3. Material Considerations when working with Hydrogen
3.1.11 Influence of Hydrogen on Materials
All materials deform under load. The stress which a structural material is able to withstand is
conditioned by its ductility. Ductility is the ability to deform permanently prior to fracture, and it is
measured in terms of percentage elongation at fracture.
Most materials behave linearly under low loads. A material is elastic if, after being elongated under
stress, it returns to its original shape as soon as the stress is removed. Elastic deformation is
recoverable and involves both a change of shape and a change of volume.
At a certain strain, when the load exceeds the yield load called ‘yield stress’, the stress strain
behaviour becomes non-linear. It departs from linearity meaning that the material will retain a
permanent elongation. Behaviour is not reversible, i.e. permanent changes in shape occur, but the
volume remains constant. A further increase of the strain eventually reaches the ultimate load called
‘ultimate tensile stress’ beyond which the stress decreases finally leading to rupture.
Ductile materials can accommodate local stress concentrations, they can be greatly bent and reshaped
without breaking, i.e. in a ductile material, the molecular bonds gradually break and re-form. In
contrast, brittle materials have only a small amount of elongation at fracture, i.e. in a brittle material,
all the molecular bonds break suddenly at a certain stress level. The strength of ductile material is
approximately the same in tension and compression, whereas that of brittle material is much higher in
compression than it is in tension. Brittle materials do not show significant permanent elongation. They
fail suddenly and catastrophically when they are exposed to their tensile stress.

Figure I: Ductile and brittle behaviour (K. Verfondern, 1999 and M. Mohitpuro, C.L. Pierce, P.
Graham, 1990)

Hydrogen can have two main effects on materials:

1°- At low temperature for example when it is stored in liquid form it can have an indirect effect called
“cold embrittlement”. This effect is not specific to hydrogen and can occur with all the cryogenic gases
if the operating temperature is below the ductile-brittle transition temperature.
Cryogenic temperatures can affect structural materials. With decreasing temperature, there is a
decrease in toughness that is very slight in face centred cubic materials, but can be very marked in
body centre cubic ones such as ferritic steels. This phenomenon shall be considered for liquid
hydrogen storages and associated equipment used at low temperature.
Metals that work successfully at low temperatures include aluminium and its alloys, copper and its
alloys, nickel and some of its alloys, as well as stable austenitic stainless steels.
2°- Hydrogen can have a direct effect on the material by degrading its mechanical properties; this
effect is called “hydrogen embrittlement” and is specific to the action of hydrogen and some other
hydrogenated gases.

3.1.11.1.

Hydrogen Embrittlement

The effect of hydrogen on material behaviour, on its physical properties, is a fact. Hydrogen may
degrade the mechanical behaviour of metallic materials and lead them to failure.
Hydrogen embrittlement affects the three basic systems of any industry that uses hydrogen:
•
•
•

Production;
Transport/Storage;
Use.

In fact, the presence of hydrogen atoms in a solid metal dissolved in the metal grid and accumulated in
disturbed lattice regions results in the reduction of its ductility by decreasing the energy of cohesion
and consequently in the increase of its probability of brittle fracture.
When tensile stresses are applied to a hydrogen embrittled component, it may fail prematurely in an
unexpected and sometimes catastrophic way. An externally applied load is not required as the tensile
stresses may be due to residual stresses in the material. The threshold stresses to cause cracking are
commonly below the yield stress of the material. Thus, catastrophic failure can occur without
significant deformation or obvious deterioration of the component.
This form of cracking, which typically changes from transgranular1 to intergranular2 with increasing
yield strength and other processing variables and which is maximum around room temperature, is
normally referred to as ‘Hydrogen Embrittlement Cracking’ (HEC).
This phenomenon is different from the so called “hydrogen attack” that can lead to failure of steels at
temperature above 473 K, being the result of the reaction of hydrogen with the carbon of the steel
forming voids in the metals . In this case the solution is to use low alloy steels with addition of Cr, Mo
or other elements able to fix the carbon; the Nelson curves give the pressure and temperature regions
at which the different steels can safely be used; but again because it is relevant only at temperature
higher than 473 K, this is normally not a concern for most of the hydrogen storage systems.
The reasons that cause the embrittlement of materials are still debated in the scientific community.
Hydrogen embrittlement detection seems to be one of the most difficult aspects of the problem.
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A transgranular fracture progresses across the grains.
An intergranular fracture follows the grain boundaries.

