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ABSTRACT 

A great deal of research is currently being conducted on methods which can lead to a more robust 

clean energy infrastructure. One such method is using hydrogen gas as an energy carrier to store energy 

during low demand and convert it to electricity when demand increases. Many of the current vessels 

designed to transport and store pressurized hydrogen gas are designated DOT3AA cylinders. The 

materials used for the construction of DOT3AA cylinders designed for hydrogen service must be 

qualified by use of ISO-11114 Transportable Gas Cylinder- Compatibility of Cylinders and Valve 

Materials with Gas Contents standard: Part 4 - Test methods for selecting steels resistant to hydrogen 

embrittlement. The standard uses three disparate methods to certify materials for this use. This work 

creates a framework for modeling each of the three test methods as well as in-service conditions of a 

DOT3AA cylinder in the finite element platform ABAQUS.  To determine the deformation response at 

areas of interest, a non-linear combined kinematic/isotropic hardening model has been implemented and 

calibrated to strain-life fatigue tests conducted in air on AISI4130 steel removed from an DOT3AA 

cylinder. The modeling results are used to compare each of the three test methods to in-service conditions. 

The resulting framework can be built upon to incorporate the effects of hydrogen and is a first step 

towards the ability to unify results of each test method as well as in-service conditions.  
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CHAPTER 1 INTRODUCTION 

1.1. Research Motivation 

Oil and gas have been the primary sources to supply the ever-growing energy demands of the 

United States for decades. For this reason, the vast majority of the current energy infrastructure has been 

developed around these products. The United States government has been investing heavily in the 

development of a more robust alternative energy infrastructure, including both energy sources and 

carriers. As part of this process, hydrogen is thought to be a viable resource, especially when used as a 

clean energy carrier, for both the transition away from fossil fuels as well as long term solution to a clean 

energy society.  

Hydrogen is not considered an energy source as it has a relatively poor energy output when 

burned. Rather, hydrogen is viewed primarily as an energy carrier. Typically, energy from a source would 

be used to produce hydrogen, which can then be stored and used later to generate electricity. This can be 

utilized much the same as a battery. Hydrogen however, can also be used as an alternative to fossil fuels 

in internal combustion engines as well as to produce energy in electrochemical fuel cells. In both cases, 

the biproduct of the reaction is water vapor, making it a truly clean energy source. This has led to 

commercially available transportation powered by hydrogen. Currently, a number of counties have begun 

using hydrogen fuel cell powered busses and trains [1]. In recent years’, companies such as Toyota have 

released hydrogen fuel cell vehicles available to the public[2]. This technology has also been successful 

when used as an alternative to batteries in forklifts, as it eliminates the downtime for charging. Doing so 

also works well for indoor applications as the only emission is water [3],[4]. 

While implementation of hydrogen into the energy infrastructure has clear merits, there are major 

challenges involved in the execution. One major barrier to full scale implementation pertains to the 

transportation and storage of hydrogen. Currently, transportation of hydrogen from the point of 

production to the point of use is handled via pipeline, over the road trucks, and railcar [5]. The most 

efficient of these is pipelines. However, of the nearly 300,000 miles of pipeline in the US, only 1,500 

miles of this is dedicated to hydrogen. While efforts are currently underway to improve this metric [6], 

[7], a sufficient pipeline infrastructure may not be realized for some time. As such, much of the current 

transportation and storage of hydrogen is via pressure vessels[5]. As the pipeline infrastructure grows, 

such vessels will still be heavily relied on for distribution from hubs to end users. 

Another barrier to use is the comparatively high cost of hydrogen [8]. Because pressure vessels play a 

significant role in the developing hydrogen infrastructure, reducing the cost of their usage is of value. 

Costs could be reduced in two ways: (1) increasing design pressures, and (2) lowering pressure vessel 
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weight to allow more hydrogen to be carried with greater efficiency. Generally, to accomplish both 

criteria simultaneously, a higher strength material must be employed. 

Vessels used to transport pressurized gasses by truck must be approved by the US Department of 

Transportation (DOT). Many vessels currently in service are designated DOT 3AA cylinders which is a 

designator for a steel cylinder that conforms to specifications detailed in the Code of Federal Regulations, 

Title 49, Subtitle B, Chapter I, Part 178, Subpart C, Section 178.37- Specification 3AA [9]. It has been 

well documented that hydrogen has a deleterious effect on the mechanical properties of steel and in some 

loading cases this effect worsens as a function of increased material strength [10]–[12] [13].  This effect is 

general referred to as hydrogen embrittlement. Due to hydrogen embrittlement, if a DOT 3AA cylinder is 

to be used with hydrogen gas and the material has a tensile strength of greater then 950MPa, the material 

must be certified for use by the ISO-11114 Transportable Gas Cylinder- Compatibility of Cylinders and 

Valve Materials with Gas Contents standard[14]. Part four of this standard, ISO-11114-4, Test Methods 

for Selecting Steels Resistant to Hydrogen Embrittlement [15], details three methods of evaluating the 

materials susceptibility to hydrogen embrittlement. It is uncommon for a steel with a tensile strength 

greater than 950MPa to pass any of the three test methods defined in ISO11114-4, which makes it 

difficult to reduce material and transport costs by using stronger materials. 

A recent National Institute of Standards and Technology (NIST) report stated “…long-standing 

questions exist around the harmony and suitability of the methods to predict embrittlement for in-service 

conditions.” [12]. While this statement is specific to the test methods detailed in ISO11114-4, it is 

representative of many standards surrounding the qualification of steels for use in hydrogen environments 

such as ASTM B31.12, which pertains to the requirements on hydrogen piping and pipelines. Such 

standards are generally thought to be overly conservative due to a lack of fundamental understanding of 

hydrogen damage mechanisms in steel [16]. A better understanding of these mechanisms will likely lead 

to the ability to modify standards such that they are less conservative while still ensuring safe operating 

conditions.   

As a first step towards a greater understanding of hydrogen damage mechanisms, the DOT is 

interested in further evaluation of the three test methods defined in ISO11114-4. Specifically of interest is 

determining which method is most representative of the in-service conditions experienced by hydrogen 

bearing pressure vessels. As each test method differs in geometry, loading, measured variables, and 

assumed mechanism, the ability to rank materials qualified under different methods is impossible. As 

such, the DOT is also interested in determining a means of correlation between results obtained from each 

test method.  
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1.2. Research Objectives 

This research aims to help establish the framework of a continuum model capable of simulating 

the effects of plastic deformation in pressure vessel steels having geometries and loading conditions 

matching the test methods in ISO11114-4, as well as in-service conditions.  Future work will incorporate 

a coupled deformation-hydrogen accumulation model in an attempt to prescribe acceptability of a 

material intended for hydrogen service. The deformation models associated with this work are applicable 

to arbitrary geometries and loading conditions. The deformation model was developed as the result of 

well-established plastic deformation criteria and careful calibration to strain-life experiments for one 

typical pressure vessel steel, AISI4130. The deformation model has been utilized to provide a ranking of 

the three test methods described in ISO 11114-4 relative to in-service conditions for the case of air.  

Ranking performed is based upon accumulated inelastic strain for each condition.  

1.3. Overview of Thesis 

This work is formatted such that each chapter may be a stand-alone document, subsequent to 

minimal modifications. CHAPTER 2 is comprised of a literature review focusing upon a review of the 

test methods detailed ISO11114-4 and the standards associated with their use. Other topics covered 

pertain to standards associated with strain-life fatigue testing and modeling techniques. CHAPTER 3 

provides insight into the choice of material for this work as well as initial characterization of the material. 

CHAPTER 4 details the strain life testing procedure and results for all strain life fatigue tests conducted 

during the course of this work. CHAPTER 5 covers the deformation model material calibrations 

performed to strain life test results and details the physical modeling setup and conditions for all physical 

models created. Ranking and correlations between simulated results are provided in CHAPTER 6. 

Conclusions and recommendations for future work are discussed in CHAPTER 7.  
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CHAPTER 2 LITERATURE REVIEW 

2.1. Introduction 

Intense efforts are being made in the United States to expand our energy infrastructure. One 

method currently being explored is the use of hydrogen gas as an energy source as well as an energy 

carrier. Currently, hydrogen is used in the aerospace industry and automotive industry as a fuel source, 

however these uses are limited. Hydrogen is also used to power smaller vehicles such as forklifts. Other 

industries such as petroleum use hydrogen to help drive beneficial processes in the processing of crude oil 

[17]. Price is one factor keeping hydrogen from expanding into more sectors. The Department of Energy 

(DOE) has set aggressive goals to reduce the cost of production and distribution of hydrogen with an end 

goal of making hydrogen competitive with gasoline [8]. Steel pressure vessels are commonly used to both 

transport and store hydrogen gas. One method to reduce costs is to increase the amount of hydrogen 

stored in a pressure vessel, while another would be to reduce the weight of the vessels. These solutions 

are interrelated as increased pressure generally requires a thicker vessel. This issue is coupled with the 

fact that hydrogen has a detrimental effect on the mechanical properties of steel. Mechanisms of this 

degradation are far from fully understood, which has resulted in the implementation of conservative 

design standards.  

A better understanding of the effects of hydrogen on steel will result in the ability to reevaluate 

design standards. Such an understanding will be the result of experimentation and analysis. Full scale 

testing of pressure vessels containing hydrogen gas have been done [18], however such testing is costly 

and time consuming. A still challenging but more practical approach is to use small scale experiments to 

inform models which can extrapolate the results to other geometries and loading cases. To aid in the 

development of such a model, the following topics have been reviewed: (1) current pressure vessel design 

standards and relative in-service conditions, (2) mechanisms of damage resulting from these conditions 

for both air and hydrogen environments, (3) methods to quantify the damage resulting from these 

mechanisms, (4) and techniques associated with the implementation of previous topics into a computer 

software.  

2.2. Hydrogen Effects 

It is known that hydrogen has a deleterious effect on the fracture, fatigue, and deformation 

response of numerous materials, including steels. Generally, this effect is referred to as hydrogen 

embrittlement (HE). The National Association of Corrosion Engineers (NACE) states that “It (HE) 

involves the ingress of hydrogen into a component, an event that can seriously reduce the ductility and 

load-bearing capacity, cause cracking and catastrophic brittle failures at stresses bellow the yield stress of 
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susceptible materials.”[19]. The first well documented attempt to describe this behavior was made in 1874 

[20]. Despite many research efforts since that time, the mechanisms of hydrogen damage are far from 

universally accepted. Early research indicated that higher strength steels were more adversely affected by 

hydrogen than their lower strength counterparts [10]. These observations were made primarily through 

monotonic testing and gave rise to the classical understanding of HE. Recent research has shown that 

under more complex loading, e.g. fatigue, damage mechanisms beyond hydrogen embrittlement may play 

a dominant role. 

Due to its size, atomic hydrogen diffuses relatively easily through the crystal lattice of steels.  

Ultimately, the mobile hydrogen within the steel lattice diffuses to thermodynamically favorable 

locations.  These energetic locations could be locations of high hydrostatic stress, as at the crack tip 

process zone, or energetically favorable trap sights. These trap sites are broken down into two primary 

types, weak and strong [11]. Weak traps are traps which the hydrogen can enter and exit with relative ease 

due to low binding energy. Dislocations and the steel’s lattice structure are two examples of this type of 

trap. Strong traps have a far larger binding energy and once the hydrogen is bound to these locations, the 

hydrogen is no longer considered mobile.  Examples of strong traps are inclusions and grain boundaries. 

Strong traps are key for fracture, whereas weak traps are of greatest interest to fatigue, given that the 

week traps ultimately aid in the transport of the hydrogen to areas of highest damage, e.g. the high 

hydrostatic region at the crack tip. Hydrostatic stress creates volume expansion resulting in even higher 

hydrogen solubility and concentration. Once the hydrogen accumulates in areas of interest, there are 

several proposed mechanisms to explain how its presence in the lattice damages the material. Presently, 

two of the most widely recognized mechanisms are Hydrogen Enhanced Decohesion (HEDE) and 

Hydrogen Enhanced Localized Plasticity (HELP).  

The mechanism HEDE proposes that the presence of hydrogen in a steels lattice structure reduces 

the energy required for atomic separation. This will result in tensile separation of atoms prior to slip [21]. 

Hydrogen is carried on weak traps, such as dislocations, to areas such as grain boundaries and crack tips. 

Once there, hydrogen binds as an interstitial, lowering the inter-atomic bond strength, thereby enabling 

the crack to propagate more easily. When this mechanism acts at grain boundaries, this mechanism can be 

evidenced by intergranular fracture on fracture surfaces of hydrogen-damaged specimens. Atomistic 

calculations have also shown that decohesion is likely at grain boundaries in the presence of hydrogen 

[21].  

The mechanism HELP proposes that hydrogen lowers the repulsive forces between dislocations 

allowing areas of greater dislocation density, effectively creating local regions of increased plasticity and 

damage in front of a crack tip. This mechanism helps to explain why higher strength materials have more 

detrimental effects when exposed to hydrogen. High strength steels can be made in several ways. One 
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common method is to cold work the material beyond its original yield strength. This process modifies the 

material in a favorable manner by introducing more dislocations into the steel. As more dislocations are 

introduced, the material will exhibit increased strength, and decreased ductility. The increased number of 

dislocations in the material from this process provides an increased number of low energy pathways for 

the hydrogen to travel through the material matrix, which results in increased damage. This mechanism is 

supported by elasticity theory and in-situ transmission-electron microscopy observations [21].  

Irrespective of mechanism, several common traits have been documented pertaining to the effects 

of HE on steels. In the case of monotonic loading, steels will exhibit a loss of ductility when exposed to 

hydrogen. The amount of ductility lost has been shown to be a function of hydrogen pressure [22] as well 

as a function of yield strength [23], where higher pressures and higher strength materials are more 

susceptible to embrittlement. Many research efforts focused on hydrogen’s effects on fatigue have 

involved the study of pipeline steel. This work has shown fatigue crack growth rates (FCGR) to increase 

as a function of increasing hydrogen pressure [6], [24], [25]. Interestingly, FCGR does not appear to be 

sensitive to yield strength as is expected in monotonic loading [6]. 

2.3. Pressure Vessel Background 

The term pressure vessel is broadly used to define a container designated to hold material at 

elevated pressures. Many types of pressure vessels are used in industry, from simple to complex in both 

geometry and intended use. This research is conducted specifically on DOT3AA cylinders designed for 

use in hydrogen service.  

DOT3AA cylinder specifications are governed by the United States Code of Federal Regulations 49 

CFR 178.37 – Specification 3AA and 3AAX seamless steel cylinders [9]. This code states the cylinders 

must conform to the following minimum criteria: 

• Seamless steel cylinder with a water capacity not over 1000 pounds (453.6 kg) and a service 

pressure of at least 150psig (1.03 MPa gage) 

• Comply with the table of authorized materials and compositions given in Table 2.1 

• Cylinders formed by spinning must have a bottom wall thickness two times that of the minimum 

wall thickness of the cylindrical shell 

• A flattening test must be performed on a random cylinder for each lot of 200 cylinders made. 

Details are provided in the code 

o Flattening is required without cracking, to 6 times the wall thickness of the cylinder 

• Two tensile tests must be performed on a random cylinder for each lot of 200 cylinders made. 

Details are provided in the code 
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o Elongation of at least 20 percent for 2 inches (50.8 mm) of gauge length or 10 percent in 

other cases is required.  

• All spun cylinders and plugged cylinders must be leakage tested at a minimum pressure equal to 

the cylinders service pressure. Details are provided in the code. 

o No leaking is permitted during a one-minute test period 

Furthermore, cylinders with an intended service pressure greater than 500psig (3.45 MPa) must also be 

built such that “…the sum of two times the maximum tensile stress in the bottom fibers due to bending, 

plus that in the same fibers (longitudinal stress), due to hydrostatic test pressure may not exceed 80 

percent of the minimum yield strength of the steel at such maximum stress.”[9].  The code also provides 

stipulations on maximum allowable stress and wall thickness as a function of diameter and service 

pressure. Formulas are provided within the code to perform the required calculations.  Finally, 

stipulations are placed on heat treatment as a function of material type and use. Although exact geometry 

requirements are not defined by 49 CFR 178.37, pressure vessels which fall into this category often have 

similar geometry. A manufacture drawing obtained from a national cylinder manufacturer is shown in 

Figure 2.1 as a representation of this typical geometry. 

 

 

Figure 2.1 Representative DOT3AA Drawing[26] 
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Table 2.1 Authorized Materials for DOT3AA cylinders [9] 

 

 

Peer reviewed literature does not provide much detail pertaining to the specifics of how seamless 

cylinders are manufactured. Presentation slides from an international cylinder manufacture [27] were 

obtained which provided sufficient insight into common methods. The manufacturing processes can be 

divided into three types: deep drawing, seamless tubes, and piercing and drawing.  While each method 

consists of many stages, the main steps can be summarized as follows [27]: 

• Deep drawing 

o 1. Annealing of raw material (steel plate) 

o 2. Lubricating  

o 3. Cold deep drawing 

o These three steps are repeated several times until the vessel is shaped as desired 

• Hot Spinning 

o Cutting of seamless tube to length 

o Regional heating 

o Base spinning 

o Shaping 

• Billet Piercing 

o Cutting of billet to size 

o Global heating 

o Cupping and hot piercing 

o Wall thickness reduction by hot or cold drawing 

All three methods then follow the same steps to completion: 

• Cutting of the neck 
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• Heat treatment 

• Threading of the neck 

• Testing for conformance to standards 

• Painting 

• Valve assembly 

The presentation slides also provided a detailed list of advantages and disadvantages [27]. The main 

takeaways can be summarized as follows: 

• Deep Drawing  

o Advantages 

 Uniform wall thickness is easily achieved 

 Lighter final product than other methods 

 Vessels that pass initial inspections have a smooth uniform surface 

o Disadvantages 

 Shell is prone to wrinkles leading to vessels failing initial inspections 

 Equipment costs are high 

 Production procedure is long and complicated 

• Hot Spinning 

o Advantages 

 Lower equipment costs 

 Faster production times 

 Relatively uniform wall thickness in shell region (between neck and base) 

o Disadvantages 

 High raw material costs 

 Risk of poor fusion in middle of bottom of cylinder 

 Risk of inclusions and defects is relatively high 

 Base wall thickness difficult to control 

• Billet Piercing 

o Advantages 

 Lower raw material costs 

 Even stress distribution during manufacturing 

 Smoothest transition from shell to base 

 High production rates 

o Disadvantages 

 High equipment costs 
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 High production costs 

 Surface in shell region prone to defects 

Information pertaining to the frequency of use for each method is limited. One major cylinder 

manufacture gives information on their website indicating they primarily use billet piercing [28]. Further 

research into common industry manufacturing practice yielded no information.  

2.4. In-Service Conditions 

Pressure vessels are common to many industries throughout the world and are used in a vast 

number of applications. As such, there are a great number of in-service conditions and failure modes 

associated with them.  This is particularly true when considering specific applications and the contents the 

vessel was designed to carry. As a result, numerous standards to ensure safe design, use, and inspection of 

pressure vessels are in existence. One of the most robust, and most commonly used, is the ASME Boiler 

and Pressure Vessel Code [29]. 

Of primary interest to this research are the in-service conditions pertaining to DOT3AA pressure 

vessels used to transport hydrogen gas. According to a recent report by the National Institute of Standards 

and Technology (NIST) the general conditions these vessels will experience are as follows [12]: 

• Maximum pressure: 130bar to 1000bar (2000psi/13.79MPa to 14500psi/99.97MPa) 

• Temperature range: -40 to 65 degrees C 

• No requirement to track the number of fills (certain permits however do require this) 

• No requirement for a vessel to be dedicated to a single gas in North America. 

• Inspection interval: 5 or 10 years depending on DOT special permits. 

Inspection intervals are defined in US DOT 49 CFR §180.209, Requirements For Requalification Of 

Specification Cylinders [30]. This code details specific criteria for the determination of inspection 

interval. In general, cylinders default to a 5-year interval unless the following summarized criteria are 

met: 

• Cylinder is used exclusively for a single gas. 

• A “hammer test” is performed on the cylinder before each fill as defined in Compressed Gas 

Association (CGA )Pamphlet C-6: Standard for Visual Inspection of Steel Compressed Gas 

Cylinders [31]. 

o In short, a hammer test consists of tapping an empty cylinder with a hammer. Clarity of 

the bell tone is an indicator of corrosion within the cylinder.  

• All traces of water are removed immediately following a hydrostatic test. 

• Cylinder is not used for underwater breathing 
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If the above criteria are met, the cylinder is eligible for a 10-year inspection interval. Tracking is done via 

a five-point star stamped on the cylinder following the most recent test date stamp. If the above criteria 

are deviated from during the cylinders service, the star is to be obliterated and the inspection interval 

returns to 5 years [30]. 

