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GPLSK J\Y]LZ "[Y\L%Z[YLZZ ]Z& [Y\L%Z[YHPU J\Y]LZ# KLZJYPIL H TH[LYPHSbZ ^VYR%OHYKLUPUN ILOH]PVY
K\YPUN MVYTPUN HUK HYL [O\Z PUKPZWLUZHISL MVY HSS 98 MVYTPUN ZPT\SH[PVUZ& DOL TVZ[ JVTTVU HUK$ H[
[OL TVTLU[$ VUS` Z[HUKHYKPaLK [LZ[ MVY `PLSK J\Y]L KL[LYTPUH[PVU PZ [OL [LUZPSL [LZ[& DOL [LUZPSL [LZ[$
OV^L]LY$ OHZ [OL KPZHK]HU[HNL [OH[ VUS` H YLSH[P]LS` ZTHSS KLNYLL VM KLMVYTH[PVU JHU IL HJOPL]LK
ILMVYL MYHJ[\YL VJJ\YZ& DOPZ PZ JH\ZLK I` [OL \UPH_PHS Z[YLZZ Z[H[L&

?\S[PH_PHS Z[YLZZ Z[H[LZ HYL WYLZLU[ PU ULHYS` HSS PUK\Z[YPHS MVYTPUN WYVJLZZLZ$ YLZ\S[PUN PU H T\JO
OPNOLY KLNYLL VM KLMVYTH[PVU [OHU HJOPL]LK PU [LUZPSL [LZ[Z& DOLYLMVYL$ MVY [OL ZPT\SH[PVU VM Z\JO
MVYTPUN WYVJLZZLZ$ HU L_[YHWVSH[PVU VM [OL TLHZ\YLK `PLSK J\Y]L PZ YLX\PYLK I\[ UV[ WLYTP[[LK I`
TL[HS WO`ZPJZ& <V^L]LY$ I` \ZPUN H O`KYH\SPJ Z[YL[JO%KYH^PUN [LZ[ "P&L& I\SNL [LZ[# JVTIPULK ^P[O HU
VUSPUL Z[YHPU TLHZ\YLTLU[ Z`Z[LT$ `PLSK J\Y]LZ JHU IL KL[LYTPULK [V H MHY OPNOLY KLNYLL VM
KLMVYTH[PVU [OHU PU [LUZPSL [LZ[Z& DOPZ SLHKZ [V H ZPNUPMPJHU[S` PTWYV]LK KLZJYPW[PVU VM [OL `PLSK J\Y]L
HUK THRLZ L_[YHWVSH[PVU SHYNLS` \UULJLZZHY`&

DV L_WSVP[ [OL NYLH[ WV[LU[PHS VM Z\JO H JVTIPULK TLHZ\YLTLU[ Z`Z[LT$ ;A?$ <`KYV HUK
@V]LSPZ LZ[HISPZOLK H QVPU[ ]LU[\YL PU )''+ HUK KL]LSVWLK H TL[OVK ^OPJO MHJPSP[H[LZ [OL
TLHZ\YLTLU[ VM [OL WYLZZ\YL$ KVTL OLPNO[$ KVTL J\Y]H[\YL HUK [OL LX\P]HSLU[ Z[YHPU H[ [OL HWL_ VM
[OL KVTL HZ H M\UJ[PVU VM [PTL HUK HSSV^Z H ]LY` X\PJR HUK LHZ` KL[LYTPUH[PVU VM [OL IPH_PHS `PLSK
J\Y]L&

DOL `PLSK J\Y]LZ MYVT [OL I\SNL [LZ[ SLHK [V H JVUZPKLYHIS` OPNOLY KLNYLL VM KLMVYTH[PVU "\W [V -
[PTLZ OPNOLY# [OHU [OH[ JHU IL HJOPL]LK PU [OL Z[HUKHYK [LUZPSL [LZ[& DOLYLMVYL$ [OL I\SNL [LZ[
JVTIPULK ^P[O [OL VUSPUL Z[YHPU TLHZ\YLTLU[ Z`Z[LT 4B4?=C WYV]PKLZ HU L_JLSSLU[ UL^ [LZ[PUN
TL[OVK MVY WYV]PKPUN TH[LYPHS KH[H MVY H TVYL LMMLJ[P]L U\TLYPJHS HUHS`ZPZ&

DOPZ W\ISPJH[PVU YL]PL^Z [OL PUP[PHS KL]LSVWTLU[Z$ V\[SPULZ [OL THPU WYPUJPWSLZ HUK PUMS\LUJPUN
MHJ[VYZ$ WYLZLU[Z [OL L_LTWSHY` YLZ\S[Z HJOPL]LK [O\Z MHY HUK KLZJYPILZ VUNVPUN KL]LSVWTLU[
HJ[P]P[PLZ&

