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Abstract: The double cantilever beam (DCB) test is the most primary method for determining the interlaminar
fracture energy of composite laminate mode-I. In order to address the issue of inaccurate calculation of the mode-I
fracture energy due to the resin-rich zone generated by prefabricated delamination from laying polytetra-
fluoroethylene film for DCB specimens, DCB tests with three laying angles (0//0, 0//45, 0//90) were designed and
scanning electron microscopy was used to characterize the microstructure of DCB crack surfaces. The influence
mechanism of resin-rich zone was quantified, and the nonlinear behavior of load-displacement curves under three
working conditions of resin enrichment was studied. A numerical model of the DCB containing resin-rich zone and
fiber bridging propagation zone was established to conduct quantitative analysis, interpretation, and reveal the

mechanisms of the resin-rich zone on the fracture energy R curve. Experimental results show that the lengths of
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resin-rich zone corresponding to the three laying angles are significantly different, with the 0//0 specimen being the

longest and the 0//90 specimen being the shortest. The coupling effect between the resin-rich zone and fiber

bridging propagation zone results in different nonlinear behaviors in the load-displacement curves. The con-

structed numerical analysis model can accurately predict load-displacement curves consistent with experiments,

verifying the influence of resin-rich zone on the initial fracture toughness of mode-I layer.

Keywords: double cantilever beam; prefabricated delamination; resin-rich zone; fracture energy; fiber bridging;

influence mechanism
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Table1 Mechanical property parameters of composite
laminate materials

Value

E;,/GPa 117
E,,/GPa 7.47
E;3/GPa 7.47
G,/GPa 4.07
G,3/GPa 4.07
G,3/GPa 2.31
Via 0.33
V13 0.33
V23 0.3

Notes: E—Elastic modulus; G—Shear modulus; v—Poisson's
ratiop 1—Direction of fiber; 2—Direction of matrix;
3—Thickness direction of layer.

4 Teflon film

b=25 mm /
J

Ya,~=30 mm

h=4.8 mm I

L=180 mm
L—Length; b—Width; h—Thickness; a,—Initial crack length
2 W (DCB) iR S E

Fig.2 Dimensions of the double cantilever beam (DCB) specimen
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interlayer ply angles: (a) 0//0; (b) 0//45; (c) 0//90
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Table 2 Interlaminar fracture toughness of DCB specimens
, s Gimc G Grmc Gt
Ply angle Specimen label Grmc/('m™) G/(J-m™) )
Average value/(J-m ™) CV/%
DCB-0-1 343.4 230.7
0//0 DCB-0-2 326.6 241.1 340.7 235.9 3.80 2.21
DCB-0-3 352.1 236.1
DCB-45-1 303.4 247.6
0//45 DCB-45-2 310.8 242.1 310.8 247.1 2.38 1.91
DCB-45-3 318.2 251.5
DCB-90-1 246.6 234.2
0//90 DCB-90-2 261.3 246.2 270.7 255.7 10.43 10.74
DCB-90-3 301.1 286.6

Notes: Gr.mc —Strain energy release rate (SERR) for matrix cracking damage; Gini —SERR for initiation value; CV—Sample coefficient of

variation.
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P—Load; o —Stress; 079 —Interfacial strength of the resin-rich zone CZM; 0']'3‘;‘“ —Maximum fiber bridging interface strength; o gep, —Matrix damage
strength; 0-mat —Maximum stress after coupling; § —Displacement; 6’ —Damage initiation displacement of the resin-rich zone CZM; §o —Damage
failure displacement of the resin-rich zone CZM; ¢1 —Critical displacement at which the matrix damage strength is reached; 6, —Damage failure
displacement; 6bmrax —Maximum bridging opening displacement; Ko —Initial interface stiffness of the resin-rich area; Gi—pp —strain energy release rate
related to the matrix/fiber interfacial separation damage mechanism; G1_f — Strain-energy release rate associated fiber bridging ahead of the crack tip;
CZM—Cohesive zone model; G,,—Strain energy release rate of fiber bridging
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Fig.7 (a) Schematic diagram of specimen partitioning; (b) Schematic diagram of the constitutive diagram of the cohesion model”;

(c) DCB finite element mode
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Table 3 Constitutive parameters of cohesive elements

[26-28]

Resin-rich zone CZM

Strain energy release rate (SERR) for matrix cracking damage

Interfacial strength

Initial interfacial stiffness
Damage initiation displacement
Damage failure displacement

Gr.mc

oo =0p =783 MPa

Ko =10"5 N/m**"

& =00/Ko=7.83%10"> mm
00 = 2Grmc /00

Element E1

MB-CZM

Element E2

SERR for matrix cracking damage

SERR for matrix/fiber interfacial Separation damage

Initial interfacial stiffness

Maximum interface strength

Gl pe=Gmi1—Grrp —Grrp
Gr.rp = GiNt = G (6) — G e
KEI — 107 N/m3[26]

0% ax = 0.60, = 47 MPa®!

Initial interfacial stiffness

Maximum fiber bridging interface strength

Maximum bridging opening displacement

Kgy = 0™ /6, =4.7x 10" N/m’

T

TN = (Ga/62) + (G /)

max
5br

Damage failure displacement

62 = 2GIC/O-(r:nax

Notes: o, —Tensile strength of the matrix; Gy, (6)—Strain energy release rate Gy(6) as a function of the initial crack tip opening
displacement §; MB-CZM—Mechanism based cohesive zone method; G, Gy J, and &, are the fitting constant coefficients;
Ohax —Maximum interface strength.

x4 FAEREAHERET DCBiXHENINESH

Table 4 Fitting parameters of DCB specimens at different interlaminar ply angles

Ply angle G./(-m™) Gp/(Jm™) 8y/mm p/mm o /MPa
0//0 28.49 254.3 1.504 0.05178 4.93
0//45 348.5 340.5 1.8 3.59
0//90 134.3 466.9 1.6 4.75
x5 EFHHNAENEE (MB-CZM) R 55 ZRIBHEXNFRISE
Table 5 Material parameters associated with delamination initiation in the mechanism based
cohesive zone method (MB-CZM)
Ply angle §o/mm G ye/0-m™) Grrp/(J-m™) 02/mm O /mm
0//0 0.00870 235 0.9 0.0100 5.9
0//45 0.00794 246.75 0.35 0.0105 5.3
0//90 0.00691 255.68 0.02 0.01088 3.4
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Fig.9 Comparison of experiment and simulation load-displacement curves of DCB specimens with different ply angles: (a) 0//0; (b) 0//45; (c) 0//90
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