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Achieving an optimized combination of crash safety performance
and a lightweight structure has been an important challenge in
automotive body engineering. The application of high-strength steel
to auto-body structures has been considered an efficient solution to
this problem and is feasible at a lower cost in volume production in
the automotive industry. As the formability of high-strength steels
has been improved by optimizing the metallic microstructure, the
range of applications of high-strength steels has been expanding
into auto-body structures. Thus, advanced high-strength steels with
strengths of 980 MPa to 1470 MPa are now used in structural parts,
which play a crucial role in crash safety performance.

While advanced high-strength steels both reduced the body weight
and improved crashworthiness, the fracturing of these materials in
a crash event has been a critical issue for the reliable design of the
structural components. High-strength steels are often more prone to
necking or failure in crash deformation than conventional mild
steels because the elongation of the steel decreases as its strength
increases. The failure behavior in various types of steels needs to be
considered in material selection and body design to realize the
maximum potential of advanced high-strength steels.

Regarding the optimization of materials and structures in the
body component, the finite element method has been considered a
powerful tool to estimate the crash performance. However, there
remains a need to continually study and improve the material
models in the numerical simulations due to the ever-increasing
demands for more accurate predictions of the deformation and
material failure.

The objective of this study 1s to develop a material testing method
to evaluate the material plastic deformation properties and the
material failure behaviors over a wide range of strain rates. The

newly developed testing methods are applied to investigate the
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static and dynamic material properties for various types of steel
sheets, including mild and advanced high-strength steels in order to
enhance the accuracy of numerical analysis for the automotive crash
simulation.

In this study, a digital imaging strain analysis system 1s proposed
for the both quasi-static and dynamic tensile tests to measure the
strain propagation. To improve the strain measurement technique of
the Hopkinson bar method, the strain analysis method 1s applied to
determine the dynamic stress-strain relations using the high-speed
digital images. Finite element analyses simulating the dynamic
strain localization is performed using a material constitutive model
with parameters that 1s 1dentified with the measured local
stress-strain relation. The wvalidity of the measured material
properties 1s discussed based on mutual assessment of the
experimental results and the numerical predictions.

In order to evaluate the crash performance of automotive parts, a
high speed crash machine 1s developed. As a main feature of the
machine, the simulated crash speed can be controlled with high
accuracy in the range from 0.1 m/s to 14 m/s by means of an oil
damper device. The experimental results clarify the effects of sheet
thickness, material strength and strain-hardening on crash
characteristics.

A numerical analysis to simulate the crash tests of automotive
pats is performed to validate accuracy of the numerical analysis
with material models, which are obtained by the proposed static and
dynamic tensile test method.

For the application of the proposed evaluation technology of
mechanical properties and fracture behavior, the spot-weld failure
behavior of high strength steels is investigated by the experiments
and numerical simulations.

Finally, a side crash numerical simulation for the center pillar
structure in automotive body 1s carried out to demonstrate the
optimization of body structure considering the material and
spot-weld failure. The numerical simulation shows the effectiveness

and impact of this study.
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Fig. 1.1 Crash test conditions in Japan, United state and Euro.




Source: Christopher P. S, Joseph M. N, David S. Z.
CHARACTERISTICS OF SMALL OVERLAP CRASHES, 2009, page.4

Fig. 1.2.a) Diagram of vehicle-to-vehicle oblique small overlap crash.
b) Result of small over lap crash.

12 BEHEORER LORYKEA

1992 4 5 AICKBEZSH M FHBERIN, 1994 F TR L%, HiEK
BELORRTOHLI _BILRFLRLOBEYDRIAOH B IZH T THE TR
TADEEREWEFPEALTHIU]. BERNO_BRFIHEOE S 1T,
PEEIM N 34%, ZEBMIX 14%, EBEZTOMEA T 19%, & il H M I1X
20%% HEHDTVAH[4]. EWETMO_BARFHHED 88%NEBHHENDLT
YV, BBEORE RN EITHMERBEREOEELZRVMALLVZS.

HEBEOREH LIZBWT, o ProE I Bioiibd, Fig. 1.310x
TEEOFWOEENMLELRSE. "N(TUvREXER BB HEALER ZH
VCTWAHERTHL, EERE\L, BB ROPFER L, ZREHROKM, ¥
AVYOEPVENERRECEELRENRLRS. ZhooEREZM S 3E T, E
EKREEZEDIILPEETHS.

BRI, BEEBEELCOPHREIREN. BELEKEREICEDS, £FmOFY
WRERE R, EEEK 30%, =0V UVEE 12%, XU—Fr 7%, AR
yvary 1%, HwA—N+EA¥Y T%THY, EEREFBETEHOEES S BRI,
1300cc Z77AD/N B ECHLHEMEF K EEIX 200~300kg IZEL, BB HE
BELTHENBEELDOIXERD[5].

BREWEOEDICHIEREEZBEBIELVWEDO=—-P EH5—F T, BLE
CHEAEEOFEHHEIIE MM IIEMICHD. 2k, REE I THH
BEFEO=—XZIrEEORBLLLBICRIR LEHRELZ 2% M EOHOE
EEREHOEMOERNLLREDEENRKRENV[6-11]. EbIZE2MEER
DEEEALIZEEHIC, MBS\ 28mIch5.

IOHCESHEORERM ELE 2R LI, EABERBICBVTHK
THRETHY, ZO_S>OMEOHMNEHBEBEEOKRERT—~LR5.



1. Fram

ZE TR DI HREE R
TTRYAFITA SRR ORI

ey R7 —EEDHR
T2 DR b /
)= i=2
- =

FIEEFAER 0TE T . -
EA AR
(EEEfET Yt A

FDfi i 2D e - —
AT ML EES v Sont DRI OISR
TA T A b7 B 2475 DL Y1+

Fig. 1.3 Technical solutions for improvement of fuel efficiency
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Fig. 1.5 a) Body structure of FMV. b) Material types and weigh ratio of
high strength steels. ¢) FEM simulation of side crash test
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Fig. 1.6 Examples of the fracture during crash deformation. a) Fracture
of material in small overlap crash test. b) Fracture of spot-weld in dynamic
tensile test.
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Fig. 2.1 Technological challenges in the automotive industry

22 MIMHRERLOE-ODOHM MM ZRMICEITLHRE

FEM# 22 ¥4 68 7 8l B3\ T, 8 22 B 0 O3 Bl B (St s L7244 Bt 3F 4l 23
VELRDH[41-49]. HERFOT M OER OOT HE E XM ICE-TRRY,
10°3/s~103%/s I M THLHEEINTND

BEBEEEOELRERME THLIHIMBIL, BEICRIEZTOTAEEKF
HERRKRENZERMONTWVA[50][51]. LLaRb, & il o E FMicon
T—RILEINTERABRFERILD L, BCAFEFREINCERESROR EE
R RICEAL TR TR -ERT —FIBDLRVOBRER THD.

B EZER FEM BT HEEM LI, MEtETvo®mEEORS EFRIERIZ,
FEMMBHTHROZ Y M EZRFTTIE-OOERT —FLEETHA. Fig. 1.2.
WRLEIOIRERL2EKOHBRERERRBR CTIX, RARERIPEETID, iR
THREOKRIEIXAES ClER2V. EFECHRIREBEZER IV — A LS
TORMBELERHEEOFMHAEZE THDH[52-56].

UTOEHT, mOTAEELBEAMEFEM, 748 &M, S0
MW EE il ICBI L CIER DI EEZEEL, S B OB EEZ R 5.
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2. 22 FEM f#dris EE ) Lo 7- > o Bl el it i ia
221. BUOTHEEHOBBEEHHFTM

O3 Ao BE K 17 P4 BF i 77 %

OTHEE 102/s BEUTOEETOHMNIIERROFEIXIISISO
THREBLEINTVWAROTAHEE 10Ys L EOF|BRABREZEROBSIERR
WEHWTITYE, Fig. 2. 2I0R T892, I A O T AT — 225 iR 8 2
EEL, ERERSHDOTHEBBRT —ZPRE TERWVW[57-59]. ZORERIX, &
OTHEEERRFIZIIS BRSNSV RROIE D FELLTEEL, e—FEALVANT
K %Z&VIRT-HTHS.

mOTHEERICBITOIMEFHEABRELT, OTHEE TG LT D0
DRBRFEMERINTWA. Fig. 233FEOEEFIEVRBRE O Ik O
THEREZEBELEZLOTHA[59]. OTHEE 10Y/s L FORBRIZBWT,
JEH—AREH WS EBVRBR VAR THS. OFT HEE N 102/s LRI DE,
Fig. 2212 R L85, BMMEFEOEBICIVWE ERBE ML T LTLED.

Load Cell 800 e
| — Specimen No. 1|
L Specimen No. 2
600. —— Specimen No. 4

I
(=
o

Stress Wave

%]
(=]
o

=]
R R

Nominal Stress / MPa

by
‘ Strain Gauge
Impact Load 0 01 02 : 6_5‘. I .0,4 05
Nominal Strain

Fig. 2.2 Problem of elastic waves in load cell with impact loading

I
IS|:||it-Hoi3kins.0n Pressure Bar

One Bar method
Sensing block Testing System (SBTS)

Improved Hydraulic Servo Method(HS)

Convensional method

i
10° 10"  10°
Stra?n rate (?s)

Fig. 2.3 Dynamic test methods depending on the range of strain rate

< 107

Y10

K]

10° 10
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2. 1522 FEM T EE ) L0 7=b ORBE A H it o0 2R R

MEECHOTAEEROM B FELZFEMT5HFIELLT, 1949 £
Kolosky MAT VY RRTF LI N —EEZRRELE[60-62]. ZOFEIZLY, O
THEE 102~10%/s ORBRBAIEE THDHFig. 2AIEMB ORIV
EOBEARZRT. RBAOWBICEEINZRIEA-IMOANE, HH
B ENAABIZOT A —VERMALTHERMEBELTERT5. AN
AT II2ZLICIVEMOBHEEEZA AL, iR ICEEINEZARF 2E
M2 AAWLEEEEO—BIIZABRAIANICEBLH HEBEMICEDLS. BYO
ANBERFIADBHEB TCKHAL, ATBERNORIAFRUICEET?. IEHhEBEORZ
EPA—INEL S RLTHILT, BEROEBEEZBHSILATE, H OB
Dol-BHEEEZBEWVOFEH 2RI ICEH B TH5ILRTES.

in| | : { L | |
: Time (us) ' Strain gauge#2 Strain gauge#1 Time (us) . V: 10m/sec
— —
| =)
Output bar Specimen Input bar Strikder bar

Fig. 2.4 Split Hopkinson Bar method for dynamic compression test

Strain Gauge #2 : ! ;  Strain Gauge #1
Specimen
gr
— - -
B A
As
E. A p

Fig. 2.5 Principle of stress-strain calculation in Hopkinson bar method

Fig. 25, 2B AMmOIE N, OFTARBZRLTVS. e ZA ST BZ=
BIHDANDBBEOTHERLTVS. ¢ IRBAE TRHFLTA D EOK 3t
MICEETHI>EEEETRT. & X, HTBICEETIZBHER O T AET
T . RBRAORII, ANWMBIOHABRERt+SEWED, RBRAFNEH T,
ZREEEORNPBIVERIN, RBARNDOEANEIATUATE. EhZEho
HMEOTHIILUL T OEEKERDHS.

g+(-¢)~eg (2-1)
RIRIN—ETIE, AMABSRBOBEHE u; . v, U TOXNLE
tHT&%.

w=cf (& —£)dt (59
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2. 522 FEM fRH ks BE M Lo 7= o Bl e M i oo 2R
Uy, = CoJ;‘E} dt (2-3)

T, Co AN BZERTOEMEROEEZRYT. LRROKXNDL, AR
FICRETDIAHROTHARISNIZL T OISCFHAETES.

_u-u, Gt _ﬂ d
g(r)_zi_zjo(g,. € —¢)dt = . jﬂe,dr (2-4)

0

J(t):%EAi;{gf—ngrg,}:E%g, (2-5)

ZZC,EZYyr7FE, Ag3 AN, Ao mE, AZXRBRA O mE, Lo
= EERT. R(2-4), 25)»bE HOTHBEREEMN TR TES.

ZORTVY MR T XY N—EORERBZICAL, BHKO5 RVA R
Xt CEHmE S RVRBR FIESH I, & OF Hf E i o & iR EE 6 AR
DR HEIZ O VW TENTEZ[63]. L FREM R RKRFEIZOVTIR RS,

Wang b ARTF VU F ARG RVABREZH WTHE L XL 600MPa 7nbH
1000MPa O BEHFK OO T AEEEKFEZE ELTW5[42]. Fig. 2.6(a)
TEMERTAVNNIZ—5REF L, 7av /I lHBEIE T RIS HEAN B
WCRAESE, RBRAF2E RS2 E THD. Fig. 2.6(b)I1X, # £ 800MPa 7
FADRBEMBEOBRBRER T, OFTHEE 103%s O R LEOT A E
780/s~1200/s O#FHH CELEE-HES BRVRBRERZEBELTWS. H O
T E IR OGS ) O A ph #R X, YIS S O AR ICH R\ WIR B3R E
NTWa. [AERIZ, Fig. 2.6(c)ix# ¥ 1200MPa 77 A0 & 3 BE 8 AR O R B #E
RERLTVD. ZOWRERTIE, ®OTHEEHOE HIL, RGN ITH T
EWEZTLTWD. [42].
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2. 1522 FEM T EE ) L0 7=b ORBE A H it o0 2R R

Input Bar Strain gauge Specimen  Strain gauge  Output bar
%
- ) Transient
Super-dynamic L 1 o o
meter converier
1000 - 1600
b) e C) . 107%
et ) 1400 - . —
ol 10 o —
800 { 4 Mh\\,;:‘_ P ) ./e-a--.;,_&_t -
{ R < 1200 / e
i T {{ S
o I @ 1000 4 | /| Ty, 1000s"
g o 10% ! ) 12005 E f' 107 14 N 7e0s"
% — 780is A0 % oo d [/ |—7sae asos’ ¢
] B0y 1100g ) ) ® TB0/s N 7s0s”
= 400 1000/s 4| 7808 £ s00 800is T
® 11001s, 4w L 850/
1000: \/ 400 1000 \
200 4 A 125045 1250¢'—= |
gs0s" \ ) 200 R\
N 800s’—=\\ }
0 . . . S . i} 1 S T S —
0 5 10 15 20 26 0 2 4 6 & W 2 W
Strain/% Strain/%

Source: Wang, W., L1, M., He, C., Wei1, X., Wang, D., Du, H.,
2013 Materials & Design 47, 510-521.

Fig. 2.6 Engineering stress—strain curve under the dynamic and the static
tensile tests. a) Schematic diagram of bar—bar tensile impact tester. b)
Material of DP800. ¢) Material of M1200.

FVCFNDRTF N —ik[6411F, AT A —% A F7 b &6 (21 28 &
TANBEMFEEZREESEIF RN THS. BEMREREZA D THDI,
ARTGAI—, AN BOFETESCEMBEOBELZEEFRAEITILERDS.
MHEICEBNEREEMEEEZER TH5FHFELLT, Albertini HlIdk BB K7
FUVUBEERELTCVWS. ZOFRIEX, ATDBRVWICEFLEZOT ARV
XK TH52LT, ol BEEEEESEL A THL[65]. Fig.
2.7(a) 1T, XBBR AT Vo BEORBREBLZ TR T. HEGMBOTIZIVay
ny /B CEHEINZANBEEZRMEERE CIIERY, AWBRIZOT ARV
X—ZEFETDH. 7V 7varay TN TANBEEZEELTOAHE MM B2 E
HECHEENICHETIE, AWBROOTAZ XA —B—KICEKENS.
ZOBRE, AJTBERNBICHEEIMEEL, AR E2ERIEEMEA2THS.
Fig. 2.7(0)ix, OFAHHEE 0.002/s 2°5 200/s I0EEZEL SRS HOTH
i MR 2R .
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2. 22 FEM fRHr ks BE 6 Lo 7= o Bl e M T oo 2R

a) b) Austenitic steel XBCNIND1810, specimen dismeter =3mm
S PEe BNE T00 -
OCH | RELEASE
VIS sTRAM GALGE 600 g .
g for ransmitted pulses h\_\
500 T
| 7 )
.. s 400
— <
\ t 2 Engneerng o« diagrams
SPECINEN \ g 300
o Strain Rate
| 0.002 s
\ s o 0158
L —— 08
TRAEAATIE 100 — 20048

T
oo 01 0.2 03 04 05 06 07 08
Srain

Source: Solomos G, Albertini C, Labibes K, Pizzinato V, Viaccoz B.
Nucl Eng Des 2004;229: 139-49

Fig. 2.7 The JRC modified tension Hopkinson bar method. a) Illustration of
the test machine. b) Typical stress—strain curves of the X6CrNiNb1810 steel

for several strain rates and two temperatures

O3 B BE (K 17 % BF fili O FR B8
RTHRIN—EX, IS OBERBE X+ S&EWA, OFT L0 8l ICREE
NHHZENEHENTWAI66]. Fig. 2.6(c) IRTEHHIEHOTHERICE
WT, MR OB ERHFOSI RIS RLEBELTUNINWIERDNS. YU 7RI
RIETOTAEREDOEBIZILALRZVWIERALNATEY, ZOBR R X, R
FEATHAMOBRBOBEEZRELCABRABEBOHERIZLDL D LIS
EhTW3. Fig. 2.81ZR 75912 Albertini Hi%, OFTAMEFELLTU TFTD

RERELTWS[67].

ExE'

- l 4 strain gauge #1
| | i)

AL _ AL —a[E_E!] (2-6)
L L

strain gauge #2

iy
AL AL STRAIN
L L
Fig. 2.8 Correction of dynamic stress-strain curve depending on the slope

of static elastic slope
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2. 1522 FEM T EE ) L0 7=b ORBE A H it o0 2R R

IZC, L 3 FITHES, ALWBHAINSENE, E 1 IXRROY T E, B
BEBIEND YU R, o3 /1 THS. Fig. 2.7(b) 05 A OF A ik, =
DFEICEY, OTHBREZELEAATHS. MROY 7R IIMEEE LSS
1Z1E 210GPa b/, MEMEMRICRIIEEHEER OODIR T o BELRY,
IOMIEBNKEASD. Fig. 2.612BWTYH, # 6 #8E 800MPa #f 12t ~T,
1200MPa ¥ OREE N K ELRDHIEBDND.

(7, @EB BV O M B OCDIEb XD KEXELBE THD. Fig. 2.6(b),
() TBWT, BT OB O THAEEDFHEICL > TRKELELLTWEN, £
OEFICHBE IR OOV, OFHEHELEFig. 2.7(b) KBWTHEA
BRICIEDDE T TE2RAVIBFRBEA ofE B ERoTWVD,

PR, MEOIE N OTHEBRITEERNOR KIS AN ETOOT LI TOR
EREHRIN, BEXIEHDUBOSOCNEBEOZ®B ICOWTELEVER EINT
Wi oTo, I H, FEMICKA2EM FRIOKEE M EAERINTETEY, #
BtETMIZBWTYH, BT EFEETOIVE WOTAIROIG /1 O3 A dh i oE
TR B AOTHAOEELLELRS>TVSH[41,68,69].

