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Pacific
Northwest O\ eryiew

Timeline Barriers

» Project Start Date: September 2018 Safety, Codes, and Stan_dard_s _
>  Project End Date: September 2022 A. Safety Data and Information: Limited Access and

Avalilability
0, . 0,
= % Completed: 3_0A) G. Insufficient Technical Data to Revise Standards
> Total FY19 Budget: $1149K J. Limited Participation of Business in the Code
K. No consistent codification plan and process for
synchronization of R&D and Code Development

Hydrogen Delivery

Partners B. Reliability and Costs of Gaseous Hydrogen

«  PNNL (H-Mat Polymer Lead) Compression . .

. SNL E. Gaseous Hydrogen Storage and Tube Trailer Delivery
- ORNL Costs

|. Other Fueling Site/Terminal Operations
e SRNL

- ANL .
\F{/ Sandia Collaborators
N National Swagelok, Takaishi Ind., Arlanxeo, Zeon, TSE,
Pacific Northwest Laboratories Chemours
NATIONAL . LABORATORY
Kyushu University (Hydrogeniuous)

@ SRNL

AN

OAK
RIDGE

National Laboratory

Argonne

NATIONAL
LABORATORY

Project ID# SCS026 May 27, 2020




Polymeric materials are used throughout the

hydrogen infrastructure for its sealing and flexible
. barrier performance
Pacific

Northwest H2 @ Scale

NATIONAL LABORATORY

However, it’s hydrogen performance is not well
understood and is a source of system failures
that create an unreliable infrastructure

Electric Grid

Nuclear
Power

Hydrogen Aniiiitetatete) - ininieiele ity

Generation 44 2 3 :

" Hydrogen
Storage \‘

Wind Farm J LT =

Food Drink

N — s

Electricity Flow /
I Hydrogen Flow

Project ID# SCS026
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Pacific
Northwest  |L1_NMat Relevance

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

Objective: To address the challenges of hydrogen degradation by elucidating the
mechanisms of hydrogen-materials interactions with the goal of providing science-based
strategies to design materials (micro)structures and morphology with improved resistance to
hydrogen degradation.

Relevance and Objectives

W EERTE R 8 e s CHET I Quantify the hydrogen pressure-temperature-time-damage relationships
degradation of polymers of polymers with controlled structure and morphology (to inform models
of hydrogen-induced degradation of polymers

. : : Develop material damage models of process-structure-property
Computational multiscale modeling . . o . .
performance with the aim of motivating materials formulations that are
less sensitive to hydrogen-induced damage

Hydrogen-resistant polymeric Discover modified and new materials systems that improve hydrogen
formulations compatibility that will increase the reliability of materials and
components in hydrogen infrastructure

: _ Identify materials for cryo-compressed hydrogen storage onboard
Materials for cryogenic hydrogen , . . .
service vehicles, and develop key technical metrics for viable structural
materials in this application

Project ID# SCS026




\'s’y/ Overall Approach

racific H-Mat Combines Unique Experimental, Analytical,
Northwest and Computational Capabilities at the National Labs

Experimental Studies Multiscale modeling
E : TEM microscopy
| Imaging . ;.._,3,,” 2

x-ray CT

e S FE

Kinetic Monte Carlo

Nano fillers

2
». |0
Visual '° QO. 3o
imaging °o_° 2
o &

Structure component
Modeling

Project ID# SCS026




Collaborations

H-Mat Team Multidisciplinary Collaboration with
Unique Capabilities in Modeling and Experimentation

Northwest

NATIONAL LABORATORY

‘!]“Ikﬁ e,
= Industres

ZEON CORPORATION

Takaishi Industry Co.,Ltd.
Thzry#Xas

%% KYUSHU UNIVERSIT

International Collaborator
Information sharing with H-Mat Team

Understanding H2 %

material effects Pacific
Model materials Northwest
Material modification
New formulation
Information
dissemination

Phase-field



Pacific Accomplishment FY19
Northwest  Multiscale Modeling & Experiment Summary

Multiscale modeling: Experimental:
-+ Atomistic Modeling * PNNL capabilities development
= Provided insight as to the failure = In-situ Dynamic Mechanical Analysis (in-
mechanisms with chemical specificity situ DMA) to quantify the property-temperature-
at the atomistic length scale pressure-time relationship
- Phase Field Model = Hydrogen Permeation Tester to quantify

