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Interlaminar fracture toughness of ultra-high molecular weight polyethylene fiber

reinforced composite laminates

XIAO Pengcheng"?, DENG Jian™?, WANG Zengxian"?, SHAO Guangran'?, PENG Youlei"?, LU Tianjian™*

(1. State Key Laboratory of Mechanics and Control for Aerospace Structures, Nanjing University of Aeronautics and

Astronautics, Nanjing 210016, China; 2. MIIT Key Laboratory of Multifunctional Lightweight Materials and Structures,

Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

Abstract: Ultra-high molecular weight polyethylene (UHMWPE) fiber reinforced composites are considered as

state-of-the-art materials for armor solutions, and interlaminar delamination is one of the main failure mecha-

nisms for the composites under impact loadings. For UHMWPE composite laminates, an improved double canti-

lever beam (DCB) specimen was proposed. The interlaminar fracture toughness (G;c) and failure characteristics

were then studied. Analysis were conducted regarding the influence of the specimen thickness and fiber layups on

the G¢. The failure mechanism of interlaminar fracture and the effect of structural plasticity on the crack propaga-

tion process were further discussed. Evaluation was also implemented on the applicability of the existing test

standards for the calculation of the interlaminar fracture toughness. Results show that the DCB specimen with small

thickness exhibits obvious plastic behavior, and the measured interlaminar fracture toughness is significantly

affected by structural plasticity. Increasing the thickness of the specimen can effectively avoid the influence of

plasticity. Conclusively, the results presented in this paper provide experimental reference and data support for the

study of dynamic interlaminar properties and theoretical models of UHMWPE composites, that have important

engineering significance for the design of composite protective structures.
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L, Wand t—Length, width and thickness of the rectangular plate,
respectively; m,—Bending moment per unit width applied to the plate
edges; Ry, and Rjy—Radii of curvature of the corresponding deformation

L AR R A

Fig.1 Anticlastic bending deformation of plates under bending load"*?
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(a) (b) (©)

0° layer

0% layer 90° layer

90° layer

Fl2 XU SE (DCB) Xk R ] 2025 H LT )2 (a) 0°/0°;
(b) 0°/90°; (c)90°/90°
Fig.2 Intermediate delamination interface fiber layup directions of

double cantilever beam (DCB) specimen: (a) 0°/0°% (b) 0°/90°; (c) 90°/90°
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GMEEAH, ARRARERER; R
HAKPIEN T, 15281558 7 19 DCB ik 14 .
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Fig.3 Forming temperature and pressure setting of ultra-high molecular

weight polyethylene (UHMWPE) composite laminates
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20 mm

146 mm
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B 5y R A -

1.3 182\

Wi 4 fif s, FRiC DCB R A 1) 22 8r 2 v v B
(& a(a)). A0 2k A 0T B 20 B A R 4% (I 4(b)),
DA e I 0 R P A R B B K K 3 Fh
AR E R4 (5.2mm. 10.3 mm Al 20.6 mm) 43+
WIFRiC h H5. HI10, H20, WK 5fixR. BT
UHMWRPE 1 118 ¥ M K58, 38 2 K5 0 I 25 & Ui
H20 AR50 i R b S Sy R, OCR T AN
&l 5(c) T (19 U T2 N 482k X5 23 44 it n 2 % K
P I 1) 48 AT, R DR T SO HT R R e

K H Instron 5943 #4 B B0 HL, 44 4l 457 F% LA
1 mm/min B2 3R NEL, Ham sy g
2530 mm B}, fE1ESEE, Ik, SRR, il
#ofar- S A e, SR 150 mm fiF 5k F1 =
IR SRR A R, Wikl 6 iR,

P

P—Applied load
B4 (a) HIZRITHIZE0N DCBIRF; (b) KiNGZIEEAINES 5T DCB it fF

Fig.4 (a) DCB specimen with interlaminar pre-crack; (b) DCB specimen with pasted scale and loaded hinge

H5

H20

H10

[#5 JEEEEH 5.2 mm (H5) (a). 10.3 mm (H10) (b) 1 20.6 mm (H20) (c) i DCB {4

Fig.5 DCB specimens with thickness of 5.2 mm (H5) (a), 10.3 mm (H10) (b) and 20.6 mm (H20) (c)

ASTM D5528-13 b ifE " 4 3 Fl 7 3%t Gy iF
7R, BMEIFZFES (Modifiedbeam theory, MBT)
7‘5‘:72 H

3P6

Gic = 2@+ 1A) 1

Z J¥ 1 1IF (Compliance calibration, CC) Jy ik :

Gic = b (2)

fEIEZRERIE (Modified compliance calibration,

MCC) H .
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Instron 5 943 materials
Testing system

