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Effects of Fiber Alignment Direction and Stacking Sequence
of Laminates on Fracture Behavior of Biomimetic Composites
under Pressure Loading
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(Abstract)

Recently, fiber-reinforced composites have been widely used in various industrials
fields. In this study, the mechanical behavior, especially fracture behavior, of biomimetic
fiber-reinforced composites subjected to pressure loading was analyzed using finite
element analysis (FEA). The fiber alignments in the biomimetic composites formed a
helicoidal structure, wherein a stacking sequence involved a gradual rotation of each ply
in the multi-layered laminated composites. For comparison, cross-ply composite samples
with fibers arranged at 0° and 90° were prepared and analyzed. In addition, the
mechanical behavior was analyzed based on combinations of the stacking sequence of
carbon-fiber composites and glass-fiber composites. The FEA results showed that, when
compared with the cross-ply samples, the mechanical properties of the biomimetic
composites were considerably improved under pressure loading, which was applied to
one side of the composites. Thus, the biomimetic helicoidal structure significantly
improved the mechanical properties of the composites. Placing materials having high
elasticity and strength in the outermost layers (the layer of the side on which pressure
was applied and the opposite side layer) of the composites also significantly contributed
to improving the mechanical properties of the composites.
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Fig. 1 Overview of the laminated fibrous helicoidal
architecture within the mantis shrimp dactyl
cub. (A) Image of the peacock mantis shrimp
(O sgilarus). (B) Image of the dactyl dlub.
Region denoted in (A). (C) High magnification
SEM micrograph of the helicoidal fibrous
architecture found within the periodic region
of the dactyl club. Plane of fracture denoted
in (B). (D) Model of the Bouligand structure
showing stacked and rotating unidirectional
fiber layers. Reprinted from Rivera et al.,
JMR&T, 2020:9(6): 14619-14629 [9]
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Table 1. Material properties of unidirectional carbon Table 2. Schematic of sample structures
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EH (Gpa) 121 45 24 |aminate GF-E
Ezz = E33 (GPa) 86 10 1%t laminate ﬁ
Y2 = Y1 0.27 0.3 * 1% laminate: The bottom laminate (W o Z=uh
v 0.4 0.4 4™ laminate: The top laminate (W ] 223}
G, = Gz (GPa) 4.7 5 CF-E: carbon fiber-epoxy composites
Gos (GPa) 31 38 GF-E: glass fiber-epoxy composites
X1 (MPa) 2,321 1,100
Xy = X3 (MPa) 29 35 MES ARl
Xic (MPa) -1,082 -675 E oloA] EelE ASEALS 93t B3|
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Si2 = Si3 (MPa) 60 80 2 A=K Table 2 2R,
Sz (MPa) 32 46.2
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Table 3. Fiber orientation of 6 layers of unidirectional
composites in each laminate (CF-E or GFE),
1™ ply: the bottom layer, 6™ ply: the top layer
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6" ply 150° 90°
5% ply 120° 0°
4th ply 909 909
Srd ply 609 OQ
2nd plY 309 909
1St ply OQ OQ

6" ply (a)

/ i S —— o

1st ply fiber

1t ply fiber

Fig. 2 Schematic of six layers of unidirectional
composites in a laminate, (a) biomimetic
composites, (b) cross-ply composites
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Fig. 3 Composite structure and pressure load, (a)
Schematic of composite samples under pressure
load, (b) Total Deformation of a biomimetic
composite (CGCG, 30MPa)
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Table 4. Maximum deformation (unit: m)

Biomimetic Comp. | Cross-ply Comp.
Pressure | 3 MPa | 30 MPa | 3 MPa | 5 MPa
CGGC 0.0138 | 0.0505 | 0.0139 | 0.0172
GCCG 0.0141 | 0.0506 | 0.0141 | 0.0172
GCGC 0.0140 | 0.0506 | 0.0140 | 0.0173
CGCG 0.0141 | 0.0506 | 0.0141 | 0.0173
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Fig. 4 Results of fiber tensile failure criterion,
Biomimetic composites, CGGC, 10MPa, (a)
17th ply, (b) 9th ply, ()15t ply (the lowest ply)
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Fig. 5 Results of fiber tensile damage variable,
Biomimetic composites, CGCG, (a) 10MPa,
15t ply, (b) 20MPa 1%t ply, () 30MPa, 1t ply,
(d) 20MPa, 24t ply
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Table 5. Maximum pressure and maximum
deformation of biomimetic composites

CGGC | GCCG | GCGC | CGCG
Max Pressure
(MP2) 103.9 60.6 95.1 68.4
Max
Deformation (m) 0.0844 | 0.0668 | 0.0811 | 0.0703
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