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Abstract: Cohesive zone model (CZM) is commonly used to deal with the nonlinear zone ahead of
crack tips in materials with elastoplastic deformation behavior. This model is capable of predicting
the behavior of crack initiation and growth. In this paper, CZM-based finite element analysis (FEA)
is performed to examine the effects of processing parameters (i.e., the clay nanoparticle volume
fraction and aspect ratio) in the mechanical behaviors of a polymeric matrix reinforced with
aligned clay nanoparticles. The polymeric matrix is treated as an ideal elastoplastic solid with iso-
tropic hardening behavior, whereas the clay nanoparticles are simplified as stiff, linearly elastic
platelets. Representative volume elements (RVEs) of the resulting polymer nanoclay composites
(PNCs) are adopted for FEA with the clay nanoparticle distributions to follow both stack and
stagger configurations, respectively. In the study, four volume fractions (Vf = 2.5%, 5%, 7.5% and
10%) and four aspect ratios (0 =5, 7.5, 10, and 20) of the clay nanoparticles in the PNCs are consid-
ered. Detailed computational results show that either increasing volume fraction or aspect ratio of
the clay nanoparticles enhances the effective tensile strength and stiffness of the PNCs. The pro-
gressive debonding process of the clay nanoparticles in the polymeric resin was predicted, and the
debonding was initiated in the linearly elastic loading range. The numerical results also show that
PNCs with stagger nanoparticle configuration demonstrate slightly higher values of the engineer-
ing stress than those based on the stack nanoparticle configuration at both varying volume frac-
tions and aspect ratios of the clay nanoparticles. In addition, CZM-based FEA predicts a slightly
lower stress field around the clay particles in PNCs than that without integration of CZM. The
present computational studies are applicable for processing PNCs with controllable mechanical
properties, especially the control of the key processing parameters of PNCs, i.e., the volume frac-
tion and aspect ratio of the clay nanoparticles.

Keywords: cohesive zone model (CZM); polymer nanoclay composites (PNCs); finite element
analysis (FEA); effective strength and stiffness; elastoplastic deformations; scaling analysis

1. Introduction

Polymer nanoclay composites (PNCs) are made of compliant polymeric resins re-
inforced with organically exfoliated clay nanoparticles such as montmorillonite, which
constitute a new class of low-cost polymer nanocomposites with broad interests in aca-
demia and industry. Typically, the addition of a tiny amount of fully exfoliated clay na-
noparticles into the polymeric resins can significantly increase the material properties of
the resulting PNCs. In principle, reinforcement at nanoscales has several advantages
over those in macroscale and microscale. For example, nanoreinforcing constituents
carry a much larger specific surface area (surface area per unit volume or mass) and thus
have much more contact surface area with the polymeric resins per unit volume. As a
result, such effect leads to the high interfacial bonding strength and the form of the in-
terphase region between the nanoreinforcing phase and the polymeric resins, which
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weaken the stress singularity near the nanoparticle ends and suppress the microcrack
initiation in PNCs, etc. [1-5] These unique advantages contribute to the excellent me-
chanical and other physical properties of PNCs such as the highly effective stiffness and
tensile strength, excellent fracture toughness, and improved gas and moisture imper-
meability, among others. Historically, Toyota Automobile Company conducted the first
seminal research to discover the significant improvement of the stiffness and tensile
strength of polymeric resins reinforced with fully exfoliated clay platelets in the 1980s.
Since then, substantial studies have been performed on the impact of clay properties on
the improvement of the stiffness, tensile strength, durability, and reliability of the re-
sulting PNC systems in the composites industry [6]. It has been shown that the addition
of ~5 wt.% of clay nanoparticles in a PNC system can increase the effective Young’s
modulus and tensile strength of the resulting PNCs up to 34% and 25%, respectively [7].
PNCs as powders have also been used in laser sintering applications to enhance the
elastic modulus, tensile strength, and elongation at the break of the resulting PNCs [8].
Obviously, material and process parameters of PNCs (e.g., the clay particle volume frac-
tion, aspect ratio, orientation, etc.) are the key control parameters that can be used to tune
the elastoplastic behaviors of PNCs [9,10]. So far, experimental studies have shown that
exfoliated clay particles can be reshaped into single nanosized clay platelets by ion ex-
change and can be conveniently dispersed evenly into polymer melts or polymeric solu-
tions for improving the mechanical properties. For example, nyon-6 composites rein-
forced with intercalated clay particles can be converted into PNCs reinforced with fully
exfoliated clay platelets, which can double the tensile strength of the resulting nylon-6
nanocomposite [11]. Such improvement in tensile strength of the PNCs cannot be
achieved if only intercalated clay particles are used as the reinforcing constituent of the
polymeric resins [12]. In addition, PNCs also have a noticeable impact on tissue engi-
neering. Tissue scaffolds made of PNCs show better protein absorption and hydropho-
bicity reductions in tissue systems as clay particles are well hydrophilic. A recent study
also indicated that fully exfoliated clay nanoparticles at a mass fraction close to 5% can
even increase the tensile strength of the PNC by 50% [12]. Experimental investigations
also indicated that PNCs bear high thermal stability, surface wettability, and noticeably
improved gas and moisture barriers, which can replace many conventional plastics and
structural composites with reduced material and manufacturing costs [12-16]. In the
view of structural applications, understanding the failure mechanisms of PNCs is im-
portant in order to develop durable PNCs and predict their failure process. Among oth-
ers, understanding of the effects of the material and process parameters of PNCs, e.g.,
clay particle volume fraction, dimensions, aspect ratio, orientation, etc., on the mechani-
cal properties and failure process of the resulting PNCs is most interesting and very im-
portant as these effects can be directly used to design and optimize the material and
process parameters and then to maximize the mechanical behavior of PNCs.

