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Abstract: In order to compare the similarities and differences among the self-sharpening behavior as well as the
corresponding ballistic performance of tungsten fiber/metallic glass matrix (WF/MG) composite long rod projectile with

different fiber diameters, the deformation and failure characteristics of various WF/MG composite long rod projectile were
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investigated systematically integrated with related penetration test results and mesoscopic finite element (FE) simulation
analysis. The two-dimensional (2D) and three-dimensional (3D) meso-scale FE geometric models of WF/MG composite long
rod projectile were established according to the actual distribution characteristics of metallic glass matrix and tungsten fibers.
A coupled ‘thermo-mechanical-free volume’ constitutive model was applied to characterize the high shear sensitivity as well
as high strength of metallic glass matrix. Moreover, the transformation of deformation and failure modes of projectiles under
different impact velocities was analyzed in detail. Related analysis demonstrated that due to the differences in the mechanical
properties among the tungsten fibers with different diameters, i.e., bending resistance and shear resistance, etc., the
corresponding composite long rod projectile exhibit different failure characteristics during the penetration process, which
further affects their penetration/perforation performance. The impact velocity also plays an important role on the deformation
and failure modes of composite long rod projectile and the corresponding penetration/perforation performance. When the
impact velocity is relatively low, the fibers in the nose of composite rod projectile exhibits unstable buckling phenomenon and
gradually disperse during the penetration process, which makes the projectile nose blunt at a certain extent. This induces
the increase in the penetration resistance and decrease in the penetration performance. As the impact velocity increases, small-
diameter fibers reflux along the nose periphery while large-diameter fibers fail in shear. The large-diameter fiber further
strengthens the self-sharpening behavior as well as the penetration performance of projectile. When the impact velocity
and fiber diameter reach a certain upper threshold values, the thickness of ‘edge layer’ in the rod nose is sharply reduced, and
thus the self-sharpening performance is weakened, and the penetration capability of projectile is decayed again. Related
research is beneficial to predicting the penetration/perforation performance of WF/MG composite long rod projectiles with
different fiber diameters under different impact velocities, and optimizing the structural design of projectile as well as the
impact velocity, etc.

Keywords: tungsten fiber/metallic glass composite long rod; penetration/perforation; self-sharpening; fiber diameter; failure

mode; finite element simulation
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Fig. 1 Initial composite long rod™”
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(b) d=0.5 mm, WF rod (¢) d=0.7 mm, WF rod (d) d=1.0 mm, WF rod

K2 WE/MG & A BPEHCAT SR E SEM [/
Fig. 2 SEM images of cross-section of WF/MG composite long rod
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Composite rod

(a) d=0.3 mm, WF rod
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Fig. 3 Sketch of axial symmetrical finite element geometrical model
for composite long rod impacting on to steel target
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Fig. 4 2D finite element geometrical models of composite long rods
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L=54 mm

(a) Monolithic configuration

(b) d=0.3 mm, WF rod (¢) d=0.5 mm, WF rod (d) d=0.7 mm, WF rod (e) d=1.0 mm, WF rod
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Fig. 5 3D finite element geometrical models of composite long rods and

meshes in transverse cross sections
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Table 1 Parameters of constitutive model for Zr-based metallic glass*!
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Table 2 Constitutive model parameters for metallic materials ****!

Rk E/IGPa  pl(kg'm™) v T/K  TJ/K  ¢/Jkg K" &ols”! AMPa  B/MPa c m
9SWHS S 4 410 17900 028 300 1752 134 1 1650 450 0016  1.00
30CrMnMofH 200 7850 029 300 1793 477 1 1200 310 0014  1.03

R n D, D, D, D, D, c/(ms™) S, Yo a
9SWHS S 4 0.12 3.00 0 0 0 0 3850 1.44 1.58 0
30CrMnMofll  0.26 3.20 0 0 0 0 4578 1.38 1.67 047
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Table 3 Penetrating test and the corresponding
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2D simulation result

3D simulation result

Test result

(a) d=0.3 mm, WF rod, v,=1 560 m/s (b) d=0.5 mm, WF rod, v=1 435 m/s
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2D simulation result

Test result

(¢) d=0.7 mm, WF rod, v,=1 475 m/s (d) d=1.0 mm, WF rod, v;=1 480 m/s

K6 REMRSRARBIAHS LRI S

Fig. 6 Failure morphologies after penetration of composite rods into steel targets
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(a) d=0.3 mm, WF rod (b) d=0.5 mm, WF rod (¢) d=0.7 mm, WF rod (d) d=1.0 mm, WF rod
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Fig. 7 Residual composite projectiles with different fiber diameters after penetration into steel targets
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(b) ¢=0.5 mm, WF rod

(a) d=0.3 mm, WF rod

16 ps 50 ps 120 ps
(¢) d=0.7 mm, WF rod

16 ps 50 ps 120 ps
(d) @=1.0 mm, WF rod

F 8 EAMBHATILL vo=800 m/s {2 HIAH 15

Fig. 8 Penetration process of the composite long rods into steel target at vy =800 m/s

