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The present research works investigated into the low velocity impact characteristics of DP 780
high strength steel sheet with 1.7 mm in thickness subjected fo free boundary condition using
three-dimensional finite element analysis. Finite element analysis was carried out via ABAQUS
explicit code. Hyper-elastic model and the damping factor were introduced to improve an
accuracy of the FE analysis. An appropriate FE model was obtained via the comparison of the
resuifs of the FE analyses and those of the impact tests. The influence of the impact energy and
nose diameter of the impact head on the force-deflection curves, impact time, absorption
characteristics of the impact energy, deformation behaviours, and stress-strain distributions was
quantitatively examined using the results of FE analysis. The results of the FE analysis showed
that the absorption rate of impact energy lies in the range of the 70.7-77.5 %. In addition, it was
noted that the absorption rate of impact energy decreases when the impact energy increases and
the nose diameter of the impact head decreases. The local deformation of the impacted region
was rapidly increased when the impact energy was larger than 76.2 J and the nose diameter was
20 mm. A critical impact energy, which occur the instability of the DP780, was estimated using the
relationship between the plastic strain and the impact energy. Finally, characteristics of the plastic
energy dissipation and the strain energy density were discussed.

Key Words: Low Velocity Impact Characteristics (M4 52 £4), DP780 High Strength Steel Sheet (DP780 13k ZH),
Free Boundary Condition (XF2Z # T 71), Three-Dimensional Finite Element Analysis (3 AHY S8R 4 814])

k-2 1 L. = minimum element size (mm)
E = Young’s modulus of specimen (GPa)
D = diameter of impact head (mm) p = density of DP specimen (m/s)

Aty = time increment for stable integration (sec) g = acceleration of gravity (m/s%)
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H = impact height (m)
= impact energy (J)
m = mass of impact head (m)
&max = Maximum absorbed energy by specimen (J)
P = reaction force (N)
Pax = maximum reaction force (N)
6 = vertical deflection of specimen (mimn)
Smay = maximum vertical deflection of specimen (mm)
8, = permanent vertical deflection of specimen (mm)
v = ratio of the absorbed impact energy (%)
&, = total restitution energy (J)
A = permanent deflection of the back face (mm)
@ = contact diameter of nose of the impact head (mm)
G, = maximum principal stress (MPa)
© = effective stress (MPa)
O max = maximum effective stress (MPa)
£,= plastic strain
8 pomax = MAximum plastlc strain
A; = Coefficients of the relationship between the
maximum plastic strain and the impact energy
E, = critical impact energy (J)
€4, = plastic dissipation energy (mJ)
& 4max = maximum plastic dissipation energy (mJ)
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Fig. 1(a) Finite element modeling for the impact analysis

r 120.mm

M 1.6 mm

Fig. 1(b) Meshes of the DP 780 sheet
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Table 1 Number of nodes and elements
I t
D(mm) Sheet | Fixture| Rubber I:::; Total
EA EA EA EA
BA) | BN | BA) | oo | EA)
20 Node 58,564 3,313 1 18,491 | 1,163 | 81,531
Element | 43,2001 13,313| 16,000 | 1,176 | 73,680
a0 Node |58,564| 3,313 | 18,491 | 1,577 | 81,945
Element | 43,200 13,313 16,000 | 1,638 | 74,151

e adMA FANE} APATE Z BF
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ZAgMd 22 DP 780 A% ZFFe Fo
A EulE= Table2 9 T},

Table 2 Chemical composition of DP 780 (wt%)
CiMn Si|P| S |{NbMo/Cu|Cr|N| Fe

0.07[2.30,1.050.62/0.05/0.02/0.02{0.02|0.0110.03{96.42
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' eA9gAE sPgEgih sdRe aFe o
A 252 7148t Neo-Hookean ] Hyper-elastic