Estimates pertaining to the average number of fill cycles a vessel will experience in its life vary. 

According to work performed at Sandia National Laboratory, this number could be as low as 25 per year 

[18]. One could easily conceive of a circumstance where a vessel would be cycled as many as 260 times 

per year (once per working day).  The NIST report concluded that there are two primary failure scenarios 

pertinent to pressure vessels carrying hydrogen gas. 

1. “The first failure scenario considers a cylinder with a flaw that passes inspection but grows until 

failure from successive filling cycles which occur between inspection intervals.” [12] 

2. “The other failure scenario is a filled cylinder that experiences hydrogen diffusing into the wall 

over time and weakening the grain boundaries, which leads to a through-crack in a steel that does 

not have adequate resistance to hydrogen embrittlement.” [12] 

While pressure vessel design and qualification is generally concerned with fatigue failures resulting from 

crack growth as a function of fill cycles, the presence of hydrogen gas requires that a monotonic failure 

also be considered. It should also be noted that there is debate in the hydrogen community as to whether 

the first failure scenario listed above is of concern given that most fill cycle estimates are considerably 

lower than generally warrant fatigue considerations.   

Information obtained through email correspondence with an employee of a non-destructive 

testing company specializing in ultrasound inspection of pressure vessels [32], indicates that flaws that 

would be considered sharp cracks are rare in the United States. Most vessels which are failed from service 

are the result of corrosion pitting which reaches a depth of greater than 10% of minimum wall thickness. 

Commonly, the origin of sharp cracks found during inspection are traced back to arc strikes from welders 

or to manufacture defects. Both cases are rare.  

2.5. Hydrogen Service Standards 

The primary standard governing the qualification of materials intended for pressure vessel service 

in hydrogen environments is ISO 11114 Transportable Gas Cylinders – Compatibility of Cylinder and 

Valve Materials with Gas Contents. The standard is a four-part document concerning the compatibility of 

gases and gas mixtures with materials. 

Part 1: Metallic materials [14] 

Part 2: Non-metallic materials[33] 

Part 3: Autogenous ignition test for non-metallic materials in oxygen atmosphere [34]  

Part 4: Test methods for selecting steels resistant to hydrogen embrittlement [15] 



12 

 

For purposes of this research, Parts 2 and 3 are not considered as they explicitly dictate criteria for 

qualification of nonmetallic materials.  

The standard ISO 11114-1 makes recommendations for general material classes that are most 

suitable for numerous gaseous environments to ensure compatibility. This is achieved by first defining 

recommended material compositions by referencing standards pertaining to each broad material class. 

Those standards which define allowable chemical compositions of steels are of particular interest of this 

project. Specifically, ISO 9328-5, Steel Flat Products for Pressure Purposes – Technical Delivery 

Conditions – Part 5 Weldable Fine Grain Steels, Thermomechanically Rolled [35] and ISO/DIS 9809-1, 

Gas Cylinders - Refillable Seamless Steel Gas Cylinders – Design, Construction and Testing – Part 1: 

Quenched and Tempered Steel Cylinders with Tensile Strength Less Than 1100 MPa [9]. Both standards 

provide tables of allowable compositions shown in Table 2.2 and Table 2.3. 

The standard ISO11114-1 continues to define compatibility criteria, which are classified into five 

categories: corrosion, hydrogen embrittlement, generation of dangerous products though chemical 

reaction, violent reactions, and embrittlement at low temperature. Each category is broadly defined, and in 

the case of corrosion several sub categories are discussed. Section 5.3 of the standard pertains to hydrogen 

embrittlement. This section outlines that the risk of hydrogen embrittlement only occurs if partial 

pressures of the gas and stress levels in the cylinder are “high enough,” yet does not provide criteria 

beyond this. Furthermore, the standard states that for 34 Cr Mo 4 (AISI 4135) quench and tempered steels 

in use where partial pressures are above 50 bar (5 MPa), the maximum UTS of the steel should be not 

greater than 950MPa.  

The compatibility criteria are used in conjunction with a Table 1 provided in section 6 of the 

standard. A portion of this table applicable to hydrogen service is shown in Figure 2.2. As shown, 

normalized steels, carbon steels, quenched and tempered steels, aluminum alloys, and stainless steels are 

all possible candidate material classes for use in hydrogen service. 

Annex A of ISO 11114-1 references the NQSAB compatibility code. This code is termed the 

"NQSAB Code" where N represents normalized and carbon steels, Q quenched and tempered steels, S 

stainless steels, A aluminum alloys and B brass, copper and nickel alloys [14]. This section dictates that 

normalized steels and quenched and tempered steels can be used at low strength to avoid hydrogen 

embrittlement. Stainless steels should be limited to stable austenitic steels or high grade (316 L or 

equivalent) to avoid hydrogen embrittlement.  

Standard ISO 11114-4 specifies test methods and procedures relevant to the evaluation of their 

results to qualify steels suitable for the manufacture of gas cylinders for hydrogen embrittling gases. 

Quenched and tempered chromium-molybdenum steels with an actual UTS below 950MPa are not 

subject to the testing detailed in the standard and are assumed safe for use in the construction of 
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hydrogen/embrittling gas cylinders. For all other cases, a material can be considered safe for use if it 

passes any one of three tests defined in the standard.  

 

Table 2.2 ISO9809-1 table 1 Allowable chemical composition tolerances [9] 

 

 

Table 2.3 ISO9328-5 table 1: Permissible deviations of chemical composition [35] 
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Figure 2.2 Selection of Table 1 from ISO11114-1 [14] 

 

2.5.1. Disc Test – Method A 

A disc specimen from the subject material is subjected to an increasing gas pressure (from one 

side) at a constant rate. Pressure is increased until failure of the disc by burst or by crack. The material’s 

susceptibility to hydrogen embrittlement is determined by comparing rupture pressures in hydrogen, PrH2 , 

with rupture pressures in helium PrHe. Figure 2.3 graphically depicts the test setup. Test stipulations as 

defined in ISO11114-4 [15]are as follows. 

Specimen specifications: 

• Diameter 58mm +0mm / -0.05mm 

• Thickness 0.75mm ±0.01mm 

• Flatness: less than 1/10 mm deflection 

• Surface finish: <0.001mm Ra 

• No visible oxides 

Deviation from stated disc thickness is allowed for in-service conditions with maximum working 

pressures less than 100 bar (10 MPa) or greater than 300 bar (30 MPa).  

Post machining operations: 

• Samples are to be degreased 

• Samples are to be stored in a dry atmosphere 

• Mean thickness shall be determined by use of four measurements 90 degrees apart on sample 

circumference 

• Vickers hardness is to be checked on outer circumference to verify machining did not alter 

original properties 

Test apparatus: 

• Two stainless steel flanges clamp the disc 
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• Volume of 5cm3 is provided below the disc (applied pressure side) 

• Clamp internal diameter 25.5mm 

• Clamp radius at location disc will meet clamp when deforming: 0.5mm -0.05mm/+0.025mm 

Test Procedure: 

• Evacuate cell  

• Check purity of incoming gas 

• Adjust gas flow to desired rate 

• Start pressure rise (constant) 

• Record rupture pressure with gauge accurate to ±2% of expected rupture pressure 

Tests in hydrogen and helium repeated for a range of pressure rise rates evenly distributed between 

0.1bar/min (0.01 MPa/min) and 1000bar/min (100 MPa/min). Six helium tests and six hydrogen tests 

should be performed. At the pressure rise rate associated with the most sever embrittlement, an additional 

three hydrogen tests should be run [15].  

Result analysis: 

Formulas are provided in ISO11114-4 to correct rupture pressures for disc thicknesses tested 

outside the defined range.  Rupture pressures for both gasses are to be plotted against the pressure rise 

rate. The ratio of rupture pressures PrHe/PrH2 are to be plotted against the pressure rise rate. The 

embrittlement index is defined as the maximum value of the above defined ratio. The material is 

considered suitable for hydrogen gas cylinder service if the index is less than or equal to two. Examples 

of the above defined plots are provided in the standard and can be found in the appendix.  

Tests found to have failed due to inappropriate surface conditions, abnormal hardness, or irregular 

pressure rise rates are to be repeated.  

 

Figure 2.3 Rupture Disc Test Apparatus [15] 
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2.5.2. Fracture Mechanics Test - Method B 

Compact tension (CT) specimens are fatigue pre-cracked then subjected to an incrementally 

increasing tensile load in a gaseous hydrogen environment. Material susceptibility to hydrogen damage is 

determined by quantifying the conditions in which environmentally assisted crack propagation can occur 

though the determination of the threshold stress intensity factor. Figure 2.4 and Figure 2.5 depict a typical 

test apparatus. In addition to the fracture tests, two longitudinally oriented tensile specimens are to be 

taken from areas adjacent to the CT specimens and tested in accordance with ISO 9809-1. Test 

stipulations for method B are as follows.  

Specimen Specifications 

• Specimen manufacture and design specifications are governed by ISO 7539-6 Corrosion of 

Metals and Alloys – Stress Corrosion Testing – Part 6: Preparation and Use of Pre-Cracked 

Specimens for Tests Under Constant Load or Displacement Control. This standard provides all 

dimensions and tolerances relative to length W (load line to back edge). A detail drawing of the 

complete geometry is provided in the appendix.  

•  Specimen dimension W to be 26mm 

• Specimen thickness B to be largest allowed. Must be greater than 85% of design thickness of 

cylinder wall.  If this cannot be achieved, largest thickness possible is to be used. 

• Specimen oriented such that the crack grows in the cylinders longitudinal direction 

• Three specimens minimum taken from 120 degrees apart. 

Post machining operations 

• Degrease specimen with extra care around notch area 

• Fatigue pre-crack conducted per ISO 7539-6 [36]. Final max pre-cracking load shall result in a 

maximum stress intensity lower than the initial stress intensity required for the test.  

• If test is not started immediately after pre-cracking, the specimen is to be stored in a clean, 

desiccated environment to prevent oxidation of the crack tip. 

Test apparatus: 

• Stainless steel chamber installed on servo-hydraulic test machine 

Test procedure 

• Gas pressure is to be not less than working pressure cylinder is designed to see in service. 

• Gas purity is to be equivalent to that of the gas being used in service. For the case of hydrogen, 

99.9995% pure H2 with O2 less than 1 µl/l and H2O less than 3 µl/l or 99.9999% pure H2 with O2 

less than 0.1 µl/l and H2O less than 0.5 µl/l 

• Test started using a load which produces a stress intensity factor of 1 MPa m1/2. 
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o If threshold stress intensity factor is known from previous work, the test may be started at 

a load which produces a stress intensity factor of less than 50% the known value.  

• Load recorded continuously 

• Specimen held at initial load for 20 minutes 

• Crack extension monitoring to be performed by use of potential drop during test duration. If 

potential drop curve does not plateau (indicating crack growth), the load is increased an amount 

equivalent to a stress intensity increase of 1 MPa m1/2
. The load is to be increased over a period of 

one minute. 

• After the increase, the load is maintained for 20 minutes. This process is repeated until a crack is 

detected. 

Result analysis:  

Upon completion of the testing, the specimen is inspected in accordance with section 7.6 of ISO 

7539-6 [36] to determine the length of the fatigue pre-crack. All required measurements are made with a 

microscope and recorded to ±0.01mm.  Calculation of the test result is stated in ISO 7539-6 through the 

relationship in  

K1H =
YP

BW0.5 

( 2.1) 

Where P is the applied load corresponding to the load step prior to the step in which the part failed. Y is 

defined in  

Y =
2 +

a
W�1 − a
W

3 ∗ �0.886 + 4.64 � a

W
� − 13.32 � a

W
�2 + 14.72 � a

W
�3 − 5.6 � a

W
�4� 

( 2.2) 

Where a is the effective crack length. The material is qualified if it satisfies the relationship given in  

 

K1H ≥ Rm � 60

950
�MPa m0.5 

( 2.3) 

 

Where Rm is the tensile strength of the material obtained from tensile tests of specimens taken in the 

longitudinal orientation adjacent to the CT specimen. Tests found to have failed due to inappropriate test 

conditions are to be repeated.  
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Figure 2.4 Stainless steel chamber showing loading bars and specimens [15] 

 

Figure 2.5 Servo hydraulic test machine with stainless steel chamber [15] 
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2.5.3. Test Method to determine the resistance to hydrogen assisted cracking of steel 

cylinders – Method C 

This method is commonly referred to as a wedge opening loaded (WOL) test or informally a bolt 

load test. A WOL specimen is a fatigue pre-cracked specimen which is loaded by a constant displacement 

and subjected to a corrosive environment. To determine the materials susceptibility to embrittlement, the 

specimen is examined to ascertain whether the fatigue pre-crack did or did not grow and a value of Karrest 

is calculated. If this value is less than the acceptable threshold, the material is qualified. While the test is 

subject to rules dictated in ISO 7539-6, sections of ISO 7539-6 pertaining to the corrosive environment do 

not need to be satisfied. In addition to the fracture tests, three longitudinally oriented tensile specimens 

are to be taken from areas adjacent to the CT specimens and tested in accordance with ISO 9809-1. Test 

stipulations for method B are as follows. 

Specimen Specifications 

• The WOL specimen geometry must conform to ISO 7539-6 and shall not be less than 85% of the 

design thickness of the cylinder being qualified. If a specimen resulting in a thickness of 85% of 

the design thickness cannot be obtained, the thickest possible specimen should be used. A detail 

drawing of the complete geometry is provided in the appendix. 

• A minimum of three specimens taken from 120 degrees apart from the cylinder wall shall be 

tested 

Post Machining Operations 

• The specimen is to be fatigue pre-cracked per procedures stated in ISO 7539-6, clause 6. 

Procedures outlined in this clause are extensive and are not discussed explicitly in this review. In 

general this clause pertains to the initiation and propagation of fatigue cracks.  

Test Procedure 

• All requirements in ISO 7539-6, clause 7 apply with the exception of 7.2.2, 7.2.6, 7.5.1, 7.5.2, 

7.5.4, and 7.5.5. Requirements dictated in this clause are extensive and are not discussed 

explicitly in this review. In general, this clause pertains to environmental considerations, 

chambers, control and monitoring, as well as methods to determine threshold stress intensity 

factor for susceptibility to stress corrosion cracking (KISCC ) and crack velocity 

• Specimen is loaded to an applied stress intensity KIAPP defined in  

KIAPP = 1.5 ∗ 60 ∗ �Rm
950

� 

( 2.4) 

• Crack mouth opening displacement (CMOD) is determined via  
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CMOD =
KIAPP√W

E[f(x)]�� B
Bn� 

( 2.5) 

Where Bn is the minimum side-to-side dimension between notches if the specimen has side 

groves. f(x) is defined as 

f(x) = (1 − x)0.5(0.748 − 2.176x + 3.56x2 − 2.55x3 + 0.62x4 

( 2.6) 

Where x is defined as the ratio 

x =
a

W
 

( 2.7) 

• Place the specimen in a high-pressure test chamber 

• Test is to be run for a minimum of 1000 hours at room temperature 

Result analysis:  

After the test is completed, the hydrogen assisted cracking (HAC) advance is marked by one of 

the following methods: 

• Heat tinting at 300 degrees C for 30 minutes 

• Fatigue cycling at maximum stress-intensity factor not exceeding 0.6 KIAPP until the crack is 

advanced a minimum of 1mm 

• Fracture of the specimen at very low temperature 

Crack growth is measured post-test by use of a scanning electron microscope. Measurements are taken 

along the fracture surface at locations perpendicular to the pre crack at 0.25B, 0.50B and 0.75B, where B 

is the specimen thickness, and an average value is taken. If the average does not exceed 0.25mm, the 

specimen is passed. If the average exceeds 0.25mm the specimen is passed if equation 2.8 is satisfied 

KI ≥ 60 �Rm
950

� 

( 2.8) 

If all specimens pass the material is qualified.  

2.5.4. Test Methodology, Advantages and Disadvantages 

Considerable controversy surrounds the discussion pertaining to the validity of each individual 

test method and their ability to capture hydrogen’s effect on a material for applicable in-service 

conditions. While all the above described test methods have been explored and utilized in the literature, 

and each have proven to safely qualify steels for use in hydrogen carrying pressure vessels, a general 

consensus on their individual merit has yet to be reached, especially when applied to steels with a UTS 
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greater than 950 MPa.  A thorough review of each test method including advantages and disadvantages 

has been detailed in [12]. A summary of the least disputed advantages and disadvantages are detailed 

bellow. 

Method A 

Advantages: 

• Low Cost 

• Simple to run 

• Ability to rank steels qualified under Method A testing 

• Measures classic hydrogen embrittlement (loss of ductility) 

Disadvantages: 

• Failure exhibits considerably more plasticity than would be see in in-service use. The proposed 

hydrogen damage mechanism, Hydrogen Enhanced Localized Plasticity, suggests that hydrogen 

damage will be more severe in areas with higher plastic strain. If this mechanism is valid, the 

increased level of plastic strain would result in increased hydrogen activity. Therefore, hydrogen 

damage would be exaggerated by this test method with respect to in-service conditions. 

• Sample is relatively thin compared to the cylinder wall thickness. Depending on manufacturing 

methods, material properties may vary throughout the cylinder wall 

• No immediately useful information pertaining to design criteria is obtained. 

Method B 

Advantages: 

• Failure occurs on loading and is representative of one possible in-service failure condition 

• Plasticity more comparable to what can be expected with in-service conditions 

• Threshold stress intensity factor in hydrogen is a useful material property for cylinder design 

• Measures parameters relative to hydrogen assisted cracking (HAC) 

• Ability to rank steels qualified by Method B testing 

Disadvantages: 

• Valid calculations of K are questionable in high ductility steels 

• Expensive 

• Complicated test requiring equipment available in very few labs 

• Stress intensities at failure are far higher than what is observed in service 

Method C 

Advantages: 

• Low Cost 
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• Simple to run 

• Measures parameters relative to hydrogen assisted cracking  

Disadvantages: 

• Long test times 

• When loaded, a plastic zone directly in front of the crack tip is created. This zone will retard 

crack initiation and growth. As such, test results may not be representative of in-service crack 

initiation. 

• Null tests are passed making it impossible to rank steels qualified by use of Method C 

• Does not represent in-service failure mechanisms. Constant displacement loading results in a 

reduction of stress once a crack begins to grow, a situation that would not present in-service until 

a crack has grown through the wall thickness. 

2.6. Modeling 

For most of human existence, people have sought after theories to describe the world around 

them. Problems today are far more complex than those in past centuries, however the root issue is still the 

same. What are the driving mechanisms causing real world objects to act as we observe in experiments? 

Even with the vast knowledge accumulated over millennia and exponentially growing computational 

power, it is still impractical to model even relatively simple behaviors without simplifying assumptions.  

One such behavior is that of crystalline materials deformation response to applied loads. While it 

is easy to bend a paperclip and observe its response, quantifying the underlying mechanisms of its 

deformation and creating a model to replicate its behavior precisely is less trivial. Undergraduate studies 

make the assumption that crystalline materials are linear elastic, homogeneous, and isotropic. It is well 

understood that before a material yields (undergoes plastic, non-recoverable, deformation), its 

deformation response to an applied load is linear and therefore easily modeled. This relationship is 

defined for one-dimensional cases as: σ = Eε 
( 2.9) 

Where σ is stress, E is Young’s Modulus, and ε is strain. For many engineering applications, a product 

designed to avoid plastic deformation, and therefore remain in the linear elastic regime, are sufficient. 

Likewise, many common engineering materials exhibit homogeneities with respect to the bulk material 

and have isotropic material properties, meaning that the properties are the same regardless of loading 

orientations. More complex problems may invalidate one or more of these assumptions. For these 

situations, more complex models are adopted.  
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Of interest to this project are issues surrounding crack initiation and fatigue life. A single 

definition of crack initiation has yet to be agreed upon by the scientific community at large. It is known, 

however, that for what would be considered a macroscopic crack (i.e. a crack which is large with respect 

the materials microstructure), plastic deformation will occur at the crack tip. One failure mode of 

DOT3AA cylinder carrying pressurized hydrogen gas outlined in previous sections is concerned with a 

monotonic load growing a crack. Therefore, a model to simulate this mode must be able to capture plastic 

deformations. The second failure mode of interest deals with crack growth resulting from cyclic loading. 

Therefore, the model must also be able to simulate this plastic behavior as a function of repeated loading.  

2.6.1. Constitutive Model 

Plastic deformation of polycrystalline materials is very complex. One-dimensional plasticity can 

be approximated by several methods. The first approximation is an elastic, perfectly plastic response in 

which no strain or work hardening is accounted for. Next is linear hardening, in which plastic behavior is 

approximated to vary linearly with stress. Last is a non-linear hardening response, in which the plastic 

behavior is approximated by means of a non-linear equation relating stress to strain. See Figure 2.6 for 

examples of each approximation.  

