International Journal of Mechanical, Industrial and Aerospace Sciences
ISSN: 2517-9950
Vol:6, No:1, 2012

Elasto-Visco-Plastic-Damage Model for

Pre-Strained 304L Stainless Steel subjected to

Low Temperature

Jeong-Hyeon Kim, Ki-Yeob Kang, Myung-Hyun Kim, add@e-Myung Lee

Abstract—Primary barrier of membrane type LNG containment

system consist of corrugated 304L stainless stées 304L stainless
steel is austenitic stainless steel which showferdifit material
behaviors owing to phase transformation duringplastic work. Even
though corrugated primary barriers are subjectedsigmificant
amounts of pre-strain due to press working, quathnté mechanical
behavior on the effect of pre-straining at cryogetleimperatures are
not available. In this study, pre-strain level gmé-strain temperature
dependent tensile tests are carried to investigatdhanical behaviors.
Also, constitutive equations with material paramgetee suggested for
a verification study.

Keywords—Constitutive equation, corrugated sheet, pre-strain Fig. 1 (a) Universal testing machine and (b) crybgéensile test

effect, elasto-visco-plastic-damage model, 304Inkias steel

|. INTRODUCTION

IQUEFUED natural gas (LNG) has received great &tian

as an alternative fuel of oil and fossil coal taluee
greenhouse gas emissions. Under these circumstdheesize
of LNG containment systems is increased, and coscéor
safety design have been increased. Independenticgitank
systems and membrane tank systems have become
mainstream of LNG containment systems due to teéability

and economic efficiency. In membrane type contaimtme

systems, corrugated 304L stainless thin steel Withmm
thickness is using as a primary barrier to abslughing impact
and fatigue loads. When fabricating corrugatedktas sheet, a
flat type plate is folded through press workingd golastic
deformation phenomenon take place [1]-[3]. As aultes
mechanical properties for origin material can banged but
there were few consideration of pre-strain effechew
membrane type LNG cargo containment design proesdur
In this study, uni-axial tensile test was carriedt d@o
investigate the effect of pre-strain of 304L stagd steel at
ambient temperatures and cryogenic temperatures.
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Fig. 2 Test specimen shape and dimension (KS Ba8)1

In addition, pre-strain dependent unified elastzwiplastic
constitutive model and new method for determiningterial
dbAstants are proposed.

Il. EXPERIMENTS

A. Experimental Equipment

Chemical composition of tested 304L stainless sseghiown
in Table I. In order to investigate the effect oé4straining on
304L stainless steels, a custom-built mechanicingg system
was used in this experiment. A universal testinghme (UH

1000KNI, SHIMADZU) equipped with a cryogenic chambe
(up to -200C) was used (Fig. 1). Nitrogen gas was operated to

create cryogenic environment in the chamber withegh
thermocouples. To ensure the test results,
extensometer
embedded into the specimen in the cryogenic chankgr 2

shows the test specimen shapes and dimensions 4f 30

stainless steel.

TABLE |
CHEMICAL COMPOSITION OF304L STAINLESS STEEL

Chemical composition (%)

304L C Cr Si Cu P Mn Ni S Mo

0.016 18.2 0.376 0.5 0.028 1.451 8.63 0.02510.254

cryogeni
(3542-050M-100-LT, Epsilon Tech) was
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TABLE Il
EXPERIMENTAL CONDITIONS FORTENSILE TEST
Temperatur .
Type 0. - - Pre-strain
Pre-strain Re-loading
As- 1 293K 0%
Received 9 110K 0%
3 5%
4 10 %
5 13%
AL test —— 293K 110K
6 16 %
7 19 %
8 22 %
9 5%
10 10 %
11 13%
LL test — 110K 110K
12 16 %
13 19 %
14 22 %

B. Experimental Conditions

The percentage of pre-strained amount is variet 566 to
22% at ambient temperatures and cryogenic tempegatAL
test represents that pre-strained at ambient textyres and low
temperature re-loading. LL test means pre-strainedow
temperatures and low temperature re-loading. Alistpecimens
tested at low temperatures carried out pre-coofimg 30
minutes. In addition, all the pre-strained specisngrepared at
a low temperature were stored for two weeks at entbi
temperature to allow for full elastic recovery. Tab shows the
tensile test conditions. Each experiment has besformed
three times for a reliable result.

