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Abstract: Existing natural gas pipelines provide an eco-
nomic alternative for the transport of hydrogen (H2) in an
envisioned hydrogen economy. Hydrogen can dissolve in the
steel and cause hydrogen embrittlement (HE), compro-
mising pipeline structural integrity. HE causes subcritical
cracking, decreases ductility and fracture toughness, and
increases the fatigue crack growth rate (FCGR). This work
analyzes the testing standards in gaseous hydrogen used to
quantify those effects. Design code ASME B31.12 applicable to
hydrogen pipelines has more stringent requirements than
ASME B31.8 code commonly used for constructing natural
gas pipelines. Differences in materials requirements speci-
fied by those codes are summarized. ASME B31.12 pipeline
code applies for H2 at a concentration greater than 10%
molar. However, recent testing programs acknowledge that
H2 degrades steel mechanical properties regardless of its
percentage in the blend. This paper discusses how the
hydrogen degraded mechanical properties affect pipeline
integrity. Decreased mechanical properties cause a drop
in the failure pressure of a flawed pipeline, calculated
following a fitness for service methodology. There is an
increasing risk of subcritical crack growth in H2 as the
hardness of base metal and welds increases. This paper
analyzes where zones with high hardness and susceptible
microstructures are expected in existing pipelines.

Keywords: design code; hydrogen; integrity; pipelines;
testing standard.

Nomenclature

API American Petroleum Institute
ASME American Society of Mechanical Engineers
ASTM American Society for Testing and Materials
b co-volume constant
B thickness of fracture mechanics test specimen
C0 concentration of dissolved atomic hydrogen
CE carbon equivalent
CMOD crack-mouth opening displacement
CTOD crack-tip opening displacement
D pipeline external diameter
da/dN rate of crack growth per cycle during fatigue
DL hydrogen diffusion coefficient in interstitial sites
EW longitudinal joint factor
E Young’s modulus
EIGA European Industrial Gases Association
f hydrogen fugacity
F pipeline design factor (it accounts for proximity of

pipeline to roads, highways, rails, streets, and
buildings)

FCGR fatigue crack growth rate
HAZ heat affected zone
HB hardness in Brinell scale
HE hydrogen embrittlement
HEDE hydrogen enhanced decohesion
HELP hydrogen enhanced localized plasticity
Hf material performance factor in gaseous H2

HIC hydrogen induced cracking
HRB Hardness in Rockwell B scale
HRC Hardness in Rockwell C scale
HTHA temperature hydrogen attack
HV hardness in Vickers scale
IGEM Institution of Gas Engineers and Managers
ILI in-line inspection, a non-destructive technology for

detecting flaws in pipelines
ISO International Organization for Standardization
J a mathematical expression that characterizes the

stress-strain field around the crack tip
JH hydrogen flux
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JIC value of J at the onset of crack extension
K stress intensity factor
KI app applied K in a constant load or displacement test
KIC critical stress intensity factor for crack propagation

in air
KIH critical stress intensity factor for crack propagation

in hydrogen, measured under rising displacement
Kmax maximum stress intensity during fatigue
Kmin minimum stress intensity during fatigue
Kr toughness ratio
KTH crack arrest stress intensity factor, measured under

constant load or displacement
Lr load ratio
MAOP maximum allowable operating pressure
N number of stress cycles to failure during fatigue
P pipeline operating pressure
Pfail pipeline failure pressure
pH2 partial pressure of hydrogen
PSL product specification level
PWHT post weld heat treatment
Rig universal gas constant
R = Kmin/Kmax stress intensity factor ratio during fatigue
RA reduction in area
S Sieverts law coefficient
SMYS specified minimum yield stress
SPT small punch test
Sy yield strength
T absolute temperature
t thickness of the pipe or vessel wall
Tf temperature derating factor
UTS ultimate tensile strength
δIC value of CTOD at the onset of crack extension
ΔK = Kmax − Kmin stress intensity factor range during fatigue
ΔK0 fatigue crack growth threshold
ν Poisson ratio
σh hoop stress
Φ hydrogen permeability
σref reference stress

1 Introduction

Climate change concern is themain driving force to consider
hydrogen as an energy carrier (Stetson et al. 2015). Hydrogen
is not readily available as H2 in nature; therefore, energy
must be expended to produce it, which can then be partially
recovered at the point of use. An envisioned hydrogen
economy requires reliable technological devices for pro-
ducing, storing, transporting, and converting hydrogen to
heat, electricity, and useful chemicals. Alternatives for
transporting hydrogen include vessels filled with gas or
liquid hydrogen mounted on trucks, freight trains or ships,
and hydrogen gas pipelines. Currently, around 2000 miles of
carbon and low alloy steel dedicated hydrogen pipelines
exist in Europe and the United States (ASME B31.12 2019;

Gerboni 2016; Rawls andAdams 2012),most of themoperated
by industrial gas companies.

The mature natural gas network present in many
countries includes gathering lines that transport gas from
the well to central collecting points, transmission lines to
transport the gas at high pressure through long distances,
and distribution lines, which operate at lower pressure
and connect consumers to the network. There are around
300,000 miles of existing transmission pipelines in the
United States alone (Coburn 2020). The estimated con-
struction cost of natural gas pipelines, including materials,
labor, right of way and miscellaneous, is around 1.5 million
$/mile for a 20” diameter pipeline (Parker 2004), with costs
corrected for inflation. The cost of a dedicated H2 trans-
mission pipeline can be higher than this number consid-
ering stricter requirements on materials and welding
procedures (ASME B31.12 2019). Therefore, there is a large
economic driving force for transporting H2 or blends in the
existing natural gas network. Nevertheless, the use of an
infrastructure originally designed for natural gas to
transport hydrogen or blends presents a challenge in terms
of integrity, since new damage mechanisms can be intro-
duced and/or the kinetics of existing ones can be modified.
H2 can dissociate and enter the metallic network under the
operating conditions in pipelines. Atomic hydrogen intro-
duced into the metal lattice can cause hydrogen embrit-
tlement (HE). HE involves changes in the mechanical
properties of steels with possible subcritical crack propa-
gation. Previously commented aspects mean costs and pro
and cons to consider in each case.

Blending H2 in natural gas pipelines not only takes
advantage of the existing infrastructure but also allows the
partial decarbonization of natural gas. It can be considered
as an intermediate stage on the path to a hydrogen econ-
omy. A blend is characterized by the volume percentage
of H2 in the mixture (equivalent to molar percentage,
assuming ideal gas behavior), or alternatively by the partial
pressure of H2 (pH2) in the mixture. Several technical and
economic difficulties must be surmounted prior to blending
H2 in an existing natural gas network, as reviewed else-
where (Melaina et al. 2013), for example, H2 canmore easily
permeate through polymeric gaskets and pipes used in
distribution networks. Additionally, H2 has⅓ of natural gas
energy density, so it decreases the heating value of the
mixture; it has a poor flame visibility, higher volume leakage
rate than methane and higher ignition probability (IGEM
2021). The focus of this review paper is on the HE of carbon
and low alloy steels and their welds used for transmission
pipelines.
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The service experience on the ∼2000 miles of existing
hydrogen pipelines is good, which is related to both the low
mechanical resistance of the commonly used steels (API 5L
X52 and lower grades, like ASTM A 106 Grade B) and the low
allowable hoop stress (EIGA 2014; Rawls and Adams 2012),
limited to 30%–50% of specified minimum yield stress
(SMYS). A couple of failures of hydrogen pipelines in service
are described by Thompson and Bernstein (1977). On the
other hand, higher grades can be present in natural gas
transmission pipelines, depending on the construction year.
In fact, grade X60 was introduced in 1966, grade X70 in 1973
(Kiefner and Trench 2001). Hoop stress can be up to 80% of
SMYS, depending on pipeline location (ASME B31.8 2010).
Most existing natural gas pipelines have more than 40 years
of service; for example, in the US, about 43% of the 300,000
miles of existing pipeline were built before 1970 (Clark et al.
2005).

Using the existing natural gas transmission pipelines for
blends or H2 transport is not a new idea. Between 1974 and
1986, the United States Department of Energy financed
research programs at the Sandia and Battelle laboratories
(Hoover et al. 1981; Holbrook et al. 1982, 1984, 1986). The
major effects of H2 on pipeline steels identified in those
programs were the higher fatigue crack growth rate (FCGR),
lower fracture toughness in gaseous hydrogen and subcrit-
ical crack propagation near welds. These conclusions are
still valid today and they are reflected in the requirements
included in codes such as ASME B31.12 (2019), applicable to
the design of H2 pipelines.

The first part of this review summarizes the metal-
lurgical evolution of pipeline steels, the laws that control
the absorption and diffusion of hydrogen in steels and
relevant hydrogen damage mechanisms. Standardized
tests applicable to the evaluation of the hydrogen effect
on mechanical properties are presented and outstanding
results are summarized. The main differences in industry
rules and regulations for hydrogen versus natural gas
transport are detailed. ASME B31.12 (2019) code applies to
pipelines containing more than 10% H2 (by volume).
Applying this code to an existing pipeline for leaner H2

blends transport might be overconservative, too expensive,
and unfeasible. Previous international experience on
blending and conversion of natural gas pipelines for
hydrogen transport is analyzed. Procedures for assuring
reliable transport of blends based on fracture mechanics
assessments are presented. The paper concludes with a
critical discussion, where the effect of the decrease of
fracture toughness in hydrogen on the failure pressure of
the pipeline is calculated. Hardness is proposed as a
screening tool for hydrogen compatibility, and it is dis-
cussed where excessive hardness might be expected in an

existing pipeline. For informative purposes, correlations
between ultimate tensile strength (UTS) and hardness in
different scales are presented in Appendix A.

2 Pipeline steels

Minimum technical requirements for pipeline steels are
listed in international publications, such as API Specification
5L (API 5L 2018) or (ISO 3183 2019). Specifications for pipeline
steels currently used for natural gas transmission are carbon
contents up to 0.28 wt% and manganese up to 1.8 wt%,
although actual contents in modern pipelines are typically
much lower. The limits depend on the grade SMYS, the
product specification level (PSL) and the manufacturing
process (i.e., welded pipe or seamless). Current SMYS of
pipelines ranges from 175 MPa (25 ksi) to 830 MPa (120 ksi).
SMYS is indicated in the grade name, for example, an API 5L
X65 has a yield strength (Sy) greater or equal to 65 ksi. In the
corresponding ISO standard, SMYS is indicated in the steel
grade in MPa units, for instance, the equivalent grade to API
5L X65 would be L450. API 5L sets two different product
specification levels (PSL 1 and PSL 2). PSL 2 pipes have
stricter requirements than PSL 1 pipes, like both minimum
and maximum levels for the actual Sy and ultimate tensile
strength (UTS), limits on the carbon equivalent (CE) and
lower allowable contents of carbon, sulfur and phosphorous.
They also have requirements on minimum energy absorbed
in Charpy impact tests of base metal, heat affected zones
(HAZ) and welds (for welded pipes). For PSL 2 pipes, letters
after the SMYS indicate the delivery condition, as rolled,
normalized, thermomechanically rolled, quenched and
tempered, etc. For example, an API 5L X65Q is delivered in
the quenched and tempered condition.

Weldability is a key property for pipeline steels because
they are longitudinally or spirally welded in pipe mills and
girth welded in the field. In modern steels, the weldability is
controlled by reducing the carbon content while maintain-
ing the strength levels with the introduction of alloying el-
ements such as Cr and Mo and very low additions (less than
0.1 wt%) of Nb, Ti and V (Villalobos et al. 2018). Hence,
modern pipeline steels were christened “microalloyed”
steels. Those elements and a careful control of variables
during subsequent thermomechanical and heat treatment
processes allow obtaining grain size reduction, microstruc-
ture refinement and precipitation hardening (Villalobos
et al. 2018). Steels of desired strength, toughness, ductility,
and weldability are produced using these technologies. The
effect of different alloying elements on the weldability is
evaluated using the carbon equivalent (CE) expressions (API
5L 2018):
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CEIIW = C +Mn
6

+ Cr +Mo + V
5

+ Ni + Cu
15

for C > 0.12% (1)

CEPcm = C + Si
30

+Mn + Cu + Cr
20

+ Ni
60

+Mo
15

+ V
10

+ 5B, for C ≤ 0.12% (2)

Equation (1) applies to C–Mn and Equation (2) to
microalloyed steels. For API 5L PSL 2 pipes, CEPcm ≤ 0.25 or
CEIIW ≤ 0.43.