 

 

Figure 2.6 Idealizations of one-dimensional plasticity. (a) elastic perfectly plastic (b) linear 

hardening (c) nonlinear hardening  [37] 

 

When considering cyclic response, two models are widely used. The differences between these 

models are often easiest to visualize by considering the yield surface. A yield surface is a mathematical 

representation of a convex surface in stress space. A state of stress existing within this surface is 

considered to behave according to linear elastic relationships. Once a state of stress reaches the surface, 

yielding occurs and plastic deformation begins. Hardening models attempt to describe the evolution of 

plastic behavior after this surface has been exceeded, and to quantify its change in shape, size, and 
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location. The first model is isotropic hardening. For this case, the yield surface will remain the same 

shape with the same origin, but can expand or contract. When considering cyclic loading it has been 

observed that reloading in the reversed direction results in a decreased yield stress compared to the 

original loading direction[37]. This is known as the “Bauschinger effect” and it cannot be captured by the 

isotropic hardening model. Rather, the kinematic hardening model is often used to approximate this 

phenomenon [37]. Unlike isotropic hardening, kinematic hardening has a fixed yield surface size that is 

allowed to translate though stress space. Graphical representations of both hardening models are shown in 

Figure 2.7. 

While certain materials are well represented by one hardening model or the other, many materials 

exhibit behavior that is more complex. Combined hardening models attempt to capture a wider range of 

behavior by allowing the yield surface to change size as well as translate in stress space. Actual material 

behavior and desired outputs from the model are both factors in deciding which models will produce an 

appropriate solution with the least complexity. The model incorporated into this research is intended to be 

used on a range of steels and therefore should be as robust as possible. As such, combined hardening was 

determined to be of most interest.  

 

 

Figure 2.7 Comparison of Isotropic (a) and Kinematic (b) hardening yield surface evolution [38] 

 

While certain materials are well represented by one hardening model or the other, many materials 

exhibit behavior that is more complex. Combined hardening models attempt to capture a wider range of 

behavior by allowing the yield surface to change size as well as translate in stress space. Actual material 
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behavior and desired outputs from the model are both factors in deciding which models will produce an 

appropriate solution with the least complexity. The model incorporated into this research is intended to be 

used on a range of steels and therefore should be as robust as possible. As such, combined hardening was 

determined to be of most interest.  

ABAQUS, a finite element platform, has provisions to incorporate a combined kinematic / 

isotropic hardening model. Specifically, the model is commonly referred to as the Chaboche Model. In 

this model, the yield surface, F, is defined as  

F = f(σ −  α) − σ0 

( 2.10) 

Where  σ0 is the yield stress f(σ −  α) is the equivalent Mises Stress as defined by 

f(σ −  α) = �3

2
∗ (S − αdev) ∶ (S − αdev) 

( 2.11) 

Where S is the deviatoric stress tensor and αdev is the deviatoric part of the backstress tensor.  

The Mises stress term is the kinematic portion of the yield function. Translation of the yield surface in 

stress space is handled through the backstress tensor. This is the superposition of N backstress and is 

defined as: 

α = �αkN
k=1  

( 2.12) 

Hardening laws for each backstress are defined as: α̇ = Ck +
1σ0 (σ − α)ε�̇pl − γkαkε�̇pl 

( 2.13) 

Where ε�plis the equivalent plastic strain. The addition of multiple backstresses allows for more complex 

hardening to be modeled. The first term in equation 2.13 is the Ziegler Hardening term and is linear in 

nature. Ck is a material property related to the initial hardening moduli and can be determined through 

curve fitting experimental data. The second term in the expression is known as the relaxation term and 

introduces nonlinearity into the backstress tensor. γk is another material property which is related to the 

rate of the hardening moduli’s decrease with increasing plastic strain.  

The yield stress term, σ0, appearing in equation 2.10 and 2.13, corresponds to the isotropic 

component of the yield function. This term represents Voce Hardening defined as: σ0 = σ|0 + Q∞(1 − e−bε�pl) 

( 2.14) 
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Where Q∞ is a material property related to the total amount of hardening or softening the material will 

undergo throughout its life. The b term is another material property which is related to the rate at which 

hardening or softening takes place. σ|0 is the initial yield stress.  

Once calibrated, the implementation of this model within ABAQUS can simulate material 

behaviors including isotropic and kinematic hardening or softening, ratcheting, the Bauschinger effect, 

relaxation of the mean stress, and plastic shakedown [39]. To calibrate the Chaboche Model in ABAQUS, 

stress-strain data must be obtained such that the constants  Ck , γk , Q∞ , and b can be determined.  The 

simplest way to obtain the data required  to determine the isotropic constants is by utilization of 

symmetric, strain controlled, cyclic stress-strain data obtained for a constant strain range [39]. Controlling 

strain, as well as maintaining a constant strain range, makes the determination of equivalent plastic strain 

(accumulated plastic strain) simple, as the amount of plastic strain accumulated per cycle can be 

approximated to be constant. Therefore, only yield stress as a function of cycles must be obtained from 

the data. The constants associated with the kinematic term can be obtained by two methods. First is by 

computing the backstresses associated with the first half cycle of a unidirectional tension or compression 

experiment. This approach requires less rigorous testing, however the simulation will be less accurate as 

the number of cycles are increased [39]. A more robust calibration can be obtained by determining the 

kinematic constants from a stabilized half cycle of a specimen that was subjected to cyclic, symmetric 

strain-controlled tests obtained for a constant strain range. It is important to note that the implementation 

of the model in ABAQUS does have limitations. Many materials will exhibit isotropic hardening or 

softening response that is dependent on the strain range it is subjected to. The implementation of the 

model in ABAQUS does not account for this. Therefore, it is important to calibrate the model to tests 

performed at any strain ranges of interest. The implementation will also predict the same hardening or 

softening behavior for both proportional and non-proportional loading. Physical observations have shown 

the proportionality of the load may result in different behavior even for similar strain ranges [39]. 

2.6.2. Fatigue-Life Methods 

Apart from being a suggested calibration method for combined hardening in ABAQUS, strain-

controlled experiments have other advantages with respect to this research. In general, there are three 

methods of fatigue analysis of metals: stress-life, strain-life, and fracture mechanics. All three methods 

are intended to relate information obtained in a laboratory setting from relatively small specimens to 

realistic geometries and loading conditions seen in actual applications of the same material with the intent 

of predicting fatigue life. Fundamentals of Metal Fatigue [40] outlines the following advantages and 

disadvantages of each method: 

• Stress-Life (S-N) 

o Strengths 
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 Simple analysis 

 Works well for designs involving long life and constant amplitudes.  

 Relatively large amount of data available in the literature 

o Weaknesses 

 Empirical in nature. Does not give insight into mechanisms involved in fatigue 

 Relies on “fictitious” fully elastic strains and therefore cannot be applied to short 

life predictions where plastic strains are involved.  

 Has problems dealing with load histories that are not close to constant amplitude 

 Gives little insight into damage 

• Strain-Life (ε-N) 

o Strengths 

 Plastic strain is accurately modeled, giving some insight into crack initiation. 

 Can be used in high or low cycle predictions 

 Allows for more accurate accounting of cumulative damage under variable 

amplitude loading 

 Easy extrapolation to more complicated geometries 

 Can be used at high temperature to make observations pertaining to creep 

 Can incorporate transient material behavior. 

o Weaknesses 

 More complicated analysis 

 Can only be used for initiation analysis. Cannot be used to predict propagation 

life 

 Mean stress effects and notch size effects are empirical in nature 

 Differences in surface finish, plating, etc. are not able to be explored without 

additional testing.  

• Linear Elastic Fracture Mechanics (LEFM) 

o Strengths 

 Deals directly with crack propagation 

 Can determine “safe life” of cracked components 

 Gives insight into actual mechanisms of fatigue 

 Provides method to deal with non-propagating cracks and crack arrest behavior 

due to overloads.  

o Weaknesses 
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 Difficulty dealing with crack initiation. Initial crack size has major influence on 

life predictions 

 In some situations, the underlying assumption of linear elastic is not appropriate. 

Incorporation of elastic-plastic fracture mechanics is not trivial. These situations 

include small crack growth in the plastic field and crack growth at high loads 

 Stress intensity factors in complicated realistic geometries may be difficult to 

determine 

Of primary interest to this research is the ability to estimate accumulated damage in multiple 

geometries and loading conditions. All combinations of geometry and loading of interest to this research 

result in plastic strains and low cycle fatigue where applicable. As such, stress-life methods are of little 

value. As all geometry and loading cases are disparate, a method allowing the concept of damage 

accumulation, such as strain-life, is of great value. Comparison between cases can be made relative to 

damage accumulation resulting in an initiation event. At this time, propagation is of less interest than 

initiation. However, LEFM could be used in conjunction with strain-life in future research.  

The following discussion on the strain life method is taken from Fundamentals of Metal Fatigue [40] 

unless otherwise noted.  

When fatigue properties are desired for a material subjected to high loads, material behavior can 

best be captured though strain-controlled testing. Damage is known to be dependent on plastic 

deformation and the evolution of this deformation becomes evident when tests are performed via strain 

control. This damage is related to damage required for initiation, as the strain-life method does not 

explicitly account for crack growth. Rather, failure is “assumed to occur when the equally stressed 

volume of material fails” [40].  

The core of the strain life method is built on the concept of hysteresis loops.  A hysteresis loop is 

the stress-strain response of a full cycle as shown in Figure 2.8. The area within a loop is the energy per 

unit volume dissipated during the cycle and is a measure of plastic deformation work done on the 

material. With few exceptions, materials will either cyclically harden or soften depending on the materials 

original state. Generally, hard materials will soften as cyclic straining rearranges dislocations, and soft 

materials will harden and dislocation density will increase. This cyclic hardening or softening behavior is 

evidenced in the changing size of the hysteresis loops from subsequent cycles of a constant strain range as 

shown in Figure 2.9. Generally, this behavior will last for approximately 20 to 40 percent of the materials 

fatigue life. For this reason, fatigue properties are determined based on the half-life hysteresis loop. This 

is the hysteresis loop at 50 percent of the materials fatigue life and where the material behavior has 

stabilized. Superimposing half-life hysteresis loops obtained at multiple strain ranges and connecting the 

tips as shown in Figure 2.10 results in a cyclic stress-strain curve, the cyclic equivalent of a monotonic 
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stress-strain curve. Once obtained, it is possible to back out a half cycle hysteresis loop for strain ranges 

not explicitly determined via experimentation.  

 

 

Figure 2.8 Representative Hysteresis loop [40] 
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Figure 2.9 Cyclic Softening: (a) constant strain amplitude; (b) stress response; (c) cyclic stress-strain 

responses [40] 

 

 

Figure 2.10 Cyclic stress-strain curve obtained by connecting tips of stabilized hysteresis loops 
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Figure 2.11 Representative strain-life curve[40] 

 

Another key concept in the strain life method is that of the strain life curve. The equation of this curve 

is  ∆ε
2

=
σ′f
E

(2Nf)b + ε′f(2Nf)c 
( 2.15) 

The first term on the right-hand side of the equation comes from an observation by Basquin in 

1910, which showed that stress-life data could be plotted linearly on a log-log scale. σ′f is the fatigue 

strength coefficient and b is the fatigue strength exponent. Both are fatigue properties of the material. Nf 
is the cycles to failure for a given strain range ∆ε. The second term on the right-hand side of the equation 

comes from independent work of Coffin and Mason who found that similarly plastic strain life data could 

be plotted linearly on a log-log scale. The ε′f term is the fatigue ductility coefficient and the c term is the 

fatigue ductility exponent. As such, equation 2.15 is an expression for total strain and is shown 

graphically in Figure 2.11. As shown, the total curve approaches the plastic line at large strain amplitudes 

and the elastic line at small strain amplitudes. Fatigue properties for a material can be obtained by the 

curve fit of equation 2.15 to experimental data for strain amplitude vs reversals to failure.  
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It is also important to note that cyclic fatigue properties are obtained from fully reversed, constant 

amplitude, strain-controlled tests. While mean strains generally have little effect on fatigue life, mean 

stresses often do, and are present in many real components.  Mean stress generally has less effect as strain 

amplitudes are increased, so errors resulting from not accounting for mean stress are lessened when 

dealing with significant plastic strain. Methods are available in the literature, such as the Walker 

relationship, which attempts to correct strain life curves from a load ratio of R=-1 to other load ratios of 

interest [41].  

2.6.3. Strain-Controlled Fatigue Testing 

Strain-Life testing practices are controlled by ASTM E606-4 Standard Practice for Strain-

Controlled Fatigue Testing [42]. This standard covers the determination of fatigue properties of 

homogeneous materials subjected to uniaxial forces. Adherence to this standard helps to ensure valid 

testing practices that are comparable to results found in the literature. The following is a summary of key 

aspects of the standard.  

Scope and general information: 

• The standard is limited to test specimens and does not extend to full scale testing of components.  

• No restrictions are placed on environmental factors.   

• All testing is to be done under constant amplitude cycling. Total strain is controlled throughout 

the cycle. 

Test Equipment: 

• Testing machine and fixtures must be well aligned. Alignment checked via a specimen with four 

longitudinal strain gauges. Bending strain must not exceed 5% of the minimum axial strain range 

to be tested. This becomes increasingly important in materials with low ductility 

• Strain maximum and minimum limits should be repeatable to within 1% of the tested strain range 

• Extensometers should be used to measure deformation in the gauge section of the specimen. 

Extensometer should qualify as Class B-2 or better with a maximum nonlinearity of 0.3% of its 

full-scale range 

• Extensometer attachment is critical. Damaged or worn contacts will result in testing errors. Use of 

clear tapes or similar are permissible to cushion the attachment to the specimen.  

• Extensometer should measure diametral deformation if used with hourglass specimens. 

• Extensometers should be calibrated before and after each test 

• Force transducer should be placed in series with the specimen. Transducer capacity should 

adequately cover the range of forces in the test. 

• Data should be recorded at a rate sufficient to determine the shape of hysteresis loops.  
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Specimen design 

• Recommended specimen geometry is provided in the standard and is shown in Figure 2.12. All 

dimensions on the specimen are relative to the gauge diameter which is recommended to be 

6.35mm (0.25in).  

• Shoulder radius should be as large as possible and radius transitions should be well blended to 

minimize stress concentrations 

• Uniform gauge specimens are frequently suitable for strain ranges up to approximately 2%. 

Increasing load train stiffness may be sufficient to use uniform gauge specimens beyond 2% 

strain ranges. Hourglass specimens may be more advantageous beyond 2% strain range.  

• Specimen end conditions are dependent on user preferences 

• Surface finish in gauge section should be as smooth as possible and finishing techniques should 

introduce minimal surface distortion. Determination of surface residual stresses on one exemplary 

specimen would be prudent 

Procedure 

• Measure specimen by means which will provide accuracy of 0.0125mm (0.0005in) at center and 

two other locations in the gauge. Minimum cross-sectional area should be used to determine 

stresses.  

• Total axial strain amplitude is most common method for test control 

• Waveform should be a triangular waveform for continuous cyclic tests 

• Either strain rate or frequency of cycling should be held constant. Rate should be sufficiently low 

as to not induce specimen heating in excess of 2 degrees C (3.6 degrees F) 

• All tests should begin in the same direction of initial straining.  

• Number of test specimens should follow STP588 Manual on Statistical Planning and Analysis 

[43] or ASTM E739 Standard Practice for Statistical Analysis of Linear or Linearized Stress-Life 

and Strain-Life Fatigue Data [44] 

o Figure 2.13 summarizes E739 section 7 pertaining to minimum number of specimens and 

percent replication 

• Failure can be determined by: 

o Separation of specimen 

o Modulus Method. Ratio of loading modulus to unloading modulus reaches half the value 

of the ratio on the first cycle 

o Microcracking. Surface cracks observed optically or by replicas that are larger than a 

defined criteria related to the test objective 
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o Force Drop. Decrease in peak force by approximately 50%. Exact criteria used should be 

documented. 

• All pertinent details should be reported as described in section 9 of the standard.  

2.7. ABAQUS overview 

ABAQUS, a finite element software package, provides two main solvers for analysis. The first is 

referred to as ABAQUS Standard, which is an implicit solver, and the second is referred to as ABAQUS 

Explicit, which is an explicit solver. Selection of a solver is an important choice before beginning a 

model. In general, ABAQUS Standard is best suited for static or quasi-static cases in which loads are 

applied without regard for trainset material behavior during the time the load is applied. This results in a 

simulation in which the load is effectively applied instantly. In order for a simulation to solve stably, the 

user defines a “time” interval at which the load will be applied. The solver will apply the load across a 

finite increment of this “time”, and iteratively solve for displacements by inverting the stiffness matrix 

until a converged solution is found. Once converged, the solver will adjust the increment time based on 

the difficulty of solving the last increment, and repeat the process. “Time”, in this case, is only time as we 

generally consider it if one sets up the model in such a way that this is the case. ABAQUS explicit 

considers dynamic effects and is generally reserved for cases in which large deformations happen in a 

short period of time. The solver does not converge at each increment and does not need to iteratively 

solve for displacement. Care should be taken when using the explicit solver as there is a critical time 

increment in which the error in the solution will become unbounded [45]. 

ABAQUS CAE is a graphical user environment which aids in the development of input files. 

Input files are text files read by the solver which contain all information about the model. A user can 

alternatively build an input file from a text editor. This may prove challenging for some aspects such as 

mesh definition of complicated geometries. In either case, once a geometry is defined, both linear and 

nonlinear material properties can be assigned to the entire geometry or to individual regions if the part 

needs to contain multiple property definitions. If ABAQUS does not explicitly have a system for defining 

a material behavior of interest, user sub-routines can be created and called by the solver. These sub-

routines allow the user to define constitutive relations pertinent to their problem. Loading and boundary 

conditions can be applied through CAE or directly in the input file.  

When defining material behaviors, it is important to note the ABAQUS requires all stress and strain 

information to be in true stress and true strain form. In most cases, experiments resulting in data to be 

used for material calibration is gathered as engineering stress and engineering strain. Methods for 

converting from engineering values to true values prior to material necking are widely accepted [46]. The 

equation to convert engineering strain (ε) to true strain (ε�) is 
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Figure 2.12 Recommended low-cycle fatigue specimen geometry from figure 1 ASTM E606 [42] 
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Figure 2.13 Specimen Sampling Summary from ASTM E739-10 [44] 

 ε� = ln (1 + ε) 

( 2.16) 

Engineering stress (σ) is equal to true stress (σ�) from zero to 2x the yield strain σ� = σ 

( 2.17) 

From 2x the yield strain to the onset of necking the equation to convert engineering stress to true stress is σ� = σ(1 + ε) 

( 2.18) 

Without knowledge of the instantaneous cross-sectional area, determination of the true values is 

challenging. Methods have been developed to estimate a relationship between engineering and true values 

beyond necking. One method [47] estimates a lower bound of the true stress true strain curve to be  σ� = � σ�Uε�Uε�U� ε�ε�U  

( 2.19) 
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Where σ�U and ε�U are the true stress and true strain at the onset of necking. The upper bound can be 

estimated as σ� = σ�U(1 + ε� − ε�U) 

( 2.20) 

True stress and strain can be obtained at failure by measuring the reduced section of the failed specimen 

and determining the cross-sectional area at failure Af. If the initial cross-sectional area is also known, the 

true stress at failure (σ�f) can estimated as σ�f = σ �Ai
Af� 

( 2.21) 

And the true strain at failure (ε�f) can be estimated as ε�f = ln �Ai
Af� 

( 2.22) 

The Bridgman correction for hoop stress must be applied to the stress estimate at failure to account for 

stress triaxiality for strains greater than approximately 0.12. The Bridgman correction factor (B) for steels 

[46] can be estimated as  

B = 0.0684 ∗ log10(ε�)3 + 0.0461 ∗ log10(ε�)2 − 0.205 ∗ log10(ε�) + 0.825 

( 2.23) 

The corrected estimate of true stress at failure (σ�Bf) becomes σ�Bf = Bσ �Ai
Af� 

( 2.24) 

The approximation of the true stress true strain curve beyond necking then becomes a weighted average 

of the upper and lower bounds given in equations 2.19 and 2.20 [47] σ� = σ�U �w(1 + ε� − ε�U) + (1 − w)� ε�ε�Uε�Uε�U�� 
( 2.25) 

Where w is an unknown weight constant. An iterative method can be applied to solve for w such that the 

solution is in agreement with the true stress and true strain at the point of failure.  