To date, besides extensive experimental investigations, remarkable efforts have also
been devoted to model-based analyses and computational simulations of PNCs for pre-
dicting their unique mechanical and thermal properties. Several theoretical models have
been formulated for such purpose in the literature, such as the Elsheby’s equivalent
model, Mori-Tanaka models, Halpin-Tsai model, self-consistent models, simple shear-lag
model and its extensions, and so on [17]. For instance, Tucker and Liang identified the
optimal model for predicting the effective stiffness of PNCs reinforced with short-aligned
clay particles by FEA. They concluded that the Halpin-Tsai model is capable of providing
reasonable stiffness prediction for short-fiber reinforced composites, and the simple
shear-lag model can predict the most accurate longitudinal modulus of the composites
when the aspect ratio is above 10. Weon and Sue [18] employed both the Halpin-Tsai and
Mori-Tanaka micromechanics models to examine the effects of clay orientation and as-
pect ratio on the mechanical behavior of nylon-6 nanocomposites. Their modeling results
showed that increasing clay aspect ratio and decreasing orientation could enhance the
fracture toughness and ductility of the PNCs. In addition, Tsai and Sun [19] adopted a
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shear-lag model to estimate the effect of clay platelet dispersions on the load transfer ef-
ficiency of the resulting PNCs. Their results showed that the load transfer efficiency of
uniformly dispersed platelets is excellent due to the large aspect ratio of the platelets. In
addition, Rahman and Wu [9] recently conducted detailed nonlinear finite element
analysis (FEA) of the effective mechanical behaviors of PNCs by using a representative
volume element (RVE) with the clay nanoparticle distribution following the stack and
stagger configurations, respectively. They examined the effects of two key material and
process parameters, i.e., the clay nanoparticle volume fraction and aspect ratio, on the
effective stiffness and ultimate tensile strength of the resulting PNCs. It was found that
an increase in either the clay nanoparticle volume fraction or the aspect ratio can obvi-
ously enhance the effective stiffness and ultimate tensile strength, while the clay nano-
particle distribution in either stack or stagger configuration does not noticeably influence
the modeling results. Similar computational studies of the effective mechanical proper-
ties of PNCs, especially the effective stiffness, were also performed in a number of re-
search groups worldwide. For example, Dong and Bhattacharyya [20] formulated a sim-
ple micromechanics model to determine the effective mechanical properties of PNCs in
terms of clay aspect ratio and clay particle dispersion pattern. Three-phase RVE models
were adopted for examining the effects of the interphase layer between the clay particles
and polymeric resins. Their modeling results indicated that the interphase properties do
not significantly influence the effective stiffness of PNCs reinforced with fully exfoliated
clay nanoparticles. In contrast, in the case of PNCs reinforced with intercalated clay par-
ticles, the effective properties of the resulting PNCs are quite independent of the clay
dispersion pattern. More recent studies of the characterization and modeling of the me-
chanical properties of PNCs can be found in several recent review papers and related
references therein [9-14,20,21].

