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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 AK
(AK values between 7 MPa'm'?and 9 MPa-m" %), 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 AK. The rate of
2 and above about 15 MPa-m"?.

Hydrogen-assisted FCGR appears to increase with increasing hydrogen pressures at AK values
12

FCG approaches that of air for AK values below about 7 MPa-m
below approximately 15 MPa-m"'~. 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 AK-dominated
component. The model performs well in predicting the FCGR of the materials tested as a
function of AK, 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.

i

CRES-2009-J02-01 _ e
CENTER FOR RELIABLE ENERGY SYSTEMS April 1, 2013 & R@

'i
\



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

Table of Contents

EXECULIVE SUMMATY .....tiiiiiiiiiieiieiie ettt ettt ettt e st e et eesbeebeeenteebeesnbeenseesnsaenseessseesnseenses i
I TOEEOAUCTION ...ttt sttt sttt et sb ettt sb e bt et esbeeaeenee e 1
1.1 Industrial Needs for Fatigue Data of High-strength Pipeline Steels............ccccverienenne. 1
1.2 Need for Update of Industrial Codes and Standards.............ccceeeveeiieiiiienieniiieniecieeees 3
1.3 Need for Efficient Material Test SYStemS........c.cecuieriierieriieiieeieerie et eiee e eee e 5
1.4 Need for Understanding of Degradation Mechanism.........c.ccceceevervienienieniienieneenieneene. 6
1.5 Impacts on Public Safety and Scientific and Technical Merit...........cccoeveriervinienniennenne. 7
1.6 Structure of the REPOTt.......cccuiiiiiiiiiiieiee et 7
2 Project Objectives and APPrOACK. ........ccuiiiiiiiiiiiiieieeie ettt s 9
2.1 Project Objectives and Deliverables ..........ccueviieiieeiienieeiieieeie et 9
2.2 Research APPIOaCh ....cc.ciiiiiiiiiiieiieeit ettt ettt et et 9
3 LIterature REVIEW....cc.eoiuiiiiiiiiiieie ettt ettt ettt st sb et et sbe et st e sbeenne s 12

3.1 Review of the Availability of Fatigue Data for High-strength Pipeline

Steels in Gaseous Hydrogen Environment .............cocceeeeiienieeiiienieiiieniecieeeeeie e 12
3.2 Modeling of Fatigue Crack Growth in Gaseous Hydrogen Environment...................... 13
3.2.1 Hydrogen Embrittlement MechaniSms ...........c.ccocueeeiierieeniienieeiieeie e 13

3.2.2 Mechanistic and Kinetics Models for Hydrogen-Assisted Subcritical Crack
GIOWEN .ttt sttt 14
3.2.3 Modeling of Fatigue Crack Growth Rate (FCGR) in Gaseous Hydrogen.......... 17
3.2.4 Summary of HA-FCG Modeling Review and Current Modeling Approach......18
3.3 Review of Fatigue Testing in High-pressure Gaseous Hydrogen and its Challenges ....19
4 Testing Materials and Testing Equipment DeSign..........cccueevuiiriiiiiienieeniienie e 20
4.1 TeStiNG MALETIALS ...c.eeiuiieiieeiiieiie ettt ettt et e st e e bt e enseeseeenseas 20
4.1.1 Materials and CharacteriZation ..........c..ceceriereerieeienienientese et 20
4.1.2 Testing and Pur@ing GaSES ..........cccueeuierieeiieeniieeiieniieeieenieeeteesseeeseessneeseenaeeens 25
4.1.3 Specimen Design, Machining, and Preparation..........c.ccceceeverveenienennieneenennens 26
4.2  Testing Equipment Design and Fabrication............cccceeeueevieeiiienieiiieenieeieeie e 27
4.2.1 Multi-Link System DESIZN .....cccueeviiiiiiiiieiiieiieeieeiie ettt sae e 27
4.2.2  Design of the APPAratUs .......c.ceceeeiiieriieiiienieeieerie et eeee et see e sieeebeeseneeseens 28
4.2.3  The Load FIame.........ccccceeiiiriiiiiiiiienieeeeee ettt s 33
4.3 TESE IMALIIX ettt ettt et sb ettt s bt e bt et eat et et satenae et 34
5 Fatigue Test of High-strength Pipeline Steels ...........cccoviiiiiiiiiiiiiieniiiicece e 36
5.1, TeStiNg PTOCEAUIE ......c..eiiiiiiiieiieeit ettt ettt ettt et e st e eaeesebeenseesnsaens 36
5.1.1. Specimen Pre-cracking .........coceecverieriiiiniiniiiineeeeeeeee e 36
5.1.2. Specimen Pre-charging..........coccooviviiiiiiiiiiniiinieieeceeee et 37

CRES-2009-J02-01 .
CENTER FOR RELIABLE ENERGY SYSTEMS April 1, 2013 CRES
=



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

5.1.3. Testing System INStrumentation ............cceeeeveeeiieeriiieeniieeeieeeeieeeereeesreeeeeree e 38
5.1.4. Data ACQUISIEION ..eeccuviieeiieeeiiieeeieeeeiteeetteeeieeeeteeesteeesseeessseeessseeessseeansseesssseennns 38
5.1.5. Data PrOCESSING.....ccccuvieiiiieiitiieeiieeeieeeeieeesteeetteeetaeesaeeessseeessseeessseeensseesnsseennns 39
5.2. In-air Fatigue Test of Pipeline Steels........cccvuiieiiiiiiiiieiiecieeeeeee e 43
5.3. Fatigue Testing of Pipeline Materials in Gaseous Hydrogen ...........cccccceevveeviveennnenee. 44
5.4. Results and DiSCUSSIONS.....c..ieiuiiiiiiiieiiieiie ettt et ettt e eeesaeeas 45
6 Modeling of Hydrogen Diffusion and its Correlation to Fatigue Crack Growth Rate ............ 53
6.1 Overview of Modeling APProach.........c.ccecuiieiiieeiiieeieeeee e e e 53
6.2 Solution Components and Procedure..............cocvvieeiiiieiiieeiiiecieeeee e 55
6.2.1  Crack TiP SHESS....ieecurieeiiieeiiieeeitieeeieeesteeesteeerteestaeeeaseessaeessseeessseeensseeessseennns 55
6.2.2 Sievert’s Law and Hydrogen Concentration at Crack Tip Surface .................... 56
6.2.3 Solution of Hydrogen Diffusion Equation by Moving Source Method.............. 57
6.2.4 Characteristics of the Hydrogen Concentration Solution ............cccecveevvveeennnennn. 58
6.2.5 Determination of the Hydrogen-Enhanced Fatigue Crack Growth Rate............ 63

