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Abstract

Abstract

Recently, with the rapid development of aerospace technology, the number of space
debrises keeps growing, which is a great threat for the safety of the spacecrafts. The
velocity of space debris is in the order of 10*m/s. Numerical simulation is an efficient
research tool to investigate this kind of high-velocity impact problems. In this paper,
we study the dynamical properties of aluminum foam, which is an important protective
material for the spacecraft, using material point method (MPM). This work is of certain
reference value for the investigation of dynamical behaviors of materials with complex

shapes and microstructures.

In some cases, the aluminum foam can be approximately consider as the solid bulk
material, but the suitable constitutive model should be used instead. Deshpande Fleck
foam model is a widely used constitutive model with simple form, failure models and
few empirical parameters. The influences of relative density to the dynamical properties
can also be easily modified in this model. The Deshpande Fleck foam model is used in
this paper considering material failure of volume strain. A complete formula of improved
stress iteration has been developed and verified by the experimental data of Taylor bar test.
3D simulation of aluminum foam compression process has been performed for estimating
the dynamical properties. The simulation results agree well with the experimental data,

and the advantages of MPM over finite element method (FEM) have been addressed.

The European Space Agency (ESA) pointed out that the aluminum foam is an ex-
cellent material for protection of spacecrafts. Using aluminum foam, some more efficient
Whipple protection structures can be designed. During the hypervelocity impact with
debris, the material failure occurs at the microscales inside the aluminum foam, thus the
microstructures should be considered. In this paper, the real microstructure model of
aluminum foam is reconstructed based on the micro-CT scanned images. Two kinds of
Whipple protection structures have been investigated using MPM simulation. The nu-

merical results agree well with the experimental results.

Furthermore, the application fields of these two kinds of structures are compared and
analyzed. In the energy-absorption materials, the length and height of platform stress de-

cide their performances. Relative density and base material are all important in deciding
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Abstract

the form properties. Based on the microstructure model of aluminum foam, we studied
the influences of strain rate and relative density using MPM simulation and Hopkinson
bar experiment. A quantitative relation between platform stress, strain rate and relative
density has been developed. A dynamic damage model has been added in the MPM to
extend its application field, describing the dynamical behaviors of metals when failure

occurs.

Key words: hypervelocity impact; material point method; aluminum foam; microstruc-

ture model; dynamic response
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ALK N AL EAR, AN BEAR S b S R I A vy ol il 2 R AOM Bl 70 22 L
It AR MERS 1 2 W R i (R4 2R

AN FEHE T Micro-CTH i & Fr SR T RN ESE A M K s B, IR
A ] S oy B 4 Al R R B R AR S, SR S PR = e R
SUEFEFPMPM3DR AN [FI Whipple 7 37 £5 44 H i IR 85 10 B 37 41 2047 1 BB AU AN
H# .

jillf3

4.2 SEIARBMUERE

N T B ORRE S e R AR (1 BSOS 4, A SCR I Miero-CTH B K
R IR RE A FR = L b S PR o a2 T DAE AN il ) 25 A R0
WFE NSO S5 M BEAT 40, 5 BB I CTRK AN A s AE T n] UK BBk
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ERMHER, W NH TR B EYsE. BRAE. SR, HUR
SPERVE 2 AU I T S A P SR . 44130 ) 3R SR E GE A ]
[*JExplore Locus SPZY i i CTHI L Ji 2 ]«

Kl 4.1 3E[EGEZ F]Explore Locus SPHH . F{CT

X 43k X ZiE
RN JUE
OB

P 7NYIER 5L

e
4 i

FH AR T

FE e AT £ A+ CDD

K42 BHMCTHMRER

Micro-CTAE {5 Jst B b f5e K (RS o w] LA i 2E47360° #9048, 0% K]
HEFEXOT AT, XA L A 7T LA R IR AR AT 25 1] [A) R F Pl A5, 8 s 22 ] 23
K, PEX LA R . Micro-CTH] LLSCHLEEARIKIERE . B i (R SR AR 40 AN
G R, DI IRCT SR B T 2 AL

PRIt FEE IS A CTHIR B (0 E LA R o M ENTBUR A, R 5
WvRJE, JLRmIEES 1, al DU R E B A -

I = Lye X (4-1)