= Developed model for gas bubble transport properties of hydrogen in polymers

formation & coalescing during rapid * Advanced characterization techniques

gas decompression at a meso length = Helium lon Microscope (HelM) discovered
scale chemical & morphological changes in polymer
- Component Scale Modeling induced by high pressure hydrogen

= Developing a failure predictive tool = Transmission Electron Microscope (TEM)
for components of interest at the unveiled filler distribution within the materials
component length scale, to aid in and chemical changes occurred around Zinc
new materials formulation & design particles with Energy Dispersive X-ray
for improved resistance to hydrogen Spectroscopy (EDS)
exposure = Nuclear Magnetic Resonance (NMR) indicated

hydrogen diffused and accumulated within the
material and provided information to calculate
diffusion coefficients

@ Development of Datahub for disseminating information to the hydrogen community




5?1/ H-Mat Modeling and Experimental Workflow
El%ﬂﬂﬁvest

NATIONAL LABORATORY

. . i . Experiments
« Experiments will provide following for the

model:
* Visual observations
» Material properties
» Topography of cavities and/or bubbles
« Validation data

Validate the Model

« Simulations will provide following for
experiments: Simulations

* Optimum parameters

|‘|< ‘l

« Trends and what to expect .
: : f- . Guidance for design of
« Develop guidance to material modifications experiments

and new material developments for improved
hydrogen material compatibility

Material modifications or
new material development

|‘

Project ID# SCS026




Progress and Accomplishments
Atomistic modeling: Understanding the effects of

Pacific crosslink density dependence during
Northwest  decompression

Sandia
National
Laboratories

SUCCESSES:

* Improved accuracy of all-atom material representation

* Developed preprocessing method to crosslink polymers
at desired densities

* Implemented method to assure correct gas solubility-
pressure relationships during H2 gas insertion.

o "~ 1 link/chain ' i
METHOD: Initial 1 g/cc EPDM A AR 20 links/chain
. er decompression
* Molecular dynamics simulations are performed for all-
atom representations of EFDM (a) Initial configurations at 1g/cc are crosslinked and pressurized with H2 gas to
» Various degrees of crosslinking are imposed in initial desired content. Hydrogen not shown for clarity. (b) Decompression simulations are
configurations performed till equilibrated at 1 atm. (c) Structural changes are then assessed.
* H2 gas is inserted into EPDM configurations at various 05 - - 8 - - ‘
(c); Experimental O No H, gas <t O No H, gas
pressures g 04 i\' crosslink densityg igg a';m 32 gas | =7 "é §8g a:m EQ gas |
A . . . . & 500 atm H, gas < atm H, gas
Simulations model rapid decompression to | atm LI o O 1000 atm By gos | O 1000 atm H, g
o . =
v = 6t
= & .
SIGNIFICANCE: _.E 0.2 EIJm ¢ = I:I]<I> Experimental
. = o . S E]] crosslink density ]
» Structural rearrangement of polymer chains is slowed £ o4 e
with increased content of crosslinks é LA B A & g, % %
it i - 49 @ ® LS4 2 |
» Suggests a composition with increased percentage NBR °r @ %é
could reduce H2 susceptibility to bubble formation 01— : : 3l - : ‘ :
0 5 10 15 20 0 5 10 15 20
Crosslink density (links/chain) Crosslink density (links/chain)

Project ID# SCS026




% Progress and Accomplishments

Pacific Phase-field modeling: Model development of

Northwest

wewsenercavitation in rubbers during decompression

Cavitation occurs during decompression after rubbers
exposed to high-pressure H2 gas

Existing free volume in rubbers affects the cavity
evolution as well as material performance

Number of cavities

A phase-field model has been developed to simulate
the thermodynamic and kinetic process of cavity 104
evolution, and predict the effect of structural defects 5
and decompression rate on cavity nucleation, growth -

1 with gas pressure releasing from 30
J MPato 10 MPa

Simulated gas bubble number varies )

and coalesce kinetics 0

1 2 3 4
Normalized decompression time

2 e 2 8 g
o % go
°,® ° O@m
5] o & 3’ C‘
[+ ® o:.o c»o O?

Distribution of initial
free volume

Project ID# SCS026

Simulated cavity structure evolution during decompression: first gas bubbles
nucleate from existing free volumes, then grow and coalesce, finally shrink.

9.8 B
d.6 &

S |

g.2 |
4.0 .



