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Brief Review of Research Progress on Numerical Simulation of
Ejection Phenomena

SHAO Jianli', HE Anmin®*, WANG Pei?

(1. Key Laboratory of Explosion Science and Technology, Beijing Institute of Technology, Beijing 100081, China;
2. Institute of Applied Physics and Computational Mathematics, Beijing 100094, China)

Abstract: In this paper, the research progress on numerical simulation of ejection phenomena at home and
abroad is briefly reviewed and summarized. Firstly, the characteristics of ejection phenomena and its
physical connotation are explained. Then, the molecular dynamics studies and continuum mechanics studies
on the two main ejection mechanisms, microjet and microspallation, are respectively summarized. At last,
some difficult problems in the numerical study of ejection phenomena are summarized. We hope this paper
can provide useful reference for related numerical simulation or modeling research.
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Fig.2 Illustration of the flyer impacting LiF specimen model
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Table 1 Model information in simulations

Sample No. Flyer material Window material vi(m-s™) .Sample’s Ref.
thickness/mm
LiF01 Al Quartz 340.0 1.35 [6]
LiF02 Al Quartz 340.0 1.98 [6]
LiF03 LiF LiF 423.8 3.0 [17]
LiF04 LiF LiF 1321.6 3.0 [17]
LiF05 LiF LiF 1641.5 3.0 [17]
LiF06 Fused sillica Fused sillica 340.9 1.143 [18]
LiF11, LiF12, LiF13 LiF LiF 340.0 3.0

Note: LiFO1-LiF06 models were built based on the parameters of specimens and experiments in references, while LiF11—
LiF13 models were designed for comparison of profile characteristic differences with successively increased specimen
doping concentration.

R 2 <100> LiF BB MR85

Table 2 Hyperelastic constitutive parameters of <100> LiF

Subscript ~ C,/GPa d—" % /(MPa-K™')  K/GPa Ky pl(gem™) ¢ /0kg"K) T,
p

11 113.97 9.97 ~75.56

12 47.67 273 2839 69.97 443 2.64 1612.02 1.68

44 63.64 1.38 ~13.94

SH PR AL 5 TR R AT 22 00 B BCE M S Ak B, B (20) 2P b R S B AT, A5 R gk 3 Ay
Ro H PR SEHG# 2Rk Y LiF S0 148 4 ik B R[], R LA L ) IR S M A K S O AT 22 50 72 &
FORIET ] B S A Wy 2E SR, W AR R L A 0 R ARORIUG A SR TE N B M RS 8, SR S
Wik [23-28]H 76 HE RS AR TE 261 T A B M 0) 46 (1) A RES 5, LLRAE sha8 ks 508 159 20 9 A4 kL& 8K
X R B B A O 2R o

&3 <100> LiF B R FBHE R B S H
Table 3 Crystal plasticity constitutive parameters of <100> LiF

Sample No. 7,/MPa B n For/us™ Volps™ m A %T /87!
LiF01, LiF02, LiF11 121.0 0.08
LiF03, LiF04, LiF05, LiF12 113.9 4.0 0.30 3.5x107° 0.12 0.09  4.7x107 0.15
LiF06, LiF13 86.4 0.40

2.2 I FHE

¥R CPFEM 5% 40175 21 (1% 3 351 T 5 SCRR v 3 2o 52 90 45 31 14 45 SR 2E 47 Hext, 4248 LiFO1., LiF02 ¥y
Tz 5w 4 8 3 ) 1T A B LiFO3 ~ LiF06 ¥R il 2% 77 1) i) 49 Jo okt 32 i i) 1e, 4n 181 3 P o % b & 81,
<100> LiF A bl i i ELAT G0 R 4R AE: (1) 39988 P00k i 107, (2) 301 17 90K I 1 T80k, (3) 1z g s ot 3
G o WIS 14 A0 BE AT 43 M, T L% B 3 S U TR A 24 bl 0 PR3 Sk R e R R R L gk
FES7 . MPRAS K o TS DA T 3 AN RRAE A4 32 SR A TG 7 2 AR IR A B 3 o D) 28 %o I8k ) T R A1 1) 5% e 3
T B AR5 Hr o

WA BHFE AT i o 2R A T, 5L e R 9 e Ot e, ) L e gt A D A A A S, T LA
1 TR S22 00 A e LB A o T R R g I AR AR AR I e R v AR e Y M I Bl HL AT ST AR
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Fig. 3 Comparison of wave profiles of <100> LiF from CPFEM simulations and experiments
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Crystal Plasticity Finite Element Simulation of High-Rate
Shock Deformation Process of <100> LiF

LIU Jingnan', YE Changging', CHEN Kaiguo’, YU Yuying’, SHEN Yao'

(1. The State Key Lab of Metal Matrix Composites, School of Material Science and Engineering,
Shanghai Jiao Tong University, Shanghai 200240, China;
2. National Key Laboratory of Shock Wave and Detonation Physics, Institute of Fluid Physics,
CAEP, Mianyang 621999, China)

Abstract: A crystal plasticity finite element model combined with equation of state was built to simulate the
dynamic elastic-plastic large deformation behavior of <100> LiF under high-rate shock loading. The
characterization of the stress wave profile, the patterns of the dynamic mechanical evolution and their
essential causes in view of the continuum mechanics were obtained through simulations, with the following
results achieved: (1) the wave profiles of millimeter-sized specimens exhibit elastic-plastic two-wave
response, elastic precursor decay and stress relaxation below 15 GPa; (2) in view of continuum mechanics,
the stress relaxation is essentially due to the viscous plastic flow which accounts for the increase rate of the
total strain being less than that of the plastic strain, and which further reduces the elastic strain and pressure;
(3) the third derivative of pressure to time being greater than zero was proposed as a criterion for estimating
the critical pressure of the two-wave and the one-wave response of the stress wave profile, and the estimation
result indicated that the critical pressure increased with the increase of the doping concentration in specimen;
(4) the effect of temperature rise during the high-rate shock deformation is non-negligible, and the elastic
volumetric deformation contributes to most of the temperature rise.

Keywords: LiF; crystal plasticity; equation of state; stress relaxation; two-wave response
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A New Approach for the Failure of
Metallic Materials
ZHOU Lin, WEN Heming

( CAS Key Laboratory for Mechanical Behavior and Design of Materials, University of
Science and Technology of China, Hefei 230027, China)

Abstract: A new approach is presented herein to predict the failure of metallic materials. A failure
criterion that caters for the effects of stress triaxiality and Lode parameter is proposed and it is applicable not
only to metals with &;> e, but also to metals with & <X e;, here &; and e; are the two parameters defined as the
true strains at stress triaxiality of # = 1/3 for Lode parameters of £ = 1 (axisymmetric stress state) and £ =0
(plane strain state) respectively. Furthermore, only two laboratory tests such as smooth bar tension test and
pure shear test are needed to calibrate the failure criterion. The present failure criterion is proved in good
agreement with the test data for various metals under different loading conditions.

