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TSR AT REJE R B, ek [ T2 0L SR S B B A [ LU 2 2R i AR A 0 22
St FRIYE ) = A B s R Bk ol 280 F JC AL 54 (OFHC) 1Y HL S22 250 AR (AN R, HIR R
073 PR 25 Y 22 S 0T LAl 8 o 28 T ) T SR B R 25 A A 00 RO AR A Y SR AU
B TT ¥k, AR A J2= SR DU Rt 7 36 AR A R F) 3 B 4 2L, DA P 22 i A SR A Rk o AR SO i
XU L2 B I BAE ) N T BUE AU, 25 55— b ) 68 RO PG 5 3 - 1 ook 3 25 A9 45 05 7
A T 7 ity TP J2 28T 5 SR i 10 J2 2R TR AR 30 20 U R, 7 = ST L T = 250 38 - SR T i

050301-6



%3346 JEI LR A BEHZ RS Y 2 Bk R 55

JZ2 ZEAE N FEAT R, A e b AL b SR 0 00 v AR B R A i 3 5 e J 30 e B (A0 e P 2 i R
AR Z AR EE, HARA AT 00 2 S 0i B 2 24 10 P 1 2 2400 BT, 8 R 3 28 I E R AT 9 R AT
W T A A R .
AR KA I 1 ) o — R BRI 2 A 408 0 0 AR, DASIE Vb 2 20 1), mT LABRS
D:{ 0 0-<0-Spall (18)

Dtensile oz T spall

e Dienie € 10, 1], HAEBUEBAY L 7 v 4 b B 7 3007 LUK I Il 570 AL B B2 DB 28 41 4 . A%, Ry
Diente = 1 I, S5 KA 77 YT A~ BE 32 3k P Wy 24 4
213 BEEFEBFEL

J2 2458 KA O S B BT A RO R OB e b, SR T L 2 R SR e R R R — &
SEHG, R E AR AL I A P A T R R P AT N TR, RS A A DL B T e, S B —
T PR 2y, R PR 7 TR 2 B — A5 8l A R A 5 B9 W B TR R TR 2GR B S
PR ARBEYIR O, X T — KRB R AR, L5 5256045 R nl 15 2 ek HOC R Y

O spall = ho(é)b' (19)

Kb e BRI R AR 3R, oMb ARS8, 1988 4F, Grady!" R fy2p 0y sk idtr T )2 2 g
AT R BRI, 4 )2 S RN 2 R R S RS 5 R AR R BRI R
Grady FRISAEAE W U, 25 JRAE H AR AR R AR S0 N — A B sl 2 W Ao A i e et A iR
T 2% B 55 A o A BR G e B ) B R B RO ST R B BRI A%, 0 R AR R 3 R 2R R 2
(DR, ik aE R sh A 2 AR T 808 T B i B2 b s AR 1 e =, B
W+ Wy = W (20)
K W, = p?/ (200C2) A HIPERE S FE , Wi = poé®d /1200 JRy R S RE 2 B , d M ERTE B i B4R, W N 22
A RRHFE R BE B o X T HEPE AT B2 B, Wepan = 3k2/ (000 Cld), kAR 2440 3 5 X T 2 PE A1 RHAY
254, W = YD, YON SRR L ) 5% i AR5 2, DA I FEFLBR E, Grady BX D, Ry 0.15; %t F/NEh 1
WS RY R R EBUZR L, Wou = 6y/d, y IR RIER K T .
(2) 55 #4414 (Horizon Condition) o B i 17 A5 1 8 J32 0 (8 A 4 kA0 iy A% 7 3, [ sl A e IR
SHS AR RSE A Y, SR AR R R
d <2Ct Q1
e SRR R AR R B[], R 20 SR A g B B ) e ] R A
X FLHAEARE, TR AR IR AR AN TR, py = —po s BLIFE (20) U (21) 20 B AR
IR R R Sh AR TTRR, T AR B R AR | BRIE A R AR RN A 2 AT e ik 3. T E A
B R, AT R AR

2/3 2/3
13 V3k, 1 ( V3k
pit = —Ps = (3p0Cuoke) s d=2l == |, tga = | 22
g pall p ( Ps0ts0 Cs) (psocs()é) pall Cs() (psOCSO‘é) ( )
X SEVER L 2L, W]y
1/2 8Y.D, 1 2YD, v
XTSI R Z R B R,
s 48y 1/3 1 { 6y 1/3
spall — 6 2C3 S ) d=|——= s Lopan = 24
o= (0 Cire) " () = @

XF T AR SR AR A 15 HE DL PR R i A8 RO R R R E = B B AR o 3 RS e ik
(20) A 21) TS B, R HIBUE I i e T TR
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A T A % P X ) B R SN T i 22 0L, AN BE AN BRI A R R RS R, R — R A R
Wt SRS TR b ) B A R PRI 5 G0 A A Tz W R RO, G AR R A AR 2 S R 5 v R Ry
) HLAZ > %1, NAG/FRAG S5 AR TR AR T G0t 3 0 i A A Kok A2, (B [RIRE Sl = X i e &
I R 0 200 K 220 i, A SR T AR R AR R B B H R R ST A S TR T, X 2 ST AE W BESL A )
P VAR AR R R 52 4 S B AN G 5 Ay M R 114 R kY 4 A e L I P B 22 1%0,

2.2 NAG/FRAG ##!
2.2.1 Tuler-Butcher 1% #! 1 Davison-Stevens 1= &

J2 24T B SR R A b e A A I R L R R AT SR T (R R
PR EEH A, HALE P Z 2400 Z [E 02 R PR IRIZ R R o A SR 7 HEN, BE % L i
B MR HE A R RO AR R RS, TR 3R R R 1R Y (B, R R R 4 o R S AR
Ab B, WA AL E R AL, AR BT AR XA TR0 Z 2L ]2 2R 58 42 )= SR IR Ab X
AR AS R, BRI TR R Z R T AR ANAE 2 1Y, SE I 25 B B 0491 HE = AT ik npon 2%
TR ERER CHEF AT ZIIRE /N DR ERRZE R R, EE R R s
7 FEAE— AT 2= R Y 2 20K Y =B kool 2 05 BE . A il 2= 20 B2 2 6% /s OFE i ik T3S B, 23
SEX AT T 55 R0 J2 2R o B IO 2 2 D) T A X A S e g S, AR FH RE B A AR 4 %
2L F AR AL AL AR B P A AL O F 20 20 60 AR AR SE HE G AH A A R ARELR By A R AR AL T SE R
BN

1964 4F, 3 [5] SNL (1 Butcher %5 % ) oz 285 07 7 7 Je M a5 W 2205 F5 A9 AR 8 10 i Se 4 s 1 4
11 ERE Y

e™ 1y = Kyg 8%, 015 = Ky (25)
s g PN S RFLEIT ], ap. A FlKep AR 2. 1968 4, Tuler Fl Butcher & 1F (25) 2, 1529k
GEDATDANNE A i E L iRy R

Krpp (1) =

1B |:O'(t) — O spo0
0

At
:| dt :KTB (26)

T sp0
K o2 E BRI ST, v 2R AR BT, o g0 AT RN BT, o (68 38 B oo B B 495 Keep T 117
FR, Kppik Bl K AOBN A Z 24, 20 42 70 4240#], SNL [ Davison il Stevens'® ! 41 45 77 22 B3
W, 351 AJZ 24451405 (Spall Damage) A% &, B g SCA AT DABE T 25 3% 223 AL ) 3548 1, IFaE— 2251 A
SRR ME A& LA 2 ] 2 2495 107 1 i b
DDS = ¢ps (0, Dpg) (27
(27) AR 8 A7 v bR B ops A 75 WO T 45143 2 Do T 43 K R 52 B R A Ry 1 R AR
R BEEE R T SR ARG 12 A5 R, Hoh Davison-Stevens B (1 37 AR R 2 S5
T2 I DA DU) TR 2 2 B0 1) 53 40 i A AR TR P 2 [ 5 R T, F T2 A0 A 0 B R ME R 0, IR R YT )
PSS, Hdfb i BT B RS A e, Lz A A 2l — 2 R .
2.2.2 NAG/FRAG & &8 & H & 1F
05 BRE IS ) 55 — A0 M TR 20 T4 70 100042 ) NAG/FRAG 40 W4 475 7 24 A% AU
Curran S5 170V 3% U AL 48 11 J7 P AR T 24 20 . AL IR A 85 U0 3 B Gt 4 i A% A A K v Al ik
T, o T A5 B e [R) VA R s 3 AT A 20 DASE PR R Z 24 R 191, A4 NAG/FRAG BEELUNT .
N2 24354 DX 3l i — >4 it w7 W Al o, R e 4 OB FL 3R % R T 2 BT 20 A 1Y, LA FL TR A9
H R %, W B SRR GCFL IR 09 A FL T R BEAR AL BRI, Curran 261 & 1 AR 8 52 56 W8 FiA N 1 2
WA AT B LR A RARE H %5 B 1 2R FR T8 B A JE 2
N(a,1) = N(o,t)exp(—ai) (28)

Ig
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A a AL BIEAE, N (@, 0 02 BAR R T af AL B8 8552, N (0, 1) PR B B (0900 4 PR AR v £ L3
MEEH , ai, = ai (029 T I 20T 20 H 85 204 BRI RSE o (28) U o Al 58 42 2R e A
Fr RGE 0 80 H 8 BE o3 A 2 X0 S T R AL TR BBV H B E N (0,0 B XS, afay IR TE N
(O

g

2 _ G (29)
a

aig

PRI, T RO 285 S o 5 AL IR S R 80 B 28 BE N (0, ) R L IR 2B AR el AR K ODT R 2o R e A R 2 4 5
B W, Curran S50 1 ARAG 1AL A R RARECH B 5 B L U R T R A KOT R

N, (a,t):Nn(O,t)exp(— a ) (30)

N,(0,7) = noexp(M) 31)
pn]

P (32)

4n

Ao PP N bR RO i i AL 9 A B AR DG, N, (0,028 242 KT a ) AL IR B (19 5k B
BB, N, (0, 0) A VR M 557 97 s AR e B L) )l 1 B B MR B, LT i i B % B 43 A 1)
FEAERST, poo AL S 35 B L T, poo R SRR ST 35 A2 AR L T, N B poy R S0 FL TR B0 A DG 1 4 6 2
B, n bR B . 2SR RN fE, A 5 RR (32) L AT LA i & IE Rayleigh-Plesset 5 #2415 2], F
&, Curran 55 % 28— THRLI [E] 264 D] (1, 7+ Ad]h AL B R R A= K 88, 45 311 L T R il s ] i
A1 3 HE AT 4 X

VI Z V4 AV 4 AVE (33)
s Ve R Vesr il e+ Ae Al 20 B9 L BREE, AVRRTAVE S350 A e R DX R] P R fL R R AR AR K BT S

o0 3At(—ps—
WL, avE= (T A pdN@IAD | dn i dN (@D (=P~ Pw)
o 3 da o 3 da 4 —
47t ;dN,

= 8nA1@ N, (0,1) = 8tAIN o, exp| 2P| 5
0 3 da Dt

— " da=V'e p[ }—Vi,AVJ‘:

pm (34)

EIRALBREE Ve SO R LA 46 A AR P A8 BFL IR S AR, FLIBRRE D SR A B 7 24 i (AR A ) 34
FLIR SRR, BRI E RN

3At(—p,—
Vi = SRAthoalnexp(—p“O) +Viexp [M}
pnl

— VV

1+V,

NAG/FRAG & ABUAS TAR K B B, SR E A TE 3, PP FEE T PR 25k . PG

S Z Hid TEEY, 1993 4F, S F 45U 55 H NAG/FRAG #7194~ 48 5o A T2 5K (28) =0 A

(30) A F P I B, T H R ZAE AR AN ST o 2013 4F, JE T SR U0 Sz R A B AR, £33 T 4L

b —F Y SR I MNAG R, (28) U (29) =Xt i FLIIR S FREL H %% B 43 A 8 X S H A A

fE RS AR s A B R JE 2 A, 75 MNAG BER A A F (30) 2~ (33) Ml v] 4k S o FL B B O 72
(34) =, [FIIH 75 2 + Arbeh 20 G FLIIA 1) SR H % %

(35)

N (a,t+At) = N, (0,1) Atexp (—

a Y a
ir) Zomeal- ) -

A+ A< S A 1 IAES 2 I50 43 9 Ry i A] X 8] [1, 1+ A LA B (1, 1, + A TN B AZ B B FL TR Xt
t+ ArihF Z0 AL 2R BB B O AR B BTHK, o, = af, e+ Ao) Sy I 1) DXCTA] (8, 1+ A P BAZ B9 338 FL R 7
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t+ Aris Z R0 H o0 A AR IE SR, A s LR KT G, Ja), = afae AR, X T BUAEBLALIR R 48T,
A0SR SR P R 6 07 B A K 7 R CHG oS B PR B 1) 07 22 VE TR, 0 () 2 15400 2 LA ) 14
Cauchy Jij /1)

N, (0,6) = N, (D, F1), S p) (37)

a = AMNAG (Da &(t)» §para)a (38)

WA HERS MANG #8143 — g2 20
2.3 Carroll-Holt-Johnson & £ #1 Gurson & £!
231 WHRGHEZEEELHRE
NAG/FRAG #5584 it 8 37 bk i 25 2 24000 9% 35 I 1) 40 0003 407 8 AR A 780 () 2 1) . 20 140 90 -0, 1

DL e B8 U5 P B XA B R GE 3 B 1 308 3 T A 8 — PR, AR e it 105 8k B Pl DR B, 25 A R 4 v
R Bl T2 5 AR, A5 B SO 5 H 9% B T AL I 3oy O R

on 0(na

R AR
R a ARG R ST, 1= n(a, ) W04 09 8 H %5 B f: nda A 15§ ZI AR I B 22 AR PN B 4 1
BB my = a0 L0 8T8, [ i 20 L6054 L 4 B 0560 B8
(39) =X AT R S AF i B4 E 53 9 K n(a,0) = OFTn(0,1) = n(co,n) =0, WLAR, HEHIE T Wb 05 A% 19
BOE B, i (39) G AR T R, it nT DA 15400 B (LB ) > 7

(39

~4m
D= jo ?a nda (40)

DL e S04 i Sl o 400G S 4 SR 1 O A U R R R O 1 AR T R SRS SR AR
875 v AR % (39) U B i 45 i 8 B %5 2, i Ja i (40) NS BI04 5 o SR, —MUIE IE T 3k F fig
T AT DAL AU 450 1 v Ak Ao AR A BB BB AR . O 0 K AL T AR (39) FUR L FERR
P zs ) () sy e 7 A, HAAS B B IE U0 5 o dn/de = e H(40) ZUHE S350 405 2 28 =0 0% 38 o 2 R r
& W1 HOE A it 0 28 B S e 7 RR, BARAE AT B RS oK S A0 5k B %% R 9 X 3R R 5C05 7 78 JRAT
TEAE & MNAG BERY I 5% 7 3 B i A0 s o SR 0 J3E AN 5 2 I ORIl 49 5 B 8% B i A
(39) =X, Bl [m] v, CQER A A 0L e AN 75 28 (i SR g B I8 2170 Jo i < 18 5 2, it 1 %k B RN o & 1Y) 5F
fH 5 2 B A s o Y .

