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Abstract

The Technical Reference for Hydrogen Compatibility of Materials summarizes
materials data related to hydrogen-assisted fracture (also called hydrogen
embrittlement) in gaseous hydrogen environments, with emphasis on hydrogen
permeation and structural properties. The Technical Reference generally does not
provide specific recommendations for materials selection as the suitability of a given
material depends on service conditions, in particular the mechanical and
environmental conditions associated with a particular component, as well as the
details of the materials microstructure. In substance, the Technical Reference is a
collection of stand-alone documents organized by materials class, which have been
compiled into this composite report. The individual sections are occasionally updated
and new sections are added; the most recent versions are available from our website
at http://www.ca.sandia.gov/matlsTechRef/. This compilation updates the previous
composite release: SAND2008-1163.
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Technical Reference on Hydrogen Compatibility of Materials

Introduction

The Technical Reference on Hydrogen Compatibility of Materials summarizes materials data
originating from scientific articles and institutional reports with the aim of assisting materials
selection for service in hydrogen gas, with emphasis on structural materials. It is compromised of
a collection of electronic documents (or sections) that are updated periodically; the latest
revisions are available at http://www.ca.sandia.gov/matlsTechRef/ In addition, these documents
have been assembled into a report [1] that will be revised occasionally based on substantial
overall content change.

The data included in the Technical Reference reflect two primary phenomena associated with
materials in hydrogen gas service: 1) permeation of hydrogen through materials, resulting in an
effective leak through a structure, and 2) degradation of the mechanical properties of materials,
which compromises structural integrity. The well-documented degradation phenomena consist of
a number of possible mechanisms that we refer to collectively as hydrogen-assisted fracture (in
the literature these are often called hydrogen embrittlement). The Technical Reference does not
provide specific recommendations for materials selection as the suitability of a given material
depends on service conditions, in particular the mechanical, environmental, and material
conditions associated with a particular component. Examples of important mechanical,
environmental, and material variables that generally contribute to hydrogen-assisted fracture
include loading mode (e.g., static vs cyclic stress), hydrogen gas pressure, temperature, and
material strength level. It is recommended that safety factors for hydrogen gas systems be
established based on materials tests performed under relevant mechanical, environmental, and
material conditions without significant extrapolation. For example, mechanical properties
measured for a low-strength steel in low-pressure hydrogen gas should not be applied for
exposure to high-pressure hydrogen gas or to the same steel in a high-strength condition. It is
important to emphasize that engineering systems have been successfully designed for high-
pressure hydrogen service, much of this experience is summarized in an ASME report [2].

The Technical Reference is organized by specific alloy (e.g., type 304 austenitic stainless
steel) or alloy system (e.g., Cr-Mo steels) according to common and relevant nomenclature.
Materials are primarily grouped by base element, such as steels or aluminum alloys, which are
further distinguished by characteristics such as microstructure, composition, and heat treatment.
A four-digit number (code) is assigned to each section to assist organization and revision: the
first digit corresponds to the base element; steels constitute the majority of structural materials,
and two distinct broad categories are used: ferritic steels (1xxx code series) and austenitic steels
(2xxx code series). The second digit refers to the alloy class, and the final two digits specify the
alloy or alloy system. For example, within the ferritic steels (1xxx code series), the low-alloy
steels are distinguished by code numbers 12xx. At the alloy system level, the low-alloy steels
include the tempered Cr-Mo steels (code 1211) and the tempered Ni-Cr-Mo steels (code 1212).
When a section provides information at a level higher than the alloy family, zeros are used, such
as code 1500 to designate the broad class of ferritic stainless steels.
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For the purposes of this Technical Reference, the susceptibility of structural materials to
hydrogen-assisted fracture in hydrogen gas is evaluated by mechanical testing in two broad
categories of environmental conditions: (1) testing in high-pressure hydrogen gas (applying
stress concurrent with hydrogen gas exposure) or (2) testing in air subsequent to precharging
with hydrogen (applying stress following hydrogen gas exposure). In the Technical Reference
sections, these environmental conditions are referred to as external hydrogen and internal
hydrogen respectively. In general, hydrogen precharging is not appropriate for ferritic steels,
since the diffusion of hydrogen is relatively rapid on the time scale of typical tests (thus
significant hydrogen egress can occur between hydrogen precharging and completion of testing).
For some materials, such as austenitic stainless steels, testing in external hydrogen may not
produce relevant data because of the slow rate of hydrogen transport in these materials. Specific
guidelines for testing in external hydrogen versus testing with internal hydrogen have not been
established; however, we believe that materials with hydrogen diffusivity >10° m%s (e.g.,
carbon and low-alloy steels) should not be tested in air with internal hydrogen. In addition, tests
in external hydrogen on materials with hydrogen diffusivity <10 m?s (e.g., austenitic steels)
may not provide lower bound properties with the possible exception of long-time tests such as
sustained-load cracking. One notable exception to these recommendations is that austenitic
stainless steels that form strain-induced martensite may, in some cases, be effectively tested in
external hydrogen since the martensite substantially enhances hydrogen diffusion. More
discussion of hydrogen transport in austenitic stainless steel can be found in Refs. [3, 4].

With regard to internal hydrogen, there are several methods of precharging materials with
hydrogen, the two most common being electrolytic precharging and thermal precharging. For the
purposes of the Technical Reference sections, data from electrolytic precharging are largely
precluded in favor of thermal precharging because the conditions under which electrolytic
precharging occurs are generally not relevant to service in high-pressure hydrogen gas. For
example, the hydrogen fugacity associated with electrolytic precharging can be many orders of
magnitude greater than can be obtained in hydrogen gas. In addition, since electrolytic charging
is typically conducted near ambient temperature, hydrogen penetration into low-diffusivity
materials is limited, often leading to large hydrogen concentration gradients near the surface of
the test specimen.

1. General

Each Technical Reference section consists of a series of subsections, which have a consistent
numbering system, titles, and content. Each subsection focuses on a particular characteristic or
property of the alloy or alloy system represented in the section. The numbering system, title,
objective and general content of the subsections are described below.

This subsection summarizes the results that follow. In particular, we emphasize the key
characteristics and concepts that are important for interpreting data related to hydrogen-assisted
fracture in the material that is the topic of this section.

1.1 Composition and microstructure

This subsection summarizes the characteristics of the material(s) that are referenced in the
particular section of the Technical Reference. Typical compositional ranges are given using
designations from the unified numbering system (UNS). The specific compositions of the
materials that are cited throughout the section are also provided. In this context, we refer to

-2
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microstructure in a general sense from the perspective of product forms, processing conditions,
and strength, which are also summarized when relevant. Specific microstructural details (such as
phase distributions, precipitate structure, etc) are generally not provided except when essential to
the following subsections.

Alloy composition is an important variable for understanding the performance of structural
metals in hydrogen gas, particularly since compositional specifications tend to allow a wide
range for each alloying element. It is noted, however, that alloy specifications with wide
compositional ranges may be inadequate for specifying materials for hydrogen service. Indeed,
this is true for applications other than hydrogen service and explains the plethora of materials
specifications, such as those provided by various standards development organizations (ASME,
SAE-AMS, ASTM, etc.) for specific applications. Manufacturers also typically have their own
compositional specifications relevant for specific products and materials performance, which can
specify tighter limits than the public domain specifications. The strength level of the alloy is also
an important characteristic for pressure-bearing materials in hydrogen service as high-strength
microstructures tend to be significantly more susceptible to hydrogen-assisted fracture than low-
strength microstructures.

1.2 Common designations

In this subsection, we associate common names and trade names with the compositional
specifications that apply to the materials from that section. The reader is referred to the UNS
guide [5] and other standard references, such as the Aerospace Structural Metals Handbooks [6],
for comprehensive summaries of various materials specifications that are related to common
materials. In general, we have tried to avoid using trade names in favor of general common
names, however, for some materials classes this is not practical.

2. Permeability, Diffusivity and Solubility

This subsection summarizes hydrogen permeability, diffusivity, and solubility data.
Permeability, diffusivity and solubility collectively describe the dissolution and transport of
hydrogen atoms in the lattice of a given material. The solubility (S) is a measure of hydrogen
dissolved in a material at equilibrium and can be related to the concentration of hydrogen in a
metal lattice (c.) using Sievert’s Law:

C
S: flLIZ (1)

where f is the fugacity of hydrogen gas in equilibrium with the lattice (the fugacity of an ideal
gas is equivalent to the pressure). Hydrogen dissociates on metal surfaces and diffuses as atomic
hydrogen in metals, which accounts for the square root dependence on hydrogen fugacity. In
most non-metals, hydrogen diffuses as the molecular species, thus Soc1/f. Hydrogen can be
trapped by microstructural features [7], thus increasing the concentration of hydrogen dissolved
in the material; this is particularly true of ferritic and martensitic steels and depends on the
density and strength of trapping sites.
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The permeability (®) is used to calculate the steady-state flux of hydrogen permeating
through a structure using Fick’s first law of diffusion (J = —D(dc/dx)), where the permeability is
defined as the product of the hydrogen diffusivity (D) and solubility:

®=DS 2

For example, the hydrogen flux permeating through a semi-infinite metal plate with a finite
hydrogen gas pressure on one side and approximately zero pressure on the other side can be
expressed as

J.=D
t t

3)

where J, is the steady-state diffusional flux of hydrogen, t is the structure thickness, and f is the
fugacity of hydrogen gas on the high-pressure side of the plate.

