952 EEEI BT, R AR

XEHS :1006-9941(2024)09-0952-12
UHMWPEZ S M EN RN —MENBES T A IE
IER K L ESELERE

(L AMBEAFEEARTREER, LA AN 215011; 2. REA¥ BEZAHPHREFIRALF O, TH #FxX 211189)

B OE: NTESBES TR LY (ultra high molecular weight polyethylene fiber, UHMWPE) JZ & #4705 2 14 B0 (8 43
B (0 BB R B R, BT = AR SRR R B ST T UHMWPE Z S M 50 1 R Rk B T — Bl T T 47 4 52 & 6 R 2
G RBUEBIVERE A = 4E S RO S T T . 4 UHMWPE 26 AR S 4 003 30 85008 B0 1iE 255 20007 15 7% 18 1 4 4Rl )2 /0 BE XS )2 6 R
J1 2 VEBE G 5, AT DL B AL ADL I 2 5 AR B B P AR A B SRR AIE X 9.1~60.0 mim J5E JEE S 1R P 2 A R B T 1 68 ) O 38 T a5 2=
INT10%o 1% 15 48 4k RS () 20 S0 B(EARE 40 7 1 A1 Lb , TG 250 %t 2 Ak B R 366 IR B ol s 8 5 15 1 )23 L 1 o 4 R 850 P A 00 O v A L

TEAT A B 2T 4 /48 A5 Jr V2 )2 7 1, HLJEAUTE R )2 A A B 45 )2 5T .

KR : UHMWPE 254 AR 5 B8 (E AL 5 40 00 7 452
hHESES: T)5;TB332;0385

MERARET: A

DOI:10.11943/CJEM2024054

0 5 8§

2 4 3 3% 2R 4 W) (fiber reinforced polymer, FRP)
AR PR A, LR B LR o T o 5 A 5
R BT B T AR LR R A R AR
WU H R Ay T R LM £ 4 (ultra high molecular
weight polyethylene fiber, UHMWPE) 1E 4 & ¥ fig
FRP B BHB) — 28, 15 0k £ 4E | Bl 35 21 48 A1 05 40 21 4 A
Lo, B 0T E A A Ll SR B R Y LR
Ko B ik (g B v ity MR ReT, Ot L A R T AR YD 0 L
B 4o

FHATR UHMWPE JZ G A= Wk e i 4T 1
5% . Karthikeyan 2 IR I W58 T 0.75~5 mm J& &
10 Fl N UHMWPE J2 & B 78 BKOE 5 Bk A2 ) 7E 1T T 1 1
IR BB, e B B Ak 1 mim (9 )2 5 AR B A T B
BUR MW IRRRAE « 55— B Be hy £ 2 32 3y B0 L 5 — i Be

Yim B H#1: 2024-02-06; f&E HH: 2024-04-24

W) 2% H kRt B 83 : 2024-05-24

HE&WHE: KA RPAHES(52378488)

EEB N T (1998-), B M54, EENFE S MR
RNERIEWEFE . e-mail : zackery.w@foxmail.com

BEBEAN: K (1982-) 9 B8, WS, EENELS I L
FESEME ST . e-mail : li.chen@seu.edu.cn

h A 4R IR o Nguyen %50 s WL 82 5] T 25
%, JE 0 AN ) JE JE UHMWPE J2 4 3T B2 IF % F A 40
3 (fragment simulating projectile, FSP) 2 W #4171
YN B T2 A AR T A R R A 3. Cao 56
W 5% 7 AR SR TR RN T A AR X
UHMWPE JZ & M fT 2 8 M fe iy 52 i, & 3 10~80 °C
18 Tk B8 722 A X6 J2 B AR AR AU BB R I 5 /0N, AH 2 LR
iK% —20 °Cal ik 80 CHY, 2 A M 2343 il 2 3 i 2%
A A AL, 2 S 2 S AR SR IR RE PR T %
L B R AR 5 e ) )2 G b L M R T AT
K. Shen ZEOUMESE T FSP AR X UHMWPE )2 &
M 55T M BE 1 5 ), 25 52 B R A AR R A2 BRI IR
FSP {2 1) B & B Hh A (] 1 o 1o 4SS =X, 7 T 3 T
UHMW PE 47t 12 1) ¥E Big 4 B 19 3L 3 BH Jy o1 530 480 Y
Haris 252 50 Xt b T #4062 A 0 R $0 B E B
JZ AR L B OE S g 2 A AR SR B R g, & B AE AR
] 10 %% B2 N, R IR B HE S 2 A AR PR W PR e A
FHRIEE G .

