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Table 1 Target plate structure and experimental loading conditions

. . Actual impact
NO. Target Materials Layer thickness (mm) )
velocity (m/s)
1# B4C/6061Al B4C *12/6061Al1 *5 245.1
2# B,4C/7075Al B,C *12/7075A1 *5 249.6
3# B,4C/CF-T300 B,4C *12/ CF-T300 *5 247.8
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4# B,C/UHMWPE B4C *12/ UHMWPE *5 252.3
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Fig.3 Photographs of the recovered target plate and residual projectile
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Fig.4 Fracture surfaces of 3D reconstructed cones of boron carbide ceramic ¢ je/td’rget plates under different backplate conditions
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Table 2 Failure characteristics of cera s with different backplates

- hJ
easurement

Sample
Impact uncertainty Cone volume  Cone diameter
Target Materials . fracture con
velocity (m/s) max {3, - 3 } (mm?3) d (mm)
angle B, ()
&)
B4C/6061A1 245.1 3?.7 1.3 55942.11 95.10
B4C/7075A1 249. 83.8 2.1 41108.19 86.88
B,4C/CF-T300 247.8 73.8 2.4 37152.59 74.50
B,C/UHMWPE '4 85.1 1.9 21263.85 64.46

7

/-

B2 X HE T YA ““@*ﬂr (6061Al. 7075A1. CF-T300 Al UHMWPE) X #ALHlF %5 &

L e R T et 2@; TR R, PR AT, BRI 2 A
g O S MEAE TR LA . WA R HER B R E, RIS REIK

(SRR 522 KT R E S MR IR FEAR . o, BLC/6061A1 414 AR A
AR (559429 mm®) , HER ELARIA 95.10 mm, 2 HLA00 X3 58 g8k, Be I AT s BE 42 1l
3 I e (AR AR R RS2 . ML Z T, B4C/CE-T300 A1 B,C/UHMWPE 414 R4k A4 A4 AR AT B A%
/N, R UHMWPE 58 K BE TR = AR T 68 04 RO ) T M R s iy e, B fn s
TEFE/NFIXIRAN o MBEHEA KRG, AFEERMEHIEZIA AR, B2, EHRMEA M E T M
EAERARGVE R, IR THER I LIRS, XN R SR BT 1 AR REAR AR AL f 52 i DL R B0
RRADL I P E B At T B B J L AT AR AR AR A

2 HEE
2.1 HREFE




[ 7/ B R O
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

BN A AR 26 A BRACTI PR B R A B i i AT R, R T EZ i B 2sh 1124 IR e i
LS-DYNA 57 7 4 Hd Frfg PRoCH A . M ideh, il s pioR, $EAR FH3R1HZ 0.05mm
JEE58 PE, 12mm EEMEEM Smm JEEEBRZHR, FEZEN BC MR, B HIEEN
6061A1. 7075A1. CF-T300 f1 UHMWPE DUl #AREER E R Ss5eieh—8. WE=S
AR TE) R FH T TR f s, SR @A e sz b RS 1 B 1 Rt 38000 e 1) ek g 12 o T - T 42
filte NHERGIH R B HE R RSB AE SR, BN OTRSHESHIZE 0.1 mm AT, MRS R AR
182492 A~ IAFEAFTTH, FERRATM G RFEAR AN MG AT, S RRE D W E
TR, A BN 250 m/s.