2.7.1. Finite Element Modeling Techniques 

For all but some trivial cases, finite element modeling results in an approximation of an exact 

solution. Challenges arise when quantifying error in a finite element solution when an exact solution is 

unknown. The quality of a mesh generated on a geometry of interest is of great importance in mitigating 

this error. Generally, the solver is solving the equation  
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[K]{x} = {F} 

( 2.26) 

Where K is the global stiffness matrix, x is matrix of unknown displacements, and F is a matrix of 

applied forces. Because a global stiffness matrix is dependent on nodes of the mesh, poor mesh quality 

will result in a matrix which is computationally expensive to invert and will likely contain errors. These 

errors may result in a less correct solution, especially when the errors are large. For this reason, a high-

quality mesh is of great importance. There are many ways to quantify mesh quality. Common checks for 

quality are element aspect ratio, element distortion, and element growth rate. Finite elements, regardless 

of type, will provide a mathematical solution with the least error when they have zero distortion and 

equally spaced nodes. Meshes containing highly distorted elements or elements which are stretched non-

uniformly will have an impact on the solution of the entire model. Similarly, small elements directly 

connected to large elements will result in errors in the solution as the nodes across an element act like an 

element with a large aspect ratio. Often a mesh will need to be selectively refined at a location of interest 

to keep computational costs within reasonable limits. When this is done, care should be taken to ensure 

elements grow from small to large at a reasonable rate.  

Fine elements will result in a better approximation of a solution. However the finer the mesh, the 

larger the stiffness matrix and computational time. Mesh convergence studies are frequently used to 

ensure that a mesh contains sufficiently refined element sizes to converge on a solution while keeping 

computational time to a minimum. This is done by requesting the solver to output parameters of interest, 

such as stress and strain.  One would then compare the values of the output as a function of increasing 

mesh refinement. By plotting the solution vs. a characteristic mesh parameter such as element size, one 

can observe an asymptotic behavior in the solution. By analyzing the convergence, it is possible to 

determine what level of refinement will produce sufficient results while not increasing computational 

costs and time. It should be noted that this type of study does not imply the solution has converged on a 

correct approximation of the solution. As such, convergence studies should be used on meshes that have 

high quality metrics.  

It is possible to have a large global geometry where a particular region of interest is 

comparatively small. In such cases, it can be difficult to produce a mesh that has high quality metrics and 

converges to a solution in the region of interest. While this can be done, it will often result in a model 

which is unreasonably large computationally. A technique known as submodeling has been developed to 

mitigate this problem. The application of sub-models specific to ABAQUS can be found in the ABAQUS 

documentation [48] and specific applications can be found in the literature [49], [50]. In a presentation 

pertaining to the correct application and use of submodeling, CAE Associates  [51] provides a succinct 

overview of the submodeling process.  The sub-modeling process is outlined as follows.  
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• Apply a course mesh to a global model 

• Section the model and remove geometry that is not in the region of interest 

• Refine the mesh 

• Interpolate global displacements onto the cut boundaries of the submodel 

• Compare results of global model and submodel at boundary’s 

• Evaluate the submodel. 

Because the submodel has its own geometry and mesh, local features not included in the global model can 

be added to the submodel and different element types may be used.  This method has the benefit of very 

refined meshes in a region of interest, however it is critical that the comparison of the cut boundaries be 

done to ensure the cuts resulted in a valid submodel. ANSYS, a finite element package similar to 

ABAQUS, provides documentation relevant to the analysis of the boundary cut [52]. Typically, boundary 

cuts should be made a sufficient distance away from a stress concentration. The primary way to ensure a 

cut is made far enough away is to compare results from the global model and submodel at the boundary. 

If the results are in agreement, the cut boundary is valid. If they are not, the cut should be moved farther 

away and the submodel simulation run again.  

2.7.2. Fatigue indicator parameter 

When studying fatigue of materials, one of the most debated topics is the concept of crack 

initiation. Specifically, quantifying the amount of damage required to initiate a crack requires the 

definition of what a crack is. This definition becomes a question of length scale. In many engineering 

formulations pertaining to fatigue life, such as Linear Elastic Fracture Mechanics (LEFM), the definition 

is not necessarily required. Cycles to failure can be computed as the number of cycles required to grow a 

crack from an assumed initial size to a final size resulting in fracture. The initial size is general assumed 

based on a number of factors, including minimum detection size and frequency of inspections. Therefore, 

initial crack size is based on what can be easily observed; often optically or with the help of various non-

destructive testing equipment. This approach is frequently sufficient for many engineering applications 

but does not give insight into the mechanisms of crack nucleation that may be relevant to scientific 

pursuits. One method that has shown success in assessing the early stages of crack formation and growth 

is by use of a Fatigue Indicator Parameter (FIP) [53], [54], [55], [56]. Generally, FIP’s are employed to 

evaluate crack initiation and growth on a microstructural level. One type of FIP is a critical plane 

approach which states that failure will occur when fatigue damage accumulation on a material plane 

reaches a critical limit [53]. Arguments in favor of this type of approach cite that the fatigue process is 

related to the specific material plane in which a crack begins to grow[53]. On such a length scale, crack 

tip plasticity is often large compared to the crack length which invalidates the use of isotropic continuum 
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plasticity assumptions [31], [55]. While there are numerous types of FIP’s [53], many FIP’s are 

modifications of the Fatemi-Socie criterion [57] which is expressed as  �� =
∆�
2
�1 + � �� ����� � 

( 2.27) 

Where FP is the fatigue parameter, 
∆�2  is the shear strain amplitude, �� is the material yield stress, 

K is a material constant, and �� ��� is the maximum normal stress on the critical plane. The critical plane 

as defined by Fatami-Socie is the plane associated with the maximum shear strain amplitude. Others have 

modified this definition to be the plane where FP is a maximum [53]. With this definition, it is easier to 

determine the range of planes with similar fatigue damage and does not practically influence fatigue life 

predictions [53]. The value for K can be determined through fitting of fatigue data from uniaxial tests to 

fatigue data from torsional tests. This model is based on an intuitive physical interpretation of fatigue in 

which damage will occur when a critical combination of shear on a plane causing slip and normal stresses 

opening the crack. This is illustrated in Figure 2.14 

Successful calibrations of this model have been done on numerous materials in the literature and 

have resulted in fatigue life predictions which correlate well to observed life cycles[53].  

Models utilizing FIP’s, such as the Fatemi-Socie model, also have some ability to predict crack initiation 

planes. The predictive capabilities of FIP’s for such uses are considerably less accurate than their ability 

to predict fatigue life [53]. 

 

 

 

Figure 2.14 Illustration of  Fatemi-Socie fatigue interpretation [58] 
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CHAPTER 3 MATERIAL SELECTION & CHARACTERIZATION 

3.1. Introduction 

 This work is a first step towards a model capable of determining the suitability of steels with an 

ultimate tensile strength of greater then 950MPa for use in pressure vessels designed to carry hydrogen 

gas. To provide proof of efficacy of the model described in Chapter 5 of this work, a material needed to 

be selected to calibrate the model to. Chapter 2 of this work provided insight into what general materials 

are allowed per appropriate standards for this use. It also suggested that the resultant material properties 

in a finished pressure vessel are likely affected by the manufacturing process used. The selected material 

therefore should be one that is frequently used in industry. Specimens used for mechanical testing to 

generate calibration data likewise should be taken directly from an “as manufactured” vessel.  

3.2. Material Selection  

 Through in-person discussions with local industrial gas suppliers, meetings with the Department 

of Transportation (DOT), and pressure vessel manufacturer representatives it was determined that AISI 

41XX series steel are most frequently used by industry. This family of chromium molybdenum steels is 

highly heat treatable, making it an ideal candidate for numerous pressure vessel designs. In a survey of 31 

DOT high pressure cylinders offered by one cylinder manufacturer, it was found that 29 were constructed 

of AISI 4130 [26]. Six cylinders used at the hydrogen testing facility at the National Institute of Standards 

and Technology (NIST) in Boulder Colorado were traced back to the manufacturer via shipping 

documents. By providing serial numbers for each vessel, the manufacturer was able to report that all six 

vessels were constructed of AISI 4130.  

 The above sources of information also lead to an understanding that 2400psi cylinders are most 

frequently used by industry. Manufacturer drawings of such cylinders indicated that minimum design wall 

thickness is 0.224 inches (5.690 mm) [26]. As discussed in Chapter 2, mechanical testing standards for 

fatigue life recommend a gage thickness of 0.25 inches (6.35 mm). The survey of 31 DOT high pressure 

cylinders revealed that DOT 3AA vessels can be obtained with minimum wall thicknesses up to 0.568 

inches (14.427 mm) in the case of 6000 psi (41.37 MPa) vessels[26]. Of the six vessels inventoried at 

NIST, four were 2400 psi (16.54 MPa) vessels and two were 6000 psi (41.37 MPa)  vessels, giving 

indication of their use being not uncommon.  

 The accumulation of the above information resulted in removal of one 6000 psi (41.37 MPa) 

cylinder from use at the NIST facility such that it could be utilized for testing and characterization 

purposes. The manufacture drawing is shown in CHAPTER 2 Figure 2.1. The selected vessel can be 

traced to its origin with the following information: 
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• Manufacturer: Norris Cylinder 

• MFG part number: 8BC435 

• Serial Number: 4082938Y 

3.3. Material Characterization 

 As discussed in Chapter 2 of this work, DOT3AA cylinders are most commonly manufactured by 

three different methods. The manufacture of the vessel indicated the manufacturing process was hot billet 

piercing, a hot deformation of the raw material, followed by a heat treatment. The manufacture of the 

vessel declined to provide specifics of the process. The heat treatment of the material is intended to create 

homogeneous material properties throughout the cylinder. Due to the single opening at the top of the 

vessel, differential cooling rates are likely to occur during the heat treatment process as circulation of the 

cooling medium is more restricted on the inside of the cylinder. Differential cooling rates can lead to a 

gradient in material properties as well as result in residual stresses. While this work does not attempt to 

model these effects, steps were taken to determine if such an effect should be considered for future work. 

Two methods were implemented to give insight into this effect, optical microscopy and hardness testing 

3.3.1. Microscopy 

 Optical microscopy was performed on two locations of the vessel, near the bottom at near the 

middle. Details on the exact locations can be found in the appendix. At each location, images were taken 

in three orientations, longitudinal, transverse, and radial. Images were obtained across the wall thickness 

from near the inner diameter (ID) to the outer diameter (OD) of the vessel. Removed specimens were 

prepped for optical microscopy using the following process: 

• Sectioned using wet saw 

• Hot mounted in Bakelite puck 

• Ground with SiC paper from 320 to 1200 grit with water on a planar surface.  

o 5 lbf ( 22.24 N) applied until damage layer resulting from previous (larger grit) was 

removed 

• Polished to mirror finish with diamond suspension from 10 µm to 1 µm 

• Polished with 0.05 µm colloidal silica 

o Polisher flooded with water during final 30 seconds of polishing to avoid corrosion and 

pitting due to the acid in colloidal silica 

• Polished with 0.05 µm colloidal alumina to remove surface oxide 

• Etched with 2% Nital with an exposure time of approximately 3 seconds immediately following 

previous step 
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  For the purposes of this document, all microscopy orientations are labeled as L, T, or R. These 

designators represent a plane normal to the longitudinal, transverse, and radial directions respectively. For 

example, a designator of L indicates that the image is of a plane normal to the longitudinal or long 

direction of the cylinder. This is demonstrated in Figure 3.1. 

 Characterization of microstructural constituents is a non-trivial task, even on relatively simple 

microstructures. As such, the following are first order observations which should be verified via more 

advanced techniques before results are used to drive further developments of the model.  

 Conversations with several people with various levels of metallurgical experience led to the soft 

conclusion that the microstructure would appear to be primarily bainitic with areas of pearlite and ferrite. 

It is also possible the microstructure contains martensite; however, the amount is difficult to determine 

with certainty with only optical microscopy. A published presentation from Sandia National Labs 

provided a micrograph of the same material [59]. This document indicates the material is tempered 

martensite with bainite and pearlite. This micrograph is provided in Figure 3.2 alongside a micrograph 

taken for this work. 

 In general, no strong conclusions were made with respect to the microstructure as a function of 

location within the pressure vessel. Micrographs for the bottom, middle, and top have visually similar 

microstructures. Likewise, no strong trends were observed in comparisons of the L, T, and R orientations 

as shown in Figure 3.3. All orientations in all directions showed evidence of equiaxed inclusions. The 

only trend observed in this work was that of a gradient through the wall thickness. This is evidenced in 

micrographs of the L and T orientations where specimens were taken across the entire wall thickness. In 

all three locations, (bottom, middle, and top) minimal banding was observed in low zoom images taken 

near the inner diameter (ID) of the vessel. This banding fades and vanishes as a function of distance to the 

outer diameter (OD) as can be seen in Figure 3.4. The banding is oriented perpendicular to the radial 

direction. Given the localized nature of the banding, i.e. within 6mm of the inner diameter, it is not 

expected that this microstructural feature will affect test results. 

3.3.2. Hardness testing 

 Preliminary macro hardness measurements were taken on specimens removed from the middle of 

the vessel using a Leco Wilson Rockwell Series 2000 hardness machine. A Rockwell B hardness indenter 

was used and calibrated to a hardness standard of 84 ± 1.5 HRB. Measurements were taken in two lines 

from the ID to the OD. Figure 3.5 shows the measured hardness as a function of wall thickness. As shown 

the hardness trends upwards slightly from approximately 96HRB at the ID to 97.5 HRB at the OD. All 

values fall within the tolerance of the standard indicating the trend may be an artifact of variability in the 

testing method.  
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Figure 3.1 Representative microscopy specimen removal process. (a) L orientation (b) T orientation 

(c) R orientation 
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Figure 3.2 (a) 4130X microstructure reported as tempered martensite with bainite and pearlite [59] 

(b) AISI4130 removed from middle of cylinder. L orientation near ID of vessel. Greyscale used for color 

balance. 

 

 

 

Figure 3.3 AISI 4130 from bottom of cylinder. Greyscale applied for color balance. (a)  L 

orientation (b) T orientation (c) R orientation 
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Figure 3.4 AISI 4130 from bottom of cylinder. L orientation. Greyscale applied for color balance. 

(a) near ID (b) near middle (c) near OD 

 

 Further hardness testing was performed using a Clemex model MMT-X7B micro-hardness 

machine. Vickers hardness indenter was calibrated to a standard with a value of 750 HV. One specimen 

from the L orientation and one from the T orientation were removed from a location near the macro 

hardness specimen. A Vickers hardness indenter was used to probe along five lines from the ID to the OD 

on each specimen. Indents along the line were spaced at 500µm and each line is spaced at 250µm. As 

shown in Figure 3.6, the hardness trends upward from ID to OD as was seen in the macro hardness data. 

This trend is likely a result of faster quench that can be achieved at the OD of the cylinder. Cooling 

medium has a restricted flow at the ID resulting in a slower quench, larger grains, and decreased hardness. 

The apparent difference in average hardness between orientations shown in Figure 3.6 is likely artifact of 

the color scale. 

3.3.3. Hydrogen Concentration 

 All specimens used in this work were taken from a cylinder which was removed from hydrogen 

service. The cylinder was reported to be relatively new, however an exact date of manufacture was not 

determined. Hydrogen tends to rapidly outgas from the lattice and weak traps at room temperature in 

steels, however it is common to observe residual hydrogen remaining in strong traps within the steel on 

the order of approximately 2ppm [13]. Subcritical crack growth tests on specimens with residual 

hydrogen in strong traps have been shown to have only modest effects [13]. The strongly trapped 

hydrogen can only be removed from the material if a driving force, such as an increase in temperature, is 

employed. As this work is focused on building a modeling framework as a baseline for future research 

efforts, steps were not taken to remove the strongly trapped hydrogen. A Leco RH-404 hydrogen analyzer 

was used to determine the amount of hydrogen in the cylinder. The machine was calibrated to a Leco 

reference material (part number 502-856, lot number 0660) containing 5.1 ± 0.7 ppm hydrogen. Three 
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samples were removed from the cylinder which returned values of 2.26ppm, 2.81ppm, and 1.53ppm. 

These values are consistent with the amount of hydrogen expected in strong traps after outgassing has 

occurred and is not expected to significantly affect fatigue life.  

 

 

 

 

 

 

Figure 3.5 Macro Hardness results as a function of wall thickness 
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Figure 3.6 Micro Hardness results in Vickers Hardness. (a) Specimen in T orientation. (b) Specimen 

in L orientation 

  



49 

 

 

CHAPTER 4 STRAIN LIFE TESTING 

4.1. Introduction 

Uniaxial, fully reversed, constant strain amplitude fatigue tests were performed on AISI 4130 in 

laboratory air environment by use of strain-controlled load application. The choice of fully reversed 

testing (R=εmin/εmax=-1) is twofold. The standard ASTM E606 Standard Practice for Strain-Controlled 

Fatigue Testing [42] recommends this condition to ensure the validity of functional relationships derived 

from such testing. Second, although in-service pressure vessels experience a global load ratio closer to 

R=0 (zero minimum load, design pressure maximum load), the material response at a crack tip often 

experiences different effective load ratios. As such, fully reversed tests serve to represent material 

behavior of interest to this project. 

The fatigue response of a material is influenced by temperature and deformation history, among 

other things. Because DOT3AA pressure vessels are manufactured by methods which add to both the 

temperature and deformation history, all test specimens were machined from a DOT3AA cylinder 

qualified for use in hydrogen service. Two orientations relative to the pressure vessel, longitudinal and 

transverse, were tested. Due to wall thickness constraint, fatigue tests were not performed in the radial 

direction.  

4.2. Specimens 

A DOT 3AA cylinder manufactured by Norris Cylinder, serial number 4082938Y, was provided 

by the National Institute for Standards and Technology (NIST). It was determined by Norris Cylinder that 

the serial number in question related to an internal part number 8BC435. Norris Cylinder provided a 

manufacture drawing for the part number which is shown in CHAPTER 2 Figure 2.1. Note that the 

drawing is for the associated part number, not the exact vessel. Some dimensions are known to deviate 

from the nominal dimensions in the drawing. For example, the actual wall thickness of the vessel used for 

this work was 0.625in (15.875mm) which is larger than the minimum value of 0.568in (14.43mm) stated 

in the drawing.   

A materials tractability log was established for this project to ensure all specimens removed from 

the vessel could be tracked. The full log and drawing showing specimen removal locations are available 

the appendix. In conjunction with the traceability log, machined specimens were assigned a traveler in 

which all pertinent testing details were recorded. All travelers can be found in the appendix. All 

machining was handled by Laboratory Testing Inc. (LTI). Figure 4.1 shows the specimen geometry used. 

The appendix includes all drawings used for the manufacture of test specimens.  
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4.2.1. Specimen design 

The ASTM E606 standard details recommended specimen geometry to help ensure the generation of 

test results comparable to other laboratories and to what is found in the literature. An overview of 

recommended geometry is provided in CHAPTER 2 Figure 2.12. The geometry of test specimens for this 

research deviated from the recommendations of ASTM E606 for the following reasons: 

1. Constraints imposed by the wall thickness and curvature of the vessel that specimens were 

removed from. 

2. Constraints imposed by the testing equipment used at NIST for future testing in a pressurized 

hydrogen environment. 

a. Note, no tests in a pressurized hydrogen environment were conducted during the course 

of this work. Specimens were designed to facilitate testing in hydrogen and were used 

here to ensure that results are directly comparable.  

Test equipment used at NIST consists of an MTS load frame with an attached pressure vessel. The vessel 

is attached to the load frame such that the vessel is fixed to the base and the servo-hydraulic actuator 

enters the vessel through the top. Figure 4.2 shows the test apparatus. Typical specimen loading procedure 

for this setup is as follows: 

• With the vessel raised, attach the specimen to the fixed load cell at the base of the frame via an 

appropriate grip. Hydraulic type gripping mechanisms are not available for this apparatus due to 

the presence of the pressure vessel. 

• Attach instrumentation to the specimen and connect to wiring adapters allowing pass-through to 

outside the vessel when assembled.  

• Lower vessel over specimen and attach to base. 

• Insert pull-rod through top of vessel and attach to specimen. Note that this step is performed 

“blind”. 

• Attach pull-rod to servo-hydraulic actuator. 

 

The recommended specimen geometry detailed in ASTM E606 was used as the basis for the 

specimen design. A uniform gauge diameter of 0.25 inches (6.35mm) was chosen to be a hard constraint 

in the design. The dimensions pertaining to gauge length, transition radius, and shank diameter were 

allowed to vary within recommended values in the standard. Both previously mentioned specimen design 

constraints prohibited adherence to overall length of the specimen. End connection type was dictated by 

the test equipment constraint. Previous testing of dogbone-type specimens conducted in the NIST 

hydrogen test apparatus have been performed at positive load ratios (R>0), resulting in the specimen 

never being loaded in compression. In such cases, threaded connections have been used without the need 
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for devices to lock the thread and prevent vertical movement when the load direction changes. First-order 

calculations were performed with respect to fatigue of a threaded connection in fully reversed loading. 

