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Study on Strain Rate Dependence of Fracture on Thin Steel

Sheet

Tomohiro Kamiura

In order to reduce the burden on the global environment, regulations on the discharge of
carbon dioxide have been strengthened. Along with that, improvement of fuel efficiency of
automobiles has become a big issue. It is known that fuel consumption is affected by the
weight of a vehicle, and weight reduction is an important design task. In the total weight of
vehicles, the weight ratio of seat is about 4%. Even if the weight ratio of seat is small, ultra
high tensile steel sheet is applied. The tensile strength of the steel is 980MPa. It is
important to reduce the development period of automotive parts. For that purpose,
numerical simulation using FEM is applied. In order to obtain accurate solutions using
FEM, understanding material properties with high strain rate is very important.

Therefore, in this research, the main object was to clarify the relationship between strain
rate and ductility during tension for high tensile strength steel sheets applied as members
of seat frames. In addition, by utilizing the result of the obtained material properties, we
evaluate and analyze the strain rate by the finite element method (FEM) at high speed and
low speed, and describe the problem for improvement of analysis accuracy.

First, a new tensile specimen is proposed for measuring not only displacement and
load but also temperature during test. It was found by experimental results with high
strain rate that the occurrence of local elongation occurred simultaneously with the
occurrence of maximum stress.

Second, it is possible to reproduce the stress drops for each strain rate by FEM
analysis with considering the strain rate dependency of work hardening, the temperature
dependence of material softening and the temperature dependency of the rupture limit.

Finally, FEM analyses of using obtained knowledge were performed for clarifying
the problems. It can be said that in order to obtain more accurate results, more
sophisticated breakage limit surface is required.
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Table 2-1 Mechanical properties of SPFC980Y in different tensile direction

Anr%lﬁi;r;m Yield stress Tensile stress Elongation
0,
direction[® 1|  [MPal [ MPa] [%]
0 869 1040 13.0
45 863 1055 11.7
90 856 1024 10.5

FEAR IS 77130.2% 0 /) CRAM L 72, AEVEI T OV TR L7z, AL T A2 KV AR
IS BEOR RIS TN RERZFT RO, — T THNTIZZEN AL TEY,

90° F MR ERBMODN/NINFER L2570, ZAUTHEIERF O/ E DR EL TV D
EZZOND. FEMEZ R KIZAIED 7256, FEM TR o858 A il R &7

5. ZDIZ b EMOD/NSWEIEEAT T 1 THH0” ZaTAfixf L L.
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Table 2-2 Specification of radiation thermometer

Measuring range| Wave length Distance f_o m Target diameter| Response time
target specimen
[K] [um] (o] [mm] [s]
273~773 2.0~6.8 100 3.5 0.001
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Fig. 2-4 Appearance of radiation thermometer
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Temperature measurement by

thermocouple [ K]
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Temperature measurement by radiation thermometer [ K ]

Fig. 2-5 Measurement accuracy of radiation thermometer

-20 -

500



FIRZETEAZ L D8 A i O 8 IS KV ST R T2 L RIE R SRR EN AL D
ZEMBZOND., ZZTHIRRBRZITV), IRE EAOZREZBH L. O Hol
0.001s T CRABRAS A Fig. 2-612~ 9. EH LD EEFHO Ak & [F] RFIZ i KIRE 270
STz, B NIRRT HOREEF 313K, BV x317K EAe o7, B IR EEFHT K D5
it Rl 3, e RIS OFEA LTI AR T 92 m 2R~ Uiz, AR m o Ikl
WRICEALNELTEE ZBNS. L LEDOZEITLE6KTHY, Gl R B2 K

IES72 LTz
Radiation thermometer =---Thermocouple —— Load force
330 8
320 + 16
i Z
— i3
o @
2 o
© 1 1 L
5 310 4 2
5 S
|_
b
‘\
300 T/ ecmemesmsem=aes T 2
290 : : : : : 0
0 50 100 150 200 250 300

Time [s]

Fig. 2-6 Temperature measurement result for thermocouple - radiation

thermometer
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Fig. 2-7 Test piece shape for tensile test
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Fig. 2-8 Comparison of true stress — true strain curves

with different specimen size
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Fig. 2-9 Position of strain gauge for load measurement
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Fig. 2-10 Random pattern for DIC to test piece
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Fig. 2-11 Measurement error for mono camera DIC
EREORERLY, BRE L g O WG ARG L 3 L OMR R # A Table 2-312789°49
IZERELTZ.
Table 2-3 Photographing conditions for DIC
Strain Erame rate Resolution
rate
[s1] [fps]
[pixel] [mm/pixel]
0.001 2 2000x%2500 0.01
0.1 125 1024%1024 0.02
5 5000 1024x1024 0.02
100 50000 328x768 0.02
1000 100000 208x512 0.03
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2-4 TR,

