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IABSTRACT

Pipeline steels used for sour service applications in the ofj@andhdustry are subjected to
corrosive internal environments containing high partial pressures of hydsafele (HS). During sour
service, the presence of$allows for enhanced hydrogen ingress into the steel and subsequent interna
cracking, a process called hydrogen induced cracking (HIC). The stifield for these applications are
fine graired, thermomechanically processed (TMP) alloys with complex ntitretsires that can include
microconstituents such as polygonal ferrite, quasi-polygonal fquatelite, martensite/austenite (M/A)
microconstituents, non-metallic inclusions, and carbonitride ptatési Steel cleanliness, inclusion
shape control, and alloying strategies have been developed to nitiGatgetit persistan higher
strength steel grades, and would be relevant in other applicatidnasuagdrogen pipelines.

The primary objective of this study is to understand the interactibif@®ivith the grain
structures and secondanjcroconstituents in X52 and X70 steel alloys. Transgranular cracking was
primarily observed in the X52 alloy, while both intergranular and ¢pramsilar cracking were observed in
the X70 alloy. Misorientation distribution functions characterigrgin boundaries in the as-received
material were compared to discrete misorientations measwessdmundaries in cracked regions. Low
angle boundaries (2 tq)pappeared the most often in the X52 material and crackeddsieoften. In
contrast, low angle boundaries (2 ) &ppeared much less frequently in cracked regions in the X70
alloy than in the as-received microstructure. However, 5 tortorientation boundaries appeared more
frequently in cracked regions in both alloys. The boundary type withghedt multiples of a random
distribution in the AR X70 material, 43!6 <100>, did not exhibit any cracking. These boundaries
appear to be interphase ferrite/cementite boundaries in the ARt¥&01t is hypothesized that these
regions contain cementite precipitates that affect local hydrogrsidii. Analysis of transgranular
cracking revealed that the crack trace was found near both cleanhglpgplane traces at various
locations along the crack length in both alloys, indicating that hydragéd play an important role in
the mechanism of transgranular cracking. In addition, M/A microdamrstis occued with equal
frequency alongside cracks and in the AR X70 at the centerline, saggésit M/A constituents are not

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

Steels used for sour service applications in the oil and gas ndustsubjected to corrosive
internal environments containing high partial pressures of hydrogen qififig During sour service,
the presence of #$ allows for enhanced hydrogen ingress into the steel and subsequeni enéeinag,
a process called hydrogen induced cracking (HIC). The diffusion of hydroges ahd subsequent
cracking is affected by the microstructural features preseheisteel in two ways: local diffusivity and
hydrogen OtrappingO. The steels utilized for these applicatioirseayeafred thermomechanically
processed (TMP) alloys with complex microstructures that candeanicroconstituents such as
polygonal ferrite, quasi-polygonal ferrite, pearlite, martensitétaite (M/A) microconstituents, non-
metallic inclusions, and carbonitride precipitates.

Elongated MnS inclusions and hard bands due to segregation are deleteHt@s t
resistancgl-3], so steel cleanliness and alloy shape control measures leawvattieed to mitigate these
factors [4]. Higher strength grades are also more suscemiblECt NACE MR0175/ISO 15156
suggests a maximum yield strength of 116 ksi (~248 HV) for sfeelsse in sour service
applications [5]. In practice however, steels with much lowaldystrength, such as 60 ksi, are typically
used to avoid HIC.

HIC can interact with multiple microstructural featuresides inclusions in steel alloys. In
higher strength grades that contain M/A microconstituents, thecerie speculation through qualitative
fracture surface analysis that M/A regions are preferentaliitiation and propagation sites [3,6D9]
However, no studies have determined quantitatively whether thésedvstituents crack more often
than they appear in the microstructure. Further investigation éss@y to evaluate the influence of M/A
on HIC propagation. HIC results in both transgranular and intergrasraleking through the ferritic
microstructure [10D15]. In TMP linepipe steels, texture cantresal processing [16], which can affect
HIC propagation. For example, it has been hypothesized that the pregnaias with {001} planes
parallel to the rolling plane have increased HIC susceptibilityd [I1,07].

The current work expands on the studies performed by Angus [18] thegeab#es differences in
crack length ratio in four different steel alloys and two déifercharging conditions. The primary
objective of this study is to understand the interaction of HI@ thie grain structures and secondary
microconstituents in the X52 and X70 steel alloys, so that eiféss in cracking behaviors can be
interpreted in relation to the microstructural constituentaah eteel. Influences of local texture,
misorientation, and microconstituents are being considered asai ffas objective. An additiorha

objective of this study is to determine if the cathodic and NA®B284 hydrogen charging methods



result in different crack morphologies or interactions with theastcuctures.

Chapter 2 provides a background of the research relevant to this stuayvialyngra review of
literature;it is divided into eight subsections. Hydrogen absorption and trapping aunss#idan Chapr
2.2 and 2.3, respectively. Microstructural influences on HICpaoposed cracking mechanisms make up
Chapter 2.4 and 2.5, respectively, and proposed cracking mechanisrhe arfliiénce of texture on HIC
are discussed in Chapter 2.6 and 2.7. Lastly, Chapter 2.8 distiissesearch conducted by Angus [18]
that was the precursor to the present work. Chapter 3 explaingrneental methodologies used to
characterize HIC interaction with X52 and X70 microstructufée. results are discussed in Chapter 4,
which is organized into six sections. Section 4.1 discussesaimesgructures and secondary constituents
in the as-received X52 and X70 materials. Section 4.2 comparesattkemorphologies that resulted
from hydrogen charging. Section 4.3 examines the boundaries that crabledsection 4.4 analyzes
regions of transgranular cracking in both alloys. Section 4.5 disciimeseffect of M/A microconstituents
on cracking in the X70 alloy, and Section 4.6 compares crack morphotogiesack interaction in the
X70 microstructure resulting from the cathodic and NACE TM0284 hydrolgarging methods. Lastly,

Chapter 5 contains the summary and conclusions of the current work.



CHAPTER 2 :IBACKGROUND

2.1 Background
This section serves to discuss literature findings relevahetstudy 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 highlyizer@sourO environments.
The term OsourQ is used to describe gas that exceeds 5.7 mg ohtsuifimigeper cubic meter of natural
gas or sulfur levels greater than 0.5 wt pct in oil wells [$8lr service environments are notoriously
deleterious, because many different corrosion phenomena may occur ngdtrdss corrosion cracking,
stress oriented hydrogen induced cracking, sulfide stress corrosi@imgrand hydrogen induced
cracking. In fact, NACE MRO0175/ISO 15156 has guidelines for the mamisttength levels and grade
types that can be used for sour service [19]. In addition to conceraarglintg the presence of hydrogen
sulfide, these guidelines suggest that the severity of the environlsemaeases with decreasing pH. In
contrast, many researchers have found the effect of changing pH negtmppbared to the effect of
increasing HS pressure [6, 20]

The present work is concerned with hydrogen induced cracking in the preséyckeogen
sulfide environments. Some researchers have suggested that poisasss sultlr and arsenic change the
binding energy of hydrogen to the metal substrate [21]. As such hydrogen sutfatesidered to have a
OpoisoningO effect, where its presence interferes with thpteesof adsorbed hydrogen and hydrogen
recombination. Kawashimet al.conducted kinetic studies to determine the effect of hydrogen sulfide on
the surface hydrogen reaction mechanism of mild steel [21]. The fetwag that hydrogen sulfide
additions increased the rates of reaction for both the cathodiciedant hydrogen adsorption. The
authors also found that the rate determining step of the hydrogen evoéastabion is proton discharge.
The authors proposed that the adsorptionAf &tcelerates proton discharge by the mechanism shown on
the left hand side of Figure 2.1.



Anodic: Fe — Fe® +2e
Cathodic: H,S—> H"+HS™
2HS —2H +S*
(D HyS,+e — H,S,,
Q@ H >,
3 H,S, +H), —>H,S~H

ads

@ H.’l‘g ~ Hadx - HZ‘S‘ads +Hadv

c) d)

Figure 2.1 Schematic demonstrating the effect of hydrogen sulfidedoodan ingress based on
the work of Kawashimat al.[21].

As shown in Figure 2.1, the anodic dissolution of iron and cathodic redwfthydrogen sulfide
produce free electrons and protons. During step one, shown in FigurarRasorbed hydrogen sulfide
molecule absorbs an additional electron. Then in step two, Fidilvea2proton is adsorbed onto the steel
surface, where the negatively charged hydrogen sulfide ion can abtidgexforming ligand with the
adsorbed proton (Figure 2.1c) and the proton is discharged (Figure 211d)s way, adsorbed 8
accelerates the proton discharge reaction and hydrogen entry inteahastsbwn in Figure 2.1d [21]

2.3 Hydrogen Trapping

Hydrogen trapping occurs when a hydrogen ion interacts with a structteel. déde binding
energy of the hydrogen ion to the microstructural feature determinesi¢reetrap plays in HIC initiation
and propagation. Traps are classified as either reversiblewensible based on their binding energy. A
trap is considered reversible if the binding energy of hydrogen toathaite is low and irreversible if the
binding energy is high. A list of traps with their respective bigdinergies is shown in Table 2.1
Equations to estimate the number density of common trap sites hawvedwetoped by several research
groups and are shown in Table 2.2 in units of number of traps pere/olum

There are several proposed mechanisms for HIC based on the stfemgtiostructural trap
sites. Haet al.and Liet al.proposed that traps can act as hydrogen reservoirs from which hydrogen can

be repartitioned to the triaxial tensile stress fields afks@uring propagation [22,23]. Yamasekal.



have proposed that traps with high binding energies could improve bikarece by removing hydrogen
from the lattice [24]. In situ observation of the role trapy plaring crack initiation and propagation is
needed to confirm all of the proposed mechanisms. Some reseda@hersroposed that irreversible traps
such as inclusions could contribute to the accumulation of hydrogen tertiiahhydrogen pressure

initiates crack nucleation [25].

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

Trap Type Binding Energy  Referencex)
(kJ mot)
Dislocation 18 B 59.9 [26D34]
Grain Boundary 8.8 b 58.9 [27,29,30,35]
Void 29.1 [27,29]
Crack # 200 [36]
Interfaces
Coherent MC 114D 116 [23]
precipitates
TiC
Incoherent 53-945 [37,38]
Coherency 28.1 [39]
unknown
Semicoherent NbC 28 P56 [40]
FeC 8.4b 15.7 [41D43]
Ti substitutional atoms 26.1 [37]

Traps considered irreversible include inclusions, carbide and riiteléaces, high angle grain
boundaries, cracks, and incoherent precipitates [23,26,36D38]. Théirodgersible trap sites in
cracking is not yet agreed upon. Some researchers have recommenesingdrreversible trap density
to reduce the amount of diffusible hydrogen [46]. Proposing that hydrogen candeeed innocuous by
filling irreversible traps assumes that there is a fimt@ant of hydrogen available. In a sour service
pipeline however, there is a continuous supply of hydrogen. In contrastyesssaechers have proposed
that inclusions, which irreversibly trap hydrogen, are deletermusyidrogen induced cracking.
Hydrogen ions can accumulate at the inclusion interface, recombiortanolecular hydrogen, and
subsequently initiate cracking [25]. The phenomena that occur at theiem¢matrix interfacerenot

currently well understood.



Table 2.2 Trap density equations for several common trap sites

Trap Type Equation (traps cif)  Reference
*
Dislocation cores 1| * )— Krom & Bakker [44]

" $%&' ( +-- - /01

1 eas ( 5670115 Song et al. [33]

GrainBoundaries ! 2 ( *69.! g Song et al. [33]
I _
Crack Face L ( <',;> Solano-Alvarezt al.[36]
- o8 €0, SEFQ . -
Precipitates I ( ——— Valentiniet al.[45]

. j01.= Dislocation density
+__ = Lattice constant of iron
6/= Magnitude of Burgers vector

| JIKLMN+EKZFQRST6UO
' TMV+QMVSTU
9. = Grain boundary surface area per unit volume

I _. = Number of iron atoms on crack face

?1= Unit volume of steel

G= Number of hydrogen atoms per unit cell

EF= Average precipitate diameter determined experimentally
I'. =Number of precipitates per unit volume

B =Average area of tetragonal unit cell

In contrast, there are many researchers that have shown thatbleveapping is the controlling
variable in hydrogen induced cracking phenomena, due to the fact thatsilve/&aps are saturated
before reversible traps are [22,37,47D49]. N@tak. determined through a quantitative mechanics
model that the density of reversible traps was of primary impatEmdydrogen embrittlement [26]. In
their model, dislocations pile up at matrix/carbide interfacelsaat as reversible trap sites, causing
localized enrichment of hydrogen. The localization of hydrogen results indgsmenhanced localized
plasticity and hydrogen induced decohesion at carbide/matrix inteeadegrain boundaries [26]. The
effect of hydrogen on fracture mechanics and dislocation movememowide discussed in detail here
[34,46,50D55].



Dislocations are an abundant and therefore important source of rexvérabsites. Dislocation
density in pipeline steel depends on microstructure and thermomectmapmegsing TMP) parameters.
Additional cold work to form pipe from steel plate further incrsagislocation density. Kumnick and
Johnson and Krom and Bakker discovered an increase in the amount of hydapged in iron with
increasing plastic strain [30,44flaet al. studied the effect of cold work on hydrogen trapping and
diffusion in an API X-70 steel and observed that cold work causeghdicant increase in the
concentration of absorbed hydrogen [22]. The increase was attributechtwemsed dislocation and
vacancy density. Figurz2 shows trap density, calculated by étaal.,as a function of percent reduction.
Trap density was shown to increase by an order of magnitude withsstgato 10 pct., but only slightly
increased with strains from 10 to 40 pct [22]. Setgl. also found that increasing dislocation density
due to pre-straining increased hydrogen content (ppmw) after electrioelheharging in a solution of 3
pct NaCl + 0.3 pct NeSCN[33].

10%

F —m— N, (E, = 14.9 kJ/mol)
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Trap Density, N; (sites/cm®)
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% Thickness Reduction
Figure 2.2 Calculated reversible trap densityall a function of percent reduction, demonstrati

that strains up to 10 pct greatly increased trap density, whedagions above 10 pc
only slightly increased trap density adapted fromeHal.[22].