Conservative assumptions pertaining to expected loads and material properties were made based on test 

results in the literature of similar materials tested in air [13], [41], [60], [61]. Results of these calculations 

indicated the threads may fail before the specimen gauge as a design for infinite life of the threaded 

connection was unattainable. Strain-controlled fatigue tests on threaded AISI4130 specimens have been 

shown to fail in the threaded section as early as 15,500 cycles[60]. Without provisions for hydraulic 

clamping, specimens having smooth grip sections were not considered. As a result, only the button head 

grip was considered. First-order calculations were iteratively performed to determine a button head 

diameter and length that would not shear and could be reasonably manufactured from the cylinder wall in 

the transverse orientation. The resulting specimen geometry is shown in Figure 4.1. Final geometry is 

compliant with ASTM E606, apart from overall length and button head diameter. 

 

 

Figure 4.1 Final fatigue test specimen geometry. All Dimensions inch 
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Figure 4.2 Hydrogen Testing Apparatus at NIST. (a) Cut away view of pressurized hydrogen testing 

vessel. Note the drawing is an inverted view. (b). Entire assembly mounted to a load frame. 

4.3. Equipment 

 Monotonic and fatigue tests were conducted on three test frames, all of which were MTS 

Landmark Load frames. The first was a tabletop type frame (tabletop), the second, a freestanding frame 

(freestanding), and the third was a freestanding frame with the ability to do thermomechanical loading 

(TMF). The load cell capacity associated with each frame was 25kN, 100kN, and 100kN, respectively.  

Hydraulic collet grips were used on the TMF and hydraulic wedge grips were used on the other two (table 

top and freestanding).  The load frame and grips used for each test is recorded in the specimen traveler. In 

all cases, alignment was maintained within 20um bending strain. The test systems were controlled via 

MTS 793 software with Multipurpose Elite or Multipurpose TestWare, depending on the type of data 

collection being employed. A total of 200 points per test cycle were collected in all cases. For longer 

duration tests, Multipurpose Elite was used to record data at set cycle intervals to avoid excessively large 

data files. For all tests, strain was controlled via an MTS extensometer, model number 634.31E-25 which 

has a gage length of 0.5 inches (12.7 mm) and a strain rage of +0.2 in / -0.1 in (5.08 mm/- 2.54 mm). The 

serial numbers of the exact extensometer used in each test were recorded in the specimen traveler. The 

extensometer was calibrated to the full strain range before initial use and checked periodically between 

tests. The strain control servo-hydraulic PID controller was tuned for each test frame using procedures 

found in the MTS 793 manual [62].  
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4.4. Verification and adherence to strain controlled fatigue testing standards 

All fatigue tests performed for this work conformed to ASTM E606 [42]. The standard provides 

definitions, testing protocols, and data collection guidelines. Of primary importance are the three 

guidelines to ensure test validity. They are summarized as follows: 

1. The testing machine and fixtures must be well aligned. Bending strain must not exceed 5% of the 

minimum axial strain range to be tested 

2. Specimen geometry should comply with figure 1 of the standard. 

3. Strain maximum and minimum limits should be repeatable to within 1% of the tested strain range 

4.4.1. Procedures employed to ensure test validity per ASTM  

Equipment verification, test procedures, and specimen design were all tailored to ensure the three 

criteria listed in the previous section were satisfied for each test. The following details the steps used to 

ensure these criteria were met and are listed in the same order as presented in section 4.4. 

To ensure the testing machine and fixtures were well aligned, machine alignment was verified 

before the start of testing. A strain-gauged alignment specimen of the same diameter as the test specimens 

was used to determine the amount of misalignment. Target alignment was determined based off the 

smallest strain range of planned testing, 0.0021 mm/mm. Maximum misalignment per ASTM E606 of 5% 

of this range results in 105 microstrain. A target value was established of +/- 20 microstrain to ensure any 

drift would not result in misalignment outside of the allowable tolerance. Alignment was checked 

periodically throughout testing as well as at the end of testing on a particular test frame to ensure 

alignment drift was not substantial.  

1. All specimen dimensions, except for overall length and button head diameter, were inspected to 

ensure the manufactured dimensions fell within guidelines established in ASTM E606. The 

manufacturing vendor, LTI, provided inspection reports for all critical dimensions on each 

specimen. Random specimens were inspected upon delivery to ensure provided reports were 

accurate.  

As discussed in section 4.2.1, overall length and button head diameter were designed outside of 

ASTM E606 guidelines. Calculations pertinent to shearing of the button head were performed. 

The following steps were taken to ensure the shortened overall length would not influence test 

results. Specimens were manufactured in the following configurations from ASTM A-36, a well 

characterized material: 

• Compliant to all ASTM E606 guidelines 

• Overall length equal to design length. Threaded shank end connection 

• As designed for testing 
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Monotonic tensile tests were performed on two specimens for each configuration. Yield strength 

and tensile strength were compared to one another as well as to published literature data. All 

resulting values agreed as Table 4.1. Specimen drawings for each configuration can be found the 

appendix.  

2. Verification of strain maximum and minimum limits were performed upon completion of the test. 

Plots of maximum and minimum total strain vs cycles were generated to ensure the strains 

experienced throughout a test remained within acceptable limits 

 

Table 4.1 A36 material property comparison for several specimen geometries  

 E606 Compliant Thread Head Button Head Literature  [63] 

Specimen # V05 V06 V03 V04 V01 V02 NA 

0.2% Offset Yield 

Stress [MPa] 

285.1 282.4 282.8 273.3 265.5 266.3 250 

Tensile Stress [MPa] 492.1 484.6 489.5 487.0 467.0 471.2 400-550 

 

4.5. Fatigue Test Matrices 

 The goal of this project is to develop a model that can be used to compare and correlate the three 

testing methods described in ISO11114-4 Test Methods for Selecting Steels Resistant to Hydrogen 

Embrittlement [15]. As discussed in CHAPTER 2, strain-controlled fatigue tests can provide the 

information necessary to calibrate the plastic deformation response in the finite element package 

ABAQUS. A sufficient number of tests can also provide a strain-life curve which can be used to predict 

cycles to failure for arbitrary strain ranges. Such information will also provide insights into plastic 

deformation and mechanisms of crack initiation that will aid in the proposed ranking and correlation. To 

best achieve this goal, a test matrix was developed. As discussed in CHAPTER 2 the standard ASTM 

E739 Standard Practice for Statistical Analysis of Linear or Linearized Stress-Life and Strain-Life Fatigue 

Data [44] provides information about the statistical validity of a test program. It was desired to have 

statistical significance that would fall in the category of “Research and development testing of 

components and specimens”. In accordance with this standard, the minimum number of total tests run 

should be six with two of the tests being duplicates for each strain-life curve to be created.  

In-service conditions for hydrogen bearing pressure vessels were considered to determine the 

maximum number of cycles of interest. Based on a vessel being cycled once per day for a normal 260 

working days per year, 2600 cycles would occur in a ten-year inspection interval. To ensure this range 

was covered by the testing, a maximum fatigue life was chosen to be at 10,000 cycles. A strain range 
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associated from this value was estimated from published data of a similar material [41]. A minimum life 

cycle number was determined to correspond with a strain amplitude near the materials UTS. It was found 

that the onset of necking on the first cycle would lead to erratic behavior on subsequent compressive 

cycles. A complete test matrix is available the appendix.  

4.6. Test results 

A total of six specimens having a longitudinal orientation were tested in fully reversed loading at 

four independent strain ranges. This combination of total specimens and unique strain ranges results in a 

statistically significant data set per ASTM E739: Standard Practice for Statistical Analysis of Linear or 

Linearized Stress-Life (S-N) and Strain-Life (ε-N) Fatigue Data [44]. The level of significance 

corresponds to a test program suitable for “Research and development testing of components and 

specimens”. This level is listed between “Preliminary and exploratory” and “Design allowables data”. In 

addition, three fatigue tests were performed on specimens having a transverse orientation. A single 

monotonic tensile test was also performed to determine the material’s monotonic properties. A summary 

of all fatigue test results is provided in Table 4.2. A summary of monotonic results is provided in Table 

4.3 and a monotonic stress strain curve is shown in Figure 4.3. 

All fatigue tests were run at a strain rate of 0.008 -/s  as shown in Table 4.2 Summary of 

fatigue test results. This value corresponds with a frequency of 1 Hz at a strain range associated with an 

estimated failure of 500,000 cycles, the maximum number of cycles anticipated for possible future 

testing. The frequency of 1 Hz is dictated by restrictions of the hydrogen testing setup at NIST. All tests 

were run at this rate to provide consistent results. The rate is lower than maximum recommendations in 

ASTM E606 [42]. Monotonic tests were conducted in accordance with ASTM E8 Standard Test Methods 

for Tension Testing of Metallic Materials [64]. 

 

Table 4.2 Summary of fatigue test results 
Specimen Orientation R �̇ -/s ∆ε Stabilized ∆εp Stabilized ∆εe Nf 

CL05 Longitudinal -1 0.008 0.1000 0.0890 0.0110 
49 

CL24 Longitudinal -1 0.008 0.0400 0.0325 0.0074 103 

CL25 Longitudinal -1 0.008 0.0399 0.0326 0.0072 153 

BL51 Longitudinal -1 0.008 0.0196 0.0137 0.0059 1613 

CL14 Longitudinal -1 0.008 0.0196 0.0135 0.0061 
1381 

CL08 Longitudinal -1 0.008 0.0084 0.0033 0.0050 16000 

CT19 Transverse -1 0.008 0.0399 0.0332 0.0067 81 

CT17 Transverse -1 0.008 0.0186 0.0128 0.0058 
1201 

CT06 Transverse -1 0.008 0.0084 0.0033 0.0051 20121 

 



56 

 

Table 4.3 Summary of Monotonic Properties 

Specimen Orientation Youngs Modulus 

[GPa] 

Yield Stress 

[MPa] 

0.2% Offset Yield 

Stress [MPa] 

Ultimate Tensile 

Strength [MPa] 

CT18 Transverse 215 570 571 739 

 

 

 

 

Figure 4.3 Monotonic stress-strain response for specimen CT18. Testing strain rate was 0.015 -/min 

4.6.1. Failure Criteria and Stabilized Cycle 

Cycles to failure (Nf) were determined by fitting a line to the stabilized linear regime of a peak 

force per cycle vs cycle plot. The line is offset by 10% and the resulting line’s intersection with the 

experimental data is determined to be failure. This is a point where the materials load carrying ability is 

rapidly decreasing indicating a crack has initiated, even if it is visually imperceptible.  A representative 

figure demonstrating this process is shown in Figure 4.4. The stabilized cycle was chosen to be the cycle 

halfway to failure (halflife), a common technique used in strain-life fatigue analysis [40]. The total strain 

range (∆ε) was held constant throughout the test duration. The plastic strain range (∆εp) and the elastic 
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strain range (∆εe) were determined at the stabilized cycle. When the stabilized hysteresis loop is plotted, 

∆εp is the width of the hysteresis loop at zero stress. ∆εe is then calculated as the difference of ∆ε and ∆εp. 

This is shown graphically in Figure 4.5. 

 

 

 

 

Figure 4.4 Peak positive force vs cycles plot. Linear fit and offset of stabilized region used to 

determine cycles to failure. Test conditions: �̇ = 0.008 −/� , ∆� = 0.0196, R=-1 
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Figure 4.5 Graphical description of total and plastic strain ranges. Specimen CT19 cycle 40. Test 

conditions: �̇ = 0.008 −/� , ∆� = 0.0399, R=-1  

4.6.2. Anisotropic Results 

 Material response was evaluated to determine if the AISI4130 steel exhibited anisotropic fatigue 

response, and therefore should be accounted for in the model.  This was accomplished by comparing 

longitudinal and transverse specimen results from tests conducted at identical strain ranges. Figure 4.6 

and Figure 4.7 indicate that the material has an isotropic response with respect to softening behavior when 

comparing the longitudinal and transverse orientations. Though there is some variability in the number of 

cycles to failure, the variability is quite small and likely within the scatter produced by the statistical 

nature of material failure.  Furthermore, fatigue life has been shown to be affected by inclusion 

orientation.  Given the manufacturing processing experienced by pressure vessels, one might expect 

elongated inclusions in the vessels longitudinal orientation [65]. Optical Microscopy shown in CHAPTER 

3 of this work, indicates equiaxed inclusions in all orientations. Furthermore, of the three tests run in the 
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transverse orientation, two had shorter cycles to failure while the third had longer cycles to failure when 

compared to their longitudinal counterparts.  The variability in cycles to failure was also seen in the 

longitudinal tests in which duplicate tests were performed. This can be seen by the data presented in 

Figure 4.8. As such, it is believed that the spread of cycles to failure is within expected experimental 

variability associated with fatigue testing.  

 

 

Figure 4.6 Force vs Cycles Comparison for specimens CL08 (longitudinal) and CT06 (transverse). 

Material softening behavior is isotropic. Test conditions for specimen CL08: �̇ = 0.008 −/� , ∆� =

0.0084 , R=-1. Test conditions for specimen CT06:  �̇ = 0.008 −/� , ∆� = 0.0084 , R=-1 
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Figure 4.7 First cycle and stable cycle comparison for specimens CL08 (longitudinal) and CT06 

(transverse). Material softening behavior is isotropic. Test conditions for specimen CL08: �̇ = 0.008 −
/� , ∆� = 0.0084 , R=-1. Test conditions for specimen CT06:  �̇ = 0.008 −/� , ∆� = 0.0084 , R=-1 
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Figure 4.8 Force vs Cycles for two longitudinal specimens (BL51 & CL14) and one transverse 

specimen (CT17) Isotropic behavior is observed with respect to softening and cycles to failure. Test 

conditions for specimen CL08: �̇ = 0.008 −/� , ∆� = 0.0084 , R=-1. Test conditions for specimen 

CT06:  �̇ = 0.008 −/� , ∆� = 0.0084 , R=-1 

4.6.3. Strain Life Results 

The results for all strain-controlled tests performed as part of this work have been compiled in a 

traditional strain-life plot.  In particular, the strain amplitude for each test is plotted versus the cycles to 

failure and is provided in Figure 4.9. Furthermore, the strain range, inelastic strain range, and 

accumulated inelastic strain versus cycles to failure are provided in Figure 4.10 and Figure 4.10, 

respectively. 
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Figure 4.9 Total strain amplitude vs cycles to failure for all experimental testing. All tests performed 

at �̇ = 0.008 −/� , and   R=-1  

 

Figure 4.10 Total strain range vs cycles to failure for all experimental testing. All tests performed at �̇ = 0.008 −/� , and R=-1 
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4.6.4. Determination of Strain-Life Fatigue Properties 

 Fatigue-life methods were reviewed in CHAPTER 2 of this work. The strain-life method is a 

natural choice of analysis of life predictions when plastic deformation is non-negligible. Results from 

longitudinal strain-controlled tests detailed in section 4.6.4, and provided in Figure 4.9-Figure 4.10 were 

used to determine strain-life material properties.  The strain-life constants are listed in Table 4.4.  

Literature values are also provided for AISI4130 of a different heat treatment. Comparison of model 

constants indicate that the values determined as part of this work are within appropriate limits for the 

material.  

The properties listed Table 4.4 are the fatigue strength coefficient (�′�), the fatigue strength 

exponent (b), the fatigue ductility coefficient (�′�), the fatigue ductility exponent (c), the cyclic strength 

coefficient (K’) , and the cyclic strain hardening exponent (n’). Determination of these material properties 

is done by curve fitting of experimental data. The fatigue strength properties are fit using the equation ∆�
2

=
�′�� (2��)� 

( 4.1) 

Where 
∆�2  is the true stress amplitude. Likewise, the fatigue ductility properties are fit using the equation ∆��

2
= �′�(2��)� 

( 4.2) 

Where 
∆��2  is the plastic strain amplitude. These equations can then be combined to form the strain life 

equation ∆�
2

=
�′�� (2��)� + �′�(2��)� 

( 4.3) 

Figure 4.11 shows the experimental longitudinal data separated into elastic strain, plastic strain, 

and total strain along with the corresponding curve fits. A correlation coefficient value (R2) of 0.9572 and 

0.8220 were achieved for the plastic and elastic components, respectively. A curve was not created for the 

transverse orientation as a statistically significant number of tests was not conducted. 
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Figure 4.11 Strain-Life curve determined from experimental results in the longitudinal direction. All 

tests performed at �̇ = 0.008 −/� , and   R=-1 

 

Table 4.4 Determined fatigue properties compared with literature values for AISI4130 of various 

heat treatments 

Source Material UTS 

[MPa] 

�′� b �′� c K’ n’ 

This 

Work 

AISI4130 739 1634 -0.113 0.3296 -0.501 1277 0.18 

SAE 

J1099 

AISI4130 778 1261 -0.077 0.985 -0.648 1264 0.119 

 

 Analogous to a monotonic stress-strain curve, a cyclic stress strain curve can be determined by 

overlaying the stabilized hysteresis loops for each strain range tested and connecting the tips of the loops 

(max stress/strain and min stress/strain) with the equation � = �′���′ 
( 4.4) 
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K’ and n’ are determined via fitting this equation to the data pairs coinciding with max 

stress/strain and min stress/strain. The resulting curve is shown in Figure 4.11 and can be used to 

approximate the stabilized hysteresis loop at any strain range within reasonable bounds. The stabilized 

stress-strain curve shown in Figure 4.11 matches the data well for strain amplitudes below 0.05. However, 

it does not capture the 0.05 strain amplitude well. This amplitude corresponds with plastic strain 

approaching the materials ultimate tensile strain. As such, this amplitude is approaching the limit for 

appropriate fatigue testing. The next largest strain amplitude used for the fit is 0.02 which corresponds to 

approximately 100 cycles to failure. Therefore, estimations of stabilized hysteresis loops for strain ranges 

above 0.04 (0.02 amplitude) should not be based on the values of K’ and n’ provided here. 

 

 

Figure 4.11 Cyclic stress-strain curve determined from longitudinal experimental data. Test 

conditions for specimen CL24: �̇ = 0.008 −/� , ∆� = 0.040 , R=-1, specimen CL25:  �̇ = 0.008 −/� , ∆� = 0.0399 , R=-1, specimen BL51: �̇ = 0.008 −/� , ∆� = 0.0196 , R=-1. CL14:  �̇ = 0.008 −/� , ∆� = 0.0196 , R=-1, specimen CL08: �̇ = 0.008 −/� , ∆� = 0.0084 , R=-1. 

 

4.6.5. Conclusion 

 A total of six longitudinal specimens and three transverse specimens were fatigue tested in strain 

control in accordance with ASTM E606 [42]. In all tests the material exhibited cyclic strain softening 

behavior. The cyclic stress-strain response from these nine tests provide sufficient data to calibrate a 
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combined hardening constitutive model. Such a model can be used on any geometry and loading 

combination provided the estimated strain ranges of interest are within the upper and lower bounds of the 

tests conducted, ∆� =0.0084 and, ∆�=0.1001 respectively. Material parameters used to define a 

statistically significant strain-life curve and a cyclic stress-strain curve were obtained using data from six 

longitudinally oriented specimens. The strain-life curve provides the ability to predict cycles to failure as 

a function of strain amplitude and the cyclic stress-strain curve provides the ability to estimate stabilized 

hysteresis loops at arbitrary strain amplitudes, a useful tool for model calibration.  
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CHAPTER 5 MODELING 

5.1. Introduction 

The loading conditions that DOT3AA steel pressure vessels carrying hydrogen gas experience 

while in-service, and the methods used to qualify materials for such use, were discussed in CHAPTER 2. 

A modeling framework has been developed to facilitate the comparison of in-service conditions to each of 

the three test methods detailed in ISO 11114 Transportable Gas Cylinders – Compatibility of Cylinder 

and Valve Materials with Gas Contents Part 4: Test methods for selecting steels resistant to hydrogen 

embrittlement [15]. All three test methods and the in-service condition will experience plastic 

deformation either on a global scale or locally at a crack tip. The model can capture this plastic behavior 

through implementation of the Chaboche cyclic plasticity model. The constitutive relationship prescribed 

by this method and discussed in CHAPTER 2, allows for combined isotropic and kinematic hardening or 

softening effects. As such, complex non-linear deformation behavior including ratcheting, the 

Bauschinger effect, relaxation of the mean stress, and plastic shakedown can be captured. The Chaboche 

method has been implemented within the finite element software package ABAQUS so it can be applied 

to the geometry and loading conditions of interest.   

5.2. Calibration 

ABAQUS has built-in provisions for the implementation of the Chaboche method. In order to 

utilize this functionality correctly, calibration to experimental data must be performed for any material of 

interest. Calibration parameters may be estimated by utilization of the first half cycle of a constant strain 

range test; however, the most robust calibration requires the use of the stabilized hysteresis loop for the 

strain range of interest. Strain-Life fatigue data collected as a part of this work, and detailed in CHAPTER 

4, was used to calibrate the model to AISI 4130.  

Isotropic and kinematic material hardening responses are calibrated separately within ABAQUS. 