Table 2-4 Chemical composition of SPFC980Y
(wt. %)

Material C Si Mn P S

SPFC980Y 0. 17 1. 32 1. 98 0. 013 0. 001
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Fig. 2-12 High speed tensile test apparatus
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Fig. 2-13 Position of temperature measurement
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Fig. 2-14 Time variations of stress and strain at various strain rates
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Fig. 2-15 Position of temperature measurement at strain rate 100s*
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Fig. 2-16 Time variations of stress and temperature rise at various strain rates
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Fig. 2-17 Effect of strain rate on stress-strain curves from

specimens with 7.5-mm gauge length
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Fig. 2-18 Effect of strain rate on mechanical properties
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Fig. 2-19 Appearance of high temperature tensile test
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Fig. 2-20 Stress-strain curves with different temperatures
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Fig. 2-21 Effect of temperature on yield stress, tensile strength and n value
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Table 3-1 Material constants for Swift law at each test conditions

Strain rate | Temperature
[s"] [K] " " ®
0.001 296 0.12 1404.2 0.07
0.1 296 0.10 1404.6 0.06
9.5 296 0.11 1411.8 0.12
60 296 0.11 1473.6 0.06
1260 296 0.27 1572.8 0.40
0.005 373 0.11 1356.6 0.04
0.005 473 0.11 1408.9 0.01
0.005 523 0.14 1385.8 0.06
0.005 573 0.19 1471.0 0.15
0.005 623 0.18 1238.0 0.25
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Fig. 3-5 Calculate results of stress - strain curves at each mesh size

-54 -



o

N

o

e 120
=

S 115
=

> o

g 8110
o

& 1.05
c

2

E 100
3

347

O

/”.”
1 __.-~"Prediction line of
‘/” calculation accuracy
I I
0 0.5 1

Mesh size [ mm ]

Fig. 3-6 Calculation accuracy for each mesh size

-55-

1.5



3.2.11 FEROELR

Ay ath A X%/ NSTDIEE, FEAIR 03 FERAB T 2 A st 528
NTET, —HTAY T a2 AXH30.2mmE0.Imm TIEREAR 72X Aoiv/ewny. £ZTA
YV ah AR LR R E DR B EE L. 0T H0.230FD Ay 2 A XD
WIET7 RO EA L EAFig. 3-TITRT . Ay a A AP KREIVNEIEWREZLH D7,
ZORER, BRI LW e SR 1 M RKFEM L7283 2 Hins. Wi fi ) %
FIEEZTIE, KGCHNEBORTIIRDZEVZRBLTELIZT DAY 2DMNS /3
WL D, Ay oA X030.2mm250.1mm~D 2L TiE, KU RICR L+

WZAY Y 2 AR NENTZD, Ay 2 A R LA FEREE O h B R fafnL =L

EZHA.

—0.00
=—-0.05
= .0.08
E = -0.11
; ‘ g —-0.14
# Y -0.17
: : [-0.20

a) Minimum mesh size 1.2mm b) Minimum mesh size 0.4mm

0 "
¢) Minimum mesh size 0.2mm d) Minimum mesh size 0.1mm

Fig. 3-7 Thickness distortions by FEM calculation at strain 0.23

-56 -



LPLAYY 2P AX0.1mmO L5 TH, KIREL TEREBE R EOTEREN RN D.
Z 2 TR KIS TR AE LRI BT NIRIC A U DR AR I2 35 B L7z, Fig. 3-8I3iEPEAK
ENELDAN =X LOEAKOTHL. MHEETENERTDHIET, B OERHER
Hr R R AR 72 22 4L (RAR) AR END . BT OHEITIZEY, ZOZE O E
BLOZEALFE LD ERNAELLHZE THRAEANTIIM B O3 W23 £ T %, Landrons)
IEXHBREMG IR 2 VWA 2 & T, 600MPafkDual-phase #fik D ¥EVEZSTE I AU 72
ARDIERFEZRE L TIBY, BB AT IEA AR OERREN SN 22 250N
LCW\5. F£7=Kadkhodapour®>*) |3800MPaifkDual-phase #i#i % F\ 7= ) B s 5 |
R ZITVY, e KIS TIDFEAELIINTRARDB AL, Z20%, OTHOEITEEDL
IR T AT ZBIEL QD RAROR LRI BT RIS #m4
%. DO ERNHESTFEMEHRIZ B W TR, AR REEHESh
EEZBND. RARDFRELZ B UIAERAIZDADAGIRERINTODR, OF R
FE SR JE ~DARAF 2 E D0 RS TWD ST E 2. ARSI W TIER
ARDFAITBEET, ELLTHRVESZEIZLT. DL RICEOARMIFETIZ YU YR A

ot AX1X0.2mmeE L7~

o B

bi Mucleation of c) Growth of d) Concentrated e} Separation
microscopic holes microscopic hales plastic

Fig. 3-8 Stages of ductile fracture3?