HAR I R S XM NS 8, DR YRS SR, w5 AT AH
R Y TR L, o WRRIE S, XE B RKE. T IfE4-4),
RAREN B B BN

I <
P:1 — = U X = i iXi 4-2
N = fmp ;Zlup (4-2)
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PAHIST MIXEORR, W32 BB mE Ol Xe i g EiaE—/NBL Ta]
B, e SRR A, R S SR % A 0 S YRR R I AT o
5T SLCCTHURR 7R i 0 XSS e W 2R 5

CT = Hm = Hwater 1600 (4-3)

l’t water

Foh pryaier & K IR B, a2 R R 2R
CTHIH AR 4 5 Bl 1 5 AR R IRCT AL, IR R A7 . dicom b =X 1) SC A«

A 3L I R S R R O R B R 2 80 - Largetube_14_270min_360, H:

HiLargetubefQ & K S H M, 14/ 70 i3, HW R 82705 8, ek

AR N360° o MBHTEAEE360° FII, e A SO BRI R, WK E

S ERCOGRI AT e, A8 T B i =i g5ty . HAbERS 80y . e

HAAERE04, HE80KV, LIRS0 uA, BEIEIIAI2960 ms, WIFE 4, B &

HENT*.

A2 B dicom s 2 SCAE RS B T AR R A RE R 85 BE 43 A S Ao LA T 8 5
56 AR e T DU = e LA BRSNS LI T AR
KN A AR AEBEALIRT 3T W A% 58 O IR U 7 VAR ME N A R T LT AR
MPM 7 PR S AR B HUSA TIRL, ITA () s SR B ST 4aty, BT DR A
BTN TIR B AR

I T TE A A A 0 R 8 I CTH 5 R ok SR VLR R ) = 4R O A T T A
i,
1. F FMicroview# {1 352 B .dicom#% S SC R 3 055 B, WAL RE L ol

SUAARR . AR FEIKEEAE . ARG 2 AR PR A R .

2. Matlab% A3 T 18 22 AR I (1 AL B4 S0 T dicom#% 3 (1) SCPERE
W5 THEFREEBWAE THGEEE, il BMPEIPGH WK, K
FEAEAN A 256N M7, Tl dicom 3L A4 Al LLIE 740964~ o 2k T PRUECT ] 7 11 it
H, K MHMatlab B # 52 HU.dicom s X ¥ S0, AR 1 1/ 244 B CT R 2 T
I, 6T REROR IR P A 4z A4 R AH LU T BE /N IR ) A dan 2 A< e TR
WeBE 2 IR e, DRI 585 BEOR I ) AR IR A 3= (/D T %85 BE BN I AR IR 1 3%
fE o HIIE B H VIR AR AT b & JE A BRI AL N AR R 3R R FAR
PR F K BB ) A3 A vk S5t 4 JE AL ) 25 B 43 AT

3. 4 TS AR R ) = YE RO Y, FRATVEE CTHI A I & — JZ BT T AR AR /N )
e BE N R A MR oA, BN T$ &  AE m BE 7 18] AT DAE AR — AN R /N ) &
FEAR, WA S A N, Wt ERsnE Ay 282, amnr iz

54



4 T PR AR g T AR P B A T R B AR 5

W I B R TR 22, MR — 19 B 1] P R A3 — 4ol LT AR
4. MGG SRR AR R B O AR R R BT S SR
K AL IR A FEARRLRL R AR BR A o U ARG (8 3R A 0 W T ni i i, IR
WM C 2P T, AT BRE RN, ARG R sl
%, SEOHERERKR, YRk R AR R RCR, iR e K
TSI T L VTSR o DAE AN S Wi Y0 TR B AWOUL ) L AR A 23 ) 5k
fifi b, W RSB R S AT AT
5.8 TG IFIReR, BAVSCAEAR R w0 A (1 DI A B A = 4RI,
SRIG AR R B A WIS AR R s A br S B, T RIS B O N &
I IR R AR, P05 R TR A MR R R R R DA RS AR 35 R
KA~ 4
ZIt, IR =B R B D T, W43, B R AL
A ELSEIIE Js IR AR N I BENL . 2 AT BENLISLIRTE S, AL 2 144
LR AN LR 2] R s 18 R (Y IR AR GO Y, AR RSP i o e, L
A7 S RURG A