16 ps 30 ps 60 s 120 ps 16 ps 30 ps 60 ps 120 ps
(a) =0.3 mm, WF rod (b) d=0.5 mm, WF rod

16 ps 30 ps 60 ps 120 ps 16 ps 30 ps 60 pus 120 ps
(¢) d=0.7 mm, WF rod (d) @=1.0 mm, WF rod
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Fig. 9 Nose shape evolution of the composite long rods during the penetration at vo=800 m/s
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Fig. 10 Penetration processes of the composite long rods into steel targets at vo=1600 m/s
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Fig. 11 Nose shape evolution of the composite long rods during the penetration at vo=1600 m/s
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Fig. 12 Stress evolution curves in the key points of the composite long rods during penetration into steel targets
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Fig. 13 Morphology of the composite rods penetrating the targets
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Fig. 14 Variation characteristics of nose shape factor with time for the composite rods with different fiber diameters
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2 Rt — IR AGHE R /28 B b A8 b 52 6 M SRR B A8 R SRR P, [ s 3 AT 8 i B AR X 344
1249025 F Pk R I S M A LA A L 86T R AR REAE

SSPACRIRE o S B A5 114 4 Tl LR T A4 3 R v g A P I, A R S D AR AN 15 s o AAIEL 15(a)
AIE H, d=0.3 mm £F 24 B4R DL vy =800 m/s {245 BT, 7 H0T 55 4% Sk 38 2 B dl 2 0K A8 0% O 3t U R T Al AL
1, gk X £F 2 = AR R B0 S 7 AR, EL 3RSk T S B — 2 AR S AT (15 s B Z1), X REEH T4
J& B B AR O R A e R HL AR A AR AR /N, BTy | Huny s B Ss; AERE S R R, T A R
SEAR 0 vhdi FNBS IR, 32 B0 T 5 0 £F 4 A T i AR T, HERRAE SR SR, T AR R N 4R . TR AR
HIEF R, sk iF— 20 R AR 54k (60 ps B Z1) 5 I8 5 Sk PN B 41 4k 45 2232 2 5 YIAE FH I 1] Ji5 o 7t 2k
S B B AR B S — A B, AR FL AR Bk AN (130 ps B Z) o

M 15(b) 7R, d=0.7 mm 7 ZEFAAR LL vo=1 600 m/s R3], SR Sk RO, 3 BOM AR FLA AR X 45
K, B I RS p T A T A W IR, SR S S T DX e 4 £ 4 R 2 B TR A, (A5 Sk R ARk M
T (10 ps B Z10) 5 ZERf 5 LR, B TR A0EE BB, Sk DX 4 & A ok & 2B BT YT A 1 o 26 117 K B[]
Je AR, TR s R 45 4 2 AR A XS B, AMINES 21 4 i T 3% 2N AR i A s A0, 25 50 A 1) i )
i T 900, BN SRA A A A BT R (40 ps B 2D s 7 B B BE, T ROAR BT R L BEBRE D, MDA AT 4k kA
W, SRk R & AR B, HLE B — 2 BULRAE (90 s BHZ) .

E 15(c) Wi, 2448 o B 4R v 31 vo =2 000 m/s 1, d=1.0 mm £ 2 7E (218100 3 By B 527 31 S A4 5 1)
VR T & AR IR, DR B AR R A S LA T (S s I 240 5 S Skl R v, Sk 27 b o e A=
BRI, T PR B BY W I 1) S U O (30 ps B2 5 B S ST Ak R a2 B RO AR 0BT R MRS Y, I &
SRR S A 2 2 EE S R AR B i — 250 55 (70 ps B %) o

g T AR 3 T A3 B 80k AR T AR AR, PR b T e A 0 AR A A A 1A 16 BT . E] 16(a) AT
1, 1E d=0.3 mm ZF 2 AR K R0 42 IR 2 & AR R ZUAS P . Db Ak, M2k 2 ) v [ P DX 3 m 7 s 2
AR B D) v o A P o8 LI 30 4 T 4 8 i 7 A T AR I s 407, DT A B850 S 0 1T DX 35838 7 1 24 ) 00 i 284

093301-14



5 46 & 1A, & ORI EARRS LT AR50 5 B S BRHCAT 3 1 AT B AR b2 e %59 4

A, WK 44" BBHELR XU 7R o DR SR AR T 10 i A 725 4 ) A8 7 A S AR LR S 3, 7 B ) (= A
AR R A B B, DR S A PR A B By B U B+ BT DT e

15 ps 60 ps 130 ps 10 ps 40 ps 90 ps
(a) d=0.3 mm, WF rod, v=800 m/s (b) d=0.7 mm, WF rod, v=1 600 m/s
Effective plastic strain
3.199
I: 2.879
= 2.559
- 2.240
1.920
1.600
1.280
0.960
0.640
0.320
-0

5us 30 ps 70 ps
(¢) d=1.0 mm, WF rod, v=2 000 m/s

Bl 15 A PORL SRR RS AR S N A A I

Fig. 15 Evolutions of effective strain within the projectile and target materials in the penetration process
of composite rods into steel targets
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Fig. 16 Distribution of effective strain in the noses of composite rods
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