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ABSTRACT

The three years European MATHRYCE project, deditate material testing and design
recommendations for components exposed to hydregkanced fatigue, started in October 2012. Its
main goal is to provide an “easy” to implement noeliblogy based on lab-scale experimental tests
under hydrogen gas to assess the service lifereflascale component taking into account fatigue
loading under hydrogen gas. Dedicated experimaesas will be developed for this purpose. In the
present paper, the proposed approach is presenteccampared to the methodologies currently
developed elsewhere in the world.

NOMENCLATURE

FCV Fuel Cell Vehicle

HE Hydrogen Embrittlement
NDT Non Destructive Threshold

1. INTRODUCTION

The deployment of a large hydrogen infrastructuith wocietal acceptance relies on the development
of appropriate codes and standards to ensure s#feled, the structural integrity implications of
hydrogen in an energy infrastructure are profound i& unaddressed could influence the reliability,
safety and economic competitiveness of this roota sustainable future energy system [1]. While
hydrogen infrastructures are gradually being talilbver the world, dedicated international staddar
should be improved or developed to properly enfitmess for service of pressure vesselsject to
hydrogen enhanced fatigue. For example, high pressure compressors and peegsiffers in FCV
refuelling stations experience cyclic loading daeptessure variation. The European MATHRYCE
project aims to develop and provide an easy toempht vessel design and service life assessment
methodology based on lab-scale tests under hydrggenT he project started in October 2012 and has
three year timeline development. It will also faesthe cooperation of international recognized
institutes around the world.

The first part of the paper is discussing how sexisting codes are addressing hydrogen and fatigue
issues for the design and the service life of hgdnopressure vessels. In the second part, the ggdpo
approach, based on the selection and further dewelot of the most appropriate, reliable and easy to
handle lab-scale fatigue test under hydrogen pres®i presented. The last part describes the
experimental as well as theoretical foreseen dewedmts to achieve this goal.



2. REVIEW OF EXISTING CODES AND STANDARDS

In this part, a non-exhaustive review of existirafes and standards for pressure vessels design,
focusing on type 1 cylinder in the presence of hydrogen is carried out. As a reminder, there are four
types of cylinders that can be used as a hydrogeage vessel; type | (totally metallic), typethi¢k
metallic liner hoop-wrapped with a fibre-resin cargjte), type Il (metallic liner fully-wrapped with
fibre-resin composite), and type IV (polymeric lirfally-wrapped with a fibre-resin composite) [2].
Standards are analysed for their limits and atenwill be paid to high pressures and fatigue-based
design. The focus is on seamless steel gas cy$iradet fatigue loading, even though welded cylinders
are admitted in some cases.

The main international standards distinguish betwsterage and transport applications. Table 1 gives
an overview of the main international recognizeshdards for compressed dgeansport applications
including gaseous hydrogen. Table 2 gives an ogeraf the main international recognized standards
for compressed gasorage applications including gaseous hydrogen.

