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Day 1 Agenda

• 7-7:30 Welcome, introductions, workshop purpose (Kevin Simmons and Neha Rustagi-DOE)
• 7:30-8:15 Orientation of H-Mat consortium and current activities
• 8:15-8:45 Setting the stage – objectives, approach, and outcomes
• 8:45-9:00 Break
• 9:00-10:30 Panel discussion on materials and hydrogen (Christina Semkow-Swagelok, Keith 

Wourms – North American Corp, Kevin Simmons-PNNL)
• 9:00-9:30 Panel answers to framing questions – Moderator Nalini Menon – SNL
• 9:30-10:30 Group brainstorming on R&D gaps

• 10:30-11:50am Panel discussion on test methodologies and standards ( Hydrogenius Kyushu 
University – Shin Nishimura, Jennifer Hamilton – California Fuel Cell Partnership, Will 
James-SRNL) 

• 10:30-11:00 am Panel answers to framing questions – Moderator Chris San Marchi – SNL
• 11:00-11:50 am Group brainstorming on R&D gaps
• 11:50-12:00 pm wrap-up

All times Pacific Daylight Time



Day 2 Agenda

• 7:00-7:30 am Day Review
• 7:30-9:00 am Panel discussion on energy storage and infrastructure 

(panelists, Hexagon-Norm Newhouse, Tim Harris, So. Company) 
• 7:30-8:00 Panel answers to framing questions – Moderator Will James - SRNL
• 8:00-9:00 Group brainstorming on R&D gaps

• 9:00-9:15 am Break
• 9:15-11:00am Review and combine priorities from breakout sessions

All times Pacific Daylight Time



Panelists

Jennifer Hamilton 
is the Program Manager- Safety, 
Education, Codes & Standards 
for the California Fuel Cell 
Partnership, where she has 
worked since 2006. She actively 
participates with and supports 
the development of national 
and international safety, codes 
& standards. She also leads the 
hydrogen education and 
outreach to the emergency 
response and permitting official 
communities. Jennifer, along 
with the rest of the CaFCP staff, 
works with their members to 
grow the hydrogen market in 
California and beyond. 

Christina Semkow
Swagelok Principal Polymer Engineer, has 
been with Swagelok since 2012. She is 
responsible for advanced technology new 
materials development and new process 
development. In addition, she oversees 
polymer field return failure analysis, 
product support. She is based in the main 
plant polymer lab and works closely with 
other materials scientists across 
Swagelok. Prior to joining Swagelok, 
Christina worked in new product 
development at GE Reuter Stokes, GE 
Healthcare, Ford Motor Company, Rockwell 
Automation –Allen Bradley, and Kerr 
Sybron. She has broad experience in new 
product development in nuclear, medical 
devices, dental materials, automotive 
manufacturing, and electrical component 
and materials process engineering. 
Christina has a BS in Macromolecular 
Science Engineering from Case Western 
Reserve University and MS in Polymer 
Chemistry from University of Detroit.



Panelists

Tim Harris
is a senior research engineer at 
Southern Company Gas who 
specializes in translational 
research with an emphasis on 
strategic insights. He is currently 
working on evaluating future 
hydrogen deployment in natural 
gas infrastructure and wholistic 
energy systems. He is a founding 
industrial member of the 
HyBlend consortium recently 
funded by the Department of 
Energy.

He is a licensed Professional 
Engineer, holds a M.Eng. in 
mechanical engineering from the 
University of Cincinnati, and a 
B.S. in bioengineering from the 
University of Illinois at Chicago. 
He resides outside of Atlanta, GA 
with his wife and son.

Kevin Simmons

is a Chief Materials Scientist at Pacific Northwest 
National Laboratory with more than 30 years of 
research experience in polymer and composites 
processing and polymeric properties.  The 
combination of these two specialties allow him 
to work with government and industrial sectors 
to efficiently solve problems and select polymers 
for product development. 
He is the co-lead of the U.S. Department of 
Energy’s recently launched Hydrogen Materials 
Compatibility —or H-Mat—Consortium with 
Sandia National Laboratories. H-Mat is a multi-
laboratory collaboration with five DOE National 
Laboratories. H-Mat aims are to develop 
science-based approaches to improve reliability 
and lower the cost of materials used in hydrogen 
delivery and storage technologies and to inform 
codes and standards to guide their development 
and use. This work includes investigating the 
effects of hydrogen interactions with polymers 
through experimental research and multiscale 
modeling.   



Panelists

Keith Wourms
Manager of North American Corporation, a valve design 
and production company. Developing products for severe 
service including Hydrogen.
• Worked in Engineering and Coal Research starting in 
1971 at Alberta Research Council. Took sabbaticals to 
study electronics, electrical engineering and computing 
science.
• Migrated to Management in private sector in 1998. 
Resumed R&D activities specific to valves for KF 
Industries, Nutron Valve and Cameron Valve specializing 
in seal design, materials and failure analysis.
• Consulted for Exxon, Chevron and currently for 
Suncor.