Typically, permeability and diffusivity are determined from direct measurements of the flux
of hydrogen through a membrane that is pressurized with hydrogen gas on one side. This
experiment must be set up such that lattice diffusion is the rate-limiting step of hydrogen
transport and the equilibrium hydrogen concentrations have the correct dependence on hydrogen
fugacity (generally, o f*2 for metals or o« f for non-metals). In many cases, hydrogen transport
properties are measured at elevated temperature to determine the temperature dependence and to
facilitate the measurements. The temperature dependence generally follows the classic
exponential form:

A= Aoexp(_RE_I_A) (4)

where A is the transport property of interest (permeability, diffusivity, or solubility), Ao is a
constant, Ea is an activation energy, R is the universal gas constant, and T is temperature in
Kelvin. Many of the principles of permeation are reviewed in Ref. [8] in the context of metals,
and an assessment of data can be found in the companion reference [9]. For polymers the reader
is referred to Refs. [10, 11].

In general, permeation data are consistent in the literature, and experimental measurements
are facilitate by the steady-state definition of ®. Reported diffusivities, however, have
significantly more scatter because diffusivity is determined from transient data, which are
inherently more difficult to analyze than steady-state data. Since hydrogen solubility is generally
determined from the ratio of the permeability and diffusivity, reported values for hydrogen
solubility are dependent on the quality of the diffusivity measurement.

Electrochemical permeation measurements (ASTM G148) are not recommended for
determining hydrogen transport properties in materials exposed to high-pressure hydrogen gas.
However, in the absence of gas permeation data, we report effective hydrogen diffusivity (Des)
from electrochemical measurements.
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3. Mechanical Properties: Effects of Gaseous Hydrogen

These subsections summarize the mechanical properties that are commonly used to quantify
the susceptibility of structural metals to hydrogen-assisted fracture. Results from scientific
articles and institutional reports that were generated from non-standard techniques or are
qualitative in nature have been precluded from these subsections

3.1 Tensile properties

Tensile properties are important for characterizing deformation and fracture in hydrogen
environments. Strain rate is a particularly important test parameter as susceptibility to hydrogen-
assisted fracture can be sensitive to strain rate, even in the rather narrow range from 10 to 107
1/s [12].

3.1.1 Smooth tensile properties

Properties are reported according to definitions in ASTM E6. Except when noted yield
strength refers to the 0.2% offset yield strength. If the method of determination is not given in
the source article or report, it is assumed that yield strength is determined by the 0.2% offset
method. The geometry of tensile specimens is assumed to follow the basic guidelines in ASTM
E8.

The following nomenclature is used to summarize the deformation and fracture results from
tensile tests with smooth specimens:

Sy (MPa) 0.2% offset yield strength: determined by drawing a line that has the slope of the
elastic modulus and intersects the strain axis at 0.2% on a plot of the stress-strain
curve; the intersection of this construction line with the flow stress is the yield
strength, see ASTM EG6

Su (MPa) tensile strength: maximum load divided by the original cross-sectional area

El, (%) uniform elongation: engineering strain at maximum load

El; (%) total elongation: engineering strain at fracture (depends on gauge length)

RA (%) reduction of area: difference of original cross-sectional area and the minimum
cross-sectional area after fracture normalized by the original cross-sectional area

RRA relative reduction in area: ratio of RA measured for a specific test condition
(external or internal hydrogen) to RA measured in air or inert environment, see
ASTM G129

3.1.2 Notched tensile properties

Notched tensile specimens generate high hydrostatic tensile stresses, which can amplify the
effects of hydrogen-assisted fracture. Common specimen designs are based on cylindrical tensile
specimens but are modified by including a circumferential notch. ASTM G142 provides a
standard notched tensile geometry for testing in high-pressure hydrogen gas; however, few
studies have used this geometry. We report the notch geometry and dimensions of specimens
described in the source articles and reports, including the elastic stress concentration factor. In
addition, yield strength from smooth tensile tests is also reported since notch sensitivity in the
absence of hydrogen will generally be a function of the material’s microstructure and strength.
Data measured from other notched-specimen designs, such as single-edge notched tensile
specimens, are generally not included in this subsection; although when such tests demonstrate
important trends, those trends are summarized.
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The following nomenclature is used for notched tensile specimens:

os (MPa) notched tensile strength: maximum load divided by the original cross-sectional
area at the notch, see ASTM E602
RA (%) reduction of area: difference of original notch cross-sectional area and the

minimum notch cross-sectional area after fracture normalized by the original
notch cross-sectional area

K elastic stress concentration factor

3.2 Fracture mechanics

We emphasize that fracture mechanics testing is imperative for the design of pressure-
bearing structures with large section sizes. Fracture mechanics design methods allow safety
margins against hydrogen-assisted crack propagation to be quantified. These design methods
require material property inputs that are measured using fracture mechanics techniques. Proper
interpretation of fracture mechanics data is critical for the design of safe structures. For example,
fracture mechanics data should represent lower-bound values for a given material, environment,
and testing protocol.

3.2.1 Fracture toughness

The fracture toughness of materials is measured using precracked specimens that are
subjected to a constant displacement rate. Fracture toughness testing generally yields measures
of both the fracture initiation and crack propagation resistances. Similar to tensile testing, the
displacement rate during fracture toughness testing in hydrogen gas can affect the results.
Standardized specimen geometry and testing procedures for determine of fracture toughness are
outlined in ASTM E1820.

The following nomenclature is used for summarizing results from fracture toughness testing:

Kic (MPa m'?) stress-intensity factor for fracture initiation under small-scale yielding,
plane strain conditions

Ko (MPa m'/?) value of stress-intensity factor for fracture initiation measured from
specimen that does not meet dimensional requirements according to
ASTM E1820

Koie (MPa m*?) equivalent stress-intensity factor calculated from the J-integral value of
fracture initiation toughness (Jic)

Jic (kI m?) J-integral for fracture initiation under large-scale yielding, plane strain
conditions

Jo (kI m?) value of J-integral for fracture initiation measured from specimen that
does not meet dimensional requirements according to ASTM E1820

dJ/da (MPa) slope of the J-integral vs crack extension curve; a measure of the crack
propagation resistance

Kin (MPa m*?) stress-intensity factor for fracture initiation measured in hydrogen gas;

may be determined from values of the J-integral and may not meet the
dimensional requirements according to ASTM E1820
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3.2.2 Threshold stress-intensity factor

The threshold stress-intensity factor for sustained-load cracking (Kry) is a measure of a
material’s resistance to hydrogen-assisted crack propagation under static loading. In general, the
value of Ky is not a material property, since the value of Kty may depend on the geometry of
the test specimen (i.e., may not be a value that is independent of specimen geometry such as Kj¢).
One of the common test configurations is the modified bolt load compact specimen (ASTM
E1681), where a constant displacement is applied with the aid of a bolt. This configuration is
also referred to as the wedge-opening load (WOL) specimen. In these tests, an initial stress-
intensity factor less than K. is applied before placing the precracked specimen in the
environment of interest, in this case high-pressure hydrogen gas. If susceptible to environment-
assisted fracture, the precrack will extend under decreasing stress-intensity factor until the crack
arrests at the threshold value.

The time for initiation of crack propagation can be unpredictable, possibly requiring many
thousands of hours. Therefore, the lack of an environmental cracking response may not imply
that the applied stress-intensity factor is less than the threshold. Thus, crack advance and arrest is
the only unambiguous method of determining a threshold value.

More specifics of the method recommended for testing in gaseous hydrogen can be found in
the ASME Boiler and Pressure Vessel Code, Section VIII, Division 3, Article KD-10.

3.3 Fatigue

Fatigue is a material failure mode particular to cyclic loading. The effects of hydrogen gas on
fatigue properties have not been extensively investigated for most alloy classes. Fatigue is
arguably the most important failure mechanism in structures subjected to cyclic stress, therefore
this failure mechanism must be considered in the design of hydrogen gas components subjected
to pressure cycling. Given the importance of this failure mode, more efforts are needed to
measure fatigue properties of materials in hydrogen gas. Frequency of the load cycle and the
ratio of minimum load to maximum load (R-ratio) are two important variables that have been
shown to affect fatigue properties measured in hydrogen gas.

