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! Technical Status – description of tasks completed, data from test results, Graphs, charts, 

tables of technical importance, photos of items under investigation, research findings 
and/or discoveries. 
 

Project activities undertaken through the 5th quarter focused on 1) operational conditions 
that will change the morphology at the crack tip (sharp or blunt) and their effect on crack 
growth during hydrostatic loading; 2) crack growth rate as affected by crack dimensions 
and crack aspect ratios.  
 
On the effect of operation conditions-dependence of crack growth on crack tip 
morphology and hydrogen effects: One important progress made in this period is the 
publication of a journal article entitled “Transgranular Crack Growth in the Pipeline 
Steels Exposed to Near-neutral pH Soil Aqueous Solutions-Role of Hydrogen”, Acta 
Mater, doi:10.1016/j.actamat.2009.08.047. In the paper, we have clearly defined the 
controlling factors and their role played in the entire process of crack initiation and 
propagation towards the final failure of steel pipelines in the field. It has been found 
based on experimental results that near-neutral pH cracking results from the following 
two competitive processes at the crack tip: 
 
Crack tip blunting: originates from low temperature creep deformation due to near-static 
loading (situation of SCC) and slow loading rate (situation of fatigue at very low 
frequency), and the active dissolution over the deformed crack tip without producing 
passivation. 
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Crack tip sharpening: occurs concurrently or sequentially with the process of crack tip 
blunting and is related to the process of cyclic loading and the hydrogen effects. 
 
The balance between crack tip blunting and sharpening determines if cracks will 
experience dormancy or active growth. This unique balance depends on the type of 
loading and the stage of cracking. Under static loading (scenario of stress corrosion 
cracking), crack tip blunting is more likely, resulting in mostly dormant cracks. When 
cracks are subjected to cyclic loading (a situation of corrosion fatigue), the blunting 
process is attenuated but the sharpening process is enhanced such that the two processes 
can be very competitive, depending on the environments, cathodic protection and 
pressure fluctuations. Since pipelines, particularly those for high pressure gas 
transmission are operated under a near static condition most of time, crack growth 
proceeds normally by repeated cycles of dormancy and active growth with a growth rate 
substantially higher than generally estimated in the field. 
 

For a given pipeline system, the presence of near neutral pH environments and high 
residual stresses on the pipe surface determines whether a crack colony can be developed, 
while the presence of high concentration of diffusible hydrogen is thought to determine 
whether repeated crack growth is possible to occur. Hydrogen produced by corrosion at 
the crack tip is secondary in terms of crack growth, as compared with the amount of 
hydrogen generated from pipeline surface either resulted from general corrosion or 
cathodic reaction. In order to observe a full effect of hydrogen, the test duration must be 
long enough to allow diffusible hydrogen generated on the specimen surface to reach an 
equilibrium state throughout the specimen. For example, a minimum of 275 hour 
exposure is needed for a specimen with a thickness of 9 mm, which was observed 
experimentally and is consistent with calculations based on diffusion laws.  
 
8 hydrostatic simulations have been completed in this quarter. These tests were designed 
to consider the effect of operation conditions in terms of crack tip morphologies and the 
effect of diffusible hydrogen in the steel. Crack tip morphology was altered through room 
temperature creep or corrosion exposure under constant load prior to hydrostatic loading. 
The amount of diffusible hydrogen in the specimen was controlled by changing the time 
of exposure or by coating the sample surface to avoid the ingress of hydrogen prior to 
hydrostatic loading. The samples were also loaded to achieve different stress intensity 
factor representing different sizes of cracks in the pipeline steels. The samples after 
testing are currently under evaluation to determine the actual crack growth. 
 
On the growth behavior of surface cracks: In this quarter, we have successfully 
completed two long term crack growth simulations using a long specimen (about 40 cm) 
containing multiple surface cracks. They were made by electro-discharge machining and 
pre-fatigued individually in air to produce a sharp crack tip prior to crack growth in near 
neutral pH environments. Special test cells were also designed such that the surface 
cracks can be exposed to different region of disbonded coatings cathodically protected at 
the opening mouth of the disbondment. The specimens after testing are currently under 
evaluation to determine the crack growth rate and the morphology of the cracks after 
growth. 
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! Business Status – summarize details of the resource status of this Agreement, including the 
status of the contributions by the Team Participants. Include a quarterly accounting (broken out 
by Project milestones) of budgeted, current and cumulative expenditures, including cost share 
amounts. Explain any major deviations and discuss the adjustment actions proposed. Describe 
discussions with operators, or potential users of technology under investigation. 

 
We have conducted the project according to the original plans. We have obtained 
additional funding to support the project. Details of business status are given in the table 
below: 

 
Business Status Section 

Projected Adjustment Item 
# 

Task 
# 

Activity/ 
Deliverable 

Qtr 
# Fed 

Pmt 
Partner 
Cost-

sharing 

Total 
Actual 

 
 

Status 
of Cost-
sharing 

Major 
Deviations actions 

proposed 

14 2.3 Operation model 5 10,000 3,000 13,000 25,000 15,000 12,000 cash paid 
by 

partners* 
15 2.4 Cracking stage 

corrosion model 
5 5,000 13,000 18,000 28000 23,000 10,000 cash paid 

by partners 
16 6 5th 1/4ly status 5 2,500 1,000 3,500 3,500 1,000 0  

* Partners: TransCanada Pipelines Limited, Spectra Energy, Natural Science and Engineering 
Council of Canada, Alberta Research Council 
 
! Schedule - tasks completed during this reporting period as related to agreement with any 

modifications. If Completion Date is different from Scheduled Completion Date, explain. 
 

Please see the above table for schedules. There was no any deviation from the schedules 
as originally planned. 

 
! Payable Milestones - provide information sufficient for the Technical Manager to verify what 

percentage of work each milestone of each activity/Deliverable has been accomplished. 
 
All the tasks defined in this quarter are performed according to schedules. 

 
! Results and Conclusions: (Including findings, discoveries and attachments of any test 

data and/or pictures) 
  
 See attached files. 
 
! Issues, Problems or Challenges: (Including anything that may cause a schedule delay) 

 
No issues and problems for this quarter. 

 
! Plans for Future Activity: (Including potential meetings, tests, and/or demonstrations 

scheduled over the next quarter.) 
 

o To continue investigating the effect of operation conditions on crack growth 
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Abstract

The aim of this investigation was to understand why some transgranular cracks developed in the pipeline steels exposed to near-neu-
tral pH environments, typically 5% of total crack population, can propagate repeatedly and cause pipeline rupture. Crack growth in the
current condition is related to two competitive processes at the crack tip: the intrinsic blunting and the extrinsic sharpening. Balance of
both determines whether cracks will be dormant or actively grow. For a given pipeline, the presence of near-neutral pH environments
and high residual stresses on the pipe surface determines whether a crack colony can develop, while the presence of high concentration of
diffusible hydrogen is thought to determine whether repeated crack growth can occur. This is believed to be a key reason why a small
fraction of cracks, typically 5% of total population, can grow repeatedly and cause pipeline rupture.
! 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Keywords: Steels; Corrosion; Hydrogen embrittlement

1. Introduction

It is well established that transgranular stress corrosion
cracking (SCC) requires film formation on the crack walls
and corrosion at the crack tip to occur simultaneously.
This scenario can usually be achieved when a susceptible
material is exposed to a transition zone in the polarization
curve that demarcates active dissolution and passivating
[1]. The above cracking prerequisite, however, is not neces-
sary for intergranular SCC, which can occur over a wider
range of potentials because chemical inhomogeneities at
the grain boundary produce a different electrochemical
response relative to grain material [2].

