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naaounaaeisiansieItlalianuusiug iian Tusuiuu Amnufulazauaieandnuasses uag A
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3.4.5 ionshluliusslenivesningramnssunismaniudiuusuiuareniaeluouen e
fosnsiuisaninnissuvesTanlansuiuriadunieinsadu anunuidug funistugulavzusiuluanim
wifinidulueuian Auzfidy axldaguitnnihduldsdndifanissululssgndliedasls fumieidouas
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szaLIa1(lhou)

LAUNTTALEUIY 1-6 7-12 13-18 19-24
2lal6|8l10/ 1214|1618 |20 |22 |24

1. MUMMUITIANTIULAZIALASULTUN U NN Y >

2. MInadauaNUAni1Ing, Tensile tests, Hydraulic

bulge tests Uz Disk compression tests

3. aaﬂqumﬁmaaqLLazmsﬁmma%qummaau
Yoshida bucking test, Instability Test

4. pIUNTNARDULREULUUNISIAATEBEY - AT
NagauUYoshida Bucking Tests, Instability Test g

5. M391a8UTIFNAVAY FEM W83 Yoshida buckling
test, Instability test 59168 Yield Criteria -l
Hill1948, Yld2000-2d wag Yld2004-18p

6. A5 NAULAITATNNNNITEUIINNITNAADILALNT
1889 USUBULTIA UL UEN

7. neeadyu Conical Cup Wrinkling tests <

8. NM13591a0TIR VA FEM 283 Conical Cup
Wrinkling tests 51678 Yield Criteria Tunuu i
Hill1948, Yld2000-2d wag Yld2004-18p

9. @519 dUlANTIATIAANITIUIINAITNABDILAT AT
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5.Hau/taEedfinadasitailunsasirnsseiuuiui
Fodesdinndnaziian: A hybrid method for determination of wrinkling limit curves and its
appUcatlon to prediction wrinkling initiation in deep drawing process of aluminum alloy sheet.
Fonsansfianndnashifiumn: Journal of Manufacturing Process (IF = 2.322) or
Journal of Materials Processing Technology (IF = 3.147)

A1 impact factor: (2.322, 3.147) anud1au
wsoe199z1dy
FoSasfiarainaziian: “Influence of anisotropic plastic deformation on wrinkling limit curves of
aluminum alloy sheet.”
Fonsansfinninashifiun: Materials and Design (IF = 4.364) or International Journal of

Mechanical sciences (IF = 2.884)
flaueludufitoandonagnmisesndlauaiiFeaderlunisniiuinanufiotalassnsided
ﬁ?uﬁa 1 International Journal contribution.
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(Science Citation Index) 984 Web of Science WagilA1 impact factor
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Ui 1 i 2 37

1. MNAAINBULNU
- ANMBUWNUTINTLATING 156,000 156,000 | 312,000
- AU 50,000 - 50,000

2. NUINAIER)

Afanlanzuuitlinaaeu 30,000 30,000 60,000
AansiediiiewrTentuamuy - 14,000 14,000
3. nunAlgany
~ ANAUMNS oS udununves @na. 5,000 - 5,000
- ANIAYINSIBUANUATINTN 4,000 5,000 9,000
- Alganelunsiausnanululsyma 10,000 10,000
4. MNAENY
- AR UNAFURIENTEUIUNNS 25,000 - 25,000
(Wire cutting uaz/vsaWater jet)

- AINNIATIERAIANULASEARIENAD LY 20,000 10,000 30,000
syuvaudfuuusewios (Optical strain
measurement system, Aramis)

5. Agsiousi- leosnoNTnasUsEavEamas - 50,000 | 50,000
AR mTuyavadey Conical cup - 35,000 35,000
wrinkling test

sudszanalasang 300,000 300,000 600,000
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LianauevesTaguiadounnsssmausviadn lagiluaziaseinuunisduianislnag
(Bucking Initiation) azAM3LiUg 1NN

Tuauddolimuidunininsifnnisey (Wrinkling Limit curve, WLC) U8 9WRNY
pgiliflgunauingn AA5052-0 AUNUN 1 Hadiuns vinnisnaaeunisindleday (Yoshida
Buckling) Test Tutua3a (Rolling Direction,RD) Lagv213uu13n (Transverse Direction,TD)
swinseslisuuiusulaelsunsy ABAQUS 2017 iilel#aonndaifunisnaass oz
UszliiuminuAseanan (Major- Strain) LagA1ULAIEATEYS (Minor- Strain) vuituilinses
g 91nn15idsaunYesAInINIAden (Bifurcation Strain) SaufangAnTsuAaAung
(Compression Stress) 1iiai3uni1sguiiiniuainn1ssnass uwazn1smedeuiitiniuainnis
Sraeansnadeudesadouisinludiediund Weasadulddamdaniseu (WLCs) uaznis
fauduldsdasianiseu smunaggnihinisudiou Weussidunmsiuenginsums
g1 FeNaTennNmeinsIn (Anisotropic Yield Criteria) fivilinsasaduldsdnidaniseudia
Ausiiugn Auanenaiy fe Wewluwd (Von Mises) , Hill's 48 rValue (Hil'48-R) uaz Hill's
48 Stress- Based (Hill’48-5) vavia 2 uua3n Qﬂﬁﬂmﬁﬂw%ﬁaa‘émaé’ﬂwmzmﬁmﬁaugﬂ

s
=

wanafnlunduegiidounay Aasawginssunsviliudsineanuesen, aduussananis

I
a v

Laivindumniiamna (Anisotropy Coefficients) SsilnansenusioldulAsindrinniseu Snis
fnsnsaouianzdinaiiminnisinmedunnaeunisindedng foozaafinadfiadu
(Acoustic Emission, AE) Lﬁamwaaummgﬂﬁaﬂum5&1%’%‘1Lé’u‘lﬁﬁmﬁﬁmmiéu (WLCs)
fegnsdaau iduldsdadrianissugnasaaeuniniluldauldfunismadeuiudiu
NNAYATINNTTH

M 1-2 MaianisguulaveisulunseuiunsTugy [5]



1.2 InQUszaeAvaInIsIvY

1.2.1 Wawasinduladindidnnisgusienismaass wazn1sdtasdaeszidoudsinlud
LA

122 pfigrimsthidould veudulddndipmssuistudutuggeamnay

1.3 UULIAYDINITIVY

13.1 eonuvuuaziannaisyavagey iodiasinginssunninsestulagnismaas
LazN3EIa0INISNAAEY Teamsnadeunisinwestunageunsiddedae

132 mIsnadeuntsiiwestunnaeu nsidedng uavsraesnmanageuiesadeu’s
lulludiedins (Finite Element Method) $1aesminssumsiasuguillividufunniiamis
drunainisasnteulelensel (Anisotropy Yield Criteria) a4 Hill’48-R wag Hill’d8-S

133 duflumsaaouauifinianavesiag iemednusilddmiuinausinisasn
woulelelnsUnves Hill'48-R waz Hill’48-S

1.3.4 Wawrasradula@adiianisnisguvediiuegiillsunauinsn AA5052-0
AMUNAYN 1 Tadiuns TuiAvauusm Lasunewulsn

135 Anwinginssuunuddaffideiduldedadidanisdu lufienianiuuuiia
WAYINUIIN

1.3.6 ldwnilnoggaindilady (Acoustic Emission Technique) lun1sszudenae
naiansTisestunaaoumsldedae tilugnsaiaduldedadiianisgu vuiugiuns
IYogpanndilatu wWisuiiiey

137 asrafigatimsthluldaulfvesdulfedadiianisdu edssfiuanmnnsgy
vowuHuegiifisunandusuoine1ms

1.4 Usgloviiiandnazléiu

141 fesanuilumsaudulfsladifnmaeu eussduamuaasolunstugUls
YodlarELHLAINNITNARDY wazTnaaudeiaumesuiouisinludioduud

1.4.2 ansaduwmndunmsussendlilumsesnuuuiunssuumstuguan

143 fuumslunisuszgndlisueseandfadu lunstuundamenisliwesiu
nAdeUNSInaleTng

1.4.4 nivianginssuvesandinliviniunniianisvesian dnaretduinddn
n3iAnsesgy waruanstengAnssuntseuiuansteiu
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w*ﬁavﬂﬁnﬁﬁwavLﬁamﬁﬁm%’mLLawqwﬁ wazenAfefiAsadoslunisdiiunms
Imivineniinusaduil el audvianavedlany nanaseuauiinnavedanzitu vyl
SLumimJasmiUIam wu%mmiLUaauiﬂiuLLm'ﬁumU mﬁmsuuiﬂaﬂ WHUANUATINANTITTU
sU AnuLdsmevetlansuiuveInIsinniseu tnasinisannweulalanselUn suideuisiu
lufloduud inadirozaafndfiadu warideiiieatos Tullieandondraluil

2.1 a@uliAn1enavaslane (Mechanical Properties) [7]

autAnvsfednuy vesinquilefiusintsuenuinggsin 1y anuudissvesian
aumilen Audn uazaudsg Wudu Aansasdesfsautimarilunisden
mimuavuinvesanluauneatie Wildmunasguidvueluiemeaass n1sldnisg
diemuumunavestaglunudeadns wwdestuogifusnuneiinmadey Fsenaayliings
fuaniunisaiosefialdfaniug ardulsmssztaileazihmaiemaasdluldiuanin
939 msrenvveddamdun Mlusuusald

2.1.1 anuesen (Strain; &)

minefaileinggnneviens mnuenvesingfaziasuly sasnasidn seninsdn

q
(Y]

= - % a 44' o & ° Y a
Wﬂﬂ@@ﬂﬂi@ﬂmlﬂ BIINIYAITUYTIILAU LN@?@QQﬂLLﬁQﬂWUu@ﬂlﬂ ﬂizwﬁﬂ%wﬂmﬂm

AINULATEATL UaRIINaZABNANN 9 NUszneuTy Wuduinguuiosdeuly andunisiauna
vouly dezneuvimaegnivlidaiunievintesnainiu Mziiausssedu Junigluiuing
U (Internal Forces) BenenenuianaulindunganaunanIiiiuyed ANULASEN FIaun1T

6= (2-1)

2.1.2 aaLAu (Stress; o)
=2 PN [ 1w A & A o = [ X A4 [ Gl
nuefeusannseyisaing A Aelllofiusinseyingsenaas (ullleidminiuusavie
PUIAAULTI UauavdnueenuAu ndisaurululounse a1519ia (psi) Taduniae
Y98 VisoRuUAanITNIN (B3ngY) Msenigun3nde Alansudensiugudwnstagdu
fimbhduiafiu/menauns puduilansfe

(2-2)
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ALY wiseanlallu 3 wilnfe

1. AULAUKTIAY (Tensile Stress) AamuLALTNgIg1uAlldaInguen ¥INEaNIN
Y = ~ Y = & = & A = o U a
i @IULIIAY MTOANUAUTIRT LTULIIFS P sailoN A FaemniuiAni1eweduss

2. AMUAULIINA (Compression Stress) faaiuduiinereunavsedu nglian
W30AUAY EIUANLALYBILTINA (Compressive Stress) AndulsinaraiuinmInfufiAnig
VBIT

3. AULAUKSUERY (Shear Stress) Avuduiideuvisenaliingidouriuiu Anduy
WIIRIRBLLDNTIVUIAAUNANIIVBILT

]

’f
:

Sescsessammeenmm.

(n) ulad
(1) wInn

P Y] Py
AINN 2-1 ANWUZLIIRG LLazhIane [7]

lofiusaon

’
P p ,1 ................ -~ P

d v “
AINN 2-2 aNWULLIIRDY [7]

2.2 N1NAGBULIIAG (Tensile Test) [8]
navaseuantivesTaniiiomauansolunstugiesdansunuiildiuniniian
fio manedeuntsAvluLnuIRBITunadeUR NG 2-3 fFurunuiulutisenuemagey
TagUnfiens 50.8 mm %19 12.7 mm thiunagevanduiivaiedis 2 413 udfsdeiaios
naaeuliBneanludniasaunsziing fafesuielilumnnssi ASTM E8 "Bnsnazaeu
nsavianlane" luvagnaaeuinussigivanead (Load Cell) uazinszzdnniuansuing
wnuledinos (Strain Gage Extensometer)
feyalvaniuszerdnannsatiinasgaldlaenss uagsinudsuteyaliifuandy
Ansu o (Wsy/Fefiuiinidaiu) wazanuedsaiemnssy e (svavBa/aueniiin)
Y30ANIALTSY o1 (WSy/Ruinidnvardy) LaTAASENTSY @ (@EN1SANTTUYR

“UEN@’J'W?,JEJTJIM@VWJ’]&JEJTJL@N)
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AN 2-3 FUNAFDUNITAG AN EIL

221 WOANIINVBINITNAHBULITIAY [9]

ABnsnadeutusaruiiegefiaznageuiniieg1ei qudtufindresnnnu iy
wazauiTeaiAnduly winnmaemduduldsianmd 2-0 sunnuarsUestunnaey
pinaqiu %uayjﬁ’wﬁmaﬁa@ﬁ?m UINTFIUANUBINITNAFOU LU UINTFIUVRY ASTM
(American Society of Testing and Materials), BS (British Standards), JIS (Japanese
Industrial Standards) #3ewslus wan. (MIgIURdaduRanaInnssulng) lanvuavuin
wazgUinvestunaaouly Madiftolinavesnismeasuidedaldnioutuimunainua
Tumsifisusenszienlise

v
AMAU

ATRLASHA

ANA 2-4 LanduUlAIANUAL-AUATER WUUHIAATIN (Yield Point) [9]

nmsAnidulfermnudu-aumalealunmd 2-4 o Wekufsiunaaeuoeng
H195unndevazAosBnoen wufeanganils @a A) lunnd 2-4 eluraedl anudusius
sewinsanuAuauaisnazdudadiun mlnsildnsmidudunss aunguesgn
(Hook’s law) @sndalidrauduiludndrulaensatuaanuiadon 9a A 13endn
fifadndau (Proportional Limit) wagnelifitadndiui TanzuanIngAnIsuNIAUFULUY
Sanafin (Elastic Behavion) ufaileudesusinszmiunaaeuagndulufouinminiba
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dlewnfinwsenseindelUauiufifadndiu tdunsinasaosqlfaeonainidunss
Saqmaneviinazsnsuananginssunsrugulddndndesuiiaga wils @a B) lunwdt 2-4
B fitadaveu (Elastic Limit) Satandugafmuataudugaaaiiaglimly danis
\#83U08190123 (Permanent Deformation or Offset) fu¥aniiu ilosugniluudivan
Azin151de3Ue8190135 Snwgnistuduresauaisauuunatafniudsuudadly
puviinvesianlulanzuatsuiia 1wy wanmdnndrasususi (Low Carbon Steel) azifin
nswasusUegmada Tnslifimaifiuaindu (Ueadenaazanas) fign C lunmd 2-4
FadugeiinnisiudsusUuuunatain 90 C 439n1199A370 (Yield Point) a1 ve9A71
Lﬁuﬁf\m‘ﬁuﬁaﬂd’] A1ULAUASTIN (Yield Stress) 13® Yield Strength A1 Yield Strength
ifsleniftuimnann mmadugaudssvinmginssunisfusuiungingsy n1sasgy
wazlunsdveslanzavidudinnuudusigaanmslivsslovilalagldiAanisideme
Sanvansuilaiu ozgiiden nosuns azliuansgansinegredaiau uisAiasnazmle
Taus1vunn210ATeadl 0.1- 0.2 % Y89A2I081IA M UALAYN (Original Gage Length)
udanniduruuiuns s luaudadunmlAslumeiua fannd 2-5 Aranuidy
figadadazihuldunudnnnduanesnld anuduiigaivisedadonin anuduiiged
(Proof Stress) ¥i3AaLAY 0.1% ¥3e 0.2% Offset fauansluamil 2-5

.o -
ATTHLAUNWEIU
-

AL

0.1, 0.2% ANULASHR
(0.001 w3a 0.002)

AN 2-5 WFULAIANILAL-ANASEAWUUTLTRATIN [9]

n&s9ngans L JagazildsusuuuunaiainlnganuifuazAesqiiinegiadi 9
yieanaazasiinuisangaan (3a D) lunmdl 2-4 Ararundufigniiiondt Ultimate Strength
W39ANAULTIRT (Tensile Strength) Fardudinnandugegaiiianaznuldneuiozaia
w3ounneanaNiiu (Fracture) Lﬁaamﬂi’awmwﬁmmmaaLﬂﬁﬂugﬂaémwmaaﬂiﬁmm
ArAdugaaniaiunsausndualdeuld venand ddsdlddussiuisuiiioy
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auUfveianlaniedn A191 AULTILST (Strength) vaeian nie MasTanuu lnevaly
nueieAimuAugsEaniannula
v Q" < gy a L= !

nganie (An B) veens v lunini 2-4 \Jugandaqiinnisunnnieuneenain
i (Fracture) dwsulaneunswdin wu wannaimsueusmselansinies Apnudulszae
(Rupture Strength) 13g@1n31AIINLAUGIAA LN 1gilatasgn D LU funinianiida
YBIRI0E1IMAFRUANAY M IANUNAIUNIULIIRIanatsie Tuvueisndasdiuinan
YBIAMULAUIINNUTNTIAALFNVDITAA NBUNIENINTNAFBULTIAY AIUUAIVBIAULAY
Jeana drulansdue) Wy langiiniun1sduguilu (Cold Work) 11udq inazunniini
ansiugeEn lagliinisanuuanunvdisn

2.2.2 wanadnuweoulelenseln [10]

awmand1fyuiniangeintilanslauaudinaradinueulelansetn Aefirniswes

4 a o4 & = o o = 2 v a a
wnsunasuluvieievesgunanmudulumandiuinainnisuyuveswaniivlunsy
serinmalasunlaailesundn uagviliiiaueulelanseln

finsaunngfnssunisivasuglvestunageunisheidululausineenunanuiuin
A v vy = Y a [ a oA 4 = o
Wialasuuseddduiuiunuy drimmadugauafnnumnldvdsuidamseisuwlastasuin
n1stalukwigndnailinnuningunegavanas Wisdwesnivselovinadnsidiu R
VBIANULATEANAEAFN

r=—= (2-3)

e r A® A1 Plastic Strain Ratio suaﬁa@
. A9 ANULASYALUAANIIANUNINVDITUINUNAZ DU

& A9 ANUATEATUNANINAINNUIVOITUUNAFDY

&, =In [%] (2-8)

e Wy A9 ANUNINUDITUUNAZBUNAIR
W, A8 ANUNINNUDSTUIUNAADUNDURY

Tl
er=Inl — (2-5)
0
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Toedl T, o ANUWUN8IBUIUNAGOUNS s
To fA® ALY L UNARUR DR
MIneaeUrnlAgSFNTUUNABUALAANIIAILLYEA (0°) AAMnernauuan (90°)
uay firnsyandes (45 dauanslunmil 2-6

90°
E.s

(s}

00

AN 2-6 ANWAUZNITINLAZAANIINITANTUIIUIINAITIA

ANTUNINITNAFDUNITAILALIAAINUNI AL ANUAUIRIUANNTA 2-4 AU 2-5
wazlundazfian1an155a (99A1N158ATUIY) ITU 1o ras 1A reealuRANIIVDINITIA
flinadonsivavesian uardwmanon1saugy

23 asnageusuurlUedaetin (Hydraulic Bulge Test) [11]

dnunmageuuuulilaetinifunmeseuiiemautinisnaves Tanfitidnuas
Buanuduuvuanuns lnedeuldfuograunsnarsdmiunistugulansusiu Tnovld
dmfunsmaaeunisdanieldnisfsuuunuiion aznuinianaziinnisnoniloliussia
fernAuidugean uidmiunismadeuuuuldadieiiazanmisnmaldaind-
aanaioaludnunzass fan1sdsazasnadostuanumduaiainnds densdugy
‘vﬁamamaauiué’mwmzﬁ%%ugﬂL‘T;Juimuﬂ%MNﬂaué’fqLLam‘Lumwﬁ' 2-7 Tnofaunfig il

1. &nwalauiildanmmeaeuavifiunssnaulnenaon

2. TuragnistuguazliiAnaududn uazauduluduauvuivestan
Jeaunsalanguuauu1s (Membrane) 113NH8lUNTIATIZNR



Chamber opening = D + 2R = 110

— p(R
o=—|4+1 (2-6)
2| 1
_ to
e=-g =In © (2-7)
d
g o A9 ANUPUUSEEVSHA
& Ap mnuAsenUsEANSHA
&  f9 AmnuATEAluAUAIIILN

ty e ANUNUTUAY

ty Ao AIMUIULEEAlAY

[

& a A a =
Ao ﬁusﬂaﬂmiﬂﬂaNWLﬂ@mmgﬂJugﬂ

2]
g

P Aa AnuduivlaIngunsalinusanu

NAUNITN 2-8 WAL2-9 Ara1U1TaNIA1 Ry war ty lanaeanistusulavende
ANMUFUNUSTENINANUAUNUANULATER Leeadl

d 2,

4R hi —2R.h
R _( 2 + Cj + d c'd (2_8)
d- 2hy

11



12

ly=to| ——— (2-9)