The stress-strain curves for the AL and LL tes¢ésstown in
Fig 3(a) and (b), respectively. The AL test ressltew the well
known TRIP behavior, which is the most importanchanical
behavior of austenitic stainless steel at low teapees [4].

The AL test results shown in Fig 3(a) indicate thatre is no
increase in the tensile strength when comparecéoyteld
strength. This indicates that the tensile strergjtlaustenitic
stainless steel is not dependent on the amoumeestpain when
the pre-strain is induced at ambient temperataretier words,
the maximum load-carrying capacity of austenitiairdess
steel-based structures, which can sustain signifi@aounts of
pre-strain induced by metal press processing, tisffiected by
the pre-strain when they are used in a low-tempegat
environment. However, this does not hold true ia tlase of
cyclic loading at low temperatures, because thespeen is

EXPERIMENTAL RESULTS
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Fig. 3 Pre-strain dependent stress-strain reldtipnsf 304L stainless
steel (a) AL test results (b) LL test results

induced at ambient temperature. In this contex, dffect of
pre-strain induced at a low temperature shouldniagyaed.

Fig 3(b) shows the stress-strain relationship ef lth test
results. In contrast to the AL test results showkig 3(a), the
LL test results indicate an increase in the yialdvall as tensile
strength. An increase in the amount of pre-stragulted in an
increase in both the yield as well as tensile gfiten

IV. CONSTITUTIVE MODEL

It is well known that the amount of phase transfation
quantities affect the plastic deformation charasties
significantly, so a number of researches are caeduto
measure phase transformation. Because TRIP phe@oosn
be analyzed numerically by incorporating the phase
transformation equation into the constitutive modes a most
preferable method for describing TRIP  behaviors
[5]-[9].However, direct phase-transformation measent
should be carried out under every possible conmdit®o, a
unified constitutive model for TRIP has been preddby
authors [10]. This model can describe very welhgshaterial
parameter of strain hardening rate and strainsesitivity. As
aforementioned, however, pre-strain effect is amartant
factor at the aspect of strength and ductility 8413 stainless
steel. Nonetheless, pre-strain dependency is nutidered in
past models and study. Therefore, previous cotisgtumodel
should be modified to reflect pre-strain effect ax@hlinear
strain hardening rate. In this study, a unified stitative
equation is developed to simulate the material Weha
depending on pre-stain quantities of 304L stainissl.
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A. Elasto-Visco-Plastic constitutive model identify material parametem for the expression of pre-strain
The Bodner and Partom elasto-visco-plastic coristitu dependent nonlinear material behavior. _
models are modified to verify the pre-strain effddt]. The definition of material parameter m is proposeda

According to the BP model, total strain rateand inelastic Stepwise function that has strain components dables,
strain rateg? as follows:
m.—m

m=—-—"L(g"-¢_)+m ©)
g - S’J + é._p _ -1 -1
i i ij (1) Eiﬂ 57 (1gi<j)
2n \/’ t
3 s e’ =\ [
&'=D, exp _%[ai] P @ ° Jlep ©
eff eff m, = 1/|Aez| (7)

where, D, and n are the material parameters, which controyhere, g7 stands for accumulated plastic strain. Because the

the limiting plastic strain rate and rate sensijias well as parametern is expressed as a function of plastic strain @hea
influence the level of stress-strain curves, reSpely. piecewise step, the hardening functiénas well asm can be
Generally, D, is the material parameter at*Ja1]. Since rate controlled in a consistent manner. Namely, oncaetifieation

sensitivity n which was calculated at past research using tifé M per eachjth step is obtained in an overall expression for
method suggested by Senchenkov and Tabieva iSusB@4L  the whole plastic behavior, m can be easily expads/ (5).
stainless steel of the temperatgre-dependent ieteitivity _m_ is defined as (7) and can be obtained using,  curve.
under 110K. And loading history-dependent hardening '
parameterZ is the internal state variable, indicating theralle ~ At each pre-strain amounty, per each jth step is

resistance level of materials to the plastic fld®,[13]. evaluated using the least-squares method accorinthe
0-¢,  curve.
Z2=2,+(Z,~Z,) exp[mW, ) 3)
W, = .[de = [ de! (4) B. Damage model