Table 1: Overview of standards and codes for tramgpplications

. Service life | Experimental Special
Standard country Volume | Min/max Material Design Rule (Number of fatigue requirements for
and code 0] P (MPa) e
cycle) verification H, gas
Prescriptive
DOT Low alloy Cr- formula for ) .
3AA ([5)) USA <450 1.0/- Mo steel minimum wall Not defined Not required Yes
thickness
DOT Low alloy Cr- ?orreniﬁzf ?c\)/f
3AAX USA > 450 3.5/- s Not defined Not required No
(1) Mo steel minimum wall
thickness
el | ves
ASME minimum wall depending on
Section Low and high . fracture
VI, USA - -/100 alloy Cr-Mo thlckness or mechanics Not required Yes, through KD-
. elastic-plastic ) 10 article
Div.3 steel, Al alloy analysis calculations
@D (according to (ac;[c;fclig)g to
KD-2)
ISO Inter From Low alloy Cr- ?Jreriﬁzf ?(;/re FLI||r|1 zcﬁ:?nt—eSt
9809-1 . 0.5 to - y o Not defined X Yes
3] national 150 Mo steel minimum wall corrosive
thickness fluid
ISO Inter From Low alloy Cr- If:’orfrifj:g) ?(;/re
11120 national 150 to - Mo steel minimum wall Not defined Not required Yes
() 3000 thickness
ISO/TS Not specified. Full scale test
15869 Inter ) ) Low alloy Cr- | Fortype 11SO | N=11250 or in a non- Yes
national Mo steel 9809 can be N=5500 corrosive
(16D - :
applied fluid
Table 2: Overview of standards and codes for seegplications
Standard country Volume | Min/max Material Design Rule Service life EXF:‘Z[iISLEemaI reqlsjﬁfgfr:?nts
and code 0] P (MPa) (Number of cycle) verification for H, gas
Considered
AD 2000- .Se"e“?" steel Prescriptive formula . . through a safet]
including low L Fatigue design bas .
Merkblatt | Germany - - allov Cr-Mo for minimum wall on S-N approach Not required | factor of 10 on
([11) Zteel thickness PP the number of
cycles
Several steel —_
EN 13445 including low Prescnp_nve formula Fatigue design bas . N.Ot .
EC - - for minimum wall Not required quantitatively
([201) alloy Cr-Mo hick on S-N approach idered
Steel thickness considere
ASME Several steel Prescriptive formula Not
Section VIII, including low b4 Fatigue design bas ) o
h USA - - for minimum wall Not required quantitatively
Div. 1/2 alloy Cr-Mo thickness on S-N approach considered
([12]) steel
ASME USA - -/100 | Low and high Prescriptive formulaYes, depending or Not required Yes, throu
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Section VIII, alloy Cr-Mo | for minimum wall | fracture mechanic KD-10 article
Div.3 ([7]) steel, Al alloy| thickness or elastic- calculations
plastic analysis (according to KD-
(according to KD-2) 10)
JIS SCM435 Design life based on
Cr-Mo steel Follows the approach fatigue analysis
KHK[g] 0220 Japan >100 (u'\%c;)m of ASME section VIIl| based on ™ curves -
SUS316 and Div. 3 and ac;zclks?srowth
SUS3&6L 4
Low alloy Cr-| prescriptive formula only
(MO steel, for minimum wall | recommendations,
UTS<950 thickness and Fatigue analysis such as the limit g
CODAP [9] France MPa) for based on S-N curves allowed UTS for
seamless low alloy steels s¢
reservoirs | Design by analysis t0 <950 MPa
_|Not specified. For typ| To be specified by Full scale test in
15':?9%%[?3]) wer | <10000| 15210 O 219 O 150 9809 or ISO | the manufacturer, 15 non-corrosive Yes
11120 can be applied years minimum fluid
Not for design.
1ISO11114-4| Inter Low alloy - L
[14] national steel Selection of materials
for Hydrogen use

The standard 1SO CD 15399 is still at a committeaftdstage and the proposed approaches for
evaluation of hydrogen effect in metallic materale presently under discussion in the ISO
TC197/WG15. In general, standards for transpomatiexcept ASME KD-10 [7] do not specify
cylinder service life in terms of years and/or nmaxim number of filling cycles, while a specifiedelif

is generally defined through standards for stogg@ications. Only Art. KD10 [7] evaluates service
life through a fracture mechanics approach taking account hydrogen.

3. DEVELOPMENT OF THE MATHRYCE METHODOLOGY

As described previously, several methodologiesbareg developed around the world (e.g. USA and
Japan) based on a safe-life approach or damagangléncluding a crack growth based model. The
MATHRYCE project aims at developing a European rodtlogy to take into account hydrogen
enhanced fatigue. The reasons driving this appraseinow presented in the following sections.

3.1 Description of the methodology

The project aims to provide a component design lgetime assessment methodology for high
pressure hydrogen metallic components subjectéatitpue (pressure cycles), which avoids full scale
tests in hydrogen, for application in design arsfing standards. Thus, the approach should fliél t
following statements:

- the vessel material is subjected to fatigue undgsrelssure,

- the mechanical properties of materials are obtaifteth lab-scale tests under hydrogen gas
simulating or approaching actual conditions,

- the approach should be as “easy” as possible imfplemented at an industrial level,

- full scale pressure vessel testing indds, which can be very long and expensive to bienpeed,
should be avoided.
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Figure 1. Sketch of the methodology to be developed

Fig. 1 schematically describes the approach. Ehvetmost precise description of the environment an
of the loading cycles under hydrogen of the compbiebe designed must be performed. From these
data, lab-scale tests will be defined and set-uprger to understand, for a given material, how
hydrogen modifies the initiation and growth of dedike defects, such as non-metallic inclusions or
surface manufacturing imperfections below the tgpNDT value. Finally, the lifetime assessment
will consist in combining the hydraulic cycling pemance of the component with appropriate
knowledge of the performance of the metallic maten hydrogen under cyclic loading.

