace to the crack trace is that of the closest 

slip plane, whereas in Grain 2, it was concluded that the deformation occurred by 

cleavage [13].  

 

In a separate study, Venegas et al. studied HIC in an API 5L X52 pipeline steel rolled at different 

temperatures to impart varying textures [17]. The warm rolled samples were finished between 600 and 

800 °C, developed strong {111}ND fibers, and were far less susceptible to HIC than the hot rolled and 

cold rolled samples. The hot rolled samples either had close to random textures or textures with a large 

amount of {001}ǀǀ ND oriented grains, which the authors asserted were much more susceptible to HIC. 

The authors postulated that the presence of the {111}ǀǀ ND fiber in the warm rolled samples allowed for 

larger accumulation of plastic deformation during crack growth, slowing crack growth. They contrasted 

this with the {001}ǀǀ ND oriented grains that allowed transgranular crack propagation along cleavage 

planes  [17].  
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In the same study, the authors also examined grain boundary character to assess the crack path. 

Boundaries were classified as high angle, low angle or any coincident site lattice (CSL) boundary less 

than Σ29 to assess how susceptible each one was to HIC. The authors expressed that CSL boundaries did 

not occur with a high enough frequency to be of relevance for the study, and thus only investigated 

random high and low angle (<15° misorientation) boundaries. The authors discovered that the HIC 

stricken samples had a higher number of cracked high angle boundaries than in the overall as-received 

microstructure and a lower number of low angle HIC stricken boundaries than in the overall as-received 

microstructure [17]. Although the authors frequently discuss the strain associated with cracking, the 

relationship between this strain and low or high angle boundary character is not discussed.  

 Mohtadi-Bonab et al. also conducted numerous experiments on hydrogen induced cracking in 

pipeline steels used for sour service [47, 66, 77, 78, 90–93, 103]. In an early study, the group investigated 

HIC susceptibility at different depths relative to the surface in an X70 alloy [15]. Cracks were observed to 

occur most often at mid thickness, which is a common observation in this field of study. The group 

conducted hydrogen permeation tests and found that the center layer had the lowest hydrogen 

permeability. The authors allege low hydrogen permeability was due to a higher density of hydrogen 

traps, although a specific quantification of the location and number of these traps was not provided in the 

article [15]. To assess the effect of local crystallographic orientation on cracking, the group conducted a 

qualitative analysis of the cracked regions using IPF maps. The authors allege that cracking initiates in 

grains with {100}ǀǀ ND orientation and arrests at grains with {110}ǀǀ ND, {112}ǀǀ ND, and 

{332}ǀǀ ND [15]. The group also assessed the fraction of CSL boundaries in the different layers of the 

steel and compared them to the fraction of CSL boundaries found along the crack path. To do this, the 

authors made large EBSD scans with a single crack running through the center of the scan region and 

evaluated all boundaries in the scanned region. The result of this procedure is that many non-cracked 

boundaries were counted as boundaries susceptible to damage, which might have skewed the comparison 

to the as-received samples. The fraction of low angle boundaries was lower near the crack path than in 

other non-cracked regions that were assessed [15]. The authors cited studies like that by 

Venegas et al. [11] to justify the assertion that the lack of low angle boundaries increased HIC 

susceptibility in the local region of the crack path.  

 Local texture was assessed in a different study conducted by Mohtadi-Bonab et al. on HIC in API 

5L X70 steel using inverse pole figure maps obtained using EBSD [91]. The group did not observe any 

grain orientation that appeared to be more HIC susceptible. In this work, the authors also used the EBSD 

data to assess Taylor factor [91]. The reference direction used to calculate the Taylor factor values was 

not cited. In addition, many HIC researchers believe that internal, hydrostratic, hydrogen pressure causes 

the HIC phenomenon, as no external load is applied. Thus, the loading is more complex than uniaxial 
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tension, though the role of grain orientation on ease of slip is a potentially interesting way of evaluating 

HIC damage. In a separate study, the group produced additional data concerning CSL boundaries in X70 

steel and did not notice any particular trends [92].  

 Texture was specifically analyzed by the same group in a different study of API X60 and X60SS 

steels, which the authors explain are HIC resistant and non HIC resistant grades [103]. The steels have 

different compositions, and thermomechanical processing routes were not discussed. The steels were 

charged with hydrogen using a cathodic charging technique and subsequently analyzed. The centerline 

with respect to plate thickness was the focus of the investigation, as it is where much of the cracking 

occurred. The frequency of CSL boundaries with respect to cracking was assessed in this study. The 

authors mentioned that the highest fraction of Σ11, Σ11b and Σ29a were observed in undamaged regions 

in the HIC tested X60 steel. Much like in the previous study, it was unclear if undamaged boundaries in 

the vicinity of cracks were counted as boundaries vulnerable to damage due to their proximity to the 

crack [91].In a separately reported study, the group assessed the local texture adjacent to cracks in these 

two steels and found a higher number of <111> ǀǀ ND grains in the HIC resistant X60SS than in the X60. 

The authors alleged this to be the reason for the increased HIC resistance of the X60SS grade [77].  

 

2.8 Previous HIC Research Conducted at Mines 

This research is a continuation of the work done by Garrett Angus [18]. The portions of work that 

are relevant to the research continued into the current study are outlined in this section. 

2.9  Experimental Methods and Materials 

Angus conducted studies on four different steel alloys using two different charging methods [18]. 

The chemical composition of the as-received plate steels is shown in Table 2.5. All the steels are low 

carbon microalloyed linepipe steels with variations in composition and thermomechanical processing. 

Grades X52 and X60 are grades that have been approved for sour service use, whereas X70 and 100XF 

are not. The mechanical properties in the transverse direction of the as-received plate steels are shown in 

Table 2.6. 
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The microstructures of the X52, X60, X70 and 100XF are represented in light optical 

micrographs in Figure 2.15. The X52 microstructure, shown in Figure 2.15a, consists largely of polygonal 

ferrite with some pearlite. The X60 (Figure 2.15b) and X70 (Figure 2.15c) materials consist of 

quasi-polygonal ferrite with some secondary microconstituents assumed to be M/A. The 100XF steel, 

shown in Figure 2.15d, is finer and could have regions of bainitic ferrite and quasi-polygonal ferrite. The 

exact thermomechanical processing steps that these alloys have undergone is not known.  

Angus used two different hydrogen charging methods. The standard NACE TM0284 test in 

Solution A was conducted courtesy of Evraz [81]. This test utilizes H2S gas, and requires extensive safety 

precautions. In lieu of obtaining such a set up in a smaller laboratory setting, cathodic charging was used 

to test pipeline steels for HIC. Angus established an electrolytic charging procedure. The test was 

conducted in a 1 normal H2SO4 solution with the addition of 20 mg/L of As2O3 to act as a hydrogen 

recombination inhibitor. The exact testing parameters can be found in Angus’ thesis [18]. 

 

 

Table 2.5  Chemical Composition of As-Received Plate Steels in wt pct [18] 

wt pct C Mn Si Ni Cr Ti Nb V 

X52 0.067 1.03 0.24 0.10 0.06 0.0007 0.044 0.007 

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

X70 

100XF 

0.050 

0.046 

1.59 

1.8 

0.3 

0.21 

0.01 

- 

0.26 

- 

0.013 

0.018 

0.066 

0.070 

0.005 

0.084 

  

wt pct Mo Al N S P Cu Ca 

X52 0.03 0.031 0.0082 0.0007 0.010 0.35 0.0027 

X60 0.032 - - 0.0028 - - - 

X70 

100XF 

0.09 

0.3 

0.026 

0.031 

0.0081 

0.009 

0.003 

0.002 

0.010 

0.008 

0.01 

- 

- 

- 
 

Table 2.6  Mechanical Properties in Transverse Direction of As-Received Plate Steels [18] 

Material 
0.2% Offset Yield  
Strength MPa (ksi) 

Tensile Strength 
MPa(ksi) 

YS/UTS 

X52 405 (58.7) 480 (69.6) 0.86 

X60 515 (74.7) 585 (84.8) 0.88 

X70 
100XF 

465 (67.4) 
724 (105) 

595 (86.3) 
804 (117) 

0.78 
0.9 
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(a) (b) 

  

(c) (d) 
 

Figure 2.15 Light optical micrographs of the as-received materials studied by Angus [18]. (a) X52 
(b) X60 (c) X70 and (d) 100XF etched with 2 pct Nital. 

 

2.10 Inclusion Content 

Angus assessed the inclusion content of all four steels, but only the X52 and X70 steels will be 

discussed here. Inclusions were analyzed using Automatic Feature Analysis (AFA) conducted by 

Nucor [18]. Figure 2.16 and Figure 2.17 are ternary diagrams for sulfide and aluminum containing oxide 

inclusions from the X52 and X70 steels, respectively. Figure 2.16 shows that most inclusions in the X52 

steel are not MnS rich. The inclusions in the X70 steel vary much more in composition, and may include 

MnS inclusions. 
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(a) (b) 

Figure 2.16 Ternary diagrams from the X52 steel developed using AFA, courtesy of Nucor for (a) 

Al-Ca-S and (b) Mn-Ca-S type inclusions from the M.S. thesis of Angus [18]. 
 

 

(a) (b) 

Figure 2.17 Ternary diagrams from the X70 steel developed using AFA courtesy of Nucor  for (a) 
Al-Ca-S and (b) Mn-Ca-S type inclusions from the thesis of Angus [18]. 

 

2.11 Hydrogen Uptake 

Angus used the LECO® analysis technique to determine the amount of reversibly and 

irreversibly trapped hydrogen after cathodic charging. Figure 2.18 shows the results of the study, where 

Figure 2.18a indicates the amount of diffusible (i.e. reversibly trapped) hydrogen, and Figure 2.18b 

indicates the amount of irreversibly trapped hydrogen, both as a function of crack length ratio. Crack 

length ratio is defined as the total measured crack length divided by the total sample length [81]. 

Figure 2.18a shows that the crack length ratio (CLR) does not increase with increasing amount of 
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diffusible hydrogen or strength for the X52, X60 and X70 steels. Although the 100XF steel has the 

highest CLR and the highest amount of diffusible hydrogen, these trends could not be correlated with 

strength alone. Figure 2.18b shows that the CLR does not increase with trapped hydrogen for any of the 

alloys, regardless of strength. The lack of correlation between trapped hydrogen and CLR seems to 

indicate that irreversibly trapped hydrogen did not directly affect the extent of HIC damage.  

