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Performance Evaluation of High-Strength Steel Pipelines for High-
Pressure Gaseous Hydrogen Transportation 

Executive Summary 

Pipeline steels suffer significant degradation of their mechanical properties in high-pressure 
gaseous hydrogen, including their fatigue cracking resistances to cyclic loading.  The current 
project work was conducted to produce fatigue crack growth rate (FCGR) data of pipeline steels 
in a gaseous hydrogen environment, to understand the process of hydrogen-enhanced FCG and 
the influence of major process variables such as material strength, hydrogen pressure, and 
loading conditions, and to provide a basic data set for recommendation of code update and 
modification.  Complementary work on a new fracture toughness testing method, on 
characterization and fatigue testing of welds, and on new welding procedures and materials is 
being conducted by a team from Oak Ridge National Laboratories, the University of Tennessee, 
and the Ohio State University.  That work was done on a separate DOT project.  The two 
projects were coordinated by Mr. Louis Hayden. 

In order to produce the FCGR data efficiently, an innovative multi-specimen link system was 
successfully designed and used for the tests.  This system allows simultaneous testing of up to 
ten specimens in a high-pressure hydrogen environment.   Particularly at low loading frequency, 
this greatly improves the productivity of the testing. 

Fatigue crack growth experiments were performed on X52 and X70 steels in both air and 
hydrogen gas pressurized to 5.5 MPa and 34 MPa.  Experimental results indicate that the 
presence of gaseous hydrogen increases the FCGR of all materials tested.  At lower values of ΔK 
(ΔK values between 7 MPa·m1/2 and 9 MPa·m1/2), the increase in FCGR may be modest over that 
of air; whereas the FCGR is vastly increased over that of air for higher values of ΔK.  The rate of 
FCG approaches that of air for ΔK values below about 7 MPa·m1/2 and above about 15 MPa·m1/2.   
Hydrogen-assisted FCGR appears to increase with increasing hydrogen pressures at ΔK values 
below approximately 15 MPa·m1/2.  However, the FCGR response for all materials in all 
hydrogen pressures tested appears to fall within a relatively narrow band.  Furthermore, 
decreasing the test frequency has an effect similar to increasing the hydrogen test pressure.  
FCGR does not appear to be affected by the strength of the steel, as it is in monotonic tensile 
testing.  FCGRs of X70 were not significantly different, meaning that results did not fall outside 
of the experimental uncertainty, than those for X52.  

A hydrogen diffusion model was developed under a moving-source framework.  It provides a 
new view point toward the hydrogen-enhanced fatigue crack growth (HA-FCGR), and its 
solution is able to explain the rate-limited, transient process in HA-FCGR.  Given the 
fundamental material properties such as hydrogen diffusivity and yield strength, the model is 
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able to predict the upper bound of the HA-FCGR and the influences of major process variables 
such as hydrogen pressure, load ratio, and load frequency. 

A phenomenological model was also proposed which separates the overall FCGR into three 
dominant mechanisms.  First, the model assumes that the FCGR is comprised of a superposition 
of “pure fatigue” and a hydrogen-assisted component.  Second, the hydrogen-assisted component 
is further separated into a hydrogen accumulation-dominated component and a ΔK-dominated 
component.  The model performs well in predicting the FCGR of the materials tested as a 
function of ΔK, cyclic loading frequency, and hydrogen pressure. 

The test results with the correlation by the diffusion model and the phenomenological model 
will be presented to industries and relevant codes and standards committee for potential code 
update and modification. 
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1 Introduction 

As a key part of the hydrogen infrastructure, a safe and efficient method for hydrogen 
transportation in large volume must be developed.  Pipelines are the most cost-effective and safe 
means of long-distance transportation for natural gas and liquid fuel products.  The U.S. has over 
2.3 million miles of pipelines carrying natural gas and hazardous liquids.  Of this total mileage, 
approximately 300,000 miles are natural gas transmission lines and 1.8 million miles are natural 
gas distribution lines. 

Purpose-built hydrogen pipelines have been in service for more than 50 years and 
approximately 700 miles are currently under U.S. DOT regulation.  However, the existing 
hydrogen pipelines are operated at relatively low pressure and are not meant for long-distance 
and high-volume hydrogen transportation.  As the initial capital cost of hydrogen pipeline 
construction is high, one possibility for rapidly expanding the hydrogen delivery infrastructure is 
to adapt part of the existing natural gas transportation infrastructure to accommodate hydrogen. 

The conversion of natural gas pipelines to hydrogen service poses many technical challenges.  
With extended exposure to hydrogen, especially under high pressure, the mechanical properties 
of linepipe steels and their welds can deteriorate.  These mechanical properties can include 
tensile and yield strengths, fracture toughness, and fatigue resistance.  It has been well 
documented that hydrogen can greatly reduce the fracture toughness of some steels and their 
welds by promoting brittle failure in otherwise ductile materials (hydrogen embrittlement).  
Another serious issue is that the exposure to hydrogen can greatly increase fatigue crack-growth 
rates in pipeline flaws.  The combination of fracture toughness reduction and crack-growth rate 
increase could significantly reduce the service life of pipelines. 

1.1 Industrial Needs for Fatigue Data of High-strength Pipeline Steels  

Existing data on the effects of pressurized gaseous hydrogen on linepipe steels is limited.  
The amount of data available today is generally limited to lower strength pipeline steels that are 
less susceptible to hydrogen embrittlement, rather than higher strength steels which would be 
preferable for high-pressure large-volume transportation.  In addition, there is no known data 
available on welds and their heat affected zones.  The currently available data has also indicated 
that the presence of hydrogen can increase the fatigue crack growth rate by several orders of 
magnitude.  The fatigue crack growth acceleration depends on the materials’ chemical 
compositions, microstructure, mechanical properties, testing frequencies and wave shapes, etc.  
The most detrimental effects can be observed at lower frequencies, on the order of 0.1 to 1 Hz 
[1,2].  There is a critical need for fatigue testing data on high-strength linepipe steels and their 
welds under high-pressure hydrogen environments.  The U.S. Department of Energy (Office of 
Energy Efficiency and Renewable Energy Hydrogen, Fuel Cells, and Infrastructure Technologies 
Program) recognized these issues and made them a top priority in their R&D program [3].  
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ASME B31.12 hydrogen codes committee has identified the need for the testing of commonly 
used linepipe materials to evaluate the impact of hydrogen on fatigue and fracture resistance.  In 
addition, a hydrogen workshop held at NIST in Boulder, CO in August, 2007 noted that material 
properties, in hydrogen, of current and proposed higher strength pipeline construction materials 
and their welds were of utmost importance.   

Existing natural gas pipelines were constructed from carbon-manganese steels (nominal yield 
strength 25 to 60 ksi) while newer pipelines (nominal yield strength 60 to 80 ksi) are being 
constructed of micro-alloyed steels that have a lower carbon content and small additions of 
niobium, molybdenum, vanadium or titanium added for strengthening.  The C-Mn steels are 
generally considered to be immune to hydrogen embrittlement by gaseous hydrogen because of 
their low strength levels.  However, cyclic loading conditions, in a hydrogen environment, can 
accelerate fatigue crack growth in steels of almost any strength level.  Cyclic loading in a 
pipeline can occur from daily pressure fluctuations during normal operation and from upset 
conditions where the pipeline experiences shutdowns resulting in a near-zero pressure condition 
back up to full operating pressure.  In most situations, a pipeline would operate in the former 
cycling mode, where pressure fluctuations up to 10 % of the nominal operating range may occur.  
While this level of pressure fluctuation may sound insignificant, a pre-existing flaw in a re-
purposed hydrogen pipeline could be catastrophic under such operating conditions with 
hydrogen gas.  Cialone and Holbrook [4] demonstrated that hydrogen can lower the JIc (fracture 
toughness) of pipeline steel and, even at conditions representative of the 10 % pressure 
fluctuation, result in premature stage III fatigue crack growth, leading to the onset of failure.  
The problem is exacerbated if the pipeline experiences repeated shutdowns which results in stage 
II crack growth and may proceed at a rate 100 times faster than that which would occur in a 
nonaggressive gas environment. 

Somerday [5] presented the latest known data on the effects of hydrogen on the fatigue crack 
growth rates (FCGR) in carbon steels.  This work clearly showed that FCGR in carbon steels can 
increase by a factor of 10 at the higher range of ΔK (range of fracture intensity factor) due to the 
effect of hydrogen gas.  Also shown are the effects of load ratio, gas pressure, cyclic frequency, 
and gas composition.  Figure 1-1 illustrates the effect of hydrogen gas on FCGR in various 
carbon steels.   
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Current pipeline materials in the U.S. are often regulated according to the American 
Petroleum Institute’s (API) standard 5L.  The main design considerations outlined in API-5L are 
based on alloy chemistry, tensile strength, and toughness requirements.  Pipeline steel grades are 
designated by their yield strength (σy) in ksi (kilo psi, 1 ksi = 6.9 MPa).  The chemical 
compositions of these steels are fairly simple, with maximum limits on C, Mn, S, P, and 
dispersoid-forming elements such as niobium and vanadium.  The variations in strength (e.g., 
between X42 and X70) do not result primarily from variations in alloy composition, but from 
variations in the processing route of the steel.  Thermo-mechanical processing allows the yield 
strengths of pipe steels to be tailored through combinations of grain refinement, precipitation 
hardening (micro-alloying), and phase transformations.  The prospect of widespread use of 
hydrogen pipelines has prompted the American Society of Mechanical Engineers (ASME) to 
form a committee to investigate and develop a standard specifically for gaseous hydrogen 
pipelines, ASME B31.12, in addition to a code on hydrogen pressure vessels, ASME Article KD-
10 in Division 3 of Sec.  VIII.  Since defect-tolerant design principles are typically used in 
pipeline and pressure vessel systems, specifications on FCG are sure to be incorporated in these 
new codes. 

In 2003, The American Society of Mechanical Engineers (ASME) formed a task group to 
study the need for development of an ASME B31 Hydrogen Piping and Pipeline Design Code.  
This task group was comprised of members from industrial gas companies, ASME B31 pipeline 
code committee members, metallurgists, hydrogen pipeline design engineers and ASME 
volunteers with significant background and knowledge in writing in design codes. 

The results of the deliberations of this task group were a recommendation to ASME that a 
design code was needed to help standardize the design of hydrogen piping and pipelines.  This 
decision was based on observations that current design processes varied widely between 
companies, extreme conservatism was being used that resulted in high installed cost of piping 
and pipelines and the realization that the lack of R&D to support less conservative and more 
technically advanced designs was needed.  The result of this recommendation was ASME’s 
decision to proceed with development of the B31.12 Hydrogen Piping and Pipeline Code.  The 
first edition of this design code was issued in 2008 and has been revised and republished as the 
2012 edition.  Currently ASME B31.12 is on a three year publication cycle. 

The research data and modeling contained in the report will serve as a basis for revisions to 
existing language and possibly cause new sections of the B31.12 Code to be written. The B31.12 
Code was originally written using what R&D data that was available, which was small in volume 
and dated in its approach and documentation with poor conclusions as to how the work applied 
to engineering design of actual systems. The 2012 edition of B31.12 still contains performance 
factors that reduce the design stress allowables used for piping and pipelines by significant 
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amounts based on service pressure and temperature. These were used in the code to assure safe 
conservative designs that were less conservative (by 30%) that what designers were using at the 
time of its writing. These factors were based on hydrogen systems operating at nearly constant 
pressure and temperature for most of their service life. When a shift to an operating environment 
of industry and commercial customers for hydrogen was considered these factors may be too 
conservative and no design guidance of value was given for cyclic service in a hydrogen 
environment. The R&D information from this project was designed to provide engineers with 
data to assist in the revision of the ASME B31.12 Code to account for cyclic service and 
reanalysis of the design factors currently in the code. 

The efforts outlined above will allow hydrogen piping and pipeline systems to be safely 
designed in a less conservative manner while maintaining system integrity. This will allow 
industrial gas producers and others to design install, test and place in service piping and pipeline 
systems that will cost less and provide long service and possibly lowering the cost of hydrogen 
and making it a more competitive source of energy. 

1.3 Need for Efficient Material Test Systems 

A limited number of laboratories in the U.S. have the capability of testing in high-pressure 
hydrogen gas and an even more limited number of labs have the capability of conducting fatigue 
tests in a gaseous hydrogen environment.  The requirement of testing at a relatively low cyclic 
frequency of 0.1 Hz can occupy an expensive test chamber and load frame for months during the 
fatigue test of a single specimen, yielding only data from a single test.  It was imperative that a 
high-throughput, high-pressure hydrogen fatigue system be developed in order to rapidly 
generate the amount of data necessary for the design of a safe and efficient pipeline proposed for 
the hydrogen economy.  The development of this test system provided a ten-fold increase in data 
compared to a conventional fatigue test system. 

The apparatus shown in Figure1-2 for this study was designed to allowing simultaneous 
fatigue testing of ten specimens, according to ASTM E647-11[6].  Compact-tension specimens 
were tested in series under load control with a crack mouth opening displacement (CMOD) gage 
for each specimen.  Most usefully, the test may continue running until all specimens have 
reached the crack length (a) specified in the standard, equal to 0.7*W, where W is the width of 
the specimen.  For example, in one run at hydrogen pressure of 5.5 MPa and a frequency of 1 
Hz: 

◦ Cost for multi-specimen test: ~$390 for gases, 3 person days, 17 days machine time 

◦ Cost for running the specimens 1 at a time: ~$3500 for gases, 21.25 person days (less 
time needed for loading each specimen than a multi-specimen string), over 150 days machine 

time. 
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observations from fracture and fatigue tests.  Further development and validation of those models 
should lead to a better understanding of valuable tools for the correlation of the hydrogen 
environment to the degradation of mechanical properties. 

1.5 Impacts on Public Safety and Scientific and Technical Merit 

Under certain conditions, gaseous hydrogen could pose serious public safety hazards that are 
not adequately addressed by the current codes.  Often times, non-hydrogen and industrial codes 
are referenced because of the lack of technical data.  Most current hydrogen pipelines are small 
diameter and operate at low pressures with low operating stresses.  For safety reasons, these 
pipelines are often constructed with heavy wall thickness and excess valves.  The lack of reliable 
data for the design of a safe and economical pipeline transmission system forces pipeline 
operators to be overly conservative with their current designs.  Carbon steels, the most likely 
candidates for a hydrogen transport system, are susceptible to hydrogen cracking and 
embrittlement.  This work provides reliable data for the codes organizations that will help select 
the steels least susceptible to hydrogen damage, providing a foundation for a safe and cost-
effective hydrogen pipeline design. 

This work has produced three major outcomes from which the hydrogen pipeline industry 
and government regulators will benefit.  First, the development of test equipment has 
demonstrated a new capability that can efficiently produce large amount of fatigue data; second, 
the fatigue results will provide valuable experimental data for hydrogen pipeline design and 
regulatory use as the tests have been designed and conducted according to the needs of industry 
with regards to material selection and pipeline operation conditions; and third, the experimental 
data has provided a much-needed basis for the modeling effort to help better understand the 
physical mechanisms related to hydrogen embrittlement.  The predictive models have been 
thoroughly validated against the test data and presented in a format that is easy for codes 
committees and industries to use. 

With its innovative design and efficiency in producing large amount of low-cycle fatigue 
data, the test equipment developed under the proposed work has the potential to be adapted for 
use by other labs and industrial R&D organizations.  In fact, the equipment is being patented to 
aid such adaptation and protect it for use in the U.S. 

1.6 Structure of the Report 

The present report starts with the overall objectives of the research work and its approach in 
Section 2.  Section 3 provides a review of the past work in the relevant areas of fatigue testing in 
gaseous hydrogen environment, HE and hydrogen diffusion modeling, and the current status of 
industrial codes and standards.  It is followed by the description of the test materials and test 
equipment in Section 4.  The test results and discussions are presented in Section 5. Section 6 
and Section 7 cover the hydrogen diffusion model and the predictive model for FCGR, 
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respectively.  The procedures of the two models and their correlations with the test data are 
presented in their corresponding sections.  Section 8 includes a discussion on the 
recommendation to industrial codes and standards based on the results of the research work, 
including the test data and model correlation.  In the final part of the report, the major 
conclusions are summarized and future research needs are identified.    



