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1. Background Introduction

Steel pipelines used for oil and gas transportation are mainly
manufactured using the Thermomechanical controlled process
(TMCP) technology which utilizes thermomechanical rolling

and accelerated cooling with the original
aim to produce high-strength low-alloy
(HSLA) steel with improved toughness
and weldability.[1] However, there is a risk
that the exposure of TMCP steel pipelines
to a so-called “sour environment”, that is,
one that contains H2S, could lead to sulfide
stress cracking (SSC). Generally, there are
two types of SSCs. Type I SSC also known
as stress-orientated hydrogen-induced
crack (SOHIC) can be observed in the
welded regions of pipeline steels as cracks
in a step-like manner perpendicular to sur-
face of the material.[2–5] The more com-
monly observed type II SSC is found in
both the welded regions and parent mate-
rial of pipeline steel, where the main crack
path grows normal to the direction of prin-
cipal stress.[4,6] Hence, the SSC referred to
in this review will focus on the more fre-
quently observed type II.

One mitigating approach can be the use of a more expensive
alternative, for example, steel pipeline with corrosion-resistant
alloy (CRA) as the cladding layer.[7,8] This has motivated a
significant number of studies and the development of standards
to evaluate and mitigate the SSC susceptibility of TMCP
pipeline steels.[9] This body of work has resulted in a consensus
that SSC occurs from the synergistic effect of applied force
and hydrogen embrittlement (HE) influenced by the presence
of sulfide species of H2S.

[2–4,6,10–12] Hence, this review will
discuss the factors influencing the SSC susceptibility in
TMCP steels through HE from three perspectives, as
shown in Figure 1: the microstructure constituents of TMCP;
the environmental factors, and the fracture mechanism
of SSC.

In order to meet the economical demands of oil and gas indus-
try, there has been an increase in the diameter of pipelines.[13]

A common pipe forming process used to achieve a minimum
approximate diameter of 406mm is via the UOE process.[14]

Briefly, UOE process involves pressing steel plates manufactured
by continuous casting and hot rolling into first a (U) shape,
followed by a (O) cylinder, which is then welded and
hydrostatically expanded (E) to the final desired shape.[14]

To provide focus, and help provide insight into the interplay
of factors highlighted in Figure 1, this review will explore micro-
structural regions within the parent material TMCP steel.
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This review aims to improve our understanding of the important factors which
influence the susceptibility of thermomechanical controlled processed (TMCP)
steels to sulfide stress cracking (SSC). Mechanisms involved in hydrogen
embrittlement (HE) from three perspectives are focused on: the microstructure
constituents of TMCP steels; environmental factors; and fracture mechanism of
SSC. Microstructures are reviewed as they affect the diffusion and trapping of
hydrogen that can reduce the resistance to fracture. Environmental factors
discussed highlight that when exposed to an aqueous H2S environment, a sulfide
layer can form and influence the ingress of hydrogen, and this is affected by pH,
temperature, and H2S partial pressure. Fracture is influenced by the nature of the
crack tip and the crack tip plastic zone during crack propagation, and hydrogen
can significantly affect crack tip growth. This review provides a critical assess-
ment of the interplay between these three factors and aims to provide under-
standing to enhance our engineering approaches to manage and mitigate against
fracture of TMCP steels.
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2. Microstructure Constituents Influencing SSC

2.1. Types of TMCP Microstructures’ Constituents

During the cooling of a typical Fe–C alloy solution, the austenite
(γ) phase with face-centered-cubic (FCC) structure becomes sta-
ble up to the eutectoid temperature of 996.15 K where nucleation
of phases such as body-centered-cubic (BCC) ferrite (α-Fe) and
cementite (Fe3C) occurs depending on variables such as the
cooling rate, starting carbon content, and alloying elements pres-
ent.[15] The grains of these initial γ phase formed are known as
prior or parent austenite grains (PAGs) and the boundaries of
PAG are known to influence the behavior of SSC cracks.[16,17]

The initiation and propagation of SSC at these PAG boundaries
is not only affected by the size of PAGs or type of element that
partitioned to these boundaries, but also the type of microstruc-
ture constituent that nucleates from these boundaries.[18–21]

Hence, the following sections will highlight and discuss different
microstructure constituents of interests within PAG in relevance
to their contribution to SSC.

This section will briefly review the types of microstructures of
interest commonly found in low-carbon TMCP pipeline steels.

2.1.1. Martensite-Austenite Constituent

Martensite–austenite (M/A) constituent is a mixture of
retained austenite (RA) and untempered metastable martens-
ite that can exist as islands or rods as small as 1.5 μm in its
longest diameter.[22,23] These hard islands tend to act as initi-
ation sites for SSC but may or may not advance the crack
depending on the types of its neighboring microstructural
features.[24] Not only are these M/A sites of crack initiations,
they are also sites of hydrogen traps due to the raised disloca-
tion density of martensite compared to the neighboring
austenite.[25] The distribution of hydrogen within a micro-
structure may also depend on the existing morphology of
M/A. According to Ramachandran et al.,[26] a disordered
M/A morphology resulted in �35% higher dislocation density
when compared to typically observed M/A with alternating lath

MA morphology. Moreover, these disorderly arranged M/A
tends to form at the boundaries of PAG, promoting the propa-
gation of SSC along these boundaries.[16,17,26] Furthermore,
the induced transformation of RA into martensite can also
increase the compressive stress field around the crack tip,
leading to crack closure.[27]