 

 

(a) (b) 

Figure 2.18 HIC dependence of cracking, measured as crack length ratio (CLR), as a function of 
(a) reversibly trapped hydrogen (graph titled Diffusible Hydrogen) and (b) irreversibly 

trapped (graph titled Trapped Hydrogen) [18]. 
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CHAPTER 3 : EXPERIMENTAL DESIGN AND METHODS 

3.1 Experimental Design 

The goal of this study was to evaluate the microstructure in the vicinity of HIC in high strength 

linepipe steel and determine the influence of grain structure on HIC propagation. An additional goal of 

the study was to compare crack interaction with the microstructure from cracks generated from both the 

NACE standard TM0284 and the cathodic charging technique developed by Angus [18, 81].  The current 

work examines the microstructure in the vicinity of cracking in the X52 and X70 alloys charged by 

Angus. The X52 alloy was chosen to investigate the microstructural factors that allow its HIC resistance 

to meet standards for sour service, and the X70 alloy was chosen to compare crack interaction with the 

microstructure of a higher strength steel. The samples were first examined visually for macroscopic crack 

location, and documented by use of a DSLR camera. Then, the microstructure was assessed by light 

optical microscopy (LOM), secondary electron (SE) micrographs, backscatter electron (BSE) 

micrographs, and EBSD. The samples examined in the current study were charged with hydrogen and 

sectioned during the study conducted by Angus. The relevant details are described in Section 3.3.2. The 

goal of the current study is to further characterize the microstructure in the vicinity of cracks. The 

experimental methods are described in Section 3.3. 

3.2 Experimental Materials 

The X52 and X70 alloys used in this study were obtained from the work of G. Angus. The 

chemical compositions and relevant mechanical properties are shown in Table 3.1 and Table 3.2, 

respectively. Both steels are low carbon microalloyed linepipe steel; X52 is approved for sour service and 

consists of equiaxed ferrite and pearlite, while X70 is not approved for sour service [18] and consists of 

non-equiaxed highly substructured ferrite with some secondary martensite/austenite (M/A) regions. The 

microstructures are discussed more in depth in the results section. 

 

Table 3.1  Chemical Composition of As-Received X52 and X70 Plate Steels in wt pct [18] 

wt pct C Mn Si Ni Cr Ti Mo Nb 

X52 0.067 1.03 0.24 0.10 0.06 0.0007 0.03 0.044 

X70 0.050 1.59 0.3 0.01 0.26 0.013 0.09 0.066 

  

wt pct V Al N S P Cu Ca 

X52 0.007 0.031 0.0082 0.0007 0.010 0.35 0.0027 

X70 0.005 0.026 0.0081 0.003 0.010 0.01 - 
 



  30 

 

3.3 Experimental Methods 

3.3.1 Characterization of As-Received Microstructures 

The as-received (AR) microstructures of the ND-RD plane were first assessed using LOM. The 

ND-RD plane was chosen to match the planes sectioned after hydrogen charging conducted by Angus. 

The samples were etched with 2 pct nital to reveal the microstructure for light optical micrographs. 

Inclusions present in the microstructure were assessed using an EDAX energy dispersive spectroscopy 

(EDS) detector, BSE detector, and SE detector on the JEOL-7000 FESEM. Samples for inclusion analysis 

were prepared using standard metallographic procedures and vibropolished using 0.02 µm colloidal silica 

suspension for several hours. 

EBSD was used to assess the boundary character of the as-received microstructures in the RD-TD 

plane. The samples were mounted in Bakelite®, ground and polished to 1 µm grit using standard 

metallurgical procedures, and vibro-polished using 0.02 µm colloidal silica suspension for several hours. 

EBSD patterns were obtained using both a JEOL-7000 and an FEI Helios Nanolab 600i field emission 

scanning electron microscope. EBSD scans were obtained using an accelerating voltage of 20 kV. The 

step size for the EBSD scans was varied and will be specified when necessary. Mackenzie plots and 

misorientation distribution functions were created using OIMTM Analysis for the AR alloys using only 

data with 0.2 confidence index (CI) or greater. 

Secondary electron micrographs were used to assess the line fraction of M/A constituents in the 

as-received (AR) microstructure for comparison to the line fraction of M/A along cracks. An illustration 

of how this process was achieved is shown in Figure 3.1. A byproduct of the vibropolishing sample 

preparation step is a light etch of the carbon rich regions. This light etch, combined with a relatively short 

working distance of ~9.5 mm, was used in combination with a SE detector in the JEOL 7000 FESEM to 

image the M/A microconstituents. This polishing procedure was chosen over conventional etching with 2 

pct nital, because the 2 pct nital etch results in large amounts of topographical contrast that can overpower 

the subtle contrast necessary to resolve the M/A microconstituents. Because a majority of the cracking 

observed in X70 occurred at the centerline, the line fraction of M/A constituents was also inspected 

within a region 5 µm above and below the centerline in the as-received X70. Line segments that 

intersected regions identified as M/A were measured, and the total M/A length over the total line length 

Table 3.2  Mechanical Properties in Transverse Direction of As-Received Plate Steels [18]  

Material 
0.2% Offset Yield  

Strength MPa (ksi) 

Tensile Strength 

MPa(ksi) 
YS/UTS 

X52 405 (58.7) 480 (69.6) 0.86 

X70 465 (67.4) 595 (86.3) 0.78 
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was calculated. Twenty micrographs were obtained from the centerline region, resulting in approximately 

1,900 µm of total line length assessed. 

 

 
 Figure 3.1 Secondary electron micrographs of AR X70 obtained from vibro polished specimens 

demonstrating the procedure used to measure M/A. The regions outlined in black 

indicate M/A constituents, and the dashed white lines represent the line lengths 
measured using ImageJ.   

 

3.3.2 Hydrogen Charging Methods Conducted by Angus 

Specimens were machined for hydrogen charging from the X52 and X70 as-received plates to a 

final dimension of 20 ± 3 mm in the rolling direction, and 100 ± 3 mm in the transverse direction as 

shown in Figure 3.2. The samples remained the full as-received thickness in the normal direction, which 

was approximately 19 mm for the X52 alloy and 12.7 mm for the X70 alloy. Additional descriptions and 

illustrations are available in the thesis of G. Angus [18]. The solution used for these tests was Solution A, 

a sodium chloride, acetic acid solution saturated with hydrogen sulfide gas [81]. Test specimens were 

submerged in the aforementioned solution at ambient temperature and pressure for 96 hours [81]. The test 

was conducted courtesy of Evraz North America at their Research and Development facilities located in 

Regina, Saskatchewan. After testing, the charged specimens were sectioned every 25 mm along the 

ND-RD plane to reveal cracks running along the rolling direction, as shown in Figure 3.2. 
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Figure 3.2 Schematic demonstrating the orientation of the faces analyzed in this study, as 
sectioned by Angus, with the cracks running along the rolling direction (RD) [18]. 

 

The same sample dimensions used for the NACE standard method were used for electrolytic 

hydrogen charging. Samples were submerged in 1 normal H2SO4 at atmospheric temperature and pressure 

with an addition of 20 mg/L of As2O3 for 24 hours while a current density of 15 mA/cm2 was 

applied [18]. In addition, an argon gas purge was applied at a flow rate of 25 cm3/min. Additional 

information concerning test parameter choices can be found in the thesis of G. Angus [18]. After 

completion of hydrogen charging, the specimens were cut along the ND-RD plane every 12.5 mm to 

inspect for cracking along the rolling direction, as shown in Figure 3.2. 

 

3.3.3 Crack Characterization 

Cracks were assessed using various characterization methods. A Nikon DSLR camera was used 

to record the cracks on a macroscopic scale on polished samples. A JEOL-7000  FESEM was used with 

an accelerating voltage of 20 kV to obtained backscatter electron (BSE) micrographs of the 

microstructure in cracked regions. Samples for BSE were prepared using standard metallographic 

procedures and vibropolished in 0.02 µm colloidal silica suspension for several hours. 

In order to assess the microstructure in cracked regions, EBSD was used. Specimens from the 

X52 and X70 steels were charged with hydrogen by Angus using both the NACE standard TM0284 and 

the cathodic charging methods outlined in Section 3.3.2. The cracked samples were mounted in 

Bakelite®, ground and polished to 1 µm grit using standard metallurgical procedures, and vibro-polished 

using 0.02 µm colloidal silica suspension for several hours. EBSD patterns were obtained using either a 

JEOL-7000 or an FEI Helios field emission scanning electron microscope. EBSD scans were obtained 

using an accelerating voltage of 20 kV and a step size of 50 nm. Orientation Imaging Microscopy TM 

(OIM TM) data collection and analysis software was used to collect and analyze the data.  



  33 

In order to assess grain boundary cracking susceptibility, misorientation matrices were calculated 

across cracks using a semi-automated method. Cracked regions of interest were identified first using 

optical microscopy and then correlated to crack-like features with CI values less than 0.2 in EBSD data. 

An example image quality (IQ)map with CI values less than 0.2 (shown in black) from a hydrogen 

charged X52 sample is shown in Figure 3.3. A pair of orientations across a crack path was selected 

manually; then, the misorientation matrix was calculated automatically by the OIMTM Analysis software. 

The orientation pairs were taken from points approximately perpendicular to the crack direction less than 

1 µm from the crack edge, and 0.2 to 0.4 µm apart in the rolling direction, examples of which are shown 

in Figure 3.3. The misorientation data obtained from this method were used to create discrete 

misorientation plots and were compared to the as-received grain boundary MDFs.  

 

 

 

Figure 3.3 Image quality map from hydrogen charged X52 sample with data points with less than 

0.2 CI shown in black. Examples of discrete misorientation pairs across the crack 
width are represented by dots (color image – see PDF copy). 

 

3.3.4 Assessment of Cracking Susceptibility of M/A Microconstituents in X70 Steel 

Several different methods to determine if cracking occurs preferentially along M/A 

microconstituents were considered. Angus identified possible M/A microconstituents that were 

approximately 1-2 µm in length along the rolling direction using secondary electron microscopy, which 

has sufficient resolution to characterize M/A that are 1-2 µm in size [18]. Previous researchers have used 

color tint etching techniques with light optical microscopy to reveal different microconstituents in 

steels [104]. Although the theoretical spatial resolution limit of light optical microscopy is around 0.2 µm 

in the correct media with ideal lenses, this technique could not be as efficiently employed as electron 

microscopy to characterize M/A. Because the EBSD data collected during the cracking experiments was 

taken at a 50 nm step size, the scans had the necessary resolution for this analysis. Image quality maps 
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were chosen based on strain contrast that would result between M/A with high dislocation density and 

low dislocation density ferrite grains. This contrast is highlighted in Figure 3.4a, an image quality map 

from a cracked region in a NACE tested X70 sample. To assure that the regions of low image quality 

were not due to surface contamination, secondary electron micrographs, such as the one in Figure 3.4b, 

were compared to the EBSD maps. M/A constituents were identified as distinct regions of low image 

quality around 1-2 µm long in the rolling direction (dark regions in Figure 3.4a) that were not associated 

with surface contamination, which appear as bright white spots in Figure 3.4b. If a region of M/A 

intersected the crack in the image quality map, the length over which the two interacted was measured 

using ImageJ. The ratio between the cracked M/A length and the total crack length was then calculated. 

