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Abstract: With a distin ure that is fully integrated, three-dimensional braid posites not only overcome

the defects in laminated composites which have relatively poor mechanical propert n the thickness direction and
(0}

are prone to interlaminar delamination, but also are superior in high str @ass and stiffness-to-weight ratios,

improved impact resistance and damage tolerance as compared with traditi metal materials. Owing to these mer-

its, they also have broad potential applications in automobile, hi train, navigation, aviation, and aerospace

industries. Plate specimens of three-dimensional fourdirectioS“ raided composite(3D4DBCo) were designed and

O

impacted at different locations by the steel ball with a ate initial velocity of 210 m/s with the help of the

air gun experiment system in this paper. On the roscopic and microscopic observation, the damage mor-
phology and the failure mechanism of 3D4DBCo su ted to high speed impact of the steel balls were analyzed and
summed up. What’s more, the macro-level continuum damage mechanics (CDM) finite element model of 3D4DBCo
was established, and the comparisons between numerical simulation and experiment results show highly agreement

in residual velocity within 5% , as well as the damage characteristic, which validate the effectiveness of the macro-
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scopic CDM finite element model.
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% Mechanical properties of T700-12K carbon fiber
a

Fig. 1 Schematic of test specimen of three-dimensional

four-directional braidgd.composite(3D4DBCo) plate

-86 epoxy resin

Carbon fibers T700-1\é\K\br0perty Value Epoxy resin {ID@ property Value
Longitudinal t X stic modulus/GPa 230 Elastic (@}ml’a 3.45
Longitudi essive elastic modulus/GPa 130 6 atio 0. 35
Trans stic modulus/GPa 15 ¢ (geem™?) 1.19
Longitudival shear modulus/GPa 20 Sheéar modulus/GPa 1. 2778

Transverse shear modulus/GPa 5.3571 @?ailure strength/MPa 80
Longitudinal Poisson’s ratio 0.28 \CBD @@
Transverse Poisson’s ratio 4 @
Ultimate tensile strength/MPa @
Cross sectional area/mm? %%) 4

Density/(g+cm™?)

B 3 37 mm 2SS

%\ Fig. 3 37 mm air gun experiment system

B2 a8 SR I e AR 7 7R 3 18
Fig. 2 Schematic of clamping apparatus and the test specimen

for the air gun test
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Fig.4 Schematic of sabot
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Table 2  Air gun impact test record sheet

Test Braiding Pressure/  Ball Angle of Impact velocity/ Residual velocity/  Impact Result
. . . B _ _ . es
number angle/ () MPa diameter/mm  impact/(°)  (mes ') (mes 1) location "
. 50% .

P20-01 20 0.9 Air 10 0 203. 89 129.53 . Penetration
plate height
507

P20-02 20 0.9 Air 10 0 203. 39 120. 19 % . Penetration
plate height

7 0,
P20-03 20 0.9 Air 10 0 21 128.13 0% . Penetration
plate height

. o 0% .
P20-04 20 0.9 Air 10 0 7.97 118. 47 . Penetration
plate height

0,
P20-05 20 0.9 Air 10 206. 88 121. 02 90% . Penetration
O plate height
0

90 %

P20-06 20 0.9 Air 10 @ 204. 36 125.1 X Penetration
A plate height
Y/
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Fig. 5 Macroscopic damage morphology of 3D4DBCo plates
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Fig.8 Lo é e mode with magnification of 50x for
3D4DBCo plate(P20-03)
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Tabl allure size of 3D4DBCo plates impacted

by steel ball at different locations

Bullet hole size of Bullet hole size of

attack surface/mm back surface/mm

- 11X17 13X30
P20-03 11X 20 13X30
P20-05 16 X18 18X 25

F4 AHHEZRNEHAEAHHTR
AELEMNEESHE
Table 4 Velocities for steel ball in the impact process of

3D4DBCo plates at different locations

Test Impact Residual Kinetic  Ballistic
©s velocity Vi/ velocity V, /  energy limit velocity
number = - .
(me+s™ 1) (mes 1) loss/J Vos /(mes™1)
P20-01 203.89 129.53 55. 38 157. 46
P20-03 214. 37 128.13 65.97 171. 86
P20-05 206. 88 121.02 62. 88 167. 79
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Fig. 9 Sketches for geometric model of 3D4DBCo plate and steel ball
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Fig. 10 Finite element model of 3D4DBCo plate and steel ball
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O
@@ Scale factor Piele

Poisson’s ratio v.,

@). 08
@9 0.338

Poisson’s ratio vy.