In the above, most research studies reported in the literature were focused only on
determining the effective stiffness of the PNCs by applying classic micromechanics and
related computational simulations by FEA. No research has been made on the introduc-
tion of the cohesive zone model (CZM) to analyze the effective mechanical behaviors of
PNCs in the entire loading range. The failure mechanisms and process of PNCs are still
not explored yet, especially the debonding process of clay nanoparticles in PNCs.
Therefore, in this study, we are to integrate the CZM into nonlinear FEA for predicting
the effective mechanical properties and failure process of PNCs. During the process,
RVEs of both typical stack and stagger clay nanoparticle configurations are used. The
polymeric matrices are treated as ideal elastoplastic solids with isotropic hardening be-
havior, whereas the clay nanoparticles are assumed as stiff, linearly elastic platelets. In
addition, edge-curved clay nanoparticles are adopted to avoid obvious stress singulari-
ties at the edges of clay nanoparticles. The modeling results are compared with those of
PNCs reinforced with rectangle-shaped clay nanoparticles. In addition, a family of the
effective engineering stress-strain diagrams of the PNCs is obtained at varying clay na-
noparticle volume fractions and aspect ratios. Comparison is made between the pre-
dicted mechanical properties of PNCs reinforced with aligned clay nanoparticles in the
stack and stagger configurations. The influence of the CZM model on the prediction of
the mechanical properties of the PNCs is further justified through detailed computational
simulations. Conclusions of the present CZM-based computational study and related
potential applications are made in consequence.

2. Materials and Methods
2.1. Cohesive Zone Model (CZM) for PNCs

To date, the cohesive zone model (CZM) (Figure 1) has been adopted extensively to
explore the failure process at crack tips in solid materials. CZM was first conceived and
developed in the original works by Barenlatt [22,23] and Dugdale [24], who introduced a
nonlinear processing zone (i.e., the cohesive zone) at the crack tips in elastoplastic mate-
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rials in order to explain the nonlinear behavior ahead of the crack tips. When introducing
CZM in fracture mechanics, the singular stress zone at the crack tip is replaced by a
nonsingular nonlinear process zone, which can significantly simplify the numerical pro-
cess in modeling crack initiation and propagation. So far, a variety of CZMs have been
formulated and integrated into finite element methods (FEMs) for simulating crack ini-
tiation and growth in various monolithic and composite materials with improved accu-
racy [25].

Load

Crack Ti
v Cohesive Zone

Figure 1. Schematic cohesive zone model.

From the standpoint of applications, CZM can be described as a model where the
entire body remains in the elastic region while the nonlinearity at the processing zone
varies to respond to the varying conditions due to external loading or material failure,
such as crack propagation. Thus, the mechanical behavior of the entire system can be
summarized as follows: (1) At the beginning, a linearly elastic region involves due to the
low loading level, (2) crack initiates due to increasing loads, and finally (3) crack initia-
tion to the complete failure occurs, which are governed by the specified cohesive law in
the numerical algorithms. The relationship between the stress and opening displacement
in CZM is characterized by the traction-separation law, i.e., the traction-separation load
curve (TSLC) (Figure 2) [25]. The peak value of the traction-separation curve followed by
the cohesive law corresponds to the cohesive strength; the area under the trac-
tion-separation diagram is the fracture toughness or the cohesive fracture energy release
rate (ERR). In practice, selection of a proper shape of the process zone model with the
proper cohesive strength and cohesive fracture ERR is crucial in applying CZM. The
commonly used traction-separation relations of the CZM are bilinear (triangular), expo-
nential, and trapezoidal. Choice of the traction-separation relation of the CZM in mod-
eling depends typically on the understanding of the physical cohesive law of the materi-
als and the balance of the numerical accuracy, stability, and efficiency. Different cohesive
traction-separation relations with the same cohesive strength and fracture ERR can be
applicable for specific CZM modeling with no significant numerical deviations. In CZM,
the critical normal and tangential fracture toughness of a bilinear CZM is

Gy =5 T )
where omax is the peak cohesive stress, i.e., the cohesive strength, and onc is the critical
displacement jump.
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Figure 2. Typical cohesive zone models.