Over 1,000 µm in crack length was measured for this study. 

 

 

Figure 3.4 Micrographs obtained from an X70 pipeline steel charged with hydrogen using NACE 

TM-0284 [81], where (a) is an image quality map with M/A microconstituents 

identified as distinct dark regions in the map. In addition, the white dashed line is an 

example of a crack length measurement taken using ImageJ software. (b) The 
corresponding secondary electron micrograph, which was used to ensure the dark IQ 

regions were not a result of surface contamination.   
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CHAPTER 4 : RESULTS AND DISCUSSION 

4.1 Introduction 

Analysis of the HIC interaction with the microstructure used macrophotography, light optical 

microscopy, SEM, and EBSD on both the as-received and hydrogen charged microstructures. This 

chapter presents the microstructural analysis from the as-received materials, crack morphologies in 

samples with HIC after charging, microstructural analysis in cracked regions, and a comparison of the 

two charging methods.  

4.2 Characterization of As-Received X52 and X70 Microstructure 

4.2.1 X52  

API X52 steels typically contain polygonal ferrite and pearlite. Figure 4.1a is a light optical 

micrograph of the AR X52 steel at the centerline of the RD-ND plane etched with 2 pct nital. The light 

constituents are polygonal ferrite and the dark constituents are secondary microconstituents including 

regions of pearlite. The dark bands along the rolling direction in Figure 4.1a are evidence of centerline 

segregation. Secondary constituents with high hardness such as pearlite have been observed in these 

regions. Figure 4.1a is a Vickers microhardness traverse of the AR X52 steel conducted by Angus [18]. 

The average hardness value in Figure 4.1b is around 160 HV, while the highest hardness occurs at 50 pct 

thickness (centerline) and is around 200 HV. Although there is evidence of centerline segregation in both 

Figure 4.1a and b, the hardness does not exceed 248 HV at any location in the hardness traverse, which is 

the maximum hardness suggested for sour service use by MR0175 [5]. There is no other evidence of 

banding in the AR X52 microstructure aside from that shown at the centerline.  

Figure 4.2a and b are secondary electron (SE) micrographs from the as-received X52 alloy etched 

with 2 pct nital, demonstrating different morphologies of carbon-rich secondary constituents. The light, 

raised features in Figure 4.2a and b are assumed to be carbon-rich because they did not etch as much as 

the darker, ferritic regions. Figure 4.2a contains nodules with what appear to be cementite lamellae 

alternating with ferritic lamellae. These regions are representative of much of the pearlitic secondary 

constituent observed in the X52 alloy. Figure 4.2b contains small, non-lamellar carbon rich regions along 

the ferrite grain boundary indicated with white arrows. It is unknown if these carbon rich regions are 

cementite, and it is unlikely that these carbon rich regions would be identified by the EBSD software due 

to their small size. The effect of these secondary microconstituents on HIC resistance is unknown. 

However, their small size would make observing them alongside a crack unlikely.  
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(a) (b) 

Figure 4.1 (a) Light optical micrograph of AR X52 from the centerline of the RD-ND plane etched 

with 2 pct. nital, and (b) Vickers microhardness traverse conducted by Angus from the 
AR X52 steel [18].  

  

 

  

(a) (b) 

Figure 4.2 Secondary electron micrographs of carbon-rich secondary constituents in the as-

received X52 alloy etched with 2 pct nital, where (a) contains examples of pearlite and 
M/A (b) contains examples of small carbon rich regions along ferrite grain boundaries 

indicated with white arrows. 
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To examine the location and morphology of the pearlite, EBSD was used to identify both 

cementite and ferrite. Figure 4.3a and b are image quality (IQ) maps from the as-received X52 alloy with 

phase identification colors overlaid. Red indicates data points indexed as ferrite and green indicates data 

points indexed as cementite. Figure 4.3a contains all data points in the set, while Figure 4.3b contains 

black pixels representative of data points with CI less than 0.1. There are several cementite-rich regions 

shown in Figure 4.3a and b, some as large as 5 µm and some regions less than 1 µm. Comparing the 

cementite rich regions in Figure 4.3a to Figure 4.3b reveals that data with less than 0.1 CI are common in 

cementite rich regions. The low confidence index values are likely due to overlapping Kikuchi patterns 

resulting from the electron interaction volume capturing diffraction patterns from both the fine ferrite and 

cementite within these regions.  

 

  

 

(a) (b)  

Figure 4.3 EBSD image quality maps with phase map overlaid where red has been indexed by the 
OIM software as ferrite and green has been indexed as cementite (a) includes all data 

points while (b) only includes data points with greater than 0.1 CI (color image – see 

PDF copy). 

 

Figure 4.4a is an EBSD image quality map from a location in the ND-RD plane in the as-received 

X52 alloy with misorientation angle values overlaid. There are several regions in which a low angle 

boundary (LAB), defined as having a misorientation between 2 and 5°, appears to separate a large grain. 

An example of one of these boundaries is highlighted in Figure 4.4a. These low angle boundaries could 

be of interest during the cracking process as dislocations and low angle boundaries have been cited to 

affect hydrogen diffusion. Figure 4.4a also contains an example of a non-equiaxed, more substructured 

grain. The presence of substructure is indicated by the gradients in IQ within the grain and the low angle 
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misorientations overlaid in red in Figure 4.4a. These non-equiaxed, substructured grains are more often 

observed in steels with higher strength and thus lower HIC resistance, and as such might play an 

important role in cracking in the X52 alloy. 

Small grains (1 to 3 µm) have been cited to affect HIC as the presence of triple junctions, grain 

boundaries, and dislocations can affect hydrogen trapping [91]; examples of small grains in the 

microstructure are shown in Figure 4.4a. Figure 4.4b is a graph of the area fraction of various grain 

diameters calculated from the region in Figure 4.4a. The region used for grain diameter calculation is 

small and serves largely as a qualitative assessment, rather than statistically significant quantitative 

assessment. A grain was defined as a region with grain boundary misorientation of at least 15°. In 

Figure 4.4b, grains 3 µm or less make up less than 5 pct of the area fraction, while the majority of the 

grains fall between 3 and 8 µm in grain diameter.  

  

 

  

 (a) (b) 

Figure 4.4 (a) EBSD image quality map of as-received X52 alloy with data points less than 0.2 CI 

displayed in black and grain boundary coloring overlaid according to the color legend 

on the left. (b) Grain diameters as a function of area fraction in the area imaged in (a) 

(color image – see PDF copy). 

 

Another feature highlighted in Figure 4.4a is a grain that has many data points with CI less than 

0.2, shown as black data points in the area indicated in Figure 4.4a. The formula for CI is shown in 

Equation 4.1, where V1 and V2 are the number of votes for Solution 1 and 2 respectively, and Videal is the 

total number of Kikuchi band triplets available [106]. A more comprehensive understanding of the 

indexing process in OIM analysis can be found in various resources from Field and coworkers [106, 107]. 

One possible explanation for the low CI values in these regions is that the number of votes for Solution 1 
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and Solution 2 are approximately equal (V1 » V2). This could mean that the software was equally 

confident in two solutions and is not just indicative of bad data. 

 

 �� = �c − �7
�0/>`8

  (4.1) 

 

To understand the grain or phase boundary network that is available for cracking, Mackenzie 

plots of the frequency of grain boundary misorientation angle in the as-received X52 microstructure were 

created for both ferrite and cementite and are shown in Figure 4.5a and b, respectively. Ferrite has the 

highest number fraction of low angle boundaries between 2 and 5° misorientation, where cementite has a 

very small number fraction of low angle boundaries as shown in Figure 4.5b. Both ferrite (Figure 4.5a) 

and cementite (Figure 4.5b) have low number fractions of boundaries with 5 to 25° misorientation.  In 

addition, both ferrite and cementite have a high number fraction of boundaries with 35 to 50° degree 

misorientation. Figure 4.5c and d are IQ maps with various ranges of misorientation angles overlaid for 

ferrite (Figure 4.5c) and cementite (Figure 4.5d) to visualize the location of various boundaries in the as-

received microstructure. Just as the Mackenzie plot in Figure 4.5a suggests, the majority of the boundaries 

with 2 to 5° misorientation are in the ferrite. The 2 to 5° misorientations take the form of both low angle 

boundaries and scattered regions within grains with low confidence index in Figure 4.5c. It should be 

noted that regions rich in 2 to 5° misorientations were associated with low CI.  There are also a small 

amount of boundaries with 35 to 62.5° misorientation in Figure 4.5c, while the boundaries associated with 

cementite are largely 35 to 62.8° misorientation as shown in Figure 4.5d.  

A misorientation distribution function (MDF) in Rodrigues-Frank (RF) space was created for the 

boundaries in the as-received X52 material, as shown in Figure 4.6, to analyze the misorientation axis and 

angle of grain and phase boundaries that occur frequently in the AR X52 material. Figure 4.6, and all 

MDFs shown subsequently, are in units of multiples of a random distribution (MRD), where values 

greater than one indicate conditions observed more frequently than would be expected from a random 

distribution [97]. The MRD values can be interpreted using the legend to the right of the MDF in 

Figure 4.6. For instance, red regions indicate maxima that occur with MRD around 12.5. The red regions 

in Figure 4.6 occur in the region of RF space correlated to random low angle boundaries, indicating that 

there are more low angle boundaries in the as-received X52 microstructure than would be expected in a 

random distribution. It is worth noting however, that regions containing the low angle (2 to 5°) are also 

associated with low CI as shown in Figure 4.4a. As was discussed in Chapter 2.6, RF space can allow for 

easier identification of special boundaries. The regions identified in RF space with the highest MRD 

values will be discussed in terms of their respective axis and angle pairs and termed “special” boundaries 
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or SB. The next highest value in MRD appears around 5.4 in a region that is near a 27.79° çç<111> 

boundary. There is also a region with 3.54 MRD near a 60° çç<111> boundary.  

 

  

(a) (b) 

 

 

 

(c) (d)  

Figure 4.5 Mackenzie plots of misorientation angle as a function of number fraction in the as-

received X52 alloy for (a) ferrite and (b) cementite. EBSD image quality plots with 
grain boundary misorientations overlaid per the lower legend for (c) ferrite with 

black data points indicating cementite regions and (d) cementite with black data 

points indicating ferrite (color image – see PDF copy). 
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 Figure 4.6 MDF in RF space for the as-received X52 alloy where the contour map is colored by 

multiples of a random distribution per the legend in the upper right (color image – see 

PDF copy). 