-57-



322 IREICEDRIFIEE DR

MBHEE DOZEAIZ L DFEMD G HEREE ~ DR B4 B L. 5 RRERET5
7o O N TAR LR E OB AR A X B JE L2 o 7o MEHEE 5 MEZRE L MisesD
BER S A U, MR BB B T AR P OREIL —ELREL. IHT)-
O T A BAfR X Table 3-10fEAEH L7=. BB R I EE S BERBR TH W
JS13BRER i 2 v i, BHRERITITY Iy RO —REFR LR L. Ay ath (X
I$Fig. 3-6DfE 5 L00.2mmE L7, FHERFFERE D=8, SOMDIELETHHIERD
FH0.2mmAy 2l L, ERIZ1AmmE L7z, 7 — U RI35 | ERBREFREEIZ50mmE L
7o BES A Fig. 3-91R T

Mesh size
0.2mm 1.4mm

> Displacement

:l. ’
Fix side :::2_>
—>

A Section for load force measurement

Fig. 3-9 Mesh discretization and boundary conditions for tensile test in

constant temperature

- 58 -



296K 5523KE TOENL LIS NI D BEFR%E Fig. 3-10127R 7. W DR I

THIEW & bR, ERREBW—EHE/RL TV,

Load foece [ kN ]

Load foece [ kKN ]

—e—EXperiment

—CAE

0 I I I I
o 2 4 6 8 10
Displacement [ mm ]
a)296K
—e—Experiment —CAE
12
8
4
0 I I I I

O 2 4 6 8 10
Displacement [ mm ]

c) 473K

—e—Experiment —CAE

[EEN
(o]

[EEN
[e0) N
]

SN
L

Load foece [ kN ]

(@)

Displacement [ mm ]

b)373K

—e— Experiment

16

—CAE

[EY
oo N

N

Load foece [ kN ]

o

0 2 4 6 8 10

Displacement [ mm ]

d) 523K

Fig. 3-10 Relationship between load force and displacement at temperature
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Table 3-2 Material constants in VVoce law

Temperature a b c
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Work hardening law
Swift  ceeeeee Voce

—e— Experiment
1400

1100 A
@
o
=
h 800 -
500 : | | |
0 0.1 0.2 0.3 0.4 0.5
Strain

Fig. 3-13 Comparison of extrapolation results by Swift and VVoce law
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Table 3-3 Material property dependent on temperature 59

Specific Thermal Young's _
Tem?lir]ature heat conductivity | modulus ﬁ(e?frzg)]/
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296 405 334 200
373 452 34.0 195
7860
4rs 504 33.8 190
673 608 31.8 175
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Fig. 3-16 Calculation results by difference of boundary condition at strain rate
0.001s?

-67 -



O A0S IO FHE O R AFig. 3-1712 3. O A E0.01s 1L [FERIZ Y =
JVEESEIT Y Yy RER LR L CRVIR )2 R LTz, YUy RE R T, IREIZEDIET)
~OIRAEMEABETDHILT, RAROEEELBEET L, IO T A FERELE
BW—8ZRUI. OFTHEEIZISCIIS IO EA-Z0E, I8 EFIZZo8 Bk
DN KFL) ThHoT- LB 2 HND.

Element type and thermal condition

—e— EXP = = Solid non themal
Solid with thermal Shell non themal
Shell with thermal

1200
1100 +
1000 +

900

Stress [MPa]

800 |

700 +

600 + : |
0 0.1 0.2 0.3
Strain

Fig. 3-17 Calculation results by difference of boundary condition at strain rate
0.1s*?

-68 -



O B3R 9.5 10 BHELRE A Fig. 3-181277 9. OV A A 0.001s T8 L 1N0.1s1E
RIERIC Y 2 VBRIV RER L CTEVIG IE R LT, YUV RER, oL HE
FHIREZBROFEIID»PDL T RROISINIREZRL TS, 0T HIEE
0.001s L [FIRRIZIREE DR BN D IS, O Bl E EFIZ LN LAk o #ghne,

I TFEBC L LWALB FERREIZEC T EE LS.