ST R 5 AT AR A5 B EDUL AT 5 A9 4 4R 100 1 g
BE R A R X A 1 e i M SRR A T
UHMWPE JZ & #i Bl 47 ¥ 8 09 i — 25 I A& 0 H , e b
JE HCME J7 2 TR AL 32 39 8k B 22 19 06 1 . Segala
ST T UHMWPE J2 5 AR 2T 2 RUEE T 11 48 0 3

SIRAAST: EFE BRIy, WA HE, A UHMWPE J2 4 Wz BT 4249 1 fig i — Fh 45 OB 43 T 05 13 D). & B bR, 2024,32(9):952-963.
WANG Ze-kun, CHEN Li, CAO Ming-jin, et al. Equivalent Numerical Simulation Method for Penetration Resistance of UHMWPE Laminate[J]. Chinese Journal of

Energetic Materials( Hanneng Cailiao),2024,32(9):952-963.

Chinese Journal of Energetic Materials, Vol.32, No.9, 2024 (952-963)

Sttt

www.energetic-materials.org.cn



UHMWPE J2 & B Bt = 191 1 B #9 — il 55 200 80 Af o0 A7 5 Tk

953

BEAY W5 T 1 4 ORI SR AR AN ] b o 7 2R A9 240
B T LT AR 28 SR BT YT IR L S 2 4 /35 R IR 43
R RERENLE . Chocron 253004 B 1A B 1E 454 IF
5 20 e g B HES , BESL T AR RUBE TR B 40 X 4 i
T, AT LA e 0 9 ) R T R R R AR A TR i
B JEUHL , Wang 55406 27 2k i 16 A 4 20 55t AT
AT TR F 2 % UHMW PE 27 4 75 J5 119 5% 4% i
PEAT T, 3R 25 /N T 5% A b ik g UL E B 4Ly
VRV s (0 L e A A e A R K, X LA
TR E s % KA UHMWPE 2SR it %%
MRk — T )2 RE B UHMWPE J2 4 8 40 0
BB A 7 170y D B SO T = AR B i
AL, S T 2 A R e e 1 b iy 1 R )2 RO B(E T
SEREAY 3% 07 v WY DA A AST 022 G Al A B LR R L
BN BELJE F IR W AR B MRS O 2 HLRHE L)
BRI, R DR = R R R AT T R
TR ST RN R RRRE T R G R R
AT 5 100 A A8 78, 25 R 3R W2 AE AU X 22 5 B 1 3R O
ANV, 1 0358 22 B /N TF 10%, [a) FE i 4 53 8

Y; X

ZL 2 YLJ

- 2UD: [0°/90°]
(one period)

- . \
high temperature
90°

D7k pE CER[32-34 58 R o bak )2 RUBE B v 4
WL ES AR 4 75 43 2 BT BAREE & 1 242 A
FRE R BB, U HAE SRR K S FRP 25 4 W B (E T 5
MELAR HT o PR, S 1 45 4 2 6 ARBCIE B AL 1 1 35 0
TR Ak R 4R R R SRR W R K
UHMW PE 45 ¥ $0(E 1 5 7 oK, iR 35 & e —Fp i 5
RS M BRBE B T 1%

