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iv. Abstract

Stress Corrosion Cracking (SCC) in pipeline steel occurs when an aggressive environment and
tensile stresses act on a susceptible microstructure. Typically, SCC in gas pipelines tends to
travel perpendicular to the hoop stresses in the through-wall direction. Studies conducted
on the TransCanada pipeline, where a rupture had occurred, revealed the incidence of SCC
cracks, whose crack path deviated at an angle from the normal. These unusual inclined
cracks have also been found in an Australian pipeline, resulting in a need for a more

comprehensive understanding of inclined SCC.

As a result, this study has been undertaken to investigate SCC in Australia, in particular the
morphology of inclined SCC and together with the many inclined crack features and crack
interactions and anomalies (inclusions) in the pipe steel. This study revealed that 81% of SCC
cracks investigated were inclined. The majority of cracks analysed were over 4 mm in length,
which corresponded to the calculated critical crack length according to industry guidelines.
Inclined cracks morphologically presented with a straight section before they inclined away
from the perpendicular direction. The straight section tended to be between 200-900 pm
and the inclination angle varied between 30-60°. This inclination angle increased as the
crack grew deeper into the pipe wall, resulting in long cracks travelling a considerable
distance in the hoop direction (3.8 mm travel for a 51 mm longitudinal surface SCC crack).
In two cases (out of 120 cracks), subsurface longitudinal crack travel was observed to be

approximately 1.5 mm. In most other cases, no subsurface longitudinal travel was observed.

Observed crack interactions did not breach current industry guidelines used for SCC threat
assessment. Hence, procedures currently employed for critical crack assessment are still

deemed valid and conservative enough for Australian operations.

Keywords: Stress Corrosion Cracking, Tomography, Pipeline Steel
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1. Introduction

Stress Corrosion Cracking (SCC) is destructive cracking in pipeline steel that occurs when
there is an aggressive environment and a tensile stress acting on a susceptible
microstructure (Parkins 1987, Jayaraman & Prevey 2005). Without all three of these
conditions present, SCC will not initiate or propagate. Figure 1-1 shows the envelope in
which SCC occurs. As the majority of steel energy pipelines are buried, there is always the
potential for a corrosive environment to form due to soil chemistry and humidity. Various
forms of cathodic protection (CP) and coatings (Roberge 1999, Fotheringham 1983, Gan et.
al. 1994) are installed on in-service pipelines to protect the steel pipeline from many forms
of corrosion. However, small faults or defects in the coating can result in regions of

unprotected steel, which are vulnerable to SCC.

SCC

Susceptible Aggressive
Material Environment

Figure 1-1: Requirements for the initiation or propagation of SCC.

Ultrasonic pigging is used on the buried sections of in-service pipelines to identify any
significant flaws in the steel. Pigs are devices that travel through a pipeline that can be used
for cleaning or maintenance purposes (utility pigs) as well as for gathering information
about the condition, features and integrity of a pipeline. If any significant flaws are found,
the pipe is exposed by excavation at great cost to the operator and the coating is removed

to enable closer examination of the pipe surface. Magnetic particle inspection (MPI)



technique is used on the outer surface of the pipeline to reveal the presence of cracks that
could be SCC. The first step in the method of MPI typically involves grit blasting the outer
pipe surface in the region where pigging has indicated the possible presence of SCC. The
surface is then painted white (to provide contrast) prior to the application of a black
magnetic film to the white surface. A strong magnetic field is applied to the pipe and the

magnetic particles in the film segregate to any discontinuities, which in this case are SCC

cracks, and produce the black outlines of the cracks as shown in Figure 1-2.

Figure 1-2: Presence of SCC on a pipeline surface as detected by MPI.

On the surface, SCC travels in the pipe axial direction, which is perpendicular to the hoop
stresses that occur during operation (Parkins & Fessler 1978). In addition, SCC is found in
groups of cracks (termed “colonies”), as shown in Figure 1-3. Typically, the crack propagates
in a direction perpendicular to the tangent of the outer pipe surface at the initiation point

(Parkins & Fessler 1978, Sutherby & Chen 2004; Xie et al. 2009).



Figure 1-3: SCC colony as seen on an MPI treated pipe surface.

As discovered in Canada (Xie et al 2009, Sutherby et al 2004) and now in Australia (Zadow &
Gamboa 2011), SCC does not always propagate in a perpendicular direction. Inclined SCC is
a phenomenon where the crack tip significantly deviates from the perpendicular at the
initiation point. The mechanism of inclined SCC is not well understood and the instances
present in Australia have not been characterised. Thus, there is a significant gap in the
knowledge in this specific area and one that this project begins to address. Figure 1-4
illustrates the phenomenon of inclined SCC by showing a polished transverse section of the
pipe wall, clearly showing an inclined SCC crack. The outer surface of the pipe is towards

the top of the Figure.



Figure 1-4: Typical inclined SCC

The primary objective of this project is to quantify the morphological aspects of Australian
inclined SCC. The impact of inclined SCC on procedures used to evaluate the critical nature
of existing SCC is uncertain. In addition, the possibility of these inclined cracks unexpectedly
growing together and interacting under the pipe free surface is a major cause for concern.
Consequently, this study is highly relevant and important for the safety of personnel and

security of pipeline assets.

This investigation is a precursor for future work on the analysis of the driving factors behind

inclined SCC.

1.1. Background
Since the recognition of the existence of SCC in steel energy pipelines around the world,
much work has been done to gain a meaningful understanding of the driving mechanisms
behind SCC (Parkins & Fessler 1978, Parkins 1980, Perez, Rodrigo & Gontard 2011). In
addition, it has been vitally important to design effective management systems to mitigate
and reduce the potentially dangerous impacts of SCC. This increased awareness, and the
subsequent investigations of destructive cracking in steel pipes, has resulted in SCC being
observed in a number of countries and regions including Canada, the United States of

America (USA), Russia, the Middle East and Australia (Leis & Eiber 1997).



SCC was first observed in a gas pipeline in Australia in 1982 (Fotheringham 1983), and it has
been the cause of many significant pipeline ruptures around the world. The rupture of an
Australian pipeline in 1982 caused a 12-metre segment of pipe to be blown 170 metres
upstream from the failure location (Fotheringham 1983). The subsequent investigation
revealed SCC as the likely primary cause for the rupture. In the area surrounding the rupture
point, SCC was found on the surface of the pipe, and a number of cracks had interacted with

one another.

A significant portion of the SCC threat assessment performed by industry on in-service
pipelines uses the Stress corrosion cracking: recommended practices, as released by the
Canadian Energy Pipeline Association (CEPA 2007). This publication was the product of much
work done on various pipelines, particularly those located in Canada. The guideline is based
on perpendicular cracks and is intended to provide a conservative method for evaluating the
severity of cracks located on the pipe wall, as well as interactions between cracks. However,
inclined cracks could potentially add complexities to crack interactions that are not
addressed in the guidelines. Australian industry requires that all methods used on pipelines
located in Australia be sufficiently conservative for safe operations. Therefore, SCC present
in Australian pipelines requires thorough investigation, characterisation and evaluation
particularly with respect to crack interactions, to determine whether inclined SCC cracks can

still be safely assessed by CEPA guidelines.

Work undertaken on this project analysed cracks from the SCC affected areas of a segment
of the Moomba to Sydney (M-S) pipeline. This section of pipe had been removed from the

pipeline due to the severity of the SCC found in it.

1.2. Scope and Objectives
The objective of this study is to examine or survey a number of SCC cracks with the purpose
of quantifying the crack morphology, with a particular interest in the occurrence of inclined
cracks and any observable crack interactions. The more specific primary objectives of this

project, for a single section of pipe are as follows:

e determine the percentage of inclined cracks
e determine the percentage of co-linear/non-co-linear cracks

e develop a relationship between hoop travel and crack length



e determine the level of subsurface travel present
e determine the level of interaction between cracks
e develop guidelines for crack interaction (in this pipe section with the aim of

extrapolating the results to the remainder of this pipeline).

It is the belief® that current industry techniques for analysing specific cracks and their
interactions are conservative for operations within Australia. It is important that it be
confirmed that these guidelines are proven sufficiently conservative even when inclined SCC
are present. This is the motivation for the project and the completion of the stated

objectives.

The principle methods chosen for analysis of SCC in the present study were metallography
and X-ray tomography. Metallography was used to satisfactorily describe the morphology of
each crack subjected to investigation. A method for the application of X-ray tomography
was developed because tomography has great potential for viewing potential crack

interactions within the steel.

1.2.1. Statistical Significance
Work analysing the SCC cracks in the ex-service samples was preceded by ensuring that the
results would be relevant to both industry and the objectives of this project. In addition, it
was essential to ensure that the results obtained were from a sufficiently large sample size
to be statistically significant. Before analysis commenced, the aim was to study a minimum

of 96 cracks. This number was determined using the 90% confidence formula:

(1.96)2

n=\(—

2e

The estimated error ‘e’ was chosen to be 0.1. This showed that a minimum of 96 SCC cracks
were required for analysis to satisfy the statistical 90% confidence level. With this known,

the tentative aim was to analyse an optimistic number of 200 cracks improving the

significance.

! Sourced from private communication with an industry representative (November 2011)
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As the analysis progressed, it became apparent that due to time constraints, it was not
feasible to analyse 200 samples. The maximum number that could be analysed in the time
available was determined to be 120. The results are still statistically significant and
conclusions and observations over the data set could be made with a 91% confidence level

determined using a set sample size in the above formula.

1.2.2. Limits and Exclusions
Practical specimen preparation limitations determined that the minimum distance between
polished cross-sections was 1 mm. For cracks longer than 25 mm, the spacing between cross
sections was at times increased to 3 mm to reduce specimen preparation time. The number
of samples analysed was limited due to the time taken to complete a single metallographic

slice as previously stated.

The examination of the samples was time intense. Each slice was removed from the pipe
section using a wet abrasive saw and subsequently required mounting, manual grinding,
polishing, metallographic examination, data recording and a comprehensive image collation.
This further limited the number of samples that could be examined in the time available.
With a more automated procedure of the grinding and polishing for each sample, samples

could have been analysed more quickly and efficiently.

The vast majority of the 120 cracks analysed were taken from three colonies of cracks that
were all from the same 12-metre section of pipe. The three primary colonies were spread
axially along a 4.1-metre length of the pipe, which is not a large sample when compared to
the many thousands of kilometres of pipeline spread across Australia. However, they are

separated enough to rule out highly localised conditions that may have existed.

1.3. Report Structure
This report will use Chapter 2 — Literature Review to introduce and detail SCC in terms of
classification, typical features or trends, and the reported observations of inclined SCC. The
purpose of this review is to enable the gaps in the knowledge regarding inclined SCC to be

outlined in Chapter 3 — Gap, as it is the objective of the current work to address these gaps.

Chapter 4 — Experimental Method outlines the methodologies used for specimen

preparation and to enable the gathering of the data as detailed in Chapter 5 — Crack Analysis



Methodology. Chapter 6 — Results presents the results, which are compared with those from
Canadian studies in Chapter 7 — Comparison. A discussion of the results in relation to
current theories and models is provided in Chapter 8 — Review of Existing Theories. The
Importantly, the Implications for Australian Industry are provided in Chapter 9 and this is

followed by the Conclusions — Chapter 10.



2. Literature Review

2.1. Introduction
The purpose of this literature review is to provide a background and understanding of the
fundamentals of SCC. The primary focus is on the manifestation and morphology of SCC

cracks in pipelines, in particular, inclined SCC cracks observed in Canada and Australia.

2.2. SCC Classification

SCC in underground pipelines is divided into two fundamental classifications: high pH SCC
and near neutral (NN) pH SCC. Both these classifications of SCC contain colonies of many
small cracks that link up in a longitudinal direction. The differences between these two
classifications of SCC lie in the SCC growth mechanisms through the pipe wall. NN-pH SCC
has been observed primarily in the United States and Canada. High pH SCC has been
observed in the United States and Australia as well as various countries in the Middle East

(Leis & Eiber 1997).

SCC has been found mainly in low resistivity soils (Baker, Rochfort & Parkins 1987a), but it is
qguestionable as to whether this is a principal environmental factor for SCC. High pH SCC
generally occurs above a stress level in the pipe known as the ‘threshold stress’. Failures for
this type of SCC and NN pH SCC have occurred when the hoop stresses in the pipe are
between 46-76% of the specified minimum vyield strength (SMYS) for the line pipe (Song
2008). The actual threshold stress can vary greatly and is dependent on whether the applied
stress is cyclical and on environmental factors. It has been found that the local environment
immediately adjacent to the pipe, which may be quite different to the bulk (soil)

environment, dictates which of the two types of SCC is more likely to occur (Gan 1994).

2.2.1. High pH SCC
A feature of high pH SCC is the intergranular (IG) nature of the cracking. Surface corrosion
such as pitting or general surface corrosion is not usually obvious on the surface of the steel
associated with the crack. General conditions surrounding high pH SCC include a pH window
between pH 9 and pH 13 and temperatures greater than 40°C (Elboujdaini & Shehata 2004;
Parkins 1987).



2.2.2. Near-Neutral pH SCC
NN pH SCC is a type of transgranular (TG) cracking. It occurs in environments where the
groundwater adjacent to the pipe contains dissolved CO,, possibly from decaying organic
matter. Disbonding of the coating allows the presence of dilute solutions of NN pH, which
can also develop due to the presence of CO, in ground water adjacent to the pipe
(Elboujdaini & Shehata 2004). The initiation of this type of SCC is still not fully understood,
but a local environment between the coating and the pipe surface with a pH of between five
and seven in the free corrosion condition has been associated with TG SCC (Eslami et al.

2010; Kim, Zheng & Oguchi 2004; Parkins, Blanchard & Delanty 1994).

2.2.3. Comparison Between Types of SCC
In a paper by Xie et al. (2009), a table was developed comparing the characteristics of NN pH
SCC to that of high pH SCC. Table 2-1, taken from that report, shows that there are many
similarities, principally in the orientation of the cracks on the pipe wall and the existence of
the cracks in groupings called “colonies”. Table 2-1 also suggests the key differences are the

differing fracture modes and the corrosion of the crack walls.

Table 2-1: Comparison of NN pH SCC with high pH SCC (Xie et al. 2009 adapted from
Beavers et al. 2001 & Parkins, Blanchard & Delanty 1994)

Table 4 Comparison of inclined SCC with high pH SCC and NN pH | NN pH SCC High pH SCC
SCC characteristics

Electrolyte pH 6.5-7.5 9-10
Fracture mode TG IG

Cracking orientation Longitudinal Longitudinal
Numerous cracks Yes Yes

Linking of crack Yes Yes
Colonies of cracks Yes Yes
Corrosion of crack walls Yes No
Corrosion of pipes Sometimes Usually not
Fe304 and FeCO3 films Yes Yes

The different fracture modes referred to above are depicted in Figure 2-1 where the cracks
(illustrated in red) are progressing through the microstructure. The IG cracking is growing

along the crack boundaries and the TG cracking is going through the grains.
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Figure 2-1: IG and TG SCC fracture modes.

2.3. SCC Initiation
SSC can be initiated in multiple ways in a steel pipeline, most commonly through pitting
corrosion. Pits, in the presence of hoop stresses in a pipe, act stress concentrators resulting
in increased likelihood of SCC initiation at the periphery of the pit. Crevice corrosion can also
promote the initiation of SCC, as it provides encouraging conditions for cracking in the
region and direction of the crevice (Gan 1994). Once initiated, the crack will propagate along

the pipe as SCC.

Pipelines are protected against corrosion by protective coatings in combination with passive
and active cathodic protection (CP) systems. Passive CP systems comprise galvanic coupling
of the pipeline to a metal anode such as magnesium, which corrodes preferentially to the
steel These are termed sacrificial anodes and require periodic replacement. The impressed
current CP systems provide an external direct current (DC) and are capable of providing a
continuous, constant protecting current on the pipe. The pipeline is kept at a negative
potential relative to its surroundings and the current is dependent on the local environment
surrounding the pipe, eg the acidity of the soil and the temperature. The CP systems are
used on energy pipelines as a second layer of protection against corrosion and move the

free potential (voltage) of the structure away from conditions likely to cause corrosion.

