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ABSTRACT

The goal of this investigation was to study hydrogen-facilitated fatigue crack growth behaviour on
pre-existing cracks in a full-scale specimen exposed to a near-neutral pH (NNpH) environment.
The full-scale specimen used in this study was a 4.77 m segment of NPS 18, SCH 10, X-60 gas
transmission steel pipeline. The segment was cut-out after 46 years of service when multiple stress
corrosion cracking (SCC) colonies were discovered during an integrity assessment. A novel
corrosion cell was developed to encapsulate portions of the pipe segment containing some of the
SCC colonies; the remainder were exposed to atmospheric conditions. The corrosion cell was
sealed, and the bulk solution was purged with a 5 % CO> + 95 % N2 gas mixture for the duration
of the test to maintain a pH of 6.29 and an anaerobic environment. To eliminate the effects of
corrosion, — 130 mV of cathodic polarization was applied to the fully exposed steel pipe, delivered

by a custom impressed current cathodic protection system.

Constant amplitude and underload-type variable amplitude loading schemes were designed to
simulate conditions commonly seen in the field. The maximum stress throughout the full-scale test
and the frequency of the major loading events in each loading scheme were set at fixed values of
310 MPa (75 % SMYS) and 103 Hz, respectively. After completion of the 91-day test, destructive
analysis found that 2.5 % of the total cracks examined exhibited re-initiation and growth. It was
found that the threshold stress intensity factor (Km) required for re-initiation and growth in the
depth direction for the NNpH and atmospheric environments were ~ 18 and ~ 25 MPaVm,
respectively. The average crack growth rate in the former environment was determined to be 2 —
3 times greater than the latter. It should be noted that this threshold is only valid for the loading
conditions of the full-scale test. Four dents were machined into sections of the pipe with no pre-

existing cracking in an opportunistic study of NNpHSCC initiation in dents. After test completion,
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magnetic particle inspection was conducted in the areas surrounding the dents and no cracking was

found.

The total measured crack growth attributed to the full-scale test was significantly less than
expected. The primary cause was attributed to conservative reporting of the pre-test crack depths,
where the depths reported by ECHO-3D were at least 30 — 40 % deeper than what was found by
destructive analysis. This error was significantly larger than the maximum allowable manufacturer
specification and the pressure fluctuation design did not account for such a large error in the pre-
test crack depth measurement. Consequently, crack re-initiation did not occur at the start of the
test and significant uncertainty regarding the moment of crack re-initiation was introduced; thereby
impacting the discussion of this study and severely limiting the findings related to the original

research objectives.
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CHAPTER 1: INTRODUCTION

Near-neutral pH stress corrosion cracking (NNpHSCC) was first reported in 1985 [1, 2] by a
Canadian pipeline operator, and is still a challenge to pipeline operators around the world today
[3]. It is well known that failure of the pipeline coating proceeds the initiation of NNpHSCC, and
approximately 95 % of cracks become dormant at depths less than ~ 1 mm [4]. However, entire
pipeline integrity (PLI) programs are required to manage the remaining 5 % that exit dormancy.
Modern PLI programs use many tools to manage NNpHSCC from traditional methods like
hydrostatic testing to emerging technologies such as in-line inspection [5]. One of the challenges
these programs face is determination of the remaining life of pipelines susceptible to NNpHSCC.
Improving these predictive tools will not only reduce the economic losses for pipeline operators,
but more importantly, will reduce the impact of oil and gas activity on public health and safety and

the environment.

After 35 years of extensive research, the physical processes of NNpHSCC initiation and growth
produced in a laboratory environment have been determined [6]. As discussed in the Literature
Review (Chapter 2) of this work, it has been established that Stage 1 NNpHSCC is driven by
dissolution during initiation and at the crack tip. Once the crack reaches a threshold dimension,
the growth becomes driven by hydrogen-facilitated fatigue (Stage 2 NNpHSCC). Predictive
models for Stage 2 NNpHSCC have been proposed based on experimental results produced with
constant amplitude loading conditions using compact toughness specimens [7]. However, these

models do not translate well to the variable conditions in the field.

Therefore, the current study was performed to establish a deeper understanding of Stage 2
NNpHSCC re-initiation and growth. A full-scale test was designed and conducted to determine
the effects of constant amplitude and underload-minor cycle pressure fluctuations on a pipe
segment containing shallow, longitudinal SCC colonies, which formed while the pipe was in
service. In order to simulate field conditions, a novel enclosure was developed to encapsulate
selected portions of the pipe containing SCC colonies, while maintaining an anaerobic NNpH
environment. Dents were machined in the pipe, isolated from any cracking or welds, in an
opportunistic study of Stage 1 crack initiation on dents that are acceptable for service based on the

applicable CSA Z662 criteria [8]. From the results of this study, a threshold stress intensity level



was determined for Stage 2 crack re-initiation and growth in a NNpH environment for the loading
conditions of the full-scale test. Additionally, improvements regarding the full-scale testing
experimental procedure have been recommended. The structure of the thesis is described in the

following paragraph.

First, a review of pipeline integrity, non-destructive examination, the conditions generally known
to precede NNpHSCC and the current understandings of NNpHSCC initiation and growth are
given in Chapter 2. Second, the experimental methods used to design and carry out the full-scale
test will be described in Chapter 3. Then, the results obtained from the full-scale test will be
presented in Chapter 4. Next, in Chapter 5, the results of the full-scale test will used to discuss
Stage 2 crack re-initiation and growth under variable loading conditions. Finally, the conclusions
and recommendations for future work resulting will be summarized in Chapter 6, alongside the

lessons learned from this work.



CHAPTER 2: LITERATURE REVIEW

The following chapter will provide a technical review of near-neutral pH stress corrosion cracking
(NNpHSCC) characteristics and crack growth mechanisms. First, a brief overview of pipeline
infrastructure in Canada and Alberta will be provided. Then, the recommended practices for SCC
management will be introduced. Next, common non-destructive techniques and their application
to pipeline integrity will be discussed. Then, fundamental principles of fatigue and
environmentally assisted cracking will be established. Subsequently, the general conditions
required for SCC, common preventative methods and the two types of SCC will be provided.
Afterwards, crack initiation and growth in NNpH environments under various loading conditions
will be detailed, the primary mechanisms of crack growth will be presented, and predictive models
will be presented. Finally, the research objectives of the current work will be established based on

the findings and discussion of this chapter.

2.1 PIPELINE INTEGRITY

The International Energy Outlook 2019 estimates that the global liquid fuels consumption will
increase more than 20 % between 2018 and 2050, and the global natural gas consumption will
increase by more than 40 % over the same time period [9]. A key takeaway from the report is that
natural gas and petroleum consumption is rising in Asia faster than regional supply is growing,

shifting focus to the import of Oil and Gas from other continents.

Oil and Gas in an integral part of the Canadian economy, and Canada is geographically situated to
fill the increased demand on the world stage. In 2018, 21 % of Canada’s revenue generated by
exports of goods and services originated from energy products [10]. That same year mining,
quarrying, and oil and gas extraction ranked third in their contribution of 7.9 % towards Canada’s
gross domestic product [11]. Alberta remains the largest producer of natural gas and crude oil and
equivalents in Canada. Figure 2.1 shows the breakdown of Canada’s Oil and Gas production by

province.

In the most recent annual Pipeline Performance Report prepared by the Alberta Energy Regulator
(AER), a total of 433 000 km of pipelines have been built in Alberta, mainly consisting of steel
pipelines (86 %) [12]. Of the total steel pipelines built in Alberta as of 2018, 255 000 km were



operating, while the remaining 115 000 km were discontinued or abandoned. As of 2016, there
were 263 000 km of steel pipelines operating and the remaining 99 000 km were discontinued or
abandoned. It should be noted that between 2016 and 2018, there was a 3.0 % decrease in the

amount of operating steel pipelines.
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Figure 2.1 (Left) the total marketable natural gas production in 2018 [13] and (right) the total estimated

production of Canadian crude oil and equivalents in 2018 [14].

In 2018, the total production of natural gas and crude oil and equivalents transported by steel
pipelines in Alberta was 298 x 10°® m® per day and 591 x 10° m? per day, respectively [13, 14].
This was a 3.6 % increase in transportation of natural gas and a 20 % increase in transportation of
crude oil and equivalents from 2016 to 2018 [15, 16]. Coupling the increased transportation
demand over recent years with the decrease in available transportation infrastructure, it is critical

that operators minimize any downtime that may occur from pipeline failures.

The Canadian Energy Regulator (CER), formally known as the National Energy Regulator (NEB),
mandates that regulated Oil and Gas companies falling under the CER’s jurisdiction must follow
the Event Reporting Guidelines. The most severe incidents fall into the immediately reportable
events category. This category includes incidents that harm people or the environment, ruptures or
toxic plumes. A pipeline rupture is defined by the CER as “an instantaneous release that
immediately impacts the operation of a pipeline segment such that the pressure of the segment
cannot be maintained” [17]. The primary causes of CER-regulated pipeline reportable ruptures
from 1992 — 2012 were cracking (34 %) and metal loss (28 %) [18]. A distribution of the total

primary causes of rupture failure of CER-regulated pipelines is shown in Figure 2.2.



Cracking is the primary cause of rupture for CER-regulated pipelines and is a major concern for
Oil and Gas operators and Figure 2.3 shows the occurrence of these ruptures. The sub-causes of
cracking are hydrogen induced cracking (HIC), fatigue and stress corrosion cracking (SCC). There
has been a gradual decline in annual ruptures since 1994 (except for 2009), which can be attributed
to the mandated development of pipeline integrity and mitigation programs that Oil and Gas
operators must meet [18]. For example, the Canadian Energy Pipeline Association (CEPA) has
published a recommended practice for SCC management. Within this document is a series of
investigative methods that can be used to develop an SCC investigative program. The three

methods of detection that will be discussed are hydrostatic testing, in-line inspection and direct

assessment.
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Figure 2.2 Distribution of the primary cause of CER-regulated pipeline ruptures from 1992 — 2012.
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Figure 2.3 Number of ruptures on CER-regulated pipelines from 1992 — 2014.
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2.1.1 HYDROSTATIC TESTING
Hydrostatic testing is a classic method to assess for SCC and the use of a hydrotest for the purpose

of SCC detection is defined by CEPA as follows [5]:

An SCC hydrotest [...] can be a valid way of determining whether SCC, of a minimum
size that will fail the hydrotest, exists on a susceptible pipe segment. An SCC hydrotest
can provide data for a large length of pipe with the added benefit of verifying the pipeline
integrity of this pipe length against an SCC failure for a period of time.

While hydrostatic testing has a proven track record as a successful integrity management tool, it
has fallen out of favour with Oil and Gas operators. The main drawback of this detection method
is that it can only identify SCC colonies above the detection threshold of the test, and it is
impossible to rule out the presence of any SCC colonies with dimensions below that threshold.
Additionally, a hydrotest requires a substantial amount of down-time for purging the line,
conducting the test and removing the hydrotest fluid, which is costly to the operator. Finally, it has
been shown that hydrostatic testing can reactivate small dormant cracks to grow to a larger size
[19] effectively decreasing the remaining lifetime of the pipe segment by a significant amount of

time.

2.1.2 IN-LINE INSPECTION

In-line inspection (ILI) is a constantly evolving tool available to pipeline operators for their
pipeline integrity (PLI) programs. There are currently two main crack detection technologies
commercially available for SCC ILI runs: ultrasonics and electromagnetic acoustic transducer
(EMAT). In addition, magnetic flux leakage (MFL) tools with circumferentially orientated
magnets can detect some axially oriented cracks. However, ILI tools are not available for all
pipeline diameters, and they are limited by physical constraints such as changes in pipe diameter

and small radius bends in pipelines.

The main advantage ILI technology possesses over hydrostatic testing is cost efficiency. ILI tools
can be inserted into an active pipeline and cause minimal disruption to operations. Additionally,
an ILI tool can precisely identify the location of the SCC as well as its size and severity. It should

be noted that the SCC sizing data ILI tool runs generate must still be validated by field inspections.



Each new generation of ILI tools offers improvements over the previous version, making this one

of the most desirable options available to PLI programs.

2.1.3 DIRECT ASSESSMENT

Direct assessment is a type of engineering assessment that can be used to partially or completely
fulfill the requirements of an SCC PLI program. CEPA outlines the use of direct assessment to
manage SCC as the ability of the program to assess the severity of individual SCC features
(Assessment 1), and to assess the need for immediate and future pipe segment mitigation due to

the presence of SCC (Assessment 2) [5]:

Assessment | has a well-defined scope and requires relatively non-subjective physical data
such as SCC depth, SCC length, material properties and stress levels. However, the
Assessment 2 has a much broader scope and incorporates both the results of the first

assessment as well as more subjective variables such as quantification of SCC growth.