2h
14| =4
d

logd d,  fe s ugudnasveaUInuURu

hy e ANugevadlauvMEIuIy

Y

[

Rc fs Sedimnulesvasunnuaiiu

2.4 nguflunisildsugudisiavey (Elastic Theory) [10]
Wedanlasuusaisasiiliianinnisiadigeaiuisondangfinssunisianioen
Ju 2 daw ndng fe nswdeugdlutndavgurseridaafinuarnislasugua1ismsed

NAEARN FININA 2-8

Yield | T T R Regon
Stress 9 ) ’1

Elastic

Limit ~~

; Limi‘t of : — Ultimate
roportionality Tensile  Breaking
Strength  Stress

Stress / MPa

Strain / %

A9 2-8 wEnsIuNsAgUFUYReTaR [10]

N3INANUFNIUTIENINAMULAULAZAIULATEADIA (True Stress-True Strain Curve)
wiasandndedn (Flow Curve) fdnwaziludadu (Linearity) w3oliidududu (Non-
Linearity) Tnefinnuddlunisianldlunsdunaiiedigliviusnaldgndeausiug
lunisiisenisluludiofuudasivualiiaguesuuudtasslandfiwinduyniianig
(Isotropy) SsazuanAnanwginssuvesiagaiaiesainianadsdinsSosivosdnlaivint
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nniiansinlifandaudiuuuueulelansed lasfinswlauduiussenineninudu
LATAIINLATENTIVOTANAINNITANIIAINN1TNARABUAY (Uniaxial Tension Test) #38n13
nagauna (Compression Test) lunsvageuLsistunnaousianifnnauvieviantise
Adenazgnusinssilaensiodenaifisnss (F) agneing uazmuquaruslvidunaaey
WabusUegsasinatenuuuiuny wdriad ussuagsreen1sidsusrestunaaoy
unseisdunaaouiinaude e nanismageviildazinlumauifidinavesan
Funpdey Fennaduiiinmelutaganansadunldainaunisi 2-10

O =7 (2-10)

A =

lghl - fie usafavselvan
4 & A

Ay AB Nuimihdapuvesuunaaey
o

dl Y a A Y a a g o & A v oo
ABD AINULAULRAYRIDAITNULAULTIIAINTIN ANRINAUNUNKAUINA AO

AUSUANLLASEALTIAINTSY (Engineering Strain) @unsaAuinlaainaunisi 2-11

_AL_Li-b

Lo L

& (2-11)

neg AL A anugniwasull
Ly AD AINUYILAUVDITUNAADU

L fe Anuevaglanumenils

g Ao AnuAsEaAY WuANUASEARMAINTSY Aenafetunse F

AuFURUSsEnIeARuTUALLIASERTilEa Inn1TA1 U ldRu i da
LATANENLANTDITUNARDUISENTT NTINAINLELTUSTEMINIANALLAZAINLLAS AT
3AIn551 (Engineering Stress-Strain Curve) alunismaaauasa Huiintifauazaanuenn
“U’EN%UVI@ﬂ@Uﬁ]%ﬁﬂ’]iLU?ﬁlSULLﬂaﬂa‘EjNGiEJL‘I‘jEJWuLﬁGm’]iﬂE]@LLaz%Wﬂ@@ﬂ%?ﬂﬁquﬁﬁ@
Faruduiusseninanudunasanueignannsam ldlngldnuinidauazannue
FidsundaddunsdazvasdadsniinganuduiussenieeuduaswasAuA3 R
(True Stress True Strain Curve) #38i38n8n3e1 (Flow Curve) Fauanslyimsiuianginssu

voefanlutiniswaeusunns i1 o Wuanudussaar & Wuanueienass
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(2-12)

' 1
] I ]

gl A Ao Wuiivihdnlag

1

A & A v o oa v
AO AD NUNKUINALINAY
O A9 AMNUAULRAY
F Ao ussheiinsgyiuudunageu

AusUANUATENDSY & anunsanmlalagfiarsanianue1alag ARNTU Felaann
nsBuinInAaend di tag

—L=in—t (2-13)

TunsdlnsPusUlansivsumsnounaznainisdusuidsundastdesunn datuy
rauylvUsunslifiansiisuulamisnouuasnain s U IviiuTnm swviLay

ALy =AL (2-14)
H L by,
A L L =1 (2-15)

AIUANUALATaEAILASEAYTRYaNYRg U USRS e ULAENEINSTUTUA

=o(l+e¢) (2-16)

= %‘2”; (2-17)
1

loghl d;  fe durAudnadlae

dy  fie i AUdNASHAUYDUNUNAZDY
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2.5 ‘wqwﬁiumimé"ngﬂm'a'm%a’[mi':ewa'laﬁn (Plasticity Theory) [11]
lunstuguianlaveusulifizunssmuiifesnsagdedliusanssyiniutanilels tan
WaBu3Ueg19a195 9INN1TNABUATTAS asantinginsinvesianliifuassdas
fio FrsfaveuuazriauasusUagnnns Smginssumanitogietunaednunsdiannsn
uanaFsLuUTaes (Model) anuduiusseninannanfulazanuaion faniwd 2-9

(=2 o3
Y- — Y- —
- = o
0 =3 4] £
(a) Linear Elastic-Plastic {b) Elastic/Perfectlv-Plastic
G [53 j\
v b
S S
0 C 0 >
(¢) Rigid/Linear Hardening {d) Rigid-Perfectly-Plastic

AN 2-9 WUUTIABINGANTIUTENINANUAURALANUATEAVDITAR [11]

lun1sfiansannisidsusy azldinasinisasin (Yield Criterion) 1uLnusi
ﬁ%ﬁmummﬂﬂﬁaugﬂ 91ndanafnluidunanafin LLaz‘mqwgﬁugmﬁﬁaﬂsﬂumiﬁmw
n1srTINAvedlanzuiufe NqufAnuiudougdn nquineuluwa (Von Mises Theory)
warnguivesda (Hill Theory) ludiuvaanguianuiduilougeaniaznguivesnaul s
ziidoanufigiuiniaglandanianainduynfianig (Isotropy) d1unguivedda
iasandvsnavedlanziiiiunisin (Anisotropy) lunsldnginaminisasnueulelonset
dmsunmslinssitunuiaglinguinnsannuesia nquidvansdwiutaglasusud
antRuoulelunseln

2.6 Wugrun1sildsugulanzusulussuruadnuAy (General Sheet Processes; Plan
Stress) [10]
= I = @ v
A9 2-10 1 TUAITNAADUATITAUTURUINIINTEUIUAITNITZUIUAULAY (Plane
Stress) N1SNAADUNITAIUNULALY (Uniaxial Tension) AoN15uandfiog19vedn1sivisu
JULUUTEUIUAMILLAUNITASUNULAET (Uniaxial Tension) Tifia1saungaiing Tudunaaeu
Ty msfdlivaeuglunuieImnmegeuisuansiuasusuiiasdesauisgegaisiansan
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dy d' Y 1 d' (v @ v gj 1 a a
HunvthinsgnInwldsugudnuasveadnt (Element) Sansnsainuiaziianislifinay
WPADUNLNEINUAFANIEN 1 2 hay3

AN 2-10 AANIVENIUNITNAADULSIAG [10]

Y 1 [

Tumenssiudnalunisnaaeaunisia 2 anaduvandiandugudludnuasiudindng

a a

d‘ d‘ 1 b4 1 1 % 6 ¥ A g.JI L a
MLUaaugﬂmmmmu 1 uag ZIMLﬂWﬂUQUHﬂﬁqﬂJLﬂU 3 ARFANRINAUNILNIIILANDIN
Y &

N13duRATENINaWNLUIeAY Tooling laenaluuddesninge Yield vesianavlmluaudla
wazlidu Plane Stress Deformation

2.6.1 SNTIEIUAUAULAZAIIULATEA (Stress and Strain Ratios)
Iumm‘wmEJLa‘wwﬁﬂéwaﬁaﬂWiLﬂﬁaugUmaa@ﬂLé‘ﬂG] DAUALULAALINBUVD S
gns1dmANUATEA (Strain Ratio, B) #308AI1@3UAINULAY (Stress Ratio, « ) 1115035
Proportional AANT3sitlndiAesiian danni 2-11
ER

lundniiandaniuli op > o) waeiienvisauARINAUNURY 1o oy =0 dnuaey

nswWagugy

&89 :/351;53 =—1(1+ﬂ)51 (2-18)

0110y =aoy;=03=0 (2-19)
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Tensile test Plane stress
03 = 03 = 0,
£q= —51/2 e3=—(1+ P&,
04, &4 o2 = o o4, €1 = oy
€= '—51/2 82 ﬂ€1

AN 2-11 DANANVDIANUAULALALATEA [10]

2.6.2 mMswdsusureslansuruluszuruainusu (Deformation of Sheet in Plane
Stress)
Tuvaue il msmaauiﬂuuﬁvuwmmmu (Plane Stress) Wa15841 (Work Hardening)

[

mamammL%’wmawiuqﬂmiﬁzjwqwgammumiLﬂaaugiﬂ,umwm 2-12 &nwaugidalad

~

Msasuguiiaamu ty vunadusugudnas dy viensissua dy fanwd 2-12 n)

| Y] A v & | a a & =
aqnauuuiamLmeumwlemUaﬂmﬂ muﬂuagmwmiL‘Ua‘auimaﬂamvLﬂasulﬂt,ﬂmﬁ
LAUVBIANLLASEANAN (Major) A dq WUILAUIDIAIULASEATDS (Minor) A d2 U

miwamaﬂﬂmmﬂwmmwamaqmmmam gnaneilu Amdouiuindanmi 2-12 ()
dunnumune t anudinsdldanind 2-12 (a) mmmuwﬂmﬂaaugﬂﬂa 0y WAz oy

A 2-12 maasusdvedlangusiuluszuiuainuau [10]
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2.6.3 UWNUATNAALATEA (Strain Diagram)
AULATEANIZYATLAATY N) N15TUTUIIENTINTEUBN V) Fudiudesuaenie
NINTLUBNLAAIAATILATEATIAL A) HAA1AIUASEANILAAINNITTUTURIENTINTEUBN A
d' o vy a d'
A9 2-13 gunsadalaainniasnasluning 2-12

) )

U Die

1

AN 2-13 ANUATEARNIZATARTUTENINNNTTUTU [10]

2.6.4 A1ANLAIEANEN (Principal Strains)
ANLASUANSNTLANTUINFAVINEVDINTEUIUNS

d d t
glzlnd—l;gzzln—2;53:|n— (2-20)
0

do t

2.6.5 9AT1AIUVBIANULASEA (Strain Ratio)
TogUnAEULLIAULASEA (Strain Path) Sapadudnadiuidunsesisaunis

=—*£=—< (2-21)
* ol
0

2.6.6 AMULAIEANUILAZAINUNUT (Thickness Strain and Thickness)
NAUNT (2-20) AULASEARLALABNITIAAINNNUINS BN LAINNAILLASBARAN
(Major Strain) A31XLATEATEY (Minor Strain) laglviiansaninnisiudeusunusuins A

t d
53=|ngz—(1+ﬂ)gl:—(l+ﬂ)lni (2-22)
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PNaNNT (2-22) prwlagiialufe
t=tyexp(e3)=tyexp| —(1+ )5 ] (2-23)
vidodnuummiliiiuiueg tdyd, =tyd2 Aiusunsasi

2
d0

t=ty—0—
Odle

(2-24)

2.7 N3EUIUMIANUUFY (Deep Drawing) [12]

Gumzﬁt,wiuiamgﬂa’mimﬁu% 118990980 AzwUIn1sivananidu 4 dnwauenan
A9 USLUNUTUIU (USHINT 1) daNalminnisantAdvaakkulane 2 Ushufs diulamiy
Smdlud (USun 2) uagdnlAwmnuieaiiang (USnun 3) vugiuiulanggniudng wiulane
| P v v ° v A | a o Ay & v a P a
duiluniansly 98y utNlun15awsaNnseyinNnuduanulugausnadnd uau (U
7 4) G0N 2-14

adudalunendusoun

' -‘ v 5 w
dwngnaalasmuiaiiany
Unihw (Flange)

[] - ] PRI
dungnaalasenuaiiniug

AW 2-14 wgfinssunisivavedlansununglinseuiunsisuguan [12]
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U3l 1 duvesfudglifinsdsusuiiniu fudazanidelangduiiedoud
audluTugerinemne Wuuinadidnswisuwlasaumusi

Ui 2 EiausuaqLLsiuIamﬁ?igﬂé’mIﬁmm%’ﬁﬁﬁusﬁuawﬁqf’haluuuaéﬂ wazdnig
dvhuusaludrudie SoilnAnmnduisdutuiuny dwaliusnaidifanstad wasin
msunasesiulang WuusnafidniAnsesvia (Tearing)

Va3 Ramswasuguansmusaiiong

Vst 4 dwwestndqe Wuusnaiianisivaveaielavemnsiuiu Wuvinania
mmmuam (Compressive Stress) ) TukuLdusouls (Tangent Line) 1nag wm%mu‘law
mummmvum’mwmLw:umﬂsuu wEaAnn15e (Wrinkling) fannd 2-15 smf\]uwaaﬂmm
ﬂmammwmm (Blank Holder Force : BHF) mLLiﬂﬂﬂEJﬂLLNU%UQ’]ULMM’]%H@J%%%’JEﬂ,‘lm’ﬁﬂﬂ
HelangladlfAnniseuld widnldusanadauruiuauiunniullazdioannisiiuniseu
¢ wiazludmwarunslnaveadolanslnaldtiosluusinnd 2 vildAanisveld

Seclion A-A Seclion A-A

AN 2-15 NISIARAMUAUDA LULUILAUTDUTINA MALAANITEW [12]

) )

NN 2-16 TUNUNAAAULESWY [12]
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PN 2-16 N) TUNUAANAULEWIEINNNTEU (Wrinkling) USLiuUnay Faia
PNUTINATALKY Fusuitesiiuly @) Junuiinanudenisainseyvin (Tearing)
USNUAUIY FUARINKSINADALNY FuauiunAuly

2.8 nszuaunsRstusUuuUAIMABusnTa Bndsufiudi uazads [13]

T AN A1 N U U ANNI A IO UL UV LN 12NN 521N AN LA UTEUTOU
Fuauliiiaue fiulummguifsdeideddanudunalunuidusous nataganisdiym
Wipsagraien drudiudraimaniznisdarinty sueuaiudiedunalunuaud
seuashildnssshiamzfyaminty uwidinsevindidudreine anududdanniuiedunu
Ny

R’ c ‘;l €2 f
b
_ )R

\-‘ a —

[
=

AN 2-17 JUNITUITVIANNTDITUNUAWUTUTUNUER LR

Y

a) ALY b) ANUNIN Cp Uae Cy AaiANTSna 1, Seilnyw [13]

@ s @ & a A Ay = v v €
HAIINNTIReSITUANIINATUUIURMA suRudLaAlUN19197 2-1 ARLENTTIS
YBIUTIRUUN LI SUNIAWUIUBNOUTUNSINTEUena 1 saan ldivdunugUamasy
v v = N A Y v 1 = A& A o w ! (Y ! v
Infauazdmdeniiuiile lneusuussteuleniluiindin Wy snsd1uvesnueiy a
| o aa =
sosAilfiyy r, auaIwi 2-17

M13199 2-1 M3naluuuRusUUamREuRUN [13]

MInATIUTIN / miﬂmmm%umugﬂ
b/a 0 0 alte
¢ % C,% N59N3EUBN
0.3 59498 25 94 30 20 32
0.5 15 99 20 33 919 38 10 a2
1 2594 30 45 94 50 3 55
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[

C
a A v W ! D = ~ ' = ) a Y ~
GIN BRI Aanluiesauseanadsaunsausulasuls wananvuavuesal
[ @ v a
f 1

S U
1NY 1y, NilAudAY Wuiy Sailvisaeslinnuduiusiudaiae Wesa

P

Y
, 9
ANU

= 1 = o U U ! = dn{ dn( L dl d‘ 2 a
mmmamaﬁu@mﬂmamﬂmumimwgﬂmﬂmummww 2-18 LUBQQWﬂUﬂQSLHUiL’Jm

3

a_
2
>
L))
Zo
an
)
2D
=D

)

Saiinyuinisdndinin Fedeeinuiiayurewuaiiiduas Sagtuaziinnisuadiduls

o

wisziiianazanegyunninuludaning 2-19
n1sdAmlddmiviununsenssvenuldiviuausydvisuyinlrddynuindu

wsggunugvamdsuliiiduiugudnans dy uae d; Audsiemnunaiduriugugnans

[

Wiguiigu d, 9niiuiidsil

dep = /%AU =1.13,/A (2-25)

dey =1.13,[ay (2-26)

UNVDILUAIN

v v 6

UNAUNH AN

Tned A, e
8

3]

=De =De

o))}

[%
[ Y] 1Y

sy nsdiunshediugune

p= |2 (2-27)
9y
2.0
L1 ,———""'__—'—
@ 18 = 30 ]
” [z L~
B /
=
s / ]
~ [
§ 1[. .4/
& L=
& 12
1.0
15 3 L5 6 75 9 mm 12
de

= v o & v | = &£ =Y a A Y o ady
MR 2-18 AudNRUSIENINREINNAWUIY f vesuauUamasuiuseiiniy
A o ad = v
Mge HBIAUVYA 1. LVUINANNY [13]
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|
|
|
i

b

AR 2-19 JUNSWBIHULUABTnTeilngTsaaUlad a
sUTauly b gUeeuIen [13]

d' v (v dyd o [y 1 ¥ QI

Luaimgﬂufuuaﬂwmsuﬂmmmumaﬁuaqamwmu de; =1 1 1LA N1sEnANAULN
YDITUIU ﬁaﬂﬂ’jﬂ%umugﬂmiﬂmwaﬂﬂizmm 20% satuAAILIUD u, =1.4t, F9NN9UIN
vl

2.9 wiuniiasrdanisRetiug (13]

SLu{jﬁ]ﬁ;ﬁJuﬁLLNUﬂ’lW%@ﬁ’ﬁﬂmisﬁugﬂ Huedeslofivanzaudmiunisesnuuunssais
nstugUlansusiu udogslsimuanudiialunsldoududosdamiuazssaunisol
feluriesufinsuarlulssnuagnafiome

wnunmIndiianistusufuusuniniivendseymenedansuiuannintugy douas
\inmenen (Necking) urunmsananlaannisiilansurusnvindudydnvaidurenaman 9
paoALHY TEViaiin1stugd anandandninindesuiluag udsintdu shnstadndu
Waugudnantsluwnunan (Major Axis Length, dy) waginuseas (Minor Axis Length; dy)
\suAuLdurtugudnatafiy (Original Circle; dg) LileRa1501AYBS AAILLATEANED

(Principal Strain) @eaunsamlalunsaimduainuaienass (True Strain) fadl

AALATEAYAN ( Major Strain ) & =In (35] (2-28)

AULATEATEY ( Minor Strain ) &= [;’1} (2-29)
0
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>

Major strain

‘~\
Deep Drawing .z B After Stretching

{Fanslan-Compressioni ’ Q “P/ (Tension -Tension)
)
1 I
\ ’

s \ o

1, \J
() Plane strain
A i

| (Tension)

Wrinkling or Buckling

Minor strain (-) Minor strain (+)

a ) Y iy =& ! = ) . .
ANN 2-20 aNPULNITIUNTITEUDIVUIU YIUNDHND AIULATYANAN (!\/\aJor straln)
LAY AULATEASBY (Minor strain) [13]

nsalduAlnuiASean193AInTsy (Engineering Strain) agtdu g =

(d2 —dO) 1 a a A a a [ a d‘
WY &) = —— 1A8AIAINNLATEATDINNANUSIUTLAAADADA VL RANTUITU USIIUN

do
8118 d1UAULASEATeNNaNAUsnwTeaIntusiaTanIduusnuivasnds ndiain

HuiAmNUAIen1e waseadulunnladinnsiugy

Major Strain (&)

A 4

Minor Strain (&5)

AN 2-21 U MARIARN1SAUSY [14]



25

= < Y IS o v = v v (Y 1% !
NN 2-21 AzfUlaT NN IMTRATANTTUTUUTENRUAIBARLAUNAN tawn
WUEYLY ke WUAUIRY Feai19nngud) Swift - Hill's criterion #iadl
Y v £ 1Y a g . . ¥ ~ a
udyneugng a31991nnged) Hill's criterion meaun1si 2-32 lagi

&
2
P=— (2-30)
51
* n

ARV @5199INN Y Swift’s Criterion AagaunTsh 2-28

o 2n(1+p+p2)
- (1+p)(2p2—p+2) (2-32)

TAgUSNUEWMN (MUNELAT 1) AB USHUMLAANITANTIN WALUSIUEYI (MUNELaT 2)
A9 UsunTuuliinau ey dudinkueiuanegng  auisaasialatagly @aunns
i 2-33

B (1+R)
- R

B (2-33)

USUATY (Munea 3) A USaiiinniIseu A1 R duUseanseaduluwindulu
VN7AAN19 (Normal Anisotropy Coefficient) laanaunsn 2-3

2.10 AudenevalansupuvanIsiianIsey [14]

dlolansuruduiidneondudaszroudfiniinefiaziingesng e1aazvlmianisey
vutunuannsovandsdldlaeliaudulssansaa (Effective Strain) ldasiiudesas 4
ﬁuaaﬂwﬁugﬂﬁwmmﬂﬁqmmmwmﬁamaaa’wdw lngldidogua JUUTUNUITNUI AR
Saseuildaiavefunaun
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€
\
\
uniaxial __~\
tension \
\
wrinkling
possible
\
\
\

AN 2-22 LdalasUndninnisTuguniseu [14]

IINATNA 2-22 WANILAUBLUIAITULASYATULUILAULAEY (Uniaxial Tension)
A Y Y Y = v A W . v & a
Mudulsglunmeiudedennunuazgniudn (Compressive Stress) Aatuilanian1ssy

ANSLNANISEU

nsiiensguinanaaAululanegniudn dwsulansuiuueazsinauauiuon
#1n1 Tansiidaumuininnid misjua";uimﬂﬁmmLﬁwﬁumﬂmiumumiﬁﬁuiﬂﬁﬂ
Wﬁmm’mﬂﬂ'ﬁmuiﬂmmmmamwluivmﬂma’m wanslunnd 2-23 Luawmjﬂmaqmm
Fuam wmua“mmaqmmwuwmm FouLLIEUTeUIIETRd uAnN1SRIER (Stretching)
muwmuwuammimmiuumLauiamq winnn1sfisdatesiiuluaziliminniseu
nsuAlvanansarfinusenavesiiBndusy Blank-Holder) Tmanyan lunsalfiuaniivly

gy lidunuavsatdsvnglaiuniy

blank holder.