One of the objectives is to be able to propose ggraach that allows characterizing the entire
hydrogen enhanced fatigue damaging process posssiilg a single test and specimen. From this
characterization of the performance of the matddalreference cycles, the conditions for ensuring
expected lifetime of a component in real life ikt defined, based on iso-effect equivalence laws
(parameterst andp in Fig. 1) and on mechanisms based models thdd @aiter take into account the
influence of the main parameters such as hydrogesspre, cycling frequency, stress amplitude and
history, temperature, etc...

This raises the question of properly defining arefice pressure cycle. For this reason, part of the
project will be dedicated to measure the influeofceycle characteristics such as cycle amplitudg an
cycle frequency in order to support the proper ati@rization for the expected service conditions
during the component service life. Fig. 2 displaysimplified service life description of a buffer
vessel in a hydrogen station. As shown in thisrigut includes high R ratio cycles combined with
some lower R ratio cycles as well as some stepggaten pressure, corresponding to steps of low use
(corresponding to nights for example). In ordetatke the cumulated damage obtained into account, a
predictive but still conservative law must be pdmed starting from the appropriate lab-scale test
definitions. Moreover, for type | cylinders (thakaentirely metallic), the need to ensure leak teefo
burst will have to be considered too.
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Figure 2: Example of a simplified cycling histor fa hydrogen buffer in a future stationary hydroge
station for hydrogen refuelling at 700 bar and B&0

Moreover, temperature cycling, typically from -40t€ 85°C, may influence the crack initiation or
growth promoting thermal stresses, and changing absorption as well as diffusion kinetics.
Although this parameter has been clearly identjftbé preliminary developments will be based on
experimental results performed at room temperatndeed, for most of ferritic and martensitic steel
this is the worst temperature for hydrogen emkentént where both hydrogen absorption and
diffusion are favoured.

3.2 From lab scale to full scale component

The approach should address not only the pressasseldesign, predicting the number of cycles for
crack initiation but also the service-life usingetbata obtained on cyclic crack propagation under
hydrogen and the effect of hydrogen pressure omgterial toughness. To ensure a reliable and safe
prediction, the transferability of the lab-scalesults to a full-scale component must be carefully
analysed (this is schematically identified by thearameter in Fig.1). This will be done by both a
theoretical and an experimental approach.

Theoretical approach

Once the principal types of defects (inclusion eomgetrical imperfection) in the pressure vessdl wil
be identified, numerical simulations performed ibagus (Fig. 3) will give a good knowledge of the
stress and strain fields ahead of it under cydirggsure. In the example shown here, a small crack
300 pm large and 300 um depth has been simulatatiis configuration and for a pressure cycling
between 90 and 70 MPa, the maximai is 5.3 MPa Mi>. These data will guide the experimental
tests definition at a lab-scale level.

Figure 3: Example of a crack in a pressure vesseidmerical simulation



However, transferability of the results is fullykied to the way a defect or a crack is locally &xhd
Indeed, the crack depth and geometry, the specidmensions, and the loading configuration,
generally referred to as constraint effect, arevkmdo strongly affect the toughness measurements
[15]. Initiation, fatigue crack growth and toughmeare not influenced in a same way by these
parameters. Toughness is probably the propertyhwiimmfluenced the most by the constraint effects
and this has to be considered in order to safadipt the service life of a component if fatiguaak
growth is involved in the predictive methodologytwo-parameter approach [15] will be used to take
these constraint effects into account. Althougtbphly less affected, it is necessary to quantightiv
measure how constraint can affect crack growthels w

Validation through full scale testing under hydrogen pressure

Transferability will also be checked through expemtal tests. Once the methodology will be
defined, and although it should not include te$tsibscale components under hydrogen pressuee, th
proposed rationale will be finally validated by meaof fatigue tests under hydrogen pressure on full
scale components. These tests will be performélderHigh Pressure Gas testing Facility available at
JRC (Fig. 4), allowing tests up to 90 MPa dependangthe hydrogen volume involved in the
experiment.