In the present study, a bilinear CZM available in ANSYS® (version 16) [26] is used
for modeling the effective full-range stress-strain diagram of PNCs with a wide range of
clay nanoparticle volume fraction and aspect ratio. At a large tensile strain, debonding
between the clay nanoparticle and polymeric resin occurs, which will be captured and
modeled by the CZM that is integrated into FEM (e.g., ANSYS®, Canonsburg, PA, USA)
as approached in our recent study of debonding modeling of adhesively bonded joints
(ABJs) [26,27]. As a matter of fact, debonding of clay nanoparticles in polymeric resins is
typically a mixed-mode fracture process, i.e., both the normal and tangential interfacial
stresses at clay nanoparticle surfaces contribute to the total fracture energy of the PNCs.
Without loss of generality, a power-law fracture criterion can be used to define the com-
pletion of debonding failure as

ey e Gy -y )
GIC GIIC

In the above, Gic and Grc are the pure mode-I and mode-II fracture toughness, re-
spectively, which are the interface properties of the PNCs that are governed by the
properties of the clay nanoparticles, polymeric resins, and the processing methods of the
PNCs. Gi and Grn are, respectively, the pure mode-I and mode-II fracture strain ERRs,
defined as the works done by the node normal and tangential forces during the complete
node release process in CZM-based FEA of clay nanoparticle debonding.

o,
G, =["0,ds, 3)
and
s,
Gy = 0,ds, ()

In above, on and 0n are, respectively, the node normal stress and opening displace-
ment, and ot and O are, respectively, the node tangential stress and tangential opening
displacement, as illustrated in Figure 3(a). During the nonlinear numerical solving pro-
cess of the FEM code (e.g., ANSYS® version 16 in this case), variations of the node stresses
on and ot and the node displacements dn and 0t are determined iteratively, and the 0n-0n
and o+t relations are assumed to follow the bilinear CZM as illustrated in Figure 3(b).
Herein, the 0n-0n and o0t diagrams are made up with a linearly elastic loading region
(OA) and a linearly elastic softening region (AC). During the debonding process of clay
nanoparticles, the node normal and shear stresses reach the peak values at point A and
then softening occurs, and the node normal and shear forces linearly decrease to zero at
C. The triangular area formed by OAC is the critical debonding toughness for either
mode I or model II fracture. The control parameters of the bilinear CZM for either open-
ing (mode I) or shear (model II) failure are the normal (shear) force stiffness kx (k), peak
normal (shear) stress, and critical mode I (II) debonding toughness Gic (Guc).
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(b)

Figure 3. (a) Schematic node normal and tangential stresses and displacements in CZM- based FEM modeling of the
debonding process of clay nanoparticles in PNCs. (b) Schematic 0n-dn and o+t relations of a bilinear CZM.

2.2. CZM-based FEA of the Mechanical Behavior of PNCs

For PNCs, the clay nanoparticles are generally much stiffer and have much higher
tensile strength than those of the polymeric resins. Thus, during the entire deformation of
the PNCs under uniaxial tension along the direction of the aligned clay nanoparticles, the
clay nanoparticles remain in the elastic deformation stage until the catastrophic failure of
the PNCs occurs. In this study, the main failure modes to be explored are the resin plastic
deformations, clay nanoparticle debonding, and pull-out. Breakage of the clay nanopar-
ticles is ignored for simplification and lack of the ultimate tensile strength of the clay
nanoparticles, and such failure mode generally occurs at very high aspect ratios of the
clay nanoparticles. The yield strength of the polymeric resin is selected as 79 MPa;
Young’s modulus and Poisson’s ratio are taken as 2.75 GPa and 0.41, respectively.
Young’'s modulus and Poisson’s ratio of the clay nanoparticles are assumed as 178 GPa
and 0.28, respectively. In the bilinear CZM, the nodal failure stress is assumed as 40 MPa
in both tensile and shearing cases, and the mode I fracture toughness is assumed as Gic =
1.0 kJ/m? with Gnec = 1.5 Gic.