When transgranular cracking is observed in a corrosion
environment that strongly passivates the materials being
exposed, film rupture by localized plastic deformation from
a static stress (condition of stress corrosion cracking)

becomes insignificant and crack growth would be too slow
to cause any engineering concerns. Under these circum-
stances, cyclic loading becomes important, and can
enhance the process of film rupture to make the crack grow
at a rate that is of engineering significance [3,4], i.e. corro-
sion fatigue occurs [4].

In an environment that does not produce passivation on
the material being exposed, transgranular cracking under
constant stress (i.e. the condition for SCC) would be less
likely to occur as corrosion will occur at the crack tip
and on the crack walls as well. This could gradually turn
a crack characteristic of a sharp tip into a pit (blunting)
if the crack could be formed initially, for example, by a dif-
ferent mechanism. As a result, transgranular cracking in an
environment that does not passivate the material being
exposed can occur only if there exists a mechanism that
could maintain the crack tip at a sharp state (e.g. at high
growth rates at which crack tip blunting is negligible), or
could constantly resharpen the crack tip to counterpart
the blunting.

1359-6454/$36.00 ! 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
doi:10.1016/j.actamat.2009.08.047
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Near-neutral pH groundwater that has been found to be
responsible for the rupture of buried pipeline steels is an
environment that causes pipeline steels to crack transgra-
nularly, and corrodes pipeline steels without passivating
them [5–9]. Fig. 1 shows the cross-section of a typical
near-neutral pH transgranular crack in a pipeline steel that
developed in the field. It has been found from statistical
analysis of thousands of crack colonies that 95% of the
crack population has a blunt tip as shown in Fig. 1
[10,11]. Cracks with such a crack tip morphology are con-
sidered to be dormant. However, the remaining 5% of the
total crack population can grow continuously or repeat-
edly, leading to pipeline rupture. This investigation is
aimed to provide some insights on the mechanisms that
govern the growth of those growing cracks that take up
of about 5% of the total crack population.

2. Basic considerations

To determine the prerequisite condition for these grow-
ing cracks, 5% of the total population, it might be useful to
outline some key characteristics of the other 95% that
remain dormant. Crack dormancy in the field occurs pri-
marily in the stage of crack initiation and early short/shal-
low crack growth. The cracks formed can be better
characterized as shallow notches, instead of cracks, for
which fracture mechanics principles, such as stress intensity
factor, cannot be applied for analysis. These defects are
usually less than 1 mm deep and have very small depth/
length aspect ratios, around 0.1–0.2.

Details of the initiation of the shallow cracks and early
crack propagation are not the subject of this investigation.
However, a brief summary is made here for the purpose of
better understanding the growth behavior of cracks beyond
the dormant stage that is the focus of this paper. It is gen-
erally believed that crack initiation can be caused by many
different mechanisms [12–26], including preferential disso-

lution at physical and metallurgical discontinuities such
as scratches [12], inclusions [13], grain boundaries, pearlitic
colonies and banded structures [14–16] in the steel; corro-
sion along persistent slip bands induced by cyclic loading
prior to corrosion exposure [14,17]; crack initiation at
stress raisers such as corrosion pits [18,19]; and localized
corrosion through millscale-steel galvanic effects [20]. The
initiation of microstructurally short cracks, usually less
than 100 lm, can occur under a constant stress loading.
The early crack growth is generally believed due to the
presence of high tensile residual stresses at the pipe subsur-
face [11,21,22], which adds to the applied stress. However,
these cracks generally remain dormant for reasons yet to be
determined.

Pipeline ruptures in environments that can develop the
above features are usually caused by the propagation of
sharp cracks (those 5% of the crack population). Therefore,
special conditions must exist at some locations on the pipe
surface or during certain periods of service that either make
the defects maintain a relatively sharp tip or resharpen the
tip after blunting. Such competitive conditions are briefly
considered below based on the nature of synergistic inter-
actions between neutral pH soil environments and the
mechanical loading encountered by pipeline steels.

2.1. Under constant stress loading—scenario of stress
corrosion cracking

Pipeline cracking in near-neutral pH groundwater was
initially classified as SCC [5–7], implying that the crack
can initiate and grow under a static load/stress. This classi-
fication was probably chosed because steel pipelines, par-
ticularly those for high-pressure gas transmission, are
operated under a near-static loading condition, and fur-
thermore high-pH SCC in steel pipelines can be reproduced
in the laboratory under static loading [27–29]. However,
crack growth in pipeline steels exposed to near-neutral
pH environment has never been observed under static load-
ing. This observation, however, does not exclude the possi-
bility that crack initiation as outlined previously results in
the formation of short cracks mostly at a dormant state
through various processes in which fracture mechanics
principles are not applicable [14,15,23,24]. Nevertheless, a
pre-existing axial crack would become dormant under sta-
tic loading in near-neutral pH environments. In fact, mild
mechanical cycling in near-neutral pH environments would
also lead to crack dormancy as is demonstrated in Ref. [30].
This coincides with the fact that 95% of the crack popula-
tion are in a dormant state once they reach !0.5 mm in
depth [10,11].

Fig. 2 shows various competitive factors both for crack
sharpening as a prerequisite to active crack growth and for
blunting leading to crack dormancy. A predominant factor
in near-neutral pH soil environments that causes crack tips
to blunt is the general corrosion occurring at the crack tip
and on crack walls since these environments do not cause
pipeline steels to passivate [8]. The second factor that can

Fig. 1. Typical morphology of a dormant crack found in buried pipeline
steel exposed to near-neutral pH soil water solution in the field.
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contribute to the crack tip blunting is room temperature
creep (RTC), which is unique to pipeline steels and can
be very high depending on the type of pipeline steel and
prior loading history of the steel [31–34]. Room tempera-
ture creep will occur at the tip of crack when the crack
tip is stressed.

Opposite to the process of blunting, segregation of
atomic hydrogen to the hydrostatic zone and the highly
deformed areas ahead of the crack tip may be the main rea-
son for crack sharpening [35]. Under the circumstances,
hydrogen-induced microcracks (HICs) may be initiated
by the combined effect of high hydrostatic stresses in the
plastic zone, increased hydrogen segregation and the weak-
est link sites, such as grain boundaries and inclusions, in
the plastic zone ahead of the crack tip. The microcracks
that form in the plastic zone link up with the main crack,
resulting in crack extension [36,37] and resharpening of
the blunt tip. On the other hand, hydrogen adsorption-
induced cleavage (also called stress-sorption cracking),
originally proposed by Uhlig, may also take place and
result in direct sharpening of the blunt tip [38].

The above sharpening process is unlikely to occur under
static loading as cracks are mostly dormant, and at least
when cracks are around 1.0 mm deep. Proof of the above
competition is the observation of sharp microcracks in
the plastic zone ahead of the tip of a dormant crack/notch
about 0.8 mm deep [9]. However, the microcracks did not
link up with the main crack, indicating that initiation of
such microcracks is possible, but its propagation to the
root of the main crack to resharpen it has not occurred.
Further explanation on this observation is provided in
Section 4.1.