6.3 Correlation of Loading Parameters to Hydrogen Enhancement of Fatigue
Crack Growth Rate .......cc.ooiuiiiiiii et 64
6.3.1 Material Properties in the Model ...........ccooeoiieeiiiiiciiee e 64

6.3.2 Prediction and Correlation of Hydrogen Enhanced Fatigue Crack
GIOWEh RAte...c.eiiiiiiiii e 65
7 Modeling of Fatigue Crack Growth Rate in Hydrogen ...........cccccveeeviienciiincieecie e 69
Tl INEEOAUCTION. ...ttt ettt et esat e et e bt e et e e sabeenbeesaeeennens 69
7.2 Model DevelOPMENt ........ccociiieiiiieiie ettt e e s e s e e e e e e s baeeeaeeenaseeenns 72
7.3 Proposed FCG MOdEl ......coouiiiiiiiiciieecie ettt 74
7.4 Model CaliDIation .........ooiuiiiiiiiieiie ettt ettt ettt e et e b e saneens 75
8  Codes RecoOMMENAAtION ......ocueiiiiiiiiiiieiie ettt ettt st 80
8.1 Relevant Finding of Project Work ..........cccovieviiiiriiiicie e 80
.11 EXPErimMENtal.......cccciiiiiiiieiiie ettt ettt et e e e e e eaaeeenes 80
T B (016 1<) 11 SRR 80
8.3. Recommendations to Industrial Practice and Standards............coccoiiiiiiiiiiniiinnnne 81
8.3.1. EXPErimMENtal.......cccciuiiiiiiiieiii ettt et e ae e et eeeaaee e 81
8.3.2. MOAEING......uiiieiiieeiii ettt et e e et e e e aae e e e e e e e e e naee e naee e aaeeennes 81
9 Conclusions and Future Works..........cooiiiiiiiiiiii e 82
10 Appendix: Analytical Model of Hydrogen Diffusion around Fatigue Crack Tip................... 83
T1 REIETEICES ...ttt ettt ettt e b e et e e bt e st e e bt e eabeebeesaeeenne 84

CRES-2009-J02-01

CENTER FOR RELIABLE ENERGY SYSTEMS April 1, 2013

[
{
\

Q
A
il



Performance Evaluation of High-Strength Steel Pipelines for High-Pressure Gaseous Hydrogen Transportation Page 1

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].

CRES-2009-J02-01
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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 Ji, (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
I 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 AK (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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Figure 1-1 Fatigue crack growth rate vs. stress intensity factor range relationships for
carbon steels in hydrogen gas. FCGR data in air, nitrogen or helium are
included for comparison.

Welds in lower strength steels as well as higher strength steels are expected to compound the
hydrogen damage and more research is needed to optimize welding procedures and parameters
for improved fatigue performance. Most importantly, more fatigue data is needed for pipeline
designers and codes and standards bodies to design a safe and efficient hydrogen transportation
pipeline system. High strength steels are desired for economic reasons and are expected to pose
new challenges to the hydrogen community. Until these material property issues can be
resolved, hydrogen pipelines will operate at conservatively low pressures, resulting in inefficient
transfer and a reduced economy scale.

1.2 Need for Update of Industrial Codes and Standards

Hydrogen pipeline systems have been in place and providing reliable transport of hydrogen
gas to industrial customers for years. The reliability of these systems has been good and most
failures have occurred as a result of third party damage and external corrosion much the same as
natural gas pipeline systems have failed.
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Current pipeline materials in the U.S. are often regulated according to the American
Petroleum Institute’s (API) standard SL. 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 (o) 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 Figurel-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:

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

o 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.
CRES-2009-J02-01 A=
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As demonstrated, considerable time and resources were saved through the use of this multi-
specimen apparatus.

T
]
1

|
Iyl
|

A, C.B
Figure1-2 Conceptual drawing (A) showing the elements of the linked chain of
specimens, (B) photograph showing the assembled chain with PTFE
spacers, and (C) a photograph showing the assembled chain, complete with
CMOD gages and aluminum spacers, ready for installation in the pressure
chamber.

1.4  Need for Understanding of Degradation Mechanism

Another issue that hinders the progress of hydrogen pipeline integration is the lack of
understanding of the physical mechanisms responsible for hydrogen damage in steels. As
reviewed in detail later in the report, a number of mechanisms have been proposed and built into
analytical models, but none of them can provide convincing evidences and a scientific and
engineering formulation to consistently explain the embrittlement process. Over the past
decades, many theoretical and numerical models have been developed to study the physical
mechanisms responsible for hydrogen damage. For most of the models, the embrittlement
process was modeled through a stress-driven hydrogen diffusion approach. Multiple factors
were identified and considered in modeling the hydrogen embrittlement process, such as
hydrogen absorption, bulk diffusion and hydrogen trapping, hydrogen induced plasticity
localization, etc. The modeling results correspond reasonably well to the experimental
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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.
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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.

Literature Review

|

Test System Design and Test Material Selection
Installation and Acquisition
Fatigue Crack Growth Specimen Design and
Model Development Rate Tests Fabrication

¥

Model Prediction and
Data Correlation

|

e D
Result Summary and

L Code Recommendation )

r

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.

