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Abstract

Stress Corrosion Cracking (SCC) is a damaging form of environmental corrosion found
in pipeline steels that forms in the presence of a high pH environment. SCC forms at
the surface of gas pipes under damaged coatings and propagates towards the inner wall
of the pipe until a critical depth is reached and the internal pressure ruptures the pipe.
Prior to considering the role that crystallographic texture had on SCC, the accepted SCC
mechanism was unable to explain why adjacent sections of pipe suffered differing levels
of SCC damage. When comparing the crystallographic textures of adjacent pipes that
suffered differing levels of SCC damage, it was observed that crystallographic texture,

produced during manufacturing, was markedly different.

The primary aim of this thesis was to analyse the influence that manufacturing has on the
crystallographic texture development in pipeline steels and to investigate the effect that
has on the subsequent SCC susceptibility. The project was executed in three main phases;
the first phase involved laboratory rolling pipeline steel under different rolling schedules
and characterising the resulting mechanical and microstructural properties. The second
phase consisted of characterising the crystallographic texture of the produced steels. The
final stage involved testing the SCC susceptibility of the produced steels and determining

which material properties influenced the susceptibility.
During laboratory scale rolling, recrystallized, hot and warm rolling processes were un-

dertaken with the influence these manufacturing processes had on the steel investigated.

Of the three rolling schedules, only recrystallized rolling met the minimum specifications

vil
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necessary for an API 5L X70 grade steel whilst the other two resulted in suboptimal me-
chanical properties. All three rolling schedules produced bainitic structures with upper
bainite dominant in the recrystallized rolling whilst granular bainite and polygonal ferrite

mixtures, typical of X70 steels, were observed in the hot and warm rolled steels.

When investigating the crystallographic texture of the produced steels, all three rolling
schedules produced crystallographic textures reminiscent of those identified in steel rolling
literature. Recrystallized rolling resulted in (001)[110], (001)[110], (110)[110] and (110)[001]
textures in the quarter plane. Hot rolling resulted in (112)[110] textures joined along the
y-fibre to (554)[225] along the quarter plane. Warm rolling produced textures between

recrystallized rolling and hot rolling.

SCC testing was undertaken in a cyclic LIST apparatus where samples were loaded in a
INNayCO3 + NaHCO5 solution for 10 cycles with the resulting cracks investigated. It
was observed that recrystallized rolling had the worst SCC susceptibility with a crack ve-
locity of 2.27x 1077 mm/s followed by hot rolling with a crack velocity of 1.16x 10~7 mm/s
and finally warm rolling with the lowest susceptibility of 8.70 x 1078 mm/s. It was identi-
fied that SCC susceptibility was strongly linked to the grain size and yield strength with
larger grains and higher yield stresses resulting in higher crack velocities. With regards
to crystallographic texture, increases in {111}<112>, (332)[113], (554)[225], (112)[110]
and (113)[110] textures and decreasing the proportion of (110)[110] corresponded to lower

crack velocities.
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Chapter 1

Introduction

Stress Corrosion Cracking (SCC) is a common environmental cracking process that causes
cracks to form in a stressed engineering structure such as a gas transmission pipeline. If
a crack grows to a sufficient depth, the fracture toughness of the material may be ex-
ceeded leading to sudden mechanical failure [1]. SCC is caused by the interaction of
three factors: an applied stress or residual tensile stress, a corrosive environment and a
susceptible material. SCC presents as a series of branched cracks growing perpendicular
to the direction of the stress, where given sufficient time, can cause failure of engineer-
ing structures and components. One such engineering structure where SCC is frequently
identified is in buried high pressure gas transmission pipelines. SCC has been identified
in gas pipelines since the 1960’s [2] and has been responsible for numerous failures around
the world; resulting in loss of life, product, and confidence in the integrity of pipeline in-
frastructure. As SCC originates from the outer surface of the pipe, coating technology has
been immensely important in preventing the initiation of SCC. However, when coatings
are damaged or breached, SCC can still occur unhindered leading to failure in pipelines

previously thought of as being free of SCC.