0AKJFG@H& GPLSK 6\Y]L2 GPLSK C\YMHJL2 5\SNL DLZ[2 9VYTPUN CPT\SH[PVU2 AW[PJHS C[YHPU
?LHZ\YLTLU[
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- / 3RPH KHLJKW

3 / 5OXLG SUHVVXUH

$ / =DGLXV RI FXUYDWXUH

6" / 7QLWLDO WKLFNQHVV

6 / 0FWXDO WKLFNQHVV

"# / ;DMRU VWUDLQ

"$ / ;LQRU VWUDLQ

"% / 4TXLYDOHQW VWUDLQ DW

WKH DSH[ RI WKH GRPH

#' / 1L%D[LDO IORZ VWUHVV

^��� � } QR %96*1)*) '7/,* 6*56 75*) +24 ;.*/) (748* )*6*40.1&6.21!

7Q WKH SDVW$ WKH GHWHUPLQDWLRQ RI WKH FXUYDWXUH ZDV FDUULHG RXW XVLQJ RI WDFWLOH PHFKDQLFDO

VHQVRUV& ?KH KHLJKW ZDV PHDVXUHG LQ WKUHH SRLQWV DQG$ XVLQJ WKH KHLJKW RI WKH GRPH WKH ORFDO

VWUDLQV DQG WKH WKLFNQHVV ZHUH FDOFXODWHG "QRW PHDVXUHG# YHU\ DSSUR[LPDWHO\& ?KH WDFWLOH WKUHH%
SRLQW GHWHUPLQDWLRQ RI WKH FXUYDWXUH LV$ KRZHYHU$ QRW HQRXJK SUHFLVH WR JLYH YDOXHV ZLWK

DFFHSWDEOH VFDWWHU& 4YHQ VPDOO YDULDWLRQV RI WKH PHDVXUHG KHLJKW FDQ OHDG WR ODUJH YDULDWLRQV LQ

WKH UDGLXV GHWHUPLQHG E\ WKH WKUHH SRLQWV&

0 VROXWLRQ ZKLFK PDNHV XVH RI RSWLFDO RQOLQH VWUDLQ PHDVXUHPHQW V\VWHPV VXFK DV 0=0;7>

UHVXOWV LQ D PXFK EHWWHU GHWHUPLQDWLRQ RI WKH ORFDO FXUYDWXUH$ WKLFNQHVV DQG VWUDLQ& ?KH GHJUHH RI

XQFHUWDLQW\ LV JUHDWO\ UHGXFHG E\ PHDVXULQJ D YHU\ ODUJH QXPEHU RI SRLQW FRRUGLQDWHV RQ WKH
VDPSOH^V VXUIDFH GXULQJ IRUPLQJ WR WUDFN WKH VSHFLPHQ^V ORFDO UDGLXV RI FXUYDWXUH DQG LWV FKDQJH

LQ WLPH DFFXUDWHO\& ?KH VWUDLQV LQ DQG DURXQG WKH SRVLWLRQ WR EH DQDO\]HG DUH WKHUHIRUH GHWHUPLQHG

SUHFLVHO\&

#! +%1(/)%*0

7Q WKH SUHVHQW SXEOLFDWLRQ WKH IROORZLQJ PDWHULDOV DUH LQYHVWLJDWHG.

% <RQ KHDW WUHDWDEOH DOXPLQXP DOOR\ 00,[[[ LQ 6((( WHPSHU

% 6HDW WUHDWDEOH DOOR\ 00-[[[ LQ ?+ WHPSHU

% 3XDO%SKDVH VWHHO 62?-'' A3

% ;LFURDOOR\HG VWHHO 6)-'903

$! (3.(/)+(,1%* ./-&('2/(

$!" -=@8549 ;64?A>8<7 ?B?@6; %/%+)0

5RU WKH PHDVXUHPHQW RI WKH UDGLXV "FXUYDWXUH# DQG WKH VWUDLQ YDOXHV WKH PHDVXULQJ V\VWHP

0=0;7> B*C ZDV XVHG& 0 W\SLFDO VHQVRU "WZR FDPHUDV DQG D OLJKW VRXUFH# LV VKRZQ LQ 5LJXUH *&

0 VWRFKDVWLF RU UHJXODU SDWWHUQ LV DSSOLHG WR WKH VSHFLPHQ!V VXUIDFH DQG V\QFKURQL]HG VWHUHR

LPDJHV RI WKH SDWWHUQ DUH UHFRUGHG DW GLIIHUHQW ORDGLQJ VWDJHV&
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8C@ PN<=DGDOT JA OCDN NTNO@H AJM ?@O@MHDIDIB OC@ H<O@MD<GN AGJR >PMQ@ R<N O@NO@? =T