Shear modulus G,, /MPa @O 17300
Shear modulus G,. /MPa 5130
Shear modulus G., /MPa @ 17300

(o]

Longitudinal tensile strength S @ 835

Longitudinal compressive st S../MPa 486

Transverse tensile ST‘@ '/ MPa 84
'\

ength S,./MPa 185

Transverse com o
Through th@sﬂe strength S../MPa 84

Crush str erush / MPa 251
Fib sHear strength Spraear/MPa 300
% ode shear strength Swm., /MPa 69

attix mode shear strength Sy,. /MPa 69

atrix mode shear strength Sy., /MPa 69
0.3
Mass density p/(kgemm™*) 1565

= VY 1) e S BB AR T R TR 1 S 2

H HARGE 11 Fros . B BBR SRR 5 = 4k Y pa)
i UK A B ORE S AR Y S ik 26 R Ok T T fR b Ak
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Table 6 Material parameters of steel ball

Mass density/ Tangent modulus/ Young’s modulus/ Poisson’s Yield stress/ Hardening Strain rate parameter/
(kgem™3) MPa MPa ratio MPa parameter s !
7820 763 210000 0. 30 310 0.1 40000
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Table 7 Simulative conditions of macro models for ballistic

impact tests of 3D4DBCo plates

Impact

Braiding Ball Angle of locity/ Impact
z angle/(°)  diameter/mm impact/ (") veloe 7y location
(me+s™ 1)
y\t/'x Fixed 50%
10 0 203. 89 .
N Z@ plate height
BN =4 DU o g 25 G b Rk I b o i 4 i B AR A @9 70%
0
Fig. 11 Boundary condition for ballistic impact tests of @OZO 10 0 214. 37 plate height
3D4DBCo plates é 0
@ 20 10 0 206.88 0%
plate height

FREHY < Bl 1L BT R < 5 .@' k. Ak ISR 12 60 = 4 1 A 58U 4 bR T R
SO 6 5 U B TR o Rt A R e SR L AT
Sl SR v 7 e BN < i A z&mmzﬁzaﬁé\m@ BRI SR, %
A8 4011 2 e %7 B AL I A 5 4 AL W 5 32 503k o
@) T £ LR 7 T b 6

(a) 50% plate height

J’L
(b) 70% plate height

z X (¢) 90% plate height
12 =4 0 1) g 2 b Rk S oo OGS DL 3 0 45 2R

Fig. 12 Simulation and experiment results of ballistic impact tests of 3D4DBCo plates
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Fig. 13 Simulation results under different conditions of ballistic impact tests of 3D4DBCo plates
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Table 8 Comparison of residual velocities of

steel ball from simulations and experiments

Residual velocities/(me+s™ 1)

Test number - - Error/ %
Experiment Simulation

P20-01 129. 53 127.9904 1. 188

P20-03 128.13 131. 8645 2.914

P20-05 121.02 116. 8661 3. 430

@; F9 AHEBRASSHNEEAESHE

§§O 4R TR B I X B

Table 9 Comparison of energy loss of steel ball and the
absorbed energy of 3D4DBCo plates

Energy loss of Absorbed energy of

Test number

steel ball/J plate/J
P20-01 50. 06 35.9
P20-03 56. 8 42.0
P20-05 5%@ 45.3
N
_ L ()
= 701
s L
3 60
T 50r
=] L
.S
2 40
g L
2 30r
3 I ——50% plate height
g 20r ——70% plate height
5 r ——90% plate height
5 10
0 0.06 0.12 0.18

ime/ms
14 %@Mﬁ?uﬁ ARk TR et 3 A5 A LT AR B S S A 73 it i 2%
Fig. 14 Curves of energy absorption of plate and energy consumption of st@l@ der various conditions of
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