With a larger CE, a higher hardness and fresh
martensite might be present in the HAZ. Depending on the
CE and the material thickness, preheating, stricter control of
welding variables and, eventually, postweld heat treatments
(PWHT) might be required to temper the HAZ and assuring
an adequate performance. Those steps increase the total
fabrication cost and are not always feasible in the field.

The decades where the growth rate in the transmission
pipeline networkwas largest (Figure 1) (Clark et al. 2005; Leis
2015), coincide with the deployment of several key technol-
ogies that improved the microstructure and properties of
pipeline steels, like sulfide shape control with calcium and
rare earths (Banks and Gladman 1979), microalloying addi-
tions, continuous casting, and controlled rolling (Clark et al.
2005). Hence, “modern” and “vintage” steels coexist in the
existing transmission natural gas network. Modern pipe-
lines have lower carbon and CE than vintage or C–Mn
pipelines of the same grade and therefore a smaller hard-
ness is expected in the HAZ. Additionally, just in 2000
(Kiefner and Trench 2001) a minimum level of absorbed
energy in impact testing was made mandatory in API 5L
Specification for PSL 2 pipes. Consequently, the steels inmost
existing natural gas pipelines have not ever been impact
tested.

3 Absorption and dissolution of
hydrogen in carbon and low-alloy
steels

Unlike methane, the main component of natural gas, H2 can
dissociate and atomic hydrogen can dissolve as an intersti-
tial in steels. The equilibrium concentration (C0) of atomic
hydrogen in pure iron in contact with H2 at atmospheric
pressure (1.013 bar) can be estimated with the following
equation, byKiuchi andMcLellan (1983), valid between 0 and
90 °C:

ln(T7/4C0) = −3120 ± 90
T

+ (3.21 ± 0.32) (3)

where T is temperature in K and C0 is the atomic fraction.
This equation predictsC0 = 5.9× 10−4 ppmmass at 25 °C, for H2

at atmospheric pressure. H occupies tetrahedral interstitial
sites in the ferritic lattice (α phase) (Kiuchi and McLellan
1983).

Sievert’s law (Xu 2012) predicts that H solubility (C0)
increases with the square root of H2 partial pressure, pH2:

C0 = S
̅̅̅̅
pH2

√
(4)

where S is the Sieverts law coefficient. The equations above
highlight that from a materials perspective, pH2 in the blend
is a much more representative parameter than hydrogen
volume (or molar) concentration in the blend, unless the
later magnitude is accompanied by operating pressure. For
example, at 100 bar (10 MPa), a pressure representative of
the upper expected values for the maximum allowable
operating pressures (MAOP) of buried natural gas pipelines,
and a H2 concentration of 10% (pH2 = 10 bar), using Equa-
tions (3) and (4), C0 results equal to 1.86 × 10−3 ppm mass at
25 °C.

For buried pipelines, cathodic electrochemical reactions
from cathodic protection or corrosion processes provide
additional hydrogen entry paths (Shipilov and Le May 2006).
The applied potential, water solution composition and ox-
ides or deposits present on the steel surface affect C0. C0 can
be estimated with hydrogen permeation data, as recently
reviewed by Turnbull (2015). For pipeline steels cathodically
polarized in solutions that simulate Canadian groundwater
(referred to as NS4 solution), hydrogen concentration on the
charging surface is on the order of 1 × 10−3 ppm mass
according to several studies (Chen et al. 2000; He et al. 2004;
Ma et al. 2021). Groeneveld and Elsea (1974) reported C0
values ranging from 1 × 10−3 to 1 × 10−2 ppm mass for
hydrogen permeation in soils and ground waters under
cathodic protection. Sour corrosion is one of the most severe
conditions for hydrogen absorption (Perez 2013), promoting
sulfide stress cracking, a form of HE, on a susceptible ma-
terial if certain critical hydrogen concentration and tensile
stress levels are present. For acidified brines bubbled with
H2S commonly used for simulated sour fluids, C0 depends
mainly on H2S partial pressure and pH. Reported values
range from 0.02 to 0.1 ppm (Asahi et al. 1994; Cancio et al.
2014; Hara et al. 2004; Kappes et al. 2012) at open circuit
conditions.

Previously mentioned values referred exclusively to
the hydrogen concentration in interstitial sites. It is well
known that hydrogen interacts with defects in steels, such
as vacancies, dislocations, and grains and second phase
boundaries, leading to H trapping (Turnbull 2015). Trapped
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hydrogen concentration scales with C0, it is dependent on
the population of defects in the steel, and in most cases,
equilibrium between both populations can be assumed
(Oriani 1970). Total hydrogen concentration includes trap-
ped and interstitial populations and depends on both
environmental parameters and steel microstructure.

4 Hydrogen diffusion

Once dissolved in the metal lattice, atomic hydrogen can
movemacroscopic distances, even at room temperature. The
diffusion coefficient of hydrogen in the ferritic lattice (a) at
25 °C is DL = 7.27 × 10−5 cm2/s (Turnbull 2012). This value is
more than 10 orders of magnitude larger than the diffusion
coefficient for carbon (C), also dissolved as an interstitial in
steel (Porter and Easterling 1992). DL controls hydrogen
transport at the steady state. The high DL at room tempera-
ture allows the movement of atomic H and its interaction
with tensile stress fields, promoting crack propagation, and
the permeability through metallic components. Hydrogen
effects on crack propagation will be discussed in upcoming
sections. Permeation implies that at steady state a flux of
hydrogen evolves from vessels and pipes filled with H2, on
top of possible additional leakage through apertures like
pinholes, through-wall flaws or unsealed threads.

On a pressurized pipe or vessel, H2 dissociates on the
high-pressure surface, dissolves in the steel matrix, and
diffuses down the concentration gradient, recombining at
the exit surface. Hence, the transport of hydrogen involves

both surface reactions and diffusion down a concentration
gradient. Considering diffusion is the slow step, Fick’s first
law can be used to estimate hydrogen flux across the wall at
steady state. When the concentration of hydrogen on the
exit surface is negligible, the hydrogen flux, JH, will be
maximum for a given internal pressure and temperature.
Using Fick’s first law with DL, and introducing Sievert’s law
(Equation (4)),

JH = DLC0

t
= DLS

̅̅̅̅
pH2

√
t

(5)

where t is the thickness of the pipe or vessel wall. Perme-
ability (Φ) is defined as the product of diffusivity and solu-
bility at unit pressure, and it increases with temperature
because both DL and S increase with T (Schefer et al. 2006):

Φ = DLS = JHt̅̅̅̅
pH2

√ (6)

At high pressure, pH2 is replaced by fugacity (f) in Equa-
tions (5) and (6), to account for its non-ideal behavior (Schefer
et al. 2006). Fugacity (f) can be estimated according to:

f = pH2e
pH2b
Rig T (7)

where Rig is the universal gas constant and b is the “co-
volume” constant. Constant b describes the non-ideal
behavior of hydrogen and for temperatures between 200
and 350 K and pressures up to 160 MPa, its value is 15.5 cm3/
mol (Schefer et al. 2006).

If oxides or coatings are present on either surface, they
might decrease the rate of hydrogen absorption or

Figure 1: Mileage of natural gas transmission
pipeline added to the US network by decade of
construction, showingmajor breakthroughs in
steelmaking technology (adapted from Clark
et al. 2005; Leis 2015).
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desorption surface reactions, and the resulting flux will be
smaller. Furthermore, carbon and other alloying elements
present in the steel can decrease the hydrogen perme-
ability (Chalfoun et al. 2022; Gadgeel and Johnson 1979).
Therefore, Equation (5) gives conservative estimates for
the rate of hydrogen permeation as a function of hydrogen
pressure, temperature, and wall thickness. For example, at
pH2 = 100 bar (10 MPa) and for t = 5 mm at room temper-
ature, the permeation loss is 4 × 10−3 cm3 H2 @ STP/(m2 s),
where STP is standard temperature and pressure. Hence,
considering the small losses due to permeation, the main
effect of the high DL is related to H transport to stressed
regions, affecting mechanical properties as discussed in
upcoming sections.

5 Hydrogen damage mechanisms
in transmission pipelines

Once absorbed by the steel lattice, H can give rise to different
degradation mechanisms, namely, high temperature
hydrogen attack (HTHA), hydrogen induced cracking (HIC)
and hydrogen embrittlement (HE). Temperature and
hydrogen activity or fugacity in the environment are the
most important variables for the occurrence of each mech-
anism. There is still confusion in the nomenclature of these
mechanisms, even in specialized technical literature. This
review adheres to the definitions adopted by the standards
and recommended practicesmost used by the industries that
suffer from those problems (API RP 941 2016; ISO 15156 2015;
NACE/ASTM G193 2020; NACE TM0284 2016). HTHA involves
the dissolution of carbides and the carbon reaction with
dissolved hydrogen to form methane pores, which grow
leading to fissures and cracks. It occurs in components
exposed to gaseous hydrogen or hydrogen mixtures at
temperatures above 200 °C (API RP 941 2016). Hence, it is not
an expected mechanism for buried transmission pipelines.
HIC and blistering occur at or near room temperature and
involve the recombination of hydrogen at matrix/inclusions
interfaces to produce H2. This produces pressurization of the
interface and promotes crack propagation. Crack propaga-
tion requires a high pressure at this cavity, which is in turn
controlled by dissolved hydrogen concentration. The mini-
mum concentration of hydrogen in interstitial sites for HIC
occurrence depends on steel microstructure, although
C0 > 0.02 ppm can be cited as a reference value (Hara et al.
2004). Hence, considering the expected hydrogen concen-
tration in a buried pipeline transporting natural gas or
blends quoted before, HIC is not an expected damage
mechanism (Chen et al. 2000). In practice, the required high

hydrogen concentration for HIC is typically encountered
during corrosion of steels in H2S containing solutions
(Martin and Sofronis 2022).

The third damage mechanism, and the only one
expected for the application under study, is HE, also known
as hydrogen assisted cracking. It causes a decrease in the
ductility and fracture toughness of thematerial and can lead
to subcritical crack propagation under static loads or dis-
placements and to an increase in FCGR if loadsfluctuate over
time. Unlike the previous mechanisms, crack nucleation and
propagation require applied and/or residual tensile stresses.
For carbon and low alloy steels, the risk of failure by HE is
maximum near room temperature. Depending on the ma-
terial strength level and microstructure, failures can occur
in diverse environments present in different industries. HE
involves interaction of hydrogen with the hydrostatic stress
field present at the crack tip, where the stress level can be
well above the Sy. Hydrogen promotes crack propagation
under static or cyclic loads by decohesion (HEDE, hydrogen
enhanced decohesion), localized crack tip plasticity (HELP,
hydrogen enhanced localized plasticity) or a synergistic
mechanism (Bouledroua et al. 2020; Gangloff 2003; Rob-
ertson et al. 2005), which is still under debate in the
literature.

The most effective way to prevent HE failure is by an
adequate materials selection, controlling strength and
microstructure. International standards and codes that rule
materials selection processes impose stricter limits on
strength level as the hydrogen activity or fugacity in the
environment increases. For example, for buried pipelines
under cathodic protection, ISO 15589-1 (2015) standard rec-
ommends to “document or determine experimentally” the
lowest allowable cathodic protection potential when Sy of
basemetal is above 550MPa (80 ksi). The aim is to preventHE
due to the increased rate of hydrogen production as the
cathodic potential decreases. Usually, the material hardness
(related to strength) is limited to avoid HE. However, it is
important to remark that microstructure is key to define the
HE material susceptibility. Two materials with different
microstructures and the same hardness can have different
susceptibilities (Echaniz et al. 1998). For sour service, a limit
of 22 HRC is placed on the base metal and 250 HV for welds
and HAZ (ISO 15156 2015). For pipeline steels, the strength of
API 5L grades used for sour service is limited to 65 ksi or
80 ksi, depending on the H2S partial pressure and pH of the
environment, both of which control the hydrogen activity in
the environment. For pipeline steels used for gaseous
hydrogen, SMYS is limited to 360 MPa (52 ksi) (EIGA 2014).
However, this limit can be increased up to 550 MPa (80 ksi) if
the steel grade is qualified for hydrogen service, according to
tests to be detailed later in this review (ASME B31.12 2019).
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6 Hydrogen embrittlement of
pipeline steels in gaseous
hydrogen: applicable testing
standards and main results

Recent results reported in the literature (Briotett and Ez-Zaki
2018; Meng et al. 2017; Nguyen et al. 2021a; Ronevich and San
Marchi 2021; San Marchi and Somerday 2012) indicate that
there does not exist a lower threshold for hydrogen partial
pressure required for observing HE. In other words, for a
transmission pipeline there is not a partial pressure or
percentage of hydrogen in the blend below which hydrogen
would not be a threat to materials integrity. How these
degraded properties affect structural integrity can be
assessed with a fracture mechanics-based framework.