Norm Newhouse

Newhouse Technology, LLC, Consultant to Hexagon 
Lincoln, over 45 years’ experience in research and 
development, design, analysis, manufacture, and 
testing of filament wound pressure vessels and 
other composite structures.  Responsible for 
Engineering and Technology oversight, including 
management of Internal Research and 
Development, Design Engineering, Stress Analysis, 
Engineering Laboratory, Intellectual Property, and 
Information Technology.

Shin Nishimura

Leader, Polymer Division, Research Center for 
Hydrogen Industrial, Use and Storage (Hydrogenius) 
and Professor of Mechanical Engineering, Kyushu 
University.  His research interest:
• Hydrogen compatible polymers for high-pressure 

hydrogen devices
• Hydrogen permeability database of hydrogen 

compatible polymers / Rubbers
• in situ Analysis method under high-pressure 

hydrogen for polymeric materials
• O-rings, Rubber seals for high-pressure hydrogen

Principal Investigator for Hexagon Lincoln for DOE HSECoE Program and other 
DOE funded projects, including PNNL led team addressing cost reduction of 
hydrogen storage tanks.  Developed special purpose computer software for the 
US DOT, Pipeline and Hazardous Materials Safety Administration, Office of 
Hazardous Materials Safety, for analyzing composite cylinders with metal or 
polymer liners used in transportation applications. Member of several technical 
standards working groups under standards development organizations, 
including ISO, CSA, ASME, and AIAA; organized and led the development of 
Compressed Gas Association C-19 (FRP-3) standard and the CSA America 
ANSI/CSA PRD1 standard.  Currently chair of CSA subcommittee responsible for 
ANSI/CSA HGV2.  Member of ANSI/CSA NGV2 committee since 1990. Head of 
U.S. delegation to International Organization for Standardization for ISO TC58, 
Gas Cylinders; and ISO TC58/SC3, Gas Cylinder Design, since 2001.  Convenor of 
ISO TC58/SC3/WG24, developing Technical Reports – Guidance for design of 
composite cylinders.Expert, ISO TC197 WG22 (Dispensing Hoses, ISO 19880-5)

Convenor, ISO TC197 WG31 (O-rings, AWI 19880-7)



Workshop Purpose

We seek to:

• Increase awareness of industry on H-Mat consortium research on materials compatibility in hydrogen 

• Develop a better understanding of the gaps identified by industry that need address to help improve the 
durability in materials and reliability for the infrastructure

• Understand the opportunity for improved standards development for hydrogen materials evaluation

• Better understand how industry and DOE can collaborate to seek improved materials technologies for 
hydrogen applications



Workshop Purpose

PROBING QUESTIONS:

1. What applications suffer from a lack of materials options for hydrogen use? Are there materials that could be suitable 
that haven’t been considered or evaluated?

2. How could materials that are already used in hydrogen be improved or better characterized?

3. Where does industry lack understanding of the required metrics for materials selection in hydrogen environments?

4. What are the largest hurdles (cost, manufacturability, supply chain reliability, performance, etc.) to materials selection
for hydrogen service?

5. What standards, test methods, performance metrics, and design requirements are missing to support broader 
implementation of hydrogen technologies?

6. Are there materials issues associated with large-scale storage of hydrogen (such as geologic storage) and the 
infrastructure necessary to support hydrogen utilization at scale?

7. Are there materials’ advances necessary to enable broader use of cryogenic hydrogen?



Orientation of H-Mat and Current 
Activities



Outline of Hydrogen Materials Compatibility Work

• Initial hydrogen compatibility work 
- test methodologies and materials compatibility

• H-Mat
- elucidating the mechanisms of hydrogen interactions 
in/with material

• Pressure vessels
- hydrogen storage

• HyBlend
- natural gas/hydrogen blends in existing natural gas 
infrastructure



Hydrogen Materials Compatibility Work

Previous Survey in 2016
Participating Stakeholders (40 participants to date)
• Automotive, Aerospace
• Hydrogen Suppliers, Refueling
• Tank Manufacturers, O-Ring and Valve Manufacturers
• Polymer Manufacturers
• Code Committees, Academia 
Questions Asked
• Challenges Related to H2 Compatibility (failure mechanisms)
• Operating Conditions of Interest (pressures, temperatures)
• Suggested Polymers (applications, products, components)
• Is Additional Information Required? (Compatibility, tests related)
• Tests Currently Used (Polymer Manufacturers and Polymer Users)
• Method of Collecting  and Disseminating Information on Polymer Compatibility

Industry survey confirmed knowledge on hydrogen compatibility of 
polymers is lacking and provided input on materials, environmental 
conditions, and lace of consistency or non-existent test methodologies 
and standards



Hydrogen Materials Compatibility Work

Identify Gaps

Develop Test 
Methods

Collect Data

Inform Code 
and Standards 

and Future 
R&D

► Identify gaps in hydrogen compatibility of polymers 
understanding by literature, stakeholder engagement, 
and prioritization tools like FMEA (failure mode & 
effects analysis)

► Develop test methods to evaluate selected 
compatibility properties like friction and wear of 
polymers in high pressure hydrogen

► Collect experimental data on polymer compatibility like 
friction and wear as well as to collect data like neutron 
scattering to better understand the fundamentals of 
hydrogen effects