¥
=< =

AN 2-23 NSTUIUNISANVUSUANNTINGIY 191998 NITEUATUYNKLITUY [14]

Y
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LARITERULSINAYBIFIERTUIY (Blank-Holder) Tfmunzay Tunisualuldanu
Josdu andgyminisasiiaaegn Fanwdt 2-24 1iesarnmsuasilunuaduseviainiy
JloYagiifien R g1 m3Baoondaziniaveslussunuvosusiuaunnty ddue R A
aveelunsdudeve mthinaduan n ety ilfauisedalduiniueuinainy
é’umm é’m%’ui’amlmﬁmmﬁﬁmummmﬁﬂsuaami%mﬂﬁﬁaﬂmiavﬁmﬁwmwaum?jm
wmmuau mmumwmﬂmummmmwimmﬂmﬁuumuimmumisuuiﬂ Felugaeusnazna
LLiwammuamﬂuummeuwaaS] vilnstutuanulgas e

60 -
/
E . : '
= wrinkling  increasing R
: /

E / ’ increasing n \
Zg B wall failure

40 N
=
8 window for
o forming

| | |

0 50 100 120

Blank-holder force, kN

ldl v I 14 Q’J d‘ LY =< &( =
AN 2-24 G]'JEJEJ']Qﬂ']ﬁIGULLiﬁﬂWUUQ']u‘VIL‘Vill’]gﬁllﬂUﬂi%U'}Uﬂ’]iﬂﬁﬂJuzﬂaﬂVﬁ\‘lﬂi’JﬁJ [14]

mstuduusngnisaivesnruliafiosnmvesusadudn [15] WefinsTusaluszu
NIRRT TR P B NE LY Iuﬂizmum?ﬁugﬂﬁﬂ aNNTAFUFUNTIUUUTEUIUTDS
nsnetuay wanslunmil 2-25 n) wielundsiuiueudianmi 2-25 @) wsanetuay
fomngauansoanninfanistunisdusuresnmssufulnngmsniiomeitueg fuaud
vo93dn wavaunuIvesiann1elan1siude anuzvesainuey Asn1sdudalusyuny
wagdniimnavisaziAansidlusyuiu
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MW 2-25 Mmaiensguniiatulunssuiunstusuannssdvaeuiuda n) nsguuu
TPUIVYDINTNATUNY Uz VNTEUULRTiUdIuaY [15]

Wenanidsanisgumrsiuansinaduaulimmuizay Wudniuuanisinasives
JUINUY FININLTINATUINY (Blank-Holder) urnntiuldazyinladuanululuasiiasluludiun
LLNANTITANVINUISIUAUAVDIDUIIU ANUANA 2-26

A 2-26 ANUEEMIEINLSINATUUANNALLY [15]

2.11 nsnAdaun1sinevasledng (Yoshida Buckling Test) [16]
nnnaeuarlitunaaeuidusudvdsudntauiutou vieglanundsuniindrduie
fiFumsedon aefdlufiensmssdudauandunini 2-27 aundueruesgiudedndey
9954 100 mm (3.94 in.) LagduAAI8AUTY (Grip) YWINAIUATIE 41 mm (16 in.) uazd
ATUENUNATS mm (2.95 in) (FuaugUanumdsuminivsdivuiaudeinuiuadunues
qmaq%umugﬂ?im?{au%’m%’a Furassinaglialunmeaeufindeiuy uwiluiuny
wuvAmasuazliaTludiu ansidugestILnueenitne) Wevhnmadeuudiinnmgs

Y99SRIV UTINTININANIVDITUNAADU
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anudunuudassiniuluiunnaey WuawmliAanisidauiingudnatssening
firnavesusenseyi Anwgeesnisinsagliainisinuszana 2% Alddunisianiseuisn
wUsnaneUsensivsuenanuduiiusszninanugavenising uaznuautivesian
nmpapuiassriatan1maaounsliwedledazfunsadeunisiinnissudieguiae
N33n53UBNITUUIHURSINUAIIIUNIULTIATIN wazlunandududuaidndslunisyunds
wazlifinuduiustunadudedesuvesian maneaevvededazaylivszaunaduse
ffuorgliflon s1zdunageusnuandounsianisey

= |
Section AA -y

A Wi 2-27 msvegeunisinnislaswedleding (Yoshida Buckling Test) [16]

nsnngaevvesledaazlianuduiuszniteainuduresnsinanulnafiouiu
nsIMAINEA L‘flumidwﬁf\]zﬁmummmqwmzﬁﬁwmﬁﬁﬂﬂLﬁmmﬂa"m LAYAINITHTUNTY
LSIATIN LA ENTIAIUTDIAINITEIUNIULSIATINADAINITEIUNIULT B nazLTuTisousy
LazA1AMUENITLS LUURUSINRUAUAIFUNEY (2 %) A1BNMEIRILATEAIINNTTYULTS
wagldlfidfunyssudownanmstauuulaiifiens wazanuduundvesnisidudiodeaiu
VBIIAN

2.12 nM5i RudsfeaduLAsen (Hardening Laws) [14]
dielaveiUdguguansieumginnitaaumginisannantya (Recrystallization) 13801
lanziinnisuwdsguidu (Cold Worked) wenannnisiudsugunseidniilininudiues
waEANULTUANTULAT A7 sy lRudesieanuASen (Work Hardening %3® Strain
. = a < < o v v v v
Hardening) #1884 N154NANLTILTIINNITWUTTULEU vilvdulAsanudulva (Flow
Curve) WiNgawu Hafiinnuunf fe audRgad (Ductility) anas
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Tnsnddeilldldaumehliudsonnueseniaue Tneains (Swif) esuemginssu
AIHLAY LLazmmLfﬁmmsmﬁ'augﬂsuaﬁa@iumqmmﬂ?augﬂmai (Plastic Deformation)
aﬁﬂqmﬁuiwaﬁawawaaﬂﬁaL?fmﬁmmim?{augﬂmai auﬂizﬁuﬂ?{ﬂugﬂﬁﬁ;mmﬁmé’uqaqm
rouunn Idlauoaumsiieluil

o =K(g+e,)" (2-34)

Tne?l K Ao duusza@ndamnudiuuss (Strength Coefficient)
&  fo ANuAsEAlUYIEAnEY
€, fo AmnuAsealutanisUisugUas

N Ae w@wdrasmsyhliudesseainuasen (Strain Hardening Exponent)

900

800

700

=3
(=
=]

True stress (MPa)
g

Z Flow curve - Swift
400 o / Uniaxi .
i —— Uniaxial tension - RD
= 00 memem——- Uniaxial tension - DD

Uniaxial tension - TD

0.0 0.2 0.4 0.6 0.8 1.0
True strain (-)

A9 2-28 degradulaspinaAule 31nauns Swift Hardening

2.13 nauainsasinuaulelansatn (Anisotropic Yield Criteria) [17], [18]

nauiveslouluiwanieiSondnieniaiimguindsaruuusgy (Distortion Theory)
Ferloulaisa Iaueinsasnisindudendsnuudssunsluietagegluanneduse
nsgsidainAundsundssd 9Innisnadeuussiesiannadey 3eAAerIAALAY
Deauududvans J, 39 J, =k,

1
JZ:E[( 1—0'2)2+(O‘2—G3)2+(03—01)2:| (2-35)
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Tunsdlvesunaaeunlnsunwsie oy = oy, 0, =03 =0y

1
J226(05+0'g):k (2-36)
o =3k (2-37)

lgfl oy fB AUANATIN

[y

k  fie Anudulsugeaniilannnismageuiaian

9

° v A v 2 a 1 a
aqﬁiUﬁﬁﬂW@a@UﬂiﬂsULLiﬂLQ@UL‘WEJQ@?J'NLWEJ’J T=07=-03,0p = 0

WIouNUAIlUANNISA 2-36 ALRaUNISNISASIN AD

0'12 + 012 +407 =6k (2-38)

o=k (2-39)
QINEUNTTT 2-37 way 2-39 Feaansamen k laae

_ 9

k= ﬁ =0, (2-40)

M j, =k? anansadeaunisi 2-37 uaz 240 lalwife

1
1 2 -
0'0=$[(O'1—0'2)2+(0'2—0'3)2+(0'3—o-1)2}2 (2-41)
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Gn von Mises

Maximum Shear

AN 2-29 L UTgUEUNTOUNISHANTAN

v a X d Y ' I w l | 1Y v o
Q%Lﬁu‘lfﬂjqﬂqiﬂiqﬂ‘ﬂgLﬂ@ﬁUuLﬁaﬂ'J']lILQUﬁﬂqLﬂqﬂ‘U — LWWT@QQQWNLﬂUﬂiqﬂﬁIWﬁ]'}ﬂ

3
nsAsfannaaeu WalTguliisunguniaeddagiansunanaIng 2-29 Fauanensau
nsuaninvesdagnuimguivesauluid Tnanisviiunenisasintndfesnnnime e
ANUAURaUgEadmTunuIuTUlavguEY
2.13.1 The r-Value Based Anisotropic Parameters (Hill” 48-R) [17], [18]

wuudnaenaainisasnweulelanselvesianued Hill's 1948 vuiugIuves r-Base
& Ave o Y] & ¢ I3 . | a v o Y
Junsdnduleeilude inainisasinveseuluwd (Von-Mises) uaiiinaglddmsunisuans
lupsalnegluguiuuanuau 3 7 wianusanvziunsdlanuaussunula

2r, I (1+r I
& =g ——20y0, (L 0) 90)0§y+—0 N (2r5+1)0f,  (242)
1+1, r90(1+r0) r90(1+r0)
2 2 2 2 2R 2R+1 o
o :O'XX'FO'yy—O'yy—ﬁO'XXny'F WJXV (2-43)

_fot 2Iy5 + Iy
4

2|

(2-44)
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Wi

In| —

£ Wi
fp=—F=—7r— (2-45)

Et t:

In| -

tg

log?l W fie AUNISHAUYEITUNAGU

W A9 AUNINYDITUNAFBUNEINTTAN

AD ANUNINBUAUTBITUNAFDU

te A9 ANUNINVBWUNAROUNAINITAS

R fo duadsnwanadnueulelansedn
I, Ao 8nsrdiunlIuaTeanaiain(Plastic Strain Ratio)lufimn19vinyu 0 o4an

33 45 93PN LAz 90 BIANYBILUINITIA T, e LAY I
3 3 0145 90

2.13.2 Yield Stress Based Anisotropic Parameters. (Hill’ 48-S) [17], [18]
wuuasunasintzesnueulelensel vestanues Hil's 1948 Uufiugiuves Stress-
Base AxgnAIaInmiuTesTanluuanssiudfinmefiog1ssaaeuMsAainuien
71 0 03en Tufiemnauinin nMsmageuMsAUREILALT 90 B3 MNTAAMILUIIA MTVAGDY

1369 2 wnu (Hydraulic Bulge Test) oy, =0, = o}, kaw Oy =0 WAZAITNAFDUNIIAS

yy
a P a a Y o &
WAULAYIN 45 BIAT ANANANIILLUITA leﬂﬁﬂﬂqsﬂﬂma‘lﬂu

2 2
() YMJ {a) }y (2-46)

lngiey HS” Uatiaflanduvas Hill's 1948 : FeaguuiiugIuved Stress-Base

2.14 szisudsinludaua [19)

seileudsliludiediuud (Finite Element Method) figauiu s Auaiunsatunis
aesgluuudnvuzveadymldlndifesnnuduatann ninmMsvesssdeuisnsilutud
Aolsuan LLﬂQEUiNGU@\‘ﬁjQJMWEJE)ﬂLﬂm‘ﬁ@ﬂmﬁﬁmﬂ‘] FuilGenineduus svluiegiees
unulansusuiuil LFEANINSORUABRIUFTLRANY Ausannd 2-30
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A 2-30 nsuvsedwusveiSlnludiodus (Meshing) [19]

Tunsuidymiladyninds ImaﬂﬂaLLé”ﬁjigmﬁ?uazﬂizﬂaué”mammﬂ%qayﬁuﬁ‘
flaonadeiu saunateulvveuwauazouly Suduiivunzeay Avemanasusiunssdadu
nadnsiuviaswastlymdingn awUseneudevasiuUsiduwiasieg funasiudouuda
lﬂmmﬁmmmmaG]maqgﬂiﬁwaqﬂ@mﬁw%m%ﬂénﬁﬂﬁwﬁﬂﬁﬁa ANYDINALRAYLIUAT
2 UTENOUMBAIRII AINET %aﬁm%’ui’]ﬁymiumaﬂﬁﬁ’a%ﬁﬂﬁéf w&nsAe insaey
ArwiunseianuaiidsiuavetudarfundualneUszunaiil sruauifuld Finite)
FhonsudsgUimiednuarresdyyniusenduediuud (Element) Fallvunauansiedy

A3n1sananaivsvenidutedn naeaslneUsrunavesusaziodmuidusndudes
donnaed (Satisfy) ﬁ’uammﬂ%aayﬁuéﬁ’uL‘E’laulwiw6] ﬁﬁmumuﬂﬁﬁm%’uﬁmmﬁ?u
Famneauin ndnnisvessafouisliludodumdannsEudufinnsanusaziediuud ud
Fnsassaunsdmiunsaziodud lnsaunisiadrdunidusndudesaenndes
ﬁ’uaumn%wuﬁuﬁ‘maq{]mwmﬁﬁmamm@jﬁ?u ntuFshaunisvesudasiefuudiiadig
Jualduszneudndneiu AeliAnssuuaunisyalug Ssanuvanenisneninvesnish
wuilfiedefunisi naeduuiundsgnousmiud deldAndusudnvaseesiym
fanuaantuiaih nsuszgnddoulvveuiend tuuauliduaduannisgnlvgugids
yhnrsufaunisianue deliinnanaslngyssanmiidesnisnudumnisingg vaasusng
Jaymtu Fumeuihldressudeuitlwlufiedundussnousetunaulngq v 6 Sunou
Fastaluil

Sumoudl 1 ﬁammﬂwauLsumgﬂi'wuaqﬂq;mﬁﬁaqmimwaa"’wﬁaamﬂmaﬁmuﬁ g98e
gaulvadanaeaiuveuwnveslaymaiinaneyg fu wu Jyninisdeguuazaiiuiiu
Adatulureswdadgmnisaemanuseuluresuiwiovesnan wiedaymvenisinaves
Yoamian tHudu

Fumoud 2 Wunisidenitedunisussunanigluiediuud Element Interpolation
Function) sndaegnatu wuvarumaeluassdia Lodmuddananusznouse 3 gareidl
yaneiay 12 uae 3 lnsgasowaridusumdoilige (Nodal Unknowns) 3580 4,4,
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v ‘YA 1 ! ¢:9|J = 19 =)
bbe & ¢53G\'JI@J?F’]’]VI‘\!@G]E)LW@’]UENQLWIUGUU’]WU'E]\‘]ﬂ'ﬁLﬁEJMWEJ‘W]ﬂLiWLLﬂ{jﬂJWM']?JENﬂﬁiLﬁ‘EJE‘UIU

Y

Y99ud9 niee1aunuavetaunginniswidyniveslymivesnisaiemaiuiou
139 813UNUANYIANLTIVOWBIRAII LI IATgrvesnsiva Wudu anvagves
nsnszerasilidmuueaunsiamnsadoulvoglusuuuuvesiteifunisUssanumelu
wazdlaigeniigaroldsed

#(x,y) =Ny (% Y)d +Np(xy)d, + N3 (X y)d5 (2-47)

Tnedl N;(xy),i=12,3 wnuiladdunisuszaunislulediuudaunisd (2-47)

annsadeulideuluguuninglacsil

)
(% )= NyN,N3 |4 ¢ (2-48)
#

Tng [N] wnuwun3nduniuau (Row Matrix) aeeilandunisyszunaluiofiuud
way {4} wnwannesuaindusowninduuang (Column Matrix) fivsznoulusmedai
L4i3F7 YesaveediuuAtyY

g 5] N Y a ¢ . i o &

TuABUN 3 AN sasvauN1SIefius (Element Equations) agaglugunuunail

Ky ko ks | |4 F
Ky koo Koz | 142¢ =1F2 (2-49)
kyp K2 Kz, 1), (Fs),

Fudoudelmdu
[K], {#}, ={F}, (2-50)

Tnoasseiians wanstaumsndmeiudumnnsndseaueauud dusutunoui 3 013
= Y& o = aa s _a ¢ = a ¢ o ' o & v
dolainduiilavessudovuisinludiefiuud Feaunisveaefiuuddinas 3ludesgn
afrvuunliaennsesiuaunslisouiusvesdynitug Feioluisnagnudi aunisves
waudlanusaUseaviluldlaenssainaunisfiseuius lnen1sussyndseileuiznis
829UmNLAYANAIY (Method of Weighted Residuals) Fegndalainduseideuisnaly
Aa ¢ ' Y]
ey Mlunsussynanulamisine Tulagdu
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(%
Y

Jupoud 4 Aon1sun aun1sNUseAvivulaannnpeduufuITENoUTINAUG
nallAnszuUaNn1s (System of Equations) Tunalngaunsil

> (Element _ Equatlon)—>[K]sys{ by = (Flays (2-51)

Imaé’hﬁaa Sys UBnfunsNG Fiiu \Duwnsndessruvaunisy

Supeud 5 auidunsussyna Joulvvouin (Boundary Conditions) asluszuu aunis
7l 2-07 ntuFaufszuvaunsiiiion {¢}Sys dulsznoumesilidaigase Jeeralu

Awesnsindousiiesninnsidesuvesvesudwmdeeafudvesgungd dmdudam

mM3memauieu vieonalurnuiiveswesaidmiudymusanisinalusiu
Gﬁ”’umauamﬁﬂmvﬁflmiﬁflmmmﬁﬁmﬁaﬁuq wé’qmmmaﬁqmwﬁ%miamﬂ

unaud 5 sonule Lalenfiotey vmmﬂimﬂ13maaummmmmamﬂimmLLGN

Qe

a2

ansadInAIANILAUAINATEald vielllodAvesgungiifigadenisgfaiuise
Ul At vsuiansatemaiuieuls mamaimmmLiwaqmiiwaﬂmmm
iy AuamuTinesnsinaromeld Dudy nduneurts 6 funouthsiiulismde
3% Illudodiuudussdouisiduuuuuiuduneu Tnedlafiddyfenisadrsaunns
WALA (Fumeuil 3) Ifaenndestuaunaiivoyitusveslymiidiuunulidudn dunou
Buq Junswauwauauieinge Wioth wUszanaalusdasazthanldiile assileidu
nsUszananelue AU
2.15 wadlan1snrvseunuvlivhated1e38ezqaRndiatiu (Acoustic Emission) [20]
Acoustic Emission AuvINgnsInNens fe nslidesesnuiiuies Ingundnou
fanAnmsunninduaninedu vinungluasisesunnidnunng intuandufiosveie
FoyqluauAnnisuanin nanafe Tuvasfivesudauinnisuaniin wieiinisivdsuguiuy
wa1adn (Plastic Deformation) aztUasundasuitoglusuvesnnuiadondu daoonu
TugUvasndudanadin (Elastic Wave vionduides) BonUsngnisainisdsadudsaiuuii
ozpannatatu Inevhluinezdunauidsssansleiniyeusuilsdlilaonse
nemsseuAdudygudanainfiistulunatiisesunnuenefieenly nsvagey
ovRaRnafiaty Yudunmsmsndeudssdiintu annsiiiansuaaiiosnmilsosunmios
\Antu wdrvenedeendeiinidssdingnn deduiadunisuszgndldfunisnsinaey
nszUIuNTsTsesUNNIDNARnsueeaegwiniu nandnteuis nsneaeuuuyldvians
wuudug Wunismsnasuanmiiinduuds dauntsvaasuesqaindfiadu duduns
asrvdouann “Yaqiu” {Wuisnmsuansaniniianads (Real Time) Tutlagiu
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2. AMPLIFICATION