CRES-2009-J02-01 .
CENTER FOR RELIABLE ENERGY SYSTEMS April 1, 2013 CRES



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

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

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]

Reduction in area (RA)

) Highly affected by pressure, load ratio, frequency and gas purity
Fatigue crack growth rate [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-FCGQG) 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 ycrir and
a critical hydrogen concentration Ccgryr. The subcritical crack growth was determined by
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equaling the ratio of ycrir to the time required for hydrogen to diffuse from Cs and over this
distance to Ccrit, where Cs is the crack surface concentration in equilibrium with the
environment. These diffusion models are of the general form:

Deyr
dtn XcriT [E <CCRIT Ders: Xerir: Oys: t)]
where Dy is the effective diffusivity, oy the yield strength, and ¢ a function of indicated
variables and takes different values depending upon the different authors of the models. As this
equation indicates, the diffusion models were able to relate the subcritical crack growth to key

process variables such as diffusivity, yield strength, and hydrogen environment (via Cs).
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Figure 3-1 The dependence of da/dt; on Dyess for high strength alloys that exhibit HEAC
in gases and electrolytes at 250°C. High strength austenitic stainless steel
and nickel superalloys were cracked in high pressure (100-200 MPa) Hy,
while maraging and tempered-martensitic steels were cracked in low
pressure (~100 kPa) H,. The dotted line represents TG cracking of e-3%Si
single crystal in 100 kPa H, at 0°C to 125°C. Filled symbols (o) represent
the transition from molecular to atomic hydrogen gas [25].
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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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Figure 3-2

3.2.4 Summary of HA-FCG Modeling Review and Current Modeling Approach

Several conclusions can be drawn from the above review of HE modeling research:
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transgranular fracture, and IG for predominantly intergranular fracture [54].

1. The mechanisms of hydrogen embrittlement, though bearing huge importance, are still

not clear and controversial;

2. The mechanistic model for HELP and kinetics models for subcritical crack growth in

HEAC proved to be quite successful, but significant unsolved gaps still exist;

3. Most of the modeling work of HA-FCG considered the scenario in which hydrogen was

introduced electrochemically; and

4. There is no modeling work on HA-FCG of pipeline steels in a gaseous hydrogen

environment.

Based on the review and the conclusions drawn above, the project team decided that a
kinetics model that focused on stress-driven hydrogen diffusion would be the most feasible

approach. The model should include the fundamental components of a hydrogen-assisted fatigue
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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 (AK) 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.

33 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 o,[MPa * std. dev.] | oyrs[MPa + std. dev.]
X52_vintage 32514 5264
X52_new 48715 5885
X70A 509+19 609+4
X70B 553118 64019

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 <le-4 0.238 0.004 0.014 0.085
X52 new 0.017 <le-4 0.071 0.002 0.033 0.016
X70A 0.015 <le-4 0.048 0.002 0.240 0.220
X70B 0.012 <le-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 \4

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 pm 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 45 % 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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(b)
Figure 4-1 Low-magnification images of (a) X52AL and (b) X52P materials. Scale bars
are 1 mm.
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(b)
Figure 4-2 (a) Ferrite-pearlite microstructure of the vintage alloy, where the rolling
direction is horizontal. (b) Microstructure of the new X52 alloy. The scale
bars are 50 ym.

CRES-2009-J02-01

CENTER FOR RELIABLE ENERGY SYSTEMS April 1, 2013




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

(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 pm.

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 pm, 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 um, 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-m®’. 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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(@) (b)
Figure 4-4 Images showing (a) a section of a pipe prepared for sectioning into specimen
blanks, and (b) specimen blanks ready to be sent for machining.
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Figure 4-5 (a) Mechanical drawing for machining the specimen, and (b) an example of a
machined specimen
4.2 Testing Equipment Design and Fabrication
4.2.1 Multi-Link System Design
An innovative new apparatus for measuring the FCGR of metal CT specimens has been

developed at NIST in Boulder, CO. Multiple specimens can be tested simultaneously, under the
same conditions, according to ASTM E647, and the results show excellent repeatability,
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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.
Figurel-2 (A) is a schematic of the chain of specimens, Figurel-2 (B) is a photograph of actual
specimens as assembled on a table, and Figurel-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 CMODy for 0.7* W = ay, the final (f) crack length. Each hole is
elongated by 0.5*ACMODx.i, where 1 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 Figurel-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 (Figurel-2
(B) and Figurel-2 (C)). This keeps the clevises straight so that the loading is aligned throughout
the specimen chain. Also visible in Figurel-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-, .o 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 v (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 (ACMOD) over a given cycle should not be influenced by anything other than the crack
length.
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Figure 4-6 Image and drawing with detail of a connecting clevis. Units are in millimeters
and dimensions are specific to a CT specimen where W=44.5 mm.

Figure 4-7 Drawing of the CT specimen used, showing the integral knife edges
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Figure 4-8 Animation of a set of specimens connected only by clevises
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Figure 4-9 Conceptual and mechanical drawings with detail of a link. Units are in
millimeters and dimensions are specific to a CT specimen where W=44.5
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Figure 4-10 Animation demonstrating the working of the links

Figure 4-11 Proving ring with 44.5 kN capacity that was used to validate the loading of
the chain of specimens
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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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EX

Time (Se<)

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.

i
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Table 4-3 Final test matrix

0.1 (Seam weld) [ 1000 psi H
0.1 (Girth weld) | 1000 psi H

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

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

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

1 (outer bend) | 5000 psi H N/A 1 N/A N/A A
CRES-2009-J02-01 April 1, 2013

CENTER FOR RELIABLE ENERGY SYSTEMS



Performance Evaluation of High-Strength Steel Pipelines for High-Pressure Gaseous Hydrogen Transportation Page 36