H@<NPMDIB < KG<I@ <I? NODAA M@A@M@I>@ KG<O@ !NDU@ '&& HH S ,& HH" DI ?DAA@M@IO ?DNKG<>@H@IO
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$ ;DA ?UHEJ@AN KRAN PDA LEOPKJ EO BEHHA@ SEPD KEH ?KILHAPAHU OK PD=P JK =EN NAI=EJO EJ PDA

LNAOOQNA ?D=I>AN% 9EJ?A =EN EO ?KILNAOOE>HA PDA OPKNA@ AJANCU ?=J HA=@ PK = OPNKJCAN >QNOP

=P PDA IKIAJP KB BN=?PQNA%
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$ ;DA LEOPKJ OLAA@ EO OAP PK =>KQP ( II&OA?

$ ;DA BENOP EI=CA EO P=GAJ >ABKNA OP=NPEJC PDA PAOP =J@ EO QOA@ =O PDA QJ@ABKNIA@ NABANAJ?A

BKN PDA OPN=EJ ?=H?QH=PEKJ%
$ /QNEJC PDA PAOP# EI=CA L=ENO PKCAPDAN SEPD PDA ?KNNAOLKJ@EJC LNAOOQNA =NA NA?KN@A@ =P

@ABEJA@ PEIA EJPANR=HO !(' PEIAO&OA?" QJPEH PDA ODAAP >QNOPO%

$ -BPAN A=?D PAOP# PDA PN=JOL=NAJP ODEAH@O D=RA PK >A ?HA=JA@ ?=NABQHHU%

"!# $4&,3&2+.- /0.')(30)

.=OA@ KJ PDA NAOKHQPEKJ KB PDA ?=IAN= =J@ PDA I=PDAI=PE?=H L=N=IAPAN BKN PDA B=?APO BKN PDAOA

PAOPO !QOEJC = ?=IAN= SEPD (%* 57ETAH" = PULE?=H HK?=H @EOP=J?A >APSAAJ =@F=?AJP LKEJPO KB =>KQP

( II EO QOA@%

6J PDA H=OP EI=CA >ABKNA >QNOPEJC PDA =NA= =P PDA =LAT KB PDA @KIA SEPD PDA DECDAOP
@ABKNI=PEKJ EO OAHA?PA@ =J@ @ABEJA@ =O LKOEPEKJ SDANA PK @APANIEJA PDA OPNAOO =J@ PDA AMQER=HAJP

OPN=EJ "0 EJ -8-539% .=OA@ KJ PDA BKNIQH= CERAJ EJ 1ECQNA ) BKN PDEO LKEJP =HOK PDA N=@EQO KB

?QNR=PQNA =J@ PDA PDEJJEJC =NA ?=H?QH=PA@%

1KN CAPPEJC = OP=>HA N=@EQO KB ?QNR=PQNA EJ PDA =LAT KB PDA @KIA EJ -8-539 = >AOP BEP OLDANA

?=J >A ?=H?QH=PA@ >=OA@ KJ = OAHA?PA@ =NA= KB LKEJPO% 1KN PDEO OAHA?PEKJ EJ PDA H=OP EI=CA >ABKNA

>QNOPEJC = N=@EQO 8( EO @ABEJA@ =NKQJ@ PDA =LAT KB PDA @KIA !1ECQNA +" =J@ PDA BEP EO @KJA BKN =HH
BKNIEJC OP=CAO SEPD PDA O=IA OAHA?PEKJ KB LKEJPO !1ECQNA ,"%
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;& 5EKKEQ$ ?& 3NSY$ AMD 3& 2QIEBE

<N DESEQLIME QNBTRS UAKTER FNQ SHICJMERR AMD EPTIUAKEMS RSQAIM AS SHE AOEW NF SHE DNLE SHE

AUEQAGE NF AM AQEA DEFIMED BX 9) IR TRED "2IGTQE .#& 4M SHE OQEREMS OAQALESEQ RSTDX$ UAKTER NF

BESVEEM * AMD / LL VEQE IMUERSIGASED& 2NQ EPTIUAKEMS RSQAIMR TO SN '&-+$ SHEQE IR MN RIGMIFICAMS
IMFKTEMCE NF SHE CHNREM QADITR NM SHE CNTQRE NF SHE BIAWIAK XIEKD CTQUE "2IGTQE ((#&