Preamplifiers Acquisition system

3. AQUISITION
AND STORAGE

4. pispLAY ||}

a o I o Y an a ada o
AINN 2-31 ‘Viaﬂﬂ'ﬁﬂqimigﬂﬁ@‘ULL‘U‘UVLN‘VI']a']EJ@'JEJ’Jﬁﬂgﬂamﬂ@llasﬁu [20]

N 2-31 andidldhnisnsaaeuiinig AR dudeddaunsaiudnlunsanaey
AB #IM323d8U (AE Sensor) qﬂﬂszﬁﬁumaé’mmmﬁmé’u (Pre-Amplifier) waggunsal
Uszunana (AE-Analyzer)

1. \wuwed (AE Senson) gunsalilasfadinfuimiivesdsiiognsaasy vimihilunis

[

|

wlasdyaundudaiadin svqafndlatunsulaludygyralnin lneniluidugunsalnd

T o

[y

Anubigs duszanianlunisesiaaeuussiulniludnuvazieriugunsalisuwesnialnsy
Sudyaraildlunismageusuudansiledin dwdsenaviiduaziiounisluvhunen PZT
(Lead Zirconite Titanite Ceramics) \Judaulng) Aawthisunseiunduduiivuiadszana
8-20 fadluns MsAnifvdsinsedevetaliianwannm viomieased (Grease) wéne
IngAonenalifnuiiu

2. gunsnlvenedyaios (Pre-Amplifier) lulashadtaladliad Jssaeinnisvenysedu
wsaulimngaunouasUsvanana dyanaaziudiaismensdugia veredidlitioun
WSIAU 10° - 10° 111 wdRew1gUnsalUSUU TadayIauRNg 9 Gialmﬁmﬁmgﬁmimdw
AN (Void Coalesence) %ﬂLﬂuqmﬁmﬁmm Crack Initiation dunalfiainnisiasuutas
aufuresnsisiutvesemndaduiientu uasilefinnsannsanuduiusssning
wsafla vilinsueveussis a eefiidudueainsosunnluiiotan

3. syuudniudaya (Acquisition system) aziludiuvesnisiiudeyawazindoyaun
wUasdyrar nsesdayain (Filtter) ayaramaeiildoulsdy Tngiiluazeglutisninud
5¥1114 10 kHz feszduviaty MHz szuunisinetaflidgygialiiisuniu visdygiunis
Fnsnasunmuilesainaniizuindeulsd ﬁ’aﬁ?u%*qéfaﬂi’fﬁgﬂﬂiaiﬂiaaﬁ’@zymﬁﬁmmqmmﬁ?ﬁluﬂ
flaisnduoenly Aeufivzdedyyraseluiiowanina Tnolumuideidld c0aQ 9171
ffu NI9223 uay w3 LabVIEW faeludiues Acquisition system tiududindeyeyins AE
lusgninginsvaaouaz ATz Ry
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2.16 sandwIsuauIq (LabVIEW) [21]

LabVIEW 8 ® 11310 Laboratory Virtual Instrument Engineering Workbench
Julusunsuiili@adedearsiuiniesiionisiiegaeusninuuesa Data Acquisition 14w
\Ju Monitoring %38 Tlunsaiuaunsine1s1e Wy Strain gaungll vse Fuauduq g
il sensor Sudryaandnun Tae Output #ildan Sensor anilaeilinduuswiunionszuads
LabVIEW @sin3aguafisinuidiuimis DAQ Card udriufindndulnddoyals Fatfunnsih
LabVIEW snltagdesfiansanieingusvasd uag Application flagldneuing input Wueyls
wazdosnns Output Wuesls anduiwhnisiden Hardware Tnswunudasns wWesen
mi&mGia?iamﬁw’miﬂmmmﬁ’um‘%'mﬁasmﬂﬁa&jmauaﬂﬁu ;:flsi’fﬁmt,%uiﬂmmuﬁﬂé’q
myheuiieEondoyanisiaudaniian Process iy Monitoring #3e madisufduiionns
muauszuUy THlUsunsuannsansiageuat Strain AeuldindifidliiAuninfidinua
wéa3sAnsdedaluauauligunsaidun vieudeld Hudu Wunsudivauidulaeg
14 LabVIEW 2380 Virtual Instrument vi3a3engaqin Vi Sanefuasesdionaiiou
TUsunsu LabVIEW fesAausznoudAey 3 @l Ao

1. Front Panel 1Judrudsrinsianazeuadaavniensfieonuiann Block
Diagram 3smmiflaiieuaiesileinatilag Input Aeudluasdusniuay @ Output
firenuandusiuanina

2. Block Diagram #wntinfivaiioudu Sourcecode Taeldlusunsuniwinsaniin
09fUsEnaUves Block Diagram Hazunulusunsy Node L9y For Loop Casestructure
way fladdumndaemans s

3. lcon/Connector a8l Front Panel 9gUsznaudie Icon #1199 uasiianeidousods
fuluusias lcon uiledoudefiuugy avanunsaiUdsy Virtual Instrument (VI) W8y sub
VI %38 Object #ithnduunldlu Block Diagram 148n
LabView edandnnisvinnuvesadosdiodavidonsinnuausiligldamsasenuuusuuuy
I‘UiLmimmﬁsﬂ%’éfaqmwé’ﬂmsﬁmdnLLﬂaaam‘fJu 3 ehui‘vizﬂﬂ k)

1. Acquistion szmmumumusuama (Input) 9nFsuIndeunsusniingss guvluiid
Aenoufinnes lnodoyafiiingsy zuUT 0199211910 1150 DAQ (@ mSudmaramising)
n13n IMAQ (Fmiudeyausenniv) vive GPIB (mmummmmamam)

2. néanndildsudeyaudienaazituilsidulunisia Analysis n3e Tias1zvideya
Fsazuanamaluguidorumneludsigldauaansathluuanaumudeiialsuayldanuls

3. Presentation Ao M3wanssaluguuuiiiuusslovisodldau Tnsenauansuumnth
J0AaNANABS L7 DMM (Digital Multimeter) wanswaianizdayayiniinldlaglisidudes
¥anudustudiuiian u3e Oscilloscope uaninavesioyanduiusiunan w3o Spectrum
Analyzer azuansdyanailuguanuiviensiaieenundunsnunieiiutoyalusinfar
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2.17 yideiiieados

miﬂ%’uﬂiﬂmiﬁwLﬁumul,miuiaﬁmiwﬁmimjﬂﬁawmsaamﬁmﬁfﬂ LATANAUY VDY
N3y mumisuusﬂ BNAIDLIINTE ‘lJENLﬁiENmJaaﬁJLWdMWUHiUWJEJﬂ‘J‘“‘U’mm'iiﬂ 1A5unI3
wwuwuima@mmmwaqwuqaq waztduEngudnanigIuianasdsazifinauaziures
n1siinnisgy [22] Fawansluaind 2—32‘meuawumaumswammiamm'mLqu
aqilllew [23]

B {{E

AN 2-32 uansruensruIuMINaanTeUaaATeRNINLHLagiitey [23]

nsAAMINgAnssLegtsutugwesmaianisswdudsiiddnylunistugUlaveusu
\loandunaun1sAans am%aﬁmwamﬁﬁﬁmqa LagN15UTUUTIAUAINYDINEA U
asguduriinvesnislnsesdansunuiitinonanulSadosninnieldusene [24] 9909w
Wang et al. [25] n1sifnnisguaesdssianorafindulusevinenistusudnuoslansisy
nsiAnnsEuLLINT LY warmstududawTimafinanslunnd 2-33 wavnwit 2-34
audduTRinnnsTusamuLudusou uasuuaSalifauanslunwd 2-36

AN 2-33 MsiiansEuUNTNMIEYeluTU uazN1sNAdeUNSTUTURNKUUEmMAEY [25]
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AW 2-34 MIAANTEUIMUTHTIIVEINARBINTSTUFURNNTINTEUBN UagNTINTae [6]

esannstusudneadainanudunaiitvesnin Sehlmdunistursutiatosnda
Aansmssuvudnvestuay [25] Mafanisgudiudieiiluegfunssnausutunu (Blank
Holder Force) Wunisivasumudulunuinduseus sadudsiieinnindsfinisneasenis
Lﬁﬂﬂﬁ&iuuuﬂﬂé’wmaﬁugﬂ msanAuwvesRilansdunisifidlenavesmsianisgy
L'flwﬁauﬂwéaﬁwuﬂaaiuﬂi“mumiﬁﬁusﬂﬁﬂ MMsBUAANISEY SaEINSIuTUYeInNseu
lasudndnaannvaradady 1u aammmﬂaﬁuamwma@ Lﬂqumﬂsimwumimmﬂ
Ldwiunndiania mmmuiuamuuq ’iULL‘UU‘UENLﬂ’SaQiJE] Nt dudasuausadonniy
LLauLQE]UIGUGUE]UL“UG]“Uaﬂﬂ'iu‘LJ’JuﬂﬁiE]us]mLLﬁﬂﬂﬂWW‘V] 2-35

stresses in flange area

-

AN 2-35 NSLUTPUMIBUENIZANULAL-AINULASEA LU ULAUTDUDY [25]

ﬂ1’iEJ"L!Lﬁ“IJ‘ﬁEJ‘Uﬂ‘Wi'ENZ“T’]ﬁﬁg‘ﬂi%ﬂWi%ﬁﬂﬂﬂiBU’mﬂ’ﬁ%{ugﬂiaMSLLBJUi’JiJﬁgQﬂ’liaﬂ‘mﬁ
nsAniaNdy wasdounnsasuuiuintuny Wuglasselunssuiunistugy Yssnaududiu
wareainisdnuseveuaiele leUuUTWsEanSam uaznaANUBINERSAiFDsuAlY
Tavnisgu Jagtugnannssunisudsuaulaveiinisldiuegawnsvansluagnaivnssumigeg
Wugaavnssueueud, weiesldnnelutu uasgaavnssuedestu uenaindéiay
Fosnaifiutu wazndedasidyadifintunuludae ieanailunisiamuinszuauns
Sufufesdinismanisaifounnios uazmsusudsuniseenuuuluduseuniseonuuy
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sty wazSuinnissuduegfunatetade wushduanuidy auifidanaves
Sanuiu sediavestuny wazanmzimihduda roudrsenliinsesinisty uazduin
nsguiilesainfiansandeadesegvemansenuianududeninn wasnginssunisey
foyanszneidunfddunadesvuvesdafeifntululsngnsaiauliiadesnndslaly
finsnsAnuiferfunisgulasfiansanainnsdueansyuiunsfidivun waginausinisey
ilufiansatunldldegdiussansamdmsunsyuiunisenag 3insieseiieatunis
EJHI@E]ﬂU’]@J’]I%IWEJIGZI‘I/IE]U{]ﬂﬁLLUQLLEJﬂaaﬂ’sﬁLLU‘U\‘I’]EJ‘] LATIVADUNANTTUNITEU
VBIUNUINAY WALFANYINANTTNUTDITINALAUTUIIY EIDISUAANTEY kasTIUIULUTINI
2Infinw Tomita et al. [26] Anwinsuendudruveausiuisumuiihifdiwiodos uandi
iudnsifiud ugsaavesdadeiifinnnuduiusfuat ¢ Tundazdunaurasnisiinggs
Fuiugrutiodiuaugniosesgase

nsguldnisnuslasnisiinszidedslnludieduudistuneudsldfuetis
wnsnangludgmnisinsiiesuieiluwuufiaesdivssianvesansaszsigulae 143510 lud
WAluud MFIATILINNTUU e (Bifurcation Analysis) veslassaine Miasysailuy uazns
Anszrnsisuianiseu Tngenedildiranislisnmsieseinissninnistu viaadsls
AN TaLvRaNNANINNT MIleTginsuendesidesanlasaiisdinnuliauysainiy
59507 1wy awbilamianevesTanvioauliminateniasuiadin lunsdnyiludlagy
fnslésanedfiunmsutauengunss vedassadsiauysaiuuugninnlluisinludiedumd
WoATIEngAnTINAITEL Kim et al. [27] Uszifiudnvesweutusuiianissuly
nszvILNMINAsUNIINTzUenlagldSaneifiumautauen maduAnnisty wegnsiutung
SugnaTIAeUAAT RN YaduTINALILTLY AMAsuTesNTIATETitiadesnm
annsamldmnauen vesesdusznautnfiifonadnld uenaindnisiuAaniseu
Aatudnileaunigiuvesanmueulelensedlusyuiv eiflvufuneulelanseUuni
31NN15ANYIVBY Agrawal and Reddy [28] LLuzﬁﬂwauﬁugmmmwé’wmﬁaﬁmwGUEN
LssnAkKUT U anilavEnAssnsgudndunussninenssuiunstugUanaumnsni
wwaunu unsmanssiluudiassinfiunaniseaesiiuiBsiiay uaznsmaassfing1
1 wenanidmuilnemafiueduusyansueulolamsedn Suauvesmaianissuiiniy
u,azl,mﬂmLLsiu%mms‘\"wLﬁawﬁmﬁlmmss}ulé’

FadrianistusUasBuinnisrenenlunistusUuiulany Tuagiuainiaien
IuLLNUﬂWWﬂJﬂﬁ]"IﬂﬂﬂﬂiﬂJUiU Luaflﬁ]’]ﬂsﬂ(ﬂf\]’]ﬂGlﬂ’]iﬂuimlfﬂa‘EJUUWU%’]‘IJ‘EJENﬂ’]iLﬂ(ﬂﬂ@ﬂ@ﬂ
vuurun IR ANy msaulmuawﬁwamﬂgﬂmwmmiama TusAdedaeiaun
1AEN1INARBY LAEN13T1a0INITNAGRU WUlAWAIARNsEUd MUl LHUYRIAULATER
Tngldnsieszvinsisudunisidonvy sansenuvessunsusudssasenginssufenis
feaunfguhnsAamsguuinaiugraveeulelansed dewnfinssunselunszuiuns
FugUanTng Anarestani et al linguinindesvuiiiutulunisinseideliludiodiuud
nan1saaeanIi i duuldunmsiuefindeivund Anisotropic Fsflunumegtaunn
Neto et al. [29] Warnginssunissuresnszuinnissusulansusiugmiianiinsgilagis
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Tludiodiuudlaeldnisiasiziuuuliidosivy waziddeuifisudu
NISNARDY Sw%wamaqgﬂwaaﬁaﬂimﬁmummisiusﬁwﬁwﬁumumaaummﬂmeﬁmmgm
4Ty Numisheet 2014 LLiwaﬂﬂgwﬁf\]zgﬂﬁmﬂ%’tﬁaizqﬁamiﬁfmjmawmci%’mm Shafaat
et al. [24] MU AU TUNY YoImEnuNUAeUdINE AT s s wo L Tag
auuAinfedunisdesvulndndeusunisldinamives Hosford wag Hill-1948 aeldiniag
woulelansed miudnfinisidSeufisunisaanisainisgufisuniunanisnaaes gnisela
fiunAnsinisduiAnnsgy uasiuuresnissussninnisisuglansukudaeisnig
ey uaghideaun anmsfnsradninguiliianndesuuamsorihuswgingsy
loand1 dnideunengulimnudfgyiunisnaaes uazmsiaesmessileuisiludiediuud
nan1T A TERiiesyN9BY wasiiuduvesniseu Schleich et. al. [30] 14dagetusu
maauﬁﬁgﬂmaL'immimﬁLmnmaﬁw‘hﬁ%mﬁmaaa wazn1sInananeseiiouisinlusied
wius LileszyngAnssunsEy
MnITenanmAnwiisifunginssunissulaenisiinseidieisnisiinsey
wazn1sarassmesudouitlnluseduilaonisadnedasiianissunanssianng 2-36

Tearing
Fracture ﬁ
% AN Fracture
N
o S =
» E2
Wrinkling
Damage
Compression ) '\\' B

AN 2-36 WAUNINYDILNUNTALANANAUYDIAMUATIATAN WALAMUATIATDI [6]

dulngfinsinudeudsfeslungfnssunisdiudadeunnsosd luianismaaes
uazidsdnaesnsneae Ui inaunauiinasewgAnssumatainuuunsideguillivindunn
fiemns (Anisotropic) vesauAiBana wazisnslvallunisszynainnnssulunsasusy
Wiy wenaniinidevaivay [30-31,33] loawmundudadidnnisguiuuandavindumn
#ienn4 (sotropic) WaeaadesiungAnssy audiviiunniianig wavihlldlueshusenau
U84 Finite Element

Kim et. al. [16] Wend1ainisiianissudunidudeunnsosiiddalutunuuuud
Tave wazonaiiunumddalunsdnnsevenniedie nsdudunsiinnstuiiiinduingn
Hadevangesng iudhsdunnuduaniRdnarestaguHuTUNsLsIARATITLNY 87
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HunsenteriiesesineBudu uaznisisturesnissuiiemisfelafofmunidesen
HaNIENUYeIladelinududouiin LLaquaﬂiimmisiumaaLLama%’auaﬁﬂi“%’mﬂs”mmLﬁ
dmsudadeidosvwdniion IuﬂwmﬂmulmmLauamqwgmmaﬂlﬂammaamsumi
1ATINNTIR0TEInluALeFIIUA YBINITEUAY LaENISITLTUYBINTTEY NS
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Compression Stress

Drawing Depth

A 2-41 NSEUIUNTRE1998TUNITNAFBUNNSINIYBITUNULeTAL
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--+-» Simplified wrinkling process

=s=Compression Stress during deep drawing
0.00E+00

-1.00E+01
-2.00E+01
-3.00E+01

-4 00E+01

Compression stress [MPa]

-5.00E+01

-6.00E+01 L
0.00E+00 1.50E-02 3.00E-02 4.50E-02

Time in Simulation [s]
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Deep drawing

L,‘ s,

O+ : bulge on the surface, convex
O- : depression on the surface, concave

Section profile
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Strain path before the
initiation of the

Strain path of compression
on the surface

Strain path of tension

on the surface
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Major strain

Minor strain
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8.00E-02
® Wrinkling Limit CC+MBT

7.00E-02 . e s
=Linear (Wrinkling Limit CC+MBT)
6.00E-02

(b)
5.00E-02 AP
initiation
of wrinkle

4.00E-02
3.00E-02

Major Strain [Log]

2.00E-02
1.00E-02

0.00E+00
-7.00E-02 -4.50E-02 -2.00E-02 5.00E-03 3.00E-02 5.50E-02

Minor Strain [Log]

MW 2-45 AananeseaialaaniuiyalAsgunsinTenanuanseey 40 dadluns [33]

y = -1.0935x ¢ Strainby drawing depth 45mm
SOOE0E: Wrinkling Limit CC+MBT
5 7 00E-02 ——Linear (Wrinkling Limit CC+MBT)
é Wrinkles
) & <O
c 5.00E-02
5 7
b o
153
5 3.00E-02 g
T
=
§ 1.00E-02
AR (a)
O o (é)

-1.00E-01 -7.00E-02 -4.00E-02 -1.008-02 2.00E-02 1.00E-02

Minor Strain [Log] (b)

MR 2-46 ArANaAsERRInlAnuTLalAssUNSINTIeNaNansEey 40 adluns [33)