2.2. Under cyclic stress loading—scenario of corrosion
fatigue

When cyclic loading is present in the loading scheme, the
blunting mechanisms as discussed previously in the SCC
type of loading scenario are still applicable, except for an
attenuation of low-temperature creep-related blunting pro-
cess as low-temperature creep increases with an increase in

the applied stress and creep time. Therefore, this type of
blunting would be more profound at lower loading fre-
quencies and slower crack growth rates, both of which
allow more time for creep to proceed at the crack tip. An
analysis of competitive processes for crack tip blunting
and sharpening in the case of cyclic loading is shown in
Fig. 3.

Recently, we have analyzed crack growth data both
from laboratory tests using compact tension (CT) speci-
mens and from full-scale tests of shallow cracks [30,39].
It has been found that the crack growth rate per cycle
(da/dN) can be correlated by DK2Kmax=f a, where DK is
the stress intensity factor range, Kmax is the maximum
stress intensity factor, f is the loading frequency and a is
a factor related to corrosivity of soil environments. This
correlation enables the determination of threshold
DK2Kmax=f 0:1 values for long cracks such as in a test using
a CT specimen. The above growth correlation appears also
true for small/shallow cracks in full-scale tests except that
small/shallow cracks were found to grow at appreciable
rates below the threshold of long cracks [39], a well-under-
stood phenomenon in fatigue [40,41].

The fact that crack growth is possible under cyclic load-
ing but not under SCC loading implies the effectiveness of
crack sharpening by fatigue in near-neutral pH soil envi-
ronments, a well-understood phenomenon in the field of
fatigue. However, 95% of the cracks in the field remained
dormant, suggesting that sharpening and/or resharpening
of crack by the type of fatigue loading encountered in the
field is not predominant, or at least is not the only factor,
as the dormant cracks, representing 95% of total crack
population, are subjected to the same loading schemes as
those 5% of cracks that do grow.

Hydrogen-related sharpening should also exist under
fatigue loading. However, this sharpening mechanism
should be most influential under SCC loading in terms of
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Fig. 3. A schematic showing the competition between crack tip blunting
and crack tip sharpening in the pipeline steels exposed to near-neutral pH
environments under cyclic loading conditions (conducive to corrosion
fatigue).
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Fig. 2. A schematic showing the competition between crack tip blunting
and crack tip sharpening in the pipeline steels exposed to near-neutral pH
environments under constant stresses (conducive to SCC).
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hydrogen segregation in comparison with fatigue loading.
However, crack growth does not ccur under SCC loading,
indicating that hydrogen-related sharpening cannot act
alone to resharpen the crack as discussed previously.

As a result, the mechanism(s) governing crack reshar-
pening in the field cannot be either purely fatigue- or
hydrogen-related. Instead, a synergistic interaction of
both is most likely the case. The former factor is com-
mon to all the cracks in the system; the latter would
be very location dependent and could interact with the
former factor to make some of the cracks, typically 5%
of the total population, grow continuously or repeatedly.
This investigation is aimed primarily to determine the
location-specific conditions involving synergistic interac-
tions of realistic fatigue loading (characteristic of high
stress ratio and very low loading frequency [42]) and
hydrogen-assisted crack tip sharpening and resharpening
in pipeline steels exposed to typical near-neutral pH soil
environments.

It should be noted that the above considerations are
only limited to two of the three essential factors on corro-
sion cracking, i.e. stress and environment. The third factor,
material, is important when discussing the susceptibility of
different materials or microstructures. For a given pipeline
steel, the fabrication conditions can be considered to be
similar. Variation in microstructural features are usually
at the micrometer level (e.g. inclusions and grain bound-
aries), which may affect the growth for a short period, such
as via crack initiation, except for the effect of residual stres-
ses and banded microstructures. The effect of residual
stress is also very location specific and may play a decisive
role in the process of continuous or repeated growth of
those 5% of total cracks responsible for pipeline rupture.
This factor of residual stresses has been considered in detail
in previous research [11,21–22], and will be discussed as it is
needed when stress and environmental factors are consid-
ered. The banded microstructures are normally seen in
the central region of the pipe wall, and the bands are ori-
ented along the pipeline length direction. The effect of these
microstructures on crack growth in the pipe thickness
direction, particularly in the early and intermediate stage
of crack growth, would be limited.

3. Experimental

An X-65 pipeline steel was used in this study; its chem-
ical composition (wt.%) is listed in Table 2. The X-65 pipe-
line steel was characterized to be susceptible to near-neutral
pH SCC [14,15,43]. CT specimens were machined from the
X-65 pipe with the machined notch perpendicular to pipe
circumferential direction. Each of the specimens was pol-
ished to produce a scratch-free surface prior to mechanical

Fig. 4. Schematic illustration showing coatings (shaded area) applied to the surface of CT specimens: (a) complete coverage; (b) partial coverage.

Table 1
Chemistry of synthetic solutions used in the investigation.

Chemicals C2 NOVATW

MgSO4 0.0274
CaCl2 0.0255
CaCO3 0.0606 0.23
NaHCO3 0.0195 0.437
KCl 0.0035 0.015
CaSO4 2H2O 0.035
pH (5% CO2, N2 balance) 6.29 7.11

Table 2
Chemical composition (wt.%)of the X-65 pipeline steel used in this
investigation.

Elements Composition, wt.%

C 0.12
Mn 1.5
P 0.017
S 0.0046
Si 0.26
Cu 0.014
Ni <0.02
Cr 0.065
Mo <0.03
V <0.01
Nb 0.049
Ti <0.005
Al 0.029
Sn 0.0016
Ca 0.0012
B <0.0005
Pb <0.01
Zr <0.002
Co 0.004
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loading. The thickness of the specimen was around
9.0 ± 0.2 mm.

The machined CT specimen was pre-fatigue cracked for
the initiation of a sharp crack tip from the machined notch,
which was performed according to ASTM E647-93. The
pre-fatigued crack length on both sides of the surface was
controlled to be 2–3 mm long. The difference in crack
length on both sides of the surfaces of each specimen was
less than 0.2 mm. After pre-fatigue cracking, the specimen
was cyclically loaded in near-neutral pH synthetic soil solu-
tions. A triangle waveform was used with a loading fre-
quency in the range of 0.005–0.0025 Hz, and a stress R-
ratio of 0.6 and 0.7. The maximum and minimum stress
was controlled to achieve a maximum stress intensity factor
(Kmax) in the range of 35–55 MPa

p
m, and the stress inten-

sity factor range (DK) from 10 to 28 MPa
p
m. The testing

was performed on a pneumatic cyclic loading frame hori-
zontally laid on the benchtop; the CT specimen was pin-
hole loaded and sealed in the test cell with the test solution
filled up to the middle of the machined notch.

CT specimens in some tests were coated with epoxy to
prevent direct contact of soil solutions. As shown in
Fig. 4, the coating was applied either to cover the entire
surface (Fig. 4a), or all the surface areas except for a nar-
row region containing the crack. In both the cases, test
solution was added to a position above the coated line.