— R TE T, SR AU 11 5 1k 0145 21 A Af 8 20 453 000 BE vt Ak D7 R, B 3 Yk BURP R X i
A P A% 2 B % B R s A R T R S T — R RRRAE T —— R i A% A8 2, R4 R ke 495 7 [
— BF 20 AR [R) RS Ik ek A%, HL b DR [R) 3 BE 2R 4G, T2 B i Hh i b 8 =X 0 o 13 26 4 O 145 21 fi
B e =X 8 4 195 1 7 Ak B, 35 44 19 Carroll-Holt-Johnson #5751 F1 Gurson A5 7 RV IE: 78 B Bsf il AZ AR T #E
A4 30 9 S M A 47 T AR A, FE SR S A R TR AR A S BT bt A W AR U A
AT B B HE A R 2 A 4 VA ARE R ) R 43 B B % R AR T R (39) 2R A 5 v A AR R, (H R
B AT WA i B GFL R i i 80 B 85 B A T2 3K, O 1A B AR XA FLBR B Ak T B AR T — R AR
o, SEBR b B 7] 1 i AR

0SB ASE AR 5 0] B R SRy A 497 R BSOS AR, AR S DA T 3 ) O A T A S B B IE . AR RN
AT, AR B2 WOT A 5 B Tl 7 08 B AR R, LB EE R Ry

D= Vvoid _ Vvoid
VRVE  Vsolid T Vvoid

ﬁ: ':F': Vyoid~ Vsolid H VRVE = Vsolid T Vvoidﬁi}' %Uﬂi’@%?L NN %Mﬂ:jf 7H il {z[gﬂ@ 3] Mi i, :‘F‘IEIL:

(41)
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Vyoid VRVE

D=_p. (42)
1 e 5 FL T 2 K 7 BRI 3 2 10 B A AR TT TR b = s T 42 (42) AL
D:(I—D)-:V—Oid (43)

(43) H (7) A (9) K, 2T SFE T RBR A — R R IR BN AR I, BRIE LW 2R I AUE AR Y
fE 5 1 ACFL I 8] BTk 5 v SE AR Rk 0 5L BB A L, 3Rk oe A RR G < ) B 5 L TR 2 i RRURI S AR R
AU TR E L, R AR B GL AR K T R

. _ 3Vvoiclcws() (Pg _P%go) 44

Vyoid = 4’)’K;0 ( )
P proo WAL AE R A I S0 T o # (44) sUACA (42) =X, 15 B3R Y LR BE A 1K T /%

R 3CsoD<P§ _p?go) VRVE

T wKe D e @
1 (44) ACA @3) X, 15 BUE IE 1 FLER EE A= K 7

3CoD(-D)(p? - )

D= 46
47K50 ( )

2.3.2 Carroll-Holt-Johnson & &

S 05 B4 A K T R AT L e 0 S 0 5 SR 1 D i i 1, At T AR I g 2 AR JH R 40 0 g A
D744 5], 1965 4F, Knowles Fl Jakub!™ 1 5058 T #t /K FE 7 1 A28~ A B SL: #4 A v A~ 2R0E
AL 1 A 4 3ok /85 1972 48, S 151 95 48 0 A1) 9 32 R [ 2 52 3 % (LLNL) 1 Carroll A1 Holt™! & 5 ) il %%
D ERFEBIRIBESE T #K e 7 e 48 N3N 550 58 b4 kL v B AN BROE LI 1 3 4 b B . B T2 T AL
TR B A A 7 B Y e 8K T AR, Ry & SR A PE A B2 2440 05 S AL B RL TR T T IE % . o T AR Z LA R
X s 48 N 48 %) ) 25 0 i, Carroll £l Holt AN & & T 4l iR 1l L1 8 25 He 46 1 #2 A% Carroll-Holt #5274,
i X Herrmann®™'! 48 H 1) Z 4L A4 B P-o RS T R I8 AT THEIE, 51 T 2L B P-atRAE T
M 2L 78 SNL J[H], Johnson i 7£ Herrmann Fl Davison 455 T TAE™), 2 PR B 1E R B ise B A i
BT B S AR A bR AR LA A AR R e R AR R SO AT AR FE b R 46 ik T 2 LA R
TE AT B L) ) 338 40 3 R 1) S T, A o BB G W AR A ) ) ) BRABE R 3R . 1981 48, Johnson™! 15
FIH Carroll-Holt £ 7 Fl P-a tRAS 7 BRI 2E 1 4 o 1 2 240 7

Carroll-Holt-Johnson B RYMEAR 41T o A M 58 72 WAL T R — R0 BR 5T BRFE NI 42 5500 R afilb . )
(B3 510 agFl by, BR 5T _EAT B — a5 B ER O YR B A, BRAE Ah i B it in sk % Bk 6 &8 2K R 1 p,, BRSE 41
Lt | R B . FEERFEAE K BSR4 i R, B8 BRI R AR AN AR, FEAARb ) 4 i A 8P
RE BT R . TR BRI RS, 35T T AT B — i 09iE s 7 B2 0T LR H B g s s ol
PiRR N N

.o . . b O-CS
7w Q(D.D.D) = p,~2-sign(p) | ~dr (47)
1 1-D,\" . . D'"-1 o, 1-2D+11D*?
2 _ = 2 0 _ . 2.,
Tew = 3p50a0( Dy ) s Q(D,D,D) =D DAl —D)5/3 +D 6D (1 —D)8/3 (48)

K 72,,0(D. D, D) J BPEI, B EFLBRE Dy = (ao/by)’, FLBREED = (a/b)’, o J BEVRBA R von Mises %
KON 1o IR FLBR B 5 e J B FL B RE AR HE AR /DN, 22005 0 3o 7 K6 R Bk 4 i P 98 A, A
RSB RHBE I HEA S8 RIBHIR, o = Y, (47) ALY

. . vy,
7wQ(D.D.D) = p,~2-sign(p)) | —dr (49)
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AR, FLBR B A K R IR 2R 55 T 3R R AR O R E SN H  (49) 206 S i 98 4
A T RV LR, AT LLSR T AR 52 2% 00 BRI 20 DA & SFL R AR Kl 4% ol 52 g R 22089990 R i R
Z (1) B4R ot 9 1 AR Ay R 2 (RS AR (9 1 B B 3 T A RHR A5 TG Y T B I S £ N O U
BB R R TR 200 BE R R B8 P AR A O B A BB (49) A S AT 1 I AR A3 TLAR A f AT R 3K e
Carroll 11 Holt >R JH 1~ BAL ¥ PEA5E 7150 Johnson SR H] 41 R I8 2 Y 25 58 M A 5 12

3
Y= Yo+ St (50)

A GO SR RBERL Y BT ) S PR AR S, I (49) Ak

1-D, )2/3 D33 (1 —D3/3D1/3) s

D, (1-D)""

- 2 .
TéHJQ<D’D’D) =Ps +Sign(ps)' gYSOh’lD—D’TI(

1986 4, Perzyna®” 7 FEAR B4 BL AP A 7 R Hp 5] AT R ASBE AL T0T; 1992 4, Cortes™ 25 tH T Fi A fig
1 (49) RS T4k 1y i BT I XA A4 b4 R 9 1 A b R Y 3 AR JE 5, LANL 119 Tonks 2585 1% 1] ] H v
By — PR 2R LA 1 4 i 1) 2 2

{-;‘p 1/ny
Ys = YSO +O—SOT( . = ) (52)

Es0T

(33)

. -3p/2+YoInD|"
D=%$50TD(1—D)[—3PS/ o ]

ogrhnr (1= D)
K ogr sorfling AT EHE KL, (53) b 200 1 BRSO X LB BE A 1 R 52 e, AR Tonks AHY
T TRAMBE I B ASERY 1 JR R LI RO B TR BT R O FL R, O 5 AL R AR K STk Y
FLBR S REA T B 2 e
D = Dnuclealion +Dgr0wlh (54)
2 Dgronn AL A A T7 R B FLBRE , Doscteason M TAAL I AL SRR A FL L . Curran 551 45 11 45
H T AL R BTG AL A A RIE S, JF B A i Y SR A5 2R, 8 T 3 ARG O Uz LRI, B
FIFE AR FRGE BUZ L o Perzyna™ W 45t 45 T ARFLAIR B R TE ML 0 BAR R A 2
: _ h(D) Mp |0 — 0 e
Dnucleation - 1 -D ( kB TS
S (D) $1 3 GCFL I A EL A P B B RE B PRV, mp S BBE BB, o D RAL TR A I 00 A, ke
Boltzmann # 8, T, b &AM R IR E .
Johnson FIJ H] (51) 2075 %¢ 1 15 P4 A5 X A AL ) A < 3 R 9 5 Wi, 24 3098 P 7 0 T 9 5 1 007 42 1l
T LR B B A K R, TR LR B A AR T R (5 1) U HERR S S T A KR O5 R, B
VG(Void Growth) 5% 711

-1 (55)

1 D, \"
D=-———| D(1-D)y"(p,-aylnD) (56)
n 1—D0

1 ag R FHREE B, Johnson SR (56) KA (51) 38 451%F OFHC A7 Bl i i ] )22 245 56 ME A7 1 8K
EASEREL, P ik A AR DL 5 S 5 S 00 25 SR AT A AR I

1992 4, Ortiz F1 Molinari® #/F 78 T # 7K & I LA 2k ™ A BR RS0 9E PR 44 ) b B A4S BRI S AL IR (4 A
K B, Fi5 HH i AR SRR AR A A RO B T AL IR B SR A K A, B RN 5 T AL Y A
Kb FE o SR, DS 0 1 B 1 &, 38 B S0 2 TR 0T AL S OB AR R0 B w2k AR R R PR R
NPT A05 B 25 A KA R BEAT HERR ST, BR T VG BRI, NAG/FRAG #i/Y | MNAG #55 Fl Tonks F5
RS ST bt RS G 0 A A R T, AR B R 1 SR R A0 A o e A A K o A ) A LA AR A,
AT DA SR AR 40U 24958 40 3h 45 i Ak ot A8, A0 L T Bl FL IR s A A AL, S50 SE AR A I 4 2 — 2 i X &%
TR L 3 RN 7 = X Ll A A AR A )
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2.3.3 Gurson {2 &

1968 4, McClintock™! B 4E A58 1T Ji 1) b X5 % 2wy 4 FH T TG IR R L 998 58 A o et oy B TR A TR B
FLIA ) e S A K T AR, 45 B AL A B B LA 2B 4 7 i — K5 B % 5 1969 41, Rice F1 Tracey™ #iff
5% 1 SO0 FR At VR T T8 R R W28 PR SE A4 ek v B BROE B L TR %) o i 28 AR A 2, A5 3 AL A=
LU 1975 4F, Gurson™ | F 25 o BRFC B RURE 58 T 0T Bk 28 far VB T W28 P 6 AR 4 ) b AN BROE
AL A HE RS AR A R, 1 5048 20 S 00 WA B B A J7 FE o Gurson 155 B A5 7 45 A0 A5 455 77
SE ST, SR AL ) 25 R AR B R AR A G R K s B — A LR AR, AR T DA X AR BE b AR Ry A
RIS )4 2 J 78 2 OB B R 45 20 DB AR i B8 RSP 46 8 Gurson 19 TAEAFAEPI AP 7 K
85— 7 U2 A H Gurson B9 240 X434 712, WIF G AL IR T2 TR AR L AR A 8k A Ay A5 78 S Al L3I A= K 3 2 1Y
S >0 2 iy O L IR RFI JE A A 6 A R A5 750 174 532 i EE 52 b 5 | A Gurson B AUTO0103T R
JAEE —Fh 5 45 2] ) Gurson-Tvergaard-Needleman( GTN) A& # £ 2 1587 77 22 40048, 1 JE A 453 475 73 A1 4 4
22— 101051 g ] % R P AR i A ABAQUSS 45 R AU BR T b B, A b B A AL T 2L FiF £
AR, 1988 4, Johnson FI Addessio™ 1 56 R H] GNT BB XF OFHC 1Y ~F- e ilf 48 i [1] J22 24 52 56 ik
17 7B, B GNT BERUHT P-oetR 75 T5 2 25 24 5 75—, FRO4 TEPLA( TEnsile PLAsticity) 84745 S 1
i AR A0 A 5 | A P 5O L 45 S o) TR s B 50 RS R A , At A1 1 8 SR 5500 5 | 1 425 AL 980 e A g A
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Main Progress in Research on Material Spalling
ZHOU Honggiang, ZHANG Fengguo, PAN Hao, HE Anmin, WANG Pei
(Institute of Applied Physics and Computational Mathematics, Beijing 100094, China)

Abstract: Spallation is an important damage and failure mechanism produced by the interactions of
decompression waves from the material interfaces, and is mesoscopically attributed to the nucleation, growth
and coalescence of microdamages (microvoids and microcracks). Based on the works of Grady, Curran and
Johnson, who respectively won George E. Duvall Shock Compression Science Award of the American
Physical Society in 2007, 2009 and 2011, this paper gives a review of the progress and brief history for
dynamic material spall. Further physical insights may be obtained based on those known physical models
and experimental techniques for dynamic material spallation. In the meantime, some valuable results
obtained are presented as follows. (1) Experimental technique of double layer targets, used to freeze the state
of spall damage, is based on the same basic physical principle of Hopkinson pressure bar. (2) The nucleation,
growth to fragmentation (NAG/FRAG) model, which is mathematically inconsistent and physically
incomplete, is modified by inheriting the same size exponential distribution and nucleation rate from the
original model by assuming the growth rate of microvoid’s radius proportional to the microvoid’s radius for
ductile spall. A modified nucleation and growth (MNAG) model is obtained. The MNAG model is
mathematically consistent and physically closed, and owns an analytical damage evolution equation. (3) It is
pointed out that the damage can usually be obtained from the equation of microdamage’s number for
Lagrangian formulation rather than from the equation for Eulerian formulation presented by Bai Yilong et al.
(4) The damage function model or the Feng-Jiapo model is derived by a simpler way.

Keywords: spall damage; spall strength; double target technique for spallation; NAG/FRAG model;
Carroll-Holt-Johnson model; Gurson model; Grady model; Feng-Jiapo model
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Fig. 1 Schematic of experimental setup
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Fig. 2 Schematic illustration of spall process
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Table 1 Hugoniot parameters of flyers'”!

Material  pgi/(g-em™)  cq/(km-s7") A
PMMA 1.186 2.65 1.54
LY12 2.784 5.37 1.29
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Table 2 Parameters and results of spall experiments for Nd-Fe-B

Exp. No.  Material of flyer ~ Thickness of flyer/mm Vi(m-s™) Thickness of sample/mm  0/GPa 05,/GPa
01 PMMA 1.17 122.67 3.99 0.375 0.209
02 PMMA 1.16 173.99 3.99 0.550 0.249
03 PMMA 1.17 230.72 3.96 0.739 0.263
04 LY12 2.28 146.33 3.95 1.591 0.274
05 LY12 2.33 161.90 3.90 1.737 0.313
06 LY12 2.28 190.89 3.94 2.092 0.251
07 LY12 2.34 230.73 3.95 2.512 0.224
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Fig. 3 Free surface velocity profile of the sample Fig. 4 The relationship between spall strength

in the spall experiment and impact stress
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Fig. 5 SEM images of the fractured surface
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Spall Strength and Fracture Mechanism of Sintered Nd-Fe-B
WAN Yin, WANG Huanran, CHU Guangxiang, REN Chunying
(Key Laboratory of Impact and Engineering of Ministry of Education, Ningbo University, Ningbo 315211, China)

Abstract: The plate impact experiment was carried out through use of one-stage gas gun platform to study
the spall of sintered Nd-Fe-B magnet subjected to one-dimensional loading. The free-surface velocity profile
was measured using fiber velocity interferometer system for any reflector, and the spall strength was
determined. The main results show that spall strength increases and then decreases when the impact stress
increases from 0.377 GPa to 2.512 GPa. The reason is attributed to compression damage of the material
when the impacted stress exceeds a stress threshold. Furthermore, the fractured morphology of sinter Nd-Fe-B
was analyzed by scanning electron microscopy and the transgranular fracture was observed.

Keywords: sintered Nd-Fe-B; spall strength; fracture mechanism; transgranular fracture
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Fig.2 Time-resolved shadowgraph imaging of ultrafast shockwave evolution induced by femtosecond laser ablating on Al target
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Fig. 3 Time-resolved shadowgraph imaging of ultrafast shockwave evolution induced by femtosecond laser ablating on Cu target
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Fig. 5 Ultrafast dynamics of shockwave induced by femtosecond laser ablation on metal surface of Al, Cu and Fe
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Shockwave Expansion on Typical Metal Surface Ablated by Femtosecond Laser

WEI Jian', ZHANG Bin', LIU Hui’*, ZHANG Hang’

(1. College of Electronics and Information Engineering, Sichuan University, Chengdu 610065, China;
2. School of Mechanical and Electrical Engineering, Xi'an Polytechnic University, Xi’an 710048, China;
3. Institute of Fluid Physics, CAEP, Mianyang 621999, China)

Abstract: Shadowgraphs of shockwave expansion could be directly obtained by time-resolved shadowgraph
imaging system when femtosecond ablating metal surface. The shock wave expansion on Cu and Fe surface
obeys spherical propagation compared with that on Al target. Due to the influence of material ejection, the
shockwave expansion on Al surface changes from spherical propagation to cylindrical propagation.

Keywords: femtosecond laser; shock wave; ultrafast shadowgraph imaging; metal ablation
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Fig. 1  Stress of shear-compression and cap-type specimens

11 AHEBRZHRESH

Rittel 5570 [ AE 3R I AN [] £ 88 0 R, S 3046 T b s DR, 722 0 TR 18 s B 7 3 g8, Jin A1)
OXMT TR B GURE Y BRI 1Ca) o o R N T R gk i B RN BT Sy, A5 B TV ) A
INPARIE 3V

o = Fymmcos’a/(dT) (1)
7= Fymvcosasina/(dT) 2)
K Fopy BEAEEAT, o Ao 53 B L J RT3, d 80 B, T ARHEERE, o R M, 5
I AR TR], KRS T R 23 A, A5 3] T 107 728 R BT 10 78 Y Rk 50
&, = ADcos’a/H 3)
v=ADcosasina/H 4
e e Flly 2350 A TR 28 AT AR, AD iR TR 4a 7% .

Mg AL 4l By Y AE A 1B 1(0) o o 32 R B 4 5 U0 iR 7 n 28ask A8 v i) JU AR 458 10E R 485 4 228 0 119 52 i
ST 3 X B R T3 RS TFEAS 2 BAR B 26 5 DR, BT DR PR A& 1(o) A Bz o A W03 55 ™ F
FER I, SR I R AL SRR - T AR 2, 2 3230 BT DD IX 52 B O ) 4T e R B V15 1] I, T LLIA
MR B R A N B B rh i A4 T T BT DR

BT DX B R g R R AR Sy

7= Furm/A = Furm/(26h) (%)

024206-2



%533 % ARAE RS TROTEART /R TBo Bk G 4 shid Jr kg 52

y=A0~tanf = AD/Aw (6)
b A B UTIX R BT UTE AR, o Sy W BRAE IR EE, h Bt B ) IX e B, Aw g BT U IR IX 8
1.2 SHPB 753255
SHPB i i 1 48 A S P S 3R A0 1E 0 28 SRS 25 4, )2 BH T & 08« B & . PMMA 5541 8
FR e A AR A5 ) R REIF ST . SHPB 2l 28 UM . 7. ASHAT . @ 54T . ke el il s gs . B
BN BOF A & R S RO LA
XoF T 4 Ja A S WD At D M R, AR — 4 0 T AR L TR ik U A5 B R 1 s 1 B 2
GEBRAT F () FIUEZENLFE AD(2)
Fumm(?) = EvarApue(D) (7

AD(t) = —2C, jo &.(1)dt (8)

e e Mle 700 g A SIAT RS SEAT b I A5 1) 52 S8 TO0 A8 TGS S I AR, By 11 Ay, 7000 S T FR) SERL P A S 1 8
T AR, Cy S A R 9 9 3

CEVARUL RN TR YIRS APA DI = B s SN VA B 1o | B A VA SIS B a5 RV @ A S A N T D1 = A
ARV AR R B REAS AT TR 4, 44 21 Mise S5 2500 748 45 2500 78 4 Oy

2 1
Eeq = \/ggijgtj = \/8§ + 57’2 )

3&.&0+ Y
geqzu (10)

\9¢e2 +3y?
Rt o, 4 T BAE, 3 B EAS, &, TE AT, 3 Y AR5

2 KWERKITIE

21 EBESESHEIRE

T A o 0 75 R 405 52 B B8 7E Tnstron J7 REATEHRIG L L HEAT, BBk 0.001 s b T 3K A5 3 b ke
FE B W 7 DXCOFIE 750 248 55 170 3R B U X0 N AR, SR FH b AR AT 45 v i 2S5 e 40 S 50 0 A aURE 1 AR JE ok
72, F ] GOM Correlate % 4 3545 3t BE 14 1 25 4 4345 .