Comprehensive reviews on the effect of hydrogen on
materials properties were published (Lam et al. 2007; Lau-
reys et al. 2022; Nanninga et al. 2010; San Marchi and Som-
erday 2012). Themain consequences and findings relevant to
the application under study are discussed below.

Observed trends can be summarized as follows:
– For a given steel microstructure, an increase in strength

decreases ductility and fracture toughness in gaseous
hydrogen.

– Within the expected strength range of pipeline steels,
the increased FCGR does not exhibit a clear correlation
with strength level.

– For pipeline steels, subcritical crack growth in gaseous
hydrogen is only expected in exceptionally hard or
susceptible microstructures, in practice most likely
present in zones that experienced a fast cooling rate
from the austenitic field (like the HAZ) or in cold worked
zones.

Table 1 presents a non-exhaustive list of standards
commonly used for quantifying hydrogen effects on mate-
rials properties.

6.1 Uniaxial tensile tests

Plastic elongation and reduction in area (RA) both quantify
the material’s capacity to deform plastically. Hydrogen
effects are evaluated by the ratios of these properties
measured in a hydrogen containing versus a control envi-
ronment (air, typically). Usually, relative changes in RA are
larger than for the rest of the parameters measured during
a tensile test (Hoover et al. 1981; Meng et al. 2017; Nguyen
et al. 2020a,b). RA is attractive because it does not depend

on specimen gauge length, and it can be used for both smooth
and notched specimens. The decrease in mechanical proper-
ties is dependent on the materials strength level, micro-
structure, and environmental parameters. Additionally, the

Table : Standard test methods commonly used to quantify the effect of
gaseous hydrogen in mechanical properties of steels.

H affected
property

Standard
designation

Summary of test
method

Comments

Plastic elon-
gation ratio

ASTM G Smooth or notched
specimens are slowly
pulled to failure in
uniaxial tension in a
pressurized, H con-
taining environment

Comparison of
properties
measured in
hydrogen versus a
non-embrittling
environment (con-
trol test, i.e., air
typically) allows
calculating ratios of
reduction in proper-
ties and to rank
materials behavior
in hydrogen

Reduction in
area
Ultimate ten-
sile strength

Fracture
toughness

ASTM E A fatigue-precracked
fractomechanic
specimen is loaded
at rising displace-
ment generating un-
stable or stable crack
propagation. Per-
formed in air or in a
pressurized
hydrogen containing
vessel

Pipeline steels usu-
ally exhibit stable
crack propagation in
air and gaseous
hydrogen. In this
case, KIC (in air) or
KIH (in hydrogen)
can be estimated
from J or CTOD
measurement. KIC
(KIH) represents the
critical stress
intensity factor for
crack propagation in
air (hydrogen)

Crack-arrest
stress in-
tensity
factora

ASTM E A fatigue-precracked
fractomechanic
specimen is loaded
at constant displace-
ment or load while
immersed in a
hydrogen-containing
vessel

Crack propagation
might ensue during
the test. The test
method allows esti-
mation of KTH, the
crack arrest stress
intensity factor in
the presence of
hydrogen

Fatigue crack
growth ratea

ASTM E A fatigue-precracked
fractomechanic
specimen is cyclically
loaded at a given
frequency, while
monitoring crack
length

Usually presented
as da/dN versus ΔK
curves, where da/dN
is the crack growth
rate per cycle and ΔK
is the range in stress
intensity factor

aTest required by performance-based design method in ASME B.
() for qualification of base metal and welding procedures. Measured in
pure H at the component design operating pressure.
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extension rate is also important, and itmust be low enough to
allow absorption, diffusion, and interaction of hydrogen with
defects. For gaseous H2 tests of smooth specimens, ASTMG142
(2016) suggests 0.002 mm/s, and 0.02 mm/s for notched spec-
imens. However, the standard indicates that a full charac-
terization of hydrogen embrittlement might require tests at
higher or lower values.

For smooth specimens, a comprehensive review (San
Marchi and Somerday 2012) concluded that Sy and UTS of
carbon and low alloy steels typically used for pipelines are
similar in H2 versus air, for pressures ranging between 6.9
and 69MPa. In contrast, RA in H2 is reduced up to 50% of the
value in air. Hydrogen effects can even take place at very
low partial pressure, for example, for 1% H2 in 10 MPa of
methane, RA at the girth weld of an API 5L X70 steel was
52%, versus 70% measured in air (Nguyen et al. 2020a). On
the other hand, for the base metal RA in this environment
was close to RA in air, a decrease in RA in the base metal
was only observed in pure H2 at 10 MPa. It is likely that the
microstructure of the weld increased its susceptibility to
hydrogen embrittlement. For tests performed in the H2

containing environment, secondary cracks were observed
in the gauge surface and quasi-cleavage facets in the frac-
ture surface (Nguyen et al. 2020a). On the other hand, the
specimens tested in air presented a ductile fracture with
small dimples.

Notches increase the sensitivity of the test to hydrogen
effect and the relative reductions in RA are larger than those
measured for smooth specimens. Reduction of RA of up to
80% in H2 at 6.9 MPa was reported (Hoover et al. 1981). In
notched specimens, hydrogen also decreases the value of
UTS (Hoover et al. 1981; Meng et al. 2017; San Marchi and
Somerday 2012). For the base metal of API 5L X70 pipeline
steel tested in a 1% H2 in 10 MPa of methane mix, RA
decreased by 55% with respect to air values for a notched
specimen but RA values were similar for smooth specimens
(Nguyen et al. 2020b).

The slow strain rate test is the simplest, fastest, andmost
affordable test, but it does not allow performing structural
integrity assessments. Its usefulness is limited to ranking
materials in each environment or ranking the severity of
different environments. Michler et al. (2012) presented a
correlation between the loss in RA in hydrogen with the
reduction in fracture toughness in H2 for differentmaterials.
There are exceptions to this correlation, for instance while
RA of an X70 pipeline steel was not affected by 1% H2 in
10 MPamethane, the fracture toughness, estimated from the
critical crack tip opening displacement (CTOD) for crack
propagation, was reduced from 205 MPa m1/2 to 144 MPa m1/2

(Nguyen et al. 2020b, 2021a).

6.2 Fracture mechanics tests

Due to the reduced resistance to crack propagation in H2

versus air, injecting hydrogen into a natural gas pipeline
can decrease the failure pressure depending on the defect
size, or alternatively, for a fixed operating pressure, the
dimensions of the largest allowable defect decreases. The
quantification of these effects is central to the use of natural
gas pipelines for transporting H2 or blends. For welded com-
ponents, structural integrity assessments require hydrogen
affected fracture toughness and hydrogen accelerated FCGR
in basemetal, weldmetal and HAZ. The effect of hydrogen on
fracturemechanics properties is studiedwith specimenswith
a notch and a fatigue precrack. A challenge of the test spec-
imenmachining is that the notchmight not be situated exactly
in the most susceptible zone of the welded region.

Fracture mechanics fatigue-precracked specimens can
be loaded under rising displacement inH2 or at constant load
or displacement (Table 1). Tests under rising displacement
allow determining the critical stress intensity factor for
crack propagation in hydrogen (KIH). If the material is tested
at constant load or displacement, the crack arrest stress in-
tensity factor (KTH) is obtained.

Figure 2 illustrates crack length (a) and stress intensity
factor (K ) versus time, for both testing alternatives. For high
strength steels, as the loading rate decreases (Clark and
Landes 1976), KIH approaches KTH. However, for steels with
Sy < 900 MPa, KIH < KTH (Nibur et al. 2013). It is proposed that
hydrogen assisted fracture in high strength steels is stress
controlled, whereas for steels with Sy < 900 MPa it is strain
controlled (Nibur et al. 2013). For high strength steels, HEDE
mechanism controls the fracture process at the crack tip
(Gangloff 2003). For lower strength steels, like pipeline steels,
the plasticity accompanying fracture is larger and the
sequence of loading and hydrogen absorption is important
(Martin et al. 2022). Hydrogen facilitates dislocation motion,
which is the basis of the HELP mechanism (Robertson et al.
2015). Notice that in a rising displacement test in hydrogen
environment, strain (dislocation motion, microscopically)
and hydrogen absorption occur concurrently. For constant
displacement tests, first the specimen is loaded and
deformed in an inert environment, and then hydrogen is
absorbed and saturates the crack tip region after an incu-
bation time (Figure 2). Hence, differences in strain history
promote disparities between KIH and KTH. For the basemetal
of pipelines steels, there is no reported crack propagation in
fatigue pre-cracked specimens under constant displacement
conditions (Loginow and Phelps 1975; Nibur et al. 2013; Nibur
and Somerday 2012; San Marchi and Somerday 2012; Taze-
dakis et al. 2021; Xu 2012). For those steels, the risk of crack
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propagation under constant displacement conditions is
limited to welds, HAZ and susceptible microstructures.

6.2.1 Testing methods

6.2.1.1 Fracture toughness measured under rising
displacement (KIH)
Fracture toughness in air is measured with fatigue pre-
cracked specimens (ASTM E1820 2020), loaded to fracture
while monitoring load and displacement. The material can
present unstable or stable crack propagation. For the first
case, the standard allows the calculation of a critical value
of fracture toughness, KIC. The expected response for
pipeline steels is stable crack propagation; it is character-
ized by fracture toughness versus crack propagation curve
(R-curve), which represents the tearing response of the
material. From this curve, the fracture toughness (KJIC) for
the onset of crack extension can be obtained, according to
(Anderson 2005; ASME BPVC VIII.3 2017):

KJIC =
̅̅̅̅̅
EJ IC
1 − ν2

√
(8)

where E is the Young’s modulus and ν is the Poisson ratio.
The “J” subscript indicates that fracture toughness is ob-
tained from the J integral, a mathematical expression that
characterizes the stress–strain field around the crack tip.
JIC characterizes crack-extension resistance near the onset
of stable crack extension. Alternatively, the toughness of
the material can be evaluated by monitoring the crack-tip
opening displacement (CTOD), and the equivalent KδIC is
obtained according to (ASME BPVC VIII.3 2017)

KδIC =
̅̅̅̅̅̅
δICESy

√
(9)

where δIC is the value of CTOD at the onset of crack
extension.

To characterize the effect of hydrogen, the tests are
performed with the specimen immersed in a H2 pressurized
autoclave. Loading ratemust be slow enough to fully allowH

Figure 2: Schematic dependences of K and crack length (a) versus time for constant and rising displacement tests, adapted from Nibur et al. (2013). The
incubation time for crack propagation under constant displacement is related to absorption and diffusion of H to the crack tip.
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absorption and H embrittlement phenomena (Nibur and
Somerday 2012). The measured parameter is KIH, where the
“H”means that the test was performed in hydrogen. The “J”
and “δ” subscripts (Equations (8) and (9)) are often omitted.

6.2.1.2 Tests under constant load or displacement (KTH)
The ASTM E1681 (2020) standard covers the determination
of the environment-assisted cracking threshold stress in-
tensity factor parameters, at constant load or displacement.
The specimen (Figure 3) is loaded below its KIC in air (or KJIC

or KδIC, if applicable) and immersed in an environment
containing H2 where it is held under constant load or
displacement for a given amount of time. During this
period, hydrogen diffuses into the specimen and crack
propagation might (Figure 2) or might not occur. The
threshold stress-intensity factor for sustained-load
cracking or crack arrest stress intensity factor (KTH) is
defined as the maximum applied KI app that did not cause
crack propagation at constant load, or the minimum KI app

that showed evidence of crack propagation under constant
displacement (ASTM E1681-03 2020). Notice that under
constant displacement, KI app decreases when the crack
advances (Figure 2). For both types of tests, testing time is a
key variable, and must be not less than 1000 h for pipeline
steels in gaseous hydrogen, according to article KD 10 in
ASMEBPVC VIII.3 (2017). If the plane strain condition,B > 2.5
(KTH/Sy)2 is not fulfilled, the obtained KTH is thickness
dependent. In that case, B (test specimen thickness)must be
not less than 85% of the thickness of the component under
analysis (ASME BPVC VIII.3 2017).