GuAduqaiudulunimi 2-45a waznnil 2-46 (@) manueIeai nldaniuiyy
Thagunsanseiinudnsses 45 feduns (b) Suruifimssuiiuaniu Ssgniwuelidy
dulAsTadninvosnisgu dsaenndesfudeyaiilianmaasuuuuluivheledas uagans
nagouiiBuuunTIY Anugndesanduldsdniitatanunsadeldvouniuagnels



a9

é’m%wmam,mumw%ﬁwﬁ’mmiﬁﬁugﬂims mmﬁﬂmmm?ﬁugﬂdo fadwnsdleofioutiunadns
ﬁlﬁmﬂmigﬁugﬂmmﬁﬂ 45 adluns
az@aaﬂgﬁa%u (Acoustic Emission; AE)

mﬂﬁﬂazﬂaaﬂﬁﬁa%lﬂumimaauLLUUhJVT']msJ Taenslgdngnisinilunsnsiadu
m’nmmnﬂuaam Lﬂuﬂamammmu (Elastic Wave) ‘1/1Lﬂmmﬂﬂﬁﬂaaawaamﬂwﬂmaw
Wuveawds arunsansasdevldlusenitenisiiniuy o 939028190 9
(On-Line Monitoring) a113ans1aduanuidensldegesinis uazidedold Tnaddas
AIUAT 50 kHz 89 ane MHz é’aumunmazqaaﬂ%‘ﬁasﬁ"mﬁuﬂﬁ'ué’amﬂ%ﬁﬂ (Ultrasonic
Waves) Aaufifianudgaiuninfiuyudaglidy I@aivuumii’mﬁ?{ué’am’li%ﬁﬂﬁlﬁmﬂﬁuﬂa
ONINNEE anuﬂauﬂuama@ﬂmmaa (Analog digital) Lwamuuuwﬂmaua ANMULTNULEY
aﬂwmmamau‘mﬂaasJaaﬂmumuwaaﬂwumamm LaZENIIAMULAU LABAITNTIIY
seounninazdanuduiusivu anuwmile (Ductility) ves¥an exqadndfaduaziinisudos
wasugsluseninanisiinnisuandn wounagn (Amplitude ) vesezpanndfiaduiinig
Rertestumnuifiinnisveneeenvessesunaninn fensnsinaeuseeyeandiadu Wy
wiadafianusaldldfumnunateysean Wy n1snsvdevanIneiesdng laseaseeiy
uauss uaznisnmnasuieiesile Yagtumadiansnsiaaeude exaannddadud gnuuqld
uoEg19uNs1ane Shen and Wang. [34] wag Gallego, et al. [35] la@nw1iduuaziiauens
THmeiaezqainddadu lunsnsadusesunnin uaznsvenesesinlusninanssuiunis
i Inensradeuduanaiintulusenineanszuiunisea nuinaunselddyaaildain
NTEUIUNIANBEUNIENNSIARTRELANS1LA
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Seemuang, Panich and Slatter. [40] lafinwianuaiusalun1sanale Lagnsiaaou
N13:AAT8831UANVBINTEUIUNTAN MEYANAaaUNITARLAIEINIR Lagldinalnoyaadn
3Radu UizLﬁuma@mﬁﬂwmzmaqﬁ@mwmﬁlﬁﬁa AE maximum amplitude (AEy.,), Root
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Sanlanzusiufiunnanaiu 3 viinfe mdnndiauudausegs JACT80Y mdnndl¥aduine
SUS304 waztudniaiuinsa SPCC 195adwudsniianedu 3 vuinfeo $afl 0.4, 1 way 2
fiodlns wut Funuaintan JACT80Y fenuanunsalunisdatesiigananifie daselden
wazdedenininsosunnin iesnndanuudussgeandnfiedsufuiunu sUs304 was
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sesasNAe SUS304 Wag JACTBOY mud U wanssiasn il 2-47

0.16 14

0.14
0.12

20.10

AE-Peak-to-Peak (V)

vl
= 0.08
I~
) i 6]
<0.06 1 ——e— JACTSOY - .-
s 1 — —— SUS304 4 - }’ ——e— JACTBOY
el vereeens SPCC ¥ - —-—&—- QUS04
002 2 srssa@asss SPCC
0.00 T T T 0 T T T
RO.4 R1 R2 RO.4 R2

R1
Punch plate radius(mm) Punch plate radius(mm)

ﬂ']Wﬁ 2-47 AEgus a8 AEpeak-to-peak [40]

Kalawone, Seernuang and Panich [41] Tuauideld@nwdndnavesarununiiing
AOANNAINNTOLUNITARL KAETINTINGANTTUTOULANVAIAINNTAN VeIuNURlileunay
IN3A AA5052-H32 sheyanadeunisialasainge Tnsldinalinevaafndiadu dudunis
naaoUAMUNUIYeITAgTiLANAISTY 3 A1NnUN Ao 1 Hadluns 1.5 fadlung uaz2.0
fiadung M5ailiudandivnstu 3 vundo el 0.4 Tadiums 1.0 adluns wag 2.0 Jadiuns
ﬂszL:ﬁuwa@mé’ﬂwmmmé’mﬁywmﬁlé’ﬁa AE maximum amplitude (AEuae), Root mean
squared values (AEgys) ae Peak to peak amplitude (AEpeak to peak) Wudﬂmmwu%muﬁ'
2.0 fediues Mussiuduinnd dawasindenisdn uagTaniRasesuandeniniofieusy
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AMUVUILELALS Hadluns uazl.0 fadluns n15i3udy uagnsvenedivessosunnlunig
nAgouN1IAnaNsasEylieguuglaeinesuas AE maximum amplitude (AEys) N3
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WRULANAAUA5085 U8 LETREIERT ABpes 1o pesk WAZAERs AIUVUNTINNNTWAZTIT LAY
Fouaos AE shad flesannaudinnumun dwansenusenishesudyaaiinuig wagdnina
vos¥ailiudnoTaniinn 1H5un5Usei it ausius19NAY ABse 1o pea WATAERs HAAIKY
At 4-69 Safliudaunadnlasuauduaranduuinannnni Safiuduuneineg Soili
Fyaaududunin @50 IANEIIUANUASEAINTBELANLADENNTALAULAY Apea 1o Peak
AU DI NS 11UV ITREUANS1IRIUAZAT ABpesk o pesk ANBSLUSIBITLAY

1.0 1000
(b) Punch radius 0.4 mm
Thickness 1.0 mm

0.8 4 ] MAX-Amplitude f 800

Force

- 600

= 400

1y

MAX-Amplitude (V)

Time (s)

AN 2-48 FR9E VDAY IULBUNTINFIEN (AEya) Wazwsslun1sen [41]

0.020 0.50
(a) (b)
—&—— Thickness 1.0 mm ——&——  Thickness 1.0 mm
0.018 —--&—- Thickness 1.5 mm 0.45 — @ = Thickness 1.5 mm
’ +ses@eess Thickness 2.0 mm sesr@ores Thickness 2.0 mm
= 040 A
; 0.016 ;
]
g a 0354
E 0.014 =
a1 T e T T T =
ﬁ E L
0.012 4 - T,
< 0254 -
0.010-7 020
0.008 ; . T 0.15 . . .
RO.4 R1.0 R2.0 RO.4 R1.0 R2.0
Punch radius (mm.) Punch radius (mm.)

AW 2-49 AErus WAY Abpeaiopen [41]
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miAeismituiteAnvmginssunisey wasiaundulfednsifanistu (Wrinkling
Limit Curve, WLC) GuaﬂamLLNanﬁLﬁamammﬂ AA5052-0 AUNUT 1 Haduas A
AIUUUITA LAZTIANIIVINLUITA lasAnwr1annIsnagauni1siniledng (Yoshida Buckling
Test) filneAnwisiaidosiednsnavesanmiusnunageuresnisindedas lufidniauulin
LAFIINLLATA uArFUTNTUNAdeY Ae $Al vuiadunuzanAsntndansivuiauds
ﬂ%famﬂuLLmLé’ummemsuaqs?iyumugﬂ%m?{am%’@%’aﬁumﬂﬁmﬁu w339 (Rolling Direction) waw
Y9173 (Transverse Direction) fifinansznuiudnuwaiznising vastunaasunisinaled
ny wasidulddndnianiseu Ineduldsiaditanisgu Afmuiadsoguuiugiunasinig
asnuaulelansed fivhlinnsadradulfdnmdaniseuiifinnnuwiug fuansneiu fie Von
Mises Hill48-R uag Hill's 48-S wosiis 2 LLuﬁmgﬂﬁmﬁﬂmLﬁ@@%maﬁﬂwmzmifémﬁmmi
duuuiHuegiiiounay audinisna anmnisasusuilivinfunniienis iemisnisiaves
Funaaounisinsledey Fainansenuselduldadasifnnisey Sniiinisnsaaaeudme
Frara13uAnnising vestunnasunisindledng mgimnalineraaindiatu (Acoustic
Emission, AE) L‘ﬁaGmaaaummgﬂéfaﬂumﬁa%ﬁﬂLé’uiﬁﬁmﬁﬁﬂmséu (WLCs) g
wiug wagiusgansnn

3.1 FunduUNTALTUNIUIRY

\eTiliussanninguazasd wazvouiwnvesuided Sndufivedosdine inudeya
lun1533y wagafiunisnaaedluriosuiiinig wedrdeyailau1iiasien uasasunadns
Ingiin1seenuuun1smaaes aeAlsznoudunaulun1saniduauide wanwaning 3-1
d! = a o 1 dg’
Fallseazideanadaluil

1. Anwduainnudde wesinusiurudeyaiiieades Inevinisfnwfanduauild
lunisnaaes nsmiArautAnienavesian tnausinisasinuwaulelansaUnuas Hill48-R

o

waz Hil'48-S mswawasadulaainianisdu nmsldinalineznaindiiydu (Acoustic
8

5
Emission: AE) nslalusunsulalusdiediuud ABAQUS 2017 wavia3eail

aUnSNLY U

ATl
2. 99NKUY Wazas1eyndudntunaaaunisindedag srulufanisinIentuauy
MgnAaulngNITLUIUNTAAMENAIUILITIIUGS (Water Jet Cutting)
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3. AHUNITNAGDY

3.1 MInAdeUANANUANIINATDIIER AA5052-0

3.2 nsnadaunsingleding

33 msiannadadulAdasiiamstuvents 2 wundn

3.4 nsnTedudyananssnianislis vutunedeunisindedaslngldinade
az@aaﬂgﬁ%%u (Acoustic Emission; AE)

3.5 asrafigvnisihlldauldvenduldsdadndanisegu Y0999 2 WUISA
fuwsiuergfidounautuzuninoims

4. eufiunsinassnisnegeunisindledagaeseifeulnludiediua

4.1 g5rauvuasslludedwunlaglelisunsy ABAQUS 2017

4.2 Aps1ginaannsiassnglnludiediuus

4.3 Wisuiieunansvngeu wazranissassnelludiediuud ilensrafigay
wuusaesludiodud denaruse wagsrarnsastuuvededng ULASe Ay

4.4 ¥1N15AUAIAILLASUANENLALYLASEATDIATUNANITINADILUVML TLUENS
hlfAnnseundolna Tagseyldainnismaaey LLazmﬂﬁmummazqaﬁﬂﬁﬁa%’u

4.5 nAANUASEAVEN LasauAsuasedlutiwiaIfisulag annan1saes
Funaaounsinslefazii 6 LUy Ynaadulddadifaniseu

1.6 pvigainanisiulns veavudaesie TananEulimindyauozgain
atu wasiuAUSEUiEUNg

4.7 Waluds19dulAedndninnisgy ¥99 AA5052-O AULUITANILUISTA
LAZIINLIE vuilugunarinsesnueulelanseUnves HIUA8-R uay Hill'48-S

18 pnafgaimsihluldsuldveadulielndifnniseu Avmuiuds funis
yunengnssunmaiuguy viieldsindidavsuiuergiidounan JusUaaems

LY Y] N

5. MNTiATsusEiudyaaiilianesaaindlatuena 2 wuisafiuaned19iy

Ingldiiniaes (Feature) vosdyayna fio seRurEIanvasdn e 1LOUNEYA (Max Amplitude)

A7)

a

AllRdgvosdyyiuuounagn (Root Mean Square) LAEITLAUAINEIITY
VYO3dRYeY10d (Burst Energy)
6. AATVtoya uarasuNadng



[ LRUNNSANTEUNNTIRY

\ 4

+ A4

h 4

4

A h 4 A
nageuanURTan MsavIMTNAEeU AINAFHDY ATIVADUGIY
Yoshida Buckling Test Yoshida Buckling Test (Acoustic emission, AE)
A 4
NAFDULIIA
A 4 <
(Tensile Test) [ ., o
UUaDN Finite Element

ANULUUIIA
(Rolling Direction)

YIUUIIA

(Transverse Direction)

AULLIIA
(Rolli

ing Direction)

94U

(Transverse Direction)

B

1nN9iN1SATINGN (Yield Criterion)
Von Mises Hill’48-R Hill’48-S

Wiyuilgunisdnass
AUNAEDUDI

HUAIAUAUY waTLASER
NTIBDININAFDU

A 4

asdndnnannseuYaLsay
inassinisasnteulelansel

A

Wiguilgunisnageu
fudeyaynes AE

y

[ Wisuidiunsthlldnuluiudmtugunnems ]

AN 3-1 TURBDUN

15399

Tailay
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3.2 N1509NUUY uazadynduBatunageulsdag

TunAdeildduiunsesnuuuuaraisgaduBatununaaeunisiddedng eldly
nsfuBntunaaeunansisn i 3-2 Usznaude yadulafuiniemaaounseie wasyady
Sadunaaou snudunisadredudnlildnuvuiniieonuuul’ wuuTudiumieg wane
AIANLIN N

L -

3.2.1 YpdudaiaTemadounsiie n1seenLUY uazaisynTudniuiATomadeULIAs
AUV kaEaN UIAEURIUANENa1aUeN 70 dafiwuns v 15 dafiuns 3uniugadugiu
ATUUY LAz YualduRIugudnatsuen 60 dadiuns dusiugudnaialu 35 daduns
1 14 Taauuns

322 yniuiatunadeunisoenuuy wazadrignduintunadey dagiudunsuy
FUIU FIUVL waZEIS 70 x 80 TadiunT wu1 20 Fadiuns sqml,r;iuai’usﬁumu AU

LAZANN YUIA 80 x 50 HAAIAST WU 15 Hadlues

YATUBALATDINATIULTIAY ¥ASUEnTUNAdaU

AWl 3-2 gamageunsladedag (Yoshida Buckling Test)

3.3 ASIASEUTUNUNAFEY KATDANUUUYAIY

Tunisnaaounisindedag 1ainsmisudusunageu Tnglddunaaaunun 1.0
fiadwns lnefifadiaulas wazdndiununinsmeninuefivansietusanIng 3-3
uay 3-4 %a%umaaugmmué’wéhé’ﬂm A-M A-O B-M B-O C-M uag C-O



4-Rde

50 3.4,

141 u.u.

241 3.4l

161 3.3l

~

4-R45

50 44

B

121 u.u.

221 3.4,

141 31.4.

) 4

4-R55

50 3L,

N

121 s

221 u.4l.

121 u.a.

a Y | a a =
AN 3-3 VUIATUNUNAABUNNSINETAL TULLITANIANULUITA

4-R11

50 .41,

e

141 u.y.

241 3.4,

161 a1.3l.

A

4-R11

50 w4l

,

121 w.a.

221 1.3l

141 1.4,

~

4-R12

50 3141

e

121 3.4

221 3.4,

121 y.a.

A
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4-R46

50 1.4l

.

141 w3l

241 Wy,

161 3.

4-R45

50 ..

121 w4,

221 W

141 u.a.

4-R55

50 w1,

4-R11

50 33l

o

141 3.3

241 3.4,

161 u.4.

4-R11

50 141,

121 ..

221 u.4.

141 u.u.

',

121 n.a.

221 3.4

4-R12

121 a4,

A iy | a a ‘:1
AN 3-4 VUIATUNUNAABUNNSIANTAL TULLITIANIIINLUITA

50 .41,

',

121 v,

221 W.a.

121 2.4,
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3.4 AISNAFRUANUANINAVDIVEN

nsfiagliuuuitanssedouisiiludieduud uarnmsiannahaduldsdndifanissu
ié’aengﬂﬁawzﬁuagjﬁ’umaﬁmuma‘uwm (Boundary Condition) Tfuluudnasnseiu
anmmseaeunsladledng wayivunauiRiandaduadRvedavzusiuung Wnseiutan
939 warAunRlUsLNTY ABAQUS 2017 wagruinnadns Seaudfveslavgunuunady
wisdwesuiandanuddnuan TuLLUUfSWamﬁﬁmummmmmmiumaLﬂ?{smﬂi’am
quﬂiiu%’]ﬂﬂaﬁﬂmuLﬂ@ﬂﬁL‘U’dEJ‘LlS‘U o mammmqﬂaﬁuamamwmmawummaimﬂsﬂﬂ
Fuauiild woAnssuniana waznisivdsugUreslany a1nn1sdiaesan1iznistusudie
izLuauaﬁlvﬂumLaamumummaamamﬂumisuugﬂaiq waznIsNaIasdulAlingin
st avasavhuengRnssunissuianisuldegnauluguntu tnelusuideils
‘Vl(ﬂﬂa‘uLﬁ@%ﬂﬁﬁ@f’)LLUiﬁﬂ’]‘Wﬂ’]SL‘Ug‘&J‘ug‘U GUENﬂﬁLUﬁsJugUamwLLaulaIWiaﬂﬂmaa
uruogiiflumaningn AA5052-0 Auvin 1 fadiuas Aldlunisaiauudiasssufouis
Iludiediuud uazmsannasadulfadnsianstuuuiugunasinsesnueulelamsed
904 Hill' 48-R waz Hill'48-S Fsiimsnadeuss 9 Fareluid

3.4.1 MINAADULIIFWNUAYI (Uniaxial Tensile Test)

Tnedntuanumuiieniainisin (0 83 45 3 uay 90 aee) Fauansnmil 3-5 thly
N1snaaeUaNURNI9NavesTanlagN1INA@RULSIAY (Tensile Test) AINIMIgIU ASTM E8
Tnganndumdnuazimdnnduisusemalng AautBnenavesianiililunisadauuudians
Iludiofiaud (FE-Model) lauA Auegaavesnudangu/uendaveadds (Modulus of
Elasticity / Young’s Modulus) A1131LAUASIA (Yield Strength) mwmﬁuqqqﬂ (Ultimate
Tensile Strength) AdndauaIuASsanaIafin (rValue) wanssanis19il 3-2 LdulAq
n15lma (Flow Curve) ¥897an ArAuLAy wagauiagaimnssuiildainnismaasy
w3sia gnihunadaldaninudulue vestan AA5052-0 guuiiugunuduiusany
LA WAZAMLLATEADT Tkansng@ngsunisiiudun1InsInga n1sEuaBuIUanas
(Plastic Deformation) QUﬂizﬁﬂﬂﬁiLﬂgﬂuzﬂﬁﬂﬁﬁLLNﬁQQQQW (Force Max) UaRAIAY
Al 3-6 wazdeyaveaduldsauiduluagniun Fitting foya wuusiugadeyannyn
Wisaurganinnisyiliudediieninuaienveslunuy Swift Handening Law wanass
P53 3-2
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90°

— 17

AN 3-5 YUNAADULIIAILUNANILUINITIA 0 45 way 90 99N

M1319% 3-1 autanienavesdan AA5052-0 vun 1 Haduns

Test Yield Stress 0.2% | Ultimate Tensile % Elongation val
r-Value
Direction (MPa) Strength (MPa) Total
0° 58.763 121.744 319 0.957
45° 59.701 117.942 31.6 0.927
90° 62.321 117.453 31.7 1.084
200 -
180 -
160 -
140 -
& 120 3
e ]
2 100 3
§ 80'5 -i'l:"-
£ o0 & AA5052-0
40—5 O 0 Degree
] O 45 Degree
20 E 90 Degree
I T LI e s o S B e e
0.00 0.05 0.10 0.15 0.20 0.25 0.30
True Strain (-)
Al 3-6 WulAsanuilnavesian AA5052-0 v 1 Tadms

Tuienne 0 45 wag 90 89N
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A15199 3-2 AuUsnaun s LdaRisaLASRTeIElng (Swift Hardening Law)

- .| duUssAnSannudnunse | ANNATEAYIEANEY | Laediindenisyinliuga
wlinveeTan N o
(K) (&) AIYANULATEA (n)
AA5052-0O 221.985 0.227 0.633

3.4.2 nmegeukuutlilUeniedn (Hydraulic Bulge Test)
dmsunmaneaeuuulUwineulunsneaeumanivninavesian AnuAuAsINty

an17z3aRsdsfianig (0y) weldadiwuudiaossifoutlnludedmuduunugiunu

n13 Hill48-S dumanaaouiusuiunu Ineldussiuidsmalitunuegnelianiozuss
Feapsfieaniy (Biaxial) Feflan1elndiAestunistuglase uaranunsamannuduiug
sEminemILAL(Stress) uagANaLAEn(Strain) Tuseduisnnnnitnisveseunssiaunuiien Ty
mAfeildduiunmasoulneaudmaluladlansuay fanuisnd wifinsiifldlunismagey
mstusuuuuilsieirioansalelasin (Press Hydraulic Machine) wu1a 200 #u Aifiiaes
a¥1ausefutn (Pressure Intensifier) int1fiadeussdulafund Anidrudns (Pressure
Chamber) wazfinigunsaifnussdu (Sensor Pressure) iloaussduthunzdugy uaxd
n3esilotanisiUasusrevi3audunss (Linear Variable Differential Transducer; LVDT)
Lﬁa’iﬂmmqwaﬂmmmz%ugﬂﬁamﬁgw'%nmmjﬁmﬁé’mw wanssnmd 3-7 Junaaoulans
WHUTUIA 250 x 250 Tadlns tantuzauddnuunduzilaueimanay uansian i 3-8
melddeuluded

1. dnvarlauvestununaaeuaziidnvasdusuhmsanaunaesunsiugy

2. NIMIAIALAULATAIIULATEADINAINT NG W HHUUIN (Membrane Theory)
Wanelunsiiasey [42]

A# 3-7 yaualfunlglunsnageudlamenn
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AN 3-8 FunaaaukuusUN YR80

lngnsneaeusuuilldameinagldyauifiuiniivwasatvasilaen (Radius the Fillet
of the Carty: R, ) winfu 5 fiadwns uazilvuinduringudnans (Diameter of the Cavity: d;)

WINAU 100 TaAAT WAAIAIAINA 3-7 ANSMIAIAINUFUNUSTENINIANULAULALAINULASEA
AlaannnisnaaaukuuslUametinty @a1u15amtaanaunsn (2-6) wagaunsa (2-7)

[

zAiIN1IMAIMIdnesNd 1Ay laun Augda (N,) wazaunurgealay ()

1e1naun1s9 (2-9) wazaunisf (2-8) ludiuAiusesuin ( p) Sadilan (R,) ¥in1sunann

wsnddliadalanavaziasasinnsasunn

<

Chamber opening = D + 2R = 110

AN 3-9 LUUTIURLALABNS AU MEISUNSNRdaUwUULUN Iametn [42]

WalansmdulAIn1snam1mNuAURUS TEMINIANUAL LALANULASLAYDINITNAZDY
UL TU9R281 A7 T9YNNNSIUS s U UAIAIUAUNUS TENINANUAU WAZANULAS YA
YBINISNAADULIIRILAULREL (Tensile Test) TuiannawuIsatuAIRlaNN1TNAEBURUULUN
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Taeth anmsneassagldaunisngmsliudsieanuaieavesinslumsimundu
TAawea¥an AA5052-0 vun 1 Tadiuns uansianini 3-10 vilvins1uin mavaaouuuuill
Fethannsameianuduiusseniisauiuiasiaioalussfuanueioaiigeni n1s
NAABULUULSIAILAULAYY TagAtAulAuAsInludn1IELsIRsdaIiAnie (Oy)
Winfiu 65.473 MPa

280 -
240 é
200 é
160

120

True Stress (MPa)

80 4

4

Uniaxial Tension-Swift
] Bulge Test -EXP.
40 O Uniaxial Tension-EXP.