2 R A — 4k G AH G2 (DIC-2D) 15 21 B4 He B 30RE R 59 87 7 IXORI g 764 40 55 7] 35046 55 13 X A
HEFRAS AR S o AT UL, R By S ARk v 35 H 390 1 A8 4 v, 17 F B R g XL 4l 55 Y1) R g DX g AR S R
2, AT DIOSHARESEA T SHPB S A8 R 465095 o e BOH [RS8 1A% 3 AN, THEF YR AR o X6 I AR - [i] il 2k F
AT ERAEAFR AR, I 5 2 Aoy - 1) (8] il £ X 07, 75 20 B b He 4 R B9 | 4l 5 U) FVRL O A 09 R T -RE AR 6 &R

WEERASIE N 1-R AR th 26 n1El 3 Bros: SRS 48 T, TB6 2k & 4 1) B il 1 46 JiE IR W 14 939 MPa,
HEA A PE B I8 F1 3R Ak, SRR TR H 1152 MPa; %R RIS 7128 773 MPa, %30 Iy B i g 893 MPa;
TR S BRIl H 4 AN Bz A B S S AN X R B A AR AR R B S O, TE R TN .

0.068 4.068 6.468 9.668 12.868 0.122 1.500 3.000 3.750 5.434
Strain/% I I Strain/% I I

(a) 15° (b) 30° (c) 45° (d) Pure shear
K2 R AR
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Fig. 6 Stress-strain curves of TB6 titanium alloy under SHPB dynamic compression
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Fig. 8 Stress-strain cures at different strain rates from experiments and J-C model fitting
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Dynamic Behavior of TB6 Titanium Alloy under Shear-Compression Loading
Z0U Xuetao, ZHANG Xiaoqing, YAO Xiaohu

(School of Civil Engineering and Transportation, South China University of Technology, Guangzhou 510641, China)

Abstract: Titanium alloy is widely used in aerospace industry due to its excellent mechanical properties of
high strength and light weight. In this paper, a quasi-static and dynamic tests of TB6 titanium alloy has been
implemented with an Instron universal material testing machine and a split Hopkinson pressure bar (SHPB).
Quasi-static and dynamic stress-strain curves of TB6 titanium alloy under compression, tension and shear-
compression loads were obtained. Based on the data of experiment, we have established Johnson-Cook
dynamic constitutive model under uniaxial compression and pure shear. The results show that, the yield
stress of TB6 titanium alloy exhibits obvious tension-compression asymmetry, strain rate hardening and
thermal softening effects. The von Mises yield criterion is modified by considering the asymmetric factor of
tension and compression. The modified yield criterion has been proved to be accurate and suitable for
predicting the quasi-static and dynamic yield behaviors of TB6 titanium alloy.

Keywords: TB6 titanium alloy; shear-compression load; split Hopkinson pressure bar; dynamic mechanical
properties; constitutive model
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Experimental Investigation and Modeling of Strain-Rate Dependence
on Tensile Behavior of Silicone Rubbers

GUO Lingmei'?, WANG Yang’, XU Weifang'?

(1. Institute of Systems Engineering, CAEP, Mianyang 621999, China;
2. Shock and Vibration of Engineering Materials and Structures Key Laboratory of Sichuan Province,
Mianyang 621999, China;
3. School of Engineering Science, University of Science and Technology of China, Hefei 230026, China)

Abstract: To investigate the impact tensile response of silicone rubber subjected to different strain rates,
quasi-static uniaxial tension tests at the strain rate of 0.001 s™', moderate strain-rate tensile tests at the strain
rate of 15 s and high strain-rate tensile tests at the strain rates of 350 and 1400 s™' were performed.
Experimental results show that the tensile behavior of the filled silicone rubber exhibits apparent nonlinear
elastic characteristic and strain-rate sensitivity. A phenomenological visco-hyperelastic constitutive model
was proposed based on the obtained responses. The model is composed of a hyper-elastic spring and a
Maxwell element with rate-dependent relaxation time, corresponding to hyper-elasticity and viscoelasticity
respectively. The model results have good agreement with the experimental data, indicating that the model
has the ability to describe the nonlinear and rate-dependent tension behavior of the filled silicone rubber.

Keywords: silicone rubber; tensile behavior; strain-rate dependence; constitutive modeling; visco-

hyperelastic constitutive model
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3. bl Bl sk R H TR A R BRIBE A T 5T oL, BRETE PEE 710072)

WE: R FHEMMFAMARERENRAKREEEN BRI EREE R EMB, XARE
RELEHETRAKEHE/ BT E/TEMNBREEAMR, AL HTERATE RS
LR ERATMGASELE L, RAKEEEEKEE, EAH BN ITAN R B KK E
HHREH60% AHEFREGEFEAVNEETERRAARENHEERK., EHERERE
W, ERSEHETHRANKEREAUMNBETNFI TS AN TN ELFREHNFE —TRE, 3
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BN KA (Carbon Nanotubes, CNTs) T+ 1991 4F4 15 U A BAV, HES P I] 1K 1.34 TPa, 32 JE 1k 200 GPa,
[FEHE BA KRR, R G . B2 UL 5 U0, 25 G b R s 3 1) K2 D e Ak i BRAERA L
VAR, — e 8 CNTs AE 3G FIAH 5 27 4E IR TR & i 2 IR 22 2 5 Ak, AR R EE b2 5 1 2
[ PEfE . Rong 51K CNTs ¥ i 2 F5 & WA o x4 Bg E A7 ko, KI5 ST 4e 8 &, 45 R R W Y
CNTs [ 43 H0R 1% B, TR 2440 VE 32 17 13%, 11 0 7 S840 k41 055 28%; (HIS, Bl 25 Ak A0 KA 5 4
SRPE iy, BRI L SO K, CNTs &A= A1, T nUi g 8 v RDME, T JE B A A ORE 38 HF L X, 2 3R
MOBHERERFAL . Zeng 551 S T fif ke CNTs ZER A r Y [T 3R (R R, K5 CNT PR 1) e ¥ T B 2 4k Tl i o) Al
JZ 8], e B2 G MR )2 18] B 5 D e BT 240 P DR R $ ey, B il 85 T2 4, AR Tl €53 i KA
BN o SR 1SR DL b AR )8, S AR SR AR ST TR B 48 2K A8 IR ( Carbon Nanotube Film, CNTF)
DU 28 2046 A2 8] 8 7 3 647 )2 A3G 3] . R S A Ak 4k 2% SO DT (Floating Catalyst Chemical Vapor
Deposition, FCCVD) J5 % il % () CNTF, H: N3 CNT M B AS B L AT [ S 43 254 10 190 265, 308 o 4 ol
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CNT B ICBL R ] AT LR AG AN [7] i 25 B 1) CNTF, il & T 2060 5, fE 32 i ONT & B Y[R ikt e 1 B o]
A, AT T A AR A

AT H ] FCCVD ¥ 1l 45 (19 CNTF X i 21 4 JIig 1k 525 B4 REEAT J2 18] 35 405 85 AT e 25
0 R W7 ) 1R S 56, 70 A CNTTE Xof W 84 1 1) 2 iy R A PRI B i i A v 2 AR gl 2 v P B Tk b 77 )
8 S 208 S 06, B A A ) 2 A X B CNTF o s 45 1 RE AR 52

1 X I

1.1 KM

CNTF B FCCVD P il 5 o 17 R FH S BEAE R U5, 4 e U5 5 41 A0 7] S 02 1 7 9% — 2 LU AT
A, VRSS2 2 = IR R R B TR R R A AR T R 4N KA, R A K A R
J52 I8 0 B — S R AT RS DUAR,, 55 W 2 WA, TV R 2529 51 9 CNTF. AR SZH6 T il CNTTF 14 )5 i
10 wm, T B 6.02 g/mP. F T34 FE 4 Rk B B 2T 2k U0k R JH 3k, T300 9 24 S\ B R, W
JIg R PSR T, AR I 1 B e 40 BCR 42%, M4 R B AR R 200 GPa, $ 158 R 3.0 GPa. >Rk H 12k, T700
A B[] 09 R} o £ 10 AU W SRR PR, AR SR RS AR, i 43 B 40%, B4 ORI SRR AR 5l 230 GPa,
AR E N 4.9 GPa.
1.2 il HEH &

Iy T 4 T BB R AR, 4650 B T 150 — romperatare] 6
TR EHE [0°), B E T T THZ, 555 18 2 sl — Pressure ] 500
55 19 J2 Z [l — 2 CNTF, JF7E CNTF [ — )2 o / {400 «
5 DU SR 2 M (PTFE) W I E B 4450, PTFE Ji 2100 S
B TERE S 10 pm, FEHE 5 75 mm. BRI P 2 2 1™ 2
S8 HE b A EU A BT B A e A 2 5 200 &
FEEfE, $EE LT LI 1R . HESE R, 501 100
FHR F D) BRI 45 1 J22 A AR T 31, SR 3

25 ’ : . ’ - - ! 0
0 20 40 60 80 100 120 140 160 180
Time/min

B 1 R TZRA
Fig. 1 Schematic diagram of hot pressing

AR 25 i (ENF) 34, ROT K  ASTM-D7905
PRAEY, AN 2 iR o

] A 1 4 1URE I R R R 20 J2 4 9 2L T
EERL, TEAH SR 2 TR R Z Al 4 15— 2 CNTF, 4§
J2 07 A& 3 Frs, Bl o8 B R S B AR A
B AR B B, IR AR PR RE b PO [ Ak, [ Al %
T LA 1. PR RJER RS E S S mmx 207 32mm e
5 mmxS mm {3/ 777 FRIRRE, 1 3 R a=25min 21, 100 my /
1.3 S HE 2 ENF AR Rk Js X

11 784 by 4490 14 52 35 R ASTM-D7905 Frs 1 v Fig.2 ENF specimen and the proposed loading method
B 22 BE R IE 7 s, R AT 10 kN 7 RE X S8 MLk 47 i)
iR, AR S0 2 0E AT 5 41, LAAS 2] 5 A L0 4

Out-of-plane loading

o WM, T AR b
s, R IR OB, PR |
T 9 B ORI K (20, 30 Fil 40 mm) o K , — In-plene losding

FERELR T, B a=20 mm Hl a=40 mm, Jill & o

CF CNTF
MR 1 mm/min, JIN# A 8007 5 H a8 Wi
3 JEREMWRENE R R G e TR 2 8
Se o B a=30 mm, Ji 2% 5 26 1 mm/min, 14k B 3 ZE M E AR TR T 46 52 56 1Y) 32 3007 )

. N . s Fig. 3 Illustration of interlayered ply sequences and the
Z AT IF IR T B A PSR AL R S
PR 2T W (B AR A T Uk AT FoA

specimen with two loading directions during the
compression tests
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2b
Pi= 3— \/GucElfh3 (1)

A p, BT VE(E, b NI PF T, a, WIRRBURNG K, Gy 0 11 BT REBIE AN E, E,, il b
MR, A RE RS 19 172, FhRj=1, 2. XTPrakfs i dEAT A B . oy Sl ad e/ —afe vk i 3 415K
WZEE C, Hop X F 22 E 5250 (a=20 mm, 40 mm) , T 11 B 52 56 90 06 A7 78 9 AR £R PR BE, 48 7 e HU K
T 90 N B ; X T Wr 2L S0 56, 8 BUR T 90 N H/NT 172 S K& A A 8cs , A4 T~ Kok i 2 B
KIERE A Flm.

C=A+ma’ 2)
SR, i (3) B E # kW 2BIE Go, Horag=30 mm, p,,,, A W R4 50 0 fie R 3 At
_ 3mp}.a;
Go=—%,— (3)
A, R4 (4) 2028 36 By 2430 Mk 14 A 7 1P A
2
Gy, = P4 ~ % 100% (4)
(pmaxao

WA A5 B A Go, AE B FE15% < G < 35%, WITA A 28 25 W 24001 A 20 AR AN 2, HGo s i
(1) Gy, 18 1F 2 BEARL IE 5256 1) 2007 WAL

TE T N R TR A A T ) 43 SRR E A7 TR 4, JHrb T PN 7 [l 48 25 4 T 26 F- TR 7 ), TS0 [ 4 1
HFEAMHm, K 3 e amisk s, WEFRS R SCRAE DNS I BEIHL L T, RAER R 107 s,
B 75 R 45 S 56 % FH 43 8 8 % 4 A% JE AT (Split Hopkinson Pressure Bar, SHPB) #4732 . & Fh T80 747
4 HELZVESES . SHPB 3 E ELHAE . Fof. A BHHT . B RAESRFAM, K 4 hEeER B,

Loading' - - .
: Specimen
Gas gun .
| Striker bar Incident bar Transmission bar Burr|1per
| | | I | | - |
T—Strain gauge—T o

[l 4 SHPB & /R &K
Fig. 4 Schematic diagram of SHPB

REFERG, TTIFIT R G 73, 75 e AGERT, 22 A S FF I8 SO 40 0 e 45 4 14 B 54
FF5RRE 9 i, — 80 Ak Sl i X A2 BB AT, 53— 8000 K LR O, W AT A4 . FIHTA
ST AR08 ST R 00 £ v R e, RT AR A ST . RO B B S D55 o O 1B IR AU R
R I, K IOL AL R I A A SRS AT A8 SRS AT ) P T2 8 AR — 2 1 ) i BT, IR A B L AR
IR A 0] F 7R

o= Eb(i_j)s‘
&= —(ZTC)EI. &)
e= (?)Isrdt

s o, eMeqr Bl R ilRE 89 T AR R J7 | NEAR RIS AR 3R, e, Flle 73 31 Jhg S 555 00 A8 1528 S A%, C AT B
P, A, R E, ST A A A I BRSPS, 7RI A ) DA R R R A T B

F TR I 5 52 A R AT G P A i, R 5 A AT B BT AN DR IS, AR A9 L T Al L, 3
FEICIE IR BN S, O 5 B A S IR AT B, 3 RO SRS I T ik ], ol s 94 i £ o 28 it 7 v
BB A o A SRR IR F A IE i, AR LA R BT R REIE i RSP e 1 Bs
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Table 1 Sizes of pulse shaping slices

Size of pulse shaping slice/(mmxmmxmm)
CF/EP (In-plane) CNTF/CF/EP (In-plane) CF/EP (Out-of-plane) CNTF/CF/EP (Out-of-plane)
600 6x7x0.8 6x7x0.8

—1

&ls

1200 10x10x0.8 10x10x0.8 Tx7%1.0 TxT7%1.0
2500 5%6%0.8 5%6x0.8
I, R PO A B R A . S R 1200 rreprmm— R
S eV B BELE 1000 s 3778 % T 4T 4 i 1000 | = Sain rate history 4 159
| A Y 12 AR A <X 1 S AR i = Y 9 5 800 800 7,
REN IR b F AR, GO ik E 2 ] 600 E
S’Z@TO g 400 400 ;
76 3 25 29 ik #2 oh, 1 FH 5 HAR HL (Phantom
VTUL) D28 o R AT, SRR 1 A T 1o AR, 200 20
FHE WY 23 10° R /D, B W =2 18] fry B i) ] G 0502 004 006 008 010 012
ﬁ\j 5 Wse Strain
Bl 5 BN - AR 2 N AR S AR T £
2 _Q_E% 5 "L"T i’e Fig. 5 Typical stress-strain curve and strain rate history
2.1 CNTF E 8t I B 245014 B9 520
€] 6 A7 CF/EP il CNTF/CF/EP JZ & M) Gy iR 1.8 KIS
5o S-RIRs 2. WIS 6 HRAT LA i X4 F CF/EP & |
SRR R SGR AT R 1.2 kN, [N 1.6 mm; 12l
ifii % T ONTF/CF/EP &4 bkt ZLE0R 2NN 17 KN, Zi0f
(085 5 2.5 mm. FLEC 5 TF 5B 50 A3 RS 208
{47 5. 41 CNTF/CF/EP J2 7] 2 4 54 7 22 W i 04}  CNTRICEEP
WA R, S 1.3 TR Tk, TR S CF/EP 02f — CF/EP
A1 CNTF/CF/EP iy 11 15E 2449004 43 551 4 1.200 Al 0 05 10 15 20 25 30