Keywords: failure criterion; metallic material; stress triaxiality; Lode parameter; smooth bar tension
test; pure shear test

CLC number: 0346 Document code: A

Rapid progress of computer technology and computing technique in recent years has made it possible to
apply numerical simulations to the study of response and failure of structures under different loading conditions.
As structural failure is usually caused by its material failure, it is, therefore, essential to develop a criterion that can
both accurately predict the material failure and be aptly implemented in a numerical model.

Johnson and Cook!*

proposed a constitutive model which included a damage function to estimate the
fracture of metallic materials. The fracture criterion is a function of hydrostatic pressure (stress triaxiality), strain
rate and temperature but does not depend on the third invariant of the deviatoric stress tensor. Furthermore, the
influence of stress triaxiality on the material ductility was also investigated by others”~!. It was found that the
material ductility decreases as stress triaxiality increases.

Wierzbicki et al.' assessed the effectiveness and accuracy of 7 fracture criteria for metallic materials. It was
demonstrated that the stress triaxiality alone cannot sufficiently characterize the effect of stress state on ductile
fracture and that the effect of the Lode angle needs to be taken into account. Xue!” further considered the joint
effects of pressure and Lode angle on the ductile fracture and defined a fracture envelope in principal stress space
and, in particular, suggested two kinds of Lode dependence functions. Bai and Wierzbicki'™ proposed an
uncoupled material model for metal plasticity and ductile fracture in which the failure criterion was of the
asymmetric three dimensional fracture locus as compared to the previously suggested symmetric ones. Later on,

Bai and Wierzbicki” suggested a general form of asymmetric ductile fracture which represents an extension to the
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Mohr-Coulomb failure criterion. Meanwhile, other authors!'’'*! also investigated the effect of Lode angle on the
ductile fracture.

It should be mentioned here that comments made on the general formulation in terms of interdependence on
hydrostatic and deviatoric state are valid for any material. However, there are two problems which need to be
addressed. The first one is that there are often too many coefficients which need to be determined from laboratory
tests and the second is that the average values of stress triaxiality and Lode angle were used in constructing a
fracture locus instead of the actual values of these two parameters.

The objective of the present paper is to propose a new approach for the failure of metallic materials which is
dependent on both stress triaxiality and Lode angle. It is applicable not only to metals with &>e, but also to metals
with &< e, here ¢; and e, are the two parameters defined as the true strains at stress triaxiality of #=1/3 for Lode
parameters of =1 (axisymmetric stress state) and {=0 (plane strain state) respectively. Furthermore, only two
laboratory tests such as smooth bar tension test and pure shear test are needed to calibrate the failure criterion. The

new failure criterion is compared with available material test data and discussed.

1 Formulation of a New Approach

A new approach is proposed in the following which can be used to predict the failure of metallic materials
under different loading conditions by considering effects of both stress triaxiality and Lode angle. Firstly, some
parameters are defined and then the new approach is formulated; finally, a failure criterion is given in which only
two parameters are needed for determination from two laboratory tests.

1.1 Definition of &;,y;,¢; and y;,e;,y;
For a metallic material, a criterion considering the effects of both stress triaxiality n and Lode angle

parameter ¢ is needed to predict its failure. 7 and ¢ are defined by the following equations

O Il
n=—=—F7— (1)
T 3\V3L'
g% _3v3U, )
S 25 24,

where o, = (0, + 0y +03)/3, 0 = \/[(0'1 -0 + (0 —03) + (o) — 0'3)2] /2 are mean and equivalent stresses,
respectively, with o, o, and o; as the principal stresses; I, = o + 0, + 03 represents the first invariant of the
stress tensor; J, = [(0'1 —0) +(0y—03) + (05— 0'1)2] /6 and J; = (0 — o) (05 — 0 (073 — 07) are the second and
third invariants of the stress deviator tensor, respectively. The Lode angle parameter ¢ is related to the Lode angle
6 on the m plane through & = —sin(36) and the range of the Lode angle is —n/6 < 6 < /6. Hence, ¢ takes values of
-1<é<1.

Fig.1 shows the definition of various parameters in the space of fracture strain &; versus stress triaxiality n
where two scenarios are considered, namely, materials with & > ¢; as shown schematically in Fig.1(a) and
materials with & < e; as shown schematically in Fig.1(b). Here é; designates the theoretical value of axisymmetric
stress state (i.e. tension with 7 = 1/3, £ = 1), y; represents the theoretical value of axisymmetric stress state (i.e.
shear with 7 = 0, £ = 1) which can be taken as y; = V3é;; ¥; represents the theoretical value of plane strain state
(i.e. shear with n = 0, & = 0), ¢; indicates the theoretical value of plane strain state (i.e. tension with 5 = 1/3, £ = 0)
which can be taken as e;=%y;/ V3 ; e; 1s the experimentally obtained true fracture strain in a smooth bar tension test
(€ = 1) and vy is the experimentally measured shear strain in a torsion test (£ = 0).

For a constant Lode angle (i.e. £ = constant), the relationship between equivalent fracture strain and stress

triaxiality can be expressed as an exponential function'"*!. Moreover, the theoretical value of fracture strain in shear
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(n=0) is V3 times that in tension (5 = 1/3) (Johnson and Cook!"). It can be easily shown that the relationship
between equivalent fracture strain & and stress triaxiality 7 take the form of &; = C,e™'3"3" for ¢ = 1 after using

¥t = V3 and for £ = 0 it takes the form of & = C,e™" ™" after using 7 = V3e; as shown in Fig.1.