The damage model based on Bodner's damage model is

. , coupled with elasto-visco-plastic model as sho n
When thermal recovery can be ignored, the paranieter P P We)

expressed as (3, and Z, are the temperature- and strain 2n
_ T o 1(za-w))" |35
rate-dependent material parameters, which inditeeinitial &P =D, exp S| o (8)
value of isotropic hardening and the limiting valoé Z , eff eff
respectively. Parameten denotes the rate of hardening and Evolution of material damage variabe (0O<w<1) in this

w denotes the accumulated plastic work defined s (4 research can be expressed as
(b+1)/b
._Db 1 :
g =—|Inj = @ QCyy ©)
o e et _ h w
tensile - .
Ay — + +\7
Q= (aa—mnx + ﬂa—(\ff + yIl ) (10)
b and n of (9) are internal state variables agH is a
> multi-axial stress function defined as suggested (10).
0 1st Hardening . . ) ) o
Experiment of 2* hardening o ,0.,andI’ denote the maximum tensile principal stress,
~=+==BP model (Fixed for tensile stress) effective stress, and the first stress invariaespectively
=== Modified BP model w/o damage model (positive for tension)a , B, y, and r are the multi-axial
"""" Modified BP model with damage model stress control material constants wheres+y=1. Hayhurst

&

fracture

£

suggested thatr=0, 8=0.75, y=0.25, and r=1 resulted
Fig. 4 Stress-strain curves of constitutive mod@ighe expression fom the uni-axial tensile tests for the generataise(14]. C,,,

of 2" hardening ) I i
When the MBP model is adopted as a constitutive ehod is Zener and Holloman parameter as defined (11).

strain hardening behavior can be expressed eftdgtiby
controlling m . Strain hardening rate curve and the method
suggested in authors’ past research are analyz¢dised to
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£ T Pre-strain Cryogenic Tensile Test
C, = exp(—w“f' ] (11) | |

ref

| Calculation of Strain Hardening Rate (SHF#)

and &, denote reference strain rate (0.00016/s) and l

plastic strain rate, respectively. Th&p, and T are set for the | Measuing the S'Oplée oe__relatof

reference temperature (room temperature 293K) and /V\

where, &

ref

environment temperature [10], [15]. Ves j>1 No
C.Modiified Elasto-Visco-Plastic Model o et o et
MBP model has suggested represent temperature and m, =1/|ap) m =1/}

strain-rate dependency at low temperature. As afentioned =" (g Yam

test results, 304L stainless steel has shown senshanges at €€ T e

the aspect of strength and ductility dependinghenamount of

pre-;train and pre-strain temperalture.. So, it m(itable to _ : : Damage model
modify the MBP model for the application of preastr effect. Modified Hardening Function L NEA e
In present study, based on MBP model, hardeningtifom Z=p2,+(aZy=FZ)expW,; ) 7 n(fj @R

(3) is modified considering/ - 0,4, and Z - g, relation to [

apply pre-strain temperature and the amount ofspign Unified Visco-Plastic Strain rate
dependency at the aspect of strength and ductility. 1 za-w))" | V35
'D:DO = Ji

As aforementioned,Z, and Z are temperature- and o [ J

2\ oy Oy

strain-rate-dependent material parameters and restpin

dependent parameters. Since constant temperatute an o No
strain-rate have used during the re-loading teredg Z, and Ves

