Journal of Functional Materials
ISSN: 1001-9731

Volume 31 | Issue 12 | Year 2024
https://journaloffunctionalmaterials.com/
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Abstract—The interfaces between organic and inorganic phases
in natural materials have been shown to be a key factor contributing
to their high performance. This work analyzes crack propagation in
a 2-ply laminate subjected to uniaxial tensile mode-I crack
propagation loading that has laminate properties derived based on
biological material constituents (marine exoskeleton- chitin and
calcite). Interfaces in such laminates are explicitly modeled based on
earlier molecular simulations performed by authors. Extended finite
element method and cohesive zone modeling based simulations
coupled with theoretical analysis are used to analyze crack
propagation. Analyses explicitly quantify the effect that interface
mechanical property variation has on the delamination as well as the
transverse crack propagation in examined 2-ply laminates.
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LINTRODUCTION

ECENT developments in finite element models capable of

predicting both transverse cracks and inter-laminar failure in

composites have used the extended Finite Element Method
(XFEM) for matrix micro cracks and the cohesive zone model
(CZM) for delamination [1]-[5]. Efforts [6]-[9] have been taken
to improve the inter-laminar fracture toughness of composite
materials by design of the ply interface. However, the quantitative
interface-mechanical relation to guide the interface optimization
is not available [10]. Current work is a contribution in this area.
Progressive damage analysis of the two-adjacent-ply structure
from the biomimetic ‘“helicoidal structure” [11], [12] and
engineered quasi-isotropic laminates with various mismatch
angles of fiber orientations [13] is performed through the meso-
scale finite element modeling of laminate structure, where the
individual piles are modeled as a number of discrete,
homogeneous, anisotropic layers [5]. The methodology
developed in this work is based on a combined XFEM and surface
cohesive zone model (SCZM) approach through the non-linear
finite element code, ABAQUS [14]. XFEM is used for transverse
crack initiation and propagation and SCZM is used for
delamination growth (inter-laminar failure) between plies.

ILLMETHOD

This study, through the three-dimensional (3D) meso-level
finite element modeling of a series of tensile tests on 2-ply
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laminates, [5], (Fig. 1 (c), ~um), predicts the influence of
interface (inter-laminar) properties and lamellae fiber orientation
on the related fracture resistance. Each lamina is made up of the
basic organic (i.e. chitin, the fiber material) and inorganic (i.e.
calcite, the matrix material) constituents of the marine

exoskeleton materials. The basic problem consists of two plies
with a sandwiched interface having a through thickness crack.
Three different types of interface properties are given as the input
to the finite element framework according to the changes in the
chemical configuration of the CHI-CAL bio-interfaces based on
previous molecular mechanics’ studies [15]-[17]. Fracture
resistance analyses involve transverse cracks and delamination.
The loading is perpendicular so as to simulate a mode-I crack.
Analyses incorporate an XFEM based approach to predict crack
propagation in laminates and cohesive zone modeling based
approach to predict crack propagation through interface between
lamellae. During loading, both the lamellae and interface failure
criterion are active. Crack propagation either occurs in lamellae
or in interface based on the satisfaction of respective laminate or
interface crack propagation criterion.

III.LRESULTS

Engineering stress-strain relation for each structure with three
different types of interfaces is calculated from the load
displacement data obtained from the simulations. The stress strain
curve for the [30°/90°] structure, with the simulation snapshots of
progressive transverse crack and delamination is shown in Fig. 1.
The first cracking initiation occurs in the 90° ply, which is the
matrix crack according to the simulation snapshot illustrated in
Fig. 1 (a). Then, delamination area is formed with the growth of
the transverse crack propagation. As the stress increases, the
second cracking initiation occurs in the 30° ply, of which the
mode is fiber failure according to the simulation snapshot seen in
Fig. 1 (b). At the last stage, a significant drop in the load occurs
with the debonding of the interface and the breakage of each ply
(see Fig. 1 (c)) just after the point of maximum strength has
reached.
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For all the simulated structures, the curves exhibit drastic drops
after the maximum loading point, and this is a characteristic of
the propagation instability phenomenon reported generally in
shear mode of fracture (mode II) [18]. The strength for each
structure is measured as the maximum engineering stress from
the stress-strain curve. Fig. 2 shows the strength as a function of
the incline angle for different mismatch angle structures with the
three types of interfaces. According to the current simulations, the
failure mode of 0° and 30° plies is predicted as the fiber failure
and the failure mode of 60° and 90° plies is predicted as the
matrix crack. At 6,;; =30°, as the incline angle increases, the
corresponding structures are [0°/30°], where both of constituent
plies fail under the fiber failure mode, [30°/60°], whereas one of
the constituent plies fails under the fiber failure mode and the
other fails under the matrix crack mode, and [60°/90°], where
both of the constituent plies fail under the matrix crack mode.

