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Abstract

Present study is concerned with the simulation of plasticity models for the cyclic stress—
strain behavior of aluminum alloy AC4C-T6 that can be used for primary materials of LNG
cargo pump. Material model of cyclic hardening and plasticity for aluminum alloy AC4C-T6
was investigated through experiments and numerical simulations. Monotonic tensile and
cyclic tension—compression test under symmetric load cycles was performed at both room
temperature and cryogenic temperature of —165°C. Based on the experimental data plastic
hardening models were evaluated for isotropic/kinematic/combined hardening. FEA (Finite
Element Analysis) models which describe the cyclic stress—strain relationship were
evaluated for the simulation of plasticity. An appropriate hardening model is proposed
comparing the results of FEA with those of experiments.
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165°C HIM 222 = U0NO0F olH, =H=2 &3 =M AMHUM Sz o1& A& (Monotonic
HAM 2EH tMEZ IR ME=2 AHE00F & tensile test)dt ©r= oIE-= A& (Cyclic
Ch. getyoz 2 3o X Me2e A& tension—compression test)S +#oIALCE. S X2
HeolelA &30 220Is 83201 AEEXCH A AEel AE2 M2 EH(chamber)E 0|&5HH
golelA &3 JHA01 "ML, ==JF gl SEOIACH, W3 AAE 0|00 -165°C 2%
20l HHAIIAL BE2= 2R0|s 20| £ SXIGHAUCH
O NESICLD EHECH S5, 2=20ls &3 s olF-ots AE Z0e 2Xdte ds 2
=xd, WA E4, I8 0142 It 0| [ 42 Ot D82 ALz X HlE st
20 XS A 22N 22 02 #F2 JAH S0 &8 202 It |SAE 222 2= 20|
25 Y 934N 20l M20AM 28EH=E 22 S IHO0ICH (Bari and Hassan 2000, Kulkarni et al
29 MB2E 2% CHIshihara and 2004, Lang et al. 2001, Kang 2005, Bari 2001).
McEvily 2002). 0l2i&t Olgz Z=R0ls &=22 BtE I8 Z3 S8 =XIEez 25|
M2 30 === ING BXZo =2 AMMz: St AP= 2t (ratchetting) & A4 I8 20t
2=0| Jrsotlt. BE o, 2 Zdgn 22 O Atelloid 201 20t = = UCH Rahman et
HI M2z 2=R0ls &30 EZ NG € X al.(2008)2 4130 =229 vi2 44 2ds
TAIES ZEUAOl SIHLCH Il 2IoiA A& (bilinear) ¥ CHEAE (multi-linear)
ING HE= M2 &2 BH=0l 28 & ofs, E4g I S2/0ls Fst 2EE0H ot
7S ZHO XsW £Z4A otE=2 I W Chaboche, Onho-Wang 22 S &2 &
AX 25 2 O2 2EE st dAH 0t 206t 2 DEQ2l ABAQUS 2 ANSYS £ 0IE0t0 ZAL
CHHong et al. 1998, Noh 2005, Lee et al. 2007) £ £85I D2l £X"e2 e A4 A
MSEAIIA HI)} = GIE0] 44 FAs ¢ 3 RES AE 2t 8wt +=&E Chaboche
= 7200l EWE 22 MFI| U2 2% EH Ot DS HMOHGIRACE Kulkami et al.(2004)%= SA-
QIPELCE A HRZAM Noh et al.(1993)2 333 2 SS-304 &=&=S Ua2Z Chaboche 2
LNG 28teol Iz 7 2 =% S g 2= HEGHH Bt= F3te =X L2= HMAIGHA
HMIAISH HEDF QUCH Ch. Lee et al.(2002)2 12 AEf0l =©°! 316 A
2 7= ING BZo £ BHEUM = M= gHiole|AZo gt AdAS HSE ZAGH] <
£ d8oh)| /st Jlx= 519 ZO0ICH LNG & ot ABAQUS 2 s &3t 2 0l &sE SAl
IOl 28 ATHE MEsH AC4C-T6 2 X X Ol DedAst Sgtdst 2L 0185t 2L, X%
ZEe O Z2& EHIIE I8 Jx N=22M 3 ol BALS Zatd =20t X ¥52 NHGIRUCH
M2 MEHe Bt A+ & &= 29 el Bt= 2 dF0AH= S M2 &EHS AC4AC-T6 &3