Progress and Accomplishments

Finite element modeling: Coupled diffusion-
Pacific deformation analysis to predict damage initiation
NNMg{A'lL:IJXVm?T?RE and propaga'“()n |n polymer Pressure profiles taken to be same as H,

conc. obtained from diffusion analysis.

(@ ®
« A continuum mechanics-based . —— Outer Edge
. . = 10 — —— Inner Edge
deformation model to predict damage 2 ¢
evolution during pressurization and G 6
depressurization cycles. 34
« The diffusion analysis is performed first ol
and output from diffusion analysis ,0/ 10,’4 i |
provides input to deformation analysis. ,Time (hours) |

» The polymer is modeled as hyper-elastic

material behavior using tensile test LS

response.
* Model can be easily extended to include e

multiple cavities and filler particles. BBt < oy - sy e M
« Simple and computationally inexpensive.

Multiple
cavities
S, Mises Wlth

(Avg: 75%) -
+2.100e+00 different
+2.038e+00 .
+1.976e+00
+1.915e+00 Sizes
+1.853e+00
+1.791e+00
+1.729e+00
+1.667e+00

o
BERT T Fig: Interaction of multiple cavities. (a) RVE geometry with BC, (b) Stress distribution, and (c) Damage initiation.

d 5 +1.4822+00 (a) \v\ \v\ 5? v (B) some (CZ:.W
. e e

+1.420e+00

iy A ®

{% P,

VVyYy

LlALLLL L

Fig: Representative volume element (RVE) used for modeling the polymeric component with cases of: ii-gggzigg
(a) Free boundary conditions and (b) Mixed boundary conditions. +1.235e-+00 Effect of

+1.173e+00
+1.111e+00

@ (b) s +1,049e+00 filler
+5:872e-01 icles
; I fasen partic
: @ = +8.018e-01 (S|||Ca,
L - carbon
b ! black etc.)

Project ID# SCS026

PO

Fig: Stress distribution around the cavity after depressurization in the case of: (a) Free boundary Fig: Effect of filler particles. (a) RVE geometry with BC, (b) Stress distribution, and {c) Damage inifiation.
conditions and (b) Mixed boundary conditions.




Progress and Accomplishments
Development of Model Material Compounds for

Pacific ~ EXperimental Studies and Industry Collaboration

Northwest \1aterials

« Elastomer
* Model Materials:
« EPDM: E1 (no filler, no plasticizer), E2 (p, nf), E5 (f, p), E6 (f, np)
 NBR: N1 (nf, np), E2 (p, nf), E5 (f, p), E6 (f, np)
 FKM: % Flourine (need to update)

e Other Formulations:
« HNBR (Burke materials, Zeon materials, Arlanxeo materials)
« EVM (Arlanxeo materials)
* CR (Arlanxeo materials)
 PU (TSE materials)

« Thermoplastics

« POM Significant interest and support from

« PTFE industry with materials and oil and gas
. Nylon 6,6 Industry experience with high pressure
 PEEK

 Nylon 11

 HDPE Project ID# SCS026



All samples treated in
hydrogen at 90 MPa

Density measurements set-up

PNNL EPDM formulations
effect of H2 exposure (Rnd5) and H2 cycling (Rnd11) on compression set
Compressed to 75% for 22 hours at 110°C, recovered 30 minutes

H Before Exposure N After H2 Exposure Rnd5 W After H2 Cycling Rnd11

Progress and Accomplishment
Pacific Ex-situ Characterization — physical, mechanical,
Northwest  and structural properties

PNNL EPDM Formulations, effect of H2 exposure (Rnd 5) and H2 cycling
(Rnd 11) on modulus
DMTA, 1 Hz, 5°C/min, average of two specimens

u Before exposure  m After exposure Rnd5  m After cycling Rnd11

[+<]

- N

[9)]

w

Storage modulus G' at 25°C(MPa)
N B

=

o

7.39
5.92
5.36 5.16
4.75
130 q49 125 117 130 114 I
El E2 E5 E6

Significant change in storage modulus indicates possible plasticization of EPDM E5 (and E6)
andinfluence due absorption/retention of H, by fillers

52:8%

5:
48.4%
45.9%
43, 42.6%
38.3%
344 341%
31.5% 31.6%
E1l E2 ES E6

&
X

20%

Compression Set
w
o
ES

10%

0%

Compressionsetfor E5S increases upon H2 exposure for both static and cycling modes —
possible plasticization of matrix and/or retention of H, by fillers