1.2 1.2
70
< 1.0t Ve - 1.0t L
R < ;
£ 0s £ N og= G
o [ eg=C3"" s 5 08¢t 3
E i g =C, 371 o X
2 061 &=1 (axis tric st 2 g=C 371 ‘ger
g 7 . ymmetric stress) § 06} %
= ¥ + s
5 04} 5, ] ., ¢=0(plane strain)
g W - i 2 04} 8 g
‘5 ¢ P z : ; ; | 22
u% 0al ..-‘ Mg - e 3 ¢=1 (axisymmetric stresés) e
=0 (plane strain Ve “?"-—-.,_____ a 02f
0 | ol de it ;
—0.75-0.50—-0.2 255 0. 75 1.00 1.25 1.
07370307025 00 53 050075 1.00 > 130 —0.75-0.50-0.25 0 0.25% 0.50 0.75 1.00 1.25 1.50
Stress triaxiality Stress triaxiality 7
(a) Metallic materials with &;> e, (b) Metallic materials with &, < e,

Fig. 1 Definition of parameters in the space of ¢; and 7

1.2 A New Approach
It has been found experimentally that some more ductile metals such as OFHC cooper have a larger
equivalent strain to fracture in shear than that in tension whilst some less ductile metals such as 4340 steel and

2024-T351 aluminum alloy have a smaller equivalent 1€ " :%
strain to fracture in shear than that in tension (see 1

Johnson and Cook™ and Wierzbicki et al.! for more . //_\1
details). In the following, a new approach is suggested ' gte’ :

for the failure of a metallic material on the basis of ! ] !

the discussion in Section 1.1 where two scenarios are -1 0 g -1 0 ALY
considered depending upon the relative magnitude of (a) Scenario I: &> e (6) Scenario II: & < e

& and e; (Fig.2). Fig.2 Schematic diagrams of the failure loci for metallic materials

. in the space of ¢; and ¢ for #=1/3
1.2.1 Scenario I: & > ¢

The failure locus for a metallic material with &; > e; in the space of &; and & for = 1/3 can be represented by
the lower part of an elliptic curve as shown schematically in Fig.2(a), which can be described by the following

equation

e —e;

(Sf_éf) +&=1 3)

Hence, the equivalent fracture strain can be rewritten as
széf—(éf—ef)(l_fz)l/z 4)
after taking it into consideration that & is less than é;.
1.2.2  Scenario II: ¢; < ¢;
As shown schematically in Fig.2(b), the failure locus for a metallic material with &; < e; in the space of &;
and ¢ for n =1/3 can be represented by the upper part of an elliptic curve, which can be described by the

following expression

(8f_?f) +§2:1 (5)

€ — €

Hence, the equivalent fracture strain can be recast into the following form
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g =&+ (e;— &)1 —&H)'? 6)

or
g=e—(E—e)(1-&)" (7
It is noted from Eq.(4) and Eq.(7) that no matter what scenario it is the equivalent fracture strain takes the
same form. It is also noted here that &; and e; are the specific points on the failure curves for é =1 and £ =0,

respectively and, hence, they must satisfy the corresponding equations, namely, & = C,e”*™¥7 and
er = Cre™ ™I Qubstituting & = C e and ¢; = C,e™""¥ into Eq.(4) or Eq.(7) and rearranging yield

&8 =[C1 = (C = C)(1 =)' x 371 ®)
where C,,C, are constants to be determined from laboratory material tests.
1.3 Determination of C,.C,

A criterion for the failure of a metallic material (Eq.(8)) has been developed which is a function of both
stress triaxiality and Lode angle parameter. The two constants, i.e. C,,C, can be estimated from two laboratory
material tests such as smooth bar tension test and pure shear test.

For the smooth bar tension test, the Lode angle parameter &£ = 1 and the experimentally obtained true fracture
strain is & = ¢; and its corresponding stress triaxiality is n = n*. Substituting these values into Eq.(8) and
rearranging it, we arrive at C, = 3'7¢;. Similarly, for the pure shear test, the Lode angle parameter is £ =0 and
the experimentally obtained critical shear strain is & =7; and its corresponding stress triaxiality can be

approximated as i = 0. Substituting these values into Eq.(8) and rearranging it, we have C, = ;.

2 Comparison with Test Data and Discussion

The failure criterion developed in Section 1 is compared with the test data for various metallic materials
under different loading conditions as reported in the literature. As discussed above only two laboratory material
tests are needed to determine the values of e; (the true fracture strain in tension), y; (the critical rupture strain in
shear) and " (the stress triaxiality corresponding to e;). In the following, the procedures for calculating the values
of these 3 parameters are first briefly described and then the newly developed failure criterion (Eq.(8)) is
compared with the available experimental results for various metallic materials.

For a smooth bar tensile test, the equivalent true plastic strain to fracture in the necking cross-section of the
smooth round bar can be approximately calculated by the following equation

e; =2In(dy/dy) ©)]
where d, is the initial diameter and d; is the minimum cross-section diameter at fracture. For a pure shear (i.e.

tubular torsion) test, the equivalent true strain to

fracture can be calculated by the following expression 0.8
¥: = Re/L (10)

where R is the initial radius of tubular torsion specimens, ; 0.6¢
L is the initial length of the gage section and ¢ is the Té .
average rotation angle to fracture found in the measured g oL :
torque-rotation curves. g 02l :

The value of stress triaxiality n* which corresponds E
to the equivalent true fracture strain e; in a smooth bar : : . I

0 0.1 0.2 03 & 0.4

tension test is obtained by the following method, as Equivalent fracture strain ¢,

shown schematically in Fig.3 which shows variation Fig. 3 Definition of the stress triaxiality corresponding to the true

of stress triaxiality with equivalent true strain in a smooth fracture strain in a smooth bar tension test
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bar under tensile loading!*!. As can be seen from Fig.3, the stress triaxiality is not a constant during the entire
tensile deformations. Before the necking occurs the deformations in the gauge length are nearly uniform and the
stress triaxiality remains almost constant, namely, the theoretical value of 1/3; after the necking occurs the stress
triaxiality is no longer a constant but varies with the tensile deformations due to a change in stress state in the
necking section. As shown in Fig.3, it is straightforward to determine the value of 5" since e; has been estimated
from the smooth bar tension tests using Eq.(9).

Comparisons are made in Fig.4-Fig.9 between the newly developed failure criterion (Eq.(8)) and the test
data available for different ductile metals under different loading conditions. In Fig.4—Fig.9, the broken line and
the dotted line represent Eq.(8) with & = 1 and & = 0, respectively. The results from the two laboratory tests (i.e.
smooth bar tension test and pure shear test) as presented in Fig.4—Fig.9(a) and those (i.e. smooth bar tension test
and plane strain flat bar test) as given in Fig.9(b) which are used to determine the values of two constants C;,C, in
Eq.(8) can be viewed as calibration data and all the other test results as verification data.

Fig.4 shows comparison between the newly developed failure criterion (Eq.(8)) and the experimental data for
the 4340 steel as reported by Johnson and Cook™™ who conducted 4 types of laboratory material tests including the
smooth bar tension test, tubular torsion test and two notched tension tests. In the calculation, the value of ¥} is
obtained directly from the tubular torsion test data in Fig.12 of Johnson and Cook ! and it is equal to 0.253 6 (i.e.
v; =0.2536); Similarly, the value of ¢ is determined to be e; = 1 from the smooth bar tension test data in Fig.6 of
Johnson and Cook!” and the value of 1" is estimated to be n* = 0.7220 from Fig.11 of Johnson and Cook'”. It is
easy to calculate the values of the constants C, and C; in Eq.(8) and prove them to be C, = 3'7¢; = 3.2864 and
C, =y; =0.2536 using the values of relevant parameters as obtained above. It can be seen that the present model
predictions are in good agreement with the experimental results for the 4340 steel. Furthermore, it is easy to show
that e; = 0.1464 (Eq.(8) withn =1/3,£ =0) and &; = 1.8974 (Eq.(8) with n = 1/3,& = 1). Hence, by definition the
4340 steel as examined in Johnson and Cook'? belongs to Category I material since &; > ¢; as discussed in Section 1.1.