Z, have to be determined as constant values depermting

pre-strain temperature. In this regard, authorsgasigthe Fig. 5 Overall procedure of present study

pre-strain dependent functian and g which has the relation

alo,, 0Z, and Bld, 0Z, and can be calculated from, V- NUMERICAL RESULTS

] ) ) . . The purpose of the developing constitutive modetltas
and 7, obtained from numerical analysis. As inputting thegaplish a numerical algorithm that is applicaoleFEA. In
pre-strain amount additionally into the initial ctitions like this study, in-house FEA code is developed. Thieomse FEA
temperature and strain-rate, appropriate pre-stlejpendent code adopt the initial strain method for the inceetal
2nd hardening material behavior can simulate cdjoselformulation [5],

Thereforea and S are applied into hardening function (3).

Then (3) is changed to (12) for the expression refgtrain

dependent material behavior. {FT}J’{AF}J’HB]T[DQ}({A‘gth}+{A£p})dVZ[K8]{A“} (13)

%

Z=pL+(azy=Br)expl; ) (12) Where, {F}" and {AF} are the residual force vector and the

Analytical study of overall procedure accordingnodified external force increment vector, respectively] is the

hardening function is shown below Fig. 5. strain—displacement matrix,{As"} is the initial strain
increment vector (the thermal strain incrementeget{As? } is
the plastic strain increment vectofp®] is the elastic
stress-strain relation matrix,{Av} is the displacement
increment vector, angik‘]is the elastic stiffness matrix. In

order to solve a time-dependent problem considehiagffects
of temperature and strain rate, the central diffeeemethod was
used for the time-stepping technique at each inenérasing
(13).

To represent the material damage level preciskdyritial
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elasticity tensor, , which is used iiD?] of (13), should be

updated and replaced with the damaged

@, provides the critical value for the determinatioh tbe
critical state, which corresponds to the absoluss | of
load-carrying capacity. A specific value af =1.0 would be
preferable from a theoretical sense, while praliyicay  may
vary betweeng,_ 00 for pure brittle fracture tay, O 1 for pure

ductile fracture, but it usually remains of the@rdf 0.2 to 0.5
and depends sensitively upon the material anddhditons of
loading. Therefore, it is suggested to be in thegea0.3

<w, <0.5 for the identification of the rupture critemiof each
material in this study

EW (w):(l_w) E Ekl’ (14)
E |(w) for w<w
B (w):{() W( ) for w= a):} (15)

VL.

The proposed constitutive model has applied tooinsk
FEA code and verified by comparison test resultd WWEA
results. As shown in Fig. 6, the pre-strain depahtardening
behaviors of 304L stainless steel are simulatey wetl. Even
though each hardening characteristic is differéma,numerical
results coincide properly for ambient temperatuses low
temperatures.

This indicates very meaningful aspects, as follo@3:the
proposed model can describe significant TRIP ad wasl
general hardening, (2) the proposed material pasme
identification method can produce reliable numérresults,
(3) establishment for the numerical model and patars are
easily done with some simple tensile tests.

VALIDATION AND DISCUSSION
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Fig. 6 Comparison of stress-strain relationshipvieen numerical
results and experimental results (a) AL test (b)édt

VII. CONCLUSION

In the present study, pre-strain dependent tensakt
considering temperature effect was carried out. ddeer,
constitutive equations for expressing nonlinearavedr of test
results were proposed. ldentification methods faatemial
parameters were also suggested. For a representiaiv
temperature application, verification studies weomducted.
The main research results can be summarized asvioll
1)
stainless steel shows increasing tendencies sugfelals
stress, ultimate tensile stress, and ductility. Ewsv,
ductility is maintained regardless of the amount
pre-strain.

In case of pre-strained at 110K temperatures, 30wiws
increasing tendencies similar with the cases ofspaned
under room temperatures in yield stress and tesg#sss.
But unlike AL test results, the amount of ductility
decreased rapidly.

Modified model of Bodner type elasto-visco-plastiodel

2)

3)

In case of pre-strained at ambient temperatured] 30

of

coupled with damage model was suggested. And peapos

constitutive equation is validated the simulati@sults
with test results using suggested material parasete
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