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Name : Mr. Dujthep Kumpunya

Dissertation Title : Comparative study of anisotropic plastic deformation
using various constitutive material models and
ductile fracture criteria for sheet hydroforming in
large motorcycle fuel tank manufacturing

Major Field : Production Engineering

King Mongkut's University of Technology North

Bangkok
Dissertation Advisor : Associate Professor Dr. Sansot Panich
Academic Year : 2026
ABSTRACT

This research aimed to conduct a comparative study the efficiency of
prediction and formability evaluation of SPC270 with a 0.9-mm-thick mild steel
sheet undergoing sheet hydroforming for a large motorcycle fuel tank part. In the
numerical finite element (FE) simulation, material models employing various yield
criteria were used Hill’48, Yld2000-2d, and Yoshida2013. Hardening laws were the
Hybrid Swift-Voce (HSV) and Hybrid Hocket-Sherby (HSHS). Moreover, YU model was
the cyclic hardening law for the Combined Isotropic-Kinematics Hardening (IKH),
and compared to Isotropic Hardening (IH) yielding assumptions. On the other hand,
fracture assessment was performed through stress paths, strain paths, or stress-
strain paths at the crucial region with the limitation of FFLC, FFLSC, and FLs. Base
on theorical ductile facture criteria employment, have known as DF2016 and
Hosford-Coulomb, these two mathematical models were utilized to establish FLs
and FFLSCs. Subsequently, performance in each predictive model was indicated by
High deviation, final sheet thickness, drawn-in for FE simulation and the intersection
value between loading path and the limit curve for the fracture assessment. As the
comparative results, Yld2000-2d provided the most accurate predictions while
Yoshida2013 provide accepted performance. In the hardening assumption, YU
model in IKH provided better result than conventional IH. However, there is slightly

different output when the isotropic hybrid hardening law was changed. In the



formability assessment, both three spaces were able to capture failure moment of
the deformed part. However, FFLSCs has the most consistency with final value of
the path while FFLCs and FLs has faster sensitive to location fracture. Additionally,
FFLCs are as well as FLs to predict fracture in this sheet hydroforming part.
(Total 226 Pages)
Keywords: Combined Isotropic-Kinematic, YU-model, Yld2000-2d, Yoshida2013,
Sheet Hydroforming, DF2016, Hosford-Coulomb.
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(Conventional Stamping) luausiieriuil nizmumiﬂ‘jﬁﬂ%ﬁﬂﬂsﬁugﬂﬁumuﬁﬁmiLU?%sJu

JULNY Mgty mmﬁﬁugﬂLLiqé’mJaqLuaaﬁﬁwawfmmaé’nwmz%qmmaawaaaﬂL“fJu

3 dnwauz fle MstugUviedousaRuYeavaT (Tube Hydroforming) Mstuguususeusesu

Yo9L1al (Sheet Hydroforming) LLﬁSﬂWi%‘HEULLNULU’S@ﬂﬁ’JEJLLN@T"IJ%ENL‘Vm’J (Shell
p

Hydroforming) Aauanslun1ng 2-1 Fearuanuwuzdnaziianuurn15NuUiLANAIRNIZM

wazdinsUssgnalunwanssiueeniy [1]

Hydroforming
! : ]
Tube Sheet Shell
hydroforming hydroforming hydroforming

! !

AN 2-1 UsELanveenIsTugUmeunsInuYeamal (Hydroforming)



dmsunszuIuns Sheet Hydroforming {unsguiunisfithumawnunszsuIun1sa ugy

wuuaaay lunszuiunistusuasautuneasiiaesiingsdulaey AU uaun@eniu

[

fanaasluning 2-2 (n) @uUsunIzuIUNG Sheet Hydroforming azdlaniulaa1umils

'
VU v A v v U =

PaudanuRIne TurazReInull dneuIdURANULSIAUYDUNAITIALDDINTNSIESANIU

1%
[ =

Ueefian nisdudavesidinelunsaziutuazinisisendefiunndaiu Ae Passive

Hydroforming liag Active Hydroforming [6] Faandlunini 22 () uaz (A) mUEITUNAY

' 1
a1 (% LY

idnwugirdudansianslunini 2-2 (1) Afmuald nednisidenlddnuugiisneiudy
1U278AUUINIUNTIVRITUNLTUF VLA BB AIeg1ady FuaundilAwiig1e19

lalianziu Passive tWudu

Conventional Stamping

LA NN
» [
Passive Sheet Hydroforming
Initial Blank

O — I W . S — A u=0
Active Sheet Hydroforming
p=0 \u
(n) Conventional Stamping (9) Friction characteristics
. > > .

B

Formed workpiece ™ -
Initial blank Initial blank

Formed workpiece

D ro
Pressure Pressure

t

t
t

Chamber

Chamber T

(%) Passive Sheet Hydroforming (A) Active Sheet Hydroforming

ANA 2-2 WHUAINERIITALAAIAIULANA195ENTNINTEUIUNTTUTURUUAUALUAY
N32UIUNTTUFULHUMBLTIANUTDUNAIUY Active UWag Passive Wazanualy

YDINSLEYANIUIENINRINUAUTUNAEDY
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AuNNseRNKUUNAlNN15TUIU Sheet Hydroforming TufavilanwausiadeAfeiuns
FuFULUUALAY NA1IAB AwABIlinT1STIRUHUAIBUILVEYY Blank holder (BHF) wazliszesy
n3nAas (Ram) teTuuisuanslunini 2-3 dwmsunszuiun1sTusuausiuyn Ram inay

Anfuaglagindsuamnuinieiinemaiuieugudansunmi 2-3 (n) dwsu

v v 1

N32UIUMNS Sheet Hydroforming WUU Passive %A Ram 9xiduianefdudaiuurugueu

1%

(Blank) wazvhmiinfinaadlugrwwaalualudnuaezifussuulaveia Wefiufivewesina
anas vaslvavziusaduiiiuiy LLiaﬁ’mmmaaé’mdn%ﬁmﬁwﬁLﬂmﬁﬂumiﬁugﬂimz
uiufanansluning 2-3 (2) fnwaznisd ugudanansinazidondt nstugudmaniien
(Single Action Forming)

Y X | A . & I X ) a
JofveInalnn1suusUuY Single action forming A 1HUMSTUUTUROWALY L1y

Auunundsuislidudounin a3AUsenauegawiiunianududouties Aldaneu

Y

nsawuasuLfaitos uvenininstusuludnvaedfinnusnadduiomnlifesiugy
Mma%umauuazamﬁgﬂsqmLLﬂﬁmﬁﬁanmu dm3U Sheet Hydroforming n1syinalniild
Ussendlfasifefiduientumstusuuusaiumnisents uenanildnumzvesnisnaadly
gruvasinaiioiinussdudsiaglidantstuvealualéd nanfe ludesfnmassuudausy
voslvawia lunisasstudna nalnfienalamane fudueuidissiunng wu nstugd
Funuiinanseomdnndudusgsfivy n1sliseuuu Single action a1amuRxlusedy
Waguanmwianliiannawdsusumastdlld detaniinndeuas ussiuilitusuduf

I~ 1 v o | Y o~ A Y] I & ]
Q%LU@EJUG]’]QJVL‘U@I’JEJ ANUU NITANRNINE) ﬁ]gmE’]\‘]llﬂ']i@@ﬂLL‘U‘USL‘VilI‘Vﬁ@‘U3UU§QI‘VT3J°V!ﬂﬂ3<1 LR

aa Qs

dnsuTaniiauaudiinmundasanliuan nszuiuniskaznalniifaiuisavinladne agnelsh

q

q
i 24
A <

i aa | v & = v o
Gﬂuﬂim‘mLLS\‘Iﬂ‘uuumﬂWaﬂuﬁﬂﬂ%amﬂwammmugﬂ LaEJ'W']EJI@ EL‘Uﬂ’]i@@ﬂLL‘UU@"If\]C\]gm@QN

Y

JEUUMIUANLIIAUYRI A

RF (Ram Force)
MRF
l / Rom BHRF 1 BHRF 1o nae
Draw Ring ﬂ
- Y A /4// Blankholder Ram
// Cavity _t~ Punch
V |_—— Blank L~ | Blonkholder
] P
[ —— ] 1 l(E;;lppker Binder)
Lower Binder; [~ Blon
L :, i ) w w v Draw Ring
P"" —or - o] (Lower Binder)
-« ress e &5
Pressure a=Pc
[~ Counter Pressure Pot
BHF BHF (Blankholder Force) \ Press Table
(n) Conventional Stamping () Passive Sheet Hydroforming

AN 2-3 ununnaesliduaninalnn1svinauuurann1sves Single action forming



< v a '
2.2 wannanasyuviauny
donantsianngunanimhuldlunstuguiudueueudnu Jagduliegvainvane

[ a %

nauwanaeiuluauingUszasdnng 9 Tunsudndngav laealdudadnasudslviinay

9

WBausafidtu faudfnstiniifia Janwnisdnunisdidaia auaudAdsnandusinasld
FBNINNANUTEUNTENTINITMAAT WU nYUNTe nsiusIede Wudu nIndnuengy
fufauudausiguslusasiofuiifinnuannsolunstusuides wu mdnndway
Mo fauanslunmil 2-4 1Hudu vieluursnguasiisnuufousiuasnnsBadaia
wiEnndliaty dwsumdnndiifienuannsclunisBadmietugUinasinnuudussion
iy wdnndnazau (Mild Steel) agfisiandlunstuguiudniinnsasugtuneg i
wupuudusswesludi deaudivesauudusditdesiasdmaliussillflumsiugy

tonu Fududefndenndaaiun1stugy Sheet Hydroforming saenaln Single Action

High

Hydro formability
Medium

Low

Hydroforming force required

a a = & % o pRESEYIS o
AINN 2-4 ﬂ']iL‘lJifJ‘UL‘VlEJ‘UF"I'J']@J?HN'WiﬂiUﬂ'ﬁ‘UUE‘U@'JEJLLiQﬂu%@\‘iL‘ViarJLLagLlﬁ\‘ﬁ/li‘lﬂl‘NEU

yoslannguiman

dwfuminndrazautuiiegnarnuateinsa Tusuided wdnndndiundnu
Faifus Ao wdnndnazau SPC270 wie SPC-EN wialifelfunnuunsgiu ASTM fe
ASTM-AL1008 idnndmiatifundnndnanfusunaus (Low alloys) fnmaud@dunisdu
sUTige Tnevhluud aeildunanmaniifsuszneuse amsueu 0.1% wusniila 0.39%-0.5%

Tnunaden 0.04% Faneu 0.05% Wt. fauandlunised 2-1 [8]



M99 2-1 AURENNIBATIvEUANNAIATYUAUNINTFIU ASTM

C Mn P S Fe

0.1 0.3-0.5 0.04 0.05 Balanced

2.3 'vié'nmwaemsﬁﬁamﬁugﬂﬁ"wizLﬁ&m%%‘lw‘luﬁl,aﬁmuﬁ
nann1sveeseidoudsinuludiediuus (Finite Element Method) fAn n1suinaLlaae

LUUUsEIaBeiaas (Numerical) Jayvnavgnuusgosidueduusisneg (Elements) Falu

uwazedusaziilnun (Node) uazusasioduunasidousetuselnug wazluusaslnunas

gnivualvilaRameg ieuissuvaun snnalaaesakanslunIng 2-5 deluil

U3
A

Node 3 a—» U3

U1 Uy
Node 2
Uz

Node 1

i

(n) Problem () Elementary (A) Node

= ° ) N ad ¢ a aa
il 2-5 amdiaewesdymiansdmannisvessudoudshludiefuudluaeils
Tudlgnimnssuaramnsanvsenesnduedmudlulinl 1 2 uag 3 Afdwandly

AT 2-6 (1) () WAy (A) ANEIFU

(1) 1 Dimensional (v) 2 Dimensional (A) 3 Dimensional
AN 2-6 vilnveaedudluUTod 1 2 uay 3 U6
n1331809n158ugUlansurunsese i eudsnludiofiuud (Sheet Metal Forming

Finite Element Simulation) 1JuN1588ULUUNITTUTUTUIIUITIAILNENNITVOINALRAY

WIf1aY 130971938071 NM5ATIEENelnludeaiuug [9-10]
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n153As1zinalnludiedwus (Finite Element Analysis, FEA) #1884 n52UUNNS
Tunrsnmataaslneyuszunu (Approximate Solution) vaeleynn Ineldszideuitidenay
Fasinazgnltenunsnaglunuiimnssy ilesniymdningfanugsendudou
uliimingausensuideymaieisn1siesesilaense n1suseendldsedeuizlnludied
aulumidmnssuiinddlunsiinseilaseadne msdnszinmsdiamanudou uazns
Ansvinamandvedlva Wuiu delutagtuilgenduaidmiunsinseiduianse
1NLNE WU MSC Patran/Nastran, MSC Marc, Ansys Finite Elerent lugiu Sniadeiinng
WarngensisTianzinnzadugnanvnIsumsuand 9 Wellnninanziaizaazdiose
nsldendugudu 9 ﬁﬂﬁ%ﬁiué’wumsﬁugﬂamu,m'u BnFIOLNY JSTAMP, HyperForm,
AutoForm gy Tnedfamundildsudevisiludoduudduiiinsest Sedunoulu

a 3 (3 a (3 1 Y < ) [ [ dy
msanzinlnludiedmudansanuieenladu 3 Juneunan ¢ Al

a

2.3.1 YumoureunisUszanana (Pre-Processing) unszuiunisassaseudoya
Jndu ﬁautﬁ%ﬁumaumaﬂ%mama ImsJL‘%'méi’jQLwimiaaﬂLLUU;JUWW%IM@&%TN?{G’Taqmi
AN LUsreuwagUIveslyminaalidudiugey ¢ (Discretization) fiuszneudie
luun (Node) wagtadwus (Element) itnungan taonveddunisuszunanigluediug
(Shape Function) @519aunisussusaztediuunuazihutusgnoudnoiuduuninany
famejusanl (Global Stiffness Matrix) wazimunioulvweuiun (Boundary Condition)
FouluSusiu (Initial Condition) wazdeulvvanisy (Loading Condition) Ao

2.3.2 fumoun1sUszaiana (Processing) uniseuamszuuesaunisiags i s
nTuneUReunsUITTINaNE Wi eMINAd NSRS q daesuiTeudsidaian (Numerical
Method) Favilianansadnummadndunlnuasiig 9 1¢

2.3.3 Yupeundinisuszaiana (Post-Processing) vJunisihammeuiildluusazivun
mﬂ%gumaumiﬂizmamalﬂmemaiugﬂt,wwm 9 1w wandudeyanu nsm WA A
(Contour) {Jumu

y z

FITUNDUMINANLAIUITOUUILDEDDNTU 8 TURBUAIRDN [10]

o ' [
v d v =]

Junauil 1 Tuneunisiengestam (Discretization) lutuneuiidunisuistayma

€

fnsaneendueduuddesvansy waudidoutudelnun venaniduinisimun
siiaodunud fvuaaduslivsvamelulnueiissnnainae

Fupeui 2 TuneunisAnaziunaleasnsluedILug (Element Interpolation)
dmdunuimnssutusuluduneutandunindenilsiduveanisiadeud (Displacement

Function) dmsumanuateaslinusuwdsiinsiuantulug
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Tupauil 3 MuuAtynIIMNTIL WUANLFUNUGTENINANULAL-AATEA Tayn
AanuAsen Wunu TuduseuiidunseSuieanuduiusvosmudsildlunsuiaunismen
wushinsuen

) a Y a 4 2 . . 1 a I3 a o i I3

YuROUN 4 @519un3NUTNn3s (Stiffness Matrix) voduaaziodiuud wasnainaazilu
spaeg funninesvesaulslinsuawasd uuninvesrmngdid tindunnmes vese
YoulaLanRsaunsn (2-1) Tuudazlammimnssunasiiitaisundnudansiunnasesnly
wulgmanuulanisluanmzaunavesds (Equilibrium Stiffness Method) 33aasnauamin

LwnNAN (Residual Weighted Method) #597598991U-Wa 39711 (Work or Energy)

[k} =11} (2-1)

A & a I < 1 a 2
e - [k] AD LUASNHULNTIVBILARLLOALLIUA
A 6 Y 1 1 1 a 4
{u} A9 LINNBTURIRILUS N IVATITB AL LOAIUS
{f} A9 NNWBTTBIANOULIVRUATDILFAZLORLIUA

[
1Y

TURDUT 5 TUABUNITIILAUNITVDILAAZIOALNUA (Assemble Element Equations)
Tdussuvaunisimeindeulosiumeiuslansualuluun luduseudavunissaniu

a < d, ¢ oA . = a ]
YDUUATNUILNTT LNWBSVBIANBUlYTaUn (Boundary Conditions) Faunsaeuliio
TugUvasaunsuninliniaunsn (2-2) viseaun1suantsIeasdeni (2-3) Fuumsnudunss

s 1A < ! t:l'
LL’dSL’JﬂW\E]iﬂ']LQ@UITT@UL?JM%SLUUWWNV]

[K{U} ={F} (2-2)
Kll KIZ 13 Kln Ul E (2_3)
KZl K22 K23 K2n U2 F‘Z
K31 K32 K33 K3n U3 = F3
_Kml Km2 Km3 a -’ Kmn _ Um Fm
= & a A 2
L1 [k] AD  LUASALIIATIVBITEUU
& L3 L3 1 1 a L3
{U} AD LaﬂLmawaqmLLUﬂmm'mﬂ'mamﬂaxLaaLuum
2 ¢ oA
{F} A9 INMDVIANRBULIVIUIATRITEUU
& o o dl 1 1 dl
Ao uNveswlsiking e e m=n

m,n

Tupaun 6 wiaun1smawlslinsuAmeglunnmesmulslinguAainuinnis
N9sEUUIASNTeENsWeulieglusuresnanusenitaunsnnAUAIA AULINABS AT

Reulvvouwnnsaunisi (2-4) aglaedudsiwds U,,U,,U,,..U,



12

(U} =[K]"{F} (2-4)
do [k fle weSnenduvesAuduniesseuy
Tupauil 7 Anailsndunanay wuiendureanisiadeun (Displacement Function)

(%

Fumouil 8 Aanumiladduiile (Interpret the Results)

dmuautusulangunu wamasiildazeglusUuesszosnsedaluifnaudia a1
sananavilumuasidunnueien warulandunnuiduniuannisnisvinliud s
AATen 9ntuazansa A uInLEnge s duAIAT NS BRI LA U LLN T
nsasandaeneg lufidasfunasinisesnuuuueultlavsedn fafu Tumsufos ans
f\fﬁaaa%’fugﬂﬂguﬁ]zs’faqﬁmﬂa'amﬁammasumiamLLm'uIﬁ’ﬁ’UIUiLLﬂim Welilusunsy
Usganana IssananiinagSeniuuuinasiiuian (Material Model) Ssazanunnadnald
Imsm13mmaaui’am1‘7{ﬁmﬁwaaa§ugﬂ

q

2.4 NSNAEDUMENTANIINAYDIANTUHY

[

AUUANINAVRIIAR WU AULAY AIULATEA LﬁuauﬁaLQWW%ﬁU’JﬁG]ﬁI%@%UWEJﬂﬁlﬂ

dl dl va o 1 a (<] L7 3 o é’
natdavugunasaniadasugy amummﬂanmmmmﬂmwﬂumamaawugﬂuazmi
AMNALTINAFRANLNOAI A ULAIAUFINI 8RS AUU ATVRdRUaNUAnIenavedlans

(=3 <3 a o < o (9] = a o ‘:il’ [ o o L] lej

unuAndudedndudmiunisfneidel uazasnannisanmdmelull

241 NMINAABUAILNULAEN

N1INAABUAILNULAEY (Uniaxial Tensile Test) 1Wuni1snaasuLtioniauifiniinaves
A ulAnUA-AUASER LAULAIANLALLTE ATAULALATINAD AIAIINLAY
gean Weswudinisia Adwegda (unu mmumimaaﬂummuiﬂiamLLmuimau
‘%"qﬁwqmﬂssuLLau"LaIeUmaUmvmﬁmaau Wﬂmqmﬁmmqﬂ f198199%U N15NAEBUT 0

45 90 E]\‘iﬂ']‘ﬂ?ﬂLLU’JiﬂﬂQﬂ’]‘WVl 2-7 wenanndsansanadeularanranefidnia



D

> RD
4
’

|
|
1 2
ASTM ES8(type 12.5)
wid [12.5 | Pulled
Force
50
Gauge length

AT 2-7 FunedeunssiunuAslufidnie 0 45 uaz 90 BarNINULIS AvEslans
WHUW RS54 ASTM E8
dmsumsveaeuiwnuievedansuiuazldiadeaduidslunisnd adenines ag
adaUolUnUsEasA (Universal Testing Machine; UTM) LLami’lsJaBLLNUﬂWW%uﬁauﬁ'ﬂﬂﬂwﬁ 2-8
LLa:%ummaaummgm ASTM E8 Fadusnmsguitlssunssensuuasfuidenldiu susisves

Funeaeuldhfianlaveuuiinarlizusis sUnsazIwIaTvlou U kAEA 1 iuNANML

'
a o ]

NUeaey dmiuianuun 0.9 1a81Un3asaenldynuInsgIurtINgae 12.5 dadwnsdad

JUTNIUNTUAAININGT 29 Uagdin1sMnUALATTILUBIANNETIF ARSI 2-2

Load cell

Extensometer

Moving Crosshead

AN 2-8 WHUNILEAAIDIAUTENBULAS INAERUBLUNUSEEIA (UTM) AUTUIUNAEDU

wazgUnIndinseesdn Extensometer
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AN 2-9 FUSTUNAFBULTIAUNUALININTFIU ASTM E8

AN5991 2-2 YWIANINTFIUTUNAADULTIAY ASTM E8
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4

Aeyany ANUNUNY U9 (Haauns)
G ANNEINNT 50+0.1
W AN 12.5+0.2
R SatlvesulAtiayge 12.5
L ANNENITINTBEER 200
A ArugmIuinidaftanas 57
B AMEMITRILTITUTR 50
C AN Faituiidude 20

2.4.2 NISVAABUNALKNUUIN

! . . [ ' a
NIINAABUAALN WU (Disc Compression Test) lun1snadaunALKULASBeylans

HNANANNIATHAWINITIAANEvBHURUdna1naL U UUIS ALaE AN 199319

LUITALNOAIUIUVIALLASUADIIVDILARLAANIG  NISNAFDUILNAADUNABNUUNLAIY

NUNEUAUIRTANUT LI NaAAITIANNRUIAR99) LIUNASUAUANULATIATIVDILARE FU

NPFBUNIAIA NIV TANNFURUSA U NYUEBUd AN 2-10

04
200 = rpeo, 1'p= 1.0139

Prior to

0.1

0.0

compression compression

1 1
0.0 0.1 0.2 0.3

€90

AT 2-10 NFINLERIANNFUNUSVRIANULATYATIIVOINITNAGDUNALNUUN
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aqmj33aaﬁsuaqmimaauﬁi%’é’m%’ummamﬁmaauLﬁamé’mwdaummm%miuLLm
Frmnsseannnisaafufiufirnansin wiedeninAduUsyans anueieaueulelansela
WUUENLAS (Biaxial Anisotropy Coefficient; 7,) Toedien 7, Wuanuduvendunseiiléan
sl aumsh 2-5 Sadumildiunamedulssansueulelanselavosaunis

LNIN15ASIN Y1d2000-2d

_ Pro (2-5)
}"b_
P
e Ao MduusgansueulelanselnaglianizanuipuaswnuLriiy
Dup Ao ANLLASENTTITUNAFDUNALNLUI LIS
@ AD ANULATEATITUNAADUNAUKUUNILLLIVINGA

2.5 wnuginisasianuuuaulalansain

TaUELHUINIUNSEUIUNITARYUIAAINNUINIENTITUITNITIAEY (Cold Work) H4af
a o § Yo v X a ) o q v oA a = &
AoagyIIanus sy TuvaifeaiuagiiiinsuvesTantneantumunuiin daduaneg
inlvinaantinnavesiagluisasianiswenissadeliviniu Benusingnisidn weule
lgniseUn (Anisotropic) n3fiaudRnsnavesTankiviiudaduninddgivinliaanis@inw
WAULAUTIN15ATINA 2 (Yield Criterion) wuuwaulalgnseUanIuaLN1SN1IANAAEAS
sl

a [ a gj [ [ wa | = 1 [

wgnssunsduseulelanselniuazaiusadunalaainaudfnisnanieg ldwindu
luusazianisweanssa wenani Adudseansueulelonsetn wsedn r-value WWuaud
a g v = & a Ao & w1 a
dnusznsnlvusuenfanisiuseulelonseln lneridesududndiuvesmiuasonluug
NUININTUNAFBUNITALAIULATEADS SULUIAMUNUILAE LA TAAUIARINNS
nagouAsnAed Tunsufil msinanuasealununumndunedeududsnyiilaen
winldngniseusnyuTuaai 31 nusauauesgaaseluaiuwnuiduazsdanduegud
(@, +¢ +¢, =0) AmduuszandueulolanseUniiazan1soAmMuUILAINAMUATIATLLLINTN
NTILATWUILNIVDITUNAFDU ASTM E8 fauaniluain1sn 2-6 aeludl

P __ P
o, —(o,+9,)

r= (2-6)
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lo - fio  AduuszAviueulelansetn
0, o AuASEATNTUTAdeU ASTM E8 Tuuuamindng w
0 o AULASEATINTUTAGEU ASTM E8 Tuunanumun ¢
0, o AuLASERTENTUTAdEU ASTM E8 Tuuuwiening £

wonanG ArwdTusTeIAIEuLasm LS enneldn s uteulelanseUniuay
anusaAwumlalngedungnisiaa (Associated Flow Rule; AFR) asuansluaunis 2-7
fitmuali shsnsUasunlaseinanuasen de, JufiAwinfurunnisiasuntas
a%é?faL*f]ué’hQzuL%w%mm@magjﬁué’mmmﬂ?{auuﬂmmmLé’u do, Tnedl uay j1du
FUHURENNTNANULAUKI DAULAS AL UL DVRY Cauchy

de;=dA-of | 0o, (2-7)

25.1 WnNuAN1SASIN Hill’4s
\neainisasInkuuInaeseulelansela Hill’ds Wauilng Rodney Hill Tul a.a.
1948 [13] T4 8UANNITYIUIYANMULAUASINAIINFUUSEANT oUlalanTaTAkasAULAY

wantuguiuuann1sAasEes (Quadratic Function) WAANRIANNTTT 2-8

fan = F(O‘W -0, )2 +G(o, -0, )2 +H(O-xx -0, )2 +2LO'; +2Mo? +2Na_fy =26, (2-8)

Hill

do £, Ao adunaeinisnsin Hill'4s
020,50, A9 ANMAULULNY xx, 1y, zz AINEIGU
0,.0..,0,, A9 ANNLAURIULULAY 1z, zx, xp ANNEIGU
F.G.H.LM.N  f® mpsveulolansaln Hill'48
G i A9 ANUANUTEANSHATOUNUINNITATIN Hill'd8

aeldanizvesmiuAuluszuy (Plane Stress) uagmsiUasuguiivsmnmy
wWuldeu agldin o, =0,,0,=0,,0_=0,uag 0, =0, =0, =0 1nu9n13A5N
HilU 48 Tuaunis 2-7 azanunsaeuaglusuvasmsiineidndiuauiaien (Stress Ratio
Parameter) Fuduilsituresdnsdimannéu (Stress Ratio) & =0, /0, Fauandluaunisd
2-9 sioluil
— 1
En = J;ﬁ” :%{(G+H)—2Ha+(F+H)a2}2 (2:9)

1
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de g Ao wsdwesdnaluauLAY Hill’48
o o A9 ANLAUITINANLAZ TOIN AN
1> 2
u Ao ORTIEAIUAIIULAY

NANUAUNUTVBINYNITINA AFR 8RT1d3UANALA (Strain Ratio) p = ¢, /¢,
AelanaginIsAn Hill 48 daganunsaloudyanualinunsaunisi 2-10 ¢adl
AFR _ d(02 N ain” . 501 / (F+H)a—H (2-10)

Hill — 7

dp, 0o, Oy, G+H-Ha

e pptf Ao dnsidiuAnUASEATaRNMIINISATINLEUlelenseUn Hill’48

ANSANUIUIFUUSEANS F G H L M hag N 99981015 2-12 22d1u15aula 2 35 fe
o - ] a ) a ! . 5 J ! 19
ANFANUIUINNATFAFIUAINULATYANIDLITNIN Hill’48 (r-base) LagAI1UIUNIINAIAINULAU

ASINFINIBI58NIT Hill’48 (s-base) WaAIFIaunIsy 2-11 kazaunIsi 2-12 Muaienu

F = To G= 1 H = o N=(I’b+l’90)(1+21’45) (2-11)
rgo(l+r0)’ I+7° 147, 21, (14 17)
1 1 4 1 -
G+H=—=LH+F=— F+G+2N=— ,F+G=— 72
O'0 0'90 (745 Gb

O fo  Adudsyavsueulelenselnneldanganuduuuuii
uAULAElULYY 0 45 waz 90 BIAIRNNLLITA
5,.5..5, M  Aeusuesinagldanmyanuduiuiawnuiienly
W12 0 45 way 90 94ANRINLUIIA

5, AR ANANNLANAIINAELAEAIZATTASEDILALLYINAY

2.5.2 1A98in15A5IN Y1d20002d
WaN1SASINLUUIaRaeaulalansela Y1d2000-2d Wawllae Frederic Barlat way
Az Tl a.d. 2000 [14] FaTeussursanuduiussenineaudulsyansnatazaiuiu
ndngaanidosiuu (Principal Deviatoric Stress) @aagluguvasiavenidsilaldfidsans

(Non-Quadratic Function) A9gunis 2-13

Jup = |S1’ -5 |m + |2Sz" + Sﬂm + |2S{'— s

2

=257, (2-13)
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o Fon o Wedunawinisasinueulelansedn Yld2000-2d
S.8..ShSY Ao enandudsauuvdngeaauazsng
m fo  avimdunasinisasn Y1d2000-2d
Cyip Ao AMULAUUTEAVENAYRRNMIINITATIN YId2000-2d

o w IS

Tunaimsnsnueulelmselni 1avdids masdidwinty 8 Wefagilassaiians
gamefiuiuy Face-Centered Cubic; FCC 1w ogdiiley lusmsieafuilagdidwinty 6
Tunsalitfanilassairevmananidunuy Body-Centered Cubic; BCC 1wy Tavigngauan 1fu-
fu ueninianuduiusussaindudenuugeaniuandnanunduly Cauchy matrix Tu
aunsnusinsasndramnsadeudunnuduiusiiuaeinnsuUandadu (Linear

Transformation) slauansluauniIsi 2-14 aoldd

[S']=[L][c] waz [S"]=[L"][<] (2-14)
o [S'].[S"] Ao wesnvesanuisudssuususuniazans
[Z'].[L"] Ao wesnmsulasdudususundaazaes
[o] A9 LURSNAINLALYDY Cauchy
wazlaed
L] [2 0 0] (2-15)
o N R
o /1 -1 0|,
L, 0 2 0}«
Ll L 3]
uay
Ll [-2 2 8 2 0]
L 1 444 0)ay
Li|=5[4 4 4 1 0|fa
L 2 8 2 2 0la
] Lo 0o 0 0 9] a]
il L, L] fo  awdnvenuminnisulandady ned i,j=1,2,6

&, 0, #0 masinoulelunselnauns Y1d2000-2d
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Tunsfuwnmnenasiianz Yagunasinisasini (0 yyennn 0t ) A2 TUNSHMANNNS
Fefiawwea Newton and Raphson Tunsénnasmanunzaudiviilianuduasnuazen
FuuszansueulelenseUndilaarnnisvegeuisunuiorluius 0 45 90 uaznsnagey
melFanzanuduLuvdsnuwinfufildannisneaeulUsietiuas nsnagouna
WHUUT

nAMUEUTLSTa AL ALLAZAIAITILELNTS 2-15 W13 TnesuodndIuALLALY
(Stress Ratio Parameter) vasnamin1sasIndazanunsadeudunuduiuslasemnisi
2-16 delud
5 | m (2-16)

£ _%m :{5[|A—Ba|m +|c—Daf" +|E_Fa|'"]}
de &, Ao WsdwaTdndiunuiAuvnnuginIsAsINuaLlely
n39Un Yld2000-2d

AB.C.D.E.F f® Amafilag

Toefl Aesfl 4. B.C.D.E.F L“‘f]ummﬁamgﬂﬁmmmﬁwmmmﬂﬂ'wm‘ﬁ'mmsﬁmimﬂﬂ

AILARIANMUFUNUSINFUNISN 2-17 Anvuslrnalul

/1:%(2051 +a,) (A7)

B:%(2052 +a,)
C=§(2a3—2a4)
D:%(4054 -a;)

E:%(4055 —a)

F=%(2a6—2a5)

IINNYNITE AFR dasdrumnuaieaniglainaginisnsin Y1d2000-2d aganunse
Aeuduanuduiuslifaunsi 2-18n) wag (1) deluil
pAFR _ do, _ W o ) oo, (2-180)
YLD -
dg, 00, Ofyp
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m—1 m—1

~B|4—Ba|"" +D|C+Da|"" + F|E+Fa|"" (2-18%)
A|A-Ba|"" +C|C+Da|"" + E|E+Fa|""

AFR

Pyip =

e pi fe dnsidwanueseavatnaEinisasnkeulelensedn Y1d2000-2d

2.5.3 Lneuin15AS1A Yoshida 2013
LNETINITATINWULALNISHLINAEWN (Sixth order Polynomial) tlusnausinisasin
fifimulng Yoshida wazame (151 Tl A 2013 inasimsasniiauilddmsulangnga
wianlnsamLazitonlun s masldmAuaTInLasAduUssansueulelansodn
MnnsnEeURInUiElufien1e 0 45 90 esrwii A wdITUSTB I LLAULATAIAS

faueulelansetnilazamsaweudydnvalinulansaunisi 2-19 aeluil

5 6
o’ =3c,07. }y+6c30' 0' ~Te,00, yy+6cs - }y—3c6 w0y 160,
2 \

+9(c8 26,00, 430,000, =2¢,0,.0, +C,0, )O'Xy (2-19)
fSixth: 2 4

+27(cl30m—cl40m yy+c]50 )O‘W

67 VL6

+27cl66xy = Ogiuin

e fo Ao WlandunaeinisnsIn Yoshida2013

2 ANULAUUSEANSHALNSINISAIIN Yoshida2013

o))}

GSixth

3

CyCyrennCrg  AD ANASTNANTINITATINMEULBLENBUN Yoshida2013

Tunaein1sAsINg MsmuIuAmATiawy Tas ﬁgﬁuwﬂﬁ'ﬁﬂﬂﬂé’ﬁ%@qﬁaLawu'ulﬁmﬁ’u
AULN9IN13ATIN Y1d2000-2d LLGi%ﬁmmLmﬂeiwummmmLﬁuﬂiﬂﬂLLazmé’mUisﬁw‘éLLau
Tolamseniildmundiwnnaieiu

fnTuinas n1sasang aneldantagnisiduaaiuiduluszuiu
0, =0,,0, =0y,,0, =0, =0 15lneidni1dmunnuau (Stress Ratio Parameter)

%mmammgﬂl@maumw 2-20 sigludl
1
S th __ 2 3 4 5 6 |6
Eoon = 0”‘ [cl—3c2a+6c3a ~Tec,o +6ca” —3cia” +c,o }6
1

(2-20)

W &, Ag MTIWeIenIIEILAMILALYBUNANINIIATIN Yoshida2013
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InAUduRusvRIAUA ukasauAs eaneldngnislua AFR dnsidau

ANULASIRAT AT lAINANNANNUSIUaLNST 2-21 falull

IR = Ao, _ s ) do, (2-21n)
Sixth — -

" dp 00, Ofyy,

ar =32, +12c,a =21, +24c,a’ —15¢,a” + 6¢,0° (2-21%)

S 6e, —15¢,a+ 24c,0’ =2le,a’ +12¢c,at =3,

e piF fe  deviduanuesyavenaeinisasInueulelanseln Yoshida2013

2.6 auAgIun1saTINuuUlalansatn lawnfn waswuuney
lunsiawiuudtasusd n1sasndvesianiuasisnvausnuanaaivgesseny

Ao n1sasnuuulelanseln (sotropic) waznisasinnrelansilulaiusnin (Kinematics)

v
a = ISP

lnsansanwasiaziintuandesldvinduluwdayian wu luuieianasiidnwaznisasn

q

WUUYE18REGALT U TaRAAMIATINLULLERNNIAA ¥530UNTaARANITATINLUUKEY
JENIINSVEIENLadaRaTNITaY JeauuRgufInaIITaIsanglline N1 AaeY
AIEATITANHAULU UG UVBIUTIILAZUIINA

namn 2-11(n) Fadunisasinuuudiass Isotropic 2alafdvesnisasinaes) lWag

[y

fidnuaurveinisvetefeeniuides q (Expansion) annladanoumin waruSunaese
anaduiiiiutuazeuaulasdulfnnudulnanuy Isotropic

Tunmensatudrunmd 2-11(v) Fadunisasiuusiass Kinematics ladadaly
(Subsequent yielding) axilununniulslafanountuaasdunisadu (Sliding) laeliifinng

R NGLG

(% '
(Y v =

Tupnuduaseianerainvisdosuunududuieniinisasinuuunad (Combined

¥
Y

Isotropic-Kinematics) Na17As J@AdiIN15v8189uazNISHaUTMAUAILEATUAINA 2-13

9



Subsequent yielding

o

Initial yielding

ya

]

C 17

Yield surface expansion under
isotropic hardening assumption (a)

Subsequent yielding

), |

o

Initial yielding

]

01

J

L

Yield surface translation under
kinematics hardening assumption

ANA 2-11 AULAFIVYBINITATINKUL (1) Isotropic ka () Kinematics

4

Subsequent yield surface
under combination
between isotropic and

kinematics hardening

&

Flow stress curve under

cyclic loading

(b)

\ Translation

Expansion

Initial yield surface

Subsequent yield
surface under isotropic

hardening

AR 2-12 d@UNRFIUNITUIIFILUUNEY Isotropic-Kinematics

22
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2.7 duldsanuduluanmeldnginssumsinliudedeanuasen

ANUAUNUTTZNINAUAULTIUTEANSNE (Equivalent Stress) LaZAULAT LAY
Uszdndwa (Equivalent Strain) maammim?{augﬂmai%L%faﬂ'j'n,é*uiﬁqmm,é’ulﬁa (Flow
Stress Curve) dulAsildfosunsfmginssunsesindalurestandosumss dduusastan
faedamuduiuaneaty dudedinmsfinvmeniuduiusinaniesiimmasoutan
g uazmaiildainnsnedeu Wy useie szezn1sin udwadumudu-anuedon
wavasadudulfsmnniulvadafissaznduamimguisoluil