The isotropic portion of the Chaboche method utilizes the Voce hardening equation �0 = �|0 + �∞(1 − �−�����) 

( 5.1) 

which relates the size of the yield surface, �0, to the equivalent plastic strain, ��̅� .  This equation is 

frequently used to describe the shape of the plastic portion of a stress-strain curve under purely isotropic 

hardening. As it is implemented in the combined hardening model within ABAQUS it relates the yield 

stress for the current cycle to the equivalent plastic strain. Because equivalent plastic strain is a scalar 

value and plastic strain is not recoverable, ��̅� is a monotonically increasing term representing the amount 
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of plastic strain accumulated. In this way, this relationship uses the amount of plastic strain accumulated 

in a given loading period to inform the material response as to the value for the subsequent yield stress.  

The initial yield stress of the material is �|0. The terms �∞ and b could be considered material 

properties as they have a physical meaning. With respect to how the Voce equation is being implemented 

within ABAQUS, �∞defines the total amount of hardening or softening the material will experience from 

initial yield to a point where the material properties stabilize. The b term defines the rate at which the 

material hardens or softens. These parameters must be calibrated for each strain range of interest as the 

rate and amount of hardening or softening varies as a function of strain range. When calibration is applied 

to a well-behaved material the process is relatively simple. The initial yield stress is easily obtained from 

strain-life fatigue data. Equivalent plastic strain and the associated yield stress likewise can be extracted 

from such data. Equation ( 5.1 can then be fit to these data pairs to obtain the terms �∞ and b.  

To improve computational efficiency of the finite element models the calibration was applied to, not 

all cycles from fatigue test results are simulated. Rather, equally spaced cycles are selected from the first 

cycle to the stabilized cycle. For example, the calibration of specimen CL25 (strain range ∆ε=0.0399) has 

a stabilized cycle at 76 cycles based on the criteria detailed in CHAPTER 4. The calibration of this 

material utilized �0, ��̅� data pairs at cycles 1, 11, 22, 33, 44, 55, 66, and 77 where ��̅� is the equivalent 

plastic strain accumulated based on simulated cycles. In this way, every 1 cycle simulated within 

ABAQUS, is representative of ten experimental cycles. Likewise, actual accumulated strain is equal to 

ten times the simulated accumulated strain. The value for b in equation ( 5.1 is affected by this process. 

Larger numbers of simulated cycles between the first cycle and the stable cycle will result in smaller 

values of b (lower rate of softening).  

As detailed in CHAPTER 2, the kinematic portion of the Chabouche method involves a relationship 

between N backstresses,  �, and equivalent plastic strain, ��̅�, where N is a number between one and ten. 

This relationship is 

� = ����
�=1  

( 5.2) 

where the hardening laws for each backstress, �� are described by 

�̇ = �� +
1�0 (� − �)�̅̇�� − �����̅̇�� 

( 5.3) 

The backstress terms �, represent the materials resistance to idealized plastic flow based on the 

initial hardening moduli. The terms �� and �� are related to the initial hardening moduli and rate at which 

it decreases as a function of increasing plastic strain, respectively. One of each �� and �� terms must be 



69 

 

determined for each backstress. The number of backstresses used will change the shape of the stress-

plastic strain curve. The effect of increasing N on the shape decreases as the value is increased. The 

summation of backstresses is shown in 1D in Figure 5.1. The value of N can be adjusted until the plastic 

deformation response fits the material well. For the calibration of AISI4130 performed in this work, three 

backstresses (N=3) resulted in a good fit. 

 

 

Figure 5.1 Effects of superposition of backstresses on plastic flow shape in 1D [39]  

 

 There are three methods in which the calibration of the kinematic material response can be 

implemented in ABAQUS. First, data from the initial loading cycle of a unidirectional tension or 

compression experiment can be utilized. This method is adequate for situations when the number of 

cycles being simulated is low. However, the solutions accuracy deteriorates as cycles are increased [39]. 

For the second and third methods, the loading half (increasing strain) of the stress-plastic strain stabilized 

hysteresis loop is utilized. For purposes of this discussion, this type of data set will be referred to as the 

plastic half loop. Integration of equation ( 5.3) with an exact match for the first data pair (σ, εp ) in the 

plastic half loop provides 
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�� =
���� (1 − �−���∗��) + ��,1�−���∗�� 

( 5.4) 

Where ��,1 is the initial value of the kth backstress.  Performing a curve fit of this equation to the 

experimental data composing the plastic half loop can provide �� and �� for a given number of 

backstresses. Determined parameters may then be input directly into ABAQUS. Alternatively, the stress-

plastic strain data pairs can be input directly into ABAQUS. When this is done, ABAQUS will determine 

the parameters automatically. The advantage to this approach is obvious. However, doing so removes the 

user’s ability to fine tune the parameters to achieve a better fit.  Calibration of the kinematic portion to 

experimental fatigue data gathered in this work was performed by allowing ABAQUS to determine the 

parameters �� and ��. The final calibrations for each strain range tested resulted in simulation responses 

very close to experimental data.  

Monotonic calibration requires a representative data set consisting of true stress and true strain 

pairs. These data pairs are then input directly into ABAQUS to define material behavior. Engineering 

stress and strain from experimental data were converted to true stress and strain to the point of failure. 

The conversion followed the method described in CHAPTER 2. Cross sectional area of the gage section 

was obtained via optical comparator. The Bridgman correction factor for steel, equation 2.23 was 

employed to account for the hoop stresses present at the time of failure. The correction factor, B, was 

determined to be B=0.8336. The resulting true stress and true strain at failure were determined to be 

σf_true=1081 MPa and εf_true=0.957. Upper and lower bounds described in equations 2.20 and 2.19 were 

determined for the data from UTS to the failure data point.  The weighting method described in equation 

2.25 was employed by use of the factor w=0.238 to obtain the final curve [47]. The results of this process 

are provided in Figure 5.2.  

In the case of AISI4130 used for calibration of this work, the initial monotonic yield stress could 

not be used for the initial cyclic yield stress term, �|0. The material exhibits an elastic perfectly plastic 

behavior prior to the first unloading, as shown in Figure 5.3. This is common in many steels, particularly 

low carbon steels and is generally referred to as yield point phenomenon [66]. Specifically, when the 

material reaches its yield point, a discrete band of deformed material is formed at approximately 45 

degrees to the tensile axis. This band is often referred to as a Luders Band. Multiple bands then form 

which can cause the flow stress curve to become irregular. After the bands have propagated across the 

entire gage length of the specimen the material plastic flow will increase with rising stress as expected 

[66]. This behavior can be captured in ABAQUS for monotonic calibrations, however it cannot be 

directly accounted for in a cyclic calibration. As the cyclic behavior exhibits a roundhouse type flow for 

all but the first cycle, the elastic perfectly plastic behavior is ignored in the cyclic material calibrations. 
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As a result, the initial yield stress term was modified until the simulated stress matched the experimental 

stress at the end of the first quarter cycle (maximum strain). This is shown in Figure 5.4 

 

 

Figure 5.2 True stress true strain to failure. CT18 test results from strain rate: �̇ = 0.015 −/��� 

 

It is possible to seed initial plastic strain on a node-by-node basis within ABAQUS. This can be 

accomplished by determining the accumulated plastic strain from the first quarter cycle using a monotonic 

calibration. This value can then subsequently be applied to a second simulation using a cyclic calibration 

for the rest of the loading period. In this way, both behaviors can be captured. This method was 

successfully employed on a simple geometry. As shown in Figure 5.5, the cyclic calibration remains true 

when an initial equivalent plastic strain is prescribed. Extrapolation of this method to more complex 

geometries in which node-by-node manual input of equivalent plastic strain is unrealistic. Such 

geometries require the mapping of the initial analysis results to the second analysis. The deformed mesh 

from the first simulation must also be imported and used in the second simulation. Although ABAQUS 

has mapping capabilities, the built-in functionalities do not allow for new material properties to be 

assigned to the mesh. As such, the combination of elastic perfectly-plastic behavior followed by nonlinear 

flow have not been successfully combined at this time for all but simple geometries with very few mesh 

nodes. 



72 

 

 

 

 

 

 

Figure 5.3 Representative experimental data of first, stabilized, and final failure cycle comparison. 

Note the elastic perfectly plastic behavior on the first cycle. Test conditions for specimen CT17:  �̇ =
0.008 −/� , ∆� = 0.0186 , R=-1 



73 

 

 

Figure 5.4 Calibration verification of first cycle for specimen CL25. Note the difference in initial 

yield stress between experimental data and simulation. Experimental test conditions for specimen CL25: �̇ = 0.008 −/� , ∆� = 0.0399 , R=-1 

 

 

Figure 5.5 Comparison of simulation with and without prescribed initial equivalent plastic strain to 

experimental data. Experimental test conditions for specimen CT17: �̇ = 0.008 −/� , ∆� = 0.0186 , R=-

1 
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Calibrations were performed on all strain ranges used to build the longitudinal strain life curve 

described in CHAPTER 4. Simulated monotonic and cyclic material responses agree well with 

experimental data. Figure 5.6 shows the calibration verification for a monotonic load. Figure 5.7 provides 

actual and predicted hysteresis loops for one of the strain ranges tested in this work.  

5.3. Modeling of Test Methods and In-Service Conditions 

All three test methods described in ISO11114-4, as well as a representative in-service condition, 

were modeled within ABAQUS. The following sections detail the geometries as well as the loading and 

boundary conditions used in the respective analysis. Verification of the model is discussed where 

applicable as literature data is limited in some cases.  

5.3.1. Method A – Disc Test 

Method A geometry was modeled to nominal dimensions provided in ISO11114-4 [15]. 

Axisymmetry was assumed to improve computational efficiency. For purposes of this discussion, the 

coordinate system is shown in Figure 5.8 and described as: 

• X direction – along disc from center to edge (radial) 

• Y direction – along disc thickness 

• Z direction – perpendicular to both X and Y (theta) 

The test apparatus clamp holding the disc was modeled as an analytical ridged wire and was fixed 

in space. Boundary and loading conditions are shown in Figure 5.8 and described as follows:  

• Surface contact with no friction was applied between the disc surface and the clamp. 

• Zero displacement in the X and Y directions and zero rotation about the Z direction was applied 

to the back edge of the disc (inside the clamp). Realistically, this condition does not exist as the 

clamp is held by friction and pressure from the clamp. This boundary condition is applied far-

field from the applied pressure and is not expected to have significant effect on the results. 

• Zero displacement in X and Zero rotation in Y and Z (X symmetry) was applied to the left most 

edge (center of disc).  

• Pressure was applied along the bottom edge of the disc from the left most edge to the clamp. 

The element type used was CAX4R, an axisymmetric stress, linear, reduced integration 

quadrilateral element. Element selection was based on recommendations in the ABAQUS documentation 

for models with large displacements [67]. The boundary conditions, loading conditions, and element type 

closely match those found in the literature [68]. 



75 

 

 

 

Figure 5.6 Monotonic material calibration verification for specimen CT18. True stress true strain extrapolated to failure as shown in Figure 

5.2. CT18 test results from strain rate: ε ̇=0.015-/min 
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Figure 5.7 Comparison of experimental data and simulated response for specimen CL25. Experimental test conditions: ε =̇0.008-/s , 

∆ε=0.0399 , R=-1 
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Figure 5.8 Method A boundary conditions 
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 Given the nature of Test Method A, mesh refinement was performed on the above described 

model. A uniform structured mesh was found to be sufficiently refined with respect to Mises stress with a 

62.5um element size as shown in Figure 5.9. Equivalent plastic strain did not show convergence at this 

level of refinement, as shown in Figure 5.10. Reducing the element size bellow 10um resulted in 

prohibitively slow solve times and convergence was still not obtained. Selective refinement of the mesh in 

this region resulted in poor quality elements far-field. A submodel of the high deformation area and 

surrounding region was developed. Figure 5.11 shows the submodel geometry and boundary conditions. 

The cut boundaries were verified to be an appropriate distance from the area of interest by comparing the 

global and local solutions across the boundary as shown in Figure 5.12. Implementation of this technique 

allowed for a uniform 1um mesh, which is shown to be sufficiently converged for equivalent plastic strain 

in Figure 5.13.  

 

 

 

Figure 5.9 Global Mesh Convergence - Path along top of disc - Mises Stress 
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Figure 5.10 Global Mesh Convergence - Path along top of disc - Equivalent Plastic Strain 
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Figure 5.11 Submodel boundary conditions 
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Figure 5.12 Verification of submodel boundary cuts. Path along top of disc. Stress and strain are 

consistent across cut between models for both (a) Equivalent plastic strain and (b) Mises stress.  

(a) 

(b) 
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Figure 5.13 Mesh convergence of equivalent plastic strain using submodeling. Path along top of disc 

 The global model was compared to experimental maximum dome displacement results for 

AISI4135 rupture disc tests found in the literature [68]. Material properties for the experimental data were 

provided and were thus used to build a material calibration. This was accomplished by use of the Voce 

hardening equation provided in Chapter 5 equation 5.1 where �|0was 776MPa, �∞ was 243MPa and b 

was 31.3. Disc thickness was reduced from 7.5mm to 7 mm in the model to match experimental 

geometry. All other conditions were not modified. The model was in general agreement with the 

experimental results provided in the paper as shown in Figure 5.14. Maximum deviation from 

experimental results was within 13.5% 

 Rupture pressures for tests in air and hydrogen are infrequently published and an extensive search 

did not produce any citable values for AISI4130 with similar material properties. Rupture pressures of 

16.8 MPa for hydrogen and 48.5 MPa for air were found for AISI4130 in an unpublished document. The 

monotonic calibration shown in section 5.2 was applied to the model. The model was run at both 

pressures with a global model using a 20um uniform mesh. The global models were used to inform a 1um 

uniform mesh in the submodel. For reasons discussed in section 5.3.2, the model was also run for both 

rupture pressures using a 68.5um uniform mesh. This mesh is shown in Figure 5.15.  
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Figure 5.14 Comparison of simulated deflection response with literature experimental data [68] 

 

 

Figure 5.15 68.5um Uniform mesh at edge of clamp 
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5.3.2. Method B – Fracture Mechanics Test 

A model for standard compact-tension (CT) geometry has been developed by the research group 

and has been used in previous research efforts. To improve computational efficiency, half symmetry and 

2D planar analysis are assumed in this model. For purposes of this discussion, the coordinate system is 

shown in Figure 5.16 and described as: 

• X direction – Perpendicular to the load line (direction of crack propagation)  

• Y direction – Direction of load line 

• Z direction – Perpendicular to X and Y (through thickness) 

Boundary and loading conditions are shown in Figure 5.16 and are described as follows: 

• Zero displacement in the Y direction and zero rotation in the X and Z directions (Y symmetry) 

applied to the symmetry edge (crack front) from the back of the specimen to the crack front.  

• Zero displacement in the X direction applied to the edge of the load pin hole. This ensures the 

load pin hole can only move along a straight line in Y, as would happen in a real test. 

• Traction applied to the upper half of the load pin hole in the Y positive direction to simulate a 

load applied to the load pin hole.  

These loading and boundary conditions allow for realistic hinging of the CT specimen if the model 

response requires it.  

The element type used was CPE8H, a plane strain, quadratic, hybrid formulation quadrilateral 

element. Element selection was based on recommendations in the ABAQUS documentation [67]. The 

crack front was modeled with a 5um radius to represent a blunted crack as perfectly sharp cracks do not 

exist. Elements nearest the crack were adjusted to allow for a J-integral calculation with the following 

options selected in ABAQUS; midside node parameter = 0.25, degenerate element control at crack 

tip/line set to “collapsed element side, duplicate nodes”. This combination of options collapses one side of 

the quadrilateral elements at the crack tip. This will result in a 1/r2
 singularity, where r is the distance from 

the crack tip [39]. Twenty-five contours were defined for the J integral calculations. The choice of 25 

contours is the result of a convergence study on the number of contours used.  

While convergence of stress on this model has been achieved, one would not expect the 

convergence of strain at a numerical singularity such as a crack tip. Methods B, C, and in-service 

conditions all involve cracks and therefore numerical singularities. To make results between models as 

comparable as possible, convergence criteria for mesh refinement on all models was determined based on 

stress results alone. In the case of Methods B and C, applied loads were determined based off literature 

values of stress intensity for crack initiation and growth. According to the ABAQUS documentation, 
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elements on the order of 1/10 the radius of the crack tip should be used to obtain accurate J-integral 

solutions. A mesh this refined is overly converged with respect to stress. For this reason, two models were 

used. The first model was refined until the stress intensity, K, converged. This model was used to 

determine the appropriate applied loading which would result in the desired value of K. The resulting load 

was subsequently applied to a second model which was only refined to a point in which stress converged. 

The final mesh and corresponding convergence plot for the model used to determine loading is shown in 

Figure 5.17 and Figure 5.18. The final mesh and corresponding convergence plot for the model used for 

analysis are shown in Figure 5.19 and  Figure 5.20. 

Not yet published synchrotron data collected during a fatigue crack growth test on AISI4130 

taken from the same vessel used in this work was provided to the project. A comparison of the 

synchrotron strain data with the more refined model in the Y direction for equal stress intensity and crack 

length is shown in Figure 5.21. As can be seen, the simulated data is in general agreement with 

experimental results. As shown in Figure 5.22, the model deviates from experimental results near the 

crack tip. Synchrotron data can only provide information about elastic strains as it measures relative 

displacement of atoms and slip results in atoms occupying the same lattice positions but shifted. As the 

model accounts for plastic strain, one would not expect agreement with data from synchrotron tests in 

areas with plastic strain such as directly in front of a crack tip. One will note that the predicted elastic-

plastic results deviate from the synchrotron elastic results at approximately 600 μm, for this geometry, 

loading, and boundary condition.  A first order estimate of the plastic zone size, �� = 1
2�� �� ������� , 

produces rp=200 μm. 

Calibrated monotonic properties described in section 5.2 were applied to this material. Threshold 

stress intensities for crack initiation and growth were found in a Sandia National Labs (SNL) publication 

[69] for both air and hydrogen for AISI4130 of a similar yield strength to the material used in this work.  

These values are 125 MPa m1/2 and 90 MPa m1/2 respectively. The value associated with hydrogen 

corresponds to a test environment with a gas pressure of 20 MPa. An arbitrarily large traction of 500MPa 

was applied to the more refined model such that the traction increased linearly from zero to the final load 

over a prescribed period. The loading rate does not affect the solutions as the material model is rate 

insensitive. As ABAQUS Standard is an explicit solver it converges the solution at each time increment. 

Solutions at each increment correspond to a determinable fraction of the total applied traction. The stress 

intensity factor, K, was computed at each time increment via the J-integral as defined by: 

� = � � �
1 − ν2� 

( 5.5) 
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Where E is Youngs Modulus and ν is Poisson's ratio. The applied traction at the time increments where 

the value of K reached 90 MPa m1/2 and 120 MPa m1/2 were determined to be 310 MPa and 405 MPa, 

respectively. These tractions were applied to the second model for analysis.  

 

Figure 5.16 Method B boundary and loading conditions 

 

 

Figure 5.17 Meshed geometry for model used to determine loading 
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Figure 5.18 Stress intensity convergence for mesh used to determine loading 

 

 

Figure 5.19 Meshed geometry for model used for analysis 
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Figure 5.20 Mises stress convergence for mesh used in analysis.  

  

 

Figure 5.21 Far field comparison of Method A model to synchrotron results using both plane strain 

and plane stress elements 
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Figure 5.22 Near field comparison of Method A model to synchrotron results. 

 

5.3.3. Method C – Test Method to determine the resistance to hydrogen assisted cracking 

of steel cylinders 

Physical models used in Method C match those in Method B above. Changes made to the model 

to allow for displacement control are shown in Figure 5.23 and are described as follows: 

• Zero displacement in the X direction applied to the edge of the load pin hole was removed. 

• Traction applied to the upper half of the load pin hole in the Y positive direction was removed 

• An analytical reference point was added to the model at the center of the loading hole. This point 

was tied to the surface of the loading hole by use of a kinematic couple. In doing so, displacement 

in X and Y as well as rotation about Z were coupled to the reference point 

• Zero displacement was applied to the reference point in the X direction to ensure the load pin 

hole can only move along a straight line in Y, as would happen in a real test. 

• Displacement applied in Y direction to the analytical reference point 

• All other aspects of the model remained the same. 
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Figure 5.23 Method C boundary and loading conditions 

 

In a similar fashion as was described in section 5.3.2 an arbitrarily large displacement of 0.1mm 

was applied to the more refined model. The time step at which K, calculated through J using equation ( 

5.5), reached 45 MPa m1/2 and 62.5 MPa m1/2 (50% of 90 MPa m1/2 and 125 MPa m1/2) equated to an 

applied displacement of 0.061mm and 0.08mm, respectively. The determined displacement was applied to 

the second model for analysis.  