U-""I""I""I"‘I""I"'I""I""I""I"II

00 01 02 03 04 05 06 07 08 09 1.0
True Strain (-)

AN 3-10 LUSBUMBUAIAIILLAULAZAINULASEATBINTSNAZBULUULUIUIR810
AUNITNAFD U UULIIAILNULAE?

3.4.3 AaudAn1enavesian (Mechanical Properties)

Tusuddedlgvinstmunadradudasifnnisgu warnisadrauusiasssadoudsi
Tudtodud senaminsasnuoulolensedaes Hill 48-Ruay Hill4s-S Fadunasifilily
fvuangAnssunsdsugunanainuuutoulelenselnvesian TneAndudszansueoulels
nseln inainisasinueulelemsel uansfans1ad 3-3 gaAruraanafudsaldlden
NINAADULIIAY (Tensile Test) Ap ABATIANNATEA (-Value) LagA18nIIANNLAL (Stress-
Value) luftenauunns3ail 0 45uaz 90 a3 wazArauduasInludnIzLsRsaasiianig

(0p) Uanaiansen 3-4 Yoeian AA5052-0 v 1 Hadwns

mswﬁ 3-3 ﬂ'ﬁé’hLLﬂiﬁuﬂizﬁwéLLaulaI%wia'{Jﬂsuaa Hill’48-R LLay Hill’48-S
Parameter H G F N

Hill’48-R 0.4890 0.5110 0.4511 1.3729

Hill’48-S 0.5418 0.4582 0.3473 1.5349
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A15199 3-4 AIANLLANATIN LATANFIUAINULAL

Test Condition Yield Stress (0;) MPa Yield Stress Ratio (O'i/% )
Uniaxial Tension 0° 58.763 1.000
Uniaxial Tension 45° 59.701 1.016
Uniaxial Tension 90° 62.321 1.061
Balanced Biaxial Tension 65.473 1.114

3.5 Aensandun1snaaaunsinele®ag (Yoshida Buckling Test)
Tusuidedsdunsiauiaiiaduldadasiianiseu Tnonsmeaounisinsdedag
(Yoshida Buckling Test) 14iA3aannaauwsiie (Tensile test by INSTRON: Machine Type
5567, Serial No. P5828) sfiunisnagasufininiviiminssuindesnanazn1sdu-aania
uinendemeluladnsyaemnamszuasiuie lunseaeutunuddniisaianulss wa
ANLETIREANN ST FaldnssIEasBennunIndl 3-3 Lay 3-4 Wionsradeunsing
vostunaaay Tufirniemiuuurda (Rolling Direction) uazfiAn1aw219uua3n (Transverse
Direction) Iﬁﬂsamqquaﬂssmmnﬁmwﬂuﬁ%lﬁmﬁu uSmnsduBatunaaoy
(Clamping Area) ey 819 weitui 50 X 50 Sadwng fawandunmil 3-11 n)

"

Evaluation area ‘ Evaluation area

)

B

/ Clamping Frame | / Clamping Frame

I3

N A\

i

A7 3-11 Funagaunisindeding (Yoshida Buckling Test) n) gnduaumagay
) FUNAFDUIULUITA A) TUNAFDUVINLUITA
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3.6 n1sanasudeRavaniusunsulwludiediuud (Finite Element Simulation)
3.6.1 dnasn1vagounsiniledng (Yoshida Buckling Test)

Tngldlusunsu Abaqus 2017 Tneruuaveuwslusuudiass fauanslunni 3-12 n)
Falerarautinisnavesianeqiiflon AA5052-0 Ardauogda Teyatduldeniiulug
H1uENnITeSUIENgANTIUNISIALDiI8AATEA YR Swift Handening Law WazA67
wUsuansaudiueulelensedn fikunsiuamunasinisasnueulelensed ves Hill'ds-
R uae Hill'48-s anwualuiuuiaesfiosunenginssunisyiiiviudsfeanuaden wazns
Wasuguiivinduluyniianisueulesnseln UuﬁugmmmeﬁmﬁmmLLaulaIszaa?Jsum
HIL48-R uag Hill'48-S snrmundnuazanmautivan Tunisiaedlludiodumd Sui
A USEUUSEAYS 91nan597t 3-1 3-2 3-3 waz3-4 dluldideliusunsuiaszsinadns
vsusazinaminmsasnieulelevsed

du) PE, PE22

(Avg: 75%)

)
Side View

-1.6016-01
-1.755e-01

Evaluation area

PE11

Clamping frame |

PE22

I—.x L . \—/
B = Top View

AT 3-12 LUUT180ININAERUNSLIASLETRAY (Yoshida Buckling Test)
) NMIMAUAVDULIRVBINITINADY V) HASNSUDINITINADY

362 nsiunanissaesiiludieduwud Wevhnissrassnismedeudise
MNsIAUAIAe AMLASEANAN (Major Strain) AIM3LASEATEY (Minor Strain) WA
(Tension Force) uazszezia (Diplacement) thlundennsiu iieluiSeuiieutunanis
neaesrsefivwlinduedils nalndifsstusunansmeaeunsely Tnafumdiszasia Al
nsBuAanstAsuuTununeaeuledng WisuiflsunisBuianisedu (Wrinkling Initiation)
Imamaﬁ]aaumiﬁumﬂdwu%umumaau%amﬁuﬁmmwmaz@aaﬂﬁﬁa%u ﬁizqu/uam
Famzanfiduianislas udriaiiisunisiaudisudu n1sveassasedinanieat

Tuldsvaraasiila annsmagousss thszesiadetuil Tuifuaiannisiaos
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3.7 AawadadulAslindinaniseu (Wrinkling Limit Curves)
Tudagtuiinsasaduldsdadidanissu Wuadesdlodlul uaztnelunisesnuuy
nssudEnstugUlanzusiu udesrdlsfimuanuduialunisldnuiudesdinugnmgu]
Uszaunsafisluriesufiinns waglulssnuanuuszneunisednafismme
sunuumsinsvestanazivasuguling o fumudnvausveusefingssin anuduius
syiemslasvestanluadiing qdunrandu devaassmany 1 pSsfanansnmnsnaLHAIY
serine AniATengean (@enadasiuunueTvaIsUnetue) fuaiuaTeaman (faain
fuareiongeanuaraenndosiunuduvaaziueu)
3.7.1 logiEnmsmsszymasuduianseu
AILAMNT 2-03 AmuaainduuulInuaioailidesuu (Bifurcated Strain Paths)
fenosndunssulunstusulavgusiuinaindrulsznouvasnnueienaesia lusewing
ﬂizU’Jum’i“?’J{ugﬂﬁﬂLLiﬂgﬂﬁlzLﬁﬂ%uLﬁUﬁ%ﬂLLiﬂﬂLuLé’ui@U’N“{J@Q’Gfﬂ@LLr}ju Mntudlodnanissu
AnuAIERazindy Yanuiuarlnaasduifiniogisseiies fre3tinisdureusiulans
ansnosugldlngfiasananidunuaiuiaioavesiiuiifiieades nevliduuuaves
anuasoailiifudadugnimundmivieningailleiianissu uaznismaduuuiui
Usnguuisiaiuinvesiegsiiintusuandunini 3-13 (n) Asdgnléifiofmundasna
yoamainmsgundsniunisedesmssuiausoly

f)

)

Strain path before the
Tension (+) initiation of the wrinkling

Strain path of
compressive surface

A TS

Strain path of

Compression (-) fension surface

Major strain

Minor strain

AN 3-13 FFN1INTITYNITSUAUAANITEY N) N1SARNISNITIATULTUIIUNAZBY
Y03leT0g TusENInanImegeuLas ) JRENVBAFULLIAIINATER

USan1sisuinnisgu Tudredrswansliiuidunuiniuiademdadunoud
semunisidunisguiidiududunseddlunind 3-13 9) ludranandngfduuur
ANALAZEATEILT U3aTUNUNARUTISULS IR ﬁLLuﬂﬁuﬁ%Lﬁmﬁulﬂﬁamasmmm‘%sm
unuiea(Plane Strain) meldusais uazituindnduiiogléfnduuseis fiduunanueion
wnuiien meldussiiuunltianasi@nneneldusinn lutisaniiioduuuininueason
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gnuenluasanie lRnanImnIsEuAUATEAAN (Major Strain) Anduuin AulATEATES

(Minor Strain) Anduau
LYl ] % a L% 1 d‘ o o 2 a 3
A8 duLIANLATEAYRIIRE1e Ngniuieltlaenisdiaecliludiofiuud
Y9IN15NRdauNIstastedag lasunisszynisiuduianisgudaviulunng 3-14 sy
1NSA AA5052-0 LEULUIANUATEaTNA1WIls g1t auLansT AR an1suenlUannig
FIANULAS YNV L ULAASNURIFIDE WUV UL UAFN199FNSLAULNULAYD LAZanaIuDd
anneidung gafiduknaaseaiindsavuniuiaziugnidiluaaiunisalisudu

N15EU
0.07 -
0.06 -
Z 0.05 -
= 4
£ 0.04 :
« 777 { Strain Path
= 1
= 1 Tension
= 0.03
. ] ———- (A-0)
= ] (B-0O)
= 0-02_: Compression
] (A-0O)
0.01 (B-0)
1 % Wrinkling initiation
0'00 L L L L
-0.06 -0.05 -0.04 -0.03 -0.02 -0.01 0.00

Minor True Strain (-)

AT 3-14 NMTANNUAAAIANULATEANEN LAZAIUATEATEN
TudszBuinseyguraudunuiInusen

Fothiofeyadanueisandn wazses vesdusrunaaaunisidsledagis 6 wuy
uslazAINTNULUUTDIT LIRS U 6 wuy Inasfiugn uay Fitting Toxa LUUHIUgA
Foyannyn wliluduldaiondt duldsdadrinniseu (Wrinkling Limit Curve; WLC)

3.7.2 fT19@eUNTENAuUN1Isu AntdunuiAuAuidouluy (Bifurcated Stress
Paths)

NMFATIINmnuiveanistuluagiuamnuiaTeases (Minor Strain) sevinens
SuAnnnsguansaiild udilesannisiiasgsidnnilimgug [31] I1deanaiduses
(Minor Stress) Tusgwiemauifnguiiinfuuanisgniinnsanhegluguituiivanamd 3-15
wansliifiuiianiiganuduiiietuluszninsnssunuldluuineseia uazusene
(Tensile-Compression Area) [8] mmmaqﬂléﬁwLﬁuagﬂLémé]’umaqmssiu [6] tileUseiiiunng
Ann1su wagimuinasinsguludiurenssuiunisandusuiidudeu lunginssuves
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AULAUNA (Compression Stress) A WANTUTTUFINITAANITEU NTTUIUNITLEUAANITIY
aunsanuseanidu 4 Tusaulagldnisiwmaseasalll
1. Wunlasnny (A-B)
2. NMSBUAUYDINTEY (B-B2)
3. MINNTUVBINISEU (B2-C)
A A X a & & ) o
4. NMTYUMALVUIUNALTUSIVeINTEY (184 C)

Compression Stress

Drawing Depth

AN 3-15 NTPUIUNTEUVUNUFINVDIAUAUNA (Compression Stress) [31]

3.8 aamwumiaﬂé’aszwLﬂﬂﬁﬂa:@aanﬁﬁaﬁu (Acoustic Emission)

381 msfnrasumooraRndiaty

Tnarian1snsiadudyauesaafnlud Tneusnaiivhnsinasazfesfiedsums
flasudnnaldfianvesiununaaey uavgunsniviainiesilofilélunisdudasuires

A7} q
a 4a

pzAaAndladu xAoelasun1INITUIAIELYUAY LT3N IBLANAIIUAINITA

[y a

lumssudygraunsinnuguwesezaaindiiatu fuyanaaeull vinsinduguiwesesaain

A

a ;7

ety vsnasmdnveunageunisiddeday iensedudyaraeisdonenside
”Luﬁaﬁ’amaﬁ?wmaauﬁLﬁms‘ﬁuiuswdwmzmumimaau LARIRI NG 3-16 Uaznm
7l 3-17 ﬂ'aumﬁamé?qmul,saa%az@aaﬂﬁﬁa%’u manszTuinaiieugesiiiouaisiae
‘Lﬁmmsa%’ué’migmaz@aaﬂléfﬁéﬁu LaYaNTaIINeINIATENINTUNAGUR UL UITDS
wéwhnsnadaliuiuiedunaud (C-Clamp ) uansfaning 3-17
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Force Data collection &

Signal processing

Amplifier

1 Data acquisition
Filter —_— s  cDAQ-91TL
& NI-9223

Specimen |

(R ——

AT 3-16 uansgUluUNIAnALYUTeSeYAaRNB Aty
Tunsneaeunnsinaledng (Yoshida Buckling Test)

AE Sensor

C-Clamp

AN 3-17 Fusunegeunsindledag (Yoshida buckling Test)
\ilefnAseureevaaRndilatuy
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3.8.2 ¥ngunInin1sinsezAafndiiydu (Acoustic Emission)

TumAdetifnudyanezaaindivdu MAeTuluseninnszuIuNIATUIUNAaDY

=

warnsiianistnsfivesiunadeu \loAnwinavednyyuezgainddadu uaznsiaey
n1sinnIsiaads sestunulusswinmsmsis TnswugosozaaRndiadu (Sensor AE) vy
Qﬂﬁﬂé?ﬂﬁ’u%umaau dyuevaainaiatu ﬁLﬁW’fﬁLuidemsﬁwsgﬂLLUaaL“fﬁJuﬁ’aqum
el Tnglwwiwesorgaindlady uwaddyayiuvsriudigunsalvenedayara(Pre-

o
= 1

ampifier) Wave8 sEAURTITUIMNTaN udidsrutngunsalnsesdyaia (Filter) Wivosin

doyanaudaeanuddu 4 Alidndueen wazdsdigsyuudanudaya (Data Acquisition System)
a a

wazldoeninisuauds (LabVIEW) yeamnaeuazaafndilatu uanadanind 3-18 Usenaulude

v =

1. 1wuLwes (AE Sensor) R15S PAC m5234utdealutdiaainud 50- 400 kHz
\Wutsnnudfiuywdliannsadusld (eeundvluywdazanunsaduilurismud 20-120 Hz
i)

2. gunsalveredyeyraiUguqgdl (Pre-Amplifier) Favtifveed gy
V3o WU 60 1ndiua

3. szuudnifiudeya (Data Acquisition System) Uszneausie cDAQ 9171
wag NI9223 Inedl Sampling Rate lunsiiuvesdyqinezaanndiady 71 500 kS/s

4. wummesivuie 12 eyl iilednewdssnilvifuyagunss]

5. gnAwIsiall (LabVIEW) Uszananavesdeygion
Fanw 71 3-19 wandlusunsulfiAviinsent uazulasduanuseuranaslunn Abymx ABaus

WA Algner, HBANWIMINITNLAZIS BB UNGAMSN YL VRIT Y IULAN Y

Data Acquisition Pre-Ampifier Battery

(5 B o R e R

AE Sensor

AN 3-18 YngUnsainaaeuarAaRndiivty (Acoustic Emission)
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¥ 00_2AEontyForming.vi Front Panel
File Edt View Project Operste Tools Window Help
& © @ N [15ptApplication Font _~ | S~ Tiav v &b~

Signal Capture V 4.0 (AE only)

Data logger setting

potn [

Logging Separated File

Acoustic Emssion] 5 2EScon Rate (500K5/5) ai0- AE1

[[otfsetand Gai

1| RvsaEr

3.8.3 N1InTIRERUAY Y MBAFRNDNYTY

ai’wLﬂuéfmmaﬁlaaummauyﬁaﬁuﬂWiamé‘?ﬂmsmsﬂ@ﬁﬂlﬁauaa Wonsivdau
vi‘g’]mﬁ/]ﬂﬂ%ﬂ Iﬁé’wuﬁymagﬂuizﬁ’uﬁlﬂélﬁmﬁ’unﬂ%udaut%'mmimaau asdyeyadld
Unsalvenedyayiaid 60 ndiua uansianmit 3-20 TneSusunageuargniiaeninings

Y

d
9
Aafl 50 Hadunsaedund ﬁwaﬁlﬁmﬂmimaauLLazé’iszynﬁuaz@aaﬂﬁﬁasﬁu Adiuléan
wEeansl iensadeudyyafidananiunegeunseiudmnefitunadeusuinng
Tneviseld Tngldlusunsu LabView Tuniswdennsia

= oo

l
|

L] T T ¥ T U U 1 1 U U U ¥
02 4 & B 10 12 W 16NN NN N
Time ()

Amplitude (i«')
v

B
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ld' v Ya Qy U 1
ANA 3-20 NMSNAFBUNSIN LEAUAB ULTUINUAIDES
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Turuided 114380 smsvasuuuulivhatsespaindiadulusendnenismaaoy
FaleinisnsasaeuluasInszuiun1snaaey nsyuINN1swsn Aevaaeulufidniuuiia
(Rolling Direction) AszurunIsiiaes nageulufianiwinsuwuiin (Transverse Direction)
TngazAnuidndnaresuuiin uasfianisunuiinvesiag Ainadenszurunistugy
\ionsreaeudyaunisidaiiintuluasmegeunisindeday slavihnsnagey e 6
WU Bedisaiimnuldeveddn uavenueniiiwananaiu dduntsinuasel WWvhnsimsedd
warUseilunadnunizedynasneuansfenini 3-21

1. AE Maximum Amplltude (AEyay) RO mmamaqammmuauwaw LEAMID
ﬂ%’]&JﬂMW‘UﬁﬂUW@NWuiuLua’JafﬂVlLﬂﬂ‘UULLa“ﬂﬂ‘Ua@EJ’e]EJﬂll’]?Nﬁﬂiﬂi”ﬂ’s’lﬂﬂi“U’mﬂﬁﬂJUiU

2. Root Mean Squared (AEqye) AofLaREvosdnq aounEYn wansfennuduiusiv
AELTRAMaNENIW 19U N1iEsUvesTER (Material Deformation)

3. Burst Energy (AEener,) ADTEAUNSIIUIDIEY QI TULAAZYIILIET LAASHA
aruduitusiundanuiignudeseenuiludioYanfiintu sewinssuiuntmagey