222 HBROBEE R T M

1 W O3 BF fili 7 &

BMEER BT R BZOEMICTOVTWL O E I TWS[70,71].

Verleysen b, AV 7V RZEE LB A ZEIEGERZLARXOF & E b A
TTHREL, RES ROV TAELZAE THIFEZRELTWS[T72].
Fig. 2.9(a) BEBREBOMELRLTWAFig. 2.9(b) IBEEINLZTAF
UyRFOEZRLTWSD. RBAPRETCITA OB BB K E2D, WK 18
BINTWVD. b0 E TIE, FITH OO TAHAEZFALRFLTEY, &&E
EHRFEICLIIOTALBEREOR EFEEZRELTWA.

-17-



2. 22 FEM fRHr ks BE 6 Lo 7= o Bl e M T oo 2R

a)

fine grid o= epesimen ¥ {WONg SpOCIMEn 0|
4—1m?| T am\""“
’,

I oureut m[ -
Farce

O ot of comate
lera "

4
S hash

noldent wave
reaches spacimen

Source: P. Verleysen, J. Degrieck / International Journal of Impact Engineering 30 (2004)
239-253

Fig. 2.9 Experimental investigation of the deformation of Hopkinson bar
specimens. (a) Experimental set-up and high-speed camera. (b) Recorded
picture in dynamic tensile test.

g AEB % DIOIL 0T A B ERTEZE AL TR ESIRIVRBRER O
OTAHEAZFH B T ENIT I TWA. Tarigopula HiE Fig. 2.10(a)
WRTARTF YN —RABB IR EE T IV ATZR W DIC 0T 45
HEBAZZRBLT, BOTAHAEREROBMB L OB ELR A TWE[73,74].
Fig. 2.10(b) i, B MHEEEICIVHBEINZ0OT A HELIT—KRLED
DTHH[74].

a)
T
N__ o - 9 9 s
A ‘? cCD E
i - ) oo }

Source: V. Tarigopula et al. / International Journal of Solids and Structures 45 (2008)
601-619

Fig. 2.10 Strain localization under dynamic loading using digital image
correlation a) Schematic diagram of Split-Hopkinson Tension Bar. b) Field
of axial logarithmic strain, ex, at various points of time from simulations
and DIC.

FVUHIVE B XD EF il 0 RR 8

EERHEBEEL FTORBAEBRHBICTO AL —2BELT, 202 —
DBENEHE T TOTHEZHB TH2HIEITSTHLN, FUoH L/XZ—UR
AMBEBEIS, RX—DOREROBPRIZEY, BB =T — 123 ENH5.
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2. 1522 FEM T EE ) L0 7=b ORBE A H it o0 2R R

Fig. 2.10(b) IZHBWVTH, OTHBRIRINTWARWVWERITIHA =T -2 R 4
L@ CThd. B, IS aEFE X, REROTARIRETIED, BELE
N B —REPRNAIBER, NI —VDERIZEIDOTARBB R R EICRY
RTWVEVWSHERHS.

BEEREORF U HBBRASIZETIME IV OB EIL TV
[41,70,71,74,76-78]. L72L2 b, B O T HOFEEKFHEICOWVWTEE+
S IZH BTz o TV, §E 3R OFF 72 13 i 89 7228 B B ROV E | o & 2
ZL EEOEBEMBICHLT, AR ICHEMZSHOREREKRFEELRFTL
=8 & 134 .

223 B ETIRHM OB ELERESHTM

B o 28 I BE Al 5 ik

HEOHEERKEHEZM A THIENT, BMETAVEBMEZH WHRELE
HEBICETIMENTLATWVS[52-54]. REWLRBELERARREEL
Fig. 2. 117 7. & bREBEOLRRBR FEX, BEIATORBR THS. Fig.
2.11(a) IR FECHEIN-HEEIA/ TORBABBKEEZRLTNDH[79].
M 28m ok KE & 30kN O#EL% TE, R KHEE 24m/s OREBR A A]
BEThD.

HEIATORBRII, ETEHITEELZFHETEZLN, AWM TEESRHEO
REBEAEELWNEVOBELRDS. Fig. 2.11(b) I, BEBIERHB CHEEINE
HMEY—FRFRXoE ERBRETHS. AEBIX, £E% 1m/s 7»5 20m/s (2l
HWITHILBARETHHD, B KBS 10kN THY, M EMEKZEH LT
NEBBOEFRRBRLELTIRE AL AR B T5. Fig. 2.11(c) I, B ORmELE
ERBRETHY, be—V—Z2KEFMIZEHIETHELERSIESLH5KX[80]T
b5, A FARLEEF RN LRI, KEFER TORE OH HAEEL.

B STl DR RE

FEM T ERRLERGEREZUBRHFTIT2LT, TEEETRRBRICEE
THENRTYXHEFERL, HRESLEREZ - ELLTRARERZEM T2
WEELW. FIZ, B OO THEREKRFEETNVORIEZITODICIE, [ —
RBREAGCEREEZELITERABRILEINS.

HBERLO®MELEREGHLZEMITLI52T, FEOEBEMK OB REE
EHEMEORFENLERBIOHEEZE/FECRETHFORMNIZIEETHS. #
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2. 22 FEM fRHr ks BE 6 Lo 7= o Bl e M T oo 2R

Bl 38 EE 590MPa 77 AETOHMK AR RICLI=MFIEITZ VWA, BLEEH BEA
TWH980MPall FOEEEMK OB ELE R FHEIZOVWTOER T —ZiTD

IRWDRBRTHD.
a) Drop weight type b) Hydraulic servo type
=== ¥

TR TR
Trgan in dbry Ge A weagi

eEar

National Defense Academy of Japan Shimadzu corporation
Max speed : 24m/s, Weight 3000kgf Speed : 1m/s~20m/s, Max load : 10kN

c¢) Trolley type

Htiwmﬁilyrt
Norwegian University of Science and Technology
Speed 10m/s, Weight : 986kg

Fig. 2.11 Example of the crash test machine, (a) Drop weight type machine,
(b) Hydraulic servo type machine, (c¢) Trolley type machine

23. A EDEHB

INFETHRRTEEINE, EHICERBEILIRIZ 2R EEEENLLOMR
SDHIZ, FEM IRz A L-EARF - BERBELLEFOEEMS
BEREW. FEREOCEVEMARHEZES 751X, FEM @T0 T8I K ENLE
EiahXehd —FH, ZeHmbt BELALZER T, EEFREHMKO
%, ERHLIEALATVSD. M EOREE(Licebiaw, & 28 K O ki B 2
BEINDEH72Y, FEMMH T M ESK OE -k b 2 8 2 & 8 (27 3
FTHZENRRDLENTND.

FEM BirHER EIC3EEHEFEOLLLT, M OE R E8 2/ E
BEIZETIV I THILERMLETHS. i, 2 FEM Hr 2BV TiX, # 8
DEFREHOOTAHEERGFEHELET VLN EELRD. & EE KO F
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2. 1522 FEM T EE ) L0 7=b ORBE A H it o0 2R R

B MM FELLT, BRATI VR —ERFERINTWAR, O T4 H
DHE CHEBZITORMNBZNWEE Z2DND. & #E L ORI H R 1oV TUT,
WSODPDIMRFBERIBEINTVED, BEVEELLVOHRIZOWVTHR
I OREINTFNID . Fo, HEFEMMRITEER L2HBF 7552 T,
R EROZ Y EZRIETEDL, BEORWERT —I0NEELRD. BB E
HBaEHEMET ML LENAYMIEHREORFELEREZBIZONT, BHELER
F—EBNAEERNTHWEN, BEDMEATVILERBEMRMKICOVTRHEN
BRIV BRVONRBIRTHS. MAT, ET/VELOREL AR ICIT% E
AT DREB TITONIIER— BB THID, amEE R E&H T
OTHEEDOEEBICAITOIWEIIDLRVOBEIR THS.

IOIOREERDPLAMETIX, MBEOFEEEFR, Bk £ 8 25 £ T
TEHORBR T EORBZITV, SEEHREMBKOBMYE, WM HFEZRKAIC
BHONCTHIEZBENETD. EBRT —200HE E FEM it oM €7V
EMEL, SBEMKERAOLDOEZE FEM @EER LICFET22L%
HIELTWA.

AEFFEOT T —FIZO\TCFig. 2. 121IC8FELT-.

T, MM oS EERORERBLRD, TUAVE B REEREZISALE
OFTHFFHB AT LZEE TS, kD DIC FROTUVF LRI — DRI
Kby, RAWLREFOZVyFZ2EBRE T LT AVIVILIEY, M ETE
EMICOTAFHBFAERFEZRETS. SIRVERBEROVOTASME
BIOBKMBRESEEMNICEHAL, TOZYEEZKRIET5.

OFI, MOTAHEERICKILEME - FMm a5 A%V
PNR—FRAEESBIVRBREICREEIATEZE AL, 7VXVEB O T HEH
BIcEko2mESRVRBROBBEFEZRETD. I, AFEIZIY, &
OFTHEEHRBBTREZHAL, BB RIIRETOTAEEOCEEZHL
PIZTH. AFETHEONEERT —¥00, OFTAEERELELZE B LM
BrETVOERENMZRL2. B EAFAROREFBEZEE TS5 270MPa
~1470MPa O#IK O Bt 7 —F X — A EL 5.

HEHRMEATREL2EEEFABRBZEARL, BSMERFEICRETEED
WEIPERBEICTHEM T 2825 ZoFMEREICLY, 980MPa~
1470MPa /7720 EzE A LT 8 M0BELERHFEEZHLNICL,
FEM BT HEELRIEICTEHA TEZ2, BBERERT —FX—ZAMETS. [
RRl, BEZERBFEEHICRIZTRE, RE, M ER, BEFEOEEZHL
L, SR EMRE R I E E MR E~ORFEHZHLNITS.

RELELEGESBVRER, SEZEZRRBROSAALLT, "y M ETF L
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2. 722 FEM fRHTHS B ) LoD 7=3d OB AR H T 0 7 RE
MOBEEFEMIT 2TV, EBRERLOBLBRICIVEN FEBLIOME 7T
NDOFEBEEZRERTH. SO, Bk FE M S A oS B Fl L LT, 2Ry MNaE il
Mgt 2R 55, Z0ORNT, KA THRBLET VX NVE B OT HEH 2T
LERWT, ARYMNEERIIA L EZHBLEM B OLE R X8 BSI O KR
REEBILTHIHEZRETDH. BB, EEOEERF~OIEHBILELT,
BEBHEOMEEHEELER LN LI, M E23 ELZFEMMIr £ i 5. # ¥
BIOEEZE ELTH2ZLTHEOBLIZEET OB M 2 E 8 L, 8 8 CH
EHEORVEEABEEORITTEZIT

IROOM B FEMEMBLIOHEFEMME ET L oEBEICLY, &R
EMkzEAL-EERRFOGFEMERN LICERIT2ZL2BELTS.

FEMHBETIOBRELICLY, SAEARTERAL-HEEREHERIEA LICER

FEMIZ&AHEE - HH BT RE~ DL A

-BEEE B NSRRI REA~OBA —
B B &0 & OFEMERIERET A~ D15 A
— BTG - TR X — AR T MR ARET
weEpREDs || ARMERSONE-BESEINOLR (6m)
norBHmERSE  (FE] EREHLOERE TR
270MPa~780MPa - S FE AT RE AR T BB A OB 5
ANy MBS e T HRERREEAL-EF LBROBRE BRI LR
270MPa~1470MPa [%5E])
FEMMHETILDB | BUT ARERICE 5 - BT AT i
HEL AL (B4®] ) | . Fos Lm0 T AHAEGALEEEIEYRBEOMS
270MPa~1470MPa T UM 53 O 050 0 A 5 4
BUOT A — UTHEEEFREFBLUHBETLOBREL (g8
O R emtots FUyFERBRICESBM0 T AR AT LA
VDT BATELOERE T, WERBETRIL

BIEROBRFOT A5 [53%]

Fig. 2.12 Framework in order to enhance the optimum design technology
for the automotive body structure with consideration for light-weight and

crashworthiness
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3. MRl R AL D= O F VA NVER O B EHRI B O BR %

3.1.#& &

kA B OM BFFEAM 5 BT, JIS THRHESH TWAE EVRBRA— KRB TH
L0, MBERLLT, OTHAEBREIRSLLE, HUHRNOOT RO — 2B E
Te2<i2Y, ERLOTHAEDFHE CEARWARERDS. Fig. 3. 11X JIS LI
I25|RVARBROBEREZTRL TS, ¥—YK 50mm O OF THELEZARK
S -AHROTHERZRICRT. BBMERORBRAOBREZHR T5L7—
VENTKUNBEBAELOTABAY — THHrZLRlbnsd. MU OHEIL, Z
DELFHOFHOTHERE ML TWHILIZRD. @, FEM T E7NVICKLE
72 True Stress-Strain Bi#Ri1X, ¥ — M RETOTFT —F056 Swift 28O n Fi#
LRI THELPULTEHL, - ORI FEELRS.

WWrEZE B LU FEM BT ICBWT, IMEMETOIR A OTHBEENEE
LD, BT, W 7F9ATITRIEDOEDIZI, ORI OT AE DR
ELEETHD.

AKBETIT, BEERZS, BHFMoEEENLOEBRLRS, TVFVHE
BRBEERZEHLEZOTAHB AT LAORBBLY, AiFJE TR ELLEH
B 7NV L%R 5. HABRES OV REZEB BB THT7 LIV AIC
X0, M ECEEMICOTHEHBARELRFEZRETS. SIRVERBRO
OFTHDMEABLIOCENASZEENICEAL, 2O Y HERIET5.

14001

1200F
. Diffused necking
~1000f True !
g stress-straincurve | ' N S
= so00} \ PSS .\
@ i Swift equation
o 600 B fiting extrapolation
»n |
400 - . \
Nominal | Fracture
i 1
200l stress-strain curve :
I
0 L ! . : 1 . I | |
0 01 02 03 04

Strain
Fig. 3.1 Stress Strain curve measured by tensile test
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3. MHEETAI R (LT O F 2L il O3 B 2RI A OB
3.2. TR E B VT &5

TREOFEHMOTIER, RBAFBANOOT 450 8% i ickoit
B FTH2FEPBEINTWS[81]. OTHFHBI FiEIX, TVXVEGEREF X
(DIC) & TV ENT AR FARN FRICKBIENS. DIC FR T, RBEFIcATL
— R ETITUELNRE—V BB L, NEI—r <y F Uo7 EICED, ERRE SN
TUNVEBRNPOE NI —CEBOBB EEZFBEL, OFTAHEFH B THHIET
b, Flr, TUVINTHFRTFAN FRIX, IATGMNBERE T H-ODO~—ht
FEICZUYREZEBEEINTEZRBR A 20 <o mrbiREL, 3SR TICEHBIX
N7V RAyvaMBro 0T H2EH T2 THL[82]. EhENAYYE
TAV I RHDN, BEHEORBR L, DIC X TUF LRV OEENRKELLD
WL CEEMICOTAZHBITI2ZERELNEVIRDD. iz, TUHL
TZHARTFAN F RV R F R D7D, FEM BT OB NRE S THhHENA
Vo hB3o28, IR T VFNT 87T AR F5 R E i B 728 69 O3 2 5 Bl 2%t
o TERWEVOIRBERDHS.

AFRTIE, WEOPEHFEEZMEL, EHEMICTPILVER NPTV N E
BJRLTCOTAHALELEZH BT IVATLZMBICEAFELE. DIC FRXRTHWS
FGUHLNRE— X, BRI OLIRREROTARBETIRE, X¥—0
BB AR BN RDHILONRI—UDHBELTLEIZLAZ V. R KR ICE
iRy F o TETHF LEZIR R = ERHWAHZET, BEEREH BLY
W EZ' 2L EMICEHE TEXHZEB83MFFTES. 72, ZUYFEBEZ 1lmm [
B0 smmERBREEEORY—VEE A THZLNAETHY, FEMAYT =
CRICHEFRE, F—VETOTASMAOFMAFELRS. MABBRXKIZTS
LT, BTy OERRESZ LR, FAERRBERE COKRxZ2F BB BIC
Xt Al EE 2 b AU IR &V,

25-



3. MRl SR AL D= O F VA NVER O B3 HRI BT O BR %

AR T8IV EEHEREDIC) TOBIIITANT SAN) AR
HASE 1~28 18
®\EhiE ER IR FRZEEZTEHIBE
BELI-SUF LINE—2D 778k I\y%:z'J“Eﬂﬁlll,f:'J"Jde
- -yl

b)) |:|/

ARARNE)
ALY
ARREE]Y)
s
i
i

BER

Mok |oFaEiEERIR TR L AR CUI SERETS

Fayop  |[ERPRMCEOREENOMELS |5 gonusammicnmL Ty

Fig. 3.2 Comparison of commercially available strain measurement system
33. TURIERICLD 3 RTETDRE

OTAHHBAEBOBMEICHIZY, TVXNVEB L3R TEEEZRE T57
DOFEFEEIZONTIR RS,

Fig. 3.3l 4X0I, 7V NVEBZRBL T2 R o ZEHFERICER 352
VEa—FEVariCBlTAFERIMIINTVS[83]. ZM LITEE O E I
RBEBINAIIATTHRESIN-HEREDII2RTOEBEF R THS. 2 RTHA
TERE m(u, v)2 3 RTZEM EDEE Mx, y, z)OBFZRIIR(3-1)TEREIN

5.

Aom = A[R|T|M (3-1)

ZIT, AT — N RGA—F A [ ZHATHNEATEN THY, h AT O E 5B
(au, av), BB F D EE (uo, vo), AWM RTA—F s ODIEREE TWVAH. RET
DITFNTENEN, BT EFETBHITI THY, MITRTIIICHATD 3
KRTZR EOfBEEFBMETRLTNAS. 175 4, R, TIZXR(3-2)TRENh 5.
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5 U N1 hy N3

A=10 a, vy .R=|nr, r, rs| IT=

v

(3-2)

NSNS

0 0 1 Ty Ty I

RG-DIZBWT, 4 [RIT] O 41 3x4 DITHITHY, chxE P LTHLUT
DIIITE R TED.
R, K, Ry A,
P:A[R|T]: Py P, P; P, (3-3)
By B, PB; By

ZOHAAFITH P FOBORMEEK THERININ, ZhbDZE K iX, Fig.
BARCTRTIONR SR E LICBERMOFTEEZR THXY—VOEELHIETHTY
ANVEH EO2RTEEOBEEIOHERE KE L FIETRE THIENTES.
PDIEDOARTA—ENEE TENIE, WATONME LEEEEZRX (3-3) 005 E T
BILEWTED. ZOFIET, BEOIATO 3R T B LF A BRETHIET,
HHEHDO3SRTERZIATUVAHBORERBE TCEEOIATE B MHOHE TS
IENTED. ZOH BRI =R EEx » 2 )2MLTD5, REOELFTENL
5. ZHUX PATHIOHAITHI PO BE THIENTES. 72, BB EH B3FE —
Vi EIiZHDERE (Z=Const.) THIENTENIE, RODHMBIT(X,Y) D HLip
D, ZOBEIAFTFINNEEENTZLIODIATHOMRERDDHILNTES.

x|

u R, B, B3 B, y
Mvi =P B, BP; P, , (3-4)

1 B B B B

NE g aN
777111

/

Camerat Camera2
Fig. 3.3 Rotation and translation of the stereo camera model
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Pattern recognition Known pattern location

. Parameter optimization

R, R, B B,
NPy P, By Py
‘P31 ‘P32 ‘P33 P34
Camera digital image (X, ) 3D points (X,Y.Z)

Fig. 3.4 Method to determinate the camera parameters

34 TOANEBUOTHETREBEDORH

i Tk REma L ¥ a—FEVar T AT R AER—R T DX VE B 8RO
THHMMEBZHARBLEL. BIRVABRBICEEOIATEZREL, 5| RVAR
FOOTHAEETERAICHB TN EEMALE. Fig. 3.51% 2 7AFHF K
DIATLERZTRT. Bl RVABRBICTROT VAV —RUVI7IATEZEEL,
HATGHEAE2a—EPbHELTER T ORBRAFZBE 5. B HI13JIS55
R B LA IChER 2 2 R ICKE IS FTBE TH D, i 7B 1R B2 R i3 72<,
— B EHAMAKEO 0.5 mm~2.6mm DX Al BE THD.

