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Effect of TRIP on Crack Opening and Closure Behavior of|
Austenitic Stainless Steel
Yigji Ando @, Ritsuki Morohoshi®, Shohei Uranaka®, ani
* The University of Tokyo. Department of Systen
Bunkyo. Tokyo, Japan

expand the use]
nydrogen will
develop a hydr{
A hydrogen supply chain is constructed fo achicve carbon neutrality  stably, it is esse]
by 2050. In this sifuation, a large-scale tank with a capacity of 50,000 than the exist

ABSTRACT

m} is designed as a medium- to long-term storage facility for liquefied. hydrogen is

hydrogen. Fatigue cracks mmst be considered since the tanks are structures have
subjected to repetitive loading during liquid refilling and earthquakes. liquefied hydro]
Austenitic stamless steel. especially SUS316L. is considered as the SUS316L. a my

as a material ¢
its selatively

prefemred matcrial for storage tanks, but its fatigue crack propagation
characteristics are unclear In addition, since the temperature of

liquefied hydrogen is extremely low (-253°C), Transformation  hydrogen eml

Induced Plasticity (TRIP} is important Inown that the
The relationship between crack growth rate and erack opening/closing  ransformation
ehavior is effective in clarifymg crack propagation charactenstics ~ body-centered
‘because it can be casily connected to the theory. Existing theorics of ~ briffleness. The
crack propagation do not take into account the effect of TRIP.  cycle fatigue ([

Therefore, it is effective ot only to clarify the crack propagation
characteristics but also to improve the theory of crack propagation by
investigating the effect of TRIP on the crack opening and closing
behavior. In this sfudy, low-cycle fatigue fests were conducted at

History of M
aim of this st

different temperatures, degrees of processing, and materials fo  The idea that o)
investigate the relationship between crack tip opening displacement has been propd
and crack growth rate. In this study, an alternative material that can be stainless steel.
expected to TRIP at room temperature was used. Validation was stress and ten|
performed by observing TRIP at the crack tip during loading. EBSD  dependence
‘observation of the amount of martensitic transformation was also used. stainless steel,
to investigate the relationship befween the crack tip opening  observed. and
displacement and TRIP. The Schmidt factor for each hypothetically induced marten
segmented randomly oriented grain is taken into account and itseffect I addition, wi
on the crack tip opening behavior is quantified through statistical fatigue life regj
processing. The results can be used to update the theory of crack mechanism by
propagation fo include the influence of TRIP. ‘properties is thy
the actual dri)
KEY WORDS. compressive
Hydrogen; Stainless steel: Martensitic transformation: Low cycle volumetric exp:
fatigue, Crack tip opening displacement overall stress fi
(Schmitt, Kuhi]
INTRODUCTION factor, a param
not accurately
Background On the other haj
deteriorates fat)
Climate change is caused by greenhouse gases, of which global properties. A ty]
1s under constal

warming is one of the best examples. In particular, the reduction of
carbon dioxide is a common global issue. Accordingly. the term
"carbon neutral” has been attracting widespread attention around the
world. The goal is to reduce the net amount of carbon dioxide emitted
by human activities to zero, and to achieve this goal. it is essential to

because the strd
as the transforn)
transformation
inereased strais
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ABSTRACT In addition to this|
The effect of Soo-induced martensitic an the touzhness
cryogenic ughness of welds of austenitic stainless steel which is a -
promesing candidate material for large lignefied hydrogen storage fank m.?‘m’
materials, was investizaed From the remults of microsmuctal 1513t 77 K Fiog
obsarvation and FEM amalys Tacnure test, causey
suggested that the amemnt of deformation-induced martensitic
reased as thy i
mpnc(mmmpmdmmu:ﬁw:mmnesunz}‘ma]h the possibility of  opactestar 77
replacing the difficalt fracturs wughnesnestmme,mp)emrpv Tisz was up fo 1
impact tast was discussad eﬁecmn_mmecsn
few studies have
KEY WORDS: Liquefied hydrogen storage tuk; Austenitic weld ~ Ves and satic
metal; Cryogenic toughness; Charpy impact test; Deformation-induced ﬂhgmsridv Chat
martensitic Tansfarmation; Finite element method. s
GTAW (Gas Tung

