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Abstract: In order to investigate the penetration performance of tungsten fiber / metallic glass matrix (WF/MG) composite long
rods onto ceramic targets<as well as the deformation and failure characteristics of both the projectile and target materials, the
adaptive coupling algorithm\with finite element method and smoothed particle hydrodynamics (FE-SPH) was employed to
conduct related simulations integrated with related experiments, and comparative analysis was conducted between the ballistic
performances of tungstenalloy long rods impacting onto ceramic targets and those of WF/MG composite long rods onto steel
targets, and the corresponding similarities and differences in the deformation and failure features of long rods and targets were
discussed. Furthermore, the effects of several key factors, including impact velocity, rod nose shape, and mechanical properties
of ceramic materials, on the ballistic characteristics and damage evolution features of ceramic targets, were analyzed in detail,
and the corresponding mechanism for related ballistic behaviors was also discussed in depth. Related results demonstrates that
during the impact onto ceramic targets, severe dispersion of tungsten fibers occurs in the rod nose region, leading to that the ‘self-
sharpening’ performance like that in the penetration into a metallic target is difficult to occur, and thus the penetration capability
of WF/MG composite long rods is significantly lower than that of tungsten alloy long rods against ceramic targets. Impact
velocity, rod nose shape, and the strength of ceramic material all have significant influences on the dynamic response
characteristics of composite long rod and ceramic target. Increasing the impact velocity helps to suppress the dispersion of
tungsten fibers, thereby enhances the penetration capability of composite long rod; the flat-nosed long rod can induce broader
region of crack initiation and propagation within the ceramic target; due to the lower impact stress resulting from contact with
curved surfaces, the hemispherical-nosed long rod behaves the lowest penetrating capability; lower ceramic strength leads to
wider inner damage regions within the target, and then it induces significant increase in penetration depth of composite long rod.
Related research is beneficial to predicting and evaluating the penetration performance of WF/MG composite long rods against
high-strength brittle targets such as ceramic targets, and also to recognize the applicable scenarios for this new kind of long rod.
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Fig.1 Sketch of tungsten fiber / metallic glass matrix composite long rod impacti _‘o to ceramic targets
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Fig.2 2D finite element geometric f a composite long rod
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Tablel Parameters in_th: coupled thermo-mechanicalconstitutive model for Zr-based metallic glass [21-26]
- (i) A HfE
E GPa 96
v - 0.36
T, K 625
T, K 993
P kg/m? 6125
C, J(kgK) 400
JR T AREh HAR f s! 1x10"3
PR TR 0) 10-3m’ 25
Il 714 AR v’ 10°m? 20
B4R T K 300
WG B H AR %o 0.05
I SRR 1 p AR Se 0.065
JUATIAF a - 0.05
BT RE AG” eV AG™ ()
P BRIE np 3
7K S UK A A A.=0.05
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Table2 Johnson-Cook model parameters of tungsten alloy and 4340 steel [37-21-22:45]

g St o /(kg-m3) G /GPa v C, /(J-kgtk™) T./K T, /K o /s
54 17700 160 0.28 150 293 1723 1
4340 4 7830 77 0.29 477 300 1793 1

PR A /MPa B /MPa N C m D, D,
BEE 631 1258 0.092 0.014 1.00 3.00, 0
4340 4% 792 510 0.260 0.014 1.03 0.05 3.44

g D, D, D; Cn/(m'sil) S 7o [24
Whe 0 0 0 4029 12349 1.54 0
4340 4 2.12 0.002 0.61 4569 1449 2.17 0.46
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Zh p /(kg-m?) G /GPa A E c M N T /MPa
SiC 3215 193 0.96 0.35 0.009 1 0.65 750
B,C 3215 193 0.96 0.35 0.009 1 0.65 260
e SFMAX HEL /MPa PHEL /MPa B D, D, K /GPa  K,/GPa
SiC 0.11 11700 5130 1.0 0.48 0.48 220 0
B,C 0.11 19000 8710 1.0 0.48 0.48 220 0
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Fig.3 Development of deformation and failure in the projectile and target materials during the impact'oficomposite long rod
onto ceramic target at ¥, =1022m/s
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Fig.4 Development of deformation-and fdailure in the projectile and target materials during the impact of composite long rod
onto ceramic target at ¥, =1293m/s
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onto ceramic target at ¥, =500m/s
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Fig.8 Development ofideformation and failure in the projectile and target materials during the impact of composite long rod
onto ceramic target at 7, =1450m/s