 

Figure 4.7a is an image quality map of the as-received X52 steel with 27.79° çç<111> and 

60° çç<111> boundaries overlaid in red and yellow, respectively, and Figure 4.7b is an IPF map with data 

points less than 0.2 CI shown in black. The special boundaries have several morphologies, which are 

indicated in Figure 4.7a. A region dense with special boundaries occurs in the upper left region of Figure 

4.7a and can be correlated to the region containing cementite in Figure 4.3. Grains that contain 

27.79° çç<111> are correlated with low CI values in Figure 4.7a and b. Lastly, longer grain boundaries 

between two ferritic regions can include either 27.79° çç<111> or  60° çç<111>  character, as indicated in 

Figure 4.7a. 
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 (a) (b) 

Figure 4.7 Micrographs from the AR X52 alloy where (a) is an IQ map overlaid with 60° çç<111>  

boundaries overlaid in yellow and 27.79° çç<111> boundaries overlaid in red. (b) IPF 

map with data points with <0.2 CI show in black (color image – see PDF copy). 

  

4.2.2 X70 

The as-received X70 steel contains a mix of non-equiaxed, highly substructured ferrite with M/A 

microconstituents. Figure 4.8a is a light optical micrograph of the AR X70 steel etched with 2 pct nital at 

a random location in the RD-ND plane. Some centerline banding is apparent at the magnification used in 

Figure 4.8a. Figure 4.8b is an IQ map from the RD-ND plane in the AR X70 steel that allows for easier 

identification of microstructural features. Figure 4.8b contains various sizes and morphologies of ferrite 

that formed as a result of TMP. Although the exact TMP regime for the X70 steel is not known, X70 

steels are generally first hot rolled above the temperature for no recrystallization to increase ferrite 

nucleation sites and reduce the final grain size; then, they may be accelerated cooled. Substructure in the 

ferrite could be a result of thermal strains or finishing rolling in the intercritical two phase field. In 

addition to large substructured grains much larger than 5 µm, there are also small ferrite grains on the 

order of 1 to 2 µm. The dislocations and low angle boundaries present in the substructure could allow for 

increased diffusivity of hydrogen, and the dislocations and fine grain size could increase hydrogen 

trapping, both of which could influence HIC. 
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(a) (b) 

Figure 4.8 (a) Light optical micrograph of AR X70 from the RD-ND plane (b) IQ micrograph 
from the AR X70 steel from the RD-ND plane demonstrating various sizes and 

morphologies of ferrite grains. 

 

Figure 4.8a demonstrates the intermittent regions of dark banding in the AR X70 steel through the 

plate thickness. These banded regions are a result of microsegregation during solidification and 

subsequent rolling. To understand the effect of these banded regions on hardness, a Vickers 

microhardness traverse of the AR X70 steel was conducted by Angus, the results of which are shown in 

Figure 4.9 [18]. The average hardness value in Figure 4.8 is around 210 HV with slight variation through 

the thickness. Unlike the X52 steel, the highest hardness value in the AR X70 steel does not occur at the 

centerline, but rather occurs at other locations in the plate thickness. HIC susceptibility is expected to 

increase above 248 HV hardness, but just like the X52 alloy, there are no regions in the X70 

microstructure that exceed 248 HV.  

Similar to the analysis performed for the X52 steel, EBSD was used to examine the location and 

morphology of cementite in the AR X70 steel. Figure 4.10a and b are EBSD micrographs obtained from 

the as-received X70 steel indicating the ferrite and cementite present in the microstructure. Figure 4.10a is 

an image quality map with ferrite in red and cementite in green with all data points displayed, while 

Figure 4.10b is a phase map with data points with less than 0.2 CI shown in black and cementite rich 

regions circled in white dashed lines. The cementite rich regions in Figure 4.10a are light in greyscale 

image quality maps, which indicates high image quality. If the regions were rich in defects and interfaces 

like would be expected in martensite containing regions, the image quality would be low. The high image 

quality would seem to indicate that the regions rich in cementite are not M/A constituents. Much like in 

the X52 alloy, the regions that appear to be rich in cementite are more likely to have a higher density of 

low confidence index points than the ferritic regions in Figure 4.10b. The low confidence index values 

could be a result of pattern overlap due to small cementite particles adjacent to ferrite. Figure 4.10b 

indicates that when data points with less than 0.1 CI are removed, the cementite rich regions are much 
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smaller and occur on or near grain boundaries. The cementite rich regions could be regions with a high 

density of Fe3C carbides. Jacobs observed cementite precipitates in quasi-polygonal ferrite grains in an 

X70 steel grade using SE and transmission electron microscopy [108]. If the Fe3C carbides are present in 

these grains, the carbides are likely smaller than the interaction volume of the electron beam and as such 

it should be noted that each green data point does not represent an individual precipitate. Figure 4.10c is a 

SE micrograph of an AR X70 sample etched with 2 pct nital with white arrows indicating the light carbon 

rich regions in relief. Much like in the EBSD phase maps in Figure 4.10a and b, carbon rich regions occur 

along grain boundaries in Figure 4.10c. In addition to cementite secondary constituents, Al-Jabr also 

observed retained austenite constituents in an X70 alloy [16]. 

 

 

Figure 4.9 Vickers microhardness traverse conducted by Angus from the AR X70 steel [18]. 
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(a) (b) 

 

(d) 

Figure 4.10 Micrographs of as-received X70 alloy. (a) EBSD image quality map with phases 

overlaid, where red indicates ferrite and green indicates regions indexed as cementite. 
(b) EBSD phase map with data points with less than 0.2 CI marked as black and 

cementite rich regions outlined in white. (c) SE micrograph etched with 2 pct nital with 

white arrows indicating carbon rich regions. (color image – see PDF copy). 

  

In addition to understanding the phases present in the steel samples, it is important to investigate 

the types of boundaries available for hydrogen transport and cracking. Figure 4.11a is an image quality 

map with boundary misorientations overlaid, and Figure 4.11b is an inverse pole figure map with data 

points with less than 0.2 CI shown in black to allow for ease of identification of grain boundaries. Much 
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like what was shown in Figure 4.8b, Figures 4.11a and b indicate that the X70 contains both small 

equiaxed grains around 1 or 2 µm and larger (8 to 10 µm in diameter) elongated grains with several low 

angle boundaries having 2 to 15° misorientation as shown in Figure 4.11a. A large region composed of 

grains with similar orientations.is highlighted by dashed lines in Figures 4.11a and b The dashed shape 

highlights a large region with TD parallel to the <101> direction, and the corresponding dashed shape in 

Figure 4.11a contains a range of misorientations from 2 to 180°.  These regions composed of grains with 

similar orientations are not as prevalent in the lower strength X52 alloy. The boundary misorientations 

from 2 to 15° within these regions could be of importance during cracking, as dislocations and boundary 

structures play a role in hydrogen trapping or provide a path for crack propagation. Figure 4.11c is a 

graph of the area fraction of grain diameters from Figure 4.11a and b up to 12 µm; most of the grains are 

from 1 to 6 µm in diameter, and some grains are as large as 8 µm in diameter. Much like for the X52 

alloy, grains were defined as regions with greater than 15° misorientation. In comparison to the as-

received X52 alloy, the as-received X70 alloy has a smaller grain size and more substructure within 

grains, both of which could contribute to a difference in hydrogen interaction with the microstructure.  

Figure 4.12a is a Mackenzie plot of misorientation angle as a function of number fraction present 

in the as-received X70 microstructure. Only data points with 0.2 confidence index or greater were 

considered for the Mackenzie plot in Figure 4.12a. Boundaries with 2 to 5° misorientation are the highest 

number fraction of boundaries in the as-received X70 steel. Figure 4.12b and c are image quality maps, 

with all data points included, from the as-received X70 alloy with boundary misorientation (Figure 4.12b) 

and phase identification (Figure 4.12c) overlaid. Figure 4.12c has been presented in this document 

previously as Figure 4.10a, but is repeated again in Figure 4.12c for ease of comparison to Figure 4.12b.  

Figure 4.12b is an IQ map with misorientation angles overlaid according to how often they appear in the 

Mackenzie plot in Figure 4.12a. The misorientation angles are binned into 2 to 5°, 5 to 25°, 25 to 45°, and 

45 to 62.5° in Figure 4.12b. The large length of boundaries from 2 to 5° misorientation are apparent in 

both Figure 4.11a and Figure 4.12b, which are both IQ maps with boundary misorientations overlaid of 

the same region of AR X70. The low angle red boundaries appear within grains and appear to be sub-

grain boundaries in Figure 4.12b. There is a small peak in misorientation angle in Figure 4.12a near 30° 

misorientation; these boundaries are included in the light blue data points in Figure 4.12b, which 

represent boundaries with 25 to 45° misorientation. The regions that appear to be rich in cementite in 

Figure 4.12c largely correlate to the regions with 25 to 45° misorientation, including boundaries near 30° 

misorientation. In addition, the regions rich in cementite are low in confidence index. 
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 (a) (b) 

 

(c) 

Figure 4.11 (a) Image quality map of as-received X70 alloy with only data points greater than 0.2 

CI displayed and grain boundary coloring overlaid according to the legend to the left. 
(b) IPF map of same region with points less than 0.2 CI displayed in black. (c) Grain 

diameter as a function of area fraction using the area imaged in (a) (color image – see 

PDF copy). 

 

An MDF in RF space was created for the as-received X70 material, as shown in Figure 4.13. The 

red regions in Figure 4.13 indicate maxima that occur with MRD of about 24 and are near a 43.6°ǀǀ<100> 

boundary. The next highest value in MRD appears around 8.3 in a region that is near a 31.6° ǀǀ<110> 

boundary. There is also a region with 4.9 MRD that is near a 60°ǀǀ <111> boundary. Using the OIM 

software, the number fraction of each of these special boundaries in the as-received X70 microstructure 

was calculated using only data with CI greater than 0.2. Low CI data points occur frequently at 
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boundaries where Kikuchi diffraction patterns of different orientation overlap. As such, removing low CI 

data could reduce number fraction for a given boundary type. Brandon’s criterion was used as the 

threshold for defining boundaries that can be considered as having the specific axis/angle pair [101]. 

Brandon’s criterion is defined in Equation 4.2, where q is the maximum degree of deviation from 

coincidence, �p ≈ 15& , and S is the reciprocal density of common lattice points in coincident site lattice 

notation [101]. Brandon’s criterion was used automatically by OIMTM Analysis for the calculations, 

despite only applying to systems that can be described using CSL notation, i.e. boundaries between two 

cubic structures. The degree of deviation calculated using (4.2 for the three boundaries with the highest 

MRD in the MDF are 2.8°, 2.9°, and 8.7° for the 43.6° ǀǀ<100>, 31.6° ǀǀ<110>, and 31.6° ǀǀ<110> 

boundaries, respectively. The boundaries with a high MRD in the MDF were 60° ǀǀ <111> at 0.059, 

43.6° ǀǀ<100> at 0.0029, and lastly 31.6° ǀǀ<110>  at 0.00049, all in terms of number fraction. In contrast, 

when the boundaries are calculated using all data points, the number fractions were 60° ǀǀ <111> at 0.011, 

31.6° ǀǀ<110> at 0.007, and lastly 43.6° ǀǀ<100>  at 0.099. 