SCC defects form in steel pipelines when coating disbondment occurs in cathodically pro-
tected pipes. Cathodic protection develops a passive oxide layer on exposed surfaces of the
pipe leading to improved protection from general corrosion in the event of a coating dis-

bondment. If a sufficiently high cathodic potential is applied, water is dissociated to form
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hydroxide ions, (OH ). The hydroxide ions create a localized high pH region by combin-
ing with C'O, dissolved in groundwater present in the surrounding soil to form carbonate
and bicarbonate ions [3]. Solutions with a pH greater than 9.3 cause the intergranular,
high pH form of SCC, whereas a lower pH between 5.5 and 7.5 tends to encourage the
transgranular, near neutral form of SCC [3-5]. The primary propagation mechanism for
high pH SCC (SCC hereafter) is film fracture followed by anodic dissolution [6, 7]. SCC
forms when an applied or residual stress fractures the passive oxide layer, exposing it to
the corrosive environment, where anodic dissolution corrodes grain boundaries. Anodic
dissolution continues to corrode grain boundaries until cathodic protection reforms the

passive film that prevents further corrosion until an applied or residual stress fractures

the film.

In an effort to minimise the damage caused to the pipe in the event of coating failure,
research regarding the material properties of pipeline steel identified that different manu-
facturing processes could slow or even prevent the propagation of SCC. Areas of research
including the effect of surface roughness [8], chemical composition [9-12], microstructure
[4, 13-16] and grain size [17-19] have all given some insight as the factors that influence
SCC. However, they are not able to definitively predict or control crack growth. This defi-
ciency in the literature is highlighted when comparing SCC in a run of pipe from the same
manufacturer, made to the same specifications [20]. When accounting for sections with
similar levels of coating disbondment and soil conditions, some sections of pipe were more
susceptible to SCC than others [20]. It was identified that the main difference between
these pipes was the crystallographic texture present due to slight differences in manufac-
turing that influenced the susceptibility behaviour. Control of crystallographic texture,
produced during rolling processes, could therefore enhance or degrade the resistance to
SCC in pipeline steels [20]. Crystallographic texture or simply texture refers to the non-
random distribution of grain (crystal) orientations within a polycrystalline material, with
respect to an external frame of reference. Grains align themselves in a preferred direction

with respect to the maximum strain direction, due to either an external or internal force
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during the manufacturing. Controlled rolling, used in the manufacturing of pipeline steel,
can be manipulated to develop different grain orientations by altering process parameters
such as rolling temperatures, cooling rates and reduction ratios [21-23]. Through the
manipulation of rolling schedules it is possible to develop different textures to assess the

effect of manufacturing on crystallographic texture and the eventual SCC susceptibility.

It has been identified in open literature that intergranular SCC is more likely to propa-
gate through High Angle Boundaries (HAB’s) with misorientation 6 > 15° as compared
to Low Angle Boundaries (LAB’s) with misorientation 6 < 15° [24]. In addition, there is
some evidence that grains with orientations belonging to the {111}//Rolling Plane (RP)
and {110}//RP fibres are more resistant to SCC than randomly oriented grains [20, 24,
25]. In comparison, when cracking occurred between grains with similar angular misori-
entation, there was a tendency for cracks to grow between grains that had {100}<110>
orientations [20, 24, 25]. It has been predicted that increasing the proportion of resistant
boundaries through control of the manufacturing process can reduce SCC susceptibility

of the final product [26].

Controlled rolling of pipeline steels is the main process used to develop the microstructure
and mechanical properties necessary for use in industry. Whilst there is a narrow band of
material and physical properties allowable in pipe grades [27], numerous rolling procedures
can be undertaken to achieve the desired properties. There are two main rolling regimens
utilised in mid-grade pipeline steels, hot rolling and warm rolling. Hot rolling is conducted
when the steel phase is entirely austenitic, whereas warm rolling is finished in the dual
phase region where austenite and ferrite coexist. As finish rolling temperature is reduced
from hot rolling into warm rolling, the crystallographic textures also changes through the
interaction between recrystallisation and deformation textures [21]. By rolling the steel
in different temperature regimens, different textures can be produced and the resulting

samples investigated for SCC susceptibility.