3.3.1 Low-cycle and high-cycle fatigue

Perhaps the most common fatigue testing method involves smooth cylindrical specimens,
which are used to generate the so-called S-N curves. The S-N curves are plots of alternating
stress amplitude (S) vs number of cycles to failure (N). The number of cycles to failure includes
both crack initiation and propagation.

3.3.2 Fatigue crack propagation

Although results from fatigue testing of smooth specimens do not separate fatigue crack
initiation and propagation, testing of fracture mechanics specimens can provide data solely on
fatigue crack propagation. Precracked specimens are tested using fracture mechanics methods
(ASTM E647) to generate plots of fatigue crack growth rate (crack extension per load cycle,
da/dN) as a function of stress intensity factor range (AK). These data can be used to quantify
design margins that accommodate the propagation of known defects in pressure-bearing
structures or that eliminate the propagation of critical defects all together.
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3.4 Creep

Creep is a high-temperature failure mode, where materials can deform and ultimately fracture
under static loading. Although creep may not be a consideration for most hydrogen infrastructure
components, effects of hydrogen could be strongly manifested in creep due to the low strain rates
typically involved and the fact that hydrogen solubility increases with temperature.

3.5 Impact

Notched-bar impact tests, such as Charpy impact, are standard methods of estimating fracture
toughness in steels (ASTM E23). Due to the nature of strain rate effects on hydrogen-assisted
fracture, impact testing is not the most effective method for quantifying hydrogen-assisted
fracture in materials. Consequently, correlations between impact properties and fracture
toughness are not appropriate for assessing hydrogen-assisted fracture.

3.6 Disk rupture testing

The disk rupture test is a qualitative assessment of susceptibility to hydrogen-assisted
fracture. This method involves pressurizing identical membranes of material with hydrogen gas
and with inert gas (such as helium) until the membranes fail. The ratio of the burst pressure in
inert gas to the burst pressure in hydrogen gas is an index of susceptibility to hydrogen-assisted
fracture (ASTM F1459). These tests do not provide data that are used to quantify the safety
margins of components in hydrogen gas systems; however, disk rupture tests can be used as a
simple screening tool for evaluating the relative susceptibility of materials to hydrogen-assisted
fracture.

4. Fabrication

In the 4.x subsections, we describe specific processing variables and metallurgical features
that should be considered in assessing susceptibility to hydrogen-assisted fracture. Primary
processing (forging, cold-working, etc.) as well as subsequent heat treatment are important
variables. For example, aging of A-286 (precipitation-strengthened austenitic stainless steel)
significantly impacts the ductility in this alloy, and appears to increase the susceptibility to
hydrogen-assisted fracture. Welding is another important fabrication variable, particularly in
ferritic steels where martensite can form during heating and cooling at the weld. Martensite is
known to be vulnerable to hydrogen-assisted fracture.
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Technical Reference on Hydrogen Compatibility of Materials
Plain Carbon Ferritic Steels:

C-Mn Alloys (code 1100)

1. General

Carbon and alloy steels can be categorized by a variety of characteristics such as
composition, microstructure, strength level, material processing, and heat treatment [1]. The
carbon and alloy steel categories selected for the Technical Reference on Hydrogen
Compatibility of Materials are based on characteristics of the steels as well as available data. In
this chapter, the steels are distinguished by the primary alloying elements, i.e., carbon and
manganese. Data on the compatibility of carbon steels with hydrogen gas exist primarily for the
following alloys: A515 Gr. 70, A516 Gr. 70, A106 Gr. B, A106 Gr. C, SA 105, and the 10xx
steels. In addition, a substantial amount of data has been generated for the API 5L steels, grades
X42 to X80. Since a full range of properties in hydrogen gas is not available for each steel, data
for all carbon steels are presented in this chapter. Although plain carbon ferritic steels exhibit
some metallurgical differences, the basic trends in the data are expected to apply generally to this
class of steels.

Carbon steels are attractive structural materials in applications such as pipelines because the
steels can be formed and welded, and adequate mechanical properties can be achieved through
normalizing heat treatments or hot rolling. The API 5L steels may contain additional alloying
elements, such as small quantities of niobium and vanadium. These "microalloying"” additions as
well as processing through controlled rolling impart a combination of elevated strength and
improved low-temperature fracture resistance.

Despite the attractive properties of carbon steels, these materials must be used judiciously in
structures exposed to hydrogen gas. Hydrogen gas degrades the tensile ductility of carbon steels,
particularly in the presence of stress concentrations. Additionally, hydrogen gas lowers fracture
toughness, and certain metallurgical conditions can render the steels susceptible to crack
extension under static loading. Hydrogen gas also accelerates fatigue crack growth, even at
relatively low hydrogen gas partial pressures, suggesting that small fractions of hydrogen in gas
blends must be considered in fatigue life assessments. The severity of these manifestations of
hydrogen embrittlement depends on mechanical, environmental, and material variables.
Variables that influence behavior in hydrogen gas include loading rate, load cycle frequency, gas
pressure, gas composition, and the presence of welds. Control over these variables may allow
carbon steels to be applied safely in hydrogen gas environments. For example, limiting the
magnitude and frequency of load cycling can improve the compatibility of carbon steels with
hydrogen gas.

This chapter presents a range of data for carbon steels in hydrogen gas, including tensile and
crack growth properties. The crack growth data emphasize fracture mechanics properties, since
pipeline design can benefit from defect-tolerant design principles, particularly for hydrogen
environments.
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1.1 Composition and microstructure

Table 1.1.1 lists the allowable composition ranges for carbon steels covered in this chapter.
Table 1.1.2 summarizes the compositions and product forms of steels from hydrogen
compatibility studies reported in this chapter. Table 1.1.3 details the heat treatments applied to
steels in Table 1.1.2. Additionally, Table 1.1.3 includes the yield strength, ultimate tensile
strength, total elongation, and reduction of area that result from the heat treatments.

1.2 Common designations

A515 Gr. 70: UNS K03103, ASTM A515 (70)

A516 Gr. 70: UNS K02700, ASTM A516 (70)

A106 Gr. B: ASTM A106 (B)

A106 Gr. C: ASTM A106 (C)

SA 105 Gr. 1I: ASME SA-105, ASTM A105

1020: UNS G10200, AISI 1020, ASTM A830 (1020)
1042: UNS G10420, AISI 1042, ASTM A830 (1042)
1080: UNS G10800, AlISI 1080, ASTM A830 (1080)
X42: APl 5L X42

X52: API 5L X52

X60: API 5L X60

X65: API 5L X65

X70: API 5L X70

X80: API 5L X80

2. Permeability, Diffusivity and Solubility

The permeability and solubility of hydrogen in 10xx carbon steels are mildly affected by
carbon content and microstructure [2]. In a single study, permeation experiments were conducted
on six carbon steels over the temperature range 500 to 900 K and gas pressure range 0.01 to 0.7
MPa [2]. The hydrogen permeability vs temperature relationships are plotted in Figure 2.1 (also
listed in Table 2.1) for the normalized microstructures and show that permeability systematically
decreases as carbon content increases. The difference in the permeability for 1010 steel
compared to 1095 steel is about a factor of three over the entire temperature range examined.

The solubility of hydrogen in 10xx carbon steels was determined from the ratio of
permeability and diffusivity [2]. Solubility vs temperature relationships are given in Table 2.1
and plotted in Figure 2.2 and demonstrate a trend similar to permeability, where solubility
generally decreases as carbon content increases. The difference in the solubility for 1010 steel
compared to 1095 steel is about a factor of two over the entire temperature range examined.

Permeability and solubility vs temperature relationships were reported for three different
microstructures [2]: normalized, spheroidized, and quenched and tempered. The permeability
was nearly identical for the three microstructures over the temperature range examined. The
solubility was highest in the normalized microstructure and lowest in the quenched and tempered
microstructure, but the difference was less than a factor of two over the temperature range.

The solubility is the Sievert's constant in Sievert's law and thus can be used to calculate the
concentration of hydrogen in the metal lattice. At lower temperatures, hydrogen segregates to
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defects in metals, and the total hydrogen concentration is the sum of hydrogen in the lattice and
hydrogen at defects. The solubility relationships in Table 2.1 can be used to calculate the lattice
hydrogen concentration in carbon steels but not the total hydrogen concentration. More
information on calculating total hydrogen concentrations in steels at lower temperatures can be
found in Ref. [3].

3. Mechanical Properties: Effects of Gaseous Hydrogen
3.1 Tensile properties

3.1.1 Smooth tensile properties

Measurement of smooth tensile properties of carbon steels in high-pressure hydrogen gas
demonstrates that hydrogen degrades reduction of area but not ultimate tensile strength. Tables
3.1.1.1 and 3.1.1.2 summarize properties measured in 6.9 and 69 MPa hydrogen gas for a wide
range of carbon steels [4-6]. The reduction of area measurements in hydrogen gas are remarkably
consistent, where most values range from 35 to 47% independent of hydrogen gas pressure.
Although these absolute values remain relatively high in hydrogen gas, the loss of reduction of
area relative to values measured in air or inert gas can be as high as 50%. The most notable
exception to the general reduction of area trend is the high-carbon steel 1080, which exhibits a
reduction of area as low as 6% in hydrogen gas. However, the reduction of area for 1080 in
nitrogen gas (14%) is also relatively low.