Direct assessment is developed where hydrostatic testing and ILI may not be possible. These types
of programs constitute four iterative steps: pre-assessment, indirect surveys, direct examination
and post assessment [20]. During the pre-assessment stage, regions of similar characteristics are
grouped together, and the appropriate indirect inspection tools are chosen. Next, the indirect
surveys are conducted. This step includes corrosion and terrain modeling and above ground
inspections. After this data is processed, direct examination is conducted in the ditch to collect
data and remediate the threats. This is known as non-destructive examination and will be discussed
in detain in the following section. Finally, a post assessment is conducted to determine the program
effectiveness and reassessment interval. Direct assessment is a complex tool but can be an

innovative solution when applied appropriately.



2.2 NON-DESTRUCTIVE EXAMINATION

Non-destructive examination (NDE) is a critical part of pipeline integrity (PLI) programs. The
ability to determine specific characteristics of a material, or whether the material contains
irregularities without removing the asset from service reduces downtime for operators. The NDE
methods most commonly used in the context of PLI are visual, magnetic particle, radiography,
eddy current, ultrasonic, and optical emission spectroscopy. Some of these methods are qualitative
and others are quantitative. This section will describe these methods and their application in PLI

programs.

2.2.1 VISUAL

Visual examination is the observation of an item to detect the presence or absence of surface flaws.
Visual examination should be the first NDE method applied, as it may help determine the most
appropriate subsequent examination. Visual examination can be applied to PLI programs in many
ways. For example, a visual coating inspection can be conducted to determine the overall level of
coating disbondment. After coating removal, corrosion products can be visually identified during
the pre-blast inspection. Once sandblasting is conducted to remove the corrosion product and
expose the bare metal; weld misalignments, dents, etc. can be initially identified by visual

examination.

The leading advantage of visual examination is that it can be applied at any point in time
throughout an integrity assessment with productive results. The limitations of this method can vary
depending on the type of assessment. The most challenging limitation is that the nature of this
examination is qualitative, relying heavily on the training and experience of the inspector.
Therefore, visual examination is an important first step in NDE activity but must be combined

with other methods for a complete assessment.

2.2.2 MAGNETIC PARTICLE

Magnetic particle inspection (MPI) is used to locate surface and slightly sub-surface flaws in
ferromagnetic materials. A magnetic field is applied to the inspection surface and discontinuities
that lie transverse to the magnetic field can be detected [21, 22]. If a flaw is present in the induced

magnetic field, it will cause a leakage field. The presence of this leakage field (and the presence



of the flaw) is detected using a magnetic particulate slurry. The particles are drawn to and held by
the leakage field, showing the location of the flaw.

MPI used for PLI programs requires surface preparation of the pipeline steel to a NACE No.
2/SSPC — SP 10 surface finish by sandblasting [23]. Once the surface has been prepared, a white
contrast paint is applied to the steel surface. Next, a black magnetic particle water-based slurry is
sprayed onto the surface and a yoke generates a magnetic field that draws the black slurry to the
surface and sub-surface flaws in the material using the principles described above. The yoke must

be positioned both axially and circumferentially to detect flaws oriented in both directions.

MPI is a qualitative NDE technique and can detect surface and sub-surface flaws. Embedded or
internal flaws in pipeline steel cannot be detected by MPI. Advantages of this inspection method
are that it is inexpensive, it has a fast inspection speed and minimal training is required to produce
consistent results. The most significant limitation is that flaws can only be detected perpendicular
to the magnetic field, so it is critical to apply the field in multiple directions. Another limitation
occurs when the operating temperature of the pipeline approaches 100 degrees centigrade.
Evaporation of the water-based slurry prematurely halts the movement of the magnetic particles,
reducing flaw detection capabilities. This can be solved by using an oil-based slurry; however, oil-

based products present additional safety and environmental challenges of their own.

2.2.3 RADIOGRAPHY
Radiographic examination is the general term used when material is examined by penetrating
radiation. Differences in density and thickness of the material cause varying levels of radiation to

be absorbed. This radiation absorption is most often captured by radiation sensitive film [24].

Radiography is a qualitative NDE technique and can detect crack-like, planar and volumetric flaws
throughout the volume of the material. For PLI programs, it is most often used for inspection of
new reinforcement sleeve welds installed to repair defects in the pipe. Radiography is also used in
new construction projects to verify the integrity of girth welds, and in steel mills to verify the
integrity of the long seam welds. The main advantage of radiography is that it provides a permanent
record of the full volumetric examination. The principle challenge is that it is a radiation hazard,
requiring specialised safety training and evacuation of the test area. Additionally, the depths of the

flaws are not shown, and the results require a high degree of skill to interpret properly.



2.2.4 EDDY CURRENT

Eddy current examination is based on the principles of electro-magnetic induction. An electric coil
with high frequency alternating current (AC) flow is placed near the specimen. The AC flow
generates and electro-magnetic field (EMF) surrounding the coil. The EMF causes eddy currents
to flow in the specimen via electromagnetic induction. The eddy currents react with the specimen,
generating an EMF that opposes the original EMF emitted by the coil. The results of this

interaction affect the voltage in the coil and can be interpreted to detect flaws [25].

Eddy current examination is a quantitative NDE technique and can detect surface breaking defects
[26]. The greatest advantage of eddy current is that specimen contact is not required. Other
advantages are automation and speed. The most significant disadvantage of this technology in the
context of PLI programs is that the magnetic particles used during MPI may cause inconsistencies
in the data collected by the coil, rendering eddy current examination ineffective once MPI has been
conducted. Other limitations of this technology are that the depth of penetration is limited and

surface roughness (e.g. corrosion) can produce nonrelevant indications.

Eddy current examination is most used for boiler tube inspection. Applications of eddy current
examination in the PLI industry are limited to emerging technologies. One of these emerging
technologies, ECHO-3D by Athena Industrial Services, delivers EMF imaging by generating a
hemi elliptical toroidal field below the sensor. The feedback is captured and processed using
ECHO-3D software and the location, orientation and depth of a surface breaking defect can be
determined. The use of multiple sensors gives this technology the potential to analyze dense crack
colonies where traditional methods cannot. The manufacturer claims the technology can detect

cracks longer than 19 mm with depths of 0 — 6 mm + 10 % [27].

2.2.5 ULTRASONIC

Ultrasonic (UT) examination applies the use of high frequency sound waves to detect flaws in a
specimen [28]. The sound is generated in a probe by applying current to a piezoelectric quartz
crystal. As the current passes through the crystal, it changes shape rapidly, generating vibrations
or sound waves that travel outwards. The sound waves are transferred from the probe to the
specimen with a couplant and travel through the material experiencing attenuation and reflection
at interfaces. Finally, the sound wave returns to the probe and is analyzed to determine the presence

of a flaw in the inspected area.
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UT examination is a quantitative NDE technique and can detect surface breaking, embedded and
internal flaws in the material. There are numerous advantages with this technology. It is accurate
and sensitive to small defects. It is a fast way to inspect a large area via automation. It has
immediate response and only requires access to one surface. The principal limitation to this
technique is that it is heavily reliant on operator training and experience as proper interpretation
of the signal is critical. Other limitations are that it requires contact with the specimen, and a

couplant.

The straight beam UT technique introduces a UT wave normal to the specimen surface. The UT
wave travels through the thickness of the material, reflects from the inner surface and returns to
the probe. The thickness is calculated by analyzing the time it took the sound to travel through the
specimen and return to the probe. This can be used to measure the material thickness and is a
reliable way to locate laminations and assess the extent of internal corrosion in the pipeline steel.

This can be done manually, or with an automated UT (AUT) system.

The angle beam UT technique introduces UT shear waves (SW) at an angle to the specimen
surface. The SW can be used to pinpoint the exact location of the interface within the volume of
the material. For manual UTSW scanning, a six dB drop in the signal is commonly used to
determine the location of the flaws. Automated UTSW methods exist as well. For example, phased
array ultrasonic testing (PAUT) is a technology where an array of small ultrasonic transducers are
fired in sequence, or phase. This method can scan a local area without moving the probe by
modifying the phase between the transducers. The probe is mounted to a robotic crawler and can
scan the entire long seam weld of a pipe joint quickly. Manual UTSW has some advantages but
PAUT is generally considered more accurate. For example, when examining an electric flash weld
long seam the probe used for manual UTSW can be maneuvered to get the best angle to quantify
flaws in the internal weld cap. However, when examining with PAUT, features in the internal weld

cap of an electric flash weld cannot be seen due to the placement and immobility of the probe.

11



2.2.6 OPTICAL EMISSION SPECTROSCOPY

Optical emission spectroscopy (OES) is a method of positive material identification used to
quickly determine the composition of pipeline steel in the field. Characteristic visible light is
produced by supplying energy to atoms, exciting the outer shell electrons. The energies of the outer
shell electrons on which OES is based can be substantially influenced by the surrounding atoms to
which they are bonded [29]. As a result, these bonds need to be completely broken for the OES
spectra to appropriately represent the elements present in the sample. This is achieved by supplying
sufficient energy to vaporize and decompose a small portion of the sample into its component
atoms, as well as to excite the atoms in this plasma. As the plasma cools, electrons recombine with
atoms, emitting characteristic photons. The wavelength of the photon gives the identity of the
element and the intensity of the photon is proportional to the number of atoms of the element
present in the sample. Combining the wavelengths and intensity of the spectra, the composition of

the sample can be determined.

The external energy is frequently supplied by striking an electrical arc to the surface of the sample
under an argon shielded atmosphere. Calibration to a control sample of similar composition to the
test material must be conducted before and after each test to ensure the detectors are in good
condition. This application of OES is called ‘spark testing” and is a proven technology in the Oil
& Gas industry. It is known for its accuracy and field reliability; however, the spark testing unit is
cart mounted with a large argon tank and testing is limited by is large and cumbersome size. Until

recently, spark OES has been the only way to measure carbon content in alloys in the field.

An emerging technology called laser induced breakdown spectroscopy (LIBS) applies the same
principles of OES as traditional spark testing using argon gas purge and calibration to a control
sample. However, the power source of the unit has been replaced by a miniature, pulsed laser [30].
The battery powered unit focuses the laser beam on a small area of the sample for a short burst of
time, instantaneously vaporizing the sample surface and generating the plasma used for

characterization. The LIBS unit is handheld and portable, making it versatile in the field.
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2.3 MECHANICAL FATIGUE

Pipeline steel is generally designed for strength; however, when in operating service it is often
limited by its mechanical performance under cyclic loads. Critical and subcritical crack growth
occurs as a result of two competing mechanisms [31]: intrinsic damage mechanisms ahead of the
crack tip and extrinsic shielding mechanisms behind the crack tip. Fracture mechanics has been a
useful tool for characterizing crack growth by fatigue. The stable (Kj) and instable (K¢) fracture

toughness of a material are given by:
K; = fo/ma; Equation 2.1

K. = Bog /ﬂac Equation 2.2

where o; is the initial applied stress, a; is the initial crack length, o is the applied stress at fracture,
ac 1s the crack length at fracture and f is a geometrical factor. However, both equations have
limitations. Kj tends to underestimate the residual strength as it does not consider instable crack
growth near fracture. K. tends to be conservative as a. is not the crack length in the structure
currently being evaluated and is difficult to determine. An engineering approach to solve the above
problem is to define an effective toughness value (Kefr). Physically, Equation 2.3 is in error as it
is using initial crack size and the stress at fracture. However, it is considered acceptable as Kefr 1S

constant for a given material.

K= Pog/ma; Equation 2.3

Plastic collapse should also be considered when studying mechanical fatigue. Fracture and plastic
collapse are two competing processes than can each lead to failure. Failure by plastic collapse
becomes favourable under specific conditions when the fracture toughness is high, or the crack

dimensions are approaching zero.

When a material is subjected to cyclic loading conditions, subcritical crack growth can occur at
stress intensity levels (K) much lower than the material fracture toughness (K < K.) due to
accumulated damage to the plastic zone ahead of the crack tip [32]. Crack growth in a material
subjected to constant amplitude loading conditions can be separated into three stages: initiation,

steady growth, and accelerated growth to fracture. These regions are shown in the log-log plot
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(Figure 2.4) of the crack growth rate per cycle as a function of the stress intensity factor range,
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Figure 2.4 Typical fatigue crack growth in metals [32].