23 S42 mYotd A stCh M3FJ1 OIZ(LCF: g ooz i S3-HYE =2 L &
Low Cycle Fatigue) =% Hil= =2 BHEE-» Ch 848 E£= HEE 42 J1d s 42 0ls
HEE AEGH)| 20l gt= SH-HEE 20| Z3t 20l oW 22 |etA &S &5t
Z QolCt 0, =X ZUe A8 ZE HlWotH JrE HE
B2 SE-HEE T8 ¥ <ot &2 st RUls FOIE DX St
Table 1 Chemical composition of AC4C-T6
Comp. Mg Al Si Ti Cr Cu Mn Zn Fe Sn Ni Pb
Wi% 0.2- 90— 6.5— Max: Max: Max: Max: Max: Max: Max: Max: Max:
045 | 933 | 7.5 0.2 0.1 025 | 035 | 035 | 055 | 0.05 [ 0.1 0.1
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HAF0AM ALZSt MHE= AC4AC-T6 2M =
Z0ls =01 2HMelE HAIDL M=29
St X4 2 Table 101 201 40t ZCH &0l
MEE B3 AE2 ASTM 1450-03 “Standard
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Fig. 1 Specimen geometry for monotonic
tensile test and cyclic tension—compression
test
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Fig. 3 Experimental configuration of monotonic
tensile test
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Table 2 Tensile material properties at RT and
CT
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Fig. 7 Cyclic hardening curves at 20°C
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Fig. 8 Cyclic hardening curves at —165°C
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Fig. 12 Stress strain relationship of nonlinear
kinematic hardening(ANSYS 2006)
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L2 BCh Table 4 = 212 AT 9 CT o &=
=] D o5 A2 XI5t A = —
S0 JI2 A3t N4E F2lst H0ICh 0f ¢S wl ] \
S o OF MO SH-HHE HTRRE 2
M P2 HEOR 25101 PEIAUCH Fig. 15
9 Fig. 16 2 H& St A3 2LS N0 £,
T HHE HEE-22 MTOICH Fig. 17 2 Fig
18 2 HE 0l &gt R4S EE6l0 Ret d% 200
OICH. Fig. 7 2t Fig. 8 0l MAIE A& =& Hlw 300
6|> 91 % [[H 3 I-I 8 0“ A—I DE:‘ E}E E g 8} Il % %Cll- % -40?0 006 -0.004 -0.002 0.000 0.002 0.004 0.006
55%6}}“ % —+— Q)I\I:I' Total Strain
Fig. 17 BKIN model at 20°C
Table 4 Material properties for bilinear hardening 200
model 300 :E%\erimem
Temp. [OC] 20 -165 200 =
Yield stress [MPal 254 277 o 1 o
Tangent modulus s o
2, , 2
[Mpa] 000 4,000 % -100 /
-200 .//'/‘
400 300
—a—FEA ) 400
8007 - Experlmem ] -0.006 70.I004 -0.002 0.000 0.002 0.004 0.006
200 ol Total Strain
?g 100 Fig. 18 BKIN model at -165°C
‘3’ 0
@ 100 42 HEE S F3 29 Ko
-200 s s2 23 @E2 Fig. 11 0 Q1 At
3007 201 Ul JHel MEZ A2 HOECH 2 H=xE
-40—%.006 0004 -0002 0000 0002 0004  0.006 Tots WEES Lemaitre and Chaboche(1990)Jt
Total Strain HIAlst &t E2 OlZotAUCH RT 2 CT 2 Al &
Fig. 15 BISO model at 20°C WEFH 24 HHYEEN S8 =HSZRH 3.2
0 Y LYoz H+E F=HGIH Table 5
400 ol HelatARCh Fig. 19 2F Fig. 20 2 o 21
a0} —{—a Exgeriment = mEE A0ICH JIE F3h QU HHFO A
200 = a2 FHSIKCL, 0 3o 2t B2 € =+
100 / %“_’J.
T o™
R /
& 1] o’ Table 5 Material properties for NLISO model
T . Temp. k| R | Ro| b
-300
20°C 180 | 1000 | 90 | 500
-0.006 -0.('704 -0.002 0.000 0.002 0.004 0.006
Total Strain -165°C 200 | 1200 | 110 | 550