Sandia
National
Laboratories

H2 MAT Round 11, Takaishi EPDM, change in density after 100 cycles
average of 2 specimens

m Before m Immediately after = 48h after

In
N

e
=}

1082 1.069 1 0s0 1.056 1.052 1.046
. . . 0.908
0.907 0.907 0.904 0.875

I I I I | | | | | | |
0-0 I I
El E2 ES E6

Density (g/cc)
o =] =}
s o ©

o
N

Densities of EPDM formulations change insignificantly uponH2 exposure —minimal physical
swelling due to tight network, high crosslink density and less free volume

14
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Pacific Progress and Accomplishment
Northwest  Post-mortem X-ray Computed Tomography

El, E2, E5 and EG6 after week-long static exposure of 90 MPa H,

For custom EPDM
formulations,
presence of
plasticizer
changed the
nature of cracks
formed.

T

For custom EPDM
formulations,
addition of C and
SIiO, fillers helps
mitigate crack
formation.

Sandia
National : e B R T R s Y T B FE S P e
Laboratories 15




Pacific Progress and Accomplishment
Northwest IN-Situ DMA: Pressure Effect of Helium on E1

NATIONAL LABORATORY

Frequency Sweep @RT

1e47 2+6 E’ at A (based on
/ w=34 atmospheric
)l condition)

Atmospheric 1.59 MPa 0%

N
®
+
[

2e+6 o

500 psi 1.59 Mpa 0%

le+6 o

Atomspherc 1000 psi 1.53MPa  -3.8%
- - —

Pressure Increasing ~ — zcop 2000 psi 1.51MPa  -5.0%
—— 4000 psi

30 2 a1 36 38 40 3000 psi 1.49 MPa -6.3%
Frequency (Hz) 4000 psi 1.47 MPa  -7.5%

le+6 o

Storage Modulus (Pa)
torage Modulus (Pa)

—— 2000 psi
—— 3000 psi
—— 4000 psi

le+5

/s

T
1 10

Frequency (Hz)

/ » Storage modulus (deformation resistance)
reduces with pressure increasing due to
Pressure increasing pseudo-plasticization
» Pressure effect more significant at high
frequencies
» Loss modulus (damping/irreversible
deformation) increases with pressure
| . | | | | increasing
: 0 “ “ “ “° “ ® ¢ Combining storage and loss modulus data
Frequency (Hz) Frequency (Hz) suggests that elastomer deteriorates in
» Step-pressurization (atmospheric, 500, 1000, 2000, 3000, 4000 psi) mechanical performance under pressure
and level of deterioration depends on
pressure (gas?)

Loss Modulus (Pa)
Loss Modulus (Pa)

Project ID# SCS026




5%/ Progress and Accomplishment
o Helium lon Microscopy of E2 — Hydrogen effect
Nethwest  VS. Pressure effect

NATIONAL LABORATORY

Surface Cryo fracture Surface Cryo fracture
As rec’d surface  morphology morphology morphology morphology
before exposure  after 27.6 MPa after 27.6 MPa after 27.6 MPa after 27.6 MPa
He He H, H,

* Very little change between
the as rec’d surface and the
high pressure helium
surface morphology

e Exposure to high-pressure
hydrogen caused formation
of micro-cracks and voids,
and that phase separation
of the plasticizer from the
polymer

e Previous work with HelM
with ToF-SIMS show the
dark regions to be
plasticizer

Project ID# SCS026




Progress and Accomplishment
Pacific Helium lon Microscopy of E5 — high pressure

Northwest effects & effects of pressure cycling

NATIONAL LABORATORY Sa d
: : . [ ) ndia
SNL's unique high-pressure cycling system m National

prepared certain samples for PNNL Laboratories
As rec’d surface Surface Surface Surface morphology
before exposure morphology after morphology after after 90 MPa H, for
27.6 MPa H, 90 MPa H, 12 cycles

ZEISS| i | 100um |EBorsa
.........