Microalloying additions play an important role in producing the desiredostructure and
strength. Alloying elements such as niobium (Nb), vanadiMmand titaniun(Ti) form various
carbonitride precipitates that can act as hydrogen traps. Studyitnggpig behavior of the precipitates
that form because of these microalloying additions is an importanbfpanderstanding hydrogen
induced cracking behavior. In low carbon microalloyed linepipe steelspréi€ipitates are the most
commonly studied in hydrogen induced cracking literature [38,39,56D58]ofibeency of TiC

precipitates plays a crucial role in the hydrogen trapping cha@qgbeecipitates. Coherent and semi-



coherent precipitates exhibit reversible trapping behavior, whereasesnt precipitates act as strong
irreversible traps [23,37]In fact, Wei and Tsuzaki found that incoherent TiC particlesatdivation
energies for hydrogen entry so high that hydrogen could not be trapped at rqueratene [38]Wei
and Tsuzaki postulated that hydrogen is trapped at misfit dislocaties abthe precipitate-matrix
interface of semi-coherent precipitates [57,59]. Takaletshli 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 typgespodites exist around
precipitates through their observation that the measured binding en®Q¢ girecipitates increases
with decreasing hydrogen content [40]. liststudy, 0.05C-0.41Nb-2.0Ni tempered martensitic steel
samples were electrochemically charged for 48 hours to achieve hydatgeatisn, then placed in
vacuum in a spectrometer where the hydrogen desorption rate was medsurg this technique, Wei
and Tsuzaki observed that the apparent binding energy of NbC in a niertarsple tempered at 7@
increased with increasing vacuum exposure time as shown in Ri@j#®]. The authors suggested that
NbC precipitates have trap sites with different binding energiéisough coherency likely plays a role in
this variation in binding energy, the authors did not investigatbdurAs such, further studies into the

effect of precipitate coherency on hydrogen trapping would be beneficial.
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Figure 2.3 Desorption activation energy (binding energy) of NbC traps anoigeydcontent as a
function of time exposed to vacuum. The sample was a high purity 0.a3GH$
2.0Ni steel tempered at 700 jC and cathodically charged with hydrogé8 faurs.
Adaptedfrom Wei et al.[40].



Michler and Naumann proposed that precipitates, when distributed hoetagdy in sufficient

guantities, might decrease susceptibility to hydrogen embrittlgd@lntin their study, steels with

compositions shown in TabR3 were tensile tested at slow extension rates in both a hydrogen

atmosphere and in air. Figu2e4 demonstrates the results of the reduction of area for the vateris

and testing atmospheres. The only steel unaffected by a hydrogen atrmesstee| grade 1.5231, which

has a much higher carbon content than would be desired in linepiptostgeldability.

Table 2.3Chemical Composition of Various Steels Used in Study Conducted byeviend
Naumann [46]

wtpct 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
100 1 I 1 I 1
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Figure 2.4 Reduction of area comparison between various steel grasiés tested in air and.H

gas. Adapted fror46].



Steel grade 1.5231 is a medium carbon precipitation hardened $tegr€etCipitates are on the
order of nanometers in size and of (V, NN type [46]. The other steels in Table 2.3 are low carbon
pipeline steels like those used for the current study. Incredsntatbon content of these pipeline steels
would decrease the weldability necessary for oil and gas appiisaiihe authors attributed the HE
resistance of the medium carbon steel to hydrogen trapping at @essphut did not discuss

microstructural variations at length.

2.4 Microstructural Influence on HIC

The microstructure of high strength low alloy linepipe steels salépending on processing
conditions and alloying. The microstructures in these steels caistooingcicular ferrite, quasipolygonal
ferrite, and polygonal ferrite with pearlite or ba@iB, 6, 8, 9, 13,17 ,45, 61D73]. In addition, secondary
microconstituents such as martensite/austenite (M/A) islamdapgaear in higher strength linepipe
grades. These microstructures vary in carbon content, hardness,lacatidis density, all of which
affect HIC susceptibility [7, 9, 46,74D76]. Other features asadecondary microconstituents, banding,
and inclusions have been found to affect HIC susceptibility [20473, 77, 78]. The presence of
secondary constituents such as martensite/austenite (M/A) isianddso increase HIC
susceptibility[6-9]. Hard bands formed during solidification, such as pearlite baadyec preferential
crack propagation sites, depending on band hardness relative to the bulla§fi] inclusions such as
MnS and oxides can be crack initiation sites depending on theimslzshapdl, 2, 79].

The ferrite morphology can affect HIC susceptibility. A study by Kbédl. investigated HIC
susceptibilities of different ferritic microstructures by vargystart and finish cooling temperatures after
controlled rolling [9]. In this study, ferrite/pearlite morphologieveloped when accelerated cooling
started in the single-phase austenite region and finished at@eciiiesl elevated temperature. The
microstructue wascharacterized as acicular ferrite, which formed upon lowearmntunspecified finish
cooling temperature at the same cooling rate. When the startinggctevhperature was in the two-phase
austenite-ferrite regime and the finishing cooling temperaturdomgsa mixed ferrite/bainite
microstructure formed. The cooling rate for all of these TMRmegiwas maintained at approximately
11 iC/s. In addition, the area fraction of M/A islands inceeasith decreasing finish temperature.
Polygonal ferrite, with equiaxed grains and low dislocation density healdwest hardness. The acicular
ferrite microstructure resulted in higher hardness than the polyfgonat morphology. The
microstructures consisting of ferrite and bainite were the hiaedasined in the study [9]. An important

caveat is that the identification of the ferritic microstruesuproduced by thermo-mechanical processing
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is subjective when using the light optical microscopy techniques eftghoyed. Higher resolution is
necessary to distinguish upper bainite and acicular ferrite sththptesence and type of carbides and
dislocation substructures can be identified. In addition, the agsémat acicular ferrite is the
classification of ferrite present in the microstructure rslftia justify. Acicular, also known as bainitic,
ferrite is defined as containing parallel crystals of fewitd intervening austenite or M/A [80]. In
contrast, quasipolygonal is discussed as containing high dislocatioriefembglocation subboundaries,
and M/A constituents [80]. The latter is consistent with theastcuctures apparent in the study by Koh
et al.and the microstructures in the X60 and X70 steels in the current study

Steels in the Kokt al. study were subjected to the standard HIC test as defined by NACE
TM0284-96A by submersion in a solution saturated wit8 With a pH of 3.5 [81]. The resulting amount
of HIC was measured using both ultrasonic and light optical ntopysto assess crack area ratio, and the
results are shown in Figugeb. Crack area ratio is defined in NACE TM0284 as the total crerafith
multiplied by the total crack width divided by the total specintea $81]. Figure 2.5 demonstrates that
HIC susceptibility vastly increased with hardness in stegtshigh inclusion contents. In contrast, steels

with low inclusion contents showed very good HIC resistance, nealépendent of hardness.
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Figure 2.5 HIC susceptibility (measured as crack area eia)function of inclusion content ar

microstructure. Microstructures are denoted by the following: Fefate, F/AF for
acicular ferrite, and F/B for ferrite/bainite. Microhardnesseases from left to right.
Steels with low inclusion contents demonstrate good HIC resestamereas HIC
resistance of high inclusion contents vastly decreases with secréardness. Adapte
from [9].
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Following the HIC tests, the resulting fracture surfaces weatyzed to determine differences in
fracture initiation and propagation. In steels with high inclusionerdst Kohet al. asserted that HIC
nucleated at clusters of non-metallic inclusions. In the stagidow inclusion contents, fracture surfaces
showed M/A clusters. HIC in steels with polygonal or OacifeitdteO propagated along regions of M/A
constituents and along bainitic regions in ferrite/bainite mixedasiictures [9]. Both M/A constituents
and bainite have the highest microhardness in their respective stieiels the authors suggest is the
reason cracks preferentially propagate through them [9]

Elongated MnS inclusions have long been considered the feature mosedétfifor HICin
rolled high strength low alloy (HSLA) steels. A study by Brown dades found that the aspect ratio of
MnS inclusions was a key factor influencing HIC susceptibility lj1 Jaddition, a study conducted by
Domizziet al. showed that increasing MnS inclusion length can increase HIC simlityd®]. Clusters
of oxides can also increase susceptibility to hydrogen induced bligokirgg [79]. The study by Brown
and Jones observed large planar cracks around clusters of alumicleagpfl}iOne way to reduce the
harmful effects of MnS inclusions is to decrease sulfur (S) ngntich is the reason most of the low
carbon steels approved for sour service today have sulfur contentsale€sd05 wt. pct. In addition,
inclusions can be made less detrimental through inclusion shape cBrawh and Jones found
semikilled steels were less susceptible to HIC than fully kifiezbls due to the formation of lenticular
MnS in semi-killed steels and elongated inclusions in fully ciieeels [1]. In addition, their study found
that limiting inclusion elongation by increasing the ratio of calc{@a) to S increased resistance to HIC.
Although rare earth metals have been successfully used for inclbsipe sontrol, Brown and Jones
showed that rare earth metedated steels were more susceptible than the Ca treated[$teElongated
MnS stringers at the centerline have been shown to greatly de¢fiasesistance, but as cleanliness
practices used by steelmakers continue to improve, the importasielping the effect of large
inclusions on HIC decreases.

Alloying element segregation and banding during the continuous castingpadiesss the
microstructure through the thickness of the plate by impacting theHaod¢nability. The impact of
segregation and banding on HIC resistance was examined by Matsimabio a study that simulated
segregation zones [74]. Sulfur content was kept less than 0.002 titae the effect of large
inclusions. Figure.6a shows that HIC susceptibility evaluated using NACE Standard 8% 02easured
as average crack length, increased with increasing hardness [7Bh&tésearchefsund that
increasing phosphorous levels in the simulated segregation zones driymatiseased hardness as
shown in Figure 216 The alloying elements that segregate most during the continuous castegsr

are carbon, phosphorous and sulfur, but manganese also plays a key rotasirigdocal hardenability

12



at the centerline. Matsumo#t al. studied this localized increase in hardness by conducting hot working
simulation tests on steels with chemistries shown in Tadl§74]. The working temperatures were

varied from 1000 - 900 C for steel 2S, 950 - 800 C for steel 1S1, anB 900 ;C for steel 1S2 as
displayed on the x-axis in Figure 2.7. The resulting microstrusafter hot working were not

specifically discussed. Figure 2.7 shows that decreasing hot workipgtatures increased hardness, as
expected. However, the authors discedghat segregation zones with Vickers hardness values less than
approximately 340 HV did not have significant HIC. In a similadgt Domizziet al. observed that

banding did not affect HIC if the Vickers microhardness of the baaddess than 300 HV [2figh
hardness is commonly cited as the reason for increased HIC siibegtiowever, the reason why high

hardness increases HIC susceptibility has yet to be understood.
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Figure 2.6 (a) Simulated segregation zone sensitivity to HIGuned by average crack length as
function of hardness. Increasing hardness dramatically increaseserg@ivity. In
addition, control rolled steels demonstrated greater HIC susciptibdn QT steels.

(b) Hardness of simulated segregation zone steels as a funcinenealsing carbon
equivalence ¢ and phosphorus content. Increasing carbon equivalency and phosp
content increased Vickers hardness. Note that the hardness of quetaimperd (QT)
materials was much less dependent gya@l P than control rolled stedl&4].
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Despite some aspects of HIC that are not currently understoetistkers have improved HIC
resistance by reducing inclusion contents and minimizing banding. An eweofithe improvements
ArcelorMittal has made to improve HIC resistance in one ofr teeel mills was published by
Nietoetal [4], which discussed continuous casting variables, alloy conternlicless practices, heat
treatments and quality control aspects. The authors asserted ddatnnday HIC resistant steels are
intentionally low in C, Mn, P and S to decrease macrosegregatidncontinuous casting methods have
been developed to control macro segregation. Despite these improvédh@nissstill found in steels with
little chemical segregation arsinall volume fractions of detrimental inclusions, indicating that ittils s

imperative to understand the effect of microstructure on HIC.

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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Figure 2.7 Effect of decreasing working temperature on microhardndsdIC resistance of three

different steels with compositions shown in Table 12.3. The highiesbhardness
resulted from the highest carbon content and, in the steelsowiéin tarbon content, the
addition of P. Note that HIC did not occur below 340 HV. Adapted fith
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29 Proposed Cracking Mechanisms for HIC

The effect of hydrogen absorption, trapping, presence of inclusionsgatgne and hardness on
HIC have been discussed. A complete understanding of how all the afo@medrftictors work togesh
to produce HIC must be created to develop steels that have higheesittance. Examining hydrogen
induced cracking in relatively pure single crystals effectivatypiabtes a large majority of these
variables. Tetelman and Robertson conducted hydrogen charging studiegl@orygstal Fe-3pct Si.
Their results showed that crack propagation due to hydrogen charging eaidisous, as shown in
Figure 2.8 [50, 82]. Their findings indicated that an increase stipldeformation in the form of
dislocation etch pits occurred during crack arrest. They also obseteaddensity of dislocation etch
pits alongside cracks between the high strain locations, whictatedithat these regions accumulated
strain during crack propagation. The researchers proposed that ihtgtnagen pressure increased until
some local fracture toughness in the presence of hydrogen was exetedeidh point the crack
propagated quickly until the internal hydrogen pressure decreased belowhsesheld value and the
crack arrested. This proposal assumes that the rate of hydrofysiodifvas slower than the rate of crack

propagation [5Q]

1 (112} 2

Figure 2.8 Dislocation etch pits surrounding a crack in single crystdlpct Si induced by
hydrogen charging, demonstrating that crack propagation due to internal lydroge
pressure is discontinuo{2].

Some researchers have proposed a two-dimensional model for crackgpi@paxtending from
a circular cavity from a fracture mechanics solution [83, 843hasvn in Figure.9. In this case the
circular cavity represents a circular void around an inclusion. Tégsdnhtensity factor associated with

this geometry is:

_ +
We(Y) 5+ Z] \] A (2.1)
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wherep is internal pressure, is crack lengthR is the inclusion radius, arjid\ ;T_is a geometrical

correction factor that decreases;éts increases. If this model is applied to HIC driven by internal

hydrogen pressure, crack growth occurs wkeexceed¥, the stress intensity above which crack
growth occurs in the presence of hydrogen or wkieexceed¥ if the deformation rates are too high to
activate time dependent hydrogen embrittlement mechank&ims.much smaller thaki., and crack
growth below the fracture toughness in the presence of hydrogen isstditedical crack growth [85]
the diffusion of hydrogen to the plastic zone is also shown in F@r&his type of model has been

used to predict conditions for HIC with good fit with experimergablits [86, 87]

Plastic Zone

Crack Inclusion/Void \

Figure 2.9 Two-dimensional model of a circular cavity with extended crack sulieotenternal
hydrogen pressure. Hydrogen diffusion to the plastic zone ahead of theigiacdhbwn
on the right [83].