It is believed that SCC only occurs in regions where the protective coating has become
disbonded (Baker, Rochfort & Parkins 1987a). The disbonded coating shields the pipe wall
from the full protection of the CP system allowing the electrochemical potential at the pipe

surface to fall into the region for SCC.
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For the pipeline being assessed in the current study, a passive system consisting of lengths
of 9m magnesium ribbon was put in place initially. After 18 months (Fotheringham 1983), a
permanent active CP system was put in place at locations along its length which were
designated MW29, MW83, MW130. Surveys undertaken between April 1979 and June 1982
showed that the pipe-to-ground potentials at certain locations were within the intended
design limits of between -0.85V to -1.20V potential versus a Cu/Cu SO4 reference electrode

(Fotheringham 1983).

As discussed previously, if the pipe coating is flawed or is not bonded properly to the pipe, it
can shield the pipe from the full protecting current of the CP system, with the result that the
pipe will be at a potential favourable for SCC initiation and growth. (Gan et al. 1994).
Unfortunately, some sections of the coating were applied to the M-S pipeline under non-

ideal conditions. These conditions are described below.

During construction, the pipeline was subject to two construction delays due to rain. These
delays resulted in pipe sections being scrapped due to excessive corrosion or pitting
(Fotheringham 1983). In addition, scheduling pressures (compounded by rain delays),
resulted in sections of the pipeline coating being poorly applied. Inspections reported that
the coating was not bonded to the pipe itself. This resulted in exposed regions of the pipe
where the CP system may not have been fully effective making them susceptible to SCC

(Fotheringham 1983).

Figure 2-2 illustrates a crack that has initiated from pitting on the steel surface.
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Figure 2-2: Initiation of SCC from pitting (looking at pipe free surface) (Xie et al. 2009).

Under suitable environmental and stress conditions, SCC can also initiate intergranularly on
the surface of the pipe without any visible imperfection or initiation location. Figure 2-3
shows SCC initiating at the IG grain boundaries of the steel. There are no obvious signs of

pitting corrosion or general corrosion on the surface of the pipe.

R
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%

Figure 2-3: Initiation of SCC at the IG boundaries (looking at pipe free surface) (Xie et al.
2009).
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Whether it establishes from a pit or from IG corrosion, the stress concentrations in the areas

of the corrosion initiate the SCC into the wall thickness (Xie et al. 2009).

2.4. SCC Colonies
Both high pH SCC and NN pH SCC, despite their differences, grow in colonies (Elboujdaini &
Shehata 2004). There are two main types of SCC crack colonies: dense and sparse. These
classifications relate to the circumferential spacing between the cracks in the colony. A
point to note is that this project does not aim to address possible drivers for determining
colonies as sparse or dense. It does aim to characterise existing SCC cracks from all available
colonies in the ex-service pipe that are available. Sparse colonies are of particular interest,
as they have been associated with field failures in the past (Leis & Colwell 1997). Leis and
Colwell (1997) explored these two types of observed crack colonies and concluded that
sparse colonies (colonies with larger circumferential spacing) contained or had the potential
to contain deep cracks, whilst dense colonies (colonies with smaller circumferential spacing)
contained shallower cracks. This leads to the conclusion that sparse colonies of cracks are

more likely to be the locations for failure in a pipeline.

The results of Leis and Colwell 1997 are presented in Figure 2-4. These results suggest that
the cracks in the sparse colony (Figure 2-4a) had a higher propensity to continue to grow in
depth. Colonies with dense spacing showed very little evidence of growth in depth (Figure
2-4b). The normalized average crack depth (vertical axis in Figure 2-4) is the average crack

depth of each colony analysed, not individual crack depths.
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Figure 2-4: Depth of cracks in a) sparse colonies and b) dense colonies that are remote to
failures a) 160 cracks from 17 hydrotest failures. b) cracking found in digs remote to

Subsequently the Canadian Energy Pipeline association has prepared guidelines for
classifying dense and sparse colonies relative to the wall thickness of the pipe (CEPA 2007).
Colonies of cracks that have a typical circumferential spacing greater than 20% of the wall

thickness are classified as sparse colonies and those with a spacing of less than 20% of the
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failures (replicated from Leis & Colwell 1997).

wall thickness are classified as dense colonies as shown in Table 2-2.
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Table 2-2: Definition of SCC density classification (CEPA 2007)

SCC density | Approximate circumferential spacing

Dense < 0.2 wall thickness

Sparse > 0.2 wall thickness

The SCC condition assessment report (CEPA 2007) is in agreement with the work of Leis and
Colwell 1997 and indicates that sparse SCC colonies are typically found at or near a pipeline
failure location and dense colonies are found at a remote distance from the failure location.
Gamboa (Gamboa 2011) confirmed this result for a pipeline failure in Australia.

Consequently, it is considered more important to analyse cracks within sparse colonies.

2.5. Length to Depth Ratio
The effective crack depth can be plotted as a function of the crack length. The term
‘effective’ refers to the perpendicular displacement from the surface of the pipe where the
crack is located. This is best illustrated in Figure 2-5, where the total effective depth is

shown for a theoretical inclined crack.

/’E];e seg me&
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Figure 2-5: lllustration showing measured crack dimensions (Sutherby & Chen 2004).

Since the discovery of SCC in gas pipelines, several studies have been undertaken to

characterise the typical aspect ratio for cracks of different lengths (Baker, Rochfort &
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Parkins. 1987b; Leis & Colwell 1997). Sutherby & Chen (2004) characterised a number of
cracks and plotted the crack lengths at the surface versus crack depths for each crack as
shown in Figure 2-6. The results show a linear relationship between surface crack length and

crack depth.

8.0

Crack depth in wall thickness direction, mm
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Crack length on the surface, mm

Figure 2-6: Relation between crack length and depth in the perpendicular direction
(Sutherby & Chen 2004).

As shown in Figure 2-7, the aspect ratio, which is the ratio of the depth over the surface

length, can then be plotted against the crack length:
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Figure 2-7: Relation between the crack length and the aspect ratio (Sutherby & Chen
2004).

The relationship observed suggested that for cracks with a surface length greater than
3.0 mm the aspect ratio of the cracks remained constant at approximately 1.8. The majority

of the data shown in Figure 2-7 is for cracks less than 18 mm in length with only one crack

analysed at a crack length of 28 mm.

In 1987b, Baker, Rochfort and Parkins completed a study showing the relationship between
the depth and the surface length of cracks. The effective depth of each crack was measured
normal to the surface of the steel pipe. This study included both individual and merged (or

coalesced) cracks. A plot of their data is shown in Figure 2-8.
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Figure 2-8: Maximum length (x-axis) plotted against maximum depth (y-axis) (Baker,
Rochfort & Parkins 1987b).

From Figure 2-8, for individual cracks, the aspect ratio of crack depth to crack length
changes at a rate of approximately 0.127. However for merged cracks the rate of change of
the aspect ratio for cracks longer than 20 mm is reduced to 0.013. That is the depth of the
crack increased at a rate approximately one tenth of that for an individual crack for a similar
increase in length. The values shown in Figure 2-8 for individual cracks are in agreement

with the previously presented study (Sutherby & Chen 2004).

Numerous studies have been conducted on single cracks concerning the length to depth
ratio (Baker, Rochfort & Parkins 1987b; Leis & Colwell 1997; Sutherby & Chen 2004). These
studies—most notably that of Baker, Rochfort and Parkins 1987b—imply that the aspect
ratio will be smaller for merged cracks. However, the full effect on the length to depth ratio
when two or more cracks combine is not fully known, especially with the more recent
observation of inclined SCC cracks. Inclined cracks interactions have not been characterised
and therefore are not a fully understood phenomena. As a result, one of this project’s
objectives is to record the appearance of interaction of all cracks analysed. A point to note is

that the primary method used in SCC crack analysis, metallography, is not the most ideal
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method for analysing crack interactions due to the smallest feasible distance between
transverse views existing at 1 mm. However, from the results available, crack interaction
guidelines can be assessed to determine the conservative nature of them as well as

determining the validity of some reported SCC models.

The CEPA guidelines (CEPA 2007) observe both a qualitative and quantitative SCC depth
determination. This indicates the allowable limits of the depth to length aspect ratio for a
particular pipe with respect to the wall thickness. A crack is deemed significant if it
correlates to a crack with a depth greater than 10% of the wall thickness (Leis & Colwell
1997). Hence the remainder of this report is reporting results primarily of ‘significant’ crack

(depth greater than 10% of wall thickness).

2.6. Inclined SCC

A typical SCC crack would propagate in a direction normal to the surface of the pipe (normal
to the hoop stresses). As has been found with initial studies into an SCC affected pipeline in
Australia (Zadow & Gamboa 2011), and more comprehensively in a pipeline in Canada
(Sutherby & Chen 2004; Xie et al. 2009), the cracks do not always travel perpendicular to the
hoop stresses. The crack path of some SCC cracks has been observed to travel at an angle to
the perpendicular and these cracks are referred to as inclined SCC cracks. This phenomenon
has been observed, or at least recognised, in only two countries in the world (Gamboa
2011), with a very small number of publications to date. Inclined SCC therefore has only
recently been recognised and research in this area is required to assess its impact on

previously accepted maintenance and inspection procedures.

A recent study has shown that SCC cracks can be classified into three categories based on
their visual appearance (Xie et al. 2009). This method of classification is more of a
description of the geometry of the crack and the way it propagates through the pipe wall.

The geometrical classifications are:

e straight (where the crack propagates in an approximately straight path normal to the
principal stresses)

e zig-zag (where the crack propagates initially in a straight fashion and then changes
direction towards the circumferential direction at an angle and then changes to the

opposite direction)
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e inclined (where the crack initially propagates normal to the surface and then changes
direction to an angle regarding the radial direction and continues to grow in that

direction—Figure 2-3 illustrates what an inclined SCC crack looks like).

A snapshot of the differences in appearance of straight and inclined cracks can be seen in

Figure 2-9:

Figure 2-9: a) straight crack propagation, b) inclined crack propagation.

All of the inclined SCC cracks analysed in the Canadian pipeline study were found to be IG
and therefore high pH SCC (Xie et al. 2009). This may not be representative of all cases
around the world, but could indicate that high pH SCC crack paths are more likely to be
inclined than NN pH SCC cracks.

SCC cracks are approximately straight and normal to the principal stresses. The lack of
understanding of inclined SCC (cause, growth) may be a contributing factor to previous
failures of energy pipelines. Therefore, understanding the nature and morphology of

inclined SCC may provide improved SCC detection mechanisms and maintenance strategies.

Inclined cracks penetrate deeper than straight cracks that travel in a direction normal to the
hoop stresses. This has been observed in Canadian surveys, which compared the length of

inclined cracks to that of straight cracks (Sutherby & Chen 2004; Xie et al. 2009).
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Research conducted on the TransCanada pipelines (Xie et al. 2009) revealed that the shape
of inclined SCC cracks followed a pattern. The cracks travel perpendicular to the hoop
stresses to a depth of between 200 and 600 um and then the crack would change direction
(or deflect) at an angle of approximately 30-60° to the circumferential direction.
Consequently, the length and depth results from previous studies where possibly only the
perpendicular component of a crack was considered may be incorrect if inclined SCC cracks
were present. In addition there are no results available in the literature to indicate the
typical distance an inclined crack travels in the direction of the hoop stresses within a pipe

under a particular applied stress.

2.7. Inclined SCC Case Studies (Canada)
As previously noted, the information gathered from the SCC affected pipeline in Canada has
proven vital in discovering more about the nature and characteristics of inclined SCC,
including appearance and frequency. All SCC cracks investigated on that pipeline displayed
as longitudinal cracks on the outer diameter (OD) surface of the pipeline, a typical SCC
characteristic. The primary report used in this case study examined three SCC colonies. With
detailed experimentation and analysis carried out on two of the crack colonies. The majority
of the cracks investigated were short with depths less than 40 um (Xie et al. 2009). Inclined
cracks were noted to have a deeper initial perpendicular depth and this was used as a

determining factor for the selection of cracks for further study.
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The report on the Canadian pipeline provided a table of results reporting all the cracks that
were more than 40 um in depth. Table 2-3 shows the summary of cracks analysed, broken

down in terms of the recorded crack depths.

Table 2-3: Statistical analysis of all SCC cracks investigated (Xie et al. 2009)

Colony Total cracks <200 pm 200-600 pm >600 um
Crack # Inclined

#1 18 5 (5%)* 12 (67%)* 8 (67%)** 1 (5%)*

#2 56 32 (57%)* 23 (41%)* 12 (52%)** 1(2%)*

*ratio of the cracks in a depth range to the total cracks deeper than 40 um
**ratio of inclined cracks to the total cracks in the range of 200-600 um

As can be seen in Table 2-3, the ratio of inclined cracks to the total number of cracks in the
depth range of 200-600 um for both colonies investigated was approximately 50%. A slightly
larger percentage of cracks in this category were recorded as inclined for Colony #1.
However, due to the close proximity of the colonies analysed and the much larger sample
size of cracks taken from Colony #2, the tentative conclusion is that if a crack is greater than
200 um in depth there is a 50% chance it would be inclined. More confidence could be
attained through this kind of analysis if a larger sample size of cracks was analysed from
colonies further apart. The location of the colonies analysed in this study on the pipeline in
Canada with respect to each other is shown in Figure 2-10. Note that the Canadian study
initially cut out three sections (all within a metre or so of each other), but only reported

crack characteristics for two of these sections (shown above).
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Figure 2-10: Locations of the crack colonies on the pipe panel for the TransCanada study
(Xie et al. 2009).

As noted previously, the literature on the SCC affected pipeline located in Canada, does not
provide any indication of the typical distance the crack travels in the direction of the hoop
stresses. In this current study the distance travelled by the crack in the direction of the hoop

stresses is referred to as the ‘hoop travel’ of the crack.

As a result, one of the goals of this research is to survey crack colonies at a significant
distance from one another (in the order of several metres) to avoid localised anomalies in
the pipe or environment. This will provide a better understanding of whether the cracks
follow a trend, inclining in a certain direction, or whether the location of the colonies in the
pipe (with respect to the seam of the pipe) has an effect. The data obtained through this

literature can then be used to serve a point of comparison.

2.8. Surface Crack Interaction and Coalescence
Visible surface deviations in the path of a crack tip as it grows can be caused by interactions
with another nearby crack. The interaction or coalescence of two or more cracks to form
one larger crack is strongly dependent on their location relative to each other in the
circumferential and axial directions and the cracks’ aspect ratios (i.e. the length/depth

ratio), (Lam & Phua 1991). Cracks that are a small distance from one another tend to
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interact (Lam & Phua 1991), and the crack path is affected. The way this union occurs is

dependent on the angle of the cracks to the pipe’s surface and to each other.

Crack interaction—assuming that crack growth is perpendicular to the pipe surface—means
that when crack coalescence occurs, the crack will merge all the way down to the crack tip
(Wang et al. 1996). Attraction between cracks is expected when they are within a specified
distance and location from each other. When merging, the depth of the crack will usually

increase.

The minimum specified distance between cracks in both the circumferential direction and
the axial direction to avoid coalescence is outlined in the CEPA guidelines (CEPA 2007).
These can be represented by the following formulae (CEPA 2007):
0.14(l; + 1
v < (I, + 1)
2
where Y is the maximum circumferential distance of interaction, and [; and [, are the
longitudinal lengths of the interacting cracks and
0.25(1; +1
X < (I + 1)
2
where X is the maximum axial separation of the crack tips of the two potentially interacting
cracks. These relationships provide a guideline to indicate whether a crack is likely to
interact with another nearby crack. It is important to note that these circumferential and
axial relationships were adapted from a previous work (Parkins 1989) that explains the
devising of the produced formulae. However, the process by which Parkins work was

inputted into the guidelines is not known.

A crack tip in SCC grows in an axial direction along the pipe wall. Deviations can occur in the
growth direction of a crack tip due to a number of factors. A major contributing factor to the
growth direction of a crack tip is the presence of nearby cracks. The stress intensity factors
of the crack tips increase as the cracks approach each other. The stress intensity factor (SIF)
is a unit-less term (denoted as K) used to predict the stress state and is explained in more
detail in Chapter 7. As they pass one another, K; (the Mode Il stress intensity factor)

changes sign from positive to a negative and the direction of movement of the crack tip is

25



altered. This also means that the cracks will converge after the crack tips have passed one
another at a certain distance (Wang et al. 1996). This can be seen in Figure 2-11 where the
tips of Crack A and Crack B have passed one another and then grow towards each other.

This also has the effect of leaving an ‘island’ of steel in the middle.
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Figure 2-11: Visible crack interaction on the OD surface of the ex-service Australian pipe
sample.