Performance Evaluation of High-Strength Steel Pipelines for High-Pressure Gaseous Hydrogen Transportation Page 9 

CRES-2009-J02-01 
April 1, 2013 

Center for Reliable Energy Systems 
 

2 Project Objectives and Approach 

The project addresses the most critical issues related to the safe and efficient transportation of 
hydrogen using pipelines.  The impact of high pressure hydrogen on the fatigue behavior of 
commonly used linepipe steels was studied systematically by conducting fatigue tests and 
developing a mechanistic-based analysis model/procedure to correlate and predict the test results.  
The proposed testing system can greatly accelerate the time-consuming fatigue tests and the 
analysis model can provide critical inputs to the test matrix design and data interpretation.  The 
combination of the test data and analytical procedure enable a better understanding of the effects 
of hydrogen on the materials proposed for hydrogen transportation. 

2.1 Project Objectives and Deliverables 

The project objectives are to: 

1. Develop a multi-specimen, high-pressure fatigue system that can test multiple specimens 
at the same time; 

2. Conduct fatigue tests on well-selected practical pipeline materials; 

3. Review and identify the physical mechanisms responsible for hydrogen damage to 
linepipe steel from available test data; 

4. Develop mechanistic-based model and use the model to correlate test data; and 

5. Provide recommendations for code revisions for hydrogen pipelines. 

In order to achieve the aforementioned objectives, the proposed work focuses on two areas: 
generation of fatigue crack growth data for materials proposed for use in high pressure hydrogen 
pipelines; and development of analysis models to understand the hydrogen embrittlement 
process.  The main deliverables include: 

1. A high-throughput fatigue testing system capable of generating large amounts of fatigue 
data on materials exposed to high-pressure gaseous hydrogen at temperatures, pressures, and 
purities desired by the pipeline community; 

2. Fatigue data of pipeline materials; 

3. Predictive analysis models enabling in-depth understanding of the effects of hydrogen 
embrittlement; 

4. Recommendation for relevant code revisions; and 

5. Reports and published research papers. 

2.2 Research Approach 

The technical work was performed in a sequence that was designed to optimize the work 
efficiency and complete the deliverables on time given that designing and installing the multi-
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specimen fatigue test system in a high pressure gaseous hydrogen environment is most 
challenging and time-consuming.   

The work flow of the research work is illustrated in Figure 2-1.  All the testing work was 
conducted at NIST’s Boulder, Colorado, facility.  The project team first conducted a 
comprehensive literature review to collect information on fatigue test data of pipeline steels.  By 
considering the needs of hydrogen transportation industries and relevant codes and standards 
committees, 4 types of pipe materials for the test were selected and acquired from contributing 
companies.  Tensile tests and microstructure characterization of these materials were performed 
in as-received condition.  In the meantime, the design, fabrication, and installation of the multi-
specimen test systems were carried out.  After successful testing trials, fatigues tests on the pipe 
materials were performed according to the test matrix designed by the research team.  The tests 
results were processed and eventually used by team members for modeling and correlation.     

 

 

Figure 2-1 Work flow for project research 

In parallel to the fatigue tests, the modeling work started with reviewing the relevant research 
work on hydrogen embrittlement modeling.  An approach for the solving of the stress-driven 
hydrogen diffusion process was selected.  The researchers at CRES, along with the project team, 
decided to focus on the correlation between hydrogen enhanced fatigue crack growth with 
localized hydrogen concentration instead of going into the controversial area of mechanistic 
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modeling based on a specific hydrogen embrittlement mechanism.  NIST also developed a 
quantitative model for hydrogen enhanced fatigue crack growth.  Both models were developed 
and validated with pre-existing data first.  As the fatigue tests went into production mode, test 
data were processed and made available to the models for correlation.  

Finally, the fatigue crack growth data along with their correlation with the analytical models, 
have been communicated to relevant industrial community and codes and standards committees. 
Recommendations will be made for code updates and modification.   

  



Performance Evaluation of High-Strength Steel Pipelines for High-Pressure Gaseous Hydrogen Transportation Page 12 

CRES-2009-J02-01 
April 1, 2013 

Center for Reliable Energy Systems 
 

3 Literature Review 

This section reviews the status of past research work in three areas: 1) the availability of 
fatigue crack growth data of high-strength pipeline steels in a gaseous hydrogen environment; 2) 
the proposed hydrogen embrittlement mechanisms and general modeling based on these 
mechanisms; and 3) the modeling work relevant to fatigue crack growth in gaseous hydrogen.   

3.1 Review of the Availability of Fatigue Data for High-strength Pipeline Steels in 
Gaseous Hydrogen Environment 

The deleterious effects of hydrogen upon pipeline steels have been studied for some time.  
General experimental observations are compiled in Table 3-1. 

Table 3-1 Degradation of Material Properties in the Presence of Hydrogen 

Material Property Effect of Hydrogen Exposure 

Reduction in area (RA) 
Smooth specimens: 50% less RA [7,8,9] 

Notched specimens: 80% less RA [7] 

Ultimate tensile strength Not greatly affected [2,7,8,9] 

Yield strength Not greatly affected [2,7,8,9] 

Facture toughness Reduced with increasing hydrogen pressure [4,7,8,9,10,11] 

Fatigue crack growth rate 
Highly affected by pressure, load ratio, frequency and gas purity 
[4,9,12,13,14] 

By far the majority of the research performed on pipeline steels in gaseous hydrogen has 
been done so via monotonic or fracture testing.  Fatigue testing of pipeline steels in gaseous 
hydrogen has been limited due to the barrier imposed by the required testing equipment.  Several 
papers provide a general survey of the effect that gaseous hydrogen has upon the fatigue crack 
growth of pipeline steels [15,16,17].  Based upon the available information in the literature, one 
can definitively conclude the following with respect to the effect that gaseous hydrogen has upon 
the fatigue crack growth response of pipeline steels: 

1. The presence of hydrogen increases the fatigue crack growth rate of these steel within the 
Paris (Stage II) crack growth regime; and 

2. The fatigue crack growth response of pipeline steels in gaseous hydrogen exhibits a bi-
linear trend. 

There is either no consensus or not a sufficient amount of data in the literature to conclude 
other important aspects of hydrogen-assisted fatigue of pipeline steels definitively, including: 

1. The effect of load-ratio; 

2. Critical minimum and maximum hydrogen pressures; 

3. The effect of increasing hydrogen pressure; and 
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4. The coupling effect of frequency and hydrogen pressure. 

3.2 Modeling of Fatigue Crack Growth in Gaseous Hydrogen Environment   

3.2.1 Hydrogen Embrittlement Mechanisms 

Degradation of mechanical properties or premature failure due to hydrogen embrittlement 
(HE) has been a subject of extensive research in the past several decades.  The fundamental 
understanding of HE, however, is still not clear and controversial among researchers.  In general, 
the proposed mechanisms of HE fall into three types: Hydrogen Enhanced Decohesion (HEDE), 
Hydrogen Enhanced Localized Plasticity (HELP), and Adsorption Induced Dislocation Emission 
(AIDE).  Each of the mechanisms was proposed for both Internal Hydrogen Assisted Cracking 
(IHAC) and Hydrogen Environment Assisted Cracking (HEAC).  These candidate mechanisms 
have been reviewed extensively [18,19,20,21,22].  The essences of these three major mechanisms 
are briefly summarized below. 

Hydrogen-Enhanced Decohesion (HEDE) 

HEDE is based on the weakening of metal-metal bonds at or near crack tips by localized 
concentrations of hydrogen so that tensile separation of atoms (decohesion) occurs in preference 
to a slip system.  Very high hydrogen concentrations might occur in front of the crack tip if very 
high elastic stresses are present.  The weakening of bonds is caused by decreases in electron-
charge density between metal-metal atoms due to the presence of interstitial hydrogen atoms.  In 
a typical HEDE analysis, predictions are derived from the knowledge of crack tip stress, 
hydrogen concentration at damage sites, and its relationship with the interatomic bonding force 
vs.  atom displacement law.  While the theory suggests effects of hydrogen on metal bonding, 
results are limited by the capabilities of modeling and necessary assumptions.   

Hydrogen Enhanced Localized Plasticity (HELP) 

HELP is based on localized softening by solute hydrogen in the form of hydrogen 
atmospheres around both moving dislocations and obstacles to dislocations in a volume of 
material ahead of cracks.  Since hydrogen diffusion is rapid in the temperature and strain-rate 
ranges where HE generally occurs, these atmospheres can adjust themselves readily in response 
to changing elastic stress fields, such that the total elastic energy is minimized when dislocations 
approach obstacles.  Consequently, the resistance to dislocation motion due to obstacles is 
therefore decreased, and dislocation movements are enhanced.  Since hydrogen concentrations 
are localized near crack tips due to hydrostatic stresses or entry of hydrogen at crack tips, 
deformation and plasticity are facilitated locally near crack tips and crack growth takes place by 
a more-localized process of microvoid-coalescence than that in an inert environment. 

Like HEDE, HELP is limited by lack of supporting experimental evidence and its application 
in practical modeling analysis.   
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Adsorption Induced Dislocation Emission (AIDE) 

Lynch proposed AIDE by arguing that hydrogen-induced weakening of metal-atom bond 
strength results in enhanced emission of dislocations from crack tip surfaces where H is adsorbed 
[19].  The high stresses required for dislocation emission and dislocation activity in the plastic 
zone ahead of cracks lead to the formation of small voids at particles or at slip-band 
intersections.  Consequently, crack growth occurs primarily by dislocation emission.  AIDE has 
been debated, similarly, due to its lack of supporting experimental data and is limited in 
modeling applications and analysis. 

Regardless of the controversial hydrogen embrittlement mechanisms, it is widely accepted 
that the excessive hydrogen concentration in the region where high hydrostatic stresses exist is 
the primary condition for mechanical property degradation to take place.  In fact, experimental 
data consistently supported the conclusion that the kinetics of the hydrogen reaction at the crack 
tip surface and hydrogen transport from the crack tip to the internal fracture damage location 
dominates crack growth.  Consequently, a large number of models have been developed to 
understand the hydrogen permeation and diffusion processes and their interactions with the 
stress-strain field around the crack tip.  Gangloff provided a comprehensive review on these 
models [22]. 

3.2.2 Mechanistic and Kinetics Models for Hydrogen-Assisted Subcritical Crack Growth 

Hydrogen embrittlement can happen in many forms, depending on conditions such as 
materials, loading situation, and the way hydrogen is introduced into the materials.  Hydrogen 
degradation of the crack propagation resistance of high strength alloys, for example, can be 
categorized as either Internal Hydrogen Assisted Cracking (IHAC) or Hydrogen Environment 
Assisted Cracking (HEAC), respectively.  These two types are distinguished by the source of 
offending hydrogen atoms supplied to the fracture process region, but otherwise share the same 
or similar aspects of the fracture process.  In IHAC, hydrogen is introduced or “charged” into the 
bulk material; subsequent loading causes redistribution of the hydrogen from the surrounding to 
the crack tip to promote crack growth.  The HEAC, on the other hand, is characterized by 
localized hydrogen production at the crack tip, the diffusion of hydrogen into the fracture process 
zone, and the subsequent embrittlement.   

In general, modeling of HE can be divided into two types.  The first type is a mechanistic 
model where crack tip mechanics, hydrogen diffusion, and the interactions between stress, 
plastic strain, and hydrogen concentration around the crack tip are treated in a framework based 
on a particular HE mechanism such as HEDE or HELP [23,24].  The second type of models 
focus on the kinetics of the HE process based on the premise that the hydrogen-assisted cracking 
process is controlled by the rate limit of the surface reaction and hydrogen diffusion [25,26,27].  
The basic objectives of HE modeling include the prediction of the dependence of threshold stress 
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intensity and subcritical crack growth on environmental, material, and loading conditions.  The 
major components of the model often include  

1. Crack tip stress and plastic strain distributions; 

2. Crack tip hydrogen concentration; and 

3. Interaction between stress, plastic strain, and hydrogen diffusion and trapping around the 
crack tip. 

While a large amount of modeling work on HE has been accumulated over the past decades, 
hydrogen-assisted fatigue crack growth (HA-FCG) has received relatively less attention for 
modeling.  For HA-FCG modeling, most of the effort has been made primarily on enhanced 
crack growth in aqueous solutions such as those by Thompson and Wei; and Wei and Simmons 
[28,29,30].  Nevertheless, similar modeling approach or principles can be applied to situations 
where fatigue crack growth is exacerbated by the presence of gaseous hydrogen.  Kotake [31], 
for example, following the approach by Sofronis [32,33], developed a two-dimensional model to 
investigate the effects of cyclic loading on hydrogen concentration near the crack tip.  Under the 
framework of the HELP mechanism, the model formulated the interaction of hydrostatic stress, 
the plastic strain, and the hydrogen concentration around the crack tip by considering hydrogen 
diffusion and hydrogen trapping.  As sophisticated as these types of models are, uncertainties of 
the micromechanical and thermodynamic parameters in their formulations often render them 
ineffective for practical purposes such as data correlation or structure integrity assessment.   

A large number of kinetics models have been developed for modeling the subcritical crack 
growth of HEAC under quasi-static load (as opposed to cyclic load) [34,35,36,37,38,39].  These 
models focused on the rate-limiting nature of each step in hydrogen-assisted cracking, from the 
surface reaction, to the hydrogen uptake at the crack tip, and to the fracture process zone.  
Temperature effects on crack growth were analyzed since both hydrogen production at crack 
surface and hydrogen diffusion (with hydrogen trapping) are strongly temperature dependent.   

When hydrogen production at the crack surface is time independent, as in the case of gaseous 
hydrogen environment, stress-driven hydrogen diffusion models around the crack tip are often 
used to calculate the hydrogen-assisted subcritical crack growth.  Leeuwen [40] introduced a 
stress dependent term to the diffusion equation and made the postulation that a critical 
combination of hydrogen concentration and stress would develop at the edge of the plastic zone, 
and that this would produce an incremental crack extension.  Johnson [41] used a moving line 
source solution similar to that in heat conduction problem to determine the hydrogen 
concentration profile in front of the crack tip.  Later diffusion models included the effect of 
hydrogen trapping by using effective hydrogen diffusivity [42,43,44,45].  A common feature in 
these diffusion models was the identification of a critical distance of hydrogen damage χCRIT and 
a critical hydrogen concentration CCRIT.  The subcritical crack growth was determined by 
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Figure 3-1 demonstrates the correlation of calculated dependency of subcritical crack growth 
on effective diffusivity by the above equation with measured data for different materials [25].   

3.2.3 Modeling of Fatigue Crack Growth Rate (FCGR) in Gaseous Hydrogen 

As mentioned earlier, the kinetics models’ applications to HA-FCG have been considerably 
limited in the published work, and most of the modeling effort has been on enhanced crack 
growth in aqueous solutions.  Considering the kinetics similarity between FCG in aqueous 
solution and in hydrogen gas, these models still can provide useful behavior information of FCG 
in gaseous hydrogen.  For instance, model results in the works by Thomas and Wei [46,47] and 
Wei and Simmons [48] indicated that subcritical crack growth rate was a function of load 
frequency, gas pressure, load ratio, and load waveform as well as the stress intensity factor 
range.  HA-FCG test results on high-strength alloys and pipeline steels confirmed these findings.   

Gangloff and others have examined FCG models for corrosion-assisted fatigue cracking of 
steels due to hydrogen [49].  He examined the models of Wei as well as Austen’s diffusion-
limited crack growth model [50].  In addition, he examined models of both strain and stress 
controlled failure.  Aspects of each of these models fit the data to some extent, but none of them 
was definitively superior.  The diffusion-limited model of Austen was nonphysical and not 
consistent with major aspects of the data sets.   