Displacement/mm

1.817 kJ/m?, i A CNTF J& G #2155 T 2 60%.
¥l 6 CNTF/CF/EP & CF/EP IT Bl 248 56 1

S R, FIH A4 L BE (SEM) AR Wi IwT, 4n &1 7 R 2
o TDRUMTE T AN 5 A A i S ) Fig. 6 Load-displacement curve for Gy tests of
PR, —Fh & CF/EP J2 18] X B 7E 7% 700 W7 24 2% CNTF/CF/EP and CF/EP
VR HIT H 52 30 89 507 0V TR i DI Ji i 22 AT, RE PR A A i 2 0 Bl 14k, T 151 7(a) 5k 7R 5
I3 — Tl S £ 4 AV RE (R SR TR LE 5 R A R R AE BT 2L, i 7() i Sk s o JZ2EINA CNTF ZJ5 , ##%
NEWIR 5 BT SBR[, B IR 3R T A8 A3 MURE A, BEBLSCAE A CNT BB E 4 SR IHAE T S 211
Bt . MIEN 7(c) i Sk B 48 DX B0nT LR 2], CNT MR IS i SA e, -1 IR 2 S0 i, DT BELAG 1 22480y
PE—2B P R . &1 7(d) B s £F 4ERER IR A CNT AL 28, UERH AN CNT AT LUSEAR JIE F1 2T 4 3% e 15 5 X 4%,
E G BT A £ Y- R R ST PR g, T R RETE I I A B A S 1 M A 4
2.2 CNTF = (8] 214 X [ 48 14 6 #Y 72 M

AP A AR IR i 28 T PN TRT A1 D 1) e 0 2y A T B8 R g -0 AR T 2 18] 8 BT s o AAIET 8 HhET LA
AE: JZEIIA CNTF J&, PIANT5 0] B AR 46 P B8 AR 15 B AS [/ R B2 A 52 75 181 A J7 1) b s PR 19 s
27 0 B LR PR SRR 3 R 2 26%, TR T A0 D7 1) b B v R T 4 5 R 1 4 SCR N B R, 4 R 2 4%
T A1 77 ) A A A A P 44 5 229 1 7 TR A 1) ) 4 54 B
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l 10 um '

(a) CF/EP

(c) CNTF/CF/EP (d) CNTF/CF/EP
€l 7 CF/EP FI CNTF/CF/EP i Ff i 7 L1 B 55
Fig. 7 Fracture graphs of CF/EP and CNTF/CF/EP specimens

JEARSI S RAN T3 20 N 2 R al LUK IR, 140 J7 1a FE4R S, J2 1A CNTF 0] R4 & A4 B TR
AESRIE . LA 2500 st AR Z 4], L 7 -0 AR fT 2R DL IR 9, AT UL iIn A CNTF Ji&, Fe 45 FE 42 5 29 9%, BE
SR SCHRE 1R 2 14.3%, JH b i o WG b 1 ) 6 Ry AR SR FR A3 A4S B, B BB B RN A . A R R
AR RTETAMNEGMER T, A MR 2 BREIR B Ry S b 808 iR g, 17 g -0 A% i 2 v i JE 42
PEBAC 26 FEARTT 2L R 21 4 - B AR B BRGNS, 1 10 8 7% 0 w80 S8 AR LA 5% i R R A8 T B O 3 2, I R
Fas 58 9 il b iy REARXE R . AAE 10Ca) Ha] LU $: 20 pshf, CF/EP IR JZ MR g & A4 T B
WHYITZL, W5 a P2 O L TR, 45 ¢ ' CNTF/CE/EP JZ R W i 56 A I W (1 24 807 A 5 Fili 6 3%
FE R 3 KRB I, CF/EP P8 AR T K 40, ik S i 2L SR W™ T8 U R 4 405 DX 35, (] s
M5 o i (2 B B 1] DL B4 dE g B 24, iR R B TR 5, 045 by e d Tz MIEL 10(b) AT LA
F th: % T CNTF/CF/EP, T )ZMIINA T HAT W25 258 ) CNTF, A R HER T AR50y 7= 4k, IR
RO Y R, 5 G EE SR Z MBS AT R%, NS fFg'S g thal LIE 2, 1R ich
A KRB, B8 AR AR 27, U A B 0 1 P 35t , DS I A e 11 e 4 5 J32 R R 2 A SO A )
AR o

800 —CNTF/CE/EP, in-plane 200 ]
700 |--- CF/EP, in-plane 800 r h
6001 CF/EP, out-of-plane 700 F ¢
|— CNTF/CF/EP, out-of-plan
< = 600 |
a, 500 a b
400 2 500y
g /- %400 f
p=] L - B a
@300, %300 |
2or / 200r ¢ CF/EP
100/ 100 — CNTF/CF/EP
1 1 L 1 O L L 1 1 L L
0 2 4 6 8 10 2 4 6 8 10 12
Strain/% Strain/%
P8 MEHASINE T CF/EP #l CNTF/CF/EP ) K9 2500s ' 44 N CF/EP il CNTF/CF/EP (1)
MR HERS InpAR R HERS
Fig. 8 Stress-strain curves of CF/EP and CNTF/CF/EP Fig. 9 Stress-strain curves of CF/EP and CNTF/CF/EP
under static loading under 2500 s™' out-of-plane compression
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# 2 CF/EP 5 CNTF/CF/EP EAENTRTHEMRBESHERE
Table 2 Compression strength and dissipated energy of CF/EP and CNTF/CF/EP

Specimen Loading method Strain rate/s’  Compression strength/MPa  Dissipated energy/(N-mm ™)
CF/EP Out-of-plane 10° 670.8£5 28.024
CF/EP Out-of-plane 1000 843.3+20 37.943
CF/EP Out-of-plane 2500 799.5£10 35.724

CNTF/CF/EP Out-of-plane 107 687.3+4 29.847
CNTF/CF/EP Out-of-plane 1000 881.1+9 43.347
CNTF/CF/EP Out-of-plane 2500 847.1£15 40.853
CF/EP In-plane 107 321.0+£5 2.370
CF/EP In-plane 600 621.4+5 8.681
CF/EP In-plane 1000 676.3£12 9.140
CNTE/CF/EP In-plane 107 405.8+6 2.790
CNTF/CF/EP In-plane 600 699.3+£10 8.743
CNTF/CF/EP In-plane 1000 646.0£16 9.544

20 ps 30 ps 40 ps 50 ps
(a) CF/EP

-

20 ps 30 ps 40 ps 50 ps
(b) CNTF/CF/EP
’l 10 mAMNESE T CF/EP il CNTF/CF/EP (Y58 i #
Fig. 10 Damage of CF/EP and CNTF/CF/EP under out-of-plane compression

R RE 6 B0 B LA T 7 6 L30T T 325 | h
GiSi%e . AMHT A 2 PO % B A CNTTE %4 1 ool e
FEARHE BRSSO 1 58, BE 57 FTIEA . 600 57! A% | e
ST UL 7RIS M AP 11 IR L, Wb % 00 L
kB S 205 35 3 4R 25 T 249 10%, {FL S fl 8 0 g 5 JL - Zaot
WA S U T S WA . % AR LA mop - Cre
BB T A R 4 2o R AP 12 R 10 s B, CF/EP 100 e -~ CNTE/CF/EP
T 4 TS I e 2 S48 0 2 T B *TT05 10 15 20 25 30 3s

Strain/%
/NI, T CNTF/CE/EP Hh £F 4 K 52 48, — /N4
N3 J2, PR SZHAT, —/ Ik [ 11 600 s 1fi A E4i T CE/EP Fl CNTF/CF/EP (1)

YR (UL 12 95 e £ TR ), Hal ke R RS
PR BEAT = A 5r S22, UEWT ONTF AR AP 3R J2 15 )2 3% Fig. 11  Stress-strain curves of CF/EP and CNTF/CF/EP
e, A RO HER JZ R g X M a0 A, %% )2 K under 600 s~ in-plane compression
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20 ps 30 ps
(b) CNTF/CF/EP
K12 ST CF/EP il CNTF/CF/EP T 3 i 7
Fig. 12 Damage of CF/EP and CNTF/CF/EP under in-plane compression

Azo 20 s B, AIET 12 45 £ R 2] CNTF/CF/EPN K3 JZ AR W b, A7 432 20 4% 1 15t AH IR A 2] CF/EP Hh (DLIA] 12
i 5 b) LT AEAk S & A i, 2y 2 PR AS CNTF/CF/EP iIRFESS . B 2 36 AR 2 M BR (40 ws ), CNTF/CF/
EP £ 5840 ZL N TE Bk, 43 41 4 JR 35t 11 CEF/EP w27 4 it i 28 T W S o X L 1 b b e 1) 20 sk A =X
CF/EP (1 32 0 SR A58 0 27 4t Jtt iy, 2R 2400 2% /&7 5 1 CNTF/CF/EP 119 32 S0 SRR = £ 4 1 15t 7 43
= W o = N (P R A (A T o A T -
CNT/CF/EP BURE 422 i LA, F 7 A7 R 07 11 547 e
SEM WL, 25 5 4nf&l 13 i . nl LAE 3, B B i
A SR ONT 20 A, HILTF- %A W Uk, 36
W] CNTF H i JR = IEAR 5058, 3050 2 K AETEH A
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Mechanical Properties of CFRP Composites with CNT Film Interlayer
under Different Strain Rates

LI Zhouyi'**, HU Zhenbiao'**, WANG Haokang'**, SUO Tao'*?

(1. School of Aeronautics, Northwestern Polytechnical University, Xi’an 710072, China,
2. Shaanxi Key Laboratory of Impact Dynamics and Its Engineering Application, Xi’an 710072, China,
3. Joint International Research Laboratory of Impact Dynamics and Its Engineering Application, Xi’an 710072, China)

Abstract: Carbon nanotube film prepared by floating catalyst chemical vapor deposition (FCCVD) method
was used as interlayer toughening material for carbon fiber reinforced laminated composites. The carbon
nanotube film/carbon fiber/epoxy hybrid (CNTF/CF/EP) composites were prepared by hot pressing and cut
into two dimensions respectively for compression and type II fracture toughness test. It has been observed
that the type II fracture toughness is improved by 60% due to the carbon nanotube interlayers. Scanning
electron microscope results suggest that the bridging of matrix cracks by carbon nanotubes leads to a higher
type II fracture toughness. The results of compression experiments indicate that the compressive strength in
both in-plane and out-of-plane directions is enhanced to some extent under quasi-static compression due to
the carbon nanotube interlayers. Moreover, the enhancement in compressive strength which is as high as 9%
out-of-plane direction can be achieved under high strain rates after modifying the interlayer structures with
carbon nanotubes. However, there is no increase of compressive strength during dynamic compression in in-
plane direction, and the fracture morphology shows that the primary reason is due to the internal
delamination of the carbon nanotube films.

Keywords: carbon nanotube film; interlaminar toughening; split Hopkinson pressure bar; high strain rate
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Mechanical Characteristics and Quasi-Static Compression Deformation
Mechanism of Open-Cell Aluminum Foam with Spherical Cells

WANG Yonghuan, XU Peng, FAN Zhiqgiang, WANG Zhuangzhuang

( College of Science, North University of China, Taiyuan 030051, China)

Abstract: In this work we investigated the quasi-static and dynamic compression of spherical cell aluminum
foam with homogeneous pore morphology and size. We identified the deformation mechanisms of the
aluminum foam in the quasi-static compression at both macroscopic and mesoscopic levels using digital
image correlation. The results showed that the compressive strength, plateau stress and energy absorption
were significantly improved by increasing the loading strain rate, that is, the spherical cell aluminum foam
exhibited obvious strain rate sensitivity. Because of the inhomogeneous cell wall thickness and the random
distribution of cell wall defects, the deformation bands dominated the compressive behavior during the
compression process, and the strain concentration zones were observed on the single cell hole where the cell
wall defects were identified. Meanwhile we examined the implications of compressive behaviors operating
on the mesoscopic cell walls and the formation of macroscopic deformation bands. The deformation modes
of cells mainly fell into 3 types, i.e. axial compression, shear, torsion and shear combined deformation. The
failure mode of the cell walls throughout the deformation zone was mostly determined by shear deformation,
which was obviously related with the cell wall thickness and the loading direction.

Keywords: digital image correlation; spherical cell aluminum foam; quasi-static compression; deformation

mechanism; strain rate effect
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LS EL S, I HTIRE RS K 5 4 hy 44 SON 7 -0 28 508l o B ARl g 00 B 3 Heaslit A7 I, 45 SR
P IME
1.2 FEELHERAE

BNAS AR 0 7 Ve Bl X o o iU ke B b R A o R T A, RS VR R R e B H LA R e R
o PPk By T 4 fid e A A AR SR T, IR IR AZ 15 o SR A SR AT B R AR
345 EPS WLIR Y J-Mi B M2k, $EHIR S 100 mmx100 mmx20 mm 97 7 RGRE . 36 1 51 T V& 4k
d RIS T, AR T O0H 3 HuRE b 47 I3, 45 L BCE 1 .

Fz1 EPSEHERETR
Table 1 Experimental conditions of EPS

Size of specimen/( mm>xmm>mm) Density of EPS/(kg-m™) Mass of drop-hammer/kg Drop height/m

100x100%20 20, 25, 28 9.8648 0.2,05,0.8
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Fig. 1 Comparison of deformation before and after test
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Fig.2 Stress-strain curve of EPS28 foam under quasi-static
compression test with different strain rates

Stress/MPa

02 04 06 0.8
Strain

B3 A% EPS MR HERTAS (0.001s7)

HE4R T B R 7 - AR Hh £

Fig. 3  Stress-strain curves of EPS foam with different densities

under quasi-static compression test (0.001 s™)
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Fig. 4 Stress-strain curve of EPS25 under different Fig. 5 Stress-strain curve of EPS foam with different densities

impact velocities under the impact velocity of 3.960 m/s
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Borb, b Sk T BT IR, BITE BPS I IR A R R 080580 B 28 45 1, a0 0 A4 9 10 28 S 1 490 Gy 4 fok o
R KA, BEJS AN W8N B 208 T, RS B R v A () I 20 3R 0 AR R R AR AR . O T HER M
57 EPS WL IRTE B A BT A 5 A, 75 2 DUE S AR R 28 SR ) -R A8 56 AR it 2k o AR
Nagy 55! Zhang U B TAE, AR R AZAL B9 R J) o AT LA 7R R AL R e 1 pR 5, B

2.3

.\ (&)
(&) =0 <s>(§) @)

n(e) =a+be 3)
K: oo(e) NS WEFRABNLAE 2 e T 1945 SCRN T R, AR50 1 22 fEf S N A8 %2£,=0.001 s ' n(e)2 5
N AB ARG FEFE B a R b M RL R B R T AR BRI R a F b, AN [ AR KP4 1 g -1 A% 8
KF. HTRESREREAETG XA, HARRASZT N )& B UL A AHRUE R Ah kR, i fEA
7 R S B JE W A T X AR R i — 2P Ak, IF 5 A R4 3 A3 K [ F (Compression Dynamic
Growth Factor, CDIF)

cpiF = 2 :(i) )
oo(e) \&

CDIF B gl 250 77 5 WEFR SN 7 0 FUAE, 287 R AR SR N ) 3G N . ZEARWE ST, o (e)idk B J7 -1 A8
£ 5 B 20% R A8 Fl 30% R AS AR L ST, 535N oo Bl oo s, TR AE T AERFE 2 ARRE IISE B X,
I HaE B EUR X o 38 o 0 S ARG P 5 0 AR 3R 2 [a] ) R EOC &, AT LAB 2 ARHE A [R] 0 48 2R 1Y

Ouellet %" 25 4 T EPS Y IR M BHE 55 AR 58 (045 5 5 Chen 5510 25 53050 & B LA 2% BE AN TR
L PR A4 B CDIF 2 BLAR L AE fhi#a 35, I 8 EPS #4814 CDIF 5% B o ¢ . X Rk T e 2
W& 1% BE 2 EPS MR A RME BB B 2 P R X — 50, 2 2 MR 350 T A b 3 FhoR [R5 B
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F2 EPSTE20% MNTLAMENWEEBNSEKETF
Table 2 Stress and CDIF of EPS at 20% strain

EPS28 EPS25 EPS20
Strain rate/s’  Stress/MPa CDIF  Strainrate/s’ StresssMPa  CDIF  Strainrate/s’ StresssMPa  CDIF
0.001 0.212 1.000 0.001 0.178 1.000 0.001 0.144 1.000
0.01 0.244 1.147 0.01 0.197 1.102 0.01 0.159 1.100
76.50 0.282 1.325 80.25 0.235 1.319 87.00 0.170 1.180
140.50 0.314 1.478 144.00 0.251 1.408 148.50 0.182 1.262
184.75 0.352 1.657 188.25 0.266 1.492 191.00 0.199 1.379

R3 EPSTE3I% NTLHENWEEHBHNSEKETF
Table 3 Stress and CDIF of EPS at 30% strain

EPS28 EPS25 EPS20
Strainrate/s'  Stress/MPa CDIF  Strainrate/s'  Stress/MPa CDIF  Strainrate/s’  StresssMPa CDIF
0.001 0.235 1.000 0.001 0.201 1.000 0.001 0.162 1.000
0.01 0.269 1.144 0.01 0.222 1.104 0.01 0.177 1.095
54.75 0.305 1.298 63.25 0.261 1.302 76.00 0.195 1.201
129.00 0.335 1.427 134.75 0.273 1.358 142.00 0.207 1.280
174.75 0.371 1.580 181.50 0.285 1.422 185.75 0.221 1.362

i 3 U5 % B CDIF 55 1o A8 2 9 0 B B M 2%, 1AL 6 i o Bt 5 B2 A3 K, CDIF MR, i
AR RGN R . CDIF 5 R AR FR 56 A i IR 250 0 oK
1.2043+0.0681ge, 1075 <é< 1125

CDIF(EPSZS) = (5)
—1.4545+1.3641gé, ex112s7!