As described in CHAPTER 2, this method involves loading the specimen with an applied 

displacement to 50 percent of a known threshold stress intensity for crack initiation and growth. The 

model framework built in this work currently does not have the ability to simulate hydrogen damage and 

therefore the material response will remain constant once the applied displacement is achieved. While this 

displacement would not be enough to propagate a crack without accounting for environmental factors, a 

plastic strain field still exists in front of the crack tip.  

5.3.4. In-Service Conditions 

The geometry of the entire pressure vessel used in this work was modeled from measurements 

taken of the vessel and the manufacture drawing shown Figure 2.1. This geometry was used to simulate 

vessel conditions for a single load at 20.68 MPa (3000psi), a value determined to be of interest by the 

Department of Transportation (DOT). Quarter symmetry (90 degrees of the vessel about longitudinal 
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axis) was assumed to improve computation efficiency.  For purposes of this discussion, the coordinate 

system is shown in Figure 5.24 and described as: 

• X direction – direction from center of vessel to outside edge perpendicular to vessels longitudinal 

axis (radial) 

• Y direction – direction from center of vessel to outside edge perpendicular to vessels longitudinal 

axis and perpendicular to X (theta) 

• Z direction – perpendicular to both X and Y. Parallel to vessels longitudinal axis.  

Boundary and loading conditions are shown in Figure 5.24 and are described as follows: 

• Zero displacement in the X direction and zero rotation about the Y and Z directions (X symmetry) 

• Zero displacement in the Z direction and zero rotation about the X and Y directions (Z symmetry) 

• Pressure applied to inner surface 

The element type used was C3D10, a quadratic tetrahedral element. Element selection was based 

on the ability to easily selectively refine mesh in areas of interest. A built-in feature in ABAQUS called 

adaptive meshing was utilized. This feature is only compatible with tetrahedral elements in 3D. Adaptive 

meshing runs the simulation, analyzes the smoothness of the solution across adjacent elements, then 

selectively refines the mesh in areas of high discontinuities. This process was set up to analyze the 

solution pertaining to element energy and Mises stress. Stopping criteria for the process was set to 

ABAQUS defaults. The resulting mesh is shown in Figure 5.25.  

A 20.68 MPa (3000psi) pressure was utilized for the initial simulation. As one would expect, the 

hoop stress is twice the longitudinal stress at the center of the vessel. The location of highest stress is 

located at the bottom of the vessel where the geometry curves into the center as shown in Figure 5.26. 

This region is commonly referred to as the knuckle and is an area a crack could develop as discussed in 

CHAPTER 2. The longitudinal stress is approximately twice the hoop stress at this location. For this 

reason, efforts were made to model a crack in this location oriented in the hoop direction as to be driven 

by longitudinal stresses. Submodel boundary cuts were made on progressively smaller sections of the 

global model. Each iteration was adaptively meshed and cut boundaries were compared to the global 

model for stress, strain, and displacement. Once the solution diverged from the global model at a 

boundary, the process was stopped. The crack was modeled as a semi-circular surface crack at 10% of the 

wall thickness. Quarter symmetry of the crack was assumed such that the crack front exists at the corner 

of an exposed surface of the model as shown in Figure 5.27. The coordinate system was maintained from 

the global model. The boundary and loading conditions are as follows:  
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• All boundary and loading conditions applied in the global model to unmodified surfaces still 

in existence after the boundary cuts were maintained.  

• Pressure was applied to the “open” face of the crack 

• All boundary cuts were prescribed displacements from the same locations on global model 

though use of submodel boundary conditions 

o The surface at the open face of the crack (pressure face) was not prescribed 

displacements from the global model. 

 

 

Figure 5.24 Geometry, loading, and boundary conditions for global pressure vessel model 
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Figure 5.25 Global model mesh. Generated by ABAQUS adaptive process. (a) Full mesh (b) region 

of high stress, resulting in greater local refinement 

 

 Quadrilateral elements are preferred at crack tips to aid in the convergence of stress [67]. Such 

elements, however, are not easily applied to highly curved bodies. For this reason, selective refinement 

resulted in prohibitively large models with poor quality elements in numerous regions. As such, the mesh 

was not refined to a point in which stress converged as part of this work. To reduce the complexity of the 

model, the crack was modeled on geometry matching the global model near the middle of the vessel. At 

this location, the geometry is simplified such that it only curves in one direction. The model was further 

simplified by removal of the submodel boundary conditions. The crack was reoriented such that it is 

opened by the higher longitudinal stresses at this location. Applied boundary conditions shown 

graphically in Figure 5.28 result in only longitudinal stresses. These simplifications deviate from actual 

in-service conditions. As the modeling of a crack at the most probable crack initiation site was not 

successful, any other model will only approximate in-service conditions of most interest. As such, the 

simplified model serves the purpose of proof of concept for comparing crack tip results in a pressure 

vessel to the test methods in ISO11114-4.  
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The element type used for the simplified model was a C3D20RH. This type of element is a 20-

node quadratic brick utilizing hybrid formulation, and reduced integration.  Element selection was based 

on suggestions in the ABAQUS documentation for elements located at stress concentrations [67]. A mesh 

convergence study resulted in converged Mises stress at the crack tip at approximately 1.2 million degrees 

of freedom as shown in Figure 5.29. The resulting mesh is shown in Figure 5.30  

An initial analysis of the simplified model was performed utilizing the material calibration for a strain 

range of ∆ε=0.0163. In order to determine the appropriate material calibration to apply to the in-service 

model, the analysis was allowed to run for several simulated cycles before termination. Post processing of 

the equivalent strain �,̅ indicated the strain range at the highest strained node (at the crack tip) to be 

∆ε=0.005. A material calibration for ∆ε=0.0084 is the closest strain range calibration that was created in 

this work and thus was applied to the model. The analysis was subsequently set to run for an arbitrarily 

large number of cycles to ensure the stabilized material response was reached. Post processing of the 

results indicated the stabilized strain range to be ∆ε=0.0045 at the crack tip. As one would expect, 

material response at the crack tip differed from the global response with respect to load ratio, R. The 

stabilized load ratio was determined to be R=0.56. 

All three ISO test methods were simulated until the point of failure, as informed by experimental 

data described above. To determine a stopping criterion for the in-service model, in-service cycles to 

failure were estimated by use of the experimental data collected in this work. By utilizing the fully 

reversed (R=-1) strain-life curve detailed in CHAPTER 4 , it is estimated that the vessel would fail at 

approximately 215,000 cycles for a determined strain range of ∆ε=0.0045. It has been shown on 

AISI4340, a similar material to that tested here, that a strain-life curve can be corrected from one strain 

range to another [41]. The strain-life curve for AISI4340 provided by Dowling closely matches the data 

collected in this work. As such, the strain-life data collected here was corrected to R=0.56 by use of the 

processes and parameters defined in the Dowling study. A comparison of the two curves is provided in 

Figure 5.31. Utilization of the AISI4130 R=0.56 strain-life curve with a strain range of ∆ε=0.0045 results 

in approximately 6,000 cycles to failure.  

The material calibration for a strain range of ∆ε=0.0084 utilized in this model is calibrated such 

that one simulated cycle is equivalent to 1,200 actual cycles to reduce computational costs. Results from 

the in-service simulation indicate stabilization of material response occurs near 18 simulated cycles 

(21,600 actual cycles).  As such, the material will not reach its stabilized response. In the model, prior to 

stabilization, both ∆ε and R vary as a function of cycles. This is shown in Figure 5.32. The material 

response at the fifth simulated cycle (6000 actual cycles), indicates ∆ε=0.00543 and R=0.4034. 

Interestingly, the strain-life curve corrected to R=0.403 indicates failure to occur at approximately 5,100 
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cycles for a strain range of ∆ε=0.00543. While, much more analysis could be performed in this area, 

6,000 cycles to failure will be utilized as a stopping criterion for the model at this time.   

 

 

Figure 5.26 Stress along length of pressure vessel. Note large longitudinal stress near the knuckle 

 

 

 

Figure 5.27 Crack model at knuckle. (a) Lower section of pressure vessel. Highlighted region shows 

submodel boundary cuts. (b) Resulting submodel (c) Crack face shown. Highlighted region indicates 

surface pressure is applied 
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Figure 5.28 Geometry boundary and loading conditions for simplified model. 
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Figure 5.29 Mises stress mesh convergence for simplified model 

 

 

Figure 5.30 Final mesh used for analysis on simplified model. (a) Mesh of entire geometry. (b) Close 

up of mesh at crack tip. Crack front located at center of uniform region 
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Figure 5.31 A comparison of strain life curve made from fully reversed (R=-1) testing in this work to 

the curve corrected to R=0.56. εa=0.00225 corresponds to stabilized material response at the crack tip for 
the in-service model 
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Figure 5.32 Strain ratio and strain range vs actual cycles corrected from simulated cycles for the in-

service model 

 

5.4. Summary 

The modeling described in this chapter provides a framework for ranking and correlations to be 

built upon. It is important to understand that while the meshes for each test method are sufficiently 

converged with respect to stress, they are not necessarily converged with respect to strain due to 

numerical singularities in the geometries, i.e. cracks. For this reason, accumulated plastic strain values as 

measured by equivalent strain do not necessarily represent realistic values. Efforts were made to ensure 

comparisons could be made across tests. As described in the previous sections, meshes used for final 

analysis were refined to the point that Mises stress had just converged. By consistent use of this 

convergence criterion across physical models, one can be confident that an equivalent strain response is 

produced as a function of each method.  In which case, though absolute values of equivalent strain may 

not be fully calibrated, the difference in equivalent strain resulting from comparison of these models is 

valid.  Given that a ranking method is sought for this work, it was determined that the method utilized is 

sufficient.  Finally, because the size of the plastic strain field varied between test methods, all data used in 
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subsequent analysis were taken from a single node at the location of greatest equivalent plastic strain. In 

this way, relative comparisons between test methods and in-service conditions can be made. Maximum 

values for equivalent plastic strain for each of the models described in this chapter are provided in Table 

5.1. Figure 5.33-Figure 5.36 show the location at which each maximum value was recorded for each 

physical model.  

 

Table 5.1 Determined values of maximum equivalent plastic strain for each test method and in-

service conditions 

 Method A Method B Method C In-Service 

Equivalent Plastic 

strain H2 

0.089 2.936 1.216 NA 

Equivalent Plastic 

strain Air 

0.394 4.974 1.789 17.64 

 

 

 

 

Figure 5.33 Equivalent plastic strain for Method A. Simulation at rupture pressure of 48.5MPa, air 

(left) and 16.8, H2 (right). Shown scale=1 
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Figure 5.34 Equivalent plastic strain for Method B. Simulation for load associated with K of 125MPa 

m1/2  air (left) and K of  90MPa m1/2  H2 (right) Shown scale=1 

 

 

Figure 5.35 Equivalent plastic strain for Method C. Simulation for displacement associated with a K 

of 62.5MPa m1/2, air (left) and a K of 45MPa m1/2 H2 (right). Shown scale=1 
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Figure 5.36 Equivalent plastic strain for the in-service model at the crack tip. Applied pressure of 

3000psi (20.68 MPa).Note that the value of equivalent plastic strain is associated with simulated number 

of cycles. Extrapolation to real cycles results in a value of 17.64. Shown scale=1 
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CHAPTER 6 RANKING AND CORRELATION 

It is understood that in ductile metals, the amount of damage accumulated under a given set of 

conditions is related to the amount of plastic deformation the material experiences. Numerous other 

factors also play a role in this relationship. Strain range, strain amplitude and loading type (monotonic vs 

cyclic) are several examples which add complexity to this relationship, as the underlying deformation 

mechanisms will be affected by these factors. This work is focused on the creation of a modeling 

framework that is intended to be improved upon and as such, the following simplifying assumption is 

made; through the use of accumulated plastic strain, relative damage can be compared across various 

geometries, loading and boundary conditions. Care should be taken when interpreting the comparisons 

presented here.  Though accumulated plastic strain is used as a stand-in for relative amounts of damage, it 

is understood that microstructure-level damage mechanisms resulting from monotonic and cyclic 

deformation are markedly different. Accumulated plastic strain, measured as equivalent plastic strain, was 

determined for each of the three test methods and in-service conditions as detailed in CHAPTER 5. 

Equivalent plastic strain was also determined for a single monotonic tensile test by use of the Bridgman 

correction factor as detailed in CHAPTER 5. Ranking of the test methods described in ISO11114-4: 

Transportable Gas Cylinders – Compatibility of Cylinder and Valve Materials with Gas Contents - Test 

methods for selecting steels resistant to hydrogen embrittlement [15] to in service conditions was 

performed based on a direct comparison of accumulated plastic strain output from the finite element 

model at “failure”.  The term failure in this case was defined in Chapter 5.  The “best” test method with 

respect to replicating the amount of accumulated damage would therefore be the one which most closely 

matches the equivalent plastic strain at failure to the equivalent plastic strain for in-service conditions. At 

present, the model does not have the ability to predict material properties as function of hydrogen 

accumulation. As such, simulation stopping criteria relative to in-service conditions in hydrogen was not 

determined. Therefore, ranking is determined only for results relative to air. Percent difference in 

equivalent plastic strain at “failure” relative to in service conditions are as follows: 

• Method A (rupture disc) – 191.3% 

• Method B (load-controlled CT) – 97.7% 

• Method C (displacement-controlled CT)– 163.2% 

• Tensile specimen – 179.4% 

These results indicate that Method B is the likely “best” candidate test to qualify materials for use 

in pressure vessels designed to transport inert gas.  Though the methods performed here do not 
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incorporate the effects of hydrogen, the methods detailed are directly applicable to hydrogen-service 

ranking once strain-life tests in hydrogen gas are complete. 

All three test methods are currently employed to qualify pressure vessel steels for hydrogen 

service. As manufactures tend to be set up to perform a single method, it is of value to be able to correlate 

results determined via each method to in-service conditions. A first order methodology for this correction 

is to determine a multiplicative factor in which the amount of accumulated plastic strain for each method 

can be adjusted to in-service conditions, and between test methods. At present, there is not an ability to 

rank materials qualified by one method to materials qualified by use of another method. For this reason, a 

multiplicative factor for correction of each test to the others has been determined. The resulting factors 

are provided in Table 6.1 

 

Table 6.1 Multiplicative factors for the correction of results of one method to another 

Inelastic Strain (Air) 
 

  

TO 
 

Burst Disc CT-LC CT-DC IS tensile 
 

FROM 

Burst Disc 1.000 12.639 4.546 44.823 2.432 

M
u

lt
ip

ly
 B

y
 

CT-LC 0.079 1.000 0.360 3.546 0.192 

CT-DC 0.220 2.781 1.000 9.861 0.535 

IS 0.022 0.282 0.101 1.000 0.054 

tensile 0.411 5.198 1.869 18.433 1.000 
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CHAPTER 7 CONCLUSIONS AND FUTURE WORK 

The goal of this work was to develop a modeling framework for a future method capable of 

determining which test described in ISO11114-4 is best suited for the qualification of high strength 

pressure vessel steels for hydrogen service. Required material model capabilities were established and 

implemented such that the framework would be well suited to be applied to future research.  Material 

modeling capabilities determined to be important in this work include: 

• It was determined that the manufacturing process of seamless pressure vessels will have a 

significant effect on material properties. To determine if the modeling framework needed to be 

able to account for anisotropic cyclic material behavior, results from strain-life fatigue tests 

conducted in air at a load ratio of R=-1 were analyzed. Results of the analysis indicated cyclic 

material response for both material orientations tested (longitudinal and transverse) was within 

the spread of inherent scatter in fatigue testing. As such, no anisotropic effects were built into the 

modeling framework.   

• Due to the wide array of geometries, loading, and boundary conditions between the three test 

methods and probable in-service failure conditions, it was determined that the model would need 

a robust cyclic plasticity material response implementation.  To accomplish this, a the Chaboche 

model for combined hardening was implemented in the finite element software package 

ABAQUS. The model was calibrated to strain-life fatigue tests conducted in air at four 

independent strain ranges. In doing so, a procedure was developed which significantly reduces 

the time required to calibrate cyclic material response. The resulting material calibrations are 

capable of modeling complex non-linear material behaviors. 

Results from strain-life fatigue tests were analyzed to determine strain-life fatigue properties for 

AISI4130. A statistically significant strain life curve was developed which can be used to predict cycles 

to failure across a range of strain amplitudes.  A cyclic stress strain curve was also developed which can 

be utilized to predict stabilized material behavior at strain ranges not tested in this work, a valuable tool 

for material calibrations.  

Models were developed or improved for each of the three test methods as well as in service 

conditions within the framework of ABAQUS. Care was taken in the application of appropriate boundary 

and loading conditions and model results were compared to literature results where possible. Where 

needed advanced modeling techniques such as submodeling were explored, implemented, and shown to 

be a viable tool for convergence in complex geometries and cases involving large deformations.  
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A simple ranking and correlation scheme was developed based on accumulated plastic strain 

results from each test method and in-service conditions. Results from this analysis indicate that test 

Method B (load-controlled fracture test) provides the most similar amount of accumulated damage to in-

service conditions. While a more robust scheme would ultimately be desired, it provides a proof of 

concept for future research to build upon. 

The impact of this work includes: 

• Creation of a method to rank tests approved  for use in ISO11114-4 compared to in-service 

conditions, 

• Creation of a method to correlate tests approved for use in ISO11114-4 to each other, as well as 

in-service condition 

Upon completion of strain-life testing in hydrogen, the application of the methods described 

herein will enable industry to utilize the testing method of choice to compare to in-service conditions, as 

well as to select the single most appropriate test method of approving high strength steels for gaseous 

hydrogen service.  Ultimately, this work is a first step towards decreasing hydrogen pressure vessel 

thicknesses and increasing efficiency in hydrogen distribution via pressure vessel. 

7.1. Future Work 

While this work has laid a solid framework for future modeling to be built upon, much still needs 

to be accomplished before a determination of a best test for qualification of steels for hydrogen service 

can be made. Specific suggestions to guide future research are as follows:   

• While anisotropic properties were shown to be negligible in the longitudinal and transverse vessel 

orientations, the radial orientation was not explored. Strain-life fatigue tests are likely not 

possible for this orientation due to wall thickness constraints. Testing of sub-sized tensile 

specimens can likely provide sufficient information to determine if anisotropic material behavior 

exist in this orientation. A more robust analysis of the materials characterization data presented in 

this work will likely also provide insight to the possibility of this behavior.  

• Materials used to manufacture specimens for strain-life tests conducted as part of this work were 

found to have a hydrogen concentration on the order of what is expected to reside in strong traps 

after bulk diffusion out of the material has occurred. While hydrogen concentrations on this level 

have been shown to have only minimal effects on fatigue crack growth, strain-life tests could be 

conducted on specimens in which the trapped hydrogen had been removed from the lattice. In 

doing so, insights could be made pertaining to the effects of trapped hydrogen on low-cycle 

fatigue.  
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• The current calibration process has been shown to reproduce the material response of fully 

reversed loading well. Tests conducted at other load ratios would provide insight to the models 

limits of predicted material response when deviating from full reversed testing. Furthermore, a 

sensitivity study of the effects of changing calibrated material properties on life predictions would 

provide further information pertaining to the bounds in which the material model can be applied.  

• Accounting for the elastic perfectly plastic material response of flow stress during the first quarter 

cycle of loading was explored in this work. While it is unlikely the effects from a single cycle 

will have a large effect on the results of cyclic analysis, this effect should be explored as part of a 

sensitivity study in which the factor relating simulated cycles to actual cycles is varied. It is 

possible if this factor is large, not accounting for first cycles behaviors properly may have a 

significant effect on results.  

• To aid in an equal comparison of results across several models with numerical singularities at the 

area of interest (crack tip), this work adopted a procedure of utilizing meshes in which stress had 

only just converged. Any work in determining a more robust refinement criterion, would result 

stronger comparative capabilities of the method. 

• All reported values of equivalent plastic strain resulting from model simulations in this work were 

taken at a single node in which the value was largest. This was done to ensure equal comparison 

across models. Development of more robust techniques for determination of accumulated plastic 

strain, such as a critical distance scheme or area average, will likely lead to stronger comparative 

capabilities of the model.  

• The in-service conditions model used in this work was reduced in complexity such that the model 

is actually representative of an infinitely long pipe (no longitudinal stress). An ideal model will 

have a stress converged mesh at the knuckle region of the pressure vessel with a crack oriented 

such that it is opened by longitudinal stresses. As presented in this work, such a mesh is not easily 

achieved. A reasonable step in this direction would be to adapt the current model to include 

longitudinal stresses.  

• All three test methods were modeled in 2D with plane strain elements to simulate 3D material 

constraints. This was done to improve computational efficiency and eliminate effects resulting 

from poor quality elements which often result from selectively refined 3D models. A study of the 

effects of modifying the model to 3D will likely provide insights into the benefits vs costs of such 

a model. 