Gangloff also presented the HA-FCG modeling work for steels and aluminum alloys stressed 
cyclically in environments that produce hydrogen electrochemically [51,52].  These hydrogen 
diffusion models were successful in predicting the frequency dependency of subcritical crack 
growth.   

To the project team’s best knowledge, modeling work specific to FCG in pipeline steels 
under high-pressure gaseous hydrogen has not been previously reported.  However, work has 
been reported on FCG modeling in steels, including hydrogen charging via aqueous solutions 
and gas charging.  On the other hand, valuable experimental data recently produced by NIST and 
Sandia National Laboratory on pipeline steels [53,65] were made available during the model 
development of the current project. 

Perhaps one of the valuable results from HA-FCG test for the model development was the 
schematic presentation in Figure 3-2 by Suresh and Richie [54].  The general trends of HA-FCG 
in comparison to the fatigue crack growth in an inert environment were depicted.  Dependencies 
of HA-FCG on process variables such as load ratio and load frequency are also indicated in the 
figure.   
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crack growth process such as crack tip stress evaluation, and hydrogen diffusion that is driven by 
cyclic load so that the essential variables that impact the HA-FCG process can be captured and 
evaluated.  On the other hand, the model should be kept as simple as possible for two reasons: 

1. The solution of the model should be simple so that the essential variables responsible for 
HA-FCG can be readily evaluated.  Avoiding sophisticated models would minimize the 
uncertainties in the model through reduced number of modeling parameters; and 

2. A simple but effective model would make its development and production less expensive. 

Even though the project team decided to pursue a relatively simple modeling approach, it is 
still a challenging task because it is a new model in the sense that no prior model has been 
produced to apply to a gaseous hydrogen environment for HA-FCG. 

The model itself, including its components, formulation, solving process, and the result, is 
presented in Section 6.   

In addition to the kinetics model described above, NIST also developed a phenomenological 
fatigue crack propagation (FCP) model based on their prior work on API-5L X100 pipeline steel 
exposed to high-pressure gaseous hydrogen.  The semi-empirical model was predicated upon the 
hypothesis that one of two mechanisms dominates the fatigue crack growth (FCG) response 
depending upon the applied load and the material hydrogen concentration.  The proposed model 
predicts fatigue crack propagation as a function of applied driving force (ΔK) and hydrogen 
pressure.  The model correlates well with test results and elucidates how the deformation 
mechanisms contribute to fatigue crack propagation in pipeline steel in environments similar to 
those found in service.  This model along with its correlation with the test data is presented in 
Section 7.   

3.3 Review of Fatigue Testing in High-pressure Gaseous Hydrogen and its Challenges 

Minimal work has been done to date on fatigue testing of pipeline steels in gaseous 
hydrogen, particularly with respect to changing load-ratios and frequencies.  However, the work 
that has been done on pressure vessel steels may provide a basis for what one would expect in 
pipeline steels.  Whereas some studies found a frequency dependence upon the fatigue crack 
growth [13,55], other studies have shown no dependence [56].  The results indicating that fatigue 
crack growth of steels in hydrogen is frequency dependent suggest that the fatigue crack growth 
rate is inversely related to the testing frequency [12, 13].  Furthermore, research indicates that 
load ratios less than about R=0.5 do not affect fatigue crack growth rates of steels in gaseous 
hydrogen [4, 9].  At load ratios above about R=0.5, the fatigue crack growth rate of steels 
increases as the load ratio increases.  The primary reason for the lack of published data on the 
effect of load ratio and frequency on the fatigue crack growth of steels in gaseous hydrogen is 
the difficulty in performing even simple experiments in this environment. 
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4 Testing Materials and Testing Equipment Design 

4.1 Testing Materials  

4.1.1 Materials and Characterization 

The materials used for FCGR testing in this study were X52 and X70 pipeline steels of 
varying microstructures.  One of the X52 steels was a modern design intended specifically for 
hydrogen gas transportation, produced in 2011, and acquired from Air Liquide.  The other X52 
was a vintage steel from Pacific Gas & Electric (PG&E) that was placed into service in 1964.  
The X70 materials were both modern steels from the early 2000s.  One was a steel intended for 
natural gas service from CRC Evans (alloy A), and the other was an experimental alloy from El 
Paso (alloy B) made for ease of welding.  Table 4-1 shows the tensile properties of all 4 steels in 
the transverse orientation.  Note that the vintage X52 steel does not qualify as X52, since the 
yield strength is too low (52 ksi = 360 MPa).  The old X52 pipe was 914 mm (36 in) in diameter 
and had a wall thickness of 10.6 mm.  The new X52 pipe had a 508 mm (20 in) diameter and had 
a wall thickness of 10.6 mm.  The X70 pipes were both 914 mm (36 in) in diameter, with alloy A 
having a wall thickness of 18 mm, and alloy B having a wall thickness of 22 mm.  Throughout 
this report X52 vintage will be used interchangeably with X52P (for PG&E), X52 new will be 
used interchangeably with X52AL (for Air Liquide), X70A will be used interchangeably with 
X70A (For CRC Evans), and X70B will be used interchangeably with X70EP (for El Paso). 

Table 4-1  Tensile properties of the 4 steels 

Steel σy [MPa ± std.  dev.] σUTS [MPa ± std.  dev.] 

X52_vintage 325±4 526±4 

X52_new 487±5 588±5 

X70A 509±19 609±4 

X70B 553±18 640±9 

The chemistries of the steels are given in Table 4-2.  Note that the old X52 steel has much 
higher carbon content than the other steels, and both X70 steels have lower carbon content than 
even the new X52 steel.  Low carbon content enhances weldability and toughness, and low 
carbon content represents the general trend in pipeline steelmaking today.  The X70 steels are 
higher in solute elements such as chromium and copper, for strengthening.  The three modern 
steels are microalloyed with titanium and niobium to make fine precipitates and refine the overall 
grain size developed during thermo-mechanical-control processing.  Note that the titanium 
content in the new X52 steel is very high, which could lead to carbide formation, which is 
detrimental to fatigue resistance.  Preferred titanium levels in pipeline steels should be 
stoichiometric with N2 at a ratio of 3.4:1.  A maximum of 0.025 % titanium is usually desirable.  
The modern X52 pipe had an ERW (electric resistance welding) seam and the vintage X52 
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material had a SAW (submerged arc weld) seam and both materials had SMAW (shielded gas 
metal arc welding) girth welds. 

Table 4-2 Chemistries of two X52 steels and two X70 steels 

Element Al B C Co Cr Cu 

X52_old 0.002 < 1e-4 0.238 0.004 0.014 0.085 

X52_new 0.017 < 1e-4 0.071 0.002 0.033 0.016 

X70A 0.015 < 1e-4 0.048 0.002 0.240 0.220 

X70B 0.012 < 1e-4 0.053 0.002 0.230 0.250 

Element Fe H Mn Mo N Nb 

X52_old 98.48 0.0001 0.96 0.004 0.003 0.001 

X52_new 98.37 0.0006 1.06 0.003 0.004 0.026 

X70A 97.51 0.0003 1.43 0.005 0.005 0.054 

X70B 97.41 0.0009 1.53 0.003 0.005 0.054 

Element Ni P S Si Ti V 

X52_old 0.05 0.011 0.021 0.064 0.002 0.002 

X52_new 0.016 0.012 0.004 0.24 0.038 0.004 

X70A 0.014 0.009 0.001 0.17 0.027 0.004 

X70B 0.014 0.01 0.001 0.16 0.024 0.004 

Low-magnification images taken across the thickness of each pipe, shown in Figure 4-1, do 
not show any large-scale microstructural banding related to chemical segregation at the 
centerline for any of these steels.  Figure 4-2 shows higher magnification images, 500X, of the 
X52 steels.  The old steel, shown in Figure 4-2 (a), contains approximately 70 % volume fraction 
of polygonal ferrite (light color) and approximately 30 % volume fraction of pearlite (dark 
color), with a large average grain size, about 30 μm or ASTM 8, based on qualitative estimates.  
This grain size is typical of what would have been expected for steel processing during the 1960s 
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for pipeline steels.  The new X52 steel, shown in Figure 4-1 (b), is a mixture of predominantly 
polygonal ferrite, acicular ferrite, and dispersed carbides with a fine, homogeneous grain 
structure of size ASTM 10, based on qualitative estimates.  Enhancements in steel processing 
today result in a more homogeneous, finer grain structure than in the past.  This finer grain 
structure results in improved ductility and toughness.  Neither of these X52 materials shows 
evidence of microstructural banding related to casting through the thickness of the pipes.  Figure 
4-3 shows 500X images of the X70 materials.  The X70A material, shown in Figure 4-3 (a), is 
approximately 93–94 % polygonal ferrite, about 5 % acicular ferrite, and 1–2 % pearlite, based 
on qualitative estimates.  The X70B material, Figure 4-3 (b), is approximately 95–96 % 
polygonal ferrite (light color) and 4–5 % upper bainite (dark color), based on qualitative 
estimates.  Both X70 materials are very fine grained, in the ASTM 10 to 12 range.   

Microstructural characterization is very important, as different microstructures may correlate 
more strongly with the effects of hydrogen than does the strength of a material.  The 
microstructures of the new X52 and both X70s have similar amounts of polygonal ferrite, but the 
remaining microstructural balance is different, due to the alloy/process design.  Microstructural 
phase differences plus alloy design (solute strengthening from the additional Mn and Cr), along 
with process design (strain) results in the difference in strength between X52 and X70.  
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       (a) 

 

 
         (b) 

Figure 4-1  Low-magnification images of (a) X52AL and (b) X52P materials.  Scale bars 
are 1 mm. 



Performance

CRES-2009
Center f
 

 

 

Figure 4

e Evaluation of H

-J02-01 
for Reliable 

4-2 (a) Ferri
directio
bars are

High-Strength Ste

 Energy Syst

ite-pearlite 
n is horizon
e 50 µm. 

eel Pipelines for 

tems 

microstruct
ntal.  (b) Mi

High-Pressure G

April 1, 2013 

(a) 

(b) 

ture of the v
crostructur

Gaseous Hydrog

vintage allo
re of the new

en Transportatio

 

 

oy, where th
w X52 alloy

on P

he rolling 
y.  The sca

Page 24 

le 



Performance Evaluation of High-Strength Steel Pipelines for High-Pressure Gaseous Hydrogen Transportation Page 25 

CRES-2009-J02-01 
April 1, 2013 

Center for Reliable Energy Systems 
 

 
(a) 

 
(b) 

Figure 4-3  Microstructures of the two X70 steels, where (a) is X70A and (b) is X70B.  
Rolling direction is horizontal, and scale bars are 50 µm. 

4.1.2 Testing and Purging Gases 

Hydrogen gas 5.5-9s pure and helium gas 6-9s pure was supplied to us by local gas suppliers 
General Air and Air Products.  For hydrogen gas, water should be less than 1 ppm, oxygen less 
than 1 ppm, nitrogen less than 3 ppm, and argon less than 2 ppm.  For helium gas, water should 
be less than 0.2 ppm, oxygen less than 0.11 ppm, nitrogen less than 0.4 ppm, and argon less than 
0.5 ppm.  Each lot of hydrogen gas was tested for purity at Atlantic Analytical Laboratory.  
Sample bottles were filled simultaneously while the test chamber was being pressurized after the 
purging process.   
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After installation of specimens into the test vessel, three purges with ultra-pure helium 
(99.9999 %) and three purges with ultra-pure hydrogen (99.9995 %) were used to clean the 
chamber.  The fourth fill with ultra-pure hydrogen was used as the test gas.  Cleaning is done to 
primarily minimize water and oxygen contamination, as it has been shown that oxygen decreases 
fatigue crack growth rates [15,57], while water vapor increases fatigue crack growth rates 
[22,54,58].  The first two helium purges were done at 14 MPa, followed by a purge at the test gas 
pressure, or 14 MPa, whichever was greater.  The three hydrogen purges were done at 14 MPa, 
followed by the final hydrogen fill at the test pressure.  Sample bottles were filled during this 
final pressurization.  An automated system, that used a program written in-house at NIST, 
performed these purges and kept the test vessel within 3 % of the target test pressure for the 
duration of the test.  The automation allowed these tests to continue 24 hours a day, 7 days a 
week until the specimens ran their respective cracks out to a length of 0.75w.   

Problems with the gas purity were encountered with one lot of gas and resulted in limited 
usable results for the X52 steels tested at a hydrogen gas pressure of 34 MPa and a frequency of 
0.1 Hz, and the X70 steels tested at a hydrogen gas pressure of 34 MPa and a frequency of 1 Hz.  
The gas was contaminated with N, Ar, and water vapor.   

4.1.3 Specimen Design, Machining, and Preparation  

Pieces from each pipe were cut approximately from the 2 o’clock position of the pipe.  Each 
piece was drawn into sections 50 mm X 65 mm, marked with the notch direction for T-L 
specimens, the final thickness (if other than full thickness), and sequentially numbered.  See 
Figure 4-4 (a) as an example.  The piece of pipeline material was then cut up into blanks, as 
shown in Figure 4-4 (b).  These blanks were then sent out for machining, according to the 
mechanical drawing shown in Figure 4-5 (a), by one of three machinists.  The thickness of the 
final specimen was marked on the specimen blank, rather than in the drawing.  The maximum 
allowed surface roughness (Ra) was specified to be 0.25 µm, according to ASTM G142 [6].  
Figure 4-6 (b) shows a machined specimen. 

At NIST the final dimensions were measured and recorded, and the surface finish measured 
with a profilometer.  If the Ra > 0.25 µm, the specimen was polished in the test section to 
achieve the desired surface finish.  The specimens were pre-fatigued in air at a frequency of 15 
or 20 Hz, a load ratio R = 0.1, and the final stress intensity, K, was less than 15 MPa·m0.5.  The 
typical fatigue pre-crack (FPC) was 3.25 mm.  The specimens were FPCed with the use of a 
proprietary software that automatically calculates crack length from the compliance, based on 
specimen geometry and the material’s strength and modulus.  (This proprietary software could 
not be used for the actual test as it is not equipped to take input from multiple CMOD gages.) 
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considering the probable inhomogeneity of these materials.  The design of the fixture permits the 
entire set of specimens to continue fatiguing, even after some have achieved the desired crack 
length.  This saves considerable time and resources when testing under pressurized hydrogen 
gas, since there is no need to vent and re-pressurize test gases when a given sample reaches 
maximum crack length.  All specimens within the chain are exposed to the exact test conditions, 
eliminating possible variability in gas concentrations or impurities between tests.   

4.2.2 Design of the Apparatus 

As many as ten CT specimens are linked in series to one another via a set of clevises.  
Figure1-2 (A) is a schematic of the chain of specimens, Figure1-2 (B) is a photograph of actual 
specimens as assembled on a table, and Figure1-2 (C) shows the chain of specimens vertically 
mounted into the load frame with the CMOD gages in place.  The clevises (marked with a “C” in 
the photographs) join one specimen to the next.  These coupling clevises are designed similarly 
to the clevises specified in ASTM E647, which requires flattened pin holes to allow free rotation 
of the pins [6].  Figure 4-6 shows the mechanical drawing along with a photograph of the 
clevises used for this study; untreated maraging C250* was used for its strength and resistance to 
hydrogen embrittlement [59].  This apparatus is designed for slightly sub-sized specimens 
(W=44.5 mm, Figure 4-7), necessary to fit into the pressure vessel.  If only the clevises are used 
to link the specimens together, the test would end when the first specimen in the set failed.  This 
is shown schematically in the video in Figure 4-8. 