 

 � = �p(Σ)ec/7 (4.2) 

 

The location of the special boundaries with high MRD can be visualized using mapping 

capabilities in OIMTM Analysis.  Figure 4.14 includes an IQ map with special boundaries overlaid per the 

legend on the left (Figure 4.14a), and an IQ map with phases overlaid (Figure 4.14b). Figure 4.14b has 

been presented previously in this text, but is shown again for ease of comparison to other micrographs in 

Figure 4.14. The most prevalent special boundary in Figure 4.14a is 43.6° ǀǀ<100> , which accounts for 

nearly 10 pct of the line fraction of boundaries, or 1.3 mm of total line length. The regions rich in 

43.6° ǀǀ<100> boundaries in Figure 4.14a largely correspond to regions rich in cementite in Figure 4.14b, 

which have already been discussed to have lower CI.  
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(a) 

 

  

 (b) (c) 

Figure 4.12 (a) Mackenzie plot of misorientation angle as a function of number fraction in the 
micrographs in (b) and (c). (b) Image quality map with boundary misorientations 

overlaid per the legend to the left. (c) Image quality map from the as-received X70 

with phases overlaid where red indicates a region indexed as ferrite and green indicates 
a region indexed as cementite. This image has been presented previously in Figure 

1.11a but is repeated for ease of comparison to (b) (color image – see PDF copy). 
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Figure 4.13 MDF in RF space for the as-received X70 alloy. Several CSL boundaries are overlaid 
for reference (color image – see PDF copy). 

   

The 43.6° ǀǀ<100> boundaries all appear within grains rather than between large ferrite grains, 

which would indicate that the boundaries are not grain boundaries but rather are interphase boundaries. 

Figure 4.14c is an IQ map with special boundaries overlaid of the same area shown in Figure 4.14a, but 

with only data points indexed as ferrite. Figure 4.14d is also an IQ map with special boundaries overlaid, 

but with only data indexed as cementite. Although there are a large amount of 43.6° ǀǀ<100> boundaries in 

Figure 4.14a, when boundaries between all data points are calculated, there are almost no 43.6° ǀǀ<100> 

boundaries present when only ferrite (Figure 4.14c) or cementite (Figure 4.14d) boundaries are calculated. 

The lack of 43.6° ǀǀ<100> boundaries in Figure 4.14c and d indicates that the 43.6° ǀǀ<100> boundaries 

could be phase boundaries between ferrite and cementite precipitates. Cementite precipitates were 

observed in quasi-polygonal ferrite grains in an X70 alloy by Jacobs using SE and transmission electron 

micrographs [108]. It is important to note that the RF space used in the previous figures is for cubic 

symmetry, while Fe3C has an orthorhombic lattice that is represented by a different fundamental zone 

shape in RF space. Thus, the specific axis/angle misorientation pairs associated with the cementite regions 

may not be those shown in the cubic RF space. However, the cubic RF space provides a tool to indicate 

regions in the microstructure dense in boundaries of a specific misorientation. 
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 (a) (b) 

 

 
 (c) (d) 

Figure 4.14 (a) Image quality map from the as-received X70 steel with special boundaries overlaid 

per the legend to the left (b) Image quality map with phases overlaid where red 

indicates a region indexed as ferrite and green indicates a region indexed as cementite. 
(c) IQ map with only data points indexed as ferrite with special boundaries overlaid. 

(d) IQ map with only data points indexed as cementite with special boundaries overlaid 

(color image – see PDF copy). 

  

Inclusions, particularly elongated MnS, have long been cited in literature as the most detrimental 

feature to hydrogen induced cracking susceptibility. Inclusion shape control measures by rare earth 

element or Ca additions are now common practice [4]. As discussed in Chapter 2.8.2, Angus discovered 

MnS, Al-Ca-S, and Ca-S type inclusions were the most prevalent inclusions in the X70 steel [18]. 

Backscatter electron (BSE) micrographs, SE micrographs and energy dispersive spectroscopy (EDS) 

spectra from inclusions with varying chemistries in the as-received X70 are shown in Figure 4.15 through 

Figure 4.17. After sample preparation and vibropolishing, some inclusions appeared to remain intact, 
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while some might have partially or fully fallen out. Figure 4.15a and b are backscatter and secondary 

electron micrographs, respectively, of an inclusion that contains Si and O per the EDS spectrum in Figure 

4.15c. The Si and O containing inclusion is over 20 µm in diameter and does not appear to be affected by 

sample preparation.  

 

  
 

(a) (b) (c) 

Figure 4.15 Inclusion in the as-received X70 steel: (a) BSE (b) SE micrograph and (c) EDS spectra 

reflecting the presence of Si and O. 

 

Figure 4.16a and b are SE micrographs of two different inclusions with Al-Ca-S and Ca-S 

composition type, respectively. These inclusions were chosen to be represented here to reflect the 

morphologies and sample preparation response of the most common inclusions assessed by Angus.  

Unlike the Si and O containing inclusion in Figure 4.15, the Al-Ca-S inclusion in Figure 4.16a appears to 

have partially degraded during sample preparation. The Ca-S type inclusion in Figure 4.16b did not 

degrade during sample preparation. Other inclusions were analyzed that were affected by the sample 

preparation process but are not displayed here; these inclusions contained a variety of elements such as 

Ca, Al, O, Cu and S.  

The only inclusion type that Angus observed to be prevalent in his study that could not be located 

in this study is that of Mn-S composition. Figure 4.17 is an example of an inclusion with a morphology 

consistent with a Mn-S stringer, where Figure 4.17a is a backscatter electron micrograph and and 

Figure 4.17b is a SE micrograph. Figure 4.17c is an EDS spectra from the regions in Figure 4.17a and b 

that does not have the peak intensity for Mn or S that would be expected from a MnS inclusion. The 

elongated morphology of the feature in Figure 4.17 would be detrimental if a crack formed or propagated 

adjacent to it. The fact that some inclusions are removed during sample preparation indicates that 

inclusions that may have been detrimental during HIC may not be observable in cracked specimens. 
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(a) (b) 

  

(c) (d) 

Figure 4.16 Inclusions in AR X70 alloy where (a) is a SE micrograph of an inclusion 
corresponding to the EDS spectrum in (c), and (b) is a SE of a separate inclusion 

corresponding to the EDS spectrum in (d). 

 

4.3 Crack Morphologies 

4.3.1 X52 

Cracks were infrequently observed in the X52 steel. Figure 4.18 is a photograph of one crack in 

the X52 alloy charged using the NACE Standard TM0284 method. The crack pictured in Figure 4.18 runs 

along the rolling direction at the centerline of the sample and is about 2.5 mm long. As was discussed in 

Chapter 4.1.1, there was a centerline hardband in the AR X52, but it did not exceed the hardness level for 

sour service (248 HV). Figure 4.19 is a series of BSE micrographs from the same X52 sample shown in 

Figure 4.18. Figure 4.19a is a composite image of many BSE micrographs, such as those shown in 

Figure 4.19b and c, stitched together along part of the crack. The portion of the crack shown in 

Figure 4.19a is nearly 800 µm long, which is about one-third of the total crack length shown in 

Figure 4.18. Figure 4.19b is a micrograph from the left hand side of Figure 4.19a, towards the crack 
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center and is about 7 µm wide in the normal direction.  Figure 4.18c is a micrograph from the right side of 

Figure 4.19a, toward the crack tip, and is about 1 µm wide in the normal direction.  

 

  

(a) (b) 

 

(c) 

Figure 4.17 A possible inclusion in the as-received X70 steel. (a) Backscatter electron micrograph, 
(b) secondary electron micrograph, and (c) EDS spectra that do not have the Mn and S 

peaks expected from a MnS inclusion. 

 

 

 

Figure 4.18 Photograph of a crack at the centerline of the X52 sample charged with the NACE 

TM0284 charging method.  
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The seven-fold reduction in crack opening from center to crack tip is unique to the X52 alloy of 

the two alloys in this study. The increase in crack opening could be due to the additional plastic work 

involved in crack tip opening in the lower strength X52 alloy. Figure 4.19b demonstrates that the crack 

branches around the microstructural features that remain after sample preparation.  It is possible that this 

branching behavior is commonplace, but not all microstructural features are retained after sample 

preparation. Subsequent crystallographic analyses of the crack were obtained from near crack tips to 

avoid uncertainty from analyzing regions where the crack width approaches the grain size of the AR 

material.  

HIC resistance is often attributed to the absence of inclusions and hard microstructural features. 

The hard microstructural constituent in the X52 steel is the cementite in pearlite, so if cracks truly do 

follow hard features, pearlitic regions should be more prevalent along the crack length than in the overall 

AR microstructure. Figure 4.20 is a BSE micrograph of a cracked region near the crack tip in a NACE 

charged X52 alloy. Figure 4.20 has regions that appear to contain lamellae of alternating light and dark 

grey, which are assumed to be pearlite. Despite the presence of the hard, more brittle cementite in 

pearlite, HIC does not appear to have initiated or propagated preferentially along the cementite/ferrite 

interfaces.  

 

 

(a) 

 

 

 

(b)  (c) 

Figure 4.19 Backscatter electron micrographs from a X52 alloy charged using the NACE Standard 

TM0284. (a) Low magnification image showing nearly 800 µm of crack length, (b) 

wide section near the center of the crack shown in (a), and (c) narrow crack section 
near the crack tip in (a). 
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Figure 4.20 Backscatter electron micrograph of a crack tip in NACE charged X52 showing a crack 

propagating transgranularly through ferrite and between pearlitic microstructural 
constituents. 

4.3.2 X70 

Cracks were observed more frequently in metallographic cross-sections of the X70 alloy for both 

the NACE and cathodically charged X70 conditions. Figure 4.21 is a photograph of a sample of the X70 

alloy that was hydrogen charged using NACE Standard TM-0284. The crack in Figure 4.21 is around 10 

mm in length in the rolling direction at the centerline. Most of the cracks in the X70 samples occurred 

along the centerline but varied in length. As was discussed in Chapter 4.1.2 there was no centerline hard 

band in the X70 material. Hard bands in the X70 microstructure occurred through the plate thickness, and 

all regions in the microstructure were below the recommended 248 HV. As such, hardness alone cannot 

be the sole contributor to HIC initiation and propagation. 

Stepwise features can be seen at higher magnifications. Figure 4.22a is a backscatter electron 

micrograph of about 1 mm of crack length from a cathodically charged X70 steel. The width of all of the 

primary crack segments is around 1 µm in the normal direction. Secondary crack segments are also 

apparent in Figure 4.22a. Figure 4.22b and c are higher magnification BSE micrographs from the crack in 

Figure 4.22a that highlight stepwise cracking and secondary cracking. In fact, it is difficult to discern 

which portion of the parallel cracks occurred first in Figure 4.22b. The presence of many secondary 

cracks parallel to the primary crack is not observed in the X52 alloy.  
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Figure 4.21 Photograph of a crack at the centerline of the X70 sample charged with the NACE 
TM0284 charging method. 