1.1966 +0.0651ge, 107 s™' <&<118s7!
CDIF(EPSZS) = (6)
—-0.0389 +0.6611g¢&, £>118s™!

1.1233+0.0411gé, 107°s'<é<12257!
CDIF(EPszo) = (7)
—-0.5837+0.8581g¢, £>12257"
i o R 2 g A AT A, 15 BN [R] 0 A8 22K 1Y CDIF, F) 2 2% i i 25 0 748 2878 (% g g -1 A8
M2k, 15 2 1E E W AR 2N SRR J7-0 A8 2k . DL EPS28 R f5il, H s e ai A i Ze &l 7 s

1.8 T T T T ! :
«  EPS28, Exp. f 1 1.0F — 0.001 s 1
EPS25, Exp. r , st
L6 . EPS20, Exp. ] 08 — 105
EPS28, fitting curve e g — 1125
EPS25, fitting curve if 150s™!
o I s T |
A Lar EPS20, fitting curve /.;jr* % 0.6
© e _' é
12k 4‘5&/ - gt | »n 0.4 -
3 |
et I 0.2 1
1.0 fe 1
3 =2 -1 o0 1 2 3 0
lgé Strain
& 6 AIF)% B EPS 19428 R 5 CDIF A% & 7 fERE R AR 2R EPS28 13 25 R 45 A A ith £k
Fig. 6 Strain rate vs. CDIF for EPS with Fig. 7 Dynamic compression constitutive curve of
different densities EPS28 under constant strain rate
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Table 4 EPS28 material parameters based on crushable foam model
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Fig. 8 Rate-dependent loading/unloading stress-strain curves

Elastic parameters Plastic parameters
Poisson’s Modulus/ Density/ Plastic Stress/ Plastic Yield stress Strain
ratio MPa (kg'm™) Poisson’s ratio MPa strain ratio rate/s™
0.168 0 1 0.001
0.219 0.227 1.204 1

0 6913 )8 0 0.265 0.498 1.273 10

0.341 0.871 1.343 112

0.446 1.186 1.514 150

0.599 1.465 1.685 200
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Table 5 EPS28 material parameters based on LS-DYNA MATS7 model

Density/  Modulus/ Poisson’s  Tension cut-off ~ Viscous Shape Hysteretic E/MPa 5,

(kg'm™) MPa ratio stress/MPa coefficient factor unloading factor

28 6.213 0 1 0.1 10 0.1 0.36 169.23

Mat163 5 ABAQUS H'[¥J Crushable Foam 5 BB, 17 A 1 He A 6 VR A A5E, o 25 18T 7 A8 323
N, F ELEIEE R 56 A Bt o BORE Y SR AN M i — FR B R AH S R 7R AR i g o MRl 10 IR,
e 2o T AN TR N AR R B B 1 SR AR R S R o BRI AR TR, AR AR - AR NE A7 i £ /Y
zxr“jj AR, IR T g S B T A AT MRS E
33 AMIRBILGIIE
AL 11 B R 075 R b iR BT AR, e PR 3 ORIl vhl B T RT3 EPS IR T
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Fig. 10 Rate-dependent loading stress-strain curves
and elastic unloading behavior
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Fig. 11 Comparison of EPS foam FEA model
before and after deformation
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Fig. 13 Simulated and experimental results comparison
of H=0.5 m for EPS28
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Table 6 MAT163 and Crushable Foam predicted results compared with the test results for absorbed energy

I Absorbed energy/J Relative error/%
'm
Test MATI163 Crushable Foam MATI163 Crushable Foam
0.2 19.192 17.949 18.416 6.48 4.04
0.5 46.172 45.087 46.479 2.35 0.66
0.8 71.514 71.308 72.410 0.29 1.25
4 % ip
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Dynamic Compression Characteristics of Polystyrene Foam Materials
LEI Zhonggi', YAO Xiaohu', LONG Shuchang', CHANG Jianhu®>, WANG Haibo®

(1. Department of Engineering Mechanics, School of Civil Engineering and Transportation,
South China University of Technology, Guangzhou 510640, China;
2. Hefei Midea Refrigerator Division, Hefei 230601, China)

Abstract: The quasi-static and dynamic compression tests of expanded polystyrene (EPS) foam material
were carried out through a universal material tester and a drop-weight impact machine. The density and
loading rate effects of the dynamic compression characteristics for the polystyrene foam material were
discussed. By considering the density correlation, the empirical formula of dynamic constitutive relation
under constant strain rate was modified based on the drop-weight test data. The constitutive model of EPS
foam was established based on the material finite element models of MATS57, MAT163 in LS-DYNA, and
Low Density Foam and Crushable Foam in ABAQUS. By simulating the impact process of drop-weight and
comparing with the test results, it shows that MAT163 and Crushable Foam model can predict the dynamic
response and energy absorption performance better. The results verify the reliability of the dynamic
constitutive model. Meanwhile, it shows that these two specific material models have good applicability in
simulating the impact problem of EPS foam.

Keywords: polystyrene foam; strain rate; density; dynamic compression characteristics; constitutive model
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Fig. 5 Typical SHTB experimental results of natural fiber reinforced PP composites with different fillings at different strain rates

024204-4



%33 % LA 5 ohif 2T AT ARG R SR S AR 2 P %2

2 3% 0 e SR W) S 5 B (P R B I 7 A B BT S, T R SO0 AR W B A . 5 AR R Y
S 5 YRR RAE 100 s 2 A I, B U 2T A MR SRR AR A A AR W, I g - AR
LR BEREIE I T SHTB S5 A W g D s 5 1S GF A2 5230 Pl 52 Z R hali i) o >4 SHTB 5256 15
URUEE vE A GEBE IR 5N = /U L e (S E N T G R S A G L TR ST DItk 8 < B u iV U i A B A Y
2R A BE R DU ph T 1 W R Y o A A AR B RIS, R T Ak 3 58 R W) A R RHIN g 2
PEREA — R HE 3R R, (EIY SRR IA A BUE G 2T 4 SR AOR , 72 30% Y BRRET 4E NI 5% 2B 4 =
18 2 R 288 b UK 2 A 8 B B B £ 4 22, R ) 8 8728 3R AT 58 PR B B R 15%~20%, JF ELAE
1458 o RTA G A8

N T e — AT Y £T Y 3 5 PRI YRR RTRL A9 ) 2V BE, 12 SHPB 5256 2 4t i i#E 4T o 1 4 5
Koo w1 TE S AT L BT 2 ) 0 1 A O B, SR A U BRI A AR o A, K
PERY ELAR 5 A AT B AT AR 22 BB, ARAE P AR 12 fiph 300 4 00 1 28 0 ol ) o o DALt AR ) 2T 4
S HCEURH 5 00 AN () s SR S AR S2 0 P R B . AR R AR AR i (1) 3~ (3) A o AR p AR
N, ANTFSE A AR R B g - AR 2 A& 6 Bz o W] LLAE Y. AR 2T 21 50k g SR ) 52 5 AR 4 1
FIE P9 IO 78 23 200t A5 D W) S 5 A ) 1 A PP B S — o R ) 0 0K 8 0K R R R S AR BT R R T
FE SRR T/ K B B 2 2 X TR M AR A R R RS B

100 T T T T ","""\'.I_.,_..‘_'-'-o,,\. T T T T 120 -
80 100 b
” i 80 g
£ it £
s 2 60 i
S 0f
40 g
20 ]
20 -1 .
—1
0 0 1
. 0.5
&
(a) PP/NF(30%)
T - T T
120 F .‘/‘_..—" .............. n
100 g
soF A 4
< o
s i — 2305’
§ oory - 670 5!
it -1
a0 L 980 s
—== 1200 5! ]
20 — 1560 s7! .
—-- 2130 57!
0 1 1 1 1
0.1 0.2 0.3 0.4 0.5

&
(¢) PP/NF(30%)/M-clay(5%)/LGF(4%)

P 6 TR RS 2R 5 S ) EURH Y AE ) 2T 4k 15 2 SR 40 52 5 B RL 0 it ) SHPB 52 46 45

Fig. 6 Typical SHPB experimental results of natural fiber reinforced PP composites at different strain rates
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Mechanical Properties of Natural Fiber Reinforced Polymer
Composites under Impact Loading

MA Dongfang'?, MA Bohan’, ZHANG Xinggiang'

(1. College of Science & Technology, Ningbo University, Ningbo 315211, China,
2. Mechanics and Materials Science Research Center, Ningbo University, Ningbo 315211, China)

Abstract: Natural fiber, replacing conventional reinforced as its various advantages, often are embedded in

weaker material for reinforcing the materials. Natural fiber reinforced polymer composites are widely used in

application of automotive construction, aerospace, etc. as special engineering material because of outstanding

mechanical properties. In this paper, the uniaxial tension and compression tests of polymer composites filled

with constant content natural fiber and other filler were examined on universal testing machine and split

Hopkinson bar at different strain rates. The test results show that the mechanical properties of natural fiber

reinforced polymer composite are significantly improved by additional modified nano clay and long glass

fiber. The fracture surface of recovered specimen of different strain rates were observed by using scanning

electron microscope (SEM), and the tensile failure characteristics was revealed.

Keywords: natural fiber; polymer composite; split Hopkinson bar; failure characteristics
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1 £ I

1.1 #E R

S AT SR Y % A 4T 4 A R 18 Incotelogy 23 ® 3R AL, 1S5 FGMWO0002; B £F 4k A5 1 35 [
Hexcel 23 A $# 44, 75 HexForceTM 282; 7 & 4 AR A1 KL A Al-6061. 3 FlAT LY J) 24P RE WL3% 1, Hor.
p NI, oy APUPLRIE, E WG IR, h IR B, o, FIEIROR L, & W 2445, v b b ik 2F
At AL RE LA 0,0 E. e S0 I 27 4 (1) b4 R 1 o

®1 MEEM

Table 1 Mechanical property of materials

Material Type pl(g-m?) 0,/GPa E/GPa h/mm o/MPa &% v
Aluminum alloy Al-6061 810 0.124 68.9 0.30 103 12.0 0.33
Carbon fiber cloth HexForceTM 282 197 4.654 231 0.26 1.8
Basalt fiber cloth FGMWO0002 210 4.300 100 0.15 3.1

S R T FH FML R FH B 25 5l B SR D ik il A, s 1 B . JekE Al-6061 7 A 4 i 47 4 T v
Ue, BRI IR M (Primer94, 3M) , 140 5 & & A1 BB RS 25 5 B 5 AL 75 5015 205 i 44 iR
3010 WY E BT IR A BRI 5T, O 25 TR ALl ELAS 20 min, ZSBREEFEEFIR A M R )54
BRI AT 4 A AT B J2 8, Hodh S 8o g 402 R 2 G A R 2T 4 A 0B 2 O 10 AR TR, 9 2T 4k 7 1)
SERNGTAT BB IR Y SRR IE RS b, R s R i s R BR 2 R RS, T HE1T 24 h IR E 4L,
Bl 5 BN 80 °C HEIRAR T HEAT 16 h A [ 4k Sy 13 N S5 6 i FH By e B, X A i iR AT K DD R A5
FRF 4 300 mmx300 mm B FML, R fE T XF b, SR AAHFE D7 & dlE R A MEREN 3 2HE6 42
Mo GRS B (m) MR (H) 5 T3 2, Hrf: ARREA G4, BIREBEZRAELTYE, C IREHRT4,
FABRAR R LT 4 A SR MRZ B, m, W2 T

Release film

Breather Vacuum bag

~

FML

llllllllllllllllllllllllllllllllllllllllll TO vacuum pump

Seal.
ealan : . —

g Mold

BT s il B Y T S

Fig. 1 Illustration of vacuum bagging process

014202-2



$33%

WK AR A TR RE R LR

o510

1.2

Table 2 Experimental results of FMLs

%2 FMLBIMESEER

Sample configuration mJg H/mm mJ/g I/(N"s) y/mm
A, 218.2 0.94 5.0 5.07

A/B,/A 223.8 0.95 5.0 5.42 36.95
A/B,/A 203.2 0.91 3.0 432 29.96
A/B,/A 214.8 0.94 1.0 1.16 5.01
A/C, A 220.2 1.02 5.0 5.35 32.55
A/C,A 225.3 1.07 3.0 4.23 26.64
A/C,A 214.8 1.05 1.0 1.69 4.36
A/B,/A/B,/A 424.6 1.71 9.0 13.13 28.41
A/B,/A/B,/A 398.5 1.67 7.0 8.39 17.57
A/B,/A/B,/A 406.2 1.67 5.0 5.31 8.21
A/C,/A/C,/A 349.4 1.86 9.0 12.96 24.88
A/C,/A/C,/A 348.5 1.85 7.0 8.32 21.35
A/C,/A/C,/A 348.6 1.84 5.0 5.06 6.24

2 A Mt
LR aR

SCYRALE R A AT A GE s R R S, WE 2 R, REFEE R R E, P T AN
PR E N . e BN IE I, HAMBH K A 400 mm, WEBZK K 250 mm. A T HRIEAEZ
Sl AR R GRS IR FE - BN, ARG 4 RN 2B b Rl 8 HR MR [F i 7E H s 1Y e 2
o [RIVRE TR S8 1 A 2 R A AR R TE R U, R B IE 50 mm, B AUAL THEZGIESE . TEAE
i JE TRV B IO A4 2§ (Micro-Epsilon LD1625-200) , 18 11 i 542 4 12 5l 72 19 067 B I A h 235
R AERER T A7 i, R AR B S ) 32 28 w2 2 A ph i (D PO R b e B E 2 R, R
ek % B O R R AU 250 mmx250 mm.

2 KWERKHH

S LI T 5 AP, WA 21, 32 K RE L - SR A AR -1 &2 A A
Ko 3 AU . SRRG AR, B BSOS 1 A Ly, SEIRSE SR T K 2,

AT /R AR
S8t 58 BRIt B 28 /R R, P 3 45 th T I AVB /A 7F 5.42 Nis frit - i)
(A8 I 19 0, AT AR AR T 43 3 A28 K 3

2.1

Fig. 2 Four-cable ballistic pendulum system

Counter (b)
balance

Steel column

//
Laser r
displacement
sensor

Detonator
Penduluml- .
switch

beam

K2 fEEERS

014202-3

Wire rope

e ~——a

aser displacement senLor /

Oscilloscope



I
F{
N
=
i
&
#
=

$33%

Champed region

Global
deformation

Localized
deformation and
failure

K3 FML SR AR /0 s 2 (A/BYA, [=5.42 N's)
Fig. 3 Typical deformation/failure modes of FML( A/B,/A, [=5.42 N-s)

(1) JeFp I BUIX IR I, T B FML Z (8]0 B 1 /N, FE 45 R A8 T8 3 B vh JF S BE AR TIE
5642 [ 32, WA 23 R A ARG T PN U 3, TR I 7 O XS s 2 2 A D S 4 /e

(2) BEARAR IR IR AEHR KRBT /R F T, 3R BR 8 F5 43 1 Bl % Bk 98 1 R AR T, (] Bl 6 X AR 26 T Tl
HEL I B A YA P R

(3) JRy B AR T DX 7 268 i 98 B2 205 R 10 e DX, > % R o 2 2 WL 5 B i 40, TR 4 2% 1Y SR
MR S B R NEE G MR Z R WA

ARSI A5 AR I /R A 3 5 Langdon 25 'I7E GLARE JZ A8 VB 5206 TS 25 A7 — e X)), £ &
Jir PR 2 AR S 365 SR P 2 vl D 28 T A 2 Al kB 8, R b 5 A v BT A2 e R 3y B s/, R 2 B
P X JR ™ B IR, AR AT R WY . S R RS L MRS R T, S a2 8w AL
K, G5 F I B B A AR AR T

B 4 25T shi R 13.13 Nes 1, A/BL/A/By/A JZ2 A B RT G T A . & A RHZE B 8w ) 28 T2 /2%
. T LUE B, 2 A MR 0 B AR AR I A i 3 5 T 3 R, Pl TR A i, A 2 gl AR e A 1 3
FER T, 6 &2 BB RAIE, T2 78 T At 2 5 R AR Y K4 )2 58 R4 40
e 585 10 2 A M RHZ Z 0 & A B A M RHZ IR & A B 1 (3 R AR T, Jai i oo 2 R 2 far T
BT B d A R 0T 8, SR 4 A DR v e B O L I e DR

Local of thi
COmposite

(a) Front face (b) Back face (c) Composite layer (d) Local part

(e) Cross section
4 7E 13.13 N-s BT A/B,/A/B,/A FIZRTE 15 Rk X,
Fig. 4 Deformation/failure pattern of A/B,/A/B,/A under the impulse of 13.13 N-s
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BN, TR D, BRI AL, B2 A0 BT R 20 R 2 1 AL 5 B 2 e 1
K, BB R A R U R R e e R PRl AT AR, )2 A A S LR B s . el
1.69 N-s B, A] LUF B )2 G B A LR/ N SRR AR I, SV BN WL 5 X op i 15 K 3 4.23 Nes B, 265
M IRAE K R AR AR T, X A DX 3 B B St () SR PR e 2, RO i Ak B AE B DI AR IE (R A 2 B X 8
I — 8 W S5 LG5 Bl PP 3 0 2 5.35 Nos, IR0 3 1A AR T2 Ak 2518 O, B8 PR S8 2 0 X 1) 432 W 1) Al v
KA D), FARURTEASIE K IR, 2N L0, X — M55 Langdon 55" 1#F GLARE A Y 1
S0 BT AR B 25 R — B, B R S TR RN B A MORHZ 5 4 A BT R B

(b) Back face
Bl s A b SRR 4RSS )2 B A/C/A TR TR ST /2R S X

Fig. 5 Deformation/failure modes of front and back faces of carbon fiber aluminum-alloy laminate A/C,/A under different impulses

6 3 45 T AR b R A/BL/A R IEFT A/C/A/C/A R R RS R A T . N 6 HHal LIE
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LPRPERE K, anlEl 6(c) (M 5.42 N-s B} A/By/A (51T R D 7, Bl WL FML 938 B A 6 RLHZ
P 5E TR 305 AVCY/A/Cy/ A R A 43 DX B LG I, J5 48R 2 ) S AR AR R, R A &2 55 66
RHIZ B 53 T2 FR Oy 1] 9 i A e A AR TR DX ISR S A DX I 114 4 J 2 38 T W W

B 740 TARRZAAE A ASTE A B . IR 7 thal ISR 3, 2 ios 4 40 5 42 B OBk 47
AR G4 )= GRS AR R B ot XY Ry 8 AR T Je K, 328 W 1) T 300 92 AV il 2 it ) 38 K, T
vt BT YR T, £ 4E -0 6 4 2 B AR A B 03 X i R . A3 2 v S A H8 B mT LU 21, FEAR ) o
HOMECT, ARG Bk 27 -5 G G BRI B ARSI /N T X RA S 4E -0 6 &2 i, R 5= bt

INAETE 1R A AT DA, FML 7R KR o fE R ) R Z fe |mAEE0 0% 86 &2 M R

014202-5



ERRE S [ JE By L 2% i 514

E 6 AREERT A/BYA Fl A/C,/A/C,/A 5 1 45 B 22 51 1
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—-= AIC,/A, 5.35 N's — A/C,/A, 423 N's —..— A/BJA/BJ/A,839N's | —— A/B,/JA/B)/A, 13.13N's
—.— A/BJA,542N's 40} - - A/ByA,4.32N's — AJCJAIC/A, 832 N's 30l — = AJC/A/C//A, 12.96 Ns

./- &

-
-

.30
g

Deformation of back panel/mm
Deformation of back panel/mm!