► Inform codes and standards by participating in 
committees and having high level discussions on our 
findings and committee needs.  Provide guidance on 
future R&D activities



Hydrogen Materials Compatibility Work

Challenges Related to H2 Compatibility
• Rapid Pressure Transients (explosive decompression, 

blistering, liner collapse)
• Long Term Pressure Cycling (fatigue, change in 

mechanical properties)
• Wear and Abrasion changes from H2 permeation in the 

material (o-ring and valve seat leakage)
• Dimensional and Mechanical Properties changes (o-ring

and valve seat leakage)
Challenges Unrelated to H2 Compatibility

• Temperature effects associated with sub-ambient 
and cryogenic temperatures 

• Impurities in the hydrogen impacting fuel cell use

Take-away messages from stakeholder survey:
• Wide range of suggested polymers of interest
• Conditions of Interest: 
• -40 to +85 degrees C
• 1(atm.) to 880 bar (13,000 psi)
• Cryogenic applications
• All agree that more testing is required

Thermoplastics of Interest:
HDPE, PB-1, PA, PEEK, PP-R/PP-RCT, 
PEKK, PET, PEI, PVDF, PTFE, PCTFE

Elastomers of Interest:
EPDM, NBR/HNBR, Viton, Levapren

Thermosetting polymers of Interest:
Epoxy, PI, NBR, Polyurethane

Polymers in components in hydrogen service 
selected for test methodology development: 
• Elastomers: Viton A ,NBR
• Low Temperature Seal: PTFE
• Tank liner Material:  HDPE
• Hose Material: Delrin (future studies)



Hydrogen Materials Compatibility Work

Identify the issues:
Stakeholder 
Engagement 
(1st round complete)

Build the Database:
Experimental Testing

Disseminate:  Standards, 
Test Methods, Publications

FMEA Prioritization of 
Critical Attributes Test Method 

Development
S C O D R
e l c e P
v a c t N

s
s

Actions 
Taken  

S O D R
P
N

Item/Function  Potential 
Failure Mode  

Potential Effect(s) 
of Failure  

Potential Cause/ 
Mechanism of 

Failure  

Current Controls  Recommended 
Action  

Responsibility 
and Target 
Completion 
Date  

Action Results  

What are the
Functions, 
Features, or 
Requirements?

List in Verb-
Noun-Metric 
format

What can go 
wrong?

- No Function

- Partial, Over, 
Under Funtion

- Intermittent 
Funtion

- Unintended 
Funtion

What 
are the 

Effect(s)?

What 
are the 

Cause(s)?

How can
this be 

prevented 
or 

detected?

How good
is the 

method at 
detecting 

it?

STEP 1

STEP 2

How bad 
is it?

STEP 3

How often 
does it 

happen?

What can be done?

- Design Changes

- Process Changes

- Additional Testing

- Special Analysis

- Revise Standards or 
Procedures or Test 
Plans

Outcome of project



Hydrogen Materials Compatibility Work

Polymers in components during 
H2 use

Dimensional changes measured 
in-situ

Dimensional changes measured 
ex-situ 

(residual changes e.g. Viton)

Microscopy for surface changes 
(optical)  vs bulk changes (X-ray 

CT)

Weight changes (mass losses)

Specific volume/density changes

Hardness (for elastomers)

Property changes (modulus, tear 
strength, tensile strength, 

tribology 

Stress-induced crystallization 
(thermoplastics): decreased 
ductility, increased strength

Creep (thermoplastics)

Compression set (elastomers)

RGD and related changes

Physical Stability 
Changes

**Polymer in 
components prior 

to H2 use 
(shelf aged after 

manufacture)

Cycling (fatigue, 
pressure and 

temperature changes)

Long-term aging in H2 
(under 

load/tension/environment
al stresses)

CHMC 2 Test Methods
1. Polymer Permeation
2. Physical Stability
3. Rapid Cycling Effects
4. Dynamic Frictional Wear
5. Property Changes
6. Material Contamination

** = Need to consider though not directly 
relevant to test method development

ASTM D8015-15 
ASTM F1087

TGA, TDS

Optical, X-ray CT

ASTM D792-13

ASTM D2240-15

ASTM D395 Method B

Ample 
cross-over 

with 
Property 
Change 
working 
groups 

objectives

Development of Standards in CHMC-2 Polymers



Project Goal
H-Mat was formed to address 
the hydrogen compatibility 
performance of materials to 
increase the durability of 
material thereby providing a 
more reliable and stable 
performance of systems in the 
hydrogen infrastructure.
• Provide the scientific basis to mitigate 

failure of polymer elastomers in hydrogen 
environments.

• Develop computational methodologies 
that can simulate the polymer behaviors 
at different material scales and help to 
understand the interaction between 
polymers and hydrogen.

• Disseminate material modeling results to 
the community to begin discussions on 
how to improve materials in the hydrogen 
infrastructure environment.

H2@Scale Infrastructure Example

Question: Can the effects of hydrogen on polymer systems be 
reduced to provide a more robust and reliable infrastructure?