Fig.5 shows comparison of the present model (Eq.(8)) with the experimental data for the Armco iron as
reported by Johnson and Cook™ who conducted 4 types of laboratory material tests including smooth bar tension
test, tubular torsion test and two notched tension tests. In the calculation, the value of 7y} is obtained directly from
the tubular torsion test data in Fig.12 of Johnson and Cook!” and it is equal to 2.915 0 (i.e. y; = 2.9150); Similarly,
the value of e} is determined to be e; = 1.8670 from the smooth bar tension test data in Fig.6 of Johnson and
Cook!®! and the value of 7* is estimated to be * = 0.8150 from Fig.11 of Johnson and Cook!. It is easy to
calculate the values of the constants C; and C, in Eq.(8) to be C, =3""¢; =7.1520 and C, = y; =2.9150 using

12 30
o Test data (Johnson and Cook!?) o Test data (Johnson and Cook)
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Fig. 4 Comparison of the newly developed failure criterion ~ Fig. 5 Comparison of the newly developed failure criterion with

with the test data for 4340 steel (Johnson and Cook™) in the  the test data for Armco iron (Johnson and Cook™™) in the space of &;

space of &; and 7. Red line: Johnson-Cook failure criterion™;  and #. Red line: Johnson-Cook failure criterion™; black lines: the
black lines: the present model (Eq.(8)) present model (Eq.(8))
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the values of relevant parameters as obtained above. It is evident that the present model predictions are in good
agreement with the experimental results for the Armco iron. Moreover, it is easy to show that e; = 1.6830 (Eq.(8)
with n=1/3,£ =0) and &; = 4.1292 (Eq.(8) with n = 1/3,& = 1). By definition the Armco iron as investigated in
Johnson and Cook™ belongs, therefore, to Category I material since &; > e; as discussed in Section 1.1.

Fig.6 shows comparison between Eq.(8) and the test results for the OFHC copper as reported by Johnson and
Cook™ who performed 4 types of laboratory material tests including smooth bar tension test, tubular torsion test
and two notched tension tests. In the calculation, the value of y; is taken to be 8.700 0 (i.e. y; = 8.7000) which was
obtained from the torsion test on another shorter-gage specimen (Johnson and Cook!”). This is because none of the
OFHC copper specimens fractured due to rotational limitations of the torsion tester as pointed out by Johnson and
Cook. On the other hand, the value of ¢; is determined to be e; = 1.4480 from the smooth bar tension test data in
Fig.6 of Johnson and Cook™ and the value of * is estimated to be n* = 0.7300 from Fig.11 of Johnson and

Cook!. It is easy to calculate the values of the constants

30

Cyand C, in Eq.(8) to be C, =3""¢; =4.8219 and ©Test data (Johnson and Cook)
25}

C, =y; = 8.7000 using the values of relevant parameters
20

as obtained above. It is shown that the present model

predictions are in good agreement with the experi- 151N

mental results for the OFHC copper. Furthermore, it is 10

Equivalent fracture strain ¢,

easy to show that e; = 5.0229 (Eq.(8) with 7 = 1/3, & = 0) s % . &= 0 (plane strain)
and e; =2.7839 (Eq. (8) with p=1/3, £ =1). Hence, N (axisymmetric stros S e . |
by definition the Armco iron as examined in Johnson —0.75-0.50-025 0 025 050 0.75 1.00 1.25 1.50

. Stress triaxialit
and Cook!”! belongs to Category II material since ress fraxiatiy

Fig. 6 Comparison of the newly developed failure criterion with
the test data for OFHC copper (Johnson and Cook™) in the
Fig.7 shows comparison of Eq.(8) with the test space of ¢; and 7. Red line: Johnson-Cook failure criterion;

data for the 1045 steel as studied by Bai et al."'* who black lines: the present model (Eq.(8))

é; < ¢ as discussed in Section 1.1.

carried out 6 types of laboratory material tests

QO Test data (Bai et al.l'¥)

including smooth bar tension test, tubular torsion test,
notched bar tension test and 3 flat grooved plane strain
tests. In the calculation, the value of y; is obtained
from the tubular torsion test and directly taken from
Eq.(24) of Bai ez al.'"” to be 0.480 0 (i.e. y; = 0.4800);
the value of ¢; is taken be e; = 0.4269 directly from

- 25777 (U ; ) (plane stress)

Table 2 of Bai et al.'™ for the smooth bar tension test

Equivalent fracture strain ¢,

5, ¢=1 (axisymmetric stress)

which was calculated using Eq.(13) of Bai et al.!" and 05 Sl =

’
Ly T o

the value of " is estimated to be * = 0.5990 from
—-0.75-0.50-0.25 0 0.25 0.50 0.75 1.00 1.25 1.50

Fig.18 of Bai et al.!"". It is easy to calculate the values

of the constants C, and C, in Eq.(8) to be C, =

L5 e =1.1456 and C, = y; = 0.4800 using the values Fig. 7 Comparison of the ‘newly dev.eloped failure criterion with
test data for 1045 steel (Bai et al!"™) in the space of ¢, and 7. Red

line: Johnson-Cook failure criterion'”; green lines: model proposed
demonstrated that the present model predictions are in by Xue and Wierzbicki'™; black lines: the present model (Eq.(8))

Stress triaxiality #

of relevant parameters as obtained above. It is

good agreement with the experimental results for the 1045 steel. Furthermore, it is easy to show that e; = 0.277 1
(Eq.(8) with n =1/3,6 =0) and &; = 0.6614 (Eq.(8) with n = 1/3,& = 1). Hence, by definition the 1045 steel as
studied in Bai et al.!"” belongs to Category I material since &; > ¢; as discussed in Section 1.1.