However, it is known that strain, geometry, the medium and also material influence to which extent
metal is degraded by hydrogen.
Purity of hydrogen is important. Some impurities can be used for putting off or avoiding the cracking
phenomena due to hydrogen, because hydrogen permeability in metals can be diminished by reaction
of the surface of the metal to inhibitors.

Phenomena
Embrittlement involves the ingress of hydrogen into a component, an event that can seriously reduce
the ductility and load-bearing capacity, and causes cracking and catastrophic brittle failures at stresses
below the yield stress of susceptible materials.
It is understood that hydrogen can cause embrittlement when present in a metal or alloy in its atomic
form and not as a molecule. Dissolved hydrogen atoms in metals tend to concentrate in defects of the
crystal structure (dislocations, grain boundaries …), imposing a barrier to the movement of
dislocations, effectively impeding the plastic flow of the material. As a result, the ductility of the metal
decreases and the material becomes brittle.
Furthermore, the concentration of hydrogen at grain boundaries, possibly in molecular form, and the
potential of formation of hydrates after the reaction of hydrogen with the metal, are additional
mechanisms that may lead to embrittlement.
Atomic hydrogen may enter the metal via several mechanisms: via dissolution during welding, while
the metal melts locally dissolving hydrogen from water or other contaminants; via electrochemical
processes, such as surface treating (electroplating, acid pickling….) or aqueous corrosion, where
molecular hydrogen dissociates into atoms that diffuse into the metal; or via chemisorption, resulting
from van der Waals forces between a metal surface and hydrogen molecules also resulting in the
dissociation of the hydrogen molecules into atoms.

Mechanisms
Several mechanisms have been proposed which might explain at least partially the degradation of
metal by hydrogen embrittlement and which might act simultaneously:
•
•

•

•

The formation of hydrides can lead to new hydrogen-related phases which may be brittle and
also may have a lower density than the pure metal leading to internal stress.
The hydrogen distribution in a metal under stress is highly non-uniform which can lead to
locally increased hydrogen-enhanced plasticity causing local microscopic deformation and
eventually a failure.
The lattice decohesion effect is presumed to cause embrittlement by a decrease in the atomic
bonding strength in the presence of hydrogen. A fracture occurs when the stress exceeds the
cohesive stress.
Molecular hydrogen precipitation forming high pressures and compound formation are other
mechanisms identified.

The above ideas help understand the observations that whether or not a metal is susceptible to
embrittlement by hydrogen or a hydrogen compound, depends on the metal and also its metallurgical
history which affect the migration behaviour of hydrogen within the metal.
The embrittlement is strongly connected with locally high hydrogen concentrations which can be
caused by stress-enhanced diffusion rates to lattice defects and reaction sites to initiate cracks. Cracks
grow when hydrogen concentrations reach a critical level; crack growth stops when the crack has
grown through the H2-enriched region or when the stress factor has decreased sufficiently.

Sources of hydrogen and Embrittlement categories
Sources of hydrogen causing embrittlement have been encountered in the fabrication of steel, in
processing parts, in welding, in storage or containment of hydrogen gas, and related to hydrogen as a
contaminant in the environment that is often a by-product of general corrosion.
Hydrogen entry, the obvious pre-requisite of embrittlement, can be facilitated in a number of ways
summarized below:
•

By some manufacturing operations such as welding, electroplating, pickling…
If a material subject to such operations is susceptible to hydrogen embrittlement then, a final
baking heat treatment to force out any hydrogen is employed.

•

As a by-product of a corrosion reaction such as in circumstances when the hydrogen
production reaction results from a cathodic reaction since some of the hydrogen produced may
enter the metal in atomic form rather than evolving as a gas into the surrounding environment.
In this situation, cracking failures can often be thought of as a type of stress corrosion
cracking. If the presence of hydrogen sulphide causes entry of hydrogen into the component,
the cracking phenomenon is often termed ‘Sulphide Stress Cracking’ (SSC).

•

The use of cathodic protection for corrosion protection if the process is not properly
controlled.

These ways lead to the definition of three different categories of the phenomena:
•

Environmental Hydrogen Embrittlement
Occurs when the material is being subjected to a hydrogen atmosphere, e.g., storage tanks.
Absorbed and/or adsorbed hydrogen modifies the mechanical response of the material without
necessarily forming a second phase. The effect strongly depends on the stress imposed on the
metal. It also maximizes at around room temperature.

•

Internal Reversible Hydrogen Embrittlement
Takes place when hydrogen enters the metal during its processing. It is a phenomenon that
may lead to the structural failure of material that never has been exposed to hydrogen before.
Internal cracks are initiated showing a discontinuous growth. Not more than 0.1 - 10 ppm
hydrogen in the average are involved. The effect is observed in the temperature range between
173 and 373 K and is most severe near room temperature.