2d g Hgsgd



S=EYUBES X A 27 # 113 pp. 46-56

November 2010 /

49

1,200
1,000

800

True Stress (MPa)

soo

400 N . . M . PN '
0.00 0.04 0.08 0.12 0.16

Plastic True Strain

Fig. 2 True stress-plastic strain relationships for different
strain rates
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& 4500 } +Hyper-elastic
2000 } +Damping
-2,600
3,000

0 0002 0.004 0.006 0008 001 0.012
Time (sec)
Fig. 4 Variation of the velocity history accordihg to the
FE model (D =20 mm, E=42.7 J)

Table 3 Maximum deflections and absorbed energies for
different FE models (D =20 mm, E=42.7 J)

1 Pmax Smax E_.max
Condition aN) | (mm) | (O
Deformed plate 10.5 7.8 | 343

Deformed plate + Damping 10.7 7.8 1344

geformed plate + Damping + 9.3 8.1 | 34.1
yper-elastic

Experiment 8.4 84 | 32.1

Z7] 434 RAdAE A9 AL
35 uFg A5 Hyperelastic Zdo] & X
#3223 Fig. 4 ¢ o] 27 FHHA= Al
He HE A A FAE FEE A=
Q5o WAs}:, o] 2 Qska] Table 3 3} Zo] &
5ol i A ANHAC EE AHY HAE
ot A dF5EHE A& ¢ F Uk a8y #
Aot sH§- Fdol Az AT Hyper-elastic
Edo| Z&HES W, Fig. 4 ¢F Zo] AHH F43
=7t AEFIe 499 AE FIF Y &S24 A
Fol Ae wAA FUuth. EF, o] Z-$ Table 3
3} o] A9 AFe} 10 % W9 AolE YehiE
AEF 3T AME 4 A5E ¢ F Jdd

Table 4 ¢} Fig. 5 & #8434 A 37
AE AFE vEg Aot

HAd A%, dd FF A, Ad AYR
FT A 4 ANEH = JF 9H &
Holl M #F3a iy det 4 AYE 2HE o
W A3, Table 4 9 Fo] RE ML FEA
6.5% oliel 2418 Yehde & F AUt
T HIFLH ANH-FAIAS FFAYG SS9
A FEesdA A 24 AE AHE vudt

A3}, Fig. 5 9 2ol FEe R dFH A
Hel 47 9F FAH NH-FHI= AE I9
o) APAHIL Ad FARF AL ¢ F YA

o] AFZRE B AT ALH 3 49 #
gaas)A mdo| DP 780 LAE Awe AF A
Az B $7 S4¢ 1283 BAE F 3

e ¢+ 9%

Table 4 Comparison of the results of FE analyses and that
of impact tests (E = 42.7 J)

Smax émax A w

PEm | om | @ | (om) | (om)

20 Analysis 8.1 34.1 6.0 8.0
Experiments | 8.4 32.1 57 8.2

40 Analysis 8.1 33.9 5.8 11.9
Experiments 7.7 34.9 5.6 11.5

Fig. 5(a) Comparison of the deformed shape of the FE
analyses with those of the impact tests (D = 40
mm, E=42.71)

Analysis

Experiments
+

w=8:2mm

Fig. 5(b) Compafison of the contact area of the FE
analyses with those of the impact tests (D = 20
mm, E=42.71])
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A5 AA F7e] ¥7IE Dp 780 nAE 7
of oigh 3 AY F3FeL 38 F7 AL 43
3t Z3 Table 5 2 Fig. 6, 7 & £& 472 4&

% Qteh.

Table 5 Results of impact analysis

D H E gmax & \‘lj Pde 611111)(
mmiem) ) | ) | &) | *6) | (kN)  (mm)
34 1372 | 281 | 265 | 759 | 82 7.4
42 | 457 {342 | 327 | 748 | 9.3 8.1
20 1 60 | 653 | 478 46,6 | 73.2 1 112 | 9.1
70 | 762 | 55.2 1 542 {724 1 119 | 97
10011089 77.0 ) 76.4 | 70.7 | 139 | 11.1
34 1372 1287 1272|1775 89 | 72
42 1457 | 349 1335|763 | 102 | 1.7
40 | 60 | 653 1485 475|742 | 11.8 | 87
70 | 76.2 | 55.8 1549 | 732 | 129 | 93
1001089 784 | 77.9 | 72.0 | 157 | 105 |