 

 

(a) 

 

 

(b) 

Figure 4.22 Backscatter electron micrographs of a cathodically charged X70 specimen at (a) the 

lowest magnification with almost 100 µm of crack length shown, (b) higher 

magnification demonstrating stepwise cracking and secondary cracks. 
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4.4 Cracked Boundary Analysis 

4.4.1 X52 

The X52 alloy, hydrogen charged using NACE standard TM-0284, was analyzed using the 

methods presented in Chapter 3.3.2. Figure 4.23 shows the misorientation angle profile in a Mackenzie 

plot for both the as-received and the cracked boundaries of NACE tested X52 specimens. The 

misorientation angles that have the highest number fraction in both the as-received and hydrogen cracked 

boundaries are the low angle boundaries with less than 15° misorientation. The 35 to 60° boundaries are 

as prevalent in cracked regions as in the as-received microstructure. Boundaries with misorientation 

angles from about 5 to 25° occur at a higher number fraction in cracked regions than in the as-received 

microstructure. In addition, there is a peak in the as-received misorientation angle profile between 25 and 

30°, which does not appear for the cracked boundaries. Figure 4.23 could indicate that boundaries with 5 

to 25° misorientation are more susceptible, while boundaries between 25 and 30° misorientation are less 

susceptible. As was discussed in Chapter 4.1.1, boundaries from 25 to 35° misorientation are associated 

with regions that contain cementite, implying these regions could be susceptible to HIC.  

 

 

Figure 4.23 Mackenzie plot of number fraction of misorientation angles for the boundaries in the 
X52 as-received microstructure and across cracks in the NACE charged samples.  

 

Visualizing the location and morphology of the cracked regions with respect to the boundaries 

discussed in the Mackenzie plot in Figure 4.23 was achieved using OIM Analysis. Figure 4.24a is a SE 

micrograph of a crack tip from the X52 alloy charged using NACE Standard TM0284 and Figure 4.24b is 

the corresponding IPF map with data points with less than 0.2 CI shown in black and average 

misorientation values across the crack overlaid. The majority of the crack in Figure 4.24b propagates 
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transgranularly with misorientations across the crack between 2 to 5°. There are small sections of the 

crack that are intergranular and have misorientations across the crack between 35 and 62.8°. According 

the Mackenzie plot in Figure 4.23, misorientations from 2 to 5° crack the most, which is interpreted to 

reflect transgranular cracks in Figure 4.24b. In addition, there are no cracked regions with misorientations 

from 25 to 35° in Figure 4.24b. Overall, it appears that cracks in the X52 alloy largely propagate 

transgranularly, with short segments of intergranular cracking. 

 

 

(a) 

 

(b) 

Figure 4.24 Crack tip from the X52 alloy charged using the NACE Standard TM0284. (a) 
Secondary electron micrograph correlating to the region in (b) IPF map with CI <0.2 

shown as black data points with discrete misorientation points and average 

misorientation overlaid (color image – see PDF copy). 

 

An example of a cracked region further from the crack tip is shown in the SE micrograph in 

Figure 4.25a, and Figure 4.25b is the corresponding IPF map with average misorientation angles overlaid 

and data points with a CI less than 0.2 shown in black. Unlike the crack tip shown in Figure 4.24, the 

cracked regions in Figure 4.25b do not contain any misorientations between 2 and 5°, but do contain 

several regions between 5 and 25° misorientation and many between 35 and 62.8°. There are also two 

regions that have average misorientations between 25 and 35°. The IPF maps in Figure 4.24 and 
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Figure 4.25 both seem to reflect the distribution of misorientation angles shown in the Mackenzie plot in 

Figure 4.23. 

 

 
 

 (a) (b) 

Figure 4.25 Micrographs from the X52 alloy charged using the NACE Standard TM0284, where 

(a) is a secondary electron micrograph of the cracked region. (b) IPF map with discrete 
misorientation points and average misorientation angles overlaid (color image – see 

PDF copy). 

 

To examine the axis/angle pairs obtained from the X52 cracking study, the cracked boundaries 

were plotted in RF space and overlaid on the as-received MDF, as shown in Figure 4.26. Much like in the 

Mackenzie plot, there is clustering of damaged low angle boundaries around the origin of RF space in 

Figure 4.26, which also has the highest MRD. The large amount of cracked boundaries near small 

misorientation angles is likely due to the prevalence of transgranular cracking in the X52 alloy. The 

special boundaries with a high MRD in the AR microstructure do not appear to be particularly resistant to 

cracking in Figure 4.26, as cracked boundaries appear near all of the special boundaries that were 

identified.  
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Figure 4.26 X52 as-received MDF overlaid with discrete misorientation angle/axis pairs from 

cracked boundaries from both NACE and cathodic charging (color image – see PDF 
copy). 

 

Figure 4.27a is an IQ map from an X52 sample, charged using the NACE Standard TM0284 

method, with 27.79° çç<111> and 60° çç<111> boundaries overlaid in red and yellow, respectively. 

Figure 4.27b is an IPF map with the average misorientations from the discrete measurements overlaid. No 

data points have been removed from the micrograph shown in Figure 4.27a, but data points with less than 

0.2 CI were removed from Figure 4.27b to aid in crack identification. Figure 4.27a demonstrates two 

different ways in which the special boundaries are present in the microstructure. One is entire grains rich 

in 27.79° çç<111> boundaries, which correlate to regions that have been indexed as containing cementite, 

as was discussed in the AR section. These boundaries are assumed to be interphase boundaries between 

ferrite and cementite.  

In contrast, there are some ferrite grain boundaries that have S13b or S3 CSL character. These 

regions can be described using CSL notation as they occur between grains with the same crystal structure, 

unlike regions of ferrite/cementite interfaces. Examples of both S13b and S3 grain boundaries have been 

highlighted in Figure 4.27a. One intersection of the crack with a special boundary is highlighted using 

black and white dashed arrows in Figure 4.27a. The dashed black arrow indicates the direction of crack 

growth prior to reaching the S13b boundary highlighted in red, and the dashed white arrows indicate the 

crack growth direction after reaching the special boundary. Prior to meeting the S13b boundary, the crack 

propagates intergranularly but appears to change directions and continues transgranularly upon reaching 

the special boundary. The large majority of the crack in Figure 4.27b has between 2 and 5° 
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misorientation, which is in agreement with the Mackenzie plot in Figure 4.23 and is interpreted to be 

transgranular cracking. In addition, there is a region of lower image quality indicated in Figure 4.27a, 

which could be indicative of plastic strain incurred during crack opening. It is possible that the presence 

of the S13b grain boundary indicated in Figure 4.27a required additional energy for crack opening. 

However, because the number fraction of S13b boundaries is low in the AR X52 microstructure, it is 

unlikely that they provided a large contribution to the HIC resistance of the X52 alloy. 

 

  

(a) 

 

 

(b) 

Figure 4.27 (a) IQ map with CSL boundaries overlaid from the X52 alloy charged using the NACE 

Standard TM-0284 method. Red indicates 27.79° çç<111>  (S13b) boundaries while 

yellow indicates 60° çç<111>  (S3) boundaries. (b) IPF map with average discrete 

misorientations overlaid (color image – see PDF copy). 

 

Figure 4.28a is an IQ map with 60° çç<111> (S3) boundaries overlaid in yellow and 

27.79° çç<111> (S13b) overlaid in red, and Figure 4.28b is an IPF map with average misorientation of 

boundaries overlaid. Figure 4.28a has all data points included, while Figure 4.28b has data points with 

less than 0.2 CI shown in black to aid in identification of the cracked region. Just as has been reflected in 
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the RF space map for the X52 alloy, there is evidence of S3 boundaries cracking in Figure 4.28b, with 

other S3 boundaries nearby shown in Figure 4.28a.   

 

  

(a) (b)  

Figure 4.28 X52 alloy charged using the NACE Standard TM 0284 method. (a) IQ map with 

60° çç<111> (S3) boundaries overlaid in yellow and 27.79° çç<111>  (S13b) overlaid 
in red. (b) IPF map with average misorientations measured across the crack. (color 

image – see PDF copy). 

 

4.4.2 X70 

The same boundary analysis that was done for the X52 alloy was also done for the X70 alloy. The 

misorientation angle profile for the as-received, cathodically charged, and NACE TM0284 charged X70 

alloy is shown in Figure 4.29, where the data points represent boundaries that fall within a 5° bin. The 

misorientation angle profiles for the cracked boundaries from both the cathodic charged and the NACE 

TM0284 charged X70 alloy are similar. Both charging conditions had the highest number fraction of 

cracked boundaries around 5-10° misorientation and another peak around 50-55° misorientation. Because 

the two charging conditions trend so similarly, the average number fraction was used and is represented 

as a dotted line in Figure 4.29. Very low angle damaged boundaries between 2 to 5° misorientation appear 

at a much lower number fraction in the cracked boundaries than in the AR X70 material. In addition, 

boundaries with about 5 to 20° misorientation appear more frequently in the cracked boundaries than the 

as-received material. The misorientation distributions for both the AR and cracked boundaries nearly 

coincide from 25 to 45° misorientation. Lastly, the cracked boundaries have a lower number fraction in 

the 45 to 62.5° misorientation range than the AR X70 specimens. This analysis of Figure 4.29 could 

indicate that 5 to 20° misorientations are more susceptible to cracking, while 2 to 5° and 45 to 60° 

misorientations are less susceptible.  
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Figure 4.29 Mackenzie plot of number fraction of misorientation angles for the X70 AR 

microstructure and cracked boundaries averaged for the NACE and cathodically 
charged specimens plotted with a dashed line. 

 

Figure 4.30 is an MDF plot in RF space of the AR X70 microstructure (contour plot) with black 

dots overlaid that signify discrete points calculated across cracked boundaries in both NACE and 

cathodically charged conditions. The legend in Figure 4.30 is in units of multiples of a random 

distribution (MRD). The red regions in Figure 4.30 indicate maxima that occur in the X70 MDF with 

MRD of about 24 and near a 43.6° ǀǀ <100> axis/angle pair. The next highest value in MRD appears 

around 8.3 in a region near 31.6° ǀǀ <110>. Lastly, there is a region with 4.9 MRD that is near 60° ǀǀ <111> 

in axis/angle notation. Using the OIMTM software, the number fraction of each of these boundary types in 

the as-received X70 microstructure was calculated for data points with CI greater than 0.2. The resulting 

number fractions were 0.059 at 60° ǀǀ <111>, 0.0029 at 43.6° ǀǀ <100>, and 0.00049 at 31.6° ǀǀ <110>, all 

in terms of number fraction.  