•

Hydrogen Reaction Embrittlement
It is a phenomenon in which the hydrogen chemically reacts with a constituent of the metal to
form a new microstructural element or phase such as a hydride or to generate gas bubbles ‘blistering’-. These reactions usually occur at higher temperatures. They result in the
formation of blisters or expansions from which cracks may start to weaken the metal.
Thus, this phenomenon leads to the formation of internal hydrogen blisters or blister-like
cracks at internal delaminations or at sites of non-metallic inclusions in low strength materials.
These internal cracks may propagate by a process called ‘Hydrogen-Induced Cracking’ (HIC)
or hydrogen blistering.

This embrittlement category is also responsible for failures in hydrogen-related process plants,
a phenomenon known as ‘Hydrogen attack’. Hydrogen attack has been reported in plain
carbon steel, low alloy steels and even some stainless steels operating above 473 K. It is one
of the major causes of problems in refineries, where hydrogen and hydrocarbon streams are
handled under conditions of up to 20 MPa and 773 K. In this context, failure is the result of
the formation of intermetallic phases from the host metal and hydrogen dissolved in the
metallic matrix via chemisorption and electrochemical reactions, changing the properties of
the material, degrading its mechanical properties and forming methane gas that accumulates in
the grain boundaries of metallic components leading to failure caused by void growth and
assisted by creep.
The case of hydride formation presents a different nature and that of titanium alloys is a
typical one. The microstructure of these alloys consists usually of two phases (α and β) with
different hydrogen solubilities and diffusivities. Hydrogen enters the alloy via grain
boundaries or other easy paths as β phase forming hydrides that precipitate in the α phase. The
mechanism of embrittlement is related in these alloys to this localized hydride precipitation.

Materials
Material suitability for hydrogen service should be evaluated carefully before it is used. A material
should not be used unless data are available to prove that it is suitable for the planned service
conditions. In case of any doubt the material can be subjected to hydrogen embrittlement susceptibility
testing (e.g. ISO 11114-4).
According to the information included in the ISO/TR 15916:2004 Basic considerations for the safety
of hydrogen systems /Technical Report most of the metallic materials present a certain degree of
sensitivity to hydrogen embrittlement. However, there are some that can be used without any specific
precautions as for example brass and most of the copper alloys or aluminium and its alloys. On the
other hand, nickel and high nickel alloys or titanium and its alloys are known to be sensitive to
hydrogen embrittlement. For steels the sensitivity may depend on several factors as the exact chemical
composition, heat or mechanical treatment, microstructure, impurities and strength. Concerning nonmetallic materials, ISO/TR 15916:2004 also provides information as far as the suitability of some
selected materials.
Fortunately many materials can be safely used under controlled conditions (e.g. limited stress, absence
of stress raisers such as surface defects….).

3.1.12 Knowledge gaps and recent progress
The main knowledge gaps on this matter are concentrated on the reasons that cause the embrittlement
of materials. As it was said in the previous subchapter, these reasons are still debated in the scientific
community. Currently this phenomenon is not completely understood and hydrogen embrittlement
detection, in particular, seems to be one of the most difficult aspects of the problem. Now, a materials
test equipment has been developed in Japan within the WE-NET (World Energy NETwork) project to
investigate the environmental hydrogen embrittlement under particular conditions (high pressure
hydrogen up to 10MPa, and temperatures between 20-1500K).

Sources and references

•

Sources used

A. Dechema. Study for the Generation, Inter-Continental Transport, and Use of Hydrogen as a
Source of Clean Energy on the Basis of Large-Scale and Cheap Hydro-Electricity. Final Report on
Contract Nº. EN3S-0024-D(B), Deutsche Gesellschaft für Chemisches Apparatewesen. Frankfurt,
1987.
Abm Glossary. Hydrogen Embrittlement. Abm Glossary, Corrosion Doctors. Published on the
website:
(http://www.corrosion-doctors.org/Forms/embrittlement.htm)
American National Standard. API 941, Steels for Hydrogen Service at Elevated Temperatures and
Pressures in Petroleum Refineries and Petrochemical Plants. American National Standard ANSI/API,
Publ. 941-1990.
B. Hüsing, T. Reib. Perspectives and Limitations of Biological Hydrogen Production (11th World
Hydrogen Energy Conf., Stuttgart, FR6, 1996), T.N. VERIZOGLU,., et al., Hydrogen Energy Progress
XI, International Association for Hydrogen Energy. 1996.
Corrosion source. Hydrogen Embrittlement – Handbook. Corrosion source. Published on the website:
(http://www.corrosionsource.com/handbook/testing/he.htm)
E.Tzimas, C. Filiou, S.D. Peteves, J.B. Veyret. Hydrogen Storage: State – Of – The – Art and Future
Perspective’, 2003. European Commission - Directorate General Joint Research Centre (DG JRC) Institute for Energy. Petten-The Netherlands, 2003.