2.1.2. Granular Bainite

Generally, bainite is formed at transformation temperatures
between that which forms pearlite and martensite to give laths
consisting of clusters of ferrite plates surrounded by RA or
cementite, resulting in higher toughness but same hardness
when compared to martensite.[20] Depending on the start trans-
formation temperature, the rate of diffusion allows for the pre-
cipitation of carbon either at the boundaries of ferrite platelets
to give upper bainite or within the ferrite platelets to lower
bainite.[20] Similarly, another type of bainite such as acicular
bainite mainly consists of carbide-free ferrite laths where negli-
gible amounts of martensite exist as either acicular martensite
within or between the ferrite laths or as a thin film of M/A con-
stituent between the ferrite.[28] This is because acicular bainite
forms at a higher temperature, providing a higher driving force
for the diffusion of carbon before it is quenched at a much higher
cooling rate than upper or lower bainite, limiting the amount of
cementite precipitated.[28] Further discussions regarding the
thermodynamics and kinetics of either displacive deformation or
reconstructive diffusion-controlled mechanisms or both in the for-
mation of bainite can be found elsewhere.[20,29,30] Acicular bainite
as well as upper and lower bainite will also not be discussed in this
review and further details can be found elsewhere.[20]

In order to increase the formability of TMCP pipeline,
Shinohara et al.[31] was able to achieve a dual-phase microstruc-
ture of ferrite and granular bainite utilizing a type of accelerated
cooling, that is, mild accelerated cooling, to improve the conven-
tional single bainite microstructure obtained from interrupted
direct quenched steel. This helps to improve the strain hardening
rate of the material while maintaining a yield-to-ultimate tensile
strength (Y/T) ratio of not more than 0.93 which is required
according to API 5L standard.[32] This dual-phase microstructure
is advantageous especially in increasing the buckling resistance
in pipeline steel to withstand high strain and operational pres-
sure levels of ground movement in onshore regions.[33]

Granular bainite is only found in low-carbon (e.g., 0.15 wt%C)
steels and can contain M/A constituents.[20] Unlike upper or
lower bainite, granular bainite generally lacks carbides and fac-
eted lath morphology due to having a higher start transformation
temperature followed by gradual transformation during contin-
uous cooling of hypoeutectoid steels.[32,34] Although low-angle
grain boundaries (LAGB) were observed to separate the laths
in both granular bainite and bainitic ferrite, Sun et al.[35]

observed an irregular lath morphology in granular bainitic ferrite
compared to that of a bainitic ferrite, as shown in Figure 2.
Furthermore, the ferrite within the granular bainite would have
a lower dislocation density compared to upper or lower bainitic
ferrite, as shown in Figure 2.[35]

For example, Shimamura et al.[36] observed that when there
was higher proportion of granular bainite compared to lath

SSC in TMCP 
Pipeline Steel 

Microstructure 
Constituents

Fracture 
Mechanism

Environment 
Conditions

Figure 1. Schematic shows the three main factors influencing SSC in
TMCP pipeline steels.
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bainite within 0.25mm below the surface of X65 grade TMCP
steel, the hardness decreased to less than 250HV0.1, increasing
the resistance of SSC between the H2S partial pressure of 0.13–
16 bar. This is because increased dislocation density also leads to
the higher stress concentration at the tip of corrosion pit which
contributes to the increased localization of hydrogen at the tip.
This in turns leads to increased susceptibility to hydrogen
embrittlement (HE), which results in crack initiation at the tip
of the corrosion pit.[37] For example, pipeline steels consisting
mainly of granular bainite have been observed to result in at least
1.25 times higher density of corrosion pits compared to that of
lath bainite when exposed to low H2S partial pressure of 0.15 bar.
However, the same experiment also revealed that cracks were
observed at the tip of the corrosion pit in the microstructure con-
sisting mainly of lath bainite but not that of granular bainite.[37]

Zhang and Kelly[38] observed that granular bainite has a simi-
lar crystallographic structure as martensite and suggested that a
displacive transformation for granular bainite is involved. The
lack of carbides in granular bainite also reduces the need for
alloying elements such as Si or Al which acts to stabilize
surrounding austenite and inhibit the precipitation of cementite
which can act as hydrogen sinks that may contribute to HE.[39]

Decreasing the cooling rate increases the partition of carbon
from ferrite, increasing the size of granular bainitic ferrite matrix
within the granular bainite while reducing the M/A constitu-
ents.[40] However, increasing the concentration of carbon within
austenite would also reduce the cooling rate needed for the for-
mation of martensite due to saturation of soluble carbon in the
surrounding austenite.[20] Thus, granular bainite consists of
ferrite matrix and fine M/A constituents as it is difficult to
completely avoid the formation of M/A in high-strength steel
and bainitic steel TMCP.[41]

Although there has now been a clearer understanding of the
transformation mechanism and structure of upper and lower
bainite, the structure of granular bainite still remains unclear.
There are two schools of thought regarding the structure of gran-
ular bainite. On the one hand, granular bainite is regarded as a
bainite which undergoes significant recovery resulting in coarse
parallel and granular sheaves of bainitic ferrite where TEM obser-
vations of the coarse sheaves reveal fine ferrite platelets.[42,43] On
the other hand, granular bainite was observed as a matrix of
blocky or equiaxed bainitic ferrite consisting carbon-enriched
M/A islands.[20,44] Note that this can contribute to the increase

in propagation rate of SSC as less energy will be required to prop-
agate through granular bainite, unlike lath-like bainite due to less
obstacles in deviating cracks, as shown in Figure 3.[45]