AIE CRLEIATF XV T L —2ar FEIZEIST, ZRNENDAATON B E
B E2RETH. Fig. 35T VINIATOHEEZRT. TROKRFTTVH NV —
BL72HA0WAZLT, “MiCEMREBEEOE G EZRE THILNARE THD. £,
BEDOREIIZHIGSL TV AZRBTHILT, MBEICHN TN TE
5. 0TAHFHBAOZYVYyRDOH| #Fig. 35127 7. ZUyFEYyFiEX Imm x
Ilmm CEMTyF U 7IZIVERERICEEEINS. A7V —FRXER R, &
BAEOERENRKEL>Th, ZUyRFRFE B NHZ LT, Wk E i o 0T
HOBEMNFARE LS. ZUyFEyFIXHEXRN BRI L TRKREZIEZEE TEXS.
BROBER/NZVyRYA XL, 0.5mm x 0.5mm EvF TH5D.

Fig. 3. 6ICT VX NLVEBIENL, OT AT ETOT7e—F ¥ —h2R 7.
FEEICRELLEMMBER (1 ~) T RVRBRPTORBRAIZHRE 75. &
N7 VEB NG, JVREZEB R T 5. Fig. 3.6TiX, Bk
TV REREAETERLTVWD. IOy NIIAE THLIN, B NETICH
NC, HAICER TS £7VyFE2EMH CTEML, P RE27VvNOMEL
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LCTEHTA. MIZYVyFhLbZzE@@BELEflzRd. 20O FXEHWHZL
T, RELEFRLETIVYRIZOWTHRE RSP LERE THIENTES.

OV RBBREEA2ODE B TITo-%, EAEH B TRBENTZTVvF
DO IEEBREZEHT5. 2000 A7 X FOME, EEBRAESNTVEED,
7V Rnb, ZO7VyRFO3R M BEAT VAR EO K ETRIE T52¢
WTED.

BBEEINTEZTRTOZVYFOIREEMEZELTXTEHTS. RICESS
JVoREZRBEL, 4ARHIE3ARERELZBEL, FEMMTLRAKOFIET
OTHEZEH TS EHINEZOTAERBRESINZE BRIV Z—HLLT
EEXXIN, OFT o MERHILTHIENTES.
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—

Tensile
direction

Digital ‘ 4

\

camera 1 \ /

f

Digital
camera 2

‘ I"\ "f
)

Subsidiary |/ \

!
camera { ~

—

g. 3.

Fi

+

E.

%
I

Grid pitch

1mm x 1Tmm
Camera system
Camera Resolusion(px) 4752x3168
Number of cameras 3
Lens 50mm Macro
shooting frequency 0.5Hz

Grid condition

Grid pitch 1Tmm x 1Tmm
Print method electrolytic etching
Grid Area 25mm x 100mm

5 The digital imaging strain analysis system

|Fittingel].i;lasebyg1ids| |Huingellirlrsebygrid5|

T
Matching two grids in
CAMERA1, CAMERA2

[ Output strain distribution image |
|

Output 3D database including

grid location and strain data

H NP V}

Fig.
analysis

3.6 Algorism and procedure of the digital imaging strain
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35. FCAINEBUOTAEAICEAMBTFMOEHEEL

RELLTVANVEBOT AR ATLAEZR WHIET, #RE R BR OO
THSMm, B EBZE BN ICFMTIILBARELRS. LT IZE0E A fI
ZRL, AFEORIEEZHER T5.

3.5.1. BISRYRBRICE T AR Z B D@

Table 3.1 BRICH V= 980MPa M 8 E S K R 2R 3. 2O
EX BRI BIVRBRICBIZEEOW M B LI HOWTFFAM 21T »72. Fig. 3.7
X JIS5 BEIRVRBRA OFRVEFRBRICBIZO0TAEEZFHBILZLD
ThAH. 7YX 0.5mm x 0.5mm ¢LCHFEMABROTHEZHBLTWAS. M,
BEREOTHOSHEZANT—CTRLTVD. BERHEETIIH R0 FTHBE
ELTHEN, ERMEUBROER CROTHABFRTICE D LTV 72342
ZH6NTWAS. LSO NORICKHBLUONBREEL, TAK FRICOTHBE
FIORFRDO»D. IR BAPRBEZE AL TEELL. Z0XDIZ,
WERDIE S OTHRT —ZOHRLT, OTAHASHOELEZEERNE T52LT,
MEtOW B 7t AN E RIS T8 TES. .

Table 3.1 Material properties used in tensile test

Thickness  Yield Strength  Tensile Strength EUm.tn TO“:.
gatic

Grade Material

i
() (Ps) (Ps) %)  Type

980MPa 1.6 697 1014 92 170 DP

Fig. 3.81%, IREZEREZE 2725 RVRBR A OBMB R L EZFMLbO T
b5. M ¥HiZTable 3.11Z/R L7- 980MPa #f Thad. ZHR OO M NS Kk 2
WCOTHEBEAELT, OTHRSBMTHIIER<ABADPERL THEWICESK T
PBEINTVWD. AFEEFTIOIORBREROFMICBNTLED THHL
Wz5.

Fig. 3.91%, ¢ 10mm DR Z]JIS55 5| RVABR A ICH5 2T, 5 RVABREIT
STFERTHD. RITEM M T THELZ. 3| EVER B IZRMICOTHPE G
LTHEW B REETIRFPBETETCWD. OTHOEFES VT IXRER
BALHEARTHBEBLTWAIER D).

UEDIIT, S RVARBROBW AL LZBEZITHIETCARFEZTIAED T
HHZENR LMD,
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Major
Strain
0.50
0.45
t 0.40
ke G bW G beer bew  beln | beew  boow | heew | b e 0.35
£.30
. 1500
:i? 0.25
s 0.20
1000 _— — 015
E el 0.10
» 0.05
g 500 / 0.00
E |/
=
0
0 0.05 0.1 0.15 0.2

Nominal Strin

Fig. 3.7 Result of strain analysis in tensile test of JIS-No.5 specimen

Major
Strain

0.50
045 I
040
Q.35
0.30
0.25
.20
015
.10
0.05
Q.00

GO 0.05 01 0.15 02

Nominal Stnin

Fig. 3.8 Result of strain analysis in tensile test of specimen with side
notches

foy bt b b G Ao deee b 030

Z
=
L]
8

a 0.15
=3 0.10
1000 0.05
@ 0.00
£ 5’30/
5
=

0

0 005 01 015 02

Nominal Strin
Fig. 3.9 Result of strain analysis in tensile test of specimen with center
hole
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352 BUOTHEHOMHSFHEM

FUANEBOTAHBZHVEZLET, KOS EVRE O &
[69,84,85] Th o7z, MUOTHIMOM B ZE 20 E LM T752LbmRELAR
D.

Fig. 3.10i%, 531 BVRBRICBIA2RvFXF U 7H@HBOWE IZBI2FEH O T A
ZEHBILT, BIRVFROOTABEICE FAOEHOTHOEEMRIT L
LD THD. Fig. 3.10(a) X, 5l RVEFRBEENOHEN T2EMETOOT 4
DA EHNT—THRLTWA. Fig. 3.10(c) X FEHOTHEMIT LW EER 7.
Fig. 3.10(b) 1%, B3I RVER P O EE(L LT W m OFH KK EOT&H,
EHBENEOTHOBEMZEALEZRLTNS. ZOOTHEHEILD, (KiE—E%
RETHIZ, KEFMOBHROTHAEHEETIHIIENTES. 61, KEF R
OFTHELEBIFRMOTHPORFAA 2 EEELZHEE TL2ILNTE, MEOF R
"o, BIS N EEEFH TR RELRD.

Fig. 3.111ZZDFE 12L&V, True Stress-Strain 1 —7 2R D=L DO THA.
B —ZERETIEERD JIS5 ZFORAOTHERE—-BLTEY, KOTHE
BF—20BEX+os@mnitdlbnd. ¥—YF 50mm O O # iz
Z 0.12 OIS OTABEMREFF R THILRTETHRY. —F, KFEIIZ
I, OF A 0.25 FTHEROBEEZFEM T22ENTETNS. 0T H 0.25
UBIZOTAHav - TRENDEIIC, MBIFTEmE A OOT HE — 23R GE
TERWED, IS NEORIBWICITEERE TILENDD.

M, FHEREOTAHAOKEEEL»D, BEM Y THLTOTAHAEER
AT LI REZRL TS OTHEEX, B OERUAREE NS 268 Mm%
RLTWS. OFTHAEE X 0.001/s 25, 0.008/s ELLTWNAILNbDMS.
DX, OFTHEEOENLOE®RSL FEM M EETVEEETLI L TEEL
EZbND. INomOTAMETOIE AN OT AT —F2ERT52LT, FEM
MEEFTLOEBELICE S TEX5LEZLNS.

-33-



3. MEEHlm R AL DD DT P2 VB O3 ZaHRI BT DB 56

a) Strain distribution

b) Stress-strain curve ¢) Local Area
1500 I
1000
500 Nominat str
0 |
< 04 Area fo calculate me
g 02 an Max.Principal strain in fracture point
S0
§ 0.0 feemosmmbeee O |
|
= 02 | Mean Min.principal strain in fracture point
| |
0 50 100 150
Time(s)

Fig. 3.10 Local strain analysis by the digital imaging strain analysis. a)
Strain distribution during tensile test until fracture, b) Nominal stress and
local strain history, c) Local area to calculate the strain

1300: T : : 10
1600 Soma il range of ] 1
Conventional Method Jué %‘c stMofiified by Strain Image Analysis
1400 /| B = 100
/ T —
& 1200 HEBIA rv,. 0
ot e |
< 000 ffﬁTU an wi
g _JISE'SELT'Im =
800 L
& — 107 &
2 600 — — 1 @
S — \ 5
400 — \\ — 10—3 -
200 Local Strai ifi U@%@W@F ]
4

(9[]0 005 010 015 020 025 030 035 040 04
True Strain

Fig. 3.11 Determination of material property in large strain range by the
digital strain analysis

353 TUANEBUOTHHAZCRALE-HAERREDEH

B RGOS HEKEF R R M~ A

BHMr HEOOFHEEEICOWT UL IS TWEDR, % ELT
WBDIIEY —H RETOOTHEIR[86] T, LI LLREH SO, o B
WricEA2MEBOERZEBHEZME LR LIIAEZ TN, LB IZBITS
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SIEBVARMOEODTH(e JICHLTERFIFRAOOTH(e JEHREFROOT
H(e )DL ERFTBRTENTA—F Rioecar LERBL, ZERBEF D Riocas DE
LZBELE. EEL, MEFMOOTH ez IMBOERE - EZKEL, B
BT THESND ex, ey POEHLE. Fig. 3.12LRAMUOTAHADE R %
<9 . Fig. 3.1312, 980MPa m B EHFR O R ET B F % T A—F Riocat DB E
il 27 9.

Diffus_ed neck Localneck  Split split center

F

- i3n Determination of '
Sequence of deformation split center point

Fig. 3.12 Definition of local anisotropic parameters

0.400
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€y (in G:L8mm /GL:2mm)

Fig. 3.13 Local anisotropic parameters measured by the digital
imaging strain analysis

RERFE r EOOTHEFEEZER L, HEBETLEZAVT, JIS5 &
SIRVABROBMT ZB 2 HEL[87]. A THLNH E LA —I D%
#Fig. 3.14IC7 7. RATR A r EZ2EE 28T, MEIME T 524/
IREBRMBRE-BTOILEMABLE.
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RBARFHE rEIZO VT, S B ZOEIEEZRFTTILELRDHDHN, KB
FTRELTVS, ZIvFRBBRICIBTVHNVE B OTAH B AT LOHF %)
2R TRERO 2 THS.

FEM

=
L=
L

= === Experiumental

(™
=
L

1

Force (kN)
ls

0 2 4 0 8 10 12 14

Stroke (mm)

Fig. 3.14 Force stroke curves calculated by FEM simulation using material
model with the anisotropic parameters
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36. %5

AETEK, MEOBEEREZHBIVOHFR G OFMENROSE ELEH
BIC, BRBEREREZEALEOTAHB AT LAFELZR EZ L. Table
B2ILHAELILOTHIHB AT LAOMEREFBEZHROOFTHEHB AT L
HEBLTRBELEZ. KRVATLAOKFHKIX, ZVyRRBEICLY, B EMETRE
LTOTAFFBEIFTEE THAHZL, st Bl L& L3 W ol 5 ot s TE5ZLT
H5H. 3D, MERRE THLHZLh R AREBICCAFERZADREI2FI AL
ZZT05.

AFHB AT LEG RVRBREBICEAL, 5| RVER S OO &5 # 4
RERL, TORBHEZHLNICLE.

AKETCHONTZEREZLU TICRET5.

1. ZRBEOOTH A EAOEB G H, RS2 L TH5ZLH7 RE
Ligole. ZUyFRBIZEY, BMEMECLEELTOTAHBAETHD
TLER L. ARG EEMROBELE B RLEE RN IZFFM TS
ZENRF R Lo Tz,

2. R ROTHZRETIHIIENTELD, IREOREZETIRBAF O
OFTHEBLIOBEM O T ALt TR ELERoTZ. ZOEFILEL
T, 980MPa & 58 B il R 1235175, B R XK B8RO A B Ik o B Iy B
BOHMEAER L. BEHICEIRMELZLLBLOCOTASMELEE &
MR AL THIILERLE.

3. OB ZHWEIEROR R FHE CIXE R AE S 2| O3 Ak 0 k2 8)
EETNMERA R CTHIILEZRLE. RN Z0THEZFH B T528I128Y,
mOTHEROMITEAAZHZHAL, ET M THILRAETHLHIL
LTz,

4. BIEVERBROBNOTAEAOFHBE IZXY, BFHFHE r HOOTHE
FEHZHB TRE THHILERLE. ZOM B FA—4%%E E LI-FEMf#
Fricky, BB L OF REE »m L3262 07.
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Table 3.2 Specification and feature of the digital image strain analysis
method
BAF TULLERFEREDIC) |TIUELIARTSANAR FTORAIEBRUT AR T L
GOM#LBIARAMIS GOM# BLARGUS EHE
HAS| R FE [1028x1024pixel 4280 X 2840pixel T2V 18B/4752x3168pixel
B# 1~2 1 1~2
INE—2 S LB— Tk 4'1)F(05mm, 1mm, 2mm)
N7 i& 2% BRIVFLY ERIVFY
e S EEBE FEEEXTEHIBE A 5— 1 L BF (1 fos ~ 60fps)
FREETA X ) o)
| EEEHR 0o x )
3I3RYEER TL AR & SI3RYEER
Bl Ly FLRARE TR &
SREE T EBREE, i
FOih ?ﬁﬁﬁjﬁf%ﬂ)ﬁﬁﬁ%iﬂiﬁ
P V'J‘vt-jiittzah:JIUf?}l:ﬂlﬁﬁlﬁE
RifAE T RN ASE{E AR
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4. TUORIEBEBUOTHETRIZLD
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A1. ¥ E

2EBIZBWTC, RTF YR —EEZHA WG ESIEVRBR FEOBREOVE
SLLT, OFTAHFHBOKEERM EEZRLE. R7XF YR —ETIE, RBAFA
S DA ABOEMNPOOTHEZHB TH20, ANTOOTHELETEHIC
RETHOTAHRBICENELDIZODTHS.

BOTHREEHROE HOTHBRBIZOVWTEZLOERBEEIRESLTH
L0, EROWFIEIL, M FICOTAHEEOREZRAELLLDOEL, ML
B OOTAEERE CHEMICHELEZGFAIZD 2. FEM@FHEE om k
WCBWT, MMEEETOIVE WOT R OIS /1 O T A dh R OE 7 Ak R0fk Wy
RAOTAHOEBIELBSLELESTNS.

AETHE, BESIRIVARBROBEELZENIC, MMECRRXETVHZLVE
BOTHHBOFEZICHAL, OFTHFEE 10%/s L EICHIE TEHRS XY
VAR—BIEEVRBR L, OFHEE 10Ys HMICH IS TXoHERX B EHFIEY
RBRIFEEZRHFN T2, Zho0BIEFERRIY, ROTAHAEREROBEER B
JOMMBALL2EREEICTHFM CEAILEZRIEL, OFTAHAEEREFEELZESEL
MEBETLVOERELERFN T5. BGONEERER»S, @BEEHMK OO
THER, BHRBIZRIEFTOTAHEEDOEEBICOVWTHRE T5.

42. TORALNBERBRUOITHEBMESCRALEEESIRYEBRAED
A %

421. B EEAASERBRUOTHBITHE

AMET, BEOTVINVIATEHBNOARE T, ATVAFHBORETEE
DHAZE B PO T HEFHB T2FEEZR . |ESRIRBROLOIC, &
BAVPEANTERETIEAIE, LT LHEEKOIATIINLBERL, ODEDDAA
STHLOTHZE B AT THH[83]. Fig. 4. 1R T oIS, eI T &N
RAEFEE E (Z=Zeons: ) 1 ZHDEEHE, WATITH PHRBEEM THHIATTHRE
L8 (v, v) XU DEHAWTx, yEEZRDDHIENTES. £ T,
HAGITHIPHR EHEADOEHEEIATIEEZRA VWG EFI EVRBREE O
BrmatLi.
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u A, B, s By v
Alv|=|P,P,P,P (4-1)

22723724

1 BB BB T

Tensile direction
High-speed camera Virtual plane, Z=0
@ nad
AN
_w[nen

Fig. 4.1 Method of digital strain analysTs_ method with a high speed camera

422 HMERMBAKXSESIRYER (VT HEE 101/s)

Fig. 4.2, MEHB A XNomEFIRVABROBME[66]ZTT.2 KD ¢
10mm HEOE I, RBAZEELMET7Fac—42B#H+52LT, R
RHIZBIEBVEFRZE5 25 ELoTCWD. RBAOERFMEIILEICEAMNL
FOTHS—UTHAEINS. WEBEOBBEIEMFICIVFRMEINS. BB
FOEECERELEGEEIAZICIY, RBAFRBICEMR -y F 7Ly
FE g 2B ¥ L, Fig. 4.1 CRLEIIATHFEOEH GBI ICLV0 T A %25 H
3%. Fig. 431, MEHRBEAXNEmESI RVRBREBONBEELE EE AT
THREINERABAIOZEREREZRL TS, Imm x 1mm OFZ Uy REZEHI|Z

BE TCEXTWVWAILRDMNS.
Spot light

b

Specime!