As shown in Figure 2.4, crack growth will only occur in Region I if a specific stress intensity
threshold (AKw) is met. For loading conditions where AK < AK, fatigue crack growth will not

occur. Region II shows a log-log linear behaviour that is known as the Paris equation [33]:

da /dN = C(AK)" Equation 2.4

where C and m are material constants in the range of 2 — 4. Crack growth in the context of the Paris
Law is only dependent on AK for a given material. Propagating cracks in Region II will generate
small ridges perpendicular to the crack growth direction, known as striations. These ridges are
formed by a repeated blunting and resharpening caused by shearing of the material ahead of the
crack tip on slip planes oriented 45° to the crack plane [31]. Finally, the crack will enter Region
I growth, where Kmax approaches Kc of the material causing cleavage and/or micro-void
coalescence to occur. Cracks in Region III will experience accelerated growth to failure in a short

period of time.

While this model may predict fatigue crack growth rates under constant amplitude loading

conditions accurately, predicting fatigue crack growth based on the Paris Law becomes
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challenging when variable amplitude loading conditions are considered. The inevitable changes in
loading patterns of pipelines, which deviate from constant amplitude conditions, can cause an
acceleration (underloading) or retardation (overloading) effect on crack growth [34, 35] that the
Paris equation can not account for. Additionally, the Paris Law is derived based on crack growth
in a non-corrosive environment and does not account for the contribution of environmentally

assisted cracking towards the overall crack growth rate.
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2.4 ENVIRONMENTALLY ASSISTED CRACKING

Environmentally assisted cracking (EAC) is a challenging problem in many industries. EAC is a
generic term referring to all forms of cracking in metals that is assisted by a chemical environment.

There are four types of recognized EAC [32]:
i.  Stress Corrosion Cracking

Stress corrosion cracking (SCC) refers to crack propagation that is driven by an anodic

reaction at the crack tip. SCC is discussed in detail in Sections 2.5 — 2.6.
ii. Hydrogen Embrittlement

Hydrogen embrittlement (HE) is the weakening of a metal’s bond strength due to the
presence of atomic hydrogen at grain boundaries and interstitial sites in the crystal lattice.
The presence of atomic hydrogen in the lattice can lead to crack propagation. HE can be
classified in two sub-categories based on the method atomic hydrogen is supplied ahead of
the crack tip. HE mechanisms are discussed in Section 2.4.1, and its contribution to

corrosion fatigue is examined in Section 2.6.2.
iii.  Corrosion Fatigue

Corrosion fatigue is the acceleration of mechanically driven fatigue failure in a corrosive
environment compared to the fatigue life in an inert environment. Damage from corrosion
fatigue results from a synergistic interaction between plastic deformation and

electrochemical reactions at the crack tip. Corrosion fatigue is discussed in Section 2.6.2.
iv.  Liquid Metal Embrittlement (LME)

LME does not normally involve an electrochemical corrosion reaction. Instead, LME can
cause cracking when liquid metal penetrates the grain boundaries of another metal in solid
state. Several alloy systems are susceptible to LME, including aluminum, titanium,
stainless steel and nickel-based alloys. For example, zinc contamination of stainless steel
occurs as a result of contact between galvanized parts and stainless steel at elevated

temperatures. LME does not apply to this work and will not be discussed further.
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2.4.1 HYDROGEN EMBRITTLEMENT

Hydrogen content at the external surface of pipeline steel after one to two years of service has been
reported to increase by nearly one order of magnitude from baseline [36]. When hydrogen is
introduced into steel, the toughness and ductility can be reduced, and subcritical crack growth can
occur ahead of the crack tip [37, 38]. Atomic hydrogen reduces the cohesive bond strength between
metal atoms, making fracture easier [32]. Hydrogen assisted cracking (HAC) can be divided into
two categories based on the source of atomic hydrogen [39]: hydrogen environment-assisted
cracking (HEAC) and internal hydrogen-assisted cracking (IHAC). In both forms of HAC,
hydrogen is concentrated in the plastic zone ahead of the crack tip denoted as the fracture process
zone (FPZ) in Figure 2.5. The high degree of stress in the FPZ causes the crystal lattice to expand,
which increases the hydrogen solubility in that area. The hydrogen in the area causes embrittlement
of the FPZ, resulting in microcracking when pressure fluctuations in the pipeline occur. The
microcracks will coalesce with the main crack, resulting in crack growth. The rate of HAC is often

controlled by the rate of hydrogen diffusion to the FPZ, obeying Arrhenius law:

D= Doe_Q/RT Equation 2.5

where Q is the activation energy, R the gas constant and 7 is the absolute temperature. However,
as temperature increases material susceptibility to HAC decreases, possibly due to the increased

ductility of steel at higher temperatures [32].
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Figure 2.5 Schematic showing the two forms of hydrogen assisted cracking: hydrogen environment-assisted
cracking (HEAC) and internal hydrogen-assisted cracking (IHAC) [32].
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2.4.1.1 Absorbed Hydrogen Transport Mechanisms

In pipeline steels, hydrogen is known to degrade crack propagation resistance by assisting in the
microscopic processes responsible for crack tip advance, while embrittlement reduces the fracture
toughness [37]. Hydrogen degradation of the crack propagation resistance of pipeline steel is
categorized as either HEAC or IHAC, which are distinguished by the source of hydrogen that

causes cracking [39].
i.  Hydrogen Environment-assisted Cracking

HEAC involves hydrogen entering the material at the crack tip through the conjoint action
of mechanical loading and chemical reaction. Atomic hydrogen can be produced at the
crack tip when gaseous hydrogen dissociates or by chemical reactions in the electrolyte
near the crack tip. Once produced, the hydrogen diffuses into the FPZ if stress is applied.
Diffusion of hydrogen ahead of the crack tip when there is no applied stress is negligible.

ii.  Internal Hydrogen-assisted Cracking

IHAC occurs when there is dissolved hydrogen in the material. In the case of pipelines,
hydrogen is generated by general corrosion at the external surface or from direct contact
with the internal fluid. Eventually, hydrogen will diffuse through the thickness of the
material reaching an equilibrium concentration. Loading causes the re-distribution of

dissolved hydrogen to the FPZ, promoting crack growth.

2.4.1.2 Hydrogen Embrittlement Micro-mechanisms
The following will discuss two of the established hydrogen embrittlement micro-mechanisms in

metals [40]:
i.  Hydrogen Enhanced Localized Plasticity

Hydrogen enhanced local plasticity (HELP) was first introduced in 1990 [41]. HELP
enhances the mobility of dislocations through an elastic shielding effect, locally reducing
the materials shear strength, ultimately causing cracking by micro-void coalescence along
preferred crystallographic glide planes. This fracture process is considered a highly

localized plastic failure process, responsible for the plastic collapse of pipeline steel. HELP
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is considered the governing mechanism for hydrogen-facilitated cracking of pipeline steels

in NNpH environments [42].
ii. Hydrogen-enhanced Decohesion

Hydrogen-enhanced Decohesion (HEDE) was introduced in 1960 [43]. HEDE refers to the
theory that the atomic bonding ahead of the crack tip is weakened by expansion of the
atomic lattice due to the presence of solid solution hydrogen, effectively lowering the bond
strength. The increased concentration of solid solution hydrogen is caused by elevated local
hydrostatic stress. This decohesion fracture initiates ahead of the crack tip, in the FPZ. This

fracture process is responsible for the brittle fracture of pipeline steel.
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2.5 SCC oF PIPELINE STEELS

A critical aspect of pipeline integrity programs is the implementation of an effective SCC
management program (SMP). The cornerstone of the SMP is the application of an appropriate risk-
based decision model. Each decision is based on an analysis of factors that influence SCC, with
each factor having a level of uncertainty. These factors can be quantified to produce a probability
of'a given event such as SCC failure. This probability, when paired with an associated consequence
rating system provides the overall risk related to that event. This risk is never zero; however, it is

the operator’s responsibility to ensure the level of risk remains acceptable [5].

The second fundamental concept of the SMP involves breaking SCC into lifecycle events and
examining how often they may occur. Generally, SCC is broken into three sequential stages: crack
initiation and early-stage crack growth in Stage I [44], steady state crack growth in Stage II [45],
and rapid growth leading to final failure in Stage IIl. Typical crack management programs are
designed to mitigate SCC prior to entering Stage III. As shown in Figure 2.6, the likelihood of
SCC advancing to a more serious stage decreases at each level. Prior to discussing the stages of

SCC, the conditions required for initiation must be introduced.

Failure

Crack Growth

Crack Re-initiation

Crack Initiation & Dormancy

Figure 2.6 The frequency of occurrence of SCC lifecycle events [5]. Crack initiation and subsequent dormancy
is the most common occurrence. Next, a fraction of the cracks will re-initiate after a period of
dormancy. Finally, of the re-initiated cracks, one will enter the instable growth phase leading to
failure.
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SCC initiation in pipeline steel may only occur when three conditions are simultaneously present:
susceptible material, tensile stresses present above a threshold value and exposure of the
susceptible material to a potent environment. Pipeline steel has been shown to be universally
susceptible to SCC [46]. Tensile stresses are generated by hoop stress from the internal pressure
of the pipeline. The potent environment is the soil and electrolyte that surrounds the buried
pipeline. The first and second conditions of SCC described above are always present for a pipeline
under operation; the third condition is only present when ground water can reach the bare metal
surface due to a failure in the pipe’s external coating [47, 48]. Therefore, the extent of the coating

disbondment plays a key role in SCC initiation and growth in pipeline steel.

2.5.1 COATINGS

Coatings can be applied to a pipeline prior to installation either during the manufacturing process,
or at the construction site [49]. The effective application of a coating will create a barrier between
the bare pipe surface and the corrosive environment. The following is a list of the characteristics
that a coating should exhibit to successfully act as a barrier over the lifetime of the pipeline [5, 8§,

50].
i.  Adhesion and Resistance to Disbonding

Coating adhesion and resistance to disbonding are primary performance properties that
indicate a coating’s ability to act as a barrier to the external corrosive environment.
Coatings with good adhesive properties are less likely to be affected by soil expansion and
contraction during changes in the soil moisture content or freeze and thaw cycles.
Resistance to the downward forces of the surrounding soil as it settles after construction is

critical as well.
ii.  Proper Surface Preparation

Proper surface preparation prior to coating application will increase adhesion and reduce
the chances of disbondment. This is achieved by creating a clean, rough surface finish,
which increases the surface area available for adhesive bonding. Additionally, removal of
the mill-scale layer can reduce the effects of galvanic corrosion, in turn slowing early stage

SCC growth [7, 51].
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ili.  Non-shielding to CP if Disbonded

If the coating does disbond, cathodic protection (CP) must have an electric path to the bare
metal surface. Proper delivery of CP at the disbonded location is the second measure in
place to prevent corrosion and SCC. Some coatings, such as polymer tapes, will disbond
adhesively creating a gap between the coating and the bare metal surface where water can
collect but CP cannot reach. High-integrity coatings will disbond adhesively (completely
removed away from the pipe surface) and cohesively such that adequate CP can reach the

disbonded area.
iv.  Low Water Permeability

Water vapour transmission into the coating may cause disbondment and can lead to further
accumulation of moisture at the metal surface. As the coating becomes saturated with
water, its conductivity increases. This results in a higher drain in the CP system, reducing
the electric current available for regions that have previously disbonded. This also causes

higher electricity consumption costs.
v.  Effective Electrical Insulator

Good electrical properties will limit the long-term exposure effects on the coating from the
CP system. The insulating properties will also reduce the electric demand of the system.
However, if the coating disbonds, it will shield the CP from reaching the exposed surface

causing high levels of localized corrosion.
vi.  Abrasion and Impact Resistance

Pipe contact with mechanical equipment or rocks could damage the coating. Good abrasion

and impact resistance will minimize this damage.
vii. Temperature Effects and Ductility

Coatings must maintain ductility to resist cracking throughout a range of temperatures that
it may encounter during transportation, handling by heavy machinery, bending, installation

and during the pipeline’s operation life.
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viii.  Resistance to Degradation

Coating degradation can be generally attributed to the soil type surrounding the pipe, as
well as the pipe’s operating temperature. Selecting the correct coating for a stretch of pipe
that experiences similar soil type and operating temperature can reduce the degradation of

the coating over time.
ix.  Retention of Mechanical and Physical Properties

Coating properties may change over its lifetime in service. For example, polyethylene tapes

may stretch over time, and ageing fusion bond epoxy (FBE) coatings may become brittle.