Constant load tests are performed in a rigid fixture,
where a beam with a notch and a fatigue precrack is loaded
with deadweight (Figure 3). The applied stress intensity
factor, KI app, can be estimated from specimen geometry,
crack length, applied weight and the length of the moment

arm, L, following expressions in ASTM E 1681 (2020). For
constant displacement tests, a compact specimen with a
fatigue precrack and a crack mouth opening displacement
(CMOD) gage is loaded to a fixed CMOD, by tightening the
bolt against a flattened pin (Figure 3). KI app can be esti-
mated from specimen geometry, crack length and CMOD
(ASTM E 1681 2020).

Test specimens must be mechanically loaded under a
controlled atmosphere to prevent crack tip oxidation (Nibur
et al. 2013; ASME BPVC VIII.3 2017). Amajor advantage of bolt
loaded specimens is that several specimens can be arranged
in a single H2 pressurized autoclave. KI app should be at least
1.5 times greater than the expected KTH value (ASME BPVC
VIII.3 2017) for constant displacement tests. If the crack
propagates during the test, KI app decreases and the crack
arrests when KI app = KTH. At the end of the test, the specimen
is broken to expose the crack, its growth in the environment
is assessed with a scanning electronmicroscope and KTH can
be estimated (ASTM E 1681 2020; ASME BPVC VIII.3 2017).
Notice that ASTME1681 (2020) requires some crack extension
after 1000 h for a valid KTH at constant displacement. The KD
10 article (ASME BPVC VIII.3 2017), on the other hand, allows
setting KTH to 0.5 Kapp if the crack did not propagate (or
propagated less than 0.25 mm) in the test.

6.2.2 Results

6.2.2.1 KIH in base metal
Fracture toughness in H2 (KIH) decreases with an increase in
H2 partial pressure (Briottet and Ez-Zaki 2018; Gutierrez-
Solana and Elices 1982; Robinson and Stoltz 1981) (Figure 4),
and with steel strength (Nibur et al. 2013; San Marchi and
Somerday 2012). Figure 4 has a logarithmic scale on the
pressure axis to highlight the aggressive effects of H2 even at
very low partial pressure. Results obtained in methane + H2

Figure 3: Constant load (left) and constant displacement (right) test arrangements for measurement of KTH (ASTM E1681 2020).

328 M.A. Kappes and T. Perez: Hydrogen embrittlement in existing pipelines



or nitrogen + H2 mixtures for API 5L X70 (Briotett and Ez-
Zaki 2018; Nguyen et al. 2021a) or X52 (Ronevich and San
Marchi 2021) conclude that KIH can range from 47% to 70% of
KIC, even for very low H2 partial pressures. Both methane
and nitrogen are considered inert gaseswith respect to crack
propagation (Holbrook et al. 2012). Those low H2 partial
pressures represent H2 percentages ranging from 1% to 6%
in the blend if total pressure is 10 MPa. Hence, for trans-
mission pipelines there does not exist a blending percentage
or hydrogen partial pressure threshold below which the HE
effect is negligible.

6.2.2.2 KIH in welds and HAZ
Base metal and welding filler chemical compositions, and
welding procedure control the strength and microstructure
of the weld and heat affected zone (HAZ). In practice, the
microstructure and strength of welds and HAZs are indi-
rectly inferred from hardness or microhardness profiles.
Based on different studies, the KIH at the HAZ might be
smaller than in welds and basemetal, depending onwelding
procedure and base metal composition.

For an API 5L X60 in 6.9 MPa H2, the fused zone of
submerged arc welds (SAW) had a KIH (obtained from J
measurements) close to the one measured on the base metal
(104 MPa m1/2) (Hoover et al. 1981). Similar results were
recently published for X52, X65 and X100 (Ronevich et al.
2021) in 21 MPa H2. On the other hand, subcritical crack
propagation was detected during the J measurement in
6.9MPaH2when the crack grew through the HAZ of the SAW
of an API 5L X60 (Hoover et al. 1981), making it impossible to

obtain a reliable KIH value. The HAZ had a hardness value of
around 96 to 98 HRB (corresponds to UTS between 705 and
750 MPa), versus 91 HRB for the base metal (620 MPa).
Measurements on the HAZ of electric-resistance welds
(ERW) of API 5L X42 steel revealed a KIH of 48 MPa m1/2 in
6.9 MPa H2, versus 107 MPa m1/2 for the base metal (Cialone
and Holbrook 1988; Holbrook et al. 1982). Hardness of base
metal and HAZ were 81 and 99 HRB (505 MPa and 785 MPa),
respectively. More recently, Martin et al. (2022) reported
86 MPa m1/2 in 10 MPa H2, for the HAZ of a microalloyed API
5L X70 steel, versus 95 MPa m1/2 for the base metal.

6.2.2.3 KTH in base metal
In gaseous H2, cracks on fatigue pre-cracked specimens
machined from the base metal of pipeline steels do not
propagate at constant load or displacement. Loginow and
Phelps (1975) performed bolt loaded (Figure 3 right) con-
stant displacement tests on carbon and low alloy steels with
Sy ranging from 290 to 1055MPa (42–153 ksi), at H2 pressures
up to 97MPa (14 ksi). KTH values decreased with an increase
in Sy and H2 pressure. However, subcritical crack propa-
gation was not observed in steels with Sy < 587 MPa (85 ksi),
with a UTS of 689MPa (100 ksi). Cialone andHolbrook (1988)
did not detect subcritical crack growth in an API 5L X70
steel (SMYS = 480 MPa), with 98 HRB, at constant CMOD in a
6.9 MPa blend containing 40% CH4 + 60% H2.

According to ASMEB31.12 (2019), the performance-based
method (discussed in item 6 in this manuscript) requires
KTH ≥ 50 ksi.in1/2 (55 MPa m1/2). When there is no crack
propagation in CMOD tests at the end of the test, article KD 10

Figure 4: H2 effect on steel fracture toughness,
for various API 5L grades and A516 steel
[Sy = 345 MPa (50 ksi)], showing the effect of
partial pressure and inhibitors. Simulated
syngas: 60% H2, 24% CO, and 16% CH4, at a
total pressure of 6.9 MPa.
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in ASME BPVC VIII.3 2017 (2017) allows to set KTH = KI app/2. It
might be questionable to estimate an arrest threshold for a
crack that never propagated. It is interpreted that dividing
the KI app by 2 would yield a conservative KTH value when
there is no crack propagation, but the support for this is not
explained in the code. Hence, for qualifying low strength
pipeline steels (Sy < 600MPa) for hydrogen service KI app was
initially set at 110 MPa m1/2 (Tazedakis et al. 2021). Recently,
microalloyed API 5L X60, X65, and X70 and their welds were
qualified in pure H2 at 8 MPa (Tazedakis et al. 2021). Those
steels obtained with modern steel making techniques have
C < 0.07 wt% and CEPcm < 0.17 wt%. Notice that this result for
modern steels cannot be directly extrapolated to similar
grades in existing natural gas pipelines.

6.2.2.4 KTH in welds, HAZ and hardened microstructures
Crack propagation at constant CMOD was reported for a
water quenched API 5L X42 steel in a 6.9 MPa blend con-
taining 40% CH4 + 60% H2. The obtained microstructure had
very high hardness (38 HRC, UTS 1180 MPa approximately)
and might be representative of the fresh martensite poten-
tially present in hard spots of pipelines (Cialone and Hol-
brook 1988). However, the corresponding KTH value was not
informed. Holbrook et al. (1982) reported crack growth in the
HAZ of an ERW API 5L X42 steel (with %C = 0.26 and
CEIIW = 0.41), in a constant CMOD test in H2 at 6.9 MPa (1000
psi).KI app was 77MPam1/2, but theKTH was not reported. It is
remarkable that in tests where subcritical crack propagation
was observed (Holbrook et al. 1982; Hoover et al. 1981) the
hardness in the HAZ reached values of 98 HRB, which cor-
responds to a UTS on the order of 750 MPa (109 ksi). Recently
(Xu 2012), subcritical crack growth was also measured in the
HAZ of an API 5L X80 steels tested at constant CMOD in
31 MPa H2. The crack extended along a zone with a very high
hardness, around 42 HRC (UTS 1340 MPa).

The evidence available in the literature suggests that 98
HRB (equivalent to 228 HV) or 750 MPa for UTS might be
adopted as hardness and strength thresholds for subcritical
crack propagation at constant CMOD in gaseous H2. For
pipeline steels, those hardness and strength values might
be expected in theHAZ, for example. Engineering codes and
standards for hydrogen transport in pipelines have strict
limits on hardness and strength of base metal, welds and
HAZ, in line with the results presented in this section. For
example, the ASME B31.12 code limits UTS of basemetal and
welds to 110 ksi (760 MPa) for the performance-based
method and 100 ksi (690 MPa) for the prescriptive design
method (see item 6 in this manuscript). According to the
performance-based method, KTH must be measured
following article KD-10 in ASME BPVC VIII.3 (2017). Tests are
conducted according to ASTM E1681 (2000) in pure H2

(99.9999%) at the design pressure of the component, with
strict limits on inhibiting impurities (O2 < 1 ppm,
CO2 < 1 ppm, CO < 1 ppm, and H2O < 3 ppm).

The use of hardness as a predictor of subcritical crack
propagation resistance has some limitations. In fact, it is
well known that for a given hardness or strength level,
there are large differences in resistances to HE depending
on microstructure (Echaniz et al. 1998). Certainly, the
presence of fresh martensite in hard spots should be
prevented. Welds of vintage, high Mn steels are at greater
risk, especially when they have a banded microstructure
(Thompson and Bernstein 1977). However, subcritical
crack growth was also reported for presumably innocuous
microstructures. Results by Hoover et al. (1981) from
Sandia Laboratories determined that subcritical cracks
propagated through the HAZ in a fine-grained ferritic with
spheroidized carbides region between the acicular HAZ at
the fusion boundary and the base metal. More research is
required on this topic.

6.2.2.5 Gaseous inhibitors of HE
Cialone and Holbrook (1988) studied fracture toughness of
API 5L X42 and X70 exposed to different gas mixtures, with
rising displacement tests, at a total pressure of 6.9 MPa.
Fracture toughness in inert environments (CH4 or N2) was
around 200 MPa m1/2. The fracture toughness was halved
when measured in 60% H2 + CH4 blends, but when the
blend contained 24% of carbonmonoxide (CO), the fracture
toughness was restored to the original value; Figure 4
(indicated as simulated syngas in the figure). Cialone and
Holbrook (1988), using constant displacement tests, also
showed that CO inhibits subcritical cracking by HE in aus-
tenitized and water quenched X42 steel. This heat treat-
ment was performed to simulate hard spots, occasionally
found in existing pipelines. The high levels of CO quoted
before might be present in town gas or syngas blends, a
gaseous fuel obtained from coal or oil by-products. Those
blends were used as fuel before natural gas displaced them
in most parts of the world, but their use persists in some
places like Hawaii (Melaina et al. 2013). Considering the
inhibiting effect of CO, syngas ismuch less aggressive than a
natural gas blend with a similar H2 content.

Another key inhibitor is oxygen. When it is present in
at least 50 ppm in the H2 + N2 mixture, it partially inhibits
the aggressive effects of hydrogen (Briotett and Ez-Zaki
2018) (Figure 4). Oxygen has many of the desired attributes
for an inhibitor; it is effective at low concentrations, non-
toxic, cheap and produced concurrently with “green”
hydrogen in water electrolyzers fed with renewable
energy.
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6.3 Hydrogen effects in fatigue

Fatigue of metals involves crack initiation and propagation
driven by cyclic stresses. SN curves are frequently used for
characterizing the fatigue behavior of metals, where the
amplitude of cyclic stress (S) is plotted versus the number of
stress cycles (N ) that a smooth specimen resists prior to
fracture. N comprises both fracture initiation and propaga-
tion. On the other hand, studies of crack propagation require
fractomechanic specimens with machined pre-cracks. In
those tests, the rate of crack growth per cycle (da/dN) is
usually plotted as a function of stress intensity factor
amplitude, ΔK = Kmax − Kmin, the difference between
maximum and minimum stress intensity factors in a cycle.
ΔK is the mainmechanical variable controlling fatigue crack
propagation. ASTM E647 (2015) standard has guidelines for
those tests, where load and crack length are measured as a
function of time. Considering that existing pipelines have a
defect population in base metal and welds inherent to their
fabrication and service, FCGR and their dependence with H2

partial pressure and metallurgical variables is addressed in
this section. FCGR is required for damage tolerance analysis
and residual life calculations.