—125-100-75 =50 —25 0 25 50 75 100 125 —125-100-75 =50 =25 0 25 50 75 100 125
Distance from the centre of panel/mm Distance from the centre of panel/mm

K7 2 4E-4 G )2 B 0T 2 AT R

Fig. 7 Deformation profile of aluminum layer on the back of fiber-aluminum alloy laminate
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Anti-explosion Performance and Failure Mechanism of Fiber-Metal Laminates

ZHANG Lei', MA Xiaomin', LI Rujiang®, LI Xin', WU Guiying'

(1. College of Mechanics, Taiyuan University of Technology, Taiyuan 030024, China;

2. Institute of Chemical and Environmental Sciences, North Central University, Taiyuan 030051, China)

Abstract: In this work we performed blast loading tests on basalt fiber-aluminum alloy laminates and

carbon fiber-aluminum alloy laminate using an explosion impact pendulum system and obtained different

loading impulses by changing the quality of the explosive, thereby analyzing the influences of load impulse,

structure combination and fiber type on the deformation/failure mode of fiber metal laminates and revealing

the laminates’ typical failure modes such as delamination, matrix failure, metal tear and plastic deformation.

The experimental results showed that the plastic deformations of the aluminum alloy layer in the fiber metal

laminate and the damage area of the fiber layer increase with the increase of the impulse, and the fiber metal

laminates have better impact resistance than that of the single metal laminate.

Keywords: fiber metal laminate; blast load; deformation/failure modes; blast resistance
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Table 1 Lamination of carbon fiber laminates

Material type Laying method Thickness/mm
A [0°],4 3.00
B [0°/90°/45°/-45°/-45°/45°/90°/0°], 3.00
C [45°/0°/—45°/90°/90°/-45°/0°/45°], 3.00

x2 EAMBBERNEMNFEHR

Table 2 Elastic parameters of composite laminates

E,/GPa E,,/GPa E,/GPa G,,/GPa G,/GPa G,,/GPa Uip Uiz U3
131.00 10.20 10.20 6.30 6.30 391 0.25 0.25 0.38
1.2 g"{gﬁ%ﬁ&ﬁiﬁ © o o o o o > Flangehole
J:%i/ﬁi%\%ﬁﬂn@ 2 F)]"/jf\‘, 3D-DIC ‘?Jﬂ']%/\ of" 300 mm x 300 mm “|e—> Fixed plate
4i th Wi 5 Fastcam SAS /& BAHMLAL AL, Ry T 52 . o lLaminates
B, 2 5 2R G0 A0 LG (R A0 il e s | IR / . .
T VRS TN HCEL 1 E 2k S N SN ) I—
Hor g 5 v AR AL R —E A R R AT I

400 mm x 400 mm

R [R) — X3 Y SEIe R B, g5 3h )25
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A, I LA 8 bit ATE ki A7
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Fig. 1 Schematic diagram of the installation of laminate
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Fig.2 Schematic diagram of the measurement system
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Table 3 Experimental parameters of different types of laminates

Test No. Laminate type Explosive mass/g Explosion distance/mm
1 A 20 350
2 B 20 350
3 B 35 210
4 C 20 350
5 C 20 100

2 KBRERHH

fifi FH VIC-3D #1{4 ik B 7 22 45 R 4E 21 Y
T il A T FRCBRE LA T, T AR AL 1% 1 ) )
IX 32k %% K R AH AL 3% (Field of View, FOV),
DIC 155 JIr 16 45 A9 A 5 D e X 358 4k Sk A 2 3
B X 15, ( Area of Interest, AOI) , F£ 5 28 T 4 1Y
A X GE PRI & 3 B . Hoh AOT i RF
h 320x568 1R F, T T IE A A OG- IX A R/
g 29x29 1R K, KA 3(HERE 2 MR R A
—) o T AEF XA TE SRR SR AT 5 B AL
B, TE VT X B0 5 A /R R ARAE A,

o P y 07 T2 BC AR AR £ s s
4, W HAR I EAG AT IR Fig.3 Calculation area selection

21 FHHAEFRIERTEESWRMNTNENRN S H
XFAR BRI, C 3 RhREZERE )RS

RIHEAT T TNT 20 20 g, K255k 0512 4 w4 BERENRGRER

B 0 EE—% 350 mm 1R K 9; % 50 5'} B Table 4 Macroscopic damage of the laminates

B MR LN 4 BT . Test No. Macroscopic form of destruction
WA 4 FF s, A Bk 8 6 A R, Hehg 1 2 penetrating cracks and 5 obvious cracks

o 0 05, A 247 2 1 oo B U4 2 No visible crack

J2 AR IR I, J22 45 45 0 00 R 2 TR : No visible crack
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Fig. 4 Damage form on the surface of plate A

223t 3D-DIC AR R A Y R HEAT A0 2, 75 3 A B2 G R 00 B E A B, n1E S TR . (ERT ] =
1.57 ms B, whfi P W 4 J2 5 A, ool 28 w IR R O G T 0.2 ms, J2 4 Ml AR T Je 47
PR B> O AUTEF 4 T7 10 W5 i, v UL B 1) G R B2 B MR b i iR BEAR S o SCI AU AL BEAS R S A
HR WL 4 21 ) J2= 5 Al 4 4 £ 19 DL A T

w/mm w/mm
t=1.57 ms 0.390 0 t=1.77ms 9700 0
0.363 5 9.118 8
0.3370 8.5375
0.3105 7.956 3
0.284 0 : ﬁ 10.0 £ 7.3750
02575 ' o £ (67938
02310 '3 N 6.2125
0.204 5 5.6313
0.178 0 140 5.0500
0.1515 4.468 8
0.1250 3.8875
0.098 5 : 3.306 3
0.0720 -70 =i 2.7250
0.0455 735045 140 21438
0.0190 Vi, > 70 1.562 5
—0.007 5 0.9813
—0.034 0 0.400 0
(a) Center point displacement begins to increase (b) The laminate is penetrated
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Fig. 5 Variation of the displacement field of the plate A
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(d) The displacement is reversed to (e) The displacement reaches the maximum  (f) The final displacement is basically zero
the maximum of 11.55 mm for the second time
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Fig. 6 Displacement field change of plate B
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Fig. 7 Displacement curve over time of Fig. 8 Curve of maximum principal strain over time
a pointnear the center at the center point of plates B and C

064201-5



33 % = JE LY} L 2 Eitd %6

B BUAR (SR REDL T C B, 7E A K AEBIR AR B T X nvily BE A A9 WSO 8, 5 2 At it T ),
BV 2 1 Bl 1 ) 4 50 2 AT AR TR A AR T 2 AN T b el 1R BE A B AHAT

IO B BUAR AN C B E b 1 T ) B2k B, o A L B AR AL L, A0 TRT 9 Bt o ARG
fi ¥ ETHEIEE — B B, B C AR JZ A2 5 AR B MU SRR, (EIF R S8 AR . B AU AR A 8 Tl
{37 R i £ L THH B2 /N T C BUA, SR B 2R AR I WA o o BE B B PR REOL T C 2 AR, A 8 45 31 B AR Y
BR SR S

BREE

SO WOINR—O0ONWOIRL— O WO
CEEEEEE
Offset displacement/mm

R I N
IERRE]

ORI

WO —0O

B33333

Offset displacement/mm

e s S O O T S

—t=1.74ms

—1t=1.77
ms ~150 =100 —50 0 50 100 150 — ¢=1'80ms

ms y-coordinate/mm

—=150 -100 -50 0 50 100 150 —
y-coordinate/mm
(a) Displacement of the selected curve of plate B (b) Displacement of the selected curve of plate C
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Fig. 9 Comparison of displacement changes of selected curves from plates B and C
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(b) Damage diagram of plate C
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Fig. 10  Surface damage morphology of plates B and C
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Deformation of Carbon Fiber Laminates under
Explosion Based on 3D-DIC

LIU Qingqing, GUO Baogiao, SHI Chen, CHEN Pengwan

(State Key Laboratory of Explosion Science and Technology, Beijing Institute of Technology, Beijing 100081, China)

Abstract: An open explosion loading experiment was designed for three differently laminated carbon fiber
composite laminates to study the dynamic mechanical behavior of the laminates under different explosive
masses and explosive distances. Based on two high-speed cameras, an experimental measurement system for
high-speed three-dimensional deformation field was built, and the images of the dynamic deformation
process of the laminates under the action of the explosion were recorded. The dynamic displacement field
and strain field of the laminates under the shock wave were calculated by 3D-DIC software. The results show
that the laminates only undergo elastic deformation under low shock wave, and the orthogonal layer and the
quasi-homogeneous layer have good impact resistance; under the action of high shock wave, the laminates
will cause damage in the form of delamination, matrix cracking, fiber breakage, etc. The order of the layup
has a great influence on the form of damage.

Keywords: carbon fiber reinforced laminate; 3D-DIC; blasting loading; damage; failure

064201-8


http://dx.doi.org/10.1007/s11340-010-9418-3
http://dx.doi.org/10.1016/j.ijimpeng.2008.09.010
http://dx.doi.org/10.3969/j.issn.1671-1815.2010.05.014
http://dx.doi.org/10.3969/j.issn.1671-1815.2010.05.014
http://dx.doi.org/10.3969/j.issn.1671-1815.2010.05.014
http://dx.doi.org/10.1007/s11340-010-9418-3
http://dx.doi.org/10.1016/j.ijimpeng.2008.09.010
http://dx.doi.org/10.3969/j.issn.1671-1815.2010.05.014
http://dx.doi.org/10.3969/j.issn.1671-1815.2010.05.014
http://dx.doi.org/10.3969/j.issn.1671-1815.2010.05.014

$33% 4 [=/ S SO 7/ B (= S e Vol. 33, No. 4
2019 4F 8 CHINESE JOURNAL OF HIGH PRESSURE PHYSICS Aug. , 2019

DOI: 10.11858/gywlxb.20180699

CFRP =& R &R A o Fie Sz K 4545 5 1 T 5%
AR AR A BABY EHEL AL R g

(1. WL R T AUV FT T, #i7T. B 3100275
2. VUL Tl RZEEHLHL 2B, BT PU% 7100725
3. BRZE T AR R 2B R TR 2B, VL8 B At 210042;
4. Hi Tk R — KL THIF ST B, BRVE P42 710089;
5. WHL KRR ) SHLE R G ERKE AL, Wil Aol 310027)

WE: N T #F % B 47 43 58 2 & M F (Carbon Fiber Reinforced Plastics, CFRP) B & R 1k
FA A EWR, TRT BTN [45,/-45,1, W CFRP B4 M EEREN HF R, ART &K
WorsgwkAEMERBwEEEHANAPHEZTH CFRP B AWK W & 4 %0 5, R o #E
HUREAERQERGERART EAMMES FH oM. RBREREXV. S4B EW &
AESEEMETAET M FARHUAURDNEEN LR ER 0, RAF LB fogk E
REBRA, UNKEMPEORORA; ENEEA TR FAERANLEZZET, UNAKES
AEREERREAX; AEN 10 mm by ¥R B @ErEEARE, EURNKHAFAEN DN A
FWR; 14 mmAr 16 mm-FERBurEwr i, M EERTH, BER LW BAFERHR,

KERIA: Bx AF f R A A M B A IR i AT RRAE; IR E; 2 B E AR

FE 53 2S:0347.1; V214.8 SCERARIRAD: A

52 MERER R Lo v R EE RS 57 P T, )z s AR S K L S TR R R VA R AR AT
U2, Bk AT 4R 58 55 5 F1 B (Carbon Fiber Reinforced Plastics, CFRP) JZ & Mg 7E il 1 A5 FH 4 97 oo 72
AN 2 A7 B bk e, RS L UKE S DY, CFRP 2 A HOuHIR oo 2 Uk, 32 2R
B a2 Ao 2 SRR TT SN LT QW 2L SR H 107, S B R i B U 7 PR RE IR T RSO R,
5 CFRP JZ A A a9 vh o B SR, i T T CFRP J2 6 IR o i 07 S 461 45 4 P AR e i 5

AT WF 5T A B0, e 2 0O S s ) J2 5 Al A I o i 7 2545 o U Mitrevski S50 5E 5 X A BR
B . HEIE S ppERIE AR T B9 )2 6 M T 22 N, & BRE f AR HE . WA e o RN e 2 Sk B ) B S AR T
FRIE IR 5 6 A1 34 e 30 A A v e 1 B B R ) 4 40 1 AR, O L B R ARZ A R PSR . Amaro!' |
Tcten!™! SEAF 5T T while BL A2 X IR T o o5 ) 2= PR RE B B2 ), & B0 b iR A W 255 T )22 6 A 1 B R RE SR 2
B, S, fE R vl A S0, w2 A R B iR R B e . SR,
A il A B AE DGR 9 F2 0GR b o T 1) 5 )2 B AR ) 22 ) R e A UL 9 R OGRS vh i AR R
o e ph ks 5 1] 5 25 MR TN 4 7 10 Z (0] 9 2 ff1, TS 34 76 26 M R i 28 ey AR P RE & A

FE JZ2 A WA o 353 40 e P AR 9 T T, AP 3 v o i 18 T30 R R 40 2 60 40 T AR X J2 5 A R
B E LR . Sebaey!"" . Wang!"" SERFSE T 43 )2 1040 THIAR 5 I o o R it 22 () A X G &R o Shil™
Xul"V EERIF 5 & B b T M TR BE S eh e BB AE AR G . SR, H R A 5 0T U R B R 4y 2 45 4 1
PRI T o 2 B 22 () 118 5 3R DG /0, [R) B AR X 25 0 il o o A 58 R 22 BROES e 5 758 45 DR 3R 6 IMT AT R
F 3 235403 T B A 52 e R R T IR A5

*  Ig#s HEA: 2018-12-12; {85 H#A: 2018-12-25
BEEWB: FEEKE AW AT (2017YFC0805601)
EZ B Bt (1992—), B, Wit ifss 4, FENFEE G4k ohd3h 1 2% 58 . E-mail: hjslbb@zju.edu.cn
BEEE: ABHFE1964—), B, W1, 242, FZ NS EHGEFR R A5, E-mail: jyzh@zju.edu.cn

044202-1


mailto:hjslbb@zju.edu.cn
mailto:jyzh@zju.edu.cn

33 % = JE LY} L 2 Eitd 541

A FEEE X Bl 2 Y A [45,/-45,)0 B9 CFRP JZ 5 M, T & 7% BRI o 55056, -3 S50 vh ik w5
£ B AP BRIE ok B4R P52 B 2N (19 CFRP J2 & MR (IR vp i 7 2k Ak, (W] B 38 2o M0 R BE A 4y 2
400 1 BRI 9 )2 5 R B B0 R, S R SO R T A R R e s PR R RS

1 MR5REEE

1.1 CFRP E&##H&

B Jy [45,/—45,], B9 CFRP JZ & T300/YH69 B[] T35k} 38 o #4411k 5l 20 i il . 2
] TR R E B A 0.12 mm, 385 5 BEAE IR N (25 £ 2) °C L MR BE A 40%+5% RS T 5E . il
FHAK VI #)H A, DAL G JE LR RE Fh A5 2 R <F 28 230 mmx 50 mm 3RS, 3RE A7 24 L% 8 3.75 mm.,
12 EHEHR

