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Material Reliable Evaluation Program for a Large Capacity Liquefied Sto|

Tomoya Kawabata
The University of Tokyo, Department of Systems Innovation
Buakyo, Tokyo, Japan

ABSTRACT

Various energy camier systems have been proposed to achieve a
hydrogen supply chain of 300,000 tons per year by 2030. This plan is a
precursor to virtually zero CO: emissions m the future. Liquefied
Inydrogen storage tanks are considered a non-toxic and reliable way to
achieve this goal. However. many aspects still need o be clarified for
the fracture resistance of the inner tank, which is the key to the safe
storage of liquefied hydrogen. In this article, the author briefly
introduces a Japanese govemmental research project

KEY WORDS: liquefied hydrogen storage; Stasnless steel; Ni steel
fractuse toughness; hydrogen embrittlement, TRIP

INTRODUCTION

Various energy camier systems have been proposed to achieve a
Bydrogen supply chain of 300,000 tons per year by 2030 (Japanese
govemment cabinet secretariat, 2017). which is  precursor to virtually
ze0 CO; emissions in the future. A simple storage and transpostation
system using a liquefied hydrogen camier and a liquefied hydrogen
storage tank 1s considered a non-toxic and selable way to achieve this
goal since it simply uses hydrogen alone. However, using only
developed processes, the target price (station price of 30 yen/Nm3) is far
fiom being achieved, and cost reductions in all processes must be
I swuge ts

fora h reduced w scaling
upms\ztof\'heunks Pothermocs, o ralie these siceags ta
structures, it has been found that many issues need to be clarified
regarding the fracture resistance of the inner tank, which is the key to
safely storing liquefied hydrogen Therefore, a research program is
currently underway o establish the existence of problems, material
evaluation methods, and reference values when SUS316L, the most
promising candidate matenal, is used These research programs are
commissioned by the New Energy and Industnal Techoology
Development Organization (NEDO). However, the drafting of
guidelines for hquid hydrogen storage tanks, including feedback at the

planning and intermediate stages, is always discussed by the WG for
dnafting gudelines for liqud hydrogen storage tanks, which is

dUn

SRR O—EB(E

established within the Technical Cog
Technology (PHT) of the High-Pre}
(Fig. 1 shows a schematic diagram o
storage tank ) This paper mainly de|
loading arms and marine tanks,

establishing a hydrogen society. will
to space limitations

00 m s 2 new devign
G & meesed

Fig. 1 Demand for lasger-scale liqud
technology

HISTORY OF LIQUEFIED
AND ITS STORAGE

Dewar developed a technique for cof
effect. Using this technique, he
in 1895 (Kapitza, 1934). He builta I3
liquid hydrogen in large quantities 4
prmanly for the followiag applicaty

> Hydrogen bubble box for parf
When a charged particle is pf
can be detected by the gener3

FEM Module Development Considering TRIP for Evaluating Liquefied Hydrogen St/
Deformation under Huge Earthquake

Rintaro Tsuda ®, Ritsuki Morohosh#, Norivuki Tsuchida® and Tomoya Kawabata®
he University of Tokyo, Department of System Innovation
Buakyo. Tokyo, Japan
hosha. Himeji. Hyogo 671-2280, Japan

P University of Hyogo, 2167, §

ABSTRACT

This study evaluates the safety of liquefied hydrogen as an energy
camier by calculating the load and deformation of tanks during the

phase typically contained in the candidate material is given by the
secant method, which is one of the homogenization methods and is
formulated in a form that can be implemented in the fimte clement
method. The authors obtained the deformation state of each phise
using neutron diffraction while conducting fensile tests at 20 K. The
sesults are more accurae than prcvious analyses and will ot ouly ad
in butalsoin

F|PR=ERICTPRI S,

overcome the weaknesses of carbon stecls. part
high corrosion resistance and britle fracture res
very frequently in modem engineering. It is ki
microstructure of this type of material can b
transformation depending on the service em
temperature and applied strain, which is probles
“This paper focuses on the work-induced transfor)
candidate material SUS316L. and aims to clarify
changes and mechanical conditions in the most

oceur in the tank during a severe earthquake. A
‘method is exclusively used for seismic analysis o

1o aente a module that can calculate the
within the finite element method

predicting crack tip transformation rates.

KEY WORDS
Hydrogen: Stainless steel: TRIP; FEM; stress triaxiality: earthquake.

INTRODUCTION
Background

Climate change associated with global warming is currently being
observed worldwide. One of the causes i the increase in greenhouse
as emissions: the 2015 Paris Agreement (United Nations, 2015) seta
target 10 keep the global average temperature rise well below 2°C
above pre-mdustrial levels, aud 1o strive to limit it to 1.5°C. The world
s increasingly moving towards achieving carbon nentrality. As part of
this, there are plans to use liquefied hydrogen as an encrgy carrier and
10 develop hydrogen infrastructure for this purpose. I order to use
liquefied hydrogen in a stable manaer, it is cssential to construct
nprecedentedly large storage tanks. However, the temperature of
liquefied hydrogen is 20 K. an extremely low temperanure to which no
structure has ever been exposed. The aim of this study is to evaluate
the safety of liquefied hydrogen storage tanks wnder the harsh
environment of 20 K and the maximum possible earthquake by
calculating the load on the tanks and the amount of deformation they
would experience. Currently, austenitic stainless steel s considered the
material of choice for liquefied iydrogen storage tanks. The reason is
that e, which s ¢ hco-entered cubic smctae, does ot
brittle fracture. which is considered a significant risk in
strutural applications.
The mechanical properties of metastable materials, in particular Fe-
CrNi steels, have long been the subject of experimental and
theoretical research. The reason for this is that these materials