2.5.1.1 Effective Coatings

The effectiveness of preventing SCC initiation in pipelines is primarily related to three coating
requirements. The first requirement is that the coating must prevent the corrosive environment
from contacting the bare metal surface. The second requirement is the ability for current to pass
through the coating if disbondments occur, protecting the disbonded regions from the corrosive
environment that cause corrosion or SCC. The third requirement is that surface preparation prior
to coating application should be carried out in a manner that reduces susceptibility to SCC
initiation. Four types of coating are recommended for new construction projects: FBE, liquid

epoxy and urethane, extruded polyethylene and multi-layer or composite coatings [5, 50, 52].
i.  Fusion Bond Epoxy

FBE is a high-integrity coating with excellent bonding strength and is resistant to
deterioration from CP, soil stress and chemicals. FBE coatings are heat-activated,
chemically cured coating systems. While FBE may infrequently disbond due to osmotic
blistering, the coating properties prevent cathodic shielding, thereby ensuring protection is
maintained. During pipe surface preparation prior to coating application, the surface is grit
blasted. This process imparts a compressive residual stress on the pipe surface, improving
resistance to pitting and SCC initiation [53, 54]. FBE coated pipe has been known to resist
SCC initiation when compared with asphalt or tape-coated pipelines in similar conditions.
Another primary advantage with FBE coatings is that the coating does not hide any external

surface defects; therefore, the steel surface can be visually inspected after it is coated.
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ii. Liquid Epoxy and Urethane

Liquid epoxy and urethane coatings are considered a high-integrity coating, meeting all
three requirements discussed above. This coating requires the same surface preparation as
FBE, and the same benefits from that process are realized. This coating type is used
extensively as a repair coating on FBE-coated pipelines and for coating girth welds in new

construction projects.
iii. Extruded Polyethylene

Extruded polyethylene meets requirements one and three. It has good adhesive properties
and surface preparation by grit blasting prior to installation make it an effective coating
that promotes resistance to SCC initiation. However, if the outer shell is damaged and
disbondment occurs, the shell will shield the exposed metal from CP. Usually the
disbondment occurs at the polyethylene/mastic interface instead of the mastic/pipe
interface. In these instances, the mastic has been found to provide corrosion protection on

its own.
iv.  Multi-layer or Composite Coatings

Multi-layer coatings consist of an inner layer of FBE and an outer polyolefin layer held
together with an adhesive. Composite coatings are layered with FBE and a polyethylene
outer layer. Initial performance analysis of these coatings predicted CP shielding in the
event of disbondment. However, in practice these coatings are extremely resistant to

mechanical damage and adhesion failure.

2.5.1.2 Problematic Coatings

There are many coating types commercially available that meet some of the characteristics
discussed in Section 2.5.1. While it is true that the more desirable characteristics a coating
possesses, the more broadly applicable the coating will be; it does not indicate if the coating will
be effective in preventing SCC initiation. Two coating types have shown historical evidence of

SCC susceptibility and are not recommended for new pipe, joint or repair coating [5, 55]:
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i.  Polyethylene Tape

Pipelines with tape coatings have historically presented a high susceptibility to SCC. Tape
coatings satisfy the first requirement established in Section 2.5.1.1, but generally do not
satisfy the second and third requirement. Adhesion is critical to the effectiveness of tape
coatings. If the coating disbonds from the pipe or tents on the girth weld or long seam weld,
it will shield the exposed metal from CP. Furthermore, surface preparation is usually
completed by wire brush cleaning. This surface preparation method does not have the same
benefits as grit blasting. Additionally, the porous structure of the mill scale left behind
underneath the coating after wire brush cleaning enhances anodic and cathodic differences,
promoting localized corrosion [56]. Consequently, the coating installation process does not
produce a pipe surface resistant to SCC initiation and disbondment will create the idealized

environment for SCC initiation and growth.
ii.  Bituminous Enamel

Bituminous enamel coatings such as asphalt and coal tar have a history of susceptibility to
SCC. The enamel is the corrosion inhibiting portion of the coating and it is reinforced with
various combinations of fiberglass or felt to strengthen the coating for handling. This
coating type satisfies requirements one and two established in Section 2.5.1.1. However,
surface preparation is traditionally completed with a wire brush cleaning, presenting the
same limitations discussed for polyethylene tape. Coal tar coatings have been historically
susceptible to intergranular SCC [55]. This correlation is likely because disbonded coal tar
coatings do not completely shield CP and full cathodic shielding is a pre-requisite for

transgranular SCC.

2.5.2 CATHODIC PROTECTION

Cathodic protection is defined as a technique used to prevent the corrosion of a metal surface by

making that surface the cathode of an electrochemical cell [8]. As external corrosion and SCC are

electro-chemical phenomena they can be prevented or mitigated by applying a negative potential,

making the pipe surface a cathode. Through this process, the rate of corrosion (oxidation) at the

pipe surface is reduced [52].
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There are two types of CP systems: sacrificial anode and impressed-current. The sacrificial anode
system uses an anodic material that is less noble than pipe steel on the galvanic series. When
connected to the pipe, the sacrificial anode provides protection to the pipe against corrosion. The
impressed current system utilizes an external power supply, called a rectifier, connected to the pipe
to control the voltage between the pipe and an anode bed, making the pipe the cathode in the

electric circuit. These two systems are illustrated in Figure 2.7.

Cathodic protection is the second line of defence implemented in pipeline integrity programs to
protect against corrosion and SCC when the coating disbonds. However, if the exposed pipe is
partially or completely shielded from CP, all conditions for SCC are present and initiation may
occur. There are two forms of SCC that have been found in pipeline steels, which can be classified
by the pH of the corrosive environment at the location of coating disbondment, or the method of
crack propagation through the microstructure of the steel. Both forms typically present as parallel
external cracks oriented in the longitudinal direction on a pipe that group together as dense or
sparse colonies. Dense colonies exhibit a circumferential crack spacing less than 20 % of the
pipeline wall thickness, while sparse colonies have a larger separation [3]. The two forms are Near-
neutral pH (NNpH) SCC and High pH (HpH) SCC and extensive reviews of the two types of SCC
can be found in the literature [2, 3, 5, 47, 48, 52, 55, 57-64]. The former will be discussed in great

deal in the following sections, while the latter will be introduced briefly below.

Rectifier

Figure 2.7 (Left) a sacrificial anode CP system with distributed magnesium anodes and an above-ground test
station and (right) an impressed current CP system with an above-ground rectifier and a single
remote anode ground bed [52].
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2.5.3 HIGH PH SCC

The first recognized SCC failure on a pipeline occurred in 1965, when an intergranular form of
cracking was observed that would later be named classical or High pH SCC [55, 57]. Colonies of
HpHSCC are typically found where improperly cathodically protected pipeline steel is exposed to
a high concentration solution mainly composed of carbonate (CO3>") and bicarbonate (HCO3")
ions [58, 59]. The pH of these solutions typically range from 9.5 — 12.5 [60]. As some level of CP
is present at these locations, HpHSCC is not typically found with external corrosion of the pipe
surface. The cracks can become branched as the crack propagates along the steel grain boundaries
(intergranular crack propagation), with little corrosion on the crack faces (Figure 2.8). The
mechanism responsible for continuous crack growth has been well characterized by the repeated
process of crack tip passivation and rupture of the passive film. In general, the average crack
velocity is related to the crack tip strain rate [61, 62]. The study of crack growth rates has shown
that HpHSCC is sensitive to temperature [63, 64]. It was found that a decrease in operating
temperature led to a decreased probability of failure caused by HpHSCC.
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Figure 2.8 Cross sectional images of High pH stress corrosion cracks in a gas transmission pipeline [55].
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The three stages of HpHSCC growth are often described by the bathtub model (Figure 2.9)
proposed by Parkins [65, 66], where the crack velocity is plotted as a function of time. Prior to
initiation, the conditions of SCC must be met. This usually involves pitting, and development of
an aggressive chemical environment. Crack initiation (Stage 1) can be divided into two sections
with respect to crack growth: (a) initiation by grain boundary selective dissolution [67] and (b)
continuous initiation and microcrack coalescence. Pipeline steel spends most of its lifetime in
Stage 1 SCC. Eventually, a threshold stress intensity value that will allow SCC (Kiscc) is reached,
and Stage 2 rapid growth begins. Finally, when the crack dimensions become severe, accelerated
crack growth (Stage 3) begins, leading to abrupt failure. Stage 3 has little engineering significance
as it cannot be controlled; pipelines should be replaced prior to reaching Stage 3 crack growth. The

other form of SCC will be discussed in the following section.

r 3

Preparation | Stage 1a | Stage 1b | Stage 2 Stage 3 |
® Development E'Cracks initiate E ® |nitiation continues i ® | arge cracks E' Fast E
of conditions !=CV reducing due to ' = Coalescence ' coalescence | growth !
for SCC i decreasing strain | increases | , to '
%‘ initiation | rate : : i ;
% E' Few cracks coalescencei i i E
e i
: ] 1 1 1 1
&) I 1 1 1 1
© : I : . |
© I | : | :
e | [ ey |
: : : upper | x|
| : : bound : i
I 1 1 1 (>él
: | N | g,

; i ' Kisce : X i

Time
Figure 2.9 Visual representation of the stages of SCC growth during the lifetime of a pipeline failure [65, 66].
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2.6 NEAR—NEUTRAL PH SCC

The second form of SCC was discovered in Canada in 1985, when cracking presented with some
characteristics of HpHSCC, yet some differences [2]. It was noted that wide transgranular cracks
with little branching were present and were associated with electrolytes with pH values of 7.5 or
less [1]. Transgranular SCC, or near-neutral pH (NNpH) SCC occurs when the exposed metal
surface beneath a coating disbondment is partially or completely shielded from CP. As the central
focus of this work, the corrosive environment, corrosion mechanism, corrosion fatigue, crack
propagation mechanisms, fracture surface characteristics and mathematical models related to

NNpHSCC will be explored in detail in the following sections.

2.6.1 ENVIRONMENT AND CORROSION

As discussed in Section 2.5, one of the prerequisites for crack initiation is that the pipe surface is
exposed to a potent environment. For this to occur, the soil electrolyte must penetrate the coating
in a location where the pipeline surface is at least partially shielded from CP, near open circuit
potential (OCP) condition. Coatings that disbond and shield the pipe surface from CP are most
likely to promote NNpHSCC [2], and it has been shown that steel susceptibility to NNpHSCC
increases with decreasing CP [68]. The pH level of the groundwater is dependent on CO» partial
pressure, which is in equilibrium with bicarbonate ions in an anaerobic environment. The

following will discuss the CO corrosion mechanism of a NNpH environment.

2.6.1.1 CO, Corrosion Mechanism
The most important reactions which result in the CO» corrosion of mild steel are the

electrochemical reactions occurring at the steel surface [69, 70]:
Water in the presence of dissolved carbon dioxide results in the formation of carbonic acid.

H,O + CO, < H,CO;4 Reaction 2.1

Favourable dissociation of carbonic acid into bicarbonate occurs spontaneously.

H,CO; < H" + HCO3 Reaction 2.2
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Anodic dissolution (oxidation) of iron at the metal-electrolyte interface occurs when a coating

disbondment shields the metal surface from CP.

Fe <> Fe' + 2e~ Reaction 2.3

Cathodic hydrogen evolution by reduction of dissociated hydrogen ions.

2H' +2e™ > 2Hyq) Reaction 2.4

Precipitation of iron-carbonate in solution.
HCOj + Fe?" & FeCO; +H' Reaction 2.5

The overall reaction combining the above steps.

H,0 + CO, + Fe <> FeCO3 + 2H g4 Reaction 2.6

The rate limiting step to the reactions listed above is Reaction 2.1, which is controlled by the
partial pressure of dissolved COz (Pcoz). As the Pcoz increases, there is an increase in bicarbonate
formation which increases the dissolution rate of steel in the corrosion cell. Conversely, as the
Pco> decreases, there is a shift in the equilibrium of the carbonate-bicarbonate system and the
bicarbonate dissociation reverses, causing dissolution of the iron-carbonate. This equilibrium
reaction, known as the Colwell-Leis mechanism, allows the generation of hydrogen in solution
and formation of FeCOs; while maintaining the pH of the bulk solution at approximately 6.4.
Furthermore, this reaction forms a non-passive layer on the steel surface where active dissolution

of iron takes place [70]. A visualisation of this equilibrium reaction is shown in Figure 2.10.