Projectil

Crack arrester layer

NRB
i Backplate /=~

P 5 338 ey AR B A

Fig.5 Schematic diagram of the ballistie,impact simulation model
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Table 3 Projectile material model parameters

Materials ~ p/(g-cm®)  E(GPa) v AMPa)  B(MPa) n C, C,
CDX2steel 7.850 2523 0295 3544 5606 0.85 0012  0.086

6061 117075 4264 B AL 135K F Johnson-Cook A #) 5 e SR RSk iR, A KIFEAL
a:(A+Bg;X1+C1n£;§X1—T*) (3)
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Table 4 Metal backplate material model parameters

Materials ~ p/(gem®)  G/GPa  A(MPa) B(MPa) C M N Tr(K)
6061 Al 2704 26.69 256 113.8 0.002 135 042 877.6
7075 Al 2.81 27 568 327 0.014 1015 0.378 893

Materials T.(K) D, D, D; D, D; C(m/s) N
6061 Al 293 -0.77 1.45 -0.47 0 1.6 5240 1.4
7075 Al 293 0.059 0.246 0 0 0 5190 1.33
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Tab. 5 T300 Carbon Fiber Board Material Model Parameters

E1/GPa Eg/GPa Eg/GPa G[g/GPa G13/GP21 G23/GP3. Vi2 Vi3 V3
140 9.0 9.0 4.6 4.6 3.082 0.32 0.28 0.21
Xc/ Sxz/ Syz/
o/ (kgem?3)  Xr/MPa Yr/MPa  Yo/MPa  Syy/MPa
MPa MPa MPa
1750 1760 1100 51 130 70 60 60
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# 6 UHMWPE £ 4R # RHR R S 31 [25)
Tab. 6 UHMWPE fiber Board Material Model Parameters

E,\/GPa E,/GPa E;/GPa  G,/GPa G3/GPa  G,3/GPa Vis Vi3 Vo3
40.6 40.6 2.6 174 548 548 0.008 0.044 0.044
Sy/MPa S/GPa X /MPa Y;/GPa Y/GPa  S,;/MPa  S\;/MPa oltkg - m” 3]
900 0.5 3.6 3.6 3.0 900 900 1006
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Tab.7 Model parameters of boron carbide material

p/(kg*m-3) G/ GPa A B C M N gyls " tyad GPa
2510 462 0927 07 0005 085  0.67 1 0.26
04151 /GP P, /GPa F; K, K, K, D, D, 2
15.44 8.71 1 233 -593 2800 _ 0.001 0.5 0.8
2.2 1R IE

NYAEBUE AN IVERI T EENE,  He07 FOTH 545 R 0 pb aly SEI6 P PR AS 0 M e B A AR 5 T
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Tab. 8 Comparison of experimental and simulated results

Blackplate ) o ) )
Residual length of projectile(mm) Ceramic cone angle (°) Diameter of cone base (mm)

Materials

Experimental ~Simulated Error Experimental Simulated Error  Experimental, Simulated Error

6061A1 343 36.8 7.3% 76.7 80.1 4.4% 95: 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% 745 70.2 5.8%
UHMWPE 384 41.2 7.3% 85.1 84.5 0.7% 68.5 59.1 13.7%

(a)6061Al (b)7075Al

(¢)CF-T300 (dyUHWMPE
K 6 RS S0 4 Xt L

Fig.6 Comparison of simulated and experimental results
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(a)Contact pressure histories: projectile/target and ceramic target/back plate (b)Time history of backplate energy absorption

(c)Damage evolution history of the ceramic target
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Fig.7 Impact response of a boron carbide ceramic composite target with a 6061 aluminum alloy backplate

2.3.2 WHCGRAFRIRE

FEM R R SRR TURIIIERE o, A DGR S TR, TR M M B4 2 s S AL ) 5%
AR, WHOEE A mE GREE. NIEE. JPHHT) B B £ M B/ 1 A A I AR 3 5
S, R SRR 5 RO B B B SR AR AL 26, T R HE T RS 2R
P IRBRAR AR 235 . T EIRGREE . WIFERIB T =NERE, S5 & SeiR Bl 5 R R
WERIETF T o

