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B,C/UHMWPE MR HEAT N %R, v, A5k 245.1 Fig. 1 Components of ceramic composite armor
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Fig. 2 Schematic diagram of the projectile-target penetration experimental setup
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FEEE) Geit, WAl 4(a) BT, B4 A 7 XM AR Ry e 2 I HEHE R

(a) B,C/6061AL, v;=245.1 m/s

(c) B,C/CF-T300, v;=247.8 m/s (d) B,C/UHMWPE, vozisz.s m/s
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Fig. 3 Photographs of the recovered target plate and residual projectile
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TR BT 114 W 28 00 35, TV s 1% Wi 8 A 50 B S5 8 BE N, ELAF A — 8 R B 51 M, (EUR [R]85 A A et 1
PR 5L B IR AN [R] B T2 S 4 1E . 853 Geomagic Design X 8K, #-A5 T 4R 1 L 250, 05 4E A B, .
RV, HEIR EAR d, et 45 R a3k 1 s, Forb, 40 HE A 0 & AN B .

(b) B,C/6061A1 (c) B,C/7075A1
(a) Scanned photo of the recovered sample (d) B,C/CF-T300 (e) B,C/UHMWPE

P4 AR AR E T B A Pl 25 5 BEAR F) = kS (A EE AL TR T
Fig. 4 Fracture surfaces of 3D reconstructed cones of boron carbide ceramic composite target plates
under different backplate conditions
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4 1 B,C/UHMWPE 4 & i HER R BRI B4R 10 2 e/, 3R W] UHMWPE 5 Az i 41 BELBC 70 &1 22 T2 fig 1 A &K
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Table 1 Failure characteristics of ceramic targets with different backplates

Target materials vo/(m's ™) B1/(°) 4/(%) v /mm’ d/mm
B,C/6061Al 245.1 76.7 1.3 55942.11 95.10
B,C/7075Al 249.6 83.8 2.1 41108.19 86.88

B,C/CF-T300 247.8 73.8 2.4 37152.59 74.50

B,C/UHMWPE 2523 85.1 1.9 21263.85 64.46

2 HEEM

2.1 RBIHE

SRS [R5 AR 45 1 B AL B B 2 5 R AR
P b AT o, T ARG BB 1= R T
4 LS-DYNA #7 | —4efixt FrAa BROCHIAL . 4 Projectile
5 Frs, ek g AR v, B AR 0.05 mm JEE
JZ 3 & i (polyethylene, PE) | 12 mm J& Fij & )2 il NRB
5 mm JEHFRJZ A, B & 2R B,C Mk TR
15 E A 6061A1, 7075A1, CF-T300 #1 UHMWPE
coirn, g ez vees T

AR 2 TR FH A OB 0. R SC B E - hadwlie
Dl S R - A 5 I LR R
Efﬂﬁjﬁ:’ B’j%%ﬁﬁ/ U@(Eﬁ@i’f‘i '3?}"}% Hi/J\$)ER Fig. 5 Schematic diagram of the ballistic
SPEHITE 0.1 mm A4y, WIAR BB 182492, 7RI
ST T, B AR A A X I 8 AR A% ) e in G 5 85 31 5 (non-reflecting boundary, NRB) , X Fréh (4 ] )
BB PR R, 5 np i MUEE v, IR 250 m/s.

TE A o P AR S50 v A S P A R R AR Ry B AR, S — Rl RSB L B AT
FRAOBE, FEHL AR BT T R MEPEBIR R IR o DRt 3 E 0 R I AR SR I, 32 2225 SR AR AR AT Dy, W i
7L SR BN R BE R AL, BV R FH B 5l Bl A A AR U oh i b ) i AT A i

o =A+Bg) )

K o AR ST, A, ARG T IR E , By 5 EE R B, &, 0 A RCBBIE AR, ny g IO A B AR 2R KK
SRR FH [ B 25 JR N ) =l BE 5 Lode A 280 £ Wi 2445 (5 AL 7 1), L35k 20y

g =3"7[C - (C, -1 -6H"] )

Ar: €. C, 2 Lode f 2805 I J1 =4l BEAHSC I BE R H KL, o W7 24N ) SO PE R AR o AR R 700 2
BB L3 21, o p R, E N BRMERLE, v TR LE