INTRODUCTION

A: the world moves toward a decarbomized sociery. the Japanese
govemment has declared its goal of becoming carbon newtral by 2050;
morsover, 2 past of this, it 2ims to establish 2 hydrogen supply chain b
nﬂn[apﬂuhnf:OOODOmsperfexbf‘Dm Inarder to achieve this nesu]tbvﬂledfm
supply targst, 2 larze Bat-botiom Inydrogen storaze
mkw\ﬂucnpx:\tvnf\ﬂmﬂm‘ st be constucted to siznificantiy

reduce the price of hydrogen Austenitic stinless stesl, which has EXPERIMANT:
alrzady been used workdwide as a material for small spherical hydrogen

storage tanks because of its resistance to hydrogen embrittlement and Sipce ot is kmomn
low-temperature britfleness, is a promising candicae for the material of wnglmessnfwdd
e large-scale Hiuefied bydmgen storage tarks. cantent, was adeg)
Considering the lons-ferm opemtion of storage tanks over saveral SMAS0A was used)
decades, it i impomamt o select materials and opfmize welding DY burtering the g
conditions for welds, which are presumed o have inferior facre  Weld Ml fabricy
resistance to fhat of hase metals whan subjectsd o larze earthquakesand  Webd metal. Mid
othar larg= smains. Howsver, thers have besm fw studiss on the and §-farrite contsy
u...m.. i ansienific weld metal n; Mo wias calculaty

indured martensitic o behavior mmnl e .

mr_kpmpmumam:hms,mm siemificantiy affect thetouzhness, 2o [K] =824 -4
has not been clarified. the it for
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ABSTRACT

Hydrogen embrimlement in the SAW and SMAW weld menl is
investizatad in this work by emploving slow strain rate temsile (SSRT)
tests and using a scanning electron microscope (SEM) to verify the
fracmure surface the failre mede Also, a comparison betwesn the
weldad joinss produced by both welding processes with the SUS316L

pressure and at -40 C. The loss of ductility and reduction of strengths
‘were observed for both welded mefal bui in different proportions and it
is related to each microstructure produced afier welding.

EEY WORDS: Hydrogen embritlement, SMAW, SAW, weld
metzl

INTRODUCTION

I.nahu CIyOEenic storage ank manufacturing. the selection of welding
3t I an mmportant activity for the project. Both Submerged Arc
“el.d.mg (SAW) and Shielded Metal Arc Welding (SMAW) are vible
processas for sinless stes] welding, each with fs own sgengths and
considerations. SAW offers hizh deposition rates and desp penetration,
‘pmaking it suitsble for thick siainless steel sections, but welding position
thickness are examples of £ factors. On the other hand,
SMAW, also known as stick welding, & versatile, portable, and can be
used in various positions, making it suitable for both thin and thick
staimless steel. although it rypically has lower deposition rates comparsd
to SAW. Furtharmere, whils SAW requirss a controlled environment
due o its submerzed namme, SMAW is preferable for outdoor or
challenzing environments, which mduce situations with difficult control
of surface contamination and wind conditions.
For a cryogenic bydrogen swomge tank, SUS316L & ope promising
candidate that has been smdisd by many researchers, (Herms et al,
1999; Michler et 2l , 2009, 2015; Michler & Naumann, 2008; San

Sont of this stee] are necessary to definea by

Marchi et al., 2008). Although s st5
bydrogen embritlement resistance, e def
tempeatures, for example betweez 30 o

Freure ot al. 2023; Fulswyama et al, J003; P

stacking fault enargy (SFE).
The severity of bydrogen embrifdlement
bydrogen concentrations. At the same temy
can be embrittled in different levels as th
bydrogen changes (San Marchi es al, 2021]
provide different concentrations as its para
ﬂle SSRT tests in the hydrogen environmeng
pressurs can influence hydrogen adsorptid
increasing or decreasing test pressure is also
the material to different hydrogen concenms
Furthermore, the bydrogen embristlement
metal was verified for a previous project far]
economy, (Horiya et al., 1996). Also, other
nﬂ:] mzullmd!rmz influence of bydroges
1990; Younes et al, 2013; Yun et
Tan('[aeeral 2020) stadied a swainless s
one microstruchre, and mﬁn]nmnndmm.
the hydrogen embritflement o a base
Therefore, investzations of the hydgen

process and ifs parameters.
This current work uses slow smain mate
bydrogen environment under thres different
at -75 C and under 10 bar at 40 C o
itlement performance of SAW and SM|
cryogenic hydrogen storags tank. The facnd
ware amalyzed in order to verify the faik
differences berween the weld mel specia

Experimental Evaluation of J integral
Suffering from Pre-strainings at Cryogenic Temperature, SUS316L
Ritsuki Morohoshi, Tomoya Kawabata

The University of Tokyo.