2.6 Intergranular Crack Analysis
Many researchers have shown that HIC occurs both transgranularly agdamiéarly [10, 15,
23, 26, 47, 77, 78, 88D93]. To examine intergranular crack propagation mechanis important to
characterize the grain boundary characteristics. Grain boundagidsfaned using five parameters. Three
of these parameters describe the misorientation nitrigcessary to bring two neighboring grain
orientations, represented lddandN;, into coincidence[94, 95]. The other two parameters describe the

boundary plane orientation [26]

d ( N°N (2.2)

There are many ways to represent these five parametersoPiatsrientation angle as a

function of frequency of occurrence, known as Mackenzie plots, areusiéehto examine grain
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boundary character [94]. However, characterizing a grain boundary by onby threefive variables
necessary to define a grain boundary does not consider many of the morexconygihllographic
aspects of the grain boundary. To gain a more complete understandiegyedin misorientations
present in a material, both the misorientation angle and misati@ntixis of rotation must be
considered. Grain boundaries are most often described using an asgleigxivhere the misorientation
angle () is the minimum rotation necessary to bring two adjacent gnaiosoincidence, and the
misorientation axis (fvw) is the direction about which the rotation occurs [97]. Misoagoh angle and
axis pairs are often denoted using the notegifuvwj, meaning a misorientation 8f about a {ivw
axis. This notation will be used in the current work. Therithistion of misorientation axes for a given
material is often displayed on the standard stereographic trianglaterials with cubic symmetry [94]
Misorientation distribution functions (MDF) are often used to regmegrain boundary character,
calculated from data collected using electron backscatterdaiffraEBSD) [94D99]. The MDFs are most
often plotted in either angle/axis space, shown in Figure 2.1Gndrgues-Frank (RF) space, shown in
Figure 2.10b. For angle/axis space, shown in Figui@2standard stereographic triangles are used to
plot multiple of a random distribution (MRD) values for misoriematixes at increasing values of
misorientation anglé,, from 0 to 62.5; for cubic materials. In Figure 2.10a, for exampkered color
represents a high multiple times random value, i.e. more boundatiethis combination of
misorientation angle and axis than predicted for a random distmbutio

Rodriguez-Frank space takes the same parameters used in axspaicglethe misorientation
axis and angle to calculate the Rodriguez veRtavhich is represented in Equation 2.4, wherevis the

unit vector axis of misorientation ahds the angle of misorientation [100]
f ( SLglhij 11D (2.3

The components @t are (1, r, s), and their unit vectors are shown in Figure 2.10b. The shape of RF
space is highly dependent on crystal symmetry. Due to the symmmgligii in cubic structures, the
fundamental zone of RF space, represented as a truncated cubereducbkd to the shape seen in
Figure 2.10b for materials with cubic symmetry. This polyhedrordi8"tthe size of the entire RF
fundamental zone [100]. Sections in the > plane, at constant valuesrafof the RF fundamental zone
are used to represent the misorientation distribution in RF dpatike angle/axis space, the cross-
sectional area of RF space changes with changinglues, as is apparent in Figure Z1RIDFs in

Rodriguez-Frank space are also plotted in units of multiples ofd@madistribution.

17



ry =[001]

— [110]
001 101 r, =[100]
(a) (b)
n
— ‘ r, [100]
r3=0.0000 0.0238 0.0476 0.0714 0.0952
e [111)
r;=[001]
— [110]
r, =[100]
0.1190 0.1429 0.1667 0.1905 0.2143
0.2381 0.2619 0.2857 0.3095 0.3333
(©)

Figure 2.10 Schematics of misorientation distribution functionsubiccstructures for a)
angle/axis space b) Rodrigues-Frank space and c) generic schegmaticstrating
how theri-r, plane changes in size with increasipyalues(color image Bee PDF

copy)

RF space makes identification of low index axes, small mistatien angles, and coincident site
lattice (CSL) misorientations easier [100]. To demonstrase Eigure 2.11 shows projections of cubic
CSL misorientations on the basal plane of RF space, wher@[i00]. In addition to CSL boundaries,
low angle misorientations can be readily identified as clusieas the origin of RF space [100].
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Figure 2.11 Projection of CSL misorientations on to the basal pfaRE space shown in Figure
12.1b, from Randle and Day. The magnitude ofrtreomponent is shown using
different size circles, amdicated in the legenfd 00].

None of the aforementioned techniques characterize the grain bounderyAtalyzing
two-dimensional sections only gives four of the five parameters negd¢esdefine a grain boundary
plane, meaning that the inclination angle of the grain boundary cannadtebeided [94, 96]. In order to
obtain the inclination angle from EBSD data, Sagioal. developed a statistically based stereological
method by which grain boundary plane information can be approximated u&ingextion [96]. The
study defined the grain-boundary plane distribufiffy, n), with misorientation&g, and boundary plane
normal,n, in units of multiples of a random distribution (MRD) [96]. Aftepbabilistic analysis, the
authors concluded that the true boundary plane will occur more often Hiargrplanes if greater than
50,000 or more boundary points are analyzed.[96]

To represent the distribution of grain boundary planes, the authorstohmeethe data on
stereographic projections in units of MRD, as shown in Figure 2H&r&sultant figures are referred to
as grain boundary plane distributions (GBPDs). Similar plots camade for a given axis and angle pair
to understand the tilt and twist character of the boundaries. Tltsefe made for a given axis/angle
pair and thus, it is important to predetermine the angle and axigedst. This can be achieved by
choosing the axis/angle pairs that have the highest MRD in the previdialyjed MDFs.
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Figure 2.12 Representation of the distribution of grain boundary plagesimercially pure
aluminum obtained by Saylet al. plotted in units of MRD on a stereographic
projection, where the (100), (110), and (111) poles are marked wittleddd+0, @-
and triangle, respective[@7].

It is common in studies of FCC materials, such as nicketdbauperalloys, to look at the effect
of special CSLs, such &8s, on cracking. Special low energy coherent twin boundaries, whitl3sua
CSL notation, have particularly low energy and are thus often cornditbebe less prone to
cracking [101]. An example of a study characterizing cracking in arkR@e€rial was conducted by
Zhang and Field on creep damage afckel based alloy [98]. In this study, MDFs of both damaged and
undamaged boundaries were obtained, and angle/axis pairs with high MRB w&both cracked and
uncracked boundaries were identified. A subsequent comparison of tHes@&RPthe researchers to
conclude that coherent twins and pure {111} twist boundaries were daemsggnt [98]. Relating CSL
boundaries to crack resistance is much less common for BCC aisgteawever there are several
examples in literature. One such example was conducted by Leng &htbFferritic/martensitic steel
HT9 [99]. In this study, Leng and Field first identified prevalent angle/axis paikdDFs of both cracked
and uncracked boundaries of HT9 steel after creep testing. TheydlagedcGBPDs at those angle/axis
pairs and determined that boundaries 5 tarbdn " 3s were more susceptible to creep damage than exact
" 3 boundaries [99]

2.7 Influence of Texture on HIC
There have been several studies on the influence of macro and ewiare ton HIC. Many
researchers have observed that HIC has been observed to occur botaritdadgrand intergranularly,
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which has initiated several studies on the influence of macro ad tekture on HIC [10, 11, 13, 17, 47,
77, 90D92)]. Venegas al. conducted multiple studies concerning the effect of macro and nxéseten
HIC susceptibility [10D13, 17]. One study investigated the plasticrdafiem and grain orientation
surrounding HIC in samples of API-5L-X46 ferrite/pearlite lowbcar steel taken from an in-service sour
gas pipeline. The authors observed that cracks appeared intergrastbitgnsgranularly, and the
cracks were found in many regions without pearlite/ferrite iated or inclusions. The authors noted that
the crack ends appeared to deflect toward the radial directiba tip$ which formed an OsO shape.
EBSD image quality (IQ) maps were used to examine stratsfredar the cracks. In a properly prepared
specimen with uniform microstructure, I1Q can be used qualitativedgtermine strain in the

lattice [102]. Regions of plastic deformation between step wise craaksexamined, and an example of
this is shown in Figure 2.13, which is an image quality map tdfavise crack with darkened regions,
indicating plastic deformation and an accompanying schematic dir#ire fields around the crack. The
authors noted the different thicknesses of the strain fieldsfataif regions of the cracks, and the
deflection of the tip of the crack. To determine the origin otthek tip deflection, the crystallographic
orientations adjacent to the cragkreassessed.

0 pm (b)

Figure 2.13  API-5L-X46 pipeline steel removed from service from a sour gas pipelieee (a) is
an 1Q map of a cracked region and (b) is a schematic illustrattire strain gradients
near the crackfd 2].

To understand the impact of local crystallography on HIC propagation, \eetsaexamined
the relationship between the crack plane trace relative tolthgyrdirection [13]. To achieve this, the
authors mapped the crack trace onto a pole figure shown in Figure Bdré, RD is the radial direction
and CD is the circumferential direction of the pipe. In Figure,2titsolid line represents the trace of the
crack, and the authors also plotted the traces of the clogeandlicleavage planes. It is important to note
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that these cracks are assumed to be perpendicular into and ouR&H-DB plane. Figure 2.14
demonstrates this technique for Grain 1, labeled in the accompanyargiascelectron micrograph. The
authors concluded that because the closest slip plane is closeittace of the crack than the closest
cleavage plane, Grain 1 plastically deformed by a shear mechaitlsinacture occurring by the
hydrogen enhanced localized plasticity mechanism often cited in hydrodpeittlerment research [12]

In contrast, the trace of the crack in Grain 2 in Figure 2.tlbsest to the nearest cleavage plane rather
than the nearest slip plane, which could indicate that no p&istio occurred prior to crack propagation.

Grain 1 RD Grain2 RD
A
0,1,0) |

[-1,1,1]
-l - »

== | CD

»
-““
=’

(-1,-2,1)
.

Legend:

Trace of the crack

----- Trace of the closest slip plane
] Pole of the closest slip plane
n Pole of the slip direction

........ Trace of the closest cleavage plane
A Pole of the closest cleavage plane

Figure 2.14 A stereographic projection relative to the samplegdiRD) and circumferential
directions (CD) is shown at the top, with associated legetitetoght. In Grain 1,
Venegat al.demonstrate that the closest trace to the crack tracd f tha clsest
slip plane, whereas in Grain 2, it was concluded that the defamoccurred by
cleavagd13].

In a separate study, Venegdsal.studied HIC in an API 5L X52 pipeline steel rolled at different
temperatures to impart varying textures [17]. The warm rolled lssnyere finished between 600 and
800 jC, developed strong {111}ND fibers, and were far less suscepiibléC than the hot rolled and
cold rolled samples. The hot rolled samples either had closadom textures or textures with a large
amount of {001} ND oriented grains, which the authors asserted were much moepshbk to HIC.

The authors postulated that the presence of the {IND}fiber in the warm rolled samples allowed for
larger accumulation of plastic deformation during crack growth, slowsxck@rowth. They contrasted
this with the {001}! ND oriented grains that allowed transgranular crack propagation deEmgge
planes [17]
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In the same study, the authors also examined grain boundary chavadsess the crack path.
Boundaries were classified as high angle, low angle or any coinsiteefdttice (CSL) boundary less
than" 29 to assess how susceptible each one was to HIC. The auth@ssegpthat CSL boundaries did
not occur with a high enough frequency to be of relevance for the shalthss only investigated
random high and low angle (<15; misorientation) boundaries. The autharsetisd that the HIC
stricken samples had a higher number of cracked high angle boundarigsttteanverall as-received
microstructure and a lower number of low angle HIC stricken boundaaesn the overall as-received
microstructure [17]. Although the authors frequently discuss the sssatiated with cracking, the
relationship between this strain and low or high angle boundary afraisobt discussed.

Mohtadi-Bonalet al. also conducted numerous experiments on hydrogen induced cracking in
pipeline steels used for sour service [47, 66, 77, 78, 90D93, 188]ehrly study, the group investigated
HIC susceptibility at different depths relative to the sw@fi;mcan X70 alloy [15]. Cracks were observed to
occur most often at mid thickness, which is a common observattbrsifield of study. The group
conducted hydrogen permeation tests and found that the center layer loackidydrogen
permeability. The authors allege low hydrogen permeability was dubigher density of hydrogen
traps, although a specific quantification of the location and numbkesé traps was not provided in the
article[15]. To assess the effect of local crystallographic orientaticeraxking, the group conducted a
qualitative analysis of the cracked regions using IPF maps. The swattegre that cracking initiates in
grains with {100}! ND orientation and arrests at grains with {116ID, {112}!!ND, and
{332} !'ND [15]. The group also assessed the fraction of CSL boundaries irfférerdilayers of the
steel and compared them to the fraction of CSL boundaries found h®ogtk path. To do this, the
authors made large EBSD scans with a single crack running througéntiee of the scan region and
evaluated all boundaries in the scanned region. The result of this pecethat many non-cracked
boundaries were counted as boundaries susceptible to damage, which wregikdveed the comparison
to the as-received samples. The fraction of low angle boundarsee®wer near the crack path than in
other non-cracked regions that were assessed [15]. The authostwitied like that by
Venegaset al. [11] to justify the assertion that the lack of low angle boundan@eased HIC
susceptibility in the local region of the crack path.

Local texture was assessed in a different study conducted byd#8laaabet al.on HIC in API
5L X70 steel using inverse pole figure maps obtained using EBSDI[B&]group did not observe any
grain orientation that appeared to be more HIC susceptible. Indhks the authors also used the EBSD
data to assess Taylor factor [91]. The reference direction osadculate the Taylor factor values was
not cited. In addition, many HIC researchers believe that intdmydrostratic, hydrogen pressure causes

the HIC phenomenon, as no external load is applied. Thus, the loadiegasomplex than unizi
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tension, though the role of grain orientation on ease of slip is atjalieinteresting way of evaluating
HIC damage. In a separate study, the group produced additional datancanGSL boundaries in X70
steel and did not notice any particular trends.[92]

Texture was specifically analyzed by the same group in a diffstedy of APl X60 and X60SS
steels, which the authors explain are HIC resistant and nomddi&€ant grades [103]. The steels have
different compositions, and thermomechanical processing routesotedlsscussed. The steels were
charged with hydrogen using a cathodic charging technique and subsequently aialyzsshterline
with respect to plate thickness was the focus of the investigasdhis where much of the cracking
occurred. The frequency of CSL boundaries with respect to cracksmgssassed in this study. The
authors mentioned that the highest fractioh bf," 11b and' 29a were observed in undamaged regions
in the HIC tested X60 steel. Much like in the previous studyag unclear if undamaged boundaries in
the vicinity of cracks were counted as boundaries vulnerable to damagettag proximity to the
crack[91].In a separately reported study, the group assessed the xbged gedjacent to cracks in tlees
two steels and found a higher number of <1IND grains in the HIC resistant X60SS than in the X60.
The authors alleged this to be the reason for the increased Hdtames of the X60SS grade [77]

2.8 Previous HIC Research Conducted at Mines
This research is a continuation of the work done by Garrett AngusIi@]portions of work that

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

2.9 Experimental Methods and Materials
Angus conducted studies on four different steel alloys using twaetiffeharging methods [18]
The chemical composition of the as-received plate steels is shovable 2.5. All the steels are low
carbon microalloyed linepipe steels with variations in compositiortr@rchomechanical processing.
Grades X52 and X60 are grades that have been approved for sour servidecusas X70 and 100XF
are not. The mechanical properties in the transverse directtbe as-received plate steels are shown in
Table 2.6.
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Table 2.5 Chemical Composition of As-Received Plate Steels pct [18]

wtpct 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 D 0.09
X70 0.050 1.59 0.3 0.01 0.26 0.013 0.066 0.005
100XF 0.046 1.8 0.21 - - 0.018 0.070 0.084
wtpct 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 0.09 0.026 0.0081 0.003 0.010 0.01 -
100XF 0.3 0.031 0.009 0.002 0.008 - -

Table 2.6 Mechanical Properties in Transverse Direction oféceiRed Plate Steels [18]
0.2% Offset Yield Tensile Strengtr

Material g ongth MPa (ksi  MPa(ksi) ' 919
X52 405 (58.7) 480 (69.6) 086
X60 515 (74.7) 585 (84.8)  0.88
X70 465 (67.4) 595 (86.3)  0.78
100XF 724 (105) 804 (117) 0.9

The microstructures of the X52, X60, X70 and 100XF are represenligtitioptical
micrographs in Figure 2.15. The X52 microstructure, shown in Figlilka2consists largely of polygonal
ferrite with some pearlite. The X60 (Figure 2.15b) and X70 (Figut&) materials cosist of
quasi-polygonal ferrite with some secondary microconstituents assarhedvi/A. The 100XF steel,
shown in Figure 2.15d, is finer and could have regions of bainiti¢femid quasi-polygonal ferrite. The
exact thermomechanical processing steps that these alloys have undergir@own.