Chapter 1. Introduction 4

The following chapter presents a review of available literature on the topic of SCC and
manufacturing processes, and what is currently understood regarding the effect of manu-
facturing on SCC susceptibility in pipeline steels. The aims and objectives are outlined
in Chapter 3 and the overall scope of the project is defined. The overarching aim of the
project is to investigate the effect controlled rolling has on texture development and the
subsequent effect on SCC susceptibility. The experimental procedures for manufacturing
steel pipe samples, texture analysis and SCC testing are outlined in Chapter 4. A com-
bined results and discussion of controlled rolling, texture analysis and SCC susceptibility
are presented in Chapters 5, 6 and 7, respectively. Concluding remarks and implications
to industry are reported in Chapter 8 summarising how controlled rolling can impact SCC

susceptibility in pipeline steels.



Chapter 2

Literature Review

2.1 Introduction

Stress Corrosion Cracking (SCC) is a form of environmentally induced corrosion that is
common to gas pipelines. Whilst SCC has been observed in pipelines for more than half
a century, managing SCC can still provide challenges to pipeline owners. Tight control
of pipe coating integrity and regular inspection is industry best practice for preventing
SCC. However, coatings can fail and inspection is a costly endeavour that is often post-
poned in pipes where SCC has not been previously identified. It has been observed in
pipeline sections where cracking is rampant, certain pipe sections are more susceptible to
intergranular SCC than others [20]. When accounting for other factors (microstructure,
chemical composition, coating condition) it became evident that crystallographic tex-
ture differences caused by slight variations in manufacturing procedures could account for
these differences [20]. Recent observations have identified that crystallographic texture,
the overall measure of grain orientation in polycrystalline structures, can have an influence
on the SCC susceptibility [24]. The crystallographic texture is strongly influenced by the
manufacturing process and for materials with the same chemical compositions, altering

the manufacturing process results in different textures [21].

This chapter contains a review of the factors that influence the occurrence of SCC, the

manufacturing processes used to produce pipes and the development of crystallographic
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texture through those processes. As SCC is a highly complex corrosion phenomenon, this
review will cover an overview of the SCC mechanism followed by a review of the factors
that influence SCC susceptibility. Crystallographic texture development is heavily de-
pendent on the manufacturing process, hence, an overview of steel properties is provided
followed by a review on the development of crystallographic texture during controlled
rolling. The overarching theme of this review is to investigate the effect of crystallo-
graphic texture on SCC susceptibility with a focus on high pH SCC and pipeline steels.
Some literature from related mechanisms and materials is substituted when deficiencies

in pipeline steel literature are identified but are clearly identified as such.

2.2 What is Stress Corrosion Cracking?

SCC describes the phenomenon of brittle intergranular cracking in typically ductile ma-
terials due to being exposed to a corrosive media whilst in the presence of a tensile stress.
SCC formation relies on the concurrent presence of three elements for it to form: the ma-
terial must be experiencing a tensile stress (either applied or residual); the material must
be exposed to a corrosive environment; and the material must have a microstructure that
is susceptible to SCC in the said environment. The removal of any of the three elements
prevents SCC from forming, although other corrosion mechanisms are not necessarily pre-

vented as is presented in Figure 2.1.
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Fatigue

Tensile Stress Environment

Corrosion-
Fatigue

Figure 2.1: Venn diagram of SCC development.