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 pm 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, 4, or 1.0
mm, whichever is greater.” where B is the specimen thickness and /4 is the width of the notch. In
every case the greatest value for the specimens tested here is 4. 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-m” or 15 MPa-m®”.
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Figure 5-1 Image of specimen pre-fatiguing. A CMOD gage is shown inserted at the
load line. The specimen is connected to the clevises via pins.
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Figure 5-2 Mechanical drawing of the clevises used for pre-fatiguing
5.1.2. Specimen Pre-charging

No hydrogen pre-charging took place in the course of this testing program. Since thin
specimens complete more rapidly than thick specimens, one might be able to infer that the thick
specimens within a chain of specimens might behave in a manner similar to that of pre-charged
specimens. The data show no difference in the fatigue crack growth rate of a specimen
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completed in 4 days and one completed in 4 weeks, as illustrated in Figure 5-3. This test was
conducted in hydrogen gas pressurized to 5.5 MPa at a frequency of 1 Hz.
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Figure 5-3 Data showing the FCGR of two X70 specimens; one completed testing in
four days, the other in four weeks. The FCGR is very similar in both
specimens, despite one being held at a hydrogen gas pressure of 5.5 MPa
for 24 days longer than the other.

5.1.3. Testing System Instrumentation

The signal from the CMOD gages was converted from voltage to mm via strain conditioners.

The CMOD signal was then fed into the controller for the test frame. About mid-way through

the testing matrix, we began to recalibrate the CMOD gages after completion of a chain of

specimens to ensure that the hydrogen was not degrading the bond between the strain gage and
the metal of the gage, which would affect quality of the gage signal.

The signal for the internal load cell was also periodically calibrated against the external load
cell, and the conditioned signal was fed to the test system controller.

5.1.4. Data Acquisition

Data was programmed to be acquired for five cycles every 200 cycles at time intervals of
approximately every 0.5 s, 0.05 s, or 0.005 s, depending on the cyclic loading rate of 0.01 Hz,
0.1 Hz, or 1 Hz, respectively. This generated approximately 200 data points per cycle, or a total
of 1000 data points for the five-cycle collection interval. Five cycles of data were collected to
increase the signal-to-noise ratio should any transient electrical signal briefly affect the data.

The data collected were:
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e Cycle

e Crosshead Displacement

e External Load

e Internal Load

e 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).
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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).

CRES-2009-J02-01

CENTER FOR RELIABLE ENERGY SYSTEMS April 1, 2013




Performance Evaluation of High-Strength Steel Pipelines for High-Pressure Gaseous Hydrogen Transportation Page 40

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

CMOD opening (v) as a function of axial internal force (P). A correlation coefficient » was then
calculated and /* was used as a pass/fail test to prevent data from being passed forward in the
event of an extraneous CMOD reading. Any #* 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 o, a dimensionless
geometric term equal to a/W, where a is the instantaneous crack length and ¥ is the specimen
width. The load range values were calculated from the average range of the axial internal force
for all five peaks.

-1
{EVB}W }
u, =q|——| +1
' P

a=al/W =1.002-4.0632u_+11.242u_> —106.04u’ +464.33u " —650.68u°

Eq. 5.1
Eq.5.2
where E is the elastic modulus, B is the sample thickness, and %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
(AK) and the fatigue crack growth rate (da/dN, where N is the number of cycles) from the
incremental polynomial method.

C,=1/2(N,_, +N,,,) Eq. 5.3
C2:1/2(Ni+n+Ni—n) Eq 54
2
a, =b, +bl(LC1j+bz(LClj , where: —IS[N"_CIJSH
C2 C2 C2 Eq 5.5
(da/dN)&’_ = (bl)/(C2)+ 2b2(Ni —Cl)/sz Eq. 5.6

where by, b1, and b, are regression parameters obtained from a second order polynomial fit to sets
of seven consecutive data points and 4; is the fitted crack length at cycle N;.

Ak = Ap_ (2 +_“3/)2 (886 +4.64a —13.322> +14.72a° -5.6&*),  Eq.5.7
BNW (1-a)
— 2
where & =b0 +b1n+b2n , Eq. 5.8

and n = normalized cycle number, Ap=normalized load range (see Figure 5-7).
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First pass
(210Gpa)

Second pass
(eff. Gpa)

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. Im-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 AK from 10
MPa-m’” to 25 MPa-m®”.
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Figure 5-8 FCGR of X52 steels in air
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Figure 5-9 FCGR of X70 steels in air
5.3.  Fatigue Testing of Pipeline Materials in Gaseous Hydrogen

Upon loading the chain of specimens, the chamber was cleaned prior to filling with the
test gas. High purity helium (99.9999 %) was used for three successive purges at gas
pressures of 14 MPa, 14 MPa, and the test pressure (or 14 MPa if the test pressure was less
than 14 MPa). This was followed by three purges with high-purity hydrogen (99.9995 %)
at 14 MPa. The chamber was then filled with hydrogen to the test pressure. An automated
system maintains the test pressure within 3 % or 170 kPa, whichever is greatest.

Gas sampling bottles were purged with helium and hydrogen at the same time that the
test chamber was being purged. However, the 1 L sampling bottles were only pressurized

P il B
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5.4.

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 AK. We wanted to have data from every material and condition with an
initial AK between 8 MPa-m®? and 9 MPa~mO'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
AK 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 10x magnifying glass and
a micrometer. Five to nine points, depending on the thickness of the specimen, were
measured across the FPC and averaged.