Angus used two different hydrogen charging methods. The standard NACE TMG284 t
Solution A was conducted courtesy of Evraz [81]. This test utiliz&sgas, and requires extensive safety
precautions. In lieu of obtaining such a set up in a smaller kabprsetting, cathodic charging was used
to test pipeline steels for HIC. Angus established an eleatralyarging procedure. The test was
conducted in a 1 norah H,.SOy solution with the addition of 20 mg/L of 4S8z to act as a hydrogen

recombination inhibitor. The exact testing parameters can be fominsO thesis [18].
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Figure 2.15 Light optical micrographs of the as-received matestiadied by Angus [18]. (a) X52
(b) X60 (c) X70 and (d) 100XF etched with 2 pct Nital.

2.1a Inclusion Content
Angusassessethe inclusion content of all four steels, but only the X52 and X70ssteklbe
discussed here. Inclusions were analyzed using Automatic Featalgss (AFA) conducted by
Nucor [18] Figure 2.16 and Figure 2.17 are ternary diagrams for sulfide anithalwngontaining oxide
inclusions from the X52 and X70 steels, respectively. Figure 2.16 ghatwnost inclusions in the X52
steel are not MnS rich. The inclusions in the X70 steel vary maech im composition, and may include
MnS inclusions.
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(@) (b)

Figure 2.16 Ternary diagrams from the X52 steel developed using dde#tesy of Nucor for (a)
Al-Ca$S and (b) MRCaS type inclusions from the M.S. thesis of Angig].

(@) (b)

Figure 2.17 Ternary diagrams from the X70 steel developed usingcéfidesy of Nucor fofa)
Al-Ca$S and (b) MRC&S type inclusions from the thesis of Anqi8].

2.11 Hydrogen Uptake
Angus used the LECO™ analysis technique to determine the amount obilelyeand
irreversibly trapped hydrogen after cathodic charging. Figure 2.18 showesthes of the study, where
Figure 2.18a indicates the amount of diffusible (i.e. reversibpped) hydrogen, and Figure 2.18b
indicates the amount of irreversibly trapped hydrogen, both as a functeackflength ratio. Crack
length ratio is defined as the total measured crack length dividie bgtal sample length [81].
Figure 2.18a shows that the crack length ratio (CLR) does not seonath increasing amount of
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diffusible hydrogen or strength for the X52, X60 and X70 steels. AlthoughOF steel has the
highest CLR and the highest amount of diffusible hydrogen, these trendsobblel correlated with

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

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

indicate that irreversibly trapped hydrog#id not directly affect the extent of HIC damage.
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CHAPTER 3 !IEXPERIMENTAL DESIGN AND METHODS

3.1 Experimental Design

The goal of this study was to evaluate the microstructure in thetyiof HIC in high strength
linepipe steel and determine the influence of grain structure Grpkipagation. An additional goal of
the study was to compare crack interaction with the microsteitom cracks generated from both the
NACE standard TM0284 and the cathodic charging technique developed by AngRE|[18he current
work examines the microstructure in the vicinity of crackindenX52 and X70 alloys charged by
Angus. The X52 alloy was chosen to investigate the microstructetardehat allow its HIC resistance
to meet standards for sour service, and the X70 alloy was chosempare crack interaction with the
microstructure of a higher strengtieel The samples weffest examined visually for macroscopic crack
location, and documented by use of a DSLR camera. Then, the mictost was assessed by light
optical microscopy (LOM), secondary electron (SE) micrographs, baitks electron (BSE)
micrographs, and EBSD. The samples examined in the current stuelghveeged with hydrogen and
sectioned during the study conducted by Angus. The relevant details enbates Section 3.3.2. The
goal of the current study is to further characterize the miciste 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 theafi@k Angus. The
chemical compositions and relevant mechanical properties are ghdahle 3.1 and Table 3.2
respectively. Both steels are low carbon microalloyed linepipé 382 is approved for sour service and
consists of equiaxed ferrite and pearlite, while X70 is not appriovesbur service [18] and consists of
non-equiaxed highly substructured ferrite with some secondary maetansienite (M/A) regions. The

microstructures are discussed more in depth in the resulisrsect

Table 3.1 Chemical Composition of As-Received X52 and X70 Ptagts3n wt pct [18]

wtpct 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 -
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Table 3.2 Mechanical Properties in Transverse Direction oféceiRed Plate Steels [18]

0.2% Offset Yield Tensile Strengtr

Material o ongth MPa (ksii  MPa(ksi) 1919
X52 405 (58.7) 480 (69.6) 086
X70 465 (67.4) 505(86.3)  0.78

3.3 Experimental Methods

3.3.1Characterization of As-Received Microstructures

The as-receive(AR) microstructures of the ND-RD plane were first assessed u€iMy The
ND-RD plane was chosen to match the planes sectioned after hydhaggmg conducted by Angus.
The samples were etched with 2 pct nital to reveal the nigobgre for light optical micrographs.
Inclusions present in the microstructure were assessed usingfatdtiergy dispersive spectroscopy
(EDS) detector, BSE detector, and SE detector odE®-7000 FESEM. Samples for inclusion analysis
were prepared using standard metallographic procedures and vibropolishe@l@@ipm colloidal silica
suspension for several hours.

EBSD was sged to assess the boundary character of the as-received mitwostruc the RDFD
plane. The samples were mounted in Bakelite”, ground and polishkquo grit using standard
metallurgical procedures, and vibro-polished using 0.02 um collalda suspension for several hours.
EBSD patterns were obtained using both a JEOL-7000 and an FEI HahotaN 600i field emission
scanning electron microscope. EBSD scans were obtained usingeeraiony voltage of 20 kV. The
step size for the EBSD scans was varied and will be spoifien necessary. Mackenzie plots and
misorientation distribution functions were created using MIMnalysis for the AR alloys using only
data with 0.2 confidence indekk) or greater.

Secondary electron micrographs were used to assess thediienff M/A constituents in the
asreceived (AR) microstructure for comparison to the line fraaioll/A along cracks. An illustration
of how this process was achieved is shown in Figure 3.1. A byprodin wibiropolishing same
preparation step is a light etch of the carbon rich regions.ligihit etch, combined with a relatively short
working distance of ~9.5 mm, was used in combination with a &€tde in the JEOL 7000 FESEM to
image the M/A microconstituents. This polishing procedure was clov@erconventional etching with 2
pct nital, because the 2 pct nital etch results in large amotitdpographical contrast that can overpower
the subtle contrast necessary to resolve the M/A microconstitBsususe a majority of the cracking
observed in X70 occurred at the centerline, the line fraction of ddfstituents was also inspected
within a region 5 um above and below the centerline in the as«elc¥70. Line segments that

intersected regions identified as M/A were measured, and #iéGk length over the total line length
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was calculated. Twenty micrographs were obtained from the deategbjion, resulting in approximately
1,900 pm of total line length assessed.

Figure 3.1 Secondary electron micrographs of AR X70 obtained from vibsh@dlspecimens
demonstrating the procedure used to measure M/A. The regions outlisladk
indicate M/A constituents, and the dashed white lines represeiriehengths
measured using ImageJ.

3.3.2Hydrogen Charging Methods Conducted by Angus

Specimens were machined for hydrogen charging from the X52 and X7Cagdegplates to a
final dimension of 20 + 3 mm in the rolling direction, and 100 + 3 mthe transverse direction as
shown in Figure 3.2. The samples remained the full as-recdiigahéss in the normal direction, which
was approximately 19 mm for the X52 alloy and 12.7 mm for the X@@.alldditional descriptions and
illustrations are available in the thesis of G. Angus [18]. Sdietion used for these tests was Solution A,
a sodium chloride, acetic acid solution saturated with hydrogedeglés [81]. Test specimens were
submerged in the aforementioned solution at ambient temperature asdrer®r 96 hours [81]. The test
was conducted courtesy of Evraz North America at their Resaadcbevelopment facilities located in
Regina, Saskatchewan. After testing, the charged specimensestioned every 25 mm along the
ND-RD plane to reveal cracks running along the rolling directionh@srs in Figure 3.2.
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Figure 3.2 Schematic demonstrating the orientation of the faedgzad in this study, as

sectioned by Angus, with the cracks running along the rolling dired®dn [(L8].

The same sample dimensions used for the NACE standard methodsedrfor electrolytic
hydrogen charging. Samples were submerged in 1 norsB&tt atmospheric temperature and pressure
with an addition of 20 mg/L of A®; for 24 hours while a current density of 15 mAfanas
applied [18]. In addition, an argon gas purge was applied at a ftewfra5 cnriymin. Additional
information concerning test parameter choices can be found in the dh€&si Angus [18]After
completion of hydrogen charging, the specimens were cut along the NDaR®egdery 12.5 mm to

inspect for cracking along the rolling direction, as shown in Figwze

3.3.3Crack Characterization

Cracks were assessed using various characterization methodeoomD8LRcameravas used
to record the cracks on a macroscopic scale on polished sampE©LA000 FESEM was used with
an accelerating voltage of 20 kV to obtained backscatter electrds) (BiSrographs of the
microstructure in cracked regions. Samples for BSE were prepsirggl standard metallographic
procedures and vibropolished in 0.02 um colloidal silica suspensioavieras hours.

In order to assess the microstructure in cracked regions, EBSDsgd. Specimens from the
X52 and X70 steels were charged with hydrogen by Angus using both the sta@tard TM0284 and
the cathodic charging methods outlined in Section 3.3.2. The draekeples were mounted in
Bakelite”, ground and polished to 1 um grit using standard metallafgicocedures, and vibro-polished
using 0.02 um colloidal silica suspension for several hours. EB8&rmpswere obtained usieghera
JEOL-7000 or an FEI Helios field emission scanning electron micros&B®D scans were obtained
using an accelerating voltage of 20 kV and a step size of 50 nemt&ion Imaging Microscopy’

(OIM ™) data collection and analysis softwavasused to collect and analyze the data.
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In order to assess grain boundary cracking susceptibility, misor@ntaatrices were calculated
across cracks using a semi-automated method. Cracked regioresedtimtere identified first using
optical microscopy and then correlated to crack-like featurgs@ivalues less than 0.2 in EBSD data.
An example image qualitffQ)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 orientaticnessia crack path was selected
manually; then, the misorientation matrix was calculated autoafigitby the OIM™ Analysis software.
The orientation pairs were taken from points approximately perpendioutlze crack direction less than
1 pum from the crack edge, and 0.2 to 0.4 um apart in the rollirgtdn, examples of which are shown
in Figure 3.3. The misorientation data obtained from this methoel uged to create discrete
misorientation plots angderecompared to the agceived grain boundary MDFs.

ND

LTD_.RD

Figure 3.3 Image quality map from hydrogen charged X52 sample witipaiata with less than
0.2 CI shown in black. Examples of discrete misorientation paicss the crack
width are represented by d¢t®lor imagebseePDF copy).

3.3.4Assessment of Cracking Susceptibility of M/A Microconstituent 70 Steel
Several different methods to determine if cracking occurs prei@tgrationg M/A

microconstituents were considered. Angus identified possible Méfogonstituents that were
approximately 1-2 um in length along the rolling direction using seconésetr@n microscopy, which
has sufficient resolution to characterize M/A that are 1-2rusize [18]. Previous researchers have used
color tint etching techniques with light optical microscopy to redéédrent microconstituents in
steels[104]. Although the theoretical spatial resolution limit of lighticgdtmicroscopy is around 0.2 pm
in the correct media with ideal lenses, this technique could rex b#iciently employed as electron
microscopy to characterize M/A. Because the EBSD data tadleltring the cracking experiments was
taken at a 50 nm step size, the scans had the necessary re$otutiaanalysis. Image quality maps
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were chosen based on strain contrast that would result betweewil/Aigh dislocation density and
low dislocation density ferrite grains. This contrast is highlightegigure3.4a, an image quality map
from a cracked region in a NACE tested X70 sample. To assurhéhaegions of low image quality
were not due to surface contamination, secondary electron microgsaphss the one in Figugedb,
were compared to the EBSD maps. M/A constituents were idehéifielistinct regions of low image
quality around 1-2 pm long in the rolling direction (dark regions in Figuf&) that were not associated
with surface contamination, which appear as bright white spéigime 3.4b. If a region of M/A
intersected the crack in the image quality map, the length oveh wWedwo interacted was measured
using ImageJ. The ratio between the cracked M/A length and therat&llength was then calculated.
Over 1,000 um in crack length was measured for this study.

(®)

Figure3.4 Micrographs obtained from an X70 pipeline steel charged with hydrogenN&CE
TM-0284 [81], where (a) is an image quality map with M/A microdtuestts
identified as distinct dark regions in the map. In additionythiége dashed line is an
example of a crack length measurement taken using ImageJ softwyarbe
corresponding secondary electron micrograph, which was used to enstiaekth@
regions were not a rek of surface contamination.
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CHAPTER 4 :IRESULTS AND DISCUSSION

4.1 Introduction
Analysis of theHIC interaction with the microstructure used macrophotography, light optical
microscopy, SEM, and EBSD on both the as-received and hydrogen chacgestmctures. This
chapter presents the microstructural analysis from the as«edamiaterials, crack morphologies in
samples with HIC after charging, microstructural analysacked regions, and a comparison of the

two charging methods.