Two types of synthetic soil solutions were used in this
investigation: the NOVA Trapped Water (NOVATW)
and C2 solution [44]. Their chemical compositions are
listed in Table 1. All the solutions were purged with 5%
CO2, N2 balance to achieve a near-neutral pH value. The
test solution was contained in a sealed glass cell after being
purged by 5% CO2, N2 balance for at least 24 h. Gas purg-
ing was also maintained during corrosion exposure.

Crack growth was monitored by a self-assembled poten-
tial drop system. Details of this testing system were
reported in Ref. [30]. The measured potential was con-
verted to actual crack length by measuring the crack length
on the fractured specimen. For the current system, the con-
version factor was found to be 25.5 ± 3.5 mm mV–1, based
on a number of tests with small amounts of total crack
propagation.

After corrosion exposure, the test specimen was cleaned
and sectioned for scanning electron microscopy (SEM)
examination.

4. Results and discussion

4.1. Competition between crack tip blunting and crack tip
sharpening under static stress

Since a near-neutral pH environment does not cause
pipeline steel to passivate, active dissolution would produce
crack tip bluntness if it is initially sharp. Therefore, alterna-
tive processes must be present concurrently or sequentially
to keep the crack tip sharp or to resharpen the blunt crack
tip in order to produce active growth. Such a dilemma can
be best seen from the comparative tests shown in Fig. 5. In
Fig. 5, two CT specimens exposed to NOVATW and C2
solutions, respectively, were subjected to the same mechan-
ical loading schemes. The tests started at DK = 12 MPa

p
m

and Kmax = 35.3 MPa
p
m for about 175 h. This was fol-

lowed by a hold at 35.3 MPa
p
m for a period of about

10 days. No crack growth was observed during the hold
for both specimens. However, when the same cyclic loading
condition was resumed, crack growth started immediately
in the specimen exposed to C2 solution, but the dormant
state remained in the specimen exposed to NOVATW. At
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higher Kmax and DK loading, however, no dormancy in
NOVATW was observed when cyclic loading was
restarted. During all the holds, no crack growth was
detected, indicating the absence of SCC, further confirming
the suggestions made in Section 2.

Fig. 6 shows the cross-sectional morphology of the
crack at the location of static holds when exposed to
NOVATW. Blunting was evident at the crack tip of both
the holds at Kmax = 35.3 MPa

p
m for 10 days and

Kmax = 47.1 MPa
p
m for about 7 days, respectively. It

was determined from weight loss experiments that the cor-
rosion rate of pipeline steel in C2 solution was about 3
times higher than that in NOVATW [30]. Due to low dis-
solution rate in NOVATW [30], blunting was probably
caused by plastic deformation, as the crack tip is broad-
ened in a 45o direction (see arrows in the insert) where
the shear stresses for plastic deformation are the highest.
Similar features were also observed when the hold was con-
ducted at Kmax " 35.3 MPa

p
m. In both cases, plastic

deformation appears to be produced by low-temperature
creep [31–34].

In contrast, there was massive corrosion at the crack tip
during the hold in C2, as shown in Fig. 7, which appears
blunter than that seen in NOVATW. Evidence of plastic
deformation-induced blunting was not clearly observed in
C2 solution, probably due to increased dissolution in the
solution that destroyed the 45o shear paths observed at
the crack tip exposed to NOVATW. A stress intensity fac-
tor of about 35 MPa

p
m can be achieved when a semi-ellip-

tical crack of about 10–20% of wall thickness in depth and
about 10 times of depth in length direction in a X-65 pipe-
line steel is loaded to about 75% SMYS (specified minimum
yield strength). A stress intensity factor of 47.1 MPa

p
m

can be achieved at the crack tip during hydrostatic testing
used for detecting critical sizes of cracks in pipelines [45].

Although crack growth under cyclic loading is also pre-
sented in Fig. 5, here we just focus on crack growth behav-
ior under static loading. The fact that a crack does not
grow under constant Kmax simply suggests that crack tip
blunting prevails over crack tip sharpening. The blunting
can be achieved by low-temperature creep at the crack tip
alone, while corrosion further intensifies the bluntness. A
key indicator for the occurrence of sharpening would be
the detection of crack growth either by corrosion at the
crack tip in the growth direction or by HICs in the plastic
zone ahead of the crack tip. It was also suggested that
hydrogen-facilitated corrosion may contribute to the
growth of crack [46]. Since no crack growth was detected
during the static hold, hydrogen-facilitated corrosion may
have occurred, but should not be a concern as it did not

Fig. 6. Crack tip morphology of CT specimen after static holds at two
constant stress intensity factors in NOVATW solution: (a) hold at about
35.3 MPa

p
m for 10 days; (b) hold at about 47 MPa

p
m for 7 days. The

insert in (b) is a magnified view of the crack tip at the position of static
hold.

Fig. 7. Crack tip morphology of CT specimen after a static hold at about
47.1 MPa

p
m for 7 days in C2 solution. The insert is a magnified view of

the crack tip at the position of static hold.
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yield any crack growth, i.e. there was corrosion, but no cor-
rosion-induced cracking. This seems consistent with recent
thermodynamic analysis that SCC of pipeline steel in
anaerobic groundwater of near-neutral pH is unlikely to
be related to the hydrogen-facilitated anodic dissolution
mechanism [47].

There are a number of fundamental reasons why crack
growth through the initiation of HICs in the plastic zone
ahead of the crack tip is unlikely to occur under the static
loading in the current system. First, near-neutral pH solu-
tions, unlike the acidic environments found in oilfields,
produce very limited hydrogen generation. Experimental
investigation has shown that the concentration of diffusible
hydrogen even under adequate cathodic protection is less
than 1/10th of the critical diffusible hydrogen concentra-
tion required to induce hydrogen blistering (formation of
microcracks near the subsurface) in pipeline steels [48,49].
Considering possible segregation of diffusible hydrogen to
the crack tip [35], it might be possible to initiate micro-
cracks at the weakest links, such as inclusions, grain
boundaries and pearlite/ferrite interfaces located in the
plastic zone, which are also strong traps of diffusible hydro-
gen. However, additional conditions must be met in order
to propagate these microcracks. Such prerequisites have
been determined in detail for the case of cleavage fracture
in low-carbon steels under impact loading [50]. Although
various mechanisms are available, the main limiting factors
are the size of the microcracks formed and the range of
high hydrostatic stress present in the plastic zone. A micro-
crack after initiation can propagate continuously only
when it reaches a critical size (governed by fracture
mechanics). Otherwise, it will be arrested, unless there is
a sudden increase in mechanical driving force. The fact that
no crack growth can be observed under static loading sug-
gests that microcracks might be either less likely to be ini-
tiated due to extremely low diffusible hydrogen at most
locations or impossible to propagate after initiation, prob-
ably due to their small dimensions.

4.2. Competition between crack tip blunting and crack tip
sharpening under cyclic loading

Crack growth started immediately after cyclic loading
was executed following static loading in C2 solution in
both cyclic schemes. In contrast, cracks remained dormant
during cyclic loading after static hold at Kmax " 35.3
MPa

p
m in NOVATW solution. At higher Kmax, crack

growth was detected immediately after the static hold,
which produced crack tip blunting.