B 4.3 WPRER = YA o s TR AR Y

4.3 SEIRBEARMBEE

SR FH Y VAR 5 T oA R R AT BB A AL ISy, SOR RS TR m] DU AR 41 R 5 (1)
AR, A Z T H BT 8RB A Johnson-Cook %8 14 452 1 FGriineisentk 25 77
2. H HJohnson-Cook ¥ V£ 11 1Y Z& HJohnsonfICook S N 7E 25 A % [E N AR . N AR
B il PR T PR AR R AY, JL RN ) R

oy =(A+Bxe)x(1+Clng") = (1 -T"") (4-4)
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Hrhe = &P )60 RTCENFRIPHENAZR, s MEFSIR TN AR, or 28 1N AR
#, A,B,n, C,mEMEFEE, ] SR

Griineisen’R & J B &R T 22 54801 0725 0724 B0, 0] LUR b i Aifi ik 4
K284 Ja [ ARAE s BT A FH R I3 24T 4. Griineisen R 7 #2 1 H AR TE X
/I

p=pH+%w—em (4-5)

Horb py ey A Hugoniot f 26 L ¥ i He JJ FN A s N BE . v /& Griineisen ' 21

B 3av
T C,K

Hr3a = (1/v)(0v/0T), 2 WA IK R, K = —(1/v)(0v/OP)r A& 55 i 1k 4 7
B, C,=(0e/0T), eERH LM, yili L F KR

4 (4-6)

Yo - wH 4-7)
v 4

ey Mvo 4350 4 s 7 9 2205 B Griineisen i B L 25 o By o A1 2 B samARLIG A2 ok
2

Yo & 2s — 1 (4-8)

Horprs = 9000y REphE, u, R TR,

up

4.4 ERE\EWhippleBhiP &S E{E R
4.41 IEFERWhippleFirssi

AR TE BN T B I WhippleBls 47 45 14 1R 68 s g ik FE o T I R v
AR AR s B K T AR S R s BE, AT BT SRR SRR AR
AL %I AR B ) A ) AN [R] R e R S SO R A B
FEAR AL T IRARIS S LG, AR D 3 3452 490 R 2R 2850 o R Ak 5 A AR T
ARG, MBMBPERONY  w] IR 48N #7522 18 . XA R, A
SERIEBT s« SR RN AR T 0 et e v i ok ) b R OB DR B . T T RUE TR
MEBRRAZTE . MEBER OIS ) b AR 35 . AR R S 86 % 3 F T R 1) = 4
W 5 AR FEMPMI3D K A= B PR T R A0 = A FOUASE 7R 6 45 Y R A 1 1 7 o Sl
J2 A WhippleBli 9 S5 # EATVHERL, R ARA0L 25 L[] SOk U1 o (1) S 30 (B EA T LR
Pl 4. 40 P 4.5 5] o 35 78 2CWhipple B 47 45 1) 7 7 B RUAH I PR 40 s s e
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152mm

A\

T

6

B TR B ity B
Kl 4.4 175 Whippleli 4 45 #4752 K]

K 4.5 378 X WhippleBli 37 45 K4 It i 25 &

FEASWhipplelli 7 &5 7 P 2B 30 BEALEL, 56— 2040 bR JE 5 92mm, A5
JE2AIER A MR, BRI R R, RN 10mm,  AHXS R 27 %,
BB RLEZL102, AEEER RHE B 2mm, # 5T 5A0650 & 4 A . AL A 4
(1) T A4 KL A A12024 1521331 -5t 1 4% O 6.35mm, 1 THIJ o B 58— 2 B AR
b, R ) 82190 m/s. 3410m/s. 4060 m/s. FEEAAWhipplellj 4 &5 k) 1) )
PE M 152mm, JIREEPIBEAL T IE T R, H TBHR T e, wekogs LR R
H1s WSS 0. 2mme 4. TRIZE4.250 B4 B T W5 s A qul e R v B A
i) Johnson-Cook ¥ P4 45 8 FGriineisenth & J7 FE i H AR 2 % 11521531,