An experiment was conducted to study crack interaction and how this might affect the
structure of a material (Xie et al. 2009). Crack interaction was found to occur in multiple
ways. This interaction is not limited to two cracks combining but also includes the effect on

immediate cracks surrounding the interaction.

Factors such as stress shielding will prevent a crack from interacting destructively with
another nearby crack. Depending on the relative locations of the cracks, the interaction
between the cracks will either enhance the crack growth or “shield” the other crack from
the applied stress, resulting in a retardation of crack growth (Lam & Phua 1991). Similarly
microcracks can hinder the growth of a crack and in some cases prevent further growth

(Lam & Wen 1993).

During the present study, no literature on the study of crack interactions with inclined

cracks has been found and some factors that hinder crack interaction are unknown.

Conditions where two adjacent cracks may coalesce is very important in assessing the
integrity of a pipeline structure. It is also necessary to understand coalescence in crack
colonies containing many cracks (Wang et al. 1996). In 1990, Parkins and Singh (Parkins &

Singh 1990) determined that where SCC is present, crack coalescence will also be involved.
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Therefore, the need for more research into crack coalescence and the development of
effective predictive models (Parkins 1980; Venegas et al. 2009) for the interaction of cracks

in a colony is vital.

2.9. Tomography
As stated in Chapter 1.2., this project will examine the feasibility of using high resolution
tomography to precisely image cracks. High resolution tomography is a quick and non-
destructive method of producing X-ray images that correspond accurately to an object’s
cross section. By taking sequential images at different depths through the sample of the
pipe wall and compiling these images a three dimensional representation of the object can
be created. This three dimensional computer generated image can then be digitally
manipulated to enable a large number of measurements and observations to be made.
(Ketcham & Carlson 2001). Tomography can reveal the morphology of crack paths through a
metal. The computer generated images are geometrically precise and therefore can be used
to determine linear distances, angles, areas, volumes and symmetry (Conroy & Vannier

1984) of the cracks.

Tomography has been used for viewing the three dimensional nature of SCC in stainless
steel where the cracks have been induced in specimens (Marrow et al. 2006). The
visualisation of crack morphology is based on variations in absorption coefficients of the
material along the path of the transmitted X-ray beam through the specimen. The
absorption coefficient has a correlation with density. A change in density within a material
will result in a change in grey scale in the image readily enabling the visualisation of defects

in metals (Connolly et al. 2006).

There are three components for X-ray tomography. The beam from the X-ray source, which
is collimated towards the specimen and a detector which collects the X-rays once they have
passed through the specimen. Figure 2-12 is a demonstration of a sample held in a

stationary position while the source and detector rotate around it.
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Detector

Figure 2-12: Example of X-ray tomography. In this diagram, the X-ray source and the
detector rotate around the stationary sample in the centre. The axis of rotation is the
centre of the sample (Ketcham & Carlson 2001).

The number and intensity of X-rays striking each region of the detector are translated into
an image of the specimen cross section showing defects, cracks or breaks in the material.
The following results from an aluminium parent specimen used in a different study illustrate
this process. Figure 2-13 from Connolly et al. 2006 demonstrates the results that can be
obtained using X-ray tomography. Cross sectional images were obtained from an aluminium

sample along its length at the locations indicated.
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Nugget - 37 hr exposure

Figure 2-13: Cross sections from three different regions of the sample shown in a) using
tomography. SCC had been induced in the aluminium samples and IG corrosion had taken
place b), c), d) (Connolly et al. 2006).

The X-ray images of the cross sections (similar to those shown in Figure 2-13) can then be
compiled in sequence to create a three dimensional representation of the features being
observed. This three dimensional representation can be manipulated on a computer to
show different aspects or orientations of the sample. This method of compiling and
colourising sequential images is termed rendering. Many cross sections were taken above
and below image (c) from Figure 2-13 and rendered to create Figure 2-14, illustrating the

induced SCC cracks (green) in the specimen.
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Figure 2-14: A 3-D rendering of Image (c) from Figure 2-13. Only the IG SCC has been
visualised along with the constituent particles. This is a compilation of 200 cross sectional
slices created a 3-D image (Connolly et al. 2006).

Figure 2-14 is an example of tomography used to create a three dimensional representation
of the crack morphology in a cylindrical sample of aluminium. Rendering of this nature is

considered useful for visualising crack interactions

Previous studies have shown that tomography is useful for the examination of cracks in
steels. Marrow et al. (2006) used tomography during an investigation of IG SCC in type 302
stainless steel. Gamboa and Sneddon (2011) completed a feasibility study using the

equipment available at the University of Adelaide (UoA), using pipeline steel samples. The
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results of this study demonstrated that the equipment at the UoA could be used successfully
to visualise cracks and the associated interactions. The same equipment and procedures will

be used in the present study.

The resolution of X-ray tomography available is approximately six micrometres, meaning
that features at, or above, six micrometres in size can be resolved using this tool in a time
effective manner. Therefore, crack morphology results are expected to be within six microns
and tomography can be used to accurately map SCC cracks to determine whether they are
inclined and if so, how they interact with one another when in close proximity. For the

machine available, this was the maximum resolution achievable.

Ideally the aim of this report is to show development of this method of crack analysis with
particular interest in crack interactions. The main work through this project was focused

primarily on metallography as previously stated.

2.10. Pipeline Details and Specifications
The pipeline steel samples selected were taken from segments of the Sydney to Moomba
pipeline. Cracks have been observed in this pipeline, which is made from submerged arc
welded API 5L grade X65 steel, and has a pipe diameter of 864 mm OD and an approximate

overall thickness of 8.4 mm.
The tested physical properties of this steel are listed in Table 2-4:

Table 2-4: Material properties for pipe analysed2

Test no Sample id U.T.S 0.2% Proof stress Elongation
MPa MPa %

T9792 T1 579 435 25

T9791 T2 574 444 25

T9789 Bl 579 484 26

T9790 B2 578 464 26

Three of the four colonies analysed (CC, FC and LC) were taken from the same pipe section.

Appendix A shows the location of the colonies relative to the pipe segments. As these

2 Material properties obtained through testing API 5LX65 steel using the test specification
ASTM A370
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segments of pipe were likely from the same batch in the manufacturing process, the
chemical composition of the steel would not be expected to vary much. The chemical

composition measured for both relevant sections, shown in Table 2-5, illustrates this.

Table 2-5: Chemical composition of the X65 pipe steel (industry tested).

C P Mn | Si S Ni Cr |Cu | Al Nb | Ti \ N

SectionB | 0.070 | 0.013 | 1.49 | 0.30 | 0.0035 | 0.024 | 0.32 | 0.16 | 0.025 | 0.046 | 0.003 | 0.003 | 0.0065

SectionD | 0.075 | 0.022 | 1.57 | 0.33 | 0.0040 | 0.024 | 0.32 | 0.21 | 0.037 | 0.054 | 0.003 | 0.004 | 0.0063

As already mentioned, the pipeline used in this study is from the Sydney-Moomba pipeline,
already known to suffer from instances of SCC that negatively affect the original asset’s
lifetime predictions and require expensive maintenance. Further details of this pipeline and
examination of the SCC in this pipeline have been presented in previous APIA research

project reports (Gamboa & Linton 2010; Linton, Gamboa & Law 2007).

‘Pigging’ results in the pipeline revealed a long section of pipe that had dispersed colonies of
SCC. Pigging refers to the commonly used practice of sending pipeline inspection gauges or
‘pigs’ through a pipeline while it is still in service. In this case, the pigging locates SCC in pipe
sections. The severely SCC affected section of pipeline was cut out for further investigation
and studies have been carried out on colonies in the pipeline (Linton, Gamboa & Law 2007).
That Linton report primarily analysed four colonies in this section of pipe and these sections
have been identified in terms of location and crack density in a subsequent study (Zadow &

Gamboa 2011).

The colony codes and distances from one another are noted in Table 2-6.

Table 2-6: Colony locations and longitudinal distances (Zadow & Gamboa 2011)

Pipe Colony Name Pipe Colony | Angle Distance along | Longitudinal
number Section | Code (deg) pipe (m) diff(m)
0092-11038 | Leaking Colony B LC 12 137742.34
0092-08286 | Confirmation B CC 358 137745.21 2.87

Colony
0092-08297 | Fatigue Colony B FC 22 137746.41 1.2
0092—-08632 | Teething Colony | D TC 215 137801.21 55.1

Total 58.87
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The angle shown in Table 2-6 is the distance each colony was around the pipeline from the
weld seam in the pipe section. Of interest is that this also provides information concerning

the circumferential separation of the colonies.

The results from the pigging data, which was obtained for the section of pipe analysed, gave
information on the relative location of all SCC colonies within the pipe section. The locations

of these colonies can be seen in Appendix A.*

2.11. Summary and Conclusions
SCC currently poses a significant problem for the pipeline industry. Investigations in Canada,
combined with early indications in Australian pipelines, show the presence of SCC cracks
that do not grow perpendicular to the free surface. These cracks grow at angles away from

the perpendicular; they are termed inclined SCC.

SCC generally initiates from pitting in areas on the pipeline where the coating applied to
protect the pipeline has become disbonded. Additionally, it has been reported that SCC is

not necessarily preceded by general corrosion on the surface of the pipe.

Most SCC cracks in the field have been observed to be aligned along the main longitudinal
axis of the pipeline, growing perpendicular to the axis of main hoop tensile stresses. SCC in
general is classified as either high pH SCC or NN SCC. The main difference in these types of
SCC is that high pH SCCis IG and NN SCC is TG in nature.

SCC cracks tend to be found in groupings termed ‘colonies’. These colonies are classified as
either dense or sparse, depending on the approximate circumferential spacing between
cracks. Sparse colonies generally contain the deeper cracks. This situation contrasts with
dense colonies, which although normally containing more cracks, actually contain relatively
shallow cracks in comparison. Thus, cracks in sparse colonies threaten pipeline integrity
more severely, and cracks in sparse colonies have previously been observed near the

location of pipeline failures.

The length to depth ratio is an important factor for understanding the cracks that are

considered critical or warrant further investigation. Different aspect ratios are expected

3 Appendix A has been constructed from pigging data supplied by APA
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between sparse and dense crack colonies. The aspect ratio of cracks attained from literature
will be used to decide what cracks in the pipeline under investigation have the potential for

significant depth.

SCC crack interaction guidelines have been produced in the past (CEPA 2007) to assess the
cracks that will interact, based on the spacing between them. These interactions occur when
two cracks are within a certain circumferential and axial distance from one another and
tend towards each other after the crack tips pass. This study is aimed at confirming that
current SCC detection procedures are indeed conservative and safe for industry in Australia.
The intention is to ensure public safety in the future through potentially improved SCC

maintenance parameters.

Crack coalescence is the union of two or more cracks after they interact and grow towards
each other. Although it is known that factors such as stress shielding affect the way cracks
interact there is little in the literature on crack interaction and coalescence in three

dimensions or the distance inclined SCC travels in the direction of the hoop stresses.

Inclined SCC has been observed and investigated in a section of pipe in Canada. However,
preliminary work carried out in Australia indicates that the morphology of the Australian

inclined SCC cracks may be different to that observed in the Canadian case.

Data can be generated (primarily concerning crack interactions) with the use of X-ray
tomography. Tomography utilises X-rays to create cross sectional images that can be
rendered as three-dimensional representations of cracks or defects in the sample.
Tomography is an effective and precise way to observe the morphology of cracks and to aid

in better understanding how cracks interact with one another.
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3. Gap

The gap in knowledge, as evident from the literature study, is concerned primarily with the
lack of available data pertaining to inclined SCC morphology. Completed work has been

chiefly limited to investigation on the length to depth ratio only.

The current research focuses on investigating the morphology of SCC for a large number of
cracks present in an ex-service Australian gas pipeline. This crack morphology

characterisation will focus on the following:

e percentage of cracks inclined

e typical straight section depth (and observed trends)

e typical hoop travel (in hoop direction)

e inclination factor (ratio of hoop travel to crack depth)

e typical angle of inclination

e subsurface extension of cracks in the axial pipe direction

e observed crack interactions.

The guidelines, developed from work on the pipeline that ruptured in Canada regarding
crack interactions, are used in Australian industry as a conservative method for operations
(CEPA 2007). To date, this method has proved sufficient, but the margin of safety has not

been adequately determined.

Inclined cracks interacting unexpectedly beneath the free surface have damaging potential.
This could explain the behaviour of certain cracks that have not interacted for any visible
reason on the free surface, or cracks that interact but fail to join up and become dormant.
This study will observe trends on crack interaction and will aid in developing techniques to

identify the probable direction of crack inclination.

The effect of interaction and coalescence of cracks on the depth direction of the cracks
remains to be fully understood. This current study will not only seek to ascertain the
proportion at which cracks are inclined, but also to determine qualitatively how such cracks
interact with each other, and if there is a potentially serious concern for the pipeline
industry. With this study, it is hoped that pipe operators would be able to estimate the

likelihood that a crack is inclined, requiring extra considerations, while assessing failure
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propensity. In addition, this will provide a duty of care to the public by confirming that

current industry practices are conservative regarding safety.

It is desirable that in the future, the results of the current work can be used as guidelines for

the assessment of Australian pipelines containing SCC
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4. Experimental Methods

Two methods were used to produce the results for this project: optical metallography and
X-ray tomography. Prior to analysing the SCC cracks in the failed Australian pipeline, the
pipe surface required preparation to enable the accurate determination of the locations and

lengths of the SCC.

The preparation process in cleaning the surface of pipeline consists of removing coating on
the steel and grit blasting leaving it with the pure steel pipeline finish. Once cleaned,
magnetic particle inspection (MPI) was used to reveal the surface crack path, any crack
interactions and for measuring both the crack length and the distance between cracks. The
use of MPI involved applying a thin coating of white paint on the surface of the pipeline.
Once dried, a solution containing small magnetic particles is sprayed onto the appropriate
surface regions. A strong magnetic field is then applied across the regions of interest and

the magnetic particles accumulate at discontinuities, e.g. cracks.

Details of the surface crack paths, any observable crack interactions, crack lengths, crack
directions and the distance between cracks were recorded and then using the following

criteria particular cracks were selected for further analysis.

4.1. Crack Selection
This project aimed to select a large number of cracks considered as significant from an
industry perspective. Previous work (Xie et al. 2009) has recorded that small cracks (less
than 4 mm in length) are typically less than 600 um in depth. As this is within the typical
recorded range for the straight section length of a crack, cracks greater than this length

were desirable.

For a more concrete guideline, the CEPA Recommended Practices defines what a critical
crack is. It suggests that a critical crack is predicted to have a depth of over 10%wt (wall
thickness). With the typical aspect ratio for a crack with a given length reported previously
(Sutherby & Chen 2004, Baker, Rochfort & Parkins 1987b), a critical crack length can be

determined. The wall thickness of the pipeline analysed was 8.48 mm.

A crack of length 4 mm or greater was considered to be critical and adequate for selection

based on the literature review estimation of crack depth.
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4.2. Metallography
Metallography is the science of the constitution and structure of metals and alloys as
revealed by the unaided eye or using optical, electron optical and X-ray techniques. Before a
sample can be examined metallographically it must be appropriately prepared. In this study,
for accurate observation of the SCC using an optical microscope, the main preparation steps

were sectioning, grinding, polishing and etching.

4.2.1. Sectioning
Once a crack or group of cracks had been isolated for analysis, the cracks were sectioned at
1 mm intervals and analysed. To achieve this, a course grit sand paper was used to grind 1
mm of material away before polishing. This procedure was repeated for all sections

analysed.

On occasions for the larger cracks, a spacing of 3 mm was used between cross sectional
slices due to time constraints. Instead of grinding the 3 mm away, a metallographic saw was
used to cut the material away. The finish remaining was quite smooth and little to no

grinding was required before the polishing commenced.

4.2.2. Metallographic Mounting
The majority of samples analysed were mounted in a Bakelite resin to aid in the process of
grinding and polishing as this was a manual process. The mounting process included
positioning the sample in a compression mould and then pouring the appropriate amount of
Bakelite powder on top of the sample. The mould cap was screwed onto the top of the
mould. The sample and Bakelite were then heated to the melting point of the Bakelite
whilst maintaining a constant pressure applied using a manual hydraulic pump of 25MPa for
approximately 10 minutes. After this time, the heater was turned off and when cool, the
sample, now embedded in the solid Bakelite, was removed from the mould. The setup used

for the mounting of the samples is shown in Figure 4-1.
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Figure 4-1: Manual sample mounting press.