2.7.1 EUlAIALLAUAIILATEATIAINTTY

duldseuidu-anueTeaimnssy Wuduldsildvsvendonginssunisivad
103930 Tnsunuisionnuifu uasunuueuferneieaildainmsmaaoufunuieaes
Juyadou ASTM B8 ununmiaunsautsginssumaasususenifudesiishio 4233
\WasugUduvEu (Elastic Deformation) Wazy2an1siUAsugUans (Plastic Deformation)
Tngtensiagusudenguaziianuduiusszninsaruidu-anuiesoaduuvuidadu
(Linear) aunseiadngdasnisildsuguanisazdanasinda (Yield Point) 1Hugaiysrag
fanan e tansunsyludnsvezasiinuiuusigigaiialadmisdaFonitgadiuussia
a9an (Ultimate Tensile Strength; UTS) FaiiuqniiianEuinnenen (Necking) uaziugn
iingtasnadsugunnslfiadesnin (nstability) antutanazdadaeentuldsnusass
ANUduTianamsaisenin Softening AunsERARNISENUIAEEME AINALASEAIAINTTY
ﬁmmﬁ'mumzﬁﬁgm UTS 58191 Uniform Elongation wazluvasil Total Elongation 4%

Y :.’1 ' & U a =) % o PN J lej
‘U'Uﬁ]ﬂLLﬂ@uﬁJﬁluﬂig‘VlflLﬂ@ﬂ')’]llLﬁEJ‘I/i’]?JGN"USﬂ'HJ’]iﬂLLﬁﬂQﬂQ.ﬂ’]‘W‘VI 2-13 mal‘du
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350
Stability Deformed Instability Deformed
300 s
;t:? Ultimate tensile strength
S 250 (UTS) -
= Necking :
A
5] -
5 200 .
&n 150 - 3 Yield stress 0
g '(,_»-"“ (Proof stress at 0.2%) @"’% ol 4
g _ Modulus of elasticity €8 Failure
20100 T E=dG/dé —
a8 2
Uniform elongation 3
50
Total elongation
O I | | I
0.1 0.2 03 0.4 0.5

Engineering Strain (-)

AN 2-13  LEULAIAINLLAL-AINLASAIAINTSULASANUANIINAINAITNAFDUAILN ULAE

TUNISAIAAULAN-ANIAS BAIAINTIUT ANLAUIAINTSH (Engineering Stress)

= d Ql' I T R T a v o a
310 LLiQVﬁ@ﬂqigmmqﬂigmqﬁawumV]u’]mﬂiULLi\ﬁLimmum@a@‘U@qamﬂiuaﬂJﬂqﬁV| 2-22

a1 1

= r-ﬁ’lj a Y v Y : gj L% ¥ a ¥
“UﬂWHVIﬂuqﬁ]ﬂiULLiﬂu%u‘Vl@ﬁ@U@’]ﬂJll’ﬁG@’]u ASTM E8 UUITHUAUNTINUATIUAIINLINFAUA LY

a

AUATIUNUILNUITUAY d1MTUANULATEAIFINTTN (Engineering Strain) Henul Ae sz

WasuguluseanuemSududuansluaunisin 2-23 aeludl

ANNLALIAINTTY Yl A (2-22)
GEng T s
AO WO ><Z‘O
ANUASUATAINATY = AL L -1 (2-23)
Eng — 7 5
LoP %4
d' — 2 Y a
il &, Ao AUALIAINTTY
Epg eh) AULATEAIAINT T
F,L Ao LIILAZANEANTLAY AUaIRY
Ay wyoty, L, D WU MTIAATURTI AIUNTIT AUAUILNY T2

LNSUAU ANUAIRU

Ao STYENITIARINIULLIL
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2.7.2 EUlAIAULALANULAT ARSI
AMULALATY (True Stress) ﬁmaﬂmaé’m’]a’hmmﬁiaﬁuﬁ%’uLLiw%ﬁinaﬂ@f] Feaunsdi
2-24 AALASEAT3Y (True Strain) FeAUSHusvosdnsnIsasuLUaIUETIRDAI N1
Taq fsaunisfl 2-25 ilelidredenisduamanuiuaTazamsolingniseysnina
(Conservation of Mass) luaunisii 2-26 FeazvlanunsamuINAINAUISINAILLAY
AN SULaTAUAT R AINTIE LA LaRIRNUAUTUS T IEuN1ST 2-27 wazazannsafuIn

YR

ANMULATYNATILARINAULAS IAIAINT TULAAIAINUA LN U

S
e

AN 2-28

5
AULAUIT Wy A~k (2-24)
GTrue = Z j—
i Witi
ANULATEATI 7 AN\ L (2-25)
ZH I—dL =In| =
Ly L LO
ngNTeYsNYNIg Ly-w, -ty =L -w, -t v38 (2-26)
Wolo _ L _ 1+¢
e S Eng
wt L
e &, AD AULAUDIY
g A9 AULASENTT

A,wot R NuUAMEFATULTY ANNTN WAZAIUNUILKY & 13a i Taq

AINAIU

LY. (Y ! L % a i 14 a
mﬂmmamwuéﬁuaqamwmu L_l AUANUATEAIAINTINILANNTTA 2-05 AULAURSS
0

Tuaunish 2-24 wazmuAsgAasIlUANNIST 2-25 98@1U150AUIULPIAINANIULASEA

FINTTUNI B/BALANULAUIAINTTUAIANUFUWUS WUANNITT 2-27 LALFUNISA 2-28

auaFusolT
- 5 _FE L __ (2-27)
GTme __:_._:O-Eng (1+8Eng)
4 4, L,
_ ’ (2-28)
Epe =1 L—Oj = ln(1+5Eng)

) a = o

1MIAUILUREUATIAIN T TUANTIHIUNYN1T0USTNEUIE AUAUITITIAUIN

a1 A !

INANAWIMNTINAMBLAUAIIATEAAIUL 1+, AgvilinnuiAuasaliatigandn

Y

ANUALIFINTIY UsIngnisaiionafigaulilnednunis vesdunaaeuaseaiiuiviindnsuls

Uulranauiey 9 naean1snAaaudasyinliauAuaziagaly luniwmsaiudiy
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AULASENDIIATLALBYNINAIIULASEAIAINTTUD UL BINIINNANUAUN UGN IANAFAIENT

A9NNNS7U NSUSBUBUAD W EULAINDNAAWNALAAILAASIUAING 2-14

450

400

350 H

300 H

Stress (MPa)
b2
3
|

200 |
|
|

150 |

——— Engineering |
100 — True :
|
50 |
0 1 T T T T
0.0 0.1 0.2 0.3 0.4 0.5
Strain (-)

= - ~ o Y 5y 1Y A a v Y Sy 19
AN 2-14 ﬂ']iL‘UiEJ'ULV]EJUﬂusanLﬁUIﬁQﬁ'J’]lILﬂu-ﬂ'ﬂ’]uLﬂﬁﬂﬂjﬂjﬂiiuﬂULaTﬂﬂﬂ AINULAY-

ANMULATYADI

2.7.3 wEulasanueulng
dulAaanutAulva (Flow Stress Curve) AotdulAIiasuIemuduNUSIEnINeaINu

AUkarAINATEARS Y 19NTWA susU19T Tukdvesnmstdlumulandedanlnlud

4 o

a & o & a ] v o v a I s:l !
L@aLllu@llﬂ'ﬂ’]llf\nl,ﬂuwgﬂgﬁ'E]Qﬂ’]VTU@ILﬂUIﬂQI‘V]lJﬁ'ﬂ']@JEJ']']GU@Qﬂ'J"IﬂJLﬂiEJ@LW’]ﬂU WIBUINNIN

v A =

1 lun1snnaesdan i dafine1aiaue1induresnnuiasenlssain 0.3-0.5 Aady
Fein19AnwIRmUIANNITNNAEIAAIENT LUN1TYIUIBNANTINTBIANLAL AT aN 1z
VoI URBUgUNNY Aadeluil
2.7.4 aun1sn1sv ALIaEANLLeS YA
2.7.4.1 aun1snsinliudesieanuiaien Swift [16] iWuaunisfiegluguves
o o oA = ' <& v | = ] |

AUNITHAVTART (Power Law) usaziigaunmsniuansnainiies fe Innuwnsendiagnnguy
Wuduiinlunisenaiuandluaunis 2-29 seluil

G =K (g, +8)" (2-29)
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AnuLAulya Swift

o))}
©

e Gy,

K,gp,n Ao aduuss@ngannuudauss anunientiniswdsusudaveuy

LALLAVFIFIVN AL IAIEANLLAT oAU Swift

= fa  ANUATEAENYATIINSIUABUIUNNS

Tuannisil AduUsgandauudauss (Strength Coefficient K) Wumfildususnia

N Al ]

AuLTeusveusiazdan Jeluniazianazdaniluminny daqudausanniaziaAiniy

[y [ a1

ulausege anpsentiednavgu WWurifidndesunng Tuusasan AviuluwsazJanasien

ldusnansiuann dmsuaedimasiliudssieniue3sn (Strain Hardening Exponent n)

"y '
vdddivd [y a

< 1% = [ a o &
AL UATUND %Lﬁuaﬁi’]ﬂ'ﬁmaEJ‘LILL‘U@\‘I?YJ']&ILﬂuiULﬂUQ’NNLﬂiﬁJﬂ Iuaﬂwmmmﬂuu

lufagiifinsaiiifasiiaudidsfiganirfagiifimstinfatios ninde Yagfifidn n wnas
annsawdasanuauluidunnuesenlan

2.7.4.2 aunsnishlvudsfaeainuaien Voce [17] 1duaunisieglungy
AUNNSUUUANBUR (Saturated Hardening Model) ndnide muuiivinungllneaunisi

[ d‘

Tuannisiasuguunng szdeguinarlasinis aun1stazang futagiiinusngnis
Softening 11nA31 Hardening yonand aunisiaindeuhunduneanudulnasuiu
aunns Hardening lutanndumannddsazanunsadoudunruduiuslissaunisi 2-30
soluil

Gype = A—Bexp(—C-£) (2-30)

Anurulua Voce

o))
®

::1' .
e Gy,
A,.B.C fo eanudulvageasin AdUsyAVEANLTINSY LagavTindarin
TudesemuLASEnee Voce

A AIAITITINADNISTINGSTUYIF loen e~ 2.1718

2.7.4.3 gun1snsvinliudenieainumsen Sherby-Hocket [18] 1udnaunis
Mavinliudeennaseaioglungy Saturated Hardening Model nanafie aun1sasideu
ag/lu3Ur09aun1s Exponential AA8AUANNTT Voce WidgilAulAns19u8anatves

ANUASERaNYaniiavdideenidsusenauedaie argnsiauaun1siayilvAIAm

a

Y A o v i ' a = P Y
LﬂulwammmEJlmJﬂWla\‘iﬂ’nanmi Voce 1uaﬂ']'33ﬂ'ﬁL‘UaEJu5Ulﬂﬂg] PIYTUAIUADAA DI

Y Y
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Autannguidu Strain Hardening 11nTu Anuduiusvesaunsiavanunsodunalasiaunis

2-31 fifvuslsisieluid
% =A-Bexp(-C-2") (2-31)

O-Hocket—Sh erby

=b.

W0 Gpeesieny A0 ALAUINMGA Hocket-Sherby

A,B fo  anuruluagaasin AFUUIEANSAULTILTIVBY Hocket-
Sherby
C.n admdwilildemennun3enves Hocket-Sherby

2.7.4.4 @unsnisyiliudenieniiuiasealuung Hybrid Swift-Voce (HSV)
WWuanun13n1syTid9s8ANLATEALUUNALSZNINIANNIT SWift LaZauNI1T Voce WU
s minfiuanzay w duduenesinfiegluga 0 G 1 dwsanunsadewduanuduiudle

AENNT1SA 2-32 AAmuelrss Ul Tuaunist a1anaeuvdndayindy 0 anueuluaaszd

(% [
o v A

Awiduanurulaginis Voce Tuvagiiennull 21A189uRuntilaAiniy 1 A2uLAY
A o % a ) v .
Tnanvinunelaaziiawinnuanuaulnaresaunis Swift
O sy = Was * Osuip +(1_WHSV )5-Voce (2-32)

e wy, Ag g vindiwisganvesaunIskuUNaY Hybrid Swift-Voce

2.7.4.5 @un15n15Y LT 9A18AULASBAWUUNEY Hybrid Swift-Hocket-
Sherby (HSHS) 1QuaunsuuunanludnuagiReIfuAvauAISLUUREN HSV Laagdning
LANAN9YBIENNNTNGY Saturated Hardening Model #1l4iuaun1s Hocket-Sherby Tuns
[ v 6 ‘:gl’ (% Y v a 1 lej
NAUNATY ANFNRUSTR NN sNaNTazaNsadunalaftaun1sh 2-33 deludl
O psizs = Wasis* Ot T (1 ~ Whisus ) “O ppocker—Sherby (2-33)

dl & U U ’é v dl . .
e wyge A9 ANUIMUNTINNIZANYRIANNITHUURNAL Hybrid Swift-

Hocket-Sherby
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TunsAuamangrsivdnasuuUREL HSV waz HSHS avldian1susuuuuid
\du (Linear weighting) maamLé’uié’ﬂ@mmuqﬂq'mﬂﬂL'%"aa q aunsEtadulwiune
Tuusnaateainsveadeudennd oty 3sinanazdunasvsuendwwiliufinseiu
mvedey uenintazannsolivdnmansadfsunamnaanueaaindeuadetontiaald

2.7.5 aun1smeiliudenisanuesennialdnissunseuuuadu

TuanufAgIuveINIIATINLUL Isotropic thu mslvadvesaunduaglifinnsandving
U949 Bauschinger 93740 nsasnvesladaszdunisveseaniuiity dmsunisasn
wuusaes kinematics tuazifunisuduadlada e?famisué’uﬁ'u%gﬂmuamimammiﬂ’m/i"]
TWudademnuiaien Yoshida~Uemori (Y-U) model [19] #4nslnadaieaounuui o

aunsasutduanudunuslasaannisy 2-34 wag 2-35 auaisusssalui

Isotropic F(s)-5(£)=0 (2-34)
Kinematics f(s—a)-Y*=0 (2-35)
e f(s) Ao laAavesnisasin (Yield Surface)
(%) R anAulmaInannsnsyhliudsneaunien
f(s—a) @0 laAaueNaeInITATINAEIAMINLALLUUANNGU
Y R AIAIULAUATIN

dnsvauuAgIun1Iud sl uuRaNT 491 9n1sveeueslanalaz n1sususm iy
ANNFuNUSUDIlafaaIsaTEULARSLARIENNISN 2-36 Aamaluil
f(s—a)-a(g)=0 (2-36)

melaunfsiuil wuus1aeswes Y-U model duimuianainassinisnsn 2 ia
Srufufanandlunindt 2-15 Yield surface fvusliegateldnisasinuuy kinematics
Tuwauedl Bounding surface tuasdunuunay aeldlafavesaunts von-Mises ferdu 7
war Favannsadesududydnuameadaemansunuldfsaunisi 2-37 uag 2-38

ANUAINU
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. Yield surface f ,’

N
~ » 7
-~ -
~ =
-~ -

—— -

Bounding surface F’

2NN 2-15 770155 1NF0rtanelaluUdIanives Y-U model

F
F,f ﬁﬁ)
S, Gk}
B.B.R f®

f=%(S—a):(s—a)—Y2=0 (2-37)
:gﬁ—ﬂy@—ﬂ}{B+Rf=O (2-38)

HantulafanisAsINUadRg F wag f euaiau
Cauchy Stress liag Back Stress @3a19u

JLUEUNIANINANVBINWIADY SATLSUAULAZIUIATUAY

= a ] s:l' < 3 a [ v v W
ANINANUVDINT fungﬂLﬂaaulﬂLUuﬁ;m@uaﬂawqw’s F lagordaanuduniusng

AUNIN 2-39 wazdivSuianisieasulussazalunsasullafsaunisi 2-40 aaluil

a=a.+p (2-39)

o= cl2atr i) [l (%) 40
3 3 p a
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®©

USU1uN5AaDUN
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@Cﬂﬁ'ﬁ]@ﬂﬂ’ﬁLﬂaﬁugﬂmaﬂﬂqquﬂﬁﬂﬂaﬂJﬂﬁa
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waglae P, a. azausamulaanaunIsn 2-41 uay o raunsaAuInlaan

(2-41)
p= ED” :D?a, = ‘Pa* oA
\/3 2

a=B+R-Y (2-42)

AUNNST 2-42

A5 UauNITNITV L LT IR 28AIULAST AR UUNENYDIRY F aunisnisilasull

vaninsadsuduamnuduiuslansaunisn 2-43

R=mp(R, -R) (2-43)
139 P R flaridunsiUasuUasiauu Isotropic-kinematics
R R Isotropic hardening
7 Ao Saturated Stress
7 Ae  AAslanzdEan

dM3URINI3ATIN Kinematics Hardening aunisnisivasuudaslvaganunsadaulang

aunnsi 2-a4 seluil

. 2 . 2-44
dle )/ h) Herdunsilasuulasiuy Kinematics
b A ANANFILANIT TER

Tnsazuuan aunisidulasauaulnaves bounding azauisadeuduaunislang

WAASLUANNITT 2-45

O_-b"”"d :B+R+ﬂ:B+(RSat +b)(l_eimg) (2-45)

— A [% a a .
LD O hound AD ANLAUUTEEVSNAUDY bounding

wanNil Yoshida wazany [20] Malausuuuinasdiuy non-isotropic lun1sAuAy

AMAIAUAANSY g, aadsuluaunish 2-46 selull

g, =f(f-q)-r (2-46)
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il q Ao 9ANINanaves g,

SAdvpIRn

o))}
©

aunsvesnsivdvunlasluluay hardening fonamuialaananuduiusaatansly

AUn59 2-47 Aol

i) gy = I (B0
14 r
il h ) mmﬁmaﬁaq

= o w é’ ¥ = o w g
2.8 wnunIaIIiANsTUFULazM IMAFaUaTIsuRUNINIATIAN1STUSY
2.8.1 WHUMNIATIANTTUSY

LHUANTAIAANI5TUIY (Forming Limit Diagram; FLD) tTuuNUAIMTILAAuOULYA

¥
= o =€

AuanusalunstusUlavesianlaedidula@adnfinnistusy (Forming Limit Curve; FLC)

Y

\Juveuwnvesnisiianisaen (Necking) wavilidulaslndinnniiudenis (Fracture
. N . [ 1% Y A o a 1% Q’ljd z-tg”
Forming Limit Curve; FFLC) 10utdulAsindninanudemeanying wuunnileutuuy
WUFIUANULATLAADILNY AD AULATEATTIVIEN (Major true strain) kavAIULATEARTITEN
(Minor true strain) A4 9 2-16 AdusuasAIealudunulag Negluusnulddules

Y

FLC fodndsliifinanudsme gouduanuniealng aglndusnaveudu FLC faindu

| LY

s a a = a | a = v a0 g
VUINMUNLFYINAAINULAY R @@u Uﬂ'ﬂ']iJLﬂiEJﬂIﬂg] BQIUUsL’JmLﬂu@Lﬁu FFLC a@3710u

FUIUNARANULEEUNE
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0.8 : :
\_ Failure region \ % Fracture
\ 7z x| A T
07 B \\ % g
o
g

/-\06 B £ =
O
=
5 O 5 B O
B
)
204
>
503 f
§ Wrinkle region

0.2 |

Limit curves ;
01 - EEIéC Necking
0 O 1 1 | 1 1

-0.8 -06 -04 -02 00 02 04 0.6
Minor true strain (-)

= S o w & 1 a
AINN 2-16 LLNu.ﬂ']WGUWQ']ﬂﬂﬂqisﬂuzﬂUuwu‘ﬁqu@quLﬂiﬁﬂ

n3as1dulas FLC w3e FFLC unisimumdunuilduveigduiunnuiaiunass
A v Y] Y X = . a %y Y]
nldannmsneaeuianmien1stugulauaimsinay Nakajima %38 813lidunaaeuusemies
AT 2- 6uaz AT 2- 7 auaiau dmsunistugUlavsuiuaziunsvaaeufislndan i
a a aa v | = i _— a
nANUATEATIRAIUAN1IEANUANAINY WU N15AIWNUA (Biaxial) AsuATenluszuty
= °

(Plane Strain) n13fsunuifienaddnaue (Uniaxial) n1sidouu3gnd (Pure shear) idusiu

FIANITANMUAUAINAIVLL AN WL AINULAT A LULNUAANLAS LN UTDILAAININNT 2-17

v = ol o A
O Aozl iy waudogl
i A ™ TN
A h
dg dy
\
P maRoulTand NI anuAioaluszu MIRdEeILMUMIAY
‘d (Pure Shear) (Uniaxial Tension) (Plane Strain) (Biaxial Tension)
2
P11 =92 P1 = —2¢; ¢2=0 $1= @2

v

AW 2-17 dnvaigvaanauanueseasudusasiufsusulvluudazaniganuiu

manTuluuTugUlanguiuwaznann TinEuE AUgNa LN UNE NLAZ KN UTBY
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TuuAaraN1IEAMNIAUDIUIUBNIIES I AILAMNIASEA (Strain Ratio) Fududndu
SEUINANNATEND3I509MBANNAT BN IMENAIALN1ST 2-48 FaluannizaMULALLUY
Biaxial 3¢ UBMINFIUAULATEAYINAY 1 @N1IEAIUAULUY Plane Strain 3eH8mnsdu
ANULASEALINAU 0 @N1IEANULAULUY Uniaxial 28d8nsndiumnuasenyiniu -0.5 @anig
ANULAULUY Pure shear 3gd8nIdIuANNLASEAWINAY -1

Imammm%’ﬂm%mé’ﬂLLaziaqmmsaﬁmmléfmﬂLé’whgmsj’ﬂawmamﬁLﬂ?{auiﬂ
geaauaztesgamuadiy iwsuiudusingudnanssudulununundnuazunuses Tuns
MuraAILAsEAs e luuNUE NuAs LN USBsa I ME NNs AR BRRS A WL BT U

ﬂawmm%amamﬂaé’fqamwiﬁ 2-49 Ay 2-50 M1ua1nu

PRINEIUANULATEA ? (2-48)
p=-=
2
ANULASUATIINGN d, (2-49)
@ =In| —
dO
ANULASYATIITON d, (2-50)
@, =In| —=
dO
dll N Y] \ a
e p k) RIIAIUANUATEA
@10, Ao ANULATYAITIVINIAL TRIRUE Y
d.d.d k) LEURNAUENAIUTUAY E9En LavtouannuaIny
02122 U LR q

2.8.2 NMINAABUANFUATINUANTATI AN STUgU
lunisadadulaadianisTusunserduladainiannnuidenige1aldion1svinuneg

| a wa ' g A Yo Y v o v
INAIMUAUILNUATDAUUANINAUINUTE NS ’E]EJ'NVLiﬂ@I LW@Im@ﬂ’m@\‘]LaUIﬂQV]Qﬂmaﬂmiﬂ

o A

mudanndiandug msafadulainmmeaeuidaudfgiaraisasaiiuns vy

q

Wilanugndewsmann1salisieasidunsaluil
2.8.2.1 nmsneaeuiugulauasmsinau Nakajima Stretching tJunisnaaey
ASAHULHUNNTATIIANTTUFUAINNINTEIN 15012004 [21] Tusesguil azdinisimiun

MIYARIANN Tunadeu I5n15madeuliod NTARUE IS UNADULAL ATUINAIULATEA

sala [

Youiuidmsunudndvuaduinaudnats 100 dafiuns agausafnuladaninig 2-18

= ° v = 1 o ci

Fadnsimunszey clearance uazsalyauinuiaieg 13 dmsutunaaeuiasiianvaei

v a % 1% [y Ia & @ PN 2 v 1
Q%G]’ENLﬁliﬂmlﬂifiﬁ@@ﬂaaﬂﬂusqﬂLLNWNW@QLL&G‘NIHQ’TWVI 2-19 JUNAADUILAALUULNUINNA

a A

WurAudnane 210 dadiwuns lun1snwinuniwniavesevaliidounauuazinantuagd

Y
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ANULANANAUAILAAITUAINT 2-19 (1) wag (V) MUAIAU VUIAVDIAINUYIIADLALAINL

19431 50 waz 100 dadlunsazgnivuabiduriunsgiu wudeanul sadiinazgn

'
Y

ARUALALAT 25 TadlUnT @1SUAINUNIAD W Az n15anu1nadbufale 210 auUnNsen
Uszua 20 Jadtuns TIN15a09UIAABVINAINEINALVNALNAANIIZANULAUNLANAIIAY

LA NSANEDILAY AINULASEATUSEUIU FUNTENINTTAUNULAEY

d= 120 mm

d= 165 mm
d= 175 mm

d= 176 mm

4

=102 mm " |

f-:ll aa I a (3 ‘;{ r-il’ .
NN 2-18 ﬂ']WQ']EJﬁENﬂJWUENGQWLLNW@J‘W‘V]@ﬁ@Uﬂugiﬂ@ﬂJﬁiﬂ‘Wiﬂﬂﬁu Nakajima

ANNINTTIU 1ISO12004

. P !
> ;
%/ ..... | £

n) Aluminum alloys V) Steel

50
100

&/ [=—= f)Dimension
X

WA 2-19 Funedey Nakajima dvsuiudniivuiaidusigudnals 100 daduns
ANUNN53U 1SO12004 kansiean1snuIinveslanengunan

WazeraililunuNay azIUIANVUARIAY

2.8.2.2 MINAABUAILNULALITUNAZOUUINVEY
31NNINAAUTUTULANATINTINAY Nakajima @n11gAULAUAL 08 Uy I9UBINITHY
doaunuantansfwnwies Tunseeneganiizanuruludinsi@euusans nsvagey

2£A990NSUTUNAFDUUINVBULANNA B ILAAAN1IZAIMUAUNNINTUY F1USUTUNAEDUT
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inFunszruUlaLNUAgITUITSIN I FuNAdeULINYeUFURLER Combined Loading Wag
Pure Shear Auanslun i 2-20 (1) wag (1) ANaIRU
25 25

I T

[
a4
| ! ! T
8
. 7 N . il
N - -
y
ol X o
S e s - T 1 s
i \ [ s \
21N MR -t
5 N-R4.5
i | |

l |
) Combined Loading (CB) V) Pure Shear (PS)

Al 220 nnmeAesliRvesTUNAFEUINTBUTURERd S Uas A dlA FRLC

YNNI T unaaeuuINTeUS e UL UAITELUUA SN UR B aad aLdulAs
Indrtamstuguniodniinnundemeluannganudususaniadoalussuuauds
AsAenuiatansluamd 221 (1)) Tnglufunagou Centered Hole aziduiu
VA UAMSUANMIEANULAUNTAILN UL LaETuNAEeU Notched-R5 9¥3UNMSYLUY
anaasealuszuu luvasiAeasuid Sunaaouuinueu Notched-R10 wag Notched-R20

WLAAANNITANULAUTIDY TENINANUATEALUT U ULAENITAIUATLAEY



37

n) V) f) 9)

Strain ratio
I I I I | 1

-0.5 -0.4 -0.3 -0.2 -0.1 0.0
AN 2-21 mwmaaaaﬁamm%umaaumﬂﬁU'e)’U (n) Centered Hole (%) Notched-R20

() Notched-R10 (4) Notched-R5

WHenageudanudl Tunousiolufen1sundunaasuluinnnunienasmantagsed

[y

Tussnaudamiuidemedaslfgsusuanuesniilsnsidmaunieniiuan ssiuluus
avBumaany uenaniluusazdursisefuresnnuinionfiunndnetu Tnedausiaedeon
Tuszuivluaunseianisisaesunuaziinnuseld ssvesgad udnwuznisluainan
Tuvaziieatuil soudmnueSealussuvauiinisiunuifiorssdqadedosludnunsdu
Funssiidauduiianiuay dwiurimenisdouniaviaufinisiunuien dnvuzves

yavzdunsluavmaelaediyn CB Wugasigauasns

2.9 lapaanuLdenigLasinUinNlEeine
2.9.1 TaRaAnuLdene

a

ladannudene (Fracture Locus; FLs) dWudulfsemudemenideusgluu3giives
— al al aa a —_ I~ = a v
(n.L.2,) lpedimnuaseaUsaning £, \ureuwnanundenieuazil AAULUUAILLNY
(Stress Triaxiality; 1) waraaan1s1imes (Lode Parameter; L) iusiuusdasglunissniun
ANNMTAUAY @1USUNITUSLLTUANULE e N au UL T U 18Ld UN19AINULAU -

AN (Stress-Stain Loading Path) fauanslunnd 2-22
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Tasaanui@evie

s
=

MIRDUUTTND

a

e
J
1

a

(Fracture Locus)

e
(=)}
|
a

Pure shear

o
wh

|
Tuszunu

Plane strain
ANUIATOA

Equivalent plastic strain (-)
i
|

|
| |
! |
- | |
0.3 | ) =
l‘ & .
i { 2 S =15
s l / 518 | Z | €
I ! g | 513
| % = g | e
014 | Mz | =5
| Loading path —»} g | % iz
| EP = | Az
— VMM
0.0 1 ] T | : | - |
0.0 0.1 0.2 0.3 04 0.5 0.6 0.7

Stress triaxiality (-)
‘=| a aa a a
AN 2-22  LNUNNAMULASRSFDIUALAZNTUTLLHUANMLENNY

AULEUN A NULAU-AIILLAT LR

TuuHUMNT @01798ANULANILENITATUNLAINAUUSDETE Stress Triaxiality
Lode Parameter Aauansluaunisy 2-51 uag 2-52 Aua19u Lazasdunalaiivsdesiaus

wWgueglugUveInIAUIEa TR

Stress Triaxiality 7= o, _0to,+o; _ l+p (2-51)
Lode Parameter = 20,-0,-0, (2-52)
P\
e AD WITEHNOIANLAULUUAINLAY
I A9 ARANIIINLADS
0,,0,,0,,0, A9  AUALAAY ATIHAUYEN AHLALTEY UWAAINLAY

ERNRG
luanzmaduanuduluszuu anuduiusvesdiulsdasyivaesiionadsusglu

sUesaNnns 2-53 soluil
] =1—gcos‘1 —2—777(772 —lj (2-53)
P4 2 3

il g Ao 1513mesyanasn (Lode Angle Parameter)
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warlaefl 6 AzlanuduiusiuAiyuaen 0 Faauni1si 2-54 wazdanudunusiv

A9ANISNMBSAILERIlUANNNST 2-55 fplUll

4 0 (2-54)
-2 (1-
0-2(1-0)
2-55
(o) 510 o

WANANT ANUAUNUSTTENTINANUAUNAN ANUAUUTEAVEHA LazUNVaARATAIY

[
v A

AukuvaknuavansWeuduanuduiuslanaunis 2-56 (n) (V) wag (A) AU

2 2 §
0'1=0'm+§5'cos(9)= 77+§cos(0)jo_' (2:56m)
) (2 j 2 (2 ) _ (2-56%)
o,=0,+—0cos| —n—0 |=|n+—=cos| —x—-0 ||C
3 3 3 3
2 _ (4 ] 2 (4 j X} (2-56m)
o,=0,+—0cos| —r—0 |=|n+=cos| —x-0 ||C
3 3 3 3

lumsasidafannudenigeramuinlaegieiienndoyaseiiioanas FFLC Aauans
Tuaunis 2-57 nepnuasenauyaazidumiuesenainaunis von-Mises Effective Strain

dl v o = A @ v Y a g vy v ¢ = Y]
Miamﬂ%mmmﬂuf\mL‘W’e)LUU%@M@@’N@QMﬂUﬂWﬂ‘ULﬂ m%ﬂ'ﬂ’]ulﬁﬂ“ﬁqﬂiﬂ

(2-57)

8=\/§(¢f+¢§+¢§)=¢1- §(1+p+p2)

2.9.2 LNEUANULENY
lun1sadladaanudenieenaliinueianuidsned wdsuegluguresaunisnis
a a‘d‘d U U % N — ! 3 = 1
adlnmansnilaasmanziagluguves g, =2 (n,L) lngluudasinasiazininuunndig
MulugUvetaunIsuarAIAIR WENIINUNTASANNTIULAAZNTATAULANAIA TS
=) a a o a a 1 dy
ydlavTeauufgiuvesnudenefsiineasdenselull
2.9.2.1 \naeinudenne DF2016 t@uadulae Lou wagauy [26] Faiduns
Wunaeianudsmenegauuigiuveanalnnisdeneiintuasudseaugania (Micro
Damage Mechanism) N13HALITDNUNAINLE N8 TTUAUIINATTHAIUILNUINITATIN
DF2012 [27] fadunausinnuidemensidadsaunalnanisifinanuidemedulsenousie

MsAnnss (Nucleation of Voids) n15v818v89lnsa (Growth of Voids) waznissusinuuaalng
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(Coalescence of Voids) Taglutuaanisiinnissiusinuazaiuisatdululenanissiusaiu

ludnwaressuuauduaznisiouiauandlunini 2-23 (n) wag (v) ALa1dU

Necking of
inter-void
ligaments

Shear-linking
up of voids

Mai 2-23 anufigaunalnnisiinauideneszausunaved Lou wazaus wandliiugs

FTUINITVRIINTIT097190 8 TURAL NI IUFNLANAINUTEUI () NNSTIU

LuudIaesINagud (void ligament) Uax (¥) M3ldeuwIn

nnalnaniswdsugunelulassasisganianinanavansadioudunaginig

Aevneiiendn DF2012 Méwaaunisit 2-58 saludl [27-28]

DF2012 2 (3 _
( ij .(< . >J (mL)=c,

C,C,,C, fa  AipenEiaguenneinudeie DF2012

(2-58)

sulud a.A. 2017 Lou wazang [26] lastaunUsulsunaeinnudemeliaiunse
ATBUARLANTIZANNAUTINAATUAUN T LU DUAILARA1IZAIULALNTIRBUIUNTEN

n1sAaeawnuiniy lunasinnudemedasliAasduangdaniiuuntuinelving

° a = =~ 1 £ o a{'
V]']U']EJ?’TJ']QJLﬂiﬁﬂﬁﬂuﬂauﬂjqﬂﬂﬂﬂquuqﬂsﬂu@ﬂLLaﬂﬂIuaﬂJﬂ']ﬁV] 2-59(n) uaz (v)

DF2016 2 ' ( f(n.L.C) JCZ_ Nec (2-59n)
(\/L2+3j (f(l/i—l,C) Frint)=6

32 +3

Bp) C,C,C,C,C, fa enwanziaguaunueiaudenie DF2016
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Meu1 Lou uazany [29] lawauwnnasianudemglieyluiidnves (n,L,5)
lnganduauduiusvesnuAulseaninataraunssnauyansaunsi 2-27 luns
Wil Anueseeauyatuaunis 2-59(n) sxdsuldidunnudulseansnameaunisn 2-

60 F9azannsaeudunnuduiuslasaunisn 2-61 Fa5en31 sDF2016

Power Law 5—K&" (2-60)
e K.n Ao A1ANLTIeTEn wastardiiawiliudadaeaiunien
ANAINY
sDF2016 s ) f(nL.c) (2-61)
[ AL 5, r)=xc;
JL+3)  \f(13,-1C)
e g, (n.L) AD  AULAUUTEAVSNALNAIAINLE N SDF2016

2.9.2.2 naiaudene Hosford-Coutomb; HC [30] 1 utnalifiwauiiulae

Dirk Mohr i e¥nuigaudsrekuumilenvesian Felauumgiunalnnisidenie

[

Pidnvazind1eiukuuiiassves DF2012 %5a DF2016 watdunisaulaludsgasudu
\deve (onset of fracture) Munisduasusdlgunfivieyfvgdveinisiinnisnen

wuud1aeiliaiurgmudunus sEnI1NANLIATEARNLA ANLAULUUAINLAY LAY

¥ 2V 1

wisilneiyuaen 2, =z (7,0 )Wuhsiiuiunasirnademeiinaundisiy seun Gu

a1 v

bag Morh [31] Tawaunueiaudsnie HC wuukeulelanseUndsasiansdigunis

U A A1 AB a,b,c, n LAAIANUFURUSAIEUNITA 2-62

| ; (2-62)

3 — +cC

& (n.0)=b 27.9)

Wt g(nd)=| S A Y|+ s )

_ 2 T, =
- ﬂ(@)z—gcos[g(l—i-ﬁ)}
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WULA N UA UL ANLASTNY SDF2016 LA LANLNNAULE 818 Hosford-

Coulomb Hhawdlsuegluuigiives (,0,5) oguadfaaunis 2-63 uavazisendi sHC

5, (1.0)= B_ (2-63)
g(n.9)
e G, (n,L) e ANULAUUTEAYSNALNUTIALEE e SHC
Ao AAIFRILANTZ TER)

lun1sasddadaanudeneiiunglaginusianuidemendainsianie Jan iy
93690NABUBYAMNILATIAFLYAD1IDLANNNTNAERY E, (¢, 0,,05) WATNANNTNIS

atavesrdsauudosdn (Min Error Solver) fauansluaunis 2-64 saluil

1< DFC 2 % (2-64)
E”FOFMM{C}={;Z(8f°x"((p1,%,¢3)—€,- (n.L)) }
i=1
HE) Error,,, (C) AD AP T B9 ULTBAADINNITUNUA TR VBIAIAIT
{C} luusavinaumianudeniy
g™ (p.p0.0,) 70 AN ERENLaTlAINTNAFRUTER
g" (n.L) Ao ANULASEAaNYaN I uglaaninusiAEene
DFC
sl (c)- {C.C,,C,.C,,C,},DF2016
{a,b, c} , Hosford — Coulomb

LBINISAIUMAIAIFIANIE TARLA LA TN UA LUALNITUAL AIYALARAS
& a Y = Y = = Y Y =~ 1%
wuilaraaudemelannIni 2-24 uenantitzanunsaasEauladannudemanels

I ) o v Y . o A ) = PN
?’YJ’]&ILUUﬂjqﬂJLﬂuiuiTU@\iLﬁiﬂﬂﬂ Strain Envetope il GZNLau@ﬂﬂa']'lﬂaiaﬂaﬂ']']mLaEJV']EJVl

ogluitinaosdlii (n,z,)
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Equivalent plastic strain (-)

S w 2\
S &e s & % 3 o
Stress triaxiality (-) > \ 5

Lode angle parameter (-)