For FCGR in an inert environment (air in Figure 5), three
different regions are classically distinguished for da/dN
versus ΔK. One of the simplest andmost usedmodels is given
by the Paris law, valid for region II,

da/dn = C(ΔK)m (10)

where C and m are material constants. For steels with
Sy < 600 MPa (87 ksi) at temperatures up to 100 °C,
C ≈ 1.65 × 10−8 and m ≈ 3, for da/dN in mm/cycle and ΔK in
MPa m1/2 (BS 7910 2005; API 579-1/ASME FFS-1 2021). Region I
occurs at lower ΔK values, and da/dN decreases asymptoti-
cally with ΔK (Figure 5). Below the threshold stress intensity
factor range, ΔK0, da/dN is lower than 10−7 mm/cycle (ASTM
E647 2015), which is sufficiently low for engineering calcu-
lations. For steels under the same conditions listed for
Equation (10), the ΔK0 value is 2 MPam1/2. In region III, da/dN
rapidly increases as Kmax approaches KIC (Figure 5). There
are more complex models than the one presented in Equa-
tion (10) that account for R (R = Kmin/Kmax) dependencies and
the asymptotic behaviors in region I and III (Schijve 2009;
API 579-1/ASME FFS-1 2021).

Hydrogen, either previously dissolved in the steel
microstructure or absorbed simultaneously with cyclic
loading, increases FCGR of carbon and low alloy steels
(Murakami and Ritchie 2012). The increased rate depends on
R, ΔK, frequency, temperature, H2 partial pressure, impu-
rities in the gas phase, and steel microstructure and strength

level (Nanninga et al. 2010). The effect of some of those
variables on region I and II is presented in Figure 5, after
Suresh and Ritchie (1982). Gaseous H2 increases da/dN both
at moderate values of ΔK and close to ΔK0 (Figure 5).

FCGR is required to estimate residual life of flawed
structures under cyclic loads. According to ASME B31.12
(2019), KD-10 article in ASME BPVC VIII.3 (2017) must be
followed. Tests are performed according to ASTME647 (2015)
in gaseous H2 under the same environment specifications as
for KTH measurements. Triplicate tests must be conducted
for base metal, welds and HAZ, at a frequency not higher
than 0.1 Hz and for the expected ΔK and R of the component.

Air fatigue yields a transgranular fracture indepen-
dently of ΔK value. In presence of gaseous H2, transgranular
fracture dominates at small ΔK values (in Figure 5 those
corresponding to ΔK such that Kmax < KT

max). When
Kmax > KT

max, fracture advances intergranularly due to
hydrogen interaction with the stressed crack tip (Suresh and
Ritchie 1982). Considering that Kmax = ΔK/(1 − R), an increase
in R shifts the transition point to the left (Figure 5). For
pipeline and other low-strength steels, KT

max < KIH, the
fracture threshold under static or slowly rising loads. Like
KIH (Figure 4), KT

max decreases with an increase in H2 partial
pressure (Suresh and Ritchie 1982). Finally, unlike air fatigue
where da/dN is independent of frequency, da/dN in a H2

containing environment increases with a decrease in fre-
quency, because crack remains open for longer times as the
frequency decreases, thus favoring hydrogen absorption
and transport to the crack tip. Therefore, frequencies of 1 or
2 Hz (Cialone and Holbrook 1985; Suresh and Ritchie 1982) or

Figure 5: Schematic diagram showing the effect of gaseous, dry H2 in
da/dN of medium and low strength steels (Sy < 770 MPa). R = Kmin/Kmax,
after Suresh and Ritchie (1982).
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lower (recall that KD-10 article requires 0.1 Hz or lower) are
required for conservative estimations of da/dN in H2. The
differences between H2 and air fatigue in zone I were
explained considering crack closure effects in air, which are
important for low values of R (Suresh and Ritchie 1982).

FCGR increases as theH2 partial pressure increases from
0.02 MPa to 100 MPa (San Marchi and Somerday 2012; Slifka
et al. 2018). According to different authors, even at low H2

partial pressures, da/dN increases by a factor of around 10,
with respect to air measured values (Table 2). Notice that
Table 2 shows results in terms of partial pressure of H2 and
not H2molar fraction or volume percentage, but for example
0.02MPawould correspond to a 0.3%H2 at a total pressure of
6.9 MPa (1000 psi), a representative value for natural gas
pressure in a transmission line. The experimental matrix
studied by the authors cited in Table 2 ismuchmore extensive
than the points referenced in the table. The table was pre-
pared to show that, like the effect of H2 on KIH, the aggressive
effects of H2 on FCGR persist at very low H2 partial pressure.

6.3.1 Effect of microstructure and steel grade on
FCGR in H2

Among the usually found microstructures and strength
values in pipeline steels, there are not clear correlations
between those variables and (da/dN)H2 (Nanninga et al.
2010), as the results presented below show.

In a pioneering study, A516 steel was thermally treated
to produce different microstructures, including ferritic–
pearlitic, bainitic–ferritic, and tempered martensitic
(Wachob and Nelson 1981), with previous austenitic grain
size ranging from 30 to 200 μm. Corresponding Sy values
were 305, 415 and 820 MPa. Despite differences in micro-
structure and strength level, da/dN versus ΔK curves in
6.9MPaH2were similar, except for differences in ΔK0, which
was in the range of 8–13 MPa m1/2.

Cialone and Holbrook (1988) also compared a vintage,
hot rolled X42 pipeline steel with banded ferritic–pearlitic
microstructure and numerous elongated MnS inclusions

versus a Nb and Mo microalloyed API 5L X70 controlled-
rolled steel with a polygonal ferritic microstructure inter-
mixed with a constituent consisting of acicular ferrite and
blocky islands of martensite/retained austenite. The (da/
dN)H2 versus ΔK for the modern X70 steel in 6.9 MPa H2

at R = 0.1 was below the curve for the vintage X42 steel
(Cialone and Holbrook 1988). It is challenging to make
performance comparisons due to differences in grade,
microstructure and chemical composition. Slifka et al.
(2018) recently studied several pipelines steels, including
modern and vintage API 5L X52, X70 and X100. Despite the
differences in strength and microstructure, which ranged
from different amounts of ferritic-pearlitic, polygonal
ferritic, acicular ferritic and bainitic microconstituents,
FCGR in 5.5 MPa and 34 MPa H2 had similar dependences
with ΔK, with data exhibiting considerable superposition.
Those results are promising for hydrogen transport using
modern, higher strength steels, because stronger steels
could tolerate higher pressures or smaller thicknesses,
allowing reductions on weight and material cost without
penalties on FCGR.

da/dN versus ΔK curves for fusion zone and HAZ of
submerged arc welds of an API 5L X60 steel in 6.9 MPa H2

were like the onesmeasured for the basemetal (SanMarchi
and Somerday 2012). Recently, FCGR tests were conducted
on API 5L X70, including base metal, girth, and longitudinal
welds, and HAZ’s (Chandra et al. 2021). The testing envi-
ronments were 12.3 MPamethane with 0, 1, 5, and 10%H2. It
was concluded that welds and HAZ’s were not more sus-
ceptible than the base metal. The hardness in welds and
HAZ were below 230 HV, whereas the parent pipe had 219
HV. Similarly, a 25% H2 in natural gas mixtures at 8.5 MPa
caused an increase in FCGR up to a factor of 20, for girth
welds of API 5L X60 steel (Benoit et al. 2021). Drexler et al.
(2019), concluded that HAZ of X52 and X70 had a similar
FCGR than respective base metal in H2 at 34 MPa and
5.5 MPa. Most of the welds and HAZ had hardness values
below 250 HV, but in some areas, like the cap pass of X70
weld, hardness values near 350 HV were reported. Finally,

Table : Effect of low partial pressure of H in fatigue crack growth rate of various carbon and low alloy steels.

Grade da/dNH da/dNair p H ΔK R References
mm/cycle MPa MPa m/

API L X . × 
−

. × 
−

.  . Holbrook et al. ()
SMB (. wt% C, Sy =  MPa)  × 

−
 × 

−
.  . Yoshikawa et al. ()

API L X  × 
−


–

.  . Nguyen et al. (a)
API L X  × 

−
 × 

−
.  . Meng et al. ()

API L X  × 
−

, × 
− a

.  . Ronevich and San Marchi ()
API L X  × 

−
 × 

−
.  . Chandra et al. ()

aNot reported in reference. Calculated with Paris law, Equation ().
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the HAZ of a vintage API 5L X52, with higher carbon content
and ferritic–pearlitic microstructure, had higher (da/dN)H2

than base metal, probably due to the presence of untem-
pered martensite in the fusion line (Drexler et al. 2019).
Residual stresses in welds can also contribute to the higher
FCGR in HAZ, according to a recent study by Ronevich et al.
(2018) on API 5L X100.

Alternatively to experimental measurements, ASME
B31.12 (2019) allows to estimate (da/dN)H2 for pipeline steels
in gaseous hydrogen service up to 20 MPa and R < 0.5 ac-
cording to:

(da
dN

)
H2

= a1ΔKb1 + [(a2ΔKb2)−1 + (a3ΔKb3)−1]−1 (11)

where a1, a2, a3, b1, b2, and b3 are empirical constants
(Table 3). Equation (11), used with values in Table 3, gives
the upper bound of the data at 20 MPa, the maximum
hydrogen gas pressure allowed by the ASME B31.12 code.
This equation was developed in a testing program where
the base metal of different heats of API 5L X52 (including
one modern and one vintage version) and X70 pipeline
steels were analyzed in 5.5 and 34 MPa H2 and R = 0.5
(Amaro et al. 2018; Slifka et al. 2018). Welds and HAZ were
not included in this program. Parameters for this equation
are indicated in ASME B31.12 (2019), for the upper bound fit
of da/dNH2 versus ΔK measurements obtained in the pro-
gram. All experimental points in Table 2 lay between the air
(Equation (10)) and ASME B31.12 master curve.

The Institution of Gas Engineers and Managers (IGEM)
has published more conservative FCGR laws, IGEM (2021).
They include an R dependence and are valid for a
maximum operating pressure not exceeding 137.9 bar
(13.79 MPa). Notice that there is an FCGR law applicable to
R ≥ 0.5, thus solving a limitation of ASME B31.12 curve. FCGR
in H2 laws published by IGEM are multistage Paris crack
growth laws (Equation (10)), with coefficients C and m that
must be selected considering both ΔK and R, see Table 4.

6.3.2 The effect of gaseous inhibitors and impurities on
H2 assisted FCGR

O2, CO, C2H4 (ethylene), SO2 (sulfur dioxide), and methyl
mercaptan (or methanethiol, odorant commonly added to
natural gas) inhibit FCGR in H2, probably by adsorption of S,
O, or C that blocks hydrogen absorption (Holbrook et al.
2012). The inhibition efficiency is principally controlled by
the inhibitor nature, load frequency and R, according to a
predictive model by Sommerday et al. (2013). Oxygen is a
promising inhibitor, considering the low required amount
(on the order of 100 ppmby volume), its efficiency and its low
cost (Cerniauskas et al. 2020). Pipeline quality natural gas
can have an oxygen content up to 1% or 10,000 ppm (Kidnay
and Parrish 2006), which is well above the required amount
for FCGR inhibition. However, if O2 is to be adopted as an
inhibitor, minimum quantities must be guaranteed. Finally,
the inhibiting effect of CO on FCGR explains why town gas or
syngas, which also contains H2 and methane, is not as
aggressive as a natural gas + H2 blend.

Some natural gas impurities, like CO2 or H2S, could
have an accelerating effect of FCGR (Barthelemy 2011;
Shang et al. 2020). From an engineering perspective, it is of
interest to assess the long-term benefits (or threats) of im-
purities in natural gasmixtures (Laureys et al. 2022), a topic
that deserves further investigation.

7 Codes and recommended
practices for natural gas versus
hydrogen pipelines

Natural gas pipelines are commonly designed, constructed,
tested, and inspected according to ASME B31.8 (2010).
Requirements for hydrogen pipelines are stricter than for
natural gas pipelines, and they are detailed in ASME B31.12
(2019), first introduced in 2009. Industrial gases producers
from Europe and North America published a set of rec-
ommended practices and service experience on H2 pipe-
lines (EIGA 2014), which are useful when used with a
pipeline design code.