Je HAHE LA S AR AR SO, WnE 1 TR . PR ISR T L S AR R 2 (],
JEERAE hili i R SRR B MG

Supporting
plate

B Bl B Kok B

Fig. 1 Testing machine and the fixture
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Table 1 Low-velocity impact test arrangements

Impactor velocity/ .
Test Key factor Type Impactor parameter Impactor energy/J (m-s™) Times

S 45 Strip impactor, —45°

1 Impactor angle S, Strip impactor, 0° 10 1.88 2
Sus Strip impactor, 45°
H,, Hemispherical impactor, 10 mm

Impactor . Lo
2 di ; H,, Hemispherical impactor, 14 mm 10 1.88 2
iameter

Hi, Hemispherical impactor, 16 mm
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Fig. 2 Strip impactor and hemispherical impactor Fig. 3 Impactor angle of the strip impactor
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Fig.4 C-scan results of all types of specimens after impact
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Fig. 5 Damage at the impact face after impact
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Table2 Summary of the impact test results

Specimen Dent depth/mm Delamination damage area/mm’ || Specimen Dent depth/mm  Delamination damage area/mm’
S_4s 0.22 2147 H,, 0.30 1613
S, 0.19 1710 H, 0.23 1553
Sus 0.17 1651 H, 0.21 1230
(2) MR B AR

H,-A. H,,-A Fl H,-A 2> 3 B 42 10, 14 F1 16 mm 421 BRIE i op o (0 808050k . H,-A i EERY
MBTIRE R 0.30 mm, 430 b H,-A A1 H, -A SRR B9 M TR BE & 23.3% F1 21.0%. 38 33 X 43 J2 45t 473 1 AR
WATGEIT, H - A REE R 2B ALl 1613 mm?, 435 e H ,-A Fl H,-A 3URE 5950 2 1 AL S 3.7% Al
23.0%. X EZIEH T 10 mm AR A RS 2 A B 22 R 9 1 i 1 AU/, A R B 4 Hp g A T e R
LT U AN SR, (o TG0 IR B R, [R) B 43 2 460 43t B 7

BEAR, FEAS R BLAR il g b o el i s XA B AIR S S A AS[E] o 10 mm iR v s 1,
o X LA TE B B £ 2 4 3R, T 14 mm A1 16 mm iR v I 26 T B 45 R B T UL, (R A B A AT
HEWr e . 10 mm R ppl o AR b B T U O Y XOEREE TR A R B BT AR, AR 6(a) TR 2
I B TR A MR AT 2R 4 B, 2R 4R R AEWT L, Wi 6(b) iR . MIRAL KA 10 mmip ik o i i), B

Impactor

Impactor

Laminate Vertical load -
rrrrr j T F,=F,xcosu Laminate ‘
Fy,=F,xcosv . ‘
B s =1Lp Fiber breakage :
F,<Fy<F. Fe Fio=F, & Lowest point
(a) Impact loading (b) Impact unloading
Impéctor

. 4 _ Ia Dent from bigger
Laminate NG v - diameter impactor
/; * Dent from smaller
Joke BN diameter impactor
IRB 2 Feg Vertical load: Fips = F g

(c) Impact loading by different diameter impactor
6 e fin o 2
Fig. 6 Sketch of the impactor loading
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Fig. 7 Impact force-time curves of each specimens

mE 8(a) fiw, 2508 wiiRTE B —45° 07 0l vh i B0 46 BIME Fyy g 45 4 6158 N, LLIE & 0°75 [l #hili
MR AE B Fy g RN 45°07 1) Wk B9 0500 46 BIAE Fyygus 23900185 9.7% F1 13.1%, SR, A {H ot
T 71 Frax. soas F39TON, o F o so 1 Fy sas 15 23% F122% XS T 24 4508 ol il 1y 25 —4 50w isF, W
TEUf bl 55 2T -4 5O 27 4 AT R, E B B i op e B RO, WE R KR A & S B G2,
M ohE ) N RS B, 5 PR LAY 45°4F 4t S 5k AR, IR phid B0 8OO AN B, (e vh il )8
ANy MY MRS A 45erh g, R A AR shi Bt ) S LR AR R, 0 B (A AN, W v ) AR
K MEIE v 0 v B, 2 G A ph Bt A T LR Z 08 . 10 mm R b o s 4549 90 4 1
1 Fip o M 2580 N, L 14 mm vl i 09453 05 W46 BB Fy gy, A7 16 mum VR oo 9 40395 000 268 B Py 6
S 35% F1 43%; WA /R F) F o o M 4080 N, B2 F i F1 F g /D 15% Fl1 22%, W1 8(b) FIF R o
BT 16 mm AR 9 i o o B, AR ) 2l T AR/ T A A R AR S e 1 42 k7 T, AT 4 T

044202-5



33 % = JE LY} L 2% Eitd 541

T 75 10 mm R 14 2 A 1 B /IS ELER FR A bl DX, R SORE 45 40 B I R, e B 0
LA, 10 mm e fr) v ot o - ] 25 7 32 30 A ety g s BT A0 A AR I, R T AT AR
FE 55 110 mm RSB 2T AEMT RIS — B

7 6
6 5t
5 4l
41
& &3
=3 =
2 2r
1 Ir
0 0
t/ms t/ms
(a) Impact by strip impactor (b) Impact by hemispherical impactor

P8 AR i Bl A1~ BRE o il oo o T S AR G 14 g -k Tl gty 2

Fig. 8 Typical impact force-time curves under strip and hemispherical impactors impact

2.3 AEHEH-AFO AL NG R

P 9Ca) R 9(b) 73531 Ay 25T b 1~ RO e o o e R0 358 B o i - (2 A% i £k, Herprep
DR d Ko o IhZear o AL B C 3 AFrBE, 23 5l 0] A e 45 40400 i [ BE 468403 38 B B 1 568
Beo BrBe A Wishe g s v B Be, BT fh B E 5 05 1K B 0500 06 A Fye BB B O bt g AR
f 0 O AL B B, 23 )= | A YR R EEARSG  vhl 0  AE DB, BRI B RO . BB C il
f4 [e LR BE, At A 7 1SR A SRR BT AR R, 4 bl 3 D Rk, il 5 = G AR 20 S I £ R AL D AR
i

7 (g A Initial damage load [— H,A
61---S—A 50 --- HyA .
5 T SAS?A l‘l]‘ “A- B T HIﬁ_A B ."_.,/ ’/./17'
| B AN RN R 4 | Initial damage R
/! Y “l"l\- - : . \//.\I‘-
§ 4+ l,_[ II\',I /- § 3l load Il/‘ﬁ __J:\"'__I:,\/ ’ K
=3t A S = PR A
/ K 2l A I/I i .
2+ ! e fe / 9 o C
1k A e 1 | s ks
AV _ _:-"/ A 2=
0 el e = T T 1 1 1 ] 0 AR o L 1 1 ]
05 1.0 15 20 25 30 35 1 2 3 4
d/mm d/mm
(a) Impact by strip impactor (b) Impact by hemispherical impactor

B9 &I o Bl 1~ R E i il v o SR G 19 ety g -0 (0 Hh 2R

Fig. 9 Typical impact force-central displacement curves under strip and hemispherical impactors impact

ZE phER AL ERE sk v, vl b B B BE AL B I C A BRI . KB b
2 BROE W R 1) S R O L B R BR AR TP O MBS B AR AR B B 22 5 0 SR0E ol RV 5 —4 50 vhili AR I
KRS FNER A T B fe K, X T 45007 [ h ks B B Bt B XS0 A, 7 AR 9 A0 i P
L () RE Tl 2 A AR FE R . 10 mm BLAR AY 2R BRIE wh il = A () B K i A8 R 3.92 mm, H 14 mm
F1 16 mm LA 1 MR 10.6% 1 17.9%, ] W 10 mm B2 i whdi s B vp B B B I X e 38, J2 9 43
A R0 ) 483 45 0 o e, 51 4 A S IR B AR IR I 4 — B, BLAM, 10 mm BLAR (4 phvii ook R 4
(45495 25 T B0 A7 B2 A B L ] 5 B B /N, R A D i RS TR
2.4 BEE-BTE) Mg N

P 10Ca) FIEL 10(b) 43 51 4 6T ol A 2 BRIE b ook T SURDR0RE A B S - ) B 28 . 24 whisle I 4

044202-6



33 % PR AF: CERPJZ 3 MR AT o ofi i S M AR R 55 4

SR I, RE R FE RO 4R 1 2L, BRI o B A B RE tH BRARTE o >4 bk B fie (IR i, T i Bl R —
TR0 e 2 AR B AR R, — R0 R A0 0 | R AR T AR B, T A6 (0] 9, SRR S04k AR K
RE TR A S I AR RE R AL S P ER Y S RE, ELE RS RS . MR RA R REARZESRE
AEREAE AL, B RER AR T2 2R 2 & ) & 1 473 RE R FE AL B AT

10 1 ~ 10 P
8 /l 81 ]
1 ;
y N e e = 4 N
6 p 6F / N
= = ’ Sl =
= = K
4 4r
_ g 45;A I'; — Hl(] A
2 0 2 7 - - g
- = S;—A / - 16
0 . ) 0
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7
t/ms t/ms
(a) Impact by strip impactor (b) Impact by hemispherical impactor

B 10 26 o B A1 BROE i o oy T AR 3O A B k- ] iy £

Fig. 10 Typical energy-time curves under strip and hemispherical impactors impact

WE 10(0) Fi7R, 3 AR EERIE sk s T, 35 20 (A e it 1 i 20474 I 2 A9 2250 . 10 mm Al 16 mm
LA R v 0 1 B o P 280 A 22 0.63 ms 7 il et R R P AR B A0 23 20 T2 A MR B AR 1) I E DA L
S0 PR Y S E RS o PRI, 3 R AR e v T, 400405 Y 2 S o S BI0A B (R R B 1Y I 20 A AE I Y 22
Sto AR, XTI 10Ca) FTE 10(b), ERTE whek pi o T 3k 21 06 (5 BB 1 B 20 19 22 57 HU 45T e L 3 v
b A ot s SN A 4

H1 10 AT AR 5500 pP RIS B —4 50 s /) B i B, J2 A AR A RE St AEHICR 8.43 1, HL 00 45°nf it i /2
G RE AR . BERAERUR B T2 S M BRAS, th it vl W G —4 50 whili i 43 S8 ™ ., 5151 4
A 2 FT 7R 1 T BB B 43 2 B 405 T B A I 45 SR — 3. 10 mm B4R (1 2 BRE Pl o o 1), J2 B A
BEAER R 6.91 1, Lt 14 mm 1 16 mm ik o of B 19 BB B FE 05T 24.9% F1 25.2% X UL 10 mm E A2
R e S R AR AR B R, SR 4 N S AR IR IR R — 2. il A R R bR A A0 1 A S TR G
A F B AR el A R a5 2 v 2T A A ] 4 2 fioh T X 3 A ] 4 45405 TR 25 00 5 i) A BE
ARG, PR LA A iR 5 2 A AN [ 19 2 o T AR A8 47 Ok R i) R R B AR
3 &

DL JZ I A [45,/-45 4 19 CFRP 2 A MR A 5T 0 42, 38 2 A oh i v R 56, B9 1 2508 bk
s 75 1 A BRI iR A G 520 [ R R B9 CERP 25 B i ol F7 2 PR RE, [ I3 2o (41350 2 5
Sy TR GE T 2 A A R

(1) e R e 20420 oAU S w5 17 27 g o7 AR08 4% 5 1k A A S 3 AR g, = B o AR b
JZ A MR PR AR S . AT R 1) b i O 1) AT T R AT 4 U I, 23 AR K 403 W 4 1
1B B/ A vh iy g, e R PO (RS RN AR A I A R YA/ N AR 1 2 BROE il oo B, A A 4
R IR R R RN L RU L RN N R IV 27t 1 GRS N

(2) Y 5T w1 o i 5 1) A7 T 36 18 25 4k 7 1) 6, TUDI0 8 5 R 0 2 460 403 1 FRASE KR 24 2K BRI i
B ELARHE/INGE, THTT R B R A J2 B 405 T B K o A o A 0 o ) B S B R R AR R, MR
55y B0 E RS E AR R .

(3) 10 mm £ 3KIE vh ik vh s J2 G AR I, 78 M5 XA FE ] B £ 4E 2L . 14 mm Al 16 mm EERE
iz UL TN 1 L 7)== 0 = B W (57 AN IR S e U

044202-7



533 %

LY} L Eitd 541

I
==
&

S22 3k

(1]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

LIUPF, LIAO BB, JIAL'Y, et al. Finite element analysis of dynamic progressive failure of carbon fiber composite laminates
under low velocity impact [J]. Composite Structures, 2016, 149: 408—422.

LIAO B B, LIU P F. Finite element analysis of dynamic progressive failure properties of GLARE hybrid laminates under low-
velocity impact [J]. Journal of Composite Materials, 2018, 52(10): 1317-1330.

SCHOEPPNER G A, ABRATE S. Delamination threshold loads for low velocity impact on composite laminates [J].
Composites Part A: Applied Science and Manufacturing, 2000, 31(9): 903-915.

YANG B, WANG Z, ZHOU L, et al. Experimental and numerical investigation of interply hybrid composites based on woven
fabrics and PCBT resin subjected to low-velocity impact [J]. Composite Structures, 2015, 132: 464-476.

WAN Y, DIAO C, YANG B, et al. GF/epoxy laminates embedded with wire nets: a way to improve the low-velocity impact
resistance and energy absorption ability [J]. Composite Structures, 2018, 202: 818-835.

BT, R, BROGHE. BRET4EE & FPRMRE s R S A 05 A 52 (9] HLHL TR, 2016, 33(7): 815-821.

TOU L X, WANG Q C, CHEN G Y. Analysis on low velocity impact performance and damage behavior of carbon fiber
composite beam [J]. Journal of Mechanical & Electrical Engineering, 2016, 33(7): 815-821.

HEERYE, SRR BRETHE S G AT RHE AR MH AR IR (7], Aias KB, 2015, 41(1): 85-88.

ZHU L T, ZHANG F. Experimental investigation of low-speed impact for carbon fiber composite laminate [J]. Aeroengine,
2015, 41(1): 85-88.

TAN W, FALZON B G, CHIU L N S, et al. Predicting low velocity impact damage and compression-after-impact (CAI)
behaviour of composite laminates [J]. Composites Part A: Applied Science and Manufacturing, 2015, 71: 212-226.

DUBARY N, BOUVET C, RIVALLANT S, et al. Damage tolerance of an impacted composite laminate [J]. Composite
Structures, 2018, 206: 261-271.

AR, B, XTI AR, % A PRNR SRR sl 5 AR TRAR TR BE DT FE [J]. PHIE Tl K221, 2012, 30(4): 518-523.
YAO Z H, L1 Y Z, LIU X D, et al. Effectively calculating residual compressive strength of composite laminate after
impact(CAI) [J]. Journal of Northwestern Polytechnical University, 2012, 30(4): 518-523.

MITREVSKI T, MARSHALL I H, THOMSON R, et al. The effect of impactor shape on the impact response of composite
laminates [J]. Composite Structures, 2005, 67(2): 139-148.

AMARO A M, REIS P N B, MAGALHAES A G, et al. The effect of the impactor diameter and boundary conditions on low
velocity impact composites behavior [J]. Applied Mechanics and Materials, 2007, 7/8: 217-222.

ICTEN B M, KIRAL B G, DENIZ M E. Impactor diameter effect on low velocity impact response of woven glass epoxy
composite plates [J]. Composites Part B: Engineering, 2013, 50: 325-332.

ANSARI M M, CHAKRABARTI A. Effect of boundary condition and impactor nose angle on impact behaviour of FRP
composite: experimental and FE analyses [J]. Materials Today: Proceedings, 2017, 4(9): 9645-9649.

XIE W B, ZHANG W, KUANG N H, et al. Experimental investigation of normal and oblique impacts on CFRPs by high
velocity steel sphere [J]. Composites Part B: Engineering, 2016, 99: 483—493.

SEBAEY T A, GONZALEZ E V, LOPES C S, et al. Damage resistance and damage tolerance of dispersed CFRP laminates:
effect of ply clustering [J]. Composite Structures, 2013, 106: 96—103.

WANG H R, LONG S C, ZHANG X Q, et al. Study on the delamination behavior of thick composite laminates under low-
energy impact [J]. Composite Structures, 2018, 184: 461-473.

SHI Y, SWAIT T, SOUTIS C. Modelling damage evolution in composite laminates subjected to low velocity impact [J].
Composite Structures, 2012, 94(9): 2902-2913.

XU Z, YANG F, GUAN Z W, et al. An experimental and numerical study on scaling effects in the low velocity impact response
of CFRP laminates [J]. Composite Structures, 2016, 154: 69-78.

ASTM International. Standard test method for measuring the damage resistance of a fiber-reinforced polymer matrix composite

to a drop-weight impact event: ASTM D7136/D7136M-15 [S]. West Conshohocken, PA: ASTM International, 2015.