Nevertheless, Li et al.[46] observed a granular bainite structure
in the TEM and concluded that the microstructure constitutes
both ferrite platelets and equiaxed ferrite matrix with intergran-
ular M/A islands within the same material. This is further sup-
ported by Qiao et al.[44] who proceeded to propose two ferrite
growth mechanisms during the formation of granular
bainite–equitaxial growth and merge of laths, as shown in
Figure 4. As the transformation temperature decreases, the lon-
ger cooling duration allowed for the growth of lath ferrite rather
than equiaxed ferrite as the carbon-enriched regions of RA
decreased, as shown in Figure 4b.[44] These laths formed are usu-
ally wider than upper bainite and separated by rod-like RA com-
pared to that in Figure 4a, increasing the hardness of material.[44]

2.1.3. Quasipolygonal Ferrite

Similar to polygonal ferrite, quasipolygonal ferrite nucleates at
PAG boundaries but has a start transformation temperature
slightly below that of polygonal ferrite, leading to an irregular
and anisotropic morphology.[47] These phenomena are due to ele-
mental partitioning at the growing interface.[48] When comparing
between granular bainite and quasipolygonal ferrite, Suikkanen
et al.[49] noted the absence of M/A islands in quasipolygonal fer-
rite. However, it was also found that quasipolygonal ferrite has a
higher density of dislocations, MA islands, and hardness than in
polygonal ferrite.[50,51] This is further confirmed by Tian et al.[52]

who noted the presence of M/A within quasipolygonal ferrite
when observed under TEM, as shown in Figure 5. Hence, careful
characterization is needed as quasipolygonal ferrite and granular
bainite can look similar when observed under low magnification
due to the irregularities and presence of M/A islands.[53,54]

A destructive method in differentiating between quasipolygonal
ferrite and granular bainite is by etching.[49,55]

2.1.4. Acicular Ferrite and Widmanstätten Ferrite

Similar to granular bainite, M/A can also form at the boundaries
of acicular ferrite.[56] According to Thewlis et al.,[57] ferrite is a
mixture of intragranular secondary Widmanstätten ferrite,

Figure 2. Transmission electron microscopy (TEM) micrographs showing the difference in lath morphologies between a) granular bainitic ferrite and
b) bainitic ferrite. Reproduced with permission.[35] Copyright 2014, SpringerNature.
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idiomorphic ferrite, and intragranular bainite, all of which can
coexist in the same microstructure especially under continuous
cooling conditions.

On the other hand, Xiao et al.[58] considered acicular ferrite in
pipeline steels as a complex mixture of quasipolygonal ferrite,
granular bainite, bainitic ferrite, and islands of M/A in a
low-carbon Mn–Mo–Nb steel system that can be produced from
a wide range of cooling rates, making it ideal for promoting a
good combination of strength and toughness in steel.

Yet, Bhadhesia et al.[20] noticed that acicular ferrite also
nucleates intragranularly from interfaces between inclusions
and surrounding prior austenite matrix. Thus, the nucleation

of acicular ferrite can be at the expense of bainite when the
PAG is large enough especially near heat-affected zones of
welds.[20] Furthermore, inhomogenously distributed nonmetallic
inclusions such as TiN particles surrounded by films of MnSmay
not only act as sites of irreversible hydrogen traps but also pro-
mote acicular ferrite nucleation.[59,60] As such, acicular ferrite
may or may not have a specific orientation relationship with
the prior austenite as it depends on the crystallographic orienta-
tion of the inclusion from which it nucleates.[20]

When analyzing the misorientation angles within acicular fer-
rite, Shrestha et al.[61] observed that there were high-angle grain
boundary (HAGB) peaks at 50–60°. On the other hand, when

Figure 4. Scanning electron microscope (SEM) micrographs of two different granular bainite morphology; a) equiaxed ferrite and b) ferrite laths. TEM
images of the secondary phase observed within (a,b) are shown in ai,bi) while the schematic diagram of the respective transformation process is shown in
aii,bii) for the respective granular bainite morphology. Reproduced with permission.[44] Copyright 2009, Elsevier B.V.

Figure 3. Schematic diagram showing crack propagation (the crack is indicated by a red line) through different microstructures: a) lath-like bainite which
consists of BF and RA films compared to b) granular bainite containing BF and martensite–RA (M/A) islands. Reproduced with permission.[45] Copyright
2019, SpringerNature.
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observing an isothermally cooled low-carbon steel of 0.05 wt%,
Kim et al.[62] discovered that the boundaries between substruc-
tures within acicular ferrite were �1–2° disorientation angles
while that of the acicular ferrite grain boundary was at �7°.
This further supports that acicular ferrite consists of many dif-
ferent types of intergranular and intragranular ferrite with acic-
ular or needle-like structure.