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.
CRES-2009-J02-01 April 1, 2013 C':'I%‘S
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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
EPSWI (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 AK.
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Figure 5-10 FCGR results of X52 steels tested at hydrogen pressure of 34 MPa and a
cyclic loading rate of 1 Hz
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Figure 5-11 FCGR results of X52 steels tested at hydrogen pressure of 34 MPa and a cyclic

loading rate of 0.1 Hz

CRES-2009-J02-01

CENTER FOR RELIABLE ENERGY SYSTEMS

April 1,2013 'FE



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

Page 48

da/dN (mm/cycle)

1.E-02

1.E-03

1.E-04

1.E-05

1.E-06

+ AL10
= AL11
4 AL12
- ALl6
= AL1S
P15
+ P16
-P18
-P19
« P20
= P21
« PGW1

50
AK (MPa-m-3)

Figure 5-12 FCGR results of X52 steels tested at hydrogen pressure of 5.5 MPa and a cyclic

loading rate of 1 Hz
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Figure 5-13 FCGR results of X52 and X70 steels tested at hydrogen pressure of 5.5 MPa and a
cyclic loading rate of 0.1 Hz
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Figure 5-14 FCGR results of X70 steels tested at hydrogen pressure of 34 MPa and a cyclic
loading rate of 1 Hz
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Figure 5-15 FCGR results of X70 steels tested at hydrogen pressure of 5.5 MPa and a cyclic
loading rate of 1 Hz
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Figure 5-16 FCGR results of X70 steels tested at hydrogen pressure of 34 MPa and a cyclic
loading rate of 0.1 Hz
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Figure 5-18 Comparison of representative data for both X52 steels for all test conditions
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Figure 5-19 Comparison of representative data for both X70 steels for all test conditions
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Figure 5-20 Comparison of representative data for all X52 and X70 steels for all test conditions

The last of the tests, including all materials, at a hydrogen pressure of 5.5 MPa and a
frequency of 0.01 Hz are in the long chamber but have not yet finished. An additional test at a
hydrogen pressure of 34 MPa and a frequency of 0.01 Hz is in the single chamber under cyclic
loading. The material being tested is X52 from PG&E. It is also incomplete. The choice was
made to keep the load range low to benefit the needs of ASME B31.12, rather than to apply a
load range that will accelerate the crack growth, but will not provide necessary data at low

ranges of stress intensity. This was decided following in-depth discussions with members of the
B31.12 committee in February 2013. Update to the Final Report will be made with these data

upon completion of the tests and analyses at no cost to DOT.
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6 Modeling of Hydrogen Diffusion and its Correlation to Fatigue Crack
Growth Rate

This section describes the stress-driven hydrogen diffusion model for fatigue crack growth in
a gaseous high pressure hydrogen environment. The model’s prediction and its correlation with
fatigue test data are also presented in this section.

6.1 Overview of Modeling Approach

For a hydrogen-assisted fatigue cracking process in gaseous hydrogen environment, the
hydrogen damaging sequence is depicted in Figure 6-1. Atomic hydrogen is produced by
dissociative chemical adsorption for H, by chemical reactions for gaseous hydrogen. Once
produced, the hydrogen atoms enter the metal at the highly stressed, occluded crack tip surface
and diffuse ahead of the crack tip into the fracture process zone.

Crack tip region

Transport process
Embrittlement

1.Gas phase transport 2. Physical adsorption A
i reaction

3. Dissociative chemical adsorption

4. Hydrogen entry 5. Diffusion

Figure 6-1 Hydrogen absorption and diffusion process during fatigue crack growth in
alloys exposed to hydrogen gas [60]

By the idea of DEHE mechanism, a basic assumption is that the transient HA-FCG results
from crack extension per cycle within the region of high hydrostatic stress in front of the crack
tip. This region is characterized by a critical distance from the crack tip, g, at which the
hydrogen concentration reaches a critical value Ccgyr.

In order to evaluate the critical distance, Y., the hydrogen concentration profile in front of
the crack tip needs to be determined. Since hydrogen diffusion around the crack tip is driven

CRES-2009-J02-01 .
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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.
2.
3.

The crack tip stress field;
The evaluation of accumulation of hydrogen concentration at the crack tip surface;

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

The evaluation of y.;r 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;

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;

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

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

The HA-FCG process is under constant room temperature; therefore, temperature
dependency is not considered for the current modeling work.

i
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Figure 6-2 Hydrostatic stress field around a fatigue crack for a compact tension specimen. The
crack tip is assumed to be continuously advancing.

6.2 Solution Components and Procedure
The entire kinetics model presented here includes the following parts:
1. Crack tip mechanics to determine the hydrostatic stress field;

2. The hydrogen concentration evaluation at the crack tip surface where enrichment of
atomic hydrogen takes place due to high hydrostatic stress and plasticity;

Solution of the hydrogen diffusion within the fracture process zone; and

4. The evaluation of the critical hydrogen damaging distance yg;r, given the hydrogen
concentration distribution from step 3.

In the next several subsections, each of the solution components will be described.
6.2.1 Crack Tip Stress

The hydrostatic stress is determined using the crack-tip stress solution for plane strain state:
K

2
Uh—§(1+V)m Eq. 6.1
where K is the stress intensity factor and v is the Poisson ratio.
The plasticity zone size Ry, is estimated using the following equation:
KZ
p = 611'—0'}%5 Eq 6.2

where oy is the yield strength of the material. The plasticity zone size R, will be used later in

the evaluation of hydrogen concentration at the crack tip surface.
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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 Cj, in the stress-free steels is governed by Sievert’s law:

1
C, = kP2 Eq. 6.3
where P is the pressure of the gaseous hydrogen environment, and & is a constant. Note that the

temperature dependency of C; 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 oy, as follows:

1 VHO'h

Cy = kPze RT Eq. 6.4
where Vy is the mole volume of the atomic hydrogen, R the ideal gas constant, and 7 the absolute
temperature. Eq. 6.4 constitutes the hydrogen concentration at the crack tip surface, i.e., at
x = 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 & 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 Cy on hydrogen pressure and the local hydrostatic stress that matters.