A comparison of the AR microstructure to the hydrogen charged microstructure in RF space 

(Figure 4.30) reveals that the misorientations across cracks (black dots) are randomly distributed through 

RF space with a few exceptions. A large frequency of low angle boundary cracks in the hydrogen charged 

samples are shown by the high density of black dots representing cracked misorientations, which is 

consistent with the large number fraction of 5 to 10° misorientation in Figure 4.30. Interestingly, Figure 

4.30 also reveals that there is a lack of black dots near the 43.6° ǀǀ <100> misorientation, which could 

indicate that misorientations near 43.6° ǀǀ <100> are resistant to HIC. It is important to note that Figure 
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4.30 does not distinguish between ferrite grain boundaries and phase boundaries. The resistance of 43.6° ǀǀ 

<100> boundaries to crack has also been observed by other researchers in low carbon ferrite/pearlite 

steel.11 Similarly, there are not many black dots near the 31.6° ǀǀ <110> misorientations. Therefore, 

boundaries with misorientation near 31.6° ǀǀ<110> could also be resistant to cracking but are present in 

the AR microstructure much less frequently than the 43.6° ǀǀ<100> boundaries. In contrast, the 60° ǀǀ 

<111> misorientations do not appear resistant to cracking. It is important to note that the RF space used in 

Figure 4.30 is for cubic symmetry, while Fe3C has an orthorhombic lattice that is represented by a 

different fundamental zone shape in RF space. Thus, the specific axis/angle misorientation pairs 

associated with the cementite regions may not be those shown in the cubic RF space. However, the cubic 

RF space provides a tool to indicate regions in the microstructure dense in boundaries of a specific 

misorientation. 

  

 Figure 4.30 MDF in RF space for the as-received X70 alloy with discrete misorientation angle/axis 
pairs from cracked boundaries overlaid as black dots. Locations of three special 

boundaries with high multiples of a random distribution are also overlaid for reference 

(color image – see PDF copy). 

 

An example of a cracked region is shown in Figures 4.31a and b, which are micrographs of a 

cracked region from an X70 sample cathodically charged with hydrogen. Figure 4.31a is an EBSD IQ 

map with boundary misorientations adjacent to the crack overlaid and M/A regions identified. Figure 

4.31b is an IPF map with data for which CI is less than 0.2 are shown in black and average 

misorientations across the crack overlaid. Figure 4.31b contains a large region with similar orientations. 

These large regions of similar orientation often contain cracks. Both dislocation substructure and high 
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angle grain boundaries are present in the region shown in Figure 4.31a. It is interpreted that the cracks 

through the low misorientation regions (2 to 5°) are transgranular, and thus, the crack propagated both 

transgranularly and intergranularly in this region. The range of misorientations overlaid in Figure 4.31b is 

reflective of that shown in the Mackenzie plot, where the majority of the cracking occurs in 

misorientations from 5 to 25°, with a smaller amount of cracking from 45 to 60° misorientation. It is 

possible that the high density of boundaries less than 25° misorientation within these large regions in the 

X70 steel allow for increased cracking, as 5 to 25 ° misorientation boundaries were shown to be more 

susceptible to HIC in Figure 4.29. Therefore, the large substructured grains rich in 5 to 25° misorientation 

boundaries might not resist HIC. 

 

 

 

 

(a) 

 

 

(b) 

Figure 4.31 Micrographs obtained from an X70 alloy charged using the cathodic charging method 

where (a) is an EBSD IQ map with grain boundary misorientations adjacent to the 
crack overlaid per the legend to the left, and (b) is an EBSD IPF map with data points 

with less than 0.2 CI shown in black and average misorientations across the crack 

displayed (color image – see PDF copy). 
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Just as is observed in the AR X70 microstructure, misorientations from 5 to 10° appear most 

frequently along the crack, followed by 55 to 60°, 10 to 15°, 2 to 5°, and 15 to 20° misorientations, in that 

order. Low misorientation angles and contiguous orientation across a crack would be expected from 

regions of transgranular cracking, while high misorientation angles and a change of orientation across a 

crack would be expected from intergranular cracking. However, the presence of large regions of grains 

with similar orientation in the X70 alloy could obscure this way of characterizing transgranular and 

intergranular cracking. In large regions with grains of similar orientation, transgranular cracking is 

assumed to have occurred if the measured misorientation across the crack is less than 10°. Due to the 

presence of subgrain boundaries less than 15° misorientation like that shown along the crack in Figure 

4.31a, it is possible that transgranular cracking occurred on a subgrain boundary.   

Figure 4.32 is a confidence index map with boundaries within Brandon’s criterion of 

43.6° ǀǀ <100> misorientation boundaries overlaid in green and the crack overlaid in red. The discrete 

misorientations calculated from across the crack showed that boundaries near 43.6° ǀǀ <100> axis/angle 

pairs were resistant to cracking as shown in Figure 4.30. An example of a region in which the crack 

appears to avoid grains dense in boundaries near 43.6° ǀǀ <100> is shown in Figure 4.32. The crack 

propagated adjacent to grains dense in boundaries near 43.6° ǀǀ <100>, but the crack did not propagate 

through any of these regions. One example of a non-cracked region is highlighted with a white arrow in 

Figure 4.32. The HIC resistance of these regions, which also correspond to regions with greater amounts 

of cementite in EBSD maps, could be due to hydrogen trapping of the carbides and subsequent lack of 

hydrogen available for cracking. 

 

 

 

 

Figure 4.32 EBSD confidence index map from an X70 sample charged using the NACE TM0284 

method with 43.6° ǀǀ <100> boundaries overlaid in green and the crack overlaid in red 

(color image – see PDF copy). 
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4.5 Transgranular Cracking in X52 and X70 Steels 

The crystallographic plane on which cracks occur is of interest to determine the mechanism by 

which cracks propagate transgranularly. In materials not exposed to hydrogen, brittle transgranular 

fracture occurs along {100} cleavage planes. The presence of hydrogen can allow for hydrogen enhanced 

localized plasticity (HELP) and adsorption induced dislocation emission (AIDE), which in turn can allow 

for slip based transgranular fracture [109]. EBSD was used in regions near the crack tip to assess the 

plane traces that are closest to crack traces in regions of transgranular cracking, an example of which is 

shown in Figure 4.33. In Figure 4.33a, an IPF map from a NACE charged X52 specimen with confidence 

indices less than 0.2 shown in black. Various regions of transgranular cracking are highlighted and 

labeled as B, C, D, and E.  The crack tip, shown in Figure 4.33a as Region B, is analyzed in Figure 4.33b, 

where all the symmetrically equivalent cleavage plane traces are shown on the left, and the symmetrically 

equivalent {110} type slip plane traces are shown in the middle. The figure on the right in Figure 4.33b is 

a pole figure in the sample reference frame with the crack trace shown as a solid line. The closest slip and 

cleavage planes to the crack plane were obtained from the data produced by the OIM software and plotted 

on the stereographic projection to the right in Figure 4.33b. In Figure 4.33b, the crack plane trace appears 

to be closest to a cleavage plane, but the closest slip trace is not far from the crack trace. The same 

analysis technique was used for Figure 4.33c through Figure 4.33e for all the regions indicated in 

Figure 4.33a. Region C appears to be a secondary portion of the crack that ends within the grain. Similar 

to the crack tip in Region B, the crack trace in Region C seems to be closest to a cleavage plane.  

An example of a crack trace nearest to a slip plane rather than a cleavage plane is shown in 

Region D in Figure 4.33a and is analyzed in Figure 4.33d. Region D is unique in that the crack plane trace 

changes directions multiple times within one grain. It is possible the crack behavior out of the plane of the 

image contributes to this crack deflection. The crack in Region D appears to propagate largely along two 

different plane traces, which are identified as white lines in Figure 4.33d, with some regions of transition 

between the two. Pole figures in the sample reference frame were constructed for both of the crack traces 

and are shown in Figure 4.33d. Both sections of the crack identified as white lines appear to be closest to 

slip planes, and the more vertical crack trace appears to be close to multiple slip planes. Regions B, C and 

D, all have plane normals somewhere between a 111 and 001 type normal parallel to the transverse 

sample direction (TD) on the standard stereographic triangle; these grain orientations are often observed 

near cracks, which could indicate that cracking occurs preferentially in these grain orientations. Region E, 

however, has a plane normal near the {101} region of the stereographic triangle. Region E, shown in 

Figure 3.20e, is an example where the crack trace is not near a slip or cleavage plane, assuming {110} 

type slip planes.  
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(a) 

 
 

(b) (c) 

 

 

(d) (e) 

Figure 4.33 X52 alloy charged using the NACE standard TM0284. (a) EBSD IPF map with associated 
regions of transgranular cracking assessed in (b) region B, (c) region C, (d) region D, and 

(e) region E (color image – see PDF copy). 

 

The same transgranular analysis was also performed on the X70 alloy and is shown in 

Figure 4.34. The crack trace in Region B, shown in Figure 4.34b, is closest to a slip plane. The cracks in 

Region C and Region D, shown in Figure 4.34c and Figure 4.34d, respectively, are also closer to slip 

plane traces than cleavage plane traces. The exception lies in Region E, shown in Figure 4.34e, where the 

crack trace is closest to a cleavage plane trace. Much like in the X52 alloy, the X70 alloy exhibited 

transgranular cracking near both slip and cleavage plane traces.  
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(a) 

  

(b) (c) 

  

(d) (e) 

Figure 4.34 X70 alloy cathodically charged. (a) EBSD IPF map with associated regions of 
transgranular cracking assessed in (b) region B, (c) region C, (d) region D, and (e) region E 

(color image – see PDF copy). 

 

4.6 Effect of Martensite/Austenite Microconstituents in X70 

The amount of M/A microconstituent cracking was measured in the X70 subjected to the NACE 

HIC test; total crack lengths and cracked M/A lengths were measured. In addition, the line fraction of 

M/A in the as-received sample was measured at the centerline. The values are tabulated in Table 4.1. 

From these data, it is apparent that the line fraction of M/A microconstituents along a crack is 

approximately 4 pct, whereas the line fraction of M/A constituents at the centerline of the as-received 

microstructure is about 3.6 pct. This small difference between M/A line fraction along the crack path 
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compared to the line fraction of M/A in the as-received microstructure indicates that the crack does not 

specifically seek out regions with higher density of M/A constituents, as has been suggested in literature. 

It is possible that the role of M/A constituents is more complex than just hard features in the matrix. The 

diffusivity of hydrogen in austenite is much lower than in ferrite, so much so that austenitic regions in 

ferrite matrices are often referred to as traps. In addition, there are many additional interfaces for 

hydrogen trapping in M/A microconstituents. Therefore there could be a local increase in hydrogen due to 

the presence of M/A constituents that could decrease the diffusion distance to crack tips, thereby 

increasing HIC. 