Dundsnuvestunuiivdesesnunsevitansidsusuluguvesdyyindlasy
s‘ﬁqwé’wmﬁléfﬁ]g%uaeg'ﬁ’ugﬂa'w%uwmaauiul,t,ﬁiazLLUU ward auduiudiaenadasiu
AN AEyax MUTuiiaaien wé’qmu%aé@mmﬁuLﬂué’@ﬁauﬁwé’qaawmé’ﬁgmm A1U50%0
aanvildanaunisi 3.1

1
Ei = LO Vi (t)2 dt (3.1)

Toe?l V(1) feo Ardeanlasulugnaaaniu i
to A9 NANUAUTDIEYYIUNLAGU
t Ao agavnevesdya N ATy

maximum peak-to-peak

------------ root-mean-square

-
1

4 Time (sec)

Amplitude (V)

'
-
]

2

Burst Energy

AN 3-21 AN VOIFEYQYIUANE
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a

Mn1siesievseaudygyranlaainesaaindiiady laeldiniaes (Feature)

g ]

o a

VI AB TTAUAIGIAN VDI Y ULONNEYA (Max Amplitude) ANLaRevaIdy I

WaUNAYA (Root Mean Square) UagIEAUAINERIIIUYBIRY YR (Burst Energy) Lila@nw
widltuagUSe Ui UNaR AN vl uaad a1 U in T

3.9 nsnaRgainsiluldouvsndulsdasifanistu fulumuduglainomis
dmiugnsmnIsuiAIasnia
3.9.1 mamaauﬂﬁiﬂmﬁugﬂwiaﬁLwﬁamﬁuﬁw (Rectangulr)
MNnAgaamnITIAIednda Tagldsunnueyiasziann Ui Insaunulasada
it Tneldduaundnfasiiunineims (Cookware) fannil 3-23 sheindeslensodnunsa
(Hydraulic Pressing Machine, KOJIMA PDH250-160) au1a 100 Ay n) FUNUNEI9INAN3
Jusv uanslunind 3-23 @) wsedudatusuasil @ 7000 Gadu i 2 wurda wasld

£ '
o w 1

Wnilunaedunsa SAE 40 LUUYARINIRTRIUTWI wagiud wanslunmi 3-22

Punch

R 20 mm

E/

Holder Blank

R 7 mm

o ia X Y
AINN 3-22 GUU']@]GQWLLNWNWTHEU%UQWUQ’]@@WWW?
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AN 3-23 n) UlRUATUIUTLIL ) BunugUaReLRURN

392 ahunuuSenamsnetusUnsdmdeniiuitainnrgnamng
Fuauna 2 wuuseuanduninit 3-24 waznaaeulunuIde wazvwwIIa lunw
7l 3-24 flemsrvaeuninAansins vidonstu Fudsdunuiugy vunnsis Aanaeden
W8N LazAINLASEATOY VOIUTIMTLAANTSIAT WEen1SEY inianne s Tuvazisuiie
mmmgml,ﬁﬁuﬁmmﬂmamaau%umumémﬁzu%lﬂummmms (Cookware) hanlun1ANUIN 2
peinbnludiediuus Inelelusunsy ABAQUS 2017

*+— Punch

Blank Holder

i 3-24 wuuiaedlludiefuudreuay IuFUNSEVEENRURN
WAYYUIAYDITUITUA 2 WUY



Thickness 1 mm Thickness 1 mm

350 mm —.l

(Rolling Direction) (Transverse Direction)

—>

350 mm —bl

»
>

.
e

Y

|<7L.]= 450 mm |<—L,,= 450 mm :I
AT 3-25 WU TUNAEaU (Blank Size) Tulkuse hagwI1wulse

AN 3-26 nswSguiiigudusunisnageuluaIng 3-26 n) Larn1391a89
n1naaeulunIng 3-26 ) 1i0ATIAOUANLIUGIVBINITNATUTUNTIFNA U UK
(Rectangulr) Aousiunsiiudoya iduuuinuezen USHanNaduay

T

322.59 mm

|<—W1= 324.17 mm _>|

il "* E da.
|47 L= 422.06 mm 4>| |<7 L,= 425.42 mm —>|

AN 3-26 NMTIAVUIATUIUNAZDU NUNITINABINITNAABU
VBININATUFUNTIEMALUHUN

.

3.9.3 deantaininavesianegiideunauinsn AA5052-0

Jayardulasaulng Ardiuegda diuaunisesurengfnssunisinliudedig
ANULATEAVEY Swift Handening Law wazAdnUsuansaudineulelensedn finauns
AIeUNMgInIsATINwaUlalensalnued Hill48-R wag Hill48-S uimualukuuinged
fledurenginssunmsinlvudsssaiuiaien uazn1siuasuguilminfuluyniianig
woulelensednuuiiugunasinisamnueulelensedues HIUA8R waz HiIll48-S srivug
Snwnraninandivan Tunisdaeswludieduud GeaidAduUsduuseans a1nmead
3-1 3-2 3-3 wag3-4 hlUldelilUsuNTIIATIZIHAGNS Yosusaginaminisasnueulely
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ysetn Avuaeduyssavdusadeamiuniniu 0.75 griblldsewinegfaduda sud (Punch)
wazane (Die) gninvusliduiuiudslumslinsest siimediuuddusia C3D8R
3.8.4 fufunsinruerestudLNnIAgRATNSINAR sTn1AD M
fudunisiaruinvesiia 2 wuu waglufienisnuuuiin uageinsianianudin

Tneldasasinvuinluszuu 3 DRmeLawas

- A

) L I L. g

AT 3-28 n.) NMSUSIUTAEUTUNUN TAVUIALUSEUU 3 T
WAEY.) TUAILIINAIAAHINNTTY




unil 4
NANISI8Y

Tuunifagnanfmamsise wegnslesgiine lunsiauaiadulfedadianiseu
wiuegiiiounan 1nsa AA5052 - O AunwT 1 Hadiwns asafigaunisiluldauld
voudulABasfnnistu weluuuain wasrnauunia fuludntusuninemsvessdn st
\wnsata Bniamsraspudangdnanimianisldsestunu Mewmeinosqaiadiatu
Tusswinmsvaaeu TneanunsowUsdunadniivesnuiss 6 daundn q fuandlunnd a-1

[y

NANTSINY WAYAITIATIZING TUNISHAILNES 1L EULAITNTNR

a

NsguTRUNURgilitusNal LNTA AAS052 - O AMMUN 1 Hadluns

1. NANSASIUAULAIIATINANITEU DINNTAIUIN

\ 4

2. MSUTPUWIBUNANITINADY bazNISNAFIUNITINILETAY
TRedisAANUlAY LardaaIUAIUNINIABAIULIITILANFANGIL

3. NANSHAIIAS1EUlATInIINANISEL (WLC) Tnanisnadaunisinaledng
Tuien1emuuise waslufan19wuese
menaniIsasInwaulelansetves Hill’48-R Hill’48-S

A 4

4. navsdnnnerAaRntaTy MAnTUlUTENINNTNARDUULTUNADY

Y

\ 4

a a

WALASANYIDNENA TURANIIALLULITA ezl URANISUIILULISA

5. wan1sarangatnsilUldnudssendduladindnianiseu
PIUNANIIANLLULITA WAL TUTNANIVINLUIIA

A 4

ﬁu%wwiumuazgﬁLﬁﬂmaﬁugﬂmmmmi

AN 4-1 LHURIUDINAINTNSIY



78

4.1 msaadulAsdainianisguainnisiuan [43]

wadnsannsouansisfeyaieinifsafunssuiumsategauifuidmiunstugy
douftgmlunszuiuniawdn oudtlugausifuiteuntstuzuass antlymnisassfinaogn
(Try Out and Error) uazU§uugenisvhau fymsmnefiasiamiaunmiuny Taedinus
arundemefifuinnsgu Auansdsreuannuannsalunistusuld luiitasuandisng
frunaniduldsdnditanissu fuandasifrlunsduinmsguuutumudusiidadited
Auralldaingasluaunisil 4-1 wadnyiA1A1uA3EA39A1509 @w (Minor Ture Strain)
fiFeahluvenmenasastrsesildlunmsdun Sudumdeyafieguudulansdndru
AILASEA (Strain Ratio -0.5) ufidagendeghanusidulddasiianiseu faniazin
nsguuLTuNY Feagldinasiarnaunisi 4-1

Gu =Mmax| — (pz% ,0 (4-1)

e v ABD AULATUAAIULNLINNAINULATEADIIATTOY VULEULAAITAEIY
AULASEA (-0.5)
N = ) . . = =2 =
i AULASEAREN (Major Strain) 9MNAULATUALTIAILNULALY?
& AB ANWLAIEATEY (Minor Strain) 91NANULASHALSIALENULAE?
R fAe AadvueulelanseVluuwuiseuiu (Avgrage Normal Plastic

Anisotropy)
—  Ro+ 2R + R
R=— om0 4-2)
4
a9l Ro Ao duuszanswaulalansot Tussurui 0 991 NNLUIIA
Ris 78 duusyanswaulolansad Tussunuil 45 9961 21nNkUIsA
Roo 78 duuszansuwaulalansaUlussunui 90 9961 91NWUISA



0.5
=== WLC-Calculation
0.4 1
T~ (pW
—~ '\i—b
2 1 e _
= 0.3 S 1= —2¢;
b ] > (Uniaxial Tension)
g S~
= 1 .
[: 0.2 \\\
S i ~
= _ S
= 1= 2 .
\\
0.1 - (Pure Shear) o
\\
~
~
e
p —~
0.0 +— — T T T T T T T T
-0.25 -0.20 -0.15 -0.10 -0.05 0.00

Minor True Strain (-)

= Y §Y & o o | °
ANN 4-2 LﬁuIﬁﬂJ@ﬁ]’]ﬂﬂﬂ’]i‘&Juf\]’]ﬂﬂ’]iﬂ’m’Jm
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' = a ' Ay o [y 1 a a 1 a & | A Y
ANANLLASENTTIANTEY ow NdBslUUIN AUAIANLLATEARSIAITRY @2 TITua1nlY

Tumsiundsiu Wuamnuedsaiinandeyavendudndiuanundon (-0.5) luann
MSFUNUABIIN gATANNTTT 4-1 WAy 4-2 ANLINAINAFILUTIRBINITYBIgATANINTD
AU IEulAlndinn1seu Tanegiieunas Lnsa AA5052 - O AUNUT 1 Tafiuns
TnuA1AuA3ena3s on Hufwusdruduiioifuniseduduindidanisgy T9wigann

dnahunssfsnuied uduiuansdadidnn1stugy #ddnsvuglunninduilianugy
Sufinn1sgu wanslunng 4-3

0.5
1 AA5052-0
=== WLC from Calculation
0.4
=] - —
Fosd Puw : P1=—2¢;
7 NG (Uniaxial Tension)
@ \\
1= ~
= \\
= ~o
E 0.2 \\\
) >~
~
> ] P1= 92 T
0.1 (Pure Shear) S~
] N
s
4 -~
0.0 +— I A B
-0.25 -0.20 -0.15 -0.10 -0.05 0.00

AT 4-3 LN LERLEUlATndAnN1SEuYB e atilluuNgl 1nSA AA5052 - O

Minor Ture Strain (-)

a a

Y
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4.2 MSUSHUMIBULUUTIARY wazNsnaaaunsineledng

maiauaadulfadndianistu gnitamiadisannnisaasunislidedag da
NM3NARe3T3e uazdraesnsnaaaunislne meliludiedwud Sududensinismaaey
nsinsledne Tastunismageuiiafinanulds wazdndiuanuniisterueniuandaiiu
AR89 3-1 1BuannTiozgiilounanEy 1nsa AA5052-0 ANUN 1 adluns
Mﬁﬁﬂﬂﬁiﬁmﬁ’sEJWéJ\‘iﬁ’]LLNﬁUQQ (Water Jet Cutting) W ldvunamuiidesnisianun 6 sULUY
TULuISe LazwuUIIA WeAnssun1sinliLdenieauLASEAYEY Swift Handening Law
wazAuUsLansautineulelonsedn Anunsimmunusinisasinuoulelansed
U89 Hill’48-R Hill’48-S mﬁﬂﬂU@IULLUUﬁW@@@ﬁ@%UW@WQamimmiﬁﬂﬁﬁ@ﬁwmmm%@
wagnaUAsusUiviniuluyniienasoulognsedn vuiiugunasinsasnuoulelensed
Y83 HilU48-R wag Hill'48-S uinuadnvusaninautiian lun1sdnassinludiodiuud
FaAaduUsdulsyans anans1eil 3-1 3-2 3-3 uag 3-4 il lilusundns e
wadns voswsazinasimsasnuoulelensed iiuAuse (Force) wayszosiavastunnaey
(Displacement) Junsviainnsdnuiademe Wethdeyadildainnismeasauisudiou
vosturunadey Suduarugniesesuuudiaosinludiofiuud lnsnsiaaeudasns
LarszEznISRe Tureudedndunsadiuuaeslnlufiefuuditeuludisatunis
naaes lngidenuinainngd (Evaluation Area) auifiszyionliluumdl 3 1uuduiidue
aesoafignimualidudmiueioaluismneFuinnsey

4.2.1 msveaeunsindeday Sunnaeulufianismuuuiia

\lensi9aeungAnssunisey uagimuraiaduldsdndifnnissu (WLO) lunuada
AnwiliiasounquiAsaiunisianisgy vieldsuudusnuniagnainnssy visdusuly
HosUAtinng Fudunuiinszauiufuuntunaaey fuwandlunind 4-4 83 4-9 Fauans
uundulfause wazszeriarstunadeuveanisnadeunistndedng isufunissiaesds
fan felluediuud Tuansmginssunsiasusuliviiunniieniswes Hil'48-R funs
Wasuguihfunndievna (sotropic) 981 Von Mises Instiunndeugusrafifaiiiinire uandlu
ANl 4-a

AN 4-4 wa 4-5 1 TunsTeuiiiounss uagTegnIie Y8InITadeUiULUUTIADS
Tlludiodwud dsnaginisasintalensalves Von Mises n1sinadiasinuoulalansed
Hil'48-R way Hil'48-S Lﬁaﬁué’ummgﬂﬁawmLLUUﬁi’waaQIWiuﬁLaﬁLuuﬁ AouBunsIAy
naansantwludiodiuud
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1 AA5052-0 (A-M)

50 3L,

4-Rde

Force (N)

141 a3y
241 3.4,

TRD
Exp.

———Von Mises Y
— Hill'48-R
——— Hill'48-S

L BN B L UL BUELE BULELE B I LN U 161 11,
o 1 2 3 4 5 6 7 8 9 10 11 12 13 «
Displacement (mm)

a = P ] Y Y ¢ iy
AN 4-4 NSLUSHUTBULAUTALSY AUSEEENTTANYDITUNAZDUINNNITNAZDY
ABNUNNITATINNLANAN TUNAADU A-M TURANIINIULUITA

9000
1 AA5052-0 (A-0) 50 3L,
$000 - —
7000 1
6000 4R11
Z 5000 - -~
8 ] 2| =
S 4000 - TRD al 3
] I g
3000 1
1 Exp.
2000 _ b ——— Von Mises X
1 —— Hill'48-R
1000 4/ —— Hill'48-S +
0 T T T T T T T T T T 161 2.4,

o 1 2 3 4 5 6 7 8 9 10 11 12 13
Displacement (mm)

=] P a 9 9 ) P iy
AN 4-5 NSLUSIUTBULAUTALSY AUTEEENITANYDITUNAZDUIINNITNAFDY
AHNUNNITATINNLANANT TUNAADU A-O TUTNANIINILLULIIA

FUINUNAFOUVBINNIUIA F8NAF0UTURUITANIINITIA FIUUINITINILVUIY
AUTUNAFDU ALl ULLINITAY LEILAILTILALTLYLNANTAIVDITUNAFDUNITINGINASNAFDU
sggniunUSeuidisu dunadwiaindtaesedslvluediuud menaainisasinlelensed

299 Von Mises nsinaiasinioulelanssy Hill'48-R way Hill’48-S Audunageou tieduduy
ANUYNADIVBIUUUTIADY AaLanlunIng 4-6 uag 4-7
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1 AA5052-0 (B-M)

50 3131

4-R45

Force (N)

t,

121 4.4
221 1.4,

Exp.
———Von Mises
—— Hill'48-R
—— Hill'48-S

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Displacement (mm)

141 wa.

ry

a = P P v ) P iy
AN 4-6 NSIUSIUMBULAULALST AUTZHZNSAIYDITUNAADUIINNITNARDY
AHNUNNITATINNLANAN TUNAABDU B-M TURANIIAIULUITA

9000
{ AA5052-0 (B-0)
8000

50 33l

——— ——— —— —
———
-
-

7000

4-R11

6000

5000

Force (N)

4000

e

3000

2000 4 *

Exp.
=== Von Mises
—— Hill'48-R

121 y.u.

221 3.4l

—— Hill'48-8

0 T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Displacement (mm)

141 314,

A
Y

AN 4-7 NNSLUSIUEULEUTAILSS NUSLEENISANYDITUNARDUINNAITNAGDY
PHNUNNITATINABANAN TUNAABU B-O TUNRANIINIULUIT

wrunEUlA LS USTEENNSAY AldRInnsMageU LazRen1TIasdinafidonndes
LAZULANAIY AD WAUATNLEULAILTIAUSEEERAY 91NN1591809lagdlnan15ASIA
993 Von Mises Sauuansns fumasniidildainnisvaass lunisasstududulauseiv
32ULN1TAIVOINITT1809 ArengAnssukoulolansel vos HIll48 Harudonnasiiu
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ANSNAABU LAgLane Hill'48-R aglndAganuni1sna@auasauinnin Hil'48-S wansbunn
7 4-8 LALN NN 4-9

9000
1 AA5052-0 (C-M) 50 3.4,
8000 —
7000 %
6000 4-RS55
i A
Z 5000 i
§ P 4| =
S 4000 I RD al =
— i
d ]
c Exp.
{_}f ——=—Von Mises ]
) — Hill'48-R '
——— Hill'48-S
Y
R AL UL DAL ILELL AL LU DL ILELELE INLELE BLRLALE ILRLELE ILELEL IR UL I 121 3.4,

5 6 7 8 9 10 11 12 13 14 15
Displacement (mm)

—
(]
w
=

a = a ] Y Y P iy
AN 4-8 NSIUSIUBULAUTALST AUTEZEZNITANYDITUNAFDUAINNITNARDY
AHNUNNITATINNLANAN TUNAADU C-M TURANIPIULUITA

9000 -
1 AA5052-0 (C-0)
8000 FLEL
7000 %
6000 4R12
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Abstract. Wrinkling, tearing and excessive springback are the most critical defects in sheet metal
forming processes. Presently, the industries have shown a growing interest in applying lightweight
materials. A recent trend is to reduce the thickness of metallic sheets, which will even more
increase the likelihood of wrinkle formation in formed parts. To obtain a defect-free component, the
prediction of wrinkling is also important for tool design and selection of process parameters. In this
study, wrinkle formations of aluminum alloy sheet grade AA5052-O and AA5052-H32 were
investigated by means of experimental and numerical approach. The modified Yoshida bucking
tests were firstly conducted for both aluminum sheets. Then, FE simulations of the tests were
carried out, in which the anisotropic Hill’48 yield criterion and Swift strain hardening law were
taken into account. As a result, local principle strains of observed wrinkle areas were gathered and
correlated with corresponding compressive stresses for identifying the wrinkling initiation state.
Finally, the wrinkling limit curves (WLCs) of examined aluminum grades could be determined and
their wrinkling initiation limits were compared.

Keywords: Wrinkling limit curves; Modified Yoshida bucking tests; Aluminum sheets; Wrinkling
initiation

Introduction

Several major defects can arise in sheet metal forming processes, such as springback, tearing and
wrinkling [1,2]. Recently, thickness reduction of sheet metals employed in various engineering
components is aimed so that the possibility of wrinkling occurrence during a forming process is
strongly increased. Due to aesthetic and/or functional reasons, wrinkles in finished sheet metal parts
is basically undesired. Also, such fold is unacceptable in the automotive outer body panels, where
the visual appearance is essential [3]. Furthermore, severe wrinkles may damage or even largely
destroy the forming tools and dies due to high contact pressures arising in the areas subjected to the
wrinkling [4]. The initiation and development of wrinkles are influenced by many factors such as
mechanical behaviour of sheet material including anisotropic properties, current stress state, tooling
geometry, contact conditions, friction, and other process boundary conditions [5]. Many studies
have been done to predict the occurrence, shape, and number of wrinkles in sheet metal forming.
Nevertheless, these studies presented a wide scattering of data and small deviations of each
involving factors, as it is common for instability phenomena [6]. Some analytical methods provided
an insight of general tendency and effects of individual parameters on the onset of wrinkling [7]. In
addition, wrinkling is also investigated by using the finite element method (FEM), which can
provide detailed factors concerning the wrinkling behavior of sheet metals in complex industrial
problems. For example, the buckling analysis with FEM could be performed using two different
approaches, namely, strain bifurcation analysis of strain paths [8] and considering transition from
compression to tensile stress [9,10]. In this work, a methodology to obtain wrinkling limit curves
(WLC) was introduced for aluminum alloy sheet grade AA5052-O and AA5052-H32. The



experimental modified Yoshida buckling tests were performed and corresponding FE simulations
were conducted simultaneously. The Hill’48 anisotropic yield criterion coupled with the Swift
hardening law was taken into account to describe anisotropic plastic flow behavior of material.
Finally, influences of different materials and sample geometries on wrinkle formation and WLCs
were analyzed and concluded.