ARG LR,/ BERT I AR B, 7E1446m/s Sl 564 T, @ 8Smm>88mmE & M AT 3 1] B 1) 27
50mm/530CrMaMOFNHE, L34 T 43 18 B (1250my/s) FH ) 4% 5K (44mm) Ak, He F B R K E T
TE R 2 T 4 8 DR S AR 1) v 58 (S 15 R 6 M R A 4 4 5 S MR LR B, TR 3 B D) SRR M il 75
HSLRAERZEABIT N R, SE&EMEMLL, EEAESNEERGRE, SRR L4
PN o PR R B 2t i TR A & SR B ., 3k Xk A P B AR HUR AR BB IR v, AT IS5 T
TP R R R IR S, SEOLERMA R BE KT & E T

FH IS UL, i 5 A e X 3k P B S AR TE e T P 2R IR i b i o 1 b B AR B AR
P LR, BIAM BRI TG R RN, S ECAR SN R 2 X 38 R R AR R T AR 22 T80 IR
g0(Z DL E8(c-d)) . IXATATFEAA N TSR R 55 AR F kDS, S8k KR S A A A S K
AEBTYIRI R, e MERSFL IR S B I R AR A . DRI Sk X 38R R AR AR A & @ B I H B 5 B
4.

DA P s AR A [ Tl T i o o) R R A P R A R B B ) ) AR A T i 26 51 9B . T



S (L U
Explosion and Shock Waves

2y, =500m/sif, RINTREIALYERF AT, BEIFRRIRALER TRy, =1300m/sif, 3
PR B GESEAR R IMRE, (HORAESCIUAT R, WA TR, BRI E DN 5mm;
Y, S 2 1450m/si, 8 o BTHADIR LR ZL MG, ()5 IR SRR 2T 4R 7 i, S8R
IR EESG AW ik, R B A P R AL IR WD RE J0 T B, S R ARMITR LRI B REAA TR E 1 —
oy MIAE Y, =1500mV/sH g B L T, AR WIEREE i LR AG 28 PR FFIL AN PRG540 g R 4 Rp 45
HA B IR EES -

16
—&— 500m/s
M —e—1300ms
= —a— 1450m/s
ERM ——1500ms
<
210
W
=]
g 8
£
«
E 6t
-F]
5
£ af
2 i & * s
0 - a - & - & - i - i
0 10 20 30 40 50

Time(ps)
K9 SEMPRHAT AL AN R 18 BE 2% T it ol Mg g MR v R AU R P2 A Al i 2

Fig.9 Variations of penetration depth corresponding to composité fong,rods impacting onto ceramic target at different impact

velotities

3.2 LK

Lundberg 45 [ 56 HOVRI T AT 7803430138 W, S She g4 o ) e B I R A2 T e it MR AU 3 A 1) i 7
T RME SR, R SRSTIR A S K SR TRE GBI 3R s AT AIE SR RUE XS AN R SR T A
BRI R LR BUE RN R B IR, SERTIRN 5 Ja SRR A AR AR B2 52 MU AR X /o 4 b
Frid, SEMRHCAT 30 f B RE AR WL R 2 2 B S AR SR SRR D) Ve e A & 5, JLa
L) AL A A < R REAR A G T B R S o DA B AR I 10 38 Sk T DO 52 AR AT 342 407 ) T L e
RERFAERIREM, RISk 1 Sk MR KL =R ST R LL 73 Ao =4 Sk 38U e 9 AH R 406 o B
HH N % ST AR B AR RS S 800 AW . A o i B2 B 1450my/s U, AN[R] S T8 344 HH 182 1)
FEEASTEAR IR I RE s T B 1048 12 s .

*® 4 TR EAMBKITHESE

Table4\Dimensions of composite long rods with different nose shapes
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Fig.10 Development of deformation and failure in the projectile and target materials during the impact of conical-nosed
composite long rod onto ceramic target at V', =1450m/s
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Fig.11 Development of deformation and failure in the projectile and target materials during the impact'ofiflat-nosed composite
long rod onto ceramic target at }, =1450m/s
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Fig.12 Development of deformation and failure in the projectile and target materials during the impact of hemispherical-nosed
composite long rod onto ceramic target at ¥, =1450m/s
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Fig.13 Variations of penetration depth corresponding to composite long rods with different nose shapes impacting onto ceramic
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Fig.14 Development of deformation and failure in the projectile and target materials during the impact of composite long rod
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