044202-8


http://dx.doi.org/10.1016/j.compstruct.2016.04.012
http://dx.doi.org/10.1177/0021998317724216
http://dx.doi.org/10.1016/S1359-835X(00)00061-0
http://dx.doi.org/10.1016/j.compstruct.2015.05.069
http://dx.doi.org/10.1016/j.compstruct.2018.04.041
http://dx.doi.org/10.1016/j.compositesa.2015.01.025
http://dx.doi.org/10.1016/j.compstruct.2018.08.045
http://dx.doi.org/10.1016/j.compstruct.2018.08.045
http://dx.doi.org/10.3969/j.issn.1000-2758.2012.04.008
http://dx.doi.org/10.3969/j.issn.1000-2758.2012.04.008
http://dx.doi.org/10.1016/j.compstruct.2004.09.007
http://dx.doi.org/10.4028/www.scientific.net/AMM.7-8
http://dx.doi.org/10.1016/j.compositesb.2013.02.024
http://dx.doi.org/10.1016/j.matpr.2017.06.241
http://dx.doi.org/10.1016/j.compositesb.2016.06.020
http://dx.doi.org/10.1016/j.compstruct.2013.05.052
http://dx.doi.org/10.1016/j.compstruct.2017.09.083
http://dx.doi.org/10.1016/j.compstruct.2012.03.039
http://dx.doi.org/10.1016/j.compstruct.2016.07.029
http://dx.doi.org/10.1016/j.compstruct.2016.04.012
http://dx.doi.org/10.1177/0021998317724216
http://dx.doi.org/10.1016/S1359-835X(00)00061-0
http://dx.doi.org/10.1016/j.compstruct.2015.05.069
http://dx.doi.org/10.1016/j.compstruct.2018.04.041
http://dx.doi.org/10.1016/j.compositesa.2015.01.025
http://dx.doi.org/10.1016/j.compstruct.2018.08.045
http://dx.doi.org/10.1016/j.compstruct.2018.08.045
http://dx.doi.org/10.3969/j.issn.1000-2758.2012.04.008
http://dx.doi.org/10.3969/j.issn.1000-2758.2012.04.008
http://dx.doi.org/10.1016/j.compstruct.2004.09.007
http://dx.doi.org/10.4028/www.scientific.net/AMM.7-8
http://dx.doi.org/10.1016/j.compositesb.2013.02.024
http://dx.doi.org/10.1016/j.matpr.2017.06.241
http://dx.doi.org/10.1016/j.compositesb.2016.06.020
http://dx.doi.org/10.1016/j.compstruct.2013.05.052
http://dx.doi.org/10.1016/j.compstruct.2017.09.083
http://dx.doi.org/10.1016/j.compstruct.2012.03.039
http://dx.doi.org/10.1016/j.compstruct.2016.07.029
http://dx.doi.org/10.1016/j.compstruct.2016.04.012
http://dx.doi.org/10.1177/0021998317724216
http://dx.doi.org/10.1016/S1359-835X(00)00061-0
http://dx.doi.org/10.1016/j.compstruct.2015.05.069
http://dx.doi.org/10.1016/j.compstruct.2018.04.041
http://dx.doi.org/10.1016/j.compositesa.2015.01.025
http://dx.doi.org/10.1016/j.compstruct.2018.08.045
http://dx.doi.org/10.1016/j.compstruct.2018.08.045
http://dx.doi.org/10.3969/j.issn.1000-2758.2012.04.008
http://dx.doi.org/10.3969/j.issn.1000-2758.2012.04.008
http://dx.doi.org/10.1016/j.compstruct.2004.09.007
http://dx.doi.org/10.4028/www.scientific.net/AMM.7-8
http://dx.doi.org/10.1016/j.compositesb.2013.02.024
http://dx.doi.org/10.1016/j.matpr.2017.06.241
http://dx.doi.org/10.1016/j.compositesb.2016.06.020
http://dx.doi.org/10.1016/j.compstruct.2013.05.052
http://dx.doi.org/10.1016/j.compstruct.2017.09.083
http://dx.doi.org/10.1016/j.compstruct.2012.03.039
http://dx.doi.org/10.1016/j.compstruct.2016.07.029
http://dx.doi.org/10.1016/j.compstruct.2016.04.012
http://dx.doi.org/10.1177/0021998317724216
http://dx.doi.org/10.1016/S1359-835X(00)00061-0
http://dx.doi.org/10.1016/j.compstruct.2015.05.069
http://dx.doi.org/10.1016/j.compstruct.2018.04.041
http://dx.doi.org/10.1016/j.compositesa.2015.01.025
http://dx.doi.org/10.1016/j.compstruct.2018.08.045
http://dx.doi.org/10.1016/j.compstruct.2018.08.045
http://dx.doi.org/10.3969/j.issn.1000-2758.2012.04.008
http://dx.doi.org/10.3969/j.issn.1000-2758.2012.04.008
http://dx.doi.org/10.1016/j.compstruct.2004.09.007
http://dx.doi.org/10.4028/www.scientific.net/AMM.7-8
http://dx.doi.org/10.1016/j.compositesb.2013.02.024
http://dx.doi.org/10.1016/j.matpr.2017.06.241
http://dx.doi.org/10.1016/j.compositesb.2016.06.020
http://dx.doi.org/10.1016/j.compstruct.2013.05.052
http://dx.doi.org/10.1016/j.compstruct.2017.09.083
http://dx.doi.org/10.1016/j.compstruct.2012.03.039
http://dx.doi.org/10.1016/j.compstruct.2016.07.029

33 % B AT CFRPJZ A AR s i i B 303 3 et 5 541

Low-Velocity Impact Behavior and Damage Characteristics of CFRP Laminates

LIAO Binbin', ZHOU Jianwu?, LIN Yuan®, JIA Liyong®, WANG Dongliang',
HUA Zhengli', ZHENG Jinyang'®, GU Chaohua'

(1. Institute of Process Equipment, Zhejiang University, Hangzhou 310027, China;
2. School of Mechanical Engineering, Northwestern Polytechnical University, Xi’an 710072, China,
3. College of Field Engineering, PLA Army Engineering University, Nanjing 210042, China;
4. First Aircraft Institute of Aviation Industry Corporation, Xi’an 710089, China;
5. State Key Laboratory of Fluid Power and Mechanical Systems, Hangzhou 310027, China)

Abstract: Low-velocity impact tests were performed for the [45,/—45,],; carbon fiber reinforced plastics
(CFRP) laminates for exploring the low-velocity impact behaviors. The effects of impact angle of strip
impactor and impactor diameter of hemispherical impactor on the impact responses of laminates are studied.
Besides, the damage characteristics are evaluated by dent depth and delamination damage area simultaneously.
The experimental results show that larger maximum center displacement and more energy dissipation can be
caused when the impact direction of the strip impactor is parallel to the fibers in the surface plies and the
impactor diameter is smaller. The dent depth and delamination damage area are also larger at the two
situations above. In addition, the dent depth is positive correlated with the delamination damage area under
single factor variables of impact angle and impactor diameter. There has significant fiber break around the
impact area under the impact of 10 mm hemispherical impactor, but no obvious fiber break appears around
the impact area for 14 mm and 16 mm impactors.

Keywords: carbon fiber reinforced plastic laminates; low-velocity impact; damage characteristics; dent

depth; delamination damage area
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Fig. 1 Symbol description and pictures of specimen

®1 RXHRITRYT

Table 1 Design size of tested specimens

Specimen Dx¢/(mmxmm) [6/(°)1, t/mm  L/mm  Typeoftest v/(m's') Maximum strain rate/s '
S-58-1.5-30 58.0x1.5 [30/-30], 2.0 100.0  Compression
S-58-2.0-90 58.0%2.0 [90], 2.0 100.0  Compression
D-58-1.5-30-3.0 58.0x1.5 [30/-30], 2.0 100.0 Impact 3.0 9.5
D-58-1.5-30-4.5 58.0x1.5 [90], 2.0 100.0 Impact 4.5 21.1
D-58-2.0-90-4.5 58.0x2.0 [90], 2.0 100.0 Impact 4.5 21.1

1.1 REHFR
B A 56, a0 A0 R i SR FH A BC A o o A B AT R TR AR R R ST RE Y 4 A s b A
A m A T (LVDT), H e & H A m k45 &, 00 nadd Bl 30t ME T & X RS
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(1) Fif 283K BN WA Z 117, 7483 B2 R 5 kN/ming (2) fif 28038 B WEAE 5 , SOk 0B 22 i i 28, Jim 228 538 32 ol
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(BB E R I PR W e N W Ay N o 5 e W L R F L 5 ol g A 1 L 5 T I R D e N R L il 5o
(400.19~1063.30 kg) S /A [] wfiof 5 & (0~20.6 m) AR B BLSK . ASHIF 5% T 2E 47 10 A0 38 oo o 3006 R FH 1)
il el 4052.03 F11800.90 J, B 7% R i 18k 400.19 kg, whdi s BE 43 K 3.0 F1 4.5 m/s. ik 50 &,
TR B 2R FH AR B e 58 A 8 S 1, HC A7 8 R o 4y 28 53 S SR FH G A 2 (5 R8I i R 48 I 60 t JRFRL
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Force
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Hydraulic
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K2 ik R s B3 AR RS

Fig.2 Compression test system

1.2 AR5

{1 D-58-1.5-30-3.0 19 3 41 1 & i g0 45 R M HOE Y25 an &l 4 pras o 25 R85 o far 28 0 8, 38
05 Fr A5 i 4R A7 A 50K B U 3l (AT 5 iR 25 AT A e R - ml &1 4 1

Fig.3 Drop hammer test system
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(a) Time histories of load

(b) Time histories of axial displacement
Kl 4 D-58-1.5-30-3.0 MY E A 5 45
Fig. 4 Repeated test results of D-58-1.5-30-3.0
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ARFGY 9 9.5, 211 s71) , GFRP 33 55 4048 K 71 ) WAL 20 BT i, LK T 7 A2 o 5 28 ol P o 2804 11
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Fig. 5 Comparison of test results between compression test and low-velocity impact test
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Fig. 6 Finite element model of GFRP reinforced circular steel tube

22 MRIARER
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Fig. 7 Finite element model of drop hammer
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Fig. 8 Material test result for steel tube!”

%< 3 Johnson-Cook I ZL 4 N & #
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Table 2 Parameters of the Johnson-Cook model™ Table 3 Parameters of the Johnson-Cook fracture criterion

AMPa  B/MPa  n m TJK T/K D, D, D, D, D,
272.28 899.7 094 0.1515 1795 293 —43.408 44608 0016  0.0145  —0.046
T4 WITEKNUEN RiRGmEE AN

Table 4 Initial failure criterions and damage evolution laws"™

Failure modes Initial failure criterions Damage evolution laws

o \2 o \2 o \2 St it
Fiber tensile failure F' = k) I PR Y ) S | D = - ! - (1 - —1)
X, S S £ —& &
2 gfc Sic
. . . g c 1 1
Fiber compression failure Fe=l—]| >1 Df —|1-—
1 Xc Slc 811L .
o \2 o \2 o \2 St it
Resin tensile failure F; =22 +1=—=1 + = >1 D‘2 m 2 - (1 - —2)
Y[ S S 23 &, (912 &
2 f i
m( 1 (0 v f
Resin compression failure 5 = ( = T (6) ) +( T (6) ) D; = f)’ - (l - 1)
st +/J,,,(T,, (9) S 12 +ﬂnlo-n (9) yr - 711- Yr
. - o 1 & &
Stretch in-layer delamination F = — | + D; — 1-—=
S S 23 &3 53 &3
. . . . J¢ Sgc giSC
Compression in-layer delamination F$= — | + Dj - - (1 - —)
Sis Sz% &5 — & &3

R 5 GFRP BRI RLERED

Table 5 Material properties of GFRP unidirectional laminate'”!

Modulus/GPa Poisson’s ratio Strength/MPa Fracture energy/(N-mm)
E\=41.29; E,=E;=4.21; vi,=v7=0.31; X=884.5; X=837.17, Y=2=37.38; I =2825I7=380.1;
G,,=G,7=3.16; G,;=3.0 v,,7=0.42 Y =Z=145; §,,=5,,=44.765; 5,;=50.88 I=ry=036;17=15=724
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Table 6 Parameters of cohesive behavior™

Elastic properties/GPa Strength/MPa Fracture toughness/(N'mm™)  B-K parameter
K,,=4210; K,=3160; K,=3160 T,=37.380; T=44.765; T=44.765 G,=0.36; G=1.33; G=1.33 n=2.6
®7 GFRP NTXEYNERBMFSH
Table 7 Parameters for the model considering the strain rate effect of GFRP
Parameter @ B Y Parameter a B Y
E,,/GPa 41.29 1.139 0.276 X/MPa 837.17 7.721 0.886
E,,/GPa 4.21 0.437 0.262 Y/MPa 37.38 13.088 0.131
G,,/GPa 3.16 —0.941 0.054 Y/MPa 145 0.11 1.278
X/MPa 881.5 7.721 0.886 S/MPa 44.756 15.656 0.086
[ A5 ) T A B GFRP 6 Fib) i % 3k ( Start )
15 5 CEF A A/ 40 3. W DG A /1 4 2R 28 LA )
L JZ NIRRT 48 030 B A5 5 Ak, IF RE % 1 [ Give, material properties of GFRP___ |
GERP R AT VUMAT TR, el a0 | AT .
Ji7s o B, bt B rp o v ER R S, HERTRL
Aﬁﬁlé % Xk E=217 GPa, 1=0.3; %@ Eiﬁﬁ: Z IRl ;}% —>| Calculate, strains and strain rates |
ﬁi%ﬁﬁ S| ﬂﬂfﬁﬁ%i&ﬁﬁim, EXEF“:V/J ﬁé*ﬁ?% ﬁﬂ‘j 0.3, Calculate, material properties considering No

23 BRTIEERIEUE

il P A 1) 300 5 2% A Sy A i e B T R 3
i il A 9 0 A5 A R — St [ — i [ E O
I —222 5% . LA S-58-1.5-30 J D-58-2.0-
90-4.5 S ], Tl 25 7E 85 i A &k AE AP GFRPAY AR
i W7 284 K PN 30 45 11 B 4, T I A U0 TS 2 R
TR S0 . BRI 2L £F 2 Wi %4 )2 GFRP 2
P43 2 2 R i 3R, 3k 6 il PR R 23 sk AR S A A
B A BR T A 0Ly 3 mT LAAS B AR 47 0 45 B, &l 10
Fiis o b, S-58-1.5-30 & D-58-2.0-90-4.5 [ {}j E.
R AR Aoy 307 B8 il 26 % L An &) 11 B, ] A PR
TUREADL 285 S 55 120 25 R A 3k B R A 4 B B
WA RAF, AR ST R AR R 4 BT B 5 T Sl

SDV14
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Fig. 9 Computational algorithm of the VUMAT subroutine
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Fig. 10 Comparison between simulation and measured damage modes
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Fig. 11 Compared load-displacement curves between simulation and low-velocity impact test
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Table 8 Design of simulated specimens

Specimen  D/mm t/mm [0/(%)], t/mm L/mm Displacement/mm Loading speed/(m's™)
A-1 58.0 2.0 [90], 2.0 100 20.0 Quasi-static
A-2 58.0 2.0 [90], 2.0 100 20.0 2.0
A-3 58.0 2.0 [90], 2.0 100 20.0 4.0
A-4 58.0 2.0 [90], 2.0 100 20.0 6.0
A-5 58.0 2.0 [90]¢ 2.0 100 20.0 8.0
B-1 58.0 2.0 [90], 3.0 100 20.0 Quasi-static
B-2 58.0 2.0 [90], 3.0 100 20.0 2.0
B-3 58.0 2.0 [90], 3.0 100 20.0 4.0
B-4 58.0 2.0 [90], 3.0 100 20.0 6.0
B-5 58.0 2.0 [90]¢ 3.0 100 20.0 8.0
C-1 58.0 3.0 [90], 2.0 100 20.0 Quasi-static
C-2 58.0 3.0 [90]¢ 2.0 100 20.0 2.0
C-3 58.0 3.0 [90], 2.0 100 20.0 4.0
C-4 58.0 3.0 [90], 2.0 100 20.0 6.0
C-5 58.0 3.0 [90], 2.0 100 20.0 8.0

3300
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L 22000 ST
2
g
1100 -
0 1 1 1 O 1 1 1
5 10 15 20 5 10 15 20
Displacement/mm Displacement/mm
(a) Load-displacement curve (b) Energy-displacement curve
13 3K A-1~A-5 (4 H 45
Fig. 13 Simulated results of A-1-A-5
450 e 5500 A
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Fig. 14 Comparison of simulated result
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Strain Rate Effect of GFRP-Reinforced Circular Steel
Tube under Low-Velocity Impact

WU Qijian"?, ZHI Xudong'*

(1. Key Laboratory of Structures Dynamic Behavior and Control of the Ministry of Education,
Harbin Institute of Technology, Harbin 150090, China,
2. Key Laboratory of Smart Prevention and Mitigation of Civil Engineering Disasters of the Ministry of Industry and
Information Technology, Harbin Institute of Technology, Harbin 150090, China)

Abstract: This paper discussed the strain rate effect of glass fiber/epoxy resin composite (GFRP)-reinforced
Q235 circular steel tube under low-velocity impact load. Firstly, the responses (axial load and displacement)
of GFRP-reinforced steel tube under quasi-static and low-velocity impact load were obtained through axial
compression tests and low-velocity impact tests respectively, which provided gist for the subsequent
simulation. Secondly, a VUMAT subroutine considered initial failure modes, damage evolution and strain
rate effect of GFRP was introduced; then the axial compression and low-velocity impact processes were
simulated. Finally, the results under 4 situations (ignoring strain rate effect, considering the strain rate effect
of steel tube, considering the strain rate effect of GFRP and considering the strain rate effect of both steel
tube and GFRP) was compared using simulation.

Keywords: strain rate effect; steel tube; glass fiber/epoxy resin composite; low-velocity impact test; finite
element simulation
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