Fig. 16 BISO model at -165°C

Journal of SNAK, Vol. 46, No. 5, October 2009



506

400

AN

300

—=—FEA
—e— Experiment]

200

100

Stress [MPa]

T
-0.004 -0.002 0.000

Total Strain

0.002 0.004 0.006

Fig. 19 NLISO model at 20°C

—=—FEA
3001 —e— Experiment|

200

100

o4—1 |

Stress [MPa]

-100

-200

"%

-300 +

-400

-0.006

T
-0.004 -0.002 0.000

Total Strain

0.002 0.004 0.006

Fig. 20 NLISO model at -165°C

43 HIHE Ol 3 22 &t

Hlug oS 23 28

O Jx MY 0x
ton 3|
ey 2
W e
in}

ol
[0

Table 6 Material properties for Chaboche
model
Temp. K C Y
20°C 180 33000 300
-165°C 200 43200 320
4.4 S8 3 DY A

Fig. 23 1t Fig. 24 2 =g &3t 249
ZWE ==z ¢
IE Fig. 7 1t

M20l Chet =X

OICt. o] &

| o

Fig. 8 Ofl

21

=

A
MIAlg &

E
2
x
>
(@
x
O
4
o
10
=
OH

0¥ FO Mo Qi
in}
=

—a— FEA
300 +— —e— Experiment

Stress [MPa]
o

-100

-200

-300

-400
-0.006

-0.004 -0.002 0.000 0.002 0.004 0.006

Total Strain

Fig. 21 Chaboche model at 20°C

300 —a—FEA
—o— Experiment|
200
_ 100
©
o
= o
@
£ 100
[7)
-200
-300
-400 t
-0.006 -0.004 -0.002 0.000 0.002 0.004 0.006
Total Strain
Fig. 22 Chaboche model at -165°C
400
Fﬁj
300 —e— Experiment}
200
— 100
©
a
2 o
2
g -100
12}
-200
-300 4
-400 +
-0.006 -0.004 -0.002 0.000 0.002 0.004 0.006
Total Strain
Fig. 23 Combined model at 20°C
HetxHsts] =28 HM46 3 M55 2009E 108



olxe, Z3=, 0|8, R0OIX, &2

—= FEA
300 +— —e— Experiment]

200 g
100 /

0 /
-100
-200 /

Stress [MPa]

-300 ~

-400 1
-0.006 0004 -0.002 0.000 0.002 0.004 0.006

Total Strain

Fig. 24 Combined model at —=165°C

o

Z2E

e
>
@)
x
¢
_'
o

A0l A

rr
Ju
>
o
0%
a

=2

10
o
0K
0
for
0

in]
o
z
0
ol
9

0
(i
Wy nx o

0
> 02
[

2

>
< o
B0 YOS o

i<}

o
0
0 g
o JIEE o ro
N oo o
CRETI s

J

oy 02
Y
[Tl
to

o w0 = 0l e
w9
o 3p
.
=
u
40
Q'E

ne
2 R -
[w

0¥ g
fol

U oo
> o o

om

e
==
0T nx
ol
o
e
==

un K oy
e
10
- 0
10
2
0ge

Joo=

L
o 0g
0.

koY oon -
ton
ufi’ﬂo

>
>
Qﬂ
8

o un- o
[0
IS
163

i o
2 p
0|
% o
N R 0
13

o
H
e
o

> 30 o
0¥
HN

oo o
4%

1=

O I TS N ol =

inf
o

=

El

o

mu.