3.1.2 Notched tensile properties

High-pressure hydrogen severely degrades the reduction of area of carbon steels when
measurements are conducted using notched specimens. In addition, hydrogen mildly reduces
tensile strength in notched specimens. Table 3.1.2.1 summarizes data for a range of carbon steels
tested in 6.9 MPa hydrogen gas [4]. Similar to trends from smooth specimens, the reduction of
area values from notched specimens are in a consistent range (5 to 9%). However, the reduction
of area loss measured from notched specimens is much more pronounced than the reduction of
area loss measured from smooth specimens; e.g., the reduction of area loss from notched
specimens can be as high as 80% in hydrogen gas. The reduction of notched tensile strength is
generally less than 15% for specimens tested in hydrogen gas.

Measurements for notched specimens in 69 MPa hydrogen gas (Table 3.1.2.2) [7] show
trends similar to measurements in 6.9 MPa hydrogen gas, however absolute values cannot be
compared directly since the notch geometries are different. Nonetheless, Table 3.1.2.2 shows that
hydrogen induces reduction of area losses as high as 70%. Notched tensile strength losses are as
high as 25% in hydrogen gas.

3.2 Fracture mechanics

3.2.1 Fracture toughness

The fracture toughness and crack propagation resistance of carbon steels are lower in high-
pressure hydrogen gas compared to properties measured in air or inert gas. Table 3.2.1.1 lists
fracture toughness and crack propagation resistance results for a range of carbon steels tested in
hydrogen gas up to 35 MPa pressure [5, 6, 8-11]. At a constant pressure of 6.9 MPa, the fracture
toughness is degraded by as much as 50% in hydrogen gas. However, absolute fracture
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toughness remains high, where most values are near 100 MPa-m"2. Hydrogen has a more
pronounced effect on crack propagation resistance; dJ/da values measured in hydrogen gas can
be 90% lower than values measured in air or inert gas.

The fracture toughness measured in hydrogen gas is sensitive to both the loading rate and gas
pressure. Figure 3.2.1.1 shows that the fracture toughness for X42 steel in 4 MPa hydrogen gas is
constant at displacement rates from 3x10° to 3x10™ mm/s but then increases by 30% as the
displacement rate increases to 3x10° mm/s [11]. Figure 3.2.1.2 displays the fracture toughness vs
hydrogen gas pressure data for X42 and A516 steel from Table 3.2.1.1 [8, 9, 11]. For both sets of
data, fracture toughness decreases as gas pressure increases but appears to be approaching a
lower limiting value. Fracture toughness values are higher for A516 compared to X42, but this
difference may be due in part to the higher loading rate for tests on A516.

Fracture toughness can depend sensitively on gas composition, as illustrated in Figure 3.2.1.3
[6]. In this figure, fracture toughness measurements are shown for X42 and X70 steels in
nitrogen, methane, and hydrogen, as well as mixtures of hydrogen, methane, carbon monoxide,
and carbon dioxide. The results for hydrogen and nitrogen are the same data from Table 3.2.1.1.
The data in Figure 3.2.1.3 show that methane does not adversely affect fracture toughness,
however a mixture of methane and hydrogen causes a reduction in fracture toughness.
Furthermore, fracture toughness is not degraded in gas mixtures containing hydrogen and carbon
monoxide. In these cases, carbon monoxide hinders hydrogen uptake into the steel and precludes
hydrogen-assisted fracture [6], at least on the time scale of the fracture toughness test.

3.2.2 Threshold stress-intensity factor

Subcritical crack extension can occur when materials are exposed to static loading and
hydrogen gas concurrently. Testing was conducted on A106 Gr. B and X70 steels to assess the
resistance of these materials to subcritical cracking in 6.9 and 4.1 MPa hydrogen gas partial
pressures, respectively [6, 9]. Subcritical crack extension was not detected for either steel.
Similarly, testing was conducted on A516 and A106 Gr. C steels to measure the threshold stress-
intensity factor for subcritical crack extension (i.e., Ku) at high hydrogen gas pressures [12]. As
summarized in Table 3.2.2.1., no crack extension was measured at the reported stress-intensity
factors.

3.3 Fatigue

3.3.1 Low-cycle and high-cycle fatigue
No known published data in hydrogen gas.

3.3.2 Fatigue crack propagation

Hydrogen gas enhances the fatigue crack growth rate of carbon steels. Figure 3.3.2.1 shows
crack growth rate (da/dN) vs stress-intensity factor range (AK) relationships for a range of carbon
steels in approximately 7 MPa hydrogen gas [6, 10, 13-16]. Several general trends are apparent
from the data in Figure 3.3.2.1. The fatigue crack growth rates in hydrogen become increasingly
greater relative to crack growth rates in air or inert gas as AK increases. In the higher range of
AK, fatigue crack growth rates are at least ten-fold greater than crack growth rates in air or inert
gas. While the da/dN vs AK relationships in air and inert gas are remarkably similar, the da/dN
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vs AK relationships in hydrogen are noticeably more varied. In the higher range of AK, crack
growth rates in hydrogen can vary by more than a factor of 10.

The da/dN vs AK relationships in hydrogen gas can be affected by numerous variables,
including gas pressure, load ratio, load cycle frequency, and gas composition. The effects of
these variables are described in the following paragraphs.

Effect of gas pressure

Fatigue crack growth rates generally increase as hydrogen gas pressure increases [13, 16].
Figure 3.3.2.2 shows da/dN vs AK relationships for 1020 steel in hydrogen gas from 0.02 to
7 MPa and for SA 105 steel in hydrogen gas from 7 to 100 MPa [13, 16]. The effect of hydrogen
gas pressure on crack growth rates appears to depend on AK. At higher AK, the da/dN vs AK
relationships measured in hydrogen merge, suggesting that crack growth rates are not as sensitive
to gas pressure at these AK levels. At lower AK, crack growth rates can increase by more than a
factor of 10 as gas pressure increases from 0.02 MPa to 100 MPa.

The da/dN vs AK relationship for 1020 steel in 0.02 MPa hydrogen gas is particularly
striking. At this low gas pressure (less than 1 atmosphere), the crack growth rate can be a factor
of 10 greater than the crack growth rate in air. This result indicates that gases containing even
low partial pressures of hydrogen may accelerate fatigue crack growth in carbon steels.

Effect of load ratio

The cyclic load ratio (R, defined as the ratio of the minimum and maximum loads in the load
cycle) does not control fatigue crack growth rates in hydrogen gas [10]. Figure 3.3.2.3 shows
crack growth rates measured for X42 steel in hydrogen gas as a function of load ratio at a fixed
AK. While the crack growth rate is independent of load ratio for values between 0.1 and 0.4, the
crack growth rate increases at higher load ratios. This increase in crack growth rates is controlled
not by the load ratio but by the maximum stress-intensity factor (Knax) in the load cycle. Since
AK =K, .. (1-R), an increase in R at fixed AK requires that Kmnax increase as well. The crack

growth rate accelerates at higher load ratios because Knmax is approaching the fracture toughness
in hydrogen gas (e.g., the values in Table 3.2.1.1) [10].

Although Figure 3.3.2.3 shows that crack growth rates in hydrogen gas are not a function of
load ratio in the range from 0.1 to 0.4, crack growth rates in nitrogen are a strong function of
load ratio. Thus, as load ratio increases from 0.1 to 0.4, hydrogen has less effect on crack growth
rate relative to the crack growth rate in nitrogen. The varying effect of load ratio on crack growth
rates in hydrogen and nitrogen has been attributed to crack closure. It has been suggested that
plasticity-induced crack closure is less pronounced in hydrogen compared to environments such
as nitrogen [10].

Other measurements of fatigue crack growth rates in hydrogen gas indicate that da/dN vs AK
relationships do not depend on load ratio. The da/dN vs AK relationships for 1020 steel in 7 MPa
hydrogen gas are nearly identical at load ratios of 0.15 and 0.37 [13].

Effect of load cycle frequency

Fatigue crack growth rates in hydrogen gas generally increase as the load cycle frequency
decreases. This trend is illustrated in Figure 3.3.2.4, which displays da/dN vs AK relationships
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for SA 105 steel in 100 MPa hydrogen gas over a range of load cycle frequencies from 0.001 to 1
Hz [16]. As frequency decreases from 1 to 0.001 Hz, the crack growth rate increases by about a
factor of 5.