6061 Fl 7075 4534 42 15 Mo BHE 5 3957 ] Johnson-Cook A< #4456 7 il 4 S B iR . A 4078 119 3%

Crack arrester layer

impact simulation model

o =(A+Be)(1+Cing)(1-T") 3)

070109-4



9540 % FHEST T N [ AR A B 2 52 B ) P e AT L) 557

K o NSRBIV 15 A N JE R S8 B WA SR n MREALAREL & = & /&0 I — Ak B N AR
B, &, NAERIRVE R AR, 60 WS AR R, CRHNARRPIESE; T =T -T)/(Ta—T)HH—ILEE,
T, T, T/l A S EriRE . SR AE S m RIS 2. Johnson-Cook 2 R 7Y 1) 32 3K Xk

&= Dy + Dyexp(Dy)] 1+ DyIng,) (1+ DsT) (4)

A e WA, D, Dy, Dy Dy, DSBS HAN WRA B Grineisen 4R 747 2.
6061 Fl1 7075 FR 43 & HARZS T B S BONA M SN 35 30020 IR, Horp: G By DAoL, ¢ 1S, Ay it i
K g 28 B

F2 BEMHOED SR

Table 2 Material model parameters of the projectile!"!

Material o/(grem™) E/GPa v A,/MPa B,/MPa n, C, c,
CDX2 steel 7.850 252.3 0.295 3544 5606 0.85 0.012 0.086

R3 EREMMBERSHH

Table 3 Material model parameters of the metal backplate®*2'!

Materials pl(g-em™) G/GPa A/MPa B/MPa c m n T./K
6061Al 2.704 26.69 256 113.8 0.002 1.350 0.420 877.6
7075A1 2.810 27.00 568 327.0 0.014 1.015 0.378 893.0

Materials T/K D, D, D, D, D; c/(m-s™) S,
6061A1 293 —-0.770 1.450 —0.47 0 1.6 5240 1.40
7075A1 293 0.059 0.246 0 0 0 5190 1.33

ik 2T 24 J2= 6 AR EST T L T 5245 i) SR PEAR M 5 AR, 25 52 B U ol N, R S MR P9 A 2T A R 2 B
NEFAERLARWT L G0 )2 | FEIA TR 15t LIS 2 4l o () B4 B 2L o 450003 1 USRS T 10 3 48 348 () Hashin 45305
HEN 2, LA S £ 48 2 6 A Fs 6 3 ) T af, B ARk s Ui R

2 2
(%) +(;12) >1 (o, >0, fiber breakage) (5)
T xy
o =—Xc (011 <0, fiber compression) (6)
O ’ T2 ’ :
9z} =1 (0 >0, matrix crack) (7
YT Sx)‘
o Y 2 o 2 T 2
Y_2C2 [( 2527) _ 1} + (ZSZ) + (Slf) >1 (02 < 0, matrix extrusion) (®)

KH: oy oy BTy, 53000 0 BOEREE 7 )2 G AR B 26 A 32 20 B9 9N 1) 1 R g L A 1] TE R 7 DL K BT U0 7,
Xov Xow Yoo Yo 3 SR EFdefihinm B | 7 debo oo B | FRARBT o B DL R SRR BT 3 L, S, RIS, 43 51 R
JZ A5 BB T PN BY D) S R R B2 AR U T AR A 1) A BT ISR EE . T300 B ZF 4k AR A A RS B 2 4 fip
A, T TRER 1.2 R 3 43 2R £F 4 J2 (0 21 A Sl e L AR 1) RN I TSR ] . UHMWPE £F 4 245 Ml
H 2 )2 4 318 5 Chang-Chang 20, ELAREIRY UL SCHE [24], #OCS BNk 52 iR, Hodr: S, Al
Se A3 M R R AR SR S PR AR SR B, S, N )2 A R TSN BT VIR B 5 S, RN S,y A 1) BY UIRR I, S S BY 1)
5
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F 4 T300 FRTHERMMRHRB S H
Table 4 Material model parameters of T300 carbon fiber board™!