[

o

%
Jx
o my
&
]
39 oo o
[N
&

flo
Uy
!

(=

H
I}
ol

S0 &= =

o E &

03
=}
0m
0
ton
0]
i
=)
J
Q'I_l
Y
L?ﬂ
Ho
Q

=

i
o E
T

Ja o

0
w [E N>

tor gg
&
=

o on

o sy Mo
10

iy
e

2 ry

o
ol

ron >

0r 1o
0
o
=2
x
>
Q)
~
¢
_|
(@)}
o
oy

m
on
2 o
o
to
o
o
o
o
o
10

JA
[
M
IS
fw
oy
]
0
n
O

=
Jal

0 ox

o
ol

o Jm
n =
10

_O'ﬂ
~
>
ol
kJ
$0
>~

I
£

10 00 02 Jr Jg oY
o

HU J@ Joe gor gor |o

=]

M
x
X
10
0
=
=
or
0x
ro
0
rr r
o

[

=L
e
4
lo
Y
[
HU
H
U
ror
=
t

05

Journal of SNAK, Vol. 46, No. 5, October 2009

0 ®

2 =2

fo

SR SITHES] XIRE 20t =

7(No. R01-2007-000-20340-0) & LICt.

02

&l
=l

-

- o =
2 12 8

ANSYS, 2006, Theory Reference — Structures
with Material Nonlinearities, ANSYS Inc. Itd..
ASTM, 1999, ASTM E8M-00 Standard Test
Methods for Tension Testing of Metallic
Materials, In: Annual Book of ASTM standards,
Philadelphia, American Society for Testing and
Materials.

ASTM, 2002, ASTM E1450-03 Standard Test
Method for Tension Testing of Structural Alloys
in Liguid Helium, American Society for Testing
and Materials.

ASTM, 2003, ASTM 606-04 Standard Practice

for Strain—Controlled Fatigue Testing, In:
Annual Book of ASTM Standards, Philadelphia,
American Society for Testing and Materials.

Avanzini, A., 2008, “Mechanical
Characterization and Finite Element Modeling
of Cyclic Stress—strain Behavior of Ultra High
Molecular Weight Polyethylene,” Materials &
Design, Vol. 29, pp. 330—-343.

Bari, S., 2001, Constitutive Modeling for Cyclic

Plasticity and Ratcheting, Ph.D. thesis, North
Carolina State University.

Bari, S. and Hassan, T., 2000, “Anatomy of
Coupled Constitutive Models for Ratcheting
Simulation,” International Journal of Plasticity,
Vol. 16, No. 3-4, pp. 381-409.

Brunet, M., Morestin, F. and Godereaux, S.,



508

2001, “Nonlinear  Kinematic  Hardening
Identification for Anisotropic Sheet Metals With
Bending-Unbending  Tests,” Journal  of
Engineering Materials and Technology. Vol.
123, pp. 378-383.

Chung, K., Lee, M.G., Kim, D., Kim, C.,
Wenner, M.L, and Barlat, F., 2005, “Spring—
Back Evaluation of Automotive Sheets Based
on Isotropic—kinematic Hardening Laws and
Non-quadratic Anisotropic Yield Functions:
Part I: Theory and Formulation,” International
Journal of Plasticity, Vol. 21, No. 5, pp. 861-
882.

Hong, S.H., Lee, Y.W., Hwang, W.G., Ki, C.D.
and Kim, Y.B., 1998, “ Development of
Diagnosis System for LNG Pump,” Journal of
the Korean Institute of Gas, Vol. 2, No. 3, pp.
88-95.

Hyun, H.C., Lee, J.H. and Lee, H.Y., 2008,
“Mathematical Expressions for Stress—Strain
Curve of Metallic Material,” Journal of The
Korean Society of Mechanical Engineers, Vol.
A, No. 32, pp. 21-28.