H-Mat Approach

Objectives:

PROJECT GOAL: By September 2022, demonstrate 
an elastomer formulation with 50% less swelling 
compared to similar off-the-shelf materials

• Address the challenges of hydrogen 
degradation

• Elucidate the mechanisms of hydrogen-
materials interactions

• Develop science-based strategies to design 
material (micro)structures and morphology with 
improved resistance to hydrogen 
degradation.

Task Relevance and Objectives
Mechanisms of 
hydrogen-induced 
degradation of 
polymers  

Quantify the hydrogen pressure-temperature-
time-damage relationships of polymers with 
controlled structure and morphology (to inform 
models of hydrogen-induced degradation of 
polymers 

Computational 
multiscale modeling 

Develop material damage models of process-
structure-property performance with the aim of 
motivating materials formulations that are less 
sensitive to hydrogen-induced damage 

Hydrogen-resistant 
polymeric 
formulations 

Discover modified and new materials systems 
that improve hydrogen compatibility that will 
increase the reliability of materials and 
components in hydrogen infrastructure  

Materials for 
cryogenic hydrogen 
service

Identify materials for cryo-compressed 
hydrogen storage onboard vehicles, and 
develop key technical metrics for viable 
structural materials in this application



Question: What effects from hydrogen do we see experimentally and computationally that provide 
insight to the limits of the environmental operating conditions, or how we can modify or develop 
new material formulation?

Approach
• Experiments provide:

• Visual observations
• Material properties
• Topography of cavities and/or 

bubbles
• Validation data 

• Simulations provide:
• Optimum parameters
• Trends and what to expect

• The science-based understanding 
will provide direction on material 
limits and how to development 
new materials with improved 
resistance to hydrogen 
degradation

Molecular Dynamics

TEM HeIM

XCT

Phase Field
Finite Element

In-situ NMR

Neutron & X-
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Accomplishments
Summary

 Atomistic dynamic modeling of decompression 
from high-pressure hydrogen suggests a potential 
50% reduction in EPDM volume swell by 
quadrupling crosslink density

 Hydrogen effects plasticizer migration through 
changes in solubility in rubber as shown in HeIM
and verified by ToF-SIMs

 Migration to the surface shows nearly 20X 
decrease in coefficient of friction

 Diffusion decreases by ~13% in 
EPDM by addition of 16 phr carbon 
black and 20 phr silica

 Compression set increases by up to 40% 
in both EPDMs and NBRs

 Modulus drops by at least 10% and more 
when plasticizer exists

 H-Mat website and DataHUB developed 
for information dissemination and data 
recording



Infrared Experiments Support Atomistic Modeling Findings

Hydrogen preferentially goes to 
silica/polymer & 

vacuum/polymer interfaces

silica

EPDM
/H2

5 crosslinks/chain

Behavior after decompression 
depends on initial pressure

EPDM remains 
adhered to silica

High Pressure

hole

Silica interface

vacuum interface

EPDM 
“debonds” from 

silica

Hole forms 
near silica

Low Pressure

H2

Molecular dynamic simulations indicate that 
hydrogen at silica filler interface might lead to 
cavitation/damage initiation

vacuum

Attenuated Total Reflectance-Fourier 
Transform Infrared (ATR-FTIR)
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FTIR results indicate silica filler is starting to separate 
from the matrix in the interior of the composite after 
static exposure to 27 MPa hydrogen and continues up 
to 90 MPa



TDA Experiments Assist in Parameterizing Phase Field Models

Cavity size and H2 content change with 
time. The maximum cavity diameter and 
duration vary with decompression time.

Phase Fielding Modeling

H=2 mm

H2 desorption direction

(b) (c)(a)

Thermal Desorption Analysis – Non-Equilibrium Transport Properties

• Pre-existing cavities/voids and material properties have a 
large influence on bubble formation during rapid 
decompression of hydrogen 

• Compositions in materials affect hydrogen diffusion rates and 
void sizes during decompression

Thermal Desorption Analysis 
of hydrogen 

Simulation effects of same size voids in two materials



Finite Element Modeling Validates Experimental Observations

Finite Element Modeling

Simulation suggests max principal strain that causes 
micro-voids to coalesce and form large voids 

Filled, 
plasticized EPDM
(0.1 – 90 MPa)

500 µm 500 µm

1000 µm

1000 µm

Unexposed 13 Cycles 200 Cycles

Micro Computed Tomography

Additional voids 
and cracks 
continue to form 
with increased 
cycling



TEM Reveals Morphological & Chemical Changes near ZnO Particle

TEM reveals dramatic changes in morphology around large zinc 
oxide particles when exposed to hydrogen

We speculate that hydrogen gas collects at the ZnO/sulfur 
interface and forms voids around the particle

Transmission Electron Microscopy Energy Dispersive Spectroscopy

Sulfur compounds concentrate around 
zinc oxide particles – also correlates to 
sulfur migration indicated by ATR-FTIR 
data (shift from 1539 to 1543 after 
exposure to 90 MPa hydrogen for 100 
cycles).