E,/GPa E,/GPa E,/GPa G,,/GPa G,;/GPa G,,/GPa Vi, Vi3 Va3
140 9.0 9.0 4.6 4.6 3.082 0.32 0.28 0.21
pl(kg'm™) X;/MPa X /MPa Y:/MPa Y./MPa S, /MPa S./MPa S, /MPa
1750 1760 1100 51 130 70 60 60

#* 5 UHMWPE S 4R M+ R B 2 5 2
Table 5 Material model parameters of UHMWPE fiber board™!

E,/GPa E,/GPa E,/GPa G,,/GPa G,;/GPa G,,/GPa Vi2 Vi3 Va3
40.6 40.6 2.6 174 548 548 0.008 0.044 0.044
Sy/MPa S./MPa X:/MPa Y;/GPa Y./GPa S,/ MPa S,/ MPa p/(kgm™)
900 0.5 3.6 3.6 3.0 900 900 1006

PR oR ) TH-2 APRIAS K J7 B, 2007 B2 2 2R AR 98 8 | R S Z A SC & ol E S DL
T, P B b R AR T IR iR 38 IR P Rl R A SRR R AR, I 24 P R A AR IR I, T A S iR R B A £ 2R
PRI e BERT B, B B Bk 0 iR B8, 455 TG40 O A R iR B R 58 B A RL SR B 2 b AR 451 43 Y A2
A, T LLHE & 4500 B & A S5 3800 T o ol

o =0l -D(o] —07) )

s o 9 H — A TE 5 ROk B S5 S0 B 5 oy O UE — Al 58 A A5 00 4 RE Y SR RGR ;D O 0 o,
0<D<1,

I — A 45453 4 6k (D=0) B 45 200 38 B ] R

ol =A(p +)Y(1+CiIng") (10)
T — Ak 58 B0 b4 RE(D=1) B 2530058 B2 il R Ky
o;=Bp™(1+Cilng) (11)
AR5 A 7 AT 3R Sy
D=3 Az,/s] (12)
Hrp
& =Dy(p"+1)™ (13)

4,0 B, Co M N HFERVEEL D,y Dy, A H G pr #5350 A — AR i K T g A — fl de KA

fRERKIETT, P =p/puers " =ta/ Prir s T, toa AT KPP ER KT T, prec A Mises N o Hugoniot i

PE FR (Hugoniot elastic limit, HEL) oy 75 2§ K 5 15 ¢ A — AL SRR AL 35 el KT p T B4

Oy 3BPERL AR, Ag, Ry B — ARG R ER P Y SR RO PN S, Hop = K+ Kop® + Kap?, b, K O PR FRAR &,

Ky Ky SR 250, o RIS o Bl AT P e bR S B AN 2 601 Bz, ey, BoAy 3P RE 1 43
xR 6 BRULMPRHRE S H

Table 6 Model parameters of boron carbide material>®!

pl(kg-m) G/GPa 4, B, C M N & /s fma/GPa
2510 462 0.927 0.7 0.005 0.85 0.67 1 0.26

oyeL/GPa pueL/GPa B K, K, K; D, Dy, F,
15.44 8.71 1 233 -593 2800 0.001 0.5 0.8
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P A MK R RE R L], FoA Wi 088, R R Fo>0, BIF LA 24 550 SRAY 38 Mk A8 K T35 (i, I B
I,
2.2 fEILEEIE

A B8 E B AP, v B T S, R O B 4l IR S A whs S0 3R AS Y P B A A SRR 15 TR 50
TR U S B TR o B 6 IR T 4 B[R] 75 A 2544 52 56 0] Az g Pl 48 Y A ) 1 -5 4 40 r 15 48
1358 BE S S AR AT HE o DAIEL 6 AT DL B W A, B SR A g b P T B R R RIRE S, A dE
LY AL | B Y 3 RS R LA B R DX A A YU L . TR TR 2 I A L S B v T A — 2L
P, B0UE T A BR oA T 78 i 52 B 4 o 25 W7 24 55 HE R 450 40 T AL O TR A Rtk . TRDESE, I T m s AA Y
FRA K, If SRS TR . AT UL, AR 3 (3 A e ok T 75 5 S R v 4 LA