Since the static hold (SCC loading) has caused crack tip
blunting in both solutions, the reactivation of a dormant
crack by fatigue loading indicates the sharpening effect of
cyclic stresses, which is well understood in the field of
fatigue.

Although the crack tip exposed to C2 solution was blun-
ter due to its higher corrosion rate, it was surprising that at
low Kmax and DK loading condition, crack growth was

reinitiated in the specimen exposed to C2; this is unex-
pected because of the blunter crack tip. Since the external
mechanical driving force for crack growth was controlled
to be the same, there must be other factors that can act
together with the cyclic sharpening process to resharpen
the crack tip.

It is often suspected that hydrogen may play a key role
in crack growth in near-neutral pH environments. The
source of hydrogen in the current system is primarily
related to the dissolution of Fe, which generates electrons,
which are used for the reduction of hydrogen ions in the
system. Because of the higher dissolution rate, more hydro-
gen atoms should be generated in C2 solution than in
NOVATW.

Based on the above analysis, it is believed that the differ-
ent response to cyclic loading after the static hold at
Kmax = 35.3 MPa

p
m between C2 and NOVATW solu-

tions is caused by hydrogen effects. Although the higher
rate of dissolution in C2 solution yielded a blunter crack
tip, it generates more hydrogen and hence assisted crack
resharpening to a greater extent.

Dislocation slip is usually involved in the microprocess-
ing of crack growth under cyclic loading. It has been well
documented that hydrogen enhances dislocation mobility
along slip bands and results in slip localization; these slip
bands in turn accelerate the trapping and diffusion of
hydrogen [51–53]. This mechanism of hydrogen–slip band
interaction enhances crack growth under cyclic loading
[51,53]. Specially designed crack growth tests were per-
formed and are presented in the next section to further elu-
cidate the mutual interaction between hydrogen and cyclic
loading in crack growth in pipeline steels exposed to near-
neutral pH environments.

4.3. Role of hydrogen

In the current test setup, hydrogen could be generated at
any surfaces that were exposed to the aqueous solution.
However, only the hydrogen atoms that are diffused and
segregated to the hydrostatic zone or to areas with the
highest strain accumulation ahead of the crack tip have
an effect on crack growth. When a positive hydrostatic
stress exists, hydrogen diffuses to this region in order to
lower the chemical potential. Conversely, hydrogen will
move out of areas that experience compressive hydrostatic
stress. The equilibrium concentration of hydrogen in a
stressed lattice, Cr

L, is [35]:

Cr
L

C0
L

¼ exp
rhV H

3RT

! "
ð1Þ

where C0
L is the lattice concentration of hydrogen in the ab-

sence of stress, Cr
L is the steady-state lattice concentration

of hydrogen under hydrostatic stress, VH is the partial mo-
lar volume of hydrogen, rh is the hydrostatic stress, R is the
universal gas constant (8.314 J mol–1 K–1) and T is the
absolute temperature of the system.
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Although corrosion at the crack tip produces hydrogen
that can diffuse a short distance from the crack tip, the seg-
regation is related to the nominal lattice hydrogen concen-
tration, as given in Eq. (1). A supply of hydrogen resulting
only from corrosion at the crack tip in the current situation
would yield limited lattice hydrogen as hydrogen atoms
would diffuse down a concentration gradient to any regions
with lower hydrogen concentration. The surface of the CT
specimen is believed to be a main source of lattice hydro-
gen, as a result of general corrosion; this hydrogen diffuses
toward the center of the CT specimen and reaches an equi-
librium over a certain length of time depending on the dif-
fusivity of hydrogen, the test temperature and the thickness
of the specimen.

Comparative tests were performed to determine the
effect of hydrogen on crack growth in near-neutral pH
environments. Each set of comparative tests consisted of
specimens that differed with respect to their surface condi-
tions: one had bare surfaces; the remaining two were

coated with epoxy as shown in Fig. 4a and b, respectively.
Three tests were performed in the same environment with
identical starting loading conditions: Kmax = 35.3 MPa

p
m,

DK = 12.0 MPa
p

and f = 0.005. These loading conditions
yielded a value of (DK2Kmax=f 0:1 ¼ 8610 MPa3 Hz&0:1,
which is slightly above the threshold of C2 solution
(!8500 MPa3 Hz&0.1), but slightly below that of
NOVATW solution (!9000 MPa3 Hz&0.1) [30].

As shown in Fig. 8a, the three tests in NOVATW went
to a dormant state at a testing time of about 400 h, which is
consistent with the fact that the loading condition was
below the threshold. In C2 solution, however, crack growth
was evident (Fig. 8b), but varied significantly depending on
the surface condition. Fig. 9 shows the growth rate (da/dN)
as a function of testing time for all three tests in C2 solu-
tion. For the uncoated CT specimen, a three-stage process
can be seen: an initial stage of about 275 h during which the
growth rate was nearly insensitive to the testing time; a sec-
ond stage with a rapid increase in growth rate; and a third
stage during which there was a reduced growth rate depen-
dence of testing time. For the CT specimens with epoxy-
coated surfaces, the initial stage was similar to that found
with the uncoated CT specimen except for a slightly lower
growth rate; a decrease in growth rate was seen following
the initial stage; and an increase in growth rate occurred
at about 500 h. The partially coated specimen as shown
in Fig. 4b seems to exhibit a growth behavior similar to
the completely coated specimen except for a slightly higher
overall growth rate.

Similar tests were also conducted at a loading condition
with much higher DK2Kmax=f 0:1 value. Fig. 10 shows the
change in growth rate with testing time for specimens with
uncoated surfaces in two different solutions. The tests at
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Fig. 8. Change in measured potential as a function of test time for three
specimens tested in NOVATW (a) and C2 (b) solutions. All the tests were
conducted with the same starting conditions at Kmax = 35.3 MPa
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high loading conditions seemed to exhibit different growth
rate stages. The growth rate was seen to decrease with test-
ing time in the initial stage. This is followed by a continu-
ous increase in growth rate. The transition occurring at
around 275 h seen at low loading conditions was not very
obvious for some of the high DK2Kmax=f 0:1 tests.

The above inconsistency can be understood when the ef-
fect of hydrogen is considered. As indicated previously, it is
necessary to generate hydrogen on the surface of the CT
specimen in order to reach an equilibrium lattice hydrogen
concentration in the specimen so that a high hydrogen con-
centration can be established in the plastic zone affecting
crack growth. To reach equilibrium, a critical time of diffu-
sion must be available. The diffusivity of hydrogen in the
steel was determined to be about 2 ' 10&7 cm2 s–1 [54].
For a test duration of 275 h, this would yield a diffusion
distance of

p
Dt =

p
2 ' 10&7 (cm2/s) ' 275 (hr) ' 3600

(s) = 4.45 mm, which is about a half of the thickness of
CT specimen used in the current investigation (!4.5 mm).
This 275 h test duration represents the minimum time re-
quired for hydrogen to reach through the entire specimen
thickness, although the peak equilibrium flux would take
longer to establish. Therefore, it is reasonable to conclude
that the rapid increase in crack growth rate for the un-
coated specimen corresponds to the onset of the hydrogen
effect on crack growth. When CT specimens were coated,
hydrogen was generated only by corrosion at the crack
tip, which is very limited in terms of its effect on crack
growth. This limited influence does not yield a significant
change in growth rate with increasing time and stress inten-
sity factor.