A 2-24 NuRAlaraanuderglussuunnnaulRkasausaefnveIRNuAuUlusESIU

v o v 1

2.10 9UIREMNBIVD9 Lazya9I9luN15Ie

¥ I

Tt azidun1951uTIunuITeingtesiun1s@nwnauILuUTIaesd Uy
lusslleuTsinludiefuwundulsenauie nawin1saTnkuudnassuaulelansetn auns
nsvilbiudssaeainaesen auufigiunisudedn  wenandluiadedazdnisnuniu
350NN MALITRITUMUM I TATIRANWESEEUN RaaUTan n13ld

(3 = a a ! v A a v 1 dy
nauiANUFengLan1sUsEuANuFsIevedlavsuNuniiseazBeansa lU

n13ugUlansunudieusatuvadlng (Sheet Hydroforming) iunssuiunisnini
@ P Y <& = o e v v a a
WU ud1miun15V U UT wundsusududeulazdeenisnisiasusvludiunamin

TuvruziAgrdudlngndnuuua1suausi (Mild Steel Sheet) §aflaudiAnisiud susuna

Y
¥

[ o = ) = o A £ < a a A
Agnihanldlunseulunistuguiliduiu [32] wilduvenadfgyvesnisidentivanyiing fe
fin13fndandu (Springback) Andnannaudausegagesiiauni (High Strength Steel
Sheet) [33] wenanil idnailadanaadaianuaiunsalunistugy (Formability) Afn
I3 ' a A 1 Y vy v N & I3 s °
wianwWslindu 9 [34] sae - elalUSeuduanuaninsalunisdeuguil wanasuaus

Fagnunanldegraunsviarslun1syugu¥ uauLuUALanuIn (Extra Deep Drawing) [35]

a o Y < =y ! A ! v ¥ = A
anvadagnihunliiluianlunistugududnniisuisdudeulunssuiunstuguussamadu

Y 9

anee [36]
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Tutaguu fnwidednuunnifinwaudAinstugureainelini visludinismaass
LazN1531809 8 Lan 838 rlludiadiuud (Finite Element: FE) f7ag1910u Basak waz

=

A [37] IéfﬁﬂmmmLﬁsnmemﬂmiﬁugﬂmaqmﬁﬂiumuﬁﬁugﬂaﬂ (Extra Deep Drawing:
EDD steel) Hudnsiaaunsisdn (Drawing Ratio) meldaniznistusuiiinaasugy
Aou (Pre-Strain Forming) 7 slusunaaesuazn1ssianssae FE wenani &eiinis
Wisuidisumanusiuaiusuiiunsulavenauszgiiden fenuidnsdunsisdndin
(Limit Drawing Ratio) GUENmﬁmm%wauﬁwﬁmqqndwLwiuiammamazqﬁt,ﬁam

Fardu Iuﬂszmumiﬁugﬂﬁqﬁaméa S?faL“f]u‘??udauﬁsmﬁgqé’mngﬂiw%’u%@uuaz
MsaEnuIne i dnusunIfUsuMsiaunzaneg1sBs nanlagasy anusy
adususviia SPC270 Fadianudrdyuazgnimnldegraunsvareiduiaquaiudmiu
ﬂizuauﬂﬁiﬁugﬂﬁQﬂén

uenINWERULA B azaInseR eI selunstugUlunssuIunSiedn
(Deep Drawing) lelia7 ma%ugﬂé’ammlm (Liquid Forming) 83@nnsalianAnsuaIunse
TunstugUvesurilansdigsdeiu uuaRandnlumstanmadan1stusUfeussiurouan
Aensanussdenmuitindudaseniasiulangduisduresvasiva dediedndunisduda
woulfusadsamudundn wufnmudeniinueanisdugudlsussiulelasaunfn
(hydrostatic pressure forming) iﬁgﬂﬁﬂl,auaimﬂ Zhang uag Danckert [38] Tud A.f. 1998
Imaa%m85@Lm‘wNﬂaﬁuaqlwalumuifugﬂﬁﬂ (Hydro-Mechanical Deep Drawing)
fuMsAnMIRvEnTetuNUNIINIEUDN Saussiuresadlnarfisduniuuuifnvesies
v94luadn (Closed Chamber) ilousinasvaslnssanas WUIAANTORNLUUAINATILAYN
vnelugnatuguTudussnvdu q Tnsannsonumsuszendld wnfnmsesnuuy uag
"3”@ummsﬁumﬂszmumsﬁimuwaqﬂmaamu%ﬁ’ﬂ@EJ Bell wazaAe [39] ag9lsiniy

o s o A

sidsatuidfifngussasdvdnifouansiifuisavosnisiansanaudnunsveusutan
Tngoduinurinsiniuuieulelenseln (anisotropic yield criteria) LagwuuTaINITUl 9w
nMswasugy (strain hardening models) fivanananglunisdassedslnlusiieduus
Famsfinw@uvTeudisuiinanmsiiauddyiuuszaniamwlunsnensainadnives
nIgUIUNMITUSUINNB el

Tughemarediisuan dnidedwlnglddnwiietunistugiuniulaneduseiu
Y98 LgaAEIaN1INAaed N1TAATISATMGEL N13TNA0ATIFNAY LAshUUTIA0INIS
Fousvesiaies (Machine Learning) faoeautiu Zhou wagansy [40] IdAnyIN1sTugUusedy
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N1UN1591809978 FE agn15nnasd Wwevinn1sasuuaddunianis iwsasulalnsannfin

~ = =

W LUTIUIBUNSIAATOBEUUUTUIIU TINDINTITUTIUNBUAINUINVDILNULANE ALY

v v
v a v A

Fadl Wil n1sdnans FE TusuasnanldinusiasiniuuisilelenseUn (Isotropic Ellipse
Yielding) saufunisudeuuusdaeslelanseln (Isotropic Hardening) Sanan1siSeusiieu
ANUUNVBIUHUNUIN HANTTI1a8e FE HuunlduusziliuAgenionanisnaass sioun Liu
wazany [41] ldAnweidlenfeaiunstusiussfurennamosushilanzuuuansdudmiy
Funuimsed Tnefiuanuuiugwesmsnennsainanissiass FE HumsnagouLssmaun
{87 (Uniaxial Tensile Test) menisnnaes wenaini Seldelaseessamidlonnuunun
TwswnTu (Back Propagation Neural Network) snlgluniswennsalnginssunisivaves
Sagneldgamyiinarsnsnisiasusuiunndisiu ileliiduteyatouliiunsdiass FE
Fawumamsnennsaluuunaeraudaunsarhuensurses uaulunsruunsusiy
veunausulavsuuvanstuldegeiiusyavanm Blala wazans [42] ldFnwnavestosing
uiunA (Blank Holder Gap: BHG) ¢an3guIunIIhiin UU0ILiaIu03028NTINTEUDN
Tnesuiunisisnsneaesuaznsnass FE wazidenmsiwmesnszuaunisingedonuian
N1599NLUUNNTNAaDILUUDDS5INTA (Orthogonal Array) Tuviuesifeaniu Modanloo tag
Aoz [43] lofansanaveansndnesnszuauns tiun usanugean Ausy Wy Sagioia
duUsEAVB IS BAEnNIY waz STl InesudunsAneniunissass FE meldidouly
POINNTOINUUUNIINAARINNAIMAE TuFunsAnwmsTimesau q Chen wavans [44]

lafnwianuaiusatun1stuures SHF neldsnsnisivasusvuagdnsnaiunisneani

a

wansaiu Tnenuiisnsnisilasusuiwnnsanudsnanenginssuidulasanuaulve

Y

[
[

(flow stress curve) Aoty s1uidediFninuusiass Johnson-Cook Q) snldflumsedun
nsudeiianmisaesusulunisdiass FE wagldhmsiussudisusnsnisuisssninsa
nsneaeskarmItiass dauansliifuindfeannsonensainmmuigarievesduey
Ifeg1edan Zhu uagany [45] fsldfnumavesgamaiifiuanssiusiensyuauns SHF
vosukulansravuuniifen Ingldnsdnuiadmaaeuazndadaiay arunungaiie
vosturuiiinaudemegnihuieudsuiunanisnaes uenand SeléAnuaugs
Yose AuTUEIan uarnedeuiivesveudununielimsfwesiiuandety Tuau
AnwidaUdeudisudu o Sudarsan waz Panda [46) M@nwinszuaung SHFE veswsulans
UNWLAwAINTaR AA1050, C101 wag SS304 Tneldanimaasinagn1ssiasd FE duiy
ausvuilululasusuuaiunsawesinulni (Serpentine-Shape) wsaustauSouiiiey

nszvrunswuuldlduaifiamivagldlivgds Tuns@nwtl uwiulavegniansanaeldngnssy
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woulelensetnlaldinasinsin Barat89 uazlduuuiiass Holomon Tunisedulenisudedn
nnsidsugUlugaliates Fauaabiiiuihnuideansaneinsainisunsvesduauls
ag1afiseaAnsnm wilidudusugunssdudoufinin dmsudunusunssdudaudu g

Piccininni wazane [47) oAnwiaudululdlumsihdudumuneignisldanunduundugy

u
Tusise SHF Tagltvan1snaaawasnIsIAsILidestat Ja3eulsInabKHULaEALALaN1STY

[
=

sUgnuTuAguiaUsziliuauanunsalun1stugy nieunuuTeuiieuiunsesuiunsaean
3 a = a [~ 1 49{ Qy | [ | Yo « .
WUUAAFY Fenan1suseiiuwanslviindy SHE a1unsadusududiudnanladisa Xia way
Az [48] latinTzuIumMsLIsiuamaILuUATIULNA (impact hydroforming: IHF) unlaifiu
wulavenatezgiiflouniisuiedutou Ingidsunuadnsinisiasusluasidisuiiieuna
SENINNITINED9 FE Lazn15naasd wiauvalduuusiand JC TunseSuranisudediannnis
Wasusy deanunsangnsainsunsvestiuauliegiaudugn Yapan wazane [49] 1ol
AnudRAuNsiAnaudsmglunseuaunsuIsiuIaRMal Ingthuuudiass JC wnlelu
n1331804 FE vaan1sneaeulansednvaiuar IHF nelddnsinisildeusununnieiu
wiounsswnsfiwesaudemedilulutuuinass wiazdaldlanasanginssuneou
TolansaUnAniy weaiuisaneInsainduiderislunssuiunisusasuvasalaaisa
X ) 2 D e
1ana1nll Huang wag Kuo [50] Ialauaiuayn1ensanusd@unmuss nanaudlfiuwilagauenu
lagldunuens (rubber pad) Tunssuiunstusuniudne vash Ahamed J uazanie [51]
TautauaISnsinUsEans nnlvdd1nsu SHFE voawiy Nimonic 80A 1aga1fan1sdand
FE wialilan1siasusvgeanlagliiinanuidenie visil n1sdnaesiananlinginssy
L =} a 1 1 v a
n13lnavesianainnisnageutalauasy widgelulasiunginssuwaulolansaUnlily
LUUINADY
W ANI5ITLRD3 VBINTEUIUNS W TUNTSUSUTA MU AULAD UNUINVDINITIIADUT
Aavazdaud1a g nd ulua st uau ki ug1veen1sne NSl Nan1sUusy
Nurchesmeh waz Green [52] lafinwdulAadndninnisvugy (Forming Limit Curves: FLO)
lnglduuinaoatangulves Marciniak-Kuczynski (MK) aeldausigiuvesaunisnisvinli
wianuudnasmauseninlelanselnuazlaiwufn dnsvunulansnauszqiiioy
TngAmunlingAnssunisasinlsenaunienisvensiuuiiasdlelanseUn vasiuingIn
] ) a ° a v ¢ . A o a o w =
FUAUNISHEIUBUUINEBIbALLNAN AMeTALNUaIATIA Hill’ 48 W avinu1aTasniaLadesnIw
P A a ~ ) ~ a v ' Y Ao o w
vaan1sildsusU iewIeuiisuiunsdnisasinuuulelanselnaiu nuindudadndnain
° ~ v v ' & A = ~ ) '
wuudaerandiwildulieigandi wonand lelTeuieuiunanIsnAass wuin

wuuTaeHanansane nsallindiaiuveddy FLC laf uwilinnsussiiiuAgaiuase
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Tusudreveaduindnfn siadeiuandiifuiseudangurosnisiiesginanadinlunis
wgnsainsdugUusulany Tuvhueafeatu Butuc wazame [53] IduuuTiaes MK
Gamguinlilunisnensaidadifamsasusuneldannzueulelensedn Ingldinausi
A3 Y1d2000-2d nieuTsdnwwazUIeufeurnaresnmsuiuuuiaeslelenselnuazlaw
LRN ifmﬁaLL‘U‘U?&"]aaqﬂ”ﬁLL%Qé‘f'smﬂmsLU?{augﬂﬁL.me;i'mﬁ’u MmAdesnanaziouliiuls
audangureansairsuvudrasdlumsiiudaanuamisaveanisnensainadng dmdu
nsaraesnedsiiludlediuud nsudsuudiasslelansedn uuulauuin n3ouuunEs
syninslelanseUn-lalumen gﬂﬁmﬂfﬁfaejwLLwiwaﬂaLﬁaﬁwmSLLazeﬂizﬁumﬂmmuéwaa
miwmﬂm{luﬂszmumi‘ﬁugﬂLLsiuT,am Taherizadeh waganiy [54] ldaseinsidsy
sunanadnlaglduuuirasanarainuuulsidusius (non-associated plasticity) 53
anmimwuiai%maﬂmLasmiLLs‘ﬂ’qmeﬁamlﬂmmﬁnlumﬁﬂaaamﬁugﬂuﬂu‘lam
TngefunIsMuILUY return mapping formulation deuudiassnisudeiuoulels
nsetnuuuliduiusiannsanensainisinee (curl) lusesds (drawing channel) daenail
Usy@ndsnm Mendiguren wazang [55] Ioiausnsvuaninaresnisudauusiaoslamm
Anvielisaiiuanuuiudwesnisdaesmeldausigiunisufsuuudaodawmin ngld
n3AsBusugUag (U-channel) 7ifi draw bead tiafnwnisinndu nanissassuandii
wiuigunsmihdanuuiagiliainnsudsuuitasslelenselnuandaninasainisuds
wuudnaonaulalgnsoUn-laluufneg 199aau Strahnow uagany [56] laWmu
LUUd1a8 Finite Plane Strain dmivusiulavgfiogneliussfia—a (tension bending)
Tnefinnsannisudeiiuuulolamselnuaglaumin uazlingues Prager isesurenisuds

s

wuudaeslaw@n nan1sinaesEnsaLandliiusg1sdRluienNNdf NS iines
A1sudsuuUTIaeslaLRnd o TUUARALAZAITATLIIBAILLAUTZATINITTULTS Vauz il
nansynulugnsraneusslifeudates  Fu kazang [57] lnuaualunienisinassiny
ﬁm%’ummsﬁmﬂﬂLLaulaIWia?Jﬂu,azmiLL%aﬁamﬂmim?{eJugﬂ lngenden1snngaunig
WS aIRAaULiBALASauREY INawiAsIn HIll 48 waswuusassnsudauusasdlanufnld
L%qLﬁugﬂﬁmﬂsﬁtﬁauﬁﬂmm@wnﬁu (inverse problem) W%’auﬁgﬂsﬁamagmmilﬁaéfw"?q
wuulalanseUnuaslawuinlunisneinsainsnusa—n1snseanvasnisnadauiuulaman
Fawansinwdlrduinnisulauuiasdaainlinadenndosiunismeassnnniinis
wlswuudnanalelanseUn Hu wag Yoon [58] lamuiiuuiiassnisudswuuitasadnilou
weulalanseUn (Anisotropic Distortional Hardening: ADH) nneldingnistvauuuliddusiug

lngd198naeiasIn Yoon2014 wazthulszgndldiutanaessznm laun wanesuausm
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uazivanidsgedugs (AHSS) InaiUSeuifisuidulAsmnudulnamelimdamsuiiuandnaiu
FENTNNANITNARBILALLUUTINDT ADH foun Hu uazang [59] laveneauidenielang
n1sinaluudunus (Associated Flow Rule) laelginauginsin Poly6-18p wag Y1d2000-2d
sufumsuanuuirassdndeuteulelavselniialy namsAnwmuitliiagldngnislva
wuuduiusvseluduius anuainisalunisneinsalusingnisal Bauschinger effect
HansagluspiviiaenndoafusnAdonounth oghdlsfiniy lunssiassnszuaumsiudusy
(stamping) WUURILAY nsudswuudraedlawuindngnitluldnulaeasdunisdiass FE
Tneranizegdsluuiunresnisnensalinndu freg1emu 91uvee Chonethairungruang
wazAne [33] dmsunszuauns SHE n1331aeme FE Adinasdamsudawuudiasslan
annTewuunaulelanseln-latuudnuilieg1aunsviaty Taherizadeh wavang [60]
Iowamnlusunsugeedan (User-Defined Material Subroutine: UMAT) @v3usuudnaainis
Wianvusraewanlelanseln-lauainluzenduas Abaqus Sawanisinwdhifiuegn
Fauiuudiaewanlinnuwiudilunsnennsalgeniainisiinisudwuuiasdelenseln
LNE9BEAET

AUNIsANINRILLELAMANLEsNY Tagdunmsldinasianudemeiunsiane
TunutugUlansuiu Meowmnatesruisiugifnnniinisidulds FRLC foguuiiugu
Y99ANIATENABINY FetaunuITesavand [61-67] A% Wdiuiwsednsnmues
Tadannuidemefieguuiiugruveannuidu-mimedsnfiaansaiusamudeneldesig

a a o

WU UeNANT ASIFLNAUTANNLEINETLANAIALATUSZANT ANUDINISVIN U EANY

v | =

HgvenansaTusie n1staenldinamianuidsniesududiudifysan)sAnsRmuas
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Andfinaudevne
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LTI AN AN YRTAR NG ANTIUNSIHeMBMUUIMTYT (Ductile Fracture
Criteria: DFCs) suwuudnaemsndinanansildlunisinaduladaanudemevesia
nzaila Ingrasiianigyenudsmeaslauiannmsnaaeuaudidan Sallanvuzade
AURNUNINIATIANSTUTY LuuTaestuguvatilnensluiauduainnalnsedugania
vosanUdey lawn nsiAalnss (void nucleation) nsiaulaveslngs (void growth) way
N39WAwealNg3 (void coalescence) Fausingmsalszauganadinadteiduaningman
P94N1341NT08T1ITEAVLMNIAVLEIT LI ag9l3ANN inausiAudenauRagLu Ul
Y aw & = = W 3 = =
anwaznTIiavasaMIEsmeiuand1aiy larsUluuvedesdusenauaadenenlyly

wuUI1anwanaaiuluwuiuy
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finsiauainasinudemeuuumiisvatsguiuuiieiunsusiuglunsinne
Fasriamnuidemevesnistugtuiulany feg1amu wuus1aes Mohr-Coulomb (MO)
[68] gniunldedrsunsnats lunseuvesuuuitassanudemeideselias (Continuum
Damage Mechanics) inasianademeuvumioninunavesnsifinesnisuusguuds
(Strain Hardening) Seniuuusiass Hosford—Coulomb (HC) dmsunisBudumnundeme
130] uana1nil Lou waz Huh lflaueuuusians DFC iBasiaii asgununln daiendy
LUUTIa8Y Lou-Huh (DF2012) [27] sieunladinsimuiwuudnass DFC2014 [69] uag
DFC2016 [29] iileuiindszdnsnnlunisviiunsanudemelasaiunsasduionalnaim
Aovmgszdugamaldatery luvamdenty wwusaes MC FSumsveneraduuuusians
Modified Mohr-Coulomb (MMC) [70] @usuuinaes Lou-Huh (DF2012) 1asun1susuuss
Wi anuld§uiunsfiwes Lode (Lode parameter independence) [28] wonaNG
wuUsaes HC daldsunsimuniiudulnemisdmginssudueulolansed (Anisotropy)
yes¥an Fa3enitkuudiass Hosford—Coulomb iBaueulelensed [30] Tumsmssiud
wuus1aesriad aules (Coupled Type Model) 19w wuusIaas GTN-Shear fracture
[71-73] Agniha ¥ lunsvhuisarudemelunszuaunstusilansiduiy egadlsfin
wuuaesnaEiaMudemeLuumiearialidesles (Uncoupled Type) flondanalnais
Femesgiugameadiasldiunisianuazyiulgiegeteiilowuistagtu TngdamAded
Lﬁm%’aqmﬂ Hu wagatdy [74], Mu kagagy [75], Li bagAady [76], Yang wagauy [77],
Zheng waraue [78], Dou agay [79], Sun wagAae [80] 59399 Gao kagAuy [81]
ogslsfnny Inusimudevonuumioanldsuanudeugaanlunisihueanudenely
ﬂiauma%ugﬂLLcquawséTQﬂQLﬂULLUUﬁiﬂaaq HC, MMC wag LH

Tundveansvssdfiuanuannsnlunist ugvesn1si ugUdeusaduresval n1sld
inasinnudsmefaiutsatindssgndliiguReatuifunsussdiuanntugdlfueanistu
sULUUR LAY (Stamping) Meenaiu Xu uazans [82) 14 GTN-Shear fracture model
1umiﬁ'mwmmLﬁawwaiuawuﬁfugﬂ fuel cell bipolar plate A8UTIAUIBILNAY Ma tay
any (831 ldAnwUszAnsnmaes FLC filda1nsiugusisvedlvaiiounluuseiiu
amandeyeliiunstugy aircraft frame Fousafuraavial MNKaNIsANY MU AL FLC

A o =~ o o ° I a a av v =
V]WWU']@JWN?’TNNLL@JUEJ']&LTJﬂ'ﬁVHU']EJWWLLWUQUﬁL’Jm’]ﬂQW‘l@ Zhang hazAy [84] ANWIAINU

1 1
a = o

FemeiAnduiu Glass Fiber Reinforced Aluminum Laminate (GLARE) 7iugusheusasiu

a 1

vaunaIngumngiigesiunisidinaeininudenig Johnson-Cook softening model Tuns

Y

aesugy Cai kazane lamu FLD Aildannnisidildsmeiluaniveumgiiiuaneing
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fu maﬂ'1'ﬁﬁﬂmwudﬁmﬂ'smawu']5aiuﬂ'156ﬁugﬂié’1fuﬁmmLLMﬂGi'mﬁ’u MsAnEN T uR
ﬂfmwa'm'msluﬂ'ﬁﬁm']aﬂmmLﬁ&nmmaﬁauﬁﬁumisﬁugﬂ%umu Feyissa Way Kumar [86]
léfﬁﬂmmmamWiaslumﬁ?jyugﬂﬁﬂmaq51’:1&1?1'L‘m?{&mﬁ’hsmswaun'ﬁ%ugmmﬁwaqmm
s mUsTunnudenieie FLD dewuin FLC dudsiluseavsnmlunisyiungaany
Aomeitldifismesuiionninanudemefindnduegluanizvesnsideuuigns Ma
LazAnz[87] IdWaunnsadadulds FLC TWadeufumsiusious sure wadionisan
ARHGRI A miﬁnmﬁwsnmua%ﬁaLé’u‘[ﬁaﬁLaﬁauﬁﬁﬁumuﬁugﬂﬁﬁudau Zar wavmny [88]
1old FLC ‘Lua'mJizLﬁum'mLﬁamaﬁLﬁmﬁuﬁ’umsﬁugﬂﬁaaé’wLmﬁummmm Asnendl
wansbAunsUssansainwas FLC ﬁi"iﬂumiﬁﬂuwm’mL%ﬁ%ﬂﬁ%aﬂﬂﬁi%’ugﬂLLUU@?&L@&J@J’]
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demluunianfstestusndeuis funou uasiedesilonisinwide dedildom
FaudnsnnaeuaTAIena Tanuesmndnndiazau SPC270 mNMUUAL 1.0 Tadims N3
wIgutayaiiuUIN1eAuIae (Material Parameter) dsuluudnasanginssuvesianiy
wuusinag fildanmanageunaznisfuunlusunsufiuIndI3agUYes MatPara® uay
CalSyssmart® n1svageuiusUifieairadulfadndafannumdemevuiiugiuaumaien
(Fracture Forming Limit Curve; FFLC) LLazﬂ’]imaauﬁugﬂﬁ’aﬁwﬁuﬁasJLmﬁummmm
sonntusfuiiomuesnisaituuuiinestusy uazdssandudendifetuns
Wannaadulddedtnaudsmeuuiiugiunudu (Fracture Forming Limit Stress
Curve; FFLSC) uazlafaainandeme (Fracture Locus: FL) @aifuduldeilauseiiun
Aomeliiunistuguiaiifusautudunaeiueaion (Strain Path) Aaidu (Stress Path)
warAIILAL-AULAS EA (Stress triaxiality-Equivalent plastic strain Path) #il§210n13
$raestugUfesTouisinludeduusd

ﬁmLLmugﬁLLam%umaumi‘ii}’ﬂiumwﬁ 3- 1 MFidsagEuAuInNIvadeUaNTRvIs
navesdanmIEnIsNAdaURwMN AL (Uniaxial Tensile Test) vaswannanazyuluiianives
(Rolling Direction; RD) (Diagonal Direction; DD) k&g (Transverse Direction; TD) Fadunis
npaeui omantAnisiiuneulelensedn uenanidadnisnaaeunausiuung (Disc
Compression Test) dmsunimduuszavsueulelenselnnelfaniznisiumss wuudes
Wiy Wernsvaaeundivsiinsnamansinienadie saudennsadiadulds
AnuAulva (Flow Stress Curve) melsianufigiunisyinliudasioanua3eawuy Hybrid-
Swift-Voce; HSV Wy Hybrid Swift-Hockett-Sherby; HSHS NMSAIUIMNISISLADILNMINNTT
asnuaulalansaln Hill'48 Y1d2000-2d Laz Yoshida2013 wazn159iunenisiinesved
Y-U model #sauiifdamanaindsnannaglilunisirasstugus melduvudaosiiunnsstu
mendinnssaestusUandumslienngiioudisunanisdiaes

Tudaufiansveanisfnuilusudded Ao nsfnwduanuansalunisdugy
(Formability) n153¥agiEusduainmanageutugy Nakajima uagnisnadeufaunuiieaes
Jumaaeuuinveuiieai audulds FRLC fleglutigfinasanaion antuasdunisiaun

L@UlAY FFLSC @8 sDFC 13 ulisuiunsAunaitisiiasieit (Analytical) uanannteuide
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FlawaunadralafannusdsreNyinuigaInnuRiALLE81e DF2016 way HC Sauiunag
nsnaaeuas1e FRLC wulasnlaimunluuToiisneg asgnihluldlunsyssidiuanudenie
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nasaUMANTAMINava unaNndn nasavtugUlnuaimsnay nagautusUududnindusndnseueud
azau SPC270 daanshaunuiien Nakajima wazvagaufiaunuiad Yunlugjdasvasinauseiu (Sheet
Tufiamne RD DD TD uaznagauna FunesauunNvau Hydroforming)
IHTRE 1;' ;
v . = Y Faauvun 22 IaAuANAMATW TazUTe
Z o InAUATYA ainudulds FRLC - ;
AuanmnaRtEvang US4 uazsendnvia Part scanning
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wavlalensaiindan CalSysSmart adaduldsanuAulranuumnsy

*  Hill'as i CalSysSmart nneuldsaudulunanielagnizanu
*  Y1d2000-2d ® Hybrid Swift-Voce LAUBUUERU (Tension-Compression)
*  Yoshida2013 *  Hybrid Swift-Hocket-Sherby | | Y-U model
? ? T hg
¥ ¥ I v
a5auuuinaasian (Material N ) o 5 q |
AN v A3IVEDUAIUANADIVDINTTINGDS Anwndieufisulszinsnmanuusivenly
Model) NANAINAUAINTURIADY o> FY Y | !
(Validation) NSVIUNE

X = o B o
YuguTudaufiniu
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a¥ralarananaundenie (Fracture Locus) . ) .
. P aadulAe FFLSCs ad1udulfs FFLCs
AaELnaiAULEEYNY i
*  Analytical calculation * Experimental-based
* Hosford-Coulomb (eHC), sHC
* sDF2016, sHC —>1* eDF2016, eHC-based
* eDF2016, sDF2016
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Y

Uszdiuanudene
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* Stress-based
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!

a7U aduTeNansIdY
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3.1 mMsvagaumanUAvnInavasmannanazyy SPC270
3.1.1 MIvadauAsAuLAg (Uniaxial Tensile Test)

fanildlunstusuiududaitusadnseusudlunuidedingnndrasau spc270
AUy 0.9 fadwns lunsvaaeumaudimenaveandnndwiaiagldnsadeuis
unudien meldnisitunadeunumsg iy ASTM E8 [11] fifliuiaanuning 12,5 Sediuns
mMannaouazliiniesnaauleunyszas Universal Testing Machine; UTM 911an1segsgn
10 kN TunsneaeuiiasldarmiEai 0.0.9 mm/min naeanisnageu yenainiaziinisin
AAsEARaenn1IaaeululE LN (sauge length) wazhuIAUATY width AunTEIT
FunaaouRaAUENNY

devhnsnngeuILTuneaeUAnALEEEuEs JunousoluAenisiunnmau i
vanavedansusiy Tudunoumsiunaaz s uandul At Au-nnuLaTeaIAIN s
(Engineering Stress-Strain Curve) ANEANANST 2-21 Uy 2-22 ﬁgqamﬁﬂmq (RD DD TD) 64
LAnINW 3-2 MnamazannsadunaliidulAsidnvasfvatuudas i liiniugs

Y & = & a o A a & |
LLaﬂQﬂfWLV]Uﬂﬂﬂ’]iLUuLL@u‘l@Isdmigﬂﬂ@uLu@qmq'ﬂqﬂﬂqiiﬂLEJUIUﬂigU’JUﬂqia@ﬂﬁr]ﬂqu’]LLNU

— 350
% ~300
=
{ B
=250
8 2
=8 4 E200
\ W, =10
N =150
R
- £100 - D
Tl s RD ===~ DD
S0 - ibee— - - TD
0s¢l [
00'0C 0 i . | I
ﬂ) ASTM-ES 0.0 0.1 0.2 0.3 0.4 0.5

Engineering strain (-)
AN 3-2 (n) YuIn gﬂs'wum%yuwmaaumummgm ASTM E8 aU1AAIIUNT 9
12.5 fadwns uaz (1) uldmnudu-anuesonienssudilaanisuageu
fawnuiAedtUSeuisuiuluwul RD DD way TD v¥eauannan SPC270

AURUILAY 0.9 TAALUAS
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1oNANG TUNISNAFBUAILNULAEITIEIUITaAUIMMIAEUUSsANS haulalansal
(Anisotropy coefficient, r) lagldnuduiusluaunisi 2-6 lanasan1snadeultuLAgIfu
AULEULAIAIULAU-ANLLAS UAIFINT TUAILEAI LA 3-3

SN

W

(S

Anisotropy value (-)

0 ' ' |
0.0 0.1 0.2 0.3 0.4
Enginnering strain (-)

AN 3-3 duuszansuoulalansaUnniean r-value nasanisnaaausUssuieunu

5811379 RD DD way TD GU@JLﬁgﬂﬂéjﬁ SPC270 ANMUNUILNY 0.9 Uadlung

3.1.2 MISNAFABUNAWKUUIN (Disc Compression Test)

d1115uA r-value MelAaN1ILIIAMULAULUVADILAULYINUIZALTaMIIAR91NT
NAFDUNALNUUIY mimmaa‘uL‘%'uﬁumﬂé'f@%umaauLﬂum‘%aﬁymﬂammLél’whquéﬂmq
8 faaunsdmsuusInaikanaeiu 9 usswariinsveaousluurazussIuaL 3 As 910t
IadunuEalifieliinesonsineneion thlunameyemasetsiutizeuduanddunmi
3-4 (n) MousmseAUIRuT uanaetL Tnenaldianuduiswsauiunsnaunseis
ANULAUATULIIGIER (135 MPa-290 MPa) mviualilawindu 135 154 174 193 213 232
251 271 wag 290 MPa AWEIRU FuNAAEUNEIINTUANIALLE9EinsaE 880NN
firmauazazursasiauandlunmi 3-4 (1) Ssazanansainduringudnatsluiun RD uag TD
Wi AunmLeInsaduandluunsi 2-5 nduresAAnueS eIy
A1SNAEDU %ﬂé”ma@@uuﬂﬁ’mmmm’%am%qﬁgmaaﬁﬂma wae (DD, TD) AMAUALEULU LTI
(Inenn37l Fitting Teyasannisidunse) mnudnvondunsedorduussansusulels

N50UNNYlAENIIZNITFUNTLUUADILAULYVINAY
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Upper pad
@ Upperp v)
@ Lower pad
© Circular disk sample

Initial sample D}?D
0.20 -
— Linear fit curve ﬂ)
3 y =A1.194x-0.0003 °
E 0.15 | (R"2=10.9467) Stepwise
= Rb =1.194 ® force (kN)
‘E ° 0
§ e 11
< 0.10 ° 12
Q 13
& 14
2 o 15
Z 0.05 |- w13
= o 17
e 18
0.00 ' ' Vs,
0.00 0.05 0.10 0.15 0.20

Plastic true strain in RD (-)
AT 3-4 NsnadeUNALKUUINKANLAY (N) YANAdRUR WFISBU (1) FunaaeunouLay

NHINIINAFDU (A) ANMUFUNUTVDIAIULAS 8RR I ULULIST ALATLULIVINNG A

TuisazdunaaauNSUNMIEANAUYRINENNAT SPC270 AILMULAY 0.9 Tadluns

3.1.3 anUinisnaresnannal SPC270
INITNAADULALATUIANTANNNALUTUADUNITITHVNAU AUUTANIINAAINE) VDS
WianNNaTagw SPC270 AuvLEY 0.9 dadwasasauisoasulanuanslunisned 3-1
Feazamsadunalainvannaddaud@n llvndululsazfianig uenainiidsaznuin
I3 v A o ada ! A oA A o A N o a & =
wannaiidnsgadne nanife de1n1sdadfignasiiaidudssdnswaulelansed

(anisotropy) Migeamsnzuin1sunllauguanvseTugundudeu
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A19197 3-1 auTAN19NaVRUNANNAT SPC270 ANUNUILEY 0.9 Tadluns

Direction | Yield Strength Ultimate Total Anisotropic value
(MPa) Tensile Strength | Elongation at 17.5% (-)
(MPa) (%)

RD 135.346 287.245 as5.77 2.936

DD 137.857 294.455 43.60 2.077

D 132.644 290.045 44.60 2.293
Balanced 137.092 - - 1.1937

Biaxial

32 mimuaaiadulAnnunulaiuuining (Determination of Cyclic flow stress curve)

1Y

lun1sfinwil idulasananaulmanuuinganslunisdnassdugy ageSungniuauns

Y9N 15uTITIMUUATIIANYS Y-U Teaziiarpsfianizian (Material Parameter) Tunis
AVUANGANTINVDIAR Tun1smANAsiIRanassanusanlaegsialaenisldganius

d11593U MatPara® lagagsiosfinisundideyagounuanuAu-auwn3en (Flow Stress

Y

a

Curve) vasTanuinlulugeansiing 3ntuganiuisazmwinanwa lngenfurSuduiiey

lugrudoyasnsuanstunauluning 3-5 Anmualvseldd lnefigenduwistazanansatnd

v %

TOYAAULAL-AIUATEALUFULUUEULAIANULANTITINN N AN TNAFBUTUN TR UUATULSS

Y

Asazusang (Tension-Compression; T-C) #3atizgnitn1snaaaukuLindng (Cyclic test)

LAz AIURUANUAL-ANUATEATINNAINNNINAGBUALNWAYY (Uniaxial Tension) 1ng
Qt:lt:’lj

Maesisiaziinsmwnaasifigenndedndlfesiuwinesdudeyaiiuiainnismageui

wanenanulaeazasueluasusaly
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| . . |
i Experimental RD monotonic |
l uniaxial tension !

m
>
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(1]
=
3
D
=2
-
=
+
(o]
-
D
w
-

1 ! I |
| Mat Para . Mat Para |
I 1 |
! | YU equation | ! ! YU equation !
L
! . Exp. Data base YU |
Auto adjustment vi | P
: ! : v:: :n iu;a’:ﬁ';ozl,z : : parameters of' SPC270 sheet :
: method A\ Auto adjustment via Non- | |
(WY & S ST\, Lo linear regression method I

Manual parameter :

L Jefinement _ _ v L ___._ )

______________ I RNSENLATN =" \\

I YU parameters : I YU parameters :

Lo _Jfo'eToTo% H (- WS g e O SR AN V. AR 1
(n) (v)

AR 3-5 TUABUNITAIUIUIMNAIAIILRNIZTARN09 Y-U model lulUsunsy MatPara®
Wisuiguiusening (n) mslideyanisveasssumssuuuady uag (1) Uaya

ANSNAADUALNITAILNULAY

dielidayaildannshuisaniafinugndoasindefionulseitaldiinig
dnauemuLandfiaonndesgensulivendunuiulnauuuiginsildanmsinne
sz unuuiugumslideyarasramudulnaildanmvageuunuuiginsdaenis
nadouaduRazng wazdeyarmufulvaildanunuie duanddunmi 3-6 () uay
() auaRU munawansadanaldinduldsanudulranuuingdng @) Aldannnsg
ueaensidvensiuaiauand15agu MatPara® danudenndetuausuldniudeyana

[

n1snegeuIdaIkuUfioglug uteya (Data Base) YowoduIs MatPara® dmsuian

JAC270 waziilavidulsiviiuneldmudeyansvaaeuisansuuuinieuiisusuduans
Tunmdl 3-6 (A) asnuiiduruneiiaesiufinnuuandetudndesluuinuanmmwanuidu
nanuufauaznn oghdlsin dnunsuazmsziuanuduivhnelddulmuaonadosiug
Fevilvannsadeldiinislidoyannnimaasuunuiestuassoliumunimeaey

Sumszwuvaduls TnevinnnsAulazyinungmesenaws MatPara®
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600 600
()
400 400 -
= 200 = 200 -
= =
o 0 o 0F
171 ]
o g
+-200 7 -200
E L
= -400 = -400 -
| O Exp.-cyclic | . :
-600 e el -600 i $ﬁp;n|::;otomc
_800 1 1 1 1 1 1 1 _800 1 1 1
-04 03 02 01 00 01 02 03 04 04 -03 02 -01 00 01 02 03 04
True strain (-) True strain (-)
600
(®)
400 | == =
~ - ’/
= 200 | .
=
o 0
g
5 -200
g = =2 _~
= -400 - - ==
-600 —— YU model (Monotonic)
—=—="YU model (Cyclic)
_800 1 1 1 1 1 1 1

-04 -0.3 -02 -01 00 01 02 03 04
True strain (-)