Tomography

Filled, plasticized EPDM Filled, plasticized EPDM



HeIM Captures Relationship Between Surface Morphology & 
Hydrogen Pressure Cycling

Virgin Surface Surface
H2@28MPa-1cycle

Fracture Surface
H2@28MPa-1cycle

Surface
H2@90MPa-1cycle

Surface
H2@90MPa-12cycle

Surface
H2@90MPa-100cycle

Helium Ion Microscopy

Higher pressure hydrogen leads to severe structural damage; cycling aggregates damage and 
increases phase separation of plasticizer (dioctyl sebacate)

Surface
He@28MPa-1cycle

Filled, plasticized EPDM



Physical and Mechanical Property Changes Due To Hydrogen 
Plasticization
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Compression set increased up to 40% after pressure 
cycling suggesting possible plasticization of matrix 
and/or damage by hydrogen exposure in the material as 
shown in micro XCT

Compression Set Measurements
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Helium In-situ Dynamic Mechanical 
Analysis Pressure Effects on Rubber

Pressure increasing

E’ at 
w=34

∆ (based on 
atmospheric 
condition)

Atmospheric 1.59 MPa 0%

500 psi 1.59 Mpa 0%

1000 psi 1.53 MPa -3.8%

2000 psi 1.51 MPa -5.0%

3000 psi 1.49 MPa -6.3%

4000 psi 1.47 MPa -7.5%

Storage modulus (deformation 
resistance) decreases with 
increasing helium pressure 
due to pseudo-plasticization 
between the molecular chains.

15% increase 
after cycling

40% increase 
after cycling



FY21 Accomplishments 
Collaborate with Industrial Partners for Hydrogen-Resistant 
Materials

As-rec’ed surface 90 MPa w/ single cycle

Z-HNBR4 T-PU (polyether)

As-rec’ed surface

Zeon HNBR4 Zeon HNBR4

Helium Ion 
Microscopy

Increased surface 
fracture patterns 
after exposure

90 MPa w/ single cycle

6.6%
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Commercial HNBR, effect of H2 
cycling on compression set

Before exposure After 90 MPa 100 cycles

• Z-HNBR4 showed the lowest volume 
expansion and hydrogen uptake of 
any of the polymer systems tested 
to date.

• Observations from MD simulations 
correlates to the effects of increased 
crosslinking

Z-HNBR4

T-PU B-HNBR1 Z-HNBR3 Z-HNBR4

Zeon HNBR4Z-HNBR4

T-PU A-HNBR2 A-HNBR3

T-EPDM#100

T-EPDM#1

T-NBR#100

T-NBR#1

NBR-F-P

T-NBR#1

T-NBR#100

NBR-F-P

EPDM-F-P

T-EPDM#1

T-EPDM#100

EPDM-F-P



Investigating Cryogenic and Hydrogen Effects on Materials for Liquid and 
Cryo-Compressed Storage

• Increased interlaminar 
shear strength 
performance

• Matrix and composite 
failure indicator models 
developed with 20K data

• Observed hydrogen 
effects on metals and 
welds at 20K

FiberResin Composite

Pressure Vessel 
Liner Composite

Resin/Fiber 
Interface

(a) (b)



Pressure Vessels – Sub ambient Materials Testing

(A) MTS environmental chamber capable of - 130°C to 315°C
(B) Environmental chamber at cold temperature for a tensile test. 
(C) Infrared thermograph of a tensile sample in the grips inside 

the chamber cooling down to - 40°C for a tensile test.

Temperature effects on polymers



Pressure Vessels – Material Properties and Composite 
Homogenization
Fiber: Temperature-independent

Composite:
Temperature-dependent 
property (affected by epoxy)

Candidates
CF/Epoxy 1
CF/Epoxy 2

Epoxy: Temperature-dependent

Cyclic Fatigue temperature 
dependence, hydrogen effects

Coefficient of thermal expansion

Material off-gassing

Interfacial adhesion 
performance 
temperature 
dependence



Pressure Vessels – Thermomechanical Properties as Material 
Inputs

• Constituent 
thermomechanical properties 
are used as material inputs 
for homogenization by 
PNNL’s EMTA-NLA that acts 
as user subroutine UMAT of 
ABAQUS

Elastic properties and longitudinal CTE of carbon 
fiber are assumed constant in the [50 K, RT} range

U. Escher, Cryogenics 35 (1995) 115-778

Epoxy’s behavior is described by the Ramberg-Osgood relation

M.G. Huson, 2017 

EMTA-NLA’s 
homogenization

ABAQUS



Pressure Vessels –Hydrogen effects on 304L

Baseline 304L

H-precharged
304L

Mass% α’-martensite present at 
fracture surface evaluated by magnetic 
measurements

Temperature 
(K)

Baseline
(0H)

Hydrogen-
precharged

(140H)
113 K (-
160°C)

53.1±1.7
54.7 ±0.8

42.6 ±0.8
43.8 ±1.6

77 K (-196°C) 54.1 ±1.0
54.4 ±1.2

45.3 ±1.2
45.5 ±0.7

20 K (-253°C) 51.2 ±1.1
53.9 ±2.0

45.2 ±1.1
45.5 ±2.4

0H – 113K
42-03

140H – 113K
43-01

0H – 77K
42-04

140H – 77K
43-03

0H – 20K
44-03

140H – 20K
44-01

Secondary 
cracks

200 μm

200 μm

200 μm

200 μm

200 μm 200 μm

20 μm

Baseline 304L H-precharged 304L



Pressure Vessels – Thermomechanical Properties as Material 
Inputs

AL liner

CF/Epoxy

• Thermal stress due to CTE mismatch between 
aluminum and composite material was not 
significant since FE model in this study assumed 
that there is no bonding at the interface. When the 
tank  cools down, aluminum liner shrinks more than 
composite layers. Eventually, a gap forms between 
aluminum liner and composite layers upon the 
cooling down process.