B F

(a) 6061Al (b) 7075A1

(¢) CF-T300

(d) UHMWPE
Kl 6 B HIIEE R L

Fig. 6 Comparison of simulated and experimental results

Oy k20 R A BN JE, S5 I T 3 A SCBEJLATHRIE S R AT XS LE, (4G SRR AT K L, B
HES B, LI F R HE IS BLAR o, W LEAS R INEK 7 Fron o WNGETHRZERTE, 7 95 A 1K B M B DL 08 25 2 7
10% LA, BEARBON AR o (ELAHTE RO, B i e a0t O IR AT O, NHE I ELAR, 6061 4115 & 15 M Al
UHMWPE 5 #iz (9 5 56 55 #5025 SR B A0 i 22 500, W] RESZ 2 R s dloph R RS i AR A R 25 BT
BT BRI, BUE RS R SR B A A A B AR — B HoE RIRZEE RN, R BT P
A7 AT BROTASE B KA A 2 JORE A8 A vl 7 3 00 5 ey o AR 100 g e 52 5 RO AR PRy s A i i A, R T T
JR S L AT 5 2 H0TE

R7T LWESEMERAITEL

Table 7 Comparison of experimental and simulated results

Blackplate L B d
materials Exp./mm  Sim./mm  Error/% Exp./(°)  Sim./(°)  Error/% Exp/mm  Sim./mm  Error/%
6061A1 34.3 36.8 7.3 76.7 80.1 44 95.1 81.6 14.1
7075A1 31.6 332 5.1 83.8 76.1 9.2 86.9 77.2 11.1
CF-T300 32.7 34.8 6.4 73.8 68.5 7.2 74.5 70.2 5.8
UHMWPE 38.4 41.2 7.3 85.1 84.5 0.7 68.5 59.1 13.7
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23 RBUERS5TIE
231 HREAGI RITA

Wi 2 R A Sy LA AR AN e A vl e T A PR P R R X, A IR I 7 2 3 A% 3 S5 e i 0 T
A H (D AR, EL T R R B AR G DU et R TR R A% 3B AR T A, 38 1 T AR R A AR TP B I R S
Mo B, Ph 6061 555 4 b T AR sk Ab 0 B s A2 S M BC(E AR 45 SR Sk 49, AT 5 - AR 2 R v g 2
LY RAT N 5 P B A A T AR AR T AL AR . B 7 AR T L) 6061 FR A 4 N IS B AL T B 3 A
A M AE SRE e T B sh A N, AL E 3 A S A AR - B B TE S P - P B T R T A i £k
T MRt e W 43 B B TR] A A A R 2R, LA AN TR B 20 B e R R N SRR IR S i nT AR RS . BT
TE A SRR 55 P 2 A VAR AL 40 BT, 6061 453 4 1 AR 1A ik Ak B P 5 52 6 A A oo i 7 2o 8 v 22 B 00
B BRI, L B X T AR ) e A A R 2 AR R = R

70 18

9us| —o—Projectile- 34 us
60 1 ceramic < 15+
L —o— Ceramic- B
30 backplate S . 36us| 43 ps
40+ g 77 us
é 11 ps 2 BSmsl oy us
8 30r g 9l
S 2
= 20+ <
& of
10+ E
09 =3 _D.D—D—D—D’n/
h-o-o0-00
-10 . . 0 loo i . . . .
7 8 9 10 11 12 20 40 60 80 100 120
Time/ps Time/us
(a) Contact pressure histories: projectile-target and (b) Time history of backplate energy
ceramic target-back plate absorption rate