Kl 8 XFEL T 6061 A1 7075 PR <51 SO ik A0 B g 2 52 SEARCRBARAT D9 ISR o T 7 B R
BESWHPUEAMFAE, H7075 BaEmREE (568 MPa) &1 6061 fifrd: (256 MPa) , &8
IR, ABAEVIIRI ZIIE AL BAR 5T B Ak iy 2, W BEHE B0 A SMHE A /N AR — 3, IR 11
TP ZI S AT N . 13 W B B R AR FA T B T W50 IR i P2 T L SR BBk 8T, T AR AR 28 1k
BICRE T B YUE T X BRI HE SR, T 6061 Ba4r, i IR RS B T 5 KA
JRFREEEAR T, XA T #R R RE B, SE 55 1 0k e RS R R PR A I A SR, T B T AR AL
SCHEASRTTARAT “Baka” o MILLZT, s IRGEEE R 7075 T ARCEHE PRATKBUT REF 4t 5 5 I 11
PESZHE, AR RE S AR TR AE TR, InR T P R SRR RSB AN B 8 T 77 AR I 1,
TEWHMIEIX [F] 7075 $06 G RECEEIEZ VIR & T 6061 faa &Pk B, RAEMME S EE RN
HMEA IR NEON T, {H 7075 556 e Ml % A BRI A2 ] B BN . X — Bl RAERE R o IC TS
A& W R EAIL, 7075 RIASTE /Nifa 7 SR 4E R iy [a], 8e OIS e & o5 EEALIR, RS A4 i
I RE I B 22 e b g M R DR DBl RE -5 B e A R W 2R 4| P 7075 AR BE B AR T 6061,
LA 9 R AR PR, B0 e BORRE o LR i ik o8 A 1 52 2 1R S el ) 3

11 ps

7075A1

==
" 7614

7075Al1

1 T300 5 N | PE

B8 g/ g e Ak e 2] 5 LA/ R s 22 AS [R]85 e Al P 2 3R #EAR PO B BERBR AT

Fig.8 Failure Behavior of Ceramics in Boron Carbide Ceramic Composite Backing Plates with Different Backplanes
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Fig.9 Correlation between energy absorption rate of backplate andwyield-strength
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Fig.10 Correlation between ceramic cone angle and elastic modulus

11



[/ B S S
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

95
90 B =84.7-0.0038 %700

85

80

75

70

65

60

Cone angle (° )

p, =15.4+1643Wr
55
[ )

50 ®  External cone angle (B )

45 - ® Inner cone angle (B,)

40 1 1 1 1 1 1
0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

Wr

P11 P e Ay S BT R AR G

Fig.11 Correlation between ceramic cone angle and wave impedance

FEIE AR AR, HARARE B 32T 1 M 8E PN A/MHE PR AR S\ U8 BE 7 3 3o R 4 % i
T2 B B AR T O S B AT O, AN 33 2 Tt — P s e B 1B — L], — 2 S ok
E TP RHER IR, IR 11 For (Wr 3T B B S M BEMRRR BT EUAED P i BTN 4k
HEH A HERI S TN, 2 RIRE 5 i BT A IR 154\ /B, =84.7 - 0.0038 * ¢ "7,
fy =15.4+164.30r o X TAMET S, Hy AR 2 AREE ) A DS FERNIEEAS, 652 7t
LT3 B R TR ZI RO o 4T B PH LI R T W gt ), R 20 ol N g 98 A i Ak e 26 S i
TE RS I 730 16 B B N B A% 4R IS5 T M BRI PR 2 AR g P . RIS, GBS AR N 0 e
AR, MEA BB RARRE ST, BE— PR RIS IR B AR TR, (A3 AMHE RO 1] 9
SRUE RG], AMEMEEIE R R, BHEPOHIT SR EONILER, N B0E S R EU 1R
Tt BE Pl REREACE MU RN, W0k BRI AR ERE ST, i R SR (1 SR 2 TR RN TR K
[, JEAEAMERSONE RIS e 0 i B HEA R AN o 3T AR UG, HR BT ORI
SCHERRE R 2 BIPPH BT R OB I E R (1 UHMWPE) £ I Ak S 56 O B ) 25 H 55
Wi BES AR R SC LA, A1 N RO B 2 A RUR I 2V R I 561 T RO TR BHRIBON RN, HE A ik
—BRN: TR BHSTEAR CAntR <. CFRP) W Beilad i 8 S Ay s, M B e fls fe 8
SR FRIRI MR 4%, 5 v T ED R ] B8 b OB [RIVE sl ox SRR ST AR [ 200R, 30 (2R S0y
PRI IR e, WA AR, gR b, WOHBTE R SN B R 5E, 51
A EE T 1 W ) ] o e BT BORARII BE R AN FUFE R, e D™ i 52 BR 5 A SESCHEAN A2 5
17 e 95 FELA7 U S A R W2 (R AR RO, et M 7 70 e 5 PA) B O A