Hydraulic
actuator

Strain gauge#|
N T _
(@10
NSpecimen
holder

Displacement ' Lens: 100mm macro
Output signal : V2 transducer g \
Trigger signal & High-speed video camera

Qutput images
Fig. 4.2 Hydraulic tensile test method using a high-speed video camera to
measure the strain distribution of the deformed specimen
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Fig. 4.3 Photograph of Hydraulic tensile test method and example of
captured images

423 mTFVON—FRABEIBRYRR(VTHEE 102/s~)

Fig. 4.41%, A7V bRTHF oI N—FRER—AZK B LE-EES EVR
BEEleelzmLTWD. RBRA A NBLH IBOMORBR A 7404 —THE
ESIND. TOANEBLHAEITER 10mm TREIFXENLFN 6000mm,
6050mm L72-> TS, 0T AF —VITRBR A 2206 750mm B Av7-fL & I3
SNTHEY, ANWBEHABEOHEMEOTHZEHE 5. ARBREE X, 137
MEEZFEDLTIC, ZVIv T EBTRFESNEZANDBEO—HICHET I/ F 2 —%
Lo THE IV 2R FITEIHFREZEHAL NS, 07V FEBEIX, i
M E TIER SN TEY, HEICIVANBZREL, RESAZEE D XLY
—ZBEEOCEKTS. ZTOR TBEKRABEO THLD, AHEEZEETD
M, BENRERE LS. Fig. 4.51%, "7F V0 "—5[EVH B
BEABRABESOEEZRLTWS. MEEIAZIRBR A OB LICEHES
NTWE. BEEIAZTIZIVREINEZRBAOERREOH 2RI, ARvE
FAMZEVR B A HEZBHATHIET, JVEALREBEZHBHIZENTETNA.

Fig. 4.6IZ R T XIS, AATBLH ABEORICEHESNZRABR 2 8% K2
FoTHEILEIRVERZEZD. AWBBIOCH A BZE B TOHMERITE
F—U#1, OTHSF—VH2THBENS. Fig. 4.7 X0THF—T #1TE#I
SNTEA N Ee: &, OTHF—V#2THBAISNZZ B K e DBl ZRL TS, =
DOTHIFEBRNS, RT7F UV UBEORHERBZAHWUN N ZEH $52LM0
T&E5.
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o

Fig. 4.5 Photograph of the split Hopkinson bar method acquired with a
high-speed video camera and example of captured images

strain gauge #2 strain gauge #1

N

E, Ay p U U~

Fig. 4.6 Principle of the Hopkinson bar method and progression of elastic
waves in the bars and specimen.

0.05

i

< 0.04- : .

S—
£ 0.03
“ 0.02

0.01

0 iy - | - -
0.0 05 1.0 1.5 20
Time (ms)

Fig. 4.7 Elastic strain waves measured by strain gauges #1 and #2 attached
on the incident and output bars

424 TOALEBUVTHBHICEIIEESIRYVEBREREL

TUANVEGBPORB A FITHOOTARZEEFH 75281280, 7€k
DRTF IR —EDBRETHoT-OTAHHBBEOX ELRF L. Fig.
4.81%, OFTHFHBABERIVEITHEOEMEBZR ETHHFEZRLTWD. 1
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F—VE IoOMBEOZIYFOBBIE2T X NVEBRMOMEITL, FREBFREZ
L2 It BB TS. OB ERE2S, X(4-2) TAKROTAZEH T5.

(A N B B
]
. |
L
[ '.C:)
[ N N 'o
rPe® 4,

| IO I [ l(t) |

Fig. 4.8 Measurement method of displacement in parallel area in the
specimen by the digital images with strain analysis

Egominat(D) = L) —1,)I;, (4-2)

Fig. 4.913 AV F NV DORT X0 N — ik TR LIS 71 O3 2B 4R &K BF
RTRBELETVAVEBOTAHAIZEA LR ES RVRBRICXZIEH O
THEBREZEBRLEZLOTHS. FVVFAVEIZBNT, BEROE 1D H
B0 do/deix 61.4GPal, SR DY 7 F 210GPa il R TEVWVE L2-> T3,
—J, TUANEBOTHE B EH W E T, do/deix 195.6GPa L&l
Sh, BEMOWMELL EXVEIR Y RELL 7. Fig. 4.9121%, GL50mm
D G TIISSERBR A OIS N O T HZH AL R Ty LTS, T
ZVE B ETHBILEH O A E XX, JISSOFELIZIEF—HLTEY, #
HHICBWTOEZ Y RFRBFEZALTNLILRDNS.

FVCFNVNDRTFR I NRN—ETIE, A WBEHABOEHOEMILOT
Bt T2HETHHED, ABRFEEROHEZERESABR A Fry/78 o
H-BHEEROREICIY, ERCRBRAEITHBICEETIOTAHAELIVE K
WCOTHEZFMTHEE B HDH720, ZOXICHMEROB ERENE T +5&
Zz2b5[72].

Fig. 4.10i%, AV FNARTF IR =L ETUVINLVEB OTHE B TED
NEABROTAHAOBEFREZRLTWVWS. ZOBFKRIE, ZEOMICHTID AR F
VIVN—EDOOTHBMBKREL, OFH0.05 YL LIcRZETTENVOT A8
B L1 1OBERTEMTI2EBEL->TWD. ZOR/BRIX, EROHIC, F
¥UZLRBATIRUERRAE, BELZREBEATI RIS AR M THL, £
DT RYBRRARY, TUFVEG THB SN0 TAHAOEMEL— BT854 L
EZz21bnb.
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1800 T T T T
1600 r Material: No.4/980MPa
- - do/de= 195.6GPa
né 1400 do/de= sLhaP with Strain calculated by digital images
L ag/ae= . a

® 1200 / -

% 1000 —

£ 800H \ i

E I -

20 600 1 Static test / JISS |
400 with strain calculated by original hopkinson bar theory 4
200 T

). T T S A S
0 002 004 006 0.08 0.1 0.12 0.14
Nominal strain

Fig. 4.9 Comparison of the dynamic nominal stress-strain curves analyzed
by the original Hopkinson bar theory and the proposed method using the

nominal strain identified using digital imaging analysis.

0.20 . : : :

by digital images
e
o

o

o

o
T

0.05f

Nominal strain measured

0-0 ~ -2

1 1
0.00 0.05 0.10

1
0.15

0.20

Nominal strain calculated by Hopkinson bar theory

Fig. 4.10 Relationship between nominal strain calculated by the original
Hopkinson bar method theory and nominal strain measured from digital

images.
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43. BEREHROEE BHEHICREIITUVITAHAEENEE

UEDIST, ZFTF Vo NR_"—F X EEFRVRBRBICREE IATEZH A
L, 7VHNVEBOTHHBICEI2EmES RVRBROB K EL R T,

OFW, AFEERZEHAL, FEEHEHMAKROFES RVRBREZIT W, #
BETNVOBBEAOEDOOER T —F2METH. BOoNEERERNID,
MERFA—F2EREL, OTHEEKRFEEZEE L FEM M E 7 V52
S5 301, MOTAHEERBEHASZZHBIL, BFEHRAZICRIZTOTH
HEOREBEZHAOLNIZTS. CROOERT—400, BB HEAMKROMELR
B %M &S5 27T0MPa~1470MPa O8I OM £ F —F_R—2Z2HEEL 5.

4.3.1. R #

A OTHEBRBEIOCOTHERZEBHICREIITHEFEOREZRAE T
LZHI, BEEBEESNTVW2BEHHEAMELZIZIEMBEIT2EEL XL
270MPa~1470MPa O# £t &%t %2 L7-. Table 4. 1123 B (26 A L7=#f £t
DBERBE, BIRVEE, MM OZ2 R T. THAENOM B EIXJISTH
EEINFIEVRBR CHELKL. No.6 ZHRAESNTCWAIE B HAHFEO
B RIME LD 147T0MPa D7 AV~<=AT U8 Ths. Fig. 4.111%, 6EE O
BEOARIEAAHBOTHBHREZTT. 51 EVEE X 10mm/min T, f# KX
GL50mm O O'Et THIE L TW5.

Table 4.1 Mechanical properties and thicknesses of steel sheets
(along rolling direction).

M atenal Thickness Yield Strength Tensile Strength Uniforfn Tota}
= Elongation  Elongation Grade
No. (mm) (MPa) (MPa) (%) (%)
1 16 162 288 278 537 270MPa IF
2 16 315 440 206 384 440MPa Low-C
3 16 380 630 196 322 590MPa DP
4 16 697 1014 92 17.0 980MPa DP
5 16 799 1169 76 133 1180MPa DP
6 16 1256 1494 45 89 1470MPa M
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T No. 3 (590 MPa)

I //— No. 2 (440 MPa)
—

w
o
o

| . .
1500+ No. 6 (1470 MPa) B

? = 4

& 1250+ 7

S No. 5 (1180 MPa)

@ 1000+ No. 4 (980 MPa) i

g i

»

s

£

E

3

N
w
o

No. 1 (270 MPa)

I I | I | I |

0 0.1 0.2 03 04
Nominal strain

Fig. 4.11 Nominal stress-strain curves for materials with various tensile

strengths

432 VI AHEEZLELSELFIRYRER S X

OFTHEEICS L TRR2EABRE CIIRVABREZIT o72. Table 4.2I2F 1
ZROTHEEICBIIRBA A7, RREE, OTAHAHB FEE2TT.
Fig. 4. 1212B M -mEFIRVRBRICAWERBRABREZRT. 247 A BD
RBALEHIE 3mm, FY—VE 10mm OFEFTHEALTNWS. TUXLVE B OT
HEET, BHRORBRIX, TOINVIATE2ER VWEATLEF R, OFHEE
101/s, 102/s DR EFIRVAR TIX, MEEIAZICED1IAATHF XA W

Table 4.2 Tensile test method for wvarious strain rates and strain
measurement systems

. Target speed Specime: Stram analysis
Testing method = =
estmg metho Veloctty  Stram rate Type Width Gauge length ype Frame rate
Static tensile test 0.0lmms | 1075 Type-A 3mm 10mm two-camera system 0.5 fps
Hydraulic tensile test 200mm/s 10's? Type-B 3mm 10mm one-camera system | 10,000 fps
Hopkmson bar method 2000mm's | 10%s? Type-B 3mm 10mm one-camera system | 59,071 fps
a Type A b Type B 18
R3 2 " R3 & %
IR /A o =
Y YL vy
10 10
46
30

44
Fig. 4.12 Shapes and dimensions of the tensile test specimens. a) Type A

specimen for static tests, b) Type B specimen for middle-range and dynamic
tensile tests.

-48-



4, FUHVEE T B EHRNC XA EE S R BBk O & A
433 EBRER

SIRVEABRBREICBILZOT RO s /) DZEAL

GREEOME 2 R ITToHNBLUOCHNIEVRRBABOOTA LA
HE # B A Fig. 4.13Fig. 41812 7+. M nar#—ix, ZUVyK lmm »HE
HINEBEREFOTHEOSHAZTRLTVS. 5l BB BIOHEK T TOE B
DHF NG, 6KEOEH G EZBRUTCKHRINMICERLEZ. MO TEHICE, #lES
NEHEHOBEMZEEZRTLTVS. IO—2FZTNETR6EEOOTAE#
BELNZREMEMFIELTVS.

Fig. 4.131%, ¥ ¥ 270MPa M O EVRBREREZRL VD, 0T Al E
103/s TOEBIFIRVRBRICBWNT, RBEBBMNG S; [107 s]ETH—-EE N
BEIN. ZOBRME, S HIXEKIEEZRLEZ. S;[107 sJUAEE, BB A I
COTHRERLTVEBBZBEINSE. 8, [137 sJITRTOT R AT, R
B P RICIEBRSONVRECTCHHILEEZRLTS. ZOBEM, I A IXEFLTY
HEM E72>TWD. S5 [167 sJIZBVWT, REFMICOTAHAREEZETIRHLY
DWRENBEINTZ. BREFROOTHABREETIIONTSE ABE FTLTH
5.8 [176 sJIXEW EABER OO T AL HZEZR LTS, TOE %, M N%E
ALl MESIRIRBRZHA W, OFHEE 10Ys IZBITH5 BRIVRABR O
RETHLRBEOOTAEE, £9, HOBRA L BB EINLTWS. B KIS HET
L7z M, [15.5 ms]IiCBWVWTH —EREPBEINTWVWAD. M; [22.2 ms]ITRABR A
FRIZCOTHEFBRETIEEEZRLTVS. ZOBRBEPOER NI
NTHENMETIT2BREBVBEINTND. My [40.5 ms] X W E 8 OO &
DA ERLTVWD. AERIZ, OFTHAEE 102/s OKRTF VRN —EIZBWT,
D; [0.81 ms]IZILBKONBHEELLERDOOT AR M EZRLTWVD. Z OB [H
MHOEFRELELIZIE I DNE T I 2@ M EZR L. D; [1.50 msJIZRA B = I20
FHEFREBLEZBBAZRLTWS. D, [1.80 ms]iZRAIKOCh DR AEZRL,
D6 [1.89 ms/iZWEW E R OOT Ao MERLTND.

Fig. 4.14/»bFig. 4.181%, #hZh#r ¥ No. 2(440 MPa), No. 3(590
MPa), No. 4(980 MPa), No. 5(1180 MPa), No. 6(1470 MPa) DO F %R
LTWa. WTFNOHMEHZBWTOAFEICIVERN BB RVERBREOD
THGHEEFRZDIEICRHLTNS.
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Material : No. 1 (270 MPa)

Strain rate: 107 /s Strain rate: 10° /s

Maximum principal strain

distribution

S :_w M e
[41 s] [9.6 ms] - .
S2 M, 5
[752] [15 5ms]
S5 M; SeRe
[107s] [22.2ms]
S, cJERSR - IOT = 2 M,
[137s] [29.3 ms]

Strain rate: 10° /s

D,
[0.43ms]

D:
[0.81 ms]
D;
[1.17ms]

D,
[1.50ms]

D;
[1.80ms]

Time-Stress

curve

gﬁﬂﬂ
. E.quu MHM2 ‘Mg.* M, 1
]
J Ezﬂu A:‘f.ju 1
o L LT \
‘0 s0 10 150 200 250 g 0 20 30 2 50
Time (s) Time (ms)

g 600 T T T T
D
E 400) D: p, D, 1
]
E 200 D; 8
2 Ps
% o5 1 15 2 25
Time (ms)

Fig. 4.13 Analyzed strain distributions during tensile tests with
various strain rates (103 /s, 10! /s, and 10° /s) for material No. 1
(270 MPa)

Material : No. 2 (440 MPa)

Strain rate: 10" /s

Maximum principal strain

distribution

Strain rate: 10 /s

M, £
[11.6 ms] 2

M,
[15 .6ms]

M; |
[22.3 ms=]

M,
[20.3 ms=]

Strain rate: 10° /s

Time-Stress

curve

8 400| T .
-.’Z-i{ﬁ
. 200 ] .
0 50 100 150 250 300 3s0 10 20 30 40 50
Time (s) Time (ms)

25

Time (ms)

Fig. 4.14 Analyzed strain distributions during tensile tests with
various strain rates (103 /s, 10! /s, and 10?2 /s) for material No. 2
(440 MPa)
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Material : No. 3 (590 MPa)
Strain rate: 107 /s Strain rate: 10° /s Strain rate: 10° /s

S1% 1 D,

- [50 5]« [5.8 ms] [0.28 ms]
= H
b Syt
w [86 s] [9.3 [0.60
ER-
99 S 4
: ; [119 s] [12.7 [0.91
—
= =
o 54
£ L r1st s] [16.0 F [1.20
= = 3
E S5 < e
z [181 5]+ [19.1 [1.46
= s, 08 - b,

[236 s] == [20.9 ms] - X [1.81 ms]

T 1000, T T T T T
w 4 5800 - -
w M
Ve Y
i‘f @ § 8 Esuu o '-\_jﬂg 1 1
m z : “400 - -
o 2| 3 ]
£ < ‘§20Cl 8 200| s 8
= "0 50 100 150 200 250 300 350 ] 5 10 15 20 25 30 0 05 1 1.5 2 25
Time (s) Time {ms) Time (ms)

Fig. 4.15 Analyzed strain distributions during tensile tests with
various strain rates (103 /s, 10! /s, and 102 /s) for material No. 3
(590 MPa)

Material : No. 4 (980 MPa)
Strain rate: 10 /s Strain rate: 10° /s

D,
[0.15 ms]
[0.38
[0.48

[0.68

distribution

[0.87

Maximum principal strain

curve

Time-Stress

0 50 100 150 200 250 300 350 I TR T T % o5 1 is
Time (s) Time {ms) Time (ms)

Fig. 4.16 Analyzed strain distributions during tensile tests with

various strain rates (103 /s, 10! /s, and 10° /s) for material No. 4

(980 MPa)

-51-



4, TVHNVEROT HEHANC XD EES | RV ER O & s AL

Maximum principal strain
distribution

M;
[12.9 ms]

[13.6 ms]

M,
[11.9 ms]E

Mg '."'; .

Material : No. 5 (1180 MPa)
Strain rate: 10 /s Strain rate: 10 /s Strain rate: 10° /s gﬁ
M, [ D, 0.40
[5.2 ms] [0.15 ms] SESS ST 0.35
M 0.30
[8.4ms] [0.38 it gﬁl
0.15
[9.7 ms] [0.49 T 0.10
0.05
0.00

[0.69

[0.79

[0.88

Time-Stress
curve

Time {s)

1 | &m0 ]
)J}{ii‘{y i D,
A 3 D, §
9 fl‘ . Emuu 3
\ _ % - _
[ [ [ [ 2 .
10 15 20 25 30 0 05 1 1.5
Time {ms) Time {ms)

Fig. 4.17 Analyzed strain distributions during tensile tests with
various strain rates (103 /s, 10! /s, and 102 /s) for material No. 5

(1180 MPa)
Material : No. 6 (1470 MPa)
Strain rate: 10 /s Strain rate: 10" /s Strain rate: 10° /s gﬁ
s, = ‘1 D, I8 0.40
= [B5 s [0.12 ms] 1L, i | 035
e S 030
- H i | 025
7 112 0.21 :
= = : ’ : — 0.20.
288 S5 015
2 5| 365 [0.29 3t 4| 0.10
=2 0.05
a kB S, 0.00
2.5 | 1158 5] [0.36
3= -
E 5,
ot [181 5] [0.42
=

Ss
[229 5]

curve

M, \2:%{-}4 1 gﬁmﬂ 20 1
k’)}é s
O3 D,

T M . Emuu & .