In gas pipelines, SCC can appear in two main forms depending on the pH of the soil the
pipe is exposed to. The intergranular form of SCC is produced when the pH of the sur-
rounding soil is above 9.3 whilst the transgranular form is observed when the surrounding
pH is between 5.5 and 7.5 [3-5]. The high pH is formed in ground water surrounding a
pipe when a high cathodic potential is applied to the pipe causing water to dissociate and
form hydroxide ions (OH ™). The localised high pH solution then combines with C'Os,

dissolved in groundwater, to form carbonate and bicarbonate ions [1, 6].

High pH SCC grows axially along the pipe initiating from the outer surface propagat-
ing towards the inner surface. The SCC cracks on the outer surface of the pipe is shown
schematically in Figure 2.2. In practice, high pH SCC forms cracks too fine to see with the
naked eye and require the use of non-destructive testing (NDT) visualisation techniques
such as magnetic particle inspection (MPI) to observe. When sectioned, the beginning
of a crack is referred to as the crack mouth whilst the body of the crack is referred to as

the crack path. As high pH SCC follows grain boundaries, the crack path often appears
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jagged and grows either perpendicular to the surface or inclines depending on the material

properties [28-30].

ND

ND

TD Crack

/ Mouth
A Surface s

Figure 2.2: The appearance of SCC cracks in gas pipelines where a transverse section is
cut to reveal the cross-section of the crack. Reprinted from [31].

2.3 Formation of SCC

As explained in the previous section, SCC is the result of a susceptible material being
exposed to a tensile stress in the presence of a corrosive medium. The initiation of SCC
occurs in pipeline steel where surface defects such as pits or fractured mill scale become
exposed to the corrosive environment and localised anodic dissolution of exposed suscep-
tible grain boundaries occurs. Without the presence of a tensile stress these initiated
cracks are not able to propagate further as the formation of a passive oxide layer prevents
further chemical attack [1]. Hence, SCC propagates through the combination of anodic
dissolution of susceptible grain boundaries and film fracture. At the crack tip, tensile
stress fractures the impervious oxide layer (film) which allows anodic dissolution to occur
between the now unprotected grain boundaries [7, 32]. SCC forms perpendicular to the
direction of largest acting stress. In gas pipelines, this is the hoop direction and hence

cracks form along the rolling direction of the pipe as seen in Figure 2.2. While SCC tends



Chapter 2. Literature Review 9

to form along the rolling direction of the pipe, improper welding or physical defects can

cause cracks to form in different orientations [33].

As a corrosion mechanism, SCC requires materials that form passive oxide layers for it
to occur. The low carbon steel used in pipelines does not develop a passive oxide layer
without the use of Cathodic Protection (CP) that produces an oxide layer on the steel
surface when exposed to the environment. The aim of CP is to cathodically polarise the
pipeline in the range of -850 to -1200 mV vs. Cu/CuSO, (CSE) such that general cor-
rosion of the pipeline is unable to form [34]. The range in which SCC forms is typically
between -600 to -750 mV vs. CSE [35]. Whilst the two ranges do not intersect, as SCC
requires coating defects to initiate, potential shielding occurs where the CP potential is
lower under the coating defect such that the potential is shifted into the SCC forming
range [35]. Figure 2.3 shows the narrow range of potentials that SCC requires for its

formation when comparing polarization scans with fast and slow scan rates [1].

Pitting Cathoqic_,
Protection

100 f«———— Anodic Potential

SCC

10 f

1r 1 V/min

01 E
f—— —

~
~N

0.01 20 mV/mk N

Current Density (mA/cm?)

0.001 f

0.0001 f

0.00001

-0.2 -0.4 -0.6 -0.8 -1
Potential V(SCE)

Figure 2.3: Fast and slow sweep rate polarization curves for line pipe steel showing the
range in which SCC forms. Adapted from [1].