Fig.8 shows comparison of the newly developed failure criterion (Eq.(8)) with the test data for 2024-T351

[14]

aluminum alloys as reported by Wierzbicki et al.!’ and Bao!"* who conducted 15 types of laboratory material tests.
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In the calculation, the value of y; is obtained directly
from the shear test data in Table 1 of Bai e al." and it
is equal to 0.210 7 (i.e. y; = 0.210 7); the value of ¢; is
determined to be e; =0.4375 from the smooth bar
tension test data in Fig.8 of Wierzbicki et al.' and the
value of 7* is estimated to be n* =0.5050 from
Fig.5.18 of Bao!'"*l. Hence, the values of the constants
C, and C, in Eq. (8) can be easily calculated to be
C,=3""¢; =1.0055 and C, =y; =0.2107 using the
values of relevant parameters as obtained above. It is
evident from Fig.8 that the present model predictions
are in good agreement with the experimental results

for the 2024-T351 aluminum alloy. Moreover, it is

4.0

O Test data (Wierzbicki ef al.l;Baol'*)
3.5

3.0

Equivalent fracture strain ¢,

T, O
0 w20 (plane SaHHC T2 Ay

—-0.75-0.50-0.25 0 0.25 0.50 0.75 1.00 1.25 1.50

%

Stress triaxiality #

Fig. 8 Comparison of the newly developed failure criterion with
the test data for 2024-T351 aluminum alloy (Wierzbicki et al.'");

[14

Bao!"*)) in the space of ¢; and ;. Red line: Johnson-Cook failure

easy to show that e; = 0.1216 (Eq. (8) withnp = 1/3,£ = 0)
and &; = 0.5805 (Eq.(8) with 7 = 1/3,¢ = 1). By definition
the 2024-T351 aluminum as investigated in Wierzbicki et al.' and Bao!'*! belongs, therefore, to Category I

criterion”); green lines: the model proposed by Xue and
Wierzbicki'®; black lines: the present model (Eq.(8))

material since &; > ¢; as discussed in Section 1.1.

Fig.9(a) shows comparison of the newly developed failure criterion (Eq.(8)) with the test data for Inconel
718 nickel-base superalloy as reported by Erice et al.!'*'"? who conducted 5 types of laboratory material tests
including smooth bar tension test, shear test, plane strain test and two notched tension tests. In the calculation, the
value of y; is obtained directly from the shear test data in Table 3 of Erice et al.!'" and it is equal to 1.100 0 (i.e.
v; = 1.1000); Similarly, the value of ¢; is determined to be ¢; = 0.3200 from the smooth bar tension test data in
Table 3 of Erice et al.'® and the value of 5" is estimated to be i = 0.4899 from Fig.14(a) of Erice et al."®. It is
easy to calculate the values of the constants C, and C, in Eq. (8) to be C; = 3" ¢; =0.7174 and C, = y; = 1.1000
using the values of relevant parameters as obtained above. It can be seen that the present model predictions
(Eq.(8)) are in good agreement with the experimental results for the Inconel 718 nickel-base superalloy as
examined by Erice et al.!'®!. Furthermore, it is easy to show that e; = 0.6351 (Eq.(8) with n=1/3,£ =0) and
e; =0.4142 (Eq.(8) with n = 1/3,& = 1). Hence, by definition the Inconel 718 nickel-base superalloy as examined

in Erice et al."*'" belongs to Category II material since &; < e; as discussed in Section 1.1.

4.0 4.0
©Q Test data (Erice et al.l'%)

3.5 35

O Test data (Alarni ef al.'®)

3.0 3.0

25 25
201" 2.0
15

1.0

Equivalent fracture strain ¢,
Equivalent fracture strain ¢,

0.5

—0.75-0.50-0.25 0 0.25 0.50 0.75 1.00 1.25 1.50
Stress triaxiality #
(b) The test data by Algarni et al.l'™

Stress triaxiality #

(a) The test results by Erice et al.l'")

Fig. 9 Comparison of the newly developed failure criterion with the test data for Inconel 718 nickel-base superalloy
in the space of &, and . Red line: Johnson-Cook failure criterion”; green lines: the model proposed by
Xue and Wierzbicki™; black lines: the present model (Eq.(8))
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Comparison is made in Fig.9(b) between the Eq.(8) with the test data for Inconel 718 nickel-base superalloy
as reported by Algarni et al."® who performed 4 types of laboratory material tests including smooth bar tension
test, plane strain flat bar test and two notched bar tension tests. As no pure shear or tubular torsion test was done
and the value of the constant C, needs to be calibrated by other plane strain (¢ = 0) flat bar test data as reported in
Algarni et al.""™ in the calculation. From Table 8 of Algarni et al.!"® and Fig.10 of Algarni et al."", it is easy to get
the value of the experimental true fracture strain (0.400 4) and the corresponding computed stress triaxiality
(0.583 1). Hence, it is easy to show that C, = 1.0465; Similarly, from the smooth bar tension test data in Table 8 of
Algarni et al.™™ it is easy to get the value of the true fracture strain (0.680 4) and the corresponding stress
triaxiality (0.573 8) from Fig.10 of Algarni et al.!"®]. Hence, It is easy to calculate the values of the constants C; in
Eq.(8) to be C, =1.7516. It can be seen that the present model predictions are in good agreement with the
experimental results for the Inconel 718 nickel-base superalloy as examined by Algarni et al.!"*), Furthermore, it is
easy to show that ¢; = 0.6042 (Eq.(8) with p=1/3,£ =0) and &; = 1.0113 (Eq.(8) with n = 1/3,& = 1). Hence, by
definition the Inconel 718 nickel-base superalloy as examined in Algarni et al.!"® belongs to Category I material
since e; > ¢; as discussed in Section 1.1.

It appears from Fig.9(a) and Fig.9(b) that the results obtained for the 718 nickel-base superalloy materials

investigated by Erice et al."® and Algarni et al.!"*

are contradictory to each other. It should be mentioned here that
the Inconel 718 nickel-base superalloy employed by Erice et al.!'*'" was much more ductile than that used by
Algarni et al.™™. Closer examination reveals that the discrepancy between these two Inconel 718 nickel-base
superalloy materials may be due to different heat treatment (for example, the superalloy used by Erice et al.'! was
precipitation hardened) and different chemical composition (for instance, the superalloy employed by Algarni et
al"® had Fe).

Also shown in Fig.4—Fig.9 are the fracture loci for the plane stress state (as indicated by the black solid line)

which are predicted theoretically by the present model with & being replaced by the following expression
27 (., 1
== —— 11
&=- n(n 3) (11)

As can be seen, some of the shapes of the fracture loci for the plane stress state as shown in Fig.4, Fig.5, Fig.7,
Fig.8 and Fig.9(b) open upward whilst the others as shown in Fig.6 and Fig.9(a) open downward. This is no
surprising since the plane stress state is only a special case of the present model which divides materials into two
categories, i.e. Category I material with &; > e; and Category I material with e; < e;.