Time-Stress

o O
"D 50 100 150 200 250 300

Time {s)

350

10 15 20 25 30 0 05
Time (ms)

Fig. 4.18 Analyzed strain distributions during tensile tests with
various strain rates (103 /s, 10! /s, and 102 /s) for material No. 6

(1470 MPa)
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434 BUOTHEEBICETARHVOTHHEK

TUINOTHHBCEY, RBRAVITHICRETHIOTHAEZEEREL,
OFTAHEE 103/s 205 102/s BT A OTHMBREZMMIT L. Fig. 4.19
6 MEOMBOISAVOTABERICERETOTAREORE L2 R T.
27T0MPa M OEBRFE R IZBWT, OTAEEOHMELHIZE /18 EF 5
B BIE-EVHER CTXH. MH,JISOFRTHELEZE A OTAHABHELRLT
WBR, TYVEINOTHEFRICELZ0THEE 103/s OfF FLITF—HL TR,
AFEOZLEDPHERE TE5. # £ 440MPa, 590MPa M iZBWTHE O T &
B TS AN T A M SR TES. —F, #F 980MPa, 1180MPa
MIZBWTIE, 00T AHAEERFEB NI RZ2BEREZRLTWS. #
1470MPa M IZBWTIE, OFTAEEDOE B ITIFLALER TEXT, mEFIED
RBRICBVWTHLDEBHERLAKOIE DO THBMMBRETLTNS.

B.L. Boyce Hi%, HEXN S ESI BVRBREZH WK BRICKY, 51 EV®E
1500MPa O®m B EMITOTHAEEERFEDIILALERNVWIEZHRELTWVS
[88]. ¥ £t 1470MPa ¥ D OT HE E K FHITRWVWERE T5&, KFIETE
BIL-@mOTAHAEEROR A OTHEREIFENSRVOIE N OTHERLE—
BT2ZL00, I W BEOOTHOHBBE I+ o@m0bO Ll T&5.
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Fig. 4.19 Strain rate effect of nominal
materials with different tensile strengths

stress-strain curves for all of the

435 EREMREREDOVIHAEEERFN

it B IS A 38 KO KIS 5 D O3 ol BE K 1

OFTHEEZEAIELIEANOTHBEE D, OTHEERFEICRIFT
MEtOR BEZRE L. Fig. 4.201%, ek FFHBELHNEREOL)ITK
ETHMEREOCEEZRLTNWS. MEIX, OTH 0.05 KBTLHES &
BRRIEHZERBLELE. OFTHRO00KOFTEIE HIZEBELLOLER BREL
OMEBEREWVWEENTWVWA[89]. M 270MP M IZBWT, MBS O IX
1.55 ZARLTWS. ZOBBN K IIM B EE OB MELHITE T2 EZRL
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TW5. M 1470MPa M iICBWTEH B L IZ 1.0 R L TEHY, OTHEEKF
HERRNWZLEZRLTWD. £, R KIE HOF B LI, M 270MPa M iz
T 1.3 Z7RL, ARICHEEREOHEMELLITE T I2EHmMERLTWS. ##
270MPa #IZBWT, HZ KEE VLK O T ABROIE T IZB W TOT A E K

FHERBRBENATNS.

2-0 T T T T T T T T T T T T T T T T
dynamic & =10"2s"|
1.8F static ¢ =107 s

1.6 .

1.4F O = flow stress at 0.05 strain -

1.2 / AN .

1.0

O dynamic / O static

| O = Ultimate strengt ==l

0-8)"200 400 600 800 1000 1200 1400 1600 1800
Static tensile strength (MPa)
Fig. 4.20 Relationship between the ratio of the dynamic and static flow

stress and static tensile strength

OTHEFEGHICRIFTOTHEEREN

EMEOBHMEREZEBEZALNHCTIENT, 5| RVERBRICBITZ0
FTHEFEG, XX EBHIIRIEFETOTAHAEEOEEE2FHAAE L. Fig.
4211, R - BB RVRBRICBIZ5I RV FRAOOT A A OFHBERE
RLTWS. EEOftEdEIX, 53| BV FRMOOTAE, iz ry¥—TE
10mm O & %-0.5~0.5 DEICERILLZMEZRL TS, gnominat 1X, 77—
£ 10mm CBIA2AHOTHRERLTWS. Fl 21E, ¥ 270MPa # O £ T
X, AFOFTAH 0.1, 0.2, 0.25, 0.3, 0.35, 0.38, 0.40 IZBFHH B BLUOH
BB RVBRBOVOTASHAEZRLTNS.

HHBIEVIZEBOVLT, AHOT AN 0.3 U EICRZ2BERTHRBRAFT RO
OTHPELRD, OTHEFRRAELTVWDLIERNDLNS. —F, BIBEEVD
BE, A0 TH 0.2 0B TR —ROTHREB LR, OFHE DA
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441. BUOTHEEHOE HVTHE R

Fig. 4.13TARLEIIE, R RIEAICETIHIAMOOTABEIRIZBWVTY, &
—VR 10mm OFHBAICBIZO0T A MITH —ERIEREIAL TRV, I
X, RBABROREICLIIEFHEREEBLCVWDEEZLND. M EET IV
DERBEACBNT, FHAUINZOTHIT, EREOVOTAHAEZRBMINTNDE
ERSRNWIERETHS.

B ERICBIZRA IV 7 RABBBROOTHABRZT VX VE B 0T 45
HEZRWTHELL. Fig. 4.22(a) &, BATOTAHDOEZRZTLTWVAD. &ocal «
Eeocar y 1, RATEIKOS BV S RMEEITHFROODTHERLTWVWD. & cLiomm
X, =Y E 10mm THEI LEFEITHOFEHOFAH%ZRT. Fig. 4.22(b) 1I,
M E 980MPa M DR AT O T A clocat s BEOT B— NNV OT FBgriomm PE AL Z
FHILELDTHD. £e, ZOOT AL EZREB TR S THZLTEHELEZOT
HEEBRLTWD. IS IBRRKEEZLDE —EF ETIE, cocar x 13X, £ 6L10mn &
—HEHLTHEMLTWAS. ZOB OTHEFBRBETIL, BT OT Haoca « 13,
SWMICHEMTE. 2OBR, RAROTAHAEELH ML, Z7e—"LO T HE
EE A 200/s THAHOIIZX L, #EWrEATIZIX, BT OTA®EEIX 1000 /s IZFET
5.

Fig. 4.22(c)iX, I E R BB ICBIID, cocarx & cocary PEALZRLTH
B. ciocar x 0.18 IZE T DHETIX, crocal x & rocat y 1T FIBARIZHY, —HHE B
DEFRETHHILEZRLTWS. BIZIX, OFTHDOIF—HERLTWDR,
Elocat x D5 0. 18 DIRRE TIX, T TICOT HNE — TRWVWILNRIND. grocar « D
0.25 IZRBETERNET L, clocal x Elocal y BB EAL T 3. clocar x DY 0.35
ETETDE, clocar y P—TEMHEELRY, glocar x DHBEIMT5H, BESONNFEAE
LTWaHZEZRLTWS.

Fig. 4.231%, AT OO T HE R & RPOES 1 E 07 4 dh #f 2 7
LbDTHD. MH, GL1I0mm OZue— )L OTFARICEVEFLEZEIS DE O
THERLToy LTS H—ERETE, @M A OTAHBERIT—HLTH
%. Fig. 4.22(c) TRENEZ—EER IR EINDIOTH 0.18 TTOEE /-
BEOTAHBEEZToy LTS, B CiE, OTAHAEEOELLRLTWS. O
THERETY —ZERUBETHEMLTWSZEZR LTINS,
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c)
Matesial No. 4 ( 980 MFa }
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Fig. 4.22 (a) The definition of the local strain ( €ioca1 x- €loca1 y) at
the necking area and the global strain in the gauge length of 10
mm (egriomm) (b) Strain and strain rate for the both the global
strain and the local strain at the necking area. (c) The strain path
of the necking area in uni-axial deformation and diffused and
localized necking deformation, material No. 4 (980 MPa).

: T : T : :
 Material No. 4 ( 980 MPa ) Diffused and
1600 Uniaxial strain state in € jgcalx ! localized necking |

-
-

| Uniaxial strain statein £ j5cq

O true~€ Tocalx

True stress (MPa)
=
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a00} 1 &
- 1. £
200f € local x 12 B
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Fig. 4.23 True stress and true strain curve using the local strain at the
necked region and the local strain rate.

442 VI AHEEKRGFHZEELEZHMBETILORRE

BAOTATRERNTLEGE OTAEKRETOR HOTAHAT—FZH T, OF
HAHEEERGEEEBSR LEMEBET VORI EZR AT, OT AE EEKFE M E
EF7 NV ELTIX, Johnson-Cook D EET /N[68]R— &) THDHR, LVIEE
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I<HMELZEFHEZRB CEHOMBET VO ENLLEIENTVAS. Ji-Hoon Kim 6
X, FEOBEBEHMKOFMEELERB CTE5, E/V-R EESEETALEZRELT
\W35[89,90]. E/V-R &5 Vi, Hollomon B O (L 2 &), 0 = Kc"& Voce B D
EL%® o=0,(1-AexpBe) 2 A L= TRBESNIILENKE THD.
Ji-Hoon Kim HODHF 28 T, #E S K 1238 W TIE U7 %43 BE §8 3k T Hollomon
RomMIBEkEszRL, OF ZE ERE M T5I2o0 T Voce B D FE {b 2 B
ERTIEND, KETNVIZE-TEBEARMROM B 2K E KRB TE
DIEBRENTVDS. AR IZBWVTY, E/V-R E74ZAWT, 270MPa~
1470MPa ® B 8 = A @R O B T A—=FZ DR E 2R AT
E/V-R €7 VIZUL FTOR TR ENS.

c=0(z.2)= f(g,8)xg(¢) (4-3)
IIT, fe.5) 30T HOREETRL, o) RO THEEDEEEZTT.

fEHRFUTORTERASIND.
[E.8)=a@)xfy +(1-a@)f (4-4)

a(g)=a, —a,In(z) (4-5)

S =AE° (4-6)

fy =C—Dexp(—Ee¢) (4-7)

ZZT,01, 02, A B, C D, EEFMERFA=ETHS. IBIZ, OTHAHEE
EKEEZET g(@) X, ML TOXNTERIND.

g(&) = (5/5,)""® (4-8)

OTHEEEZENNIELEERT —Z00, EMEARNTA—FEE /N _FEIZ
JVRIELE. BEIx /1, EOTHIE, Fig. 4.23CTRLEBFFOTATRDEE
BT —4%RAV, OTHEELRHKICOTAICES>TEALT IR O T A E
ZH i,

Table 4.3IZFE LM B T A—2%E/RT . Fig. 4.241Z E/V-R T LV THE
HLEE A OTHBEREZTT. P IREERT —FL 72y L TWAER, WTh
OMBICBWTHLER THEONEZOTAERERFEELZEE IKKBA TETWS
ZEBDND.
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Table 4.3 Parameter identification for the constitutive model of H/V-R for
materials

Matenial No. 1 2 3 4 > 6
270MPa 440MPa 590MPa 980MPa 1180MPa 1470MPa
A 10302 11622 11447 2361.5 22509 29162
B 0323 0.216 0.177 0.095 0.088 0.041
C 1497 191.6 137.5 4503 1484 407.0
D -1693 -499 9 -490.8 -1028.7 -2269.3 -2407.6
E 3.09E+08 3.09E+H08 3.09E+08 3.09E+H08 3.09E+08 3.09E+08
ml 5.425E-02 2.990E-02 4 982E-02 9_895E-03 1.051E-02 3.065E-04
m2 1.969E-03 -1.908E-04 1.301E-03 3.252E-04 -3.7TT0E-05 1.416E-05
al 2.551E-01 4 673E-01 6.305E-01 4 298E-01 6.388E-01 5.452E-01
al 2.643E-02 1.194E-02 3.769E-02 4 461E-03 4 483E-03 -3.720E-04
1800 T 1800 T
gﬂ-:,m:u Constmae mode!  Swain ram 3 3 ConsTune model  STain ram
1600/ e — T 16001 e e
_ = 1400} 'g=m's': & 14001 z—m“s':
g —_— b it ™ @ _— | b =i
o = £ 1200 1|e —~ £ 1200} .
-]
Z E E 1000} 11Z = E 1000} .
= % goof Uniaxial local strain state 1= = @ so0f Uniaxial local strain state _ ]
'E l‘? 2 -E (=1 2 A= e eyl
- = = = &00 e O = i O -0
o P St 400k 1
s s 00 1
c{] {]I1 UI2 073 074 0.5 G{] {]I.1 {]IZ {][3 074 04
True strain True strain
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o | gue — e e ls | B esseriss
53l & s 3| & GAEIETELEsEEE
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=] 3 oo g
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_— T —_— - i =q0tsTt
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True strain True strain

Fig. 4.24 Comparison between the true stress true strain curves
measured experimentally and using the H/V-R model with the
determined material parameters for all of the materials.
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FEM £75 /L

OTAHBEE 103/s OFBIBIRVE, OTAEE 102/s OFmEF EVEZI I
L —h T BFEMMH 2T\, MEFEFLVOZ Y 2K EEL7-. Fig. 4.25ICFE
M ETNVERT. BRG] BVRREFAUTETERLEZRBR A B REZYY
v RE % (C3D8I, ABAQUS) TEFTNMELTWA. EITEH DO EFE VA4 XX
0.2mm x 0.15mm x 0.4mm &L7=. REBE RO IIEE L, K34 123 E
—EDOEMGETEMEE ZZEREMELLE. MHEEFT VX, Fig. 4.24TRLE
H/V-R ET AV COTHEEICG LR A OTHBERET —TAERXNTEREL
T, ET M ELTWA. ZOEH TiX, OB B IXIToTWiwn., EBREFECSE
fFTCOTHAELZFMTADIC, F—YF GLI0mm O EBEICSHBAEZHFREL
TOTHEMITLEZ.

Nodes to measure nominal strain
; . Move
_—""_'_'_ 0
/ O
W e A

Fix

Fig. 4.25 Finite element model of the specimen used in the Hopkinson bar
method

EHOPTHREFTLORZ Y WIS R

BREBEOMBZN R ICHEMBIUOBMWEIRVEBHZMITL, BATOTHICK
STRELEMBETALOZ Y HEE2BIELE.
Fig. 42612 RLEEBREROAHRIE A - AKHOTHBEREZHLELE.
Fig. 4.26(a)ix, OTAEE 103/s B35 H O THBEFEEZRLTEY, Fig.
4.26(DITOTHEE 10%/s KBI2R N OTHBEFRERT. WTFhoRIZE
WTh, ERFERITATRL, &R IITey b TCRLTWD. #B -8/
FHET, MUTAERLERBERICERE I XRTOMBIZBVW TR~ KI5
Reholt . —EREOLVONBARIIBIZ2WER TEBHLERSE R LT
FEEA—HLTVS. BT EFEICBVT, ERFBERLOTHE N R OSNLER
HHHN, TNIIHEZZE B L TCWARVWILIZEIEELE LIS,
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L EORRFERICEIY, fIECTHEMEET VIZFEMBE CTOTAHAE P X
FHBA T+ RBEEZRAE L TWVWAIENHER TE.

a) static b) dynamic
1800 —; T T T T T 1800 —; T T T T T
£ =107s" Material _Simulation Exp £ =105t Material  Experiment
1600 |- 1470MPa N — 1600 %9\ No. 6 ( 1470MPa ) “
= 1180MPa =~ e = AT No.5(1180MPa) —— e
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Fig. 4.26 Comparison of nominal stress-strain curves obtained
experimentally and using numerical simulations. (a) Comparison of Static
stress-strain curves. (b) Comparison of Dynamic stress-strain curves.
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Fig. 4.27 Comparison of strain distribution in necking area
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1.

AKETE, 7VVEHBOTHAEHBZCHA LR ES RVAR FEZRE
L7z.
X, BEORWR D OTHERRBFEONDLZLEZRLE.
UTORBETHEOLNZRREEZRETS.

FOALNODTLEHBIZEY, FROKRTF VRN —EBEVRER F I

mETVIANVEBOTAHERICEOmES RVRBRFEZEEL, 80T
HEEICBIDISHOTHFRFEOBMEZ R L. KFIEITLY, €K
BRCHEAROTHFRBEERE EL, BERBSIOBE OFA2OR E K E
BE L322l RB L. TUVINIATRBIOCEEEIATZR T VF
JVIE B OFHE B FIEICKY, BE Lm0 H0E E K (~103/s) D #
W H 2 E BRICFE M TEHT 2R L.

RBRELEEREBEZAVT SESREMROLE B EDH CRETOT

HEEORBEZRAELL. BR, BHEHFAKRKOBEL N LEHEETD
270MPa~1470MPa kO EF EHFAHREZ R L, EHMR OO THHE KT
MHEBALICLE. MEtOREE(LELLIZ, OT HFE EEKFEIT/NEIIRY,
1470MPa % OHFKR TIIHEE O BITIZLALERIRDZILBHLNIIR-
T-.

HALZHED, OIS HOTHEENS, 270MPa~1470MPa #& O %
EHRROOTHEEREMBETAVEZHELLZ. EREEPORAELE
MEETALZAWT, SIRVEREOE DO THERBIOBEICESO
THEFBBIZOVWTERGERLILEL, ZOMEBETVOZ Y M 2R
L7=.

KETNVOELZHEIZOWTE, EFTEICBWVWT, 7 AVEMOEEZE B K
BOMITICEY, BEICHBETVOR Y HEEZBRIET5.
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51. #% 5

AMETE ABEEALEEESRVRREB LI, SERAEHAKOL
HOTHBERICKETEEOEEBEZHONICILE. MEL L 270MPa 77 &
OREMBTIT, BHBMBEIFORED 1.3 FRELRLZOIIHL,
1470MPa 77 A0 HEMK OB A B E IZFHFARELRE THLHILNRE
.

HEFEMMATHEEON L2 D5 LT, ERER MBI R OB RN
WBELRDN, TOERIX, CTX3ETRBRICEEBITHAINTYIE FE2HERL,
HESCEEZ —ELLTRABRERZEWM T2Z2EBLEELVL. i, Mo
THEEREETNVORIEZITOEDIZE, AI—RBREGETEREE DAL
FEASEERBREPLELRS.

Fro, HMRARAEOEEREELPEROHELEREHICRIITEE2HEM
THILE, mEBEMRAEA T2EABELZRHITILETEETHS. A
EALIZEZOM B OIEMITIE T 35720, HELERE TCOWBMBEARIZOVWTHLER
THBTILERDD.

RN, BHEOHERAZLLZEM, WA THEDICET AT R EZHAVWES
HERRBBITOA TS RBREBIL, BEBHFACEEIFRXA RO THD
B, INOORBRFETIEEOCEELZHFERHAE THIILTELY.

ZIT, AMETIE, FEFHATELEELEFABRBELZEAREL, TORR
WEZH VT, MEL L 300MPa 75 1500MPa 77 AD & 7 EE 8 iR %58
LEEMET A G OEREEREH ICOVWTHLNZITAIZLEZAEMETS. &
BE—FRzh FERE—RFL@MEELERE—FOBFELT, TNETNOE 5
PHIZRIETHERE, MEKREREOEEBEZHLNIILE.

52 KEGELEHABRBOREHR

Fig. 5 1ICHABLERESEEZE R ABREOBMB LFBORE ML ZRT.