% 4.1  Johnson-Cook 7 2% [151.154-156]

ME  G(GPa) AMPa) BMPa) C m n Txp(K) Ty )

2024 276 265 426 0.015 1.0 034 300 775
2A12 26 265 426 0.015 1.0 034 300 775
5A06 27 265 426 0.015 1.0 034 300 864

Z1.102 20 265 426 0.015 1.0 034 300 700

B4.6mh 25 TR 78 A WhippleBls 7 25 4 (1 R K, A El4.670 ) LU 52 2]
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% 4.2 Griineisen’ kA Jj fE 2 4 [151.154-156]

P #Ekeg/md) cm/s) S CU/Kg/K) T

52024 2.785 5328  1.338 875 2.0
2A12 2.77 5328  1.338 921 2.0
5A06 2.64 5328  1.338 921 2.0

71102 2.65 5328  1.338 838 2.0

Kl 4.6 H17:\Whipplel; 7 45 f il #1215

T E S R R R B R, B R RCE SRR e, R IE )
M HE o BRI b, BRI s, (H T KR
IrENRERI, IF FLARE IR 2, FOBORRE T KRS AERX AN RE T, Wik
B N RS R A RS s L LR AR, T B 5 AR R AR R T S e

(a) 2190 m/s (b) 3410 m/s (c) 4060 m/s
47 FZPRE A R . RIS g5 R N, TR R T A 4

B4 70 7R o8 55— R B 7 B 32 2 1 s g o R i B0t oL, b B i S
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WK TR S 06 25 0 = RlAS Rl 5N B 4 B 4T (KRR R T2 ) i s ik
FRAUAS Y AOAH NS B 5 JZ B R T o LI AR . 15 2o w] AL 5 2IMPME
JURR 5 2R [ S o6 R ARl FLRESE 15 FE PR 80 B30 B aBst (¥ LR 1A%
BEHTIGIN o AEAFE RN 73S R EEARH DL, 3T 75— R et
IR F LI G855, R e gk . WA ARG . [R] IR 4 AU
A e B 3P Ik e A I B2 B KRR, DD TR LU A E R, AR AT
RSB AR 77

(a) 2190 m/s (b) 3410 m/s (f) 4060 m/s
K48 B 2B R, B spie g RIS, R S IER R A R

4.8 rh S I AR R B 4 B 52 B s R (B D . Ferb i 200 R
TANIF TSNS S IR AR BRSO 1 T R A R A
FRADLAS 2 R B AT AL AR . W 290 0, el R IR B P AL 2
AT B RANRIBENLE 32 2175 o 5 1 27 SLIR RO AR, DR 5 fL EL AR I R
A FAR . WEDW L nT LUE RIS 758 NSRS (g, [/ 28— 2 e b
B2 2R, AR BRI ALI EAR BT I . AN AR AN R, IR
AELRAT N AL g, e B T e, AT RS R I8
b1, JF HOREWC T #ahfig. 3ol mdi s BB 97 f b2 2B I s 3 1 3
B, Hpaesh B i NS RSB, 2T AL 8 e N
B eI ECROEE A R S AW R 8, S EUT IR BRr. T HBRY AR
2 WU e BRI T B REBOR R T WA 19 Ja IR & A B 3 K
fEHE

3 A1 I MPMIASEUL ) 45 S IR] S 46 RS bE, uRas bl 2 I LR RN BT
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SR JSE N (R AR A AT ARG o IR AR 1 9 g o A AR TR AR, S
Hzh Ty 22 R P Y€ PER Zt e WO &5 . O 1 fide oH 5, IRZIFITEAEAE
SR BENL A A R Bk W3k A 3h A2 s oR A 2, IR AR ARt mT L S e H i
KA BE R 1 28R 1, (G2 ) SE 36 P (0 B ARSS DU A 25 B0 1o AESE PrBiftl
o R R, YIRS AR SLIF RN AR DL R A AR SR RO A
AR A HEG TN (R OB . A F CTHA A B A S IR R oW = i by, LU 45
Fon] LURE B TCIAS R L0041 R @it s Do 27k fe,  nl DU BLSE iR A5 B
AVIES DN a7 I