The predictions from the Johnson-Cook failure criterion” and the model suggested by Xue and Wierzbicki™®
are also shown in Fig.7, Fig.8, Fig.9(a) whilst in Fig.4, Fig.5, Fig.6 and Fig.9(b) only the predictions from the
Johnson-Cook failure criterion are given and those from the model proposed by Xue and Wierzbicki are not
available due to lack of test data. The values of the empirical constants D,—D, in the Johnson-Cook failure
criterion” and ¢,—c, in the model proposed by Xue and Wierzbicki'® are evaluated and listed in Table 1. It is clear
from these figures that the Johnson-Cook failure criterion has failed to give consistent results and this is not
surprising since it does not taken into account the effect of Lode angle. It is also clear from these figures that the
present model (Eq.(8)) and the model proposed by Xue and Wierzbicki'® produce more or less similar results for
stress triaxiality greater than zero approximately whilst for stress triaxiality less than zero the difference between
these two model predictions increases with decreasing stress triaxiality. It should be mentioned here that only two
standard laboratory material tests (i.e. smooth bar tensile test and pure shear (tubular torsion) test) are needed to
calibrate the two empirical constants in the present model whereas at least two axisymmetric tests (i.e., two
notched tensile tests) and two plane strain tests (namely, pure shear test and flat dog-bone tensile test) are required

to estimate the four empirical constants in the model suggested by Xue and Wierzbicki'®..
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Table 1 Values of constants in the Johnson-Cook failure criterion and the model proposed by Xue and Wierzbicki'®

Johnson-Cook failure criterion Model proposed by Xue and Wierzbicki
Materials
D, D, D, Cy &) (&) Cy
4340 steel 0.05% 3.44% —-2.12™
Armco iron —-2.20™ 5.43% —0.47%
OFHC copper 0.54 4.89% —3.03%
1045 steel 0.06 1.72 -2.58 1.5110 2.1102 0.480 0 1.738 8
2024-T351 0.13% 0.13% —1.501 1.466 0 2.394 0 0.2100 0.0050
Inconel 718" 0.0401° 0750 —1.450 0.525 1 1.0109 1.100 0 1.1887
Inconel 718! 0.04 1.54 -1.60

3 Conclusions

A new approach has been presented in this paper to predict the failure of metallic materials with the main
conclusions achieved.

(1) On the basis of the test data metals can be divided into two categories, namely metals with é>e; and
metals with &< e,, here ¢, and e, are the two parameters defined as the true strains at stress triaxiality of #=1/3 for
Lode parameters of =1 (axisymmetric stress state) and =0 (plane strain state), respectively.

(2) A new failure criterion, which takes into account the effects of stress triaxiality and Lode parameter, has
been obtained.

(3) This newly developed failure criterion has been shown to accord well with the test data for various metals
under different loading conditions.

(4) Only two laboratory tests such as the smooth bar tension test and the pure shear (tubular torsion) test are

needed to calibrate the failure criterion.
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Dynamic Compaction Behaviors of Copper Powders Using
Multi-Particle Finite Element Method

PENG Kefeng', PAN Hao®, ZHAO Kai', ZHENG Zhijun', YU Jilin'

(1. CAS Key Laboratory of Mechanical Behavior and Design of Materials, Department of Modern Mechanics,
University of Science and Technology of China, Hefei 230026, China;
2. Institute of Applied Physics and Computational Mathematics, Beijing 100088, China)

Abstract: The meso-scale characteristics of granular metal materials play an important role in macroscopic
mechanical behavior. The dynamic compression behavior of metal powders still needs further researches. In
this paper, the copper powders persisting rich experimental results were selected as the research objects.
Based on the multi-particle finite element method, a two-dimensional numerical analysis model of granular
metal materials was established, and the mechanical behavior of copper powders under impact compression
was studied. The numerical results show that the granular metal materials exhibit a highly localized
deformation band under high velocity impact, and the deformation bands propagate from the impact end to
the support end like a shock wave. By using the velocity field calculation method, the position of the plastic
impact wave front was calculated, and the Hugoniot relationship between the particle velocity and the shock
wave velocity of copper powders with different porosities (0.25—0.60) was obtained. The numerical results
agree well with the experimental results at high impact velocities (200-300 m/s). The shock wave model
using the dynamic locking strain as the only parameter was developed. It is found that the Hugoniot
relationship and the stress behind the shock wave front of the copper powders under high velocity impact are
well characterized.

Keywords: granular metal materials; shock compression; multi-particle finite element method; shock

model; Hugoniot relationship
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Preliminary Investigation on Stress Distribution Mechanism of
Shock Propagating across Grain Interface in Metal

WANG Xuan, HUANG Shenghong, ZHANG Y ongliang

( CAS Key Laboratory of Mechanical Behavior and Design of Materials, University of Science and
Technology of China, Hefei 230026, China)

Abstract: To know the stress distribution mechanism of shock propagating across grain interface is of great
significance to understand the interacting phenomena and plastic principles of shock and polycrystalline
metal material. With molecular dynamics (MD), shock impacting on four kinds of metals with FCC (face-
centered cubic) crystal lattice are numerically simulated. The stress tensor components distribution, scale and
correlations of shock propagating in monocrystal and across grain interface on {100} lattice plane are
computed and analyzed. It is concluded as follows: (1) The stress generated after shock propagating along
different lattice arrangement orientations presents different characteristics between parallel and perpendicular
shock direction, which is in accordance with force interaction difference due to the lattice arrangement and
interaction mechanism between atoms. The results of such difference are corresponding to the plasticity
variation with lattice orientations. (2) An independent tensor is found to be in charge of stress distribution in
elastic shock propagating across a single grain interface. This tensor has uniform style and similar
coefficients for different materials with the same lattice arrangement, presenting a kind of generality. (3) The
coherent predictability and accuracy of stress distribution tensor for FCC lattice are validated by simulation
results for shock impacting on a single grain interfaces at different velocities and lattice arrangement
orientations, indicating the intrinsic property of the interaction between shock and lattice atoms.