• During cooling down step, cryo-tanks were empty. 0.5 MPa of 
empty pressure was applied. Both liner materials have the 
maximum stresses around the corner of the neck because 
composite layers resist to shrink.

• Plastic deformation did not occur in steel liner, but it occurred at 
the corner in aluminum liner.

Aluminum liner (80K) w/ 
empty pressure of 0.5 MPa

Steel liner (80K) w/
empty pressure of 0.5 MPa



FY21 Accomplishments
Information Dissemination

H-Mat.org

• The H-Mat website is complete and operational.

• The DataHUB is complete. 

• The DataHub is being populated for internal 
team data sharing to test the database. 

• A DataHUB review for public release of some 
information will be considered for this year and 
will be available to everyone.



Structural integrity of piping and pipeline 
materials for hydrogen blended into natural gas

HyBlend Kick-off

19 August 2021

Chris San Marchi, Sandia National Laboratories
Kevin Simmons, Pacific Northwest National Laboratory

Sandia National Laboratories is a multimission laboratory managed and operated by National Technology 
and Engineering Solutions of Sandia, LLC., a wholly owned subsidiary of Honeywell International, Inc., for the 
U.S. Department of Energy’s National Nuclear Security Administration under contract DE-NA-0003525.



Transmission system

Primarily metals



Hydrogen seems very unlikely to induce unstable 
fracture in distribution piping from quality pipe steels

Failure Assessment 
Diagram (FAD) 
methodology

• Kr(H) characterizes 
unstable crack 
growth in hydrogen

• Lr characterizes 
plastic collapse 
(%SMYS)

• Idealized example 
calculations 
assuming crack 
depth 80% of wall 
thickness
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Holistic stress corrosion cracking capability to assess 
low probability of rupture and leakage 



Distribution system

Primarily polymers



Distribution system

Primarily polymers



Materials considerations for polymers are quite 
different than for metals

• Gaseous hydrogen exposure can 
induce physical and chemical 
changes in polymers 

– Elastomers are more sensitive to rapid 
decompression with hydrogen than 
other gases

• Blister formation
• Microcracking

– Emerging evidence suggests that 
hydrogen can induce chemical 
changes 

• Such as phase separation of 
plasticizer

Post ExposurePre Exposure

Damage induced in elastomers  
during H2 depressurization

Apparent phase separation due to H2 exposure



Evaluation of hydrogen-assisted fracture of PE pipe 
may require innovative test configurations…

41

H2

Testing methods for environmental-assisted 
fracture:
• Slow crack growth (SCG)
• Creep crack growth
• Fatigue resistance 
• Effects of weld microstructure

Engineering Fracture Mechanics 101 (2013) 2–9

A. Chudnovsky et al. / International Journal of 
Engineering Science 59 (2012) 108–139

… which address characteristic 
fracture phenomena and unique 
damage associated with H2 and 
H2-pressure cycling 

ASTM D5045



Subtle hydrogen effects on yellow pipe (PE)
10-30% drop in modulus

Inner surface Outer surface
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Elastic modulus recovers post exposure 
indicating no permanent damage to the material

Hydrogen has subtle effects on modulus of MDPE
Material: ASTM D2513, PE2708 
(yellow pipe) IPS 6, DR 11 



Pipe rupture testing shows no change after hydrogen exposure

Similar peak pressure 
after 250 psi hydrogen 

exposure for 72 hrs
All specimens met requirement for 

ductile failure mode



Fatigue life testing of yellow pipe in gaseous hydrogen 
shows no short-term degradation

44

Material Evaluation: distribution piping

• Material: ASTM D2513, PE2708 
(yellow pipe)

– Medium density polyethylene (MDPE)
– IPS 6, DR 11 (standard size designation)

• Environment: pure H2
– 3.4 MPa pressure (500 psi)

• Stress: 
– Fatigue life testing consistent 

with ASTM E466
• Tension-tension configuration 

(R = 0.1)
• Notched axial geometry

Air

IPS 6, DR 11: hoop stress w/ 0.9 MPa pressure

3.4 MPa H2

R = 0.1
f = 1 Hz



Structural integrity analysis can also be applied to 
distribution systems

• API 579-1 / ASME FFS-1 
provides methodology for 
evaluating different types 
of defects in pipe 
structures

• These methods are 
applied for transmission 
pipe, but can also be 
applied for distribution 
piping

– For both metal and 
polymer piping if the 
proper data is 
available

– And measured in H2



Hydrogen Materials
Compatibility of Polymers
Workshop
Setting the stage – objectives, approach, 
and outcomes

Industrial Participant 
Workshop

This presentation does not contain any proprietary, confidential, or otherwise restricted information. 



