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Abstract: To investigate the influence of density of jacket materials on the penetration performance
of tungsten fibre/Zr-based bulk metallic glass ( WFE/Zr-MG) rod, three typical materials with the
same strength but different densities are adopted in this study, namely 2024 Al, Q235 steel, and
HMn55-3-1Cu, as the jacket for composite-structured rod projectiles. Through ballistic experiments
and simulation , the failure modes and penetration performance differences of the three types of rod
projectiles when penetrating C45 steel targe plates were analyzed. The results show that due to the
relatively low melting point,the 2024 Al jacket material is mostly eroded and vaporized during the
penetration process, leading to a “separate erosion” failure mode of the composite penetrator. In this
process, the cladding fails to provide radial constraint to the tungsten fibre bundle. Due to the rela-

tively light weight of 2024 A1, the penetration velocity retention capability of the composite structure
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rod is weak,and the penetration depth is only 0. 86 times and 0. 98 times that of the Q235 steel-
jacketed and HMn55-3-1Cu-jacketed rod,respectively. Both the Q235 steel-jacketed and HMn55-3-
1Cu-jacketed rods exhibit a “Co-erosion” failure mode during penetration. However, due to its

higher density, HMn55-3-1Cu intensifies the radial flow of the rod material during the erosion

process, and the average diameter of its crater is 1. 04 times that of the Q235 steel-jacketed rod. It

increases the penetration resistance and reduces its penetration capability to 0. 88 times that of the

Q235 steel jacketed penetrator. This study confirms that rational selection of jacket materials can

significantly enhance the penetration performance of WE/Zr-MG. The conclusions in this study can

provide theoretical support for the structural design and optimization of armor-piercing penetrators

made of jacketed WF/Zr-MG.
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Fig.1 Composite structured rod projectile for experiment
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Fig.4 Penetration test results of composite structural rods with three typical sheath materials
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Table 1 Experimental parameters

I S . BRI/
L DEME ST/ AWSe U
G (m-s™")
1-1 26.3 70.5 1634.6

2024 Al
1- 26.2 70.4 1733.2
2- 33.7 75.1 1730.2
Q235
22 33.8 75.0 1887.0
3- 34.6 78.8 1679.2
HMn55-3-1Cu
32 34.8 79.0 1769.0
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Fig.3 Flight and targeting attitudes of composite

structured rod projectile at different times
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Table 2 Penetration power data
R = MR FHEE/ (m-s™h)  BZUEE/mm ST EAZ/mm (E3UIE & SEYERBTE AR /mm
1-1 1634.6 46. 34 15.29 1. 40
2024 A1 14.20
12 1733.2 45.57 13. 10 1.38
2-1 1730.2 51.50 18. 10 1.56
22 Q235 i 1887.0 54.24 17.12 1.64 17.61
3-1 1679.2 46.28 18. 58 1. 40
32 HMn35-3-1Cu 1769.0 47.10 18. 36 1.42 18.47
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Fig.5 The penetration efficiencies of composite structural

rods with three sheath materials
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Table 3 Simulation parameters for WFs and Zr-MG

Fk p/(grem™3) E/GPa v oy ,/MPa £y/% o,/MPa
g 113) 19.22 390 0.28 1687 1.3 2 002
FEREAR A4 6. 68 96 0.36 1 000
4 2024A1,Q235 50, HMn55-3-1Cu F1 C45 $SRITE S
Table 4 Simulation parameters for 2024Al1, Q235 steel, HMn55-3-1Cu and C45 steel
o p/(g-em™?) A/MPa B/MPa n c m
2024 A1) 2.70 240 426 0.34 0.015 0 1.000
Q235 Lo 7.85 235 46 0.36 0.039 2 0.757
HMn55-3-1Cu!"”] 8.50 240 275 0.42 0.009 0 1.090
C45 4piis-19] 7.85 496 320 0.28 0. 064 0 1. 060
ket D, D, D, D, D
2024 A1) 1 0 0 0 0
Q235 ftie] 43. 408 44. 608 -0.016 0.0145 0. 046
HMn55-3-1Cu!!”] 1.6 0 0 0 0
C45 4piis-19] 0.1 0.76 1.57 0. 005 -0. 84
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Fig.7 Penetration process of three types of composite structural rods
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Table 5 Comparison between simulation results and experimental results

S g P : YT H 4%/ mm _ _ (E3UIE & _
IR E 5 ELAE w2/ % R TA(E] 15 EL{H RE/ %
12 2024 Al 13. 10 13. 89 6.03 1.38 1.33 3.60
22 Q235 17.12 18. 10 5.72 1. 64 1. 65 0. 60
32 HMn55-3-1Cu 18. 36 18.90 2.94 1.42 1.46 2.81
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Fig.8 The velocity reduction of each part of three types of composite structural rods