Awd 3-6 N1swS suisuveadulAsaudulnauuuigdnsiivhunelneg Y-U model #e
(N) NANITNAABUTUNITELUVARUANUAZNA (Tension-Compression Loading)
(V) NANITNARBUSUAITEUUUAINULAYY (Uniaxial Tension Loading)
yoaundnndnazau JAC270 4 soglugrudoyaveslusunsy MatPara® uaz
(A) PMsiUSeuiisudurenduldinnudulnadliannismeaeufiunnsiady

d4997591nN15vuelagly MatPara

TunmsaestugUiiniduressndnseusudanalvgdoussuussuroanainield
4N1EURINTUTIRIATINKUUNEN Combined Isotropic-Kinematics L&ulAsnuLAulng
wuuininsasanunsaviuelalaenisldteyaresdulasnnuaulvaainnisnaaeufswny
WAealununin RD saudunuudasaudeiatindinues Y-U iumenduid MatPara® #9ay

1115099 d18lagnN15ta UL AR D UAUAIMULAU-AIULAS HARS AN UL WIS 271NU

Y Y

3 o

FONAWITILANUIUAIAITLANY

LY

anv9 Y-U model wagasradulaunlinuansuning

3-7 BazdAIAIFIRNIZIRaNNa1 SPC270 FILAAIINNITNAdaULAaLAIWIMNaLTRN9NaTY
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JURDUNITITET9U auUANINAcI9 o) VoUNANNAIETYU SPC270 AIUIUAILRUIUNY

v
I3 Y Ao

0.9 fadlunsavannsaazulafuanslumsnd 3-1 Gaazansadanalainmannantllaudin

& o oA

TiwinAulunsaziani1e UeNAINRTRENUINMENNATINTEAFINA Na1Ae JAN1sEnsnas

Y

[
==

uwagilarduuszansuaulelansed (anisotropy) gedanuzunnisiiluduguanvsedusy

Y

NudoufInisei 3-1 laglunndingand eduans As dulasanuaulvauuulelansetn

o A dl

AAINATNAADUAILNULABILAZLAULAYAMABLAUNYIUIE LA NTENALIS MatPara®

0.6
0.4 r_,__,r =
g 02}
2
» 0.0 - Er==F4
=
%-0.2 -
2
=-0.4
-0.6 | seesee  EXP. (RD)
YU model
-0.8 : '
03 -02 -01 00 01 02 03

True plastic strain (-)

Pulled

, width[12.5 \ﬂ —
50

Gauge length

0

ASTM ES(type 12.5)
ﬂ' 4 v b2 U % d' o 1 % 127 2
Al 3-7 dulasanurulnanuuiginsivinueley Y-U model sauiunisldidulas
AMULAULaR LA INNSNARDUAILN UG BIVDITUNAFDU ASTM ES Tunkua RD

YUVANNAT SPC270 AMUNUILNY 0.9 Hadiung

M99 3-2 AAsTiianizdan Y-U model vaaiuninndl SPC270 AUy 0.9 fadiins

Y (MPa) | B(MPa) | C, C, b - N B
(MPa) (MPa)
116 60 400 700 a4 7.8 195 0.45
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3.3 msmuudhaduldsanudulnavuulelansaUn
Fuldsmnudulnas nusziandi ldlunisesuisauidulnave wudnndrvdng
Tumiﬁi’ﬂaaaﬁugﬂiamt,ciu Ao uldsmudulnanuulelensedn tduldedazanunsa
wildingannisaae UR LU EIvesTuNAEeU ASTM E8 Afiemns RD Taefiauifuuay
m'mLﬂ%&szl,ﬁ‘flumiﬁﬁmmmmmmLé’ummm%m%ﬂmhqmiLﬂﬁaugﬂm'ﬁ (3AAFIN
99ANMULTIALEIER) 91NNITIHANUANNUTUBIANUAWIAINTTUANAUNTT 2-21 Uay 2-22
DudulAaasesuansluannig 2-26 uag 2-27 @uldstlavannsamuamldiaauienig
LLazLﬁaﬁwm3éfmLé’uié’ﬂmmmmﬂﬁaugﬂmamzﬁﬂﬁléﬂ,é’ﬂﬁqmmLé’uluaﬁy’qamﬁﬂwmﬁq

LAAILUNINTA 3-8 A1nAMNATNUINAULAIANULAULaTUANAANIT AL AIANULAUT Ll

o v & = a < a o
wihiudsuandliiudnginssunisiduteulolensednvesian
400

350
=300 -
[~
=250

wn
£ 200  # Experimental ,
~—
- uniaxial tensile
z 150 TD
DD

2 flow stress curves
=100 esssee RD

50 " ssvsee DD L/ RD

0 .I..... ’]-“D m =

0.00 0.05 0.10 0.15 020 0.25
True plastic strain (-)

And 3-8 L@ulaannuAulnalulkus RD DD wag TD A EAINISNAZDUR INULA 87

YDUNANNAIALIY SPC270 AUVUILNL 0.9 TaAuns

o/
v

MM 3-8 azdanaldinduldsemiduluanisaaeuiaguuiiaianuiulya
Usgaal 20% Geo1aliifismasionisiaesiugulansusiunieldusadfureanad (Sheet
Hydroforming) uagnsAuIaEmaadn fuudsdinsiienaunsinlruddeanunien
(Strain Hardening Model) 1u Swift (@uns7 2-28) Voce (@unsfi 2-29) w3e Sherby-
Hocket (aIn"371 2-30) swihuneauAulrafian1iznsivasusuunng vieealdaunis

WUUNEN HSV (ﬁllﬂ’ﬁ‘ﬁ 2-31) NIDAUNITUUUNEN HSHS (ﬂNﬂ"li—‘ﬁ 2-32) 1n8ANAIAIVD
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aun1swUUBRAEIaTaInsanlilaen1sdnns@annnes (Regression) TunsiuiaAing
Fluusavaunts dnsvaunisuuunanazdunmsimenim w lunisdueandulua
Fvungldanaunis Swift fuaunis Voce w3e Sherby-hocket Tnefngsimdniazdsuly
Fovauiian Error Uinaansmmveaeutiosiian meiivesusazaunisazainsdang

Taeaandlumsnan 3-3

A19197 3-3 Arpssanz Tanvesaun1sn1sYliudeien A3 envaMANNaNa v Y

SPC270 AMUARUMLAY 0.9 TaALUAT

WUUT18IN1TUTIG Aasiianzdan R?

K (MPa) &) n

Swift 0.9986
540.5320 0.0067 0.2711
A (MPa) B (MPa) C

Voce 0.9998
382.1488 221.6432 9.6111
A (MPa) B (MPa) C n

Hocket-Sherby 0.9987

421.2708 276.6748 4.8240 0.7831

HSV w (0.7) 0.9377

HSHS w (0.25) 0.9351

9INNIsAIIAMIAIASTILRNIE TaRMENNa1 SPC270 Asuandlun1seil 3-3 AAsd

Y ' o % & Y &y v Yo = =
aenaazansadassduduldmnunulraladeansdunimi 3-9 (n) uenanilay
° | - = o w a A '
aunsamuINANIINIdBvRIAUARARARUGdasRde (RMS Error) Midesunlaine
mMnegeuld MneyanisiuiaianslunImg 3-9 (1) aenuaunsidane Swift uaz

a1 oA °o v o

Voce agilAdeeiuugadaiinuuwansineg 19ddedAiuaun1suuunas HSV wag HSHS
& o Y w o s A a o
wenIniaunsnianuaenndesiuAmnsnaaeuNINIgAReaNN1913aAeY Hocket- Sherby
ag1alsnf lunsvuguiiniswieuslinng anudulwaiianizniswasuguuine tu
fanudrAguinnin Msviueidulasanurulraszdesianugennaesnua1flaaInnng
nageulutnUanaiienavanunsavinengAnssunsiudsuguianiugisnsiuaeugudsnm
49 (Wu3udn) Mg wvanunsaialaannsiwinanlosuuresdaraunsaawanddunng

3-10 (n) wagazau1sadunaf1fgidn 0 lansamd 3-10 (1) lngAndesuudendiiile
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fanlng 0 vingadianuaenadesiunimeasdas uazluvaeineaiuil Aiigeanutandli

wiutswliuzifenuweenluas annnsnasnudndulfsanudulnauuunan HSV uas

HSHS fiwwiliugi 0 luvaiaunsdufeadivuiliugesn deuaunisuuunandadudu

lasmhlllumsheediuguuazmsanaidmaainiunsaiadulad@indinnisdugusige

600 iy 2.5
«  EXP.(RD) £
500 | s 20
= = 1.5
S 400 £
= © 1.0
"
wn 72]
g 300 - Predicted flow stress curves under = 0.5
- strain hardening phenomenal R
Z 200 ) 0.0
— Isolated models  Hybrid models = o ~ o~
= = E e & w
Swift ~ ----- HSHSO0.25 = e < :
100 —— voce — ----- HSV0.7 2o S\e
—— Hocket-Sherby R £z =
0 ! 1 L 1 E m 7
0.0 0.2 0.4 0.6 0.8 1.0 g =
(n) True plastic strain (-) (v) T Hardening models

a Y &y v ° o8 v & v a a a
ANNN 3-9 LaUIﬂﬂﬂ'J']mLﬂu‘lﬂa (n) VI’]UW‘EJI@‘EJﬁiJﬂW‘Jﬂ’IWIﬂMLLGUJmEJﬂ’mJLﬂiﬁmL“U\‘iL(ﬂEJ’JLLaS

WUUNENLAZ (U) AITINTIADIT9IANULTBNULAISI@D9IRAY Root Mean Square

Error Tuwmagaunis

380

Flow stress curves

— %wift © < EXP.
—_— o oce !
IV Hocket-Sherby
S s HSV
£ 360 . Oivp™ |
= r —har,i
: Py 7
&= 350 1 ;i £ Error
S5
=18
I
340 (n) | 1 I @ | 1
0.20 021 022 023 024 0.25

True plastic strain (-)

=3
s
E 4T Voce
=1
s 3r Swift
%
Ea2t
; HSV
e 1 Hocket-Sherby
W
i (HSHS
é ) Ideal error =0 MPa
_] 1 1 1 1
020 021 022 023 024 025

True plastic strain (-)

a a v v a |
AN 3-10 AULY ENL‘U‘Lm']ﬂsll@Haﬂqﬁﬂﬂﬁ@Usﬂﬂﬂﬂ’JWNLﬂu‘lﬂa (n) ULU'UiL'JﬂJSU'JQ'Uﬁ']EJ

Yoty alukaaraunITua (1) A1RNLAaIAAE audNYsaluanliLiuds

v | A v
?’\I'J']lﬂ»ﬂaLﬂENsUENﬂ']V]IWQ']ﬂﬂ'WiVmaa‘U
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3.4 nsAIMAmARNIEIagUasnauginmsasInuuuweulalensatn
lurdelimnaiivesinasinisasinisanasiszmuinanaudininavesianila
nnsnadeulufiani1eneg iugendwns CalSysSmart® daudurondwas @endudald

AuIAIAALANI Tae Inain1sAsInves Hill'ds aglirdudssansueulelanseUdnuiuy

| A r r r o U 13 ¥ o1 wa U o
a1uen An 040 Fmsuinaeinisnsan Y1d2000-2d agldrnautinienavesiandiuiy

1,7,

wUaAn Aa 0° 4597905755050 45, 0905 0

LAZAIMSULNUNNISASIN Yoshida2013 Az lvaudn

r

027455790505 04>

NN9NANEINNAT AD %0 Tpeiisaaanmusiasilansniunnsatuneun o
n15ATINHILL 48 Usenaumay -GN (qaeinisasan Y1d2000-2d Uszneuaae

&, 0ys...r ClsCyyene

8 LazlNaein15ASIA Yoshida2013 agUseneunie 66 Weazanunga
wanslumnT197 3-6 715797 3-5 WagAN3 197 3-6 ANNEEU
nMsAINAIATanzian iy Ansdadsnaadsunudmnduidiluluaunis
InasiNIsAsINTsENLaLNsaransaadraduiuianisasan (Yield Surface) 1ef aneld
auufgIureIAUruluszuy ladan1sasinaasdia (Yield Locus) Tuwsiagaunisazaiuise
Funalddauandlunind 3-11 Fuduladaitogluzetis (Normalized) Tngluununmil
ﬁ;mmmﬁl@]’mﬂmimaauﬁqLmuLﬁaﬂuﬁﬁma RD da¢ TD Iwa1U13a99AUUAULNY X Uag
y ondsu Tuaiiioatull anuduasinaneldaanizaruduiuydasunuingy (biaxial
test) avogluiidn x wag y Mviidu annsmazdanaldinnasinngasin ¥1d2000-2d uaz
Yoshida2013 agfiauusiugnlunnsviue A sl dLAs N AL @0 UL ATHIAUA LN,
PNMUBARaYIAUED Y IagUs1n) 217Nl iuAIRINALATINGINNITNAG DY
vaanuiirmeaniag luvaieatuiinasinisasin Hill4s agldanunsavuigaandunsin
Tuanmenisfinaesunuiniu visenananlddunasinisasnidvineaiuduasindigs
nasdluanmeanuduiitasiwhuielduiugianzannyauAunsINANLLLIS
wenanil lunsazinasinisasInazaunsassuiisunnuusiugvesAduUseans
woulalonseluazanuAuasinnieldaniiznisfawnud erlunaarianisdlanauanaly
AT 3-12 (1) way () auddy avdanelddianunaeinisasiniuiinnuanunsalunis
vnerueulelamseUsuiiesannnssnnamansiduiinisidmiueuleTansediaauan
Vldaansariunenaliwiudfiodisuiunanisnaass Tuvasiieatu dmsuainudy

ASINANYTANITAALNUR BT LRWILENNIT Y1d2000-2d warYoshida2013 a¢dANUwl U
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anufianig Tundnia RD(0), DD(45) way TD(90) 1nauginnsAsnn Hill’48 agfiminayuen

TunsiugraanIEANUALATIALLY RD

1.6

=
o

&
%0

Normalized TD stress (-)
(=]
=

Hill'48

— Yoshida2013
—— Y1d2000-2d
O  Experiment

1

1
p—
(=)

-1.6 -0.8

0.0

0.8 1.6

Normalized RD stress (-)

MW 3-11 ladan1sesinveamannaiazyy SPC270 Fwhualaeinaeinmsnsnfiuaneneiu

WU UAUSENINIAIANULALASINA LR A1NNISNAFDU

3.0 &
X, Predicted anisotropic values
2.8 \\‘\ via anisotropic yield criteria
_ MRS
< \\ - - - Hil’48
E 2.6 Y\ === YId2000-2d
= \\_ =~ - Yoshida2013
z 24} \
5 \
£ \\\\ P
.E 2.2 - \\\\ ////
< -2
2.0
O Experiment
].8 | 1 1 1 1
0 15 30 45 60 75
(m Orientation (degree)

Normalized yield stress (-)

1.10
O Experiment
1.05
1°9¢ Predicted normalize
yield stress via )
anisotropic yield criteria
095 I Hill’48
— YI1d2000-2d
— Yoshida2013
0-90 1 1 1 1 1
0 15 30 45 60 75 9
(v) Orientation (degree)

Anh 3-12 nsiSeuisuanukiugwaan1svinuy (n) Amdulszanswaulelensesd wag

(v) §n3auANUAUATINYBLAALINMYINITATINAUTaYaT lia1nnsNAaey

(Normalized yield stress)



AN9197 3-4 ANASFlANIZIANNAT SPC270 Ya9Ngin1sAsIN Hill’4s

F G H N
0.3253 0.2541 0.7459 1.4931
A15197 3-5 ANAIFILANEIANNAT SPC270 Yeanaein1sAsIn YId2000-2d

a, o, as a,

a, a, o, a
1.119052 1.013844 0.930484 1.037497
1.010016 0.940724 1.166785 0.80713

miwﬁ 3-6 AANAAANIZIAANNET SPC270 URUNUINNITASIN Yoshida2013

Cl C2 C3 C4

1 1.491825 1.746841 1.811924

C, C, C, C,
1.605796 1.327341 0.953123 1.116801

C9 Cl() Cl] C'I2
1.647687 1.584735 1.496063 0.985951

C13 CI4 C]S Cl6
1.165637 1.871791 1.243316 1.330482

3.5 mstugluaznsaiauuusiasstusUfaidurualvgfsusedusaanan
351 nstugUdnidusadnssusuinalvgiousaiuresma
Tunsdugudnifuressadnssusudvwialug fauansamluanudfnmi 3-13
maww’i%&%ﬂ%’maﬁugﬂé’ammﬁmmmm (Sheet Hydroforming) @sfin1seanuuunaln
nslusatuvadlnadieszuu Sigle Action Press sanansninaigaesfifluand 3-14

PAvua s lUd
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o

NN 3-13 5UT9 JUNSeanuiAvesudiudnntusadnseusuivunalig

WY

A7 3-14 A mRgdeiRkansgauliiusUtdiuvwnlngmeusiuresainigle

N1799NLUUDALIIAULUU Sigle Action Press Sheet Hydroforming

1% 1%
a ¢ o & 1 o [y = v a o 1a L3

Lﬁ@ﬁ’]ﬂ’ﬁ’e}@ﬂLLUUBQJ’JLLijWNWﬁ']LS‘ﬂLLa’J YURBDUNAUTIADNITEATINHASAARAIYA LN NWUN
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fannd 3-15 (n) asluASosduR&aBTe KOJIMA §an1nd 3-15 () Faduadosdurnganialy

Iuamﬂﬁﬂﬂiiﬂ\l mﬂuummimuﬁwﬁuﬁuiﬂﬁ’qmwm 3-15 (A) aﬁmml,l,uwuwmumwam

Y

me:dumqmuumuammu
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(m)

AT 3-15 n15Aa (1) AeYALURUNTUIUUY (9) LASBIAUAINGIRUY Single Action

Nldeglulssnuanavnssy wag (A) n1siisnifurugUaduidnuidmiugugy

Ao nturhnINamanndnazyu SPC270 1lng v uwazdaduidlvedlu
° 1 Ao 9 = o = A ew N v
Futsinmvuadalandtunmi 3-16 (1) wagyinmsiadeuyauiiuinuuuasnviusandly
al' A o v o =] 9 Yo o & o [ A
i 3-16 () Wevimh s uldiiddusalnasenanssuu Juneudauifenis
AIUANNITLAR DUT AYRIY AL TN ATUUUT 1987 UTUIRTVRIB 19anRasYIN T ISIAY

VDINAIFWUAWAALUNNG 3-16 ()
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mmfuﬁwmwmaaﬁugﬂLLazé’qLmaﬂiﬁWmaaLLsQﬁ’uﬁuaammé’aLLamﬂ,umwﬁ 3-17
Tngazdungldindetunasouifinmadnuademetnosdusduiigsds 300 u1f uazasiing
anasiuiivilandnantuneaeudemesuandunni 3-17 () warlumemssiudou Fueu
fRugUdiSaziiussuiidniduandunmd 317 @) antuasussiulfanadlnentsdnam
muAuussliiilaeendinsmvowussuftazanasiifiquiindoumond mivindusueen
INUUALA

Tudumeuaninevenstuguandunsdegauifailnenisengausifuiout ufuans
Tunmdl 3-18 (n) Seeeiitunuinegfumeduuuuazasdesiinisigunsaisessauiunuio
Joafumsnnnssunnasnduadudownmmimiinveandnuiu et unusenunan

WU LA A 92EUIT0UUNT AVNANLAZDIANITUDDNIINRININNA 3-18 (V) BaLyiINIg

ayRadounammvasiunuiiiilunssuiunisaely

I

(n) ()

(@)
ﬂ' a 3 1 I a L3 1a 6 U ¥
AR 3-16 Tupau (n) N1sRnRlangiHsaaudiu (1) Ussnuganiiuiuuwazaiadi

[
v

v o oA v & ~ a Ia 6d o v
ﬂ'JEJﬂuLWEﬂ‘ULUULLﬁﬂ‘WUU way (A) ﬂ']iﬂ')‘U?’]lli%EJ%Lﬂa@usﬂaﬂsqﬂLLﬂJWNW‘VWﬂsL‘Vi

Aausesuluveunan
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Analysis > Cycle

Cycle 1] (4[> (m) Aug 11,2020 4:31:59 PM

30
300 $
250
200

150

100 -
50

(n)
Analysis > Cycle
cyce, 10 [« »])[m] Aug 11,2020 5:32:33 PM

bar
350 -

300 - J

250 ;
200 | :
150 4% i

100 ¢

(v)
o ) & 1 &
ATNN 3-17 Lmmwmiwamaammamaawug‘d (ﬂ)SLuﬂWiVI@ﬁ@UﬂNLLiﬂﬁ]wﬁu\‘]’]u

a = O o a1 a = o & =
Aeeudeye (1) lunisvageuassanlunliiiaanudemeiuiuanuiugy
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(v)

(%
v

a a Ia 6 P Ia 6 49( ~ 4
ATNN 3-18 ‘UUG]E]‘I,Jﬂ’ﬁL‘UWQG]LLNWQJW@@ﬂ () I@EJﬂ']iL?’]’dausqfﬂLLNWNWUU‘UULW@IMGW&H?O

PTuY (¥) Neuttuesnubninatazenls

A nTusUluudaeAseazin1sinAunuveuLluUSINAIUANAMAIN 22 30
AawandtunIng 3-19 (n) Gaaglddumis x, y endunniu e3edienldin A U1nna
Ultrasonic thickness gauge (A1 3-20) #3@111303uasidoIN1TinLaI9UnInlasdn
AnamuLaziansieeninlurieiiafiunsawandunmi 3-19 (1) antuginazaunsa
o e A o a & v o A ~ v = o =
Juiinniedsuasiaguauladeuanddunmi 3-19 () Fetayaliazaiunsairunfnw

Wiguieuiunisiaesdugule



DD) TD()

o
( ) n -12

i Ultrasonic
thickness gauge :

Measured
thickness

0@l 3-19 Msinenuvruunageudusy (n) Tuusnm 22 Iaauauaun

(¥) MeLpIedle Ultrasonic thickness gauge uag (A) 10813909130

AT 3-20 1ASE9HRIAAILNUN Ultrasonic thickness gauge

Achieve Failure

A 3-21 FunutugldiSaasdeme

3.5.2 Msdnaesduguisdnhdusadnsegudruinlngmeussiuveanad
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’Lumsaﬁ’ﬂaaaﬁugﬂffa5ﬂﬁuia€1’ﬂsmuauﬁmum1mgé’asJLL’Né’fuﬁuaama’gmuﬁzLﬁa*u"?%lw
Tudiedwudazifunisidlusunsumuandaniy J-STAMP® Fadulusunsudidenldly
MAgRAMINTIUHARTUA L s n13diaesd delusunsuiiazanmnsoufiRdudunould
Sefiseandensoluil

3.5.2.1 @51 CAD 9esames Uy (Upper Die) uxunneana (Lower Die) Saviwtingi
dugenilu (Binder) Truduirmesuuudiansunmil 3-22 lutunounissiass faane
suvuagliiilaanteyarnudeinisvesgnidmun uarlunszuiunsoonuuuwsifis

9ziinsiiinsesdn (Bead) Winszasnisluavesianausifuifisuiulusussdmaliinsos

SUNHUITUITU
Upper die
(Original design surface)
Lower die
(Binder)
Hydrostatics pressure
Initial rectangular generated by single
mild steel blank action press

WA 3-22 wuuTaesawiiuivuUinindusadnseueuivune g

3.5.2.2 nmuaauanURliiuluudIaendesnusenau lagnmunli Lower
die wazUpper die 1Juinguianis (Rigid Body) wssuveslwaidunuu Hydrostatics wazdl
WORANTTUVDIUTITUY Pressure-time AsuanslunImg 3-23 uavuu Blank Wuingiianunse

Lﬂﬁaugﬂlﬁ (Deformable sheet)
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250
200
150 -
100 -

Liquid pressure (bar)

0O 10 20 30 40 50 60
Time (s)

Wi 3-23 nsaiussivvesdiiudusUlunstugudandusadnserueuivuin g

Lh
o O
I

3.5.2.3 fvueaudAniena audfdanatafnliduuduuanndazsyu
Fausznause snsidmthes uegdadaveu mnudunsin duldsanadulie waginasi
nsasin InsinaEinisasnazldinaeifiunnsnsiu 3 viin Ao Hild8 Y1d2000-2d uay
Yoshida2013 wazidulfsanudulnasssenausae HSV HSHS way YU model §1az
ansoayuiludanvalgelinuanslu Error! Not a valid bookmark self-reference.
daluil 91nn1seenuuuLuuTIaewiiutand ssduuudiaessiuady 10 wuudiassd
wansnafiy Tunrsfvuemsifiwesinasinisasin HilUas szdumsiouddulseavduen
Tolansel 3 fevndlinueending wadmsunaeinisasin Yld2000-2d uag Yoshida2013
anfunisldmasidauandlumaed 3-5 uagn15nafl 3-6 mud1dy dvsuiduldenanud
Tnaazidunisldqsusvvesmuidunazanuiaisnaisilfainnisdundoundures

NITLNDSAUNTITNSVN AT IAEANULAS AL UUNEL HSV wag HSHS falanalumisien 3-7
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A13199 3-7 Fydnvaldeveswuudnaswinuianvein1sTusuiidusadnseueud

YuAlrgymelrannataza SPC270 AnUnWILEY 0.9 Hadluns

Combined Isotropic-Kinematic
Hardening Isotropic hardening (IH)
hardening (IKH)

Yield criteria | HSV HSHS HSV HSHS
Hill’48 [H-Hill-HSV IH-Hill-HSHS IKH-Hill-HSV IKH-Hill-HSHS
Y1d2000-2d IH-YLD-HSV IH-YLD-HSHS IKH-YLD-HSV IKH-YLD-HSHS

IKH-Yoshida- IKH-Yoshida-
Yoshida2013 | - ¢

HSV HSHS

3.5.2.4 MUATEATOUA LU IR ULUUTIa09F W uled wuiussLan
Belytschko-Wong-Chiang (BWC) shell element wazil Number of Integration Points
WU 7 90 waglitwinveuuy 2 daduns

3.5.2.5 fnuadeuluveuinn (Boundary Condition) liuuuusiasads
Usznousie wsumbeu Binder 70 kN 7inszaisuuushaeiasiianonaoaniRdudd uas

LYY

Arduiavesgauifiniiumannatasyuszldnisusuaduussavsusaduaiuiiu 0.15

' [
a

o v a o o [ < 1% Y 1 v a £ = £%
wazdmiuiidudaveslnanuimannatavyuazldamdudsednsa 0.055 uonandagnas
° v la ¢ . . oA | 44' a
Avualiyaudian Upper die wag Lower die agiui Lifinsiafiaufiuasnyunaonnis
CRERNTPHT

3.5.2.6 Wemmuaeulyvaus audinianaussatufdananannued Tanuan

TUNBUANNI9ARATUINMINALRAY LUTLNTUTIVINITAWIMMIHalaaglulnuasingg
[ a ' J [ Y 1

wazazannsalansnalluandsie (Contour Color) luufiazwuuidnaaenauanifniagialy

AN 3-24 NAvuabase Ui
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Thickness (mm)

1.300
1.211
1.122
1.033
0.944
0.856
0.767
0.678

0.589

0.500

AN 3-24 F19819YRURAFRARAININTTNTEALMIVBIANUNUIHUNAITUTU

3.5.2.7 MIUIAUBLeRLIUANWN AR 8T T8UIS Mesh sensitivity gty

N199718090 USUAIBVUIAVD DA LUUA T LANAITULAIFUNANALRAUT bH  LABVUIAVDA

Y 9

LALLUAT I Nanvinlvnalas iin1siasundastiosrs e liivasunvasaziduvunailaly

v 9

'
v v oa

N591a09lunNg WUUaes laglunsi9eiasnaaeInuAA LA IUARLAR INIR AT UAUN

9 9

9 P

5,4,3.2,1.5 1laz 1.0 mm sauanslunmi 3- 25 (M @) (A) Q) Q) waz (2) MUV Laziile
nssiassedeuludun Mndoutuaranunsolina e Uesuun1anaIe I IINmL
(Thinning Percentage) UNAILNUIRAIAAUNLIAINTANS RD finandlunInaIng 3- 25
Thinning Ul 22 ARIUANAMAMNE U TsusuduRansluniwi 3- 25 (%)
1NN Mzdunalddn suaesuudi 5 4 uar 3 mm Fuarlinaaaedlinienguiu
Tuvaziieatuil delduunaediung 2 1.5 uay 1.0 mm aﬂﬁwaLaaaﬁma:uﬁuuaslmﬁmmi
Waruuaadlerumediudiisdosas drfuefundfimngadlunssaedusuadal Ae
ALWATITvNAENEY 2 mm AT uamedmud 138,135 waug Aldsuueduudtes

N1UIN 1.5 Lag 1 mm. Mugauiunakazn1saiunig
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Number of elements 30 )
20

Smm (22,145 elements) & 10 A

4mm (34,608 elements) 2 -t N

3mm (61,480 elements) £ o :

2mm (138,135 elements) £ f -=-5mm  ---4mm ---3mm

1.5 mm (246,035 elements) 20 [ ——2mm  ---15mm Imm

1 mm (553,481 elements)  -30
P1 P2 P3 P7 P10 P13 P18 P19 P20 P21 P22
Position

AN 3-25 N1INRRBINIVUINLEALIUATIINIYEN Mesh sensitivity 193915318090 U5Y
09U UINTNIIUBUATUIA LAY AI8VUIALOFLUUA T L8 8UTH ST UAUT
(1) 5 mm (W) 4 mm (A) 3 mm (1) 2 mm (@) 1.5 mm (2) 1.0 mm uaz

(%) LARINALUS B UBUTR I UBS W UYDINITANAINTLN

3.6 N1SNAFBUASIUAUNNTATINAAMUELHIBUUNUFIUUUUANNATENA
3.6.1 MinaaeulusUlauasansinauves Nakajima
n1snaaeuiugUlaun3ansanay Nakajima Stretching azidun1snagaunIuunsngu
1S012004 FednsAmuazus 9 UNsInuanslunInd 3-26 1l18vN1sAnTunaaeuniy
UINIFIULEITUA UG ALUABNITAT190519F R suTwIn 2 Tadunsuuiituneaeu Tu
av X vaa ¢ v = ) a & o = P
mAjeiiegldiimiaweiniensesawestanedenini 3-27 Mnuuiilunaasuiuguaie
I a cala v | C4 o & A a a '3 .
YALLTUANTAUR1UENa19TUT 100 AaGIUATULLATDINAABULDUNUTEAIA Universal
tensile testing machine gauanslun1nd 3-28 auFunadouiinAdye ludsmiznau
NNSNAABUILITWIINAEATUIIU (blank holder force) Tun15T9R9TUNAEBUN 200 kN way
panAn1sNAaavILlTusIdanuuasitazldanuislunisneasy 5 mm/min 1T unegasy
a a al a [ d' d‘* I~ a d‘ <
AnANUdeMEIzUTINg IR8ANVINUTHEaALlANRILAAIlLAINA 3-29 FeasiduuSnumiiu
ANULASEATANILUNITASIY FFLC S2UAUNSNAADUAILNULA 8T UNAEBUUINTB Ul UTUnDY
woll
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AWA 3-26 Funadeudugulauniansinau Nakajima wanslay (n) Anaigaeliiuay

YUIANNUA (U) TUUITITAILUAIBATEUIUAT Wire cutting

'
v a

= 7 = A Y
AN 3-27 LASDaMESlanELagIounNTNEa s 19¢1b3

HEEEREERRE

PEsEERESE
aSEsEeEEEER
iaREEREN
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AW 3-28 LATeanAdRUNUSEUSEASA (Universal Testing Machine) Yu1afNg g sgn

2000 kN nilyausiisivuadusigudnaaiug 100 Taduns

AT 3-29 Tunedau Nakajima Laziegdnualdumeusinadaiylay

WEI9NTANAEBUIUT UNAEB VIS 5 TULARAINIEINIY TuneusolUAon 15 Tn
ALASEATENTUNAEeU AT luaNN1sYes AutoGrid TumsisevinAuLASEn
FBmdnuazsesnanandios1dlunind 3-30 Taundesazin1snsInsun1sedLa suna
Aatusuariuaiurnuesen ntudnmaludnvarvetanduan Tngluusnai
fianuaseanangsgauine szuanadudunady ntuaraINsIfiUANULAS NS I NLAY

saalurdudaunansesanuiatiawluas e FFLC siald
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AutoGrid
camera

0 04 0.8

AN 3-30 NITIANULATIAUURITUNAADU Nakajima f8uannis AutoGrid

3.6.2 NMINAABUAILNURNLITUINUUINUDY

TUN15NAQUAILNULALIVEIFUNAFBUAIUINYBUN 6 Fusauanslunmi 3-31 (n)
LNAAOUAILNDULUAEINUAD NARDUUULAS BINAABULUNYTEAIATUINMSEEA 30 kN

sraandlunndg 3-31 (¥) AuSlElunIsegaay Ao 0.09 mm/min AUTUNAFDULNAAINY
VAUVNUAILEAILUAINT 3-31 (A) %130 (9)

v 1%

luNIMAEUATINAEAMMUATBIUNTUNAAB USRS 9l FunAaUFURLEe Pure shear

(PS) Combined Loading (CB) sauanslundl 3-31 (n) fisuualdselui

| Uniaxial tension of notched samples |

ANH 3-31 TUADUNITNAFDUAILNULASIVDITUNAADUUINVDULARNIAE
(N) TUNAABUSUAUNE (V) NITAARIUULAS DINAABULDUNUTLAIA

FUIA 30 kN (A) TUNAADUNLAAAINNLESNIE (1) SNYALVDIAIY
V@YY UUTUNAFDY
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3.6.3 MTINANUATLAMIENABIRANTIAY

wENVAEUTUNAeUANe uRnauEsme Suneudely fo nisTarrneSeauy
At uneaeulutsnavesesdnuinduansluning 3-29 uay amil 3-31 (1) faen1sTassee
Ba-vemownmsdimassnamdefiiunndeusendesanssaifuandunmd 3-32 Tuns
Taaneseaanidunistausnasous Suneaevuinveuiaanslunizd 3-33 (n) @)
LﬂiuLﬁmﬁ’u?}Jummaauﬁugxﬂmm‘%’ammau Nakajima T9gdisinarinaiunsous seednuinds
Huusnailldaamnesenluanmsanudensld Tnglusastuneaeufiaziidnsin-vn
liwinfuuagdsralasnsailinnuaisnasmdnuazseshiviiuvdesnadangliain amd

3-34 () Az (V)

.‘- \“
b

) Camera »
-

AN 3-33  LEULUITOULAIVMIEWAZUS ATARNLLAS 8ATDY (N) FUNAFBUAIUINVBU

WAL () USHUEINSUIAANULASEA

AN 3-34 A NENEHITUNAADUATUINYBUMIENADIRaNTIAL
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FevinsinszerBa-navosusiariunageuudinransafiuana eI snaTeg
aun1s7l 2-48 waw 2-09 Fsluusariunaaeurdseduaunaioandngsaaunzsngdan
ANULAT BAT UANEST U aLanas I AaaMA BuFuadlu AT 3-35 WazazaIANTaULS
ponilu 3 nguiitormunduuultufuansiodudm annmeaouiae il dulds
FFLC finsounquaniizanaduiaud nsdouuiand msfunuien anueieslussuiy

' 1%
S a

AUNTENINITAIADILNULYINAY 6‘5&L‘T]uam’awLﬂm%uiuawu%ugﬂiaml,siu

1.0
Ma‘!or stra}n: P1 Least square regression fitting
Major strain: ¢, 0r=ath- gl
08 |- N20 a=.33,b=.25,c=.49
R? = 0.9684
—_—
-
£ 0.6
g s FFLC
~—
o
o
=
= 04 Least square regression
= Q1=a+b-@; N90
a=0.34b=-108 Experimental sample combining
02 - R? =0.9816
(o) ® N210, N120, N90
Dol e ® N90, N45, 20
a=.49b=53,c=12
> @ N20, BT, PS
0.0 | R*=0,9797 | ] |

08 06 04 02 00 02 04 06 08
Minor strain (-)
A9 3-35 1FUlAY FRLC 999tannaazyu SPC270 AUnUIKY 0.9 fadiuns 7Alian

MINAFeUTLIULALASINTINAUTIAUNMARDUAUALAE BT UNAROUUINTOU

o b2 I o w Ig v
3.7 MSHAUIEFIUAUANINTIAANIFVUTURUUANULAY
UWHUATNTATIARAIEEWIBLUUANULAY (Fracture Forming Limit Stress Diagram;
FLSD) tuununminldussifivanndugulavelansiruwudeanu FFLD uwiagluuves

U3giianuau idulasladialunuideilazegluanizanudemeiazazisendn idula

)}

v =

YATNNAAMUEIMIGULUUAIULAY (Fracture Forming Limit Stress Curve; FFLSC) Tngiau

TAadananiazanunsacunasalsvatnuae s lunuidedandunisfnwuseunisuniy

Wi ug1UdULAIlAINIIANLITILASIEY (Analytical Calculation) AUNTSANWIEUTS
= s = 1% . . o a a &

VIO BVBLNAUNANUAL B UUAIULAL (Theorical Calculation) Aulls1wasdsAvITURDY

Aswaunsalull
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TutupeunsfunaaaduldaBdins e snsdrumdy (Stress ratio) axfvun
faganiieludmunsnindiuaninaion (Stress ratio) wuungnislva (Associated flow
rule, AFR) fivhunsannunainisasniiuanaraiulussazinasinisasindauansluaunisd
2.9 @un157 2-17(9) wazaunsi 2-20 () NTUSATIAILATIULASEALUY AFR zanansaly

o

fvuaATaATeAT 3 Vudu FRLC kuqndpuesdnsnsndiuameioafidadumdeminty
AU FRLC vasusiaginasinsasin dauaniseasdoalunimi 3-37 uagazanunso
Awranduanuaienauya (Effective strain) m’mLﬂ%EJﬂauyjaﬁﬂzmmaawﬁﬂmmﬂu
ANNAUYSEANENG (Effective stress)NMUANNFUNUSTDIANMULAU-ANULATEARINANNITNIT
vilfudesennunaieon (Strain hardening equation) antuazdunsmuaamanndy
WaNgean (Major stress) HIUNITNTNOTONTIAILANUAY (Stress Ratio Parameter) Yadusi
azinaein1sasIndakandluaunis? 2-8 auntsil 2-15 wavaunisi 2-19 luvazieadui
AULAUTOI (Minor Stress) 9¢a1115aAILIALAIINANUAURUSVITNINEIUANIULAU
(Stress ratio) Tudnwasifeniiul dwsudandmanududug avannsougudiumasie
Hugadailedls %UG)QUﬂ’]iﬁ’]u’Jmfwﬁ’lu’liﬂLLE‘W]\‘]LﬁuLLNuQmﬁﬁQLLaﬂﬂuﬂ’]Wﬁ 3-36

dmiunisenandmguizidunislinueinnudemenuuauAY Stress-bared

ductile fracture criteria SDFC Tunsas19tdulad aaa1nalevinnisasislaraninusdsnig

wiitn (T7L) yzy anudulsEavsrataduladannudsmennanazannsouauiy
A A undnLaysesldduieafuiunIsAuIadiinseal lunsAuaad Tadanny
Eemeuuuanuadlunsasinasinnudsmeaziladaf uananstusuilosninamuiy
Uszandwasedsduiinsmuinmiannaunisnisiliud sdaeanuiaion HSV HSHS
Fupnsnety oy lundasinasinisaaudemeavaiunsandasdudy Theorical-FFLSC

a J v £ & o ) an Yo A
NANAINAU 6 LA “Uu(ﬂ@uﬂ'ﬁﬂ']u’]m‘ﬂﬁﬁ’]ll’ﬁﬂLLﬁ@QLUULLNUQQJI@@QLLG@QIUQ’WWV] 3-37
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Fracture Loci predicted by Ductile Fracture criteria
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Isotropic hardening
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Combined Isotropic-Kinematic hardening
HSV HSHS
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5.1 #5U afusenansIde