This process of mounting the sample in the Bakelite mould made the future processes of

grinding, polishing and subsequent analysis significantly more efficient and accurate.

4.2.3. Grinding
A series of silicon carbide (SiC) grinding papers were used, to remove the 1 mm of material
between each cross sectional slice and to provide a flat surface for subsequent polishing.
The coarsest paper which removed most of the material, had a grit size of 80. Once a
sufficient amount of material was removed, progressively smaller grit size papers were used
to prepare the surface for polishing. The finest paper used had a grit size of 1200. It is
important to note that the grinding procedure was carried out with water flowing on to the
SiC carbides. The water removes the debris from the paper and acts as a coolant to ensure

that the pipeline steel is kept cool to prevent any microstructural changes. The experimental
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setup for manual grinding with the papers positioned on two grinding disks is shown in

Figure 4-2.

Grinding papers

Struers Knuth-Rator-3 — o

Figure 4-2: Rotating disks used for grinding.

Immediately after grinding the samples were washed with ethanol to prevent the rapid

onset of general corrosion on the exposed surface.

4.2.4. Polishing
After the sample had been ground on the 1200 grit sandpaper, it was ready for polishing.
The polishing surface was a rotating felt base with 1 um diamond paste infused across the
surface. A methanol-based lubricant was used throughout the polishing procedure. The
samples were polished until they had a ‘mirror’ finish with no observable surface blemishes.
Care was taken to ensure that the edges of the samples were not rounded in the polishing
process, as this would affect the optical examination and measuring under the microscope.

This problem was minimised for samples mounted in Bakelite.

4.2.5. Mounting for Analysis
An optical microscope was used to analyse the polished transverse section of the SCC
sample. The sample was placed on plasticine on a metal slide and gently pressed down

(shown in Figure 4-3) to ensure the surface of the sample was normal to the microscope
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stage to enable the clearest possible image. The ramification of an inclined polished surface

to the microscope was an unclear image, particularly at higher magnifications.

Optical microscope

Figure 4-3: Optical microscope and the crack analysis system.

After the sample was mounted and focused correctly, the microscope image was projected
onto the desktop screen using an Olympus camera attached to the microscope. With the
software available on the microscope camera, measurements of the cracks could be made

and recorded and photographs could be taken of each crack analysed.

4.2.6. Etching
After the polishing process was completed, the transverse view of the cracks in the samples
could be analysed. However, to observe the microstructure of the sample, the sample
required etching. An etchant reveals the microstructural phases as well as the grain size. In
order to effectively etch the pipeline steel for analysis, a 2% Nital etchant was used. The
etchant was poured onto the surface of the polished sample for a short period and then
washed off in running water before being rinsed in alcohol and dried with a heater. Leaving

the etchant on for too long can result in an over-etched sample, with indistinguishable
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features. Etching was used primarily to determine whether the SCC cracks in the samples

were intergranular or transgranular.

4.2.7. Summary
The metallographic process was time consuming. However, the results produced—
particularly regarding the crack morphology—are very accurate. However, metallography is
not entirely suitable or accurate for analysing crack interactions. Considering these factors,
the technique of X-ray tomography was explored. Due to the time required to develop this
technique, metallography continued to be the primary method for data acquisition, and it

yielded reliable results.

4.3. Tomography
The computed tomography (CT) procedure using the equipment available through Adelaide

Microscopy comprised two fundamental steps; sample scanning and image reconstruction.

4.3.1. Scanning
Prior to the scanning process, the sample preparation involved identifying the critical crack
for analysis and then carefully machining the sample into a 4 mm diameter sample around
the crack. The 4 mm diameter sample was then mounted in the machine in the specimen

holder. The following steps were then followed to ensure the best image of the sample:

e Set voltage and current to maximum (100kV, 100uA) = 10W power.

e Select the 1 mm thick aluminium filter (this was the best choice for the machine due
to its power limitations).

e Locate the sample in the centre of the field of view (FOV) by translating the stage
using the stage motors (a new projection was to be taken each time the stage was
moved to observe the changes in positioning made due to no live position feed).

e Use the maximum practical zoom while ensuring that sample stays within the FOV (a
new projection was needed for each movement made as there was not a live feed of
the position of the sample on the screen).

e Rotate the sample from -90 to +90 degrees using 30 degree steps to ensure that
during the scanning process the sample will not go out of the FOV at any time. The

sample must be vertical in the FOV. If it is at an angle, the sample needs to be
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manually adjusted in the mount. (again, a new projection for each change in sample
angle to view changes due to no live positioning feed).

e Set the number of projections to 800 (maximum for the equipment available),
corresponding to a 180 degree / 0.225 step size.

e Set exposure time to 10 seconds per step (maximum available).

e Ensure that bright spot reduction is turned on (removes faulty pixels).
Following these steps, the scanning process was ready to begin.

4.3.2. Reconstruction
Once the scan was completed, there were a large number of raw images corresponding to
the cross sections through the sample. The reconstruction process followed for the samples

analysed was:

e open the projections/scan (files) with the NRecon software

e select a beam hardening correction factor, ring reduction factor and a centre pixel

shift.

The three main components are fundamental in removing artefacts that exist in the raw
data and improving image clarity. Once a satisfactory setting was found for all these

parameters, reconstruction was set in progress.

4.4, Technical Requirements
This study utilised several techniques for crack detection and analysis. The initial crack
detection was performed using an MPI kit. The equipment required for metallography
included the preparation of a sample and through metallography, grinding papers ranging
from a grit size of 80 (coarse) to 1200 (fine) were required before the polishing process. For
the polishing process, felt pads mounted on aluminium rotating disks were infused with
1 um diamond paste and there needed to be enough in supply. An optical microscope was

required for analysing the polished samples to obtain accurate morphological data.

Tomography required outsourcing to Adelaide Microscopy. The CT equipment available was

required for further investigation.
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Analysis was required on all cracks longer than 25 mm, or a group of cracks that had
coalesced to a total length of 25 mm or more. In this study, six cracks fitted into this
category. No further cracks were available, as industry does not allow SCC cracks to progress

to this state without intervention or repair.
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5. Crack Analysis Methodology

A major objective of this study was to produce a ‘survey’ for use as a tool to characterise
SCC in a colony with cracks of a given length. Of particular importance is the maximum crack

depth and hoop extension of the crack tip from the initiation point on the pipe wall surface.

5.1. Introduction
An effective and proven method for viewing SCC in steel is through metallographic analysis.
In the present study the key outcome from this analysis was to determine the morphology
of the SCC in the Australian pipeline. Etching was used for each crack to determine whether
the cracks were as anticipated IG in nature. A brief micro hardness analysis was completed
to determine if there was any observable relationship between the hardness of the pipeline

steel in the through-thickness direction and the SCC crack inclination.

Tomography was included in the experimental plan because it has been shown that it has
the potential to provide accurate morphological data as well as a three dimensional

representation of SCC.

5.2. Data Collection Method
With the metallographic method known, the next step in obtaining results was to ascertain
the morphological features that would form the raw data for the SCC present in the samples

analysed. For each crack analysed the crack length was recorded.

For the data collection, the data was entered under four main sections that describe the

cracks’ morphology:

e straight section
e total crack geometry
e inclined segment

e branching.

Under these headings all of the morphological data best describing the crack could be
recorded. To record the inclination direction of the inclined crack segments, all cracks were
analysed looking in the downstream direction of the pipe when it had been in service. All

inclined segments inclining to the left were defined as inclined towards the 8 o’clock

45



position or clockwise (CW) and segments inclined to the right were defined as inclined
towards the 4 o’clock position or counter clockwise (CCW). To obtain the most effective
crack visualisation, measurements were taken at 1 mm intervals along the crack path for

many of the cracks.

5.2.1. Straight Section
Previous studies have shown (Sutherby & Chen 2004; Xie et al. 2009) that cracks typically
have a small segment at the initiation point for a short distance where the crack is
perpendicular to the pipe surface. The most important aspect for data collation was to
obtain the straight section depth for all the inclined cracks analysed. The straight section can

be described in the following terms:

e depth
e number of small turns
e hoop range left (looking downstream)

e hoop range right. (looking downstream)

The straight section was generally not perfectly straight but went through small deviations
in direction (<5°). The number of directional changes that existed were recorded. In
addition, the maximum hoop travel to the left and right of the initiation point was recorded.
The left and right directions were determined while looking at the cracks in the downstream

direction of the pipe when it had been in service.

5.2.2. Total Crack Geometry
The total crack geometry contains the data that describes the morphological characteristics
of the crack ‘extremes’. In this section of data collation the following list of measurements

were made:

e total depth

e maximum hoop travel (from initiation point)

e maximum hoop travel right (looking downstream)
e maximum hoop travel left (looking downstream)

e number of inclined segments.
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The total depth, as well as the maximum hoop extension either side of the initiation point,
were measured. In addition, the number of inclined segments of crack after the straight

section was recorded. For each of the inclined segments further observations were made.

5.2.3. Inclined Segment
Each inclined segment had a point where it initiated and terminated. The objective of this
part of the data collation was to describe the significant inclined segment/s that existed

within each crack. The inclined segments were described by:

e inclined depth initiation

e incline direction (looking downstream; o’clock)
e inclination angle

e inclined depth termination

e maximum hoop travel.

The inclination initiation and termination depths were measured vertically from the crack
initiation point. The inclination direction was recorded, along with the inclination angle,
which was measured from the perpendicular straight crack path. The direction was recorded
as either 4 o’clock or 8 o’clock and therefore clearly denoting the inclination direction
looking downstream at each sample. The maximum hoop travel measured was the total
distance in the hoop direction from the initiation point of the inclination to the termination

at the crack tip.

5.2.4. Branching
When crack branching was observed, a recording method was used to best describe the
branch. This was done in a very similar manner to that of the inclination angle, where the
point at which the branch commenced and terminated were measured. In addition, the
hoop travel was recorded as well as the inclination angle of the branching crack, if

applicable.

5.2.5. Application of Tomography
The method of analysing the transverse sections using X-ray tomography enabled a more
accurate description of each crack analysed to be obtained, albeit at the expense of more

post-processing. To determine features such as the maximum depth and hoop travel of each
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crack, a three dimensional representation of the crack was required. The point at which
these features were found could be determined and the corresponding dimensions could be

measured.

5.2.6. Collation of Results and Summary
Using metallography, the transverse section of each SCC crack was analysed with the
objective of best describing the crack profile by using the data obtained. The maximum
values for the depth, hoop travel and straight section depth could subsequently be
determined by collating the data. This method of analysis may not have been absolutely
accurate for each crack because the maximum depth may have been located at a position
between the transverse sections examined for each crack (typically 1 mm spacing).
However, the discrepancy was deemed insignificant, as good crack depth profiles were

obtained.

Tomography has the potential to provide very accurate data, as well as a better description
of any SCC crack. However a three dimensional representation of each crack was required

before the data describing the morphological features of the crack could be recorded.

5.3. Crack Measuring Procedure
For each SCC crack analysed, a specific procedure was followed for measuring the
parameters of each crack. This was to ensure that each set of measurements were complete

and consistent.

To illustrate this procedure, Figure 5-1 shows the cross section of a single crack (CMI-1 cut 7)
with measurements shown. The initial setup procedure was to ensure the sample was
positioned in the transverse direction of the microscope stage (pipe sample OD surface was
as straight as possible at the top of the image for effective measurements) so that all
measurements were parallel to, or perpendicular to, the stage travel. This enabled easier
and more accurate measurements to be made using the micrometres used for shifting the
stage. The depth measurements were made first and these were done in line with the crack
initiation point. The reasoning for this was the following measurements in the hoop
direction were all measured from the line representing the location of the initiation point.

Therefore, the hoop measurements were made either side of the initiation point.
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Figure 5-1: lllustration of sample measuring procedure for each cross section.

The crack inclination angle measurement (shown in Figure 5-1) was taken from the crack tip
to the point where the crack inclination initiated. This was the typical procedure for most

cracks. However, for larger cracks, where the inclination angle changed over the length of

the inclined region, the inclination angle was measured in segments.
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The sample measurement shown above (Figure 5-1) contains much of the data for entry into
the spreadsheet designed for the raw crack data. As explained previously, the recording of

data was broken down into four main sections.
Table 5-1 shows the data input into the straight section of this sample measurement.

Table 5-1: Straight section raw data input for CMI-1

Straight section

Radial range (um)
Depth (um) | No. of small turns
CMI-1 Left Right
Cut 7 mm 468 3 0 36

The same recording procedure was adopted for the raw data input for the total crack

geometry and this is illustrated in Table 5-2.

Table 5-2: Total crack geometry raw data input for CMI-1 (cut 7 mm)

Total crack geometry

Total depth (mm) | Max radial travel (um) Max radial range (um) Number of inclined
Left | Right segments
1.183 646 646 36 1

It is important to note that for the section shown in Figure 5-1, there is only one observable
inclined crack segment and therefore the input value for number of inclined segments is
one. This means that data for only one inclined segment field is required. The raw data

entered for the inclined segment in this sample is presented in Table 5-3.

Table 5-3: Inclined segment raw data input for CMI-1 (Cut 7 mm)

Incline segment 1

Incline depth Incline direction (looking | Incline angle | Incline depth Max radial travel
initiation (um) downstream) (o’clock) (°) termination (um) (um)
468 8 44 1183 682

The measuring and recording procedure illustrated was completed for each cross section of
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each crack analysed. This resulted in a series of raw data for each crack analysed at the

defined cut locations.

The data was summarised in a separate worksheet and further under the following

headings:

e summary of all cracks (aspect ratio and hoop travel ratio)
e summary of inclination angles

e crack interactions

e straight section

e inclination direction.

The appropriate data were filed into each work sheet, providing the data in a suitable

format for further analysis. A sample of this bulk sorted data can be found in Appendix B.
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6. Results

6.1. Metallography
Using the data obtained from the SCC cracks in the ex-service Australian pipeline,
observations could be made with confidence as to the morphology of the SCC present.
Before analysing the cracks, it was confirmed that all existing SCC cracks were travelling

axially along the external pipeline wall surface.

The results of this study were divided into key fields. In the past (Sutherby & Chen 2004, Xie
et al 2009), these fields have been used to characterise cracks and their behaviour. These

fields are:

e SCCcrack type

e colonies (dense/sparse)

e percentage inclined

e inclination direction

e |ength to depth ratio

e straight section

e inclination angle

e hoop travel to length ratio
e branching

e inclusion interactions

e longitudinal subsurface extension

e crack interactions.

These characteristics best describe the SCC crack samples investigated. Cracks interacting
and coalescing with one another were also observed. During this investigation of 120 cracks

approximately 400 slices were taken using this method of metallography.

6.1.1. SCC Crack Type
From previous work done on the same Australian pipeline (Baker et al. 1987), the SCC has
been observed to be IG, indicating high pH SCC. Therefore, it was expected that the SCC

analysed in this study would be IG in nature. As stated, for each crack, a 2% Nital etch was
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used to reveal the microstructure and in turn, the path the crack travelled through the pipe

wall. As expected, all cracks studied were primarily IG in nature.

Figure 6-1 shows one example of an SCC crack examined at the highest magnification
available after the polished surface was etched. In the micrograph, the microstructural grain
boundaries are evident. The crack path shown is clearly IG as it follows the grain boundaries.

The IG crack path (seen in Figure 6-1) is rough and messy as it follows the grain boundaries.

Pipe OD surface

Figure 6-1: IG SCC crack path through the pipe wall.

6.1.2. Colonies (Dense/Sparse)
There are two main types of colonies of SCC cracks: dense and sparse. These dense and
sparse classifications are dependent on the circumferential spacing between the cracks in
the colony. Leis and Colwell (1997) explored these two types of crack colonies and

concluded that the sparse colonies (colonies with larger circumferential spacing) contained,
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or had the potential to contain, deep cracks. On the other hand, dense colonies (colonies
with smaller circumferential spacing) tended to contain more shallow cracks. Analysis of
field failures have shown that sparse colonies of cracks are associated with the locations of
failures in a pipeline. Dense and sparse colonies are classified in terms of circumferential

spacing (Table 6-1).