Additional data for SA 105 steel in 100 MPa hydrogen gas demonstrate that the load cycle
profile can be important as well. Figure 3.3.2.5 shows fatigue crack growth rates plotted against
the cycle duration (reciprocal of frequency) [16]. These data were generated using two different
load profiles, where the time to reach maximum load was either 0.5 or 100 seconds. While the
fatigue crack growth rate generally increases as the cycle duration increases, crack growth rates
for the 100 second ramp appear to increase more rapidly than crack growth rates for the 0.5
second ramp.

The effect of load cycle frequency on fatigue crack growth rates in hydrogen gas has been
demonstrated for other steels. Fatigue crack growth rates for 1020 steel in 0.14 MPa hydrogen
gas decreased as frequency increased from 1 to 10 Hz [13].

Effect of gas composition

Additives to hydrogen gas can reduce fatigue crack growth rates, however this phenomenon
has not been explored at low load cycle frequencies. Figure 3.3.2.6 shows da/dN vs AK
relationships for X42 steel in 6.9 MPa hydrogen gas containing three different additives: oxygen,
sulfur dioxide, or carbon monoxide [6]. In each case, the gas additive lowers the fatigue crack
growth rate to the crack growth rate measured in nitrogen, at least for the relatively high
frequency (1 Hz) used in the study.

The effect of hydrogen gas mixtures on fatigue crack growth was also explored for 1020 steel
at a load cycle frequency of 1 Hz and low total gas pressure. Figure 3.3.2.7 shows da/dN vs AK
relationships for three gas mixtures: hydrogen and carbon dioxide, hydrogen and natural gas, and
hydrogen and water [17]. The addition of carbon dioxide to hydrogen has no effect on fatigue
crack growth rates, as the da/dN vs AK relationship for the gas mixture is similar to the
relationship for pure hydrogen. The crack growth rate in water plus hydrogen is lower than the
crack growth rate in pure hydrogen; however, hydrogen plus water vapor raises the crack growth
rate above the crack growth rate in pure water vapor. Finally, the crack growth rate in hydrogen
plus natural gas is similar to the crack growth rate in pure hydrogen. In addition, the crack
growth rate in pure natural gas is nearly the same as the crack growth rate in air.

3.4 Recent mechanical property measurements

3.4.1 Fracture toughness

The fracture toughness was measured for X60 and X80 steels in 5.5 and 21 MPa hydrogen
gas [18, 19]. Although fracture toughness values were notably higher for the X80 steel compared
to the X60 steel (Table 3.2.1.1), values for both steels were comparable to others listed in Table

3.2.1.1, i.e.,, near 100 MPa-m*2 The varying hydrogen gas pressure did not significantly affect
fracture toughness for either the X60 steel or the X80 steel.

3.4.2 Fatigue crack propagation

Figure 3.4.2.1 and Figure 3.4.2.2 show crack growth rate (da/dN) vs stress-intensity factor
range (AK) relationships for X60 and X80 steels in hydrogen gas [18, 19]. These relationships
were measured at two gas pressures (5.5 and 21 MPa) and two R ratios (0.1 and 0.5) for each
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steel. The general trends of the fatigue crack growth rates in Figure 3.4.2.1 and Figure 3.4.2.2 are
similar to the trends in Figure 3.3.2.1, i.e., crack growth rates in hydrogen become increasingly
greater relative to crack growth rates in air as AK increases. The magnitudes of the fatigue crack
growth rates are also similar, as demonstrated by including data for A516 steel from Figure
3.3.2.1 in the plots for X60 and X80 in Figure 3.4.2.1 and Figure 3.4.2.2.

The effects of R ratio and gas pressure on the da/dN vs AK relationships for X60 and X80
steels are not readily established from the data in Figure 3.4.2.1 and Figure 3.4.2.2. In the higher
AK range, increasing R ratio leads to modestly higher crack growth rates but varying gas
pressure has essentially no effect on crack growth rates. In the lower AK range, the only clear
trend for the X80 steel is that crack growth rates are highest in 21 MPa hydrogen gas at R=0.5.
For the X60 steel at lower AK, crack growth rates appear higher for R=0.5 but the effect of gas
pressure is not clear.

4. Fabrication

4.1 Heat treatment

Heat treating A516 steel to produce different microstructures does not significantly affect
fatigue crack growth rates in hydrogen gas [14, 15]. The da/dN vs AK curves for A516 in three
different heat treatment conditions (see Table 1.1.3) are plotted in Figure 4.1.1. The heat
treatments produced the following three microstructures: ferrite plus pearlite with a 35 um prior
austenite grain size, ferrite plus pearlite with a 180 um prior austenite grain size, and bainite plus
continuous grain boundary ferrite with a 200 um prior austenite grain size. The yield strengths of
these microstructures are between 305 and 415 MPa (see Table 1.1.3). Despite the wide range in
microstructures, the da/dN vs AK relationships are nearly identical at higher AK. The primary
difference in the da/dN vs AK relationships is a mild shift in the threshold stress-intensity range
(AKt) values, i.e., AKr varies from 8 to 11.5 MPa -m*/2 [14, 15].

An unexpected result was found when comparing the fatigue crack growth responses of X42
and 1080 steels in 6.9 MPa hydrogen gas [5]. The reduction of area (Table 3.1.1.1) and fracture
toughness (Table 3.2.1.1) in hydrogen gas are lower for the 1080 steel compared to the X42
steel, but fatigue crack growth rates in 1080 steel are less affected by hydrogen gas. This is
demonstrated from the da/dN vs AK relationships in Figure 4.1.2. It was suggested that hydrogen
facilitates fatigue crack growth in the ferrite phase, so that fatigue crack growth rates are higher
in the X42 steel with a ferrite plus pearlite microstructure compared to the 1080 steel with a fully
pearlitic microstructure [5] .

4.2 Properties of welds

The tensile, fracture toughness, and fatigue crack growth properties of carbon steel welds
have been measured in hydrogen gas. These properties are considered in the following
paragraphs.

Tensile properties

A large amount of data has been generated for the tensile properties of carbon steel welds in
6.9 MPa hydrogen gas. Properties from both smooth and notched tensile specimens are
summarized in Tables 4.2.1 through 4.2.4.
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The trends for smooth tensile specimen properties of welds in hydrogen gas are similar to
those for the base metals (section 3.1.1). Table 4.2.1 lists measurements from tensile specimens
that were oriented perpendicular to the weld [4, 20]. Most reduction of area values range from 30
to 40%, which represent reduction of area losses of approximately 50% from values measured in
air. These reduction of area properties were measured primarily for shielded metal arc and
submerged arc welds. The lowest reduction of area values (12 to 20%) were measured for an
electric resistance weld, a gas tungsten arc weld, and a gas metal arc weld. The weld with the
reduction of area of 12% fractured in the transition zone between the heat affected zone and the
base metal. Some of the highest reduction of area values measured (66 to 77%) were from
specimens that fractured in the fusion zone.

Other smooth tensile specimens were tested in an orientation parallel to the weld, where the
specimens were centered either in the fusion zone or heat affected zone. Table 4.2.2 shows that
reduction of area values in hydrogen gas are mostly in the range 38 to 47% [20]. These values
are generally greater than those measured from specimens oriented perpendicular to the weld.

Weld properties measured from notched tensile specimens in hydrogen gas are remarkably
consistent, independent of specimen orientation relative to the weld. Tables 4.2.3 and 4.2.4 show
that reduction of area values are in the range 9 to 17%, which represent reduction of area losses
of 50 to 70% from values measured in air [4, 20]. In addition, hydrogen lowers the tensile
strength by less than 15%. The reduction of area properties for welds are better than the
properties reported for base metals (section 3.1.2) when measured using notched tensile
specimens. The notched tensile strength properties for welds and base metals are similar.

Fracture toughness

The fracture toughness of welds in hydrogen gas depends on the type of weld and location of
crack propagation, as summarized in Table 4.2.5. The fracture toughness and crack propagation
resistance of submerged arc welds in X60 steel are high when crack propagation is in the fusion
zone [8]. The fracture toughness of the weld fusion zone (103 MPa-m'?) is equal to the fracture
toughness of the base metal (Table 3.2.1.1). Furthermore, the crack propagation resistance of the
weld fusion zone (267 MPa) exceeds the crack propagation resistance of the base metal (43 MPa,
Table 3.2.1.1). In contrast, the fracture toughness of the heat affected zone was low and could
not be measured reliably, since cracks ultimately propagated in a rapid, subcritical manner. The
fracture toughness of the heat affected zone in electric resistance welded X42 was measured, and
this value (48 MPa-m“?) was lower than the fracture toughness of the base metal (107 MPa-m*?,
Table 3.2.1.1). No subcritical crack propagation was measured in the X42 weld heat affected
zone when tested under static load in 6.9 MPa hydrogen gas [6].