It is generally accepted that corrosion of pipeline steel under a coating disbondment is proportional
to the CO» concentration. The level of dissolved CO» is homogenous in the soil electrolyte and
near the open mouth (OM) of the disbondment. However, as CO2 can only be replenished from
the bulk solution, there is a decrease in concentration as the electrolyte moves further into the
narrow disbondment. Recently, a second contributing factor to corrosion acceleration in small gap
size disbondments was proposed [71]. It was theorized that as the concentration of Fe** increased,
the corrosion rate at that location decreased. There is debate [72] regarding the mechanism causing

this effect, as well as the location within the disbondment most affected. However, there is

30



agreement between the authors that an increase in local Fe*" concentration within a coating
disbondment will decrease the dissolution rate of iron at that location. A visualization of the Fe**
concentration gradient theories is shown in Figure 2.11. The former author theorised a linear
gradient decreasing from the OM, while the latter author theorized a peak concentration at the mid-
way point of the disbondment. The results of a study of the crack width through the crack depth
profile conducted by Egbewande et al. [73] shows the smallest width at the mid point of the crack
depth; corelating with the theory proposed by Engel [72].
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Figure 2.11 Iron distribution at various points of the coating disbondment within a corrosion cell [72].
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Statistical analysis of field data shows that more than 95 % of SCC becomes dormant due to crack
tip blunting at a depth of less than 1 mm [4]. In a pipeline steel NNpH environment system, crack
dormancy is physically related to crack tip blunting, which is induced either mechanically or

environmentally [73]:
i.  Mechanically Induced Crack Dormancy

Mechanically induced blunting primarily occurs due to low temperature creep at the crack
tip. Time dependent plastic deformation will reduce the sharpness of the crack tip, in turn
reducing the stress intensity, Kmax, at that location. If Kmax is reduced below a threshold

value, continuous crack growth cannot be sustained.
ii.  Environmentally Induced Crack Dormancy

Environmentally induced blunting is primarily caused by the direct removal of material via
dissolution at the crack tip. Sufficient blunting by dissolution is only possible in non-
passivating corrosion systems, such as the NNpH environment. Environmentally induced
blunting is typically seen in the early stages of crack growth and in high concentrations of
CO:2 as shallow cracks still observe similar CO, concentrations as the bulk electrolyte. As
the crack depth increases, the rate of CO; corrosion decreases at the crack tip and the
blunting effect is lessened. Because the highest levels of CO> are at the crack OM,

dissolution of shallow cracks may lead to the formation of pits.

2.6.1.2 Soil Conditions

There are no obvious known trends with respect to soluble cation concentrations of the soils
analyzed in the field where NNpHSCC has been found on pipelines [55]. However, the presence
of CO2 and low concentrations of bicarbonates in solution have been established [70]. The
generation of CO»> in the field can be attributed to the decay of organic matter in the soil [74]. CO»
concentrations vary seasonally with the highest concentrations in the winter months. Soil moisture
content is also a key variable in producing conditions favourable for NNpHSCC. To study
NNpHSCC initiation and growth, a realistic potent NNpH environment must be simulated under

controlled conditions.
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Chen et al. [75] initiated a study to determine the effect distinct chemical environments have on
corrosion and crack growth rates. Additionally, an attempt to identify specific conditions that
enhance environmentally driven crack growth to further understand crack dormancy effects was
undertaken. The corrosion rate of a synthetic solution with set ion concentrations was studied and
compared to commonly used NS4 solution and occasionally used NOVATW solution. Four
variations of the synthetic solution were produced, with the only variation in the CaCOs3 (by
extension COs*) content. An increase in CaCOs caused an increase in the solutions pH level when
purged with 5 % CO» + N gas leading to a decreased corrosion rate of steel exposed to the solution.
Lower long-term corrosion rates were found in more concentrated solutions, which was attributed
to a surface film formation that slowed the diffusion of the species required in the electro-chemical
reaction. One of these solutions (C2 solution) was found to maintain a pH of 6.29 in equilibrium
with the purged gas. Crack growth rates of C2 were compared with NOVATW (pH =7.11) and it
was found that crack growth in a C2 environment was three times larger than a NOVATW

environment for the same loading conditions, but still at levels applicable to NNpHSCC.

2.6.2 CORROSION FATIGUE

The classical approach to mechanical fatigue, known as the Paris Law (Section 2.3), can be
presented as the average crack propagation rate (da/dN) as a function of the applied stress intensity
range (AK). However, there exists a variety of crack growth responses for material subjected to
variable amplitude loading conditions and/or a corrosive environment that deviate from the Paris
Law, which was based on experimental results obtained using constant amplitude loading
conditions in an inert environment [33, 76]. The Unified Approach (Section 2.6.5.2) to mechanical
fatigue considers both the amplitude (AK) and peak stress intensity (Kmax). However, it also has
limited application to crack growth sensitive to the loading frequency or when exposed to a

corrosive environment.

Corrosion fatigue is defined as the harmful effect of an external chemical environment on one of
the stages of damage accumulation leading to the fatigue failure of metals [76]. This damage results
from the interaction of plastic deformation and local chemical or electrochemical reactions. There
are four defined stages of corrosion fatigue. The first stage is cyclic plastic deformation, where
basic principles of fatigue weaken the material. Next, microcrack initiation occurs in an accelerated

fashion when the material is exposed to a chemical environment compared to an inert environment.

33



As microcracks coalesce to form a small crack, the third stage ensues. Finally, macro crack

propagation occurs.

Corrosion fatigue can be classified into three categories: (1) cycle-dependent, (2) time-dependent

and (3) time- and cycle-dependent. Crack growth in the first category is not loading frequency

dependent, while the second and third categories are. Some of the time-dependent processes that

contribute to the crack growth are [77]:

il

1il.

1v.

Surface passivation, or oxide film formation is a time-dependent process. However,
this is not the case for NNpHSCC as the corrosion mechanism forms non-passivating
corrosion products.

Lower loading frequencies can cause higher crack growth rates per cycle as maximum
hydrogen effects can be achieved when the loading rate is slow enough to allow
maximum segregation ahead of the crack tip.

The time-dependent process of room temperature creep can lead to crack tip blunting
and mechanical damage to the material ahead of the crack tip in the plastic zone [39].
Many other conditions can affect time-dependent crack growth positively or negatively
such as temperature [64], interaction between the chemistry of the material and the

environment [69], and electrolyte dynamics [75].

NNpHSCC has many competing considerations that contribute to the crack growth rate.

Examining the physical crack growth rate mechanisms yields a more direct understanding.

Generally, there are three physical crack growth processes that contribute to the crack growth rate

[77]:

il

Dissolution at the crack tip only, which is primarily the dominant process of crack
growth in the early stages when the cracks are shallow. As the crack deepens, the
diffusion driven processes of CO> corrosion become rate limiting and this process
becomes secondary.

Micro-crack initiation and coalescence ahead of the crack tip through hydrogen
embrittlement. This mechanism is the primary cause of crack growth following the

initiation phase of crack tip dissolution.
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iii.  Direct cracking caused by cyclic loading that results from pressure fluctuations during

pipeline operation.

Further complications are presented when the loading rates observed during pipeline operation are
considered. The loading frequency of pipelines is typically in the range of 107! to 10° Hz [78].
Additionally, the transport media must be considered as pressure fluctuations for oil media and
gas media pipelines are drastically different [79]. Finally, the pressure fluctuations are dictated by
many factors related to pipeline operation including unpredictable supply and consumption of the
transport media, flow rate changes, planned pressure reductions for maintenance work, unplanned
line outages and mid-point injections [80]. The aforementioned factors create variable amplitude
pressure fluctuations within the pipeline that are difficult to control from an operations perspective

and difficult to mathematically relate to the crack growth rate from a modeling perspective.

Since pressure fluctuations are the driving force behind crack growth in pipelines exposed to
NNpH environments, many experimental studies have been conducted to determine the
mechanisms of cracking under constant amplitude loading conditions [19, 73, 81-87] and recently
under variable amplitude loading conditions [72, 88-93]. The effects of the stress intensity factor
range, the maximum stress intensity factor, the loading frequency and variable amplitude pressure

fluctuations have been studied.

2.6.2.1 Effect of AK

The stress intensity factor range, AK, has been identified as the most important factor in controlling
and predicting fatigue crack growth. The three regions of mechanical fatigue crack growth,
introduced in Section 2.3, are commonly found when testing corrosion fatigue. The steady state
growth regime (Region II), defined by the Paris equation is exclusively dependent on AK. This
relationship named the Paris Law has historically been applied to determine re-inspection intervals

and perform remaining life calculations on engineering components.

Historically, most experimental tests have been conducted in Region II instead of Region I as the
crack growth rate in Region I is so low at low AK that test durations are not practical [84-86]. This
effect is enhanced by low loading frequencies and intermediate stresses used to simulate realistic
field conditions. Recently, it has been found that pressure fluctuations with AK < AKu can
contribute to crack growth in NNpH environments by causing a load interaction effect coupled

with the large fluctuation events [72, 77, 78, 88] and will be discussed in Section 2.6.2.4.
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2.6.2.2 Effect of Kmax

The maximum stress intensity factor, Kmax, s the dominating mechanical driving force responsible
for fracture and is especially pronounced at low crack growth rates [76]. Kmax is especially relevant
to systems involving hydrogen embrittlement such as the NNpH environment. The amount of
hydrogen able to diffuse to the plastic zone ahead of the crack tip dictates the severity of the
embrittlement effect. Kmax is directly proportional to the applied stress at the crack tip, and the
equilibrium concentration of hydrogen in the stressed lattice (ce;) ahead of the crack tip follows an

exponential relationship with the hydrostatic stress at that point, defined by [77, 94]:

Koy = BOmaNma Equation 2.6

_ bed.(Z .
Ceg = Co€XP kpT Equation 2.7

where f is a geometrical factor, omax 1s the maximum applied stress of the pressure fluctuation, a
is the crack length, ¢, is the equilibrium concentration of hydrogen in the bulk material, onyd is the
hydrodynamic stress ahead of the crack tip, 2 is the partial molar volume of hydrogen, kg is the

Boltzmann constant and 7 is the absolute temperature.

In conclusion, Kmax effectively merges the principles of mechanical fatigue and hydrogen

embrittlement to weaken the plastic zone ahead of the crack tip, promoting crack growth.

2.6.2.3 Effect of Frequency

The effect of loading frequency, f, on crack growth in a NNpH environment is shown in Figure
2.12. When the frequency is higher than 10 Hz, f is inversely proportional to the crack growth
rate per cycle. This trend can be explained by the increased time for hydrogen diffusion ahead of
the crack tip, as described by Equation 2.5. Experimental work is generally conducted with
loading frequencies higher than 10~° Hz as the duration of experiments becomes impractical at low
frequencies. The transition of crack growth behaviour at f < 10~ Hz will be discussed in Section

2.6.5.5.
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1 Constant Amplitude Cyclic Loading
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Figure 2.12 Crack growth rate as a function of the loading frequency of constant amplitude cyclic loading of CT

specimens in C2 solution and in air [77].

2.6.2.4 Effect of Variable Amplitude Pressure Fluctuations

Variable amplitude pressure fluctuations can be categorized into three types, as shown in Figure
2.13: Type I — underload pressure fluctuations, Type II — mean load pressure fluctuations, and
Type III — overload pressure fluctuations. Type I and III fluctuations are also accompanied by
minor cycles, which have been shown to contribute to crack growth by the process of loading
interaction [72, 77, 78, 88]. Additionally, these loading conditions can interact synergistically to
promote crack growth or induce retardation effects [35]. A schematic showing the general trend
of the interaction between some pressure fluctuation combinations is shown in Figure 2.14. The
following will explore the effect of the varying types of pressure fluctuations on SCC growth rates

in a NNpH environment.
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i.  TypeI - Underload Pressure Fluctuations

Type I pressure fluctuations are often found within 30 km of a compressor station (gas
pipelines) or a pump station (oil pipelines) [79]. The maximum pressure of Type I fluctuations
is often controlled close to the design limit of the pipeline, only allowing fluctuations at a level
lower than the design limit. The spectrum consists of large fluctuation cycles with low R-ratios
(underload cycles) separated by minor load cycles with high R-ratios (i.e. R >0.9). This section
of the pipeline is subjected to the highest mean pressures of the entire pipeline. Oil pipelines
typically experience higher loading and unloading rates compared to gas pipelines due to the
incompressibility of the transport media. Additionally, underloads in oil pipelines will often
have lower R-ratios and higher occurrence of underload cycles. Type I fluctuations are the
most concerning for crack growth due to the high mean stress and the accelerating effect of the

underload (UL) cycles, as illustrated in Figure 2.14.
ii.  Type Il - Mean Load Pressure Fluctuations

Type II pressure fluctuations are typically observed further downstream from compressor and
pump stations [79]. The mean pressure of Type II fluctuations is lower than Type I fluctuations,
where spikes at a level above the mean pressure but below the design limit are commonly seen.
The mean pressure is still not low enough to eliminate the underload fluctuations typically seen
in Type 1. This loading regime is mainly comprised of large changes in pressure, without minor

cycles.
iii.  Type III — Overload Pressure Fluctuations

Type III pressure fluctuations typically occur near the suction site, at the furthest point from
the compressor or pump station [79]. The mean pressure of Type III fluctuations is the lowest
throughout the pipeline, where pressure spikes above the mean pressure, also referred to as
overload (OL) cycles, become predominant while the occurrence of underload cycles is
minimized. Like Type I fluctuations, the large loads are separated by minor cycles (MC). The
low mean pressures of Type III fluctuations make this spectrum the least concerning, in
addition to the crack growth retardation effects of the overload cycles, as illustrated in Figure

2.14.
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Before discussing load interactions, the mechanisms of crack growth acceleration and retardation
should be introduced. Consider a crack with a blunt tip exposed to a NNpH environment. If a Type
I fluctuation occurs, the blunted crack can be forced closed by a compressive underload. As the
crack re-sharpens, a tensile residual stress forms ahead of the crack tip. This effect can only occur
if a crack is blunt and there is space between the crack faces, which is common in NNpHSCC as
the corrosion reaction at the crack tip is non-passivating. Under these conditions, the underload
can cause an acceleration of the crack growth. Now, consider a crack exposed to a NNpH
environment that is experiencing active growth. If a Type III fluctuation occurs, the resulting crack
blunting due to the increased stress at the crack tip causes the crack faces to move apart. Crack tip
closure does not occur immediately following the overload, so crack growth may be momentarily
higher for a short duration. Once the crack propagates a short distance into the overloaded zone,
compressive residual stresses result in plastically induced closure, which can cause crack growth

retardation [95].