Setting the Stage

• Report on industry gaps and shortcomings and lay the foundation for 
future R&D with industry collaboration

• Provide key insights on what the highest priority topics are and form 
focal thrust in those topic areas for H-Mat

Outcomes

Approach
Organized around a panel led discussion to help address probing 
questions on materials and hydrogen, test methodologies and 
standards, energy storage, and infrastructure

H-Mat seeks to gain a foundational understanding of hydrogen-materials 
interactions and degradation mechanisms, while also developing engineering
solutions for high-pressure structures and technologies.

Objectives



Setting the Stage

Panelists

• Christina Semkow-Swagelok
• Keith Wourms – North American Corp
• Kevin Simmons-PNNL 
• Shin Nishimura-Hydrogenius Kyushu University
• Jennifer Hamilton – California Fuel Cell Partnership
• Norm Newhouse-Hexagon
• Tim Harris - So. Company

Moderators

Breakout Room Hosts and Note Takers

• Nalini Menon – Sandia National Lab (SNL)
• Chris San Marchi - Sandia National Lab (SNL)
• Kevin Simmons – Pacific Northwest National Lab 

(SRNL)

• Room 1: Nalini Menon (host) and Bernice Mills (note taker)
• Room 2: Wenbin Kuang (host) and Yao Qiao (note taker)
• Room 3: Dan Merkel (host) and Lara Hastings (note taker)
• Room 4: Kevin Simmons (host) and Jennifer Rada (note taker)
• Room 5: Chris San Marchi (host) and Lisa Fring (note taker)

Room Host 
Responsibilities:
• Lead and stimulate 

discussion and work 
with scribe to 
accurately capture 
feedback from 
industry participants.

• Identify key 
takeaway message 
from group to share 
with the main group

Scribe Responsibilities:
• Share the feedback 

template
• Record feedback in 

real time for all to 
see

• Monitor Chat 
window and assist 
moderator during 
discussion/Q&A

Participant 
Responsibilities:
• Share thoughts and 

ideas
• Be receptive and 

respectful of others
• Avoid interrupting 

others



Setting the Stage

Panelists Forum

Share their thoughts on the topic area – challenges, needs, learnings
Moderators to ask probing questions to share thoughts about
Open to the participants

Breakout Rooms
Participants to share their thoughts on the topic area – challenges, needs, learnings
Generate dialogue with other participants
Try to find common themes on gaps, areas that lack information to make informed decisions

Objectives 
• Identifications of gaps
• Identify data needs
• Discussion of the major output from H-Mat/DOE (major results, publications, etc.)
• Future R&D Work



Kevin L. Simmons (PNNL)

August 25th and 26th, 2021

Co-
Leads:

Hydrogen Materials
Compatibility of Polymers
Workshop
Day-2

Chris San Marchi (SNL)
Lab Partners: SRNL, ORNL, ANL

Date:
Industrial Participant 
Workshop

This presentation does not contain any proprietary, confidential, or otherwise restricted information. 



Day 2 Agenda

• 7:00-7:30 am Day Review
• 7:30-9:00 am Panel discussion on energy storage and infrastructure 

(panelists, Hexagon-Norm Newhouse, Tim Harris, So. Company) 
• 7:30-8:00 Panel answers to framing questions – Moderator Will James - SRNL
• 8:00-9:00 Group brainstorming on R&D gaps

• 9:00-9:15 am Break
• 9:15-11:00am Review and combine priorities from breakout sessions

All times Pacific Daylight Time



Day 1 Review 

• LAAMPS question on MD simulations from Bob Bartolo
• “Have you identified shortcomings of the modeling cyberinfrastructure that would help 

improve the modeling? In other words, does LAMMPS do everything you want it to?”
• Answer: One of the most time-consuming parts of molecular simulations is building the starting state 

of the system, i.e., the initial coordinates of all the atoms and their topology, i.e., which atoms are 
bonded together and how. Most MD codes, including LAMMPS, do not have tools to do this. There are 
some open-source options available, but they usually require modification by the user for any specific 
system. For our simulations that involved crosslinked rubber, Mark Wilson wrote a custom set of scripts 
to create the crosslinked state. Some investment in better code to build initial states would speed up 
modeling. This is challenging though because of the wide variety of possible systems that people might 
want to build.



Highlights

• Custom material formulations needed for hydrogen applications 
• Custom compounds are generally proprietary due to the R&D and testing 

that goes into developing them
• Materials should be tested in constrained and unconstrained conditions to 

simulate their operating conditions
• Sulfur vulcanized elastomers should be avoided for hydrogen applications
• Material properties changes are undefined as to what is acceptable for 

hydrogen us
• Wide range of operating conditions and use cases make it impossible to 

have a single solution material that does it all

Materials and Hydrogen Panel



Highlights

• Test methods and infrastructure at research institutions are not available in 
industry

• Kyushu University is working on publishing their materials database for 
hydrogen

• Currently, standards do not address testing materials for hydrogen 
environments

• No material specifications to help guide industry on what is acceptable
• Standards committees should re-evaluate current standards address 

materials differently or better
• Lack of standards and test methods to guide industry in development of 

materials for hydrogen applications

Test Methodologies and Standards Panel



Breakout Sessions

• Reviewed some of the notes from the breakout sessions and there 
was great discussions and valuable feedback

• We are working on combining the information to share after our 
panel discussions



Kevin L. Simmons (PNNL)

August 25th and 26th, 2021

Co-
Leads:

Hydrogen Materials
Compatibility of Polymers
Workshop
Day-2 End of the day wrap-up

Chris San Marchi (SNL)
Lab Partners: SRNL, ORNL, ANL

Date:
Industrial Participant 
Workshop

This presentation does not contain any proprietary, confidential, or otherwise restricted information. 