Imaoka, S., 2008, “Chaboche Nonlinear
Kinematic Hardening Model,” at
http://ansys.net/tips_sheldon/STI0805_Chabo
che.pdf

Ishihara, S. and McEvily, A.J., 2002, “Analysis
of Short Fatigue Crack Growth in Cast
Aluminum Alloys, " International Journal of
Fatigue, Vol. 24, pp. 1169-1174.

Kang, G., 2005, “Finite  Element
Implementation of Visco—plastic Constitutive
Model with Strain-range—-dependent Cyclic
Hardening,” Communications in Numerical
Methods in Engineering, Vol. 22, No.2, pp.
137-153.

Kim, K.S., Kim, K.S., Kwon, J.M., Park, S.M.
and Kim, B.l., 2006, “Effect of Local Strain on
Low Cycle Fatigue using ESPI System, ”

=M

AEHOIA AC4AC-TE 2 JtE ot 28 ZF0l

I}

=
o

o1

Journal of the Society of Naval Architecture of
Korea, Vol. 43, No. 2, pp. 213-219.

e Kulkarni, S.C., Desai, Y.M., Kant, T., Reddy, G.

R., Prasad, P., Vaze, K.K. and Gupta, C., 2004,
“Uniaxial and Biaxial Ratchetting in Piping
Materials—experiments ~ and  Analysis,
International Journal of Pressure Vessels and
Piping, Vol. 81, No. 7, pp. 609-617.

e Lang, H., Wirtz, K., Heitzer, M., Staat, M. and

Oettel, R., 2001, “Cyclic Plastic Deformation
Tests to Verify FEM-based Shakedown
Analyses, Nuclear Engineering and Design,”
Vol. 206, No. 2-3, pp. 235-247.

e Lee, H.Y., Kim, J.B. and Lee, J.H., 2002, “Test

and Analysis of Thermal Ratcheting
Deformation  for 316L  Stainless  Steel
Cylindrical Structure,” Journal of The Korean
Society of Mechanical Engineers, Vol. A, No.
26, pp. 479-486.

e Lee, K.M., Park, J.H., Han, S.K. and Heo, J.H.,

2007, “A Development of LNG Pump Tower
Analysis System,” Special Issue of the Society
of Naval Architect of Korea, pp. 7-13.
Lemaitre, L. and Chaboche, J.L., 1990,
Mechanics of Solid Materials, Cambridge
University Press, UK.

Myers, A, 2009, “Calibration Methods for The
Lemaitre Chaboche Plasticity Model,” at
http://www.stanford.edu/~amyers1

Noh, B.J., 2005, “Sloshing Load Analysis in
Spherical tank of LNG Carrier,” Special Issue
of the Society of Naval Architect of Korea, pp.
22-30.

Nho, I.S., Nam, Y.Y. and Lee, H.S., 1993,
“Structural Safety Assessment of Independent
Spherical LNG Tank (st Report) - Fatigue
Strength  Analysis Based on the S-N
Approach,” Transactions of the Society of
Naval Architects of Korea, Vol. 30, No. 2, pp.
132-140.

tHetxdsts =28 M463 M55 2009 103

it



OIRHE, 2H2, OIZE, S0IX, BEL 509

e Rahman, S.M., Hassana, T. and Corona, E.,
2008, “Evaluation of Cyclic Plasticity Models
in Ratcheting Simulation of Straight Pipes
under Cyclic Bending and Steady Internal
Pressure,” International Journal of Plasticity,
Vol. 24, pp. 1756-1791.

e Shiozawa, K., Tohida, Y. and Sun, S., 1997,
“ Crack Initiation and Small fatigue Crack
Growth Behaviour of Squeeze-Cast Al-Si
Aluminum Alloys, ” Fatigue & Fracture of
Engineering Materials & Structures, Vol. 20, No.
2, pp. 237-247.

e Smith, D.J., 2001, “Simulating the Cyclic
Mechanical Response of Titanium Alloy 834 at
630°C, Material at High Temperatures,” Vol. 18,
No. 3, pp. 153-162.

Journal of SNAK, Vol. 46, No. 5, October 2009