The next element of the assembly is the links, a pair of which is connected to the sides of 
each specimen.  As shown in Figure 4-9, the links are a similar size and shape to the clevises.  
The clevises span from on specimen to the next, whereas the links span across the crack of each 
specimen.  The links have slightly elongated holes with round, rather than flattened bottoms.  As 
the crack grows, the CMOD increases.  Knowing the elastic modulus of the material being 
tested, one can calculate the CMODf for 0.7*W = af, the final (f) crack length.  Each hole is 
elongated by 0.5*ΔCMOD(f-i), where i represents the initial condition, to allow the crack to grow 
only that pre-determined distance before the links are engaged, bearing the load and preventing 
further loading of the fully cracked specimen.  The full load, however, continues to be 
transmitted to other specimens further down the chain via the clevises and links.  Round pins are 
used to connect the specimens, clevises, and links, as shown in Figure1-2.  An animation that 
schematically demonstrates the links is shown in Figure 4-10. 

In order to accommodate specimens of different thicknesses, spacers made of 
polytetrafluoroethylene (PTFE) are inserted between the specimens and the clevises (Figure1-2 
(B) and Figure1-2 (C)).  This keeps the clevises straight so that the loading is aligned throughout 
the specimen chain.  Also visible in Figure1-2 (C) are aluminum spacers placed between the 
clevises.  These keep the chain of specimens erect and centered so that the pressure chamber can 
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be placed over it, enabling the end cap of the chamber and pull-rod assembly to be blindly 
attached.  These aluminum spacers can move freely and do not interfere with the load train once 
the specimens are loaded in tension.  Fatigue tests must be conducted in tension-tension, as the 
“chain” of specimens cannot support any compression. 

CMOD gages with a sensitivity of 0.001 mm are attached to each specimen via knife edges 
that are integrally machined into the specimen at the load line (see Figure 4-7).  These gages 
provide continuous data on the progress of the crack propagation. 

Proof that the load was transmitted along the chain of specimens was obtained by attaching a 
calibrated proving ring (Figure 4-11) to the bottom of a chain of specimens.  The top of the 
specimen chain was attached to the calibrated load cell of the servo-hydraulic load frame.  The 
specimen chain was fatigue loaded at a frequency of 1 Hz, and a load ratio R = 0.5, while 
monitoring the maximum and minimum loads in the proving ring.  The load values of the 
proving ring agreed with those of the load cell to within <2 % when the weight of the chain was 
ignored. 

Data were acquired through the use of a procedure written in the proprietary software that 
can be purchased as part of the control software for the servo-hydraulic load frame.  Data 
including time, segment, force, displacement, and output for each CMOD gage, were acquired 
every 200 cycles, for the duration of 5 cycles, yielding approximately 1000 data points per set.  
A linear regression was fit to the 1000 data points for the CMOD and the internal force.  Data 
outside two standard deviations were excluded as electrical noise.  The slope of force (P) versus 
CMODi=1-10 for the five cycles was used for the compliance when calculating a/W to solve for K 
and crack length, rather than the maximum values of P and ν (CMOD), as called for in Figure 
A1.4 in the standard, ASTM E647-11 [6].This is because variables such as temperature, 
humidity, and drift may, over time, affect the absolute value of the CMOD, but the change in 
CMOD (ΔCMOD) over a given cycle should not be influenced by anything other than the crack 
length.   
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4.2.2. The Pressure Vessel 

These tests are conducted in a stainless steel (SS316) pressure vessel that was designed and 
manufactured specifically for this purpose (Figure 4-12).  The pressure vessel is rated to 34 MPa, 
has an inner diameter of 127 mm, and an inner length of 813 mm.  The end caps have electrical 
feed-throughs that permit acquiring the signal from the gages of crack mouth opening 
displacement (CMOD) from each specimen and an internal load cell that more accurately 
measures the force P experienced by the specimens.  In order to maintain the gas pressure within 
the vessel, polymeric seals are necessary, but they also create drag on the pull rod, which in turn 
affects the load measured outside of the vessel.  Figure 4-13 shows a comparison of the forces 
measured inside and outside of the vessel.  The applied forces for the tests are controlled by the 
internal load cell.  The forces are applied via a pull rod connected to the actuator of a servo-
hydraulic load frame.  The pull rod can be seen protruding from the pressure vessel in Figure 
4-12.  The specimens used are a standard CT design, W= 44.5 mm, with integrated knife edges 
for attaching the CMOD gage.  Tests are conducted and the data analyzed according to ASTM 
E647-11 for a CT specimen design.   

 

 
Figure 4-12 The test vessel rated for a pressure of 34 MPa 
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Figure 4-13 Comparison of the load experienced by the external load cell (red) and the 

internal load cell (blue) during a fatigue test in pressurized hydrogen gas. 

4.2.3 The Load Frame 

The tests are conducted according to ASTM E647-11 [6], “Standard Method for 
Measurement of Fatigue Crack Growth Rates”.  A servo-hydraulic load frame is used to apply a 
cyclic tensile load with R=0.5.  The load cell in series with the actuator has a load capacity of 
240 kN.  From Figure 4.2.7, it can be seen that this machine was designed to have a very long 
span between the crosshead, when raised to its full height, and the base of the machine.  This 
allows us to keep the pressure testing vessel attached to and raised with the crosshead while 
assembling the chain of specimens, starting with attachment to the bottom end cap.   

The string of ten specimens is assembled on the floor, next to the load frame.  We select 
PTFE spacers according to the thickness of each specimen, to keep the string of specimens 
straight so that the load is transferred evenly along the string.  Each specimen is attached to the 
next specimen with clevises (Figure 4-6).  The top specimen uses a top clevis that is of ordinary 
design; the rest of the string of specimens is built using the clevises and links shown in Figure 
4-6 and Figure 4-9.  Aluminum spacers are inserted between clevises to allow the string to stand 
on its own.  Links are placed over the end of each specimen, outside of the clevises, and 
maraging 250C pins are run through from link to clevis to PTFE spacer to specimen to PTFE 
spacer to clevis to the link on the far end.  An end-clevis is attached to the internal load cell, 
which in turn is attached to the inside face of the bottom end cap.  The entire string of specimens 
is attached to the end-clevis with a maraging 250C pin.  The chamber is then lowered over the 
string of specimens, and the pull-rod that runs through the top end cap is blindly attached to the 
string of specimens by way of threads on the end of the pull-rod that mate with threads on the top 
end-clevis. 
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The chamber is purged according to the procedure detailed in Section 4.1.2.  Before the last 
pressurization with hydrogen, the internal load cell and the CMOD gauges are electronically 
zeroed.  The test is begun after the final hydrogen gas pressurization. 

The tests are conducted in load control, based on the signal from the internal load cell, with a 
triangular waveform for ease of modeling the data.  Every 200 cycles, data on the time, cycle, 
crosshead displacement, external load cell, internal load cell, and every CMOD gage are 
collected for five cycles at an approximate rate of 200 data points/cycle.  Meters on the computer 
interface monitor the running minimum and maximum values of the CMOD gages.  With this 
aid, we are able to assess the progress of each specimen while the test is running. 

4.3 Test Matrix 

The test matrix was designed to compare the fatigue response of materials with different 
strengths and microstructures to a pressurized hydrogen environment at different cyclic loading 
rates.  Two X70 steels and two X52 steels from formed pipes were included in the test matrix 
(Table 4-1).  Tests were conducted in air and at two different hydrogen pressures (5.5 MPa and 
34 MPa), and at three cyclic loading rates: 1 Hz, 0.1 Hz, and 0.01 Hz.  As the project progressed, 
some of the original goals were adjusted, deemed unnecessary, or incompatible with the two 
main objectives: 1. to determine if higher strength materials perform better, worse, or the same as 
lower strength materials, and 2. to determine if it is necessary to conduct fatigue tests at 0.01 Hz 
or if the behavior can be modeled to account for the additional time for hydrogen to migrate.  For 
example, tests were conducted on the weld material from the X52 steels, but the X70 welds were 
extremely resistant to crack growth at the forces necessary to grow a crack in the base material.  
It was decided that the time was better spent acquiring the data at all conditions on the base 
material, rather than extending the tests by weeks or even months to acquire data on the X70 
welds, especially as it was clear that the base material was more susceptible to FCG than are the 
welds.  Both old and new X52 materials were tested in order to assess whether existing pipelines 
can be re-purposed for hydrogen use.  The final test matrix is shown Table 4-3. 
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 Table 4-3 Final test matrix 

 

  

Fatigue freq (Hz) Atmosphere X70 CRC X52 (new) X52 vintage X70 El Paso Stress Level (ksi) ratio

1 air 1 1 1 1 A 0.5

1 air 1 1 1 1 B 0.5

1 air 1 1 1 1 C 0.5

1  1000 psi H 1 1 1 1 A 0.5

1  1000 psi H 1 1 1 1 B 0.5

1  1000 psi H 1 1 1 1 C 0.5

1 (pre‐charged) 1000 psi H 1 1 1 1 A 0.5

1 5000 psi H 1 1 1 1 A 0.5

1 5000 psi H 1 1 1 1 B 0.5

1 5000 psi H 1 1 1 1 C 0.5

1 (pre‐charged 5000 psi H 1 1 1 1 A 0.5

0.1 air 1 1 1 1 A 0.5

0.1 air 1 1 1 1 B 0.5

0.1 air 1 1 1 1 C 0.5

0.1  1000 psi H 1 1 1 1 A 0.5

0.1  1000 psi H 1 1 1 1 B 0.5

0.1  1000 psi H 1 1 1 1 C 0.5

0.1 (Seam weld) 1000 psi H 1 1 1 1 A 0.5

0.1 (Girth weld) 1000 psi H 1 1 1 1 A 0.5

0.1 (trapezoid) 1000 psi H 1 1 1 1 A 0.5

0.1 5000 psi H 1 1 1 1 A 0.5

0.1 5000 psi H 1 1 1 1 B 0.5

0.1 5000 psi H 1 1 1 1 C 0.5

0.1 (trapezoid) 5000 psi H 1 1 1 1 A 0.5

0.01 air 1 1 1 1 A 0.5

0.01  1000 psi H 1 1 1 1 A 0.5

0.01 5000 psi H 1 1 1 1 A 0.5

1 (inner bend) 1000 psi H N/A 1 N/A N/A A 0.5

1 (inner bend) 5000 psi H N/A 1 N/A N/A A 0.5

1 (outer bend) 1000 psi H N/A 1 N/A N/A A 0.5

1 (outer bend) 5000 psi H N/A 1 N/A N/A A 0.5
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5 Fatigue Test of High-strength Pipeline Steels 

5.1. Testing Procedure 

Cyclic fatigue tests were conducted on compact-tension [C(T)] specimens according to the 
procedure outlined in ASTM standard E647-11 [6].  Specimens were machined with a w=44.5 
mm, integrated knife-edges at the load line for a CMOD gauge, and a chevron notch tip to aid in 
growing a sharp straight crack front.  A fatigue pre-crack was grown in air in each specimen 
individually up to a nominal distance of 3.2 mm.  Ten specimens were then linked together via 
the innovative testing apparatus developed at NIST and subjected to pressurized hydrogen gas.  
The chain of specimens was cyclically loaded at a constant load, load ratio R, hydrogen pressure, 
and frequency until all ten specimens completed testing (usually when each had a crack grown to 
approximately 30 mm).  Following completion of the test, the data were analyzed according to 
the standard.  The specifics of each of these steps are described below. 

5.1.1. Specimen Pre-cracking 

Individual C(T) specimens were fatigue pre-cracked in air between pin-loaded clevises.  
Figure 5-1 shows a specimen in the process of being pre-cracked.  As shown in this figure, if the 
specimen was narrower than the clevis opening, polytetrafluoroethylene spacers were used to 
keep the specimen centered on the load line.  The clevises have flattened holes, per the ASTM 
E647-11 standard.  Figure 5-2 shows the mechanical drawing of the clevis pair.  A CMOD gauge 
with a resolution of 1 µm was inserted at the load line, as shown in Figure 5-1, and was used to 
calculate the compliance of the specimen, which was used to determine the crack length.  The 
specimens were cyclically loaded at a fatigue rate of 15 Hz or 20 Hz, and R=0.1.   

The fatigue pre-cracks were established through the use of a proprietary program, purchased 
from the manufacturer of the testing frame and its controller.  The program automatically 
calculates the crack length from the inputs of compliance (CMOD/force) and the specimen 
properties (strength, elastic modulus, and Poisson’s ratio) and geometry.  The standard states [6] 
in Section 8.3.1 that, “In addition, the fatigue pre-crack shall not be less than 0.10B, h, or 1.0 
mm, whichever is greater.” where B is the specimen thickness and h is the width of the notch.  In 
every case the greatest value for the specimens tested here is h.  Nominally, that value is 3.2 mm, 
but in actuality the width of the machined notch ranged from 3.1 mm to 3.6 mm.  The proprietary 
software requires the user to specify the desired length of the pre-crack.  It also requires the user 
to specify the stress intensity factor K at the end of the pre-cracking procedure, as the standard 
requires the K at the end of pre-cracking to be less than the initial K of the actual fatigue test.  
The program automatically adjusts the applied force to get the crack to grow, then “load sheds” 
so that the final crack segment is grown with a K equal to or less than that which was stipulated.  
For these specimens, the final pre-crack value for K was either 14 MPa·m0.5 or 15 MPa·m0.5.   
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 Cycle 

 Crosshead Displacement 

 External Load 

 Internal Load 

 CMOD Gages 1 through 10. 

The data were written to a text file that was periodically saved under a new filename to 
protect against loss of data. 

5.1.5. Data Processing 

The data were processed according to the ASTM E 647 standard with a preprocessing step to 
eliminate RF noise that was readily identifiable and unique to our system [Ref].  The 
preprocessing step was added due to the presence of intermittent RF interference that was being 
picked up by our system and superimposed on the data.  We suspect that the RF interference was 
caused by a nearby atmospheric radar station that continuously sweeps through a range of 
frequencies that intermittently coincided with the resonant frequencies of the wires connecting 
the test chamber to the signal conditioning module.  Despite shielding and grounding the 
chamber and wiring, the long runs necessary to connect the testing facility to our detached 
control facility acted as antennas that would pick up signals at certain frequencies.  The noise 
was easily identifiable as spikes superimposed on the plot of CMOD extension versus time 
(Figure 5-4).   

 

Figure 5-4 CMOD extension with respect to point index with RF noise   

The preprocessing step filtered out the RF noise spikes through the use of a Bisquare linear 
fit  whereby an initial fit was obtained and then outliers that deviated by more than a user-
defined distance from the CMOD measurement (normally +/- 1.3 microns) were removed 
(Figure 5-5).   
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Figure 5-5 RF noise (red) being filtered from the CMOD with respect to the axial internal 
displacement 

The resulting filtered data was then analyzed using the E 647 test method in two passes as 
follows: The data was saved in groups of 5 cycles out of every 200 cycles.  For every group of 

five cycles, a compliance value, 
P

v
 , was calculated from the slope of a linear fit to the filtered 

CMOD opening (ν) as a function of axial internal force (P).  A correlation coefficient r was then 
calculated and r2 was used as a pass/fail test to prevent data from being passed forward in the 
event of an extraneous CMOD reading.  Any r2 value higher than 0.8 was considered acceptable 
and that threshold was almost never crossed unless there was a physical problem, such as a 
CMOD gage reseating.  The compliance values were then used to calculate α, a dimensionless 
geometric term equal to a/W, where a is the instantaneous crack length and W is the specimen 
width.  The load range values were calculated from the average range of the axial internal force 
for all five peaks.   
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where E is the elastic modulus, B is the sample thickness, and 
P

v
is the compliance. 

During the first pass, the data were analyzed with an assumed ideal elastic modulus of 210 
GPa to calculate an initial crack length.  That initial crack length was calculated from a segment 
of data at or near the beginning of each dataset.  The specimens were cooled in liquid nitrogen 
and broken open.  The fatigue pre-crack length was measured optically from the specimen face.  
If the measured initial crack length deviates from the calculated initial crack length, an effective 
modulus is calculated from Eq.  5.1 to bring those two values into correspondence (see Figure 
5-6).  Normally, the first 50 compliance values were averaged to obtain the initial calculated 
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crack length.  However, there was occasionally a settling period in which the clip gages shifted 
slightly at the beginning of the test.  In those cases, the averaged compliance was calculated from 
earliest set of compliance values that could be clearly distinguished from those values that were 
affected by the initial settling. 