The EIGA (European industrial gases association)
document applies to H2 concentrations above 10%, at a
temperature between −40 °C and 175 °C and total pressure
of 1–21 MPa. If CO > 200 ppm, the gas is outside the scope of
the document, because CO inhibits the aggressive effects of
H2. This document includes requirements for steels to be
used for the construction of pipelines for hydrogen trans-
port. For example, hardness of base metal, welds and HAZ
are limited to 22 HRC (Rockwell C) or 250 HB (Brinell), which

Table : Coefficients for FCGR law (Equation ()) for steels in H

service, valid for R < . and design pressure not to exceed MPa
( psi), ASME B. ().

Material constant Value

a . × 
−

b .
a . × 

−

b .
a . × 

−

b .

ΔK in MPa m/, da/dN in mm/cycle.
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corresponds to UTS of 800 MPa. CE is limited to 0.43 for C–
Mn steels and 0.35 for microalloyed steels. The limits on CE
help to assure that UTS of weld and HAZ remain below
800 MPa. The document recommends API PSL2 versions for
hydrogen pipelines, in their microalloyed versions (EIGA
2014). They indicate that there are few reported problems
for hydrogen pipelines constructed with X52 and lower API
5L grades and ASTM A106 Grade B steel. The good service
experience is related both to the low strength of steels used
and to the low hoop stress, typically below 30%–50% of
SMYS (EIGA 2014; Rawls and Adams 2012). ASME B31.12 was
introduced in 2009 to allow hydrogen pipeline operation at
higher hoop stress levels, with the intention that additional
requirements reduce the over-conservatism level (Rawls
and Adams 2012).

ASME B31.12 (2019) has three parts, part GR has general
requirements, part IP applies to piping and part PL to pipe-
lines. Piping is located within an industrial plant, like a pe-
troleum refinery or a chemical plant, and is not further
discussed in this paper. Seamless and welded API 5L grades
up to X80 are among the suitable materials for pipelines
listed in part GR. Grades with SMYS greater or equal to 65 ksi
(450 MPa) have a maximum allowable operating pressure of
1500 psi. It is interesting to note that Ni content in carbon and
low alloy steels is limited to 0.50 wt%, which parallels the
1 wt% Ni restriction for steels for sour service in ISO 15156.
This restriction has motivated research (Kappes et al. 2014),
and the effect of Ni in low alloy steels is not completely
understood at present. Finally, like EIGA recommendations,
ASMEB31.12 also recommends the use ofmicroalloyed steels,
with a fine polygonal and acicular ferritic grain uniformly
distributed through the thickness.

The GR part in ASME B31.12 lists several requirements
for welds for hydrogen service stricter than the ones appli-
cable to natural gas pipelines constructed according to ASME
B31.8. For example, the welding procedure must include a
minimum preheating temperature of 80 °C irrespective of
the CE or thickness. ASME B31.8 requires preheating when
carbon content is more than 0.32% or the carbon equivalent
is higher than 0.65%. ASME B31.12 requires PWHT when
thickness is above 20 mm, versus 32 mm in ASME B31.8. In
ASME B31.12, welding procedures include a maximum

allowable hardness of 235 HV for base metal, weld and HAZ.
This limit is lower than the ASME B31.8 or ISO 15156-2 limit
for sour service, 22 HRC or 250 HV.

Part PL contains pipeline design rules applicable when
H2 > 10% (in volume), p (total gas pressure) < 21 MPa
(3000 psi), temperature is between −62 °C and 232 °C and
water content is below <20 ppm. The thickness (t) of pipeline
is calculated according to Barlow’s equation, with four safety
factors (F, E, T and Hf), all of them ≤1

P = 2SMYSt
D

FEWTfHf (12)

where D is external diameter, F is the design factor (it ac-
counts for proximity of pipeline to roads, highways, rails,
streets, and buildings), EW is the longitudinal joint factor
(referred to as E in the code, not to be confused with Young
modulus), Tf is the temperature derating factor (referred to
as T in the code, not to be confused with temperature) and
Hf is the material performance factor in gaseous H2.

ASME B31.8 has a similar expression, but without theHf

factor. This factor accounts for the effect of gaseous H2 on
mechanical properties of carbon and low alloy steels. EW
and Tf have similar values both in ASME B31.12 and ASME
B31.8. For seamless, electric resistance welded, electric
flash welded or double submerged arc welded pipes at
temperatures up to 121 °C (250 F) the codes set both factors
to 1.

When the hoop stress, σh, is greater than 40% SMYS,
ASME B31.12 requires the use of API 5L PSL 2 pipeline and
proposes two options for fracture propagation control, option
A (Prescriptive Design Method), and option B (Performance-
Based Design Method). Hf is used in option A and it decreases
as the SMYS and the design pressure increase.Hf is set to 1 for
SMYS ≤ 52 ksi (360 MPa) and P ≤ 2000 psig (13.8 MPa). For
higher grades or operating pressure,Hf < 1. Option B setsHf = 1
in all cases but requires fracture toughness measurements in
gaseousH2.MethodA assigns lower values to the design factor
F, which considers the location of the pipeline. Therefore, the
maximum possible operating stress according to method A is
limited to 50% SMYS (Table 5). Method B uses the same F
values specified for natural gas pipelines, ASME B31.8, thus
allowing operating stresses up to 72% SMYS.

Table : Coefficients for multistage Paris FCGR law for steels in H service, with design pressure not to exceed . MPa ( psi), IGEM ().

R Stage A Stage B Stage C Stage D ΔK for Stage
A/Stage B transi-

tion point

ΔK for Stage
B/Stage C transi-

tion point

ΔK for Stage
C/Stage D transi-

tion point
C m C m C m C m

<. . × 
−

. . × 
−

. . × 
−

. . . .
≥. . × 

−
. . × 

−
. . × 

−
. . × 

−
. . . .

ΔK in MPa.m/, da/dN in mm/cycle.
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Minimum shear fracture area and absorbed energy in
Charpy tests are specified by method A at 0 °C or the lowest
expected service temperature, so that the pipeline has a
ductile behavior and sufficient toughness to arrest a ductile
fracture. The welding procedure must be qualified so that
HAZ and base metal comply with minimum specified values
of Charpy energy. Finally, the UTS of the basemetal and HAZ
are limited to 100 ksi and SMYS ≤ 70 ksi.

For method B, besides the Charpy test requirements
indicated in the last paragraph, the base metal, weld and
HAZ must be tested in gaseous H2 at or above the design
pressure and at room temperature. KTH

1 and fatigue crack
growth rate must be measured according to ASTM E1681
(2020) and ASTM E647 (2015) (Table 1), respectively. The
pipeline must have enough fracture toughness to tolerate an
elliptic flaw of 0.25 t depth and 1.5 t length, where t is pipe
thickness, or a critical crack size developed by applicable
fatigue loading, following rules in Article KD-10 (ASME BPVC
VIII.3 2017).KTHmust be not less than 50 ksiin1/2 (55MPam1/2).
Table 5 indicates some additional requirements of method B,
comparing them with those of method A.

It is interesting to compare specifications in Table 5
with those for PSL 2 steels in API 5L 46th ed (2018). Grades
X70 PSL 2 and lower have a maximum UTS ≤ 110 ksi. Hence,
option B implicitly limits the SMYS to 70 ksi. Option A
requires maximum UTS ≤ 100 ksi, which in API 5L is ach-
ieved by X46 and lower grades. Finally, the phosphorus

requirement in method B is 0.015 wt%, stricter than the
0.025% limit in API 5L.

7.1 Steel pipeline service conversions

Appendix H in EIGA (2014) document and ASME B31.12
(2019) have detailed procedures for service conversion of
pipelines originally constructed for other services, like
natural gas. The complexity and costs of tasks to be per-
formed for service conversion increase with the number of
unknowns on technical information and history of the
pipeline. For example, if mill certificates are missing, the
material description shall be determined by chemical and
physical analysis at a sampling rate of one per 1.6 km (1 mi)
of pipeline (ASME B31.12 2019; EIGA 2014).

Fracture control and arrest must be qualified accord-
ing to prescriptive (method A) or performance-based
(method B) approaches, otherwise the MAOP must be set
so that σh ≤ 40% SMYS (ASME B31.12 2019). Notice that
qualifying a pipeline according to either method requires
destructive Charpy tests on each heat of the base metal,
and Charpy tests on weld and HAZ to qualify the welding
procedures. On top of that, method B requires KTH mea-
surements on base metal, weld, and HAZ. Mechanical
properties (hardness, Sy and UTS) of base metal and welds
must be examined at a rate of 1 sample per 1.6 km (1 mi).
This requirement is placed by ASME B31.12 (2019) standard
regardless of the availability of mill certificates. The pro-
cedure seems extremely complex and laborious, and for
pipelines made with vintage steels, it is worth recalling
that impact testing requirements on pipelines were
introduced just in 2000 (Kiefner and Trench 2001). Hence,

Table : Pipeline safety factors and material requirements according to prescriptive (A) and performance (B) based options in ASME B. (),
required when σh > % SMYS.

Option A Option B

Design factor, F Smaller than in ASME B., for example . (H) versus .
(natural gas) for location class , division 

. (location class , division ),
same as ASME B.

Factor Hf ≤, dependent on steel grade and pressure =
Brittle fracture control at the lower of  °C and the
service temperature

Shear aspect in Charpy specimen not less than % for full-thickness Charpy specimens, or % for
reduced-size Charpy specimens

Ductile fracture arrest capacity at the lower of  °C
and the service temperature

Minimum Charpy energy in standard dependent on hoop stress due to design pressure, pipe radius
and wall thickness

Product specification level (PSL) PSL versions required
KTH Not specified ≥ ksi.√in ( MPa √m)
Inclusion shape control practices Not specified Required
Phosphorous content Not explicitly specified, but according to API L PSL , P≤ .% P ≤ .%
Maximum UTS (base metal and welds) ≤ ksi ≤ ksi
SMYS ≤ ksi ≤ ksi

1 KTH is measured at constant load or displacement. Notice that this
parameter is referred to asKIH in ASMEB31.12 andKD-10 article in ASME
BPVC. KTH and KIH, as defined in this work, are measured following
different standards (Table 1), and for pipeline steels KIH < KTH.
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qualifying an existing pipeline built before 2000 for
hydrogen service according to those standards imply a
paramount amount of testing or a considerable derating,
so that σh ≤ 40% SMYS.

8 Field experience

8.1 Conversion of pipelines for H2 transport

Two pipelines, originally constructed as crude oil pipelines,
were converted to hydrogen in Texas (USA). However, the
details found are insufficient to calculate basic parameters
like hoop stress (Air Liquide 2005).

An 11 km segment of a natural gas pipeline in
Netherlands, originally built in 1996, was recently con-
verted to transport a mixture of hydrogen with up to 30%
methane (Huising and Krom 2020). The pipeline conforms
to L415MB (X60 M, where M is for Thermomechanical rol-
led), and was manufactured according to similar re-
quirements to those for PSL 2 pipelines in API 5L 2018. The
design pressure was 66.2 bar (6.62 MPa) with natural gas,
which resulted in a hoop stress of 55 to 46% of SMYS (there
were two different thicknesses along the pipe length). For
H2 service, pressure was reduced to 41.7 bar (4.17 MPa),
resulting in hoop stresses equal to 35 or 29% SMYS. Service
conversion was performed following Dutch pipeline regu-
lations. Analyzing the problem from ASME B31.12
perspective, as hoop stress <40% Sy, fracture control and
arrest requirements can be omitted. This is an example of
derating after service conversion. The effect of H2 on FCGR
was disregarded because ΔK was less than 3.3 MPa m1/2,
even considering a conservative flaw. FCGR in H2 is
essentially the same as FCGR in air at those ΔK values (Slifka
et al. 2018). The low ΔK is explained by small variations in
pipeline pressure during service.

8.2 Hydrogen blending in natural gas
pipelines

The Agency for the Cooperation of Energy Regulation
(ACER) conducted a survey among national regulatory au-
thorities (NRA) of 23 European countries, aimed at identi-
fying the technical ability of the gas transportation systems
to accept H2 blends, pure H2 and biomethane (ACER 2020).
The countries with highest allowable H2 blending per-
centages are Germany (10%), France (6%), Spain (5%) and
Austria (4%). The German concentration threshold is

lowered to 2% if compressed natural gas filling stations are
connected to the pipeline. The limit for Spain corresponds
to non-conventional sources, like gas from biomass. There
are reports of hydrogen blending in Italian (SNAM 2020)
and German pipelines (OGE 2020).