5.1.1 nsimuwuudiaeuguidanatafndmsuwminnatazyu SPC270 aalsinai
A15ASINALANANAU UTENBUMELNUNNITASINLBU LB lnsaUnvas Hill’48, Yd2000-2d
wae Yoshida2013 agWuINLNaein1sAsIA YId2000-2d kag Yoshida2013 agiimnudannasd
AUKNAAIULAUATINIINAITNAFDULINATNNUNNITASIA Hill’ 48 Taeianizag1edaluus

=~ A ) ¢ "y & a Y A ! Iz
n13fgnaeiuny Ingraladavaanmann1snsin Hill'48 dagilAinnuaungndnauing
AT Y1d2000-2d 1ay Yoshida2013 uonaini 2alasdaddadilwiudsminuanunsalunis
~ ' ¢ . A | Yy W ~ =
WguLYYeiNaINITATIN Yoshida2013 7ilsUsHaennseiuNanIsnageuian1dzn1sas
gnapsnuuiiilalivoyanisnaaeuass

5.1.2 Tunisidenldaunisnisvinliudan18nuLAS oaLUUNALNYDY HSV hag HSHS
o [y < v ) F77) Y o o = v [y
d1nsuiannanazyu SPC270 LI EUL UL LN YU 8T AUEDAARBINUNANITNAR DY
lugasusnariaiy (Stability) fanavesa1nLANadounilkulTuddaud wazile
ANUIUAIAULD B UUINNISTNAEBUTUT A UL NUIINAT RMS aq'ﬁ 1.14 wag 0.92 MPa

o w o \ o v o2 = aa v ) A A
MNAIRY NaRenaTiungnIsvaluunaundnLaennaeIiun1TNAae U ddile
Wisudungnisinaldunesndanunainadon RMS aglutag 1.93-0.78 MPa vad Voce
Hocket-Sherby Swift kaziluualiaAIANUAIIALATEUTIEITY

5.1.3 A5lrUselevivealushnsudeanitas MatPara® a228lidaunsamadawls
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5.1.4 nuaNSUTsULBUANTLT 22 RAuANAnNINlULL RD DD TD vufiuiu
FugUmemannatazu SPC270 5213 NANISVAABUTLFULAZNANITINEDTUFUNUI WA
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pgellBd Ay TEnINg Y1d2000-2d ez Yoshida2013 fu Hill’48 Tawdl Hill’48 vitunsnad
wiugngavsedianuaaiandeusadan wazuenanildmuin Wedassngliauufgiunis
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wana il TuuFnamuhivluwiiuindianududeuasssnulmmanisdnasdinmaindy
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duilaanannisAmIn wilunisdjuiasnuinnistusvaseduladaiuisavile waziile
=l a [y 1 o £ a @ @ 1 v
WisuWleuiuseninmadiaoinelaauufgIunITuisuy IH way IKH azwudn IH aglvien
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Fliviudansly wuudraesdan (Material model) iwansineiu Insazdunalaan n1sasin
<, v ! = a = ° Y a v A
WUU H azidunisvenganuauasineentukuuseliloanmniag v iinnnuAungs
WALUYULLALINUY NISASINLUU IKH 928N15La0ULUUARLNIANSIUAUNITVEEVLAANULALN
ANNULAT AT RYLALILAINALANITANRINAUN UBLAIUAIY waztilaSauiisuiusening
inaein1sasInldviued wandsiufagnudn Hill'48 agyiunen1sfndnauvig sy
B3N laRaN15ATINTAFININAMINITATING U NTBLAMINITATIN YId2000-2d 7l
% d' d' I3 a o a 9 (9 d'?/ cl' d' o [ o [ 1
wlaranuauiganaziinmsyiuenishndinduiitesnan uasiiavinisiona Tuundngdiu
AAnudssuuenniludaaznud Tudnnsideavuidosdn +0.9 fadiuns awnuiinis
T1a0aneld IKH duazlvanulndiAeiigandt IH wasllalSoumguiuseninaunueinig
ATINVIENILNUTT Yoshida2013 9 UsANS N ngeannusieinuein1snsIn Yld2000-2d
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Yoshida2013 azanansavhunenamsiasanduiiusiuginitnsudeinuuy IH wazinasing
asnueulelemselin Hill'd8 waz Y1d2000-2d suiilosunannuuuiiasedsnandimsiaun
dmiuihwemsandindulaganie

5.1.6 nxan e sivadadwsifiss (Draw-in) vinameudusuTuzudae
wdnndnazau SPC270 soufiamansdiviiufiniseenuuudmiuuidgmnisinadausds
LﬁumLw;ﬁwﬁfyﬁddﬁﬁmmséw%lﬂq MNHANITIUTBULBUAUIZWING Part Scanning AU
nsdaesmeldnisligndndauuy Best fit asnuiinisiraesiuiinnsyuenisivadii
foonitunuiusuaiduynuuudians wieglsin dnvazvemginssunisinaiduasd
AMNUABNASBIITIaraINTadalng IdannavesAsrazinalin 28 9 u38A1 RMS Error
foglutng 4.93-11.57 dadiuns uaziileSouiisuiussninamsdaeanelel IH waz IKH
dznuindauunnssiueesliftud @ nasananadliiiuin Y-U model azlivilinanis
vuemsinas uilusneiertudaswuhmsliinasineasinueulolensenagyiliiaa
AMNLANA 1ol dedIAylaganIzlnagin1sAIIn Hill’48 wag Y1d2000-2d %39
Yoshida2013 natesn1sunninsiidunasudiesnannisinasmaenmadsusunanain
Alivinfuvesian inawinsanndaiununlumsiuenisinadinagilasusufiazdma
Fuansatudelinasiiunndieiy nasinanuwansdanudfgyrenasinisasniitinase
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5.1.7 1ARan1siUTgueuNavea3us1e Profile Tu section ¥319m181uy TD
YosBuNLsFArugUINgUNssuienuIIM st uUediananseiilildsusm
fisiosnstandasdmatauntadonszuaunts wiluwusideadud nsiasstuguannm
uegusedududeausisnaiile

5.1.8 Tun13vuenarean15AnfRIndu (Spring Back) vednannanagyu SPC270
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UInUnyuIuduTUTUILNUIINTIUIENI AU UL NeanIsARAING UL U Spring-
back Wag Spring-go MNNINAABUTUIUITIENUIFAAMINGUTIERITIRAANTARFINGU
WUU Spring-back @msumsihuiensansinaunuInneldnsuleiauuy H JefinnuiAy
a 1 L% a o v a 1 @ = = [y | Ay v
NgenInaglvigunisfndinduiigandinsudeduuunas IKH annansiuseuiisuiuaiile
NN1INAERUTUFUITIREnUIINSLsUUNaY IKH azvinunenaiinnulndifesnisvagey
PuUITINIINMIIIENglauuaInsulen IH nasnanaliiuddefvetuuinass
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Y1d2000-2d wag Hill’d48 viseiUsauliisunuinaeinisasin Yld2000-2d wag Hill’48 aela
AsudedLuy H

5.1.9 mawmaauifngﬂimm%mmau Nakajima S2uAUNISNAADUAILAULAYD
¥99 Butterfly Combined Loading wa Butterfly Pure Shear az@1unsaunanas1adu FFLC
fiflanmeaundunuuisiiniadouuiand nisfunuien aeSealussuiy wagnns
FledDIAUYINAY s?fqLi‘]uam’azm’mLﬁuﬁmamqmmmLﬁamaﬁmaLﬁmﬁulé’ﬁ'uaﬁu%ugﬂ
Tangiay 3nN5USeUsuEiTeved Kim wazane [93] agnuildulAsvaanannan
aryu SPC270 7 imurazdanuaonadosdy lnofiaaiuiasenassndnii gannge
(AnanaSalusTLy) Uszanad 0.39 aanHavesraaiEnasmdnuassedlulsasunagoy
ﬁiﬁmﬂmimaawzawmiaﬁﬂﬂﬁ’ﬂmmmmLﬂ%@amﬂaLﬁ@aaiy’mmumwwnmLﬁww FL
wavazanusathlumuanduanuAulun sWRILILEEAIN FFLSD saufunisiimesinae
NNSATINLATALNIINSY LT emEANLLAT YR

5.1.10 91NanIsAuIndausesdIn FLs tdu FFLC saumnannaiazyy SPC270
NUNTUUS RAUAILLATEA LU SUNUANEINTSASEB LAY Hosford-Coulomb aglwdu
afinfininnisneaesluvaigdl DF2016 azlidualiniiaeandesiunsnaaougs uaziiled
N15ANUISANAUNIT TS Inein1sAsnweulalanseln Hill’48 Y1d2000-2d way
Yoshida2013 laga1funguas Associated Flow Rule; AFR 9gnuindudinaziinisanad
RuAENIEANULALNS RN U RENIUR IS AsE LU TuarTuan 1y AU UL o
u3ans wandleSeudisutuseninanasinisasinaenudn Hil' 8 Felidmnidines
§n51dIuAINALAY (Stress Ratio Parameter) figsagshlinuiasanasemdnainnisdua
anat 9nraNISWALTE avlidiuinasianudsmeiiuanaaiuazdeliiduatageng
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%299 / Useaun1sAN®8 dgunan13dguazNanITanue

5.1.2 wuUs1889n15YIRude | wuusraesmsviideluunes HSV wag HSHS a@ansa
A8ALLASEA (Strain Hardening | yinungwinlduanuAuLazanunsunlidonad oaiune
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5.1.5 JUseTuIuUInaAsY | wwudeesnsudeiauuusan IKH Sy Yoshida2013
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vinnenafenauldlndifesiu Iae Y1d2000-2d vika
fusiughgenindntes Wesnnidumsiayuiandu
LNy Cross-sectiont 87 wazd uITUTNuUE
Rectangular Sheet (L®N® 19910 Hat Shape) ha
LUUTI04N1TATINLUUHILAS TWHan 53U e
WANANAINNNINABRIENER  dmsukuudass IH Tvie
ARRING UEINTT {1 9991nN15YEAALA A oL B9
wugd KH IWA1dndandudesnduazlndifes
n13nnaesd ugUatannn i 83 nuuuTIans
NANIIUTAA VeI IKH yiueuud ugIuA dudn

(Kinematic behavior)
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5.3 #3Uuaraiusenani1sIvengNUNSIIUIgAMUEENY

A19197 5-2 ajdiavefusenanmIdeineaiunsinuganudeme

o Y < = a v a o a
%299 / UseAUNISANEI28 dgunan1sdguazNanITenue

521 n15ad1adulfesdngadn | Asnedeulaunswmsenay Nakajima saufu Butterfly
FFLC (Nakajima & Butterfly Tests) | (Combined Loading & Pure Shear) @1un5aa31aidulag
FFLC AsOUARAAILAANTIZAMIIAY N5idouuTans
N1ANLNUAEY ANNLATEATZUIU DIN1TAIEBILAU
WU @9nRdeIAUIUITBULAN tnuiA1ANLATYA

FmaNAgANan e sEuIuUTEIIN 0.39

5.2.2 N15AUIUEBUNAU FLs | Tug29a80172AULAS 8A LSS UIUDINISANEDILNU
FFLC (Hosford-Coulomb vs DF2016) | e 1A WLN QU9 ARINLE 89178 UU DF2016 T L@ ulAa
sﬁm"’lﬁﬂaamﬂé’aqﬁwammaauqmdﬁ LA AN
L& 89118 U UHosford-Coulomb b3 ®ATUIEUT 3NN U
a 6 '3 v LY}
W13diwasinannIsnsInnelangnisiuasiuuu AFR
LEUALNYzanad Lme Hillda8 713l Stress Ratio Parameter

geagylvirnaesnsvEnanasunian

523 @ ulastavadandny | ludSalianuau inaainisesin Hillds Tirauiau
ey FFLSC (U3gfianuiaw) | Indningean sesasinme Yoshida2013 uag Y1d2000-2d
auany suLd unaandnuazladadn uandisiu
aunns HSV Tirenududndingsndn HSHS nilae
LAZNITANUIALTINGEAAIY SHC kag sDF2016 Tiina

TnaAsenuUNISANUIATATIZY

5.2.4 WTguiguinueingy | DF2016 dpuaannaedivdayanismaaaulneial
L@ 8718 (DF2016 vs Hosford- | 83403 1L8n108naaannan1izAua L lagianie
Coulomb) dnzhsdeILnuiY wagasaUsuliudadinle
w¥oudu va? Hosford-Coulomb fifag1inlunns

YUNBFNNNEAIEDILNY WALINIALEUTATINARNININ

AU
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A5199% 5-2 (Ag)

o Y < = a v a o a
%299 / UseAUNISANEI28 dgunan1sIguazNanITanuY

525 msUsediuluuind FRLD | SusmiusudiSeiinenssaeamaeionegliidu FrLC
(ANUATEATMAN-T09) uazUTmNIesdneIn dntunudemeannstugy
fqaunndemeey Uinsoslnud i Tns DF2016-
FFLC fimmiaenndesiy Aranuiaoademeniian
Yozl FFLC anansnvinneldusliiaenndoafuns

PugUase e nidulaindnriasniuly

5.2.6 N15Usediuluysnll FFLSD | tdf unnamnuLe W (Stress Path) U0 4ha agln e
(USglimanuiaw) N13AIINAAIAULA WA 8118395 ¢ (Experimental
Fracture Stress) @anad st UldulAsT nsninA AT
WAL NN sy q MelPUUUTIABINSHIIR UL
IH \&u FFLSC gnansaviuwieadidenielas unniela
LUUS1804 [KH Eumsmad Ui s ununngoutin
Prdemengasginindulasdadnin Liesanms
Aeuves Yield Locus Fellanunsavhusrmudemels

waztdudnannalulliasnanngRnssuesAtumn

5.2.7 W3Ugulsz@nsain | @angtinaudernygasannnsvaasd Nan vy
3 U398 (FFLD, FFLSD, FL) ANULAU-ATIULATER, AINILAS A LATAIIULAULEBYNE
nmsviweazedainindulddadidindntosluyn
U308 inawianuidene DF2016 4 uaenan odway
windfigalofisuiunammagou Iag FFLSD A
wiuggsaaluussamisanuUInd dau FRLD uay FL
fusrAns nwlndlAsstudiniunisd ugUudeus ey
UBILUA7 (Sheet Hydroforming) Lﬁ'aqmﬂmimﬁaugﬂ
wanadnueulalanselniinnnaninanandudesuy
(Deviatoric stress) lilda1nanmanuiaulslasaundn
(Hydrostatic stress) ThARINAMNLIIFUTR WA T

Timsvihugludigidanuau (FLSD) TviA7 wai uen

\@dlouasIUINAIN FLFFLD
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5.4 ayuwSsuiisuanuwivdvesuuuinassiaguaziduldedndnlulsgliiuanseiy

1INNTANYIITEUALNITOAUTIENG @1U150ATUNAVRILUUTIABINIITAR AN
mnudemeilinaaenndasiunsvaaeuluusaziulased

AuLNain13ATIN (Yield Criteria): Yoshida2013 wa Yld2000-2d Tkanisvinuie
m’mLﬁuLLazmiL“U?{&Jugﬂwmaﬁﬂaamﬂé’aﬁumamimaau?fugﬂﬁqmaﬂ:h Hill'48
Taeane Yoshida2013 dslinansvhunelndiesluanaensisdaaesunuindulaudue
wiilyllelduanisnadeuaswesAnuduannuaradulsyansueulelsvsedannaaeu
NNSPNBAABILAULYINAY

AULUUTI809n5Y TR 8AULAS BA (Strain Hardening model): HSHS (RMS
Error = 0.92 MPa) uag HSV (RMS Error = 1.14 MPa) Tnan1sviunsuuiluugulasping
WllazAULASYAlUTIIUaTY (Stability) ladennaninuNaN1TAaININATILUUIIABINT
Wliudeheauaseawuuiien

AULUUTIA09NSHTIR AN IAATINAU (Hardening Assumption & Spring-back):
wuudaeen1sudeianuunEs IKH (Combined Isotropic-Kinematic Hardening) Tsnan1s
yuensAeinduasaededindifssiunmadeutuzuieminniuuudiens H wazideld
Yoshida2013 $1iu IkH Iualndifsananaaeviugtinnigadmsvlunsdvssnisvimne
nsfesndy uilunsdinmsvhuensiasusunanadnueulelemsen wuudiass IKH waz
¥1d2000-2d Toinaiiusiugign

Fuinausinnuidens (Damage Criteria): DF2016 Tinagonadestunmsnaaeudugy
PFwaznsUsadudnsitnanudensluannzanuduiifiny lnewnizannsfaesuny
waue il Hosford-Coulomb fiasfinlunisinedasideluaniedangis

AuU3QInIsUsIiiuAEeTY (Damage Domain): USgliAnaAY FFLSD 1Al
WaluEN qaqm‘lumaﬂazLﬁufqmLﬁmmmLﬁwwﬁqmﬂmsmamsﬁugﬂ daunsyiunglu

a a

U391 FFLD waz FL TvilsgansaimnisviunganuadisalunisiugUasnadasindiaeiu

AMTUNMTTUTUMBUI VDAY
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5.5 Ualaualug

dmuminndrazau SPC270 AiinsBamgedmiuguisduanudidesmanisiag
119 Msdasstugunieldmnimesinasinisasnildautfininagaasinusnnaon
mssaestuguorvilinginssuueulolemsednliiatiounss nsdaestusulunudnuas
fonadostinisfinsamnivesdmanilsl

n15lM19781099 Y-U model ann1snagausunuiien (Monotonic) Hududu

FINNAAIUNTNEINTNITIFY NSANWIRREBAlUATIRE lUAITATiiNIsNadaukarinu lglunng

TasakaziUSaufsunuiaUseludemnuidntoniuintesfia s
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Product Name

Test File Name

671433-1.xtak

Method File Name ASTM E8 ST Plate.xmak Test Date 2/23/2024
Temperature Humidity:
Speed 1.5%/min Shape Plate
Name Elastic YS1 Stress YS1 Force Max_Stress
Parameters Stress 60 - 80 0.2 % N/mm2 0.2 % kN Calc. at Entire Areas
Unit N/mm2 GPa N/mm2
RD 1 207.088 135.63 1.5936 287.16
RD 2 207.257 135.34 1.5901 287.25
RD_3 219.475 135.06 1.5868 287.32
Name Max_Force Elongation % Final Length mm Thickness mm
Parameters Calc. at Entire Areas
Unit kN
RD 1 3.3740 45.0 72.650 0.931
RD 2 3.3750 46.5 73.290 0.931
RD 3 3.3757 45.8 73.120 0.931
Name Width n_value
Parameters mm 10% - 20%
Unit Intervals:20
RD 1 12.62 0.24574
RD 2 12.62 0.24725
RD 3 12.62 0.24678

Stress(N/mm2)
® o o= NN W oW B
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Product Name

Test File Name
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Temperature Humidity:
Speed 1.5%/min Shape Plate
Name Elastic YS1 Stress YS1 Force Max_Stress
Parameters Stress 60 - 85 0.2 % N/mm2 0.2 % kN Calc. at Entire Areas
Unit N/mm2 N/mm2
GPa
DD 1 213.668 137.81 1.6153 294.53
DD 2 206.165 137.68 1.6137 294.33
DD 3 206.880 137.77 1.6148 294.51
Name Max_Force Elongation Final Length Thickness
Parameters Calc. at Entire Areas % mm mm
Unit kN
DD 1 3.4520 43.6 72.020 0.928
DD 2 3.4498 4a4.2 72.160 0.928
DD 3 3.4518 43.0 71.650 0.928
Name Width n_value r_value
Parameters mm 10% - 20% 20 %
Unit Intervals:20
DD 1 12.63 0.23975 1.89017
DD 2 12.63 0.23892 1.86849
DD 3 12.63 0.23714 1.84231
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™ 1 202.082 133.09 1.5650 290.27

™ 2 202.734 134.11 1.5769 290.25
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Abstract. In regard to shaping up a complex-shaped, largely strained industrial forming part, sheet
hydroforming (SHF) is one of the primary processes utilized to address these challenges. Before
actual tooling fabrication, the finite element (FE) simulation is, nowadays. commonly employed to
assess the feasibility of the process and tooling design. Therein, material modelling, especially of the
distinguishing deformation anisotropy unavoidable in cold rolled sheet metal, plays a vital role. This
study, therefore, seeks to enhance the capability of the FE simulation on sheet hydroforming of an
SPC270 mild steel sheet comparatively through the von Mises, Hill’48, and Y1d2000-2d yield criteria.
Additionally, the hybrid Swift-Voce (HSV) model is applied to refine and extend the experimentally
determined uniaxial flow stress curve. The prediction accuracy is evaluated on the basis of two
geometrical deviations such as the sheet thickness distribution and tank surface profile. The results
show that the Y1d2000-2d yicld model obviously leads to the most accurate geometric estimation for
both evaluation criteria.

Introduction

To produce a complex shaped sheet-metal part, multiple blanks of different shapes are usually
formed and subsequently stitched together. A large fuel tank is one of them, probably composed of
six welded forming pieces. Multiple forming and welding operations successively executed definitely
cause high manufacturing cost and time. Process optimization down to a few or even a single sheet
fabrication process could noticeably benefit all parties involved. Sheet hydroforming (SHF),
developed and deployed for years as proposed in [1-3], appears highly promising in this regard,
capable of stretching out a huge, complicated part in a single attempt. Apart from manufacturing
technologies, sheet metal must be vastly plastically deformable to satisfy the strong demand of great
deformation. SPC270 is generally favored in that facet in the sheet forming industry [4].

Nowadays, the finite element analysis (FEA) plays a significant role during the early tooling
design stage before process commissioning. Therewith, all process-influencing parameters can be
studied and interrelated [5-6]. To gain trustworthy outcomes, SHF process simulations require
enormous attention to material modelling. Since orientation-dependent mechanical properties of any
sheet metal are inevitable owing to the cold rolling process, careful selection of anisotropic yield
criteria is absolutely decisive [7-9]. To the authors’ knowledge, there has unfortunately been no
research, particularly focusing on applicability of available anisotropic yield criteria to hydroforming
simulation of substantially deformed metal sheets. This study actively compares suitability of varying
yield criteria such as the von Mises, Hill’48 and Y1d2000-2d yield criteria to the sheet hydroforming
process simulation of a large fuel tank made out of the SPC270 mild steel.
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Material Characterization
SPC270 Mild Steel Sheet.

In this study, the 0.9-mm thick SPC270 mild sheet steel is investigated as it is a common material
used for considerably strained products. Tensile properties such as the yield stress, ultimate tensile
stress, total elongation and material anisotropy must precisely be determined for the sake of
deformation modelling accuracy. Typically, they are experimentally obtained through a standard
tensile test. Nonetheless, two standard tests like the hydraulic bulge and disk compression tests are
additionally carried out to specifically gain the flow curve and material anisotropy, respectively, in
the balanced biaxial state to achieve a more realistic deformation model.

Uniaxial Tensile Test.

Test specimens in accordance with the ASTM ES standard, taken along the rolling direction (RD) or
0°, diagonal direction (DD) or 45° and transverse direction (TD) or 90° of the steel sheet, are
uniaxially pulled apart by a 100-tonne universal tensile testing machine (UTM). The machine slowly
stretches the samples with a small constant strain rate of 0.01 s™'. As a result, three stress-strain curves
and r-values, roe, r4s> and roge, are obtained. Table | contains the mechanical properties extracted from
the aforementioned curves and those three r-values.

Hydraulic Bulge Test.

To obtain the balanced biaxial flow behavior of the SPC270 steel sheet, a hydraulic bulge test is
performed on a 200-tonne hydraulic press. The detailed experimental procedure and tooling setup can
be found in [10]. The die diameter is 200 mm. The test specimen is a 280-mm-wide square blank.
The hydraulic pressure is gradually escalated until the maximally stretched specimen cracks. The
pressure, dome height, membrane stress and thickness strain are all online recorded and combined to
calculate the balanced biaxial yield stress (ow) as shown in Table 1.

Disk Compression Test.

A through-thickness, single-layer disk compression test is executed to reveal the balanced biaxial r-
value (rp). More details on the experimental procedure can be found in [11-12]. An SPC270 disk
sample has a diameter of 10 mm. Increased stepwisely by a small increment of 0.5 kN from 7 up to
11 kN, a uniformly distributed compressive load is applied to the disk. The balanced biaxial r-value
is linearly approximated as a ratio between the two perpendicular planar strain components. The result
is shown in Table 1.

Table 1. Mechanical properties and r-values of the 0.9-mm thick SPC270 mild steel sheet along
different sheet directions.

Angle Yield stress [MPa] UTS [MPa] Total elongation [%4] r-value [-]

0° o= 135 287 46 roe = 2.48

45° Ga5° =137 294 44 rsse = 1.81

90° oooe = 133 290 45 rape=2.05
Balanced biaxial op= 151 - - =119

Modelling of Anisotropic Plastic Deformation
Anisotropic Yield Criteria.

In this study, two different anisotropic yield criteria are applied to describe the anisotropic
deformation behavior of the SPC270 steel sheet. One is the Hill’48 yield criterion and the other is the
Y1d2000-2d yield criterion [14]. The former is a quadratic function with four constants, F, G, H and
N as shown in Eq. 1, whereas the latter consists of the principal components, X, and X; as well as
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X, and X5, of the two linearly transformed stress tensor, ]5'-2 and g-g, respectively, and the crystal
structure dependent exponent m as shown in Eq. 2.

Siun = (G + H)oq, + (F + H)o3, + 2Noj, — 2Ho, 05, , (1)
i =2 [1X0 = Xa| " + [2X5 # X7+ X+ 23] (2)
The oj is a stress component of the stress tensor g. All Hill’48 material constants, F, G, H and N, are
derived from the r-values, roe, r4s- and reoe, from Table 1. Detailed calculations can be found in [13].
The values of those constants for the investigated steel are illustrated in Table 2. Regarding the
Y1d2000-2d model, the two linear transformation tensors, L and L', are obtained from all eight alpha
parameters, a; — ag, shown in Table 2, nonlinearly calibrated against four vield stresses, oo, gas, g9

and ob, and four r-values, roe, ras, ropeand r», from Table 1. The exponent m is equal to 6 for any mild
steel with the body-centered-cubic (BCC) structure.

Table 2. Hill’48 and Y1d2000-2d yield parameters of the 0.9-mm thick SPC270 mild steel sheet.

|ﬂl

Yield model Parameter
. F G H N
Hill'4s 035 029 071 146 - - - - - §
v1a2008-24[0 7 ¢ 20 0 01 —o/\ ] [T\ \[L2 oo R0 oo el ) 8 B

1.05 1.08 0.87 0.93 0.90 0.85 1.02 0.97 6

Fig. la compares the computed Hill’48 and Y1d2000-2d yield loci with the three experimental
yield stresses from Table 1, oo, gage and on, normalized to ooe. Both Hill’48 and Y1d2000-2d criteria
are equivalently excellent when predicting the orthogonal uniaxial yield stresses. Yet, Hill’48 clearly
overvalues on while Y1d2000-2d perfectly values it. Similarly, Hill’48 also mistakenly overestimates
o452 as shown in Fig. 1b. Nevertheless, both yield criteria well perform in approximating r-values
across all sheet orientations. The Y1d2000-2d can accurately predict the normalized stresses and r-
values in all directions because it has obtained parameters (&; — ag), which are the mechanical
properties needed to describe anisotropic plastic deformation related to the material’s direction.

2 1.2 3.0

0 """__""\‘ -t-:: 0
2 1F w 09 125
-1 ] —_
-~ = —
2 -—= Hill48 s P
2 L 2 o
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Fig. 1. Comparison of the Hill’48 and Y1d2000-2d yield criteria for prediction of the (a) yield loci
and (b) normalized yield stresses and r-values, in contrast to the measured data.

Plastic Flow Behavior.

The material flow behavior, expressed in terms of a flow stress curve, is extremely essential in
plasticity study of any forming process. The stress-strain curve obtained from the uniaxial tensile test
on the RD specimen is traditionally considered to fit a flow stress curve. The hybrid Swift and Voce
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(HSV) strain hardening law, taking advantage of both Swift and Voce models, is employed here as
illustrated in Egs. 3, 4 and 5.

Gowit = Klgg + E)", (3)
Oypee = A — BC_CE a 4)
Ghsv = WOgwint + (1 — W)Byoce » (5)

The values of all HSV strain hardening parameters from the above three equations, fit to the
experimental RD stress-strain curve, are demonstrated in Table 3.

Table 3. Hybrid Swift-Voce strain hardening parameters of the SPC270 mild steel sheet along RD.

Swift hardening law Voce hardening law HSV
K £ N A B C w
540 0.007 0.27 382 222 9.6 0.7

Fig. 2a shows all experimental RD, DD and TD flow stress curves. All three curves are almost
perfectly aligned. Fig. 2b shows three predicted flow curves based on three different hardening laws
as mentioned above. These calculated curves favorably extend the experimental one to cover a much
greater deformation range, probably taking place during forming operations. The Swift law overall
produces the largest level of flow stress whereas the Voce one earns the lowest level. The HSV law,
averaging both equations with a weighting factor of 0.7, seems the best option as the HSV curve is
distinguishingly in a flawless agreement with the experimental data as shown in Fig. 2b.

500 600
Predicted Swift  HSV(0.T)
| eeee [xperiment
5 400 b o
g 400 Voce
% 300
= i 400
; 300
2 200 | 380 |
e A —_— RD 200
i — DD 60 -
= 100 |' ™D 100
340 4
(a) (b) 020 025 030
0 L 1 1 1 U 1 '} 1 1
0.00 0.05 0.10 0.15 0.20 0.25 0.0 0.2 0.4 0.6 0.8 1.0
True plastic strain (=) True plastic strain (=)

Fig. 2. (a) Flow stress curves of the SPC270 mild steel sheet uniaxially tensioned along the RD, DD
and TD and (b) the computed Swift, Voce and HSV flow stress curves fit against the RD flow
curve.

Setup of the Sheet Hydroforming (SHF) Experiment and Simulation

The sheet hydroforming process is carried out by a modified single-action press, pushing down
the oil to flow from a liquid chamber upwards through a lower flat, hollowed blank holder to bulge
up an SPC270 blank against an upper tank-shaped die as shown in Fig. 3a. The rectangular blank is
650 mm wide and 825 mm long. A maximum force of 70 tons from the press ram triggers a large
hydrostatic oil pressure of up to 30 MPa, constantly stretching out the steel blank with very tiny
friction. All SHF simulations are conducted on the commercial finite element platform J-STAMP,
Both lower blank holder and upper die are considered rigid. Only the blank is elasto-plastically
deformable. Three yield criteria, namely, isotropic von Mises, anisotropic Hill'48 and anisotropic
Y1d2000-2d, are employed to identify the ending point of elasticity. For the meantime, the plastic
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deformation behavior is defined by the HSV hardening model shown in Fig. 2b. The huge rectangular
sheet is turned into a mesh uniformly distributed with 2-mm-wide, square shell elements. Dissimilar
friction coefficients are assigned to different contact points. On one hand, a friction coefficient of
0.15 is applied to the blank/die and blank/blank holder solid contacts. On the other hand, a small
friction coefficient of only 0.055 is applied to the blank/oil contact. A constant pressure of 30 MPa is
assumed to act uniformly on the bottom surface of the blank. Fig. 3b depicts the final shape of the
fuel tank simulated with three yicld models mentioned earlier. They look alike geometrically.

(a) Upper die

Blank

S

Isotropic Y1d2000-2d Hill'48

Height deviation (mm)

<10 <0500 05 10

Hydrostaties
Liquid Pressure

Blank holder

Fig. 3. (a) blank and tooling finite element models and (b) simulation results of the sheet
hydroforming process of a large fuel tank made out of the SPC270 mild sheet steel.

Simulation Results
Geometric Prediction Accuracy Investigating Features.

To prove the realisticity of each SHF process simulation result, the simulated final sheet thickness
distribution and cross-section profiles are verified. Thickness alteration implies the degree of sheet
thinning and thickening after deformation, usually controlled by forming part manufacturers. The
computed sheet thickness on twenty two points scattered all over the workpiece as shown in Fig. 4a
is individually measured and compared point by point to the experimental one. For the second shape
control feature, the tank outer surface profile on four equally distanced cross-sections, A, B, C and
D, as displayed in Figs. 4b is monitored. The part geometrical error with respect to the CAD product
specification must certainly be minimized to fulfil the quality standard agreed upon among all parties
involved.

Fig. 4. Two geometric quality control features such as (a) the sheet thickness on twenty two points
allocated across the whole workpiece and (b) the workpiece surface profile at four cross-sections
equally distanced apart.
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Sheet Thickness Distribution Over Specific Twenty Two Points.

Fig. 5a point-wisely compares the final sheet thickness obtained from the von-Mises-, Hill’48- and
Y1d2000-2d-based simulations and the experiment at the defined twenty two points spread over the
entire workpiece. There are clearly three thickening points 1, 4 and 22, whose thickness is greater
than the initial blank thickness of 0.9 mm. The points are, to a certain extent, compressed as they stay
on the surrounding edges where the material flows to and accumulates. Over those three thickening
points, all three yield criteria produce relatively identical sheet thickness values without noticeable
deviation. On the contrary, at four severely thinning points 3, 7, 10 and 13 located on top of the fuel
tank, Y1d2000-2d questionably outperforms the other two criteria. The loading type of biaxial tension,
sustained by those four points and taken into account exclusively by the Y1d2000-2d model as shown
in Fig. la, could likely be the cause of its superiority over the other two models. Furthermore, the
overall thickness error in terms of the root mean square (rms) over all twenty two points committed
by each yield criterion is evaluated. Fig. 5b graphically demonstrates a bar chart, explicitly comparing
the rms error made by all three models. [t is obvious that Y1d2000-2d is the best among all when it
comes to thickness prediction. The isotropic von Mises yield criterion contrarywise brings about the
biggest error as expected.

1.2 0.0545
11 b (a) - @--EXP Isotropic (b)
" — Hill'48 Y1d2000-2d 0.054 |
= 1 |e @ Point of quality contrel ‘
g «+—— Thickening N
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Fig. 5. Comparison of the simulated final sheet thickness after deformation, resulting from the von
Mises, Hill’48 and Y1d2000-2d yield models, with the experimental one (a) on the specified twenty
two points throughout the workpiece and (b) in terms of the root mean square (rms) error.

Tank Surface Profile at Four Cross-Sections.

Geometrical errors with respect to the required fuel tank surface geometry extracted from the CAD
product specification are examined in this subsection. Fig. 6a compares four profiles at the A, B, C
and D cross-sections, schematically delineated in Fig. 4b, gained from the scanned surface of the real
fuel tank and from the CAD product specification. Overall, the real surface closely overlaps with the
required CAD surface on all four sections. However, in the sharp corner regions with small radii on
the B, C and D cross-sections, the SPC270 steel does not fully flow into those cavities. This could
possibly be caused by too small hydrostatic pressure supplied to the forming oil or too small
stretchability of the material itself. Further process parameter optimization or tooling redesign might
help improve this geometric deviation. Anyway, this result confirms the big advantage of the
hydroforming process with the fluid punch, capable of forming a part with a highly complex shape
even with negative angles, which are not reachable by solid punches of any conventional forming
process. Pertaining to the simulation side, only the Y1d2000-2d based simulation result, supposed to
be the best among all as validated in the previous subsection, is investigated here for clearer
visualization. Fig. 6b compares the simulation result with the experimental result. It is fairly evident
that all four simulated profiles are closer to the CAD ones than the experimental ones. A nonuniform
hydrostatic pressure due to an oil flow or friction inconsistency over the contact area between the
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blank and upper die, likely to happen during real experiments, could lead to this unanticipated
discrepancy.

— Partscanning /‘P‘ A

===Requirement  //

—— Y1d2000-2d /‘// / .

Fig. 6 Comparison of the tank outer surface profiles at four equally distanced cross-sections A, B, C
and D obtained from (a) the scanned surface of the real fuel tank versus the CAD product
specification data and (b) the scanned surface of the real fuel tank versus the Y1d2000-2d based
simulation.

Conclusion

In this research, a large motorcycle fuel tank is used to study a single-action sheet hydroforming

process experimentally and simulatively. The findings of this study can be summarized as follows:

e Regarding the sheet thickness distribution over the specified twenty two points, the point-wise
thickness evaluation obviously indicates that, in the biaxially stretched regions on top of the
fuel tank, only the Y1d2000-2d based simulation can produce closely aligned results with the
experimental ones. Furthermore, in terms of the overall root mean square (rms) error, Y1d2000-
2d is once again proven to be by far the best among all. This could be because of the more data
inclusiveness of the Y1d2000-2d yield criterion, involving up to eight stress and strain test data
into its parameter calibration process.

e Considering the accuracy study on the tank outer surface geometry, the required CAD,
experimental and Y1d2000-2d based simulated surface profiles at four equally distanced cross-
sections are compared. The real hydroformed SPC270 steel cannot flow into the narrow sharp
corner regions as indicated in the CAD file, whereas the simulated steel sheet can. This
nonconformity between the experimental and simulated results could result from timely and
spatially uncontrollable fluctuation of the hydrostatic oil pressure or contact friction between
the blank and the upper die.
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ABSTRACT

This study aims to compare the predictive accuracy of various advanced constitutive material
models. Initially, a finite element (FE) model of large sheet hydroforming (SHF) for a motorcycle
fuel tank was carried out using isotropic hardening (IH) and combined isotropic-kinematic harden-
ing (IKH) models, characterizing plastic deformation through Hybrid Swift-Voce (HSV) and Hybrid
Swift-Hocket Sherby (HSHS) hardening framewarks, integrating anisotropic yield criteria, Hill'48,
¥1d2000-2d, and Yoshida2013. Subsequently, the simulated results were validated with the corre-
sponding experimental SHF of the SPC270 sheet. Therefore, the predictive accuracy of various con-
stitutive models was evaluated by comparing thickness, profile draw-in, springback angle, and
height deviation along the hydroformed sheet profile to evaluate their performance. The research
finding was observed that predictions derived from the combined IKH model yielded more accur-
ate predictions than those provided by the IH model. The incorporation of Yld2000-2d produced
the most accurate predictions. Additionally, no significant differences were observed between the
two-hybrid strain hardening models employed based on the IKH model. The Yoshida2013 demon-
strated a slightly less accurate prediction than the Yld2000-2d. The Yoshida2013 model is more
suitable for industrial applications because it reguires less material testing. This novel procedural
approach is valuable for autemotive part manufacturing sectors.