Table 6-1: SCC colony classification (CEPA 2007)

SCC density | Approximate circumferential spacing

Dense < 0.2 wall thickness

Sparse > 0.2 wall thickness

This current study studied five colonies of cracks. These colonies were labelled arbitrarily
and were obtained from the same pipe. They were taken from various positions over a 59m
segment of the ex-service pipeline. Measurement carried out on the majority of cracks in
each colony revealed the average circumferential spacing between the cracks. This average
value was used to find the ratio of circumferential spacing to wall thickness. The results
from these measurements and the resultant colony classification for the crack colonies

investigated in this study are shown in Table 6-2.

Table 6-2: Classification of each colony

Colony CcC-1 CC-2 FC LC TC

Classification Sparse | Sparse Sparse Dense Dense

Based on observations in the literature (Lies & Colwell 1997), it could be inferred that the
depth of cracks in the dense colonies (LC and TC) are shallower than the cracks in colonies
CC-1, CC-2 and FC, which were more sparsely separated. In order to obtain significant
results, all of the cracks investigated were taken from the sparse colonies. The total number

of cracks fitting into this category was 120.

6.1.3. Percentage Inclined
It was necessary to ascertain the likelihood of a crack being inclined or straight in nature.

This can influence the estimated total depth of a crack, and the area of influence under an
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actual ‘typical’ SCC crack. Examination of the sample available from the ex-service pipeline

revealed that 81% of the cracks were inclined (Table 6-3).

Table 6-3: Percentage of total crack inclined

Percentage of total
Classified cracks
Inclined 81
Straight 19

Based on the large sample size and the high proportion of inclined cracks existing in the
sample, it is highly probable that the other instances of SCC at various points in this pipe will

display similar inclined crack path trends.

Metallographic observations conducted through etching and systematic hardness testing
(HVO0.1) revealed no clear cause for the inclination of the SCC cracks. No microstructural
features e.g. grain size, presence of inclusions, segregation or decarburised layer, were

observed that could explain this inclined crack path.

6.1.4. Inclination Direction
For consistency, all cracks were analysed looking in the downstream direction of the pipe
when it was in service. This enabled the study of the direction of inclination to determine

the presence of any significant trends.

Table 6-4: Direction of inclined cracks

Direction Colony LC Colony FC Colony CC Colony TC
% Clockwise 43 44 74 -

% Counter clockwise 57 56 26 -

Total number of cracks | 9 9 77

Of the 81% of the total cracks which were found to be inclined, the percentage of cracks in
each colony inclined in each direction is shown in Table 6-4. For colonies LC and FC the
proportion was approximately equal. However, for Colony CC, the majority of cracks
investigated leaned in the clockwise direction. Colony TC was made up of non-critical (i.e.
small) cracks or straight cracks and therefore no cracks in this colony were analysed. Due to

its large crack population the majority of inclined cracks analysed came from Colony CC. It is
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important to note also that colonies CC, LC and FC were taken from the same 4.1m segment
of pipe. The only colony located on a separate section of the pipe was TC which was
approximately 56 m away from Colony CC. As previously stated TC contained small non-

critical cracks that were not analysed.

Approximately 69% of the total number of inclined cracks analysed were inclined in a
clockwise direction when looking downstream. All of these analysed cracks were taken from
same pipe segment. Table 6-5 shows the location of the crack colonies from the weld seam.
The angle is measured from the longitudinal weld seam for the pipe section and it can be
seen that colonies FC and LC are on the opposite side of the weld seam to that of colony CC.
The arc distance shown is the distance between the longitudinal weld seam and the top or

initiation point of the crack colony.

Table 6-5: Location of crack colonies from the longitudinal weld seam.

Colony | Angle (deg) | Arc Distance (mm) Colony Circumferential Travel | Colony Axial Travel
(mm) (mm)

CcC 358 -30 1187 421

FC 22 332 638 880

LC 12 181 771 584

In colony CC, the majority of inclined cracks (74%) tended towards one direction. Such
consistency could suggest that the direction in which the crack inclined is related to the
plate rolling process or manufacture of the pipe. However, the percentage of inclined cracks
in the other two colonies (LC and FC) does not show this weighting, even though they are
from the same pipe segment. They are, however, on the opposite side of the weld seam to
that of colony CC and metallurgical differences could be responsible for the observed
trends. Examination of a greater number of cracks would need to be carried out on a
different colony (on the same side of the weld seam) to confirm the clockwise bias of colony

CC on the same side of the weld seam.

It can be suggested that two cracks do have a reasonable chance (31% which is the minority
percentage of cracks tending counter-clockwise) of growing towards one another
subsurface. Observations from the cracks analysed in this study have not found cracks that

have grown towards one another within a distance where the cracks could feasibly be
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interacting. The determination of cracks feasibly interacting was obtained from the Canada
interaction guidelines (CEPA 2007). Stress shielding could be one possible explanation for
this observation, although other more complex mechanisms (e.g. microstructural or

electrochemical) could be at work.

6.1.5. Length to Depth Ratio
The effective crack depth was plotted as a function of the crack length. The term ‘effective’
refers to the perpendicular displacement from the surface of the pipe where the crack is
located. This is best illustrated in Figure 6-2, where the theoretical crack is inclined and the

total effective depth is shown (Sutherby & Chen 2004).

Mfaoe seg m%

Total effective depth

Hoop Travel

Figure 6-2: lllustration showing measured crack dimensions, (Adapted from Sutherby &
Chen 2004).

The aspect ratio has been shown to correlate closely with the type of colony in which the
cracks exist. As has been stated, failure location in pipelines is associated with sparse

colonies (Leis & Colwell 1997).

Figure 6-3 is a plot of the crack length versus the maximum effective depth for every crack

analysed in this investigation.

58



Length/Depth

i
oW

[=1
w

Maximum Depth (mm)
= ]

e
wn

(=]

0 10 20 30 40 50 60
Crack Length (mm)

Figure 6-3: Length to depth ratio for all SCC cracks analysed.

The relationship depicted appears to have two aspect ratios. For cracks shorter than 18 mm,
the aspect ratio is 0.21 and for cracks greater than 18 mm, the aspect ratio is 0.03. This
change in aspect ratio corresponds to a crack depth of approximately 2.8 mm. Crack surface
lengths were measured with an error of up to 1 mm on the outer pipe surface. This error
was due to the rough MPI characteristics. The crack depths for each cross sectional slice

were measured to an accuracy of £50 um.

The sudden change in the aspect ratio for cracks greater than 18 mm in length is attributed
to smaller cracks having coalesced where there is a significant increase in the crack length
but little deviation in the maximum depth. This effect of coalescence on aspect ratio has
been identified in a previous work (Baker, Rochfort & Parkins 1987b) that examined the
aspect ratio of merged cracks. This trend of the aspect ratio to change at 18 mm could also
be influenced by the inclined angle of the cracks. Overall, for crack of length less than 18

mm, the results for the aspect ratio agree with the literature (Sutherby & Chen 2004).

6.1.6. Straight Section
Previous studies have shown that the majority of inclined SCC has a small segment of the

crack from the initiation point that is perpendicular to the pipe surface before deviating
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(Sutherby & Chen 2004; Xie et al. 2009). Figure 6-4 shows a transverse view of the wall
thickness, revealing two cracks, one of which shows significant branching of the main crack
path (illustrated). In the cross section, the ‘straight section’ can be seen on both cracks as
the small perpendicular segment of crack from the initiation point before the crack deviates.
The straight section is defined as the small segment of crack where the crack is travelling
perpendicular to the pipe wall from the initiation point to the point of inclination. The
method by which the morphological parameters of the cracks, in terms of the inclination
angle and total effective depth, are measured is illustrated in Figure 6-4. Of interest is the
very large distance that the cracks travel in the hoop direction underneath the surface

(approx. 2.5 mm for the crack on the left and 1.8 mm for the crack on the right).
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Figure 6-4: Transverse view illustrating SCC cracks with typical straight sections and
defining the inclination angle.

The straight section was measured for each metallographic slice of all cracks and the typical
depth was found to be in the range of 200-900 um. Figure 6-5 shows the typical range of
straight sections observed. The straight section was consistently measured to an accuracy of
15 um or better. It is also important to note the discontinuities present in the cracks shown.
Many were observed in the study and were probably a result of crack interactions, however,

these discontinuities also occasionally occurred around inclusions.
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Distribution of Straight Section Depth
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Figure 6-5: Straight section depth distribution for all cracks.

It is important to note that each SCC crack had different straight section depths for each
cross sectional slice measured. Therefore, for this study, the straight section depth for each
cross sectional slice was plotted, instead of the average straight section depth of each crack.
Importantly, the variation in straight section profile for each crack did not follow a specific
pattern and therefore no hypothesis on the probable straight section depth could be

proposed.

6.1.7. Inclination Angle
During the analysis of each crack length, a large number of cross sections were analysed and
it was found that; each inclined crack showed variations in the inclined angle for each slice.
Figure 6-6(a) and Figure 6-6(b) illustrate this variation. The two images correspond to the
same crack with a 1 mm separation between the cross sectional slices and the radical

change in the appearance of the crack path as well as direction is visible.
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Figure 6-6: Unetched sections (a) and (b) 1 mm apart in the main axis direction. (MPI) of
the surface appearance of this crack was straight in the longitudinal pipe direction.

Distinct changes in morphology are evident in the above images. The observable straight
section has increased significantly in Figure 6-6b. The main inclined section of the crack has
changed direction along with a change in angle. The branching is evidence of potential for a
collinear interaction of cracks that are inclined in different directions. Figure 6-6 reveals the
complex geometry of paths for each individual crack, even in cross sections only 1 mm
apart. The inclination of the cracks represented is typical of the SCC observed, which has a

straight section from the initiation at the surface leading to an inclined section.

For all cracks with lengths less than 18 mm or depths less than 2.8 mm, the inclination angle
was in the range 30-45 degrees from the perpendicular. The relationship measured
between the crack length and inclination angle is shown in Figure 6-7. The error in the
results produced in Figure 6-7 is +/- 1 degree. The graph demonstrates the average
inclination angle for each inclined crack analysed with many of the cracks less than 18 mm

having approximately the same angle (data points overlapping).
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Figure 6-7: Relationship between crack length and inclination angle for all inclined cracks.

The range of 30—45 degrees is not inclusive of cracks greater than 18 mm in length. For the
small number of results for cracks greater than this length, the trend observed was that the
angle increased at the crack tip. Observation showed that the longer the crack grows across
the pipe surface, the steeper the crack angle at the tip. As a result, the crack travelled
considerable distances in the hoop direction. The inclination angle was observed as being
between 45 and 60 degrees for cracks exceeding 18 mm in length. As a result, the rate of
increase in the crack depth reduces and this was shown in Figure 6-3, where the aspect ratio

changed at an approximate crack length of 18 mm.

Figure 6-8 is a montage of images of a transverse section through the pipe wall. Solid arrows
highlight the initiation points of the three cracks at the pipe free surface. The two surface
cracks on the right coalesced at a depth of approximately 500 um beneath the pipe free
surface (dashed arrow). The remaining crack and the coalesced crack grew into the material
in directions inclined away from one another. As described above, the crack angles
increased the deeper they grew, as illustrated by the black lines drawn parallel to the crack
at various locations along the crack path. Of particular importance is that the left hand crack

grew 3.5 mm under the surface in the hoop direction and reached a depth of 3 mm in the
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through-wall direction. The ratio between the travel distance in the hoop direction and the

total effective crack depth has been termed the ‘inclination factor’.

S00 pm

Figure 6-8: Angle changes as the crack grows in the through-wall direction (scale bar is 500
pm).The two cracks on the right have coalesced.

6.1.8. Hoop Travel to Length Ratio
Based on the results obtained for the aspect ratio and inclination angles of the SCC cracks
investigated, the relationship between the maximum measured hoop travel and the length
of the cracks was expected to be approximately linear, with a steady increase in the hoop
travel as the crack length increased. This trend was expected to apply only to the inclined
cracks as straight cracks have very little hoop travel for a given depth. This relationship is

confirmed in Figure 6-9.
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Figure 6-9: Maximum hoop travel plotted as a function of the crack surface length.

The relationship shown in Figure 6-9 leads to the definition of an ‘inclination factor’. The
linear trend line in this graph is tentative and has been superimposed for discussion
purposes. The inclination factor is defined as the maximum hoop travel divided by the
surface crack length. This factor aids in identifying a typical or worst case situation with
regard to the hoop travel for an inclined crack. The inclination factor obtained for the SCC

existing in the Australian pipeline examined is 0.075.

To illustrate the observed increase in angle as the depth increases, the maximum hoop
travel was plotted against the maximum depth as shown in Figure 6-10. The large scatter
within the few data points obtained suggests the relationship may be more complex than a
linear relationship but the general trend is evident. However, more data for longer cracks is

required to establish a more precise relationship.
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Figure 6-10: Relationship between maximum crack depth and hoop travel.

6.1.9. Branching
The phenomenon of crack branching was observed in the Australian pipeline and has also
been reported in the SCC analysed in Canada. For a significant proportion of the cracks
analysed branching initiated at the point where the crack deviated from the perpendicular,

or along the inclined segment of the crack towards the crack tip.

A large proportion of branching from the main crack path was due to two or more cracks
coalescing at the pipe surface as illustrated with the following example. Figure 6-11 is a
transverse view of a crack located in the Australian pipeline and shows a crack with
branching occurring along the inclined segment of the crack. This phenomenon has been

previously observed on another SCC affected pipe sample (Wang & Atrens 2003).
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Figure 6-11: Inclined crack with significant branching at a perpendicular angle to the
inclined crack path.

The crack branching shown in Figure 6-11 formed as the result of two cracks which were
inclined in opposite directions coalescing to form one initiation point. Figure 6-8 shows the
slice taken 3 mm before the transverse view shown in Figure 6-11 where the two primary
cracks had not yet coalesced. The two separate cracks coalesced to form one initiation
point. In the study of the Australian pipeline, branching off an inclined SCC crack typically
travels at an angle of between 80 to 100 degrees to the main crack path. Figure 6-11 (above)
illustrates this approximate perpendicular path effectively. It is interesting to note that for
the crack presented in Figure 6-11 the inclination angle of the main crack and the branched
crack increases slightly as the crack depth grows (shown with the solid lines). This means
that the angle between the branch and the main crack path is growing and not staying in the

defined 80—100 degree range.

6.1.10. Inclusion Interactions
Through the analysis of many cracks in the ex-service pipeline in Australia, many instances
of non-metallic inclusions (NMI’s) were found. Elongated manganese sulphide inclusions
were found in the banded regions of the steel as a result of the pipe rolling operation The
chemical composition of the inclusions was determined by EDAX and the normalised results

are shown in Figure 6-12.
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Figure 6-12: Chemical composition of the existing inclusions.

The inclusions were observed to exist at a depth typically greater than 2 mm from the pipe
outer surface. As a result, cracks penetrating at least 2 mm into the pipe wall had the
potential to interact with the inclusions present. Figure 6-13 illustrates a SCC crack that has
interacted with an inclusion present in the pipe wall. The inclined segment of crack is shown
entering the inclusion (solid arrow) and then exiting from the inclusion (dashed arrow) and

continuing along the inclined crack path.
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Figure 6-13: 2% Nital etched image of SCC crack interacting with an inclusion.

No evidence could be found to provide a reason for the crack exiting the inclusion at a
particular point (Figure 6-13). However, the crack does have a small straight section before
inclining in a direction parallel to the inclined crack entering the inclusion. It is important to
recognise that this is only a single cross sectional representation of a three dimensional

interaction where the inclined crack is continuous either side of the inclusion.

6.1.11. Longitudinal Subsurface Extension
The existence of axial subsurface travel was observed for a small number of the SCC cracks
analysed. This axial subsurface travel occurs when a crack extends axially further beneath
the pipe free surface than can be observed on the pipe free surface. This was revealed in
cross sections. This phenomenon was only found in two cracks, with the maximum
subsurface extension recorded to be approximately 1.5 mm. One of the cracks where this
was observed is shown in Figure 6-14. The arrow shows the point where the crack first
presents itself beneath the pipe outer surface. A section at 2 mm beyond MPI did not show

any evidence of this crack continuing.
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End of MPI crack 1mm beyond MPI

Figure 6-14: Longitudinal subsurface extension.