Construction and design of natural gas pipelines in
Germany, the country with the highest allowable blending
percentages, are ruled by codes DVGW G 463 (A) 2016; EN
1594 (2000) (when design pressure is greater than 16 bar).
According to DVGW G463 (2016), the gas in the pipeline
must fulfill the requirements of the 2nd family of gases in
DVGW G260. Gas can have up to 10% of H2, it might be
synthetic, or natural, and its chemical and physical prop-
erties (Wobbe index, heating value and relative density)
must meet the standard (DVGW G 260 2021) requirements.
Notice that this 10% limit is based on H2 effects on gas
performance in boilers, heaters, stoves, or similar, and not
on H2 effects on pipeline steel mechanical properties. Pipe-
lines are designed according to EN 1594 (2000), where an
expression like Equation (12) is used to calculate the pipeline
thickness. Safety factors in DVGW G463 (2016) are more con-
servative than inASMEB31.8 (2010). Themaximumadmissible
hoop stress is 62.5% SMYS (vs. 72% in ASME B31.8 2010). Steels
currently used for transmission pipelines (ISO 3183 2019) are
equivalent to PSL 2 pipelines listed in API 5L.

Another country with specific regulations on hydrogen
pipelines, blending and repurposing is Great Britain (IGEM
2021). The regulation closely follows ASME B31.12 (2019)
requirements, but amajor difference is that it considers the
possibility of qualifying the material for hydrogen service
with mechanical tests conducted at the actual H2 partial
pressure of the pipeline (ASME B31.12 and KD-10 article in
ASME BPVC VIII.3 2017 only consider tests in pure H2 at
the design pressure). IGEM document also includes re-
quirements for repurposing a natural gas line to hydrogen
or blends. Design stress determination follows a similar
philosophy than ASME B31.12, with a prescriptive and
performance-based option, and similar limits on UTS
(690 MPa) and hardness (250 HV) of base metal, welds, and
HAZ. The standard is ambiguous about blending at small
partial pressures, indicating that “below 10% mol there is
no evidence to confirm that blends containing up to 10%
mol hydrogen do not cause material degradation, but it is
considered that the risk is low”.

There are several on-going blending projects for distri-
bution networks. It is recalled that those operate at much
lower pressure than transmission pipelines. The criterion
for fixing blending amounts is related to performance of
appliances like boilers, gas cookers and heaters (AGN 2021;
Isaac 2019).
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9 Discussion

According to the evidence reviewed in this paper (Briotett
and Ez-Zaki 2018; Chandra et al. 2021; Meng et al. 2017;
Nguyen et al. 2021a; Ronevich and San Marchi 2021), FCGR
increases, and KIH decreases with H2 partial pressure
without an apparent lower threshold for H2. Additionally,
zones with hardness greater than 98 HRB (equivalent to 228
HV, or UTS of 750 MPa) or susceptible microstructure might
be present in existing pipelines, with the consequent risk of
subcritical cracking if H2 is to be injected. Subcritical
cracking must be prevented in loaded structures because its
outcome is catastrophic failure. Hardness might be used as a
screening tool to infer the presence of susceptible micro-
structures in linepipes, incompatiblewith gaseousH2. The oil
and gas industry has followed this approach for selecting
materials resistant to sulfide stress cracking, a form of
hydrogen embrittlement, placing a limit of 22 HRC (248 HV,
or UTS of 790 MPa), among other materials requirements
(ISO 15156-2). It is cautioned that an HAZ with a susceptible
microstructure can present subcritical crack growth even at
hardness values close to the 98 HRB screening threshold, as
reported by Hoover et al. (1981). According to Hoover et al.
findings, susceptible microstructures are not necessarily
limited to fresh martensite.

H2 blending in transmission natural gas pipelines
requires special precautions irrespective of the desired H2

content in the mix. Besides the risk of subcritical crack
growth, how pipeline integrity is affected by the decrease
in fracture toughness and the increase in FCGR by H2

should be understood before blending or repurposing an
existing pipeline. Such understanding requires a detailed
knowledge of material, stress state, environmental vari-
ables, and flaw characteristics in the existing component
(Figure 6). Besides internal pressure and its fluctuations,
the pipeline geometry is required to determine primary
stresses acting on the pipe. Residual stress can contribute
to fracture in existing welded pipes (Anderson and Brown
2016), depending on pipe thermomechanical history.
Thermal stresses, earth stresses rising from soil movement
and installation stresses like those in field bends are
required for a complete description of stress state (Fessler
and Sen 2014). Current technologies for defects and crack
detection in existing pipelines include in-line inspection
(ILI), which is based on non-destructive detectors mounted
on inspection pigs (Kania et al. 2014) and hydrotesting
(destructive), commonly performed at a pressure not less
than 1.25 the maximum operating pressure (ASME B31.8
2010). All the information summarized in Figure 6, added to
guidelines in engineering codes, allow calculating the

Figure 6: Influence diagram showing dependencies of main parameters required for estimating component performance in gaseous hydrogen or
blends.
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failure pressure, the decrease in critical crack size and the
remaining life after blending. The rest of the discussion
provides some additional guidelines for applying this
methodology.

9.1 Where is the risk of hardness >98 HRB
highest in existing pipelines?

Hydrogen embrittlement is controlled by material strength
and microstructure. Hardness is often used for an indirect
determination of strength. However, hardness-strength
correlations, like the ones used in this work (based on
ASTM A370-22 2022), are microstructure dependent and
hence, the interrelationships are approximate. On top of
that, a UTS determination tests a much larger zone of
material than a hardness measurement. Therefore, a
material with a given UTS can have zones with hardness
above and below the value predicted from hardness-
strength correlations. Inhomogeneities in chemical compo-
sition and in thermal cycles promote different microstruc-
tures through the specimen thickness, with associated
disparities in hardness. This section explores where hard-
ness and microstructures highly susceptible to hydrogen
embrittlement might be present in existing pipelines.

9.1.1 Base metal

Elements like Mn and P segregate leading to non-
uniformities in local chemical composition and banded
microstructures (Thompson and Bernstein 1977). Vintage
steels have higher concentrations of those elements than
modern microalloyed steels. During cooling from high
temperature (for example after hot rolling, field forming or
welding) these chemical heterogeneities promote differ-
ences in microstructure through the thickness of the
component. The UTS, obtained from a tensile test, could be
within specification of API 5L (less than 760 MPa or 110 ksi
for grades API 5L X70 and lower) but hardness values in
segregated and banded pearlite zones could be in excess of
the value expected from UTS measurement. Notice that a
hardness of 98 HRB corresponds roughly to a UTS of
750 MPa. In other words, the UTS value gives little infor-
mation on the distribution of microstructures and local
hardness across the thickness, and hence, on the material
response to hydrogen embrittlement.

Modern microalloyed steels have much lower C and Mn
contents. The required strength is obtained by thermo-
mechanically controlled processing, that allows getting a
microstructure with precipitation hardening and small
grain size, while minimizing the central segregation. A

uniform distribution of fine grained polygonal and acicular
ferrite is the target microstructure for H2 service (ASME
B31.12 2019). It is anticipated that with such careful control of
microstructure an acceptable resistance to embrittlement in
gaseous hydrogen can be achieved even if the hardness is
above 98 HRB. Such expected performance must be evalu-
ated by fracture toughness tests in gaseous hydrogen.

Another example of zones with excessive hardness are
the so-called “hard spots”, more common in vintage steels
due to the higher hardenability impaired by their C, Mn,
and P contents. Clark et al. (2005) presents a summary of
hard spot incidents in vintage pipelines. They occurred, for
example, when an uncontrolled water jet caused a fast
cooling of the plate after hot rolling (Clark et al. 2005). HE
can occur in hard spots in service under natural gas if there
is sufficient hydrogen absorption from the cathodic pro-
tection system. After an eventual shift to hydrogen or
blends transport, the source of hydrogen could be the
transported gas, and subcritical cracking could occur in
hard spots.

According to the current API 5L specification, a zone
with hardness above 35 HRC or 345 HV (UTS = 1080 MPa) is
unacceptable if it is larger than 50 mm in any direction. As
the 98 HRB threshold is much lower than the 35 HRC
threshold a spot with high risk of subcritical cracking could
be present in a pipe that is acceptable according to current
API 5L specification.

9.1.2 Weld heat affected zones and arc-strikes

For a givenwelding procedure, the risk of having hard zones
and untempered martensite increases with the CE of carbon
and low alloyed steels. The hardenability increases with the
CE and promotes the transformation to martensite during
cooling. Again, vintage pipelines are at a higher risk than
modern pipelines, except if a qualified welding procedure
that controls cooling rate and ensures an acceptable
maximum hardness value had been used. Hard spots in
welds with 48 HRC and untempered martensite were
detected in pipes with a base microstructure of ferrite and
pearlite, in a vintage API 5L X52 pipeline (James and Hudgins
2016).

During in-service welding of pipelines, gas flowing in
the inside effectively removes heat from the weld. In this
case, the cooling rate will be high, increasing the risk of fresh
martensite and hard spots in the HAZ. Codes for natural gas
pipelines, like ASME B31.8 (2010), allow in-service welding of
pipelines, required for repair operations or “hot tapping”
(Bruce and Etheridge 2012). ASME B31.8 code refers to
API 1104 (1999), where a 350 HV limit is placed for in-service
welds. The aim of this limit is to prevent cold cracking, a
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hydrogen embrittlement mechanism due to the hydrogen
absorbed by the liquid metal pool during the welding pro-
cess. This threshold is equivalent to UTS = 1100 MPa or 35.5
HRC, and it is excessively high and incompatible for gaseous
H2 service.

Inadvertent arc strikes cause arc burns. They canproduce
zones of excessive hardness, due to the extremely fast cooling
rate experienced by the small touch point zone cooled by the
surrounding base metal (API 1104 1999). ASME B31.12 (2019)
calls them “metallurgical notches”, suggesting that they canact
as hydrogen assisted crack initiation sites, and they must be
removed according to guidelines presented therein.

9.1.3 Cold and hot worked zones

Accidental pipeline contact with a backhoe bucket or similar
equipment can cause dents and gouges. They constitute
examples of zoneswith increased hardness due to coldwork.
Gouges involve metal removal and a locally reduced wall
thickness. Dents are inward or outward deviations from the
expected shell geometry. Both can affect the fitness for ser-
vice of the pipeline (API 579-1/ASME FFS-1 2021). On top of the
geometrical effects, hardness on gouges as high as 350 HV
(Schöneich 2015) were measured for a 180 HV base metal
(API 5L X52). Cracks due to hydrogen stress cracking were
reported in the hardened layer (Schöneich 2015), the source
of hydrogen was cathodic protection. This hardness level is
also incompatible with H2 service.

Special precautions are required if cold or hot bending
processes are performed in the field. Both processes alter
microstructure and can increase steel hardness. ASMEB31.12
(2019) requires PWHT after those processes, to restore
microstructure and hardness to acceptable levels. However,
PWHT might not have been done in an existing natural gas
pipeline, and it could potentially have a zone with hardness
levels above 98 HRB.

9.1.4 Future perspectives

The low energy density of hydrogen requires transport at
high pressure. The use of higher-strength steels could reduce
the cost of pipelines, by reducing the required thickness for a
given pipeline diameter and gas pressure (Briotett et al.
2012). With adequate control of microstructure, higher-
strength steels with acceptable resistance to hydrogen
embrittlement could be developed and qualified for H2 ser-
vice, even when the base metal hardness is in excess of 98
HRB. This was the strategy that made possible the use of
steels with SMYS above 110 ksi (760 MPa) for sour service
(Perez 2013). In this regard, the hydrogen concentrations
attained during sour corrosion are higher than the ones

expected under gaseous H2 service, so it is worth taking the
successful path followed by industry to develop steels
resistant to harsher conditions.