Noticeable surface morphology change (cracks) after exposed to 27.6 MPa H,
After a single exposure to 90 MPa H,, significant phase separation and surface crack formation observed
When exposed to 90 MPa H, for 12 consecutive cycles, polymer altered dramatically by forming fissures
and protrusions at the surface o




\% Progress and Accomplishments

Pacific HAADF-STEM image with EDS analysis —
Northwest  hydrogen effects on Zinc particle and interface

NATIONAL LABORATORY

E2 — 27.6 MPa helium exposed

EDS Layered Image 1

EDS Layered Image 2

E2 - 27.6 MPa
hydrogen exposed
samples increase
sulfur regions
around ZnO
particles

ol B
:

Sulfur in the grey areas around the particle, the ZnO formed ZnS through processing




% Progress and Accomplishments

Pacific Transmission Electron Microscopy of E2
Northwest  (p|asticizer only)

» Crack propagates
after exposure to
high pressure
hydrogen

Pre (as rec’'d)

* Dense elements
migrate towards
the crack region
after exposure to
hydrogen

Post (28 MPa
He for 24 h)

* |Increased in
smaller sulfur
particles after H2
exposure

Post (28 MPa
H, for 24 h)

EPDM #2post 28MPa helium exposure.

Project ID# SCS026




Progress and Accomplishments

sﬁ/ Cryo Fractured N2 HelM and Time of Flight
Secondary lon Microscopy (TOF-SIMS) - hydrogen

Pacific

Northwest ~effects on morphology and local chemistry

NATIONAL LABORATORY

500 x 500 um? area

size

Image

n
o
o

o ;
pm 0 200 400

O-
MC: 12; TC: 9.856e+005

Center 200 x 200 um? area

—r T T T T
400

pum 0 200
Overlay of CN-, O-

Red Green
rubber asticizer

160 160

120 120

80

40

0
um 0 50 100 150 pm 0

CN- o

HelM Post H2 Exposure MC:  43; TC: 5.503e+006 MC: 10,7C: 146824006

rrrrrr rrrr | 1 r T 11 T 1T T
50 100 150 pm O 50 100 150

Overlay of CN-, O-

Hydrogen effects plasticizer migration through changes in solubility in rubber as
shown in Helium lon Microscopy images on left and verified by ToF-SIMs on
right

Project ID# SCS026




\ﬁ’/ Thermal Desorption Analysis (TDA) - non-

Pacific
Northwest

NATIONAL LABORATORY

saturation content

To measure non-equilibrium transport properties of hydrogen in polymer

Fick’s equation at constant temperature

32 * exp(—(2n+1)2n2m/z2] * exp(—npﬁurz]
G =mCo Z (2n + 1)2 Z B2 sample
n=0 n=1 n p
@ El
M‘ SI Ar gas flowmeter

E2
ES
E6
N1
N2
N5
N6

To measure equilibrium transport properties of hydrogen in

polymer — PNNL permeation tester

equilibrium hydrogen diffusion & hydrogen

D1, Kyushu D2, Kyushu
D1 D2
measurement* measurement*

3.199 x 1010
4.089 x 10-°

3.826 x 1010
2.792 x 1010
2.411 x 10-10
2.000 x 1010
1.908 x 10-10
2.503 x 1010

Developing database on hydrogen transport

properties in polymeric materials

Project ID# SCS026

2.792 x 1010
9.824 x 10-11
1.260 x 10-10
8.895 x 101
5.641 x 101

3.861 x 10-10
2.239x 1010 4,191 x 1012

2.694 x 1010 3.308 x 10-1

3.557 x 10-10

4.275x 101




Progress and Accomplishments
\7‘/ Joint Research at Kyushu University, Japan —

Pacific Understanding manufacturing process effects on
Northwest  materials performance against hydrogen
exposure

Material performance differences between manufacturing locations in
hydrogen transport properties

10000 F o Takaishi NBR#100 B
n © No.280 PNNL NBR#5
o Takaishi EPDM#100

« The NBR exhibits a nearly
equivalent elimination
profile. However, it is confirmed

E
a
H
whether there is a slight difference in € 1000 ° No.281 PNNLEPDM#5 |~
the amount of CB adsorbed - _ |
hydrogen after 10 hours. ° Filler effects — quantity,
& 100 & distribution; particle size
- Differences in the types of carbon £ \
black (manufacturers) may have 2 M
i =) o
been confirmed. IE 10 = Bolymer 6 g
- EPDM profiles differ. The amount of E - cross linking,
hydrogen found in the fitting is 4 4 Lstrycture ,
almost the same, but there is a 0 6 12 18 24

possibility of chance. Time after decompression (Hour)

Project ID# SCS026




Progress and Accomplishments

(U)SANS/SAXS shows significant differences in
Pacific scattering intensities in different polymers and
Northwest €lastomers . S