Anodic dissolution occurs at the rate limited by Faraday’s law which in pipeline steels is

on the order of 107% mm/s [7]. Due to the effect of film formation, in practice the actual

9
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crack velocity for an SCC crack is usually orders of magnitude slower, commonly in the
range of 107 — 10" mm/s [7, 36]. SCC forms between the active and passive potential
ranges for pipeline steel where both anodic dissolution and passive film formation can
occur [37]. SCC remains an intergranular mechanism due to the formation of the pas-
sive film layer which prevents anodic dissolution of the crack walls once the crack front
has passed, forcing the crack to continue propagating further into the material [38]. The
growth of SCC tends to follow the relationship depicted in Figure 2.4 [39]. Stage 1 exists
before the conditions necessary to generate SCC. In Stage 2 a breakdown of the coating
and sufficient levels of carbonate/ bicarbonate ions are produced causing rapid crack ini-
tiation. Stage 3 comprises of the period of slow, steady crack growth by extension and
coalescence of nearby cracks. Near the end of the SCC crack life cycle (Stage 4) cracks
begin to reach the critical length where the threshold stress of the material is reached and

fast fracture occurs leading to the eventual failure of the gas pipe.

T
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Figure 2.4: Bathtub model of SCC formation. Adapted from [39].

Occurrence of SCC can be somewhat predicted based on the environmental conditions

the pipes are exposed to. There is an increased risk of SCC development in pipe down-

10
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stream from compressor stations where the product temperature is significantly increased
[5]. In addition to temperature, the soil type, CO; level or moisture content can inform
pipeline owners of the potential to SCC formation [40]. Aside from a failure, SCC is often
discovered in pipelines after a hydrotesting or non-destructive investigation of the pipe
walls. Buried pipes at a high risk of SCC formation or sections known to contain SCC
are inspected regularly through ”In-Line Inspection”, (ILI), or ‘pigging’ as it is known
in industry. Ultrasonic Testing (UT) is one of the most common techniques used to find
SCC and other pipe defects. Of the UT technologies shear wave UT and ElectroMagnetic
Acoustic Transducers (EMAT) are capable of finding pipe defects with high certainty.
ILI, however, is expensive to carry out and often can not be used in small diameter pipes

[40]. Field inspections and rehabilitation of sections likely to fail are the likely result of ILI.

The management procedure surrounding SCC is dependent on the severity of SCC based
on how likely it is to fail under standard operating conditions. The Canadian Energy
Pipeline Association (CEPA) outlined the categories for SCC severity as shown in Ta-
ble 2.1 which outlines the required response from pipeline operators when cracks are
identified. Based on the physical conditions of a crack i.e. the length and depth, a crack
is categorised based on the likelihood it has to causing a failure. As the severity increases
the magnitude of the internal pressure that will cause a rupture Ppgcc is classified and
the pipe owners response is provided. Although CEPA SCC severity categories are pri-
marily concerned with transgranular SCC, the crack ratings are mechanism agnostic and

only provide guidance to failure resulting from crack defects in a pressurised pipe wall.

11
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Table 2.1: CEPA SCC severity categories. Adapted from [40].

Category Definition Description

A failure pressure greater than or
equal to 110% of the product of the SCC in this category does not reduce
MOP (Maximum Operating Pressure) pipe pressure containing properties

I Prsco 2 and a company defined safety relative to the nominal pipe properties.

110%xMOP x SF

factor (SF). The failure pressure for Toughness dependent failures are
Category I SCC typically equals not expected for this category of SCC.
110% of SMYS.
A failure pressure less than 110% of
the product of the MOP and a

- 110%xMOP x SF> company defined safety factor, but No reduction in pipe segment safety

Prscc 2 xMOPXSFE  greater than or equal to the product  factor.

of the MOP and a company defined
safety factor.
A failure pressure less than the

- MOP x SF > product of the MOP and a company A reduction in the pipe segment

Prscc > MOP defined safety factor but greater safety factor.

than the MOP.

v A failure pressure equal to or less An in-service failure becomes imminent

PF,SCC < NIOP

than MOP.

as the MOP is approached.