The above critical time of hydrogen effect is not very
obvious in the growth curve obtained at high
DK2Kmax=f 0:1 loading. It is believed that this is caused by

the high growth rate due to more aggressive cyclic loading
conditions. The total crack growth in the low
(DK2Kmax=f 0:1) test (bare specimen in Fig. 5) was about
0.5 mm, which has caused a change in Kmax and !K of
1.3 and 0.44 MPa

p
m, respectively, for the entire test. In

the transition region around 275 h, the growth rate was
very low, and Kmax and !K can be assumed to be constant
(Fig. 5b). The change in growth rate is therefore a true
reflection of environmental (hydrogen) effects on crack
growth. On the other hand, the growth rate in the test with
high (DK2Kmax=f 0:1) value represents the combined effect of
environment and mechanical driving force (DK2Kmax). As a
result, the distinct effect of environment is attenuated in the
growth rate curve.

When the growth data at the loading condition with
high (DK2Kmax=f 0:1) value was normalized by
(DK2Kmax=f 0:1) [30], the transitional effect of hydrogen
becomes more clear, as shown in Fig. 11. The curve showed
an inflection at around 275 h, consistent with the time
determined from the tests conducted at a (DK2Kmax=f 0:1)
value near the threshold.

The above hypothesis is also consistent with the growth
behavior of coated specimen loaded at high (DK2Kmax=f 0:1)
values, as shown in Fig. 12, where the growth rate in the
two test solutions is presented. The growth rate of coated
specimens did not show an inflection, suggesting that the
transitional behavior related to the hydrogen effect did
not occur. The growth rate curves of the coated specimens
are below those of the uncoated specimens, reflecting the
contribution of hydrogen to crack growth, which is smaller
than that observed at low DK2Kmax=f 0:1 loading.

There was also a transitional behavior occurring at
around 125 h, before which crack growth rate was seen
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to decrease with increasing time. This behavior is believed
to be related to morphological changes in the crack tip
caused by corrosion. As observed in Fig. 5, a hold at con-
stant stress did not yield any crack growth but led to crack
tip blunting through corrosion. Because of the non-passiv-
ating nature of the current corrosion system, corrosion at
the crack tip may contribute to crack growth to some
extent, but primarily produces general corrosion and leads
to crack tip blunting. The latter would decrease the
mechanical driving force for crack propagation.

Previous investigation has shown that the corrosion rate
of near-neutral pH environments as determined by weight
loss measurements was the highest at the beginning of cor-
rosion exposure but decreases gradually to a stabilized
value after about 4 days of corrosion exposure [30]. The
high crack growth rate at the beginning of testing may
result from the higher corrosion rate of near-neutral pH
environments and a sharp crack tip from pre-fatigue crack-
ing in air. The reduced crack growth rate reflects the fact
that the corrosion rate of near-neutral pH environment is
decreased and the crack tip becomes blunter due to corro-
sion. Crack growth rate increases as hydrogen effects
become important. In this case, the hydrogen effects are
produced by hydrogen atoms diffused from cracked sur-
faces and the crack tip. Because of the short diffusion dis-
tance, an increase in growth rate was seen well before
275 h, but the increase in growth rate was small due to
the limited amount of hydrogen generated as discussed
before.

When the entire surface is coated, the test solution
comes in contact with the steel only through the top open-
ing. Because the near-neutral pH condition in the current
system is maintained by continuous bubbling of 5%

CO2 + N2 through a sealed testing cell, corrosion at the
crack tip would be limited due to longer diffusion length
of CO2 gas and other corrosive species. The crack growth
would be primarily determined by the mechanical driving
force applied to the crack tip. As the crack propagates,
hydrogen generated at the crack tip may diffuse to the plas-
tic zone and make some contribution to the crack growth
rate. This process lasted throughout the duration of the
test. As a result, only a slightly lower growth rate was
detected at the beginning of testing, reflecting the time
required to achieve equilibrium between the generation of
hydrogen at the crack tip and the diffusion of hydrogen
to the plastic zone.

The findings above seem very consistent with the growth
behavior observed from tests conducted at low
(DK2Kmax=f 0:1), as shown in Fig. 9. The CT specimen with
coated surfaces (Fig. 4a) has a lower growth rate than that
of bare specimen, due to diffusion-controlled growth phe-
nomena as discussed before. Because of a small change in
mechanical driving force, the growth rate may increase
slightly when hydrogen generated at the crack tip has an
effect on growth rate. However, the crack growth rate
should decrease gradually with increasing time due to
increased crack tip blunting. At the same time, crack
growth may gradually increase the mechanical driving
force, which would increase the crack growth rate due to
an increase in (DK2Kmax=f 0:1). The latter prevails after an
extended test, resulting in an increase in crack growth rate
as seen at about 500 h.

To further reveal the relative effect of hydrogen on crack
growth rate at different (DK2Kmax=f 0:1) loading conditions,
two crack growth curves obtained in C2 solution, as shown
in Fig. 10, were plotted together as a function of
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(DK2Kmax=f 0:1) in Fig. 13. The dashed line fits only the
growth data with full hydrogen effects. The extensive test
data reported in Ref. [30] were not included in Fig. 13
for reasons of simplicity. As seen in Fig. 13, the crack
growth rate data obtained after hydrogen equilibrium is
reached in the specimen can be fit by the same line regard-
less of their difference in (DK2Kmax=f 0:1). Prior to the
hydrogen equilibrium, the crack growth rate at high
(DK2Kmax=f 0:1) loading is only slightly lower than that
defined by the dashed line, indicating the reduced effect
of hydrogen under aggressive loading conditions. In con-
trast, the deviation is very large at low (DK2Kmax=f 0:1), sug-
gesting a significant contribution of hydrogen to crack
growth, which in fact determines the occurrence of the
threshold.

4.4. Implications for pipeline cracking in the field

4.4.1. Crack growth controlling steps
This investigation has clearly demonstrated the critical

role played by hydrogen in the crack growth of pipeline
steels exposed to near-neutral pH environments. Crack
tip blunting can be considered to be an intrinsic nature of
the crack growth in pipeline steels—a near-neutral pH sys-
tem—which originates from the low-temperature creep
deformation due to near-static loading (conducive to
SCC) and slow loading rate (conducive to fatigue at very
low frequency), and the active dissolution over the
deformed crack tip without producing passivation (see
Figs. 2 and 3). At the same time, extrinsic processes result-
ing in crack tip sharpening occur concurrently or sequen-
tially, and are related to the process of cyclic loading and
the hydrogen effects as described in the current investiga-
tion. The balance of intrinsic and extrinsic factors deter-

mines whether cracks will be dormant or grow actively.
This unique balance also varies with the stage of crack
development.

Step 1. Crack initiation and microstructurally short
cracks. As discussed previously, the stage of crack initia-
tion involves some galvanic process that is dependent on
the microstructure and/or the surface. Fracture mechanics
principles cannot be applied.

Step 2. Growth of mechanically short/shallow cracks.
Mechanically short cracks are those cracks with a dimension
ranging from 0.1 to 1 mm, for which fracture mechanics
principles can be applied [55]. Both field characterization
and laboratory testing have shown that crack growth is pos-
sible only if the pipe subsurface is under high tensile residual
stresses, which adds to the external stress and makes the
mechanical driving force sufficient to produce crack growth
[11,21,22].