AW GE ST A S A R ORI T
UHMWPE J22 & #4000 53 J2 ) 27 B AL 1 25 30 ) 20 3R
KRB S BN SRR R KRBT —ME T
B A BRI ST =40 . DI AR AR 2 A
JE i R AR ) R L A R UE T SEORS B 1 ] B R IO
SEL, N FRP 258 PR AL B T 4R A T vk g

1 BEEWM=ZH#FEELTE

SR YES G RORLZ G ARAT el TR e IR T IR I 2
AYV-H B £T 4k 22) LUKS 2 B F R e HEZ R AR,
WE Ta froR , LI g v 2F 44 B 07 ) 2y x il 38 it
A7 T 05 A ST A AR bR B PR S B A b B (TR 20 )

high pressure

Zy)(Ze)

¥ x. Yo
g

laminate : [0°/90°]n

Xu

a. schematic diagram of layup angles and periodicity

angle-ply
Ty,

/ ESL

t,
t,
t,
t,
t,
t, t
t,
t,
t
t,

b. simplification process from angle-ply lamina to ESL

B 1 R IR )= A R SR AR A DR A R AR Y i RS T

Fig.1 Diagram of the simplification process from single-layer plate with different layup angles to equivalent single-layer plate
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Fig.2 Calculation process of equivalent method
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b. components and dimensions of 12.7 mm API
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Fig.3 Schematic illustration of UHMWPE laminates resisting
penetration of different projectiles
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Table 1
UHMWPE laminates with different ply orientation angles

Outcome of the 12.7 mm API penetration test on

No. t/ mm stacking angle vi/ms v /mesT E/) Oy

1200 [0/90], 729.5  659.8  2333.7 18.2%
2 20.0 [0/90/30/-60/60/-30], 712.0  656.8  1820.9 14.9%
3 20.0 [0/90/45/-45], 718.4  664.8  1786.8 14.4%
4 60.0 [0/90], 733.0 568.9  5148.8 39.8%
5 60.0 [0/90/30/-60/60/-30], 718.0 513.8  6062.0 48.8%
6  60.0 [0/90/45/-45], 722.7  549.9  5299.7 42.1%

Note: 1) tis laminate thickness, 2) v, is initial velocity, 3) v is residual ve-
locity, 4) E is energy absorbed by the laminate, 5) vy is kinetic energy

absorption ratio.
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UHMWPE P 2 #z }2 Cohesive % 4% )2 9 4 kL 2

N XK 2024 % F 324 # 9 (952-963)



956

EE B, R A %

BTN 2 R, 22k RS T IR 2L 1 Y LR 1
PR AAG S o, U2 R = 2 Hashin #5145k
B 07 Cohesive 2 25 )2 SR JH WO 1 45 3 2 4y

HENS2 0 12,7 mm AP F Johnson-Cook 7 #4 #5 #1 |
MRS ECP N E 3 FTR . T FSPAER M A b il AR
V2 AN = (= IR NI T S R N <R K 1

el A—
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a. 12.7 mm API b.
4 hHFEMRER
Fig.4 Diagrams of boundary condition
F£2 UHMWPE RSB EE S50
Table 2 Material properties of UHMWPE laminates™' ™"
E,/MPa  E,,/MPa E,,/ MPa Y1) Y13 Yoy G,/ MPa G,/ MPa
51100 51100 3620 0.001 0.18 0.499 192 2000
UHMWPE ESL ) >
G,,/MPa G, (=G, )/kI-m™? G, (=G, ) /k-m™ X(=X)/MPa Y(=Y)/MPa Z(=Z)/MPa S, /MPa $,(=S,,) /MPa
2000 26 26 1150 1150 1x10% 120 575
e E(=E)/MPa E_ |/ MPa N/ MPa S(=T) /MPa G, /k-m™ G, /kl-m™ Gy /kl-m™n
cohesive
450 904 5.35 7.85 0.15 0.15 0.15 2
Note: 1) E., Euv and E33 are the Young’s modulus in the principal directions, 2) YVias Yi3o and v,, are the Poisson’s ratios in the principal directions, 3) G, G,