4.2 Characterization of As-Received X52 and X70 Microstructure

4.2.1X52

API1 X52 steels typically contain polygonal ferrite and pearkitgure 4.1a is a light optical
micrograph of the AR X52 steel at the centerline of the RD-NDektched with 2 pct nital. The light
constituents are polygonal ferrite and the dark constituents are sgcondaconstituents including
regions of pearlite. The dark bands along the rolling direction in Fiylaeare evidence of centerline
segregation. Secondary constituents with high hardness such as peaditeeen observed in these
regions. Figure 44dis a Vickers microhardness traverse of the AR X52 steel cordtbgtangus [18]

The average hardness value in Figurd4slaround 160 HV, while the highest hardness occurs at 50 pct
thickness (centerline) and is around 200 HV. Although there is evidéoesaterline segregation in both
Figure 4.1a and b, the hardness does not exceed 248 HV at any locHi®handness traverse, which is
the maximum hardness suggested for sour service use by MR0O175 [®]iSherother evidence of
banding in the AR X52 microstructure aside from that shown at titertge.

Figure 4.2a and b are secondary electron (SE) micrographs fromréeagd X52 alloy etched
with 2 pct nital, demonstrating different morphologies of carbdmsecondary constituents. The light,
raised features in Figure 4.2a and b are assumed to be cafbtecause they did not etch as much as
the darker, ferritic regions. Figure 4.2a contains nodules with agpsar to be cementitemellae
alternating with ferritic lamellae. These regions are ative of much of the pearlitic secondary
constituent observed in the X52 alloy. Figure 4.2b contains small anogitar carbon rich regions along
the ferrite grain boundary indicated with white arrows. It is unknibwrese carbon rich regions are
cementite, and it is unlikely that these carbon rich regionsdimeiidentified by the EBSD software due
to their small size. The effect of these secondary micro¢oests on HIC resistance is unknown.

However, their small size would make observing them alongsidela wnéikely.
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Figure 4.1 (a) Light optical micrograph of AR X52 from the centertif the RD-ND plane etche
with 2 pct. rital, and (b) Vickers microhardness traverse conducted by Angus from
AR X52 stee[18].

Figure 4.2 Secondary electron micrographs of carbon-rich secondary constituine as-
received X52 alloy etched with 2 pct nital, where (a) contains\pbes of pearlite and
M/A (b) contains examples of small carbon rich regions along ferrite lgpandaries
indicated with white arrows.
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To examine the location and morphology of the pearlite, EBSD wasas#ehtify both
cementite and ferrite. Figure 4.3a and b are image qualityn{és from the as-received X52 alleith
phase identification colors overlaiRed indicates data points indexed as ferrite and green indicases dat
points indexed as cementite. Figdt&a contains all data points in the set, while FiguBbcontains
black pixels representative of data points with Cl less tharTlete are several cementite-rich regions
shown in Figure 4.3a and b, some as largejas and some regions less thaprh. Comparing the
cementite rich regions in Figude3a toFigure4.3o reveals that data with less than 0.1 Cl are common in
cementite rich regions. The low confidence index values are likelyodmeerlapping Kikuchi patterns
resulting from the electron interaction volume capturing diffragb@atterns from both the fine ferrite and

cementite within these regions.

(@) (b)

Figure 4.3 EBSD image quality maps with phase map overlaid weeiteas been indexed by th
OIM software as ferrite and green has been indexed as cenfatiteludes all data
points while (b) only includes data points with greater than O(td@dr image Bee
PDF copy).

Figure 4.4a is an EBSD image quality map from a location in thé&kBplane in the as-received
X52 alloy with misorientation angle values overlaid. Theresaxeral regions in which a low angle
boundary (LAB), defined as having a misorientation between 2 jarapppears to separate a large grain.
An example of one of these boundaries is highlighted in Figure 4.4& Tavesngle boundaries could
be of interest during the cracking process as dislocations and lowbengldaries have beenagitto
affect hydrogen diffusiarfigure 4.4a also contains an example of a non-equiaxed, more substtuctur

grain. The presence of substructure is indicated by the gradieQswithin the grain and the low angle
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misorientations overlaid in red in Figure 4.4a. These non-equiaxedrusubsed grains are more often
observed in steels with higher strength and thus lower HIC neséstand as such might play an
important role in cracking in the X52 alloy.

Small grains (1 to m) have been cited to affect HIC as the presence of tripléguscgrain
boundaries, and dislocations can affect hydrogen trapping [91]; exampiealb§sins in the
microstructure are shown in Figure d.Eigure 4.4b is a graph of the area fraction of various grain
diameters calculated from the region in Figure 4.4a. The regezhfasgrain diameter calculation is
small and serves largely as a qualitative assessment, ttehestatistically significant quantitative
assessment. A grain was defined as a region with grain boundanyemiation of at least 15In
Figure 4.4b, grains Bm or less make up less than 5 pct of the area fraction, thikil@majority of the

grains fall between 3 and8n in grain diameter.
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Figure 4.4 (a) EBSD image quality map of as-received X52 alitydata pointsessthan 0.2 CI
displayed in black and grain boundary coloring overlaid according to the colodleg
on the left. (b) Grain diameters as a function of area fnadti the area imaged in (a)
(color imagebsee PDF copy).

Another feature highlighted in Figure 4.4a is a grain that has maaydiats with CI less than
0.2, shown as black data points in the area indicated in FigureThgéormula for Cl is shown in
Equation 4.1, wher¥: andV, are the number of votes for Solution 1 and 2 respectivelyiaads the
total number of Kikuchi band triplets available [106]. A more comprebhemnsderstanding of the
indexing process in OIM analysis can be found in various resources ietdraRd coworkers [106, 1Q7]
One possible explanation for the low ClI values in these regiong ihéhaumber of votes for Solution 1
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and Solution 2 are approximately equé&l § V>). This could mean that the software was equally

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

?CO ?7

mn( (4.2)

?01>'8

To understand the grain or phase boundary network that is available fongrddackenzie
plots of the frequency of grain boundary misorientation angle in theas«ed X52 microstructure were
created for both ferrite and cementite and are shown in Figur@ddda, respectively. Ferrite has the
highest number fraction of low angle boundaries between 2 jamisbrientation, where cementite has a
very small number fraction of low angle boundaries as shown in FigelseBloth ferrie (Figure 4.5a
and cementite (Figure 4.5b) have low number fractions of boundarie§ with§ misorientation. In
addition, both ferrite and cementite have a high number fraction of beesdath 35 to 50 degree
misorientation. Figurd.5c and dare 1Q maps with various ranges of misorientation angles overlaid for
ferrite (Figure 4.5c) and cementite (Figure 4.5d) to visualize the locativarious boundaries in the as-
received microstructure. Just as the Mackenzie plot in Figuresddegests, the majority of the boundaries
with 2 to 5§ misorientation are in the ferrite. The 2 forbisorientations take the form of both low angle
boundaries and scattered regions within grains with low confidence imé&gure 4.5c. It should be
noted that regions rich in 2 tq Bisorientations were associated with low Cl. There lagasmall
amount of boundaries with 35 to 62rhisorientation in Figure 4.5while the boundaries associated with
cementite are largely 35 to 62.@isorientation as shown in Figutexd.

A misorientation distribution function (MDF) in Rodrigues-FranlE{Rpace was created for the
boundaries in thasreceived X52 materiagsshown in Figure 4.6, to analyze the misorientation axis and
angle of grain and phase boundaries that occur frequently in the AR X&&ah&igure 4.6, and all
MDFs shown subsequently, are in units of multiples of a randonibdistm (MRD), where values
greater than one indicate conditions observed more frequently than waxgddmted from a random
distribution [97]. The MRD values can be interpreted using the legethe taght of the MDF in
Figure 4.6. For instance, red regions indicate maxima that ocduMRD around 12.5. The red regions
in Figure 4.6 occur in the region of RF space correlated to rarmemrgle boundaries, indicating that
there are more low angle boundaries in the as-received X52 mictostrtitan would be expected in a
random distribution. It is worth noting however, that regions contathiedpw angle (2 to§ are also
associated with low CI as shown in Figure 4.4a. As was distus§thapter 2.6, RF space can allow for
easer identification of special boundaries. The regions identifiedFrspace with the highest MRD

values will be discussed in terms of their respective axis mglé gairs and termed OspecialO boundaries
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or SB. The next highest value in MRD appears around 5.4 in a régiois hear a 27.79"<111>

boundary. There is also a region with 3.54 MRD near a'6Qj11> boundary
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Mackenzie plots of misorientation angle as a functiooraber fraction in the as-
received X52 alloy for (a) ferrite and (b) cementite. EBSDgienquality plots with
grain boundary misorientations overlaid per the lower legend for (dgeferith
black data points indicating cementite regions and (d) cementhelack data
points indicating ferrit¢color imagebsee PDF copy).
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Figure 4.6 MDF in RF space for the as-received X52 alloy wthereontour map is colored by

multiples of a random distribution per the legend in the upper (tghtr image Bee

PDF copy)

Figure 4.4 isan image quality map of the as-received X52 steel with 27:%311> and

60j ""<111> boundaries overlaid in red and yellow, respectively, and Figlivesdan IPF map with data

points less than 0.2 ClI shown in black. The special boundaries éxamlsmorphologies, which are

indicated in Figuré.7a. A region dense with special boundaries occurs in the upper leshrefjFigure

4.7a and can be correlated to the region containing cementite ie BiguiGrains that contain

27.79 ""<111> are correlated with low CI values in Figure 4.7a and blyl_&stger grain boundaries

between two ferritic regions can include either 27:79111> or 60i"<111> characteas indicated in

Figure 4.7a.
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Figure 4.7 Micrographs from the AR X52 alloy where (a) is amip overlaid with 60}"<111>
boundaries overlaid in yellow and 27;79<111> boundaries overlaid in red. (b) IPF
map with data points with <0.2 CI show in blgcklor imagebsee PDF copy).

4.2.2X70

The as-received X70 steel contains a mix of non-equiaxed, highlysttosed ferrite with M/A
microconstituents. Figure 4 a light optical micrograph of the AR X70 steel etched with 2hjtat at
a random location in the RD-ND plane. Some centerline bandiqpp@&ent at the magnification used in
Figure 4.&.Figure 4.8b is an I@hapfrom the RD-ND plane in the AR X70 steel that allows foieras
identification of microstructural features. Figure 4.8b contain®warsizes and morphologies of fegr
that formed as a result of TMP. Although the exact TMP reganthé X70 steel is not known, X70
steels are generally first hot rolled above the temperaturefoecrystallization to increase ferrite
nucleation sites and reduce the final grain size; then, they magcbkerated cooled. Substructure in the
ferrite could be a result of thermal strains or finishing rolimthe intercritical two phase field. In
addition to large substructured grains much larger tham Rhere are also small ferrite grains on the
order of 1 to 2um. The dislocations and low angle boundaries present in the substaauidellow for
increased diffusivity of hydrogen, and the dislocations and fine grairtsige increase hydrogen
trapping, both of which could influence HIC.
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Figure 4.8 (a) Light optical micrograph of AR X70 from the RD-ND plane (b) IQ rograph
from the AR X70 steel from the RD-ND plane demonstrating varizes sind
morphologies of ferrite grains.

Figure 4.8a demonstrates the intermittent regions of dark banding ARtX& 0 steel through the
plate thickness. These banded regions are a result of microsegregatng solidification and
subsequent rolling. To understand the effect of these banded regions ondyardfiekers
microhardness traverse of the AR X70 steasconducted by Angus, the results of which are shown in
Figure 4.9 [18]. The average hardness value in Figure 4.8 is around 24@H#8light variation through
the thickness. Unlike the X52 steel, the highest hardness vale AR X70 steel does not occur at the
centerline, but rather occurs at other locations in the platentss HIC susceptibility is expected to
increase above 248 HV hardness, but just like the X52 alloy, then® aegions in the X70
microstructure that exceed 248 HV.

Similar to the analysis performed for the X52 steel, EBSP wed to examine the location and
morphology of cementite in the AR X70 steel. Figure 4.10a and BE®® micrographs obtained from
the as-received X70 steel indicating the ferrite and cemgmétent in the microstructure. Figure 418
an image quality map with ferrite in red and cementite inrgvéth all data points displayed, while
Figure 4.10b is a phase map with data points with less than 0.2 Qi #ht¥ack and cementite rich
regions circled in white dashed lindhe cementite rich regions in Figure 4.10a are light in greyscale
image quality maps, which indicates high image quality. If éiggons were rich in defects and interfaces
like would be expected in martensite containing regions, the iy would be low. The high image
quality would seem to indicate that the regions rich in cemearét@ot M/A constituents. Much like in
the X52 alloy, the regions that appear to be rich in cementiteane likely to have a higher density of
low confidence index points than the ferritic regions in Figure 4.T8& low confidence index values
could be a result of pattern overlap due to small cementite paréidjacent to ferrite. Figure 4.10b
indicates that when data points with less than 0.1 CI are reintineecementite rich regions are much
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smaller and occur on or near grain boundaries. The cementitegiongeould be regions with a high
density of FeC carbides. Jacobs observed cementite precipitates in quasi-poliggaterains in an

X70 steel grade using SE and transmission electron microscopy [flb#].AeC carbides are present in
these grains, the carbides are likely smaller than the ititeramlume of the electron beam and as such
it should be noted that each green data point does not represent atuadgvecipitate. Figure 4.10c is a
SE micrograph of an AR X70 sample etched with 2 pct nital wititenarrows indicating the light carbon
rich regions in relief. Much like in the EBSD phase maps gui@ 4.10a and b, carbon rich regions occur
along grain boundaries in Figure 4.10c. In addition to cementite segautetituers, Al-Jabralso

observed retained austenite constituents in an X70 alloy [16].
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Figure4.9 Vickersmicrohardness traverse conducted by Angus from the AR X70[$&el
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(d)

Figure 4.10 Micrographs of as-received X70 alloy. (a) EBSD imadéyoeap with phases
overlaid, where red indicates ferrite and green indicates remidesed as cementite.
(b) EBSD phase map with data points with less than 0.2 Cl maskeldek and
cementite rich regions outlined in whi(g) SE nicrograph etched with 2 pct nital witl
white arrows indicating carbon rich regiofsolor imagebsee PDF copy).