% 4 3

JA . AR E RRAZ R A R h 95

O R AR B AR AE 1 — 3B 43 37 2 R B B s
B8, RS 5 R R RBIER . 7 L
R P ERZ R IER, FILZE30 ps)E
PR AN T T R, X ESE TR E A4
PR IS FE AR A o A v Y B IR AR Ry < A3 A k™
WA 8 (b) MK 8 (c) KB, TEf= Wl #E T, Q235
H4F1 HMn55-3-1Cu P 728 5 8 22 42 50 R
R PR S AR — 0, FLI I R 2500 R K
A RSO 5 0 A5 R TN FE R ) A AR v
TP RL 5 1 22 SR e DL Se Rl R o Oy Ak
AR, BAEZ R 7 2 N IR 2 B
02 A 48 ) LS T R R R T Bt O, A 2
SRR AEADE PRSTS84
A UM A RE (1 5 i) = AR I AE A=A 2o A
PSRRI AR BN, SRR B K Bk
RS A AR A A58 1) 3 B A 2 BVAE A A A
RS RS B ST 3 AR K LR Y
RN/

R SCHR [ 20 ] FIBIFFR 45 SR % SC il AR 2Ry
“ I [E 4200 # Q235 N A HMnS5-3-1Cu FFp 2
AR BIPERE T 00T, R AR (R
013k o R it i 1 1 R O DR R R AR
AR A LS X RO T Al ) ) A )

E, =FH=%nd§pH (1)

K E, R e AR BT A 2 s F oA s 2 5
R T Z B0 71 H R MIREE ; d, Wsibt B AR p
AR A A R R S T Ak B T, I B A A
SRBRAT AL, p A P02 O A G, A
SCHA A AL AR (4 p R e A

S TE (R A 3 AR HP AL B ) 46 B0 B 4 A
Shy SRLATC PR 1] 4 JRe B O 1 S A T T ) B =, 2 T
R MEE, LR 2-1 FHkE 32 K, i
RO AH T, PR R BR Sh B AL T TR — K, i
U5 B SR 45 Rl A, 7e < R i B LT,
BRI S I AR R A G, BB
K T LIE G S AR, K R A 25
LS AR EE FAH SR A S (1) it
HMn55-3-1Cu 43U TE R L R v = I BH )
g Q235 AN 1. 02 £, %45 S I B
BRSNS T 52 AR A BE g 5 I A G . BT B AR
K, SR FE R Z (R R, P8R A 4G
FA LTS A 1R 3 RE T FE T 10 3, IR SR I R4
PERE T B, MREREAFERHLEIRE , #LS R #
HRE S TR ) (BRI ) MAE RO ™ B T T

DN CGEIEHE () 1 RERE o EE /), R
REREZ 222, iy Lo b al 0, AR SCHFFE Y &2
BHS LRI Q235 WA E IR G A LS Y
RAITERERA o

3 Fig

ARSI 5 BUE 07 FXT AT T 2024A1
Q235 #Y A1 HMn55-3-1Cu = Ff #1 7 [a] 55 J& A [A]
R A SR IR 22 R SR fE
P4 A EIn R 45,

1)2024 Al $7 25 PR i B 5% B S0 i BAIG, 7#E
R B A L TRk, e TR 22 AR AR
PR S P B IRAR h < B AR | FL AT
BN Q235 95 HMn55-3-1Cu &7y
0. 8 151 0. 76 %) , (R MR F i (h Q235 M5
HMn55-3-1Cu $ 559 0. 86 75411 0. 98 %) .

2) Q235 415 HMn55-3-1Cu A s L« 4t
[ {2l A 2% AR B3R, {H ) HMInS5-3-1Cu % &
B IR T B A MR st B AR 2,
IR 1R Q235 AN &SI 1. 02 i, (R 1%
REHESS , BLEH LR B T EM R RS
LR IPERE S A OE

IVH A 5 A 22 A s DL R R R 1k
(7T R E BRI P B 250 A e iR T 2 4R R
USRI RE ; 402 5 R 2 2 U DL 43
20 7 R AEBEIRET 3P X 8 22 4L SR 1 =
WIPERE A S FHE .

4)FETEEEBIFAET, R Q235 M ER
AR IR A

S % UK ( References)

[1] Chen X W,Wei L M, LiJ C. Experimental research on the
long rod penetration of tungsten-fiber/Zr-based metallic glass
matrix composite into Q235 steel target [ J ]. International
Journal of Impact Engineering,2015,79:102 - 116.

[2] RIRSE, AR, R0, S5 B e/ 85 AR A2 B FRLS 93W
B A TSRS AR Y B AR [ T]. MR E 5 ik, 2024 44
(4) 111 -121.

Wu S G,Du C X,Zhou F,et al. Damage characteristic of tar-
get penetrated by WE/Zr-MG and 93W rods [ J ]. Explosion
and Shock Waves,2024 ,44 (4) :111 —121. (in Chinese)

[3] ZhouF,Du C X,Du Z H,et al. Penetration gain study of a
tungsten-fiber/Zr-based metallic glass matrix composite [ J].
Crystals,2022,12(2) :284.