There are two main types of Widmanstätten ferrite: primary
Widmanstätten which nucleates from PAG boundaries or from
inclusions and secondary Widmanstätten ferrite which nucleates
from allotriomorphic ferrite boundaries or idiomorphic ferrite,
as shown in Figure 6.[57] As the number of inclusions within
the parent austenite grain increases, the interlocking and
impingement of secondary Widmanstätten ferrite occur,

resulting in the formation of a type of acicular ferrite termed
asWidmanstätten acicular ferrite.[57] Widmanstätten acicular fer-
rite forms through the paraequilibrium mechanism, whereby
only interstitial (e.g., carbon) instead of substitutional atoms
diffuse through the advancing interface of Widmanstätten
ferrite during displacive transformation.[57] Although both
Widmanstätten ferrite and upper bainite involve deformation
through invariant-plane strain, Widmanstätten ferrite grows in
pairs of self-accommodating plates to reduce the free energy
required for its transformation to a lower level compared to bain-
ite, resulting in coarser plates with lower dislocation density.[20]

The effect of different types of microstructural mixtures dis-
cussed are summarized in Table 1. When comparing between
microstructure consisting mainly of lath and granular bainite,
the lower dislocation density in granular bainite results in lower
hydrogen trap sites, which lead to higher SSC resistance.[36,37]

But overall, the microstructure consisting mainly of acicular fer-
rite mixture has a lower efficiency as a hydrogen trap site, leading
to a higher SSC resistance when compared to those of mainly
bainite or pearlite. This is mainly due to the higher fraction of
cementite present in bainite and pearlite as compared to acicular
ferrite mixture.[63]

2.2. Local Hard Zones

Recently, local hard zones (LHZs) have been observed in TMCP
pipeline steels and were suspected to have led to occurrence of
SSC when exposed to highly severe H2S Region 3 environment
defined by ISO 15 156-2.[7,8] According to a series of postmortem

Figure 6. Schematic showing different forms of Widmanstätten ferrite.
Adapted from.[57] Copyright 2013,Taylor and Francis.

Table 1. Summarized correlation between Microstructural features and SSC resistance as well as hydrogen uptake.

Apparent hydrogen uptake SSC resistance

Lath bainiteþ granular bainite is less than ferriteþ pearlite [131] Ferriteþ bainite is greater than ferriteþ pearlite [132]

Quasipolygonal ferriteþ acicular ferrite is less than quasipolygonal ferriteþ bainite [133] Granular bainite is greater than lath bainite [36,37]

Ferrite þ acicular ferrite is less than ferriteþ bainite [63] Ferriteþ acicular ferrite is greater than ferrite þ bainite [63,134]

Acicular ferrite is greater than ferriteþ pearlite [135]

Figure 5. TEM micrograph showing high dislocation density in M/A islands within a) quasipolygonal ferrite and b) acicular ferrite in low-carbon steel
produced from ultrafast cooling. Reproduced under terms of the CC-BY license.[52] Copyright 2017, Associação Brasileira deMetalurgia e Materiais - ABM;
Associação Brasileira de Cerâmica - ABC; and Associação Brasileira de Polímeros ABPol'.
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ASTM E384 standard microhardness tests of four-point bent
samples which were exposed to NACE MR0175 solution,
LHZs were observed to mostly contain lath bainite near the sur-
face of TMCP parent material.[64] However, due to the minimum
diagonal width of microindentations (e.g., 20 μm as stated by
ASTM E384 for Vickers hardness scale), it is difficult to identify
these LHZs reliably as they appear inconsistently and exist as
inhomogeneous thin layers (less than 500 μm) on the edge, often
mistakenly removed during sample preparation. This led to the
development of modified qualification procedures with the aim
of evaluating SSC within regions of possible LHZ formation.[65]

Fairchild et al.[66] attributed the formation of LHZs to the sig-
nificant increase of cooling rate to five times beyond that
intended for formation of granular bainite all because of a slight
difference in oxide film formed during the thermomechanical
rolling process of TMCP. For example, it has been observed that
the increase in cooling rate of the surface layer of X65-graded
pipeline steel to beyond 200 °C s�1 results in a microstructure
which consists mainly of lath bainite. This led to the increase
in surface hardness to beyond the critical hardness for the for-
mation of SSC, even when the steel is exposed to H2S partial
pressure of as low as 0.13 bar.[67] Thus, based on the other
conventional mechanisms proposed by Fairchild et al, it can
be said that LHZs are more likely formed during the TMCP pro-
cess rather than the deformation of steel slabs into cylinder
pipes.[66]

2.3. Role of Reversible and Irreversible Hydrogen Trap
Sites on HE

A critical localized hydrogen concentration, which is highly depen-
dent on the nature of hydrogen trap, is required for HE to proceed.
In general, the critical trap binding energy of 60 kJmol�1 is
commonly used to differentiate the lower-hydrogen-affinity revers-
ible traps from the irreversible traps at room temperature
conditions.[68–70] At a sufficiently high temperature or heating rate,
hydrogen can be released from irreversible traps, and this acts as
the underlying concept for various hydrogen measurement
techniques in steel. A review of these techniques can be found
elsewhere.[71] Examples of reversible traps are edge and screw dis-
locations, twins, interstitial lattice sites, whereas irreversible
hydrogen traps are lattice vacancies, precipitates, and nonmetallic
inclusions.[72,73] Figure 7 shows the types of traps within a
TMCP steel.