Once an effective modulus was calculated, any tests that required an effective modulus 
greater than 240 GPa or less than 180 GPa were rejected in accordance with E647 [6].  The 
remaining raw data were then re-analyzed from the beginning with the new effective modulus.  
The data were analyzed to show crack growth intervals of 0.28 mm to reduce the data scatter.  
Crack lengths and cycle numbers were used to calculate the range of the stress intensity factor 
(ΔK) and the fatigue crack growth rate (da/dN, where N is the number of cycles) from the 
incremental polynomial method. 

 nini NNC   2/11 ,         Eq. 5.3 

 nini NNC   2/12 ,         Eq. 5.4 
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where b0, b1, and b2 are regression parameters obtained from a second order polynomial fit to sets 
of seven consecutive data points and ȃi is the fitted crack length at cycle Ni. 
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where    
2

210 nbnbb  ,          Eq. 5.8 

and n = normalized cycle number, p =normalized load range (see Figure 5-7).   
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Figure 5-6 Flow of steps needed to complete the data analysis 
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 Figure 5-7 Flow of the incremental polynomial method from Appendix X1 of ASTM 

E647 

5.2. In-air Fatigue Test of Pipeline Steels 

A chain of X52 steels and another of X70 steels were tested in air.  The results are shown in 
Figure 5-8 and Figure 5-9, respectively.  These specimens were tested with the linked system, as 
were those tested in pressurized hydrogen gas, but without the test vessel.  Each chain of 
specimens was tested at a cyclic loading frequency of 1 Hz and R of 0.5.  Previous work has 
shown that these pipeline steels are quite insensitive to loading frequency in air [4,54].  These 
two earliest runs were tested with a sinusoidal wave form, rather than the triangular waveform 
used for all the tests in pressurized hydrogen gas.  Both materials behave very similarly to cyclic 
loading in air; the data for all four materials overlay one another in the range of ΔK from 10 
MPa·m0.5 to 25 MPa·m0.5. 
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to 6.2 MPa because of the bottles’ lower design pressure.  During the last pressurization of 
the test chamber, one or more of the sample bottles were filled with the final hydrogen gas 
sample.  A sample was taken for each set of ten specimens tested and sent out for chemical 
analysis.  In particular, determination of whether oxygen or water were present in levels 
above 10 ppm was important, because higher levels may affect FCGRs.  Presence of water 
has been shown to increase FCGRs, whereas oxygen can decrease FCGRs [15,57]. 

Prior to commencing the cyclic loading the maximum and minimum forces at which 
the chain would be subjected were calculated via Eq.  A1.3 of ASTM Standard E647-11.  
Since we had a good estimate of the initial crack length from the procedure from fatigue 
pre-cracking and we knew the specimen geometry, we could calculate the forces for any 
target value of ΔK.  We wanted to have data from every material and condition with an 
initial ΔK between 8 MPa·m0.5 and 9 MPa·m0.5, so the smallest value for the full thickness 
was used to determine our applied forces.  This ensured that data was obtained in the low 
ΔK regime, but excessive time was not spent trying to get all of the specimens to initiate in 
this regime. 

The chain of specimens was maintained at the test conditions (hydrogen gas pressure, 
cyclic loading frequency, force range, and R) until all tests were completed or the test was 
stopped by the operator.  This time period varied from being as short as two weeks to as 
long as six weeks. 

Upon completion of the test, the specimens were removed from the chamber, cooled in 
liquid nitrogen, and broken apart so that the crack lengths could be measured.  The 
standard requires that the length of the fatigue pre-crack (FPC) be measured and the elastic 
modulus be adjusted to match the calculated FPC to the optically measured FPC.  For 
consistency, the same person measured the FPC for all the specimens tested.  The most 
accurate means to measure the FPC was determined to be with a 10× magnifying glass and 
a micrometer.  Five to nine points, depending on the thickness of the specimen, were 
measured across the FPC and averaged. 

5.4. Results and Discussions 

Data are shown for each set of 10 specimens that were tested in pressurized hydrogen gas in 
Figure 5-10 through Figure 5-16.  If less than ten sets of data are displayed, it was due to one of 
several contributing factors: 

1. The specimen hadn’t begun cracking, but the other specimens were finished and we felt 
the necessary data was represented by another specimen. 

2. The hydrogen gas was contaminated for the entire duration of the specimen’s crack 
growth. 

3. A CMOD gage fell out or failed. 
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4. The FPC length differed so much from the measured FPC length that the effective 
modulus exceeded the allowed 10 % deviation (usually due to the crack growing 
significantly in the first 200 cycles before the first data collection). 

5. We tried to test the girth welds in the early X70 chains, but they were incredibly resistant 
to crack growth at the forces applied for the base metal. 

The effect of contaminated hydrogen gas is clearly visible in Figure 5-14 where specimen 
EPSW1 (a seam weld specimen from the El Paso, X70 pipe) initially had a low FCGR, similar to 
that in air, followed by a sudden increase in the rate.  This occurred when the hydrogen supply 
was switched to a purer source.  The effect of contaminated gas may also have contributed to the 
spread in the early FCGR seen in the data in Figure 5-11.  The gas analyses from both these tests 
showed higher than acceptable water vapor content; 1370 ppm of water vapor for the X70 steels 
tested at a hydrogen gas pressure of 34 MPa and a cyclic loading rate of 1 Hz (Figure 5-14), and 
540 ppm of water vapor for the X52 steels tested at a hydrogen gas pressure of 34 MPa and a 
cyclic loading rate of 0.1 Hz (Figure 5-11). 

Figure 5-17 shows a comparison of FCGRs the base metal and girth weld material from the 
X52 vintage pipeline for both pressures and the cyclic loading rates of 1 Hz and 0.1 Hz.  There is 
no clear relationship between the FCGR responses of the weld material compared with the base 
metal for these conditions.  Further tests must be conducted with sufficient specimens to obtain 
statistical confidence of the FCGR response. 

In Figure 5-18 through Figure 5-20, representative data have been selected from each run of 
tests to offer a comparison of FCGR behaviors.  The dataset that covered the greatest range of 
da/dN for a given condition was chosen.  The FCGR response for a given material appears to be 
highly dependent on the test conditions and ΔK. 
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mainly by the high hydrostatic stress produced by the cyclic load, the crack tip stress field must 
be solved for first.  For this reason, our solution procedure for the hydrogen concentration profile 
includes the following components: 

1. The crack tip stress field; 

2. The evaluation of accumulation of hydrogen concentration at the crack tip surface; 

3. The transient and quasi-steady state profiles of hydrogen concentration around the crack 
tip for a continuously moving fatigue crack; and finally  

4. The evaluation of ߯஼ோூ் and determination of hydrogen enhanced fatigue crack growth 

rate. 

Realizing the complexity of the problem, several basic assumptions need to be made for the 
solution procedure: 

1. The crack tip stress and hydrogen concentration profile are considered to be one 
dimensional; 

2. The fatigue crack growth is considered to be a continuous process, within a load cycle, at 
a speed of the fatigue crack growth rate, as shown in Figure 6-2; 

3. The stress field around the crack tip, as a compact tension specimen, is under the plane 
strain state; 

4. Atomic hydrogen only enters into the steels at the crack tip surface where the hydrostatic 
stress is highly localized, cracking surface is fresh and occluded; and 

5. The HA-FCG process is under constant room temperature; therefore, temperature 
dependency is not considered for the current modeling work. 
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6.2.2 Sievert’s Law and Hydrogen Concentration at Crack Tip Surface 

For steels exposed to a gaseous hydrogen environment, the equilibrium lattice hydrogen 

concentration ܥ௅	in the stress-free steels is governed by Sievert’s law:  

௅ܥ ൌ ݇ܲ
భ
మ         Eq.  6.3 

where P is the pressure of the gaseous hydrogen environment, and k is a constant.  Note that the 

temperature dependency of ܥ௅ is not included since we only consider the constant temperature 
situation. 

The hydrogen concentration at the crack tip can be enriched by the hydrostatic stress 
produced by the cyclic load.  The hydrogen enrichment at the crack tip is related to the 
hydrostatic stress σh as follows: 

ுܥ ൌ ݇ܲ
భ
మ݁

ೇಹ഑೓
ೃ೅         Eq.  6.4 

where ுܸ is the mole volume of the atomic hydrogen, R the ideal gas constant, and T the absolute 

temperature.  Eq.  6.4 constitutes the hydrogen concentration at the crack tip surface, i.e., at 

ݔ ൌ 0 according the coordinate system shown in Figure 6-2. 

Note that the hydrogen trapping effect is not considered directly as in Eq.  6.4, although the 
effective hydrogen diffusivity, which includes the contribution of hydrogen trapping, will be 
used in the solving of the hydrogen diffusion equation. 

The constant k for Sievert’s law, given by Eq.  6.3, varies in a large range depending on the 
material.  Its absolute value is only for reference purposes in the solution.  In the formulation, it 

is the dependence of  ܥு on hydrogen pressure and the local hydrostatic stress that matters.   

For a cyclically loaded crack, the stress intensity factor range Δܭ, the maximum and 

minimum stress intensity factors ܭ௠௔௫,	ܭ௠௜௡, and load ratio R are related by the following: 

௠௔௫ܭ ൌ ሺ1 െ ܴሻΔܭ  ,ܭ௠௜௡ ൌ  ௠௔௫ܭܴ

When a sinuous waveform is used for the cyclic load, the stress intensity factor is a function 
of time t within each load cycle: 

ሻݐሺܭ ൌ ௄೘ೌೣା௄೘೔೙

ଶ
൅ Δݏ݋ܿܭሺ2ݐ݂ߨሻ     Eq.  6.5 

where f is the load frequency.   

From Eq.  6.1, it is obvious that the hydrostatic stress ߪ௛	at the crack tip surface ݔ ൌ 0  

approaches infinity.  To avoid this singularity, we characterize the hydrostatic stress ߪ௛at  ݔ ൌ 0  

by setting ߪ௛ ൌ ݔ  ௒ௌ atߪ ൌ ܴ௉ in Eq.  6.2.  Then the time-dependent hydrostatic stress at crack 
tip surface follows in a similar fashion to Eq.  6.5: 

ሻݐ௛ሺߪ ൌ
ఙ೘ೌೣାఙ೘೔೙

ଶ
൅ Δߪ௛ܿݏ݋ሺ2ݐ݂ߨሻ     Eq.  6.6 
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with  ߪ௠௔௫ ൌ
ଶ

ଷ
ሺ1 ൅ ሻߥ ௄೘ೌೣ

ඥଶగோು
௠௜௡ߪ ,  ൌ

ଶ

ଷ
ሺ1 ൅ ሻߥ ௄೘೔೙

ඥଶగோು
, and Δߪ௛ ൌ ௠௔௫ߪ െ  .௠௜௡ߪ

If local equilibrium of hydrogen concentration at the crack tip surface with the gaseous 
hydrogen environment can be reached instantaneously, substituting Eq.  6.6 into Eq.  6.4 leads to 
the following: 

ሻݐுሺܥ ൌ ݇ܲ
భ
మ݁

ೇಹ഑೓ሺ೟ሻ
ೃ೅ . 

This expression, although not exactly similar to the sinuous form of Eq. 6.6, can be 
approximated with a sinuous format: 

ሻݐுሺܥ ൌ ு௔௩௚ܥ ൅ Δܥுܿݏ݋ሺ2ݐ݂ߨሻ      Eq.  6.7 

with 

ு௔௩௚ܥ ൌ
ு௠௔௫ܥ ൅ ு௠௜௡ܥ

2
, 

Δܥு ൌ ு௠௔௫ܥ െ  ,ு௠௜௡ܥ

ு௠௔௫ܥ ൌ 	݇ܲ
భ
మ݁

ೇಹ഑೘ೌೣ
ೃ೅ , and 

ு௠௜௡ܥ   ൌ 	݇ܲ
భ
మ݁

ೇಹ഑೘೔೙
ೃ೅  

Eq.  6.7 will serve as the boundary condition for the hydrogen diffusion problem.  As seen from 

its derivation, the loading parameters such as peak stress intensity factor ܭ௠௔௫, load ratio R, load 
frequency f, material’s yield strength, and hydrogen gas pressure are captured in the formulation.   

6.2.3 Solution of Hydrogen Diffusion Equation by Moving Source Method 

This subsection presents the analytical solution of the hydrogen diffusion equation in the 
frame work of moving coordinate. Detailed analytical derivation can be found in the Appendix.  

For a typical stress-driven hydrogen diffusion problem, the governing equation can be 
written as 

డ஼

డ௧
ൌ ሻܥ׏ሺD׏ ൅  ሻ       Eq.  6.8ܥ௛ߪሺ׏

where D is the effective hydrogen diffusivity and C is the diffusible hydrogen concentration.  For 
first order approximation, we drop the stress term and let the hydrostatic stress play its driving-
force role as in the boundary condition Eq.  6.7.   

By assuming that the crack tip is continuously moving at a speed of u (ݑ ൌ ௗ௔

ௗ௧
), in the 

moving coordinate that is attached to the crack tip (as shown in Figure 6-2), after dropping the 
stress term, Eq.  6.7 becomes: 

డ஼

డ௧
െ ݑ డ஼

డ௫
ൌ  ሻ       Eq.  6.9ܥ׏ܦሺ׏
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Using the analytical solution technique similar to the moving line-source solution in heat 
conduction [61], the general form of the solution of Eq.  6.9 with a boundary condition Eq.  6.7 
can be derived as: 

,ݔሺܥ ሻݐ ൌ ି݁	ߚ
ೠೣ
మವሾܥ௔௩௚ሺݐሻ ൅  ሻሿ      Eq. 6.10ݐ௢௦௖ሺܥ

where β is a constant.  The transient solution consists of two parts, each responds to the constant 

averaged hydrogen concentration boundary condition ܥு௔௩௚,	and the oscillating hydrogen 

concentration boundary condition Δܥு as follows: 

,ݔ௔௩௚ሺܥ ሻݐ ൌ ு௔௩௚ܥ ቈܭ௢ ቀ
௨௫

ଶ஽
ቁ െ ׬

ௗక

ଶక
ሺ

ೣమ

రವ೟
଴ exp ൬െߦ െ

ଵ

ସక
ቀ௨௫
ଶ஽
ቁ
ଶ
൰቉     Eq. 6.11 

,ݔ௢௦௖ሺܥ ሻݐ ൌ Δܥு ቈ׬ cos	ሺ2݂ߨ ቀݐ െ ௫మ

ସ஽క
ቁሻ ௗక

ଶక
ሺ

ஶ
ೣమ

రವ೟

exp ൬െ߱ െ ଵ

ସక
ቀ௨௫
ଶ஽
ቁ
ଶ
൰቉   Eq. 6.12 

where ܭ௢ is the modified Bessel function of second kind and zero order.   

After a long enough time, as ݐ → ∞, the transient parts approach zero for both responses.  
For the response to the averaged hydrogen boundary condition, Eq.  6.11 becomes 

ሻݔ௔௩௚ሺܥ ൌ ௢ܭு௔௩௚ܥ ቀ
௨௫

ଶ஽
ቁ. 

And for the response to the oscillating hydrogen boundary condition, Eq.  6.12 becomes 

,ݔ௢௦௖ሺܥ ሻݐ ൌ Δܥுܭ௢ሺݔට
గ௙

஽
ሻcos	ሺ2ݐ݂ߨ െ ටగ௙ݔ

஽
ሻ. 

If we combine the two asymptotic parts together, the final solution for the “quasi-steady” 
state of the hydrogen concentration in front of the crack tip is:	

,ݔሺܥ ሻݐ ൌ ି݁	ߚ
ೠೣ
మವሾܥு௔௩௚ܭ௢ ቀ

௨௫

ଶ஽
ቁ ൅ Δܥுܭ௢ሺݔට

గ௙

஽
ሻcos	ሺ2ݐ݂ߨ െ ටగ௙ݔ

஽
ሻ]  Eq.  6.13 

6.2.4 Characteristics of the Hydrogen Concentration Solution 

There are several interesting trends associated with the solution presented in the previous 
subsection worth discussing.  