3 45 ip

T O P 5256 5 LS-DYNA BB, KRG T 6061 H8E4 . 7075 4844 T300 AR
HERR % UHMWPE DU Ff i 750 35 Kb Rl ot B A 0 ) 2 A2 45 2 R o) s e R ML PRS2, A9 3 DA 32 3
gEip

1) P B 3 15 AR 28 A A% 338 R ARSI B — AMHE R &, T AR B I AN 5 N HE SR 2 R U R G0
(LR F SZBI,  ANAREAE s BT A AR SRR AT 9 BOIhRE, B SR 1) A S e A N IR R o0 A AT, PRI
B RIERN AT, AL phils fo W B Bk TP B RE AL i T 7y, 8 AR AR BB AR I 5 A
QGNP

12



[T S/ S
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

2) TR Jt A 5 PR X e AT R AL e Ay BETE W S5, (HL 2 R P R R R AR
REEDHC, oRfEEAR (7075AD RO SRRIVESCEE, MR RRR, MRREZFI (6061AD il
IEEPEAR T IRNCTE 2 e, ELHI S5 1 P e e Y S

3) TR A R R R HE A R ORBE DR B, ELRT AN P S AT S AR LA, A ST T
PR BN R 2 MR, AVHEAU AR EUE R, KRR (UHMWPE) [KIBE A &%,
BRI RS, SBOMEMIE . MBS SRS (CFRP. fade) BEf Bdmi e,
BRI LA, fRAESMEMIRN . HEMIE K.

4) TR H pTIE L 42 SN 1 0 S S, SRR R R R AR, P A E R
UL LRI R, SMEM 2308/, RSB PT 2 BORRIEE AR, IR S e 52 IR
SWHESHEA AL WLy AE SR AL i KB AR RN, (e AMETE 7037 i 5 P BB U A

S22 3CRK

(1] AFEIR IR, &0 1L, 55 PHE AP B B &5 W AT FEIUR SR B (N B SRR,
2025,43(4):1915-1945.

DAIC Q,JIAO W C,JIN H Z,et al.Research status and development trend of Spliced ceramic composite
armor[J].Acta Materiae Compositae Sinica,2025,43(4):1915-1945,

[2] 752 RML XS, 5 R R TR WA R R S5 T FE AR (7] 3 A% 28 2% T RE 44K, 2018(1):157-
167.

SU L CYI C HLIU W Jet al.Research status_of lightweight anti-penetration materials and
structures[J].Journal of Ordnance Equipment Engineeting,2018(1):157-167.

[3] TSIROGIANNIS E C,DASKALAKIS E,VOGIATZIS'C,et al. Advanced composite armor protection
systems for military vehicles:Design methodelogy, ballistic testing, and comparison[J].Composites
Science and Technology,2024,251:110486.

[4] DOU L L, HE L L,YIN Y H.Ballistic prediction of ceramic armor backed by thin metal plate against
threats of small and medium-calibers[J].International Journal of Applied Ceramic Technology, 2024,
21(2):1273-1285.