For a cyclically loaded crack, the stress intensity factor range AK, the maximum and
minimum stress intensity factors K, 4., Kmin, and load ratio R are related by the following:
Knax = (1 — R)AK, Kinin = RKinax
When a sinuous waveform is used for the cyclic load, the stress intensity factor is a function
of time ¢ within each load cycle:

K@) = M + AKcos(2mft) Eq. 6.5
where f'is the load frequency.

From Eq. 6.1, it is obvious that the hydrostatic stress gy, at the crack tip surface x = 0
approaches infinity. To avoid this singularity, we characterize the hydrostatic stress ayat x = 0
by setting g, = gys at x = Rp in Eq. 6.2. Then the time-dependent hydrostatic stress at crack
tip surface follows in a similar fashion to Eq. 6.5:

O- +0m;
on(t) = w + Aoy cos(2mft) Eq. 6.6
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. 2 K. 2 Kmi
with O = E(l + V) 2= Opin = 3 (14 v) ==, and Ao}, = Gimax — Omin-

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:

1 Vyop(®)

Cy(t) = kPze Rt

This expression, although not exactly similar to the sinuous form of Eq. 6.6, can be

approximated with a sinuous format:
Cu(t) = Cyavg + ACycos(2mft) Eq. 6.7
with

_ CHmax + CHmin
CHavg - 2 ’

ACy = Cymax — Cumins

1 VHO'max

Cymax = kPze RrT  and

1 VHOmin
Cmin = kPze RT

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 K,,,,,, 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

2 = V(DVC) + V(0,,C) Eq. 6.8

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.

. . . . da, .
By assuming that the crack tip is continuously moving at a speed of u (u = d—‘z), 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:

ac ac

——u—=V(DVC Eqg. 6.9

at ox ( ) q
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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:

C@xt) = B €720 [Carg (6) + Cosc (D)) Eq. 6.10

where f is a constant. The transient solution consists of two parts, each responds to the constant
averaged hydrogen concentration boundary condition Cyq,4, and the oscillating hydrogen

concentration boundary condition ACy as follows:

2
X_q 1 2
Cavg (%, 1) = Chavg IKO (g) - f(;mtz_g (exp (_ T (g) )l Eq. 6.11
fore) 2 d 2
Cosc(x,t) = ACy fﬁ cos(2nf (t - &)) 2—§(exp (—w - é(%) )l Eq. 6.12
4Dt

where K, is the modified Bessel function of second kind and zero order.

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

Cavg(x) = CHango (ux)'

2D

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

Cosc(x,t) = ACHKO(x\/%)cos(ant — x\/%).

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:

CCx,t) = B €72 [CrangKo (5 ) + ACuK, (x \@)cos(ant —x [ 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, Cygpg. It
remains a fixed shape as the crack front moves forward; the second part, in response to the
concentration oscillation at the crack tip, ACy, oscillates with the same frequency as the cyclic
load, but its oscillation amplitude attenuates from the crack tip surface according to a function of

K, (x \/%) Since K, 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 K, (x \/%) forD =

2.68x10~ 11 m%/s under different load frequencies. As frequency increases, the attenuation effect
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 um.

3.0
——f=0.001Hz

. e f=0.01Hz
¥ ——f=0.1Hz
[
020 ——f=1Hz
e f=10Hz
T ——f=100Hz
[
°
<
S51.0
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Distance from Crack Tip (m)

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, ACy increases as peak stress intensity factor
increases or load ratio decreases. For Cpgy g4, it increases as peak stress intensity factor increases

or load ratio increases. These relations between Cyqy,, ACy 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 Eqgs. 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:

ux

ux ﬁ 2
C(x,£) = Cyargfie 20 IKO (1) — [37°22 (exp (—w -1(5) )l Eq. 6.14

4w

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

t > oo,

Suppose the material is initially at the lattice hydrogen concentration, a very low value for
iron (10 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 D = 2.7 x 107! m%*/s. Using this
value, and u = 1 X 107 7m/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
u = 1 x 1078 m/s, the time to reach quasi-steady is approximately 555 hours. If u = 5 X
10~°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.

i
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Figure 6-4 Slow transition of hydrogen concentration profile to “quasi-steady” state for low crack
growth rate u=1x10® m/s
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Figure 6-5 Fast transition of hydrogen concentration profile to “quasi-steady” state for low crack
growth rate u=5x10"° 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 AK = 12 MPam’”. 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.

1.E-02
Quasi-Steady HA-FCGR
1.E-03
(]
s
>
] i
£
E 1e04 || Transient HA-FCGR | . hcs |
g ; A H-C14
S - x H-C15
S Paris-Law FCGR
o H-C18
1.E-05 | ®Air-C1
i /: Air-C2
I Air-C3
Air-C4
1.E-06
> AK, MPa-m®5 50

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.

CRES-2009-J02-01 .
CENTER FOR RELIABLE ENERGY SYSTEMS April 1,2013 R ‘E



Performance Evaluation of High-Strength Steel Pipelines for High-Pressure Gaseous Hydrogen Transportation Page 63

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 K., and the size of the increment is determined by a critical distance
(from the current crack tip) at which a critical hydrogen concentration Cgg;7, is reached. In other
words, the critical distance y.g;r, and the critical concentration Cp;r, satisfy the following
condition through Eq. 6.13:

_UXCRIT
Ccrir =B e 20 [ChavgKo (

—ACRIT f f
u)(zcng) + ACHKO(XCRIT\g)COS(Zﬂft - )(CRIT\/%)] Eq. 6.15

.. . : d
In determining y.r;r, note that based on the assumption just described, ﬁ = XcriT» and by

definition, we have

_da _1lda

=% Fa Eq 6.16

where T is the load period for each cycle.