Material characterization

Firstly, uniaxial tensile tests were carried out on a universal testing machine using the ASTM E8
standard specimen for the aluminum alloy sheets grade AA5052-O and AA5052-H32 with the
initial thickness of 1.0 mm. A constant strain rate of 0.001 s was applied and maintained during
the whole test. The samples prepared along three directions, namely, 0° 45° and 90° from the
rolling direction (RD) were investigated to determine their quasi-static stress-strain curves and r-
values. The r-values were calculated by a linear approximation of true strains in width and
thickness of specimens measured up to the overall elongation of 14%. The yield strength (YS),
ultimate tensile strength (UTS), uniform elongation, total elongation and r-values of materials under
each loading direction were obtained, as shown in Table 1 and Table 2. The grade AA5052-H32
showed very strong anisotropic characteristics with regard to the r-values and total elongations.
Furthermore, the experimentally determined plastic true stress-strain curves from varying three
directions are illustrated in Fig. 1a for both investigated aluminum alloys.

Table 1 Determined mechanical tensile properties of AA5052-O grade.
Direction Yield Stress (MPa) Ultimate Tensile Strength (MPa) Elongation (%)  r-value

0° 58.46 158.62 31.9 0.6234
45° 60.19 156.37 30.3 0.7286
90° 62.32 154.51 31.6 0.6670

Table 2 Determined mechanical tensile properties of AA5052-H32 grade.

Direction Yield stress (MPa)  Ultimate tensile strength (MPa)  Elongation (%)  r-value

0° 191.91 250.89 14.2 0.5058
45° 194.13 246.55 16.6 0.9298
90° 201.53 256.04 135 1.2798
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Figure 1 (a) True stress-strain curves of aluminum alloy grade AA5052-O and AA5052-H32
determined by uniaxial tensile tests under different directions and
(b) their extrapolations using the Swift hardening law



Material Models

Hill’ 48 Yield Criterion. The quadratic anisotropic Hill” 48 yield criterion proposed in [11] was
applied in this work for describing the anisotropic plastic deformation of the investigated aluminum
alloy sheets. The general expression of the yield potential of Hill’s 48 yield function is given in Eq.
1 for plane stress condition, which is a good approximation of sheet metal in forming process.

2f(O') = (G+H)O’xx2+(F+H)O'yy2- 2HO'xxO'yy+ ZNO')%y =1 (1)

Where F, G, H and N are the anisotropic coefficient parameters. They could be directly gathered
from uniaxial yield stress at the rolling direction (RD) and r-values at 0°, 45°, and 90° to RD.

Swift hardening model. Moreover, the Swift hardening law was used to extrapolate the plastic
stress-strain curves of investigated aluminum alloys which were obtained from the uniaxial tensile
test under RD, as expressed in Eq. (2)

o =K(zo+2)" @

Where & and &, are the effective plastic true stress and strain, respectively. K, n and ¢, are the

material constants, which were determined from the experimental uniaxial true stress-strain curves
by means of a regression method, as illustrated in Fig. 1b.

Modified Yoshida Buckling Tests

Experiment. The modified Yoshida bucking tests were performed on the universal tensile testing
machine together with an installed gripper for holding the samples, as depicted in Fig. 2a. Both
grip length and width were 50 mm. All sample with different geometries were prepared in parallel
to the rolling direction. Tensile tests of these specific specimens were conducted, in which the
constant pulling speed of 50 mm/min was set and tension force and displacements were recorded.
The samples after tension until occurred failure are shown in Fig. 2b.

a)
b)
- T —
. A : K
&

Figure 2 Modified Yoshida bucking tests: (a) used gripper and (b) failed samples after tension test.



Hereby, six modified sample geometries, as given in Table 3, were applied. Regarding sample
designation the first alphabet was referred to the length and width of samples. The samples A and B
had width larger than length, whereas the width and length of sample C were equal. The dimensions
of specimen A were larger than those of specimens B and C, respectively. Futhermore, the second
alphabet represented the radius size at four corners of specimens. The sample with O had small
curved radius, while the sample with M had large curved radius. The width, length and edge radius
of modified Yoshida samples clearly affetced the buckling behaviour of examined material.

Table 3 Dimensions of modified Yoshida buckling test sample used in this work.

Sample Radius | Lengthand | Total Length 30 _
(mm) | Width (mm) (mm)
A-O 11 141 and 161 241
A-M 46 141 and 161 241 | =)
B-O 11 121 and 141 221 gﬂ g
B-M | 45 | 121and141 221 7 =
C-O0 12 121 and 121 221 ‘
C-M | 55 | 121and121 221 I widh

FE Simulation. FE simulations of Yoshida bucking tests were carried out for all six samples in
Table 3. The boundary conditions were defined in correspondence with the experimental setup, as
illustrated in Fig. 3a. An explicit dynamic formulation was applied to capture geometrical non-
linearities of samples. Elastic-plastic material model and solid element were taken into account. In
addition, the Hill’48 anisotropic yield criterion and isotropic Swift hardening law were employed to
describe the plastic flow behavior of materials. The materials parameters for grades AA5052-O and
AA5052-H32 were obtained from the tensile test results in Table 1, Table 2 and Fig. 1. As a result,
the calculated in-plane strains perpendicular to tensile direction of the sample were demonstrated in
Fig. 3b. It is seen that the buckle zone in the middle of formed sample exhibited plastic strains in a
compressive region.

a)
Side View

~——_[Top View

Figures 3 FE simulations of modified Yoshida buckling test: (a) boundary condition and
(b) calculated strain distributions in tensiole direction at buckling




It is noted that the results of FE simulations were validated with those of experimental buckling
tests, in which the determined force-displacement curves are compared, as illustrated in Fig. 4.
Obviously, the predicted and experimental force-displacement curves just showed slight deviations.
Therefore, the simulation results could be further used to identify the point of time, when wrinkle
initiation took place in the experiments.

8000

7000
6000
5000 4
< z
[ -
E4mm '(7 ?
-
= 3000 { AA5052-0 K J' AA5052-H32
2000 4" B; O EXP.(A-M) 4000 i O EXP.(A-M)
y EXP. (A-0) 17 EXP. (A-0)
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Figure 4 Comparisons of force-displacement curves experimentally determined and predicted by
FE simulations using Hill’48 for the investigated aluminum alloys.

Results and Discussion

Identification of wrinkling initiation. A wrinkling formation in sheet metal forming is caused by
two kinds of stress components. During a deep drawing process, compressive stresses firstly occur
in the circumference of sheet material. Then, at the initiation of wrinkling, tensile stresses develop
and sheet material continuously flows downward into the pressing die [5,8]. By this means,
wrinkling of sheet metal could be described by considering the strain paths of concerned areas.
Generally, a non-linear strain path was determined for the critical zone when wrinkling occurred.
By wrinkling, instantaneous buckling and depression appeared on each surfaces of formed samples,
as demonstrated in Fig. 5(a). This was used to define the moment of wrinkle initiation, after which
the formation of wrinkles further developed.

a) b)

’ - | Strain path before the
initiation of the wrinkling
y | Tension (+) | —

=
Strain path of =
compressive surface =
| \ D . o« o~ =
| —
‘\‘* Strain path of g
o f I Compression (-) | tension surface
——
Minor strain
il

Figure 5 (a) Wrinkling occurrence during yoshida buckling test and (b) bifurcated strain paths by
wrinkling initiation

The buckle zone on the sample showed a linear strain path before wrinkling formation, as seen as
the black straight line in Fig. 5(b). At the critical moment, the strain path of concerned area on a
sample surface tended to increase forward to the uniaxial stress state under tension force. In
parallel, the strain path from the another surface of the same area tended downward to deep drawing



state under a compressive force. At this point of time when the strain path was bifurcated, as shown
in Fig. 5(b), wrinkling initiation occurred and major and minor strains were then gathered.

As an example, strain paths of buckled A-O and B-O samples predicted by FE simulations of
Yoshida buckling tests were obtained to identify the wrinkling initiations, as seen in Fig. 6 for grade
AA5052-0. The calculated strain paths obviously showed the bifurcations, in which strains on each
sample surface developed upward in the direction of uniaxial tension stress state and downward in
the compression stress region [6,9-10]. The points, where the strain paths just deviated from each
other, were used as the wrinkle initiation state.

0.07 4
0.06
Z 0.05
£ 1
£ 0.04 ]
“ 777 { Strain Path
1 1
- 1 Tension
E 0.03 1 —Z—.. (A-0)
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= V=1 Compression
] (A-0)
0.01 (B-0)
e Wrinkling initiation \
0.00 ———mr————T1——— 71— 7T
-0.06 -0.05 -0.04 -0.03 -0.02 -0.01 0.00

Minor True Strain (-)

Figure 6 Determination of strain bifurcation in modified Yoshida buckling test of grade AA5052-O

From all modified Yoshida test samples, major and minor true strains determined by FE simulations
at the wrinkling initiation states or bifurcation points were taken to construct the WLCs for the both
aluminum alloy grades, as illustrated in Fig. 7. A linear regression was applied to fit all obtained
wrinkling strain data. It was found that the strain ratios of WLC of grades AA5052-O and AA5052-
H32 were about -0.71 and -0.53, respectively. Note that the developed WLCs located between
uniaxial tension and pure shear stress state. The samples with symmetric shape (C-O and C-M)
provided significantly higher strain levels of wrinkling initiation point. In contrast, other samples
with asymmetric shape led to lower wrinkling initiation strains. The effect of edge radius of used
samples on the critical strains was indistinct. Furthermore, the grade AA5052-0 had the WLC with
smaller negative strain ratio than the grade AA5052-H32. It meant that the grade AA5052-H32
should be more prone to wrinkling occurrence in forming process than the grade AA5052-O. This
was corresponded to the much lower elongations of grade AA5052-H32. It also led to the greatly
low strains of WLCs of grade AA5052-H32.

0.08 0.008

a) WLC (strain ratio = -0.71) b) WLC (strain ratio = -0.53)
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Figure 7 Determined wrinkling limit curves of grades (a) AA5052-0O and (b) AA5052-H32.



Transition of compressive stress to tension stress. Basically, area of formed samples, which was
subjected to compressive stresses, showed a high risk of wrinkling [8-10]. At the time, when the
compressive stresses turned to be tensile stresses, wrinkle initiation occured. Afterwards, when the
wrinkle formation ended, the stresses in that area were no longer changed. Fig. 8a and 8b depict the
developments of calculated tension forces and principal stresses perpendicular to the tensile
direction from the middle of A-M and A-O samples of grades AA5052-O and AA5052-H32,
respectively. It is seen that the minor stresses of grade AA5052-O were compressive at the
beginning and continuoulsy increased as tension force increased. Then, they swichted to opposite
direction, whereby tensile stresses rather increased that implied a wrinkling onset. On the other
hand, no transition of compressive to tension stress was observed in the case of grade AA5052-
H32. The samples of this grade had quite low elongation and thus were broken before. Therefore,
the wrinkling inititaion of grade AA5052-H32 could not be verified by this method. Moreover, the
sample A-O with smaller edge radius exhibited larger compressive stresses than the sample A-M
and thus wrinkle took place here earlier.
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Figure 8 Developments of tension forces and stresses perpendicular to tensile direction calculated
by FE simulations for grade (a) AA5052-0 and (b) AA5052-H32.

The obtained WLC of investigated aluminum alloy sheet grade AA5052-0 is described in details in
Fig. 9. The stress state, which located above the WLC, represented the forming zone without risk of
wrinkle, whereas wrinkling could occur if the governed stress state was below the WLC. In general,
wrinkle tendency is predicted in sheet metal forming for any stress states between uniaxial stress
condition (strain ratio = -0.5) and zero major strain. If the stress state was closer to the minor strain
axis, emerged wrinkles would become more severe. In this work, the determined WLCs lay
between the uniaxial tension and shear stress state or within the area of strain ratio of -0.5 and -1.
These WLCs could be used to more accurately predict a wrinkle occurrence of examined alloys.
However, the WLCs will be validated with an actual forming part in the future work. Additionally,
the grade AA5052-H32, which had quite low formability, was inappropriate for determining the
wrinkle appearance by the modified Yoshida buckling test.

Experimental rectangular cup deep drawing test

In order to verify an applicability of the developed WLCs of AA5052-O and AA5052-H32
aluminum sheet with a thickness of 1.0 mm. Experimental rectangular cup deep drawing for
cookware manufacturing was performed on a hydraulic pressing machine with capacities 100 tons.
The dies and punch test setup are shown in Fig. 3a. In press working, the finished rectangular cup
deep drawing sheet are depicted in Fig.3b. The initial rectangular blank size was 350x450 mm?,
chamfer as 65 mm and punch stroke of 50 mm was designed as displayed in Fig. 3c. All samples
were prepared in both RD for examining rectangular cup drawing blank sheet.
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Figure 9 Predicted wrinkling limit curves of grade AA5052-0.

The blank holder force of AA5052-O and AA5052-H32 were constantly controlled as 7kN and
35kN respectively, and lubricant oil grade SAE 40 were used. The deformed Rectangular cup
drawing sheets are showed in Fig.3d. For the experimental determination of the wrinkle initiation
occurred during the deep drawing process selected parts were geometrically measured by using 3D
Scanner in order to avoid some experimental error from manual measurement. The measured
rectangular cup sheets are demonstrated in Fig.4a, Fig.4c. in which were used to validate with the
simulated results of Rectangular cup drawing sheets as illustrated in Fig. 4b, Fig. 4d.
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Figure 3. (a) Experimental Set-Up (b) Rectangular Cup Drawing test on hydraulic press machine
(c) Dimension blank sheet (d) formed specimen.
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FE Simulation of rectangular cup drawing test.

FE simulations of the Rectangular cup drawing test were carried out for the investigated aluminum
alloy sheets. The boundary conditions corresponding to the experiment set up were defined in the
FE model, as shown in Fig. 5a. An implicit formulation of ABAQUS2017 was applied to precisely
calculate. Elastic-plastic material model and solid element were taken into account. In addition, the
Hill’48 anisotropic yield criterion and isotropic Swift hardening law were employed to describe the
plastic flow behavior of materials. The materials parameters for grades AA5052-O and AA5052-
H32 were obtained from the calculation of experimental tensile test data as shown the results in
Table 3. The Coulomb’s friction coefficient of 0.175 was applied for all contact pairs. Punch and
dies were defined as a rigid analytical surface. As a result, local strains distribution of the critical
side wall areas of formed samples were precisely gathered from the beginning until final drawing
depth of the process as illustrated in Fig.5b). In the figure, the minus strains (compressive strain)
distributes occurring on the side wall of the formed sheets, its mean wrinkle initiation was
formulated. It is noted that the simulated results of FE simulations were validated with those of
Rectangular Cup Drawing test, in which the formed parts were carefully measured draw-in profile
in vertical and horizontal direction are compared, as illustrated in Fig. 4. Obviously, the predicted
and experimental dimension just showed slight deviations. Therefore, the simulation results from
FE rectangular cup drawing model could be further used to identify the point of time, when wrinkle
initiation took place in the experiments.
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Figure 5 (a) FE Model (b) calculated strain distributions in side wall of of Rectangular Cup
drawing

Results and Discussion
Wrinkling initiation on Rectangular Cup Drawing.

From all modified Yoshida test samples[12], major and minor true strains determined by FE
simulations at the wrinkling initiation states between compressive stress and tensile stress get to be
bifurcation points were taken to construct the WLCs for the both aluminum alloy grades, as
illustrated in Fig. 1. An applicability of the developed WLCs were conducted experimentally and
numerically simulation of Rectangular cup drawing. Experimentally, the wrinkling occurred in the
round side wall area of formed rectangular cup deep drawing sheet at drawing depth of 50 mm. as
depicted in Fig.3d. The validated FE model of rectangular cup drawing were simulated and
demonstrated the resulted in Fig. 6. The simulated the Major and Minor true strains at drawing
depth of 28 mm, 30 mm and 50 mm of AA5052-0O, 20 mm, 25 mm and 50 mm of AA5052-H32
were gathered and plotted in coordinate system on WLC diagrams by each aluminum alloy sheets,
which are shown in Fig. 6a to Fig 6f. The sampling position at the wrinkling behavior in simulated
results of rectangular cup drawing sheet, which is highlighted by red ellipse regarding compressive
strain (Minus strain values) on the side wall sheets. It can be interpreted as wrinkling initiation
when strain equal minus values. Exceptionally, the Fig.6a. and Fig. 6d shown the simulated forming
part without wrinkling occurrence and illustrated positive strain value located on the side wall.
Subsequently, the WLCs in a blue linear curves were formability limit of the aluminum sheets in
which demonstrated the wrinkling behavior was formation when strain values located
underestimation with the blue line curves.
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Figure 6 Simulated the Major and Minor true strains on side wall area of rectangular cup drawing
sheets with the developed WLCs of AA 5052-0 at drawing depths a) 28 mm b) 30 mm c) 50 mm
and AA5052-H32 at drawing depths d) 20 mm e) 25 mm f) 50 mm.

The severe wrinkle formation appeared in formed parts at drawing depth of 50 mm. were
presented in buckling profile as cross section of side wall panel as illustrated in Fig.7a and Fig 7c
for both investigated aluminum alloy and the simulated results were shown in Fig. 6¢ and Fig. 6f for
AA5052-0 and AA5052-H32 respectively. In simulation, the wrinkling initiation was shown in Fig
6b and Fig 6e which were experimentally confirmed by buckling profile of deformed parts as
depicted in Fig.7b and Fig. 7e. There was slightly the Major and Minor true strain values cross
lower the WLCs, it means that the wrinkling slightly occurred in both experiments and simulation
at the drawing depth of 30 mm and 25 mm for AA5052-O and AA5052-H32 as demonstrated in
Fig. 6 and Fig.7 respectively. Finally, it can be concluded that the WLCs of the investigated
aluminum sheets can be applied to evaluate the wrinkling behavior in sheet metal forming process
through Finite Element simulation.
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Figure 7. Severe Wrinkle and Wrinkle initiation on side wall along cross section of deformed
rectangular deep drawing at various drawing depth of investigated aluminum alloy sheets




Summary

In this work, the developed WLCs of AA5052-O and AA5052-H32 were induced to evaluate the
wrinkling behavior of Rectangular cup deep drawing sheets for cookware manufacturing. From the
developed WLCs, it was found that the strain ratios (Minor true strain by Major true strain) of WLC
of grades AA5052-O and AA5052-H32 were about -0.71 and -0.53, respectively. The WLC of
grade AA5052-0 located lower than the grade AA5052-H32 demonstrated less tendency to wrinkle
formation than the other one. Again, it means that AA5052-O has better formability than the
AA5052-H32 and the wrinkling formation will occur with AA 5052-H32 sheet easier than the other
one. Simultaneously, the experiments and FE simulations of Rectangular cup deep drawing tests
were conducted to evaluate an applicability of the determined WLCs. By the simulations, the
anisotropic Hill’48 yield criterion and the Swift hardening law were taken into account for
describing anisotropic plastic deformation. The determined WLCs can identified the wrinkling
initiation on the simulation and confirmation with the experimental rectangular drawing test.
Finally, it can be concluded that the developed WLCs from modified Yoshida bucking tests have
repeatability of the buckling behavior on sheet metal forming which is a first behavior of wrinkling

formation in sheet metal forming process. The experiments and FE simulations of modified Yoshida buckling
tests were conducted to obtain the WLCs of investigated aluminum sheet grade AA5052-O and AA5052-H32. By the
simulations, the anisotropic Hill’48 yield criterion coupled with the Swift hardening law were taken into account. The
WLCs were determined with regard to the bifurcation of strain path of critical areas on formed samples. Hereby, the
compressive stresses turned to tension stresses which described the wrinkling initiation. The WLC of grade AA5052-O
with high elongation located below that of grade AA5052-H32 and thus showed less tendency to wrinkle. It was found
that the grade AA5052-H32 with low elongation was improper for the modified Yoshida buckling tests in this work.
The symmetric samples led to noticeably higher strain levels at wrinkling initiation than other asymmetric samples. In
addition, the edge radius of samples had negligible effect on the critical strains. The proposed WLCs will be applied to
a conventional cup drawing test in order to verify their accuracy in the future.
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