It must be noted that not all hydrogen trapped within the
microstructure contributes toward HE.[74] Hydrogen within
reversible traps is normally considered as more detrimental than
that in the irreversible traps due to the higher diffusivity, leading
to a higher tendency to achieve critical hydrogen concentration in
other localized regions.[71,74] Giarola et al.[75] suggested that the
increase in bainitic structure, and hence irreversible trap
sites, was responsible for decrease in susceptibility to HE.
Furthermore, Carrasco et al.[76] also observed that the duration
for crack initiation and growth is higher when microstructure
consists of irreversible trap sites compared to that which consists
of reversible trap sites. Similarly, the increase in irreversible
traps like precipitates helps to draw hydrogen away from
dislocations within the microstructure, reducing localized

plasticity.[77] However, this is provided that the irreversible
traps sites are not completely filled and are homogenously
distributed.[77]

The types of crystal structure within the microstructure can
also determine the solubility of hydrogen within the material,
leading to different hydrogen content and consequently influenc-
ing the susceptibility to SSC within the microstructure. The dif-
fusion coefficient of hydrogen in BCC crystal is higher compared
to FCC and hexagonal-close-packed (HCP) crystal structure.[78]

Moreover, the diffusion coefficient of hydrogen in austenite is
lower than that in ferrite at the same temperature.[74] This is
because the hydrogen dissolution energy for the preferable octa-
hedral sites in austenite is lower than the preferable tetrahedral
site, leading to a higher hydrogen solubility in austenite than
ferrite.[79]

Sun et al.[19] proposed that the relationship between the size of
grain boundaries and the density of hydrogen traps (NÞ can be
equated using (Equation (1))

N ¼ nSGxGB
2nVGxa3

(1)

where: n is the number of grains counted per m3 and SG and
VGare the surface area and volume of a grain; the width of grain
boundaries (xGB) such as PAG, packets, blocks, and laths can be
assumed to be 10 times the distance between two atoms (xa); the
ratio between the dislocation density (ρDis) and xa was assumed
to be 5:1 for the sameN in the samemicrostructure.[19] In light of
this, Bai et al.[80] suggested that smaller grains would have less
dislocation pile-up when compared to larger grains, therefore
reducing localized accumulation of hydrogen concentration at
grain boundaries.

Additionally, HE susceptibility is also dependent on the dis-
orientation angle at grain boundaries. When the hydrogen

Figure 7. Schematic diagram showing types of hydrogen traps within a
TMCP steel microstructure. Adapted from.[129] Copyright 2013,
DECHEMA Gesellschaft für Chemische Technik und Biotechnologie e.V.
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binding energy of these boundaries was measured, Nagao
et al.[81] discovered that PAG, packets, and blocks have approxi-
mate values of 57 kJ mol�1 unlike that of the lath boundaries
approximated to 26 kJ mol�1. This is because PAG, packets,
and blocks are considered as HAGBs while lath boundaries
are considered as LAGBs.[82,83] The threshold disorientation
angle for differentiating between LAGB to HAGB is generally
accepted to be 15° based on evaluation of a plot of grain boundary
energy against misorientation.[84,85] Thus, different boundaries
within the martensitic microstructure will have a different effect
in the accumulation of hydrogen and subsequently the behavior
of SSC within the microstructure. For example, Masoumi
et al.[86] suggested that the increase in HAGB promotes the sus-
ceptibility of material to SSC due to the rise in stored energy
which subsequently leads to higher number of hydrogen trap
sites. On the other hand, Echaniz et al.[87] suggested that
HAGB plays an important role in inhibiting the propagation
of SSC. Furthermore, decreasing the packet size in a martensitic
steel delays the propagation of initiated cracks to reach a critical
size through crack deflection and retardation, resulting in
reduced threshold stress intensity factor.[88]

3. Environmental Factors Influencing SSC

Environmentally assisted cracks (EAC) can affect the use of alloys
in service, especially in environments where there can be an
ingress of hydrogen. However, in the presence of applied stress,
stress corrosion cracking (SCC) occurs. SSC is hence a specific
type of SCC that is limited to the presence of sulfide species from
the low-pH aqueous H2S environment of which the steel pipeline
is exposed to in operation. As such, both processes of anodic dis-
solution and cathodic HE contribute to the initiation and propa-
gation of SSC.

3.1. Transition from Anodic Dissolution to HE

When compared between TMCP to direct-quenched or quenched
and tempered steel with microstructures of similar PAG size,
experiments have shown that TMCP steels were more prone
to anodic dissolution but less prone to HE compared to the latter
two.[10] This was mainly due to TMCP consisting of the lowest
proportion of HAGBs and consequently lowest density of hydro-
gen trap sites, while having highest amount of dislocation den-
sity and consequently highest corrosion current density.[10]

Hence, it is important to consider the variables which determine
the dominating mechanisms of SSC, that is either anodic disso-
lution process or HE.

Dunlop[89] observed that the applied cathodic polarization was
able to inhibit the propagation of cracks in steel formed in envi-
ronment containing low 0.01 atmospheric partial pressure of
H2S. Thus, Yamane et al.[6] proposed a model for SSC whereby
initiation stage of SSC was dominated by localized anodic disso-
lution at the tip of the corrosion pit followed by HE as the domi-
nant mechanism during the propagation stage of SSC.[37]

Based on this proposed model, Samusawa et al.[90] also went
on to analyze the depth of corrosion pit within pipeline steels
exposed to 0.15 bar H2S partial pressure under different applied
stress and concluded that the increase in stress concentration

increases the dislocation density and thus the corrosion
rate, therefore increasing the depth of corrosion pit. This in turn
further increases the localized stress concentration which pro-
motes HE.[90]

Some studies have also shown a threshold potential at which
HE will dominate over the anodic dissolution process in facilitat-
ing crack growth rate in samples electrochemically charged with
hydrogen.[10,11] In order to identify the dominating mechanisms,
a common method involves carrying out linear sweep voltamme-
try of the metal–electrolyte electrochemical system at different
rates to identify the regions of anodic dissolution, cathodic
HE, or a mixture of both within the polarization curve at which
SSC crack propagates.[10,11] Using this method, Liu et al.[11]

observed the initial rise in yield strength of X70 grade pipeline
steel before decreasing when cathodic potential exceeds
�920mVSCE in a near-neutral pH NS4 electrolyte at ambient
temperature. Liu et al.[11] aKributed this phenomenon to the
impingement of dislocaBons at the crack Bp by hydrogen when
at a lower concentraBon before it transiBons to promote
dislocaBon mobility through the HELP mechanism as the
concentraBon of hydrogen conBnues to increase.[91] As such,
the author attributes the propagation of cracks when hardening
effect occurs below a critical hydrogen concentration to anodic
dissolution as the dominating mechanism.