Table 5 9 Fig. 6 & BE3IH 5¢ FHANUAE
AR FItetE W FAs=9] A0l 20 mm <)
ZE7F A7 40 mm A ASEY o e HEFsF
I o & AE FAE AL S ¢ F
Atk o] AL 4 = Aol AALAYFE A
o A= HER B $4UR dYxg
A S8 3 H8S R 9
vl Table 5 9 Fig. 7 2 A 2
o] F7tEFE F4 FFouiA 2 FHqYR

v

P {kN)
w

5 (mm}

Fig. 6 Influence of the impact energy and the nose
diameter of impact head on the force-deflection
curves

16 p

ﬁ

12

P {(kN)
w

¢ 0.002 0.004 0.008 0.008
time {sec}
Fig. 7 Variation of force-time curves for different nose
diameters of impact head and the impact energies

Table § ¥ Fig. 7 oA dH FHATAN F7}
gFE HAE2Fe] FUEE AL 4 F A
o] A4 Y FHAUAY FrHEFE AW
BAEE 24F0] AX AJHe WEE 201 F
7babar, o]2 <18 Fig. 2 o Zo] Y HFH LA
Fo2 A59T Table 5 of

VR 7} 718 FA A FTEe]
#aste e 4 F UG
8 %9 = FHd= AAY FAAIA}
Ag TH 47 AAFH 47 ¥F vA= 4
S VERTH Fig. 8 T 9 oA FAFE A Ao
Zrold 5 DP 780 e F¥ T AR Fo] F
7hebe AL o F dAnh g, FHAUA 762
J olAdlae A 20 mm ¢ FAGHZE A E)
43S B85 E ek A7 40 mm ¢ FAHH=
2 Ased AL BUMeRs #We F¥E d+ A
A Aol7t HA 3 LATE AE &
o] A#ZRE FHANUA 762 J o]Feli FH3
217 20 mm o} AH FHRY IH
1o o)

L=y
43 2719 AL ¢ 4 ATk

10 ¢ |- 4= -D=20
8
E 5
E 6
<
4 k
2 i L. A 'l i i A J B S

20 40 60 80 100 120
E{)
Fig. 8 Influence of the impact energy and the nose
diameter of the impact head on the permanent
deflection of the back face
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A=7.7mm  A=5.2mm

A=9.6 mm

Fig. 9(a) Influence of the impact energy on the deformed
shape (After rebound of the impact head, D =
20 mm)

A=8.8 mm

Fig. 9(b) Influence of the impact energy on the deformed
shape (After rebound of the impact head, D =
40 mm)
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Fig. 10(a) Variation of the maximum principal stress and
the maximum effective stress for different
impact energies and nose diameters
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Fig. 10(b) Variation of the maximum principal stress for -
different impact energies (D = 20mm)
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E=108.9)

0, e =905.3 MPa

Lmax -
m‘.. ......mu..w. T

Ancnusnasbukatnusnenssnenvsnnassasnand

~B.0428+01

Fig. 11(a) Principal stress distributions (D = 20 mm)

E=108.94

g =841.2 MPa

FernusEsEna’

EEummaEteEsAwameaieRAREANRABERERRA S

3P 302

AEBe+Z
45,41 Fe401
~2.042e+01

Fig. 11(b) Principal stress distributions (D = 40 mm)

0.18
0.14 | UL
012 | e
% 0.10 [ B'E O D=20 mm
E | ®D=40 mm
s 0.08 r --_-___.__
008  gu--"W
0.04 |
0.02 . i i L S Y L i
20 40 60 80 100 120
E()

Fig. 12 Relationship between impact energy and the
maximum plastic strain

E=108.9)

-‘ »»»»»»» L

+1.500e-01

+0. 000&&00

Fig. 13(a) Plastic strain distributions (D = 20 mm)