HIGHLIGHTS

¢ The combined isotropic-kinematic hardening (IKH) model offers a more accurate prediction than
the isotropic hardening (IH) model, demonstrating the best performance. The enhancement is
related to predicting anisotropic plastic deformation on a large motorcyele fuel tank. This advance-
ment underscores the advantages of employing the combined IKH model in scenarios involving
large strain deformation and springback effects.

 For anisotropic plastic deformation, the Yld2000-2d criterion demonstrates the highest predictive
accuracy. The sixth-order Yoshida (2013) and Hill ('48) criteria follow in terms of performance,
respectively. This novel finding is valuable for automotive and industrial sectors, facilitating a more
straightforward application of FE simulation when considering anisotropic deformation with the
Yoshida2013 criterion.

o The novelty of the Hybrid Swift-Voce (HSV) and Hybrid Swift-Hocket Sherby (HSHS) models is
evident in their ability to describe the consistent extension flow stress at the end of the hydro-
forming state of large-strain deformation in large fuel tanks.

o The innovative accomplishments of the constructive experimental approach for a large motor-
cycle fuel tank, utilizing the sheet hydroforming process, do not rely on a liquid pressure system
produced by heavy machinery.

1. Introduction
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The Sheet Hydroforming (SHF) process is a manufacturing
technique that improves the formability of material sheets.
Hydrostatic pressure, when uniformly distributed, maintains
balanced stress in a plane as the sheet undergoes continuous
deformation due to frictionlessness. This superior rationale
necessitates the consistent use of this forming process for
components requiring intricate shapes and signiﬁcant

deformation. According to a large motorcycle fuel tank, these
part components must be divided into multiple segments and
subsequently reassembled after undergoing a stamping pro-
cess. Consequently, sheet hydroforming has been continu-
ously developed to simplify this complex process. Prior to the
establishment of the SHF process, its design must be exam-
ined first. To minimize the trial-and-error approach in die
design, finite element (FE) simulation is one of the most
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effective methods employed prior to the die fabrication pro-
cess. The simulation of the SHF process requires enhance-
ment for improved accuracy by employing material models
that precisely characterize material deformation behavior.
This is the justification articulated in this study.

Sheet hydroforming is a manufacturing technique
designed for forming complex parts that necessitate substan-
tial deformations, utilizing highly malleable mild steel sheets
in the process [1]. The reduced springback deflection com-
pared to high-strength steel sheet is a primary reason for
the adoption of this material grade [2]. This mild steel
material provides the highest formability compared to other
steel sheets [3]. Manufacturers consistently use this deform-
able advantage for an increased deep drawing component
[4]. Additionally, the mild steel is utilized in other compo-
nents with complex shapes [5]. Numerous research studies
have examined the formability of this steel type via experi-
mental and numerical finite element (FE) simulations. In
this research work, the investigated mild steel sheet grade
SPC270 provided the enhanced formability; meanwhile, SHF
further improved the sheet's formability. The frictionless
nature generated at the contact surface between the sheet
and liquid pressure serves as the primary motivation for
developing a hydroforming technique. The first alternative
hydrostatic pressure form was introduced in the work of
Zhang and Danckert [6] in 1998. They described a hydro-
mechanical deep drawing process through a cylindrical deep
drawing investigation. The concept of closed-chamber liquid
increasing pressure as the cavity size decreases has been
extended to other forming processes. An application, design
concept, and evolution of this process can be found in the
conclusion of Bell et al. [7]. However, the main aim is to
demonstrate how the consideration of material sheets influ-
ences various anisotropic yield criteria and strain hardening
models in FE simulations. A comparative study should focus
on the performance of predictions. Over the past decade,
many researchers have conducted investigations using
experimental, analytical and numerical simulations to
explore sheet hydroforming. Initially, Zhou et al. [8] exam-
ined the multi-layer sheet hydroforming of semi-ellipsoid
punch drawing through both numerical simulations and
experimental investigations. The FE simulation was based
on isotropic elliptical yielding and isotropic hardening
assumptions. The comparison of thinning sheets indicated
that the FE results overestimated the experimental findings.
Subsequently, Lui et al. [9] investigated under using tem-
perature and strain rate conditions, a backpropagation
neural network was employed to predict the flow behavior
of the sheet for FE simulation. This hybrid approach suc-
cessfully predicted part thinning in the double-layer sheet
hydroforming process. In a separate examination of process
parameters, Chen et al. [10] analyzed the formability of SHF
under varying strain rates and deep drawing ratios. Diverse
strain rates yield distinct behaviors in flow stress curves.
This study utilized the Johnson-Cook (JC) model to detect
strain hardening in a simulation. The thinning ratio was
examined and contrasted between the experiment and the
simulation. This study successfully predicted the final
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thickness. In a separate comparative study, Sudarsan and
Panda [11] conducted both experimental and numerical
simulation of superheated fluid in an ultra-thin sheet of
AA1050, C101, and 58304 material grades. This study char-
acterized the sheet’s anisotropic behavior using the Barat 89
yield criterion. Furthermore, the flow stress curve was cali-
brated using the Hollomon isotropic strain hardening
model. Xia et al. [12] utilized impact hydroforming (IHF)
for a complex part for an aluminum alloy sheet. The JC
model delineated strain-hardening behavior for finite elem-
ent simulation. This research endeavored to predict thinning
in a sample utilizing the JC model. Yapan et al. [13] pre-
dicted damage in hydroforming. They employed the JC
model in the FE simulation of the hydraulic bulge test sam-
ple and THF sample across various strain rates. A damage
parameter was incorporated into the simulation, whereas the
anisotropic parameter was excluded. This study is compre-
hensive in predicting fractures in hydroforming. Huang and
Kuo [14] proposed the FE simulation serves as the primary
instrument for elucidating the impact of design and associ-
ated parameters. The simulation evidently demonstrates
insufficient consideration for the sheet’s characteristics,
including anisotropic behavior. Apparently, the assumption
of the isotropic kinematic hardening model has not been
incorporated. Increased consideration of its characteristics
should yield greater predictive accuracy. The simulation evi-
dently demonstrates insufficient consideration for the sheet's
characteristics, including anisotropic behavior.

Apparently, the assumption of the isotropic kinematic
hardening model has not been incorporated. Increased con-
sideration of its characteristics should yield greater predictive
accuracy. A key factor enhancing the accuracy of predicting
outcomes in sheet metal forming simulations is the material
model that accurately characterizes the anisotropic plastic
deformation associated with sheet metal forming and sheet
hydroforming processes. Over the past two decades, numer-
ous researchers have proposed various isotropic, kinematic,
and combined isotropic hardening models, including aniso-
tropic yield criteria, to achieve realistic predictions in experi-
mental forming processes. Nursesmeh and Green [15]
obtained the forming limit curve (FLC) using the theoretical
Marciniak and Kuczynski (MK) model, coupling it with iso-
tropic and combined isotropic-kinematic hardening (IKH) in
conjunction with the Hill'48 yield criterion for an aluminum
alloy sheet. In comparison to the conventional isotropic hard-
ening (IH) law, the calculated limit curve of combined iso-
tropic kinematic hardening (IKH) overestimated the one
based on the IH model. In comparison to the experimental
results, this hybrid assumption accurately predicts the right-
hand side but overestimates the left-hand side limit curve.
This study illustrated the alternative adaptability of plasticity
analysis for predicting sheet metal forming. Butuc et al. [16]
induced a theoretical MK model to predict the forming limit
under the anisotropic conditions of the Y1d2000-2d yield cri-
terion. The developed limit curves based on isotropic and
kinematic hardening were examined and compared. This
research demonstrates the adaptability of modeling to
improve predictive capability. The FE simulation encountered



challenges in accuracy prediction for sheet metal forming due
to isotropic and kinematic hardening. Taherizadeh et al. [17]
examined anisotropic plastic deformation utilizing the non-
associated plasticity model with anisotropic and kinematic
hardening in simulations of sheet metal forming. The FE
simulation was conducted using a plasticity return mapping
formulation. This non-associated anisotropic hardening facil-
itates the prediction of the curl in a drawing channel.
Furthermore, Mendiguren et al. [18] introduced a kinematic
hardening model to predict the springback of a U-shaped
forming part. The simulation results indicated that the U-
shaped profiles differed between the TH model and the com-
bined IKH model. Strahnov et al. [19] modeled tension bend-
ing that integrated both isotropic and kinematic hardening
laws, employing Prager’s law to describe plastic deformation
behavior. The simulation results clearly demonstrated the
importance of kinematic hardening parameters on bending
moments and loading stress distribution, although unloading
was only slightly affected. Fu et al. [20] proposed a novel
simulation of anisotropic plastic deformation using a single
testing machine. The Hill'48 yield criterion and a nonlinear
kinematic hardening model were utilized to determine an
inverse solution. Both kinematic and isotropic assumptions
were applied to predict the force-displacement curve during
cyclic testing. This outcome showed that kinematic hardening
aligned more closely with experimental results than isotropic
hardening. Hu and Yoon [21] developed an anisotropic dis-
tortional hardening (ADH) model based on a non-associated
flow rule with respect to the Yoon2014 yield criterion. In this
study, two different material grades, mild steel and advanced
high-strength steel sheets, were investigated. A comparison
was made between the flow stress curves with various pre-
strains derived from experimental investigations and the
ADH model. Subsequently, Hu et al. [22] extended this
research. Yield loci and anisotropy values were predicted
using the Poly6-18p and Yld2000-2d yield criteria, in con-
junction with generalized anisotropic distortional hardening.
The results indicated that the predictive ability for the
Bauschinger effect remained consistent, regardless of whether
different non-associated or associated flow rules were
employed. In conventional stamping FE simulations, kine-
matic hardening is also applied, particularly in the context of
springback prediction. For instance, Chongthairungruang
et al. [2]. In the SHF process, the material model is based on
either kinematic or combined IKH. Taherizadeh et al. [23]
developed a user material-defined (UMAT) subroutine for
mixed isotropic-kinematic hardening, which was imple-
mented in the FE model using ABAQUS software. The study
clearly demonstrated that the mixed model provided higher
accuracy in  predictions compared to IH models.
Furthermore, Williams et al. [24] numerically integrated the
combined IKH model in conjunction with Yld2000-2d to test
the accuracy of tube hydroforming simulations. Churiaque
et al. [25] performed sheet hydroforming using both experi-
mental and numerical methods under various hardening
models on aluminum alloy sheets to estimate springback,
achieving predictions that were accurately validated by
experimental tests. Lui et al. [26] investigated the failure of a
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parabolic aluminum alloy sheet rubber bladder hydroforming
using both experimental and numerical simulations, contrast-
ing the application of monotonic and cyclic loading flow
stress curves. The influence of kinematics on the material is
considerable, despite its low strength.

Over the past decade, numerous researchers have empha-
sized their efforts on investigating the applicability of aniso-
tropic vield criteria to characterize anisotropic plastic
deformation in SHF simulations. Zampaloni et al. [27]
examined anisotropic behavior in sheet hydroforming by
employing the Y1d89 yield criterion in the simulation of a
bulge test specimen. Cherouat et al. [28] subsequently
employed the Hill'48 yield criterion to investigate plastic
deformation during a hydro-bulging test. The predicted
thickness result can be accepted with the experimental find-
ings. Furthermore, the associated constitutive anisotropic
modeling was implemented to enhance the precision of
formability predictions in the forming model [29-32].
Koubaa et al. [33] evaluated constitutive modeling, integrat-
ing material anisotropy into the FE simulation of the sheet
bulge test via rubber pad forming. The effect of material
anisotropy, critical to consider during the utilization process,
was found to be variable. Zhang et al. [34] compared three
anisotropic yield criteria, Hill'48, Y1d89, and Y1d2000-2d, to
describe the anisotropic plasticity of aluminum tube hydro-
forming. The discovery emphasized the efficacy of utilizing
three yield criteria to characterize plastic flow behavior in
contrast to experimental analysis. The subsequent study con-
ducted under the Yld2000-2d criterion can be further exam-
ined in the following work [35]. Wang et al. [36] evaluated
three distinct anisotropic yield criteria—Hill'48, Yld2000-24,
and BBC2005-within finite element simulations of hydro-
forming deep drawing using aluminum alloy grades 2024
and 5754 sheets. The results presented that the Yld2000-2d
and BBC2005 criteria exhibit superior predictive perform-
ance compared to the quadratic Hill'48 yield criterion.

The formability prediction is one of the main procedures
of sheet metal forming process design, in which the consti-
tutive models have been employed to assess the formability
of sheet metal forming through the use of the Forming
Limit Curve (FLC), which is derived from these models.
This investigation improves the guality of the workpiece by
preventing fractures during the process. Moreover, it can
emphasize the reliability of the part's usage. Over the three
decades, the formability assessment of sheet metal forming
has been known to take place on the forming limit diagram
(FLD). In this diagram, the limit curve (FLC) represents the
threshold for instability in deformation. This diagram is
based on bona fide testing, such as the Nakajima stretching
test under the ISO 12004 standard or notched samples
[37,38]. Even the limit curve is investigated by means of
experimental testing; in previous research [38-43] it was
clearly found that conventional limit curves did not capture
the failure behavior of sheet forming. This means that the
conventional FLC provides insufficient fracture prediction.
The FLC limit curves, obtained by applying the ductile frac-
ture criterion {DFC) to the FE modeling, allowed for the
identification of fractures in the sheet material. This result is
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robust to the mathematical fracture model that has broader
applicability for sheet metal forming. Therefore, some
researchers focus their work on developing ductile fracture
criteria (DFC) based on various assumptions about material
behavior. It is known that metal sheets can fail under ductile
fracture phenomena. Meanwhile, a material anisotropy
model has been implemented into the fracture model, as
presented in references [37-46). Lou et al. [47] proposed a
new DFC called “DF2012" for material sheets, which is
based on three micromechanically damaging mechanisms
and includes  three  specific  material  parameters.
Subsequently, the DFC has been continuously developed
and improved through various classifications, as shown in
DF2014 [48] and DF2016 [49]. Notably, the DFC incorpo-
rates material flow behavior according to the fracture model
proposed by Bia and Wierzbicki [50], which includes a cou-
pling strength coefficient and strain hardening parameters of
the sheet in the mathematical function. Additionally, Morh
and Marcadet [51] developed the Hosford-Coulomb damage
model, taking into account the hardening parameters of the
sheet. Furthermore, many researchers have contributed to
enhancing the DFC, as documented in references [52-58].
As noted in the DFC development process, it can be con-
cluded that fracture assessment must be conducted more
rigorously to evaluate the formability of deformed sheets.
This criterion is particularly relevant in the context of sheet
hydroforming for the investigated fuel tank part, which tran-
sitions from a uniaxial to a plane strain state due to stretch-
ing. The ductile fracture criterion highlights this stress state,
specifically identified as DF2016. Therefore, this study uti-
lized the DF2012, DF2014, and DF2016 criteria for con-
structing the forming limit curve (FFLC) in comparison to
the investigated experimental FFLC. Subsequently, these two
FFLCs approaches were employed to establish the limit
curve for the sheet of the hydroformed fuel tank.

From the literature reviews, it is definitely evident that the
various constitutive models, such as isotropic, kinematic, and
combined IKH models utilized in sheet metal forming simu-
lations, have been thoroughly examined over the past decades
regarding their characteristics and formability. Nonetheless,
this deformation defect necessitates further comprehensive
investigations and predictions in the future, as their works
predominantly center on springback prediction in advanced
high-strength steel (AHSS) of sheet metal stamping, utilizing
finite element simulations to assess laboratory-scale speci-
mens with  basic  S-rail and U-shaped geometries.
Demonstrations of utilizing advanced formability predictions
for sheet hydroforming industrial components have been
relatively scarce, especially regarding large-strain hydro-
formed mild steel sheets with complex geometries. Limited
studies have examined thickness reduction, highlighting a
research gap that necessitates further investigation. While
certain researchers employed diverse constitutive models,
including isotropic and combined IKH models with aniso-
tropic yield criteria, to predict thinning and springback in
sheet metal forming processes [2,18-26], their studies have
not been compared in accuracy prediction in sheet thinning
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and shape geometries, such as height deviation and draw-in
on flange sheets. Furthermore, the proposed models
described anisotropic plastic deformation through newly
developed advanced strain hardening and anisotropic yield
criteria, specifically applied to the sheet hydroforming of a
large mild steel sheet for accuracy evaluation, have not been
found. Eventually, a comprehensive comparative analysis on
the predicted formability results from the aforementioned
various constitutive models was not presented and identified.
The novelty of this research work lies in improving and
developing the previously mentioned research gap, as past
studies only focused on AHSS in simple sheet metal stamp-
ing, which included FE simulations using original hardening
laws and anisotropic yield criteria to examine their contribu-
tions to formability and springback. Conversely, the novelty
development of this work is dedicated to using the uniaxial
tensile stress curve to obtain the Y-U parameters for spring-
back prediction. Additionally, the new research finding of a
comparative study of accuracy predictions in sheet hydro-
forming for a large motorcycle fuel tank of SPC 270 mild
steel sheets, applying the IH and combined IKH models.
Then, plastic deformation was described using the advanced
Hybrid Swift-Voce (HSV) and Hybrid Swift-Hocket Sherby
(HSHS) hardening law models, combining with the Hill'48
quadratic [59], Y1d2000-2d non-quadratic [60], and sixth-
order polynomial anisotropic yield criteria as proposed by
Yoshida et al. [61]. The predictive accuracy was newly eval-
uated regarding the thickness, profile draw-in, springback
angle, and surface profile height deviation of the SHF fuel
tank part, which has elongated plastic deformation properties.
The comparative study ultimately revealed that the integra-
tion of the combined IKH and Yld2000-2d models provided
a more precise prediction than the other criteria. Ultimately,
the sixth-order polynomial proposed by Yoshida et al. [61]
could be more appropriately applied for industrial applica-
tions due to its requirement for fewer mechanical property
variables. This novel procedural approach is valuable for
automotive part manufacturing sectors.

2. Material characterization of SPC270 mild steel
sheet

In this research, an SPC270 mild steel sheet is the material
investigated with a thickness of 0.9 mm. Due to its superior
deformability and lower strength, which require minimal
generated force, this material is commonly used to produce
parts that undergo significant deformation, particularly in
large fuel tank components that necessitate highly deform-
able sheets. Consequently, this material is formulated to
include a low-carbon additive. The main chemical composi-
tions of the mild steel sheet employed are presented in
Table 1. The data clearly indicate that the carbon content is
less than 0.1%, while other elements are also present in
slightly lower percentages. The accumulation of inclusion
elements is approximately 0.57%, with iron (Fe) being the
primary element, accounting for about 99.43%. In this study,
the distribution of the added elements and iron is



homogeneous, which does not enhance anisotropic charac-
teristics. However, anisotropy is primarily assumed to have
arisen from the cold-rolled thickness reduction process. A
more detailed investigation of these characteristics is pro-
vided in Sections 2.1 and 2.4. Additionally, to illustrate the
anisotropy of the sheet, different mechanical properties
examined in various orientations relative to the rolling dir-
ection are discussed in Section 2.4.

2.1. Uniaxial tensile test

A uniaxial tensile test is an experimental procedure that
yields essential authentic mechanical properties and anisot-
ropy values for finite element simulation. The calibration of
hybrid flow stress Furthermore, the calibration of anisotropic
yield criteria in the subsequent Section 4, also employs yield
stress and anisotropy values derived from uniaxial tensile
testing. Consequently, in conjunction with the tensile testing,
the deformation of the used samples was systematically meas-
ured and recorded to assess the essential properties. This
study utilizes the ASTM E8 [62] standard, specifying a sample
shape with a width of 12.5mm for uniaxial tensile testing.
The specimen was conducted in the same dimension and
under various loading orientations: rolling direction (RD),
diagonal direction (DD}, and transverse direction (TD) of the
sheet. In combination with the test, longitudinal extension
and width reduction were measured independently, and as
the load increased, stress and strain were also assessed.
Obviously, the determination procedure and the investigation
of properties are deseribed in Section 2.4,

2.2, Hydraulics bulge test

The yield stress under a balanced biaxial tension stress state
for a non-quadratic yield criterion calibration was determined
through a hydraulic bulge test. A 300 mm square sheet was

Table 1. Chemical compasition of SPC270 mild steel sheet reported in weight
DEFCEHIBQE.

Elements c Mn P S Fe
Wr. (%) 0.095 0412 0.034 003

Balanced
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located in the bulging die set depicted in Figure 1{a).
Hydrostatic pressure was exerted on the sample, progressively
increasing until an oil leak failure transpired in a lower die
channel. During testing, the upper die was closed on a sample
featuring a bead lock and subjected to static pressure. Further
details of this experimental procedure are available in the
framework established by Young et al. [63] and applied in
Jantarasricha et al. [41). As pressure was applied, the sample
underwent deformation, resembling the semi-spherical dome
depicted in Figure 1(b); the dome's height (h;) was measured
to assess the thickness () of the sheet at the apex of the
dome region. According to the membrane theory, the bal-
anced biaxial true plastic stress (7,) can be ascertained using
the analytical formula presented in Eq. (1). Conversely, true
plastic strain at balance biaxial (%4) is characterized by thick-
ness deformation () true plastic strain. Equation (2) is

b
established for the strain-examined formula.

_ B (R
=c_| "1 1
Ty 2(% ) (1)

Ty = -2, =In (Z_") (2)

Hydrostatic pressure at any state (P;) can be analyzed
using the measured value of a pressure unit, as indicated by
Eq. (1). Both equations require the dome’s radius (R;) and
the sheet's thickness (1) at any point during testing, with
the initial thickness of the sheet (fy) set at 0.9mm. The
radius and thickness of the top dome at any given time can
be analyzed using membrane theory through the analytical
formula provided in Eq. (3) below.

2
W (“=/2+m) + i = 2Rch; .
i = 2n, .

1 2
ti=t| ————= 32

() ey
where, R, d, respectively, specify the radius of the die and
the diameter of the cylindrical die, which is a constant value.
Consequently, solely the dome’s height was measured to

de Bulged
"/ Sample

| 'r.-ti

Initial 1.
k\installalion 110
SNANNRINNNNN
W\F 300
% . 400 .
(a) (b)

Figure 1. llustration of the hydraulic bulge test, including {a) the die set and sample installation, and (b) schematic diagram comparing geometric parameters

measured between the initial unloading and final loading states.



6 @ D.KUMPUNYA ET AL

Table 2. Mechanical properties of SPC270 mild steel sheet examined in wvari-
ous orientations.

Properties RD oD o

Yield strength, 0.2% proof strength (MPa) 135346 137.857 132644 137.092"
Ultimate tensile strength (MPa) 287.245 294455 290.045 -
Unifarm elongation (%) 25199 24340 235724 -
Total elengation (%) 45774 43603 44601
Anisotropy coefficient, 17.5% (-) 2936 2077 2293

"Hydraulics bulge test.
“Disk compression test.

Biaxial

1.194*

analyze stress and strain during bulging. By the investiga-
tion, the curvature of this experiment resembles uniaxial
tension. The yield stress was analyzed using the 0.2% proof
stress method. The yield stress is presented in Table 2.

2.3. Disk compression test

The calibration parameters of the anisotropic Y1d2000-2d
yield criterion necessitate the balanced biaxial anisotropy
coefficient value (ry). The balanced anisotropy should be
derived from a disk compression test conducted under bal-
anced biaxial compression stress. The experimental disk
compression test procedure was thoroughly delineated by
Chaimongkon et al. [38], Amree et al. [40] and Panich et al.
[64). The die set was installed on a universal testing
machine with a capacity of 80 tons. Additionally, the circu-
lar disk sample, prepared at 8 mm in diameter and precisely
prepared via the wire-cutting method, underwent stepwise
balanced biaxial in-plane stress through applied compressive
forces. The incremental stepwise forces were organized
within a range from yield strength to ultimate tensile
strength, comprising nine stepwise from 11kN to 19kN,
increasing stepwise by 1kN. Three repeated tests were car-
ried out for each load condition; the number of tests was
totally conducted 27 times. The sample disk was meticu-
lously lubricated with oil while a crosshead speed of 5 mm/
min was constantly applied. Following the application of
load, deformed samples were analyzed to measure the result-
ant diameter in the rolling direction (RD) (D) and the
transverse direction (TD) (D). The computed plastic true
strain is expressed in Eq. (4). According to the definition of
(rp) in Eq. (5), the plastic true strain in the transverse direc-
tion (™) divided by the rolling direction ("), should be
determined from all examined disk samples. Consequently,
the balanced biaxial anisotropy coefficient can be obtained
by using the linear least squares regression method, as
described in Refs. [38,40,64]. The slope of the solution is
precisely defined to be the anisotropy coefficient (Rb) as
1.194 with the correlation value (R*), as shown in Figure 2.

D? b
st =In (D;U),sfm =1In ( [;0) (4)
&0
== 5
b= T (5)

2.4. Mechanical forming properties

Mechanical properties such as modulus of elasticity, yield
stress, ultimate tensile stress, elongation, and anisotropy
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Figure 2. Relationship between plastic true strains in the RD and TD of the
SPC270 sheet.

coefficient are significantly demonstrated to identify a plastic
flow behavior in FE simulation. These values should be care-
fully examined by the bona-fide experiment. In this study,
the uniaxial tension test was employed to determine mech-
anical properties. The previous Section 2.1 depicts experi-
mental investigation of uniaxial tensile test, performed
repeatedly three times to guarantee reliability and repeatabil-
ity. while this section describes the determination of mech-
anical properties of mild steel sheet. Firstly, anisotropy value
which identified as plastic true strain in width (e,,) divide
thickness (¢,) in Eq. (6) can be determined along testing by
the collected data. However, thickness strain is difficult to
measure, by the conservation volume in true plastic strain
(@ + @, + @, = 0], this anisotropy value also determined
by longitudinal true strain (¢;) instead. In addition, this
anisotropic value can be dependency determined in which
arientation (RD, DD, TD). The selected value is in the plas-
tic range but not over the stability limit. Therefore, aniso-
tropic value by uniaxial tension of both three directions is
in 17.5% elongation which in the plastic deformation but
not over the ultimate tensile strength. Secondary, modulus
of elasticity, yield stress, ultimate tensile strength, elongation
are obtained both from the uniaxial tensile testing.
Engineering stress and strain are respectively provided by
tension load over the initial rectangular cross Section area
and the longitudinal extension over the initial gauge length.
The engineering curve was employed to investigate yield
stress (0.2% proof stress), ultimate tensile strength, total or
uniform elongation, and the modulus of elasticity.

G Y
@ oL+,

Apparently, Table 2 demonstrates the mechanical forming
properties of the SPC 270 mild steel sheet, measuring
0.9 mm in thickness with precision accuracy in 3 digits, indi-
cating slight variations in properties across different orienta-
tions. The anisotropy coefficients display varying values
across different directions, indicating that planar sheet
deformation can be elongated with distinct capabilities in
each direction. The yield stress varies slightly with orienta-
tion; however, the anisotropic value clearly indicates that the

r=

(6)
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Figure 3. Comparison of experimental uniaxial tension flow stress curves along
RD, DD, and TD of SPC270 mild steel sheat.

capacity for stress distribution differs in various directions.
The maximum elongation with superior formability is
observed in RD, accompanied by the highest anisotropy
coefficient, followed by TD and DD, respectively. It is essen-
tial to utilize an anisotropic yield criterion to characterize
distinct anisotropic plastic deformations in each orientation
of the material sheet wvia finite element simulation.
Ultimately, diverse advanced anisotropic yield criteria must
be employed to accurately predict anisotropic plastic
deformation, including the Hill4s, Yld2000-2d, and
Yoshida2013 yield criteria, which consider the directional
properties of the material.

3. Strain hardening models
3.1. Experimental flow stress curve

The isotropic hardening model utilizes the uniaxial tensile
results along the rolling direction (RD) to derive the flow
stress curve for finite element (FE) simulation, as predicted
by the strain hardening phenomenological model. In an
experiment, the flow stress curve delineates the correlation
between plastic true strain and plastic true stress, which can
be determined from the engineering stress-strain curve
within the plastic stability zone (from yielding to ultimate
tensile strength). Tensile tests were conducted on all three
orientations, repeated three times for consistency. Figure 3
illustrates the experimental outcomes; flow plastic behavior
for RD, DD, and TD sample orientations is denoted by
black, red, and blue dotted lines, respectively. A different
orientation yields slightly varied flow stress curves, resulting
in minor differences in mechanical properties. The highest
flow stress curve exhibited is DD, while the lowest is RD,
with TD positioned between the two other orientations.

For accurate prediction in the FE simulation, the flow
stress curve requires further extension to accommaodate large
deformations. Figure 3 clearly indicates that experimental
employment yields merely twenty percent of genuine plastic
strain stability. An extended deformation remains necessary.
This study investigates a uniaxial flow stress curve, based on
the idea of isotropic hardening, and then uses strain
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hardening models to predict plastic deformation. To choose
the best hardening model, a variety of strain hardening
models will be used and compared. The strain hardening
models were investigated in this study, namely, Swift [65],
Voce [66], Hockett-Sherby [67], the hybrid Swift-Voce, and
the hybrid Swift-Hockett-Sherby hardening models.

3.2. Calibration of strain hardening models

The uniaxial tensile test along the rolling direction was con-
ducted to establish the flow stress curve for finite element
simulation. Figure 3 indicates that the end part of the
experimental flow stress curve occurs at a true plastic strain
of approximately 0.2. For accurate predictions of material
behavior under large strain deformation, it is essential to
extend the flow stress to encompass large strain conditions.
To attain the objective, the hybrid hardening model was
implemented to improve the accuracy of predictions on the
end part of the experimental flow stress curve regarding
plastic deformation. The flow stress curve derived from a
balanced biaxial bulge test is known to be more reliable for
the strain hardening curve during large strain deformations.
This issue is addressed by the practical approach proposed
by Gonnoring et al. [68]. They introduced a calculation pro-
cedure to transform the biaxial flow stress curve, utilizing
effective stress-plastic strain data from the bulge test, to
characterize the uniaxial flow stress curve behavior at inter-
mediate and large straining levels typically encountered in
the sheet hydroforming process. This method is advanta-
geous, as traditional uniaxial tensile tests are confined to a
low uniform-straining range [68]. In this work, this
approach was directly applied to convert the biaxial flow
stress curve to a uniaxial flow stress curve. The transformed
curve demonstrated high accuracy, aligning well with the
experimental uniaxial curve, and exhibited greater plastic
strain than the original curve. Finally, in this issue, the
experimental uniaxial flow stress curve effectively describes
the plastic deformation involved in the large straining of the
sheet hydroforming process, replacing the biaxial flow stress
from the bulge test. Importantly, the uniaxial tensile test is a
conventional method that proves to be more effective in
industrial applications compared to the bulge test. The cali-
bration of strain hardening models investigated in this study
is based on the proposed hardening equations in references
[65-67], and the established Hybrid Swift-Voce and Hybrid
Swift-Hockett-Sherby equations. By utilizing the experimen-
tal flow stress curve along the rolling direction (RD), this
work determines the material parameters for the strain hard-
ening listed in Table 3. The stiffness of this mild steel sheet
is approximately 540 MPa for the strength coefficient (K) in
the Swift model, with a strain hardening coefficient (n) of
0.2711. The n-value exhibits the strain hardening rate, indi-
cating enhanced formability. Conversely, the saturated mod-
els, Voce and Hockett-Sherby, establish distinct specific
parameters (A and B) for each model, while the strain hard-
ening parameter C is exactly dissimilar. The n-value of the
Hocket-Sherby equation, analogous to the Swift model,

0.7831. The values are subject to enhancement; the flow
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stress curve indicates elevated stress at increased strain. In
the hybrid models, HSV and HSHS, the weight parameters,
which correspond to the increasing Swift hardening and the
saturated models of Voce or Hocket-Sherby, are denoted by
x and o, respectively. It clearly exhibits that the two weight
values differ. This value is multiplied by Swift, whereas the 1
minus with weight parameter is multiplied in the Voce or
Hockett-Sherby model; thus, this indicator can elucidate the
characteristics of sheet metal relevant to the respective
model. In HSV, the weight is 0.7; in HSHS, it is 0.25. The
varying values indicate that HSV requires a greater flow
stress to enhance its optimal value, whereas HSHS necessi-
tates only a modest increase in large strain.

The predicted flow stress, based on the calibration
parameters in Table 3, is illustrated and compared with the
experimental flow stress curve along the RD in Figure 4(a).
The experimental flow stress on RD is depicted as a black
dotted line, whereas the Swift, Voce, and Hockett-Sherby
models are illustrated by solid red, pink, and black lines,
respectively. The hybrid predicted curves of HSV and HSHS
are represented by dashed blue and green lines, respectively.
In Figure 4(a), the various models yield distinct flow stress
levels at elevated strains. The Swift model produces the
highest flow stress, whereas the Voce pink line penerates the
lowest stress. The Voce and Hocket-Sherby models present
considerable similarity in their equations and parameters.
The observed curves exhibit a similar pattern, though the
specific parameter values differ. The Hockett-Sherby model,
which includes the power law and the strain hardening coef-
ficient (n), predicts higher stress levels than a model that
doesn't use the Voce equation. The flow stresses of the HSV

Table 3. Strain hardening parameters of SPC270 sheet calibrated by uniaxial
tension along RD.
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and HSHS curves are situated between the generated Swift
and Voce curves. The HSV model induces weight parameter
(x) on the effective stress of Swift maodel, distributes a higher
flow stress than the HSHS model. The HSHS model predicts
a lower flow stress. This is done by multiplying high values
with the Hockett-Sherby flow stress. The final part of the
experimental flow stress curve was estimated using the
hybrid hardening model, HSV, and HSHS models; these
models, with their different weights and equations, create
different hybrid curves.

To evaluate the accuracy of these predictions, the differ-
ence between the predicted effective flow stress from each
hardening model and the experimental effective flow stress
was calculated and expressed as the root mean square error.
Therefore, the prediction error can be determined by sub-
tracting the predicted effective flow stress (E:,'j'ﬂ] for each
hardening from the effective flow stress found through
experiments (7. ). This study uses the root mean square
error (RMS,,,). including hardening, as the main way to
assess the accuracy predictions, as shown in Eq. (12). In this
equation, the subseript “i" denotes the experimental data
point for i=1, 2, ..., n. The accumulation error result
encompassed all experimental data points, depicted in
Figure 4(b) as the comparative red bar chart presented. The
analyzed results indicate that Hocket-Sherby yields the most
accurate prediction, exhibiting the lowest error of 0.78 MPa
from the experiments. The greatest deviation appears in the
isolated models of Swift or Voce, whereas the HSV and
HSHS models exhibit high accuracy in error. Furthermore,
HSHS provides higher predictive accuracy compared to
HSV.

2
] = —har, i
i=1 (J exp I'J-pr )

Hardening maodels Specific material parameters R* RMSpara = " (7)
Swift K (MPa) g ) n
5405320 0.0067 02711 0.9986 ‘
Voce A (MPa) B (MPa) C The end segment of the experimental flow stress curve
3621488 RGN AN 09398  indicated the direction of extended flow stress at a large
Hocket-Sherby A (MPa) B (MPa) C n 7 A .
4212708 2766748 48240 07831 o0eggy sStrain. Therefore, the experimental end curve is also
HV % (07) 08377 employed to evaluate the accuracy prediction. Figure 5(a)
HsHs 2(0.25) 09351 llustrates the terminal segment of the experimental flow
600 C
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Figure 4. Predicted flow stress curves compare with the experimental curve along RD by (a) various strain hardening models and the (b) root mean square error

for predictions and experiments.
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Figure 5. Comparison of experimental and prediction of flow stress curves along the final strain region (a) a closed-up flow stress curves and (b) absolute error

fram experiment of each employed strain hardening models.

stress curve in comparison to the predicted flow stress
curves. The nearest predicted curves are derived from two
hybrid models, whereas the predicted curve from the
Hockett-Sherby model slightly underestimates the experi-
mental data. Moreover, the Voce curve underestimated at a
distance far from the experiment, while the Swift curve
exhibits the most significant overestimation. The absolute
deviation values from data points are determined, and the
deviation end-curve error of each model is depicted and
compared in Figure 5(b). The best ideal absolute flow stress
error is a zero at the solid black dashed line. The absolute
flow stress error values for the Voce, Swift, HSV, Hockett-
Sherby, and HSHS hardening models are illustrated by pink,
red, blue, black, and green lines, respectively, as illustrated
in Figure 5(b). Apparently, Voce exhibits the greatest devi-
ation with a progressively high slope, whereas HSHS dem-
onstrates the minimal error at the end segment of the
experimental curve. The results correlate with the RMS error
depicted in Figure 4(b), where the Hocket-Sherby, HSV, and
HSHS models are identified as appropriate hardening mod-
els for predicting flow stress in large-strain deformation. To
investigate the effect of strain hardening models, both HSV
and HSHS are employed for isotropic strain hardening in
finite element simulation and are subsequently compared.

4. Anisotropic yield criteria

This section theoretically describes an application of aniso-
tropic yield criteria to finite element simulation to character-
ize the anisotropic plastic deformation or yielding behavior
of materials under plane stress conditions. To examine the
effect of anisotropic yield criteria, three distinct criteria,
characterized by varying functions and material parameter
calibrations, were employed and simulated. These aniso-
tropic yield criteria are integrated with isotropic and com-
bined IKH models. The employment details are as follows.

4.1. Quadratic Hill'48 yield criterion

The quadratic yield criterion is referred to as Hill'48 [59].
This anisotropic yielding was expressed as a quadratic func-
tion of the stress component dependency. This criterion
incorporates specific material parameters to characterize the

anisotropic behavior of the material. The yield function
defined in Eq. (8).