(a) 2190 m/s (b) 3410 m/s (c) 4060 m/s
Kl 4.9 MfeRiOithol. Lo sestsl RIS, R &Y kBl g 1

Bl4.99 Wo TR RER RO 15 00, midis sl i 7 s 2 o JE B 3 B AR BELRE 22
Jois KFERIT BRI, FBH X REHRE R ] R FRR. 4.9,
S I PG BE BT R BRIBOIA . EAERE, 3R /N (2190m/s)
I, M EEGST T AN/, 7 s ORI, AR BE AR A S A e, X
ABLP- R0 — SR B TS o (H L SEIX - AU B S W HY Whipple 47 5 74 1)y
P, Whipplels 3 &l A4 n] LLAT R Bi7 112 i) B i ok PR T $5 2 A0 H i 8L PRI Bls 97 o R
Wi e, TR IR 2z, RSB B S RE 2 RUB R MVE R A . iR
PR i, MR e R TR bR, A Whippleli 47 45 #4) ISR K
BEAG, A U5 AR AT B B T o AEAS ST Sl vh 2 7 SN S EEAR K
I, e BRI 5 32 B B A 0 i, AR Sy i, Mo ik 1R
MIBIRE, BRSO B AHR BRI NS TN, 75 S S sg 2 o il B
P, BEIBIA T TRAN AN o W i AU A R AR s HE AR BE Tt /N
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X Rl AR SR BV o 2R 2 TR NS BORIN , P iR 4 2R

ANMEEESEIF T, [RISEIR A th e a8l RABHIERH T A TG
N SR ANY) T RIEAU G PR 4B S A P45 £ R R X L

#* 4.3 Ha A Whippleli 5 45 F4 155568 5MPM 48 45 500 L

FAAS(mm)  phEEm/s) KK MPM ik

2190 9.26 933  0.76%
Al 3410 10.84 1095 1.01%
4060 11.48 1150 0.17%
2190 1281 1410 10.07%
5 JEBiBE 3410 2972 32.16 821%
4060 38.87 4126  6.15%
2190 9.46 957  1.16%
fie BE 3410 Tt oty
4060 540 540

MRAIT R LUR H, W) s 25 B 5 52 50 45 3 103 22 75 ] fu v 1R e [
W, S BB =R E I F LA R KR ZEN1.01%, 5 E kK E b
PR =R T PR L E AR R KR 22 N 10.07%, W ERi R B 2 f LA
2 B 25 1 S R B DN TR O, AR BEAE3410m /s B IRFR B e . i EE
JERARAR TP 5E 0 F FLELAR S S A LR 25K, JEUIRI AT B YA B0 1 S A4 )
FEI0 L Ja Wtk R AR T SN A, TASEAEL b 320 SR F )2 AR ) i s () 1 L 2
s AN PR A RE A S FLIR AT BEAFAE D RS, LA A
FLIA S R A

4.42 FERKWhippleBirss

F4. 101 B 41153 5145 T 92 )2 sAWhippleBl 477 45 440 7 2 B AL 3 0

e R A A T, Al R R ER AR B AR A SO RE AR L M S A L
AR — A=W G M R R i BEAE B4 gk, Hh = Wha i A
PRI R JE o I mm P2 A 1248 & S AR AL, R A TR AR AR, JE BSOS 10mm, AR
WIERN2T%, FAAM R AZL102, Mg EE )R E h2mm, A5 5A065 & b,
B4 ) FE 9152mm, = BHIG B 47 b4 T 1E R 8], W) 0 IR BE ) 90.2mm. F
BB ALI2024, E426.35mm, XFWhippleli 47 45 ¥4 1F I 4 o7, 48 o 1 B ) i)
42220m/s. 3190m/sF14170m/s.
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152mm N
T
I_ 4R
v e
AR .