Therefore, as expected the peak strength decreases with
increasing of the incline angle (see Fig. 2 (a)). Similarly, different
combinations of failure modes of the constituent plies lead to the
variations of the peak strength of the structures as the function of
incline angle at 6,,;,=60° and 90° as shown in Figs. 2 (b) and (c).
However, based on the simulation results, there is no significant
effect of interface on the strength properties of the simulated 2-
ply structures.

Generally, three cases of delamination shape are considered.
Fig. 3 (a)-(c) show schematics of typical delamination shapes.
When both of the plies exhibit the same failure mode, i.e. the
crack paths are on the same side of the central line, the
delamination shapes are smaller triangle shapes (see Fig. 3 (a),
such as [0°/60°], [30°/90°], etc.). When the two plies exhibit
different failure modes (one is fiber failure and one is matrix
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Fig.1 Engineering stress-strain curve for the [30°/90°] example with simulation snapshots for the progressive damage in the laminated
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crack) or in the cases of angle-ply (i.e. [60°/-60°]), i.e. the crack
paths are on different sides of

the central line, the delamination shapes are larger triangle shapes
(see Fig. 6 (b), such as [30°/60°] etc.). When the cracks propagate
along the same path on both of the plies, the delamination area is
much smaller than the other two cases, such as [0°/90°] and [30°/-
60°]. The triangle area is related to the delamination fracture
toughness and could be used as an indicator of the trend of the
fracture toughness. Assuming plies with fiber orientation larger
than 45° fail under matrix crack, Fig. 3 (d) shows the variation of
the delamination triangle area as a function of the incline angle
analytically based on the above discussions when mismatch angle
Omis =30°. The discontinuity and the variation affect the
delamination fracture toughness, which is discussed as follows.

In fracture mechanics, the energy release rate (ERR) is defined
as the energy dissipated during fracture per unit of newly created
fracture surface area, (1),

In the current analysis, the strain energy was dissipated due to
the intra-laminar crack propagation and the inter-laminar
delamination process. Thus, we can define the ERR for interface,
I, as the energy released to drive delamination, which is used to
quantify the delamination resistance for structures. This ERR is
calculated based on the energy balance consideration of the whole
model in simulations, (2),
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where, ALLDMD is the total dissipated energy obtained from
simulations, I pis the critical ERR for transverse crack, I p=Gynmr
=0.54 J/m>. Apis the delamination area. 4pis the transverse crack
surface area, which can be estimated by Ap =h(si+s>), where /4 is
the ply thickness, s; and s, are the lengths of the crack path for the
two plies determined from simulations. Fig. 4 shows the plot of
I'; as a function of incline angle for different mismatch angle
structures with the three types of interfaces. The dependence of
the incline angle (¢inc) of the ERR (/7) is much more complicated
than that of the strength. One could be predicted as follows. Since
the ERR for transverse crack is much lower comparing with
delamination ERR in the current studies, the delamination ERR
could be approximated as the ratio of the total strain energy of the
structure to the delamination area.

The structure exhibits linear elastic behavior till failure as
observed from the stress-strain curve shown in Fig. 4. The total
strain energy can be estimated as

Uel, 3)

where V' is the volume of the structure and e is the strain energy
density which can be approximated as

oo, @)
2 Au

where 4 is the ply thickness, oy is the maximum strength. A is
the extensional stiffness of the laminate structure,
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Fig. 3 A schematic (a), (b) and (c) showing three typical cases of delamination shape, (d) analytical prediction for the delamination area
as a function of incline angle for the structures with the mismatch angle =30°
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Fig. 4 Energy release rate for delamination (/7) as a function of incline angle (¢inc) with different types of interfaces for (a) mismatch
angle =30°, (b) mismatch angle =60°, and (c) mismatch angle =90°
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where 1@ are the elastic constants of first and second

ply in the global coordinate system, respectively, which is angle

(Omis and ¢inc) dependent.
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Fig. 5 Analytical approximation of the energy release rate for
delamination (/) as a function of incline angle (¢inc) for the
structures with mismatch angle =30°, 60° and 90°

Finally, the delamination area could be analytically
approximated based on the analysis shown earlier in Fig. 3. Fig.
5 shows the analytical approximations of ERR for delamination
for the structures with different 6,,;. The trend agrees with the
results obtained from simulations as shown in Fig. 5 (a)-(c). In
order to further look into the influence of the interface, 7 will be
derived analytically from the perspective of mode mix and CZM.
In current study, we adopt the bilinear traction-separation law for
the interfacial fracture.
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