Fatigue crack propagation
Welds in X60 steel are not more susceptible to fatigue crack growth than the base metal in
6.9 MPa hydrogen gas [14]. Figure 4.2.1 shows that the da/dN vs AK relationships for the fusion

zone and heat affected zone of a submerged arc weld are nearly identical to the da/dN vs AK
relationship for the base metal.
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Table 1.1.1. Allowable composition ranges (wt%) for carbon steels.
Steel Specification | Fe C Mn P S Si Other Ref.
A515 UNS g | 031 | 090 | 0.035 | 0.040 | 013 . 21]
Gr. 70 K03101 max max max max 0.33
A516 UNS Bl | 027 | 079 | 0035 | 0.040 | 013 . 21]
Gr. 70 K02700 max 1.30 max max 0.45
A106 ASTM gl | 030 | 029 | 0035 | 0.035 | 0.10 . 22]
Gr.B A106 (B) max | 1.06 max max min
A106 ASTM Bal 035 | 029 | 0.035 | 0.035 | 0.10 B 22]
Gr.C A106 (C) max | 1.06 max max min
SA 105 ASTM Bal 035 | 0.60 | 0.035 | 0.040 | 0.10 o 23]
Gr. Il A105 max 1.05 max max 0.35
UNS 0.18 | 0.30 | 0.030 | 0.050
1020 610200 Bal | 023 | 060 | max | max | — — [21]
UNS 0.40 | 0.60 | 0.030 | 0.050
1042 G10420 Bal | 047 | 090 | max | max | — - [21]
UNS 0.75 | 0.60 | 0.030 | 0.050
1080 G10800 Bal | 088 | 090 | max | max | — — [21]
x42! API 5L Byl | 022 | 130 | 0.025 | 0.015 . ND+TiV<015 | [24]
X42 max max max max
x5! API 5L Bl | 022 | 140 | 0.025 | 0.015 . ND+TiV<015 | [24]
X52 max max max max
+ API 5L 0.22 | 1.40 | 0.025 | 0.015 . +
X60 %60 Bal max | max | rmax max — | Nb+Ti+V<0.15" | [24]
+ API 5L 0.22 | 1.45 | 0.025 | 0.015 . +
X65 Y65 Bal max | max | rmax max — | Nb+Ti+V<0.15" | [24]
+ API 5L 0.22 | 1.65 | 0.025 | 0.015 . +
X70 %70 Bal max | max | rmax max — | Nb+Ti+V<0.15" | [24]
+ API 5L 0.22 | 1.85 | 0.025 | 0.015 . +
X80 %80 Bal max | max | max max — | Nb+Ti+V<0.15" | [24]

T

composition limits for welded product in Product Specification Level 2 (PSL 2)

other compositions may be established by agreement between purchaser and

manufacturer, but limit of Nb+Ti+V<0.15 must be satisfied
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Plain Carbon Ferritc Steels

C-Mn Alloys

Table 1.1.2. Compositions (wt%) of carbon steels in hydrogen compatibility studies.

Steel Product form Fe C Mn P S Si Other Ref.
A515 Gr. 70 0.95 cm plate Bal 0.27 0.71 0.011 0.018 0.19 — [71
A516 Gr. 70 1.25 cm plate Bal | 0.22 1.10 | 0.009 | 0.023 | 0.21 — [1154]
A516 Gr. 70 nr Bal | 024 | 112 | 0013 | 0022 | 021 | <004 Alll'icr' Mo, | 112
A516 Gr. 70 [4,8,
(U.S. grade) 2.5 cm plate Bal | 0.21 1.04 | 0.012 | 0.020 | 0.21 — 9. 20)

AS16 plate Bal | 026 | 079 | 0013 | 0033 | 017 — [4]
(Japan grade) ' ' ) ) )

. [4,

A106 Gr. B pipeline nr 20]

A106 Gr. C nr Bal | 0.26 1.06 | 0.011 | 0.023 | 0.23 — [12]
59 cm OD,

SA 105 Gr. Il 37cmID Bal | 0.23 062 | 0.010 | 0.015 | 0.15 — [16]
hemisphere

1020 3.8 cm plate nr [13,

' 17]

1020 0.95 cm rod Bal | 0.17 0.47 | 0.011 | 0.037 — — [7]

1042 0.95 cm rod Bal | 0.44 0.76 | 0.008 | 0.020 | 0.20 — [7]

1080 rail web section Bal 0.85 0.79 0.007 0.042 | 0.173 — [5]

30.5cm OD, <0.04 Cr, Cu, Mo, [5, 6

X42 28.6 cm ID Bal | 0.26 082 | 0.020 | 0.026 | 0.014 Ni ; 1'0]*

pipeline <0.005 Al, Sn

X42 nr Bal | 0.10 0.70 | 0.033 | 0.022 | 026 | 0.17Co, 0.15Cr [11]

X52 pipeline Bal | 0.14 098 | 0015 | 0.012 | 0.29 <0.012 Al, Nb 2[?)]

X60 pipeline Bal | 0.26 1.39 | 0.006 | 0.022 | 0.03 0.050 V gg]

<0.03 Cr, Cu, Mo, [8,

X60 1.25 cm plate Bal | 0.12 1.29 | 0.014 | 0.016 | 0.25 Nb, Ni. \/ 14]

X65 pipeline Bal | 022 | 123 | — — | on 0.020 Nb gg']

<0.42 Al Cr, Cu,

X70 ggog]%c”i‘ 2|Ii3rie Bal | 009 | 150 | 0008 | 0.006 | 0.31 Mo [6]

01D PIp <0.084 Nb, Ni, Sn
L <0.30 Cu, Ni; [4,

X70 pipeline Bal | 0.11 1.44 | 0.013 | 0.002 | 0.27 <0.09 Al, Nb, V 20]

X70 . [4,
(Arctic grade) pipeline Bal | 0.06 1.70 | 0.010 | 0.009 | 0.20 | 0.30 Mo, 0.062 Nb 20]

0.16 Cr, 0.14 Ni, [18
X60 plate Bal | 0.03 1.14 | 0.008 | 0.001 | 0.18 0.084 Nb, 0.034 19]'
Al, 0.014 Ti

0.25 Cr, 0.14 Ni, [18

X80 plate Bal | 0.05 152 | 0.007 | 0.003 | 0.2 0.092 Nb, 0.036 19]'
Al, 0.012 Ti

nr = not reported; ID = inner diameter; OD = outer diameter
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Plain Carbon Ferritc Steels

Table 1.1.3. Heat treatments and mechanical properties of carbon steels in hydrogen

compatibility studies.

C-Mn Alloys

S

S

RA

Steel Heat treatment (MFy>a) (Mlga) %) Ref.
A515 Gr. 70 HR 338 504 66 [7]
(F+ﬁ,5g‘556=r.320pm) N 1173 K/45 min + FC 330 565 —
(F+:5é§ =G;..8700um) N 1473 K/45 min + FC 305 — — [14, 15]
A516 Gr. 70 A 1473 K/45 min + 1SQ + T 723 415 _ _
(B, GS =200 um) K/90 min
A516 Gr. 70 HR 290 572 62 [12]
(Alj’lsﬁ gr; dzg HR 375 535 69 [4’2%] S
( Jap':‘r?;?a d) nr 364 566 72 [4]
A106 Gr. B nr 462 550 58 [4, 20]
A106 Gr. C N 1130 K/75 min + AC 345 558 68 [12]
SA 105 Gr. I SR 894 K/24OCCr)noiln + 0.9 K/min 269 462 63 [16]
1020 HR 207 379 — [13, 17]
1020 HR 373 490 65 [7]
1042 N 1172 K/60 min + AC 400" 621" 59" [7]
1080 N 1123 K/60 min + FC 414" 814’ 16" [5]
X42 HR 366 511 56 [5, 6, 10]
X42 nr 280 415 58 [11]
X52 nr 414 609 60 [4, 20]
X60 nr 427 594 49 [4, 20]
X60 nr 473 675 62 [8, 14]
X65 nr 504 605 57 [4, 20]
X70 CR 584 669 57 6]
X70 nr 626 693 77 [4, 20]
( Arctixc7§ra d) nr 697 733 77 [4, 20]
X60 nr 434 486 8s' [18, 19]
X80 nr 565 600 81! [18, 19]

nr = not reported; A = austenitize; AC = air cool; B = bainite; CR = controlled rolled; F =
ferrite; FC = furnace cool; GS = grain size; ISQ = isothermal quench; HR = hot rolled; N =
normalized; P = pearlite; SR = stress relief

+

properties measured in high-pressure nitrogen or helium gas
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Plain Carbon Ferritc Steels C-Mn Alloys

Table 2.1. Hydrogen permeability (®) and solubility (S) vs temperature relationships for carbon
steels and iron.*

O =D, exp(-E, /RT) S =S,exp(-E5 /RT)
Material -Ir-:r%% P:Zzsguere . S S s Ref.
(K) (MPa) [ mol H, j ( kJ J ( mol H, ) (ﬁj
m-s- MPa"? mol m® - MPa"? mol
Iron 2513 x10° 31.69 180.1 23.66
1010 3.442 x 10° 34.18 202.4 24.70
1020 3.77x10° 35.07 159.0 23.54
1035 | 500-900 | 0.01-0.7 3.603 x 10° 36.16 188.6 24.63 [2]
1050 2.097 x 10° 34.13 82.89 21.10
1065 1.602 x 10° 34.73 65.63 2154
1095 1.039 x 10° 33.43 41.98 19.28
* Diffusivity (D) can be obtained from the ratio of permeability and solubility, i.e.,

D=®/S
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Plain Carbon Ferritc Steels

C-Mn Alloys

Table 3.1.1.1. Smooth tensile properties of carbon steels in 6.9 MPa hydrogen gas at room
temperature. Properties in either air or nitrogen gas are included for comparison. The tensile
specimen orientation is longitudinal (L) unless otherwise specified.