K 4.10 32 Whippleli 3 457 2 &

411 )z Whipple 747 45 447 J5T st 25 4 1&

Kl 4.12 322 X Whippleli 3 &5 #y 2l £ &
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K4 12 25 T B 2 A WhippleBi 37 25 4 ) i R KT, B4 1290 W 82 31+
L A o VAR SSRGS B BRI R AR, 2 SR R o R S IR AR e
B, o R = WA g5 IR AR R AR T AT RO s LB 4 2R, Wi R RS 4
B = WA T G IR, A AR B . R RS
MR Ak 282 28 R ) (VIR R AT RL, TR RO 2, LIS 48 K0 43 50 il 0 o B AT 0 7
B S AR T

(a) 2220 m/s (b) 3190 m/s (c) 4170 m/s
Kl 4.13 AR SE . L seg ah B USY, RISV ER R 45 R

Kl4.13 b gs 7 SEge o R H = A Rl g s B, o bbbt e
T RN O BE B A T 00 o 1 TRT 2 HH G I 48 ok FEE N 4 B v B 404 31 () e B 453 4
TH L. 7R o HE ORGS0 il 3 B0 IR 2 0] MR 3 Jld
o PERRSEEG AU T RS ) S5 SR mT LAAG 21t B 4 2220m /s
V) ORI 2 A0 Tl A o SRS, eI TR e i ©e BAT R 1 Bl e
AT DL A B 3 s s 24 ph o T A 3190m /s, A J5R A EARRUURN S 56 A A
FAL; U N4170m/ /s, WITOSEA 6NN FE AL, SRS L. BE TELA
WL S, Ha B BUE 3R B Sl et W g N, 6] AR R AR
YERARIG % T o ARk R H = WVaiE 13 AR R &8 oy UM 7 IR %
BN, AR s Bz L, ARATY SR AT LAORKF S #E ko

N RO FE B 5 % . AT UG BILE R AR (2000m /st
), REAARB gt T e SR BB i g d R e R s PR 1 40
T (3000m/sH14000m/sP i), JEIE AR XK BB S5 Pt T = ik aa
Prafite, g RS AR DGR AES) D)2 T (SPHD 545 21 1) A
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A U o8, AR AT T, 7o g i B SGR IR b 3 D I A
RS, RN B A AR R AR g (HR R R AR IR R Al A g R
s AT DR e e i AN 7, e IR Ty MR R AR R, RJE A
R G e, RS, KRN G, &5 ey
PR HAT R = sl e ERIFE IR A B2 2 AR S ST LS G B
THNSSSE, 2 )5 3 BIZErh 11 3 T o B R B A R B b,
R RK T B o BBEAULRI S 56 25 A 97 47 45 R 1) 8 U1 8 7890 2% 18 N HI A B R
PESR, AEQRIEA B AT N R A B A R, e A
bRo Gy ANERE P RR BT R (R 45 R SR A RS L, SR TR REAR i b
RSSO B 3 v S I Whipple Bl 37 45 F4) IO BB A T, BgpL & SR T LU T4
P SERRMUR s B4 S5 R 1 v A o

45 KE/NGE

WK R AT R (1) e B WOBCRR 1, BB A8 5 L b R A v e i o S T ik
R R 5o W00 ROEAE AL G SIS I 0 o LA BRs (A 38, AR SO S = H &
TF R = 4EP) 50 22 FF MPM 3D KA AL, 1 5 A WL R B2 IR Whipple B 97 45 74, 1
HRL R IR T B R 2 L T Micro-C T I8 7 4 5 27 5K B4 1) = 4R 1L R 45 1O
B, R f A5 by B SE (1 S I R vy T o o A o o v TR AR LR I [
(AR SIS . T B E, P mE S A Micro-CTH R B Fr A4 1 = 4
YRR Y AT DUAR L SRR P BB S ) S0 45 2R, i o 35 78 A Whipple By 47 45
PR JE )2 X Whipple i 37 &5 M o6 LE R B, K (2000m/sZiA7) 410, )2
A WhippleBi 3 45 ¥ L+ 1H 75 X WhippleBli 7 25 #) s 1 78 =38 (3000m/sbL b)) 4%
PEF, RO . X451 R 2 BT 15 B 45 18— 2
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F5F HFLEKBENEESNERYN VIR RIERR

jillls

51 35l

TR A — R R AP IR BT RL, Cpl  Z N TR 3% BB
Prpe g, X ) HS R T s e, BT DA IR AR A ) Sk Rk
HZ B AATHIOGHE . VEAREEM B, PG ) 8 S 6 8 ) B AR o
TIIRRERE T 5RSG o XT TR R UE, A % B R AL LR M B S 4, A
AR B 52 W 5 AR AL R TR R, S0 AN R B FLIA R RN TEAR B4y
AW T IREE I ) 2 R R . H HT O T 6 BV ) 52 AH X 5 5 0 8 A% 22 5% Wi [ A
HAMRZ o A0 TR S S FE A BSR4 i HoR N 2 5, diie e
AN