Element type and thermal condition

—e—EXP = = Solid non themal
— Solid with thermal Shell non themal
Shell with thermal
1200
1100

1000

T
[a
2,
g 900
»

800 -

700 1

600 - | |

0 0.1 0.2 0.3

Strain

Fig. 3-18 Calculation results by difference of boundary condition at strain rate
9.5s

-69 -



O T AR E60s 1O FH AL R A Fig. 3-1912" 7. YUyRBI OV =/ VEFEOM ST
REICRDIS MR T RAECTWS, YUY REIEZR TII Y = VR LR LT, IREDR
BNZLDIS T DIR T/ NS, e VEFR T, BEUZL8A LD, IS IEF N
REESNTI T2 DI ) D RIBZAR FICER -T2 2E 2 b5, 0T HEED EHIZLD
INCREEOHINED S, IR EFIZ LD EPMEAL L 72> TS EB X HID.

Element type and thermal condition

—e— EXP = = Solid non themal
Solid with thermal Shell non themal
Shell with thermal
1200
1100

1000

900

Stress [MPa]

800

700

600 + I I
0 0.1 0.2 0.3

Strain

Fig. 3-19 Calculation results by difference of boundary condition at strain rate
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Fig. 3-20 Calculation results by difference of boundary condition at strain rate
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Fig. 4-1 Definition of load angle parameter
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Fig. 4-2 Test piece shape for R type plate
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Fig. 4-3 Position of strain gauge for load force measurement
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Table 4-1 Fracture position for R type plate at each strain rate

Strain rate

(5] 0.001 1000

Test piece
shape after
experiment
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Fig. 4-4 Experimental results of load force and displacement in tensile test
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Fig. 4-5 Mesh discretization for R type plate
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Fig. 4-6 Relationship between load and displacement from FEM analysis
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Fig. 4-7 Plastic strain at fracture for each strain rate
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Triaxiality

Element type and specimen shape

@ Solid -Bar type A Solid -R type
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Strain rate [ s1]

Fig. 4-8 Triaxiality at fracture for each strain rate
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Fig. 4-9 Load angle at fracture for each strain rate
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L Eofs BAE ElzMohr-Coulomb D /8T A—H Rl EZ 1T 7=, [RIEITIT R/
FlEZ W, BONT-MBHE S A Table 4-2127~9. ATk L7l BB S 2 Fig.

4-103 L UFig. 4-1112 77

Table 4-2 Material constant of Mohr-Coulomb law for SPFC980Y

Element C1 C2
Solid 0.015 692.9
Shell 0.189 745.0
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Fig. 4-10 Fracture criterion surface for solid element of Mohr-Coulomb law

1.00

0.80 |

0.60 |

040

020

0.00 I I I
0.00 0.20 0.40 0.60 0.80

Stress triaxiality

Fig. 4-11 Fracture criterion line for shell element of Mohr-Coulomb law

-87-



4.4 FEVEDTH

Mohr-CoulombHINIC XA R RS A T, MPEHBEED T RIAAT 72, RFTErED
Vi BE AR A PRI EFig. 2-220D i CIEEIR FUE 2 PR 92 2 & TR S 7. T L
SMEBITRO TR G A L7z, FHRRE RIVMERL72IE — 03 A il A Fig.
4-1217 7. EVERICERBRAE R A BT 523 TE. O B EE0.001 L0 H OV
FRIREEQLDIEMEMELS IR DB R A BT 2L TEe. — T TOT H 95 K
U605 D IEM:730.0015 % FEIDE G A BELT L2 LIX TE M o703, ZD7130.02
FRETHVEM BIZ+ 07 RS DI. ONT i 12608 0D FEH: 0 203t
EHHRL TR ESBRDBIRIIRBISNTZD, OT AITIT0.1D 2R LT T,

Strain rate [ s1]

—0.001 —0.1
—095 —60
— 1260
1200
1100
‘= 1000
o
=
— 900
S
& 800
700
600 | : , , ,
Strain Strain
a) Calculation b) Experiment

Fig. 4-12 Comparison of stress-strain curve by calculation and experiment
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Fig. 4-13 Calculation result of included only strain rate dependence to stress
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Fig. 4-14 Calculation results of stress - strain curves considering strain rate

dependence to stress and softening by temperature
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Fig. 4-15 Various effect on calculation accuracy of elongation

for each strain rate
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Fig. 5-2 Calculation model for thread test

Fracture line

Fracture line

a) Experiment b) Result of FEM

Fig. 5-3 Comparison of fracture area in thread test
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Fig. 5-4 Forming conditions of press forming
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Fig. 5-5 Fracture occurred at stretch flange

Actual fracture point

Fig. 5-6 Calculation result using Mohr-Coulomb fracture criterion
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Fig. 5-8 Added criteria at stretch flange to Mohr-Coulomb law
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Fig. 5-9 Calculation result by modified fracture plane
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Fig. 5-10 Comparison to Cockcroft and Latham criterion
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