6.1.12. Crack Interactions
Due to the large spacing between cross sectional slices (1-3 mm) the metallographic
process is neither ideal for analysing nor confirming predicted crack interactions. However,
throughout the analysis all observed interactions were recorded and classified according to
whether they were collinear or non-collinear interactions. A non-collinear interaction is
when two offset separate cracks coalesce at the pipe free surface to become a single crack
(Figure 6-15a). A collinear interaction is when an interaction of some nature observed in the
cross section beneath the free surface of the pipe wall (Figure 6-15b) and there is only one
observed initiation point or a very small deviation in initiation points These observed
features suggest the cracks are collinear. This work has shown very complex crack paths and

interactions, so there is some overlap in these classifications.

70



Sl ' el Collinear Interaction
Non-collinearlinteraction : ' e i : o .
: _ . ) (one observed initiation point)
(offset crack ¢oalescence) ; g \, :
. £ )}
> : et
Y f":vj- *
o=
5 i
e : . :
/ = : :
: 500 um : (! 200 pum

Figure 6-15: Cross sectional observations of a) non-collinear interaction and b) collinear
interaction.

Approximately 32% of the cracks analysed in the study revealed some form of non-collinear
or collinear interaction. This is a significant percentage of observed interactions. The largest
circumferential separation of cracks, which were observed to be interacting, was 2 mm for
cracks of lengths 19 mm and 36 mm respectively. Due to the long crack lengths, the two
cracks would be expected to be interacting according to the interaction guidelines (CEPA
2007). If metallographic slices were taken at shorter intervals on seemingly ‘straight’ cracks

used in this study, the percentage could be expected to be higher.

6.1.13. Hardness Profile
To determine any potential relationship between the hardness profile of the microstructure
through the pipe wall, and where the crack deviates from the perpendicular, a Vickers
hardness test was conducted along an inclined crack. The hardness measurement was taken
along the SCC crack and either side of the crack providing three data points for each depth
the hardness measurement was taken, intended to provide accurate results by removing
random or faulty measurement. The error in the results was estimated at +10HVO0.1,
considering the precautions taken to ensure accurate data was obtained. A 100gf was used
for each hardness measurement. The red line in Figure 6-16 shows how the hardness varied
at 50 um intervals in the through-thickness direction of the pipe wall. For comparison, the
blue line in Figure 6-16 is included for comparison and shows the results obtained from

work completed on an SCC crack on a pipeline in Canada (Xie et al. 2009).
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Figure 6-16: Hardness in the through-wall direction of investigated pipelines in Canada
(red line) and Australia (blue line), adapted (Xie et al. 2009).

These results show variations in the hardness through the pipe wall but show no indication
of any significant change at the point where the crack deviates. This means that where the
deviation in the crack occurred (600 um) there was no spike or change in the hardness

profile in that zone.

6.2. Summary of Results
Examination of an ex-service Australian gas transmission pipeline sample has shown that
81% of stress corrosion cracks incline to the perpendicular. Based on this study, and
anecdotal evidence from the field, it is highly likely that other instances of SCC in this
pipeline will also display an inclined crack path. Metallographic observations of the cracks

did not show a clear reason for the inclinations of the SCC cracks.

All cracks were examined looking in the downstream direction of the pipe to maintain
consistency of results. Three colonies (CC, FC, and LC), were located in the same section of
the Australian pipeline investigated. For Colonies FC and LC, the proportion of cracks
inclined in a clockwise or counter clockwise direction was approximately equal. However,

for Colony CC (sparse), the majority of cracks investigated (74%) inclined in a clockwise
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direction. This colony also contained the vast majority of inclined cracks investigated. This
significant percentage suggests that the inclination direction of the SCC cracks could be
related in some way to the plate rolling process or manufacture of the pipe piece rather

than environment or operation of the pipe.

The crack aspect ratios measured in this study agree with the previously reported literature
on cracks up to 18 mm in length. However, the aspect ratio for cracks longer than 18 mm
was found to decrease, due to the crack growing at a larger inclination angle the deeper it
grows, slowing the through-wall penetration. Examination of the crack aspect ratios shows a
bi-modal trend with cracks less than 18 mm having an aspect ratio of 0.21, and cracks larger
than 18 mm having an aspect ratio of 0.03. This sudden change in aspect ratio corresponds
to a crack depth of up to 2.8 mm. This change in ratio can be attributed to smaller cracks

coalescing and concurs with previously published work (Baker, Rochfort & Parkins 1987b).

After an initial perpendicular crack path of approximately 500 microns, the majority of
inclined cracks had an inclination angle of between 35-45 degrees from the perpendicular,
until they grew to a depth of approximately 2.8 mm. As the crack deepened further, the
inclination angle increased to between 45 and 60 degrees. This steep inclination implies that
the longer a crack grows along the surface, the larger the inclination angle at the crack’s tip,
causing the crack to travel considerable distances below the surface in the hoop direction.
The ratio between the travel distance in the hoop direction and the total crack depth has

been termed the ‘inclination factor’.

An important outcome of this work was the identification of a relationship between the
maximum hoop travel and the crack length for each of the inclined cracks. This relationship
was analysed and the trend was observed to be approximately linear for all cracks. The
relationship has the potential to be refined as there was a limited amount of data

investigating cracks longer than 18 mm.

Approximately 32% of the cracks analysed in this report revealed a form of non-collinear or
collinear interaction. Metallography is not an ideal method for analysing crack interactions,
and taking cross sections at significantly shorter distances would improve the results.

However, the process can be used to suggest that, in a colony of SCC cracks, a large number
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of cracks will interact whether the appearance of the cracks on the surface is collinear or

non-collinear.

Analysis of the cracks revealed the existence of axial subsurface travel of a small proportion
of the cracks. This subsurface travel occurs when a crack extends axially without having a
surface initiation point present. This phenomenon was observed for two of the cracks with a
maximum observed extension of approximately 1.5 mm. This result could have important
implications when determining SCC crack interactions using the CEPA (CEPA 2007)

guidelines.

Cracks were observed to travel in the hoop direction along manganese sulphide inclusions,
exiting at seemingly random points along the inclusion. On exiting the cracks start in a
perpendicular direction but quickly (less than 100 um) resume the same inclination angle at

which they entered the inclusion.

6.3. Assumptions
Through the process of metallography, several assumptions were made regarding the crack
path between transverse slices for some cracks. Before analysing the SCC cracks, crack
lengths were measured on the surface of the pipeline sample using MPI. The surface image
did not always locate cracks interacting collinearly. As a result, there was potential for the
two collinear cracks to be measured and recorded as one crack. This was evident in a small
number of the cracks where the initiation point varied between two transverse views. In
addition, the morphology of the crack had either changed significantly or revealed
subsurface evidence that an interaction was taking place. These cracks, assumed to be
single cracks from the surface, were actually a combination of two cracks that had
interacted. Further support came from the depth profile of some of the cracks, which

showed changes that suggested two cracks were present.

6.4. Limitations
It is important to highlight again that the fundamental limitation in the method used in this
project was the distance between transverse sections of the SCC cracks. With this in mind,
the morphology of each SCC crack analysed was accurate, and any inaccuracies primarily
impacted on observations relating to crack interactions, which can occur over very small
distances (<1 mm).
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6.5. X-ray Tomography Results
All samples analysed by X-ray tomography using the equipment at Adelaide Microscopy
needed to be 4 mm in diameter. The images produced by the machine had a minimum pixel
size of 6um. The effectiveness of tomography using the equipment available can best be

described through a case study of one of the samples analysed.

6.5.1. Case Study (CC Colony)
To illustrate the constraints present in the available equipment, the results obtained from a
4 mm diameter sample with a 4 mm long SCC crack present were used. The sample was
obtained from Colony CC. The best method of illustrating the limitations of the equipment
was to analyse the sample using the metallographic process after X-ray scanning of the
sample . The cross section corresponding to the midpoint of the crack was extracted from
the tomographic data and was mounted and polished for analysis using metallography.
Figure 6-17 displays the transverse image as obtained from the scanning, with a pixel size of
6um (left), versus the equivalent transverse view of the same SCC crack using
metallography. It is evident from this comparison that the resolution and clarity of imaging
through this particular CT scanner with these settings makes it difficult to observe the crack
clearly. With careful scrutiny, and by displaying consecutive images, the crack can be seen.
However, the quality after post-processing could not provide an accurate assessment of the

crack’s morphology.
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200 um

Figure 6-17: Cross section of SCC affected sample using X-ray scanning (left) and
metallography (right).

The comparison shown in Figure 6-17 demonstrates the need for the process of tomography
to be optimised to a point where crack visualisation is clear. This optimisation is being

undertaken currently at the University of Adelaide (Giuliani 2013).

6.5.2. Limitations

The following limitations existed with the available X-ray CT equipment:

e Radiation exposure of the specimen.
This was primarily due to the voltage, current and exposure time. The equipment
limited the exposure time to 10s. Other factors affecting the radiation exposure
were the physical size of the sample, the distance between the source and detector,
the filter thickness and its composition, and the efficiency of the detector.

e Number of projections from which images could be taken had a machine limitation
of 800. The software was therefore required to interpolate between pixels, rather

than the correct pixel value being known.
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e The detector was 10 years old and possibly had a number of defective pixels. This
could result in a false image and incorrect photon count.

e It was difficult to mount the specimen in the machine and the sample was seen to
wobble whilst being rotated during data collection.

e No motor control of the horizontal axis (difficult to centre the specimen).

6.5.3. Conclusions
The potential application of tomography was evident through this study. However, the
limitations of the available equipment hindered the production of clear results that

accurately described crack morphology and visualised crack interactions.

A concurrent study was initiated in conjunction with this project, aimed at sourcing
equipment that had more appropriate capabilities. Figure 6-18 shows an SCC crack in a

4 mm sample using improved and more powerful equipment (Giuliani 2013).
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Figure 6-18: 4 mm SCC sample using tomography (source Michael Giuliani).

This study is continuing with this more appropriate equipment and is providing an effective
means for crack visualisation. With the aid of more suitable equipment and further

development of the technique, it should be possible to gain accurate data regarding crack

interactions.
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7. Comparison

Up to this point, the results presented in this report have been focussed on the current
study of the Australian pipeline. Similar studies on morphological appearance were
conducted on cases of inclined SCC found on a pipe in Canada. This chapter examines these

differences.

7.1. Aspect Ratio Comparison
Previous work on a pipeline in the TransCanada pipeline system (Sutherby & Chen 2004)
analysed a number of cracks, and from the analysis was able to plot the effective crack
depth against the crack length. Figure 7-1 shows the linear relationship obtained from that

work.
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Figure 7-1: Crack depth plotted as a function of the crack surface length (Sutherby & Chen
2004).

From Figure 7-1, the reported aspect ratio was approximately 0.18 (Sutherby & Chen 2004).
Using the same approach and geometrical definitions, the same aspect ratio relationship
was found on the Australian pipeline containing SCC. Unlike the results from this current
work there was no recorded bi-modal trend found in any of the cracks analysed in the

Canadian pipeline investigation (Sutherby & Chen 2004). From Figure 7-1, it can be seen that
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with the exception of one crack the SCC cracks available for the study on the Canadian

pipeline were below 18 mm in length.

All cracks of length greater than 18 mm investigated on the Australian pipeline had evidence
that they were comprised of more than one crack. This observation concurs with previous
works examining ‘typical’ SCC cracks (Baker, Rochfort & Parkins 1987b; Parkins & Singh
1990). An interesting point is that a changing inclination angle (mentioned earlier) could be

a factor in retarding the crack growth in the through-wall direction.

7.2. Straight Section Comparison
The reported cases of inclined SCC observed on the Canadian pipeline revealed that straight
sections were generally in the range of 200 to 600 um in length. This is supported by an
earlier work (Sutherby & Chen 2004) which indicated that the range for the straight section
depth was 200 to 800 um as shown in Figure 7-2. This figure (Figure 7-2) also shows that the

straight section may grow significantly deeper than this range on occasions.
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Figure 7-2: Distribution of straight section depths (Sutherby & Chen 2004).

The reported straight section ranges for the pipeline in Canada were similar to those in the
pipeline in Australia which are recorded as 200-800 um. Therefore there is general

agreement that the depth of the straight section of the inclined cracks is in the range of
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200-800 um. In some occasional cases from the Australian pipeline, no straight section for

the inclined cracks was evident as the cracks were inclined crack from the initiation point.

7.3. Inclination Angle Comparison
For all inclined cracks observed on both pipeline reports on Canadian SCC, the inclination
angle was recorded. Figure 7-3, taken from the earlier report (Sutherby & Chen 2004),

shows that the typical range of inclination angle is 30—60 degrees from the perpendicular.
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Figure 7-3: Distribution of the inclination angle (Sutherby & Chen 2004).

The more recent report from a different site on the pipeline in Canada (Xie et. al. 2009)
confirmed these findings of the typical range 30-60 degrees which are again consistent with
those previously presented earlier in this report for the Australian pipeline of 30-60

degrees.

The published work (Xie et al. 2009) from the pipeline sites in Canada did not suggest that
the inclination angle increased with greater crack depth. However, this was observed in the
current study on the Australian pipeline. As the inclination angle results from the two
studies are in close agreement, this trend either may have gone unnoticed or was not
included in the report. As a consequence of pipe maintenance procedures any cracks of

significant length would have been removed and therefore for all studies, cracks of length
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greater than 18 mm have been scarce and no strong conclusions can be made about the

observed trends.

An observation made through a recent study on a pipe in Canada (Xie et al. 2009) showed
that SCC cracks with a total effective depth of less than 400 um were typically straight cracks
without inclination. This has also proven to be the case in the present study although some

cracks of total depths of less than 400 um were found to be inclined.

7.4. Crack Branching Observations
Crack branching has been observed in a number of cracks on the Canadian pipeline(Xie et al.
2009). The angles between crack branches were reported to be approximately 90 degrees
from each other. In that study branching existed at the point where the crack deviated from
the straight crack path or at a position near the crack tip. This trend was observed in the
present study on the Australian pipeline; however it was also found that branching resulting
from crack interaction occurred at different points along the inclined segment. The angle at
which the branch deviated from the main crack path was between 80 and 100 degrees. No

significant branching off any straight cracks was observed.

7.5. Hardness Comparison
Vickers hardness was conducted along the crack path for the studies on the pipeline sites in
Canada (Sutherby & Chen 2004; Xie et al. 2004). The purpose of this test was to determine
any possible relationship between the hardness and the deviation of the existing cracks. This
study was also conducted on the Australian pipeline using the standard procedure of
recording three sets of points and reporting the average. The results from one of the
Canadian studies (Xie et al. 2009) and the results from the current study on the Australian
pipeline were presented in Figure 6-16. Neither study identified any relationship between

the hardness profile nor inclined SCC cracks.

However Sutherby et al ((Sutherby & Chen2004) concluded that there was a relationship
between hardness and the location of the crack deflection. In that work, the hardness

profile was found for the entire through-wall thickness as shown in Figure 7-4.
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Figure 7-4: Variation of the hardness across the pipe wall (Sutherby & Chen 2004).

Figure 7-4 indicates a hardened layer of approximately 1.5 mm on both the inner and outer
surfaces of the pipe wall. This study noted that the transition period between the hard
material on the outer surface and the softer material at mid wall thickness coincided with

the position where the cracks deviated from the perpendicular.

7.6. Summary
Examination of an ex-service Australian pipeline has produced results that can be compared
to previous studies on an ex-service pipeline in Canada (Sutherby & Chen. 2004; Xie et al.
2009). All SCC cracks investigated in the studies were IG in nature, indicating a ‘classical’

high pH SCC mechanism.

The length to depth ratio for SCC existing in an ex-service pipeline in Australia reveals a
likely bi-modal relationship (shown in Figure 6-3). The critical length where the change in
relationship occurs is 18 mm. This relationship has been reported previously (Baker,

Rochfort & Parkins 1987a) and suggests that the longer a crack is on the surface, the more
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likely it has merged with other cracks. This results in cracks of greater length but little
increase in depth. All of the studies were in good agreement for cracks up to 18 mm in

length.

The straight section depth range recorded for the Canadian pipeline was between
200-600 um in which compares favourably with the straight section depth of 300—-800 um

measured in the current investigation for the ex-service Australian pipeline.

The inclination angle of the inclined cracks investigated on Canadian pipelines revealed a
range of 30—60 degrees. This was for all inclined cracks investigated. The present study on
the Australian pipeline indicated that for cracks less than 18 mm in length, the typical
inclination angle ranged between 30-45 degrees. With longer cracks, the inclination angle
range extended up to 55 degrees from the perpendicular. These figures demonstrate

similarities in observed inclination angles across all studies.