(http://www.jrc.nl/publ/P2003-181=EUR20995EN.pdf)

Escuela Superior Técnica de Ingenieros Industriales UPM - Grupo de apoyo: Laboratorio Energético
del Hidrógeno. Confinamiento del hidrógeno. Fundación Iberdrola - Energía Sostenible.net.
Published on the website:
(http://www.energiasostenible.net/materiales_hidrogeno.htm)
Escuela Superior Técnica de Ingenieros Industriales UPM - Grupo de apoyo: Laboratorio Energético
del Hidrógeno. Materiales en la tecnología del hidrógeno. Fundación Iberdrola - Energía
Sostenible.net. Published on the website:
(http://www.energiasostenible.net/materiales_hidrogeno.htm)
F.J. Edeskuty, W.F. Stewart. Safety in Handling of Cryogenic Fluids. The International Cryogenics
Monograph Series, Plenum Press. New York, 1996.
Faculty of Architecture- The University of Sidney Australia. 5 Material Behaviour and Sections DESC
1004 Building principles. Faculty of Architecture- The University of Sidney Australia. Published on
the website:
(http://www.arch.usyd.edu.au/~mike/Struct01/BPNotesWebFiles/BP0029to37.pdf)
H. Barthélémy. Compatibility of metallic materials with hydrogen – Review of the present knowledge.
16th World Hydrogen Energy Conference. Lyon, France, 13-16 June 2006.
ISO/TR 15916:2004 Basic considerations for the safety of hydrogen systems /Technical Report. First
edition 2004-02-15
K. Kussmaul, P. Deimel, Materialverhalten in H2-Hochdrucksystemen, VDI Berichte Nº. 1201, VDIVerlag, Düsseldorf, 1995.
K. Verfondern. Hydrogen as an energy carrier and its production by nuclear power (IAEA-TECDOC1085). International Atomic Energy Agency -IAEA-. Vienna, May 1999.
(http://www.iaea.or.at/inis/aws/htgr/fulltext/30027279.pdf)
M. Mohitporu, C.L. Pierce, P. Graham. Design Basis Developer for H2 Pipeline. Published in Oil &
Gas Journal. 28 May,1990.
M.R. Louthan, M.J. Morgan. Some Technology Gaps in the Detection and Prediction of HydrogenInduced Degradation of Metals and Alloys. J. Nondestructive Evaluation 15, 1996.
Metallurgical Consultants. Hydrogen Embrittlement.
Consulting. Published on the website:
(http://www.materialsengineer.com/CA-hydrogen.htm)

Metallurgical Consultants - Engineering

National High Magnetic Field Laboratory, University of Florida. Section3 – Physical / Health Hazards
and Protection. National High Magnetic Field Laboratory, Operated by Florida State University,
University of Florida, Los Alamos National Laboratory. Published on the website:
(http://www.magnet.fsu.edu/users/safety/cryogenics/cryogenics3.html)

P. Hoffmann, (Ed.) Hydrogen & Fuel Cells Letter.13 January 1998.

Plating Systems and Technologies. Hydrogen Embrittlement. Plating Systems and Technologies.
Published on the website: (http://www.mechanicalplating.com/hydrogen.htm)

Princeton Plasma Physics Laboratory. Chapter 3 – Cryogenic Safety. Published on the website:
(http://www.pppl.gov/eshis/ESHD_MANUAL/Old_ESHD_sections/occh3.pdf)
Spallation Neutron Source. Cryogenic Safety. Spallation Neutron Source, January 2004. Published on
the website:
(https://www.sns.gov/projectinfo/operations/training/lectures/Good%20information/Cryo_Safety.pdf)
University of Glasgow. Safety & Environmental Protection Services -Health and Safety Note-Liquid
Nitrogen. University of Glasgow, July 2001. Published on the website:
(http://www.gla.ac.uk/services/seps/01-024.html)
V. Calder. Ask a Scientist- Chemistry Archive-Hydrogen Holders. Laboratory of Chicago – Newton
BBS, Department of Energy – United States of America. Published on the website:
(http://www.newton.dep.anl.gov/askasci/chem00/chem00094.htm)
5.Topic 2:Yielding. Published on the website:
(https://www3.imperial.ac.uk/pls/portallive/docs/1/10151.PDF)