The presence of high tensile residual stress near the sub-
surface is a key to the formation of crack colonies. Since
residual stresses are not uniformly distributed, this explains
why crack colonies are very location dependent. In other
words, identical environmental conditions may not cause
the formation of crack colonies; individual cracks in a
crack colony can be short or long depending on the range
of high tensile residual stress being extended in the depth
direction [11,21,22].

The above tensile residual stresses are categorized as
macroscale residual stresses (Type I), which vary continu-
ously over at least several grain diameters, and are usually
caused by, for example, bending of steel plate during pipe
forming, different cooling rates through the wall thickness
and along the surface during rolling, localized plastic
deformation during handling, etc. If high tensile residual
stresses are present at the outside diameter (OD) surface,
there must exist regions with compressive stresses to equil-
ibrate this stress. It was found that the positive residual
stresses extended to different depths at the OD surface,
but usually below 2 mm [21]. These high tensile residual
stresses are necessary for the formation of crack colonies;
however, they are not the necessary conditions that will
guarantee a repeated or continuous growth of those 5%
of the total crack population.

Step 3. Repeated and continuous growth of mechanically
short/shallow cracks. The test results shown in Fig. 5 also
reveal the reactivated crack growth after dormancy
induced by static hold if the test condition after dormancy
is adequate to reactivate. It is unlikely that those growing
cracks, about 5% of the total population, can grow contin-
uously to the critical size causing pipeline rupture. It would
be more plausible to consider that these growing cracks
were experiencing repeated cycles of dormancy and active
growth. A brief analysis of the operating parameters pro-
vides evidence to support the above suggestions. We can
take an X-65 pipe with 9.88 mm (0.38900) wall thickness
as an example. Pipelines are normally operated at a design
stress of 0.72 SMYS; 80% of pressure cycles recorded in
high-pressure gas transmission line systems have a stress
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ratio ranging from 0.95 to 1 (static) [42]. The crack is
assumed to be 1 mm deep and has a length/depth ratio of
10 (typical for cracks in the field [9]). Since crack colonies
are found at the pipe surface with high tensile residual
stress, a tensile residual stress of 200 MPa is added to the
hoop stress for the calculation of growth rate [21]. Based
on the growth equation determined in Ref. [30], a growth
rate of 6.9 ' 10&13 mm s&1 is obtained at R = 0.95 and
f = 1 ' 10&5 Hz (about one cycle per day, typical of high-
pressure gas transmission lines). At this growth rate, it
would take about 4500 years to grow 0.1 mm, which is
basically a dormant state, i.e. approximately 80% of time
cracks are in a dormant state. The average growth rate
determined in the field is at a magnitude of 10&8 mm s&1

(!0.3 mm year&1) [5–7]. Therefore, growth through
repeated dormancy and reactivation is highly plausible.

The above considered steps of crack growth resemble
closely the weakest link model proposed for the formation
of cleavage crack in steels [56]. This model proposes that
there must exist a weakest link for crack initiation and a
critical mechanical state acting at the microcrack formed
at the weakest link in order to induce propagation after ini-
tiation. A similar path of crack initiation and growth after
damage to the protective coating, resulting in near-neutral
pH groundwater accessing the pipe, is proposed in Fig. 14.
The probability of producing those cracks that may experi-
ence repeated growth is low unless all the weakest condi-
tions at various stages are met at certain locations on the
pipe surface.

The controlling factors for each of the links are also
listed in Fig. 14. The first two steps, as discussed above,
determine whether crack colonies can be formed on the
pipe surface. The third growth step identified above is
believed to be related to hydrogen effects in addition to

the usual effects of mechanical driving force, which are fur-
ther elaborated below.

4.4.2. Role of hydrogen
It is believed that the hydrogen effects, particularly

together with the mechanical driving factors, are necessary
conditions that could yield repeated crack growth. This
suggestion can be understood firstly by examining a crack
colony near the rupture site of pipeline steel removed from
the field, as shown in Fig. 15.

One unique feature shown in Fig. 15 is the separation of
the region with cracks (cracking zone) from the region with
corrosion (corrosion zone). In a disbonded holiday as illus-
trated in Fig. 16, the cracking zone is usually observed in a
narrow area within the disbonded coating where ground-
water is trapped. It is often believed that cracks develop

Crack 
dormancy 

Near-neutral pH 
environments 

Near-neutral pH 
uniform corrosion

Near-neutral pH 
corrosion cracking 

Repeated crack 
growth 

Access of ground water 
to pipe surface 

RUPTURE 

Non corrosion 
environments 

P1 P2

P3 P4

P5 P6Probability of failure: F = P2×P4×P6

Probability of 
occurrence 

Main controlling factor 

P2 Soil chemistry 

P4
Residual stresses and 
pressure fluctuations 

P6
Lattice hydrogen content 
and pressure fluctuations 

Fig. 14. Schematic illustration showing various events leading to the final rupture of the pipeline steels exposed to near-neutral pH soil environments.

Fig. 15. Near-neutral pH cracks and pitting corrosion found near the site
of rupture of a buried pipeline after field service for about 19 years.
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in the corrosion zone where cathodic protection is com-
pletely unavailable, allowing a state of free corrosion to
occur. In addition to the cracking zone and the corrosion
zone, there is also a protection zone near the opening of
the holiday where full cathodic protection can be achieved.
Based on the results obtained from this investigation, the
unique features shown in Fig. 15 are explained below:

(1) The fact that little corrosion has taken place in the
cracking zone suggests that this zone had been
cathodically protected to some extent. Most likely,
the cracking zone is partially protected as a full
cathodic protection will completely inhibit the occur-
rence of corrosion and corrosion cracking. A partial
cathodic protection prevents the occurrence of gen-
eral/uniform corrosion but allows corrosion to occur
at some localized area, such as the crack tip or spe-
cific microstrucutral features. The corrosion zone
adjacent to the cracking zone is characterized with
uniform corrosion or shallow corrosion pits due to
a state of free corrosion. Due to the presence of
cathodic protential, more hydrogen will be generated
in the cracking zone than the corrosion zone. This is
consistent with the results of hydrogen permeation
tests, from which hydrogen content in the steel was
found to increase almost linearly with increasing
cathodic potential (more negative) [48].

(2) Even in the absence of some external cathodic current
in the cracking zone, a galvanic process may be estab-
lished between the cracking zone and the corrosion
zone, in which the corrosion zone is anodic while
the surface of cracking zone is cathodic. The dissolu-
tion of Fe at the anode causes corrosion, while elec-
trons generated from Fe dissolution in the
corrosion zone are used to reduce hydrogen ions in
the cracking zone. Therefore excessive atomic hydro-
gen relative to the corrosion zone is generated in the
cracking zone.

Both these two scenarios have generated more hydrogen
in the cracking zone, one of the necessary conditions for
the repeated crack growth. The critical role played by
hydrogen in terms of repeated growth in the field can also
be seen from Fig. 13. The value of (DK2Kmax=f 0:1) calcu-
lated based on the field operating conditions is normally
below or near the threshold determined using CT speci-
mens [49]. Cracks developed in the field are short/shallow
cracks and can grow at a (DK2Kmax=f 0:1) value below the
threshold due to short/shallow crack effects [39–41]. The
hydrogen effects become predominant only under low
(DK2Kmax=f 0:1) loading conditions, as indicated by the
results shown in Fig. 13.