2.4 Factors Controlling SCC Susceptibility

SCC susceptibility may be defined as how likely a material is to begin cracking and how

rapidly cracks are able to propagate through the material once initiated. As there are

three factors required for the development of SCC, each factor contributes to the overall

SCC susceptibility in a system. The following section will highlight the effects of the

environment, tensile stress and material properties on SCC susceptibility.

12



Chapter 2. Literature Review 13

2.4.1 Environmental Factors
Chemical Composition of Soil

The presence of HCO3 and CO3 ™ ions in the surrounding soil is vital to the development
of SCC in pipeline steels [1]. When a pipeline is polarized through a CP system, and
ground water comes into contact with the pipe surface through a defect in the coating,
H,0 breaks down into hydroxide ions (OH ~). The hydroxide ions are then combined with
CO, dissolved in ground water to form HCOj3; and CO3™ ions [1, 3-6]. SCC does not
typically start to form until the concentration of carbonate and bicarbonate ions reaches
0.25N (normal concentration)[41]. When water is first split, there are insufficient levels
of carbonate and bicarbonate ions to begin SCC, however, wet and dry cycles cause the
concentration to gradually increase to levels that can sustain SCC [6]. An important fac-
tor in the occurrence of SCC is that cracking likely only occurs in-between the extremes
of wet and dry seasons. This is because, if it is too dry the electrolyte dries up and if it

is too wet the concentration of carbonate-bicarbonate ions is reduced to levels below the

SCC forming threshold.

Whilst the importance of carbonate and bicarbonate ions is evident, without the presence
of highly soluble sodium or potassium ions, SCC will not occur [6, 42]. Without the
presence of sodium and potassium ions, to balance the high anion concentrations caused
by the presence of carbonate and bicarbonate ions, SCC is unable to occur [6]. Field in-
vestigations have linked sodium ions as being the most present cation around SCC cracks
[43]. The magnitude of sodium and potassium ions in the soil is a statistically significant
indicator to high pH SCC formation [42]. The migration of sodium ions to defect locations
is caused by the external cathodic protection system which attracts the positively charged
ions to balance the negatively charged carbonate and bicarbonate ions [6]. As the for-
mation of carbonate and bicarbonate ions outstrips the diffusion of Cl~ ions (commonly
found dissolved in ground water) within disbonded regions, the pH can increase to a level

conducive to SCC with the continued diffusion of sodium ions to balance the charge [6].
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When carrying out laboratory testing of SCC on a Linearly Increasing Stress Test (LIST)
apparatus or a Slow Strain Rate Test (SSRT), the typical electrolyte used to simulate the
environmental conditions is a solution consisting of 1N NaHCO3 and 1N Na,CO5 1. A
1IN — 1N solution at 75°C gives a current density of 1072 A /cm? which results in cracking
behaviour very similar to those found in pipelines [44]. Whilst carbonate-bicarbonate
solutions tend to be the most commonly used solutions to simulate cracking under lab-
oratory conditions, other nitrate and sulphate containing solutions have been used to

simulate intergranular SCC, although they are not as widely accepted for pipeline steels

[45].

Temperature

As SCC propagates through the combined mechanisms of anodic dissolution and film frac-
ture at the crack tip, temperature can dramatically increase the corrosion rate as anodic
dissolution is temperature dependent governed by the Arrhenius equation (k = Ae%Ta)
where £ is the rate constant, A is a constant, F, is the activation energy, T is the temper-
ature in Kelvin and R is the universal gas constant [46]. Accordingly, higher temperatures
result in faster SCC propagation. Systematic experimentation by Beavers et al. (1998)
[47] with a 1IN NaHCOs3 and 1N NayCOs solution at temperatures from 15°C to 90°C
found that the rate of SCC propagation increased with the increased temperature, ob-
served in Figure 2.5. Figure 2.5 shows that while SCC can occur over a wide temperature
range, higher temperatures result faster crack velocities and hence, larger cracks over a
given duration. The increase in crack velocity due to increased test temperature is a

common observation [33, 48].