First, the governing equation and formulation for the hydrogen concentration at the crack tip 
are based on the assumption that the crack tip moves forward with a constant speed u.  For a real 
fatigue crack, its growth rate (u) keeps accelerating as the stress intensity factor range increases.  
The solution procedure ignores the effect of crack growth acceleration in the real situation.  
Therefore, the solution is a first-order approximation.   

Secondly, the crack growth speed u itself is an unknown in the formulation.  With certain 
hypothesis for hydrogen-enhanced fatigue cracking in a load cycle, u can be determined through 
an iterative procedure when the quasi-steady state is reached, as to be seen later in this section. 
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Two important characteristics of the transient hydrogen concentration solution are examined 
in the next two subsections. 

6.2.4.1 Attenuation of Hydrogen Concentration Oscillation 

After reaching the “quasi-steady” state, the hydrogen concentration profile includes two 

parts.  The first part is the response to the averaged boundary condition at the crack tip, ܥு௔௩௚.  It 

remains a fixed shape as the crack front moves forward; the second part, in response to the 

concentration oscillation at the crack tip, Δܥு, oscillates with the same frequency as the cyclic 

load, but its oscillation amplitude attenuates from the crack tip surface according to a function of 

௢ܭ ቆݔට
గ௙

஽
ቇ.			Since  ܭ௢ is a rapid decreasing function of distance, it is obvious that higher load 

frequency or lower hydrogen diffusivity will make the attenuation steeper as the location moves 

away from the crack tip.  Figure 6-3 plots the attenuation function of  ܭ௢ ቆݔට
గ௙

஽
ቇ for ܦ ൌ

 10ିଵଵ m2/s under different load frequencies.  As frequency increases, the attenuation effectݔ2.68

becomes more severe.  For a load frequency of 1 Hz, for instance, the oscillation part of the 

hydrogen concentration at the crack tip is hardly felt beyond a distance of 6 ߤm. 

 

Figure 6-3 Attenuation of oscillating hydrogen concentration as function of distance from crack 
tip 
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From the derivation in the previous subsection, Δܥு increases as peak stress intensity factor 

increases or load ratio decreases.  For ܥு௔௩௚, it increases as peak stress intensity factor increases 

or load ratio increases.  These relations between ܥு௔௩௚, Δܥு and hydrogen pressure and loading 

conditions define the dependency of hydrogen-enhanced FCGR on process parameters. 

6.2.4.2 Transition to “Quasi-steady” State Concentration Profile 

The complete transient solution defined by Eqs. 6.10, 6.11, and 6.12 can be used to examine 
the transient behavior of the hydrogen concentration during a fatigue crack growth test.  If load 
ratio is high or the oscillation part attenuates rather quickly because of high load frequency or 
low diffusivity, the oscillation part will be much smaller than the averaged part and can be 
dropped from the solution.  In this case, the transient solution becomes: 

,ݔሺܥ   ሻݐ ൌ ݁ߚு௔௩௚ܥ
ିೠೣ
మವ ቈܭ௢ ቀ

௨௫

ଶ஽
ቁ െ ׬

ௗఠ

ଶఠ
ሺ

ೣమ

రವ೟
଴ exp ൬െ߱ െ ଵ

ସఠ
ቀ௨௫
ଶ஽
ቁ
ଶ
൰቉        Eq. 6.14 

The integral part inside the bracket in Eq. 6.14 represents the transient part.  It approach zero as 

ݐ → ∞. 

Suppose the material is initially at the lattice hydrogen concentration, a very low value for 
iron (10-4 wppm).  Given the values of u and D, the transient period of Eq. 6.14 can be evaluated.  
When crack growth rate u is low, the time to reach the quasi-steady state is very long.  For X52 

pipeline steels, a typical value of hydrogen diffusivity is ܦ ൌ 2.7 ൈ 10ିଵଵ m2/s.  Using this 

value, and ݑ ൌ 1 ൈ 10ି଻m/s, the hydrogen concentration profiles at different times are plotted in 
comparison against the quasi-steady state profile in Figure 6-4.  It takes thousands of seconds for 
the hydrogen profile reaches the quasi-steady state.  For an even slower crack growth rate 

ݑ ൌ 1 ൈ 10ି଼ m/s, the time to reach quasi-steady is approximately 555 hours.  If ݑ ൌ 5 ൈ
10ି଺m/s, however, the time to reach quasi-steady state is about 5 seconds, as shown in Figure 

6-5.  For an f = 1 Hz fatigue test, it only needs 5 cycles to reach quasi-steady state.  



Performance Evaluation of High-Strength Steel Pipelines for High-Pressure Gaseous Hydrogen Transportation Page 61 

CRES-2009-J02-01 
April 1, 2013 

Center for Reliable Energy Systems 
 

 

Figure 6-4 Slow transition of hydrogen concentration profile to “quasi-steady” state for low crack 
growth rate u=1x10-8 m/s 

 
Figure 6-5 Fast transition of hydrogen concentration profile to “quasi-steady” state for low crack 

growth rate u=5x10-6 m/s 

The above observations on two extreme situations have important implications to the 
hydrogen-enhanced fatigue crack growth.  Figure 6-6 plots the HA-FCGR test results for the 
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CRC X70 pipeline steel.  In-air FCGR data are also plotted for comparison reason.  As expected, 
the in-air results follow the Paris law.  For the HA-FCGR results, all curves appear to be 

consisted of two parts which are divided by a “threshold” point  ∆ܭ ൌ 12 MPam0.5.  In the first 

half, FCGR starts from low values and goes through a rapid climb.  In the second half, the 
increase rate of FCGR becomes moderate before following a trend line parallel to the Paris-law 
line of the in-air data.   

This phenomenon can be explained through the hydrogen diffusion solution presented above.  
As the crack starts from a low growth rate, according to the transient solution, it would take a 
very long time for the hydrogen concentration profile reaches its quasi-steady state.  Because of 
the low growth rate (u), the hydrogen concentration “front” is able to overgrow the moving crack 
tip.  The consequence is that the elevated level of hydrogen concentration in front of the crack tip 
enhances the crack growth.  This increase of FCGR driven by hydrogen continues until that the 
hydrogen-enhanced crack growth is able to “catch up” the hydrogen concentration “front”.  This 
is when the HA-FCGR reaches its quasi-steady state.  In real testing situations where a constant 
cyclic load level is applied, the HA-FCGR still grows in the quasi-steady state due to the 
increase of hydrogen concentration at the crack tip surface.  This enrichment of   hydrogen at the 
crack tip surface is caused by the increasing stress intensity factor. 

 

Figure 6-6 Comparison in-air FCGR and HA-FCGR for X70 in 800psi hydrogen. For HA-FCGR, 
transient part and quasi-steady part are marked.   
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6.2.5 Determination of the Hydrogen-Enhanced Fatigue Crack Growth Rate 

In the previous subsection, the quasi-steady state part of a HA-FCGR curve has been 
identified.  And the hydrogen concentration profile in that part is governed by Eq. 6.13.  To 
determine the HA-FCGR, we followed the approach by Gangloff and Wei [39,49] with the 
assumption that within each load cycle, hydrogen enhanced increment of crack growth occurs 
when the load reaches Kmax, and the size of the increment is determined by a critical distance 

(from the current crack tip) at which a critical hydrogen concentration	CCRIT	,	is reached.  In other 

words, the critical distance ߯஼ோூ், and the critical concentration	CCRIT	,	 satisfy the following 
condition through Eq.  6.13: 

஼ோூ்ܥ ൌ ି݁	ߚ
ೠഖ಴ೃ಺೅

మವ ሾܥு௔௩௚ܭ௢ ቀ
௨ఞ಴ೃ಺೅
ଶ஽

ቁ ൅ Δܥுܭ௢ሺ߯஼ோூ்ට
గ௙

஽
ሻcos	ሺ2ݐ݂ߨ െ ߯஼ோூ்ට

గ௙

஽
ሻ]     Eq.  6.15 

In determining ߯஼ோூ், note that based on the assumption just described, 
ௗ௔

ௗே
ൌ ߯஼ோூ், and by 

definition, we have  

ݑ ൌ ௗ௔

ௗ௧
ൌ ଵ

்

ௗ௔

ௗே
         Eq.  6.16 

where T is the load period for each cycle.   

The choice of ܥ஼ோூ்	was made in a ratio of ܥ஼ோூ்	to the equilibrium lattice hydrogen 

concentration ܥ௅, which is pressure dependent.  Similar to Gangloff’s approach, a value of 
஼಴ೃ಺೅
஼ಽ

ൌ 20 was used for the calculation.   

Since the oscillation term is included in Eq.  6.15, its peak value during a whole cycle was 

used in the calculation of ߯஼ோூ் 

To summarize, the following pseudo iterative procedure was used to determine ߯஼ோூ்: 

1. Given hydrogen gas pressure, load information Kmax, R, and the critical hydrogen 

concentration ܥ஼ோூ்	, is evaluated;  

2. The hydrogen concentration at the crack tip surface enriched by hydrostatic stress is 

evaluated, this includes the average part ܥு௔௩௚, and the oscillating part	Δܥு; 

3. Given the load frequency f, assume an initial value of u and solve Eq.  6.15 for ߯஼ோூ்; 

4. Check if the newly evaluated ߯஼ோூ் and assumed u satisfying the relation defined by Eq.  
6.16 and, if not, update the u value using Eq.  6.16 and return to step 2; 

5. Repeat the iterative process until Eq. 6.16 is satisfied. 

The calculation procedure described above was implemented in a C++ computer program 
with a Windows® interface for the ease of calculation.  Figure 6-7 shows the dialog-based 
Windows® program’s interface.  The interface allows the inputs of steel’s diffusivity, yield 
strength, stress intensity factor, hydrogen pressure, load frequency and load ratio.  Upon 
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clicking the “Calculate” button, the program goes through the iterative algorithm described in 
this subsection and displays the HA-FCGR results predicted by the model. 

 

Figure 6-7 Windows® interface for the calculation of HA-FCGR 

6.3 Correlation of Loading Parameters to Hydrogen Enhancement of Fatigue Crack 
Growth Rate 

This section presents the predicted results by the diffusion model and its correlation with the 
measured HA-FCG data. 

6.3.1 Material Properties in the Model 

From Eq. 6.15 and the solution procedure described in Section 6.2.5, there are several key 
material properties in the determination of HA-FCGR.  

The first and most important parameter is the steel’s hydrogen diffusivity, D.  Unfortunately, 
for typical C-Mn ferritic pipeline steels, large range of variations in their hydrogen diffusivity 
have been reported [62].  For similar steels, experimentally measured hydrogen diffusivities 
through hydrogen permeation can differ by one order or even higher.  This is not a surprise since 
hydrogen diffusivity is highly sensitive to alloys’ grain structure, grain boundary impurity, and 
dislocations where large amount of hydrogen can be trapped.   By inference, the two X52 
pipeline materials could possibly have very different diffusivity values because of the difference 
in their alloying compositions and microstructure as presented in Section 4.1.1.  
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Other material properties include the yield strength, ߪ௒ௌ, mole volume of hydrogen in steels, 

ுܸ , and the lattice hydrogen concentration,	ܥ௅.  Table 6-1 lists the values employed in the model 
and the relevant references.  

Table 6-1 Material Properties in HA-FCGR Calculation 

Material Properties Value and Units Reference 

D for X52 2.68 ൈ 10ି଻cm2/s [62] 

D for X70 7.5 ൈ 10ି଻cm2/s [63] 

Yield Strength ߪ௒ௌ Per Table 4-1 (MPa) This report 

Mole Volume of H 2.0 ൈ 10ି଺ m3/mol [74] 

Lattice Hydrogen  
Concentration CL  

௅ܥ ൌ 42.7 ுܲ
଴.ହ݁ି

యమఴబ
೅ , ppm [64] 

    

6.3.2 Prediction and Correlation of Hydrogen Enhanced Fatigue Crack Growth Rate 

The dependency of HA-FACG on steels’ hydrogen diffusivity has been recognized by 
Gangloff and others (See Figure 3-1).  The calculated diffusivity dependency of HA-FCGR is 
plotted in Figure 6-8.  The calculated results were based on an X52 yield strength of 52 ksi, load 
frequency of 1Hz, load ratio of 0.5 and hydrogen pressure of 5.5 MPa(800 psi).  The trend is in 
agreement with the measured results summarized in Figure 3-1.  

To show the influence of yield strength on HA-FCGR, Figure 6-9 plots the measured HA-
FCGR for the new and old X52 against the predicted values.  From Table 4-1, the old X52 steel 
has a yield strength of 325 MPa (47.6 ksi) and the new X52 steel has a yield strength of 487 MPa 
(70.6 ksi).  These actual strengths of the two steels were used in the HA-FCGR prediction 
calculations.  As can be seen from the plot, the model was able to predict the trend that the HA-
FCGR increases as the yield strength increases.  But the model significantly over-predicted the 
HA-FCGR of the new X52.  The likely reason was the value of diffusivity used in the 

calculations.  For both steels, the same value of D, 2.68 ൈ 10ି଻cm2/s, were used.  Considering 
that the new X52’s microstructure has a refined grain structure, its hydrogen diffusivity is likely 
lower than the old X52. 
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Figure 6-8 HA-FCGR dependency on hydrogen diffusivity 

 
Figure 6-9 comparison of measured HA-FCGR for two X52 steels and the model predictions 
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Figure 6-10 plots the HA-FCGR test results for the old X52 steel under two different 
pressures of the hydrogen gas, and the calculated HA-FCGR.  The model was able to correctly 
capture the dependency of HA-FCGR on hydrogen pressure with reasonable accuracy.  The same 
hydrogen diffusivity value as the results in Figure 6-9 was used in the calculation.  

 

Figure 6-10 HA-FCGR dependency on pressure of hydrogen gas for the old X52 steel 
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Gangloff and others have shown that the strain-stress behavior at the crack tip is critical for any 
mechanistic model of hydrogen embrittlement, improvement to the current diffusion model can 
be made if better knowledge on this matter becomes available. It is worth repeating that like any 
other mechanistic model of hydrogen embrittlement, an accurate knowledge of hydrogen 
diffusivity is critical to the current model.  Unfortunately, reliable and consistent data on 
hydrogen diffusivity for the materials considered here is still lacking.   