History of martensite transformation
austenitic stainless steel and the aim of thi

In metastable austenitic stainless stecls. plastic de
Md temperature (Md is the maximum fen
martensitic transformation can occur by plasty
produce body-centered cubic o and hexago
‘martensite, resulting in significant strength. The
facecentered cubic austenite ¢ to o' and c-ma
depend on alloy composition. stacking defect

degree, and temperature.

studies (Eichelman and Hull, 1953, Banayk
Hirayama and Ogirima. 1970) investigated the

of several pure and commercial Fe-Cr-Ni alloys b
at room temperature and belovw freezing. One of
of these studies was that the rate of martensit
highly dependent on the chenvical composition

Cr. and C having a particularly swong infl
transformation process. The total effect of the may
on mastensitic transformation is assessed from 1
(Hirayama and Ogirima, 1970) and Md30 (Ad
1977).

Martensitic transformation of austeitic stainles
focus of rescarch in miaxial tensile at low strain
(Angel, 19%4, Langeborg. 1964, Wigley, 1971. 0)
Tomura, 1982). Tsuchida et al. also developed a
obtain stressestrain relationships in the phase
transformation using a homogenization meth

‘method proposed by Weng (Tsuchida ct al. 2000.
Tsuchida et al, 2021a, Tsuchida et al, 2021b). I
attention was paid to the influence of strd
transformation. but (Lebedev. 2000, Beese.2
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ABSTRACT

Hydrogen embrittlement in the TIG weld meal is investigated in this
work by employing slow strain rate tensile (SSRT) tests and using 3
scaning electron microscope (SEM) to observe the fracture susface and
classify it. Also. the mutual effect of extemal and intemal hydrogen in
the weld metal of the SUS316L was studied to qualify the changes in the
battle areas according to the hydrogen content and the addition of pre-
strain The loss of ductility and reduction of strengths were observed as

e briftle area decreased due to the combination of a higher
concentration of hydrogen and pre-strain

KEY WORDS: Hydrogen embrittlement, SSRT, weld metal. pre-strain.

internal hydrogen, and extemal hydrogen

INTRODUCTION

Hydrogen is a promising renewable fuel that can potentially decrease the

dependence on fossil fuels. To set hydsogen in the energy matrix, capable

systems and materials to safely store, transport. and use it are demanded.

There are big challenges to incorporating this renewable fuel into the

energy matrix. and one of them is in the storage process due to hydsogen
ind btain a higher 16

Thus, materials with good hydrogen embrittlement resistance and
excellent performance at cryogenic temperatures are often required in
hydsogen storage systems. As shown in Crivoi et al (2020). SUS316L is
2 good material candidate to be used in cryogenic applications, despite
the loss of mechanical performance for its weldments, as presented in
Horiya et al (1996). Also, many studies have been conducted to clearly
undesstand the hydrogen embrittlement phenomena in this material in
order to assure s safe usage in hydrogen transportation and storage
systems af cryogenic lemperanures

The methodology to strain a specimen at very low strain rates in a
hydrogen environment or with internal hydrogen has been fully applied

in the process to understand the interaction of hydrogen with the material
and qualify the matenal s resistance to hydrogen embrittlement (HE), as
explained in ASTM G129 (2013), and applied in diverse researches, for
example, Michler and Naumann (2008), Ji et al (2014), San Marchs et al
(2010). Slow strain rate tensile tests in the hydrogen environment can be
conducted at different temperatures and pressures. as shown m by
Michler et al (2008) and Machler and Naumaan (2008), and it allows
researchers to assess the material properly in different conditions
considering the effect of extemal hydrogen. On the other hand, pre-
charging processes can be adopted to ennch specimens with hydrogen.
and then SSRT tests are conducted to assess the matenal e
the presence of mtemal hydrogen, as done by Ji et al (2014), Yamabe et
al (2017). and Pask et al (2023). The aspects of mtemal and extemal
hydrogen are briefly explained mn Symons (2001). and they are very
sinular, despite a difference : a charactenstic fracture distance.
Conducting tests and investigating the material behavior with interal
and extemal hydrogen, Yamabe et al (2017) detailed the fracture process,
according to hydrogen concentration and nickel content of stainless steel
at room temperature

As mdicated by Fukuyama et al (2003), the range of temperature m the
hydrogen environment can affect the material behavior unexpectedly.
Also, Fukuyama et. al (2003) presented the temperature of maximum.
hydrogen embrittlement (TMHE) for many grades, and the SUS316L
showed a decrease in performance at around -75 °C. and similar behavior
can be seen i Park et al (2023) despite of the lack of data at -70 °C. A
combination of intemal and extemal hydrogen with SSRT tests at this
temperature can provide 3 severe condition to highlight the SUS316L
fracture process under hydrogen embrittlement. This information would
be mmportant to designers and operators of hiquified hydrogen storage
tanks, considering a possible problem with the cooling system.

3 P
level in the SUS316L weld metal and its resistance to hydrogen
embrittlement has fundamental mportance to the projects of a huge
hydrogen storage tank that will be installed on Land in egions susceptible
to carthquakes. Tao et al (2020) mvestigated the changes in the fracture
‘mechanism as the pre-strain level was increased in duplex stamless steel.
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