Evidently, pipelines subjected to Type I pressure fluctuations experience the most aggressive crack
growth rates because they have the highest Kmax (or mean pressure), which is close to the design
limit, as well as the largest AK and frequently occurring underload cycles [79]. It has also been
determined that crack growth can be significantly enhanced by Type I fluctuations, as compared
with Type II fluctuations, because of the effect of load interactions [96]. In Figure 2.15 it can be
seen that the Type I fluctuations have a growth rate nearly one order of magnitude higher than the
than the Type II fluctuations under the same loading conditions. In fact, cyclic pressure
fluctuations are one of the most important prerequisites for active crack growth in NNpH
environments [81, 97]. In Figure 2.16, Engel [72] compared the data from various tests that were
conducted using the same loading conditions (Kmax, R, f and #MC), but varying waveform types.
Again, Type I loading was shown to produce higher crack growth rates than Type II loading in
both the surface and depth direction. Additionally, comparing Type I loading with the UL&H
waveform shows the crack growth approximately doubles when minor cycles are introduced in the

place of a static hold.
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The contribution of minor cycles to crack propagation via load interaction is shown in Figure 2.17.
It is determined by dividing the crack growth rate of the respective mean load (i.e. Type I
fluctuations) by the corresponding crack growth rate under constant amplitude loading. As
indicated by Figure 2.17, increasing the number of minor cycles between each UL for Type I
fluctuations will increase drive for crack propagation. It is also clear that when an OL is introduced
prior to the UL, the crack growth rate is not sensitive to variation in the number of minor cycles.
This indicates that applying an OL prior to an UL can reduce the contribution of subsequent minor
cycles to crack growth. Based on the findings of this study, Tehinse et al. [88] recommended
implementation of an overload with a magnitude no greater than 10 % of the minor cycles prior to
an expected shutdown of a pipeline. This may reduce the acceleration affect caused by the

depressurisation induced underload.
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Figure 2.17 CT specimen crack growth rate showing the effect of the number of minor cycles on Type I

fluctuation crack growth (1) and overload proceeding underload fluctuation crack growth (2) [88].
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Zhao et. al [79] analyzed real pipeline pressure fluctuation data in an attempt to define the loading
and unloading frequencies, number of underloads per year and number of minor cycles for oil and
gas pipelines. A summary of the findings is shown in Table 2.1. The number of underloads
experienced by oil pipelines is significantly higher than what is seen in gas pipelines due to the
nature of the transport media. The loading and unloading rates of oil pipelines vary significantly,
while they are consistently slow for gas pipelines. Finally, there are generally fewer minor cycles
between underloads for oil pipelines than gas pipelines. The crack growth is predominantly driven
by more frequent and larger underloads for oil pipelines, while it is driven by enhanced crack

growth at lower frequencies and stronger load interactions in gas pipelines [96].

Table 2.1 Characteristics of Type I pressure fluctuations in oil and gas pipelines [79].
Items QOil pipelines Gas pipelines

Underload  Typical # of underload 537 2
cycles cycles per year
Frequency  Range of unloading 6.9x10°-1.0x10" 13x10%-92x107
(Hz) Range of loading 51x10°-1.0x102 13x10°-53x10°°
Minor # of MC between two 0-26 0_37
cycles underloads

2.6.3 STAGES OF NEAR-NEUTRAL PH SCC

After over 30 years of extensive investigation, the physical processes of crack initiation and growth
in a NNpH environment have been determined [2, 55]. Figure 2.18 shows the physical processes
involved in crack initiation and growth for cracks exposed to a NNpH environment. As discussed
in the previous section, the conditions required for SCC must develop prior to crack initiation, as
shown in the far left of the figure. The growth curve is a superposition of two primary mechanisms
of crack growth [6]. The first stage is modeled by the dissolution growth curve, which defines
crack growth by direct dissolution of steel at localized areas during initiation or at the crack tip.
The second stage is modeled by the hydrogen-facilitated fatigue growth curve, which defines crack
growth by a process involving the interaction of fatigue and hydrogen embrittlement. Stage 2 crack
growth is defined by the combined factor, AK*Kmax/ f* which will be discussed in Section 2.6.5.5.
Finally, prior to failure the crack enters an instable growth phase, which is not of great significance
in pipeline integrity as crack management programs should mitigate cracks prior to entering Stage
3. Instable crack growth will not be discussed further as the focus of this work is not on crack

growth in that regime.
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Figure 2.18 Schematic illustration of the effect of the combined factor upon SCC growth in pipeline steel

exposed to NNpH solution [6].

2.6.3.1 Dissolution Crack Growth

Dissolution driven crack growth is primarily important in crack initiation and early-stage crack
growth [6, 7, 53, 54]. Localized corrosion at the pipe surface causes crack initiation, leading to the
formation of crack-like defects. This stage is usually dependent on coating conditions (Section
2.5.1), soil environments (Section 2.6.1) and steel metallurgy (discussed below). As time
progresses and crack depth increases, the crack growth velocity decreases due to a reduction in the
rate of dissolution at the crack tip. At this stage, the vast majority of cracks enter a state of
dormancy, before they reach a depth 1 mm [98] (Figure 2.19a). Crack depths in Stage 1 crack
growth can be controlled by effective coatings (Section 2.5.1.1) and cathodic protection (Section

2.5.2). Dissolution-driven crack growth is valid in Stage 1 due to the following [6]:

1. Mechanical driving forces are negligible primarily due to a small stress intensity factor
at the crack tip. The stresses required to induce fatigue crack initiation from
metallurgical discontinuities requires aggressive loading conditions that are not seen in

pipeline operation. For example, the loading conditions required to achieve initiation
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by fatigue require low R-ratios (~ 0.4) and high maximum stresses (> 90 % SMYS) for
over 10° cycles. However, the worst loading conditions experienced by pipelines are at
discharge sites of oil pipelines where well below 1000 cycles per year meet the
aggressive loading conditions described above [79, 82].

Crack initiation by hydrogen mechanism is not possible as the amount of diffusible
hydrogen available in NNpH environments is very low. It has been shown that the
amount of diffusible hydrogen available in pipeline steels is about ten times less than
the level required to cause hydrogen induced blistering [99]. An exception to this may
occur when excessively high levels of CP are applied. Excessive CP will cause an
increase in the aqueous hydrogen concentration.

A common characteristic of NNpHSCC cracks is a generally wide crack crevice [2]
due to the non-passivating nature of the corrosive environment which causes corrosion
at the crack tip and on crack walls [77]. This type of corrosion causes pitting on the
pipeline steel surface, reducing the mechanical driving forces present in the pipeline,
which are required for crack growth mechanisms. It should be noted that this corrosion
mechanism is quite different than the crack tip passivation and rupture mechanism of

HpHSCC.
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Figure 2.19 (a) Crack depth distribution in various crack colonies found on a ruptured pipeline segment after 19

years of service [98] and (b) the tensile residual stress distribution in the depth direction of a steel
pipeline [46].

Beavers et al. [46] conducted a study to determine whether a correlation between pipe

metallurgical factors and SCC exists. The study analyzed 24 SCC colonies and 28 control areas
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from 14 pipes installed from the 1950°s — 1970’s. The following properties were measured in pipe
area near the SCC colonies and in the control areas: surface roughness, residual stress, chemical
composition, cyclic stress-strain behavior, grain size, microstructure, micro-hardness, inclusion
size, shape and composition, and local galvanic behavior. It was concluded that there exists a
strong correlation between (tensile) residual stress and the presence of NNpHSCC; Figure 2.19b
shows that the residual stress found near the SCC colonies was approximately double the levels
found in the control areas. Additional findings indicated that a higher micro-hardness and higher
surface roughness both led to a higher susceptibility to SCC. Significant correlation between the

remaining properties and SCC initiation was not found.

Residual stress is defined as a tensile or compressive force that exists in the bulk material without
application of an external load [53]. Based on the length scale, residual stresses can be categorized
in three types [100]. Type I is the macro-scale residual stresses, which vary over several grain
diameters. Type I residual stresses in pipeline steels may be caused by the bending of steel plate
material during pipe forming, differential cooling through the material thickness during rolling and
localized plastic deformation during handling (i.e. bending, improper reinforcement during lifting,
etc.). Type II is the micro-scale residual stresses, which vary over the grain scale. Type Il residual
stresses in pipeline steel are the typically related to microstructural and surface texture properties
such as pearlite colonies versus ferritic grains. Type III is residual stresses at the atomic scale.
These residual stresses are generated by chemical segregations at grain boundaries and differing

phases in microalloyed steel.

Van Boven et al. [53, 54] initiated a two-part study to examine the role of residual stress in
NNpHSCC of pipeline steels. Part 1 [53] explored the relationship between the Type I residual
stresses described above and their effect on Stage 1 SCC growth behaviour on pipeline steels in a
NNpH environment. Tensile and compact toughness (CT) specimens with varying levels of
residual stress were tested in C2 solution and subjected to mean load pressure fluctuations. A
residual stress profile was obtained using neutron diffraction. It was concluded that micro-pitting
(~ 0.2 mm pit depth) occurred preferentially in areas of highest tensile residual stress (~ 300 MPa)
and little corrosion or pitting occurred in areas with compressive stresses. All the cracks were
found to have initiated from the bottom of the micro-pits. Cracking favourably initiated in areas

of tensile residual stress in the range of 150 — 200 MPa. Cracks formed during the long-term tests
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experienced crack tip blunting caused by dissolution of the crack walls and low temperature creep
deformation. These crack tip blunting mechanisms occurred at depth locations where the cracking
velocity had dropped below the anodic dissolution rate. This was attributed to a reduction in the
local tensile residual stresses in the growth direction. This reduction in crack velocity correlates to

the first portion of Stage 1 NNpHSCC growth.

Part 2 [54] was intended to both provide a quantitative analysis of the differences in the occurrence
of pitting versus cracking and to establish a correlation between crack dormancy and the Type |
residual stresses present in pipeline steels. The data used in this study was collected in Part 1,
discussed above. It was found that cyclic loading can effectively attenuate the magnitude and
gradient of residual stresses in a steel specimen. Additionally, it was concluded that the preferential
pitting observed in Part 1 was a result of long-range galvanic stress cells. As cracks in NNpH
environments can be easily blunted (via plastic deformation and crack tip dissolution), a high
tensile residual stress gradient is necessary for development of cracks. As the crack grows in the
depth direction, the tensile residual stresses may be lower than the near-surface residual stress
causing the cracks to become dormant, which often occurs within less than 1 mm from the surface.

This effect of crack dormancy is represented in the second half of Stage 1 NNpHSCC growth.

Tensile residual stress must be balanced by an equal compressive residual stress in the thickness
of the material. It has been shown that high tensile residual near-surface stresses are usually
accompanied by lower tensile residual stresses or compressive residual stresses in the depth
direction [54]. According to Figure 2.19a, residual stress remains positive (tensile) within a depth
of 2 mm from the pipeline steel OD surface. This suggests a compressive region of residual stress

likely exists near the ID surface.