Day 2 Agenda

• 7:00-7:30 am Day Review
• 7:30-9:00 am Panel discussion on energy storage and infrastructure 

(panelists, Hexagon-Norm Newhouse, Tim Harris, So. Company) 
• 7:30-8:00 Panel answers to framing questions – Moderator Will James - SRNL
• 8:00-9:00 Group brainstorming on R&D gaps

• 9:00-9:15 am Break
• 9:15-11:00am Review and combine priorities from breakout sessions

All times Pacific Daylight Time



Day 1 Review 

• LAAMPS question on MD simulations from Bob Bartolo
• “Have you identified shortcomings of the modeling cyberinfrastructure that would help 

improve the modeling? In other words, does LAMMPS do everything you want it to?”
• Answer: One of the most time-consuming parts of molecular simulations is building the starting state 

of the system, i.e., the initial coordinates of all the atoms and their topology, i.e., which atoms are 
bonded together and how. Most MD codes, including LAMMPS, do not have tools to do this. There are 
some open-source options available, but they usually require modification by the user for any specific 
system. For our simulations that involved crosslinked rubber, Mark Wilson wrote a custom set of scripts 
to create the crosslinked state. Some investment in better code to build initial states would speed up 
modeling. This is challenging though because of the wide variety of possible systems that people might 
want to build.



Highlights

• Custom material formulations needed for hydrogen applications 
• Custom compounds are generally proprietary due to the R&D and testing 

that goes into developing them
• Materials should be tested in constrained and unconstrained conditions to 

simulate their operating conditions
• Sulfur vulcanized elastomers should be avoided for hydrogen applications
• Material properties changes are undefined as to what is acceptable for 

hydrogen us
• Wide range of operating conditions and use cases make it impossible to 

have a single solution material that does it all

Materials and Hydrogen Panel



Highlights

• Test methods and infrastructure at research institutions are not available in 
industry

• Kyushu University is working on publishing their materials database for 
hydrogen

• Currently, standards do not address testing materials for hydrogen 
environments

• No material specifications to help guide industry on what is acceptable
• Standards committees should re-evaluate current standards address 

materials differently or better
• Lack of standards and test methods to guide industry in development of 

materials for hydrogen applications

Test Methodologies and Standards Panel



Breakout Sessions

• Reviewed some of the notes from the breakout sessions and there 
was great discussions and valuable feedback



Materials and Hydrogen Breakout Session

• Material properties change as a function of pressure high pressure and there 
hasn’t been a lot of investigation into that. This is a major data gap for FEA 
development; current FEA models are flying blind with respect to high pressure 
mechanical properties. Looking at hyperelastic properties – it’s hard to get data-
would be helpful in understanding how materials act.  In design, we’re blind to 
material properties and have no tools to validate designs

• Small differences in the screening make huge differences in the application.  The 
mechanical properties are key with emphasis on low temperature impact tests

• Data that industry is looking for isn’t out there….industries typically don’t share 
data.  Specifically for polymer seals. They do some of their own research.

• All- Lack of data to get models right
• Operational practices could be modified if you knew what was occurring. 

Adsorption/desorption is often studied under static conditions, but it is a dynamic 
process. Thermal/pressure history of materials must be accounted for.



Materials and Hydrogen Breakout Session

• Permeation is important, but not the only key property. Dynamic 
applications must also consider the whole system. Dynamic 
testing standards typically uses nitrogen or helium. No specific std for testing in 
hydrogen.

• Better understanding of how voids form or cracks start would be beneficial to 
material development.

• Better understanding of permeation in polymers
• Permeation data exists – is this data sufficient? Customers will want data on 

specific compounds. Industry standards for material types will not be 
sufficient. (most commonly found for thin films)

• Screening method – high pressure hydrogen testing is very expensive. Permeation 
test at low pressure is less expensive. Pressure dependence can be simulated by 
change in volume – can correlate low pressure results to high pressure. Need bulk 
modulus.



Test Methodologies and Standards

• Labs don’t understand safety implications of testing with hydrogen – not 
experienced with this testing. Independent test labs need information on 
how to safely test with hydrogen. Labs will need to make sure there is a 
market for this testing before they invest in obtaining capability.

• It is difficult to find hard specs for requirements.
• How do we tie system design with material properties? Need 

understanding of material performance gaps. How do we close those gaps?
• How do we define what is “good enough”? Methodology for design will 

have to be developed
• What about impact to meters? Also need to consider gasket 

materials, carbon & graphite seals 
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