Figure 4: Experimental set-up to test pressureelessmder hydrogen cycling pressure — JRC

As noticed in a previous paragraph, it is not gaesio perform the actual number of cycles within a
three years project. Thus, artificial defects wél numerically designed, using the experimentailies
and the theoretical approach of the project in otdée able to detect crack initiation as weltesck
propagation in a reasonable time compatible wighgitoject duration.

4. EXPERIMENTAL AND THEORETICAL APPROACH
4.1 Material

As proposed, the approach should be applicabld tgpes of pressure vessels possibly subjected to
hydrogen enhanced fatigue, thus containing metpHits. However, in order to focus on the main
aspects of the project, i.e. to propose a methggolthe developments will be dedicated to type 1
pressure vessels. They will be designed and butldavstandard low alloy Cr-Mo steel type.



4.2 Experimental developments

Three types of lab-scale tests will be carried aod carefully analysed to address the fatigue of
pressure vessel steels without and under hydrogessyre. It is worth noting that ferritic steels,
currently used for high pressure hydrogen companesute very sensitive to hydrogen charging
conditions before or during mechanical loading. Aslirogen diffusion in these alloys is extremely
rapid, it is necessary to test the material ungeeirdgen gas to obtain reliable results for desigran
component for hydrogen pressure service.

- First, the fatigue tests on cylindrical specimenth a calibrated hole, developed by the Japanese
team at Kyushu University [16], will be adaptedb processed under high pressure hydrogen (Fig.
5a). These tests provide data on both short cradsqciated to crack initiation phase and thus to
initial design, and long cracks, associated tolcfgopagation phase and thus the assessment of the
component lifetime, to propose criteria for inspattintervals. Following the initiation of a craek

the tip of a small hole in high pressure hydrogendt straightforward. Some specific instrumentatio
developments are necessary to achieve this goal.

- Second, the long crack growth behaviour undelirgydoadings will also be addressed using more
classical fracture mechanics specimen: Compactil€e(ST) (Fig. 5b) or Single Edge Notched
Tensile (SENT) specimens. Comparison of the crackwth rates obtained with these fracture
mechanics specimens and the ones obtained witltyole fatigue specimens with a calibrated hole
will confirm the obtained results.
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Figure 5 : (a) Fatigue test with calibrated hol@][(b) CT specimen in the CEA experimental device
under hydrogen pressure

- Third, a test based on the disk facility will developed (Fig. 6). A disk with or without a defect
(hole or small notch) will be numerically designedobtain loading conditions close to the expected
operational ones. This specimen will be loaded iwithe classical disk facility but under cycling
pressure. In this test, differently from the stadddisk test, the burst pressures under helium and
hydrogen will not be compared but rather the rafioumber of cycles to initiation between these two
gases. This testing methodology shall be able tectierack initiation during the test. Both pregou
tests will be performed at a constant hydrogensareswhereas this fatigue disk test could reproduce
loading conditions (cycling pressure) closer to ieervice loading conditions of the component.
Such a development could also help to define aetesier to handle.



— " ———

Figure 6: Preliminary simulations to define a dissts under cycling pressure

Fig. 7 is showing the first simulations of a bi-cte¢d disk under cyclic loading. Using this
configuration, the two notches are under tensiledileg. With notches, the simulations are less
dependent upon the boundary conditions at clampiiogvever, the experimental machining of such
notches with a given ratio at the tip is not stnéigrward. Thus both configurations, with or withou
defects, have advantages and drawbacks. The fsioralations will help identifying the best
geometry to provide a reliable and useful diskgiai test. To do so, the cyclic stresses aheadeof th
notch will be compared to those obtained on thesitdle simulation (Fig. 3) and the final size and
geometry of the notches will be obtained by optatien. Finally, to properly simulate the disk test
under fatigue, the material behaviour under cyctingditions will be identified, in order to takeeth
isotropic and kinematic hardenings into accourthenmodel.
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Figure 7: Cr-Mo steel bi-notched disk under pressiycling loading between 200 and 400 bar

The experimental program will basically consist in:

- identifying the worst case conditions and findieguivalences between different types of loading
conditions in order to adequately characterizesttpected service ones,

- developing a relevant, and as easy as possililartdle mechanical test to determine the appr@priat
material characteristics for the methodology,

- validating the methodology through componentitgsin hydrogen.