In addition to understanding the phases present in the steel saitiplgaportant to investigate
the types of boundaries available for hydrogen transport and cracking. Fijlmestan image quality
map with boundary misorientations overlaid, and Figure 4.11b is arsenpete figure map with data
points with less than 0.2 CI shown in black to allow for edsdentification of grain boundaries. Much
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like what was shown in Figure8b, Figures 4.11a and b indicate that the X70 containsdood
equiaxed grains around 1 opth and larger (8 to 1@Am in diameter) elongated grains with several low
angle boundaries having 2 tojlfhisorientation as shown in Figure 4alA large region composed of
grains with similar orientationts highlighted by dashed lines in Figures 4.11a and b The dashed shape
highlights a large region with TD parallel to the <101> directaomd the corresponding dashed shape in
Figure 4.1 contains a range of misorientations from 2 toj180hese regions composed of grains with
similar orientations are not as prevalent in the lower strexghalloy. The boundary misorientations
from 2 to 1% within these regions could be of importance during cracking, as aliglos and boundary
structures play a role in hydrogen trapping or provide a path for crack ptiopadégure 4.11¢s a
graph of the area fraction of grain diameters from Figure 4.11h apdo 12um; most of the grainare
from 1 to 6um in diameter, and some grains are as largepes B diameter. Much like for the X52
alloy, grains were defined as regions with greater thamii&orientationln comparison to the as-
received X52 alloy, the as-received X70 alloy has a smaller grgrasd more substructure within
grains, both of which could contribute to a difference in hydrogen ini@naeith the microstructure.
Figure 4.12a is a Mackenzie plot of misorientation angle as adanztinumber fraction present
in the as-received X70 microstructure. Only data points with@dhf#idence index or greater were
considered for the Mackenzie plot in Figure 4.12a. Boundaries watlbji2niisorientatiorarethe highest
number fraction of boundari@s the as-received X70 steel. Figure 4.12b and c are image quapty, m
with all data points included, from the as-received X70 alloy with bayrdesorientation (Figure 4.12b
and phase identification (Figure 4.12c) overlaid. Figure 4.12¢ has besaniad in this document
previously as Figure 4.10a, but is repeated again in Figure 4.12zstopécomparison to Figure 4.12b.
Figure 4.12b is an IQ map with misorientation angles overlaid @cocpto how often they appear in the
Mackenzie plot in Figure 4.12a. The misorientation angles are binted to 5, 5 to 25, 25 to 45, and
45 to 62.5 in Figure 4.18. The large length of boundaries from 2 jondisorientation are apparent in
both Figure 4.11a and Figure 4.12b, which are both IQ maps with boundamyentations overlaid of
the same region of AR X70. The low angle red boundaries appear giénns and appear to be sub-
grain boundaries in Figure 4.12b. There is a small peak in misgti@nangle in Figure 4.12a near; 30
misorientation; these boundaries are included in the light blue daits poFigure 4.12b, which
represent boundaries with 25 toj4bisorientation. The regions that appear to be rich in cemantite
Figure 4.12c largely correlate to the regions with 25 fjomiSorientation, including boundaries neaf 30

misorientation. In addition, the regions rich in cementitdarein confidence index.
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Figure 4.11 (a) Image quality map of as-received X70 alloy wity dala points greater than 0.2
Cl displayed and grain boundary coloring overlaid according to the legéimel feft.
(b) IPF map of same region with points less than 0.2 Cl displayaéck. (c) Grain
diameter as a function of area fraction using the area imagagi(color image Bee
PDF copy).

An MDF in RF space was created for the as-received X70 iaagsshown in Figure 4.13. The
red regions in Figure 4.13 indicate maxima that occur with MR&bofit 24 and are near a 43<6.00>
boundary. The next highest value in MRD appears around 8.3 in a regi@gribat a 316!<110>
boundary. There is also a region with 4.9 MRD that is near!é<d;j1> boundary. Using the OIM
software, the number fraction of each of these special boundathes as-received X70 microstructure

was calculated using only data with CI greater than 0.2. Loda@l points occur frequently at
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boundaries where Kikuchi diffraction patterns of different orientati@rlap. As such, removing low CI
data could reduce number fraction for a given boundary type. Brandonfmanits used as the
threshold for defining boundaries that can be considered as having ttie spésfangle pair [101]
BrandonOs criterion is defined in Equation 4.2, whésghe maximum degree of deviation from
coincidencek, q rs & and#is the reciprocal density of common lattice points in coincidiatattice
notation [101]. BrandonOs criterion was used automatically by*ONdalysis for the calculations,
despite only applying to systems that can be described using CSlomgatatiboundaries between two
cubic structures. The degree of deviation calculated using (4.2 fthréeeboundaries with the highest
MRD in the MDF are 2.8i2.9, and 8.7j for the 43j6/100>, 31.6 110>, and 31.6'<110>
boundaries, respectively. The boundaries with a high MRD in the W€ 60j!! <111> at 0.059,

43.6 '<100> at 0.0029, and lastly 31.8<110> at 0.00049, all in terms of number fraction. In contrast,
when the boundaries are calculated using all data points, the nuatiemns were 60§l <111> at 0.011,
31.6 '<110> at 0.007, and lastly 43.8<100> at 0.099.

K (koA FCY7 (4.2)

The location of the special boundaries with high MRD can be visdalig@g mapping
capabilities in OIMM Analysis. Figure 4.14 includes an 1Q map with special boundavitaid per the
legend on the left (Figure 4.4¥4and an 1Q map with phases overlaid (Figure 418igure 4.14b has
been presented previously in this text, but is shown again for easepérison to other micrographs in
Figure 4.14. The most prevalent special boundary in Figure4s48.6 '<100> , which accounts for
nearly 10 pct of the line fraction of boundaries, or 1.3 mm of toilléngth. The regions rich in
43.6 '<100> boundaries in Figure 4.14a largely correspond to regions richnentiée in Figure 4.14b,

which have already been discussed to have lower CI.
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Figure 4.12
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(a) Mackenzie plot of misorientation angle as a funofiaumber fraction in the
micrographs in (b) and (c). (b) Image quality map with boundary migatiens
overlaid per the legend to the left. (c) Image quality map fronagheceived X70
with phases overlaid where red indicates a region indexed de #erd green indicate
a region indexed as cementite. This image has been presented prauiGiglye
1.11a but is repeated for ease of comparison tc@yr imagebsee PDF copy).
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Figure 4.13 MDF in RF space for the as-received X70 alloy. Se@&iaboundaries are overlaid
for referencécolor imagebsee PDF copy)

The 43.6 '<100> boundaries all appear within grains rather than betweerféarge grains,
which would indicate that the boundaries are not grain boundaries butasheterphase boundaries
Figure 4.14c is an 1Q map with special boundaries overlaid of the asa shown in Figure 4.14a, but
with only data points indexed as ferrite. Figure 4.14d is ald@ anap with special boundaries overlaid,
but with only data indexed as cementite. Although there are a largend of 43.6 '<100> boundaries in
Figure 4.14a, when boundaries between all data points are calcthatedare almost no 43.8<100>
boundaries present when orfdyrite (Figure 4.14c) or cementite (Figure 4.14d) boundaries are calculated.
The lack of 43.6!<100> boundaries in Figure 4.14c and d indicates that the 43L60> boundaries
could be phase boundaries between ferrite and cementite precifiltanesntite precipitates were
observed in quasi-polygonal ferrite grains in an X70 alloy by Jacobs usiagdSiEansmission electron
micrographs [108]. It is important to note that the RF space ushd previous figures is for cubic
symmetry, while F¢C has an orthorhombic lattice that is represented by a diffieredémental zone
shape in RF space. Thus, the specific axis/angle misorientatrsrapsociated with the cementite regions
may not be those shown in the cubic RF space. However, the dtisigaRe provides a tool to indicate

regions in the microstructure dense in boundaries of a specificiemtation.

50



(@) (b)
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Figure 4.14 (a) Image quality map from the as-received X70wsitkespecial boundaries overlaic
per the legend to the left (b) Image quality map with phases werteere red
indicates a region indexed as ferrite and green indicates a ragexed as cementite.
(o) 1Q map with only data points indexed as ferrite wgpacial boundaries overlaid.
(d) IQ map with only data points indexed as cementite with spectaidaries overlaic
(color imagebsee PDF copy).

Inclusions, particularly elongated MnS, have long betdin literature as the most detrimental
feature to hydrogen induced cracking susceptibility. Inclusion shape co@asures by rare earth
element or Ca additions are now common practiceNgHiscussed in Chapter 2.8.2, Angus discovered
MnS, Al-CaS, and Ca-S type inclusions were the most prevalent inclusidhs X70 steel [18]
Backscatter electrofBSE) micrographsSE micrographs and energy dispersive spectros¢apys)
spectra from inclusions with varying chemistries in the aswedex70 are shown in Figure 4.15 through

Figure 4.17 After sanple peparation and vibropolishing, some inclusions appeared to remain intact,
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while some might have partially or fully fallen out. Figure 4.28d b are backscatter and secondary
electron micrographs, respectively, of an inclusion that contaiasdSO per the EDS spectrum in Figure
4.15c. The Si and O containing inclusion is ovepdin diameter and does not appear to be affected by

sample preparation

(a) (b) (€)
Figure 4.15 Inclusion in the as-received X70 st@IBSE (b) SE micrograph and (c) EDS spectr
reflecting the presence of Si and O

Figure 4.16a and b a&E micrographs of two different inclusions with 8laS and C&5
composition type, respectively. These inclusions were chosen éptesented here to refleceth
morphologies and sample preparation response of the most common inchssiessed by Angus.
Unlike the Si and O containing inclusion in Figure 4.15Ah€aS inclusion in Figure 4.16a appears to
have partially degraded during sample preparafibe.CasS type inclusion in Figure 4.b@lid not
degrade during sample preparation. Other inclusions were analyzecethaifiected by the sample
preparation process but are not displayed here; these inclusions abataaréty of elements such as
Ca, Al O, CuandS.

The only inclusion type that Angus observed to be prevalent in his $taidgould not be located
in this study is that of Mn-S composition. Figure 4.17 is an exawipdn inclusiorwith a morphology
consistent witta Mn-S stringer, where Figure 4.17a is a backscatter electron microgndpdma
Figure 4.17b is a SE micrograph. Figure 4.17c is an EDS spewtrdtie regions in Figure 4.17a and b
that does not have the peak intensity for Mn or S that would be eggesin a MnS inclusion. The
elongated morphology of the feature in Figure 4.17 would be detriméatafack formed or propagated
adjacent to it. The fact that some inclusions are removed daingle preparation indicates that

inclusions that may have been detrimental duHi@ may not be observable in cracked specimens.
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(©) (d)

Figure4.16 Inclusions in AR X70 alloy where (a) is a SE micrograph ofielnsion
corresponding to the EDS spectrum in (c), and (b) is a SE of atepaiiusion
corresponding to the EDS spectrum in (d).

4.3  Crack Morphologies

4.3.1X52

Cracks were infrequently observed in the X52 steel. Figure 4.18nstagraph of one crack in
the X52 alloy charged using the NACE Standard TM0284 method. Thepichcked in Figuret.18 runs
along the rolling direction at the centerline of the sample aaldast 2.5 mm long. As was discussed in
Chapter 4.1.1, there was a centerline hardband in the AR X52,diditniot exceed the hardness level for
sour service (248 HV). Figure 4.19 is a series of BSE microgfapinsthe same X52 sample shown in
Figure 4.18. Figure 4.19a is a composite image of many BSE microgsaghsas those shown in
Figure 4.19b and c, stitched together along part of the crack. Therpoftihe crack shown in
Figure 4.19a is nearly 8Q0n 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 oeMgl®a, towards the crack
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center and is aboutpin wide in the normal direction. Figure 4.18c is a micrograph fronnigine side of

Figure 4.19a, toward the crack tip, and is abqutntwide in the normal direction.

(@) (b)

()

Figure 4.17 A possible inclusion in the as-received X70 g@dBackscatter electron micrograph
(b) secondary electron micrograph, and (c) EDS spectra that davethe Mn and S
peaks expected from a MnS inclusion.

Figure 4.18 Photograph of a crack at the centerline of the X52 sahglged with the NACE
TM0284 charging method
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The seven-fold reduction in crack opening from center to crack tipigsie to the X52 alloy of
the two alloys in this study. The increase in crack opening could be due additional plastic work
involved in crack tip opening in the lower strength X52 alloy. Figure 4d&@tonstrates that the crack
branches around the microstructural features that remain afiptespreparationlt is possible that this
branching behavior is commonplace, but not all microstructural feateestained after sample
preparation. Subsequent crystallographic analyses of the crack waireedidtom near crack tige
avoid uncertainty from analyzing regions where the crack width approdhggain size of the AR
material

HIC resistance is often attributed to the absence of inclusions eshdhi@ostructural features.
The hard microstructural constituent in the X52 steel is the e pearlite, so if cracks truly do
follow hard features, pearlitic regions should be more prevalengahe crack length than in the overall
AR microstructureFigure 4.20 is a BSE micrograph of a cracked region near the grankatNACE
charged X52 alloy. Figure 4.20 has regions that appear to containdarokllternating light and dark
grey, whichareassumed to be pearlite. Despite the presence of the hardpnttbeecementite in
pearlite HIC does not appear to have initiated or propagated preferentially thlwicgmentite/ferrite

interfaces.

(@)

(b) (©)
Figure 4.19 Backscatter electron micrographs from a X52 alloy achasgeg the NACE Standard
TMO0284.(a) Low magnification image showing nearly 8ath of crack length, (b)

wide section near the center of the crack shown in (a), and (oywnerack section
near the crack tip i(a).
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Figure 4.20 Backscatter electron micrograph of a crack tip in Nét@Eged X52 showingcrack
propagating transgranularly through ferrite and between pearlitioshioctural
constituents.

4.3.2X70

Cracks were observed more frequeimh metallographic cross-sections of the X70 alloy for both
the NACE and cathodically charged X70 conditions. Figure 4.21 is a phptogf a sample of the X70
alloy that was hydrogen charged using NACE Standard TM-0284. The craigum B.21 is around 10
mm in length in the rolling direction at the centerline. Moghefcracks in the X70 samples occurred
along the centerline but varied in length. As was discussed in CHapt2ithere was no centerline hard
band in the X70 material. Hard bands in the X70 microstructurerecctirough the plate thickness, and
all regions in the microstructure were below the recommended 2484148uch, hardness alone cannot
be the sole contributor to HIC initiation and propagation.

Stepwise features can be seen at higher magnificakiange 4.22a is a backscatter electron
micrograph of about 1 mm of crack length from a cathodically charged ¥&D $he width of all of the
primary crack segments is aroungrh in the normal direction. Secondary crack segments are also
apparent in Figure 4.22&igure 4.22b and c are higher magnification BSE micrographs froordhbl in
Figure 4.22that highlight stepwise cracking and secondary cracking. In fastdifficult to discern
which portion of the parallel cracks occurred first in Figure 4.Z8ke. presence of many secondary

cracks parallel to the primary crack is not observed in the X6g. all
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Figure 4.21 Photograph of a crack at the centerline of the X70 sahglged with the NACE
TM0284 chargingnethod

(@)

(b)
Figure 4.22 Backscatter electron micrographs of a cathodically chdiffespecimen at (a) the

lowest magnification with almost 1Q@m of crack length shown, (b) higher
magnification demonstrating stepwise cracking and secordacks
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4.4  Cracked Boundary Analysis

4.4.1X52
The X52 alloy, hydrogen charged using NACE standard TM-0284, was analsingathe

methods presented in Chapter 3.Figure 4.23 shows the misorientation angle profile in a Mackenzie
plot for both the as-received and the cracked boundaries of NACH ¥s?especimens. The
misorientation angles that have the highest number fraction in baéistteeeived and hydrogen cracked
boundaies are the low angle boundaries with less than 15j misorientatior33l®60; boundaries are
as prevalent in cracked regions as in the as-received microstrugtumdaries with misorientation
angles from about 5 to 25j occur at a higher number fraction in craegeuhs than in the as-received
microstructure. In addition, there is a peak in the as-receiisatientation angle profile between 25 and
30i, which does not appear for the cracked boundaries. Figure 4.23 couddantet boundaries with 5
to 25 misorientation are more susceptible, while boundaries bet®feand 3 misorientation are less
susceptible. As was discussed in Chapter 4.1.1, boundaries fran335misorientation are associated

with regions that contain cementite, implying these regions coulddeestible to HIC.