ZORBREIIR K 500kN 0AWRENZFEL, EREEZ 0.1m/s 71bH
l4m/s FTHEB IV — L THIENRTES. EHICRB LT X2 —F|Z
JENEFRFEL, TOENDZEBRTIIETRAUVFERHEICE TEED. EAOF
HLEFVIE IR ESNTEAY—Rary kg — LV AT ATHOBTHEZa b
D= LTHRILTCREERROEEPFEIND. Abn—JEBEIPROMBESY
VRN—EBIZEoTHIEEIND. MEX L R—DNBEE2EETHILET, FED
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Aba—7TCRBREZELETHILENTES. PEICETLIHEBEIX 10mm &85, K
EEBEHVAILT, HERENIO - EXRE THEMEERIE, EEOLET
EREEIETIIENARELRS.
HBMOERBRIISGEEE IATIZES,T1000a~/s DR Y TRRFESIND. 8
MEFRRMEIXAICREIN e —FEVIZL-oTHIEINS.
RBRE—FNIBERECI-TEE TS, FEHEKROEE LK LZEE T 56
EERBRLAEHEEFOLEFEZEE T LI R TRBRBTETHS.

—

Control of stroke by location of damper

Fig. 5.1 Illustration of High speed crash test machine and photograph of
the machine

5. ET LB AO=ZmHHTFEREEICRETHHEHEE -
NEE

HERBAAMELZAELEEABRKEZH VT, MEL <)L 300MPa 26
1500MPa 7720 @ BEMKREZE A LZEMET AT MORmEELE R Z 8 I
DWTHLNZTEILEZE/METAH. Z2TiE, Ml dEL2EE L= TR
BRETW, ERERICRIEZTEREE, MERE, MEREREOEEZH
LML,

53.1. #HEBFIUREBRK

g

AR B TlX, 300MPa~1500MPa Z5ADHEMR AR RIZLE. FRLFHhoD
OB O st 2 Table 5.11IC577. — M RBBHETHOEBHEEZEEL
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THREIXZ 1.0omm~2.0mm O&HELLE. RICEELLVOFIZEBWNT, #
BB BLIOYROEEBEZHRAB T8, FEOBILLEBOME LA, -
Lz iE, 590MPa 77 ADH M IZHB W TIiE, DP 2F—/1(No.10-14), TRIP 2F
—/V(No.15), #frtH #1417 (No.16). 980MPa 77 ADOMIKIZHB W\ TiX, DP AF
— L (No.17-20), 7/ =T 2 A7 (No.22), B\ [EIE# H &L ¥4 7
(No.21)ZH L7, SIL B IC X > CRERRELFIEVRE ONTU AT
BAZ)PELML TS B EREEREORIETREM nEOE EBIZONTH
#B95H. No.25 X, BHIR, TIREh WA KR EEEOHFEKELT 1500MPa 75
ADKEIEEFHBE NAT THD. No.26 XAV T LAMB Y OHFK TH5.
Bk TAEM N T HEANBLEIZEY 1500MPa 75RO E FTHRIL S
NTWE. RIDREINDHEDC, MELARELLDIFEE JIS5 5 TOL2 i OME
PR T 26 mE25. AW TITKE M. O R E H RO M EEICXIDH
B ORBEBIOCZNICLIZERIE TIZOWTHLHEREZIT.

Table 5.1 Mechanical properties and sheet thicknesses of steel sheets

Matenial  Thickness Yield Strength Tensile Strength ~ Elongation i Matenal
No. (mm) (MPa) (MPa) (%) Type
1 1.0 165 295 49.9 270 IF
2 1.2 154 287 51.0 270 IF
3 1.4 165 295 51.7 270 IF
4 1.2 244 341 41.4 270 Low-C
5 1.6 165 205 53.2 270 IF
6 1.0 312 447 37.9 440 P
7 1.2 314 457 38.1 440 P
8 1.4 298 456 38.4 440 P
9 1.6 285 460 38.3 440 P
10 1.0 422 642 27.8 590 DP
11 1.2 462 680 26.8 590 DP
12 1.4 440 637 26.0 590 DP
13 1.6 425 628 28.4 590 DP
14 1.6 405 624 29.6 590 DP
15 1.6 418 623 39.6 500 TRIP
16 1.2 443 631 28.5 590 P
17 1.2 680 997 16.1 980 DP
18 1.6 677 984 19.7 980 DP
19 1.6 719 993 15.5 980 DP
20 2.0 729 990 16.0 980 DP
21 1.2 955 991 15.3 980 P
22 1.2 905 1068 4.9 980 M
23 1.6 906 1214 14.5 1180 DP
24 1.6 1242 1300 6.0 1180 M
25 1.6 1296 1525 8.8 1470 M
26 1.6 1115 1535 7.2 1470 M
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MR T ik

Fig. 5.2 AR ICHVWEAY MM OB ERR LT HBBELTT. BB
HOE -7 @B BROryh—H A OB REBE L CHRET ICAELD
SRBOBERRLELE. BEIRTIIICAIN —MERELEZ. Ny MfTE O
FTEHICHEREARYMNEE CEASLE ARy ME#EEYFIX 30mm &L 2B

FEWROMEBIOWRE I v M ER —FM LT
a)

Top area ¢)
- 30
g Y
By
Hat-shape part
2
Flange area

%

t S, ¥

Flat plate part
120

40

b)
500

- -

O 0 0 0 0 0O O 0 0 O O O O O O O

9 ¢ 0 0 0 O O ©0 Q O O O O O O O
— -

30 ™ Spot welds

Fig. 5.2 Dimension and appearance of hat-shaped specimen. (a)
Dimensions of cross section. (b) Location of spot-welds. (c)
Completed structure after forming and welding.

Ny MM OMTIZBWT, Fig. 53R T VAT L —F 2L iF Lk E
SR ERVWERVIM T TEOA W, FLAT L —F T EICBWTIE, #i iFRE
DHICMITOTHEBIMFEIND—F, Ko F TEICBWTIE Ny M OB
Hizh T FRLOM T OFTARMG EEIND. ZICXvim TE CIZFEHM om
THELLRELEBBEL, BHEEERER~EEITOIFTREELDHD. RV
FTREBEOLLODMEX HZHEL, MLOTAHEZELIEHEHM ZERLE.

Table 5.2 Spot-welding conditions to join the hat-shape parts

Electrode Tips Copper based alloys(Cu-1%Cr)
Diameter 16mm

Welding Force 333 xt (kN)

Welding Time 10 xt (cycle, 50Hz)

Holding Time 5 (cycle, 50Hz)

Welding Current 6 -8kA

Weld nugget diameter 54/  (mm)
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a) b)
Bending punch Punch

\

\\ Q

Blank holder force

e
~ //;/ o
~ Py 5 - -
o~

:;// ’;/:/ 1 Hat-shape part [ ///;//

" A - ! - ~
Bending die e A
e // e /// // P, |

™ Die

Fig. 5.3 Forming methods for hat-shaped section. (a) Bending
method by press-brake machine. (b) Draw-bending method by
press machine

— o TR B R

Fig. 5.4, Table 5.3 Conditions of 3-point bending tests!Z & # Bl iF 3
BROBEBRERBREGZRT. NUF 13l FEFE 100mm, 1§ 140mm O
BEREROMBELE., T RIE 025mm OPHBEFRR XA ER (Span)®
320mm 7*5 470mm EEALE . HE X 0.1m/s & 5m/s D 2 KHELLEF
HEOEBEZHER L

a)
Moving punch

N

R140 Test specimen

Fulcrum (R25)

Pedestal

[ ]

Height
| adjustment
1 de

)
device
e
i N

| |

Fig. 5.4 3-point bending test apparatus. (a) Structure of 3-point bending
fixture. (b) Overall appearance of 3-point bending fixture
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Table 5.3 Conditions of 3-point bending tests

Specimen Hat-shape menber
a) Formed by bending method
b) Formed by draw draw-bending methoc

Deformation mode 3 point bending

Punch R100

Fulcrum 025

Fulcrum span 320mm - 470mm

Max punch stroke 80mm

Punch speed 0.1m/sec(as quasi-static deformation)

5.0m/sec(as dynamic deformation)

Measurements Force-Stroke curves

532. EBRER

EMERE—NLER G E

Fig. 5512 A /% 320mm, #E E s5m/s ® & #F 1B 5 ¥
No0.15/980MPa-1.6mm M OEF E—FREZRT. N FBEMICH R L-BM,
BHEFIFMOBITERLLLIE, M EIER THIHKFBDNE. F
Aha—7 25mm ZB 2 5L F DDA BB K ELZ>TN. ENLLRE, S
WX TFRDOVAALERETHITEERERL TWE—FLRo7. Fig. 5.61%
980MPa#t om Hth THRBEREZRL WA, Be—FELTHIELEWE I /A
AWFEELTWD. 2, RBR B 2K Lo FELATOIE W EREOREL
EZbND. MEZ0L00R M Ty, B 180Hz du—/ 27 4L
H—TI)A A &R ELLE.

Fig. 5.7t SN/ F R e — 2Lt A BOBEFRZRT. ZOX TiX
BRE 1.6mm THEEENRLRIAEROME ZHB LTS, SUFREH
WCHEFZE LB ThHAAME—2 Omm TH BN H ENY, Abe—77 20mm
FCHREE-EOREZRT. TNLURBHEIHE ML TVE, Abr—7 50mm
BRECTERRKEZRLEE, MENMET IR LERo7. ZOBERITWVWTHOD
MEOHE TOLHERBENZ. ZORMENEMTIB D IIEEE VAT THRRE
NIENRTFODVALKRBLE—ETSH. 200, MUV FROVIAALEZL
TEHMORMERRERVERERBZEMLEbOLHER SRS, 50mm B AT
FMENMETI2ERIE, CORATIXRATHEM BT3B ERBEETHEDO
M S5, Fig. 5.8ICRBRBEOABMERERERT. M E R E 590MPa,
1470MPa O —EEOM B ZHBELTWER, M EEICILTREDCE K E
—Réol. WTHOMEBHIZBWTHLHRE, REICE>TERE—FOEITR
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OoNRPoTe. NUFRDVATLZETa—F —H BTV ENDLRERN
BEINE. ZCORFTARE 2 ICEWNT, ME B E 1270MPa LL E O £ TH
BtOUVBBEINT.. TNEIEMOEERRICEDZBDLEE X LNDHD, ZOfHK
Wik TH BRI — 2 —T ~DOEBIROONRP -T2, ZTHIXE K& B
TULBREELEEDEEZOLND.

stroke: Omm
stroke:60mm

stroke: 15mm
stroke: 70mm

stroke:25mm
stroke:80mm

Fig. 5.5 Sequence of dynamic bending deformation (Material: No. 21/980
MPa grade, thickness of 1.2 mm: bending span: 320 mm: forming process:
bending method).

: , : . : :
140 Material : No21/YS955MPa 1
120| Crash speed : 5m/sec _

100}
80|
60
40
20}

With, low-pass filter(180Hz)

Force (kN )

" i 1 1 1 " L
0 20 40 60 80 100
Stroke (mm)
Fig. 5.6 Measurement data and force-stroke curve by low-pass filter
of 180 Hz during dynamic bending deformation (Material: No.
21/980 MPa grade; crash speed: 5 m/s; bending span: 320 mm;
forming process: bending method).
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- | I | I I
140} Thickness : 1.6mm ‘T,'est 1 No25/YS1296 MP3]
- Crash speed : 5m/sec 1
120} 2 repeats 7]
; L
= 100_— = 7]
j—
8 80 No18/YS677MPaT]
o S i e T N
S o A B}
¥ < A 3 No14/YS405MPa
40(/¢. 0 £a F ik i il S S 7]
20F No5/YS165MPa |
| | 1 | 1 1 1 1
0 20 40 60 80 100

Stroke (mm)

Fig. 5.7 Effect of material strength on force-stroke curves with two
duplicate dynamic tests (Crash speed: 5 m/s; bending span: 320 mm:
forming process: bending method).

Deformation shape after dynamic test Local buckling area

No.14/
590MPa

No.25/
1470MPa

Fig. 5.8 Deformation modes at local buckling and fracture (Bending span:
320 mm; forming process: bending method).

g iF AN DB

Fig. 5.9 [Z# P X A% 325mm, 360mm, 470mm ¢ ELIHZHEE D
HMEEKE—FERT. XARBRBRBINEWGE, XU FROVIALE—RERD
B, XRERBPRKELIBRDIERCTFODVIAARREERET, M BITNLEE—F
(ZZ{b L7, Fig. 5.10 3#h (FAR V2B H GO EA N —IDER
ALTWSD., Ahr—7 20mm £ TIER ERE WITRWA, 2L, 38 MRS
REWERCEMESEMETE T I2EZHE2RLE. WEE FTORSA UM
i T ARV B RENVEE/NELRoTWS. ZRIEXABBEAREVE A, TR
I2EHM M ROEEN/NELARY, RUFIZEIPEMEEOE BN/ NSLRDED
DHBF D,
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Deformation shape after dynamic test

25mm

‘ Span of 360mm ‘ Span of 3

Span of 470mm

Fig. 5.9 Effect of bending span on deformation mode (Material: No. 11/590
MPa: crash speed: 5 m/s ; forming process: bending method).

100 ’ 1 LEQQAP12

(o]
o

Span

325mm

)

Force (kN )
[s)]
o

C—350mm

Tl N -] Q\r.l 60mm
= e

0 20 40 60 80 100
Stroke (mm)

N
o

Fig. 5.10 Force-stroke curves for various bending spans (Material: No.
11/590 MPa: crash speed: 5 m/s ; forming process: bending method).

Bh & I 8 ik o FF i 5 1k
f T AR — DB KR ELBRBEH M ~DNRFOVIABNEELE M TOLDOE
EEMEEZRLTWVWDIEIXE RV, TZTAMN % TiX, Fig. 5. 117 T X918
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YFOVIAHLDOEBN/NESNVALE—2 20mm ETOR EERRMEEL TH M4
REOFEMBELTA. Abr—7 0mm 2°6 20mm FTOEH M IFRHELZE H T
B FTOXRG-1)THEHLE. ChiImEZAI—27THE S LT RLFX
—HHLTIrOBEEAN—V TR THILETEYHE Fave20 RODHHLOTH

3.

Fro =, f()dx/20  (5-1)

SHI, TP X ARBEHEZERL TR (QICEVE M iFE—A Mb 2R

7.

Mb = (FpppoxSp)/2  (5-2)

Uk, 2O MpbEZRAWTEHMMERICRETERTFORELZEHELL.

a)

Fmean2o

F mean20
0 i 1 i 1 i 1 i
0 20 40 60 80
Stroke (mm)

Fig. 5.11 Definition of mean force and bending moment Mb. (a) Concept of
bending moment. (b) Mean force in stroke from 0 to 20 mm.

i i FE— AN R IFTHEEOREE

Fig. 5. 1218t iFE—A b Mb LR ETEREEOE EEZ R T. B
FERIIEFRHEE 0.1m/s, 5m/s D2 KEDOATHVMEICEEOE BLERT
HZETEELWA, EENSEMTHZLTEHM i FE—A0t Mb B3N 2@ M
BROLNT. MbD EF R IIEHE MK (No.6) T 1.45 %, 980MPa #4 (No.11)
T1.23fFTHY, MEL_ARHNDZIEEZOHE MBI/ R2E@ER-T-.
INEME OO TAEEEREHEOBEmME—-KLTRY, M TFERICBNT
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bREMOOTHEEREFLEOREENOODNIZLDOEZLND.

7
"E“ 6
g s ey
g LT [ No.25/v51296MPa
S a7
m | ]
g 3 - ————————‘________Eh}mfv 677MPa
B e
> 2 T 0.13/YS425MPa
'% _.(}f_—-————--—-'——“’ " |No.5/YS165MPa
% 1
« 0
| 0 1
10 10 10

Crash speed ( m/sec)

Fig. 5.12 Effect of crash speed on bending moment (Bending span: 320
mm; forming process: bending method).

gh FE— AL MR IET M T OTHRORE

O FMLTCRBLENAYMNEMZHAWTHEMEREICRIEZTTIVARE O
WEERERLE. RTFREICBWTLLH X2 A (BHF)% 10, 20, 30Ton &
FALEZEAHZLICEVNAY MM BERICE AINDIM T OTAHAEZESETZ. KF
BEZORKEZHELZEMEE ML OTAEZE HLE. Fig. 5.1312M
TOTHELHMMTE—ANOBEFEZRT.

4.0
235
Np.[15/Y5:418MPs4
Z 30 —
\-..-2 5 Ol m— S  N0.13/Y5:425MPa
g o R [ S W I R
8205 o ——
a8 [ No09/¥YS5:285MPa
£15 N —02
o N0_5>YS‘;'65MP3
£10
$05
m
0.0
0 0.05 0.1 0.15 02 0.25

Thickness reduction strain

Fig. 5.13 Effect of forming strain on bending moment (Crash speed: 5 m/s;
bending span: 320 mm; forming processes: bending method and
draw-bending method with various blank holder forces).
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ZZT300MPa 7*5 590MPa D E 7T AIZONWTHELTWSA, T 0§
BB 0.1 LEICHEMT2LEFHMETE—AIBE T I2EHmBB DN
. MTOTHAEANCEY), EMMITECIEMEREREZR ESE2E N
HMFFEhd— 5, REREBDL THILICL2ERIE THABREINS. MLZOTH
BEOIRBREFTIAEFEOEENHEBRINDIE, MTOTHEPKEIARDIERER
DIZEDMEE T OEENBIRI-DEERH IS,

i E— AL MR EITHMEREORE

Fig. 5. 14ICFE M OBRRBELEM th FE AV MOBEBRERMIREI LIZ
BELEERZTT. M TFE— A e BRBEIIZERE CEETXSZ
ERDDD. RENEMTIICEBROEEREL R-oTEY, HEBREOEE
BEVBSENDIIERTREN TS, ZTOERBERZLECEREBIC— KA T
Y ZREULEER, SHTREOCHEMFIZLL TOIDICEHINS.

BE 1.0mm OB A AMb = 0.184kNm/100MPa

WE 1.6mm OB E: AMb = 0.274kNm/100MPa

ZORRERPS, IRE 1.6mm ICBTHMEEEOEZIIHRE 1.0mm OFHF
LB LT 2.05 fFRERZIWILEDNS.

7
—~ 6

g /6 t=2_ 0mmi

= ° A 2 t=16mmt
=, ., A

S

g 3 A ot

S / =

§ 2 o ,,//".’t—1_2mmt

1 iir t=1.0mmt

0
0 200 400 600 800 1000 1200 1400 1600

Yield strength ( MPa )

Fig. 5.14 Effect of yield strength on bending moment (Crash speed: 5 m/s;
bending span: 320 mme470 mm; forming process: bending method).

g i T E— AN RIFITIREOFE

Fig. 515128 M i T E— AL MR IETHRHEOE 2 M E 127 a2y h
L. REOEMICE--TH MM IFE—AVMILERE TS O LR BITREDN
WM EIZEEREWVEHB A TENTWS. MFOELEHBIIREtO - RDOE
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HATE/N_EBALLELODERLTWVWS. 2O ENDHRE LT M (F£— 2
VEFOBERIIBRE TIE R, IRED 2 BIZEEBLTWVWARIERDMNS.

YS5=680-730MPa
A YS:400

/ o
_ YS:680
YS5=400-460MPa 730MPa

1 ? /szmw&
0

0.8 1 12 14 1.6 1.8 2
Thickness ( mm )

I I L |

Bending moment ( kN m )

Fig. 5.15 Effect of material thickness on bending moment (Crash
speed: 5 m/s; bending span: 320 mme470 mm; forming process:
bending method).