Hoop travel is defined as the maximum distance an inclined SCC crack travels along the
pipeline in the circumferential direction. The relationship between the maximum hoop
travel and the crack length was approximately linear for the SCC cracks investigated on the
Australian pipeline. From this relationship, the inclination factor was defined as the
maximum hoop travel divided by the surface crack length. The inclination factor found for

the Australian pipeline was 0.075.

Branching from the main crack path of an inclined crack was observed in many instances on
the Australian pipeline. It was found that branching was often the result of crack
interactions and occurred between 80-100 degrees from the main (inclined) crack path. This
was in good agreement with the work on the pipeline with SCC in Canada, which reported

branching to be approximately 90 degrees to the main crack path.

In Australia, for cracks with a depth of 3 mm or greater, instances of SCC cracks interacting
with manganese sulphide inclusions in the pipeline steel were observed. The inclined crack
entered and exited the inclusions at the same angle but travelled axially along the inclusion.
The effect of inclusions on the path of inclined cracks has not been reported in the Canadian

studies on inclined SCC.
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An evaluation of the possible relationship between the hardness of the pipe material in the
through-wall direction and the deflection of the cracks was completed for the pipeline in
Australia. This, as was also the case from one work on the pipeline from Canada (Xie et al.
2009), showed no indication of any strong relationship. However, this is not conclusive as
the other study (Sutherby & Chen 2004) did conclude there was an existing relationship.
Therefore, any correlation potentially present would not be clearly visible using optical

microscopy.

This study has shown that there is a good correlation between the results from the present
study and those from previous Canadian studies. The results are comparable for inclined
SCC crack morphology in terms of aspect ratio, straight section, inclination angle and typical

branching.

However, additional details relating to inclined SCC have been revealed in the present study.
It has been ascertained that the inclination angle increases with crack depth and an has
been defined to describe the hoop travel of an inclined crack. The crack path for inclined
SCC has also been observed to be affected by inclusions, which exist in the pipeline steel

from manufacture.
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8. Review of Existing Theories

Data cited in this report from previous studies together with the data collected during the
current investigation can be used to describe the morphology of inclined SCC, in particular
the aspect ratio and hoop travel of a crack of a given length. This section examines existing
theories explaining the mechanism of SCC and the modelling of a typical SCC crack and its

growth to evaluate these models.

8.1. Crack Depth Profiling

The aspect ratio for the SCC analysed in the present study has been determined and is in
good agreement with results from studies on a Canadian pipeline (Sutherby & Chen 2004;
Xie et al. 2009) for SCC cracks up to 18 mm in length. A previous study (Baker, Rochfort &
Parkins 1987b) on the same Australian pipeline analysed in the present study is also in
agreement for SCC cracks less than 20 mm. That study also recognised that for some cracks
greater than 20 mm in length the aspect ratio decreased. This again is in agreement with the
findings of the present study. However, as shown in Figure 2-8 it can also be concluded from
the work of Baker et al (Baker, Rochfort & Parkins 1987b) that if there were no crack
interactions a single crack could remain active and continue to grow with the same aspect
ratio beyond 20 mm in length. This could not be confirmed in the present study because all
cracks greater than 18 mm were the result of crack coalescence, which suggests that it is
unlikely that circumstances would exist where a single crack would exceed 20 mm in length

and remain active.

For each crack investigated in this study, an associated depth profile together with a straight
section and hoop travel profile were created. Figure 8-1 shows the depth profile (blue line)
plotted for an SCC crack that had a recorded length of 51 mm. On the surface, this crack had
indicators that suggested it was comprised of a number of cracks that had coalesced to form
one large crack. Analysing the transverse sections of the crack confirmed this assessment.
The profile of the straight section has been included on the figure to demonstrate the
typical change in straight section that occurs along the length of each crack characterised. In
this particular case, the straight section depth ranged from Omm to almost 800 um in depth.
It is interesting to note that a typical crack depth profile has a semi elliptical shape, this

crack depth profile has many anomalous points along its path.
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Figure 8-1: Crack depth and straight section depth profile for sample CMI-2.

Inconsistencies in the depth profile arrowed in Figure 8-1 suggest some form of crack
interaction could be occurring. It is unlikely that these are due to microstructural features
resisting the uniform growth of the crack front. This was confirmed when analysing the
transverse sections of the SCC crack. Figure 8-2 is of the outer surface of the pipe and
shows the crack that was analysed. The lines etched on the surface indicate the positions at

which the transverse cross sections of the crack were taken and the predicted points of

crack interactions identified and arrowed on the image.

Figure 8-2: Sample CMI-2 as photographed before analysis.
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The crack shown in Figure 8-2 reached a maximum depth of 3.5 mm at the location
indicated by the dashed arrow (approximately the midpoint of the crack). Interestingly, the
maximum hoop travel attained for this crack was about 3.8 mm from the initiation point and

this was the largest observed hoop travel by any crack in this study.

This one example was typical of all the cracks exceeding a surface length of 18 mm analysed
in this study where the deepest point of the cracks occurred at the midpoint of what
appeared to be the longest ‘single’ crack in the cracks’ lengths. Analysis of more samples of
‘single’ SCC cracks longer than 18 mm from sparse colonies are needed to give greater
confidence in this conclusion and for comparison with the older study done on the same

pipeline (Baker, Rochfort & Parkins 1987b).

8.2. Impact on CEPA

Based on the results of this study an inclination factor has been determined which relates
the hoop travel to the surface crack length for the Australian pipe analysed. This enables the
calculation of the worst-case hoop travel length and allows a comparison with the CEPA
guidelines for the minimum crack separation. It is important to realise that the observed
longitudinal subsurface extension may also have an impact on the conservative nature of

the axial measurement of crack interactions taken from CEPA.

Based on the circumferential and axial spacing between cracks in a colony it is possible to
assess the likelihood of crack interactions according to CEPA guidelines. To best illustrate
the potential impact of this project’s results on the conservative nature of these
calculations, see the following example. Figure 8-3 shows two random cracks taken from CC
Colony (a sparse colony) that were analysed in this study. Crack 1, shown in Figure 8-3, was
5.5 mm in length and Crack 2 was measured at 4 mm in length. After analysis, the maximum
hoop travel for Crack 1 was measured as 0.3 mm and the maximum hoop travel for Crack 2
was measured as 0.18 mm. Both cracks are inclined and have the potential to incline
towards each other. The black rectangle in Figure 8-3 illustrates the measured maximum

hoop travel superimposed on either side of the initiation points of both cracks.
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Figure 8-3: Two cracks in a sample not expected to interact (measured hoop travel).

The circumferential spacing between both cracks in Figure 8-3 was measured as 1 mm.
Recalling that both circumferential and axial conditions must be satisfied for two cracks to
be deemed as interacting, the ‘cut-off’ circumferential condition can be calculated from

CEPA to determine if interaction is expected.

B 0.14(52.5 +4)

Y=1 = 0.665 mm

The above equation shows that 1 mm is larger than the minimum separation of 0.665 mm
and therefore the cracks would not be considered to interact from the OD surface.
However, inclined SCC introduces the possibility of the crack tips actually existing in closer

proximity than is measured on the surface of the pipe sample (axially and circumferentially).

In Figure 8-4, the dashed regions denote the same calculated range of the potential crack tip
locations if we take an absolute worst case scenario. This worst case exists if both cracks

were inclined towards each other and the hoop travel existed towards each other. Using the
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known hoop travel distances for both existing cracks, the potential distance between the
crack tips is calculated to be 0.52 mm, which is less than the minimum allowable
circumferential distance calculated from the CEPA guidelines. Therefore there is a degree of
uncertainty whether these cracks could interact and whether the CEPA guidelines are
conservative enough when inclined SCC is involved. Future work is required to address this
potential problem. It is worth noting that when these cracks were analysed it was found

that they were not interacting and were both inclined in the same direction towards the top

of the figure.
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Figure 8-4: Two cracks that may be interacting when approaching the CEPA calculation
from a 3D perspective.

This particular example was a worst-case inclination scenario for these two cracks, and

would need ideal conditions for crack interaction to occur.

However, it does demonstrate that the issue of crack interactions is a three dimensional

problem. It is likely that the CEPA guidelines are sufficiently conservative for crack
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interactions to be determined solely from their examination on OD surface of the pipeline
(as shown by many years of incidence free maintenance), but the margin of safety may be

less than anticipated.

An important point to note is that this “worst case interaction scenario” has been applied to
several crack pairs on pipes samples in this project where the two cracks were observed to

be close to each other, but not assessed to be interacting according to CEPA guidelines.

8.3. Active or Dormant
An important variable in assessing the threat an SSC crack colony poses to an affected
pipeline is the question of whether the existing cracks are active or dormant. A previous
study (Wang & Atrens 2003) used existing SCC in an ex-service pipeline, and laboratory
samples of induced SCC, in samples known to be active. The study concluded that it was
reasonable to compare the crack tips of both samples to determine if the SCC existing in the

ex-service pipe sample is active or dormant.

The study (Wang & Atrens 2003) concluded that if the crack tips of the ex-service samples
were similar to that of the induced cracks, the pipe crack was active. To this end, an induced
SCC crack was produced in the laboratory at the University of Adelaide in a sample from the
same ex-service Australian pipeline examined in the current study. The crack is shown in

Figure 8-5. The crack tip (arrowed) is that of an active crack.
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Figure 8-5: Induced SCC crack in pipe sample (active), (courtesy of Olivier Lavigne, UoA).

The crack tip shown in Figure 8-5 was compared with a typical crack tip taken from the ex-
service pipe sample shown in Figure 8-6. The crack tips in both figures show similar
characteristics, being fine and having little oxidation indicating that the crack tip in the ex-

service pipeline sample shown in Figure 8-6 is also active.
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Figure 8-6: SCC crack tip taken from ex-service pipe sample showing a very fine structure
near the tip.

As the crack tip in Figure 8-6 is typical of those analysed in this project, it can be deduced
that the cracks were active when removed. This is a tentative conclusion, since an ideal
investigation would determine the active nature of a crack tip by examining the oxide layer

profile at the crack tip and analysing the crack tip at a greater magnification.
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8.4. Crack Growth Rates

Modelling crack growth rates has been identified as an important part of SCC analysis, in
particular with the application of predicting the residual life of SCC affected in-service
pipelines (Parkins 1980). SCC in many cases has been noted to approach dormancy when
isolated from surrounding SCC cracks; in this case, the cracks are not critical (Parkins 1987).
However, SCC occurs in colonies where the nucleation of cracks encourages coalescence

and, in some cases, re-activates otherwise dormant cracks.

Crack coalescence, particularly in environment-sensitive cracking, has been reported as a
major factor responsible for leaks or ruptures in pressurised environments such as gas
pipelines (Parkins 1987; Parkins 1989). This is primarily due to the damaging effect it can
play in crack growth kinetics (Parkins 1989), increasing the crack growth rate. Crack

interactions change the SIF, which is related to the crack growth rate.

8.4.1. Stress Intensity Factor
The SIF of the crack tip is important in determining the growth of a crack and the way cracks

interact. In its simplest form this factor, represented mathematically by ‘K’ is given by:

K =Yovna

Where Y is a dimensionless parameter, ¢ is the applied stress and ‘a’ is the length of the
crack in the longitudinal direction (Callister 1994). This fundamental formula represents the
simplest Mode | critical case. Using SIFs is important for crack analysis and data treatment

(Baker, Rochfort & Parkins 1987a).

The SIF is a description of the stress state at the tip of a crack based on a single or a group of
cracks, the tensile stress (applied and residual) and crack geometry. For SCC, when certain
environmental cracking conditions are present, and the stress state becomes critical or
exceeds the critical value, the crack will grow. The SIF can be used to assist in creating
criteria for pipe failure, crack propagation and environmental behaviour. The load that
causes the material failure is known as the ‘fracture strength’ of the material (Hertzberg

1996).

There are three loading types and therefore three failure modes that are characterised by

Mode I, Mode Il, or Mode Ill. The three modes are shown in Figure 8-7:
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Figure 8-7: The three basic modes involving different crack surface displacements
(Hertzberg 1996).

The first mode is the most common among cracks and is the tensile mode where the crack
surfaces move directly apart from one another. The second mode is the sliding or the in-
plane shear mode where one crack surface slides over the other crack surface in a direction
normal to the leading edge of the crack. The third mode is the tearing or anti-plane shear
mode where the crack surfaces move with respect to each other and in a direction parallel

to the leading edge of the crack.

The SIF for neighbouring cracks can change as the cracks grow and interact with each other.
SIF is evaluated at the tip of each crack in the position where the tips from opposing cracks
are closest. It is important to note that cracks will grow at different SIF values depending on
the driving mechanism. For example, the SIF required for fast brittle fracture is different to
that required for SCC crack growth (assuming environmental and electrochemical conditions

are satisfied).

As two crack tips approach each other, Wang et al have established (1996) that the Mode |
SIF increases. As soon as the crack tips pass each other, the Mode 1 SIF decreases and the
Mode Il SIF begins to increase (Wang et al. 1996). The mathematical sign of the Mode Il SIF
changes as the tips pass one another when the two cracks were originally offset. The greater
the offset distance, the less the SIF will change as the cracks move. This also means that the
stress intensity values experience a mixed-mode condition as the cracks move past and
interact. A mixed-mode loading condition would be expected as the cracks either interact or

come together.
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A recent study (Lam & Phua 1991), observed that the influence of crack interactions is
dependent on the relative position of the cracks to each other. As a result, the crack
interaction influence was classified as either accelerating or suppressing crack growth (Lam
& Phua 1991). SCC exists in colonies of many cracks that typically all travel axially along the
surface of a pipe wall. The observation of inclined cracking changes the problem of multiple

cracks interacting into a three dimensional problem. This is an area for further work.

The relative length of the cracks present also influences crack interactions. When the crack
lengths are equal, the influence these cracks have on each other is strongest (Kamaya &
Totsuka 2002). A greater difference between the crack lengths results in a decreased
influence. If the difference between the crack lengths is significant, it has been reported that
the influence of the interaction on the behaviour of the crack growth is negligible (Kamaya

& Totsuka 2002).

Throughout this study, definitive observations of crack interactions were not possible due to
the metallographic method of crack analysis used. However, observations regarding crack
interactions were made from the MPI results of the surface of the pipe before sectioning
and metallographic processing. In the post-processing procedure, the crack depth profiles of
all cracks and coalesced cracks were analysed. With interacting cracks, the crack depth
profile would show this interaction through a variation in the crack depth. This factor

explained why many of the crack depth profiles created were not a semi-elliptical shape.

Figure 8-8 shows the depth profiles of two cracks. Figure 8-8 (top) shows a smaller crack
that was analysed and was clearly shown to be a single crack with no interactions taking
place. As can been seen, the profile of this crack is semi-elliptical and shows a typical crack
depth profile. Figure 8-8 (bottom) is made up of at least two cracks observed to be

interacting on the surface of the pipe and this is evident in the depth profile.
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Figure 8-8: Depth profiles of a single 5 mm crack (top) and 12 mm coalesced cracks
(bottom) (purposed for profile only).

8.5. Residual Stress Impact
Comparing the cases of inclined SCC studied in Canada and Australia, the morphological and
metallurgical results presented do not provide a clear reason, nor indicate strongly why
some SCC cracks are inclined and why the inclination angle of inclined SCC is variable and

not a fixed angle.

Both of the pipes analysed in Australia and Canada were manufactured in a similar way and
experienced similar service conditions. This implies that the applied operational stresses are
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unlikely to be responsible for the inclination angle itself, as they cannot account for
variations in the angle and the direction in which the inclined crack is directed in very close
proximity. Hydrostatic testing that occurs on the pipes does apply a pressure larger than the
typical operating pressure, but only over a short period (order of hours or days) and

therefore is unlikely to be responsible for the differing inclination angles.

To illustrate the variation in inclination angles that can occur over short distances, Figure 8-9
shows an SCC crack shown with a 1 mm space between the cross sections. These two
transverse views of the same crack show a distinct change in both the inclination angle and

the crack direction.

500 um 500 um

Figure 8-9: Observable change in inclination angle and direction of a single crack with a)
and b) cross sectional slices 1 mm apart.

The two transverse views shown in Figure 8-9 do have the potential to be collinear inclined
SCC cracks interacting while inclining in different directions. As the inclination angle and
direction are different over such a small separation, it is unlikely this difference occurred
because of residual stresses. . Previous work (Linton, Gamboa & Law 2007) has found that

the residual stresses existing in the pipeline are less than 40MPa and over the small distance

99



between the cracks, the residual stresses are not likely to change significantly and therefore

it is unlikely that these stresses play a major role in defining the inclination angle.