0.35
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' X52 NACE
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0 10 20 30 40 50 60
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Figure 4.23 Mackenzie plot of number fraction of misorientation arfglethe boundaries in the
X52 asreceived microstructure aratrosscracks in the NACEhargedsamples.

Visualizing the location and morphology of the cracked regions withcegpéhe boundaries
discussed in the Mackenzie plot in Figure 4.23 was achieved udih@\@dlysis. Figure 4.24 is a SE
micrograph of a crack tip from the X52 alloy charged using NACEdstal TM0284 and Figure 4.24b is
the corresponding IPF map with data points with less than GsB&n in black and average

misorientation values across the crack overlaid. The majorityeatriack in Figure 4.24b propagates
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transgranularly with misorientations across the crack betweebj2 There are small sections of the
crack that are intergranular and have misorientations acrossatkebetween 35 and 62.8ccording

the Mackenzie plot in Figure 4.23, misorientations from 2jtor&ck the most, which is interpreted to
reflecttransgranular cracks in Figure 4.24b. In addition, there are nkedraegions with misorientations
from 25 to 3% in Figure 4.28. Overall, it appears that cracks in the X52 alloy largely propagate

transgranularly, with short segments of intergranular cracking.

(@)

(b)

Figure 4.24 Crack tip from the X52 alloy charged using the NACEdatd TM0284. (a)
Secondary electron micrograph correlating to the region in (b) IPRantla Cl <0.2
shown as black data points with discrete misorientation pointa\arege
misorientation overlaidcolor imagebsee PDF copy).

An example of a cracked region further from the crack tip is showhmei SE micrograph in
Figure 4.25aand Figure 4.25b is the corresponding IPF map with average mistideretagles overid
and data points with a ClI less than 0.2 shown in black. Unlikeréok tip shown in Figure 4.24, the
cracked regions in Figure 4.25b do not contain any misorientationsdre®vand § but do contain
several regions between 5 and B&isorientation and many between 35 and g2[8ere are also two

regions that have average misorientations between 25 and@lg8bIPF maps in Figure 4.24 and
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Figure 4.25 both seem to reflect the distribution of misorientanghes shown in the Mackenzie plot in
Figure 4.23.

(@) (b)

Figure 4.25 Micrographs from the X52 alloy charged using the NACEIStd TM0284, where
(a) is a secondary electron micrograph of the cracked region. (IohdBRvith discrete
misorientation points and average misorientation angles ovéetam image Bee
PDF copy).

To examine the axis/angle pairs obtained from the X52 cracking studyatied boundaries
were plotted in RF space and overlaid on the as-received MBRpas in Figure 4.26. Much like in the
Mackenzie plot, there is clustering of damaged low angle boundasigsdathe origin of RF space in
Figure 4.26, which also has the highest MRD. The large amount &kdraoundaries near small
misorientation angles is likely due to the prevalence of transgrasratzking in the X52 alloy. The
special boundaries with a high MRD in the AR microstructure do noaapp®e particularly resistant to

cracking in Figure 4.26, as cracked boundaries appear near all petlia $oundaries that were
identified.
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Figure 4.26 X52 as-received MDF overlaid with discrete misotientangle/axis pairs from
cracked boundaries from both NACE and cathodic chargioigr image 3ee PDF

copy).

Figure 4.27a is an IQ map from an X52 sample, charged using the Sfs@Bard TM0284
method, with 27.79™<111> and 60j"<111> boundaries overlaid in red and yellow, respectively.
Figure 4.27b is an IPF map with the average misorientationstfrewliscrete measurements overlaid. No
data points have been removed from the micrograph shown in Figure 4.2datgbpoints with less than
0.2 Cl were removed from Figure 4.27b to aid in crack identifinaFigure 4.27a demonstrates two
different ways in which the special boundaries are present inithestnucture. One is entire grains rich
in 27.79 "'<111> boundaries, which correlate to regions that have been indexedasiogrdementite,
as was discussed in the AR section. These boundaries aresdgsupe interphase boundaries between
ferrite and cementite.

In contrast, there are some ferrite grain boundaries thatis8leor#3 CSL character. These
regions can be described using CSL notation as they occur betweengtiaith® same crystal structure,
unlike regions of ferrite/cementite interfaces. Examples of #b8t and#3 grain boundaries have been
highlighted in Figure 4.27a. One intersection of the crack with @apg®mundary is highlighted using
black and white dashed arrows in Figure 4.27a. The dashed black adioates the direction of crack
growth prior to reaching thé13b boundary highlighted in red, and the dashed white arrows indicate the
crack growth direction after reaching the special boundary. Prioeétimg the#13b boundary, the crack
propagates intergranularly but appears to change directions and contimggsanularly upon reaching

the special boundary. The large majority of the crack in Figure 4.Z/bataeen 2 and; 5
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misorientation, which is in agreement with the Mackenzieipl&igure 4.23 and is interpreted to be
transgranular cracking. In addition, there is a region of lower iqagkty indicated in Figure 4.27
which could be indicative of plastic strain incurred during crack opertilgpbssible that the presence
of the#13b grain boundary indicated in Figure 4.27a required additional energy forop@ing.
However, because the number fractiodB8b boundaries is low in the AR X52 microstructure, it is

unlikely that they provided a large contribution to the HIC resistanteeoX52 alloy.

(@)

(b)
Figure 4.27 (@) 1Q map with CSL boundaries overlaid from the X6% eharged using the NACE
Standard TM-0284 method. Red indicates 2i7'79111> {#13b) boundaries while

yellow indicates 60j"<111> 3) boundaries. (b) IPF map with average discrete
misorientations overlai¢tolor imagebsee PDF copy).

Figure 4.28a is an 1Q map with §0<111> ¢3) boundaries overlaid in yellow and
27.79 "™<111> ¢13b) overlaidn red and Figure 4.28b is an IPF map with average misorientation of
boundaries overlaidrigure 4.28a has all data points included, while Figure 4.288dtagoints with

less than 0.2 Cl shown in black to aid in identification of tlaelad region. Just as has been reflected in
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the RF space map for the X52 gilthere is evidence @3 boundaries cracking in Figure 4.280th

other#3 boundaries nearby shown in Figure 4.28a

(@) (b)
Figure 4.28 X52 alloy charged using the NACE Standard TM 0284 methd@. i@p with
60; ""<111> ¢3) boundaries overlaid in yellow and 27, 79<111> ¢13b) overlaid

in red. (b) IPF map with average misorientations measuredstite crackcolor
imagebsee PDFcopy).

4.4.2X70

The same boundary analysis that was done for the X52 alloy was alstodtireeX70 alloy. The
misorientation angle profile for the as-received, cathodicallygeltarand NACE TM0284 charged X70
alloy is shown in Figure 4.29, where the data points represent bamttat fall within a 5j bin. The
misorientation angle profiles for the cracked boundaries from bottathedic charged and the NACE
TMO0284 charged X70 alloy are similar. Both charging conditions had the higimeseer fraction of
cracked boundaries around 5-10j misorientation and another peak around 5@drtgntation. Because
the two charging conditions trend so similarly, the average nundmtioin was used and is represented
as a dotted line in Figure 4.29. Very low angle damaged boundariesepe®to 5; misorientation appear
at a much lower number fraction in the cracked boundaries than ARt& 0 material. In addition,
boundaries with about 5 to 20j misorientation appear more frequaritig icracked boundasthan the
asreceivedmaterial The misorientation distributions for both the AR and cracked bounaesaely
coincide from 25 to 45j misorientation. Lastly, the cracked boundaaes a lower number fractiom
the 45 to 62.5j misorientation range than the AR X70 specimens. idlise of Figure 4.29 could
indicate that 5 to 20j misorientations are more susceptildeatiing, while 2 to pand 45 to 60

misorientations are less susceptible.
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Figure 4.29 Mackenzie plot of number fraction of misorientation arfglethe X70AR
microstructure and cracked boundaries averaged for the NACE and catlyodi
charged specimens plotted with a dashed line.

Figure 4.30 is an MDF plot iRF space of the AR X70 microstructure (contour plot) with black
dots overlaid that signify discrete points calculated ac@skedboundaries in both NACE and
cathodically charged conditions. The legend in Figure 4.30 is in umtsidples of a random
distribution (MRD). The red regions in Figure 4.30 indicate maximiagiteur in the X70 MDF with
MRD of about 24 and near a 4316<100> axis/angle pair. The next highest value in MRD appears
around 8.3 in a region near 3{1!6<110>. Lastly, there is a region with 4.9 MRD that is réggr! <111>
in axis/angle notation. Using the OlMsoftware, the number fraction of each of these boundary types in
the as-received X70 microstructure was calculated for data patht€l greater than 0.2. The resulting
number fractions were 0.059 atj80<111>, 0.0029 at 48; !'<100>, and 0.00049 at 31.86<110>, all
in terms of number fraction.

A comparison of the AR microstructure to the hydrogen charged micraseustRF space
(Figure 4.30) reveals that the misorientations across crack& (&) are randomly distributed through
RF space with a few exceptions. A large frequency of low angle bouadais in the hydrogen charged
samples are shown by the high density of black dots representikgdracsorientations, which is
consistent with the large number fraction of 5 tp dfsorientation in Figure 4.30. Interestingly, Figure
4.30 also reveals that there is a lack of black dots near the!48160> misorientation, which could

indicate that misorientations near 43!%<100> are resistant to HIC. It is important to note that leigur
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4.30 does not distinguish between ferrite grain boundaries and phase teEsintziresistance of 43.6
<100> boundaries to crack has also been observed by other researthersarbon ferrite/pearlite

steel'? Similarly, there are not many black dots near the {316110> misorientations. Therefore,
boundaries with misorientation near 3118110> could also be resistant to cracking but are prasent
the AR microstructure much less frequently than thej48800> boundaries. In contrast, thg 60

<111> misorientations do not appear resistant to cracking. It is @pioio note that the RF space used in
Figure 4.30 is for cubic symmetry, whilesBehas an orthorhombic lattice that is represented by a
different fundamental zone shape in RF space. Thus, the sped$fangle misorientation pairs
associated with the cementite regions may not be those showrcubibeRF space. However, the cubic
RF space provides a tool to indicate regions in the microstructose de boundaries of a specific

misorientation.

Figure 4.30 MDF in RF space for the as-received X70 alloy dsitrete misorientation angle/axi
pairs from cracked boundaries overlaid as black dots. Locationsefspecial
boundaries with high multiples of a random distribution are also edédareference
(color imagebsee PDF copy).

An example ot cracked regiotis shown in Figures 4.2dand b, which are micrographs of a
cracked region from an X70 sample cathodically charged with hydrogpneM.3his an EBSD 1Q
map with boundary misorientations adjacent to the crack overlaid &hdadions identified. Figure
4.31b is an IPF map with data for whiChis less than 0.2reshown in black and average
misorientations across the crack overlaid. Figure 4.31b contaangearegion with similar orientations

These large regions of similar orientation often contain craaktf dislocation substructure and high
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angle grain boundaries are presearthe region shown in Figure 4.31a. It is interpreted that th&srac
through the low misorientation regions (2 9 &re transgranular, and thus, the crack propagated both
transgranularly and intergranularly in this region. The range of mmgatiens overlaid in Figure 4.B1s
reflective of that shown in the Mackenzie plot, where the ntgjofithe cracking occurs in
misorientations from 5 to 25with a smaller amount of cracking from 45 tq 8@isorientation. It is
possible that the high density of boundaries less thamBworientation within these large regions in the
X70 steel allow for increased cracking, as 5 tq Biisorientation boundaries were shown to be more
susceptible to HIC in Figure 4.2Bherefore, the large substructured grains rich in 5 tav##Sorientation

boundaries might not resisiC.

(@)

(b)

Figure 4.31 Micrographs obtained from an X70 alloy charged using the catihagging method
where (a) is an EBSD IQ map with grain boundary misorientatidjgent to the
crack overlaid per the legend to the left, and (b) is an EBSDri&p with data points
with less than 0.2 Cl shown in black and average misorientatioossabe crack
displayed(color imagebsee PDF copy).
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Just as is observed in the AR X70 microstructure, misorientafrom 5 to 1pappear most
frequently along the crack, followed by 55 tq 600 to 1%, 2 to §, and 15 to 2Pmisorientations, in that
order. Low misorientation angles and contiguous orientation acroaskawould be expected from
regions of transgranular cracking, while high misorientation anglea ahdnge of orientation across a
crack would be expected from intergranular cracking. However, thenpeesélarge regions of grains
with similar orientation in the X70 alloy could obscure this way ofattarizing transgranular and
intergranular cracking. In large regions with grains of similamoaigon, transgranular cracking is
assumed to have occurred if the measured misorientation acrasadkés less than 10Due to the
presence of subgrain boundaries less thamriSorientation like that shown along the crack in Figure
4.31a, it is possible that transgranular cracking occurred on a subgusidary.

Figure 4.32 is a confidence index map with boundaries within Brandorefisrciif
43.6 !'<100> misorientation boundaries overlaid in green and the crack overiad. The discrete
misorientations calculated from across the crack showed that bosnaeaied 3.6!! <100> axis/angle
pairs were resistant to cracking as shown in Figure 4.30x&mg@e of a region in which the crack
appears to avoid grains dense in boundaries negr481%0> is shown in Figure 4.32. The crack
propagated adjacent to grains dense in boundaries neat!43.60>, but the crack did not propagate
through any of these regions. One example of a non-cracked region iglttigghlwvith a white arrow in
Figure 4.32TheHIC resistance of these regions, which also correspond to regions gatkrgamounts
of cementite in EBSD maps, could be due to hydrogen trapping ofrtiidessand subsequent lack of

hydrogen available for cracking.