G

pression, matrix tension, and matrix compression failure modes, respectively, 5) X;, X., Y;, Y, Z;, and Z_are strength for the longitudinal tension, longi-

and G,, are the shear modulus in the principal directions, 4) G, , G and G, are energies dissipated during damage for fiber tension, fiber com-

lec? T2tc?

tudinal compression, transverse tension, transverse compression, through-thickness tension, through-thickness compression, respectively, 6) S, S and

137
S,, are the shear strength in the principal directions,7) E , E_, and E, are the stiffness in the normal and the two local shear directions, 8) N, S, and T are the

strength in the normal and the two local shear directions,9) G, , G, and G, are the fracture energy in the three fracture modes, 7 is a material parameter.

#£3 12.7 mm API RIS 5 No 12.7 mm APHZI 20 mm 160 mm JE )2 &t i,
Table 3 Material properties of 12.7 mm API™ B R A VR BE G T R 2% 4 N 1.5%~4.6% Fil
section //)g~cm'3/AMPa fMPa N . 1.60/0~14.§%;2(? mm FSP{%T’QJ‘W‘ mm Al 20‘mm JE 2
APlcore 210000 0.32 7.8 1540 477 0.3 1.03 0.06 BRI g SR A I 9 I B 2% 93 00 Dy 3.3% ~
APl jacket 109000 0.22 7.92 300 275 0.15 1.03 0.0022 11.2% 1 2.3%~11.2%. BUEBLF H 52200 5.2%
APllead 16000 0.42 113 5.5 3.5 H16.6% , MK T 10% , WUk T S 2007 A W )2 5 4R
section & T /KT/K d d, d, d, d, 1R T 5 5 AR B 4% TR A AT SR M
API Core 1 1811 300 0.1 076 1.57 0.005 -0.84 [6i] IF 36 T T A 5] JEE BE UHMW PE J2 2 bR 50 - [
Note: 1) E‘is the Young's modulus, 2) 1/ is the Poisson’s ratios, 3')'p is the 142 FSP{%@J i Ay gﬁﬁfﬁ KES‘EE VSO’i_I»%:éE‘:%JI—L["%% 5.
e ey 3 A B om0 6 e 10 mm 1 20 mim FEJZ 4 4 20 mm FSP £V,
parameters for the Johnson-Cook plasticity model. M R 2250 59 =1.1% 1 10.9% ;9. 1Tmm #1120 mm J&
JZ AR 12.7 mm FSP DI, Vi, T 3% 22 7 51 O
3.2 THERREEAKREE

2.7% M1 19.5% . BMEITFHFHIR2E N 8.5%, ik T

RIS TA RS EBITCFARRFRE 4 07 51 UHMWPE J2 45 B 3 38 4% WLt 52 19 70

UHMWPE 2 & fUm B3R TP R A Rk 4 o Stk
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Fz 4 UHMWPE )2 G M 9 5% 4% HERE 7t 2%

Table 4 Outcome of the prediction on residual velocities of UHMWPE laminate

No. t/mm stacking angle bullet type v,/ m-s™ v,./m-sT v /mesT error/%
1 20.0 [0/90], 729.5 659.8 669.6 -1.5
2 20.0 [0/90/30/-60/60/-30] 712.0 656.8 686.9 -4.6
3 20.0 [0/90/45/-45] 718.4 664.8 690.6 -3.9
12.7 mm API
4 60.0 [0/90], 733.0 568.9 486.5 14.5
5 60.0 [0/90/30/—60/60/—30}n 718.0 513.8 541.2 -5.3
6 60.0 [0/90/45/—45},7 722.7 549.9 541.2 1.6
7 10.0 470.0 346.5 307.7 11.2
8 10.0 644.7 579.4 560.3 3.3
9 10.0 985.0 955.0 882.0 7.6
[0/90], 20 mm FSPL-14