3.2. High-Pressure Aqueous H2S

3.2.1. Role of H2S and Hydrogen Recombinant Poison

In an aqueous environment, surface-adsorbed hydrogen atoms
are formed through two main mechanisms, which contribute
to the Volmer reaction: the reduction of water and the reduction
of dissociated protons from H2S.

[92]

The majority of the adsorbed hydrogen which formed Fe─H
bonds on the surface of steel would then recombine and escape
through either the Tafel reaction or Heyrovsky reaction to com-
plete the hydrogen evolution reaction (HER) process.[92] This is
often observed in the form of effervescence on the metal surface.
However, the presence of sulfide species inhibits the recombina-
tion process, thus promoting the absorption of hydrogen which
would then diffuse into the bulk. This embrittles the steel and
when under applied load, cracks initiate and propagate. This pro-
cess can be summarized in Figure 8.

Iofa and Kam[93] suggested that the bisulphide anion, HS�,
from H2S is responsible for accelerating proton discharge and
thus promoting adsorption of hydrogen. However, Kawashima
et al.[94] discovered that the concentration of H2S remains
higher than its dissociated counterpart, and this can be explained
by the formation of an unstable complex compound between
adsorbed H2S and adsorbed Hþ, inhibiting the formation of
H2 gas. On the other hand, Bockris et al.[95] suggested that
H2S lowers the binding energy of Fe–H, which in turn increases
the overpotential of hydrogen. Thus, although the exact mecha-
nism has not yet been confirmed, the common understanding is
that H2S acts as a hydrogen recombinant poison in the corrosion
process. Therefore, it can be understood that using hydrogen
recombinant poison in electrolyte would give a more represen-
tative charging condition to that in-service.
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3.2.2. Effect of Partial Pressure of H2S and pH on HE

It is known that aqueous H2S environment accelerates dissolu-
tion of steel through the formation of thermodynamically stable
iron sulfide layer.[96] Depending on the pH of the environment,
the types of corrosion product formed will affect the adsorption
of hydrogen differently.[97]

As the concentration of H2S increases, the dominant corro-
sion product formed transitions from mackinawite (FeS) and
cubic iron sulfide (FeS) to pyrrhotite (Fe1�xS(x= 0 to 0.17))
and troilite (FeS) and even pyrite (FeS2).

[98] When comparing
between TMCP steels that consist of pearlite against that of bain-
ite, Marchebois et al.[99] observed a homogenously thicker FeS
layer formed on pearlite unlike those on bainite, which were dis-
continuous and porous due to the lower carbon content in bain-
ite. Zheng et al.[100] discovered that the mixture of mackinawite
and pyrrhotite corrosion product layer formed on the surface
gave better protection against hydrogen permeation compared
to that formed at room temperature. On the other hand,
Folena and Ponciano[101] suggested that not only did the forma-
tion of pyrrhotite not contribute to the barrier effect, it also
reduces the efficiency of the barrier effect. This is because
mackinawite layer would need to be ruptured to expose fresh
steel surface for pyrrhotite film to form, simultaneously forming
a pathway for hydrogen ingress.[101,102] In the same way, a suffi-
cient amount of external force that deforms the material will
cause rupture of the corrosion layers formed, revealing the bare
steel beneath which favors formation of corrosion pits and rein-
troducing hydrogen adsorption.

Huang et al.[96] observed that when amixture of crystalline FeS
and mackinawite is formed as corrosion layer, this layer acts as
an n-type semiconductor that attracts the S2� and HS� anions
while repelling Hþ cations, reducing the diffusion of Hþ ions
to the surface of steel which in turn reduces the reduction of
Hþ to form adsorbed H atoms. This further confirms the obser-
vations from Wallaert et al.,[103] where the amount of diffusible
hydrogen measured from the sample immersed in NACE solu-
tion A saturated with H2S at pH 4 and room temperature rapidly
increases to a peak before decreasing less rapidly even though the
corrosion rate increases continuously over time. Zhou et al.[104]

also observed a similar trend in steel sample-immersed partial
pressure of H2S (pH2S) of 1MPa but when compared to that

of 0.1 MPa, the peak value for hydrogen permeability was lower
peak and a plateau was observed instead of a decay. The higher
peak value was because of the twofold mechanism, whereby the
increase in pH2S promotes the cathodic reduction to form Hþ

ions and increases the production of HS� ion that hinders evo-
lution of H2.