2y = Floy, = "1}_—)2 + G(0~ 'T.\'_x_;lz + H{@py — 'Tny_‘

— 5t

+ 2Le’, + Lol + INa? ()
¥ = ay
where, ¢y, is quadratic yield function of Hill'48, gy, 7y, 0=
are respectively the axiality stress tensor component with
respect to the xx, yy, zz directions, 6,0, 0y are shear
stress tensor component on yz, zx, xy plane, respectively,
and 7, is effective yield stress. In this, criterion, there are
six anisotropic material parameters of F, G, H, L, M, and N
which multiplied by the quadratic component. They can be
determined by the anisotropy coefficient values as displayed
in Table 2 as calculated follow in Eq. (9).

Ty 1 n
F= G = yH= v
ton(1 + r9q) 14 141y ©
(ratre)@rs+1) 3
M= o - = M ==
21‘90(1 +F’g} 2

where, 1y, rgs,rep are respectively anisotropy  coefficients
along RD, DD, TD. For plane stress conditions, a normal
perpendicular stress and the related shear stress are assumed
in zero (0. = dy; = 0z = 0). Anisotropic Hill'48 criterion
in Eq. (8) is transformed to Eq. (10).

(G+ Hla,, + (F+ H)o), - 2Hawo,, + 2Na,, = 25, (10)

4.2. Non-quadratic Yld2000-2d yield criterion

The non-quadratic yield function Yld2000-2d is utilized in
finite element simulation and compared with alternative crite-
ria. This yield criterion was introduced by Barat et al. [60] as
the crystal exponent "a” in the deviatoric stress component
space. For steel, the crystal exponent of 6 is recommended,
while for aluminum alloys, the exponent of 8 is suggested.
The anisotropic yield criterion is defined as shown in Eq. (11).

dyp = @ + 8" = X = X" + 2K+ XN+ 267 + XN = 2m
(11}

where, ¢yrp is Y1d2000-2d yield funetion, X', X"\, X5, X"
are principal linear transformation stress component in X
tensor, and @, is effective yield stress. These two principal
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values of indent 1 and 2 are calculated by the concept of
principal Eq. (12).

X+ X, (X =X\ .
X\Jalg— 3 4/ 3 +2X,\

(12)

r
x, = Xt Xy \U,f' (X'ffr =Xy
& 2

2
2
3 ) +2X7,

By the concept of linear transformation, the principal val-
ues are delivered to principal stress tensor ¢ by the relation-
ship proposed in Eq. (13).

X' =Cs=Lo

XM= (% =1L (13‘]

When, €', C" are tensor matrix of anisotropic yield criter-
ion parameters, L',L" are linear transformation matrix
which can be determined by the transformation of eight spe-
cific material parameters of o, 2,..,% as derived in
Eg. (14). These eight parameters can be determined by a
non-linear regression via Newton and Raphson approach by
using normalized yield stresses and anisotropy values along
RD, DD, TD, and balanced biaxial tension. The calculation
procedure can be found in Barat et al. [60].

Lrll 2}]{3 0 0
Lrlz - lf3 0 0 o)
=] 0o =13 of|lm
i 0 2/3 0|z
Lis 0 0 1
r.r“ -2 2 8 -2 0 b 51 (14)
" 1 -4 =4 4 0f|mxy
r{:[ = — 4 -4 —4 1 ] i 13
L -2 8 2 -2 0 Hg
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4.3. Sixth-order polynomial Yoshida2013 yield criterion

A sixth-order polynomial anisotropic yield criterion was
developed by Yoshida et al. [61], namely Yoshida 2013. This
criterion is established by many stress components, which
are derived from Drucker’s J2-J3 extension. The polynomial
function of this criterion under plane stress conditions is
expressed by the following Eq. (15).

Drashida = C10% = 3,0, + 6Cs00 07, — 70000

0y Ty
2 ~ 5 ~
+ 6Csal_xn"w = 3400, + Cr),

xy

+ 9((2..511 - 2Cs0%, 0y + 3Cuat gl — 20 G, + Cua_'l'r)n"I
v 1?((:. 302, = Cldndy, + Ci s.rf,_,_} s,
+27C 5%, = 7

(15)

where, ¢y 4, I8 Yoshida2013 anisotropic yield function,
C1, Cay .0 Cg are anisotropic material parameters, and @, is
effective yield stress. Then, these sixteen anisotropic parame-
ters of this yield criterion are defined by an optimized
s By Cos @ (1 = 1,2) which calibrated to minimum error
of Eq. (16). More detail of the relationship of the constant
can be found in an appendix of the reported work [39].
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Table 4. Anisotropic parameters of Hill'48 anisotropic yield criterion of
SPC270steel sheet

F G H N
0.3253 0251 0.7459 14531

Table 5. Anisotropic parameters of Yld2000-2d anisotropic yield oiterion of
the SPC270 steel sheet.

a1 ] o5 a7

b} =1 ri} oy
1119052 1.013844 0.930484 1.037497
1.010016 0.940724 1.166785 0.80713

Table &. Anisotropic parameters of Yoshida2013 anisotropic yield criterion of
SPC270 steel sheet.

Specific material parameters

G G G G
1 1.491825 1746841 1.811924
G [ G Cy
1.605796 1327341 0953123 1.116801
G Chir Cit Ciz
1647687 1584735 1.456063 0585951
G Cia Cig Cig
1.165637 1871791 1243316 1.330482
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(16)

where, g, w, are respectively weight function based on yield
stresses and anisotropy coefficients, Ty, ry are yield stress
and anisotropy value of each orientation, RD, DD and TD.
The optimization in Eq. (16), subscript of “pr” and “exp” are
respectively represented prediction value and experimental
value.

4.4. Calibration of anisotropic yield criteria for SPC270
steel sheet

The experimental analysis of various uniaxial yield stresses
and anisotropy coefficients along the rolling direction
(RD), diagonal direction (DD), and transverse direction
(TD), as presented in Table 2, utilized the determination
of anisotropic parameters according to each yield criterion.
They were numerically calculated to obtain anisotropic
parameters by requirement of each anisotropic yield criter-
ion. Table 4 presents four plane stress parameters, F, G,
H, and N, derived from Hill'48, which are based on aniso-
tropic values. Furthermore, the non-quadratic yield criter-
ion, Y1d2000-2d, is characterized by eight anisotropic
parameters (u — o), which are demonstrate in Table 5.
Also, the specified material parameters from Yoshida2013
are presented under the notation of C; (i=1, 2, ..., 16) as
illustrated in Table 6.

It is important to consider the anisotropic parameters
that were obtained at a lower plastic strain, or 0.2% offset
plastic strain for yield stress; this is a conventional approach
that was employed in this research. In reality, the intermedi-
ate plastic strain level has been consistently justified in the
context of large-strain deformation to achieve the precise
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Figure 6. Comparative predictions of the normalized yield loci of the SPC270

mild steel sheet determined with the Yld-2000-2d anisotropic parameters at
various plastic-work levels.

behavior of the fuel tank for large SHFs. Consequently, the
alternative approach has been implemented to explain the
aforementioned reason. The anisotropic parameter calcula-
tion was proposed by Lemos Ferreira et al. [69] using two
distinct amounts of plastic work per unit volume (Wp). One
was referred to as the yield proof stress at 0.2% plastic
strain, while the other was at an intermediate plastic strain
level. The limit strain results were more accurately predicted
by the latter description. This research demonstrates that the
yield-surface shape in the critical stress range is responsible
for the improvement, as reported in Refs. [69-72].

In this study, the anisotropic parameters for Yld2000-
2d were identified through the calculation of these param-
eters with different plastic strain levels (plastic work per
volume), including 0, 52, 11.58, and 27.59 MPa. The
experimental values were then compared with the pre-
dicted yield loci for the Yld-2000-2d material, which were
obtained from four sets of anisotropic parameters as pre-
sented in Figure 6. The lowest plastic work per unit vol-
ume (Wp = 0MPa) and higher levels (Wp = 5.2, 11.58
and 27.59) have been employed to calibrate the yield loci
for the YId-2000-2d locus in the transverse direction
(90°). There were a few inconsistencies. Apparently,
Figure 6 shows the yield loci in the biaxial tension stress
state at the lowest plastic work level, which shows a small
but notable difference with all the higher plastic work lev-
els. The yield loci for all levels of plastic work appear to
be well predicted in the rolling direction (RD, 0°). The
shapes of vield surfaces at different levels have a signifi-
cant influence on plastic work levels in a biaxial stress
state. As illustrated in Figures 20 and 21, the formability
prediction through FFLC in this investigation, most of the
simulated strains are distributed in the uniaxial stress
state and directly reach the pure shear region of the
FFLC. It can be concluded that the level of plastic work
along large strain deformation at a biaxial stress state has
not affected the accurate formability prediction of SHF
fuel tanks since their strain deformations are distributed
during plane strain and pure shear states on the left side
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Figure 7. Comparison of anisotropic yield lod between Hill'48, Yld2000-2d,
Yoshida2013, and the experimental verification of SPC270 mild steel sheet.

of FFLC as observed in Figures 20 and 21. The accurate
vield surface description in the stress range of interest is
crucial in the numerical analysis of sheet metal forming
operations, such as the hemispherical punch stretching
and deep-drawing processes, as a biaxial state of stress
[68]. Finally, the anisotropic parameters were calculated
and obtained at an initial 0.2% offset plastic strain yield
stress (Wp = 0 MPa) for utilization in this work.

By incorporating the specific material anisotropy parame-
ters from Tables 4, 5, and 6 into the yield function, a yield
locus can be established, enabling the comparison of criteria
based on major and minor principal stresses. Figure 7 illus-
trates the comparison of normalized yield loci in normalized
RD and TD space. The normalized values of all three crite-
ria are divided by the yield stress along RD. In this figure,
solid black, red, and blue lines represent Hill'4s,
Yoshida2013, and Yld 2000-2d, respectively, under plane
stress conditions without shear stress. Solid yellow dots indi-
cate the normalized experimental values obtained from uni-
axial tension in RD, TD, and balanced biaxial tension. In
the comparative yield loci for RD, all three criteria are
agreed and align well with the experimental data.
Conversely, in TD, the non-quadratic Y1d2000-2d and sixth-
order Yoshida2013 provide the best predictions, while
Hill'48 underestimates the results. This predictive accuracy
is attributed to both criteria being calibrated using uniaxial
yield stress along RD and TD, whereas Hill'48 relied solely
on all anisotropy coefficient values. For balanced biaxial ten-
sion, the normalized value divided by the RD yield stress is
equal for both RD and TD. Comparing the predicted loci
clearly shows that the Y1d2000-2d model aligns well with
the experimental data, while Yoshida2013 slightly underesti-
mates the results and Hill'48 overestimates them signifi-
cantly compared to both the experiment and predictions.
The reason for these predictions is that the quadratic Hill'48
and Yoshida2013 vield criteria were not calibrated with
respect to balanced biaxial yield stress. Notably, the
Yoshida2013 criterion’s predictions were close to the experi-
mental results and to those of the Y1d2000-2d model in a
balanced biaxial tension state, as its yield function can
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quarter orientation from rolling direction of SPC270 mild steel sheet.

describe anisotropic behavior similarly to the Yld2000-2d
maodel.

To verify the accuracy of predictions regarding both
yield stress and anisotropy coefficient values, these two
parameters can be examined in relation to specific criteria
and compared with experimental results. The comparison
of anisotropy values between predictions and experiments
is illustrated in Figure 8(a). The predictions from the
Hill'48, Y1d2000-2d, and Yoshida2013 models are repre-
sented by dashed black, blue, and red lines, respectively.
Three yellow dots indicate the experimental r-values
obtained in the rolling direction (RD), diagonal direction
(DD), and transverse direction (TD). Notably, all three cri-
teria align closely with the experimental results for the pre-
dicted anisotropy coefficients. This agreement arises
because these three criteria integrate the three experimental
r-values for anisotropy coefficients. However, the predicted
curvature characteristics in other orientations differ. For
the Yoshida2013 criterion, there is a valley in the DD
region that then increases. In contrast, the Hill'48 and
Y1d2000-2d models display the same curvature in their r-
value predictions, which decreases through DD, reaches a
valley around 50 degrees, and then increases again. For
yield stress predictions for various orientations, this value
is also analyzed and compared. The verification of normal-
ized yield stress predictions is depicted in Figure 8(b). In
this figure, solid black, blue, and red lines represent the
normalized yield stress predicted by the Hill'48, Y1d2000-
2d, and Yoshida2013 criteria, respectively. The yellow dots
correspond to experimental findings in RD, DD, and TD
uniaxial tension. It is evident that the yield stress predic-
tions from the Y1d2000-2d and Yoshida2013 criteria align
well with the experimental data in all three directions,
while the Hill'48 criterion agrees only with the RD values.
Although the quadratic yield criterion does not incorporate
all three stresses to calibrate the model, its predictive accur-
acy for yield stress is limited to the RD orientation. In con-
clusion, both the Y1d2000-2d and Yoshida2013 criteria are
accurately predicted in  r-values and vield stress.
Conversely, the quadratic Hill'48 criterion performs
adequately only for anisotropy values and RD yield stress.
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Figure 9. Schematic diagram depicts relationship between flow stress and yield
surface under (a) isotrapic hardening (b) kinematics hardening.

5. Yoshida-Uemori kinematics hardening model

In an isotropic hardening framework, flow plastic behavior
does not incorporate the Bauschinger effect in material
modeling. This yielding behavior is characterized by expan-
sion along the yield locus during plastic flow stress, as illus-
trated in Figure 9(a). This figure depicts both the initial
vielding and the subsequent yielding in plane stress and
effective stress under IH behavior. The initial yield in the
plane stress space is represented by a blue locus, while the
subsequent vield is shown by a black locus. The effective
stress on the flow stress curve results in flows that reflect
the characteristics of the hardening model used. In this con-
text, subsequently yields in the principal stress space
increase across all stress states.
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Figure 10. Schematic illustration of anisotropic yield surface under combined
isotropic-kinematic hardening model.

The characteristics of the kinematic hardening model are
illustrated in Figure 9(b). The initial yield locus is repre-
sented by the blue line, whereas the subsequent locus is
depicted by the black line. In effective plastic stress, yielding
resembles isotropic behavior but is influenced by the
Bauschinger effect under cyclic loading. This subsequent
yielding assumption resides in the same characteristic locus
as the initial locus, albeit in a translated state. The yielding
behavior of effective stress for isotropic and kinematic mod-
els can be expressed as Eqs. (17) and (18), respectively.

fls)=a(E) =0, (17)

fls—2)=¥*=0, (18)

where, f(s) is yield surface, F(E) is flow stress based on
strain hardening model, f(s — «) is yield surface under back
stress, and Y is yield stress value.

5.1. Combined Isotropic-kinematic hardening

The characteristic behavior of combined isotropic-kinematic
yielding is illustrated in Figure 10. The yield locus exhibits
both expansion and translation states in relation to the flow
stress curve. In the diagram depicts in Figure 11, the initial
blue yield locus accurately expands to form the solid black
line at the first step; subsequently, the expanded locus is
translated to become the dashed black line. The red dots
with line arrows indicate the sequence of yielding in the
biaxial tension yielding stress state. The correlation between
the yield surface and effective plastic stress for this hybrid
phenomenon can be expressed as Eq. (19).

fls—2)-FE) =0 (19)

In the combined IKH model, the transformation of the
subsequent locus is governed by a cyclic hardening
approach. This study utilizes the Yoshida-Uemori (Y-U)
model [73] to characterize the Bauschinger effect on mater-
ial sheets. This model is constructed using two-surface
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Figure 11. Demonstration on two-surface yielding of Y-U maodel.

modeling, as illustrated in Figure 11. The yield surface is
theoretically characterized by kinematic hardening behavior,
whereas the combined IKH model is delineated along the
bounding surface. According to the von Mises yield criter-
ion, the yield function (f} is formulated by Eq. (20), while
the bounding surface (F) is described by Eq. (21).

f=2t=0(s=n -y =0, (20)

F=%[s—ﬁ}:(s—ﬂ)—(ﬁ+R]2=0. (21)
where, s and = are respectively Cauchy and the back stress
deviators, and Y is the radius of the yield surface. In this
vield surface (f), the rate of plastic deformation (D) can
be described by a concept of associated flow rule D =
da(df fds). The bounding surface (F), [/ is the center
while B and R are both the initial size and isotropic
component.

According to von-Mises yield locus depicts in Figure 11,
the center of yielding (f) is translated with respect to the
center of F as the described in Eq. (22). Meanwhile, the sca-
lar of translation can be derived as defined in Eq. (23):

o=+ i (22)

3, = C[%a[}’ \ fx.p] = V‘%c@[np - (%n)} (23)
where, =, is translation scalar, p is effective plastic strain
rate. In this model, C is a material parameter utilized to
regulate the kinematic hardening approach. According to
the parameter demonstration in Figure 11, both n, and n,
are unit vectors oriented in ¥ and o, respectively.
Additionally, the strain rate p and %, can be investigated
using Eq. (24) while its analytical value (a) can be deter-
mined by Eq. (25).

/3

, f2 - ]
P:‘V,I;DP:DP.LZVEL:% (24)
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a=B+R-Y (25)

For the isotropic-kinematic hardening characterization
according to bounding surface, the evaluation is expressed
in Eq. (26).

R =mp(Ry — R}, (26)

where, R is isotropic hardening, R, is saturated stress value
of the hardening, and  is specific material isotropic hard-
ening controlled. On the other hand, kinematics hardening
of bounding surface, the evolution value was defined by
Eq. (27) expressed:

B m[2epr =g,

where, b is also material parameter. In conclusion, the
bounding flow stress (Tpoume) is expressed as the following
Eq. (28) given.

(27)

Thound = B+R+!;:B+ l:Rs.n'r +b)(1 -—-e_"'r] (28)

Furthermore, Yoshida et al. [61,74] purposed the non-iso-
tropic hardening to control work hardening stagnation in
the back stress as g, surface which can be expressed by
Eq. (29) given:

& =ff—q -7 (29)

where, q is center of g, and r is radius of the surface.
Additionally, the evolution of center (g) also expressed by
the following Eq. (30) which has the specific material par-
ameter of h.

q=u(p-q) when p=t—L P LDL )

To characterize the material parameters for the Yoshida-
Uemori hardening model (Y-U model) for springback pre-
diction. For achievement of this aim, the commercially spe-
cialized software “MatPara,” developed and distributed by
the authors of this model as referenced in Refs. [73-74], was
employed to obtain the parameters. The input data for cal-
culating the necessary parameters includes the flow stress
curve from the rolling direction (RD) and the anisotropy
coefficient values for the rolling direction (RD), diagonal
direction (DD), and transverse direction (TD). The imple-
mentation of the effective flow stress Eq. (28) under non-
isotropic hardening [74] into the experimental isotropic flow
stress along the rolling direction (RD) generates the pre-
dicted cyclic curve according to the Y-U model, utilizing
material parameters derived from “MatPara” as illustrated in
Figure 12. The obtained SPC270 parameters are detailed in
Table 7. This study identifies two distinct material parame-
ters of C;, C, for the first and second flow stress (back
stress), respectively. The calibrated results are initially illus-
trated by the cyclic curve loading diagram in Figure 12. In
cyclic loading, the red dotted line denotes the experimental
uniaxial flow stress curve along the rolling direction of the
investigated SPC270 sheet in the stability region, whereas
the solid black line represents the predicted cyclic curve by
the Y-U model. The black dot designates the provided
experimental data-based cyclic test from commercial
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Figure 12. A cyclic flow stress curve of SPC270 mild steel sheet predicted by
Yoshida-Uemori model comparing with flow stress curve on RD.

Table 7. Spedfic SPC270 sheet of Y-U model calibrated by RD' uniaxial tensile
flow stress curve.

Y (MPa] B [MPa) Ci G b (MPa) m Rsor (MPa) h
116 60 400 700 44 78 185 0.45

software. Apparently, the predicted cyclic curve can be con-
sistently accepted with the provided experimental cyclic
curve, even if there is a slight deviation. It is a reason that
the calibrated results depict in Table 7, could be accepted to
predict the springback behavior for the SPC270 sheet.

5.2. Determination procedure of Y-U parameters by
commercial software “MatPara”

The “MatPara” commercial software is used to obtain the Y-
U parameters mentioned earlier. However, it is important to
repeat the calculation procedure for these Y-U parameters
to ensure the reliability and applicability of the “MatPara”
software. Initially, the experimental uniaxial flow stress curve
along the RD was utilized to calibrate with the Y-U equation
and the provided Y-U parameters from the original experi-
ment test for the SPC270 sheet prepared in the software.
This calibration is performed through auto-adjustment using
a non-linear regression method. Subsequently, manual par-
ameter refinement is conducted along the predicted Y-U
tension-compression curve, resulting in accurately obtained
Y-U parameters, as schematically illustrated in Figure 13(h).
By this way, the experimental tension-compression (T-C)
procedure is illustrated in Figure 13(a). Notably, the Y-U
parameter derived from the original experiment supported
by software is not used in the calibration step; instead, only
the Newton-Raphson numerical method is employed for
adjustment,



To validate the applicability and reliability of the software
“MatPara,” both experimental data based on the T-C test
and monotonic uniaxial tension test for the SPC270 mild
steel sheet prepared in the software feature were utilized to
demonstrate the calculation procedure for obtaining the Y-U
parameters. Demonstratively, Figure 14 depicts the compari-
son of the predicted cyclic curve based on the Y-U model
and experimental data prepared by “MatPara” Figure 14(a)
T-C test and Figure 14(b) monotonic uniaxial tension test.
All predicted curves can accurately predict the experiments.
In Figure 14(c), the back stress region of the predicted cyclic

mmm e ————— e

{4 Experimental RD monotonic :
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4 S— i = 5™ e
: Mat Para i Mat Para !
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Figure 13. Schematical demonstration of Y-U parameters determination by
using "MatPara” commercially specialized software by using {a) tension-com-
pression experimental data, (b) monotonic uniaxial tension data.
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curves is slightly deviated; this can be accepted for the
applicability in the simulation. Finally, it can be concluded
that the predicted Y-U parameters from the experimental
uniaxial tension data can be accepted and utilized to replace
the experimental cyclic data with the consistently predicted
results.

6. Formability investigation

For the purpose of this research, the Fracture Forming Limit
Curve (FFLC) and fracture criteria are utilized to conduct a
formability evaluation on the large-sheet hydroforming pro-
cess for the motoreycle fuel tank made of SPC270 mild steel
sheet. Prior to developing the fracture criteria, it is necessary
to first construct the FFLC from the experimental Nakajima
stretch-forming test and then use the results to develop the
fracture criteria. In this work, the failure analysis in SHF
simulation was assessed using fracture criteria in the context
of strain-based FFLC. It is evident that the fracture criteria
were directly converted to strain space as FFLC for the pur-
pose of formability evaluation.

6.1. Experimental Nakajima test

The FFLC was experimentally constructed based on the
Nakajima stretching test in accordance with the ISO 12004
standard, using a 100 mm hemispherical punch diameter.
This test assesses sheet stretching in the presence of biaxial
tension, plane strain, and uniaxial tension stress.
Furthermore, butterfly samples were used to extend the uni-
axial loading to combined loading and pure shear stress
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Figure 14. Comparison of the predicted cyclic curve by using Y-U material parameters established from experimental data based prepared by *MatPara” {a) ten-
sion-compression tests and (b) monotonic uniaxial tension test. (c) the predicted cyclic curves from two tests.
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Figure 16. Installation of experimental test for FFLC (a) Nakajima die set and (b) uniaxial tension on butterfly samples.

states. Initially, a mild steel sheet sample was prepared by
employing the wire cutting technique to achieve the standar-
dized shape of the Nakajima sample, as dimensioned in
Figure 15(a). The rolling direction (RD) for steel sheets is
defined along their width sample. The circular sheets in
these samples had a diameter of 210 mm and a neck length
of 100mm, with radius of 25mm. The width lengths were
defined as the following values: 210, 120, 90, 45, and 20 mm,
in order to obtain a variety of stress states. Conversely, the
RD of the sheet was meticulously cut to accommodate the
uniaxial tension testing of two butterfly samples, namely
butterfly pure shear (PS) and butterfly combined loading
(CB), as drawn in detail in Figure 15(b).

Consequently, the experimental procedure for obtaining
the FFLC involves Nakajima stretching and tensile loading
with butterfly sample tests. First, a 100-ton universal testing
machine (UTM) was equipped with an experimental die set
of the Nakajima test with a 100mm punch diameter, as
illustrated in Figure 16(a). The binder force was provided by
a hydraulics unit with four cylinders in the die set. It was
positioned beneath the binder pad to secure hold the sheet
during the stretching sample. Additionally, a bead lock was
present to hold the flange component and subsequently safe-
guard the draw-in to the die of flange samples. The samples

were subjected to experimental stretching at a constant rate
of 3mm/min. In order to reduce friction during the drawing
process, the SAE40 lubricant oil was applied to all contact
surfaces of blank specimens prior to testing. The termin-
ation of the test was defined as the point at which 30% of
the force deviated from the ultimate maximum value. The
samples were mounted with meticulous alignment with the
pulling direction for uniaxial tension on butterfly samples,
as illustrated in Figure 16(b). The upper clipper was utilized
to hold the sample for pulling, while the lower clipper was
employed to secure the sample and conduct a test. This
installation was conducted on a UTM with a capacity of 30
tons. The cross-head speed was consistently established at
0.1 mm/min. Ultimately, a 20% force drop was taken into
account when a sample crack was observed.

The principal strain values around the fracture area were
subsequently obtained by conducting the strain measure-
ment after the samples were experimentally carried out to
fracture. The AutoGrid strain measurement apparatus and
its software were employed to measure and calculate the
Nakajima sample. The out-of-plane strain of the deformed
sheet was assessed in relation to the 2mm initial square grid
using the AutoGrid camera. The four cameras were utilized
to capture the deformed grid and extract strains using
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Figure 17. Strain measurement approaches (a) AutoGrid apparatus for out of plane Nakajima sample and (b} in plane grid analysis of butterfly sample.

AutoGrid software, as illustrated in Figure 17(a). Then, the
contour color can be obtained by identifying the principal
major and minor strains of the entire sample. As illustrated
in Figure 17(a), the critical major stain values at the cracked
area (Line 1) are represented by the red color. The next grid
in proximity to the crack area was used to collect the major
and minor strains for experimental FFLC. Conversely, the
butterfly samples, including major and minor strains, were
calculated by utilizing a deformed rectangular grid at the
crack line that was captured by a high-resolution microscope
camera as displayed in Figure 17(b). In this formulation, the
true values of the maximum and minimum lengths
(Limax, Limin) of the grid over the initial square grid of 2mm
(Lp) is indicative of the two principal strains, major and
minor, as outlined in Eq. (31).

1 (anx) 1 (Lmi n)
H=In|l— |,Ea=In|——
‘ L ) Ly

6.2. Ductile fracture criteria

(31)

In this study, the ductile fracture criteria (DFC) have been
utilized through the fracture forming limit curve (FFLC) to
predict the formability of large SHF for motorcycle fuel
tanks. These criteria have significantly contributed to the
establishment of the FFLC for evaluating formability across
a wide range of stress states, ranging from pure shear to
biaxial tension. The DFC, represented in terms of the 3D-
fracture locus (FL), captures the fracture moment across
three dimensions: equivalent plastic strain (). the Lode
parameter (L), and stress triaxiality () as derived %; =
E(L,y). The independent parameters are detailed in
Egs. (32) and (33).

Oy 0 +0,+0;

ﬂ.__‘"_
@ T

(32)

20’2—!‘"—0’3

L (33)

T = 7y
where, @, a1, @2, @3 are von-Mises effective stress, three prin-
cipal stresses. The DF2012 ductile fracture criterion [47] has
modified the relationship between independent parameters;
therefore, this DFC can be expressed through following Eq.
(34) and applied for this research work.

2 S A
B - & =C3
VEEL3 2 !

(34)

where, Cy, Cy, C5 are specific material parameters of DF2012
criterion which represent characteristics of fracture strain %y
in pure shear to biaxial tension stress states. Additionally,
DF2014 [48] is a DFC which extend the cutoff value of
stress state to plane strain compression and can be expressed
as described in Eq. (35).

2\ fLe) N )

(\/LA—H) ' (\if(.l,’s, < 1_c}}) E =0 (35)
With f(n,L,C) = (3-1) . ,

ith f(n. L, )—q+ﬁ+“ (36)

where, C,C),C,, Cy are the specific material parameters of
DF2014 criterion. Recently, the updatest DFC of shear con-
trol fracture family has been known as DF2016 [49], derived
as the form of DF2014 in Eq. (35). However, this DF201e
has more material parameter of C,Cy, Cy, Cs, Cy which the
additionally €, included in f(n,L,C) as the follow Eq. (37)
given.

| (3-1)
[l L.C) = q+C43\/L2—H+

According to the set of material parameters {Ci}, these
material constants can be obtained by using Least Square
Error (LSE) based on minimum error between obtained
experimental fracture strain (%) from FFLC data (as
described in previous section) and the predicted fracture
strain by using investigated various DFC (Eppc) in excel
solver feature as outlined in Eq. (38). This mathematical

procedure had been proposed and utilized in Refs. [40-41].

(37)

n 2
{Ci} = Ming™ Eﬁ“*‘ -EoFc)] (38)
i=1

Afterward, the excel solver feature calculated the results
based on LSE approach during experimented and the pre-
dicted values in Eq. (43), the computed results are outlined
in the Table 8. Then, the obtained material parameters were
implemented by each fracture criterion, corresponding from
Eqs. (2-8) for obtaining the Fracture Loci (FLs) in the rela-
tionship with equivalent plastic strain (). and stress triaxial-
ity (n). Apparently, the predicted FLs based on various
fracture criteria was drawn comparing with the calculated
experimental data from major minor strains (FFLC data) as
illustrated in Figure 18. In these DFC series, Cs is the key
parameter to represent fracture strain on the maximum uni-
axial tension state, having highest value about 0.8. By the
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Table 8. Calculated material parameters of DF2012, DF2014, and DF2016 crite-
ria for SPC270 mild steel sheet.

DFCs DFC's parameter Min error
DF2012 G G G

3.3133 037597 0.7986 01059
DF2014 c It [ [t

3 35394 2.9068 0.8022 00888

DF2016 C (=] G G G

15749 46316 3 0.8080 28621 00515
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Figure 18. Comparison of the predicted facture loci (FLs) by using various frac-
ture criteria compared with experimental data of SPC270 sheet.

error values in each model, it can be found that DF2012 has
the most value at 0.1059 and subsequently exhibits by
DE2014 as 0.0888, and DF2016 as 0.0515, respectively. The
minimized errors present the improvement of DFC provides
more accurately predict fracture state better than the ori-
ginal one. By observation fracture loci (FLs) in Figure 18,
DF2012 criterion has least accurate prediction fracture strain
while the most accurate fracture strain prediction provided
by DF2016 criterion. The DF2016 criterion has the most
coherent to experiment at above two other DFCs, corre-
sponding with the reported in Table 8. Eventually, it can be
concluded that the formability prediction through using
fracture criteria, they have been recommended to employ
the accurate DFCs for the fracture assessment and compari-
son of respond result.

6.3. FFLCs

Formability prediction on principal strain space is a conven-
tional method to evaluate the FE simulation based on using
fracture criteria implementation. The FLs have to be trans-
formed to strain space by using theoretical calculations. The
major strain was initially determined by utilizing the effect-
ive fracture strains along the FLs in relation to the von
Mises effective plastic strain, based on the strain ratios
derived in Eq. (39). The minor strain was obtained from the
strain ratio described in Eq. (40). This calculation procedure
had also been applied by Chaimongkon et al. [38] and
Panich et al. [64]. The yellow scatter points in Figure 19
illustrate the major and minor true strains of seven samples,
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Figure 19, Comparison of experiment and predicted FFLCs using DF2012,
DF2014, and DF2016 ductile fracture criteria of SPC 270 mild steel sheet.

as indicated by the experimental formability limit curve
(FFLC) data presented in the previous section.

E=ay (YVNL+p+p?) (39)
= E_A (40)
£y

Figure 19 shows the comparative experiment and the pre-
dicted FFLC results. The predicted FFLC results under pure
shear and plane strain stress states from the three DFCs
show slight differences. Moreover, the limit curves on the
right side clearly show that these three DFCs affect the pre-
dictability of the limit curves. The predicted trends of the
DF2012 and DF2014 limit curves underestimate the experi-
mental FELC. The result of DF2016 is accurately predicted
for all the experimental FFLC data.

6.4. Formability evaluation

The finite element (FE) simulation of large sheet hydroform-
ing for fuel tanks is necessary to evaluate formability and
assess fractures during the simulation process. This is the
reason that the conventional formability prediction tool,
FFLC, in combination with wvarious fracture criteria, has
been employed in FE simulation. Importantly, the conven-
tional approach is available in J-Stamp commercial FE soft-
ware and is easier to be compatible with industrial
applications. Consequently, all DFCs-FLs were calculatedly
transformed to DFCs-FFLCs by using plasticity calculation
as mentioned in Eqgs. (44-45). In Figures 20 and 21, the dia-
grams schematically demonstrate the formability assessment
through using DFCs-FFLCs with three different fracture cri-
teria and simulated strain distribution on the sheet during
the process combined with IH and IKH models, HSV-HSHS
strain  hardening laws, and Hill'48, YId2000-2d, and
Yoshida2013, anisotropic yield criteria. In the formability
evaluation, the simulated strain distributions are underesti-
mated with all DFCs-FFLCs, as seen in Figures 20 and 21.
The calculated strains were gathered at the same final state
of the experimental SHF process; they are represented as
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brown scatters under the FFLCs. By using the IH model, the are located under three DFCs-FFLCs. It can be interpreted
formability prediction results can be found in Figure 20. that there is no failure that occurred in all deformed sam-
Apparently, the simulated strains from four different models  ples. However, the tendency of strain pairs indicates that if



20 @ D. KUMPUNYA ET AL

this SHF process is subjected to a higher binder force, it can
be predicted that this part will fail due to pure shear andfor
equi-biaxial tension. By using this DFC family limit curve,
there will be differences only in the biaxial stress state
between the DF2012, DF2014, and DF2016 limit curves.
Contrastingly, there is a slight effect of the ductile fracture
criteria, especially on the left-hand side, where all three limit
curves are slightly different. As for the characteristics of dis-
tribution, it can be seen that the hardening law slightly
affects the strains, as compared between Figure 20(a, b) and
Figure 20{(c, d). On the contrary, the anisotropic yield criter-
ion obviously presents the difference in strain distribution
pattern, especially in a biaxial stress state; the Hill'48 criter-
ion provides a lower major strain level than the Y1d2000-2d
criterion, as shown in Figure 20. This research finding rep-
resents the yield surface, where Yld2000-2d and Hill'48 dif-
fer in the biaxial tension stress state.

Figure 21 provides a visual representation of the form-
ability evaluation associated with the IKH model. Along the
same lines as the contribution made by the IH model, the
IKH model was utilized for this simulation under the same
conditions as the IH model, with the addition of the
Yoshida2013  yield criterion for anisotropic materials.
Hill'48, Y1d2000-2d, and Yoshida2013 are the three yield cri-
teria that are included in this IKH hardening model
Additionally, two hardening laws, namely HSV and HSHS,
are investigated in order to determine the effect that the
material model has on the formability evaluation. It can be
observed that all of the strain distributions fall within the
developed limit curves, as it appears that this is the case. In
the final stage, it is possible to assert that the fuel tank sheet
managed to deform without experiencing any failure. There
are, however, distinct differences in the characteristics of
strain distribution in strain space between the three various
utilizations of yield criteria. It is clear that Hill'48 is respon-
sible for the lower strain that is observed in the region of
the biaxial tension stress state as depicted in Figure 21(a-b)
for Hill'48 model and in Figure 21(c-d) for Yoshida2013.
Moreover, the Yld2000-2d model observed in Figure 21(e-f),
on the other hand, display strain distribution that extends
all the way up to the biaxial tension state. The strain distri-
bution that is predicted along Yoshida (2013) and Y1d2000-
2d provides the simulated results with consistency. The
findings of this research place a strong emphasis on the
effect that yield surfaces have on plasticity models when
they are used in simulations.

7. Experimental and numerical FE simulation of
sheet hydroforming

This study involved the sheet hydroforming (SHF) of a large
motorcycle fuel tank through both experimental and numer-
ical analysis. The finite element simulation addressed the
complexities of prediction accuracy by modeling the aniso-
tropic plastic deformation and Bauschinger effect of the
material sheet using diverse anisotropic yield criteria and
isotropic as well as combined IKH models. The accuracy of
finite element simulation is significantly influenced by
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experimental boundary conditions, including friction coeffi-
cient, pressure, and binder force. Consequently, this finite
clement model was meticulously constructed based on the
experimental boundary conditions utilizing authentic process
parameters from an experimental study. The schematic in
Figure 22(a) depicts the installation process of the fuel tank
SHF as a two-dimensional front view section. The sheet
hydroforming process was experimentally executed using a
modified single-action press, which descended the upper die
to facilitate the upward flow of oil from a liquid chamber
through a lower die functioning as a binder. This binder,
featuring a hollowed design, enabled the bulging of an
SPC270 mild steel blank against an upper tank-shaped die,
as illustrated in Figure 22(a). In the SHF process, the rect-
angular blank provides of 650 mm in width and 825mm in
length, placed between a red two-sided lower die and an
upper die. The SHF process was conducted at a constant
speed of 1000 mm/min, with a maximum force of 70 tons
from the press ram exerting downward pressure on the
upper and lower dies, while the binder was uniformly held
by the same force over the red binder surface, as illustrated
in Figure 22(b), producing a substantial hydrostatic oil pres-
sure of up to 30MPa. The hydrostatic stress consistently
clongated the mild steel sheet with minimal friction. The
innovative design of a single-action press in a closed system
generated constant hydrostatic pressure. To mitigate an
overdrawn area in a specific region, bead drawing was uti-
lized to design and fabricate on the binder surface. The
characteristics of the liquid pressure load curve during the
experimental SHF process are displayed in Figure 22(c). The
pressure curve was employed to determine the loading
protocol for finite element simulation. The pressure
increases linearly to 300 MPa over 20s, is maintained at this
level for 25s, and then decreases incrementally to 0 MPa.
The termination of the SHF process was designated as 50s.
These experimental conditions were correspondingly defined
to FE models. Upon completion of the SHF process, liquid
oil was discharged from the sealed system. A substantial
hydroformed sheet specimen, depicted in Figure 22(d), was
subjected to evaluation for quality control parameters,
including dimensions, profile draw-in, and thickness reduc-
tion. This sample exhibits significant deformation and a
complex morphology. The challenge of accuracy prediction
through finite element simulation should be examined and
applied across various models.