• This work assumes that accumulated plastic strain is a primary indicator of the amount of damage 

to the material at a given location. A similar but more robust formulation utilizing a fatigue 

indicator parameter, such as the Fatemi-Socie parameter, would likely lead to more robust 
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prediction and comparison of the models.  Furthermore, work needs to be performed to normalize 

damage parameter values resulting from monotonic load incursions and fatigue load incursions.  

In this way the predictions resulting from modelling the ISO-specified test methods (monotonic) 

may be compared successfully to the modelling of the in-service conditions (fatigue). 

• To account for the effects of hydrogen degradation of material properties the model should be 

coupled to a constitutive model in which the material response informs the hydrogen 

concentration throughout the geometry. This in turn should feed updated material properties to 

the deformation model described in this work. In this way, a more complete picture can be 

formed and meaningful conclusions can be drawn with respect to the ranking of the three test 

methods and the feasibility of the use of high strength steels in hydrogen service. 
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APPENDIX A 

 The following contains figures and tables which contain supplemental figures and tables which 

are not essential to the main document but do contribute to it. The information contained within this 

appendix is organized in a manner which mimics the main document. 

 

Figure A.1 Examples of hydrogen and helium corrected rupture pressures as a function of the 

pressure rise rate[15] 
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Figure A.2 Examples of the ratio Pr′He/Pr′H2 as a function of the pressure rise rate[15] 
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Figure A.3 Proportional dimensions and tolerances for compact tension test pieces[12] 
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Figure A.4 Proportional dimensions and tolerances for modified wedge opening loaded test 

pieces[36] 
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Table A.1 Table of raw materials acquired. Not all materials used during course of this work 

RAW MATERIALS 

DATE 

SAMPLE 

NUMBE

R 

RECEIVE

D FROM 
NOTES 

2/6/2017 PV1 NIST 
COCA COLA PV; FAILED INSPECTION DUE TO 

CRACKS AND PITS, DOCUMENTS IN THE DRIVE 

2/25/2017 PV2 AIRGAS 
1942 PV; LIKELY IN HYDROGEN SERVICE ENTIRE 

LIFE; HAS NOT FAILED AN INSPECTION; 2400PSI 

2/27/2017 PV3 NIST 
6000PSI PV; SN 4082938Y; MFG BY NORRIS 

CYLINDER CO PT # 8BC435 .568" WALL 

2/27/2017 PV4 NIST 
2400PSI PV; SN 4082940Y; MFG BY NORRIS 

CYLINDER CO 

9/29/2017 LTI1 LTI 
1018 MATERIAL PURCHASED BY LTI. CERT IN LOG 

BOOK 

11/9/2017 LTI2 LTI 
A36 MATERIAL PURCHASED BY LTI. CERT IN LOG 

BOOK 

 

 

Table A.2 Table of main sections from PV3 (6000 psi vessel) 

RAW MATERIAL SECTIONING 

DATE 
SAMPLE 

NUMBER 

SECTIONED 

FROM 

LOCATE

D AT 
NOTES 

2/27/2017 PV3A PV3 UA 
CAP; SECTION REMOVED BY DIE 

GRINDER 

2/27/2017 PV3B PV3 CSM 
REMAINING BODY; REMOVED BY DIE 

GRINDER 

2/27/2017 PV3B1 PV3A NIST  
5"X5" SECTION REMOVED BY DIE 

GRINDER FOR NIST RESEARCH 

4/7/2017 PV1A PV1 CSM 

UPPER SECTION; REMOVED TO 

INSPECT FOR FLAWS; NO FLAWS 

DETECTABLE BY EYE 

4/7/2017 PV1B PV2 CSM 

LOWER SECITON; REMOVED TO 

INSPECT FOR FLAWS; NO FLAWS 

DETECTABLE BY EYE 

6/1/2017 PV3B2 PV3B CSM 
5.75" SECTION OF PV3; SEE SPECIMEN 

REMOVAL PRINT FOR LOCATION 

6/1/2017 PV3B3 PV3B UA 
7.125" SECTION OF PV3; SEE SPECIMEN 

REMOVAL PRINT FOR LOCATION 

6/1/2017 PV3B4 PV3B NIST  
5" SECTION OF PV3; SEE SPECIMEN 

REMOVAL PRINT FOR LOCATION 

6/1/2017 PV3B5 PV3B CSM 
5.625" SECTION OF PV3; SEE SPECIMEN 

REMOVAL PRINT FOR LOCATION 

6/1/2017 PV3B6 PV3B CSM 
11.5" SECTION OF PV3; SEE SPECIMEN 

REMOVAL PRINT FOR LOCATION 

6/1/2017 PV3B7 PV3B CSM 
BOTTOM 7.5" OF PV3; SEE SPECIMEN 

REMOVAL PRINT FOR LOCATION 
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Table A.3 Table of specimens for testing from PV3 (6000 psi vessel). Note, not all specimens used during this work 

FINAL SPECIMENS 

DATE SPECIMEN TYPE 
SPECIMEN 

NUMBER 

REMOVED 

FROM 
LOCATION  TEST PERFORMED NOTES 

5/16/2017 NA H1 PV3B2 CSM MACRO HARDNESS 
ROCKWELL TESTING AT 

HILL HALL AND WT 

5/31/2017 PUCK P1 PV3B2 UA 
MICROSCOPY & 

MICROHARDNESS 

NORMAL TO 

TANGENTAL DIRECTION 

5/31/2017 PUCK P2 PV3B2 UA 
MICROSCOPY & 

MICROHARDNESS 

NORMAL TO 

LONGITUDINAL 

DIRECITON 

5/31/2017 PUCK P3 PV3B2 UA 
MICROSCOPY & 

MICROHARDNESS 

NORMAL TO RADIAL 

DIRECITON; SEE IMAGES 

IN THE DRIVE 

5/31/2017 NA P4 PV3B2 CSM     

9/29/2017 ALL-02-001 V07 LTI1 NIST     

9/29/2017 ALL-02-001 V08 LTI1 NIST     

9/29/2017 ALL-02-002 V09 LTI1 CSM MONOTONIC AIR 
LTI TESTED. RESULTS IN 

DRIVE 

9/29/2017 ALL-02-002 V10 LTI1 CSM MONOTONIC AIR 
LTI TESTED. RESULTS IN 

DRIVE 

9/29/2017 ALL-02-003 V11 LTI1 CSM MONOTONIC AIR 
LTI TESTED. RESULTS IN 

DRIVE 

9/29/2017 ALL-02-003 V12 LTI1 CSM MONOTONIC AIR 
LTI TESTED. RESULTS IN 

DRIVE 

11/9/2017 ALL-02-001 V01 LTI2 UA MONOTONIC AIR   

11/9/2017 ALL-02-001 V02 LTI2 UA MONOTONIC AIR   

11/9/2017 ALL-02-002 V03 LTI2 - MONOTONIC AIR 
LTI TESTED. RESULTS IN 

DRIVE 

11/9/2017 ALL-02-002 V04 LTI2 - MONOTONIC AIR 
LTI TESTED. RESULTS IN 

DRIVE 

11/9/2017 ALL-02-003 V05 LTI2 - MONOTONIC AIR 
LTI TESTED. RESULTS IN 

DRIVE 

11/9/2017 ALL-02-003 V06 LTI2 - MONOTONIC AIR 
LTI TESTED. RESULTS IN 

DRIVE 
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Table A.3(Continued)  

DATE SPECIMEN TYPE 
SPECIMEN 

NUMBER 

REMOVED 

FROM 
LOCATION  TEST PERFORMED NOTES 

11/10/2017 ALL-02-001 NL01 PV3B4 CSM MONOTONIC AIR 
LONGITUDINAL. BAD 

TEST 

11/10/2017 ALL-02-001 NL02 PV3B4 NIST   LONGITUDINAL 

11/10/2017 ALL-02-001 NL03 PV3B4 NIST   LONGITUDINAL 

11/10/2017 ALL-02-001 NL04 PV3B4 NIST   LONGITUDINAL 

11/10/2017 ALL-02-001 NL05 PV3B4 NIST   LONGITUDINAL 

11/10/2017 ALL-02-001 NL06 PV3B4 NIST   LONGITUDINAL 

11/10/2017 ALL-02-001 NT01 PV3B4 CSM MONOTONIC AIR TRANSVERSE. BAD TEST 

11/10/2017 ALL-02-001 NT02 PV3B4 NIST   TRANSVERSE 

11/10/2017 ALL-02-001 NT03 PV3B4 NIST   TRANSVERSE 

11/10/2017 ALL-02-001 NT04 PV3B4 NIST   TRANSVERSE 

11/10/2017 ALL-02-001 NT05 PV3B4 NIST   TRANSVERSE 

11/10/2017 ALL-02-001 NT06 PV3B4 NIST   TRANSVERSE 

11/22/2017 ALL-02-001 CL01 PV3B5 CSM ea =0.010 AIR 
LONGITUDINAL. 

STABALIZED ONLY 

11/22/2017 ALL-02-001 CL02 PV3B5 CSM ea=0.002 AIR 
LONGITUDINAL. BAD 

TEST 

11/22/2017 ALL-02-001 CL03 PV3B5 CSM ea=0.002 AIR 
LONGITUDINAL. BAD 

TEST 

11/22/2017 ALL-02-001 CL04 PV3B5 CSM   LONGITUDINAL 

11/22/2017 ALL-02-001 CL05 PV3B5 CSM ea=0.050 AIR LONGITUDINAL 

11/22/2017 ALL-02-001 CL06 PV3B5 UA   LONGITUDINAL 

11/22/2017 ALL-02-001 CL07 PV3B5 CSM   LONGITUDINAL 

11/22/2017 ALL-02-001 CL08 PV3B5 CSM ea=0.0046 AIR LONGITUDINAL 

11/22/2017 ALL-02-001 CL09 PV3B5 CSM ea=0.01 AIR 
LONGITUDINAL. 

STABALIZED ONLY 

11/22/2017 ALL-02-001 CL10 PV3B5 CSM ea=0.068 AIR 
LONGITUDINAL. BAD 

TEST 

11/22/2017 ALL-02-001 CL11 PV3B5 UA   LONGITUDINAL 

11/22/2017 ALL-02-001 CL12 PV3B5 CSM ea=0.0098 AIR 
LONGITUDINAL. BAD 

TEST 

11/22/2017 ALL-02-001 CL13 PV3B5 CSM   LONGITUDINAL 
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Table A.3(Continued)  

DATE SPECIMEN TYPE 
SPECIMEN 

NUMBER 

REMOVED 

FROM 
LOCATION  TEST PERFORMED NOTES 

11/22/2017 ALL-02-001 CL14 PV3B5 CSM ea=0.0098 AIR LONGITUDINAL 

11/22/2017 ALL-02-001 CL15 PV3B5 UA   LONGITUDINAL 

11/22/2017 ALL-02-001 CL16 PV3B5 UA   LONGITUDINAL 

11/22/2017 ALL-02-001 CL17 PV3B5 CSM ea=0.068 AIR 
LONGITUDINAL. BAD 

TEST 

11/22/2017 ALL-02-001 CL18 PV3B5 CSM   LONGITUDINAL 

11/22/2017 ALL-02-001 CL19 PV3B5 CSM   LONGITUDINAL 

11/22/2017 ALL-02-001 CL20 PV3B5 CSM   LONGITUDINAL 

11/22/2017 ALL-02-001 CL21 PV3B5 CSM   LONGITUDINAL 

11/22/2017 ALL-02-001 CL22 PV3B5 CSM ea=0.04 AIR 
LONGITUDINAL. BAD 

TEST 

11/22/2017 ALL-02-001 CL23 PV3B5 CSM ea=0.104 AIR 
LONGITUDINAL. BAD 

TEST 

11/22/2017 ALL-02-001 CL24 PV3B5 CSM ea=0.020 AIR LONGITUDINAL 

11/22/2017 ALL-02-001 CL25 PV3B5 CSM ea=0.020 AIR LONGITUDINAL 

11/22/2017 ALL-02-001 CL26 PV3B5 CSM   LONGITUDINAL 

11/22/2017 ALL-02-001 CT01 PV3B5 CSM   TRANSVERSE 

11/22/2017 ALL-02-001 CT02 PV3B5 CSM   TRANSVERSE 

11/22/2017 ALL-02-001 CT03 PV3B5 CSM   TRANSVERSE 

11/22/2017 ALL-02-001 CT04 PV3B5 CSM   TRANSVERSE 

11/22/2017 ALL-02-001 CT05 PV3B5 CSM   TRANSVERSE 

11/22/2017 ALL-02-001 CT06 PV3B5 CSM ea=0.0046 AIR TRANSVERSE 

11/22/2017 ALL-02-001 CT07 PV3B5 CSM ea=0.04 AIR TRANSVERSE. BAD TEST 

11/22/2017 ALL-02-001 CT08 PV3B5 CSM   TRANSVERSE 

11/22/2017 ALL-02-001 CT09 PV3B5 CSM   TRANSVERSE 

11/22/2017 ALL-02-001 CT10 PV3B5 CSM ea=0.01 AIR 
TRANSVERSE. 

STABALIZED ONLY 

11/22/2017 ALL-02-001 CT11 PV3B5 CSM   TRANSVERSE 

11/22/2017 ALL-02-001 CT12 PV3B5 CSM   TRANSVERSE 

11/22/2017 ALL-02-001 CT13 PV3B5 CSM   TRANSVERSE 
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Table A.3(Continued)  

DATE SPECIMEN TYPE 
SPECIMEN 

NUMBER 

REMOVED 

FROM 
LOCATION  TEST PERFORMED NOTES 

11/22/2017 ALL-02-001 CT14 PV3B5 CSM   TRANSVERSE 

11/22/2017 ALL-02-001 CT15 PV3B5 CSM   TRANSVERSE 

11/22/2017 ALL-02-001 CT16 PV3B5 CSM   TRANSVERSE 

11/22/2017 ALL-02-001 CT17 PV3B5 CSM ea=0.0098 AIR TRANSVERSE 

11/22/2017 ALL-02-001 CT18 PV3B5 CSM MONOTONIC AIR TRANSVERSE 

11/22/2017 ALL-02-001 CT19 PV3B5 CSM ea=0.020 AIR TRANSVERSE 

11/22/2017 ALL-02-001 CT20 PV3B5 UA   TRANSVERSE 

11/22/2017 ALL-02-002 CL27 PV3B5 NIST   LONGITUDINAL 

11/22/2017 ALL-02-002 CL28 PV3B5 NIST   LONGITUDINAL 

11/22/2017 ALL-02-002 CT21 PV3B5 NIST   TRANSVERSE 

11/22/2017 ALL-02-002 CT22 PV3B5 NIST   TRANSVERSE 

11/22/2017 ALL-02-004 CMR04 PV3B5 CSM   RADIAL ONE LOCATION 

11/22/2017 ALL-02-004 CMR05 PV3B5 CSM   RADIAL ONE LOCATION 

11/22/2017 ALL-02-004 CMR06 PV3B5 CSM   RADIAL ONE LOCATION 

3/21/2018 ALL-02-004 CMR01 PV3B6 CSM   RADIAL SPACED 

3/21/2018 ALL-02-004 CMR02 PV3B6 CSM   RADIAL SPACED 

3/21/2018 ALL-02-004 CMR03 PV3B6 CSM   RADIAL SPACED 

3/21/2018 ALL-02-004 CML01 PV3B6 CSM   LONGITUDINAL SPACED 

3/21/2018 ALL-02-004 CML02 PV3B6 CSM   LONGITUDINAL SPACED 

3/21/2018 ALL-02-004 CML03 PV3B6 CSM   LONGITUDINAL SPACED 

3/21/2018 ALL-02-004 CML04 PV3B6 CSM   LONGITUDINAL SPACED 

3/21/2018 ALL-02-004 CML05 PV3B6 CSM   LONGITUDINAL SPACED 

3/21/2018 ALL-02-004 CMT01 PV3B6 CSM   TRANSVERSE SPACED 

3/21/2018 ALL-02-004 CMT02 PV3B6 CSM   TRANSVERSE SPACED 

3/21/2018 ALL-02-004 CMT03 PV3B6 CSM   TRANSVERSE SPACED 

3/21/2018 ALL-02-004 CMT04 PV3B6 CSM   TRANSVERSE SPACED 

3/21/2018 ALL-02-004 CMT05 PV3B6 CSM   TRANSVERSE SPACED 

9/29/2017 ALL-02-001 BT11 PV3B4  NIST   SHORT BUTTON HEAD 

9/29/2017 ALL-02-001 BT21 PV3B4 NIST    SHORT BUTTON HEAD 

9/29/2017 ALL-02-001 BT31 PV3B4 NIST    SHORT BUTTON HEAD 
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Table A.3(Continued)  

DATE SPECIMEN TYPE 
SPECIMEN 

NUMBER 

REMOVED 

FROM 
LOCATION  TEST PERFORMED NOTES 

9/29/2017 ALL-02-001 BT41 PV3B4 NIST    SHORT BUTTON HEAD 

9/29/2017 ALL-02-001 BT51 PV3B4 NIST    SHORT BUTTON HEAD 

9/29/2017 ALL-02-001 BT61 PV3B4 NIST    SHORT BUTTON HEAD 

9/29/2017 ALL-02-001 BL11 PV3B4 NIST    SHORT BUTTON HEAD 

9/29/2017 ALL-02-001 BL21 PV3B4 UA   SHORT BUTTON HEAD 

9/29/2017 ALL-02-001 BL31 PV3B4 NIST    SHORT BUTTON HEAD 

9/29/2017 ALL-02-001 BL41 PV3B4 UA   SHORT BUTTON HEAD 

9/29/2017 ALL-02-001 BL51 PV3B4 UA ea=0.0098 AIR SHORT BUTTON HEAD 

9/29/2017 ALL-02-001 BL61 PV3B4 NIST    SHORT BUTTON HEAD 

2/20/2018 PUCK ML PV3B6 CSM MICROSCOPY   

NORMAL TO 

LONGITUDINAL 

DIRECITON 

2/20/2018 PUCK MT PV3B6 CSM MICROSCOPY   

NORMAL TO 

TRANSVERSE 

DIRECTION 

2/20/2018 PUCK MR PV3B6 CSM MICROSCOPY   

NORMAL TO RADIAL 

DIRECTION 

2/20/2018 PUCK BL PV3B7 CSM MICROSCOPY 

NORMAL TO 

LONGITUDINAL 

DIRECTION 

2/20/2018 PUCK BT PV3B7 CSM MICROSCOPY 

NORMAL TO 

TRANSVERSE 

DIRECTION 

2/20/2018 PUCK BR PV3B7 CSM MICROSCOPY 

NORMAL TO RADIAL 

DIRECTION 
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Figure A.5 Specimen removal location drawing. To be used with  
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Figure A.6 Microscopy sectioning locations for specimens BL,BT, & BR (bottom microscopy) 
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Figure A.7 Microscopy sectioning locations for specimens ML, MT, & MR (middle microscopy) 
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Figure A.8 Hardness sectioning locations for specimens P1, P2, and P3. Middle of vessel. P1 & P2 

used for microhardness 
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Figure A.9 Electron Backscatter Diffraction (EBSD) of PV material in three orientations. Due to the 

small cross section of material analyzed, conclusions cannot be drawn regarding texture.  
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Figure A.10 Transverse dogbone specimens location relative to pressure vessel wall 
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Figure A.11 Longitudinal dogbone specimens location relative to pressure vessel wall 
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Figure A.12 Dogbone button head specimen shop drawing for all AISI4130 testing in this work. Also 

used for A36 verification parts 
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Figure A.13 Dogbone threaded head specimen shop drawing used for verification A36 parts 
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Figure A.14 Dogbone ASTM E606 compliant specimen shop drawing used for A36 verification parts 

 

 

Table A.4  Final testing matrix 

Final Test Matrix 

Test 

# 
Test Name 

Strain 

Amplitude 

Strain 

Rate 

Expected 

Nf 

# Tests 

Longitudinal 

# Tests 

Transverse 

1 eN50 0.0500 0.0080 50 1 0 

2 eN100 0.0200 0.0080 100 2 1 

3 eN1000 0.0100 0.0080 1000 2 1 

4 eN10k 0.0046 0.0080 10000 1 1 

5 Monotonic - 0.0150 1 0 1 
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Figure A.15 Specimen CL08 traveler 
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Figure A.16 Specimen CL05 traveler 
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Figure A.17 Specimen CL24 traveler 
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Figure A.18 Specimen CL25 traveler 
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Figure A.19 Specimen BL51 traveler 
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Figure A.20 Specimen CL14 traveler 
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Figure A.21 Specimen CT19 Traveler 
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Figure A.22 Specimen CT17 traveler 
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Figure A.23 Specimen CT06 traveler 
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Figure A.24 Specimen CT18 Traveler 
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