[5] AMIRA H,SALAH M,TAREK B¥A et al. Numerical study of ballistic impact of hard bulletproof vests:
Effect of the multilayered,armors design[J].Polymer Composites,2023,44,(12):8496-8509.

[6] TR, E R AR, ARG AR B 2 S R W BORIT FU R SR [0 ARG AR R 5 TR,
2024,29(4):255-262.

ZHANG M ZZWANG\Z H,JI W.et al.Research progress of confined ceramic composite armor[J].
Materials Science’and\Engineering of Powder Metallurgy,2024, 29(4):255-262.

[71 YUAN JCMHUA J'Y,BIAN Y L,et al.Cone cracking and fragmentation of alumina plates under high-
speed penétration: Experiments and modeling[J].Engineering Fracture Mechanics,2025, 314:110733.

[8] CHAO Z L, WANG Z W JIANG L T,et al.Ballistic performance and mechanism of a novel multi-scale
bionic array gradient (SiCc+B4Cp)/Al armor[J].Transactions of Materials Research,2025,1(2):100022.

[97 YANG S L,LU L K,GAO Y,et al.Experimental and theoretical study of cone angle in alumina tiles
under ballistic impact[J].International Journal of Impact Engineering,2024,192:105025.

[10] SIMONS E C,WEERHEIIM J,TOUSSAINT G,et al. An experimental and numerical investigation of
sphere impact on alumina ceramic[J].International Journal of Impact Engineering,2020,145:103670.

[11] P AR 80, 2 R AR e/ e IR 2 W s LR FE (0] 52 41,2013,34(1):105-114.

HOU H L,ZHU X,LI W.Study on ballistic resistance mechanism of lightweight ceramic/metal
composite armor[J].Acta Armamentarii,2013,34(1):105-114.

13



[T S/ S
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

[12] 5, FRL 5 20 225 WM 2 B e R B MBI K R 55 4R,
2019,40(01):89-93.

GAO H,XIONG C,YIN J H,et al.Anti-penetration test and numerical simulation of multi-layer
heterogeneous ceramic composite target[J].Journal of Gun Launch & Control,2019,40(1):89-93.

[13] GAO H,XIONG C,YIN J H,et al.Dynamic response and anti-penetration performance of multi-layered
heterogeneous composite structure[J].Acta Materiae Compositae Sinica,2019,36(5):1284-1294.

[14] YUY L,WANG X D,WU Y D,et al.The impact of backplate support conditions on ceramic fracture and
energy absorption in the penetration resistance process of ceramic/metal composite armor[J].Ceramics
International,2024,50(7PA):10325-10339.

[15] B0 T, BRI, R 5, 55 A 4E 15 IR AS X BAC B & 56 5 R LR AR R 1R R sl [ D] U
H7,2023,43(09):181-193.

WUY D,WANG X D,YU Y L,et al.Effect of fiber backplate structure on anti-pénétration fragmentation
characteristics of B4C ceramic composite armor[J].Explosion and Shock Wawes,2023;43(9):181-193.

[16] i SRR R, £ R ZR.12. 7mm ZE RS AY) 603 & FHANAT BT 75 [J]. SE St kbRl 5 TR,
2023,46(4):8-14.

LU W C, CHU Q G,WANG X D.Study on penetration behavior of;12.7ram,armor-piercing incendiary
projectile into 603 armor steel[J]. Ordnance Material Science and“Engiheering,2023,46(4):8-14.

[17] 5K RE A RS 55 TERCEE AR M B 2 & 2 W TR AT A e [ e bR 2 5 T
1£,2022,45(04):24-29.

ZHANG T X,YU Y LJIANG Z X,et al.Study on anti-penetration behavior of alumina ceramic
composite armor with thin plates[J].Ordnance Matérial’'Science and Engineering,2022,45(4):24-29.