(c) Damage evolution history of the ceramic target

B 7 6061 FEE 4 /RAHIN P s 2 A WEAR A s i 17

Fig. 7 Impact response of a boron carbide ceramic composite target with a 6061 aluminum alloy backplate
WA 7 B, w0~ 15 ps), S2HE PR, By B N I UZ 2428000 46 HE B AL, 15 1R
RERCREBAR: Horb, 9 ps I, 7 5L- B 8 1 Mk 5 ) K BT, AR ik 46 7 55T R R T S AR T $ 501 B 65 T i
11 ps B, 5 A B ST A B e e A 23 2 S 385 - R A fh R B R 28, (EL S Al I B AR A T L E RS
WrBe. W& I RIHERS, HEIE R a0 35 R 8ey i, 78 36 ps I, SMEZLSC(HE M o B ) HRIA T AR K 1,
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TR HE AL 2 SRR A (HEA S By ) X, 5 AR BEROR A E BB Be . I, AME (S g
ARAT B0 P e ) S B0k TR B FE 30 TSRS, W AE 77 s B DU B 4 U058 2] Ry 4 (2 2 S4B 34 80) 4L
B E KT, 225 A S T AR B o, T AR ARG AR Y B B, B N AR A0 T AN TR AR B AR AR
F O R AT, ) X A ) 28 A A7 36 O AR AR B — S, T 3l ek S 5 N HE A 2 A B R R A
FHAZEE: AMHER) R P AT 5 10T B8, 5 a5 B2 M Ak o 28 1) 2 A5 A, AT T 0 ) 50 07 g W {5 o A I
WiE T A B KPR RE S AR o e g, dn AR AR MBSO, IR AR IR B AL PR, R HEAE A
TEAR B R TR R, 8 Ik R I 4 35 A0 0 o B A T T A, B S T AR R R Ak, SO SR S
PEWRE REAIE T 2610
232 BHREGHEN

T 3 52 A WO AR B DU AR ) ik A v, 35 WA SR 210 435 g S #5405 5 Wi o 48 e 24 5 T A G 6
SR ER . T ARGE A A JE v R | WIBE | D BEAT ) B34 ) 1 ) 0k A B e /8 B SR A A 4 55 R
[vi] B3 38 [ B 0 28 T 5 2 30000 A W 28 I 1 30 B 2% e, DT e T 4 80 i e 4467 L 9 R B A% LA K
LA o R DR IG5 EE | WA B BT 3 AN, 45 A S 00 KUaE 5 AR L 235 R J 43

8 XF L T 6061 Fl1 7075 2 R AR A 4 5 M X e 16 0 B s 52 45 M AR BN SR A7 R B9S2 ) o W 38 1) L Pk A
5 BT A AR, {H 7075 4544 00 JE AR B (568 MPa) i T 6061 #3454 (256 MPa) . [ 8 R, A
WAEWI AR B 21, 340 J2 78 3L A 55 5 M 422 fk BT 200, Wi 8 A 1) 9 1 A AR — B8, TE AN 11 ps B 20 A 240 i
1720, 2% B B S HE AR 0 T8 185 75 AR IR sik B8 T B 12 0G| o RO, I AR I P VB M AR R B ) LR Y T
W % 2 ) SRR o X T 6061 5G4, o IR 98 BE AR, 72 vh il F 5 & R SR T, AU T
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Formation Mechanism of Ceramic Cones in Boron Carbide Ceramic Composite
Targets with Different Backplates under High-Velocity Impact

WANG Xinde'?, LI Mingshu'*, WANG Renjie'*, WANG Yonggang'?, JIANG Zhaoxiu'?

(1. School of Mechanics and Engineering Science, Ningbo University, Ningbo 315211, Zhejiang, China;
2. MOE Key Laboratory of Impact and Safety Engineering, Ningbo University, Ningbo 315211, Zhejiang, China)

Abstract: To investigate the influence of backplate mechanical properties on the formation mechanism of
ceramic cones in boron carbide ceramic composite armor, four typical backplate materials, including 6061
aluminum alloy, 7075 aluminum alloy, T300 carbon fiber board, and ultra-high molecular weight
polyethylene (UHMWPE) were selected. A combination of ballistic impact experiments conducted via a one-
stage light gas gun and numerical simulations performed with LS-DYNA was adopted to systematically
study the effects of backplate yield strength, stiffness, and wave impedance on the morphology and evolution
of ceramic cones. The results indicate that: the load transfer from the ceramic cone to the backplate is not
solely dependent on a single outer cone but is achieved through the synergistic action of multiple cracks,
including the outer and inner cones; the yield strength of the backplate has no significant effect on the crack
propagation of the main cone; regarding stiffness, the outer cone angle decreases linearly with increasing
elastic modulus, while the inner cone angle increases exponentially; wave impedance alters the internal stress
field of the ceramic by modulating stress wave reflection/transmission, resulting in a linear increase in the
inner cone angle and an exponential decrease in the outer cone angle with increasing impedance.

Keywords: ceramic cone; boron carbide; ceramic composite armor; high-velocity impact; penetration
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