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Bulletproof performance of polyimide/UHMWPE fiber hybrid reinforced composites

JIA Wenxing' , JIA Ziqi' , TIAN Guofeng™ , CHEN Junxian® , HUANG Xiancong®,
LIU Shaofei® , ZHAN Jiayu® , WU Dezhen'

(1. Key Laboratory of Carbon Fiber and Functional Polymers (Beijing University of Chemical Technology), Ministry of
Education, Beijing 100029, China; 2. Systems Engineering Institute, Academy of Military Science (AMS), Beijing 100010,
China; 3. Jiangsu Shino New Materials Technology CO., LTD., Changzhou 213146, China)

Abstract: Aiming at the deficiency of high back-face signature (BFS) of ultra-high molecular weight polyethylene
(UHMWPE) fiber-reinforced ballistic composites, a series of polyimide (P1) and UHMWPE fiber hybrid composites
were prepared by making full use of the advantages of high temperature resistance and high modulus of PI fibers in
this study. The effects of layer structure and mixing ratio on the specific energy absorption (SEA) and BFS values of
the hybrid composites and the protective mechanism were investigated. The results show that the use of PI fibers
can effectively limit the BFS without affecting the SEA value. The bipolar layer structure (H3, UHMWPE/PI) and the
sandwich layer structure (H4, PI/UHMWPE/PI) exhibit positive mixed effect. SEA and BFS values of the two struc-
tures can reach 193.2 J-m®/kg, 17.40 mm and 208.9 J]-m*/kg, 17.77 mm, respectively, demonstrated excellent bullet-
proof performance.

Keywords: polyimide fiber; UHMWPE fiber; composite material; bulletproof; specific energy absorption; back-

face signature
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1.1 EInwrs

ME TR LG, TEMS, b
J¥ 3.49 GPa, ¥JUfiFiiE 110 GPa, % ¥ 0.97 g/cm’,
e iR e A SR T U 2T 4, VLR S R MR R A
FRZN ), $ifi3E BE 3.60 GPa, %] #A 4% & 130 GPa,
R 144 g/em®, KYERABMAR, 16,
1.2 SEEMEE&SWEH &

K 7% 9 58 T2 ) 4% &1 4 5. 1] (Unidirec-
tional, UD) A, il # i & &t 78 15wt% LN, PI
UD 75 [l % J£ 7F (100+6) g/m*, UHMWPE UD 7fi [fii
% BETE (6015) g/m*. >R JH HL BT J) ¥ UD A V1 K
300 mmx300 mm £ F, #5BE A % B [(0°/90°)], 52
B U — RANR SR AR, 2

GRS R B ENE 1R . B C AR
JEA R EAE B, BUERZ G A = TR i
FAT L DY SR AT R 2 (B R PR R A
HogcE TN, o8 1 MPa, JJE N 1287C,
PRIEET [E] 2 30 min, SR 5 O/ R B R I 264

(a) (b)

(© (d)

© UHWMPE UD

s P] UD

UHWMPE—Ultra-high molecular weight polyethylene;
UD—Unidirectional; PI—Polyimide
1 EAREEE R R (REETT): (a) SRS (H);
(b) PR AE X FREHZ L5 (H2); () IR FREZ 454 (H3);
(d) FBHIZEEHE (H4); (o) B HiZE5H4 (H5)

Fig.1 Schematic diagram of laminate lay-up structure (thickness
direction): (a) Alternating lay-up structure (H1); (b) Two-pole
asymmetric lay-up structure (H2); (c) Two-pole asymmetric lay-up
structure (H3); (d) Sandwich lay-up structure (H4);

(e) Sandwich lay-up structure (H5)
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Table1 Laminated structure of PI/UHMWPE fiber hybrid reinforced composite target plate

Type of structure

Mass ratio (PI : UHMWPE)

Layers structure Surface density/(kg-m™)

PI — 1:0
UHMWPE — 0:1
H1-1 5:3
H1 H1-2 5:6
H1-3 5:12
H2-1 5:3
H2 H2-2 5:6
H2-3 5:12
H3-1 5:3
H3 H3-2 5:6
H3-3 5:12
H4-1 5:3
H4 H4-2 5:6
H4-3 5:12
H5-1 5:3
H5 H5-2 5:6
H5-3 5:12

Py 6.60
Uz 4.02
(UyP2)15 5.45
(UsP2)12 4.99
(UgP,); 4.58
P3sUss 5.45
Py,Uys 5.02
P14Us6 4.55
UseP36 5.45
UygPsy 5.04
UseP1q 4.62
P1gU36P1g 5.47
P1oU48P10 5.03
PgUs6Ps 4.93
UgP3sU1s 5.47
Uy4PyyUsy 5.03
UysP14Usg 4.61

Note: U stands for UHMWPE fiber and P stands for PI fiber, P;3Us stands for 36 layers of PI UD and 36 layers of UHMWPE UD lay-up

structure, and PI fiber is used as the spring-return surface.