 
Figure 6-11 HA-FCGR dependency on load frequency for the new X70 steel 

In summary, the hydrogen diffusion model developed in the current project presents a new 
point of view on the HA-FCGR phenomenon and is able to explain the transient nature of the 
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7 Modeling of Fatigue Crack Growth Rate in Hydrogen 

7.1 Introduction 

Experimental results indicate that fatigue crack growth rates (FCGR) of metals in high-
pressure hydrogen increase with increasing hydrogen pressure [2,11,14,54,56,65,66,67].  The 
equilibrium, non-stressed, hydrogen concentration in metal is given by 

ሾܪሿ଴ ൌ
∅

஽
ሺ ுܲሻ௠ ൌ ሺܣ ுܲሻ௠exp൭

െܳ
ܴܶൗ ൱,     Eq.  7.1 

where  ሾܪሿ଴ is the stress-free, equilibrium hydrogen concentration in the metal; ∅ is the 

coefficient of hydrogen permeation; D is the coefficient of hydrogen diffusion; A is a constant; 
PH is the hydrogen pressure; Q is activation energy; R the universal gas constant and T is the 
absolute temperature [68,69].  Sievert’s law, which relates the steady-state, non-stressed, 
subsurface, atomic gas concentration in a solid to the pressure of the diatomic gas near the 
surface, predicts a pressure exponent value of m = 1/2.  However, the value of m may vary as a 
function of temperature [70] and the rate-limiting step for hydrogen transport [71].  Pressure 
dependence has been shown to vary from sub-parabolic (m < 1/2) [4] to an exponential 
dependence with m > 1 [70], depending upon material and conditions.  At higher hydrogen 
pressures the pressure term in Eq.  7.1 is replaced with the fugacity, fu, as determined by 

ݑ݂ ൌ ܲexpቀܾܲ ܴܶൗ ቁ,        Eq.  7.2 

where P is the pressure, b=15.84 cm3/mol.  The stress-assisted hydrogen concentration has been 
shown to follow [72] 

ሾܪሿఙ ൌ ሾܪሿ଴݁݌ݔ൫
ݒ௛ߪ

ܴܶൗ ൯,       Eq.  7.3 

where [H]σ is the stress-assisted hydrogen concentration, ߪ௛ is the hydrostatic stress, V = 2.0x10-6 
m3/mol [73,74,75,76] is the partial molar volume of hydrogen in the metal and all other constants 
are as defined above.  The stress tensor as a function of distance from the crack tip is required in 

order to determine ߪ௛.  Given that the value of the stress tensor is location-specific with respect 
to the crack tip, the stress-assisted hydrogen concentration will also be location-specific as well.  
Previous work on API-5L X80 pipeline steel [73] used the Hutchinson, Rice, Rosengren (HRR) 
model [77,78] to determine the stress field in the FPZ.  The HRR model predicts the stress 
distribution in front of a sharp crack of a strain-hardening material in polar coordinates (r and θ).  
It is given by 

଴ߪ௜௝ୀߪ ቂ
ா௃

ఈఙబ
మூ೙௥

ቃ
ଵ
௡ାଵൗ

,෤௜௝ሺ݊ߪ  ሻ,       Eq.  7.4ߠ

where ߪ଴ is the material yield strength, E the modulus of elasticity, J the value of the J-contour 
integral, α a dimensionless constant, r the distance in front of the crack tip, n the work hardening 



Performance Evaluation of High-Strength Steel Pipelines for High-Pressure Gaseous Hydrogen Transportation Page 70 

CRES-2009-J02-01 
April 1, 2013 

Center for Reliable Energy Systems 
 

exponent from the Ramberg-Osgood equation for fitting stress-strain data in uniaxial tests, ߪ෤௜௝ a 

dimensionless function of n and θ, and In an integration constant that depends upon n and ߪ෤௜௝.  

The J-integral may be replaced by ܭூ
ଶ/E for a globally linear elastic material [79], where K is the 

stress intensity factor.  The hydrostatic stress can then be determined via 

௛ߪ ൌ
ଵ

ଷ
 ௜௜.          Eq.  7.5ߪ

The use of Eq.  7.3, in conjunction with Eqs. 7.4 and 7.5, effectively provides an estimate of 
the hydrogen concentration in the FPZ as a function of distance r, and angle θ.  The key, 
therefore, is to solve for the stress-assisted hydrogen concentration at some critical distance of 
interest.  If one assumes blunting of the crack tip, the location at which the maximum crack-
opening stress occurs may be solved as [80] 

ܺఙ_௠௔௫ ൌ
௄మ

ఙబா
,         Eq.  7.6 

where all constants are defined above.  Eq.  6 was determined via finite element large-scale 
plasticity analysis in the absence of gaseous hydrogen, which will likely affect dislocation 

dynamics in the FPZ.  Values for ܺఙ_௠௔௫ vary between 4 μm and 48 μm, depending upon the 

material [71].  Using an estimate for the plastic zone size, 

ݎ ൌ ଵ

గ
ቀ௄಺
ఙబ
ቁ
ଶ
,         Eq.  7.7 

may also be appropriate estimate for the critical distance in Eq. 7.4 as this value defines the 
extent of the stress-assisted hydrogen accumulation in front of the crack tip.   

It has been shown empirically that FCGRs follow a multiplicative relationship between FCG 
driving force ΔK and a deleterious diffusion process (potentially stress-assisted) in oxidizing 
environments [81,82,83,84,85,86,87,88,89], temperature-assisted viscoplastic deformation [90], as 
well as materials tested in hydrogen [25, 28,91], such that 

ௗ௔

ௗே
ൌ ܣ ∙ ௡ܭ∆ ∙  ሻ        Eq.  7.8ݒሺ݁݊ܨ

where A and n are material specific constants, and ܨሺ݁݊ݒሻ is a term relating the diffusion 

kinetics of the deleterious environmental interaction.  Models of similar functional form have 
been proposed for FCGR in hydrogen gas assuming hydrogen environment assisted cracking, 
some of which are compiled in [22]. 

Typically there are two primary approaches to phenomenological modeling of multiple, 
concurrently occurring, damage mechanisms.  The first approach is the linear summation model 
[92,93], which presumes that each increment of crack growth is a summation of the crack growth 
from independently occurring, non-interacting mechanisms.  The model is as follows for FCG 
applications: 
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ௗ௔

ௗே୘୭୲ୟ୪
ൌ ∑ ௗ௔

ௗே௜
,                  Eq.  7.9 

where the subscript i refers to any number of independent mechanisms.  The second approach is 
the cumulative damage model, which presumes that multiple concurrent damage mechanisms 
“compete” with one another, such that any single mechanism may dominate total deformation, or 
the total deformation may result from an interaction of multiple mechanisms.  The general 
framework for the cumulative damage model, 

୘୭୲ୟ୪ܦ ൌ  ௜,                  Eq.  7.10ܦ∑

states that the total damage from all competing mechanisms ்ܦை்஺௅ is equal to the summation of 

each damage mechanism ܦ௜  as if they were occurring independently.  When applied to life 
prediction, the cumulative damage model becomes  

௙ܰ ൌ ሾܦ୘୭୲ୟ୪ሿିଵ ൌ ቂ൫ ௙ܰଵ൯
ିଵ
൅ ൫ ௙ܰଶ൯

ିଵ
ቃ
ିଵ

,              Eq.  7.11 

where Nf  is the predicted number of cycles to failure and Nf1 and Nf2 are the number of cycles to 
failure for two isolated damage mechanisms [94].  Underlying this model is the notion that 
material separation (failure) occurs at a total damage equal to one [94].  Whereas the linear 
summation model treats the deformation mechanisms as if they occur in parallel, the cumulative 
damage model presumes that the independent deformation mechanisms occur in series, in which 
case the cumulative effect may incorporate damage mechanism interactions. 

Competing damage mechanisms can lead to fatigue crack propagation behavior that deviates 
from Paris Law behavior.  Fatigue crack growth of pipeline steels in gaseous hydrogen generally 
exhibits a bilinear trend in the Paris region.  Two classic examples of da/dN vs.  ΔK results 
yielding bilinear trends are the transition from microstructurally small crack growth (in most 
alloys) and FCG of Ti-6Al-4V in air [95].  The former is due to the interplay of the fatigue crack 
extension per cycle and the material grain size, while the latter was found to be correlated to the 
interaction between fatigue crack extension per cycle and the Widmanstatten packet size, which 
refers to a substructure of a grain where precipitates or a second phase form along certain 
crystallographic planes and can be thought of as an effective grain size in Ti alloys [95,96].  
However, the bilinear trend observed in FCG in the presence of hydrogen is clearly in the long 
crack regime and beyond the region where crack propagation is affected by the microstructural 
features of the particular materials tested here.  Research has shown that the fatigue crack surface 
exhibits different morphologies depending on the region of FCG [50,65,75,96].  It has been 
shown that FCG may take the form of mixed-mode fracture, intergranular fracture with 
branching, intergranular fracture leading to dimple rupture, or intergranular stress corrosion 
fatigue [50].   
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7.2 Model Development 

Based upon the experimental results, microscopy, and the literature regarding FCG in 
hydrogen, it is presumed that the transient hydrogen-assisted fatigue crack growth (HA-FCG) 
occurs as a result of per-cycle crack extension, which occurs within the FPZ most affected by the 
stress-assisted hydrogen concentration (Eq.  7.3).  A predominantly intergranular crack path 
results.  Furthermore, it is presumed that the steady-state HA-FCG  occurs due to the per-cycle 
crack extension that exceeds the stress-assisted hydrogen concentration region by some amount.  
This reduces the hydrogen interaction to the order of Eq.  7.1, resulting in a primarily trans-
granular fracture surface.  The size interactions of the crack extension and the FPZ are shown 
schematically in Figure 7-1. 

 

(a)         (b) 

Figure 7-1 Sketch depicting conditions in which (a) transient HA crack growth would occur, and 
(b) steady-state HA crack growth would occur.  Transient HA-FCG occurs when the 
crack extension per cycle remains within the FPZ created by the previous cycle, 
whereas transient FCG occurs then the crack extension per cycle extends beyond 
the FPZ.  The FPZ is shown as a shaded region.  Sizes are exaggerated for clarity. 

The transition between the two regimes is defined by a “knee point” on the da/dN versus ΔK 
plot, occurring at da/dNtr of Xtr/cycle.  The experimental results collected to date suggest that 
da/dNtr occurs at 

݀ܽ ݀ ௧ܰ௥⁄ ൌ 2 ∙ 10ି଺∆ܭଶ.                   Eq.  7.12 

The results of Eq. 7.12 are identical to the second-order estimate of the Irwin plastic zone 
size (Eq.  7.7) for X100 and are proportional to the plastic zone size for X70 and X52.   

The preceding discussion lays out a framework for understanding the segregation of 
dominant damage mechanisms occurring in HA-FCG.  Specifically, at da/dN < da/dNtr, the 
FCGR is dominated by the stress-assisted hydrogen concentration or dependent predominantly 
on PH; for da/dN > da/dNtr, the FCGR is affected by the far-field hydrogen concentration and is 
therefore presumed to be dominated primarily by ΔK. 
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If one assumes that an incremental extension of the crack tip due to HA-FCG comprises a 
pure fatigue component and an environmental-fatigue (HA) component, the FCGR relationship 
would then have the following functional form: 

ௗ௔

ௗே௧௢௧௔௟
ൌ ௗ௔

ௗே௙௔௧௜௚௨௘
൅ ௗ௔

ௗேு
,            Eq.  7.13 

where the subscripts fatigue and  H designate contributions to the total crack advance due to 
fatigue only and HA fatigue, respectively.  The general framework of FCG superposition has 
been successfully employed to correlate data on environmental-fatigue crack growth in oxidizing 
environments [83,89], corrosive environments [97], high-temperature environments inducing 
viscoplastic deformation [89,98], thermo-mechanical fatigue [82], and crack advance segregated 
by microstructural considerations [83], to name just a few.  One should note that Eq.  13 is 
proposed to correlate region II crack growth only, as it is believed that the data presented here 
falls within this regime.  The first term of Eq. 7.13 is given by the traditional Paris relationship 

ௗ௔

ௗே௙௔௧௜௚௨௘
ൌ  ௕,        Eq.  7.14ܭ∆ܣ

where ΔK is the driving force for crack extension defined in ASTM E647 [6] and A and b are 
constants fitted to the experimental data.  Eq. 7.14 accounts for the fatigue-only contribution of 
crack extension, regardless of test environment.  As such, Eq.  7.13 must collapse to Eq.  7.14 for 
tests performed in air. 

Based upon the presumed underlying deformation mechanisms and the previous work 
performed on the kinetics of environmental fatigue [81,83,84,87,88,89,90, 99,100], one might 
expect that the functional form for a HA-FCGR relationship would follow 

ௗ௔

ௗேு
ൌ ሿሿܪ஻ሾܭ∆ሾܽܨ ൌ ܨ ൥ܽ∆ܭ஻

ுܲ
௠exp൭െܳ ൅ ݒ௛ߪ

ܴܶൗ ൱൩,          Eq.  7.15 

where F indicates “a function of” and all parameters are defined above.  Inherent to the 
functional form of Eq.  7.15 is the presumption that an increased hydrogen concentration within 
the material would enhance FCG.  Though one may readily accept this notion due to the 
experimental results presented in the literature, the multiplicative nature of this interaction as 
proposed in Eq.  7.15 is purely empirical, as a thorough understanding of the deformation 

mechanisms and their interactions occurring during HA-FCG is still lacking.  The term ுܲ
௠ 

incorporates the ambient hydrogen pressure and accounts for the steady-state concentration [H] 

of hydrogen within the steel.  The exponential term exp൭െܳ ൅ ݒ௛ߪ
ܴܶൗ ൱ accounts for the 

kinetics of hydrogen transport via an Arrhenius relationship, as well as the contribution of lattice 
dilatation due to the hydrostatic stress. 
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Due to the presumption of the segregation of the dominant damage mechanisms occurring in 
HA-FCG, a relationship similar to that of linear damage summation is proposed.  Specifically, it 
is assumed that the FCG driven by the hydrogen pressure occurs in series with the ΔK-assisted 
FCG, thereby setting up a competition between the two mechanisms.  Following the derivation 
of Eq. 7.11, the HA-FCGR is given by 

ௗ௔

ௗேு
ൌ ቈ൬

ௗ௔

ௗே௉ಹ
൰
ିଵ

൅ ቀௗ௔
ௗே∆௄

ቁ
ିଵ
቉
ିଵ

,            Eq.  7.16 

where 
ௗ௔

ௗேு
 is the total HA-FCGR comprising FCG dominated by the stress field at the crack 

tip 
ௗ௔

ௗே௉ಹ
, and far-field HA-FCGR 

ௗ௔

ௗே∆௄
.   

7.3 Proposed FCG Model 

Given that there will be a pressure dependence in the denominator(s) of Eq.  7.16, and that 
the FCGR relationship is intended to be valid for hydrogen pressures between zero (laboratory 
air) and 20.7 MPa, the following modification must be made to Eq.  13: 

ௗ௔

ௗே௧௢௧௔௟
ൌ ௗ௔

ௗே௙௔௧௜௚௨௘
൅ ሺߜ ுܲ െ ுܲ೟೓ሻ

ௗ௔

ௗேு
,             Eq.  7.17 

where δ is the Dirac delta operator and ுܲ೟೓ is a threshold hydrogen pressure below which HA-

FCG does not occur, taken to be ுܲ೟೓ ൌ 0.02 MPa [16].  Combining Eqs.  7.16 and 7.17 yields 

ௗ௔

ௗே௧௢௧௔௟
ൌ ௗ௔

ௗே௙௔௧௜௚௨௘
൅ ሺߜ ுܲ െ 0.02ሻ ቈ൬

ௗ௔

ௗே௉ಹ
൰
ିଵ

൅ ቀௗ௔
ௗே∆௄

ቁ
ିଵ
቉
ିଵ

.                      Eq.  7.18 

The transient HA-FCG is given by 

ௗ௔

ௗே௉ಹ
ൌ ஻ଵܭ∆1ܽ ൬ ுܲ

௠ଵ݁݌ݔቀ
షೂశೇ഑೓

ೃ೅
ቁ൰

ௗଵ

,              Eq.  7.19 

and the steady-state HA-FCG is given by 

ௗ௔

ௗே∆௄
ൌ ஻ଶܭ∆2ܽ ൬ ுܲ

௠ଶ݁݌ݔቀ
షೂశೇ഑೓

ೃ೅
ቁ൰

ௗଶ

.               Eq.  7.20 

The hydrostatic stress ߪ௛ is determined using Eqs.  7.4 and 7.5.  The crack propagation plane 
is assumed to occur at an angle of θ = 0° and the distance r is taken as a piece-wise function 
defined by 

ݎ ൌ 	 ൜
,12		.ݍܧ ݀ܽ ݀ ேܰିଵ⁄ ൑ 1		.ݍܧ

	݀ܽ ݀ ேܰିଵ,⁄ ݀ܽ ݀ ேܰିଵ⁄ ൐ 1		.ݍܧ
                     Eq.  7.21 

where ݀ܽ ݀ ேܰିଵ⁄  is the crack extension of the previous cycle.  This formulation for the distance 

r assumes a critical distance damage approach to the HA crack extension, similar to that 
presented by [101].  Material-specific parameters in Eq.  7.4 (n and α) must be determined from 
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tensile test results.  Furthermore, the yield strength as a function of gaseous hydrogen pressure 

must be determined.  The J-integral in Eq.  7.4 was replaced with ܬ ൌ ூܭ∆
ଶ/E, with In = 3.2 [79], 

෤ଵଵߪ ൌ ෤ଶଶߪ ,[79] 0.6 ൌ 1.2 [79], and ߪ෤ଷଷ ൌ 0.  The activation energy is taken as Q = 27.1 kJ/mol-

K [68] for both relationships (Eqs. 19 and 20).  All other parameters (a1, a2, B1, B2, d1 and d2) 
are fit to experimental hydrogen assisted fatigue crack growth data. 