E=108.9)

=0.067

p max Epmax ™

+0.0008+00

Fig. 13(b) Plastic strain distributions (D = 40 mm)

Fig. 12 9 #ol Zt Z3 o=l uiste] Atk
d3 Fg 24 d¥gE&s A¥ IA 4 (linear
regression analysis) 3} 2 (1F & 4 A &
= A48 FF0UAY o A4 dFE 4
HAE 25T ¢ Atk A Y AFES 4
2429 (least square method) &2 A& ew

AT Table 7 3 ZSTH
Epmn = A, XE + A, )

Fig. 12 M A= 2ol 20 mm ¢ B
A 24 ©PE] 9 014 Z DP 780 FHel B
o HAb wrAlslE A4 WY EO) A U
AL o F Ak YA A DE ol 8EA A
) %?‘é ool HAsE dA $4 oy

m{mu
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(E)E Table 6 3 Zo] =314t DP 780 7o)
2o @4 248 AFEEL Fig 2 9 18944
HEE A=A Hd #8382 015 2 7MAs9
G A% 29 54 24 20mm € W, 1.7 mm F
A2l DP 780 ¥ 7 dx 11717104 Bt
A @Ael vEhY, B A4 dARdE &
A=t Al HFo] "ojx 2EUA P

TAHE 9998 ¢+ Aok

Table 6 Coefficients of the linear regression equatioen and
the estimated critical impact energy

D(mm) | A (x10°TY | A (x109 E. (})
20 1559.4 84,493.5 117.1
40 244.4 47,984.8 -

Fig. 14 9} 15 € F43= J4H FHA
wE DP 780 9 &4 & dux] ¥ ¢ FHu
a4 &4 SR wistot)

¢ =183 mj

e nax

Fig. 14 Variation of the plastic dissipation energy
distribution for different nose diameters of the
impact head (E = 108.9 J, back face)

20  [DD=20 o
48 ID=40 “':'
B’
= 8 =
E 14 &
§ 12 f.4
T u-
w10
a .-‘.--
.~
6 s i

200 40 60 B0 100 120
EQ)
Fig. 15 Relationship between impact energy and the
maximum plastic dissipation energy

Fig. 14 A FF8 = Ao ZAA28FF AR
9] 24 Wy 93ty FAAUAI} LdHE 9
Aol A, 24 A4 YA A7 FI
e AL 4 5 AT B8, E 2 Ay
A7t BAsE d9L Fig 149 ) 24 HEE
ol WA E 993 A9 HAEE & F AN
ZAqUA F7td wE &4 LAtdux] B B
A Walg nZd A, FAqURAIL FHEsSE
37829 AHY HZFo] BojAE 49X
24 24 YA F33% S Ae ¢ F
ANt E=F FHAUA G HU 24 2ATAHA
o ABAAEZ A AT 29 Fig 15 o 2o
Hog &4 289U As FFAUA St we
Ae A¥Hor Fisle AE & F Uit o
A8 BAX T Table 6 o 4A FFAUAE o &
sted, A= A4 20 mm o] HE H 24 &
AR E At 2 Ay 4 sz FF
20mm ol AT Ho 24 24 A E203ml 2
FEF ATt

Fig. 16 & 273z A7 w2 DP 780 ¢ &
A W34 X YX (elastic strain energy density)
¥ dsloltt. Fig 16 oA FA3I= AHeo] F7t
42 Az @4 dIZE YA 24 99
Hojge & & itk o] AHE8EH FHI=
ZAo] FNEFE AR AAHL VA IHEF
% Bg duxe F48 Aoz @vdc. 19
1 248z Ao ZATSFE 2 &4 WIS
JUx Y7t TS E 99 Ba%e AL ¢

F A0

S

Max. wlastic strain enf.érg’y dansily=2.03ml/me
Fig. 16 Variation of the elastic strain energy density

distribution for different nose diameters of the
impact head (E = 108.9 J, back face)
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