NATIONAL LABORATORY
Sapphire windows

Sample thickness, 0.5-

i 5.0 mm

Scattered beam

A

Incident beam

«Initial (U)SANS of select thermoplastics and elastomers: PEEK, POM, HDPE, PTFE, PA-6/6, NBR, EPDM

*First P-cycled samples of thermoplastics from SNL analyzed

Initial SAXS data for P-cycled HDPE (ORNL) OAK

*USANS at P (four pressure cells, two staged simultaneously RIDGE
*While one sample is in beam, one is soaking (soak times were = 14 hours) National Laboratory

sImmersion in high-pressure H, increases number of scatterers for some polymers/ elastomers

S S—— 4 ":':9__

200121 0 011006 11' [
200121 0 01104.¢ m[ l

107
|

- ‘_.-—-,
) \
10" S f __E_,

\ ‘ 1o
2 =
10 ] ‘::
.

| a4

} B

- ——————asgel - - SUSN 2

o 10 3 4 b oo row = 3 4 5 oooron
Q (A7) Q (A7)
SAXS (ORNL) for HDPE Neat(blue), 100 H2 P cycles (Eed . USANS for PTFE (solid) and EPDM (open). H, saturated (purple).
Increased large scale (small Q) porosity with cycling Neat (red). H, increased scatter volume in HDPE but not EPDM.

102




Pacific Progress and Accomplishment
Northwest  H_Mat DataHub — share & dissemination

« The design for H-Mat website is complete. Development of the website has begun.
 The development and testing of the DataHUB is complete. The Ontology for projects has

been created.

« DataHUB to production will roll out soon.

(' bMat About R&D (Capabilities Work withUs Data

DOE’s National Laboratories house unique, world-class capabilities that
are essential to the study of hydrogen interactions with materials. These
capabilities span computational modeling, imaging of hydrogen=
materials interactions, and experimental evaluation of materials with
applied mechanical load in high-pressure hydrogen environments. The
list below provides examples of key capabilities within H-Mat. For more
information, please contact h-matinfo@pnnl.gov.

[P] polymers [M] metals [S] systems

C in of G to Eval ydrog
Hydrogen Effects on Materials Microstructure Interactions
h | eval of in the Hyd ials it can be
of hydrogen is ded to simul; itive to the mi of the
service environments and assess B material. Modelmla:‘struﬂuresand'o
wmnmmlmwuﬂmmmwmmmlimmm
of tools are used to saturate (i.e.,
hydrogen include: “precharge”) ma win:‘h.-.brof
mwmawumatw
national labs include the following.
* Thermal pre-charging [P] [M]

* Gleeble apparatus [M]
* Advanced imaging techniques [7] [M]
+ Thermal Analysis [P’

C L Is science
g Uptake, Tr
and Trapping i g :vdlabkmﬂnnluondbbs'ofﬁnmw
oﬂlydmgmdhmlnmmrh across
gen uptake into and ch: itiple length scales from atoms to

mmmmkmmmm wm(:omwmtoobue
of for at all relevant
Environmental are length scales, i (butmtlunihdw):
mswedmhﬂwmmdvﬂldmﬁn

Nifiodels of b * Density functional theory [P} [M]
phenomena in materials. Below are some of + Molecular dynamics (7] [M]

ummnmmmm tiol mics [M]

* Gas-phase permeation (] [M] + Sovstel plasticty (M)
* Thermal desorotion spectroscopy [P] (] ° Ehsse-field methods (%] (M)
« Chemical analysis (7] [M] * Continuum finite element methods (7] [M]

* Hydrogen surface interactions [P} [M] g

(3) Welcome - H-Mat DataHUB Test X 4
& > C (0 @ testdatah-matorg w RE® 8 | = 0 H

i Apps @ Project ReportingS.. @ Research - Engineer.

@ 0  WenbinKuang ® "

@.Mat ‘ Home My Projects Datasets About

The submission point for data collected from research conducted by the Hydrogen Materials Compatibility Consortium

&5 = Q

Upload Data My Projects Find Datasets Need Help?

Learn how to upload and Browse registered projects. Browse dataset submissions. Click here
submit a dataset for your
project.

About  H-Matorg  Help

Use of this website canstitutes acceptance of our Terms of Use and Privacy Policy.