[104] As for the plateau, this was possibly due to the
much thinner sulfide film formed at lower partial pressure of
H2S, which resulted in a less significant barrier effect in hydro-
gen permeability.[104]

3.2.3. Effect of the Temperature of H2S Environment on HE

Temperature also plays a role in the rate of hydrogen activity
within the H2S–H2O–Fe system. When temperature increases
from 298.15 K to 353.15 K at a fixed partial pressure of H2S of
1MPa, the corrosion rate generally decreases due to the increase
in the amount of S and compactness of sulfide layers
formed.[105,106] This in turn decreases the hydrogen permeation
flux despite increasing the diffusivity of hydrogen through the
material.[100] However, this statement is the opposite from work
done by Wang et al.,[107] which shows increasing hydrogen per-
meation flux as temperature increases from 303.15 to 313.15 K,
when partial pressure of H2S was fixed at 0.1 MPa. A possible
reason for this disagreement is the insufficient temperature
range performed by Wang et al. Furthermore, the decrease in
permeation flux from increase in temperature may also have
an opposite effect on the H2S–H2O–Fe system, in that hydrogen
initially absorbed into bulk of material gets trapped within the
material. Moreover, the increase in temperature up to a certain
degree promotes diffusion of hydrogen from reversible trap sites
to irreversible trap sites within the microstructure. The mechan-
ical performance of the material in this system then depends on
which types of hydrogen trap sites, that is, irreversible or revers-
ible, are filled or emptied at different temperatures as well as
their relative location to defects within the lattice of the material.

4. Fracture Mechanisms in SSC

SSC is caused by the addition of stress, on top of exposure of a
material with a susceptible microstructure to a higher risk

Figure 8. Schematic showing hydrogen absorption process in steel within aqueous H2S environment. Adapted from.[130] Copyright 2014, Elsevier B.V.
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environment. The stress state on the parent material of a pipeline
is complex and there are two origins of note.

4.1. Residual Stresses

These can originate from the deformation process during the
manufacturing stage such expansion of the pipe during the
UOE process to achieve the desired dimension and inhomoge-
neous flow of material during cold drawing of seamless
pipe.[14,108] Additionally, the bending stress exerted unto
pipelines during laying and installation process can also act as
a source of residual stress.[109] These residual stress can
individually or collectively contribute to the mean stress and
subsequently affect the high-cycle-fatigue performance of the
pipeline especially when subjected to ground movement.[110]

Furthermore, the increase in tensile residual stress can reduce
the fracture toughness, increasing the susceptibility of material
to SSC.[111] However, a suitable amount of compressive residual
stress to the surface can also be beneficial in increasing the resis-
tance of material against HE such as in the case of shot peening
treatment.[112]

4.2. Hoop Stress

Among the various types of stress components, hoop stress due
to internal operating pressure contributes most significantly to
the crack formation in steel pipelines.[113] This circumferential
stress can manifest in the form of surface or part-through wall
cracks, growing in the axial direction of the pipe before transi-
tioning into through wall cracks.[114] If the through-wall crack
grows axially in an unstable manner, rupture instead of leak
failure may occur resulting in severe impact on human and envi-
ronmental safety.[115,116]

The combination of these stress states can result in a super-
position of stress that may initiate a new crack or propagate an
existing crack, and for SSC, this risk is increased as the presence
of hydrogen can change the ductility and toughness of steels in
an aqueous H2S sour environment.

4.3. Overview of HE Mechanisms at Crack Tip

The effect of hydrogen on propagation of crack during SSC
within TMCP steels can be narrowed down into three commonly
known mechanisms, hydrogen-enhanced localized plasticity
(HELP), hydrogen-enhanced decohesion (HEDE), and
adsorption-induced dislocation emission (AIDE). These mecha-
nisms can occur in combination with one another depending on
the interaction of material microstructure with the adsorbed
hydrogen. Briefly, HEDE involves the decrease in cohesive bond
and chemical potential of the solute in a lattice structure when
tensile load is applied.[117,118] This is due to the increase in local
hydrogen solubility which promotes the formation of bonds
between Fe ions and hydrogen atoms at crack tip when electrons
are donated to fill the highest energy-level orbital of Fe.[119,120] On
the other hand, HELP is when absorbed hydrogen decreases the
projected shear stress from one dislocation to another, in turn
lowering the stress required to move a dislocation through
obstacles.[121] Finally, the AIDE theory involves adsorbed

hydrogen within the first few layers of atoms at crack tip leading
to localized HEDE.[17] This induces dislocation nucleation and
emission at crack tip due to HELP, which leads to alternate slip
on slip planes intersecting the crack tip and eventually crack
propagation.[17] Simultaneously, emission of dislocation
increases the strain in the plastic zone, which may result in
microvoid formation just ahead of crack tip.[17] The diffusion
of emitted dislocations can also result in microvoids nucleated
at inclusions or precipitates in bulk of the material away from
plastic zone and these may coalesce to advance the crack.[17]

4.4. Fracture Toughness Evaluation of SSC

In order to investigate the susceptibility of material to SSC, a
typical damage-tolerance assessment method involves utilizing
fracture mechanics approach to determine the critical stress
intensity (KIC) parameter from a fracture toughness test under
sour environment conditions. Under mode I tensile loading,
the increasing stress intensity and hydrostatic stress at the crack
tip will increase in local hydrogen solubility and concentration,
leading to HE manifested as brittle intergranular fracture.[117,118]

However, enhanced plasticity can also occur through HELP
mechanism as hydrogen concentration decreases past a thresh-
old value.[122] This is especially the case when a gradient of hydro-
gen concentration can exist due to barrier effect of sulfide layers
formed at the surface of the sample exposed to H2S environment.
Hence, J-integral introduced by Rice[123] is commonly used to
account for the elastoplasticity of fracture toughness behavior.
For example, Case et al.[124] developed a method to determine
J-integral values from notched slow strain rate tensile tests dur-
ing SSC using the load and extension measured.