Steel Test Srt';?én Sy Sy Ele | RA | e
environment (s) (MPa) | (MPa) | (%) | (%) '
A516 Air o | 375 535 | 17 | 69
(U.S. grade) 6.9 MPa H, 3x10 364 551 | 19 | 43 | [4
A516 Air o | 364 566 | 22 | 72
(Japan grade) | 6.9 MPa H, 3x10 359 | 571 | 18 | 37 | M
Air oo | 42 550 | 14 | 58
Al06Gr.B 6.9 MPa H, 3x10 503 576 | 11 | 50 | 4
1080 6.9 MPa N, 414 814 | 12 | 16
6.9 MPa H, 10 421 4|15 | 72 | o
1080 (1) 6.9 MPa N, 414 814 | 10 | 14
6.9 MPa H, 407 787 | 74 | 65
Air 366 511 | 21 | 56
X42 6.9 MPa H, e 331 483 | 20 | 44 [g’
a2 () Air 311 490 [ 21 [ 82 | 4
6.9 MPa H, 338 476 | 19 | 41
Air e | 414 609 | 19 | 60
X52 6.9 MPa H, 3x10 429 so7 | 15 | 37 | [4
Air e | 427 504 | 13 | 49
X60 6.9 MPa H, 3x10 422 so0 | 10 | 27 | [4
Air o+ | 504 605 | 15 | 57
X65 6.9 MPa H, 3x10 506 610 | 15 | 36 | [4
70 Air 584 669 | 20 | 57
6.9 MPa H, 10 548 659 | 20 | 47 | o
X710 () Air 613 702 | 19 | 53
6.9 MPa H, 503 686 | 15 | 38
Air o | 626 693 | 16 | 77
X70 6.9 MPa H, 3x10 566 653 | 14 | 37 | [4
X70 Air e | 607 733 | 14 | 77
(Arctic grade) 6.9 MPa H, 3x10 695 733 12 37 [4]

T = transverse oriented specimen
* calculated based on displacement rate and specimen gauge length
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Plain Carbon Ferritc Steels C-Mn Alloys

Table 3.1.1.2. Smooth tensile properties of carbon steels in 69 MPa hydrogen gas at room
temperature. Properties in air and/or helium gas are included for comparison.

Steel Test Sr;rtzl’? Sy Su Ble | RA 1 e

environment (s (MPa) (MPa) (%) (%) '
69 MPa He 5 400" 621 29 59

1042 69 MPa H; 3-3x10 i 614 | 22 | 27 | 11
Air 3737 490 — 65

1020 69 MPa He 3.3x10° 283" 435 40 68 | [7]
69 MPa H, 276" 428 32 45
Air 338" 504 — 66

A515 69 MPa He 3.3x10° 276" 448 42 67 | [7]
69 MPa H, 297" 442 29 35

* strain rate in elastic range
" defined at deviation from linearity on load vs time plot
prestrained under tension in air immediately prior to testing

Table 3.1.2.1. Notched tensile properties of carbon steels in 6.9 MPa hydrogen gas at room
temperature. Properties in air are included for comparison.

Displ. *

Steel Specimen envi-rrtfr?:nent (r;?rtljs) (|\§|yPa) (I\/(Ijlga) (RO/S R.e f
(U.QSglrgde) (2) 6.9 an H, 8.5x10° géi (7528 53(4)1 [4]
AOGGLB | @) | gompar, | 85X0° | goe | o | 20 | m

X52 @ | gompar, | 85X0° | oo | S8 10w

X60 @ | gompar, | 8510° | 20| ST 2

X65 (a) 6.9 ,Gipra H, 8.5x10°3 ggg ggg gll [4]

X70 (a) 6.9 ,Gipra H, 8.5x10° ggg gig 357 [4]

(Arct>i<07§rade) (2) 6.9 ICI\IiDra H, 8.5x10° ggg 1904297 g% [4]

* yield strength of smooth tensile specimen
(a) V-notched specimen: 90° included angle; minimum diameter = 2.44 mm; maximum
diameter = 2.87 mm; notch root radius = 0.025 to 0.051 mm.
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Plain Carbon Ferritc Steels C-Mn Alloys

Table 3.1.2.2. Notched tensile properties of carbon steels in 69 MPa hydrogen gas at room
temperature. Properties in air and/or helium gas are included for comparison.

Displ.

. Test Sy* c RA

Steel | Specimen . rate Y : 0 Ref.
environment (mm/s) (MPa) | (MPa) | (%)
69 MPa He pornd 400 1056 | 8.5

1042 (&) 69 MPa H, 4x10 — 793 | 28 | U]
Air 373 787 12

1020° (a) 69 MPa He ~ 4x10™ 283 724 14 | [7]
69 MPa H, 276 621 | 8.3
69 MPa He onpd 276 731 | 8.1

ASLS (&) 69 MPa H, 410 297 | 559 | 23 | U]

* yield strength of smooth tensile specimen

(a) V-notched specimen: 60° included angle; minimum diameter = 3.81 mm; maximum
diameter = 7.77 mm; notch root radius = 0.024 mm. Nominal stress concentration factor
(Ko =8.4.

1100 - 17



Plain Carbon Ferritc Steels C-Mn Alloys

Table 3.2.1.1. Fracture toughness for carbon steels in hydrogen gas at room temperature. The
fracture toughness in air, nitrogen, or helium is included for comparison. The crack propagation
direction is parallel to the longitudinal orientation of the material product form.

Displ. +
S,/ | RA' Test Kic Kin dJ/da
Steel (MPa) | (%) | environment (nrfrlrtf/)s) (MPa -m*?) | (MPa -m'?) | (MPa) Ref.
Air 166* 516
3.5 MPa H, 131 47
A516 | 375 | 69 | 6.9MPaH, | 85x10° 113 55 | [8, 9]
20.7 MPa H, 08 54
34.5 MPa H, 90 57
6.9 MPaN, | 2.5x10*- 111 42
1080 | 414 | 16 | o9 MpaH, | 2.5x10° 81 13 | Dl
6.9 MPaN, | 2.5x10™- 178* 70 | [5,86,
X42 | 366 | 56 | g 9MpaH, | 2:5x10° 107 63 | 10]
Air 147* 111
2.0 MPa H, 101-128 —
4.0 MPa H, 85 36
6.5 MPa H, 69 31
X42 | 280 | 58 | 7.0MPaH, | <3.3x10™ 73z — | ny
8.0 MPa H, 59 —
10.0 MPa H, 53" —
12.2 MPa H, 57" —
16.0 MPa H, 46" —
6.9 MPa He 3 142 123
X60 | 473 | 62 | oo oo | 8510 104 e [8]
6.9 MPa N, | 2.5x10™- 197 251
K70 | 584 | 57 | e 9MPaH, | 2.5x10° 95 23 [6]
5.5MPaH, | 8.3x107 - 85
X60 | 434 | 8 | 51 MpaH, | 8.3x10% — 82 — | [8]
5.5 MPaH, | 8.3x107° - 105
X80 | 565 | 81 | 51 MpaH, | 8.3x10% — 102 — | [l

yield strength and reduction of area of smooth tensile specimen in air

* calculated from relationship K =/ JE/1-v?

* reported fracture toughness may not be valid plane strain measurement
measured from burst tests on pipes with machined flaws
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Plain Carbon Ferritc Steels C-Mn Alloys

Table 3.2.2.1. Threshold stress-intensity factor for carbon steels in high-pressure hydrogen gas at
286 K. The crack propagation direction is parallel to the longitudinal orientation of the material
product form.

S,' RAT Kic' Test K
Steel (MPa) | (%) | (MPa-m? environment (MPa -m"%) Ref.
A516 200 | 62 * 69 MPa H, NCP82 | [12]
A106 Gr. C 345 68 * 97 MPa H, NCP 55 [12]

NCP = no crack propagation
properties measured in air
* specimen dimensions precluded valid measurement

Table 4.2.1. Smooth tensile properties of carbon steel welds in 6.9 MPa hydrogen gas at room
temperature. Properties in air are included for comparison. The tensile specimen orientation is
perpendicular to the weld.