Keywords: polycrystalline metal; shock wave; grain interface; face-centered cubic; stress; molecular

dynamics
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Table 1 Material parameters

Material G,/GPa A/MPa B/MPa C n m
Al 27.6 265 426 0.015 0.34 1.00
Cu 439 90 292 0.025 0.31 1.09
Ni 80.2 163 648 0.006 0.33 1.44
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Fig. 3 Debris clouds of Cu-Cu hypervelocity impacts at different impact velocities
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Fig. 4 The relation curves of phase distribution vs. time (Hypervelocity impact of Cu-Cu)
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Table A1 Parameters of equation of state

Material G/(Pa-cm’-mol "-K?) V,/V, V,/V, a/(GPa-cm®-g?) Mi/(g-mol™)
Al 870 0.53 1.347 1 6 450 27.0
Cu 490 0.50 1.4013 868 63.5
Ni 1010 0.51 1.407 5 1190 58.7

Material Phase Evolution in Hypervelocity Impact Process
LI Yixiao'?, WANG Shengjie’

(1. Graduate School of Second Academy of CASIC, Beijing 100854, China;
2. Beijing Institute of Mechanical Equipment, Beijing 100854, China)

Abstract: It is generally known that phase evolution characteristics of materials under hypervelocity impact
obtained are limited by experiments. In this paper, the material point method and GRAY three-phase
equation of state were combined to simulate the hypervelocity impact of Cu-Cu, Ni-Ni and Al-Al at different
velocities, and the relations between phase distribution and time were obtained. The numerical results show
that the phase evolution character of the material with higher density and lower melting point at lower
velocity impact is similar to the material with lower density and higher melting point at higher velocity
impact. Therefore, the phase evolution characteristics of material with higher density and lower melting
under hypervelocity impact point could provide reference to the experiment of common structure materials
such as Al under hypervelocity impact.

Keywords: hypervelocity impact; material point method; phase evolution; impact velocity
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FEBE R EA b, ol 48 A8 Ay R 2 R e 7 A A 25 4 LA X B, Jr DA ST 1/4 A5, 3 FL7E
AR ) 30 SR A e o [ Sl 249 SRR PR 4 3 . a6 v SR Mk 0k 7 AR 199 A8 IX 3880 250 mmx250 mm, kT 49
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IR X, Bt . HBRJZ F Lagrange A% 55 HL,

Explosive

RMK)Z R 8 45 s LMK BT SOLID164, T A9 bk '
%ﬁﬁa@@*ﬁﬁﬁo %%@%%ﬂ*ﬁgifgﬁqg Clamped boundary
BB K R 2 5 - sme__egr T\

Q235A HK F 3l g~ BEVEA F LT (*MAT
PLASTIC_KINEMATIC) . T R Mg —FlH %
§$ {2 12'& , A ﬁ AR B & 4 L ﬁ $ ’7& A s ﬁi % H 6 72‘ X-symmetry boundary Y-symmetry boundary
B Mooney-Rivlin A& RN B 1 41 41 S 5051 B2 BRI LS 5 e 2 AT
= 1, Fig. 2 Schematic of polyurea-coated structure and explosive
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Table 1 Parameters of polyurea elastomer material'®

Density/(kg'm™®)  Tensile strength/MPa Elongation at break/% Tear strength/(kN-m™") Shore hardness (HA)
1020 24 400 85 85-95

FH &8 7 *CONTACT_AUTOMATIC_SURFACE TO_SURFACE TIEBREAK!' & CHIHR 5 B k)2
Z IR P RESS ), BOE PR B Z [ B BG4 0 B o TH5 b Y AR S SRR LT b i 1 KT EATZ 8] i &
4 0m BE N, SR -5 JK K A o R A

P 3 45 STk [6] H T8 3 AOSE AR ARG L, P 4 S AR R B9 BE AU AS = . T L, A b ek
BLA% BRI 45 2R 5 07 H A R W) B A5 36 5 4, ik 1T S B R LR A A 3501

Displacement/cm

3 s e SR R oA B A AR 1 AR Bl 4 BEARLL v SRR U A A A 1 AL e

Fig. 3 Deformation of polyurea coated steel plate in test'® Fig. 4 Deformation of polyurea coated steel plate in simulation

22 HEER
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Table 2 Structural design schemes

Condition Structural Steel plate Polyurea TNT Detonation
number diagram thickness/mm thickness/mm dose/kg distance/mm
Al Contrast condition 3 0 ! 200
A2 . 3.52 0 1 200
Single steel plate
A3 : 3 4 1 200
Front coating
—
A4 . 3 4 1 200
Back coating
—
AS 3 2+2 1 200

Double sided coating

Note: Q235A steel plate;

WM M Q235A 4N, R I 8h J1 2 38 Pk A M B A (*MAT _PLASTIC_KINEMATIC), 581k 77 = Fti 55
Ak, I H. 25 FE Rk A0 AR SR, HJm AR N, i ok R BT R A N
Ze(2) ()

Oy C

Kb oy HIEIRB 1, 0, HEHSTRIRE S1, e MRIAEZE, P A C Rk RER A 00 K. Q235A A9y Bk
S 3,

Polyurea.

R3 Q235A Ptk s K™
Table 3 Parameters of Q235A steel material”

Density/(kg'm™)  Young’s modulus/GPa  Poisson’s ratio oy/MPa Tangent modulus/GPa Cls™ P
7850 210 0.3 240 2 10°

23 EEEMIMBEESH
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B e K IB M N AR AR B, AI>A3>AS>A4>A2, H A3, AS, A4, A2 T30 P 4K AR AY e R 388 M 7 78 3 331 kb
ALJB/NT 11.2%. 12.4%. 15.5%. 16.9% . X 156 W] 75 55 5 B2 A A b 2 7 — 2 J52 B 1) SRR A 6B 405 44 1 4
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P — E R BE LRSS T e X OB 4V« 3 R A U O R X s K e B R — AR UV
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Fig. 5 Displacement cloud chart of steel plate in different working conditions
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Fig. 6 Displacement-time curves at maximum Fig. 7 Plastic strain-time curves at maximum
deflections of steel plates deflections of steel plates
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Dynamic Response of Polyurea Coated Steel Plate under Blast Loading
WANG Dianxi, GUO Xianghua, ZHANG Qingming
(School of Mechatronical Engineering, Beijing Institute of Technology, Beijing 100081, China)

Abstract: The dynamic response of the equivalent areal density polyurea-coated steel plate and a single
steel plate under air blast loads is simulated by using the finite element software LS-DYNA after the validity
of this method is demonstrated. The influence of polyurea coating position on its antiknock ability is
analyzed; Besides, the method of dimension analysis is employed to study the response of the distance
between explosive and steel plate, spherical charge’s quality, and the polyurea layer thickness on the
deformation of steel plates based on the prior study. The results show that the position of polyurea coated on
steel plate affects its antiknock performance. When other variables are assumed to be constant, the maximum
displacement of the center of the steel plate exponentially decreased with the increase of the distance
between the distance between explosive and steel plate; Moreover, when the quality of the explosive is
changed, the maximum displacement of the steel plate increases linearly with the increase of the explosive
mass; Also, when the thickness of the coated polyurea is changed, the maximum displacement of the steel
sheet decreases linearly with the increase of the thickness of the coating.