533. EHEARICKIAHMERER LBREDTFT A

M TE—ANMbETFHTIERXEREF L. 22 TEH M il 1 XFig.
52 RLIEbDICREL, MBI ZRERM TIISEOBRBELLTHI N 2F
ETEBRKIXZEHTHILLLE.

Fig. 5. 140X (5-3) IR T X9, MbIZFEMERIE ST 0)p E— R X OB %
WZHDILEBRE TED. ZZT Mb i 0y ZHWTHK(5-4) THE TEXHLT5.
Fig. 5. 15O MbIIHRED — F CTEEBINDIZEREL, K(5-3)D T 2—% A4,
Bz (5-4), (5-5) TCRENDZIIIC £LO— KR ATEHTEHLEELE.

Mb=4>0,+B (5-3)
A=K x*+L (5-4)
B=Mx*+N (5-5)
ZOIREDOLE, Fig. 5.14, Fig. 5. 15 CRLEERERZR /DN _FHMLL

TRRUTOENRTFA—F K, L, M N OfE%Table 5.4\Z/-r 7. Fig. 5.14,
Fig. 515K P IR THBMIZZZTRELEARTFA—EZERH WELOTHD. E
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BERIFEZELCX EIZ7oyiEanTEY, ZOoRBETONIEIREOE E L L
UM EEEDOEZELLR (5-3) TTHIAE THIZERRINTVS.

Fig. 5.161%, EMHELERBE OWN F E2RFTA—FLLIZLEOE M dh F
FT—AVMOEMEIRETLIZLOTHS. ZORMNLEH M FHEREICERIZETE
BMEMKROBERBILDEZRHT TI2ILRTESL. NPTk 40 BKRE
2.0mm D 440MPa 77 AR IZB T HEH M #h iFE— A PR LTV, [ %%
RECTEBEL(RKES VX)) EZRFELEE S, 980MPa 77 AR £THAAT
AELTEB A (ADICREZ 1.6mm FTHEAISELIENFARELNHIZERDLNS.
ZOBADOBEELRITIA20%ERD. EIHIZ 1300MPa 77 AETAAT UL LT
BAADICEKRELZ 1.4mm FTHY—UFUVAETHIZOB A O®EE(LER
1XA30%L72%. ZOR TONDEICRENELRDIZLEE & H OM R IA LR
STWA. ZOZLiIXEmREICIIEBLLDRIEEORERNREVIEEREL,
EALTREEZOM RTINS B LR, o0, BB EHMH O R
DRIEIREOEVHBZEEL TCEBEELEEIOBH RN THLIILEZE K
LTW5.

Table 5.4 Parameters for estimation of bending moment

K L M N
0.00090 0.00044 0.65865  -0.24330

1200
1000
800
600
400

Yield strength (MPa)

N
o
o

10,

0.8 1 12 14 16 18 2 22 24 26
Thickness (mm )

Fig. 5.16 Estimation of bending crash performance by material strength
and thickness (Crash speed: 5 m/s; bending span: 320 mme470 mm:; forming
process: bending method).
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5.4, ETI S OETERMICRIEZIHE -HR-BEEHFED
B 88

o a
AEHITE, BBHEOEHEEHRERFICRERETIAMOE R EZa 2 EE 5,
EEARICBIZMEAREBLIOCTEMEROEZEIZOVWTHAETS. mER
BRIZ, IECR_EEELEFRABREZAVT EEZ2ELIEHE M ER &S
WCEIETHEEOEEBIZOVWTHLNILTWS. AR CTHON-EEER T
—Z0h, MR EMHKE I CEFEELLDRICONTERL, & 78 B K%
EREEZHLMIZLTNS.

541. HHEBLURRK

Table 5.5ICARBRICL LV B OBFEMEZRT. ERICEBEHE M I2E
HEN2MEREBIOREEZEE LT, M E & E 270MPa~780MPa, K E
1.0mm~1.8mm OHEFEMZHEL. Table 5.1121%, M B OB Rk E, 5]
BB EICMZ, MEEBRIZCODVWTHLREELTWS. il 21X, R — 58 E
590MPa Z7Z A 2B\ T, DP , TRIP &, #friisg{b @Mz i L, @ EHF I
EETHEOREELRIFTLL.

Table 5.5 Mechanical properties and micro structure of materials

t Micro YS TS i
(mm) structures (MPa) (MPa) value

1 300 16 F 178 287 0.243 543
2 300 12 F+P 173 310 0.229 481
3 390 12 F 232 375 023 434
4 390 16 F 239 385 0.223 40

5 390 12 F+P 265 386 0.203 394
6 440 16 F+P 294 424 0.154 433
7 440 12 F 393 444 - 313
8 550 12 F 445 553 0.128 279
9 590 12 B 474 563 0.117 287
10 590 12 F+B 516 601 0.128 249
11 590 18 F+M 425 608 0.184 264
12 590 16 F+M 433 618 - 264
13 590 12 F+M 417 642 0.164 256
14 590 1 F+M 431 658 0.153 238
15 590 16 F+M 455 662 0.167 232
16 590 12 F+B+g 422 631 0.223 342
17 780 16 F+M 583 837 0.114 184
18 780 16 B 801 870 - 19

19 780 16 B 810 889 - 137
20 590 12 A 313 685 0332 612
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Fig. 5.1TICHWERBREORE R BIVOTEZRT. RBEX A M B K

L, HIF M TICE9 Ay M @2 T UM ICE R EAR Y MNEE TEALT

WA, lrmEKRIE 400mm x40mm #EERIKREL, £OM, 40mm x 60mm,
60mm X 40mm , 60mm x 60mm , 80mm x 80mm &L EE7=.

fa - c Type A a Type B
& N N
¢ y p
e
40 = 40 60
] (o] [eX — — _
Type C Type D
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Q| o 4 ) V4
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WELD 60 40
(=]
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o o b4
y |© o 80

Fig. 5.17 Illustration of the hat square column and dimension of the
cross-sections.

542 EBER

ZE¥E—RBIOFEM 5 E

BEEFRABRBICLY, EE 0.1lm/s~11lm/s T FRICEFRIHE, FDL
EOMEBEBAI—BEBBLUOBEEIATICIIE R RELZTE & L. EE
1000fps THE LE-RBRIBEBOE R E—FK%&Fig. 5.181I/n 7. & 0 BE & A3
PERE EICER LR CE F MICEMINTHERF 005, ZOoRER TIE, &
Bk LEIOERNEDLRE RN, ZROBAIRBRILICEWRL, T
HNOEEDELLO, M P RNIGEREFR THH0REHK .2 Thol-.

TOLEDOA P — 7 WEMBEKEZFig 5197 T. BRI ICHED
KRELLSZBERY, TORBEERICHE Y, WERXETLRZ2RLEREN
EATHS., NICEWEZA e — 7B THESLEBRRZRX ALV —DF
b7y PLTWVWS. ZREMHEOEMIZ, RAHEESLRIN - XL X
—EBRERA LR FERZSIONS N, KHIETIE, Abr—72 80mm ¥
TOBERNTFLX—%2 A b —JBCTHRTZIETEHINDG, FHHE
fEME Fave 28 - 7-.

-81-



5. HENELET /L0 O fof e 28 T A 1 R Al 5 967 D B 38

0.0ms

0.3ms

2.0ms 5.0ms 9.0ms 10.0ms

Fig. 5.18 Hi-speed images during axial crash (Material:590MPa 1.2mm)

Load ( kN )

200

150

| Egp=32kJ
Fave =40.19 KN
i 11.24 m/sec

60 80 100
Displacement ( mm )

20

o o
Energy ( kJ )

(6)]

Fig. 5.19 Impact load and impact absorbed energy of hat square column

BMEEFEHEICRETHEEOXE

Fig. 5201 FRAERBELEEORE LR T. HE 0.001m/s IZBITHR
BRERIT, TARAT—HORKEEMRMABRB TIHFMLELOTHS. MBI
300MPa # & 590MPa ¥ TEEM L TWADR, WTIOM EHZHB W TS HE E DO
MMIZEVFEHRERESEMTI2ERBEGONL TS, ZhIX, Bl E O &E 5
ROVRBRCRLEMEB OO THAEEKREELIEELTVWDLDOLE 2D, #HE
DO E1X 590MPa # £V 300MPa M DIFO>NKEL, ZORTHLE ESEVR
BCTHBONEOTAHAEREOHRLE-HLTWS. B, ERE—FZRIEEOY¥

B3NS, WTHhOEREZBWNTHIEEROER E—FAGLNT.
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Fig. 5.20 Relationship between Fave and deformation speed

hEEREMEICRFTHERROEE

Fig. 5. 1TIZRLEEBERRICBWT, SHEERBRZITV, THRERE
LrE R OB EFAELE. Fig. 5.21I3FNFOEM OERE—FREZRLT
WA, B EHE 590MPa MR E 1.2mm % Wiz, Wi R 40x60 60x40 (3%
ELTMBEZERZRLTVWDS, BREBRBKREIRZIZON, ERE—FER
LENIRVIEFHBREFR E—FER->TWAD. Fig. 5.221%, FHHEWMEMEZ
ALEbDOTHL. P ORI FEHHERELHMM ERE CRLEEZRLT
WS MEBROIERICKY, FHHBEREIEMTLR, —FTHAEED
2D HAEE (X 60mmx60mm 80mmx80mm T FLTWA. ZHITZE
EBE—RFRBRLEILRY), XX —RINHFEOFH VR RIEEERE—F
DENLRNWIERRRELEEZ2LNS.
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k) 40x60 b) 60x40

T
7 el 2 3 4 8

1) 80x80

Fig. 5.21 Comparison of deformation mode in various dimension of cross
section parts
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Fig. 5.22 Effect of dimension of cross section on Fave
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90mm 451]11-]1 22.5mm Laser weld

Fig. 5.23 Comparison of deformation mode in various types welding
condition
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Fig. 5.24 Effect of welding condition on Fave
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Fig. 5.25 Effect of static yield strength on Fave in thickness of 1.2mm and
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Fig. 5.27 Estimation of axial crash performance by material strength and
thickness (Crash speed: 10 m/s; 40mm x 40mm section, Spot pitch 45mm).
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Fig. 6.1 Hat-section model. a) Axial crash type, b) 3-point bending type
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T 90mm ZEFSEE. MBIV AT RICEAIhAHE L —F2E
&1L T, 590MPa, 980MPa, 1180MPa, 1470MPa 4 & L7=.

Test Mode Axial Crash [ 3-Point Bending Crash
M::l?itne High Speed Testing Machine
Speed Static 0.1m/s Static 0.1m/s
Dynamic: 10m/s Dynamic: 5m/s
Stroke 140mm 90mm
590MPa 1.6mm
Material 270MPa 1.6mm 980MPa 1.6mm
440MPa 1.6mm 1180MPa 1.6mm
590MPa 1.6mm 1470MPa 1.6mm
2 - 4 |
o o
o o
o o
[+] [+] g
Test ° o
Condition ° °
+] [+]
o _ o R25 - R25
: I I . ® 320 @
Load ol Load cell Load cell

Fig. 6.2 Crash test conditions for axial crash and 3-point bending
modes.
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N, AV MEET AV B OHEEBFEEICRIETMIOEE II/NNINEE X, T
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Test Mode Axial Crash [ 3-Point Bending Crash
Solver LSDYNA version R6.1.1, revision: 78769
Material
Type MAT24, *MAT PIECEWISE LINEAR PLASTICITY
Element Shell element Belytschko-Tsay Shell
Size 2.5mm X 2.5mm
Spot weld Solid type element with *CONTACT SPOTWELD
590MPa 1.6mm
Material 270MPa 1.6mm 980MPa 1.6mm
ateria 440MPa 1.6mm 1180MPa 1.6mm
590MPa 1.6mm 1470MPa 1.6mm

FE-Model

Fig. 6.3 FEM model and calculation conditions
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Fig. 6.4 Stress-Strain curves with strain rate effect for FEM
simulation
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Fig. 6.5 Strain rate transition during axial crash deformation
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6.6 Comparison of calculated force-stroke

curves

experimental results for axial crash of Material 270MPa
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6.7 Comparison of calculated force-stroke curves

experimental results for axial crash of Material 440MPa
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Fig. 6.8 Comparison of calculated force-stroke curves with
experimental results for axial crash of Material 590MPa
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Fig. 6.9 Strain rate transition during 3point bending crash
deformation
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Fig. 6.10 Comparison of calculated force-stroke curves with

experimental results for bending crash of Material 590MPa
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Fig. 6.11 Comparison of calculated force-stroke curves with
experimental results for bending crash of Material 980MPa
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Fig. 6.12 Comparison of calculated force-stroke curves with
experimental results for bending crash of Material 1180MPa
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Fig. 6.13 Comparison of calculated force-stroke curves with
experimental results for bending crash of Material 1470MPa
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6.2.4. FLO

AETE, FAETRRBLEGESIRBIVRBRFBECIVRELEZM BET L
DEZYWERIETIHEDIC, " MIETFLOGELEKEEHEZFEMICLVAZHT
L, BoETRELEGELEFVEBICIIERBERLEBLE. B E—NI=
A FE—RLElEEE—FLL, ThERBNBLOBHMERE2MIT L. £
BRAERIEBLEER, SMERKOREAIND—JEKRBLIUER E—FIZ
BOWTEBBERIZIFT—BLTEY, MBEBETLVORYHERHER TS, .

6.3. AIRYNBIEEDOHEE T AR ~DIE A

BEEFHFELL2ER LEERELLOELRIENRDOZDIZIX, FEM #1255
mAEERMERETH, RELERASLELLRD. 980MPa 28 2 5X57%2 M 8 E
WMKOBER TS BETETHED. —F T, ARYMNEEIZ, MRORBRELIC
IOFZOMEFHREITIZIT—E THEZLDD, BEMOBEBIAZNE V.

HEHEEERICARMNEEHRIFIIRARIS HDRENREEL, BIK
HrEZbN5. NH#EDIIFig. 6. 141 R TH A RIBEHMETFEREH VTR
WWBERLOREZIT>TWD[30]. EFERICE-T, ARYMNEEH TR A
THWRM EEN R 2> TWWA. U-form Tension IZARYMEE Ty REIZH#H
B S5 M OfFE CHEWr 9 5. —J7, Double Tension Shear IZE#EE BH O &
MANCOTHARE AL TN 55 —KE25. 980MPa UL EoOEEE HK T
X, ARYMEBICEIPBEEBIZLVF Yy NEA B OB M B (HAZ #&k{b)L, =
IHMEMr R A OR RERB[3T].

Double Tension
Shear

L/'E//;//' '

Fig. 6.14 Shapes of spot-weld joint
ARy NEBEW N OF #1X, Fig. 6.141Z7R T X574k # 2 Wy £ — Fioxt I
TOLERDY, ZOFHFERLICATTELOH AR TLATNDS
[37,38,93,94].
Fig. 6.15(%, B EHE EZRBRKEOEL Y- 7 —HHOE R E—FDH
ERLTWS. B =7 =M TUI—MamEA T B BT 7V THE
BINTEELROTVIN, IR TIORSFRRIIERKZZIDHE S, 77

Tension Shear L-form Tension U-form Tension
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PUBICITER ETHFRAICS RS AN BETHIIEBBEIND. ZOH A,
ARy MEBEE O HAZ AL ICE AN OB EOH A OTABRE AL, A%
ATHHERHD. MIZARYMNEEROWM €t —FFlZ R LTS,

FITAMETIE, ARYMNE#EH O HAZ KL ZFE R &5 k&= —Riox
BERY, AMRETRETHAHEFMFEOCEDIEERIAETS.

1)

E1EDY

Fig. 6.15 The deformation mode of the center pillar part and
example of spot-weld fracture

6.3.1. RARwhE & O R R M5 &%

AW CER L72M B BLOZE O WA 55 £ & Table 6.112R" 3. B 8) &
DB E S ICHEBAEhTW5S 590MPa,1470MPa 752D E Mk 2 \Wi-. &
BiX 1.6mm 28 —L7=. 1470MPa 77 RAOM BHI~ LT UV AMNARKRE R O
SRMBEICTHAIEICIVEEZM EXEME THY, Ay bV A LIZIEF
HEOMB, MEZALTCND. INOLOMBHRE, HEHEORZ2DHM B2t R 12X
RyMEET O BRVRBR P OBM 28 257 M L7z,
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Table 6.1 Material properties.
Uniform Total
Elongation Elongation  Grade

Material  Thickness Yield Strength Tensile Strength

No. (mm) (MPa) (MPa) %) %)
1 16 380 630 196 322 | 590MPa
2 16 1256 1404 45 89 | 1470MPa
R A IR L B & 1

ZRYyMNEER R FORERBRICHOVWTIE, JIS TEEOFENBHEEENT
W5, BlEREAM R B JIS Z 3136, +F 5 R JIS Z 3137 2 BREM
RARBRFETHS. AMRETIE, BHEOMEHFERFICRE TS, ¥V
T—HBDI7IFo VAR NEEN B Z2EE 7522 B Ll T, Fig.
6.16IC - THRBAZHAWVWTARYMNEEM BB IZY —R5IBVIE N 25 25K
BAEZR WL JISs S5 RVAR P RIZIE 25mm RS 40mm OERE
ARYMNE#E L. ERIEIEBRAEFRUHMBZHA W, ARYMNEESZHEZ T 7y
FMED 6mm~Tmm [ZRD2IIICERME, MEHZRELEZ. KRB THWER
Ry ME# & % Table 6.212777. Fig. 6.16(b) ICARy MEHEINT-R R
FOBEEZ2RT. BB THOTHEFROLDOZ7VyREZHLTHY, WEEEH A
HOEREBETH-DICTH YN OBILEEZY R RXR—XTREL.

a) . b)
Specimen
Back plate Q:’“- )
| Spot weld
z
= i
- .| 2
o =
25
1.6 30

Fig. 6.16 Spot weld test sample. A) Dimension of spot-weld specimen,
b) Appearance of specimen
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Table 6.2 Spot welding condition

Material ! 2
590MPa 1470MPa
DR8
Welding time(cycle) 16
Holding time(cycle) 30
Welding current (kA) 8.0 8.0
Electrode force(kN) 3.92 4.90
Nugget diameter(mm) 7.7 6.8
RBAHELOTHE B G E

SIEVABRBICEROTVINVIATERBEL, 5l BVRBR P OB A
BHOEFRRELZ— EBRCHELL. Fig. 6.1TICRLAEEERBR A I 1mm
EyFORA NV REEMRzvF /7L, BRESNEZEEHENLZYVYREZ A B
BEL, TREFNOZYVyRIZR L, ATVAEBE TORBICLVERE D7
YR BE#HEEL. JVyFO3KR EM BHBE RO EMEZREHL, KB A
WWRETHOTADMBLOOTAEREZMET L.

Camera system

Camera Resolusion(px) 4752x3168
Number of cameras 3
Tensile direction ‘l__| Lens 50mm Macro
| | shooting frequency 0.5Hz

| 4 Grid condition
Digital camera 1 . Digital camera 2 Grid pitch 1mm x 1mm
'T\ [ e Print method electrolytic etching
Gf \)Ij { £—3) Grid Area 25mm x 100mm

- Nw?® 2 W v
/

S : sene
\ .Specimen ..--:::::::::

BUsRnin!