Strain
Test Sy Su El: | RA | Fracture
Steel / Weld environment Esatf; (MPa) | (MPa) | (%) | (%) | location Ref.
A106 Gr. B/ Air Cmonan | 393 | 615 | 21 | 77
SMA 69MPaH, |~ | 385 | 553 | 14 | 40 nr [4]
Air moian | 513 | 633 | 10 | 40
X52/ERW | ¢ g MpaH, |~ 310 499 | 621 | 6.1 | 20 nr [4]
Air woian | 516 | 633 | 13 | 56
X65/SA 6.9MPaH, | ~3*10 505 | 624 | 10 | 30 nr [4]
X70/ SA Air a4y | 649 | 686 | 12 | 69
(Arctic grade) | 6.9 MPaH, | = 3X10 643 | 678 | 95 | 37 nr 4]
Air 338 | 531 | 23 | 72 BM
Air 386 | 545 | 13 | 69 FZ
6.9 MPa H, 366 | 524 | 17 | 31 BM
ASI6/SMA | &9 MPaH, nr 373 | 545 | 18 | 48 | Frz | 120
6.9 MPa H, 462 | 531 | 14 | 77 FZ
6.9 MPa H, 435 | 552 | 12 | 66 FZ
Air 435 | 593 | 16 | 71 BM
A516 /GTA | 6.9 MPa H, nr 435 | 593 | 15 | 38 BM | [20]
6.9 MPa H, 462 | 580 | 6 | 20 FZ
Air 373 | 573 | 23 | 73 FZ
ASIE/GMA | & 9 MPa H, nr 386 | 517 | 3 | 12 | Tz |20

nr = not reported; BM = base metal; ERW = electric resistance weld; FZ = fusion zone;
GMA = gas metal arc; GTA = gas tungsten arc; SA = submerged arc; SMA = shielded metal
arc; TZ = transition zone

* calculated based on displacement rate and specimen gauge length
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Plain Carbon Ferritc Steels

C-Mn Alloys

Table 4.2.2. Smooth tensile properties of A516 steel welds in 6.9 MPa hydrogen gas at room
temperature. Properties in air are included for comparison. The tensile specimen orientation is
parallel to the weld.

Strain :
Test Sy Su El; RA | Specimen
Steel / Weld environment (r:ltle) (MPa) | (MPa) | (%) (%) location Ref.
Air 424 505 25 82 FZ
A516 / Air ar 483 593 13 66 HAZ [20]
SMA 6.9 MPa H, 444 528 15 46 FZ
6.9 MPa H, 386 559 15 38 HAZ
Air 600 690 13 67 FZ
Air 421 566 26 64 HAZ
ASIBIGTA | gompaH, | ™ | 517 | 600 | 87 | 44 Fz | [20]
6.9 MPa H, 497 600 15 58 HAZ
Air 600 690 17 67 FZ
A516 / Air ar 331 559 27 70 HAZ [20]
GMA 6.9 MPa H, 580 676 11 42 FZ
6.9 MPa H, 407 566 18 47 HAZ

nr = not reported; FZ = fusion zone; GMA = gas metal arc; GTA = gas tungsten arc;
HAZ = heat affected zone; SMA = shielded metal arc

Table 4.2.3. Notched tensile properties of carbon steel welds in 6.9 MPa hydrogen gas at room

temperature. Properties in air are included for comparison. The notched tensile specimen

orientation is perpendicular to the weld.

Displ.
, Test Sy* Os RA
Steel / Weld | Specimen environment : n:?;[]e/s) (MPa) | (MPa) (%) Ref.
A106 Gr. B/ Air 3 393 719 49
SMA () 6oMPaH, | o107 | 385 | g0z | 14 | M
X70/SA Air 3 649 1002 35
(Arctic grade) (2) 6.9 MPa H, 8.5x10 643 973 10 [4]
X70/SMA Air 3 551 1025 20
(Arctic grade) (2) 6.9 MPa H, 8.5x10 595 901 9.0 [4]

SA = submerged arc; SMA = shielded metal arc

* yield strength of smooth tensile specimen
(@) V-notched specimen: 90° included angle; minimum diameter = 2.44 mm; maximum

diameter = 2.87 mm; notch root radius = 0.025 to 0.051 mm.
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Plain Carbon Ferritc Steels C-Mn Alloys

Table 4.2.4. Notched tensile properties of A516 steel welds in 6.9 MPa hydrogen gas at room
temperature. Properties in air are included for comparison. The notched tensile specimen
orientation is parallel to the weld.

Displ. .
Steel / . Test Sy* Os RA | Specimen
Weld Specimen environment (rrrlfrzjs) (MyPa) (MPa) | (%) location Ref.
Air 424 738 62 FZ
A516/ (a) Air ar 483 828 32 HAZ [20]
SMA 6.9 MPa H; 444 642 10 FZ
6.9 MPa H, 386 842 17 HAZ
Air 600 945 36 FZ
A516/ (a) Air nr 421 821 32 HAZ [20]
GTA 6.9 MPa H, 517 800 17 FZ
6.9 MPa H, 497 697 9 HAZ
Air 600 945 25 FZ
A516 / (a) Air nr 331 780 34 HAZ [20]
GMA 6.9 MPa H; 580 835 12 FZ
6.9 MPa H, 407 655 10 HAZ

nr = not reported; FZ = fusion zone; GMA = gas metal arc; GTA = gas tungsten arc;

HAZ = heat affected zone; SMA = shielded metal arc

* yield strength of smooth tensile specimen

(@) V-notched specimen: 90° included angle; minimum diameter = 2.27 mm; maximum
diameter = 2.87 mm; notch root radius = 0.051 mm.
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Plain Carbon Ferritc Steels

C-Mn Alloys

Table 4.2.5. Fracture toughness for carbon steel welds in hydrogen gas at room temperature. The
fracture toughness in nitrogen or helium is included for comparison.

s, Test Displ. rate Koo Kt dJ/da | Specimen
Steel /Weld (MPa) | environment (mm/s) | (MPa-m"?) | (MPa-m"?) | (MPa) | location Ref.
6.9 MPaN, | 25x10™*- 67 97 HAZ
X42/ERW | 366 | &g \paH, | 2.5x10° 48 69 naz | O
6.9 MPa He 188* 452 FZ
X60 / SA 6.9 MPa He 205* 171 HAZ
(1 pass) 6.9 MPa H, 103# 227 Fz
6.9 MPa H, 5 109 HAZ
4713 eoMPane | 2910 188~ 452 FZ (8]
X60 / SA 6.9 MPa He 77 253 HAZ
(2 pass) 6.9 MPa H, 103 267 FZ
6.9 MPa H, 8 8 HAZ

ERW = electric resistance weld; FZ = fusion zone; HAZ = heat affected zone;

§A = submerged arc

yield strength of base metal from smooth tensile specimen in air

* calculated from relationship K =+/JE/1—v?

* reported fracture toughness may not be valid plane strain measurement

#
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Figure 2.1. Permeability vs temperature relationships for carbon steels and iron [2].
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Figure 2.2. Solubility vs temperature relationships determined from permeability and
diffusivity vs temperature relationships for carbon steels and iron [2].
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C-Mn Alloys
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Figure 3.2.1.1. Effect of displacement rate on fracture toughness in hydrogen gas for X42

steel [11].
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Figure 3.2.1.2. Effect of hydrogen gas pressure on fracture toughness for carbon steels [8, 9,
11]. The displacement rate used in the fracture toughness tests is indicated for each steel.
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Figure 3.2.1.3. Effect of gas composition on fracture toughness for carbon steels [6].
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Figure 3.3.2.1. Fatigue crack growth rate vs stress-intensity factor range relationships for
carbon steels in hydrogen gas [6, 10, 13-16]. Fatigue crack growth rate data in air, nitrogen,
or helium are included for comparison.
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Figure 3.3.2.2. Effect of hydrogen gas pressure on fatigue crack growth rate vs stress-
intensity factor range relationships for carbon steels [13, 16]. Fatigue crack growth rate data
in air or helium gas are included for comparison.
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Figure 3.3.2.3. Effect of load ratio on fatigue crack growth rate for X42 steel in hydrogen gas
at fixed stress-intensity factor range [10]. Fatigue crack growth rate data in nitrogen gas are
included for comparison.
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Figure 3.3.2.4. Effect of load cycle frequency on fatigue crack growth rate vs stress-intensity
factor range relationships for SA 105 steel in hydrogen gas [16]. Fatigue crack growth rate

data in helium gas are included for comparison.
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Figure 3.3.2.5. Effect of load cycle duration on fatigue crack growth rate for SA 105 steel in
hydrogen gas at fixed stress-intensity factor range [16]. Data for two different loading ramp

rates are displayed.
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Figure 3.3.2.6. Effect of hydrogen gas composition on fatigue crack growth rate vs stress-
intensity factor range relationships for X42 steel [6]. Fatigue crack growth rate data in

nitrogen gas are included for comparison.
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