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Bulletproof properties and failure mechanism of para-aromatic polyamide

fiber/epoxy resin composite
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Abstract: In order to investigate the bulletproof performance and failure mechanism of para-aromatic polyamide
fiber/ epoxy resin(EP) composite, the lead core projectiles were employed to penetrate composite target. The type of
reinforcement was para-aromatic polyamide fiber, whereas the resin was EP; Nano-SiO, and polyvinyl butyral
(PVB) worked as modifier. Unidirectional (UD) composites were fabricated using hot pressing process. The effects
of single-layer fiber areal density, the structure of UD sheet, shooting angle and resin modification on the ballistic
properties were discussed. The final fracture morphologies were observed by the stereomicroscopy. The failure
mechanisms of composite target subjected to the ballistic impact were analyzed. The results show that para-aromatic
polyamide fiber/EP composite exhibits excellent bulletproof performance. As the increasing of single-layer fiber are-
al density, the bulletproof performance of composite increases with fluctuations. Moreover, the bulletproof perform-
ances of 4 layer sheets with 0°/90°/0°/90° layer sequence(4UD) structures are superior to those of 2 layer sheets
with 0°/90° layer sequence(2UD) structures. When shooting with a angle, the higher penetration layer ratio and
smaller back face sign-ature (BFS) ratio are found. PVB improves the bulletproof performance. It can be concluded
that the energy absorptions are significantly influenced by the tensile deformation of fiber, the delamination of sheet
and the matrix resin cracking.
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Fig. 1 Molecular structure of para-aromatic polyamide fiber
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Table 1 Properties parameters of para-aromatic polyamide fiber

Types Liner density/tex

Fiber strength/GPa

Fiber modulus/GPa Density/(gecm™ %)

Para-aromatic polyamide fiber 166. 67 3.05

123. 48 1. 44




JEIR A5« o5 7 I R IE e £ 4k / B S R S AR At R B FE R SR AL 1) .+ 2237

SH D R ) ) S B 12 ek LA I 114 £ A R 34 5T 1Y)
BRIT, fERMA B R T, WG 38 5 4l R A AF
2 I S = I 5 v R | S S R el 1 I 3
0 R 1) £ 2 ARG B — A A, TR UD Rodf

W5 2 8 Y 2B UD R b H ] 0°/90° 1 0°/
90°/0°/90°IEZX A L4 )2, E—EME A/ T L
T, BAEAGREE SN —AREM, HIAL 2UD
o 4UD 2548 B 41

Xof 57 55 o R 5 e e £F 4k /EP 2 A b kL3 T B
FURBOWIE SN & 2 fiw . H UD 4549 F # 2 5o
3R, HESIERHSEINE 4 PR, HE 21
TOIE S A2 3 AR T BOmT A0, UD 544 F #4 vh
LT Ui B 2% 2 [A)AEAEZS R, BIVAE R A5 95 75 e 5% Tk e 2T
Yt /EP & & MR b, Sk R B ORE R &% 22 A 1

FRAED
1.2.2 MEFFKRRBMEAE/EP A6 HER
W7 3 M AE IR

Z: M8 N1J Standard-0101. 04873358 %) 457 75 5 %
R 2T 4t /EP 5 BORHE R p By s RE it i
e 9 mm S22 EAM, BL 9 mmX 19 mm Para-
bellum 73, i SCImSHNER 5 i, Wobid
SEU BT Y AL 4 4 i B IR Sk, PR D B
B SMRTENA 4 BT LASROLIE R W15 G b RHEE
AT A AR Y . HE R R, 9 mm #ALE SN
Bl 3 iR,
1.2.3 X% F ik BB A %/EP &6 # B H
W2

1A e S B TMI3000 CH 37 B B R

(a) Surface morphology of 2UD sheets
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(¢) Micro-surface morphology of 2UD sheet

(d) Cross-section micro-surface morphology of 2UD sheet

2 B (UD) S5 R Y X7 05 7 5 2R 156 R 2T 4k / 90 80T Bl (CEP) S5 B RER 1T JE 55 FIROULIE 31

Fig. 2 Morphologies of unidirectional(UD) structure para-aromatic polyamide fiber/epoxy resin(EP) composite
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Table 2 Reagents of experiment

Types Chemical formula Standard Note
Carbinol CH;CH,OH AP Diluents of epoxy resin
EP-b — AP Curing agent of epoxy resin
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Table 3 Parameters of UD sheets of para-aromatic polyamide fiber/EP composite