10 20.0 676.0 451.0 501.5 -11.2
11 20.0 892.0 740.0 710.7 4.0
12 20.0 1054.0 865.0 845.5 2.3
Note: 1) v, is experimental residual velocity, 2) v,  is simulated residual velocity.
£5 X[0/90], UHMWPE JZ & B V., 3 J3E T 45 5 M
Table 5 Outcome of the prediction on V., velocities of l
[0/90], UHMWPE laminate \,{'\.\

A\

\
No. t/ mm bullet type Vsg.o/ mesh v /mesT! error / % -l ‘ i‘//’& ]
1 10.0 394.0 398.5 -1.1 |‘\'

20 mm FSP-'#
2 20.0 620.0 552.5 10.9
@ | o | ke f@
3 9.1 : 506.0 492.5 2.7
12.7 mm FSpto-14 . [14]

4 200 825.8 665.0 195 a. experimental result

Note: 1) V., is experimental ballistic limit, 2) V. is simulated ballistic

limit.

3.3 AEEFEOHEFERE

A W 9% £ B, UHMWPE J2 & WU7E 5t 2 1 3 72
2 R L AL B B BEVE AR Y IR AR AR A7
(RO RV RUIR7IR 37Ny R D =R Je o8 S A e By
AN N B A 5a iR . SR AR RO I AR
LM T 20 mm JE UHMWPE 25 MR 7E 12.7 mm FSP
LL650 m-s ZWE T AT i Rk 7 BUE 5 4
R Sc s . TERTIE I B B (0~45 ps) , i 442
AR A MG & R sp PR Cln e R BB R ), )2 G f
AN & A BRI A, 2 A R 43 )2 8 ARy B AE 3
W f BRI L A L B B v AR R R R
ElodprB 1 Fins. BB B (45~600 ps) , o
W EC A EY W TR R (E e B, 1t
i )23 5 i DR X 80 W e A Ay A ™ A 7 T AR K TR
SEMEIR N Sc s o W UL SR SRR AR LY
A s R o 7 5 45 R (& 5a) — 3. K64
th 7 FSP LU AN [a] 3 B2 52 440 )2 5 A IR 17 3 2 A2 1k A0
L, ZE R X AR AR S =2 W B 2 FSP LA
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25pus 70ps 1M0ps 220 ps

b. quasi-mesoscale simulation result™"

, » (e T
W [ :
T W \' §§
[ \

20s S0 tensile deformation

us 70ps 110 us

c. macroscopic equivalent algorithm

5 FSPRZM) 20 mm 24
Fig.5 FSP against 20 mm UHMWPE
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Fig.6 Velocity changes of FSP/API during impacting 20 mm
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Fig.7 Results of experiment and simulation of 12.7 mm API against 20 mm UHMWPE
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Equivalent Numerical Simulation Method for Penetration Resistance of UHMWPE Laminate

WANG Ze-kun'’, CHEN Li*, CAO Ming-jin’, TANG Bai-jian'

(1. School of Civil Engineering , Suzhou University of Science and Technology, Suzhou 215011 2. Engineering Research Center of Ministry of Education for
Explosion Safety Protection , Southeast University , Nanjing 211189, China)

Abstract: To enhance the modeling and computational efficiency of numerical simulations for penetration resistance in
ultra-high molecular weight polyethylene fiber (UHMWPE) laminates, an equivalent mechanical model of UHMWPE laminates
was established based on the theory of three-dimensional equivalent elastic constants, and a three-dimensional equivalent rapid
simulation method suitable for predicting the penetration resistance of fiber composite laminates was developed. As verified by
the UHMWPE laminates’ penetration test data, the equivalent method can accurately simulate and predict the staged penetration
characteristics of laminates by taking into account the influence of the fiber lay-up on the mechanical properties of the laminates,
and the average errors for the ballistic performance of 9.1-60.0 mm laminates are less than 10%. The method bypasses the need
for detailed modeling of fiber bundles and matrices, as required in mesoscopic scale numerical simulations, and eliminates the
necessity of specifying individual fiber/resin ply orientations and inserting numerous bonding elements, as in quasi-mesoscopic
scale simulations.
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