 

 

4.7 Comparison of NACE to Cathodic Charging Method 

Angus used two different hydrogen charging methods, cathodic charging and the NACE Standard 

TM0284, and subsequently conducted a comparison of the two charging methods based on crack length 

ratio and crack thickness ratio [18].The results of this study indicated that the two charging methods did 

not result in statistically significant differences in crack length or thickness ratios [18]. In addition to 

crack length and thickness ratios, it is desirable to understand if the two different charging methods result 

in noticeably different crack morphologies or interact with the microstructure differently. X70 was chosen 

for this study because much more crack length was discovered for the X70 steel for both charging 

methods than in the X52 alloy. No morphological differences were apparent in the cracks between the 

two different charging methods, observed through macrophotography and light optical microscopy.  

The misorientation angle profile of the cracked boundaries from both charging methods in the 

X70 steel has been shown in Figure 4.29. The distribution of misorientation angles as a function of 

number fraction of both charging methods is very similar in Figure 4.29 and as such the average of the 

two was used to represent all hydrogen charged samples regardless of charging method. Discrete 

misorientation information obtained from both the cathodically charged and NACE charged specimens is 

plotted in Figure 4.35. In Figure 4.35, the black points represent the NACE charged specimens, and the 

red dots represent the cathodically charged specimens. There is a high density of discrete points from both 

NACE and cathodically charged samples at the base of RF space in Figure 4.35, which represent large 

Table 4.1 – Crack lengths and ratios of M/A cracking to total crack length 

 
Total Length 

(µm) 
M/A Length 

(µm) 
Ratio of M/A to 

Total Length 

NACE 1020 42 0.0407 

As-received 1911 69 0.0359 
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amounts of cracking at low angle boundaries. The other data points are fairly uniformly distributed 

throughout the rest of RF space for both charging methods, with the exception of the region near the 43.6° 

about a <100> axis as was discussed previously. Given the similarities in both the Mackenzie and RF 

space plots between the two charging methods, it can be concluded that the two charging methods 

produce similar types of intergranular cracking. This finding further supports the findings of Angus that 

both charging methods are comparable for the investigation of HIC [18]. 

 

Figure 4.35 Damaged boundaries from both NACE (black) and cathodically (red) charged X70 

specimens in RF space (color image – see PDF copy).  
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CHAPTER 5 : SUMMARY AND CONCLUSIONS 

The primary objective of this study is to understand the interaction of HIC with grain structures 

and secondary microconstituents in X52 and X70.  The as-received microstructures of the X52 and X70 

steels were assessed at various length scales. Both the X52 and X70 steel were examined for hard bands, 

particularly those above the recommended 248 HV. The X52 exhibited an average hardness of 160 HV 

with a hard band at the centerline with a hardness near 200 HV. The X70 steel exhibited an average 

hardness of 210 HV and did not exhibit a hard band at the center, but rather had hard regions distributed 

through the material thickness with about 220 HV. Neither the X70 nor the X52 steel contained 

microstructures whose hardness exceeded the maximum 248 HV suggested by 

NACE MR0175/ISO 15156 [5].  

The cracks formed in the hydrogen charged samples were located at the centerline in both steels. 

The X52 steel exhibited much less crack length than the X70 steel but had much wider cracks in the 

normal direction than the X70 steel. The centerline location of the cracks cannot be explained solely by 

localized increases in hardness above the 248 HV threshold, as is commonly believed. The origin of 

centerline cracking when hardness is ruled out is particularly relevant in the X70 steel, where the hard 

bands are located throughout the plate thickness, while the cracks occur at the centerline. To quantify the 

effect of hard phases on HIC, the line length of M/A microconstituents along the centerline in the as-

received material was compared to the line length of M/A constituents intercepted by HIC. The results 

revealed that M/A constituents do not crack more often than they appear in the as-received microstructure 

along the centerline, indicating that M/A constituents do not crack more often than other microstructural 

constituents. 

Local crystallographic orientation of the grains in cracked regions was assessed and compared to 

the as-received microstructure to understand the role crystallographic orientation has in HIC 

susceptibility. The X52 steel exhibits largely transgranular cracking with small regions of intergranular 

cracking. Low angle boundaries from 2 to 5° misorientation appear with the greatest frequency in the as-

received microstructure and were also measured with the greatest frequency in cracked regions. 

Misorientation distribution functions for the as-received material were compared to discrete 

misorientations measured across cracked regions. Although it was shown qualitatively that there were a 

few instances of 27.8°úú <111> boundaries deflecting cracks, it is not believed that 27.8°úú <111> 

occurred frequently enough in the microstructure to have a significant effect on HIC. In addition, the 

other boundary that appeared with high MRD in the MDF, the 60°úú <111> boundary, was not resistant to 

cracking. The cementite rich regions in the X52 steel appeared to crack as frequently as they appeared in 

the as-received steel, indicating that cementite rich regions do not play an obvious role in cracking. 
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Analysis of transgranular cracking revealed that the crack trace was found near both cleavage and slip 

plane traces at various locations along the crack length, indicating that hydrogen could play an important 

role in the mechanism of transgranular cracking. 

The X70 steel exhibited both transgranular and intergranular cracking. Unlike the X52 steel, the 

low angle boundaries (2 to 5°) appeared much less frequently in cracked regions than in the as-received 

microstructure. However, 5 to 25° misorientation boundaries appeared more frequently in cracked 

regions. Uniquely, the boundary with the highest MRD in the AR X70 material, 43.6°úú <100>, did not 

exhibit any cracking. These boundaries are interphase ferrite/cementite boundaries in the AR X70 steel. In 

addition, the other boundaries that appeared with high MRD in the MDF, the 31.6°úú <110> and 

60°úú <111> boundaries, were not resistant to cracking. The as-received X70 material exhibited large 

regions containing elongated grains with similar orientation, which were also often observed in cracked 

regions. Much like the X52 material, the crack traces analyzed in the X70 material were parallel to both 

slip and cleavage planes.  

An additional objective of this study is to determine if the cathodic and NACE TM0284 hydrogen 

charging methods result in different crack morphologies and interactions with the X70 microstructure. No 

clear differences in crack morphology were observed. The crack interaction with the X70 microstructure 

from the two charging methods was assessed using grain boundary misorientation distributions. The 

misorientation angle distributions were the same for both charging methods. In addition, the discrete 

misorientation distribution plots exhibited similar distributions of cracked axis/angle pairs measured from 

both charging methods. The similar morphologies and grain boundary misorientation distributions 

indicate that the two different charging methods produce similar types of HIC damage in the X70 

microstructure.  
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 APPENDIX A: GRAIN BOUNDARY PLANE NORMAL DISTRIBUTIONS FROM 

AS-RECEIVED X52 AND X70 STEELS 

Figure A.1 contains boundary plane distributions from the as-received X52 alloy shown. The 

method developed by Saylor et al. indicates that over 50,000 line segments need to be analyzed for an 

accurate assessment of the boundary distribution [96]. Figure A.1 indicates that for both S13b and S3 

boundaries, there are only specific boundary plane normals present.  

 

 

 

(a) (b)  

Figure A.1 Boundary plane normal distributions from the AR X52 alloy for (a) S13b boundaries 

and (b) S3 boundaries 

 

Figure A.2 contains boundary plane distributions from as-received X70 alloy. Figure A.2 has 

grain boundary plane distributions (GBPD) for S29a, S27a and S3 boundaries. Figure A.2a is the grain 

boundary plane normal distribution for the S29a boundaries, which appears to be nearly perfectly random 

as the highest MRD is 1.093. This could be due to the observation that these boundaries are only located 

in regions containing ferrite and cementite, which would not truly be S29a CSL boundaries. Figure A.2b 

is the GBPD for S27a boundaries has a maximum MRD of 2.8, and has four fold symmetry. Figure A.2c 

is the GBPD for the S3 boundaries and has a maximum of 27.6 MRD ninety degrees from the <111> pole 

which indicates that any S3 boundaries are tilt boundaries. 
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(a) (b) (c) 

Figure A.2 Grain boundary plane distribution figures from the as-received X70 alloy for grain 

boundary misorientations near a) Σ29a b) Σ27a and c) Σ3 with pure tilt boundary 

position indicated. (color image – see PDF copy) 
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 APPENDIX B: PHASE IDENTIFICATION OF CEMENTITE AND FERRITE USING 

EBSD 

The regions with densely spaced special boundaries in Figure B.1 that are also indexed as 

containing cementite could be pearlitic regions or cementite carbide rich regions. The presence of either 

pearlite or carbide precipitates would decrease the confidence index values from overlapping Kikuchi 

patterns within the interaction volume. As a result, it is difficult to determine with certainty from EBSD 

alone if pearlite or Fe3C carbides are present. Figure B.2a through d demonstrates the difference between 

regions possibly containing cementite in secondary electron (SE) micrographs and cementite identified by 

EBSD. Figure B.2a and b are SE micrographs from an X52 sample that was lightly etched through the 

vibropolishing process. Figure B.2c and d are corresponding image quality maps with phases overlaid in 

color and data points with less than 0.1 CI shown in black. Figure B.2a contains a region that contains 

lamellae possibly indicative of pearlite, but the corresponding IQ phase map in Figure B.2c indicates that 

no cementite was indexed by the EBSD software. In addition, the image quality and confidence index 

values do not appear to decrease as would be expected in the presence of ferrite and cementite interfaces 

in pearlite. In contrast, Figure B.2b contains a region that the does not appear to contain pearlite in SE that 

the EBSD software indexed as containing cementite in Figure B.2d outlined in white dashes. Figure B.2a 

through d indicate that regions that are indexed as cementite by the EBSD software do not necessarily 

correlate to cementite in pearlite lamellae in lightly etched SE micrographs. As such, it is possible that the 

regions that are indexed as containing cementite are not pearlite, but rather are grains rich in Fe3C 

carbides. It is also possible that some orientations of cementite within pearlite colonies are more 

detectable by EBSD than others`, which could explain why EBSD detected cementite (Figure B.2d) in the 

pearlitic features in Figure B.2b but not in Figure B.2a. 
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Figure B.1 IQ map from the AR X52 alloy overlaid with 60° çç<111>  boundaries overlaid in 

yellow and 27.79° çç<111> boundaries overlaid in red (color image – see PDF copy). 

 

  

(a) (b) 

  

(c) (d) 

Figure B.2 Comparison of information obtained from (a) and (b) secondary electron micrographs 

and (c) and (d) EBSD IQ phase maps from corresponding areas with data points with 
<0.1 CI shown in black. (a) Pearlitic region that has been lightly etched from the 

vibropolishing process which corresponds to (c), where no cementite has been identified 

by EBSD. (b) A region that appears to be mostly ferritic in SE corresponds to regions in 

(d) that have large amounts of cementite indexed (color image – see PDF copy). 

 