1mmn
Fig. 6.17 Method to measure the strain distribution round spot weld during
tensile test

Ay b 1 B O W EE 5y A B GE

590MPattf BL W 1470MPatf DARY MEBEH OB K E L OM &%, # E o
MEBELE. ARYMNEEA P REZGWMHFEL, TA¥— 1L (1%) TZyF 7L
MBRBEL, 7Y ORE 1/4 Mmooyl — A ELZH E LS R %EFig.
6.18IZ7R 7. 590MPa MicoWTiX, BEEBEMIB LS ESHINZTF YN
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DEENEEHOBMMICH R 20 FREHML TS, 77y NIEHOREE
EITE B A ISR E ME T LTWA. —JF, 147T0MPa #1384 30 L8 8 18 w8
DRMEZITNS, AR EH ICRLBEABOOND. KL H OB E i3 & K
SO%NEBEETLTWS.

No.1/ 590MPa

No.2 /1470MPa

4 B

2 Lmr_illm [mm!u ' :
Fig. 6.18 Micro structure and hardness distribution around spot weld

51 58 v B Bk K R

IRV B ICEVSIEYVEE Imm/min TFig. 6.16IZ R LERARF 5]
BOVRBRLEZ. RBRIP OO THOMEZHBA THLLLICERHELZFALE.
Fig. 6. 19ICFNENDOM B OA N — W EMBAEZ X R T. Ahn—2 35—
MR 50mm OF(LZERGBHOGFH B LEEZH 2. 590MPa #IiZA e —2
13.5mm CHEMAEAEL, ENK FLE. —F, 1470MPa M ix@m \WiEE %
ARTHOD, Ahv—27 Imm CTHEEDEBE CHEB AR AELANEL/KETFTLE.

SIRVERRICEESABEICERETHIOTAZE B AT ICEIVE A LR
B %#Fig. 620" 4. MNP oarv—h7—FFXx0T Ao MAETRLTND.
590MPa ¥ i%, BE#EH BB ICEETH20THII/NE, BEHOBME IZOT &
NEZLTERREATHLIIERDNS. ZOMKBR, T IBHM B THRELE.
— 7, 147T0MPa M IZBEET BB ICOTHBE P L, MM i3E 85 B8 HZ2 &
RELTRAELE.
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-
o

(o2}
o

1470MPa ]
ﬂ/ |

590MPa

/ :
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==

Force (kN)
Q

—_
o

EAF

1 I 1 I 1 I 1 I 1
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Fig. 6.19 Force-stroke curves for spot weld for material 590MPa and
1470MPa

o

o
N
B

.-
-}
=
=)
o
wy
o
Z
12.m 13.0mm 14.0mm fracture
.-
-}
=
=)
~
-
o
o
Z
0.2mm 0.4mm 0.6mm 0.8mm 1.0mm 1.1mm 1.6mm fracture

Fig. 6.20 Result of strain measurement during tensile test until fracture

1470MPa M THRALCEES BB O B R EZHER 757012, W%
DRBRFOMBBEEZITo7-. Fig. 621 CHMEB R RL SEM IZL58
MHOEMBEERZTT. BESEA I IV LB AR EIN,
TFYyNEBEOMEBRyX U IS HICHEB LI RN RSN, WS A % SEM
TEBETHE, B BIZIZKREZZ10um B EDORARNBE SN 7-. Fig. 6.18
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6. H G ZEMERE T BT ~Di
R LEEES AL THL, ZOW W E O & 3BV 22X E Nk
LI — B L TEY, TORAEEBEBBEMORE Ao TNEIENRDLNS.
FovFTBLIOMEE (RAR) ORENOHEM IXEEMEREL NS,

tsg-l! x100.,100pm 00

Fig. 6.21 Micro structure and fracture section in material 1470MPa

6.3.2. ARVFBEHOHEHREZEELI- FEM ## F %

7B B B A O M kL R 1 B i

AEOEROERID, FEAFBICIVMEBRERBIVCEEREL TS
LT, ARV FOMM B AEAZEBNELTIHILERNRENREZ. LR T, &
BEHOMRE FHICIAEETSOMEFELZER TOLERNDHLIN, AR EL
OFEL T mm LT THY, — B e B il FiEXEE THD. ZORE
IZOWT, EELIIM/IASIRVRBR FEICKY, Y MEBLUOREE T O
B2 L CE ROVRBRICEOM B R EZFM T2 HF EEZREL TS, KB
RTIE, AEETOWMICEBEL, ARV IMNAZBRORAEBELZER LT
BEELOMB 22 I2L— L THEREZFM T2 EEZRFTLE.

FEM @ #r 2 ICKV AR MEES OB E E XA OIS TWD. &l
BEMB-BHINIBBETHY, —F, W A E O B 128 E E
100C/s , MHAFEE-500C/s BELEAINTVWS. ZCORBRELHFEH 57
HiZTable 6.312 R T & TEAMBEEZIT WV, VIV EERKLE.
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Table 6.3 Heat treatment condition to simulate the micro structure of HAZ

Case-1
713K

Case-2 Case-3
803K 893K
water quench (-100K/s)

Case-4
983K

Heat temperature

Cooling

Fig. 6.221Z 590MPa # 3L 1470MPa #f O # L B+ D)5 H OF B 4%
R T. 590MPa M IZBAL B DL B ICE-THREOEIZIV RN ERDbMS.
—# 1470MPa # X4 58 E 1500MPa (2% LT, 440CH 2444 1X 1150MPa,
530°C /N # 4 960MPa, 620CHIZ4F 920MPa, 720°CME 44 T T7T0MPa &
BENRKELLELLTWERIERb,NS. £, ME QK T L6120 W M OV 4
MLUTWAILNFER TXD.

BALEM Oy —ABES, HEHHB O, 5| RVEEICRITTMEREOEE
Z#Fig. 6.23ICEEH L. 1470MPa M IZBWT, By b —ABEX X, MEEE O
BWMELHLIIE TL, RRIZSIEVERENRELL TS, —FIEMEIX, B O
W fi Ot 8. 5%t L, TIOCEVALE #f T 18% FTHMLT7Z.

Fig.

1500k Material:590MPa || ' Material:1470MPa_
L Base
1250f 1 .
g
S 1000 .
¢
S 750 §
v
=) TR
€ 500 530C .
W I 620C
710
250 .
O | 1 1 1 1 1 1
0 01 02 03 01 02 03
Eng. Strain Eng. Strain

6.22 Stress-strain curves
temperatures for 590MPa and 1470MPa steels.
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N
o
o

Hardeness (Hv)
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o o
o o
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o

| 590MPa

w
o

20 .

10& f_

- 1470MPa

Elongation (%)

L 1470MPa

0——
500 590MPa 4
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o

400 600
Temperature (TC)

0 200

Fig. 6.23 Effect of the heat treatment temperature on hardness, elongation
and tensile strength for 590MPa and 1470MPa steels
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Fig. 6.18IZ/R L7z 1470MPa M OB E EH O KK E X 300Hv THY,
530 CTEMBLEMEBOEELIZIE—HK T2, ARVMNEHERORFLELHL
530 CEMEM OIZ ol Ol E 2 Fig. 6.24|2°R 7. 1470MPa #f ®»I7uffl
L, RSB EL 530CAALBEMLLBMOAT U AR PIBEEXRE
SNTEHMBEERLTVS. BEBIUCHEBROLEE R0, BVLEM TIRIEE
BEHAEZETOMEZHEH TETNDHLE LN

Material:590MPa Material:1470MPa

Base

HAZ

Hearing 590Deg.

Fig. 6.24 Comparison of micro structure between heat treated material and
HAS in spot weld for 590MPa and 1470MPa steels
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BB O R kT R A ST i

BESBAEELOBBRAZFM I 52012, TVXVE B O T A58~
AT LR WTE BRVERREOOTHBRELHE K O TAKREZF R LE. Fig.
6.25/Z 590MPa ¥ BEL T 1470MPa M OB B M T E OB ETOOT
HJBEZRT. 590MPa MIZMBIBEOEMEELLICHEERA OTLBET
THEBEZRLE. —JF 1470MPa #1300 2R E O8I & &6 12/ W iR 5t 0 F°
HBHE M T 2@ M Lo, ZOME M iXFig. 6.22 TR L7 GL50mm TOE %
ZAOZEBHLE—ELTWD. M, BMBTEROKR RKFEOTHAGMOarF—K
ZRLTWS. 590MPa M iZ<UNEB AR EL THRWTICETLI0ICHL,
1470MPa M IZ<OIEE R AT LA L7, BAM T M Il T 5% 8 23R C
5. O T4l (ey/ex) i TWVTNOMEEL-05 OEMR ETOTHBIEML TN
5. 590MPa M IZ oW TCIZHE M E BT ICOT AR E T O T AFVIZBAT T5E
m &gl

08pr

Base |[- a4d0€|. = s3] @ e2cT|" 710 ©

05F

=
Y

a‘
=
w

No.1/ 590MPa

X
-

L]

No.2 /1470MPa
£

‘ E
] i i i - i
03 02 -01 [} 02 041 (] 02 -01 0 02 01 0 02 01 o
[0 £y £y &y £y

Fig. 6.25 Transition of strain state in fracture point ‘of heat treated
materials
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6. HL{AHE X1 22 M RE T B~
B BT O3 0 K5 3 4 il T PR SRl oD [F] 7E

AT B AL O BE T 58 BE O F | 121X Table 6.41278 3 X972 5 14 % 88 & 4 A3
RERINTWVS[24,28]. WTHHLEM O T AETOE S TI/IATITZRE

THHETHS. KFFETIE, —HlELT, X(6-1)IZ7" T Cockeroft ZE M ff 88
FHERXZEZHWCEN PRI T2ZEE2HBELE.

Table 6.4 Representative ductile fracture criterion

. T — Cockeroft Zy -
Freudenthal L gde=C & Latham Jo O d€ =C
¥ 20 _ o _
Brozzo et al. ——m  dJe=C | KRR 2 +alde=C
0 3O —0T,) o LO

E, MY OF %, o, FPHEEIEN, Op, RREIWH, O HEIED

C=["odz” (6-1)

TIZT, CCr iTEMREREMEEIRAECHS. EERKERMNME Cr 1T,
HBMERBZAVTHAE O T A (e, ) bR REIR N CBEOTHE S
Aer ZZNETNK(6-2), N(6-3)THETHIENTES. 3biz, K (6-2), K
(6-3)2R(6-DICKRATEHE, R(6-DIHRTEMBERRE Cr 2RETHZ
ENTES.

o(e; +Ag;) =0(g;)+Ao(Ag;)  (6-2a)

fale
Ael = AE? — -
y o0, (6-3)
i =J‘ o,de” (6-4)

ZIZT, D,eij e X, TENENAMBOEME~N Y IZX, FHLEEOT A
(e1,8) W DO T HEZE R T5.

AFRETIE, BESAEETOWMW R A ZFRE 725701, ABREZV I
L—hLEEMBGHH Y TNV ERCTHEBETOOTABEREZFH AL, X(6-1)
MHOR(6-DITR U HFIEICKVESERBEERG /7477 THD Cr %R
E L7z,
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BEDZERO FEM €75/

BEROBNZBZMT 55720, RO FEM f##r YV S—LSDYNA %
HAWTHBRABRBLOSIEBVRBR FiE2ET Vb L7, Fig. 6.26lZ FEM £
TNERT. TTYMNBOREERZET NMETHEDIC, VISRERIZEVE
HRBIZIOMEE(EZERE CEXIIICBARE EHE* HAZI~HAZS OEK 25
BL7-. 2FEHR T 11513 HiA, 9576 ER L. MO0 T HEEKFHIX
ZRET, BEOEENRNILEBABL TSI EVEE 0.5m/s THRF EAM%E
B2 THREREER ST,

HAZ7
HAZ6 HAZS HAZ4

Fig. 6.26 FE model for spot weld with consideration of heat affected zone

BEEMBETNVOREE

WEROM B ET VI, @ E B E# R EFig. 6.22, Fig. 6.231Z R L7z#
EERII2L—M OB OTHER, BEHEORKEREZEICLTHELE.
EEREOERMSIE N OTHBEREMHA 752012, EELKEEISH OB
frEZEAXELLE. Fig. 6 27TICHELRES W OBEKREHE LR RET
7.
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2000 - . . . :
True strain=0.3
—_—
©
o,
= True strain=0.2
‘;g-' 1500} s
o True strain=0.1
»
2
(=]
&= 1000+ =
S ™
~ True strain=0.0
50 L | L | L
900 300 400 500

Hardeness (Hv)

Fig. 6.27 Relationship between the flow stress at specific strain and
hardness of heat treated steels (Base 1470MPa)

RETHEEANEERE»PCEBEEBICBIZICHOTAHABERZREL,
FEM ®ET/VOEREIHEINTZIE HOTHBEKRZE VY TT, ires v
ZYERLL7=.

Fig. 6. 283 ER N E SN BEBEETNEERNL-EE s fizERTRITL
TV, FERBROFEHEELZENHL, TOEHEEEI»OISH OT HE
fRER E L. 147T0MPa # O #EFT LV %Fig. 6.29127~ 7. M EET X
LSDYNA Oa—H—E B MEET L THD MAT282 %A\ 7o, 7 H & 1X
Cockcroft JEMBESRHFERXNEZH W, IELZHEM 77477 C1 EZA AL
7-.

600
500
400

300 [

200-.|.1.|.|.l.|.1.|.
5 4 3 -2 1 0 1 2 3 4

Fig. 6.28 FEM model of spot weld and measured hardness

distribution
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15001/,

1000

True stress (MPa)

2]
o
o
T
I

| | 1 | 1 | 1 | 1 |
%.00 0.05 0.10 0.15 0.20 0.25
True strain

Fig. 6.29 Stress strain curves around spot weld estimated by the hardness

6.3.3. FEM @ IZ& D ARy S 2 05 B % Al

590MPa #f BEL T 147T0MPa M OBEETET NV EHBEL, MITE2E R L.
Cockcroft EM M EFHF R ICIVBEM ICEL-ERIIHIBRLCHEKRBRA £ 222
2l —hkL7z. Fig. 6.30lZ 147T0MPa M Ot fE R 2~ 7. RixF 7 vyrNEHEO
BEBHOXA—VHE(C1/C1dDarZ—ERLTND. FA—UEN 1.0 I3
THEHMB LR ELERBEIBRINS. ERBNE LR ER HAZ3 TRy F
TEFENREEL, FA-TVEPEM T BB RLRoT. REFLEHOF A—
VHEBRELTIRo TS, SHICERNEDEFA—VEN 1O ICELBEW SR AL
o WX S OB BEICH o TEALTWS. ZOZE#E) X, Fig. 6.20 TR L
FEBRER, BEEH XX VBB ELBEHICELIEBH LR ~KLTWY
5.

Ahu—7WEHROMBITERBLOBEBEN OO TASMEERLLEL
% B %#Fig. 6.31,Fig. 6.32iZ R~ 7. BEWFE gl T TOAbu— 7% H dh #1%,
590MPa # B L 1470MPa M Lb EBRE R L/ -7, 590MPa # i FEM ##
FIZBWTHDEET CHEN T, BB ICOTANEPLEN TR
7o, MM Abu—20%, EBRFE R 13.5mm 2L, BT H&E R I1X15. 1mm SRk~
A7 1.6mm BL<RHkE R Lo, —F, 1470MPa # ix@ik Li=kdiz,
ERLIFAHFEOMFEL CHIAERINE. B A e —213EBR 1.0mm I
UM &R 1.5mm & 0.5mm EWRER L7,

REROBEER LIZOVWTRES BILIZRFTILERLHDN, A%
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THRELEMEFEEBLICEEBEISATITORE HFEOZ YRR T
7.

Material 1470MPa

Fig. 6.30 FEM simulation with consideration of material fracture in

spot
weld of 1470MPa steels

Stroke-Force curve Experiment Simulation
70
60
S 50
ey
2|z
S| 240
n o
. o
—_ et QAE
= [
-E (' 30 ‘,f
S| Ll Jal
frar ||
ﬂéqoenmema \
10 !
0 5 10 15 20
Stroke (mm)

Fig. 6.31 Result of FEM simulation comparing the experimental results in
590MPa steel
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Stroke-Force curve Experiment Simulation

L /CQE
60

1\

Experimental

Material: 1470MPa
Force (kN )

1 2 3 4 5 -
Stroke (mm ) !J,_,

Fig. 6.32 Result of FEM simulation comparing the experimental results in
1470MPa steel

6.3.4. F&H

AMETIE, BHEEEAEEBLOZDOFEHHFAREHOBREOVOLST
D, ARYMNEEBEMBARIIOVWTERFIEOREL FEM EITOLDOE
BERAEETOMB/ERBLICHEK /7747 V7R E HFEIZOVTRELE.

AR THELNI/BRIILU T L5,

EREOEBELER CRATIHREBMBA L 2FRIIMEORFELLTL
BITRBIEVRBR FEZRELE. TUVVEBOTHE R HEFFEH A D
BOILTHETRBLIOM OB B S 2EKEE ICFHFM T22LnRELER-
.

1470MPa 77 ADEHEMB W IR X ET ORI EEEZE R LLTRAE TS
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This model has been developed by The National Crash Analysis Center
(NCAC) of The George Washington University under a contract with the
FHWA and NHTSA of the US DOT

Fig. 6.33 FE Model for side impact test

Fig. 6.34 Structure and material in the center pillar structure
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Fig. 6.35 FE model to simulate the side impact crash. a) Boundary
condition of crash simulation, b) FE model of spot weld with Nugget and
HAZ area
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Fig. 6.36 Alignment of material model from detailed solid element to
simple shell element
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AT OO0 EICOVWTHRE L. Case-11%, BV #—EF5—R/FIZ1470MPa,
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— K EITE & 2.47kg 729, ) 20% 8 &1k, 590+1470 TWB #&E X, &
B 2.61kg, 14% D& & L A F TE5.

Fig. 6.38I1Z7 R 3 X9512, 147T0MPa — A& Tk, B —¥E 77— EE MO
WroFEERTFTHEINTZ. TNENOFr—ADE R Abu— 27 & #h # % Fig.
6.3975 7. 147T0MPa — f&# & Tix, Bl oRE A 12L&y, HEIME FLTHZE
HEPKEIE T T8 FHEIND. —F, 590+1470 TWB # & Tix, i
WroFELR, R—2ABEIVEVWVEFRHEEZRLTNS.

UEDr—ZARAZTF4IZE-T, W EZEZE R L= 2 FEM 12Xy, Ko @&
O VVEERF DA THOIZLEHER TEk.

Case 1 Case 2
1470MPa 590MPa+1470MPa TWB

~—

S ' o

1470MPa,
1.6t

1470MPa,
1.6t

Fig. 6.37 Case study of B pillar structure. Case 1: application of 1470MPa
steel in outer-reinforcement, Case2 : application of TWB structure with
590MPa and 1470MPa steels.
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Case 2
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Fig. 6.38 Result of FEM simulation with consideration of fracture.
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Fig. 6.39 Performance estimation of B-pillar structure with consideration

of fracture
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