Based on these results, as well as previous work done on the Australian pipeline, it appears
that microstructure rather than residual stresses is a more important factor in determining
the crack path. Current work being done in parallel is aimed at relating other studies
(Lozano-Perez, Rodrigo & Gontard 2011; Song 2008) to the results of the current of study
inclined SCC.

8.6. 3D Model Significance
In the current work, metallography has been the primary method used for acquiring data to
characterise SCC in the Australian pipeline under analyses. A recent study concluded that
understanding SCC initiation and propagation is critical to understanding the mechanisms of
SCC (Lozano-Perez, Rodrigo & Gontard 2011). The method of taking two-dimensional
transverse slices to characterise SCC using metallography is inadequate for understanding

what is fundamentally a three dimensional phenomenon, particularly crack interactions.

Three dimensional crack visualisation using X-ray tomography has been identified as a
technology with the capability to provide data for characterising SCC in addition to crack
interactions within a colony of SCC cracks (Lozano-Perez, Rodrigo & Gontard 2011 and
hence the potential to provide information that could be used to improve the

understanding of SCC mechanisms and crack interactions.

The current study identified that the CT equipment available at Adelaide Microscopy was
not adequate to clearly image SCC cracks in a 4 mm sample. Work has proceeded in a
concurrent study at the University of Adelaide using different, more powerful X-ray
tomography equipment for successfully characterised SCC in samples ranging from 1.5 mm

to 8 mm diameter.

8.7. Subsurface Extension
Two cases of longitudinal subsurface extension have been observed during this work.
Reviewing many of the other reported occurrences of SCC, there is a very little information

or data accounting for this observation.
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During the current research, cracks were observed interacting with elongated manganese
sulphide inclusions. The cracks entered the inclusions at one point, propagated along the
inclusion and exited at another point further along the inclusion. This could explain
subsurface extension in some cases. The crack appeared to be able to propagate more easily
along the inclusion than on the free surface. The impact of subsurface extension on crack
interactions, and the mechanism when there were no inclusions present, however, is

unknown. This is an area for future work.
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9. Implications for Australian Industry

Currently, the CEPA guidelines are used to assess SCC cracks on Australian in-service
pipelines. These guidelines were formulated from data and information gained from SCC
that existed on Canadian and USA pipelines. As such, the guidelines have been critical for
the identification and remediation of potentially dangerous SCC cracks and thus ensuring

safe pipeline operation.

It is in the best interest of the Australian pipeline industry to ensure that all pipelines
affected by SCC do not present a danger to any of the operational team or to the general
public. The results obtained during this work have shown no breaches of the current
industry guidelines and hence suggest that these guidelines are still adequate for the
assessment of crack interactions. An important point to note is that for some non collinear
cracks, CEPA guidelines suggested that they are not interacting by a reasonable margin.
However, 3D subsurface crack morphology showed that the minimum distance between the
cracks was less than what was measured on the pipe surface. As a result, the level of

conservativeness was reduced.

Through this study, current SCC critical assessment techniques (CEPA guidelines) have been
shown to remain suitable for assessing crack interaction. This increases the confidence in
this previously unproven taken from pipeline management internationally. This increases
the confidence for the Australian industry that a guideline adopted from overseas is
applicable domestically. As a result, the current assessment strategy is a safe and
worthwhile technique providing confidence in cost effective management and remediation

strategies.

Through this study, the existing SCC in the extracted ex-service pipeline section has been
characterised and this provides industry with a strong indication as to what the expected

crack morphology is inside the pipe wall when an SCC colony is found on the pipe surface.
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10. Future Work

This project characterised the morphology of existing SCC in an ex-service Australian
pipeline segment. As a result, a library of data was generated describing the morphological
features of each crack analysed. This data has the potential to be used to build improved

understanding of SCC crack initiation, growth, interaction and management.

This data can be used to develop a model designed for understanding crack growth in 3D
and how cracks interact. This model could be used to determine whether complex 3D
cracks could breach CEPA guidelines and under which conditions. This model could predict
how SCC will grow within a colony to determine whether the colony should be classified as
critical for further action to be taken. Easily measured inputs such as crack length and

spacing would be the main required feedbacks for the colony classification.

Another question is whether inclined SCC cracks take longer to grow to critical dimensions
that could lead to catastrophic failure. They have been observed to increase in inclination
angle with respect to depth, but this poses the question of whether these types of SCC

cracks will eventually stop growing in the through wall direction altogether.

Further work needs to be done to understand the main driving mechanism behind crack
inclination. It is expected the residual stresses play a role. However, a detailed
understanding of the mechanism could aid pipe operators in managing SCC, and pipe

manufacturers in producing SCC resistant pipe.

SCC is a real problem to steel pipelines and comprehensive management mechanisms are
vital to ensure the maximum pipeline lifetime is reached. Understanding the mechanism of

inclined SCC will help ensure in the future instances of SCC can be more easily managed.

Through this study, a small number of SCC cracks greater than 25 mm in length were
analysed. To confirm and provide an increased confidence level of these results (especially
of critical sized cracks), a much greater number of significantly large cracks are required to

confirm the results presented in this thesis.
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11. Conclusion

Through this investigation, 120 existing SCC cracks, extracted from a segment of the
Moomba—Sydney pipeline, were characterised primarily in relation to each individual crack’s
morphology. This characterisation formed the ‘survey’ that has quantified the crack

morphology of the SCC existing in the Australian pipeline.

From the results it was determined that 81% of all the cracks analysed with a crack length
greater than 4 mm, were inclined and had a depth greater than 200 um. The typical straight
section of the cracks from the initiation point at the surface was in the range of 200—900
um. The inclination angle for the majority of cracks less than 18 mm in length was in the
range of 30-45 degrees away from the perpendicular. However, for cracks greater than 18

mm the range was between 45—60 degrees.

For crack less than 18 mm in surface length, the aspect ratio was found to be 0.21. Cracks
exceeding this length did not add much in depth (aspect ratio of 0.03) and were typically a
result of coalesced cracks. This change in aspect ratio corresponded to a crack depth of 2.8

mm.

The maximum crack depth observed was 3.5 mm for a crack of length 24 mm. The maximum

hoop travel observed was 3.8 mm for a crack of 45 mm in length.

During the analysis it was found that 32% of cracks showed some form of crack interaction.
Approximately 44% of these interacting cracks were non-collinear cracks that had joined
beneath the outer surface of the pipe and approximately 47% were observed to be collinear
crack interactions. The remaining 9% had both collinear and non-collinear interactions
occurring along the crack path. The largest circumferential separation of cracks, which were

observed to be interacting, was 2 mm for cracks of length 19 mm and 36 mm respectively.

Longitudinal subsurface travel was observed for two cracks in the study. The greatest
longitudinal subsurface travel observed was approximately 1.5 mm for a 5 mm long crack.
The occurrence of subsurface longitudinal travel was supported by X-ray tomography may

prove to be significant.

The majority of cracks observed on the surface of the pipeline were travelling axially along

the pipe wall. Any deviations were generally due to crack interactions occurring which
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altered a crack’s path. Although numerous short-range crack interactions were observed, no
cases were observed of large-scale crack interactions, which would have breached the CEPA
guidelines. The level of the conservatism in the guidelines is not known and more data is
required from large significant cracks to be able to ensure that the guidelines are

adequately conservative for all situations involving SCC.

Inclined SCC is a 3D problem, which is difficult to measure and assess using traditional
analytical metallography. Through the current research, it has been shown that X-ray
tomography has the potential to enable these cracks to be visualised in 3D. This would

provide considerable information and assistance in the understanding of this phenomenon.

No strong trends were found between microstructural features, micro hardness levels,
residual or operational stresses and the incidence of inclined SCC. The present work and
previous studies [REF] indicate that fine microstructural features are the major cause of

inclined SCC rather than environmental or stress conditions.
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Appendices:

Appendix A: Pipeline Layout and SCC colony locations

A B C D E
137694m| 137831EJ
A
Green colonies: <12.5% WT (
Yellow colonies: 12.5 to 25%Z WT R -
Orange colonies: 25—=40% WT |
Red colonies: >40% WT
137694&J 137?QQEJ

B 5 5 Confirmation Colony C

—
(=]
(]

et
= ——
|'.|.

OO0
OO0

)

-
o
o

13774OJ/ 137748m 137757 137765&

Leaking Colony Fatigue Colony E

- g 4 o0 86 .
Teething Colony— 7 - B = . g
137?9:@' TJ?B{ﬂﬂI lS?BOQmI 137815& 137818ﬂ] 137831&

DO NOT SCALE
THE UNIVERSITY OF ADELAIDE SCALE :
SCHOOL OF MECHANICAL ENGINEERING DRAWN : Erwin Gamboa 1 _Apr 06
SIZE | SHEET
~ N
layout DWG NO A4 | o




Appendix B: Raw Data Collation Sample (all data shown is entered as the raw data recorded)

Sample summary of morphological data describing the SCC investigated:

Crack Code | Crack Number Clasc:::)c:zmn Type Surfa(cr:r:.:;ngth Maz(r;II:ne)pth Max H(‘::I)T ravel Observed Interactions Status
Alpha 1 Sparse Inclined 11 2.330 1.132 Subsurface Done
FC-18-2 1 Dense Straight 5.5 1.549 0.297 None Done
FC-18-2 2 Dense Straight 4 1.117 0.184 None Done
FC-18-2 3 Dense Straight 4 1.104 0.151 None Done

CC-2-E2A 1 Sparse Inclined 8 1.821 1.337 None Done
FC-18-3 1 Dense Straight 4.5 1.392 0.305 Surface Done
FC-18-3 2 Dense Straight 3 0.918 0.253 Surface Done
FC-18-3 3 Dense Straight 4 1.019 0.168 None Done

K (f) 1 Sparse Inclined 6 1.745 1.188 None Done

CC-1-C3-1 1 Sparse Inclined 7.5 1.405 0.289 None Done

CC-1-C3-1 2 Sparse Inclined 6 1.246 0.371 None Done

CC-1-C3-1 3 Sparse Inclined 10 1.526 0.371 Surface + Subsurface | Done

CC-1-C3-1 4 Sparse Inclined 7 1.000 0.450 Subsurface Done

CC-1-C3-1 5 Sparse Inclined 7 1.477 0.371 Subsurface Done

CC-1-C3-2 1 Sparse Inclined 9 1.972 0.767 None Done

CC-1-C3-2 2 Sparse Inclined 11 1.980 0.978 None Done

CC-1-C3-2 3 Sparse Inclined 8.5 1.795 0.743 None Done

CC-1-C3-3 1 Sparse Inclined 12 1.570 0.811 Subsurface Done

CC-1-C3-3 2 Sparse Inclined 7.5 1.515 0.558 None Done

CC-1-C3-3 3 Sparse Inclined 11 1.697 0.822 None Done

CC-1-C3-3 4 Sparse Inclined 8 1.755 0.602 Subsurface Done

CC-1-C3-4 1 Sparse Inclined 13 1.980 0.751 Subsurface Done
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Interactions:

Observe

Circumfer

Crack Colony Surface Circumfer | Axial R Axial Circumferential Axial .
Crack ope d . . ential . . . Count for | Interacting
Numb | Classific | Type Length . ential Spaci R Spacing Interaction Interaction .
Code er ation (mm) Interacti Spacin " Spacing (Calc) (Calc) (Calc) Interaction ? (Calc)
ons pacing g (Calc)
Inclin Subsurfa
Alpha 1 Sparse od 11 ce No No 0 No
Straig
18-2 1 Dense ht 5.5 None No No 0 No
Straig
18-2 2 Dense ht 4 None No No 0 No
Straig
18-2 3 Dense ht 4 None No No 0 No
CC-2- Inclin
E2A 1 sparse | 8 None No No 0 No
Straig
18-3 1 Dense | 4.5 Surface 0.2 0.1 0525 |  0.938 Yes Yes 2 Yes
Straig
18-3 2 Dense | ¢ 3 Surface 0.2 0.1 0525 |  0.938 Yes Yes 2 Yes
Straig
18-3 3 Dense ht 4 None No No 0 No
Inclin
K (f) 1 Sparse od 6 None No No 0 No
CC-1- Inclin
C3-1 1 Sparse ed 7.5 None No No 0 No
CC-1- Inclin
31 2 sparse | 6 None No No 0 No
. Surface +
ch-_ll- 3 Sparse In:(ljln 10 Subsurfa 0.1
ce 0.1 1.225 1.75 Yes Yes 2 Yes
CC-1- Inclin Subsurfa
c3-1 4 sparse |y / ce 0.7 0.1 0.98 1.75 Yes Yes 2 Yes
CC-1- Inclin Subsurfa
€31 > sparse | / ce 0.7 0.1 0.98 1.75 Yes Yes 2 Yes




Summary of Angles:

Crack Crack Colony Type AVG Angle Seg AVG Final Final Angle Final Angle Surface Length | Max. Depth
Code Number | Classification (deg) Angle (deg) Direction Direction (mm) (mm)
Alpha 1 Sparse Inclined 34.2 44.9 8 11 2.330
FC-18-2 1 Dense Straight 30.6 38.3 4 5.5 1.549
FC-18-2 2 Dense Straight 34.7 30.8 8 4 1.117
FC-18-2 3 Dense Straight 4 1.104
CC'ZiEZA' 1 Sparse Inclined 39.1 43.5 8 8 1.821
FC-18-3 1 Dense Straight 32.6 42.1 4 4.5 1.392
FC-18-3 2 Dense Straight 3 0.918
FC-18-3 3 Dense Straight 4 1.019
K (f) 1 Sparse Inclined 35.1 41.2 8 6 1.745
CC-1-C3-1 1 Sparse Inclined 23.2 30.8 4 7.5 1.405
CC-1-C3-1 2 Sparse Inclined 32.7 34.7 4 6 1.246
CC-1-C3-1 3 Sparse Inclined 34.3 329 8 10 1.526
CC-1-C3-1 4 Sparse Inclined 33.1 8 7 1.000
CC-1-C3-1 5 Sparse Inclined 31.8 34.9 8 7 1.477
CC-1-C3-2 1 Sparse Inclined 323 37.6 4 9 1.972
CC-1-C3-2 2 Sparse Inclined 28.8 8 4 11 1.980
CC-1-C3-2 3 Sparse Inclined 34.2 8 8.5 1.795
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Straight Section:

cc FC LC TC CMmI
Straight Section Straight Section Straight Section Straight Section Straight Section
Depth (um) Depth (um) Depth (um) Depth (um) Depth (um)

CC-J2 201 FC-18-2 1043 LC-Z1-1 556 CMI-1 567

875 696 0 253

435 1153 173 468

743 1383 762 344

629 1015 525 679

487 377 600 429

545 484 855 429

583 1051 578 267

501 1117 382 349

704 762 454 465

385 FC-18-3 412 LZ-71-2 259 492

481 400 734 313

575 0 366

CC-A2-1 248 495 413
335 765 0
355 LC-24-1 633 0

478 517 CMI-2 283

1166 842 272

454 248 319

541 432 490
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Inclination Direction:

Confirmation

Colony*
Crack Code Crack Colony Type AVG Angle AVG Final Final Angle Final Angle Surface Max. Depth (mm)
Number | Classification Seg (deg) Angle (deg) Direction Direction Length (mm)

Alpha 1 Sparse Inclined 34.2 44.9 8 11 2.330
CC-2-E2A-1 1 Sparse Inclined 39.1 43.5 8 8 1.821
CC-1-C3-1 1 Sparse Inclined 23.2 30.8 4 7.5 1.405
CC-1-C3-1 2 Sparse Inclined 32.7 34.7 4 6 1.246
CC-1-C3-1 3 Sparse Inclined 34.3 329 8 10 1.526
CC-1-C3-1 4 Sparse Inclined 33.1 8 7 1.000
CC-1-C3-1 5 Sparse Inclined 31.8 34.9 8 7 1.477
CC-1-C3-2 1 Sparse Inclined 323 37.6 4 9 1.972
CC-1-C3-2 2 Sparse Inclined 28.8 8 4 11 1.980

*This analysis was completed for each colony

All raw data and processed graphs completed and shown in file “Crack_Raw_Data.xls”.

All data and images for each crack investigated stored in “Metallography” folder in attached files.
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