[4] Zhou F,Du C X,Cheng C,et al. Penetration performance and
fragmentation mechanism behind target of tungsten fibre/zir-
conium-based bulk metallic glass matrix composite rod[ J ].
International Journal of Refractory Metals and Hard Materials,
2023,112.:106160.



96 kom o ® I XK ¥ ¥ R %45 %
[5] Hhopliss, Hobde, RIERE. 25 F05 B2 A 22 B X 49 22/ % [13] Terentyev D, Riesch J, Lebediev S, et al. Mechanical proper-
AR E AR SR RE R R [T ] B AT 4 @ A R ties of as-fabricated and 2 300 C annealed tungsten wire test-
5T ,2017,46(6) :1632 - 1637. ed up to 600 C[J]. International Journal of Refractory Metals

Du C X,Du Z H,Zhu Z W. Effect of impact velocity and di- and Hard Materials,2017,66:127 - 134.
ameter of tungsten fiber on penetration ability of W /Zr-based [14] Lu J,Ravichandran G,Johnson W L. Deformation behavior of
metallic glass composite penetrator [ J]. Rare Metal Materials the Zr,, , Tij; g Cuy, 5 Nijy Be,, 5 bulk metallic glass over a
and Engineering,2017,46(6) ;1632 —1637. (in Chinese) wide range of strain-rates and temperatures| J]. Acta Materia-

[6] DuCX,DuZH,Wang K H,et al. Effect of tungsten fiber di- lia,2003,51 (12) ;3429 —3443.
ameter on the dynamic compression properties of tungsten fi- [15] Wang X D, Yuan M N,Miao Y Z,et al. Stress wave propaga-
ber/Zr-based bulk metallic glasses matrix composite[ J]. In- tion characteristics and impact resistance of laminated compos-
ternational Journal of Impact Engineering,2022,164:104185. ites under impact loading[ J]. Mechanics of Advanced Materi-

(7] JEgE, 2= B R0, 5. 32 o 8 X 4 22 4 AU R 1Y) als and Structures,2024 ,31(8) :1822 - 1831.
PERBRISEMA [ J]. 52 T2441,2025,46 (7) :295 - 306. [16] BRRAN, BRIV, BREE 5. A3 S8k 3 45 SARIE AL
Zhou F,Li L G,Xing B N,et al. The influence of strength of KEBUE [ T]. B rhili ,2007,27(5) 390 -397.
jacket materials on the penetration performance of WF/Zr-MG Chen G,Chen X W,Chen Z F,et al. Simulations of A3 steel
rods[J]. Acta Armamentarii,2025,46 (7):295 - 306. (in Chi- blunt projectiles impacting 45 steel plates[ J ]. Explosion and
nese) Shock Waves,2007,27(5) :390 -397. (in Chinese)

[8] Zhou F,Cheng C,Xing B N, et al. Investigation on the influ- [17] Kim Y A,Kim Y,Park S H,et al. Empirical and numerical
ence of strength and density of jacket materials on the penetra- study on Roma Plastilina #1 ballistic clay under various drop
tion performance of jacketed rods[ J|. Mechanics of Advanced impact tests[ J |. Mechanics of Advanced Materials and Struc-
Materials and Structures,2025,32(7) :1534 —1548. tures,2023,30(18) :3699 —3709.

[9] #pkigE. Wi/Ze JLIE N E G BB 30 o 40 WA A L EE 22 [18] Cheng C,Fu Y Q,Du C X, et al. Oblique penetration law of
A% D). P AL B R B T K24, 2020. short-rod projectile into thin metal target [ J]. Mechanics of

[10] Zhou F,Du C X, Cheng C, et al. Penetration of a jacketed Advanced Materials and Structures, 2024, 31 (9 ) : 2029 -
tungsten fibre/Zr-based bulk metallic glass matrix composite 2040.
rod into semi-infinite targets[ J . International Journal of Im- [19] XuL Z,Gao G F,Wang X D, et al. A model to characterize
pact Engineering,2024 ;189 :104966. the lateral expansion of a cylinder containing a polymer filler

[11] Tang K,Wang J X, Song H P, et al. Investigation on the subjected to compression[ J|. Mechanics of Advanced Materi-
penetration of jacketed rods with striking velocities of 0.9 ~ als and Structures,2021,28(1) ;102 —109.

3.3 km/s into semi-infinite targets[ J]. Defence Technology, [20] Du C X,Wang P,Xing B N, et al. Deformation patterns of
2022,18(3) .476 —489. steel targets against long rod penetration [ J ]. Defence Tech-
[12] Wen H M,He Y,Lan B. A combined numerical and theoreti- nology ,2025,50.272 - 287.

cal study on the penetration of a jacketed rod into semi-infinite
targets[ J . International Journal of Impact Engineering 2011,
38(12) :1001 -1010.

ST S R