The choice of Crg;r was made in a ratio of Cg;r to the equilibrium lattice hydrogen

concentration C;, which is pressure dependent. Similar to Gangloff’s approach, a value of

CcrIT
CL

= 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 y g

To summarize, the following pseudo iterative procedure was used to determine Y z;r:
1. Given hydrogen gas pressure, load information K., R, and the critical hydrogen
concentration Ccp;r , 1s evaluated;

2. The hydrogen concentration at the crack tip surface enriched by hydrostatic stress is
evaluated, this includes the average part Cyqy4, and the oscillating part ACy;

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

4. Check if the newly evaluated y.z;r 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.

Hydrogen-Assisted Fatigue Crack Growth Rate I,_';:hj
Diffusivity { m"2/s) 2.68e-011 Yield (ksi) g2
SIF Range (MPaM0.5) 12 Bt ot 1
Pressure (psi) 200 Load Ratio 0.5

Caloulate FCGR da/dN (mm) 0

s

L

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, gyg, mole volume of hydrogen in steels,
Vy , and the lattice hydrogen concentration, C;. 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 X 10~ 7cm?/s [62]

D for X70 7.5 x 10~7cm’/s [63]

Yield Strength oy Per Table 4-1 (MPa) This report
Mole Volume of H | 2.0 X 1076 m*/mol [74]
Lattice Hydrogen 3280

Concentration C, €, =427P 13'56_7’ 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 x 10~7cm?/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 6-9 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.
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Figure 6-10 HA-FCGR dependency on pressure of hydrogen gas for the old X52 steel

Figure 6-11 demonstrates the effect of load frequency on HA-FCGR for the X70 steels. The
calculated HA-FCGR under three load frequencies, 1 Hz, 0.1 Hz, and 0.01 Hz, are also plotted in
comparison to the tested results. The same value of hydrogen diffusivity as that for the X52
steels It correctly captures the trend of increasing HA-FCGR as the load frequency decreases.

As seen from the comparison, however, the calculation significantly over-predicted the HA-
FCGR. Furthermore, for all the three load frequencies, the predicted HA-FCGR increases not as
quickly as the tested values as the stress intensity factor range is increased. This poor
performance by the model could be attributed to the strain-hardening behavior of the materials at
the crack tip in the model, since the hardening behavior was formulated in the model in such a
way that it strongly affects the hydrostatic stress at the crack tip, and consequently the hydrogen
concentration there. Other likely causes include the choice of hydrogen diffusivity value. As
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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.
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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
measured HA-FCGR curves. It can also predict the trend of HA-FCGR as a function of
hydrogen pressure, load frequency, and material strength. Its accuracy in predicting the HA-
FCGR can be improved if more accurate and consistent hydrogen diffusivity data are available.
Additionally, other mechanisms, such as an improved strain-hardening sub-model at the crack tip
and hydrogen-trapping, could improve the current model.
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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

[H]o = %(PH)m = A(Py)™exp (‘Q/RT), Eq. 7.1

where [H], is the stress-free, equilibrium hydrogen concentration in the metal; @ is the
coefficient of hydrogen permeation; D is the coefficient of hydrogen diffusion; 4 is a constant;
Py is the hydrogen pressure; Q is activation energy; R the universal gas constant and 7'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

fu= Pexp(Pb/RT), Eq. 7.2

where P is the pressure, 5=15.84 cm’/mol. The stress-assisted hydrogen concentration has been
shown to follow [72]

[H]s = Oexp( /RT) Eq. 7.3
where [H], is the stress-assisted hydrogen concentration, g, is the hydrostatic stress, V= 2.0x10"
m’/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 g;,. 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 (» and 0).
It is given by

EJ] /n+1

2
aoyinr

aijzao[ 6;;(n, 6), Eq. 7.4

where g, is the material yield strength, E the modulus of elasticity, J the value of the J-contour
integral, o a dimensionless constant, 7 the distance in front of the crack tip, » the work hardening
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exponent from the Ramberg-Osgood equation for fitting stress-strain data in uniaxial tests, 6;; a
dimensionless function of 7 and 6, and 1, an integration constant that depends upon » and 6;;.

The J-integral may be replaced by K?/E for a globally linear elastic material [79], where K is the
stress intensity factor. The hydrostatic stress can then be determined via
O = 30y Eq. 7.5

The use of Eq. 7.3, in conjunction with Eqgs. 7.4 and 7.5, effectively provides an estimate of
the hydrogen concentration in the FPZ as a function of distance r, and angle 8. 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]

KZ

Xo max = o’ 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 X, ;,4, vary between 4 pm and 48 um, depending upon the
material [71]. Using an estimate for the plastic zone size,

r=2 (ﬁ)z, Eq. 7.7

T \Og

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 4K 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

S8 = A-AK™ - F(env) Eq. 7.8

where 4 and n are material specific constants, and F (env) 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:

i
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da da
HTotal - Hi’ Eq. 79
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,
Drotal = 2. D, Eq. 7.10
states that the total damage from all competing mechanisms Dro7,; is equal to the summation of

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

N; = [Drotall” _[(Nfl) +(Np)” ] Eq. 7.11

where N is the predicted number of cycles to failure and Ny and Ny 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. AK 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].

i
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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.

(2) (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 AK
plot, occurring at da/dN,. of X,/cycle. The experimental results collected to date suggest that
da/dN,. occurs at

da/dN,, = 2-107°AK?. 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/dN,, the
FCGR is dominated by the stress-assisted hydrogen concentration or dependent predominantly
on Py; for da/dN > da/dN,., the FCGR is affected by the far-field hydrogen concentration and is
therefore presumed to be dominated primarily by 4K.
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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:

2 =2 2 Eq. 7.13
dNtotal  dANfatigue ANH
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
da = AAKP, Eq. 7.14
dNfatigue
where 4K is the driving force for crack extension defined in ASTM E647 [6] and 4 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

—Q +
aAKBP,T,”exp( Q Uhv/RT>

where F indicates “a function of” and all parameters are defined above. Inherent to the

da

o, = FlaAKP[H]] = F

, Eq. 7.15

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

of hydrogen within the steel. The exponential term exp <_Q + G"v/ RT) 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 4K-assisted
FCG, thereby setting up a competition between the two mechanisms. Following the derivation
of Eq. 7.11, the HA-FCGR is given by