AR SR A SCHRIT1 2R SCRR1109] 70 v 380 1) 1 A 28 B v B8 (1) 400 o s B AR
FESE % H TR I = YEW T VL RR 5 O N TR A B A5 AR O i A R S
PR B AR B AL, J3 ) AR 0L DY b AN [ AH 6E 3% B B R 90 3K 5 A1 ) A Y AR 28
100s71, 1000s™ 50008~ T A LA S 48 S5, I TBIRLAS H Y £ U
ArRuandit H BN 5 B ) 5 AR 2 AR I8 b i 2000, s J A
WIRES T 5 N ) 55 AR 28 AR 2 FEI G R o AR ST T B4 A2 28R R R R 45
FEIf1 8 A Hopkinson kT 45 S50, WIF AN 7] AR 20 I0- 6 W) IR R

52 REE{LEDR
521 BREMELIREHA

TRA EAL AR AL AT DL SRABER S ) [7) P R A R i B A e A PR AL 1921, A
2% LS-DYNAH S35 MR A, Jf4E Hop % 18 T Jaumann )V 42 %

NF T ) [ PR A B AR, L R T R AR RN B AR, A RN, X
TRas AR, R TR RNIAAE, WA B DRI e 2k 1
A

1 2
¢ = Efij'fij - % =0 (5-1)
.[H:ﬁl\fij =8ij—Qj, 0y =00 +ﬁEp€§ff, a/l.Vj =(1 —ﬁ)%EpE}f)jo
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3 A5 R 34 W K FH Cowper-Symonds 5 74 1921
&1
oy =1+ (E)L](ao +BE,&") (52)

pHICIECowper-SymondstE (1240, & = ([&;- & NEHE, E, = EE+2, gho It

SEROBMENAS . B o= LIRS N 2 ] R PERE AL AR Y, B = O N LA AL AR,
K5.1.

Pl —

Wy A
S RN [
"""""""""" B = 0 HLahig{k
——————————————————— B =1 % [P
P

5.0 VR REALARAY b e i RN 75 5 TR AR (1 OG AR 2

S Ay

Sp = éij - é‘e (5'3)

ij
R WAL, & BPERAS,
NG S T S SR )

=(n+1)
ij

ﬁt&i%%i*iﬁ‘]@ﬁ%i CijZ Ul PR B, Agy &NV AR I & o IR
(CINPIEIS =W

= O':lj + CijklASkl (5-4)

1
*(n+l) _  _x(m+l) 1 x(n+l) -
0 = o~ S (5-5)
s#(n+1 *(n+1
g = s -y (5-6)
LGN et e T A
3 *(n *(n
¢ = E‘f”( +1)§i; D _ 0'5 = A2 - 0'3 (5-7)
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i <0, WIBPERBORSRN Ll ¢ >0, FFEBPEEIE.
n + 1IN ZI PRV N AR
A-oy

ghmth) = gy =& + n&? (5-8)
3G+E,

IS 73 ¢ e A 1 H o s 18 ST 23 20000 A

P
o = D) _ 3GAg, £ (5.9)

ij ij A ij

%y:%+__KL_g“> (5-10)

5.2.2 BEME{LIERILGIE

h U8 UE AE W T T AERR R 51N (R A WAL AR R IE AR, AR 43 SR H
= YY) R SRR FPMPM3DAT i Y 3K A LS-DYNARE 8 Taylordf 1] . - TaylorK: J&
438.1mm, J¥E A2 N 12.7mm, PP N 50m/s, vHE R A0 1mm.  FARA R
SRS WK1,

5.1 TaylorkFseds ik & B RRT B2 5

P (kg/m®)  MICHEEMPa) v BIRN J1(MPa)

8.9 117000 0.35 150
YL B R (MPa) Cs™h p B
500 40 5 1
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