Camera
Specimen
{6 UHMWPE & 5408 1 84JZ ] ki g
Fig.6 Mode I interlaminar fracture toughness test of UHMWPE composites
3P2c2/3 1 4 R 2 YL P RE y:
Gie=2 (3) REPRREBERN, TEEEECHART
241

BEREaMEMAEER, mE 7)) fian; nh

Korp: P OIS LRGN Y SRR A 5 6 S R I 2R
LR s bR TE ;s a RAESP R (A
DCB i 4 Wy in 8 s 2147 R Wi 4 M BE 88 ); C=6/P
J& DCB IR ZEE ;s h & DCB IR ; |ANE

@ (b)
o 1gC

A a

CChHEmdmmih&Ml &S5, itHEAAN
nzAx/Ay, Axﬂ] A}E@%Xﬁﬂ Fé—] 7(b)}5)1‘i_\‘ H Alﬂ\j
MCC J5 i i f iyt &4l & 280, K 7(c) 45 i
TE Lo

alh

lga cv

C = 6/P—Compliance of DCB specimen, where 6 is the load point deflection and P is the applied load; a—Delamination of DCB specimen; A—Effective
delamination extension to correct for rotation of DCB arms at delamination front for the MBT method; n = A,/A,—Curve fitting parameters required for
the CC method, where A, is the incremental change in Iga and A, is the incremental change in 1gC; h—Thickness of DCB specimen;
A,—Slope of plot of a/h versus C'*

&7 ASTM D5528-13 ffE!"™ 3 it 1 BUZAIKT AN (Go) HAE T ERIIUASE: (a) BIEREE (MBT); (b) RIEMKIE (CC);
(c) BIEZEALIE (MCC)

Fig.7 Fitting parameters of three mode I interlaminar fracture toughness (Gyc) calculation methods in ASTM D5528-13!""):

(a) Modified beam theory (MBT); (b) Compliance correction (CC); (c) Modified compliance correction (MCC)
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SRIFRLAS T 2k o ] 8(a) Hh R 52 e A Jal 4k 43 ) £
£ H5 M HL0 K, MLy 3k E & 8 45 1

HF- 218, 18 8(b) S H20 i1 ik 36 45 5, Hirp
I 2 AR A v ) 43 J2 B 1 AR AR JZE R 0°/0°, B
RIZAR 2 0°/90°, LA 90°/90°,

43 Bt DCB 3 4 1) 28 I 3o 78 148 e - 5K I 05 5%
Mk (58), RIMZMAELNALSHHY R, &K
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(a) HS5 and H10 specimens H5 (b) H20 specimens with intermediate interface fiber layup
H5 avg directions of 0°/0°, 0°/90° and 90°/90°
30 ¢ B H10
A C H10 avg 60
24 | B C
A
= =
S 5
< Q
= -
12 + B .
A 20 | H20 0%/0°
6 H20_0°/90°
H20_90°/90°
o . . . 0) . . .
0 10 20 30 40 0 2 4 6 8

Displacement o/mm

Displacement d/mm

8 ARSI DCB R 4 -7k I 058 iHh 2k

Fig.8 Load-opening displacement curves of DCB specimens with different thicknesses
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HoH ]2 0 AR AR 2 H B0 B I i R EUE A Bl ok
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AT JE B A [ R B B AR T, B )
FE RPN EE IR Ak, S SR a7 %) 188 o 2t B TR AR
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FEUE B, H10 A1 H20 328 i Bl 2 M e sy )2
RIS, FEEAT DAL T OA By B A gk 2L 1
e, R 2 AR EA R X SR R, H R IR
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JEE B A A B A W AR R R B B IR (DCB it 4 &
T HE B AR TR DX R B 3 K K 2 [R) SR AR
AR AL, 38 A Bl 7l E AV B8 B4 384 i A 5 AN AR i
TS, s, KR, A
UHMWPE 2 & M ) e R i 2k i), 4oy -5k
TR B AR X G S AR, BREF4E . DR S
A FEM TR E SR R B LY R,
SR - RS h R AR G . Ik, &F Xt
stk A kR, A A T I B S R N #
B4 7 1k kit B B 3 R RN £ A MR BK A R R, DA SR ER
SV A 2 A -5k A B 2R 02T s R A A
BN, H DCB iy oy ik B KA, BTk

(a) 0°/0°

Delamination migration

(b) 0°/90°
Multiple cracks

(c) 90°/90°
Multiple cracks

9 At 0°/0° (a) . 0°/90° (b) F1 90°/90° (c) £THi4H)2 )y i iy
H20 IR R LR
Fig.9 Comparison of crack growth modes of H20 specimens with
intermediate interface fiber layup directions of 0°/0° (a), 0°/90° (b)
and 90°/90° (c)
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