Keywords: polyurea coated steel plate; dimensional analysis; displacement; blast load; antiknock ability
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Fig.3 Deformation of metallic foams with y=—0.8 in the virtual Taylor impact test
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Table1 Maximum local locking strain, locking strain, and local maximum densification stress and its location

Maximum local densification stress

y Maximum local locking strain Locking strain
Value/MPa Lagrangian location/mm
0.8 0.88 0.68 47.44 58
—0.4 0.91 0.70 39.72 56
0 0.92 0.72 34.77 58
0.4 0.93 0.74 30.08 35
0.8 0.96 0.76 30.75 37
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Dynamic Mechanical Behavior of Graded Metallic Foams Based
on Lagrangian Analysis Method

RONG Yu, LIU Zhifang, LI Shigiang, WANG Zhihua

(Institute of Applied Mechanics and Biomedical Engineering, Taiyuan University of Technology, Taiyuan 030024, China)

Abstract: The Lagrangian analysis method was employed to investigate the deformation mechanism and
stress response of graded metallic foams. The mesoscopic finite element models of the graded metallic foams
with five different density gradient parameters were constructed by the 3D-Voronoi technique, and the
corresponding Taylor numerical tests were performed under high-speed impact, and the particle velocity
distributions of different graded foams were obtained. By combining the Lagrangian analysis method with
the results of Taylor numerical tests, the effects of density gradient parameters on the local strain
distribution, stress distribution, shock wave propagation and attenuation of metallic foams under high-speed
impact were investigated. The results show that the metallic foams with negative density gradient have better
resistance to vertical deformation than those with positive density gradient, and the deformation degree
decreases with the decrease of the density gradient parameter. The local densification stress distribution of
the metallic foams with negative density gradient decreases linearly, and the maximum local densification
stress increases with the decrease of the density gradient parameter. The metallic foams with negative density
gradient have high load bearing capability near the impact end. The local densification stress distribution of
the metallic foams with positive density gradient has a plateau stage, and the maximum local densification
stress is less than metallic foams with negative density gradient.

Keywords: Lagrangian analysis method; graded metallic foams; 3D-Voronoi technique; density gradient

parameter
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Table 1 Parameters of the foam rod

L,/mm L,/mm Ly/mm Por/(kg-m™) Por/(kg-m™) Po3/(kg-m™)
30 40 60 570 410 253
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Stress Waves Propagation in Layered Graded Cellular
Materials under Dynamic Crush Loading

ZHAO Zhuan', LI Shigiang®, LIU Zhifang

(1. Department of Architecture and Civil Engineering, Yuncheng Polytechnic College, Yuncheng 044000, China,
2. Institute of Applied Mechanics, College of Mechanical and Vehicle Engineering,
Taiyuan University of Technology, Taiyuan 030024, China)

Abstract: The theoretical mode of velocity attenuation of rigid mass and the stress wave propagation in
layered cellular materials under dynamic impact loading has been proposed based on the 1-D wave theory
and the dynamic response process of a foam rod strike by a rigid mass has been studied. A finite element
(FE) validation has been conducted by employing ANSYS/LS-DYNA software, agreeing well with the
theoretical results. The compared results show that the triple layered graded foam material has better impact
reduction and energy absorption capacity than the uniform foam with the same mass. Due to the reflected
wave and the strain hardening effects not considered in the theoretical model, there are some acceptable
errors between the theoretical and FE results.

Keywords: layered cellular material; dynamic crushing; stress wave; theoretical model
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Fig. 3 Deformation modes of regular hexagon honeycombs under different impact velocities
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0.4 100 6.802 7.384 8.56
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Fig. 4 Deformation modes of re-entrant honeycombs under different impact velocities
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Fig. 5 Deformation modes of semi re-entrant honeycombs under different impact velocities
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Table 2 Plateau stress of the semi re-entrant honeycombs

Average crushing strength/MPa

h/mm v/(m-s™) - - Deviation/%
Theoretical Numerical
70 1.643 1.555 5.36
02 100 2.788 2.850 2.22
' 140 5.738 5.967 3.99
200 11.421 11.551 1.14
70 2.910 3.180 9.28
03 100 5.287 5.340 0.99
' 140 9.761 9.012 7.67
200 19.268 20.181 4.74
70 4.553 4.810 5.64
0.4 100 8.134 8.222 1.08
' 140 14.875 13.608 8.52
200 29.200 28.769 1.48
70 6.682 7.170 7.30
05 100 11.828 12.991 9.83
' 140 21.514 21.545 0.14
200 42.097 40.774 3.14
60 60
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Fig. 10 Impact velocity versus plateau stress curves of three types of honeycombs
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Fig. 11  Stress contours of semi re-entrant honeycombs (4=0.5 mm, v=70 m/s)
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Fig. 12 Deformation modes of novel semi re-entrant honeycombs (4=0.5 mm, v=35 m/s)
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Fig. 13 Nominal stress-strain curves of semi re-entrant honeycombs and novel semi re-entrant honeycombs
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Fig. 14 Nominal stress-strain curves of novel semi re-entrant honeycombs and re-entrant honeycombs
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Fig. 15 Impact velocity (a) and cell wall thickness (b) versus plateau stress curves of three types of honeycombs (v=100 m/s)
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Impact Resistance of Semi Re-Entrant Honeycombs
under in-Plane Dynamic Crushing

CHEN Peng, HOU Xiuhui, ZHANG Kai
(School of Mechanics, Civil Engineering and Architecture, Northwestern Polytechnical University, Xi’an 710072, China)

Abstract: The semi re-entrant honeycombs presented unique deformation modes due to its characteristic of
zero Poisson’s ratio. The impact resistance of the semi re-entrant honeycombs under in-plane impact load
was compared with that of the traditional positive Poisson’s ratio (regular hexagon) honeycombs and
negative Poisson’s ratio (re-entrant) honeycombs, and the effects of zero Poisson’s ratio on its dynamic
performance were revealed. Given cellular geometric parameters (cell wall’s aspect ratio), the deformation
behaviors of three honeycomb configurations under different impact velocities were analyzed. It is concluded
that dominant local deformation band of the semi re-entrant honeycomb is “I” type because of the zero
Poisson ratio. According to the one-dimensional shock wave theory, a theoretical formula of the average
dynamic crushing strength of semi re-entrant honeycombs was derived and compared with the finite element
results to verify its effectiveness. Simultaneously, it was found that the impact resistance of semi re-entrant
honeycombs was between regular hexagon honeycombs and re-entrant honeycombs. Therefore, a novel zero
Poisson’s ratio honeycomb was designed by adding a rib into every cell of the semi re-entrant honeycomb,
and its impact resistance was improved. These results provide certain theoretical references for other
structural optimization designs.

Keywords: semi re-entrant honeycombs; zero Poisson’s ratio; in-plane impacting; crushing strength
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