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Outline

• Materials selection

– How do we select materials for hydrogen service?

– What are appropriate metrics for materials selection?

• Tensile behavior

• Fracture resistance

• Fatigue performance

– Database is needed
• Moving beyond the technical reference

• Testing methodologies and materials testing

– Low-temperature assessments of materials properties

– Pressure vessel steels
• Cr-Mo steels

• Ni-Cr-Mo steels
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How do we select materials?
• Tensile properties

- Used to certify microstructure and strength requirements
- Ductility is used to assess gross microstructural defects

- Not used as design metric
- Hydrogen does not affects strength

• Fracture resistance
- Criteria for assessing brittle failure/transitions
- Used in design: LBB, criticality of cracks

• Fatigue performance
- Several fatigue test methods
- Used in design: design life predictions and critical 

stresses/strains for infinite life

Many evaluations consider relative changes in 
properties as a metric for materials selection



Why are materials such as 304L and XM-11 not 
considered for hydrogen service? 
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Tensile ductility for a variety of austenitic stainless steels



Why is A-286 considered appropriate for hydrogen 
service? 

Tensile ductility for a variety of austenitic stainless steels

A286

Open = air
Closed = thermally H-precharged



Fracture mechanics-based design is standardized
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Fracture resistance is dependent on strength and 
microstructure (not necessarily composition)

Fracture resistance measured 
in hydrogen environments

Strength and fracture properties can be used directly in 
the design of pressure components and systems



Fatigue crack growth can be used for life prediction 
or inspection intervals (ASME BPVC VIII.3 KD-4)
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Fatigue crack growth 
design methodologies can 
be difficult to apply to 
complicated geometries



Fatigue life measurements can also be used to assess 
component life (ASME BPVC VIII.3 KD-3)
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Fatigue life design enables performance consistent 
with the service environment



How do we select materials?
• Tensile properties

- Used to certify microstructure and strength requirements
- Ductility is used to assess gross microstructural defects

- Not used as design metric
- Hydrogen does not affects strength

• Fracture resistance
- Criteria for assessing brittle failure/transitions
- Used in design: LBB, criticality of cracks

• Fatigue performance
- Several fatigue test methods
- Used in design: design life predictions and critical 

stresses/strains for infinite life

Databases and Handbooks of engineering 
properties are necessary for design of components



Relative metrics only tell part story
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• Each property tells a 
slightly different story

• Is a relative change of 
20% significant? 30%? 
50%?
- Depends on the 

absolute value
- Depends on the 

design requirements

Strain-hardened type 316L (12wt% Ni)

Databases of properties 
in hydrogen 

environments are needed



Relative metrics only tell part story
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• Which metric is 
appropriate?

Answer: depends on design 
criteria
• This  steel is used every 

day to store high-
pressure gaseous H2

Low-strength Cr-Mo steel (Sy ~650 MPa)

Suitability for a given 
application depends on 

design criteria AND
properties in relevant 

environment



ASME design curve: carbon 
and low alloy steels with 
UTS = 620 MPa

Design
space

Low-strength Cr-Mo steels are appropriate for very 
specific conditions

Design criteria
• Su < 890 MPa

• hoop stress ≤ 0.4 Su

• Must satisfy LBB

Collectively, these criteria 
imply:

• Low stresses
(ie, fatigue stress 
amplitude is relatively low)

• Driving forces for cracking 
are lower than subcritical 
cracking thresholds



Sandia Hydrogen Effects Database
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• Which metric is 
appropriate?

Answer: depends on design 
criteria
• This  steel is used every 

day to store high-
pressure gaseous H2

Suitability for a given 
application depends on 

design criteria AND
properties in relevant 

environment



Sandia Hydrogen Effects Database
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Sandia Hydrogen Effects Database
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• Granta is leader in data management tools

• Hydrogen effects database will be made 

available to Granta-users

• Trial program: available as read-only 

interface through URL to all interested 

users

- Starting soon



Growing demands for low-temperature testing in high-
pressure hydrogen system
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• BMW and Opel active in coordinating 
activity to provide data to industry

– Coordination through SAE

• IPHE round robin testing to establish 
fatigue testing  methods
– Draft test plan has been developed

• H2 Storage project on materials for BOP
– Fatigue test matrix established with 

industry partners
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Hydrogen compatibility of technologically-relevant 
stainless steels depends on temperature

Capabilities needed for materials testing (particularly fatigue) 
in high-pressure hydrogen gas over range of temperature
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Fatigue life measurements at low temperature 
indicate tensile trends cannot be extrapolated to 
design relevant parameters

Strain-hardened type 316L (12wt% Ni)



Fatigue life measurements at low temperature 
indicate tensile trends cannot be extrapolated to 
design relevant parameters

Annealed XM-11 austenitic stainless steel (21Cr-6Ni-9Mn)



Multiple industry stakeholders interested in 
qualifying high-hardenability steels for H2 vessels

• Need to quench both surface and core of 
steel vessel wall to 100% martensite

• Phase transformation (e.g., bainite) start 
extended to longer times for “high 
hardenability” steels

• Hardenability of current Cr-Mo steels in H2

pressure vessels (e.g., SA-372 Gr. J) limits 
wall thickness to ~38 mm (1.5 in)

• Higher-hardenability steels favorable for 
high-pressure H2 vessels

– Reduce heat treatment variability in thick-
walled steel vessels

– Reliably increased wall thickness allows 
design of steel vessels with increased inner 
diameter (greater volume)

• Assembling international consortium of 
industry stakeholders to characterize H2

compatibility of high-hardenability steels

– Fatigue crack growth and fracture threshold 
testing of high-hardenability steels in 
Hydrogen Effects on Materials Lab at SNL
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Ni-Cr-Mo steels display higher hardenability than Cr-Mo steels



Fatigue crack growth rates for Cr-Mo steels

Fatigue crack growth rates in H2

• approach rates in air at lower K
• are an order of magnitude (or more) greater at high ∆K
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Fatigue crack growth rates for Ni-Cr-Mo steels

Preliminary results, differences associated with pressure 
and frequency
• 4130X and Gr. L tested at 1Hz, others at 10 Hz
• Gr. L tested in hydrogen at 106 MPa, others at 45 MPa
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Cr-Mo 
steels

Ni-Cr-Mo



Summary

• Materials selection requires assessment of hydrogen-affected 
properties relevant to the design method being utilized 
– Tensile behavior is not sufficient for design of components

– Relative properties are generally not adequate

• Databases/handbooks of properties measured in hydrogen 
environments are needed for designers 

• Materials performance at low-temperature must be 
considered for some applications
– Unlike tensile properties, fatigue performance will not always be 

limited by low temperature condition

• International consortium of industrial stakeholders for testing 
of high-hardenability pressure vessel steels (Ni-Cr-Mo steels)
– Preliminary data suggest similar performance as Cr-Mo steels
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