4.4.1. Effect of Hydrogen on Plastic Zone Size at Crack Tip

The presence of hydrogen at the vicinity of crack tip has been
shown to increase the plastic zone size.[125] This was attributed
to the induced dislocation emission from HELP mechanism by
hydrogen at the crack tip.[91] On the contrary, when the plastic
zone sizes of samples electrochemically charged with hydrogen
were measured by Wang et al.,[126] it was observed that the plastic
zone size at crack tip formed as a result of HE was smaller than
that of anodic dissolution. According to the model proposed by
Murakami et al.,[127] this change from softening to hardening
effect was because the hydrogen, outside the plastic zone which
is trapped in the core of dislocations, would pin the dislocations,
leading to an increased yield stress that constricts the size of plas-
tic zone in the vicinity of crack tip. Despite the differences in the
commonly used hydrogen charging method, such as cathodic
hydrogen charging, in the case of Wang et al.,[126] and gaseous
hydrogen charging, in the case of Murakami et al.,[127] it must be
noted that the transition from softening effect to hardening effect
is not somuch amatter of chargingmethod used; rather, it is more
likely from the influence of the concentration of hydrogen.[128]

5. Conclusion and Future Opportunities

SSC remains a challenge for the engineering management of
pipelines. In this review, we have highlighted the factors

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2023, 25, 2300406 2300406 (9 of 13) © 2023 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

 15272648, 2023, 21, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adem

.202300406 by Im
perial C

ollege L
ondon, W

iley O
nline L

ibrary on [24/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.aem-journal.com


influencing the susceptibility of TMCP steels to SSC through HE
from three perspectives including the microstructure constitu-
ents of TMCP, the environmental factors, and the fracture
mechanism of SSC.

5.1. Microstructure Constituents Influencing SSC

Since HE influences initiation but dominates the propagation of
SSC, the effect of TMCP microstructure on SSC has been
discussed in relevance to the influence of types of hydrogen trap
sites found in certain types of boundaries, crystallographic
lattices, and microconstituents found within the microstructure
of TMCP pipeline steels. However, not all hydrogen trapped
within the microstructure contributes to SSC. Hydrogen within
reversible traps is normally considered as more detrimental than
that in the irreversible traps due to the higher diffusivity, leading
to a higher tendency to achieve critical hydrogen concentration in
other localized regions. PAG boundaries have also been known
to be susceptible to SSC. The initiation and propagation of SSC at
PAG boundaries are not only affected by the size of PAGs and
type of element that partitioned to these boundaries, but also the
type of microstructure constituent that nucleates from these
boundaries.

The main types of microconstituents discussed were the MA,
granular bainite, quasipolygonal ferrite, acicular ferrite, and
Widmanstätten ferrite. Among these microstructural features,
bainitic laths were commonly found in LHZ, which contribute
to the initiation and propagation of SSC. However, future work
is required to develop an efficient and precise method of identi-
fying LHZs because the formation of this feature is inconsistent
and can appear in thin inhomogeneous layers at the edge of
TMCP pipeline steels, often being mistakenly removed from
sample preparation.

5.2. Environmental Factors Influencing SSC

Pipeline steels within oil and gas applications are commonly
exposed to aqueous H2S environment. The sulfide species from
the aqueous H2S environment can promote the adsorption of
hydrogen atoms by preventing the recombination of hydrogen
atoms to form hydrogen molecules. SSC is hence a specific type
of SCC that is limited to the presence of sulfide species from the
low-pH aqueous H2S environment of which the steel pipeline is
exposed to in operation. As such, both processes of anodic
dissolution and cathodic HE contribute to the initiation and prop-
agation of SSC.

Various studies have looked into the variables which influence
the transition from anodic dissolution-dominating stage to that
of HE, but more research is needed to verify the suitability of the
methods used in identifying which of these two is the dominant
mechanism. Furthermore, future work is needed to develop a
quantitative model to determine the threshold between the
two dominating mechanisms (i.e., the transition from anodic dis-
solution to HE mechanism) to better inform the lifetime predic-
tion of TMCP pipeline steels operating in sour environment.
Finally, the mechanisms by which the sulfide species hinders
the recombination of hydrogen are still not fully understood
and future work should investigate the kinetics and

thermodynamics in the steps where sulfide species act to hinder
the recombination of Hþ.

5.3. Fracture Mechanisms in SSC

SSC is caused by the synergy between various stress components
and the exposure of a material with a susceptible microstructure
to a low-pH environment. The two main types of stress compo-
nents experienced by the parent material of a pipeline are the
residual stress and hoop stress. These stresses can be exerted
during different stages, starting from the pipeline manufacturing
process to the internal operational fluid pressures. The combina-
tion of these stress states may increase the risk of SSC in TMCP
pipeline steels through three common HE mechanisms, that is,
HELP, HEDE, and AIDE, depending on the response of the
microstructure at the vicinity of the crack tip to the presence
of hydrogen.

The enhanced plasticity through HELP led to the application
of an elastic–plastic fracture mechanics approach in understand-
ing the resistance of SSC propagation by determining the
J-integral of the material through fracture toughness test.

Depending on the content of hydrogen at the plastic zone,
sharpening or blunting of crack tip can occur. A model has been
proposed to reconcile these two conflicting phenomena.
However, further work is needed to verify the proposed model
through high-resolution characterization such as transmission
electron microscopy to provide evidence of the impingement
of dislocation by hydrogen.
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