2NQ LASEQIAKR VISH HIGHEQ DEGQEER NF DEFNQLASINM "2IGTQE ((B# SHE DEUIASINMR BESVEEM SHE RES

NF CTQUER AQE IMCQEARIMG TO SN +! FNQ RSQAIM UAKTER HIGHEQ SHAM '&-+& 1ARED NM SHERE IMUERSI%

GASINMR A UAKTE FNQ QADITR 9) NF ABNTS + LL IR CNMRIDEQED SN BE LNRS RTISABKE FNQ SHE DESEQLI%

MASINM NF SHICJMERR AMD EPTIUAKEMS RSQAIM AS SHE DNLE AOEW&

($& +6,55 ;8>7/#;8-47 =0<=

=RIMG SHE ABNUE%DERCQIBED OQNCEDTQE AMD A OQEKILIMAQX RSAMDAQDIYASINM NF SHE SERSIMG AMD

EUAKTASINM OAQALESEQR$ A RLAKK QNTMD%QNBIM BESVEEM 3XDQN$ 7NUEKIR AMD IM OAQS 4>8 @\QICH VAR
CAQQIED NTS& <HE QERTKSIMG CTQUER DIROKAXR UEQX KISSKE RCASSEQ$ VHICH DELNMRSQASER A GNND IMSEQ%

KABNQASNQX QEOQNDTCIBIKISX !*42>;0 %&" AKSHNTGH DIFFEQEMS SERSIMG LACHIMER AMD DIE GENLESQIER
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1ARED NM SHERE QERTKSR$ IS CAM AKRN BE RSASED SHAS SHE CALEQAZR OQNSECSIUE RHIEKDIMG AR

DERCQIBED ABNUE DNER MNS HAUE AM IMFKTEMCE NM SHE QERTKSR IF SHE 09064; RXRSEL IR CAKIBQASED

VISH SHE RHIEKDIMG GKARRER&

($' )@0695,;A ;0<>5=< 18; /4110;07= 6,=0;4,5< 47 .869,;4<87 ?4=3 =07<450 =0<=

4M SHE FNKKNVIMG 2IGTQER "(*%(+# EWELOKAQX QERTKSR FNQ DIFFEQEMS AKKNXR AMD SELOEQR AQE

RHNVM& 4S CAM BE REEM SHAS XIEKD CTQUER FQNL SHE BTKGE SERS KEAD SN A CNMRIDEQABKX HIGHEQ DEGQEE
NF DEFNQLASINM SHAM CAM BE ACHIEUED IM SHE RSAMDAQD SEMRIKE SERS "EUEM TO SN , SILER HIGHEQ#&
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=% 5ELLER# ?% 3OTZ# AND 3% 1RIEBE

"! &)/%1//)-, -( .'/1*0/

1IGURE (+ SHOWS FITTED YIELD CURVES# BASED ON DIFFERENT EQUATIONS AND EXPERIMENTAL DATA !LEFT

SIDE FROM TENSILE TESTS AND RIGHT SIDE FROM BIAXIAL BULGE TEST"% 4T CAN BE CLEARLY SEEN THAT THE

CURVES BASED ON THE BIAXIAL BULGE TESTS MATCH THE EXPERIMENT MUCH BETTER AND THE SCATTER BETWEEN

THE DIFFERENT FITTED AND EXTRAPOLATED CURVES IS LESS% >HE STRAIN VALUES ACHIEVED IN BULGE TEST ARE SO

HIGH THAT AN EXTRAPOLATION IS NO LONGER NECESSARY IN MOST CASES%
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" @IELD CURVES !TRUE$STRESS VS% TRUE$STRAIN CURVES" DESCRIBE A MATERIAL[S WORK HARDENING
DURING FORMING AND ARE THUS INDISPENSABLE FOR ALL 10 FORMING SIMULATIONS%

" -S A WELL KNOWN FACT# THE BIAXIAL BULGE TEST LEADS TO CONSIDERABLY LONGER YIELD CURVES

!EVEN UP TO + TIMES" THAN THOSE ACHIEVED IN THE STANDARD UNIAXIAL TENSILE TEST%

" 1OR SIMPLIFYING THE BIAXIAL YIELD$CURVE MEASUREMENT AND ACHIEVING SIGNIFICANTLY
IMPROVED ACCURACY# 286# 3YDRO AND 7OVELIS ESTABLISHED A JOINT VENTURE IN )''* AND