9.2 What is the effect of decreased fracture
toughness in H2 in failure pressure?

The fracture toughness of pipeline steels measured under
rising displacement in H2 containing environments is
reduced on the order of 50% of airmeasured values (Laureys
et al. 2022; Pluvinage et al. 2019). This result has been
confirmed for several grades of pipeline steels (Figure 4). It is
anticipated that this decrease in fracture toughness would
reduce the failure pressure (Pfail) of a flawed pipeline. Pfail
can be estimated with the failure assessment diagram (FAD)
in API 579-1/ASME FFS-1 (2021). According to KD-10 article in
ASMEBPVC section VIII-3 (2017), thismethodology is used for
determining the critical crack size. Alternatively, if the flaw
size, pipeline geometry, fracture toughness and steel grade
are known, Pfail can be calculated (Figure 6).

According to FAD curve (Figure 7), there are three
possible mechanisms of failure for a structural component
with flaws: brittle failure, elastoplastic failure, and plastic
collapse. Assessments points inside the curve are safe, fail-
ure occurs outside the curve. The assessment point ordinate
(Kr, toughness ratio) and abscissa (Lr, load ratio) are calcu-
lated according to:

Lr = σref

Sy
Kr = K

K IC
(13)

where σref is the reference stress, related to stress in the
uncracked ligament (Anderson 2005) and K is the applied
stress intensity factor. Useful solutions for K and σref appli-
cable to pipelines are compiled in API 579-1/ASME FFS-1
(2021). Sy is insensitive to hydrogen, according to slow strain
rate tests (San Marchi and Somerday 2012). Notice that in an
H2 containing environment, KIC should be replaced by KIH in
Equation (13) (Boukortt et al. 2018). Both Lr and Kr increase
proportionally with operating pressure, because both σref
and K in Equation (13) increase proportional to pressure for
a flawed pipeline. Hence, loading paths of flawed pipelines
are lines that pass through the origin (Hadj Meliani et al.
2011), and the intersection of this line with the FAD curve
yields Pfail (Figure 7). The slope of the line is controlled by
material parameters (Sy, KIC or KIH), pipeline geometry and
flaw dimensions. Each case in Figure 7 represents pressur-
ization of a pipeline with a given geometry, grade, and flaw
dimensions. According to Equation (13), ifKIH is 50%KIC, then
the slope of this line doubles after blending hydrogen in the
pipeline (case 1, 2 and 3). Notice that Pfail is proportional to
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the corresponding Lr coordinate of the point on the FAD
curve, which does not vary after injecting H2.

The shape of the FAD curve affects the sensitivity of Pfail
to KIC (or KIH, for H2 service). This sensitivity is maximum in
the brittle failure zone (case 1). There, a 50% decrease in
fracture toughness by H2 causes a 50% decrease in Pfail. The
sensitivity decreases in the elastoplastic zone (case 2), and
finally Pfail is independent of fracture toughness in the
collapse zone (case 3). This is so because in the collapse zone,
steel strength controls Pfail (Anderson and Brown 2016). In all
cases, actual operating pressure (P) should be set to a frac-
tion of Pfail, considering all applicable safety factors (F, EW
and Tf in Equation (12)).

The discussion in the previous paragraph implies that,
generally, a flawed pipeline would not tolerate a hydrogen
blend without a corresponding decrease in P. Otherwise, the
hydrogen blend would cause failure or a decrease in safety
factors. It is worth recalling that not only the assumed defect
must have a conservative size and orientation (estimated
from ILI inspections, hydrotesting or other), but also that
reliable values of KIH should be used, considering whether
the defect is in the basemetal, weldmetal or theHAZ (Martin
et al. 2022). Case 1 could represent the situation for vintage
pipelines with large defects, with a deficient microstructure.
Manfredi and Otegui (2002) reported KIC (in air) values for
vintage X46 and X52 base material between 100 and
150 MPa m1/2, and much lower values for the weld metal,
around 40 MPa m1/2. Hydrogen injection would decrease
those values, promoting brittle failure. On the other hand,
case 3 would represent the case of a modern pipeline with
very small defects. The base metal of a microalloyed API 5L

X52 PSL 2 pipeline has a KIC of 300 MPa m1/2 in air, and
140MPam1/2 in a 3%hydrogen blend at 21MPa (Ronevich and
SanMarchi 2021). Calculations show that, for a 20” diameter,
0.25” thickness pipeline with 40 mm length and 2 mm depth
defects (they have 90% Probability of Detection by ILI, Kania
et al. 2014)Pfail in theH2 blend is the same than in natural gas,
despite the ∼50% decrease in fracture toughness.

Knowing KIH for an existing pipeline is far from re-
ality: for most existing pipelines, not even Charpy impact
energy values are known, because they were not required
at the time of construction. Standardized tests for char-
acterizing mechanical properties of base metal and welds
require large amounts of steel. If representative samples
of base metal, weld and HAZ of the pipeline are not
available, they must be obtained from the pipeline. The
development of tests for assessing mechanical properties
using miniaturized specimens, like the small punch test
(SPT) (Nguyen et al. 2021b), will be of particular interest
for integrity programs of blended or converted pipelines.
The small samples required for the SPT could be taken
from an operating pipeline without compromising its
structural integrity.

9.3 How to estimate the remaining life if
cyclic loads are important?

Crack growth rate laws in H2 (like Equation (11)) allow esti-
mation of the life of cyclically loaded flawed components.
The procedure is detailed in KD-4 article in ASME BPVC,

Figure 7: Failure assessment diagram (API 579-1/ASME FFS-1 2021), showing the effect of decreased fracture toughness by H2 blending on failure pressure,
Pfail. Each case in the figure represents a loading path for a pipeline with a given geometry, grade, and flaw size. Injecting H2 doubles the ordinate of each
point (it is assumed that KIH = 0.5 KIC), as shown by the arrows. For each case, Pfail is proportional to the Lr coordinate of the point on the curve.
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Section VIII, Division 3 (2017). Inputs for this analysis are
summarized in Figure 6, and can be classified in material,
stress, environmental and flaw geometry factors.

Various expressions for the stress intensity factor are
listed in API 579-1/ASME FFS-1 (2021). The maximum allowable
final crack depth is obtained with the failure assessment dia-
gram (FAD), API 579-1/ASME FFS-1 (2021), considering H2

affected fracture toughness. The critical defect size, assumed in
axial orientation, should not be smaller than 0.25 t depth and
1.5 t length (t is pipeline thickness). The output of this calcu-
lation is thenumber of cycles to failure, definedas the lower of:
(a) one half of the number of cycles required to reach the

critical crack depth.
(b) the number of cycles required for the defect to reach

25% of thickness or 25% of the critical crack depth.

The remaining life in units of time can be estimated if the
pressure cycling frequency is known. Figure 8 illustrates
this methodology, for this case, fatigue life is defined by
criterion a) above. Some examples of estimations of H2

effect on residual life following this methodology are pre-
sented in the literature (Chandra et al. 2021; Dadfarnia et al.
2019;Meng et al. 2017; Nguyen et al. 2021a; Ronevich and San
Marchi 2021). The results depend strongly on pressure
amplitude, which controls cyclic hoop stress and ΔK.

9.4 Is the higher FCGR in H2 a concern for
pipelines?

Cyclic stress range (Δσ) and stress intensity range (ΔK) are
the main driving forces for fatigue initiation and fatigue
crack propagation. Both Δσ and ΔK increase proportionally

with internal pressure. Pressure in pipelines exhibit daily
fluctuations on the order of ±10% of the operating pressure,
and less frequent shutdowns and startups for maintenance
or upset conditions, in which the pressure decreases from
operating pressure to zero and then back to operating
pressure (Shipilov and Le May 2006). Considering pipelines
loaded by internal pressure, Rosenfeld and Kiefner (2006)
concluded that fatigue is not a concern for natural gas
transmission pipelines, because they do not commonly
experience large variations in pressure. ΔK increases with
the size of cracks or flaws; however, it is concluded that if
their size is small enough to survive a hydrostatic test, sig-
nificant fatigue crack growth is not expected within the
pipeline service life (Rosenfeld and Kiefner 2006). FCGR
could be an issue if large defects are present in pipelines. For
example, for the 2 mm deep and 40 mm long crack analyzed
in Section 8.2, the ΔK value is 5.8 MPa m1/2 (considering a
cyclic pressure ±10% of the corresponding operating pres-
sure at 72% SMYS). This ΔK value is right at the onset of FCGR
acceleration by H2 (Equations (10) and (11)) and the R would
be close to 1. Examination of Table 2 highlights a research
need: most tests of FCGR in H2 were conducted at R ≤ 0.5,
including the ones performed for the development of
ASME B31.12 (2019) FCGR master curve. How the so-called
ripple load (with R close to 1) common in pressurized
transmission pipelines affects FCGR in H2 is still an open
question (Chandra et al. 2021).

Full scale deployment of renewable energy production
requires sufficient energy storage capacity. In a hydrogen
economy, peak shaving and valley filling could be accom-
plished by producing and consuming green H2. Line packing
H2 in existing transmission lines adds to the storage capacity
of the system. Line packing refers to the short-term storage

Figure 8: Schematic effect of H2 on critical crack
size (ac), FCGR and fatigue life.
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capacity of the pipeline: pipeline pressure increases and
decreases during low and high periods of demand, respec-
tively (Haeseldonckx and D’haeseleer 2007). Pipeline storage
capacity scales with the difference in lower and upper
pressures and the geometric volume enclosed by the pipe-
line. It is anticipated that this operation mode will increase
the driving force for hydrogen assisted fatigue, so that the
pressure amplitude will have to be limited considering the
desired fatigue life.

10 Conclusions

Laboratory tests reviewed in this paper have systematically
showed that gaseous hydrogen degrades ductility, fracture
toughness and fatigue life. Those effects persist at low partial
pressure or percentage of hydrogen in the blend. Addition-
ally, hard zones and susceptible microstructures near welds
or in the pipe base metal are susceptible to subcritical
cracking in gaseous hydrogen. From a pipeline integrity
perspective, the most relevant points discussed in this re-
view are:
– The risk of subcritical cracking is high when hardness is

above 98HRB. For existing natural gas pipelines, the risk
of exceeding this hardness limit is higher in welds and
HAZ, particularly when equivalent carbon is high like in
vintage pipelines or when welds are performed as part
of field repairing. Cold-worked regions like dents and
gouges might also have incompatible hardness. Segre-
gated zones in vintage pipelines and hard spots in base
metal are also at risk of subcritical cracking. Existing
codes for hydrogen containing pipelines fix strict
maximum values on strength and hardness of base
metal and welds.

– According to a fitness for service methodology, for a
flawed pipeline the decrease in failure pressure with
respect to air can be evaluated if the KIH/KIC ratio and
actual yield stress are known. However, this approach
has practical limitations: it is important to recall thatKIH

is not known for existing natural gas pipelines. Obtain-
ing its value for base metal, weld and HAZ requires
destructive sampling of the pipelines, unless welded
samples representative of the welding procedure are
available.

– The higher FCGR in hydrogen blends versus natural gas
can decrease pipeline service life if pressure amplitudes
are significant, or if flaws have such a size that hydrogen
effects are important. Typically, pressurized natural gas
pipelines experience stress cycles with high R values.
FCGR has dependence with R, but the effect of FCGR at

high values of R has received less attention than at
R < 0.5. Future needs of using pipelines for storing
hydrogen produced by renewable energies might
generate stress cycles with larger amplitudes and lower
R values.

– At odds with the potential effects of blending hydrogen
on pipeline integrity, there are not international codes
for materials selection and pipeline design applicable to
H2 contents less than 10%. An option for repurposing
would be to apply ASME B31.12 to the existing natural
gas pipeline. This is extremely laborious considering the
number of destructive tests to be performed on the
pipeline material, at a sampling rate of 1 per mile.

– Most laboratory results of hydrogen-affected properties
were reported for environments with minimum con-
centrations of contaminants like O2 and CO. Authors that
studied the effect of those contaminants in laboratory
tests reported that small amounts of them (in the ppm
range) inhibit the aggressive effects of H2, restoring
properties to values measured in air. As they might be
present in natural gas, this fact is promising from an
engineering perspective. The role of other impurities in
natural gas (CO2, H2S) and their interplaywith inhibitors
is a topic that deserves further study.
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Appendix

The following figure was constructed considering the tables
in ASTM A370-22 (2022), listing approximate ultimate tensile
strength (UTS) as a function of hardness, measured in
different scales. Such conversion is valid for nonaustenitic
steels. This standard was used for listing approximate UTS
and hardness in different scales in the main body of this
manuscript. Notice that hardness in Brinell and Vickers
scales are coincident up to 234 HB (Figure A1).
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