Fe2, E2, B3 kRN HE RS
Hi T PI fl UHMWPE [ %5 FE AN [m], >4 88 A e HT (1)
UD i & 2 B Y B, S [RA 2 L 3] 09 T 25 R A
[, Pt vs0 {E A H & a] Lk, ATk A SEA {E i
FIREmxt e, MBS AT LIE Y Hi— PT AT 4R AR
FUA R/ BFS {8, 1K 16.15 mm; Hi— UHMWPE
2T 2§10 My B A % 55 19 SEA B, 35 3 222.4 J-m%/kg.
X e H T PLAF 4R 55 B i AN S5 R W1, 5 3507

&2 B4 PI/UHMWPE F 4R IMERE S+
PLIR U BE (SEA) E S EAROE (BFS) &
Table 2 Specific energy absorption (SEA) value and back-
face signature (BFS) value of single fiber PI/UHMWPE fiber
hybrid reinforced composites

Type of structure  V50/(m-s™) SEA/(J-m*kg™”) BFS/mm

PI 601.4 153.4 16.15
UHMWPE 565.1 222.4 20.40

Note: V50— Ballistic limit velocity of the target plate.
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Bpe H4 5:3 0
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2 PI/UHMWPE £F 4R 50 S 5 ARHEMR SEA (5525 IR
FHLBIRICER (HO N A b EHR A E A BT Sr B R B ()
Fig. 2 Relationship between SEA value of PI/UHMWPE fiber hybrid
reinforced composite target plate and the layer structure and hybrid ratio
(HO is the theoretical value calculated according to the mass fraction of

the hybrid law of composite materials)
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Gpe HS5

3 PI/UHMWPE £F4ERAHI SR IZ 5 BRI BES (8 SHIZS5HFIR
FeHLBIRC AR (Rl RUBH A T A BRUEE V50 {EF BFS iR SE 4
AR IR AR S04
Fig. 3 Relationship between BFS value of PI/UHMWPE fiber hybrid
reinforced composite target plate and layer structure and hybrid ratio
(V50 and BFS of the same type of target plate are measured
by two identical target plates separately)
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A LML, H BFS {HAH X8 5 o
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Mg, S5RWME S5 fin, rTLLVEH: 7205 Pl
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Fig.4 Macroscopic morphology of PI/UHMWPE fiber hybrid reinforced composites ((a)-(e) Correspond to H1-H5 target plate, mixing ratio are 5 : 12,

subscripts 1, 2, 3 are the macroscopic morphologies of the projection of the back elastic surface, thickness direction projection morphology, thickness

direction micro-nano-focus CT nondestructive inspection section; (f) Macroscopic morphology of the bullet)

5  PI/UHMWPE £FAtiRZH A2 (PR /5 AT AE RO AR . (1), (a2)) H4-3 REARD S #LAL PLAFAEROWIES; ((a3), (a4)) HA-3 FUAR T 3

LA PT A2 MOWIESH s ((b1), (b2)) H5-3 #0ARM B #FL 4 UHMWPE ZF4EROWIES; ((b3), (b4)) H5-3 HIAR 15 2 i #fifL &b UHMWPE ZF4E ol IE 57

Fig.5 Micromorphologies of PI/UHMWPE fiber hybrid reinforced composites on the front and back elastic surfaces: ((al), (a2)) Microscopic

morphologies of PI fibers at the bullet holes on the face of H4-3 target plate; ((a3), (a4)) Microscopic morphologies of PI fibers at the bullet holes on the

back surface of H4-3 target plate. ((b1), (b2)) Microscopic morphologies of UHMWPE fibers at the bullet holes on the face of H5-3 target plate;
((b3), (b4)) Microscopic morphologies of UHMWPE fibers at the bullet holes on the back of H5-3 target plate
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