In conclusion, dissolution crack growth is the main initiation mechanism of NNpHSCC. It has
been shown that cracks initiate from the bottoms of micro-pits that form in areas of maximum
tensile residual stress, and favourably propagate in areas of mid-range residual stress. As the crack
propagates away from the surface, lower tensile residual stresses and diffusion limited corrosion
process are observed at the crack tip. Together, these effects slow the contribution of dissolution

crack growth to the overall crack growth rate to a negligible level of 7.69 x 107! mm/s [44, 45].
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2.6.3.2 Hydrogen-facilitated Fatigue Crack Growth

It has been determined that hydrogen plays a key role in NNpHSCC growth in pipeline steels [91].
An increase in hydrogen concentration in steel promotes crack propagation [101] and reduces
fracture toughness [37]. It has been determined that IHAC is the primarily deliver mechanism for
hydrogen in a NNpH environment [86]. Hydrogen-facilitated fatigue crack growth can be

separated into two sub-categories:
i.  The role of fatigue

In a laboratory testing environment, Stage 2 crack growth has not been observed under
static loading conditions. In fact, active crack growth has been shown to become dormant
when the loading is switched to a static hold [86] and crack growth re-initiates when cyclic
loading is resumed. Furthermore, cyclic pressure fluctuations have been found to lower the
threshold stresses for SCC initiation [97]. However, immediate crack growth did not
resume in a NNpH environment when the mechanical driving force applied was low. This
delayed re-initiation of SCC growth may be caused by initially lower levels of absorbed
hydrogen ahead of the crack tip, dictated by the IHAC hydrogen transport mechanism
(Section 2.4.1.1).

ii.  The role of hydrogen

The presence of hydrogen is a critical for Stage 2 crack growth. Dormant cracks (Stage 1)
do not experience high enough hydrostatic stresses to re-initiate. One of the extrinsic
factors governing crack sharpening is the level of hydrogen present ahead of the crack tip
in the plastic zone. This mechanism is partially responsible for the crack growth
acceleration effect seen in Stage 2 cracking. As hydrogen diffuses to the plastic zone ahead
of the crack tip, the threshold for micro-crack initiation is lowered by hydrogen-enhanced
decohesion. It has been determined that hydrogen produced by corrosion at the crack tip is
secondary in terms of crack growth, as compared with the amount of hydrogen generated
on the pipeline surface resulting from general corrosion [96]. As the crack depth increases,
the stress intensity ahead of the crack tip increases, increasing segregation of hydrogen to
the area, further embrittling the localized area. The rate limiting step in this process is the

diffusion of hydrogen from the surface to the plastic zone (IHAC). The critical role played
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by diffusible hydrogen is demonstrated by testing CT specimens with varying levels of
coating coverage, as shown in Figure 2.20 [96]. The three specimens had the same crack
geometry and loading conditions at Kimax = 35.3 MPaVm, AK = 12.0 MPaVm and f = 0.005
Hz (AK?Kmay/ ™! = 8635 MPa*m*?Hz""). Only the uncoated specimen with a bare surface
exhibited a sudden increase in crack growth rate after a period attributed to the time
required for hydrogen to reach a state of equilibrium throughout the specimen. This
incubation time for the CT specimens immersed in C2 solution was found to be

approximately 275 hours.
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Figure 2.20 Crack growth rates of three CT specimens tested in C2 solution. All the tests were performed at the

same starting conditions [86].

2.6.4 FRACTURE SURFACE CHARACTERISTICS

Totally brittle fracture in metals at the microscopic level occurs under certain specific conditions
and is called cleavage fracture. More commonly in metals, the fracture surface contains varying
amounts of transgranular cleavage and plastic deformation by slip. Grains oriented favourably with
respect to the axis of loading may slip and exhibit ductile behaviour, whereas those oriented
unfavourably cannot slip and will exhibit transgranular brittle behaviour [ 102]. When both fracture

processes described above operate together, the fracture process is termed quasi-cleavage. The
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typical crack morphology for NNpHSCC is characterized by a quasi-cleavage fracture surface
[103], with microcracking ahead of the crack tip facilitated by hydrogen embrittlement and
corrosion of the side walls and crack tip. Microscopic characteristics of quasi-cleavage include

beach marks, river patterns and striations.

Beach marks can form when there is a change in the conditions at the crack tip such as a change
in the loading conditions, or a variation in the corrosion rate of the crack tip. For example, when
cracks are subjected to the loading cycle of a hydrostatic test, the region of crack growth
immediately following the test will exhibit shear ridges or ductile tearing. The morphology of the
crack face in this region of growth will appear distinctly different from the crack growth region

generated before the hydrotest and after the crack has propagated past the damaged plastic zone.

River patterns are formed when a propagating cleavage crack encounters a grain boundary, where
the nearest cleavage plane in the adjoining grain is oriented at a finite twist angle from the current
cleavage plane. Initially, the crack accommodates the twist mismatch by forming micro-cracks on
several parallel planes. As multiple cracks propagate, they merge by tearing between the planes

[104]. The river pattern is indicative of the direction of crack propagation.

Microscopic features on the crack face such as striations are considered evidence of fatigue crack
propagation. However, it is difficult to correlate striation spacing to the crack growth rate as each
fatigue cycle does not generate a striation, but their average interspacing can provide insight to
determine da/dN [95]. Constant amplitude loading cycles have been observed to generate distinct
striations with approximately equal spacing (Figure 2.21a). When minor cycles are introduced,
the large loading cycles still generate large striations, but mini striation are also formed (Figure

2.21b). This has been correlated to the contribution of minor cycles to crack propagation [88].
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Figure 2.21 Fracture surface morphology of X-60 pipeline steel CT specimens after testing in C2 solution
subjected to constant amplitude loading (a) and underload with minor cycle loading (b). Crack
propagation is from left to right [42].

2.6.5 NNPH CORROSION FATIGUE MODELS

Clearly, the development of an accurate predictive model for pipeline crack growth in NNpH
environments would be of great use to PLI and SCC management programs. However, frequently
in experimental studies, crack growth can only be detected under aggressive loading conditions,
which are not representative of field conditions [75]. Chen et al. [86] have suggested that since
pipelines, especially gas transmission lines, are operated under near static condition most of the
time, crack growth proceeds by repeated cycles of dormancy and active growth. The active growth
cycle in this scenario would exhibit a substantially higher growth rate than that generally estimated
for pipelines as these estimations usually do not account for periods of dormancy. According to
statistical analysis of SCC data from the field, more than 95 % of SCC consists of dormant blunt-

tipped cracks with depths of less than ~1 mm [4].

Appropriate modeling of corrosion fatigue requires the consideration of multiple parameters as
discussed in the previous sections: the stress intensity factor range (AK), the maximum stress
intensity factor (Kmax), the loading frequency (f) and the effect of hydrogen. The following will
introduce the most common corrosion fatigue models used for NNpH and examine their relevance

to the current understanding of NNpHSCC growth mechanisms.
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2.6.5.1 Paris Law

The Paris Law (Section 2.3), described by Equation 2.4, can be used to model fatigue crack
growth. However, this model only considers the stress intensity range, AK. Additionally, this
classical model was based on crack growth in an inert environment where the effects of
environmentally assisted cracking were not present. As can be seen in Figure 2.12 and Figure
2.22, crack growth in NNpH environments is also sensitive to the loading frequency and Kmax,

respectively, and their effects can not be ignored.

2.6.5.2 Unified Approach
The Unified Approach considerers both the amplitude (AK) and peak stress intensity (Kmax) as key

parameters contributing to fatigue crack growth and can be described by the following equation

[105-108]:

da /dN = C'AK"K" . Equation 2.8

where C', m and n are material constants. In the Unified Approach, Kmax is the principal driving
force for fatigue crack propagation, while AK defines the extent of plastic damage at the crack tip.
This model is slightly more relevant to NNpH crack propagation than the Paris Law, but it still

does not consider the effect of the loading frequency.

2.6.5.3 Crack Tip Strain Rate Model
The crack tip strain rate model was proposed for cracks subjected to monotonic loading conditions
where crack propagation is driven by the repeated film formation and rupture [109]. The crack tip

strain rate for NNpH environments is given by [83]:
£~ C, f(1-R) Equation 2.9

where € is the crack tip strain rate, Ci is a constant, f is the loading frequency and R is the stress
ratio (R = Kmin/Kmax). However, the NNpH corrosive environment is not conducive to the formation

of'a passive film, as discussed in Section 2.6.1, so this model is not commonly used for NNpHSCC.

2.6.5.4 Superposition Model
The superposition model has been designed with the intent to address the fatigue component of
crack growth in a NNpH environment as it varies with pressure fluctuations seen in pipeline

operation and is expressed as [32, 110]:
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where (da/dN)rotal 1s the total crack growth per cycle in a NNpH environment, (da/dN)gatigue 1S the
crack growth per cycle contribution caused by inert fatigue, f is the frequency of the fatigue cycle

and (da/df)scc is the crack growth contribution of SCC in terms of time in a NNpH environment.

However, crack propagation in a laboratory NNpH environment has never been observed under a
static load. Furthermore, active cracks have been found to enter dormancy under static loading
conditions [53, 68, 86, 87, 111]. Figure 2.22 shows the results of a study by Chen et al. [86] that
found crack growth arrest under static hold at two Kmax values. When cyclic loading was resumed,

crack growth followed (although it did not occur immediately if the mechanical driving force was
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Figure 2.22 CT specimen crack growth rates in two laboratory simulated NNpH environments [86].
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2.6.5.5 Combined Factor Model
The combined factor equation governing the Stage 2 crack growth rate in CT specimens in a NNpH
environment (C2 solution) subjected to constant amplitude loading, is consistent with true

corrosion fatigue and is shown below [85, 86]:

da _ (OK°KD,\ .
N <T> + h Equation 2.11
where 4, n (=2), a (=0.67),  (=0.33) and y (=0.033) are all constants for a given material; and f is
the loading frequency. The first term, referred to as the combined factor, and the second term (/)
are the contribution towards the overall growth rate of corrosion fatigue and the contribution of
crack growth by direct dissolution at the crack tip, respectively. The value of /# can be determined
experimentally and was found to contribute to crack growth about 10 times less than corrosion
fatigue [44, 45]. In fact, the corrosion rate of direct dissolution in the Stage 2 NNpH crack growth

has been found to be lower than the corrosion rate of bare coupons exposed to NNpH environments

[42].

Although Equation 2.11 agrees with laboratory data for CT specimen crack growth under constant
amplitude loading conditions, it does not translate to surface crack growth such as crack growth
observed in pipelines operating under variable amplitude pressure fluctuations. Therefore,
understanding the load interactions of variable amplitude pressure fluctuations on crack growth in

NNpH environments is critical.

The combined factor makes it possible to model crack growth with all the contributing factors
included, such as crack dimension, pressure fluctuations, materials and environments. In a NNpH
laboratory environment, the threshold value of AK?Kmax/f*! demarcating the boundary between
active crack growth and crack dormancy in a CT specimen was determined to be in the range of ~
8500 MPa’m*?Hz ! [85], as shown in Figure 2.23. Additionally, the crack growth rates shown
have been subjected to a variety of cyclic frequencies varying from 0.1 to 0.00125 Hz. The
application of the combined factor equation to Type I fluctuations requires an acceleration factor
to account for the increased crack growth rate compared to Type II fluctuations due to load
interactions between the underload and minor cycles. Similarly, Type III fluctuations require a

retardation factor to account for the decreased crack growth.
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Figure 2.23 Comparison of CT specimen crack growth rate da/dN as a function of the combined factor

AK?Kmay/f*!, showing the threshold for crack growth in two different NNpH solutions [85].

It should be noted that there is a breakdown of the frequency term of the combined factor equation
(Equation 2.11), which predicts that the crack growth is inversely proportional to the loading
frequency. However, this has been found experimentally to only be true for frequencies higher
than 1073 Hz, as evident in Figure 2.15, where the crack growth rates in CT specimens was found
to decrease with decreasing f when f < 1073 Hz [77]. This can be explained by relating the two
competing mechanisms for crack growth. At frequencies above 10> Hz, the primary driving force
is the hydrogen effects. This mechanism is limited by the diffusion time available for hydrogen
between peak stresses of the loading cycle where the maximum embrittlement effect is at 107> Hz.
Once the frequency drops below 107> Hz, blunting effects due to the corrosive environment begin
to lower the stress intensity ahead of the crack tip. This lowers the overall crack growth rate as the

crack growth now exhibits blunting and re-initiation type growth.
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2.7 RESEARCH OBJECTIVES

Extensive experimental studies have been conducted to investigate near-neutral pH stress
corrosion cracking (NNpHSCC) initiation and growth mechanisms. However, conditions in the
field are not conducive to controlled loading conditions studied during laboratory simulations.
Furthermore, the loading conditions required to achieve NNpHSCC growth in laboratory
simulations are more aggressive than the loading conditions in the field that have been found to
produce NNpHSCC. The theoretical growth curve of NNpHSCC has been proposed by
superimposing two competing mechanisms of crack growth. In Stage 1, crack initiation and initial
crack growth are controlled by a dissolution mechanism. In Stage 2, crack growth is governed by

a hydrogen-facilitated fatigue mechanism that has been modeled by the combined factor equation.