•

References

A. Dechema. Study for the Generation, Inter-Continental Transport, and Use of Hydrogen as a
Source of Clean Energy on the Basis of Large-Scale and Cheap Hydro-Electricity. Final Report on
Contract Nº. EN3S-0024-D(B), Deutsche Gesellschaft für Chemisches Apparatewesen. Frankfurt,
1987.
B. Hüsing, T. Reib. Perspectives and Limitations of Biological Hydrogen Production (11th World
Hydrogen Energy Conf., Stuttgart, FR6, 1996), T.N. VERIZOGLU,., et al., Hydrogen Energy Progress
XI, International Association for Hydrogen Energy. 1996.

E.Tzimas, C. Filiou, S.D. Peteves, J.B. Veyret. Hydrogen Storage: State – Of – The – Art and Future
Perspective’, 2003. European Commission - Directorate General Joint Research Centre (DG JRC) Institute for Energy. Petten-The Netherlands, 2003.
(http://www.jrc.nl/publ/P2003-181=EUR20995EN.pdf)

F.J. Edeskuty, W.F. Stewart. Safety in Handling of Cryogenic Fluids. The International Cryogenics
Monograph Series, Plenum Press. New York, 1996.
H. Barthélémy. Behavior of steel in the presence of pressurized hydrogen – Recommendation for the
construction of pressurized equipment. Third meeting on inspection in the Chemical Industry
organized by the Chemical Industry Union, Marseille, France, 22-23 November 1990.
H. Barthélémy. How to Select Steel for Compressed and Liquefied Hydrogen Equipment”,
“Instrumentation of Steels with hydrogen in petroleum industry pressure vessel service”. Proceeding
of the Industrial Conference held in Paris, 29-30 March 1989).
H. Barthélémy. Learning from gas cylinders incidents – A general overview. 14TH Symposium EIGA
: Packaged gases : past, present and future. Strasbourg, France, January 2004.
H. Barthélémy. Periodic inspection of compressed gas cylinders and transport vessels by using
acoustic emission testing. ASTM STP 1077
H. Barthélémy, G. Chateau. Hydrogen embrittlement of low alloyed ferritic steels by hydrogen and
hydrogen sulfide under high pressure. Hydrogen and Materials. Beijing, 9-13 May 1988.
H. Barthélémy, G. Chateau. Hydrogen gas embrittlement of some austenitic stainless steels, Hydrogen
and Materials. Beijing, 9-13 May 1988.
I. Azkarate. Corrosión bajo factores mecánicos asistida por hidrógeno de aleaciones de titanio. Tesis
Doctoral. Instituto Químico de Sarriá. Via Augusta 390. 08017 Barcelona. 11 de Junio de 1992.
I. Azkarate, E. Erauzkin, A. Pelayo, A.Mª Irisarri. Fragilización por hidrógeno de tubos de acero
API5 LX-52 y X-60. Madrid. Rev. Metalurgia. 24 (5), 331-336. 1988.
K. Kussmaul, P. Deimel, Materialverhalten in H2-Hochdrucksystemen, VDI Berichte Nº. 1201, VDIVerlag, Düsseldorf, 1995.
M. Mohitporu, C.L. Pierce, P. Graham. Design Basis Developer for H2 Pipeline. Published in Oil &
Gas Journal. 28 May,1990.
M.P. Foulc (CEA Le Ripault), P. Mazabraud (CEA Le Ripault), C. Farys (CEA Valduc), L. Coudreuse
(Industeel Groupe Arcelor), CEA Commissariat A L’Energie Atomique Le Ripault. State of the Art
“Durability & Integrity”- CEA contribution (Work Package 3. Task 3.1). Naturalhy Project (Contract
Number: FP6-502661). 24 November 2004.
M.R. Louthan, M.J. Morgan. Some Technology Gaps in the Detection and Prediction of HydrogenInduced Degradation of Metals and Alloys. J. Nondestructive Evaluation 15, 1996.

P. Hoffmann, (Ed.) Hydrogen & Fuel Cells Letter.13 January 1998.
V. Calder. Ask a Scientist- Chemistry Archive-Hydrogen Holders. Laboratory of Chicago – Newton
BBS, Department of Energy – United States of America. Published on the website:

(http://www.newton.dep.anl.gov/askasci/chem00/chem00094.htm)

And thanks to Sandia National Laboratories and especially to Mr. Moen and Drs. Somerday and
San Marchi for their contribution to this chapter.