There may exist many situations in the field under which
lattice hydrogen concentration surrounding the crack tip
can be increased. The most influential situation may be
related to an increase in cathodic protection. Other situa-
tions may include, for example, an increase in water con-
ductivity that may extend the cathodic protection to a
wider region and may increase the cathodic potential over
the regions with dormant cracks, an increased dissolution
rate due to excessive CO2 in the environments, and of
course the soil chemistry and the duration of water expo-
sure. These situations act together with the mechanical
driving force (effects of pressure fluctuations) and allow
cracks at certain locations to grow repeatedly, possibly at
a growth rate at the time of growth much higher than the
average growth rate estimated in the field, which is of the
order of 10&8 mm s&1, owing to the fact that cracks stay
dormant over a large portion of time in service as discussed
previously.

5. Conclusion

This investigation has provided a comprehensive analy-
sis of possible conditions and their contributions to the
crack growth in buried pipeline steels exposed to near-neu-
tral pH aqueous soil solutions. Special attention has been

PIPE 

Coating 
disbondment

CP
Open mouth Bottom of 

disbondment

Full CP 
protection

Insufficient CP 
protection Zero CP 

protection

Fig. 16. Schematic showing disbonded coating on pipe surface and reduced cathodic protection toward the bottom of a disbonded holiday.
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paid to those cracks, typically 5% of the total crack popu-
lation, that can propagate continuously or repeatedly and
thereby cause the pipe to rupture. The following are the
principal conclusions:

(1) Crack growth in near-neutral pH environments was
related to two competitive processes at the crack
tip: intrinsic blunting and extrinsic sharpening. The
former originates from the low-temperature creep at
the crack tip due to either near-static loading or fati-
gue loading at very low frequency, and active dissolu-
tion over the deformed crack tip without passivation
of the crack surface. The extrinsic sharpening is gov-
erned by the mechanisms of fatigue and the hydrogen
effects. The balance of both the intrinsic and extrinsic
processes determines whether cracks will be dormant
or grow actively.

(2) Under static loading (conducive to SCC), crack tip
blunting is predominant and thus cracks would
always stay dormant. When cracks are subjected to
cyclic loading (conducive to corrosion fatigue), the
blunting process is attenuated but the sharpening
process is enhanced such that the two processes can
be very comparable depending on variations of ser-
vice conditions including alteration of environments,
cathodic protection and pressure fluctuations.

(3) Since pipelines, particularly those for high-pressure
gas transmission, are operated under a near static
condition most of time, crack growth proceeds nor-
mally by repeated cycles of dormancy and active
growth with a growth rate substantially higher than
generally estimated in the field.

(4) For a given pipeline system, the presence of near-neu-
tral pH environments and high residual stresses on
pipe surface determines whether a crack colony can
be developed, while the presence of highly diffusible
hydrogen at particular locations within some crack
colonies is thought to determine whether repeated
crack growth can occur. Hydrogen produced by cor-
rosion at the crack tip is secondary in terms of crack
growth, as compared with the amount of hydrogen
generated from pipeline surface either resulting from
general corrosion or cathodic reaction.

(5) There exist many situations in the field that could
enhance the generation of diffusible hydrogen at the
pipe surface within a crack colony. This is believed
to be a key reason that a small fraction of cracks, typ-
ically 5% of the total population, can grow repeatedly
to cause pipeline rupture.
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Factors to study

" Applied load and loading parameters

" pH
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" Coating disbondment
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Progress (cont’d)
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Further work

" Determine the effect of loading parameters – R, 
f, $K etc on growth rate.

" Determine the effect of pH variation on growth 
rate.

" Determine the effect of variation in level of 
cathodic protection on growth rate.

Summary 

" There is a need for a model that adequately predicts crack 
growth in a NNPHSCC environment.

" The proposed research will yield such a model.
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Crack!Growth!Modeling Research!Objective

Investigate! the! crack! growth! behavior! (rate) of!
different! pipeline! steels! using! the! new! corrosion!
fatigue!growth!model.

Find! the! relation! between! growth! rates! and! steel!
properties!(microstructures,!mechanical!Properties).

Materials

Steel C Mn Cu Nb Cr Mo V Ni Al Ti N

X80 0.06 1.75 0.27 0.31 0.04 0.03 0.005 0.08 0.026 0.011 0.003

X65(EDSON) 0.13 1.55 0.05 0.05 0.08 0.01 0.002 0.05 0.042 0.002 0.009

X65(IPSCO) 0.03 1.49 0.27 0.06 0.08 0.21 0.003 0.01 0.001 0.001 0.012

X52 0.07 0.80 0.28 0.09 0.05 0.01 0.002 0.01 0.031 0.019 0.001

Steel Yield Strength 
(MPa)

Tensile Strength 
(MPa)

Total 
Elongation (%)

X80 619.5 705.1 20.6

X65(EDSON) 522.8 607.8 24.3

X65(IPSCO) 450.7 544.6 30.1

X52 382.2 485.3 32.2

*P=0.01,!B=0.0002,!Si=0.3,!S<0.01!and!Ca<0.003!for!all!steels.

Microstructures
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Experiments

Precracked!CT!specimens

C2!Solution!(pH=6.2)

Pneumatic!cyclic!loading!frame!

Crack!growth!data!
(potential!drop!test!method)

da/dN vs.!(.K)2Kmax/f" curves.
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Experiments

Ten!successful!tests!including!all!steels
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Corrosion!Fatigue

Crack Growth Rates
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X65(EDSON)!has!the!highest!crack!growth!rate:
Ferrite/Pearlite interface:
# Enhanced!local!corrosion!(galvanic!cells)
# Local!microscopic!plastic!deformations!
# High!hydrogen!trapping!ability
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X52!has!lower!crack!growth!rate:

# Low!yield!strength

# Coarse!grains!(less!grain!boundary!area)
# Crack!tip!branching!(!high!fracture!toughness)
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Corrosion!Fatigue

# Coupon!Weight!Loss!Tests

# Fatigue!resistance!of!steels

# Fracture!toughness!measurement!(JIC)
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Fatigue!(Air)

(.K)2Kmax/f" (.K)2Kmax

Crack Growth Rates
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Fatigue!(Air)

# Critical!Frequency

# Creep!(Crack!Tip!Blunting)

# Hydrogen!(Crack!Tip!Re#sharpener)

Future!Work

# Fatigue!(Air)

# Fracture!Toughness!Tests!(JIC)

Conclusions

Crack!growth!behavior!in!NNPH!environments:

# Consistent!with!corrosion!fatigue!cracking

# Well!explained!by!New!Model!

# Microstructure!dependant

Fatigue!Crack!Growth!is!frequency!dependent.

Thank!You!For!Your!Attention!!



Potential!Drop!Test!Method

More!Gap

Increase!R

V=IR I=Constant

Increase!V

V!vs.!time

a!vs.!time

ASTM!E647"05 Equations

Crack!growth
I=Constant

Crack!Growth!measurement
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