Figure 4.32 EBSD confidence index map from an X70 sample chargedhsiNgCE TM0284
method with 43.6!'<100> boundaries overlaid in green and the crack overlaid in 1
(color imagebsee PDF copy).
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4.5  Transgranular Cracking in X52 and X70 Steels

The crystallographic plane on which cracks occur is of intereltesmine the mechanism by
which cracks propagate transgranularly. In materials not exposed to hydoagée transgranular
fracture occurs along {100} cleavage planes. The presence of hydrogalogafor hydrogen enhanced
localized plasticity (HELP) and adsorption induced dislocation ®amnqAIDE), which in turn can allow
for slip based transgranular fraci109]. EBSD was used in regions near the crack tip to assess the
plane traces that are closest to crack traces in regioraegitanular cracking, an example of which is
shown in Figure 4.33. In Figure 4.33a, an IPF map from a NACEeta&52 specimen with confidence
indices less than 0.2 shown in black. Various regions of transgramatking are highlighted and
labeled as B, C, D, and E. The crack tip, shown in Figurea4a8Region B, is analyzed in Figure 4,33b
where all the symmetrically equivalent cleavage plane traeesh@awn on the left, and the symmetrically
equivalent {110} type slip plane traces are shown in the middlefigies on the right in Figure 4.33%

a pole figure in the sample reference frame with the crack shown as a solid line. The closest slip and
cleavage planes to the crack plane were obtained from the data prbgubedOIM software and plotted
on the stereographic projection to the right in Figure 4.88Bigure 4.33Db, the crack plane trace appears
to be closest to a cleavage plane, but the closest slipsraoefar from the crack trace. The same
analysis technique was used for Figure 4.33c through Figure 4.33etf@ edbions indicated in

Figure 4.33a. Region C appears to be a secondary portion of the cramkdbatithin the grain. Similar

to the crack tip in Region B, the crack trace in Region @Gsde be closest to a cleavage plane.

An example of a crack trace nearest to a slip plane réditherat cleavage plane is shown in
Region D in Figure 4.33a and is analyzed in Figure 4.33d. Regionrigse in that the crack plane trace
changes directions multiple times within one grain. It is postilglerack behavior out of the plane of the
image contributes to this crack deflection. The crack in RegioppBaas to propagate largely along two
different plane traces, which are identified as white lindsgare 4.33d, with some regions of transition
between the two. Pole figures in the sample reference frareeconstructed for both of the crack traces
and are shown in Figure 4.33d. Both sections of the crack identifieditslines appear to be closest to
slip planes, and the more vertical crack trace appears lodgeto multiple slip planes. Regions B, C and
D, all have plane normals somewhere between a 111 and 001 type noatiel fmathe transverse
sample direction (TD) on the standard stereographic triangle; gh@seorientations are often observed
near cracks, which could indicate that cracking occurs prefdigmtiighese grain orientations. Region E,
however, has plane normal near the {101} region of the stereographic triangleoR&gishown in
Figure 3.20e, is an example where the crack trace is not skproa cleavage plane, assuming {110}

type slip planes.
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(d) (€)

Figure 4.33 X52 alloy charged using the NACE standard TM0284. (a) EBSBhap with associated
regions of transgranular cracking assessed in (b) region Bg{ohr€, (d) region D, and
(e) region Hcolor image b see PDF copy).

The same transgranular analysis was also performed on the ¥y @adl is shown in
Figure 4.34. The crack trace in Region B, shown in Figure 4.34losisst to a slip plane. The cracks in
Region C and Region D, shown in Figure 4.34c and Figure 4.&fkctively, are also closer to slip
plane traces than cleavage plane traces. The exception liegionAE, shown in Figure 4.34e, where the
crack trace is closest to a cleavage plane trace. Mucimltke X52 alloy, the X70 alloy exhibited

transgranular cracking near both slip and cleavage plane traces.
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(d) (e)

Figure 4.34  X70 alloy cathodically charged. (a) EBSD IPF map w&baated regions of
transgranular cracking assessed in (b) region B, (c) region @gidnrD, and (e) region k
(color imagebsee PDF copy).

4.6 Effect of Martensite/Austenite Microconstituents in X70
The amount of M/A microconstituent cracking was measured in the uj6csed to the NACE
HIC test; total crack lengths and cracked M/A lengths weresuaned. In addition, the line fraction of
M/A in the as-received sample was measured at the castefine values are tabulated in Table
From these data, it is apparent that the line fraction of Mikawonstituents along a crack is
approximately 4 pct, whereas the line fraction of M/A constitudrttseacenterline of the as-received

microstructure is about 3.6 pct. This small difference betw#dénline fraction along the crack path
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compared to the line fraction of M/A in the as-received microstragndicates that the crack does not
specifically seek out regiongith higher density of M/A constituents, as has been suggested ituligera
It is possible that the role of M/A constituents is more comglar just hard features in the matrix. The
diffusivity of hydrogen in austenite is much lower than in fergtemuch so that austenitic regions in
ferrite matrices are often referred to as traps. In adgiticere are many additional interfaces for
hydrogen trapping in M/A microconstituents. Therefore there could belariloosase in hydrogen due to
the presence of M/A constituents that could decrease the diffustanak to crack tips, thereby

increasing HIC.

Table 4.1 b Crack lengths and ratios of M/A cracking to total éeagth
Total Length  M/A Length Ratio of M/A to

(um) (um) Total Length
NACE 1020 42 0.0407
As-received 1911 69 0.0359

4.7 Comparison of NACE to Cathodic Charging Method

Angus used two different hydrogen charging methods, cathodic charging and tleSt#diard
TMO0284, and subsequently conducted a comparison of the two charging methodsrbasek length
ratio and crack thickness ratio [18].The results of this studyatwticthat the two charging methods did
not result in statistically significant differences in créakgth or thickness ratios [18]. In addition to
crack length and thickness ratios, it is desirable to understameltiivo different charging methods result
in noticeably different crack morphologies or interact with the miarogire differently. X70 was chosen
for this study because much more crack length was discovered &r@h&eel for both charging
methods than in the X52 alloy. No morphological differences apparent in the cracks between the
two different charging methods, observed through macrophotography and light imticescopy.

The misorientation angle profile of the cracked boundaries from botgisganethods in the
X70 steel has been shown in Figure 4.29. The distribution of msatien angles as a function of
number fraction of both charging methods is very similar in Figure 4@%s such the average of the
two was used to represent all hydrogen charged samples regardibrasgaig methadiscrete
misorientation information obtained from both the cathodically clisagel NACE charged specimens is
plotted in Figure 4.35. In Figure 4.35, the black points represeNARHEE charged specimens, and the
red dots represent the cathodically charged specimens. Thérgisdensity of discrete points from both
NACE and cathodically charges@dmples at the base of RF space in Figure 4.35, which repiasgat
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amounts of cracking at low angle boundaries. The other data poifiésrigreniformly distributed
throughout the rest of RF space for both charging methods, with theieragipthe region near the 43.6
about a <100> axis as was discussed previously. Given the sirdanitooth the Mackenzie and RF
space plots between the two charging methods, it can be concludgetttved charging methods
produce similar types of intergranular cracking. This finding furtheratphe 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 cathodieal)ycfrarged X70
specimens in RF spa¢eolor imagebsee PDF copy)
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CHAPTER 5 :ISUMMARY AND CONCLUSIONS

The primary objective of this study is to understand the interactibii®vith grain structures
and secondary microconstituents in X52 and X70. The as-received tmictoes of the X52 and X70
steels were assessed at various length scales. Both tlend 5270 steel were examined for hard bands,
particularly those above the recommended 248 HV. The X52 exhibited ageveardness of 160 HV
with a hard band at the centerline with a hardness near 200 H\WX7Thsteel exhibited an average
hardness of 210 HV and did not exhibit a hard band at the center,hmrthrat hard regions distributed
through the material thickness with about 220 HV. Neither the X7€heoX52 steel contained
microstructures whose hardness exceeded the maximum 248 HV suggested b
NACE MR0175/1ISO 15156 [5]

The cracks formed in the hydrogen charged samples were locatecentddine in both steels.
The X52 steel exhibited much less crack length than the X70mtelkhd much wider cracks in the
normal direction than the X70 steel. The centerline location ofrttok€ cannot be explained solely by
localized increases in hardness above the 248 HV threshold, as i®chynelieved. The origin of
centerline cracking when hardness is ruled out is particularlyamen the X70 steel, where the hard
bands are located throughout the plate thickness, while the cracksabtite centerline. To quantify the
effect of hard phases on HIC, the line length of M/A microconstitualong the centerline in the as-
received material was compared to the line length of M/A coestis intercepted by HIC. The results
revealed that M/A constituents do not crack more often than they apgkaras-received microstructure
along the centerline, indicating that M/A constituents do not crami witen than other microstructural
constituents.

Local crystallographic orientation of the grains in cracked regi@ssassessed and compared to
the as-received microstructure to understand the role crystallog@pmtation has in HIC
susceptibility. The X52 steel exhibits largely transgranulakangownith small regions of intergranular
cracking. Low angle boundaries from 2 forbisorientation appear with the greatest frequency in the as-
received microstructure and were also measured with the grigatpsgncy in cracked regions.
Misorientation distribution functions for the as-received mater&ake compared to discrete
misorientations measured across cracked regions. Although it was ghalitatively that there were a
few instances of 27j8 <111> boundaries deflecting cracks, it is not believed that27<811>
occurred frequently enough in the microstructure to have a signifiaat enHIC. In addition, the
other boundary that appeared with high MRD in the MDF, thé 6(111> boundary, was not resistant to
cracking. The cementite rich regions in the X52 steel appearzdd as frequently as they appeared in

the as-received steel, indicating that cementite rich regionstdalay an obvious role in cracking.
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Analysis of transgranular cracking revealed that the crack trasdound near both cleavage and slip
plane traces at various locations along the crack length, imdjdatt hydrogen could play an important
role in the mechanism of transgranular cracking.

The X70 steel exhibited both transgranular and intergranular cratkitige the X52 steel, the
low angle boundaries (2 tq)sappeared much less frequently in cracked regions than in thesasedec
microstructure. However, 5 to phisorientation boundaries appeared more frequently in cracked
regions. Uniquely, the boundary with the highest MRD in the AR X7@ma&t43.6!! <100>, did not
exhibit any cracking. These boundaries are interphase ferritedtgr®undaries in the AR X70 steel. In
addition, the other boundaries that appeared with high MRD in the MBRB1.6!! <110> and
60j!! <111> boundaries, were not resistant to cracking. The as-réc€fr@zmaterial exhibited large
regions containing elongated grains with similar orientation, whick aiso often observed in cracked
regions. Much like the X52 material, the crack traces analyr#teiX70 material were parallel to both
slip and cleavage planes.

An additional objective of this study is to determine if the cathatiicNACE TM0284 hydrogen
charging methods result in different crack morphologies and interagtitnghe X70 microstructure. No
cleardifferences in crack morphology were observed. The crack interactibrhgi X70 microstructure
from the two charging methods was assessed using grain boundary mtesiomedistributions. The
misorientation angle distributions were the same for both chargitigodse In addition, the discrete
misorientation distribution plots exhibited similar distributiong@icked axis/angle pairs measured from
both charging methods. The similar morphologies and grain boundary misasieniatributions
indicate that the two different charging methods produce similar tfgesC damage in the X70

microstructure.
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IAPPENDIX A: GRAIN BOUNDARY PLANE NORMAL DISTRIBUTIONS FROM
AS-RECEIVED X52 AND X70STEELS

Figure A.1 contains boundary plane distributions from the as-receivedlXy2shown. The
method developed by Sayler al.indicates that over 50,000 line segments need to be analyzed for an
accurate assessment of the boundary distribution [96]. Figure A.ateslithat for both13b and#3

boundaries, there are only specific boundary plane normals present.

(@) (b)

Figure A.1 Boundary plane normal distributions from the AR X52 alloyap#13b boundaries
and (b)#3 boundaries

Figure A.2 contains boundary plane distributions from as-received X30 Bigure A.2 has
grain boundary plane distributions (GBPD) ##9a,#27a and43 boundaries. Figure A.2a is the grain
boundary plane normal distribution for th29a boundaries, which appears to be nearly perfectly random
as the highest MRD is 1.093. This could be due to the observiatibthese boundaries are only located
in regions containing ferrite and cementite, which would not truly28a CSL boundaries. Figure A.2
is the GBPD fo#t27a boundaries has a maximum MRD of 2.8, and has four fold symmeuye A.Z
is the GBPD for th&t3 boundaries and has a maximum of 27.6 MRD ninety degrees from the gdlgl

which indicates that an¥3 boundaries are tilt boundaries.
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(@) (b) ()

Figure A.2 Grain boundary plane distribution figures from the as-rec&ivedlloy for grain
boundary misorientations near'&9a b)" 27a and c) 3 with pure tilt boundary
position indicated(color imagebsee PDF copy)
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IAPPENDIX B: PHASE IDENTIFICATION OF CEMENTITE AND FERRITE USING
EBSD

The regions with densely spaced special boundaries in Figure Bardhalso indexed as
containing cementite could be pearlitic regions or cementite caibfdeegions. The presence of either
pearlite or carbide precipitates would decrease the confidencevialles from overlapping Kikuchi
patterns within the interaction volume. As a result, it iBadift to determine with certainty from EBSD
alone if pearlite or € carbides are present. Figure B.2a through d demonstrates ¢nerdié between
regions possibly containing cementite in secondary ele€@Bhmicrographs and cementite identified by
EBSD. Figure B.2a and b al®E micrographs from an X52 sample thaslightly etched through the
vibropolishing process. Figure B.2c and d are corresponding image qualitywittapsases overlaid in
color and data points with less than 0.1 CI shown in bRagiire B.2a contains a region that contains
lamellaepossibly indicative of pearlite, but the corresponding IQ phase maguremB.2c indicates that
no cementite was indexed by the EBSD software. In additionythge quality and confidence index
values do not appear to decrease as would be expected in the poédende and cementite interfes
in pearlite. In contrast, Figure B.2b contains a region that therdmieappear to contain pearlite in SE that
the EBSD software indexed as containing cementite in FiguredBitided in white dashe&igure B.2a
through d indicate that regions that are indexed as cementite bB8i2 $oftware do not necessarily
correlate to cementite in pearlite lamellae in lightlshed SE micrographs. As such, it is possible that the
regions that are indexed as containing cementite are not pdautit@ther are grains rich FesC
carbides. It is also possible that some orientations of cemevititin pearlite colonies are more
detectable by EBSD than others’, which could explain why EBSDtddteementite (Figure B.2d) in the

pearlitic features in Figure B.2b but not in Figure B.2a.
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FigureB.1

FigureB.2

IQ map from the AR X52 alloy overlaid with 60j<111> boundaries overlaid in
yellow and 27.79""'<111> boundaries overlaid in récblor image B see PDF copy).

(@) (b)

(©) (d)

Comparison of information obtained from (a) and (b) secondary @becticrographs
and (c) and (d) EBSD IQ phase maps from corresponding areas witod&tawith
<0.1 CI shown in black. (a) Pearlitic region that has beenyigihthed from the
vibropolishing process which corresponds to (c), where no cementite&asdentified
by EBSD. (b) A region that appears to be mostly ferritic in &Eesponds to regions ir
(d) that have large amounts of cementite indggetbr imagebsee PDF copy).
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