1 117!

da da da

= l(ﬁlm) + (HM) l , Eq. 7.16
where z—;H is the total HA-FCGR comprising FCG dominated by the stress field at the crack

da

tip 2% | and far-field HA-FCGR 22
dNpy dNAk

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:

da

da __da
dNg’

— = +6(Py — P
dNtotal  dNfatigue (P ch)

Eq. 7.17

where d is the Dirac delta operator and Py, is a threshold hydrogen pressure below which HA-
FCG does not occur, taken to be Py,, = 0.02 MPa [16]. Combining Egs. 7.16 and 7.17 yields

-1 _1
@ _da oo |(2 da
+ 8(Py 0.02)[(dNPH) +(% ) l . Eq. 7.18

dNtotal  dNfatigue dNak

The transient HA-FCG is given by

_0+Va A1
— B1 ml ( il h)
= alAK y o exp\ RT , Eq. 7.19

da
dNpy

and the steady-state HA-FCG is given by

dz

d —Q+V0'h
ﬁAK = a2AK32< ;,nzexp( RT )) . Eq. 7.20

The hydrostatic stress oy, is determined using Egs. 7.4 and 7.5. The crack propagation plane
is assumed to occur at an angle of # = 0° and the distance 7 is taken as a piece-wise function
defined by

Eq. 12, da/dNy_, < Eq. 1
- { da/dNy_,, da/dNy_,>Eq. 1

where da/dNy_ is the crack extension of the previous cycle. This formulation for the distance

Eq. 7.21

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 «) 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 | = AK?/E, with I,= 3.2 [79],
011 = 0.6 [79], 62, = 1.2 [79], and G533 = 0. The activation energy is taken as Q = 27.1 kJ/mol-
K [68] for both relationships (Egs. 19 and 20). All other parameters (al, a2, BI, B2, dI and d?2)
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]

Average o Average n
Material Orientation
) ()
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
gp = 0.34Py, + 693.7, Eq. 7.22

where gy is the 2 % offset yield stress in MPa and Py, 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 B/ 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 m/ and d/ 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 a/ 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

al 1.5x10 a2 1.3x10"

B1 7.96 B2 3.17
mi 0.75/d1 m2 0.22/d2
dl 3 d2 1

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 aresult, 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:
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1. The Paris relationship (Eq. 14) is fit to data acquired in air to determine constants 4 and

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

3. The exponent m/ 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 a/ 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]
API-5L X52 API-5LX70 API-5L X100

A 7.1x 10° b 2.9 A 4.0x 10° b 3.21 A 9.9x 10° b 2.83

Transient Steady State Transient Steady State Transient Steady State
al 1.2x 10" a2 3.4x107 al 12x10"| a2 1x 107 al 3x 10" a2 4x 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

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.
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Figure 7-2 Model predictions: (a) independent damage mechanisms from Eqgs. 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 4K and Eq. 20 dominates at
larger 4K values, as would be expected by the argument on the segregation of the dominant
damage mechanisms. Curves of experimental and correlated FCGR versus AK 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 4K. 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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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
AK (AK values between 7 MPa-m"*and 9 MPa-m"?), 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 AK. The
rate of FCGR approaches that of air for AK values below about 7 MPa-m'?
MPa-m"? That is, the Paris exponent is very close to that of air. Between approximately 7

and above about 15

MPa-m"? and 15 MPa-m'? 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 AK values below approximately 15 MPa-m'>.
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 AK values, the FCG
response in air (termed pure fatigue) dominates the HA-FCGR response. At intermediate AK
values, a damage mechanism controlled by the hydrogen accumulation in front of the crack tip
dominates the overall FCG response. While at higher AK 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 AK values above approximately 15 MPa-m"?.

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 AK-dominated
component. The HA-FCGR then results from the interaction of these two mechanisms. The

CRES-2009-J02-01

CENTER FOR RELIABLE ENERGY SYSTEMS April 1, 2013




Performance Evaluation of High-Strength Steel Pipelines for High-Pressure Gaseous Hydrogen Transportation Page 81

model does a good job of predicting FCGR of the materials tested as a function of AK 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

1 !
d d d d
do  _da +8(Py — 0.02) (—“ ) +(5 ) | . where
dNtotal  dNfatigue dNpy dNAK
d d d . . :
= =c,AK™, =2 =, AK™2 and — = ¢3AK™3. This mathematical form is
dNfatigue dNpy dNAk

easily implemented in readily available mathematical and spreadsheet programs to predict da/dN
for a range of AK 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:

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;

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);

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;

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;

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

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;

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

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 ¢ (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 ¢ 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:

_[(x+ut’)2+zz]

— t q 7 !
Cy=Jy =™ o dt A-1

If g, like hydrogen concentration at the crack tip, can be divided into an averaged component and
a sinuous component:

4 = q qvg + Ag cos(wt)
Then equation A-1 becomes:

2
t (4 avg+Ad cos(wt)) [(x+ut’)” +2%]

Cy = fo 4mDt’ e e dt’ A2

2
Introduce variable § = == and R 2 = x2 + z2, then equation A-2 can be further

transformed as

ux

e D . R\ 1 R as —(€+1(R—u)2)
Cu :271_D{q avg[K (_)__I4Dt_e #\2D/ dE] +

2D
Ag f cos w(t — ) e CF 45(20) Ddgy A-3
4D¢’ &
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]:
2 1 (Ru 1
\/%fooo Cos @ (t — 4%) %e_(&‘*_f(ﬁ) )df Ky (R ( ) )cos[wt — R (%)2].
If we neglect the dependency of the solution on z, i.e., let R=x, and substitute the above
equation into equation A-3,

ux 1

= s 1 5 £ 575 D e 5 et - ()

Recall that we assume the linear relationship between the hydrogen uptake rate (g qpgand

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

l'—
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