The objective of this thesis study is to investigate Stage 2 crack re-initiation and growth in a NNpH
environment using a full-scale specimen to validate the combined factor model. The entirety of
this work will be based a single long-term test conducted on a pipe segment containing dormant
cracks initiated in the field under NNpH environmental conditions. The primary objective of this
study is to determine the effect of loading conditions on Stage 2 NNpHSCC re-initiation and
growth:

1. threshold stress intensity factor for crack re-initiation in a NNpH environment;
ii.  crack growth rates under Type I and Type II pressure fluctuations;
iii.  the contribution of minor cycles towards crack growth in a full-scale specimen;

iv.  and validation of experimental results studying crack growth in SCT and CT specimens.

Additionally, an opportunistic study of Stage 1 crack initiation on dents machined in the full-scale

specimen and exposed to the NNpH environment will be conducted.
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CHAPTER 3: EXPERIMENTAL METHODS

The following chapter will provide the experimental methods used to obtain the results presented
in Chapter 4. First, the properties and pre-test preparation of the full-scale specimen will be
introduced. Then, the corrosion cell and simulated NNpH environment will be discussed. Next,
the mechanical loading conditions and the pressure control system designed to achieve those
conditions will be presented. Finally, the end of test procedure and crack characterization will be

given in detail.

3.1 MATERIAL AND SPECIMEN

The following sections will introduce the history and material properties of the pipe segment used
for the full-scale test. Then, the pre-test preparation including inspection methods, machining of

dents, end cap installation and external pipe surface preparation will be discussed.

3.1.1 MATERIAL

The sample used for this study was taken from a pipe cut out during an integrity assessment in
February 2015, where excavation of the segment began on February 10" of that year. The spiral
double submerged arc welded pipe was part of TC Energy’s pipeline network in Alberta. The line
contained natural gas and was protected with a single wrap polyethylene tape coating and an
impressed current cathodic protection (CP) system. Over 46 years of service (1969-2015)
detrimental SCC colonies formed, which were responsible for the removal of the pipe from service.

The material specifications of the pipe provided by TC Energy are shown in Table 3.1.

The material composition of the X-60 pipeline steel used for this study is shown in Table 3.2. The
composition was obtained using a laser induced breakdown spectroscopy unit provided by Acuren.
The tensile strength of the steel was tested in accordance with ASTM Standard ES8 using a 5.55
mm thick rectangular sheet-type sample and a crosshead speed of 0.015 mm/mm/min (Control
Method C). The yield strength (at 0.2 % offset strain) and ultimate tensile strength were determined
to be 456 MPa and 580 MPa, respectively, using the stress-strain curve shown in Figure 3.1. The
impact strength of the steel was tested in accordance with ASTM Standard E23 using two different

orientations of sub-size specimens. The two specimen sets were machined to test the impact
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strength in the longitudinal and hoop directions of the pipe. The average impact strength of the

specimen orientation at —19 °C was 35.8 J/m (n=8) and 31.8 J/m (n=38), respectively.

Table 3.1 Material Specification of the X-60 pipeline steel used in the full-scale test.
oD W.T. % SMYS Grade MOP Manufacturer Year of
(mm) (mm) (MPa) (kPa) Construction
457.2 6.35 79.93 414 9193 Ipsco 1969
Table 3.2 Composition of the X-60 pipeline steel determined using laser induced breakdown spectroscopy.
Element Composition (wt %)
C 0.11
Mn 1.17
Ni 0.53
Cr 0.42
Cu 0.28
Si 0.10
A% 0.074
Mo 0.046
Nb 0.023
Pb 0.006
Al 0.001
Ti 0.0002
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Figure 3.1 The stress-strain curve of the X-60 pipeline steel used for the full-scale test.
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3.1.2 FULL-SCALE SPECIMEN

The full-scale specimen was stored outdoors in the Arnett & Burgess (A&B) Pipeliners Ltd.
laydown yard in Blackfalds, AB from the time it was removed from service in February 2015 until
it was cut and shipped to Edmonton, AB in October 2017. The pipe was wrapped in thin clear
plastic to protect it from the elements; however, the wrap was damaged over time and the pipe
surface was exposed to rain and snow. The surface condition of the pipe after sitting in the laydown
yard is shown in Figure 3.2. Prior to shipping the specimen to Edmonton, a 4.77 m segment of the
pipe was plasma cut by a A&B welder. The 4.77 m pipe segment was shipped to the I.F Morrison
Structures Laboratory at the University of Alberta for temporary storage. The following sections

chronologically describe the work done to prepare the pipe segment for the full-scale test.

Figure 3.2 Image of the pipe that was designated for testing, taken before it was cut down to the full-scale
specimen length showing the external surface condition.

3.1.2.1 Pre-Test Inspection

The pipe segment was transported from the I.F Morrison Structures Laboratory to the Petro-Line
(PL) shop located in Nisku, AB. Upon arrival to the PL shop, the pipe was sandblasted with Enviro-
Grit (EG) Glass Abrasive 12-50 [112] to remove the general corrosion that had developed on the
pipes outer surface during the time it sat in the A&B laydown yard. Sandblasting is required to
prepare the steel surface for non-destructive examination. After sandblasting, the pipe was housed

indoors to prevent any further corrosion.

Black on white MPI was performed by a CGSB MT 2 certified technician from IRISNDT to
identify the external SCC colonies on the pipe segment. SCC colonies were identified and
numbered by the technician. An image of the pipe with these mark-ups is shown in Figure 3.3.
Finally, a technology using eddy current was used to collect pre-test crack length and depth

measurements of the SCC colonies identified by MPI.
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Figure 3.3 4.77 m pipe segment after pre-test MPI, with SCC colony borders drawn in red.

3.1.2.2 Dents

Four dents were created in the pipe segment at the twelve O’Clock position to simulate line strike
damage from a blunt object. The dents were introduced in areas of the pipe such that they did not
interact with any pre-existing cracks or welds. Dents A, B, C and D were generated by a technician
at PL by striking selected areas repetitively with a sledgehammer until the dents reached depths of
8,9, 8 and 8 mm, respectively. This corresponded to a dent depth of 1.7 to 2.0 % of the pipe’s
nominal outer diameter, which was well within the acceptable limits for a dent to remain in service
if it was located in the pipe body and does not interact with a stress concentrator [8]. A simulated
disbonded coating was installed on Dent B to study crack initiation on a dent that was shielded

from CP.

3.1.2.3 Pipe End Caps

In order to develop internal pressure, end caps were required to be installed at each end of the pipe
segment. Standard X-70 end caps were sourced from MRC Global by PL for this purpose.
Overmatched material was chosen to mitigate the likelihood of test failure due to complications
with the end caps. Prior to welding, the ends of the pipe segment were ground to remove any
material that may have been damaged during the plasma-cutting process. An Alberta certified
Grade B pressure welder employed by PL welded the end caps to the pipe segment using shielded
metal arc welding (SMAW). The electrode used for the root pass was AWS E8010-P1, and the
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electrode used for the fill and cap of the weld was electrode E8018-C3. The number of fill passes

was not provided.

Prior to attaching the end caps to the pipe segment, three half inch diameter holes were machined
into one of the end caps such that one hole was placed in the centre of the end cap, and the other
two were placed in the twelve and six O’Clock positions. A half inch female NPT thread-o-let was
welded over each of the holes by an Alberta certified Grade B pressure welder. Welding procedures
were not provided for these welds. The thread-o-lets were used to connect to the inlet, outlet and
emergency relief lines of the pressure control system, which will be discussed further in Section

3.3.

3.1.2.4 Pipe Surface Preparation

Surface preparation of the sections of the pipe selected for exposure to the NNpH corrosive
environment was required. Laboratory grade acetone was used to remove the paint and other
surface contaminants left behind from the MPI procedure. Next, the surface was scrubbed with an
ethanol-soaked cloth for a final cleaning. Final surface condition is shown in Figure 3.4. This
procedure served two purposes. First, removal of the surface contaminants ensured integrity of the
chemistry of the corrosive environment. Second, a clean metal surface was required to facilitate a

reliable water-tight seal between the corrosion cells and the pipe surface.
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Figure 3.4 (Top) final metal surface preparation of selected areas of the pipe segment and (bottom) pipe
segment during live testing.
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3.2 CORROSION CELL AND ENVIRONEMNT

Three areas of the exterior surface of the pipe segment that had dense SCC colonies were selected
to be encapsulated in a simulated NNpH environment. This section will describe the corrosion
cells, the test solution, the internal pipe fluid, and finally the cathodic protection (CP) system used

for the full-scale test.

3.2.1 CORROSION CELL

Three identical corrosion cells, referred to as boxes, were built for the full-scale test by CME
machinist technicians at the University of Alberta. The far box, middle box and close box as shown
in Figure 3.4 were named Box A, Box B and Box C, respectively. The boxes were placed at least
three pipe diameters away from the end caps in order to achieve uniform pressure in the pipe areas

subjected to the external corrosive environment.

A side-by-side comparison of the schematic and real image of Box B is shown in Figure 3.5. Each
box was fabricated with 2.54 cm thick grey PVC sheet material and glued together with PVC glue,
apart from a single viewport consisting of 1.27 cm thick transparent acrylic. The viewport served

to position the tip of the salt bridge near the pipe surface.

The internal box dimensions were 55.88 cm tall by 55.88 cm wide by 50.80 cm deep. The boxes
consisted of two pieces: a top half and a bottom half. The top half of the box had three auxiliary
boxes exposed to the atmosphere attached to it, as well as a gas inlet port, gas outlet port and a salt
bridge port. All three auxiliary boxes were connected to the internal box by a 2.54 cm diameter
hole near the bottom of each auxiliary box. The level of the NNpH solution surpassed the holes,
protecting the internal box from the oxygenated auxiliary boxes. The two larger auxiliary boxes
served as anodic chambers for the CP system and will be discussed further in Section 3.2.2.3. The
third smaller auxiliary box was designed with a removable cap and was used to periodically check
on the solution level throughout the test. The bottom half of the box contained a drain port used to
take fluid samples for pH measurement, and to drain the box of fluid. Diagonal inserts were
installed on both sides of the bottom half of the box in order to reduce the internal volume of the
corrosion cells. The two halves were connected using two corner butt joints on each side, as shown

in Figure 3.5.
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Each box contained the bulk test solution and was sealed to provide the anaerobic atmosphere
required for the corrosive environment. A perfect water-tight seal was achieved by running a 0.95
mm diameter EDPM o-ring along the gaps between the pipe and the box as well as between the
two box halves. Then silicone was applied to both sides of the o-ring. Each box weighed
approximately 45 kg and contained 55 kg of liquid. This weight was supported by a 2.5-Ton scissor
jack in order to protect the o-ring from excessive compression at the twelve O’Clock position,

maintaining the integrity of the water-tight seal.

Figure 3.5 (Left) computer rendered drawing of the corrosion cell and (right) the actual corrosion cell in use.

3.2.2 CORROSIVE ENVIRONMENT
This section describes the NNpH solution used inside the corrosion cells, the fluid used to fill the

pipe to develop pressure during the test and the CP system.

3.2.2.1 Test Solution

A dilute groundwater solution known as C2 solution was used to simulate the NNpH environment
during the full-scale test. The composition of the C2 solution is shown in Table 3.3. The solution
was prepared with distilled water and lab grade reagents in 60 L batches, using three 20 L white
plastic pails with lids that provided an air-tight seal. The inlet and outlet gas lines of the pails were
daisy chained such that only one compressed gas cylinder was required to purge all three pails

simultaneously. Each 60 L batch filled one of the corrosion cells. Inlet and outlet gas lines were
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installed in the lid of each pail with Swagelok bulkhead fittings. During preparation, the pails were
placed on magnetic mixing pads and purged with 5 % CO2 + 95 % N, gas mixture for at least 72
hours until a measured pH of ~ 6.29 was achieved. The procedure used to perform pH

measurements can be fo