The results obtained by the three testing methatlsbes systematically analysed, with the help of

numerical simulations and scientific knowledge elievant hydrogen embrittlement mechanisms, to
propose the appropriate testing methods for a desigthodology based on hydrogen enhanced
fatigue.

4.3 Improving hydrogen enhanced fatigue knowledge

To be reliable, the methodology should be basednash as possible, on a good knowledge of the
underlying damaging mechanisms in presence of IggiroAlthough studied for years, there still is a
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strong lack of understanding to be able to be dpzinely predictive with mechanism based models.
First, the influence of hydrogen on crack initiatiand its link with the inclusion content have been
very little addressed. Second, the permeation dfdgen in the metal, including ad/absorption and
diffusion coupled to the mechanical stress fieldd # trapping is theoretically described. However,
the involved mechanisms are very sensitive to deepurity as well as to the material microstructure
and it is not yet obvious to properly identify theal in-service or experimental conditions. Third,
fatigue crack growth in ferritic and martensiticeels has been widely studied. However, the
understanding is not yet strong enough to proviealiptive models. As an example, the hydrogen
populations involved in the damage process (lattiG@ped at the interface between inclusion and
ferrite, trapped in dislocations, ...) are not clgadentified. Finally, the hydrogen environmentaof
crack tip is dependent on the loading conditionshesvn in Fig. 8.

Precharged H, gas

b
a) )H

= H

Precharged + H2 gas

Figure 8: Hydrogen environment of a crack dependimghe loading conditions [17]

The fatigue crack growth under hydrogen is sometimedelled as a competition between the crack
growth rate and the hydrogen diffusion rate in @pss zone ahead of the crack, designed [18]. Thus,
the hydrogen source to fill this process zone atdfack tip depends on the experimental conditions.
For a pre-charged specimen, hydrogen comes frorsgbeimen volume and is also escaping through
the surface (Fig. 8a). For a specimen tested ingiider hydrogen pressure, hydrogen reaches the
process zone through the crack surface and podsjbiyolume diffusion from the specimen surface
(Fig. 8b). Finally, considering a storage vessealparating conditions, the material can be satdraye
hydrogen due to long term exposition and hydrogéhbe able to reach the process zone both from
the crack tip and the surrounding specimen voluFig. (8c). It appears then that the quantitative
experimental data may strongly differ dependingtb@ experimental procedure. For the present
project, all the tests will be performed under logdn pressure, including or not hydrogen
precharging to saturate the material, to be ag@dsgossible to the vessel operating conditions.

5. CONCLUSIONS

The main objectives of the MATHRYCE project are tced on the development and dissemination
for standardization of a methodology for the desighydrogen high pressure metallic vessels and for
their lifetime assessment that takes into accoydtdgen-enhanced fatigue. This needs to be achieved
without requiring full scale component testing untigdrogen as this is not practicable considering
the expected cycle lives and equipment size. Thgeqr therefore targets the justification of an
approach where lifetime assessment results fronboong the hydraulic cycling performance of the
component with the appropriate knowledge of thdgperance of the metallic material in hydrogen
under cyclic loading. This will be validated by cpaming the lifetime prediction of a component
calculated from the lab scale tests to that obthinem large scale component tests. The analysis of
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the results, based on numerical simulations as aglbn the scientific knowledge of the possible
hydrogen embrittlement mechanisms, will allow tosess or to modify the proposed design
methodology. Finally statistics considerations witbbably be introduced in the approach.

The main outcomes of the MATHRYCE project will be:

- The development of a reliable testing method haracterize materials exposed to hydrogen-
enhanced fatigue,

- The definition of a methodology for the design raktallic components exposed to hydrogen
enhanced fatigue and for the assessment of thwicedifetime; this methodology being liable to be
recognized for pressure equipment regulation,

- The dissemination of this methodology, as a psegdaapproach for standardization,

- The dissemination of prioritized recommendatifarsmplementations in international standards.
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