1IN NaHCO5 and 1N NayCOs corresponds to 0.5M NasCOs3 and 1M NaHCOs.
(1M NaHCOs3 is 84.006 g/L and 1M NaCOs is 105.998 g/L)

14



Chapter 2. Literature Review 15

1076
1.4

1.2

0.8

0.6

Crack Velocity (mm/s)

0.2 4

0 T T T T T T \
10 20 30 40 50 60 70 80

Temperature (°C)

Figure 2.5: The effect of temperature on SCC crack velocity in a IN-1N solution. Adapted
from [47].

In gas pipelines the vast majority of cracking occurs close downstream from gas compressor
stations where the temperature is increased as a side effect of the pressure increase [5].
In high pH SCC, most cracking occurs within 20 km of the compressor station where
temperature can often be in excess of 70°C [49]. The effect of temperature is the same
for near neutral pH SCC, where a strong affinity to high temperatures is reported with

up to 65% of instances discovered within 30 km distance from compressor stations [5].

Effect of Coatings on SCC

As SCC requires direct contact between the outer surface of the pipe and the soil where
electrolyte ingress can occur, intact coatings prevent SCC from forming. As improve-
ments in pipeline coating occur, pipe operators tend to move away from the older coating
systems to those that offer better protection when commissioning new pipelines or when
carrying out any repairs on pipes coated with older systems. SCC failure is often linked
to legacy coating systems such as coal tar enamel and polyethylene tape while new tech-
nology such as fusion bonded epoxy (FBE), urethanes, liquid epoxy and other composite

materials have shown much greater resistance to SCC formation [5].

Coating disbondment where the coating detaches from the pipe surface leaving a region
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exposed to the environment is the most common form of pipeline coating failure [50].
When a coating disbonds from the surface of a pipe, the defect that forms allows ingress
of soil and electrolyte to come in contact with the pipe wall [51]. Whilst CP is generally
able to protect the exposed region of the pipe wall, a shielded crevice can form and the
effectiveness of the CP is greatly reduced [51]. The regions that CP is not able to pene-
trate can cause shielding that shifts the applied potential into a range that promotes SCC
[35].

The degree of cathodic shielding is related in part to the coating system used with some
coatings being more susceptible to shielding than others [52]. While some early generation
coatings such as polyethylene tape cause shielding, modern FBE coatings tend to allow
cathodic protection to penetrate the coating and protect the pipe even under disbond-
ment [52, 53]. Tt is noted that whilst coal tar epoxy coatings are not typically found to
cause shielding, SCC has formed in these pipes frequently [5, 52]. A key factor in deter-
mining whether a coating is adequately protecting a pipe via cathodic protection whilst
disbonded, is an increase in pH [51]. Under those conditions a net cathodic current is
detected and hence cathodic protection can be considered active under the disbondment.
As SCC requires an increase in pH to occur, if the CP current drops due to having to
permeate through the coating, it may still produce conditions that allow the growth of

SCC which could explain SCC in coal tar enamel coatings [54].

Summary of the Effect of Environmental Conditions

The investigated literature about the effect of environmental conditions on SCC suscep-

tibility can be summarised as follows:

1. SCC forms when the cathodic protection splits water forming O H~ ions which com-
bine with C'O, forming carbonate and bicarbonate ions that raise pH and corrode

grain boundaries

2. The presence of sodium or potassium ions is necessary for the pH surrounding defects

to rise to the levels necessary for SCC
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3. The propagation rate of SCC is defined by temperature through the Arrhenius
equation. Higher temperatures result in faster cracking rates. As a result SCC tends
to occur downstream from compressor stations where the temperature is increased

as a result of the increased pressure

4. A correctly applied coating is in general resistant to SCC, however, when disbond-

ment occurs coatings can shield the CP potential resulting in pH increases and

SCC

2.4.2 Effect of Stress on SCC Susceptibility
Surface Condition

The surface condition of the pipe has a large impact on the susceptibility behaviour of the
pipeline material. As SCC is a stress based corrosion process, the introduction of stress
raise