[18] Bli SR B0 — T, AR %7, 55 AN A JE R U R SiC B e 4T AR oo lig ik A2 5 Ak RE 0 475 2R 80 8%
Hprsrkge)]. 2 &M RH41k,2025,42(2): 14251139
LU W C,WU Y D,YU Y L,et al. Damage™failure and ballistic performance of SiC ceramic-fiber
reinforced resin matrix composite armor with/different thickness ratios[J].Acta Materiae Compositae
Sinica,2025,42(2):1125-1139.

[19] RKTE, BB, mOGK A e RN R & B S BE AT ST )], T O 2R (B )
,2025,38(01):54 -62.

ZHAO Y Q,YU Y L,GAO G(F,et al. Numerical simulation of ultra-high strength steel projectile
penetrating ceramic composite target[J]. Journal of Ningbo University (Natural Science & Engineering
Edition),2025,38(1):54-62/

[20] s T, mot R, RIRAR A FH T BAC Wy &/fn & & M S G EERGURAAT AR FE[I]. 7 m B
KEF 2R ,2023,47(4):503-513.

WU Y D,GA® G FWANG X D.Study on anti-penetration behavior of B4C ceramic/aluminum alloy
lightweight<composite targets at different velocities[J].Journal of Nanjing University of Science and
Technology$2023,47(4):503-513.

[21] ZHANG D N,SHANGGUAN Q Q,XIE C J,et al.A modified Johnson—Cook model of dynamic tensile
behaviors for 7075-T6 aluminum alloy[J].Journal of Alloys and Compounds,2015,619:186-194.

[22] HASHIN Z,ROTEM A.A fatigue failure criterion for fiber reinforced materials[J].Journal of Composite
Materials,1973,7(4):448-464.

[23] CHANG K Y,LIU S,CHANG F K.Damage tolerance of laminatedcomposites containing an open hole
and subjected to tensile loadings[J].Journal of Composite Materials,1991,25(3):274-301.

[24] LIU J H XU Y X,YI X B,et al.Experimental and numerical simulation study on Near-edge/On-edge
Low-Velocity impact and residual compressive strength of T300/69 laminates[J].Composite Structures,
2022,280:114887.

14



[T S/ S
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

[25] ZHANG X Z,WANG R T,HOU H D,et al. Numerical Simulation Analysis on Anti-Penetration
Characteristics of AVUHMWPE Composite Plates Against Tungsten Alloy Fragment[C].Journal of
Physics:Conference Series,2024,2891(16):162029.

[26] JOHNSON G R,HOLMQUIST T J.Response of boron carbide subjected to large strains, high strain
rates, and high pressures[J].Journal of Applied Physics,1999,85(12):8060-8073.

[27] A7 5, 20 M, A ) Fe B A BRAR IR BRI BUEL U J5vEWT T [J]. /1525741, 2014, 46(001):78-86.
WEI WJIANG Q H,ZHOU C B.Study on numerical manifold method based on finite deformation
theory [J].Chinese Journal of Theoretical and Applied Mechanics,2014,46(1):78-86.

Formation Mechanism of Ceramic Cones in Boron Carbide Ceramic Composite

Targets with Different Backing Plates under High-Velocity Impact

WANG Xinde'?, LI Mingshu'2, WANG Renjie!?, WANG Yonggang'?, JIANG
Zhaoxiu 1-?*
(1. School of Mechanical Engineering and Mechanics, Ningbo UniversityXNingbo 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 (6061 aluminum
alloy, 7075 aluminum alloy, T300 carbon fiber /beard,)and ultra-high molecular weight polyethylene
(UHMWPE)) were selected. A combination of/ballistic impact tests using a one-stage light gas gun and
numerical simulations using LS-DYNA was employed to systematically study the evolutive 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 thfough 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 waye, reflection/transmission, resulting in a linear increase in the inner cone angle and an
exponential decrease.in the otter cone angle with increasing impedance.

Keywords: ceramie cofepboron carbide; ceramic composite armor; high-velocity impact
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