The simulation of all SHF motorcycle fuel tank part was
conducted using the commercial finite element software J-
STAMP. In the constructive finite element model, the
experimental boundary condition was established to ensure
realistic predictions consistent with the experimental condi-
tions, as illustrated in Figure 22(a-c). Both the lower die
(binder) and the upper die were considered rigid, while only
the blank demonstrated elasto-plastic deformability. The
large rectangular sample, which was deformable, was
meshed using 2D four-node quadrilateral shell elements
with seven integration points (QUADA4), featuring an aver-
age mesh size of 2mm. A preliminary mesh sensitivity ana-
lysis was conducted by applying various element sizes,
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Figure 22. lllustration of single action press sheet hydroforming of a large motarcycle fuel tank (a) schematics diagram and the boundary condition, (b) FE model-
ing (c) pressure-time curve of hydrostatics liquid pressure (d) final shape of SHF motorcycle fuel tank.

having mesh sizes of 5, 4, 3, 2, 1.5, 1mm, referring to
Figure 23(a, b, ¢, d, e, ), respectively. The simulated results
regarding the thinning percentage at eleven specified points
along the RD of hydroformed samples are presented in
Figure 23(g). It was noted that the average mesh size of
2 mm, resulting in a total of 138,135 elements, was the larg-
est that achieved mesh convergence, as shown in Figure 23.
This mesh strategy proved to be the most cost-effective,
with relevant data on calculation time and the number of
elements based on thinning percentage values. Moreover,
adaptive meshing was not employed, as consistently using
the same element size (2mm) throughout the entire deform-
able body established satisfactory simulation results from the
mesh sensitivity analysis. The fuel tank component was
completely modeled using an explicit formulation for the
computational process, with a fixed time step of 0.001s.
Consequently, mass scaling was applied with an appropriate
threshold value during the simulations of the SHF large fuel
tank. To ensure accurate predictions during large deforma-
tions, which could lead to excessive element distortion,
hourglass control was implemented. In the finite element
(FE) model, the ram speed was set to a constant of
1000 mm/min, and the liquid pressure procedure was inte-
grated into the finite element model based on an experimen-
tal liquid pressure load curve, as shown in Figure 22(c).
Different friction coefficients were assigned to various con-
tact areas under the contact surface condition. A friction
coefficient of 0.15 was designated for the blank/upper die
and blank/lower die (binder) solid contacts, while a lower
friction coefficient of 0.055 was assigned to the blank/oil
interface, as illustrated in Figure 22(a).

Material modeling encompasses various  significant
deformation behaviors for prediction; the combined IKH
model elucidates the Bauschinger effect of the SPC270 sheet
via the Y-U model for springback prediction, in contrast to
the original isotropic hardening approach. The hybrid iso-
tropic hardening of the HSV and HSHS models character-
izes plastic flow behavior through the flow stress curve, their
parameters presented in Table 3. Concurrently, anisotropic
deformation was characterized by anisotropic yield criteria,
specifically Hill'48, Y1d2000-2d, and Yoshida2013; their cali-
brated parameters are detailed in Tables 4-6, respectively.
To examine the influence of anisotropic yield criteria, strain
hardening models, and hardening assumptions, all models
are subjected to identical boundary conditions regarding
pressure, friction coefficient, and holder force. Table 9 illus-
trates the notation of the various material models, which are
applied to examine the anisotropic plastic deformation.

8. Result and discussion

In this section, the investigation and evaluation of numerical
predictions describe from twelve different material models for
their accuracy in comparison to experimental SHF fuel tank
part. These include assessing height deviation from experi-
mental part profile, thickness reduction at the 22-point quality
control stage, and profile drawing-in. The predictive results
were extracted under the same boundary conditions by vari-
ous the anisotropic yield criteria, strain hardening models,
and hardening assumptions. Therefore, the efficiency of each
material model is indicated by the number of accumulated
errors, allowing for a comparative analysis based on the
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Figure 23. Mesh sensitivity analysis of FE simulation for SHF large fuel tank in term of measured thinning percentage under IH-Yld2000-2d-HSHS model and various
element sizes: (a) 5 mm, (b) 4 mm, (c) 3mm, (d) 2mm, (e} 1.5 mm, {f) 1 mm and (g) the comparative results of 11 points thinning along RD direction.

Table 9. Notation of the employed FE simulation model in various anisotropic yield criteria and strain hardening models for

sheet hydroforming of the fuel tank part.

Isotropic hardening (IH) Combined Isotropic-Ki ic hardening (IKH)
Hardening HSV HSHS HSV HSHS
Hill'48 IH-Hill-HSV IH-Hill-HSHS 1KH-Hill-HSV IKH-Hill-HSHS
¥1d2000-2d IH-YLD-HSV IH-YLD-HSHS IKH-YLD-HSV IKH-YLD-HSHS
Yoshida2013 - - IKH-Yoshida-HSV IKH-Yoshida-HSHS

following details. The applicability of each SHF FE model was
validated by comparing the simulated final sheet thickness
distribution and cross-section surface profiles with experi-
mental results. The sheet thickness after deformation is nor-
mally defined by manufacturers of forming components. The
numerically determined sheet thickness at twenty-two loca-
tions across the hydroformed sheet, as illustrated in Figure
27(a), was independently measured and compared to the
experimental values on a point-by-point basis. Regarding the
second geometric control feature, the outer surface profile of
the fuel tank was analyzed at four equidistant cross-sections.
However, only one section demonstrated in Figure 24 is
described. The simulated surface geometry of the part was
geometrically compared to the experimental cross-sections to
validate the applicability of the finite element model concern-
ing investigations of two feature controls: thickness and sur-
face profile geometry prediction accuracy.

"
Predicted
(pr)

Reference datum

Figure 24. The illustration shows the surface profiles of fuel tank parts: (a) the
simulated surface profile on the x-y plane with the A-a section line, (b) a com-
parison of profile heights along various section lines between experimental and
predicted profiles, and (c) the profile deviations at the peak point.
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Figure 25. Comparison of predicted surface profile height deviation and experiment of SHF for motorcycle fuel tank part by various constitutive models under

unloading open die.

8.1. Surface profile height deviation of fuel tank

The three-dimensional geometry of the final formed sheet at
any location on the surface profile can be utilized to assess
the accuracy of finite element simulation in predicting fuel
tank surface profile height by comparing it with experimen-
tal data. To assess predictive accuracy, the surface profile
deviation at the highest points must be minimal in both
positive and negative values, as the simulated results may
exceed or fall short of the experimental value. The minimal
deviation value denotes the prediction that has achieved the
highest accuracy in performance. The predicted profile
height obtained from the finite element simulation results,
as illustrated in Figure 24(a), was assessed on the deformed
surface using a software feature. Figure 24(b) illustrates that
the A-A section line delineates the boundary within the
solid black dot, while the (x, y) coordinates were utilized to
denote the experimental and predicted profile heights
(Prexp, hipe), respectively, as depicted in Figure 24(b). In a
specific sectional region, a red experimental dot does not
coincide with the predicted green dot at the same position
on the xy plane. The deviation of vertical height can be
quantified and computed to derive the deviation value dur-
ing the experiment and predict points, as illustrated in
Figure 24(c). To ascertain the characteristics of deviation
from the predicted value, this value may either overestimate
or underestimate the experimental point; consequently, the
deviation value is defined as (hy,, — h.,, ). The positive value
indicates that the predicted height exceeds the experimental
height, while the negative value signifies that the predicted
height is underestimated.

The simulated results from the constitutive models, as
indicated by the deviation value in Figure 24(c), are pre-
sented and compared in Figure 25(a-j). The contour color of
the simulated profile height deviation ranges from blue at
=3mm to red at 3mm. The simulated results reveal both
positive and negative values attributable to the unloading-
induced die springback and spring-go effect, respectively.

The results obtained from the TH model are illustrated in
Figure 25(a-d), while the outcomes from the combined IKH
model are depicted in Figure 25(e-j). The deviation is evi-
dently distributed as a positive value across the surface pro-
file of the deformed fuel tank region and as a negative value
in the trimmed-out or flange drawing area. The red color
area designates that the simulated result overestimates the
experimental profile, giving a springback greater than that
detected in the experimental results, as identified in the cor-
ner of the profile draw-in for IH modeling, as depicted in
Figure 25(a-d). The ITH model failed to accurately predict
the springback effect due to its tendency to overpredict. The
blue color signifies that the simulated result underestimates
the experimental outcome, exhibiting a spring-go value
lower than that of the experiment, as illustrated in Figure
25(e-j). The combined IKH model yields more accurate pre-
dictions than the IH model. Definitely, this refers to the
combination of the anisotropic Yoshida2013 yield model
Figure 25 obviously illustrates that these constitutive models
efficiently predict the behavior of this fuel tank component,
with the predicted results demonstrating a deformed area
considered by minimal deviation. In an industrial context,
these deviation values must be attended by a minimum
value. Nonetheless, distinctions exist among the employed
constitutive models. The comparative analysis indicates that
the combined IKH yields a deviation value inferior to that
of the TH model. Anisotropic yield criteria similarly influ-
ence the diverse prediction outcomes. The anisotropic
Yoshida2013 yield criterion has demonstrated superior pre-
dictive accuracy compared to other yield models. This study
illustrates the efficiency of diverse constitutive models
through superior scientific computation performance and
offers distinctive material model characteristics in J-STAMP
software via kinematic hardening and advanced anisotropic
vield models, which enhance the accuracy of predictions in
various material  behaviors under different loading
conditions.
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Figure 26. Comparison of proportion of height deviation in four absolute inter-
vals as the proportion percentage material models under (a) IH model and (b)
combined IKH model combination with various anisotropic yield criteria.

In the preceding demonstration depicted in Figure 25,
the deviation range of —0.1 to 0.1 mm is identified as the
optimal value, indicating high predictive accuracy, while the
ranges of =1 to —3mm and 1 to 3mm are indicative of low
accuracy. To ascertain the indication number, it can be
reformulated as a formal representation indicator within the
positive range by employing absolute value and subsequently
combining it into a percentage. The indicator values can be
categorized into three intervals: 0 to 1 mm, 1 to L5mm, 1.5
to 2mm, and exceeding 2mm. The cumulative quantity is
expressed as a proportional percentage pattern. The elevated
accumulated percentage values suggest that this deviation
range occurs in more areas than the other. The proportional
percentages of predictions from all models are graphically
depicted in Figure 26. The green bar denotes a proportional
percentage of 0 to 1mm, indicating the minimal profile
height deviation. Subsequently, the vyellow bar signifies a
range of 1 to 1.5mm; the orange bar represents 1.5 to
2mm; and the red bar indicates deviations exceeding 2 mm,
reflecting a greater deviation than the green bar, respectively.
In TH model, the proportional percentage of profile height
deviation is illustrated by Figure 26(a) whereas the com-
bined IKH model demonstrated by Figure 26(b). In the
simulation employing IH, optimal predictive performance is
observed within the deviation range of 0 to 1 mm (denoted
by the green color bar), attaining a peak accuracy of 73.13%
when the HSHS hardening law model is integrated with the
Y1d2000-2d model; this amalgamation surpasses the predic-
tions generated by the HSV model. The HSHS model pro-
vides superior predictive accuracy compared to the HSV
model in the context of strain hardening models, encom-
passing all anisotropic yield criteria. In comparison to yield
criteria, Y1d2000-2d exhibits superior predictive performance
and subsequent ratings by Hill'48 as illustrated in Figure
26(a). Figure 26(b) shows the results of the combined iso-
tropic-kinematic analysis. These mixed hardening models
are integrated with three various anisotropic yield criteria:
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Hill'48, Y1d2000-2d, and Yoshida2013. Despite the applica-
tion of various flow plastic stresses, the deviation remains
minimal. Only anisotropic yield criteria influence the accur-
acy of predictions. The findings unequivocally indicate that
the Yoshida2013 model offers the highest predictive accur-
acy, succeeded by the YLD2000-2D model, whereas the
quadratic Hill'48 yield criterion exhibits the poorest per-
formance. When comparing IH with combined IKH models,
the mixed hardening approach outperforms the isolated iso-
tropic hardening model, particularly when evaluating each
hardening and anisotropic yield criterion. The TH model
exhibits a range of 63.54% to 73.13%, whereas the combined
IKH model spans from 70.74% to 82.3%. The prediction
derived from the combined IKH model exhibits a greater
minor deviation compared to that from the IH model, as
illustrated by the height deviation of the surface profile in
Figure 26. In conclusion, the sixth-order polynomial yield
criterion proposed by Yoshida2013 closely aligns with the
experimentally observed results for both hardening models.
Ultimately, it can be inferred that the kinematic hardening
maodel influences the predictive accuracy in the SPC270 mild
steel sheet.

8.2. Sheet hydroformed thickness on the quality control
area

In this section, a 22-points sheet hydroformed thickness
measurement is employed to assess the quality of the formed
part, as illustrated in Figure 27(a). The 22 points of experi-
mentally measured hydroformed thickness will be compared
with the results from the simulated sheet hydroforming pro-
cess. Initially, the predefined sections of the deformed fuel
tank, which pertain to the RD, DD, and TD, are assigned
notation numbers that reflect the effects of plastic anisotropy
on the areas of interest and the shape of the yield surface.
In the RD section of the deformed sheet, the points of inter-
est are identified as 1, 2, 3, 7, 10, 13, and 18-22. Next, the
TD runs vertically through the middle of the deformed
sheet, with point numbers 11-14. Finally, the DD crosses
the RD at a 45 angle and is noted with points 5, 12, 18,
and 19. These designated points specify locations for meas-
uring thickness in both the experimental procedures and the
results of the finite element (FE) simulations. For instance,
the area corresponding to the 18th point is indicated within
a white rectangle. During the experiment, the location points
were approximated using the in-plane x-y coordinate axis.
The hydroformed sheet was subjected to measurement and
verification against the compensated product die surface to
ensure the applicability of the experimental thickness find-
ings. Thickness measurements were taken using an ultra-
sonic pencil checking tool, as shown in Figure 27(b). The
measured thickness values are subsequently presented in
Figure 27(c), marked by yellow circles.

The measured thickness at 22 points, based on the quality
control position of the sheet hydroformed, shows a thinning
or thickening value for each point. In this visualization, solid
black line with yellow scatter represents the experimental
thickness. While other color solid and dash lines represent
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Figure 27. Sheet hydroformed thickness measurement includes (a) a 22-point quality control process, (b} an ultrasonic thickness measurement approach, and (c)

the measured value at the quality control point.

the simulated results under HSV and HSHS hardening laws,
respectively. Under the different of anisotropic yield criteria,
red, blue, and pink lines denoted for the FE results from
Hill'48, Y1d2000-2d, and Yoshida2013 yield criteria, respect-
ively. In addition, the left-hand-side figures, Figures 28(a, ¢,
¢), demonstrate the comparison between predicted and
experimental thickness results under the isotropic hardening
(TH) assumption. On the other hand, the comparative results
under the combined isotropic-kinematic hardening (IKH)
assumption are demonstrated by the right-hand side, as in
Figures 28(b, d, f). Similarly, the simulated thickness from
the finite element (FE) simulation-based on various strain
hardening laws and assumptions, combined with diverse
anisotropic yield behaviors in each numerical model-can
also be examined and compared with the experimental
results. All the predicted thicknesses are distinetly achieved
to evaluate various types of hardening or yield criteria,
which are essential for understanding material behavior
under stress conditions. The thickness at each point can be
accepted with the experimental results. However, the
employed models provide varying degrees of accuracy in
thickness prediction. Some points show simulated thick-
nesses close to 0.9 mm, matching the initial sheet thickness,
which is consistent across different models. There are sig-
nificant discrepancies at certain points with substantial
thickness reductions, such as the 3rd, 7th, 10th, and 13th
positions in both experiments and simulations. The pre-
dicted sheet thickness along RD, DD, and TD directions
using the IH model is illustrated in Figures 28(a), (c), and
(e), respectively. The predicted yielding has highly deviated
from the experimental thickness along RD, with noted
points as 3, 7, 10, and 13, which have large strain deform-
ation. In the same manner, there are also deviations along
DD and TD in large deformation areas, as depicted in
Figures 28(c) and (e}, respectively. While all predictions by
Hill'48 and YLD2000-2D provide different results compared
with the experiments in this area, the notable prediction by
Hill'48 provides a higher deviation than the other model.
There are differences between these two yield models, with
YId2000-2d demonstrating higher accuracy than Hill'48.
Apparently, there is a slight deviation during thickness pre-
diction based on the HSV and HSHS models for the TH

hardening law. In contrast, the IKH models predicted by
HSV and HSHS are consistently overlapped with agreement
for the thickness results, as presented in Figures 28(b, d, f).
In comparison, all predicted thickness trends based on the
IKH hardening assumption demonstrate higher accuracy
than those provided by the IH model, indicating lower devi-
ation from the experimental results when using all yield cri-
teria. The effect of yield surface shape on thickness
prediction has been investigated and reported. The thickness
prediction provided by Hill'48 shows a higher deviation
from the experimental thickness along the TD and DD
directions compared to the two other models, indicating the
predicted yield surface shape based on Hill'48 model is
inaccurate in describing these directions (DD, TD), as
shown in Figures 7 and 28. Contrastingly, the Yld2000-2d
model is the most accurate for predicting the yield surface
shape in all directions as observed in Figure 7. The
Yoshida2013 model slightly underestimates the predicted
thickness. The reason is that the predicted thickness by
Y1d2000-2d can be absolutely accepted, and Yoshida2013
has less accuracy than the Y1d2000-2d model in all direc-
tions (RD, DD, and TD), correlated with their accuracy pre-
diction on yield surface as shown in PFigures 7 and 28.

In order to identify the accuracy prediction of each
model, the error of prediction can be computed and
compared through root mean square (RMS) error. The accu-
mulated error result of isotropic and combined isotropic-
kinematic models is respectively obtained as depicted in
Figure 29(a), (b), and (¢) for RD, DD, and TD, respectively.
In the conventional isotropic hardening, the various harden-
ing models (HSV, HSHS) provided a slightly different
(RMS) errors. The minimum deviation from the experiment
is given by the Y1d2000-2d/TH-HSHS model, and the max-
imum error is made by the IH-Hill-HSV model since the
accuracy prediction of thickness is based on anisotropic
plastic deformation, which depends on the anisotropic yield
criterion. The Y1d2000-2d model is already known for pro-
viding higher accuracy predictions due to its significant
anisotropic parameters and accurate with yield locus, sur-
passing other models. The Y1d2000-2d model, which com-
bines the IKH model, also makes the most accurate
predictions based on experimental data for all predicted
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thicknesses, as depicted in Figure 29. This conclusion arises
from the requirement for specific anisotropic parameters;
the Yld2000-2d model necessitates balanced biaxial stress
and anisotropy values, whereas the Yoshida2013 model does
not. Thus, it can be concluded that the Y1d2000-2d model
offers superior predictive capabilities compared to the
Yoshida2013 Thus, it can be concluded that the Y1d2000-2d
model offers superior predictive capabilities compared to the

Yoshida2013 model as the reason for yield-surface predic-
tions. When comparing the two hardening models—HSV
and HSHS—both hardenings exhibit the same trend predic-
tion results, consistently overlapping within the combined
isotropic-kinematic model. Furthermore, the IKH model
demonstrates better predictive accuracy than the IH model
when both are compared. Even with the mild steel SPC270
sheet as the material, the thinning results indicate that the



Bauschinger effect remains a significant factor in modeling
this type of steel. Lastly, to enhance the accuracy of finite
element (FE) simulation predictions, it is essential to inte-
grate a combination of anisotropic yield criteria, hybrid
strain hardening laws, hardening assumptions and other cru-
cial material characteristics more thoroughly in material
model.

8.3. Profile draw-in of sheet hydroformed part

The final indicator for predicting accuracy in finite element
(FE) simulation is the flow into the die of the sheet hydro-
formed edge referred to as “draw-in.” This aspect is
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Figure 30. Comparative profile draw-in of the experimental sheet hydroformed
and simulated surface profile and the notation position for thickness
measurement.
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investigated and compared with experimental data from
sheet hydroforming. In this study, the experimental com-
parison involves analyzing scanned data and comparing it
with the simulated surface profile of the hydroformed sheet.
Figure 30 illustrates the measured draw-in 28 positions
along the sheet edge. Initially, the rectangular blank is posi-
tioned within the dashed black box. For the simulated sheet
hydroformed profile, which is aligned with the experimen-
tally scanned surface profile, both are set by the best fit fea-
ture in the commercial software “J-Stamp” as illustrated in
Figure 30. The simulated surface profile is represented by a
pink contour, while the experimental edge profile is marked
by a green line, as shown in Figure 30. Draw-in displace-
ment can be measured for both the experimental and
numerical sheet hydroformed profiles. To evaluate the per-
formance of the numerical models, 28 section lines are iden-
tified for measurement and comparison, as indicated by the
yellow lines and corresponding numbers in Figure 30.

The accuracy of predictions made by various material
models, as well as the simulated and experimental profile
draw-in, has been analyzed and presented. The numerical
investigation for each model is illustrated as the grey surface
profile in Figure 31, the experimental scan data is repre-
sented by the green edge line. All models successfully pre-
dict the draw-in of the large fuel tank, despite variations in
the anisotropic yield criteria and hardening models.
However, it is obviously found that all models predict a
deeper draw-in profile, whereas the experimental profile
shows a shorter draw-in displacement, as indicated in Figure
31. In the isotropic hardening (IH) model depicted in
Figure 31(a-d), the predictions based on the YId2000-2d
yield criterion are more accurate than the Hill'48 model for
both hardening models, HSV and HSHS. Furthermore,
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under the combined TKH assumption, the simulated profiles
using Yld2000-2d and Yoshida2013 yield higher accurate
predictions compared to those based on Hill'd8 when con-
trasted with the experimental profile shown in Figure 31(e-
j). To thoroughly evaluate the performance of all models, it
is essential to compute and illustrate the numerical deviation
observed during both experiments and simulations.

The results illustrated in Figure 31 indicate that all ten
models demonstrate high performance in predicting draw-
in. However, to clearly showcase the differences in predic-
tions among the various plasticity models, it is essential to
use an additional indicator such as RMS error. The draw-in
displacement at 28 defined points under isotropic strain
hardening and combined IKH conditions is plotted along-
side the experimental results, as shown in Figures 32(a) and
(). In these figures, the blue line represents the experimen-
tal draw-in data extracted from the surface-scanned hydro-
formed part, while the other draw-in profiles are derived
from the simulated finite element (FE) investigation. For the
isotropic hardening condition, it is displayed that the Hill'48
model exhibits higher deviation, while the Yld2000-2d
model provides the most accurate predictions. This finding
alighs with the profile draw-in results previously presented
in Figure 31(a-j). Additionally, the root mean square (RMS)
error analysis in Figure 32(b) indicates that the Hill model
shows the largest deviation among the two hardening mod-
els. Notably, the HSHS model offers a slightly better predic-
tion than the HSV across all yield criteria. Conversely, the
Y1d2000-2d and Hill'48 models, when combined with the
HSHS model, exhibit minimal RMS deviation errors, with
values of 5.48 and 11.14, respectively. In the combined IKH
model, the measured draw-in is illustrated in Figure 32(c),
while the calculated RMS error is presented in Figure 32(d).

This clearly indicates that the Y1d2000-2d combined HSHS
model yields the most accurate predictions, achieving a
small RMS error of 493, The HSV model, on the other
hand, has a slightly higher error of 4.96. Similarly, the
Yoshida2013 model produces less accurate predictions than
Y1d2000-2d due to the use of a different hardening model
that affects the results, specifically because it relies on
assumptions that do not align with the observed data trends.
Ultimately, the Hill'48 model demonstrates the lowest accur-
acy, with the HSV model yielding an RMS error of 11.29.
Furthermore, a comparison between IH and combined IKH
models reveals that the combined IKH condition offers a
better prediction for profile draw-in than IH model. The dif-
ferent strain hardening laws employed do not significantly
impact the results. For instance, the RMS error comparison
between combined isotropic-kinematic hardening (IKH) and
isotropic hardening (IH) using the HSV and YId2000-2d
maodels indicates that the TKH model is more accurate than
the TH model predicts, with RMS errors of 4.96 and 5.97,
respectively. Additionally, when comparing the HSV and
HSHS models, the HSHS model demonstrates slightly more
accurate predictions than the HSV model given, as it can be
extended to better represent hardening behavior under large
strain deformations, as illustrated in Figure 5(b). It can be
concluded that the anisotropic yield criteria and strain hard-
ening model significantly contribute to accurate predictions
in FE simulations.

The effect of the yield surface shape on the accuracy of
predicting the draw-in profile has been discussed. Figure 32
illustrates how the yield surface shape influences the predic-
tion of large strain deformation of the flange draw-in along
the TD direction. The flange profiles were drawn into the
die in greater quantities from the TD direction than from
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the other sides. The predicted flange draw-in profile along
the TD, using the TH combined with Hill'48 models, shows
a higher deviation compared to the YId2000-2d model,
based on the identified points 1 to 7 and 18 to 22, as shown
in Figure 32(a). Similarly, the IKH model combined with
Y1d2000-2d and Yoshida2013 provides higher accuracy than
the Hill'48 predictions, as seen in Figure 32(b). It is note-
worthy that Hill'48 cannot accurately predict the yield locus
in the TD direction. The YId2000-2d model, on the other
hand, is consistently a more successful predictor of all yield
surface shapes and predicts the yield locus better than the
Yoshida2013 model. The YId2000-2d criterion shows the
best predictive accuracy since it needs more experimental
material properties to calibrate the anisotropic parameters
for an accurate description of the yield locus. Following in
performance are the sixth-order Yoshida (2013) and Hill
(*48) criteria.

8.4. Springback angle on flange corners of sheet
hydroformed part

The application of the hardening model in the prediction of
the springback of steel sheets is consistent with the IKH
hardening assumption and the Y-U model. The contour
color of the height deviation is shown in Figure 33(a), and
the red contour area highlights the area where springback
occurs at the flange corners. Consequently, this study
focuses on the springback in the TD direction on sample
sheet concerning the bending angle at section A-A. The cut
surface is defined by two cutting lines, as depicted in section
A-A of Figure 33(b). The flat sheet baseline is the reference
green section line as defined from experimental surface scan
part. The predicted final sheet deformation is given by the
blue section line. The bending angle due to the springback
or spring-go effect is measured along these section lines as
shown in Figures 33(c) and (d). The best location for the
bending angle analysis was found by the best-fit advantage
of J-STAMP software and the optimum reference position
was obtained. The simulated springback angles o and

are visualized and compared with the green baseline illus-
trated in Figures 34, obtaining from various all hardening
and anisotropic yield models.

By the springback prediction through experimental and
simulation approaches, the experimental surface scanning
and all simulation results on the A-A cross section have
been depicted in Figure 34. Apparently, the experimental
springback angle is higher than with 6.22 and 3.07 degrees,
respectively. In addition, the quantitative simulation results
of these two angles have been listed in Table 10. In this
measuring, a positive value refers to springback, while a
negative value is spring-go. In comparison to the hardening
assumption used, the IKH model is apparently more effect-
ive at predicting the springback than the TH model provides.
There are not significantly different prediction results
between the HSV and HSS5 models. In contrast, the pre-
dicted springback angle provided by wvarious anisotropic
yield criteria gives different results.

To evaluate the performance of each material model
employed, the qualitative springback/go angles presented in
Table 10 have been illustrated as a bar chart, as shown in
Figure 35. Accordingly, the comparative predicted results of
the =, angle are displayed in Figure 35(a), while Figure
35(b) presents the results of the angle 2;. Notably, the pre-
dicted angle under the IKH model combined with the
Y1d2000-2d model shows a slight underestimate compared
to the two experimental results, providing better predictions
than the Yoshida2013 and Hill'48 models, respectively. On
the other hand, the ITH model indicates significantly higher
discrepancies across all experiments and yield criteria, par-
ticularly with the Hill'48 model, which shows considerable
divergence from the xexperimental results. We found that
the results differ significantly only for the different harden-
ing law, not for different yield criteria. The yield criteria are
significantly different, and the Yld2000-2d model provides
the best prediction. According to the predicted =, angles,
the IKH-HSHS-Y1d2000-2d model provides the best accur-
ately predicted results. But the variations of the IKH model,
together with Hill'48 and Yoshida (2013), lead to predictions
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Figure 34. lllustration of springback angles by experimental and simulated results along cross section A-a featured two angle values under various hardening and

anisotropic yield models.

Table 10. Comparison of spring back angle measured on A-a section line between bona-find experiment and numerical FE simulation under the various material

modeling.
_ Simulation results under various Material models
Spring
back IH-Hill- IH-YLD- IH-Hill- IH-YLD- IKH-Hill- IKH-YLD- IKH-Yoshida2013 IKH-Hill- IKH-YLD- IKH-Yoshida2013-
angle Experiment H5V H5V H5HS HSHS H5V H5V HSV H5HS H5HS H5HS
oty 3.07 13.15 730 13.16 1041 —4.60 258 ~1.00 —4.60 289 -1.05
oy 5.22 1222 9.50 1201 823 137 596 781 1.62 612 737

of spring-go. The two hardening laws and three correspond-
ing yield criteria for both TH and IKH models show satisfac-
tory consistence in terms of the springback angle as, Both
predictive values indicate springback.

According to the investigated quantitative number of
springback angles on Table 10, the accuracy prediction can
be indicated by the absolute error from experiment values
and compared in each material model. Figure 36 illustrates
how much the prediction differs from the actual experiment
results, described as the absolute error for the SPC270 sheet.
The two springback bending angles predicted by the IH-
Hill'48 display the highest absolute error from experimental
results, while the lowest absolute error is obtained using the
IKH-Y1d2000-2d, which interprets the most accurate predic-
tion. The predicted results have remained similar when
using different hardening laws in both IH and IKH models.
The exception is provided by IH-YId2000-2d. The
Yoshida2013 produces lower accuracy predictions than the
Y1d2000-2d, given higher accuracy predictions than Hill'48
does. The effect of the yield surface shape on springback
prediction has been considered as follows. There are many
different deviations in springback prediction using Hill'48
since this yield criterion cannot accurately predict in TD, as
observed in the yield loci shape in Figure 7, considering that

the springback angle is also located in TD. The Y1d2000-2d
model is the most accurate for predicting the shape of the
yield loci surface in the TD direction, although it is slightly
underestimated by the Yoshida2013 model. The reason is
that the predicted results by Yld2000-2d can be absolutely
accepted, and Yoshida2013 has less accuracy than the
Y1d2000-2d model.

9. Comparative prediction accuracy performance
between isotropic and combined isotropic-
kinematic hardening models

The aforementioned results above demonstrate the signifi-
cance of material models in FE simulation, which should be
more carefully employed according to the accuracy of pre-
diction. In this regard, different material models and mater-
ial behavior expressions provide exclusive results and
performance, especially the Bauschinger effect of mild steel,
which is regularly ignored. Therefore, this section empha-
sizes the effect of a minor spring back/go through the com-
parison employment kinematics framework. The comparison
between TH and combined IKH models, effect of yield sur-
face shape and hardening laws on the accuracy prediction,
can be demonstrated in the details.
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Figure 36. Comparative of absolute spring back angle error from experiment.

To demonstrate the capability of the material model, the
analysis combines various strain hardening laws and harden-
ing assumptions with the Hill'48 and Y1d2000-2d yield mod-
els. The simulated surface profile of the large fuel tank,
derived from these models, is examined as detailed in
Section 8.1. The proportional percentage of the high devi-
ation range, from 0 to 1 mm, is clearly considered and com-
pared, as illustrated in Figure 37. In this figure, the high
deviation represented by horizontal bars: the TH model indi-
cated by a green bar, while the combined IKH model shown
with a blue bar. A higher percentage signifies better per-
formance. The depiction of error bars highlights a notable
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Figure 38. Comparisen of root mean square (RMS) error of thickness prediction
on the quality control position between isotropic and combined IKH combined
all models.

difference between the two hardening assumptions and the
anisotropic yield criteria employed in each model. The com-
bined IKH model displays the best performance, exhibiting
a higher percentage of deviation compared to the IH
assumption. The percentage values for HSV hardening laws,
on the other hand, are only slightly different from those for
HSS hardening laws, depending on each hardening assump-
tion and yield criterion. In addition, the Y1d2000-2d gener-
ator is slightly more effective than Hill'48 provides for all
conditions. This requirement arises from the material prop-
erties needed to calibrate anisotropic parameters, which
accurately predict the yield surface shape.

This deviation is directly related to spring back and spring-
go phenomena in the hydroformed sheet. Ultimately, the results
demonstrate the challenges of finite element (FE) simulation,
emphasizing the necessity of advanced material modeling.

In the same manner as previously mentioned, In Figure
38, A higher RMS error value indicates a less accurate pre-
diction, while a lower error value suggests a better predic-
tion for sheet thickness. The combined IKH model shows
significant differences from the IH model for both aniso-
tropic yield criteria and hardening laws, as illustrated by the
error bars in Figure 38. It meant the IKH model distributes
high accuracy prediction compared with TH model provide.
Conversely, changes in the HSHS and HSV models only
slightly affect thickness prediction across the two hardening
assumptions; specifically, the combined IKH model exhibits
minor differences compared to the IH model. As discussed
in the previous section, varying values are observed when
applying different anisotropic yield criteria. Definitely, all
predicted by Y1d2000-2d provides better prediction than the
Hill'48 perform in term of RMS (error), referring effect of
vield surface shape prediction accuracy for Yld2000-2d pro-
vide. A novel finding highlights the importance of the
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material's kinematic behavior, which is crucial for thickness
prediction, particularly in terms of how it affects the accur-
acy of predictions across different hardening assumptions
and anisotropic yield criteria.

The profile draw-in distance is important for the initial
blank design geometry to prevent wrinkles or fractures from
occurring in the deformed part. Accurately determining this
distance is crucial in manufacturing design. Therefore, this
study identifies the profile draw-in that occurs when trans-
forming the initial rectangular sheet. The calculated RMS
error can be compared between the IH and combined IKH
models, as shown in Figure 39. Similar to the trend dis-
cussed earlier, the differences in the hardening laws and
assumptions used have not significantly influenced the
accuracy of predictions regarding flange draw-in distance. In
contrast, variations in the applied yield criteria can signifi-
cantly impact the accuracy of qualitative deformation predic-
tions, including the estimated profile draw-in distance.
Simulation results will enhance the accuracy of predicting
the shape of the yield surface, as indicated by ¥1d2000-2d.

Lastly, the accuracy prediction of the springback bending
angles is described in terms of absolute error for two angles, as
illustrated in Figure 40. A higher absolute error (degree) indi-
cates the least performance. The depiction of error bars high-
lights a notable difference between the two hardening
assumptions and laws, including the anisotropic yield criteria
employed in each model. The combined IKH model displays
the best performance, giving a lower absolute error compared
to the TH model; particularly, combining it with the Y1d2000-
2d model establishes the lowest value for the most accurate pre-
diction for the springback angles as depicted in Figures 40(b)
and (a), respectively. The required material parameters are uti-
lized to calibrate anisotropic parameters by Y1d2000-2d, pre-
dicting the vield surface shape more accurately than Hill'48.
Significantly, there are more high deviations during Hill'48 and
Y1d2000-2d since the Hill48 model cannot precisely predict the
yield locus at TD (90° from RD), causing the springback angle
to appear along TD on the sheet. Finally, the IKH model com-
bination with HSHS and the Y1d2000-2d model most precisely
predicts the springback effect as shown in Figure 40(b), accur-
ately describing it through yield-surface shape.

10. Conclusion

In this research, a large fuel tank for a motorcycle was designed
using SPC270 mild steel sheet and subjected to single-action
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Figure 40. Bar charts illustration of absolute emor of the predicted springback
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tropic yield criteria.

press sheet hydroforming. This process was executed both
experimentally and numerically through FE simulation, utiliz-
ing various constitutive material models. The yield surface was
expressed differently through the Hill'a8, Y1d2000-2d, and
Yoshida2013 yield criteria. Additionally, IH and IKH models
were employed and compared across all results. Subsequently,
the accuracy of predictions from each model was evaluated
and compared with the experimental results from the hydro-
forming process, The novel findings and conclusions of this
research can be summarized as follows.

The combined TKH model offers a more accurate predic-
tion than the IH model, demonstrating the best perform-
ance. This improvement is related to predicting surface
profile deviations, thickness variations, springback angle and
profile draw-in in sheet hydroforming processes. The com-
bination of the IKH model with the Yoshida-Uemori model,
which accounts for the Bauschinger effect, significantly
describes springback prediction for mild steel sheets, leading
to markedly different simulation results. The effects can be
obviously found in terms of height deviations, often referred
to as “springback” or “spring-go.” This advancement under-
scores the advantages of employing the combined IKH
model in scenarios involving large strain deformation and
springback effects. Furthermore, this research successfully
applied and confirmed the applicability of a monotonic RD
uniaxial flow stress curve, which was then transformed into
a Y-U cyclic loading flow stress curve. The Y-U material
parameters were obtained using the commercial software
“MatPara,” created by the original researcher of the Y-U
model. This procedural approach holds potential applica-
tions in the automotive part manufacturing sectors.

For anisotropic plastic deformation related to high devi-
ation, thickness, springback angle profile draw-in, and aniso-
tropic yield criteria employment, it reveals that the Hill'48



criterion offers the least predictive accuracy. In contrast, the
Y1d2000-2d criterion demonstrates the highest predictive
accuracy, as it requires more experimental material properties
to calibrate its anisotropic parameters. The sixth-order
Yoshida (2013) and Hill (*48) criteria follow in terms of per-
formance, respectively. The differences in performance
among these yield criteria are significant. However, it is care-
fully observed that the Yoshida2013 criterion slightly underes-
timates the predictions of the Y1d2000-2d criterion, providing
lower prediction accuracy performance than the Y1d2000-2d,
likely because Yoshida2013 requires fewer material properties
for calibration. This performance corresponding with the
yield surface shape prediction in capability of each yield cri-
terion. This novel finding is valuable for automotive and
industrial sectors, facilitating a more straightforward applica-
tion of FE simulation when considering anisotropic deform-
ation with the Yoshida2013 criterion.

The two-hybrid strain hardening laws, the Hybrid Swift-
Voce (HSV) and Hybrid Swift-Hocket Sherby (HSHS) models,
when considered alongside the combined IKH model, yield
accurately predict with consistent by each other. In contrast,
the HSHS model shows slightly different predictions compared
to the HSV model due to the strain-hardening law effects
incorporated in the IH model. The novelty of these two-hybrid
strain hardening laws is evident in their ability to describe the
consistent extension flow stress at the end of the hydroforming
state of large-strain deformation in large fuel tanks.
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