ABSTRACT
‘There have been a few hydrogen storage tanks made of Transformation
induced plasticity (TRIP) steel in the world. However, its fracture
property remains unknown.  Because the materials are under
a complicated environment, exposed fo hydrogen, and cryogenic
temperature. This study focuses on the pre-straining effect of TRIP steel
to assess the aged fracture properties. 10 different pre-straining and two
environments, 20K and 77K, were prepared. The results show a great
reduction of J value as the pre-strained amount increases both in 20K
and 77K. That value would be a reference value to assess the life cycle of
the hydrogen storage tank

KEY WORDS -/ integral;Cryogenic temperature: Pre-strainings.

1 INTRODUCTION
11 Social Background

Hydrogen attracts aftention as a next-generation energy carrier. One
of the methods used to transport hydrogen is simple low-temperature
liquefaction.

One infrastructure to transport hydrogen s a liquefied hydrogen storage
tank. The tank is a vessel that stores liquefied hydrogen at a temperature
0f 20 K. The tank is made of a low-temperature-durable material, such as
stainess steel, aluminum alloy. titanium alloy. or composite material
Here, the discussion will focus on metastable Austenite (7) stainless
steels. which were considered promising candidates in Japan's national
project called International Hydrogen Energy Network (WE-NET). There
are two reasons for their practicality. (1) Metals with an Face-centered
cubic (FCC) erystal structure are less affected by hydrogen embrittlement
and exhibit stable crack propagation compared fo those with a Body-
centered cubic (BCC) structure. (2) Among FCC materials, metastable
7 stainless steels are the most cost-effective.

However, the cheaper the mefastable ~ stainless steel. the more
susceptible it is to transformation into the BCC structure’s o, thus
requiring a balance between cost-effectiveness and fracture toughness.
As a result of WE-NET, it is concluded that considering economic
viability, existing stainless steels such as SUS304L and SUS316L
Dbecome candidates for low-temperature materials used in initial liquefied
hydrogen storage tanks.

However, this evaluation is solely based on the results of the Slow strain
rate tensile test (SSRT) and the Charpy impact test results, and there has

7-3-1 Hongo Bunkyo-ku Tokyo, Japan

hardly been any verification of the fracture toughness (Critical J (i)
and fatigue characteristics of materials affected by hydrogen brittleness
under extremely low temperatures of about 20K. Tn other words, it has
not taken into consideration the effects on the material properties of the
base metal and weldments under extremely low temperatures caused by
repeated plastic strain due to earthquakes and other causes

Including fracture toughness in the impact assessment is very important
when constructing large-scale storage tank facilities. This is because
the impact range can be extremely wide if destruction involving a large-
scale leak and fire occurs when hydrogen storage tanks are installed on
land relatively close o consumption areas. Furthermore. if approvals for
the start of manufacturing of liquefied hydrogen storage tanks are to be
eranted annually. it is essential not only to present impact assessments
but also to set standards for materials and welding that consider the most
severe conditions for the materials used. to prevent major accidents such
as massive leaks of liquid hydrogen.

1.2 Importance of the Theme

Considering the background above, it is extremely important to consider
the residual fracture toughness after the application of pre-strain. For
instance, imagine constructing and maintaining a large-scale hydrogen
storage tank, and then an earthquake occurs. It is a fundamental premise
to ensure the toughness to withstand this seismic activity. but without
knowing the fracture toughness after the application of pre-strain, it
cannot be determined whether it is safe to continue using it

1.3 Survey about J and TRIP

Directly measuring pre-strained fracture toughness parameters. as
represented by the J integral (J). is one way for fracture assessment. Of
course, it is possible to consider the above scenario as low cycle fatigue
and characterize the fracture property as fatigue property. However,
it is also important to assess the degradation of material property
itself. not only the crack-extending effect. Additionally. the frequency
of encountering earthquakes in this scenario is at most a few times
throughout the operation.

However, especially in Transformation induced plasticity (TRIP) steel,
there are the following issues in accurately quantifying the “fracture
toughness with no strain”, which is a preliminary milestone to assess the
pre-strained fracture toughness

(1) Because it is difficult to simply express Martensitic transformation
(y — o) in Finite element analysis (FEA), .J integral (Jine fuegrat)
cannot be caleulated.  (2) Because Jiye egrr cannot be calculated,
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