COMBINED THE OLD$FASHIONED BULGE TEST WITH A MODERN ONLINE STRAIN$MEASUREMENT SYSTEM%

" >HIS SYSTEM INCLUDES THE MEASUREMENT OF PRESSURE# DOME HEIGHT# DOME CURVATURE AND
EQUIVALENT STRAIN AT THE APEX OF THE DOME AS A FUNCTION OF TIME%

" >HIS COMBINED .ULGE$>EST&-<-64= =YSTEM ALLOWS A QUICK AND ACCURATE DETERMINATION
OF THE BIAXIAL YIELD CURVE WHICH# FOR EXAMPLE# CAN BE USED FOR THE FOLLOWING PURPOSES,

� ;UALITY ASSURANCE OF ONGOING PRODUCTION

� /OMPARISON OF THE WORK$HARDENING BEHAVIOR OF DIFFERENT MATERIALS

� 9ROVISION OF RELIABLE YIELD CURVES FOR MORE EFFECTIVE NUMERICAL ANALYSIS OF
MATERIAL BEHAVIOR IN FORMING PROCESSES

" -N INTERIM STANDARDIZATION PROCEDURE FOR THE TESTING AND EVALUATION PARAMETERS WAS
WORKED OUT AND LEADS TO REPRODUCIBLE RESULTS IN DIFFERENT LABORATORIES%
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E& >OUUO[$ I& ;X]c$ KWN ;& 8[SOLO

"! '101/& 2-/+

" 5XW]SW^K]SXW KWN Oa]OW\SXW XP ]RO KLX_O VOW]SXWON \]KWNK[NScK]SXW `X[T KWN Y[OYK[K]SXW
XP KW <EB Y[XYX\KU `S]RSW ]RO 9O[VKW <66D9 e4^UQO FO\]f IX[TSWQ 9[X^Y UK^WMRON SW

=^Ub *((/ "8SQ^[O )/#&

" <VYUOVOW]K]SXW XP VX[O [XL^\] [OQ[O\\SXW KYY[XKMRO\ PX[ ]RO \YOMSVOWd\ M^[_K]^[O NO]O[%

VSWK]SXW$ O&Q& \YRO[O PS] K[OK `S]R _K[bSWQ [KNSS X[ YK[KLXUXSN PS] SW\]OKN XP K \YRO[O PS]&

" <VY[X_SWQ ]RO VO]RXN PX[ ][KW\PX[VSWQ ]RO VOK\^[ON LSKaSKU bSOUN M^[_O\ SW]X K ^WSKaSKU

\][O\\ \]K]O [OZ^S[ON Lb 87 \XP]`K[O&

" 7a]OW\SXW XP ]RO VO]RXN ]X ]RO NO]O[VSWK]SXW XP ]RO XW\O] XP YUK\]SM PUX` SW KW OZ^S%
LSKaSKU \][O\\ KWN ]RO LSKaSKU KWS\X][XYb _KU^O "[ _KU^O#$ LX]R [OZ^S[ON PX[ K LO]]O[

NO\M[SY]SXW XP ]RO bSOUN \^[PKMO&

#')($&! "*%('#')($&! "*%('#')($&! "*%('

_�� � �~ QRS $""%# 8 #)2.(/ '02,+/* #2051 6!5-*) &)347

#! %*%,*-(/$.)3

) ;& =& >UOOVXUK KWN @& 3& ASOVSWOW2 eBW ]RO E][KSW%;K[NOWSWQ CK[KVO]O[\ XP @O]KU\f$ @O]KUU^[QSMKU

F[KW\KM]SXW\$ HXU^VO *$ )1/,$ )0.+

* 8& 9XUXQ[KWM2 4OS][KQ c^[ 7[VS]]U^WQ _XW 8USOhT^[_OW SV TXW]SW^SO[USMROW RbN[K^US\MROW

FSOP^WQ\_O[\^MR$ 4O[SMR]O K^\ NOV <W\]S]^] Pk[ GVPX[V]OMRWST$ GWS_O[\S]i] E]^]]QK[]$ A[& +) ")1/-#$

HO[UKQ I& 9S[K[NO]$ 7\\OW

+ ;& 8[SOLO2 !>OWW`O[]O[VS]]U^WQ ^WN HO[SPSTK]SXW _XW GVPX[V\SV^UK]SXWOW VS]]OU\ XY]S\MRO[

@O\\_O[PKR[OW!$ FKQ^WQ IO[T\]XPPY[kP^WQ *((.$ !8X[]\MR[S]]O NO[ >OWW`O[]O[VS]]U^WQ Pk[ 8X[%
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