7.4 Model Calibration 

To date the above model has been fully calibrated to API-5L X100 steel [102] and partially 
calibrated to X70 [103] and X52 [104].  The calibrated values for the HRR stress solution (Eq.  4) 
are provided in Table 7-1. 

Table 7-1  Ramberg-Osgood hardening parameters for selected API steels tested in air [104] 

Material Orientation 
Average α Average n 

(-) (-) 

X52 Longitudinal 3.63 3.63 

X52 Transverse 2.49 12.18 

X70 Longitudinal 3.96 8.88 

X100 Longitudinal 0.97 12.99 

X100 Transverse 3.04 16.63 

The hydrogen-pressure specific yield strength of X100 is defined by 

଴ߪ ൌ 0.34 ுܲమ ൅ 693.7,              Eq.  7.22 

where σ0 is the 2 % offset yield stress in MPa and  ுܲమ is the hydrogen test pressure in MPa.  

Ahn et al.  [105] reported a yield stress softening (as a function of material hydrogen 
concentration) in A533B steel, while Capelle [101] reported a hardening response in API-5L 
X52 steel.  As such, a hydrogen test pressure (or material hydrogen concentration) specific yield 
strength is supported in the literature and is suggested for the modeling here.  Calibration of the 
hydrogen assisted fatigue crack growth model must be performed using four separate data sets; 
one data set in air and three data sets in hydrogen, with each hydrogen data set having been 
tested at different hydrogen pressures.  Calibration of the model has been performed using two 
methods.  The “full” calibration may be performed as follows: 

1. The Paris relationship (Eq.  7.14) was fit to data created in air to determine constants A 
and b. 

2. The parameter B1 is set equal to the average value of the Paris exponent for the 
hydrogen-assisted transient FCG of all data sets conducted in gaseous hydrogen. 
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3. The parameter B2 is set equal to the average value of the Paris exponent for the 
hydrogen-assisted steady state FCG of all data sets conducted in gaseous hydrogen. 

4. The values for the parameters m1 and d1 are determined by fitting to ensure that the 
effect of increasing hydrogen pressure within the transient HA-FCG regime is captured.  , i.e., an 
increase in hydrogen pressure yields the correct shift in the HA-FCG prediction. 

5. The values for the parameters m2 and d2 are determined by fitting to ensure that the 
effect of increasing hydrogen pressure within the steady state HA-FCG regime is captured.  , i.e.  
, an increase in hydrogen pressure yields the correct shift in the HA-FCG prediction. 

6. The parameters a1 and a2 are final fitting parameters. 

The full model calibration for X100 resulted in the parameter values provided in Table 7-2 
[102]. 

Table 7-2 Parameters of model calibration for X100 

 

It was found, however, that a simplified version of the model provides sufficient accuracy for 
HA-FCG prediction of the API steels tested [104].  The simplified form sets d2 = 0 and B2 = b.  
As a result, the steady-state HA material response is assumed to be unaffected by changes in 
hydrogen pressure.  This assumption is supported by the experimental results indicating that the 
FCG response of a material tested in hydrogen converges to a single line in the steady-state 
regime (higher values of da/dN), regardless of hydrogen pressure.  A physical interpretation of 
this model formulation is that the mechanism governing the steady-state regime is dominated 
primarily by fatigue.  In such a case, when gaseous hydrogen is present, the FCG response 
results from a competition between a hydrogen-enhanced mechanism (transient regime) and a 
fatigue-dominated mechanism (steady-state regime).  At low da/dN, crack extension per cycle 
occurs within the region of material having the highest hydrogen concentration, resulting from a 
peak in hydrostatic stress at some distance in front of the crack tip.  As such, the FCG response is 
dominated by hydrogen-assisted fatigue mechanisms.  At higher values of da/dN, crack 
extension per cycle extends beyond the location of stress-enhanced hydrogen concentration.  In 
this case, the first portion of the steady-state crack extension (per cycle) is dominated by the 
increased hydrogen concentration in the fatigue process zone, while the subsequent portion of the 
crack extension (per cycle) occurs as a result of the underlying fatigue mechanism overpowering 
the effect of the far-field hydrogen concentration within the material.  The simplified model was 
calibrated for each material as follows: 

a1 1.5x10
‐4

a2 1.3x10
4

B1 7.96 B2 3.17

m1 0.75/d1 m2 0.22/d2

d1 3 d2 1
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1. The Paris relationship (Eq.  14) is fit to data acquired in air to determine constants A and 
b. 

2. The Paris relationship is then fit to the linear section of the transient HA-FCG response 
for all hydrogen pressures tested.  The parameter B1 is set equal to the average of the exponents 
within this regime. 

3. The exponent m1 is then adjusted to account for the effect that the hydrogen pressure has 
upon the transient FCG response. 

4. The parameter B2 is then set equal to b. 
5. Lastly, the parameters a1 and a2 are adjusted for the final fit. 

Calibration constants for the simplified version of the model calibrated to X100 and X52 are 
provided in Table 3. 

 Table 7-3 Calibrated parameter values for the simplified model [103,104] 

A 7.1 x 10
‐9

b 2.9 A 4.0 x 10
‐9

b 3.21 A 9.9 x 10
‐9

b 2.83

a1 1.2 x 10
‐15

a2 3.4 x 10
‐7

a1 1.2 x 10
‐15

a2 1 x 10
‐7

a1 3 x 10
‐13

a2 4 x 10
‐7

B1 10.24 B2 2.9 B1 10.24 B2 3.21 B1 7.96 B2 2.83

m1 0.7 m2 N/A m1 0.7 m2 N/A m1 0.7 m2 N/A

d1 1 d2 0 d1 1 d2 0 d1 1 d2 0

API‐5L X100

Transient Steady State

API‐5L X52

Transient Steady State

API‐5L X70

Transient Steady State

 

Figure 7-2 provides a visual understanding of how the model predicts the interactions 
between the dominant damage mechanisms (Eqs.  19 and 20) for full model calibration to X100.   

 

    

    (a)      (b) 

Figure 7-2 Model predictions: (a) independent damage mechanisms from Eqs.  19 and 20, and 
(b) damage mechanisms combined in final predictive form (Eq.  18). 
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Figure 7-2 indicates that Eq.  19 dominates at smaller values of ΔK and Eq.  20 dominates at 
larger ΔK values, as would be expected by the argument on the segregation of the dominant 
damage mechanisms.  Curves of experimental and correlated FCGR versus ΔK are provided on 
the same axis in Figure 7-3, for the three materials calibrated to date. 

In general, model predictions indicate that as hydrogen pressure increases, so does da/dN for 
a given ΔK.  The model also indicates that the converse is true, i.e., there is an inverse 
relationship between hydrogen pressure and driving force for a given da/dN.  The model 
performs well at correlating the HA-FCG of the three API pipeline steels that it has been 
calibrated for. 
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(a) 

 

(b) 

 

(c) 

Figure 7-3  Experimental and correlated FCG results for a) X52, b) X70 and c) X100 
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8 Codes Recommendation  

8.1 Relevant Finding of Project Work 

8.1.1 Experimental 

Fatigue crack growth experiments were performed on X52 and X70 steels in both air and 
high-pressure, gaseous hydrogen (Table 4-3 in section 4.3).  Experimental results indicate that 
the presence of gaseous hydrogen increases the FCGR of all materials tested.  At lower values of 
ΔK (ΔK values between 7 MPa·m1/2 and 9 MPa·m1/2), the increase in FCGR may be modest over 
that of air; whereas the FCGR is vastly increased over that of air for higher values of ΔK.  The 
rate of FCGR approaches that of air for ΔK values below about 7 MPa·m1/2  and above about 15 
MPa·m1/2.  That is, the Paris exponent is very close to that of air.  Between approximately 7 
MPa·m1/2  and 15 MPa·m1/2  the rate of FCGR increases dramatically, with the Paris exponent 
doubling or even tripling over that of air for certain materials.  Hydrogen-assisted FCGR appears 
to increase with increasing hydrogen pressures at ΔK values below approximately 15 MPa·m1/2.  
However, the FCGR response for all materials in all hydrogen pressures tested appears to fall 
within a relatively narrow band.  Furthermore, decreasing the test frequency has an effect similar 
to increasing the hydrogen test pressure.  FCGR does not appear to be affected by the strength of 
the steel, as it is in monotonic tensile testing. FCGRs of X70 were not significantly different, 
meaning that results did not fall outside of the experimental uncertainty, than those for X52. 
Additionally, FCGR testing of an X100 pipeline steel, as part of a previous U.S. DOT project, 
gave results that were not significantly different from the X70 and X52 results produced as part 
of this work.  

8.1.2 Modeling 

The hydrogen-assisted FCG response of the API steels tested can be divided into three 
regimes, each controlled by separate dominant damage mechanisms.  At low ΔK values, the FCG 
response in air (termed pure fatigue) dominates the HA-FCGR response.   At intermediate ΔK 
values, a damage mechanism controlled by the hydrogen accumulation in front of the crack tip 
dominates the overall FCG response.  While at higher ΔK values, where the HA FCGR exhibits a 
Paris exponent similar to FCG in air, the FCGR is controlled more by addition of “pure fatigue” 
plus a hydrogen-assisted component that is from hydrogen that is effectively saturated in front of 
the crack tip.  Microscopy of the FCG surfaces indicate similar crack mechanisms between the 
pre-crack performed in air and the HA-FCG at ΔK values above approximately 15 MPa·m1/2. 

A phenomenological model is proposed which separates the overall FCG into 3 dominant 
mechanisms.  First, the model assumes that the FCGR is comprised of a superposition of “pure 
fatigue” and a hydrogen-assisted component.  Second, the hydrogen-assisted component is 
further separated into a hydrogen accumulation-dominated component and a ΔK-dominated 
component.  The HA-FCGR then results from the interaction of these two mechanisms.  The 
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model does a good job of predicting FCGR of the materials tested as a function of ΔK and 
hydrogen pressure. 

A stress-driven hydrogen diffusion model was developed under a moving-source framework.  
It provided a new view point toward the hydrogen-enhanced fatigue crack growth, and its 
solution was able to explain the rate-limited, transient process in HA-FCGR.  Given the 
fundamental material properties such hydrogen diffusivity, yield strength, the model’s simplified 
solution was able to predict the upper bound of the HA-FCGR and the influences of major 
process variables such as hydrogen pressure, load ratio, and load frequency.   

8.3. Recommendations to Industrial Practice and Standards 

8.3.1. Experimental 

The experimental results show that a single conservative dataset can be produced from the 
mean of all four materials at high pressures of hydrogen gas (34 MPa, in this case), and from 
three of the four materials at low pressures of hydrogen gas (5.5 MPa, in this case).  The fourth 
dataset at low pressure, 5.5 MPa, is from a vintage X52 pipeline material that gives lower 
FCGRs.  These conservative datasets will be proposed as additions to the ASME B31.12 code on 
hydrogen piping and pipelines.  The ASME B31.12 committee will discuss the specification of a 
desired microstructure for applications involving hydrogen gas to be added to the code. 

8.3.2. Modeling 

The proposed phenomenological model provides a framework for understanding the damage 
mechanisms occurring during HA-FCG.  However, the framework may be cumbersome for first 
run engineering calculations.   As such, a simplified form utilizing three Paris relationships (one 
for each of the three dominant damage mechanisms) is proposed 
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, where 

ௗ௔

ௗே௙௔௧௜௚௨௘
ൌ ܿଵ∆ܭ௠భ, 

ௗ௔

ௗே௉ಹ
ൌ ܿଶ∆ܭ௠మ and 

ௗ௔

ௗே∆௄
ൌ ܿଷ∆ܭ௠య.  This mathematical form is 

easily implemented in readily available mathematical and spreadsheet programs to predict da/dN 
for a range of ΔK values.  It is this form of the predictive model that NIST is working with 
ASME B31.12 to implement into future codes. 

For the hydrogen diffusion model, it can be further developed to provide a tool for industries 
and codes committees.  Given the basic conditions such hydrogen pressure, material grades, 
loading ratio, and loading frequency, this tool would be able to predict the upper bound of HA-
FCGR.  
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9 Conclusions and Future Works 

In summary, the following conclusions can be drawn from the completed project research 
work: 

1. An innovative multi-specimen link system was successfully designed and used in 
fatigue crack growth tests of high-strength pipeline steels in high-pressure gaseous 
hydrogen environments; 

2. Using the multi-specimen system, FCGR tests on four types of pipeline steels, two of  
API-5L X52, two of API-5L X70, were tested under different hydrogen pressures 
(air, 800psi, and 5000psi), three loading levels, and three load frequencies (1Hz, 
0.1Hz, and 0.01Hz); 

3. The test results were able to establish the dependencies of FCGR on major process 
variables such as pipeline steel grade, hydrogen pressure, and load frequency; 

4. A stress-driven hydrogen diffusion model was successfully developed to determine 
the hydrogen concentration profile in the region around the advancing crack tip.  The 
model was able to explain the transient nature of the hydrogen-enhanced FCGR 
during the test.  Good correlation between the model and the test data was achieved; 

5. A phenomenological model for fatigue crack propagation was also developed by 
NIST.  The model correlates well with test results and elucidates how the deformation 
mechanisms contribute to fatigue crack propagation in pipeline steel in environments 
similar to those found in service; and 

6. The test data and the some of the model analyses have been published or will be 
published.  Recommendation to code update or modification has been discussed and 
will be communicated to relevant industrial codes committees. 

While the test data produced by the project work provided a basic data set for industrial 
codes update and modifications, there are technical gaps that need to be filled.  These include, 
but not limited to: 

1. Making use of the innovative, efficient multi-specimen system for further FCGR tests 
to investigate the effects of other process variables such as load ratio, hydrogen gas 
temperature; 

2. Perform similar FCGR test in gaseous hydrogen environment on welds of pipeline 
steels; and 

3. Both the hydrogen diffusion model and the phenomenological model for fatigue crack 
propagation can be improved with expanded database of FCGR in gaseous hydrogen.   
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10 Appendix:  Analytical Model of Hydrogen Diffusion around Fatigue Crack 
Tip 

From Figure 6-2, if we assume the crack tip is uniform in the thickness direction of the 
specimen, then the hydrogen uptake at the crack tip can be treated as a moving line source.  We 

further assume that the line source’s uptake rate of hydrogen is ݍሶ  (per unit time and per unit 

length) is linearly related to the hydrogen concentration at the crack tip.  For a cyclically loaded 

crack tip, the hydrogen uptake rate ݍሶ  is a function of time. 

Consider such a time-dependent, moving hydrogen line source at x=0, the concentration 
solution to Eq. 6.9, according to Carslaw and Jaeger [61], is the following integral: 
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If ݍሶ , like hydrogen concentration at the crack tip, can be divided into an averaged component and 
a sinuous component: 

ሶݍ ൌ ሶݍ 	௔௩௚ ൅ ሶݍ∆  cos(߱ݐሻ 
Then equation A-1 becomes: 
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The second term in the curved bracket of the above equation is related to the cyclic hydrogen 
uptake rate, and can be simplified through the following equation[61, page 65]: 
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If we neglect the dependency of the solution on z, i.e., let R=x, and substitute the above 
equation into equation A-3,  
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Recall that we assume the linear relationship between the hydrogen uptake rate  (ݍሶ 	௔௩௚and 

ሶݍ∆ ) and the local hydrogen concentration at the crack tip, the above equation will lead to Eqs. 6-
10, 6-11 and 6-12.  
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