25



\ﬁ/ Progress and Accomplishments

Pacific Cryogenic Materials Testing and Modeling for
Northwest  pressurized Storage 0°C to -253°C Cryogenic

Materials Testing

« Establish relationships
between polymer structure

Epoxy Matrix Model Systems

700 I - ] and low temperature
_ o0 —eeonemetera |1 T oNen o thermomechanical
o —— EPON 828 + D230 it + H
$ o] —— EPON8G2+D230 | EPON 862 + D230 properties
(] 0.8 . .
2 0 z * Crosslink density
: 5 «  Thermal transitions
g ) Tp - Tensile properties
9] T . .
] 02 \ |+ Develop relationship of H2
o0, effects in metals properties
04 & .
e A ST — T at cryogenic temperatures
Temperature (°C) 10Hz Temperature (°C) 10Hz |
- ' I ' , Y 7
= EPON 828- 600 - 500
G20} s TETA 1 = faso i i i i
i 5o 0 Liner Material Cryogenic Testing
[%2] B =
g 15+ R 2 400 - 350 . 200000
@ | -183C B 300 g
8 1 \\ =400 g 300 L 250 % 180000
§ 5L i E 100 L 100 o
- 50
/ 0 0 '% 100000
0 L L L L L 828+TETA 828+D230 862+D230 -
0 1 2 3 4 5 6 2

mAlpha « Beta mMc

Engineering Strain (%)

Composite Material
System and testing

0 01 02 0.3 04 0.5 08
Engineering Strain (=)

v -253C (20K) now available for predictive
modeling




Progress and Accomplishments
Pacific Cryogenic Materials Testing and Modeling for
Northwest  Pressurized Storage OAK
RIDGE

National Laboratory

T1O, Nanoparticle Coating on Carbon Fiber

Continuous Feed-Through Dip Coating Process

Unsized
Carbon

100

=]
(=]
1

Fiber Heating
Heating Chamber

p/r- | —

Mechanical
Tow Spreader =
Nanoparticle Sizing

80 15

=)
(=}
1

60

I
=
1

40
Take-up Spool =
e owt%
— 1.0 wi%
——20wt% 207

Short Beam Shear Strength (MPa)

[
(=1
Il

Surface
Treatment

— 3.0 wi%
0 40w ]

0.00 0.05 0.10 0.15 0.20 0 01 0305 1 15 2 25 3 35 4
Strain wt% TiO, in coating bath

The TiO, nanoparticles increased the interlaminar shear strength by
up to 14.7% during room temperature short beam shear testing
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SEM images of the carbon fiber after the dip coating process
using a) 0 wt%, b) 1 wt%, c) 2 wt%, d) 3 wt% and e) 4 wt%
TiO, nanoparticle baths show good dispersion of
nanoparticles on the fiber surface. Scale bars are 5um.
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The composite strength increased at lower temperatures (-75°C),
but the nanoparticles at the tested concentration did not affect the

Goal Is to increase Interlaminar shear mechanical strength. So the interlaminar shear strength
Strength at Cryogenic tempera’[u res. improvements seen at ambient temperature were not translated to

. .. low temperature tests
Demonstrated >10% at ambient conditions
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Using multiscale modeling with experimental data for development
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Polymer materials play an important role in hydrogen infrastructure components by providing
both static and dynamic sealing, and high performance barriers

H-Mat is developing a better understanding of high-pressure hydrogen gas interaction with
polymers for the hydrogen community that will increase reliability and durability of the hydrogen
infrastructure

Developing multiscale modeling (atomistic, meso scale, component scale) efforts to build
predictive tools for understanding polymer-hydrogen interaction and damage mechanism

Initial studies using in-situ DMA demonstrated pseudo-plasticization effects on polymer
mechanical properties

Helium ion microscopy used to reveal that phase separation of plasticizer and formation of large
voids (30-40 um) are induced by hydrogen

Comparison of He and H2 gas experiments show hydrogen effects in polymers are increased
over He at the same pressure levels

Comparison between virgin sample, 27.6 MPa hydrogen exposed, 90 MPa hydrogen exposed,
and 90 MPa hydrogen exposed for 12 cycles, showed profound morphological changes created
by pressure cycling in high pressure hydrogen

TDA analysis studied the effects of fillers and plasticizer on transport properties of model
materials — plasticizer increasing hydrogen permeability while filler decreasing it
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« H-Mat is a new project and was not reviewed last year
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