. Fiber Resin Fiber
Fiber areal .
. . . . volume volume Thickness/ mass
No. Fiber Resin system Structure density/ K . K
-, fraction/ fraction/ mm fraction/
(gem %) ) ) .
vol% vol% wt%
17 158 49. 3 13.7 0.223
27 185 51.3 17. 4 0. 250
37 EP 2UD 203 51.7 16. 9 0.273
47 Parafar'omal‘ic 230 52.4 19.1 0. 305 7843
5% polyamide fiber 255 52.0 16.9 0. 341
67 4UD 316 46. 8 16. 3 0. 469
77 SiO; /EP 203 56. 4 19.0 0. 250
2UD
87 PVB/EP 203 49. 3 19. 4 0. 286

R4 WUFTERRBRAE/EP EGMBERSH

Table 4 Parameters of para-aromatic polyamide fiber/EP composite target

No. of target UD sheet Layers Areal density/(kgem™?) Sizes/mm Test bullet

1 17 31

2 2% 26

3 3% 24

4 4% 21

s . 1o 6.240.1 380X380 9 mm FMJ RN(Lead)
6 67 15

7 7% 24

8 8% 24

Note: FMJ RN is the abbreviation for full metal jacket round nose.
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Fig. 3 Bullet morphology of 9 mm full metal jacket round nose
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Table 5 Parameters of ballistic test

Bullet Velocity/  Shots Shots anele Maximum
weight/g (mes 1) per panel ots angie BFS/mm

NIJ Standard-0101. 04 IITA 9 mm FMJ RN(Lead) 8.0 43649 6 0°; 0°; 0°; +30°; —30°; 0° 44
Note: BFS—Back face signature.
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Table 6 Test results of para-aromatic polyamide fiber/EP composite target

No. of Penetration layer ratio/ % BFS ratio/ %
target 0° 0° 0° +30° —30° 0° 0° 0° 0° +30° —30° 0°
1 100 40. 63 100 34. 38 100 100 100 43. 40 100 25.00 100 100
2 19. 23 26.92 38. 46 100 65. 38 61. 54 29.78 42.50 30.91 100 29.91 27.05
3 29.17 41. 67 29.17 33.33 37.50 37.50 31. 36 28. 64 35.68 25.68 21. 82 20.09
4 14. 29 23. 81 14. 29 100 100 100 19. 32 30. 91 35.68 100 100 100
5 21.05 26. 32 15.79 15.79 36. 84 36. 84 42. 27 33.41 43. 41 7.95 20. 23 12. 05
6 26.67 46. 67 33.33 46. 67 33.33 40. 00 22.27 37.27 17. 05 30. 45 19.55 26. 82
7 33.33 100 100 100 100 100 25.23 100 100 100 100 100
8 29.17 16. 67 16. 67 29.17 29. 17 29.17 29.77 29.09 37. 50 19.77 21. 82 25.68
Note: 100% represents complete penetration.
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Fig. 4 Effect of single-layer fiber areal density on ballistic performance of para-aromatic polyamide fiber/EP composite
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Fig. 6 Effect of structure of UD sheet on ballistic performance of para-aromatic polyamide fiber/EP composite
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(a) Structure of 2UD

(b) Structure of 4UD
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Fig. 7 Schematic diagram of single-layer UD sheet structure

of para-aromatic polyamide fiber/EP composite
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Fig. 8 Surface morphology of UD structure sheets of
para-aromatic polyamide fiber/EP composite

after ballistic impact
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Fig. 9 Penetration mechanism of 4UD structure sheet of
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Fig. 10 Penetration mechanism of 2UD structure sheet

of para-aromatic polyamide fiber/EP composite
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Fig. 12 Effect of shooting angle on sheet surface morphology of para-aromatic polyamide fiber/EP composite

with stopped bullet
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Fig. 13 Effect of resin modification on ballistic performance of para-aromatic polyamide fiber/EP composite

(Single-layer fiber areal density is 203 g/m?)
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Fig. 14  Micro-surface morphologies of UD structure sheet of para-aromatic polyamide fiber/EP composite
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Fig. 16 Rear surface morphologies of each layer of the second shooting in the No. 4 para-aromatic polyamide fiber/EP
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Fig. 17 Micro-surface morphologies of para-aromatic polyamide fiber/EP composite after ballistic test
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