Furthermore, the unique feature of the present numerical scaling study is to inte-
grate CZM into FEA for determining the entire-range effective stress-strain diagrams of
PNCs involving elastoplastic deformation and clay nanoparticle debonding failure. Ef-
fects of the clay nanoparticle volume fraction and aspect ratio on the effective mechanical
behaviors of the PNCs are examined by using a commercially available FEM software
package (ANSYS® version 16), in which a CZM model is integrated at the transition re-
gion between the clay nanoparticles and the polymeric resin. In general, clay nanoparti-
cles are randomly distributed in PNCs, as illustrated in Figure 4. In the idealized case as
to be investigated herein, all the clay nanoparticles are assumed to be completely aligned
in order to achieve the maximum mechanical properties, which are also the theoretical
upper limits of the mechanical properties of PNCs and can be used as the guidelines for
processing PNCs. During the process, a plane-strain state is specified for all cases of the
PNC systems with varying clay nanoparticle volume fraction and aspect ratio. All the
clay nanoparticles are treated to be aligned in either stack or stagger configuration (Fig-
ures 5 and 6) in the polymeric resins. In addition, edge-curved clay nanoparticles are also
considered to suppress the stress singularities and further examine their influences in the
effective stress-strain relations compared to those of PNCs reinforced with rectan-
gle-shaped clay nanoparticles.
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Figure 4. Schematic of a polymer nanoclay composite (PNC) reinforced with randomly distributed
intercalated and fully exfoliated clay particles.
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Figure 5. Representative volume element (RVE) of a PNC reinforced with aligned, identical clay
nanoparticles in a stack distribution configuration. (a) Idealized identical stacking clay platelets; (b)
a typical RVE; and (c) a quarter RVE for efficient simulation.
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Figure 6. Representative volume element (RVE) of a PNC reinforced with aligned, identical clay
nanoparticles in a stagger distribution configuration. (a) Idealized identical staggering clay plate-
lets; (b) a typical RVE; and (c) a quarter RVE for efficient simulation.

In all the numerical simulations herein, four-node elements (PLANE182) and
mapped uniform quadrilateral meshes are used for the entire RVE, and two-node contact
elements (CONTACI12) are introduced between the clay nanoparticles and polymeric
resin. Symmetrical boundary conditions are enforced at the horizontal and vertical
symmetric axes; forced displacement constraints are evoked to maintain the constant
horizontal displacements at the right vertical edges; constant vertical displacement is
applied at the top edge. The nonlinear CZM-based FEA is executed under the condition
of small displacements. Newton-Raphson algorithm is selected for the nonlinear numer-
ical iterations. The convergence criterion, equation solver, and nonlinear options are set
as program defaults. After each simulation, the nodal forces at the top edge are extracted
and recorded at several sampling displacements (i.e., the effective tensile strains) until
the effective strain equal to three times the yield strain of the polymeric matrix. The cor-
responding effective tensile stresses are calculated manually via dividing the sum of the
edge nodal forces by the width of the RVE [9]. The numerical experiments show that the
above nonlinear FEA can provide reliable, effective stress-strain diagrams of the PNCs at
varying clay particle aspect ratio ¢ and volume fraction V¢ within this consideration.
Detailed numerical results will be discussed in Section 3.

3. Results and Discussion
3.1. Scaling Analysis of the Effective Stress-Strain Behaviors of PNCs

In the present study, CZM-based nonlinear FEA is performed to extract the stress
and displacement fields of the RVEs (Figures 5 and 6) of PNCs in a wide range of clay
nanoparticle volume fraction (Vi = 2.5%, 5%, 7.5%, and 10%) and aspect ratio (o =5, 7.5,
10, and 20) [28]. In the numerical process, two configurations of clay nanoparticle dis-
tribution, i.e., the stack and stagger nanoparticle configurations, are taken into account
for the purpose of examining the influence of clay nanoparticle distribution in the effec-
tive engineering stress-strain relation of the PNCs, in which the clay nanoparticles with
and without curved edges are further examined. Additional simulations based on FEA
without integration of the CZM are also performed to examine the effect of CZM on the
effective mechanical properties of the PNCs. Figure 7 shows the typical von Mises stress
and displacement fields of the REV in the progressive debonding process of the rectan-
gle-shaped clay nanoparticle under external loading by FEA integrated with CZM based
on the stack clay nanoparticle configuration. No obvious singular stress field is detected
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at the crack tip due to integration of the CZM. It can be found that debonding initiates at
the two edges of the nanoparticle due to the large normal stress, and such debonding
growth is unstable, which induces abrupt stress dropping.
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Figure 7. von Mises stress and displacement fields of the RVE of a PNC reinforced with a rectangle-shaped clay nano-
particle: (a) crack initiates, (b) crack propagates, and (c) crack propagates at the final failure.

Figures 8 and 9 show the extracted effective ultimate tensile strength ouw and effec-
tive elastic modulus E. of the PNCs at varying clay nanoparticle volume fractions (V¢ =
2.5, 5, 7.5, and 10) and nanoparticle aspect ratios (¢ =5, 7.5, 10 and 20) by using FEA with
and without integration of the CZM based on the stack nanoparticle configuration. For o
=5, 7.5, and 10, the simulations show that the value of ou1 grows nearly linearly with in-
creasing Vr in the range of the value in the present investigation. For ¢ = 20, the value of
out increases abruptly with increasing V:. In particular, at Vi = 10, the value of ou for o =
20 is approximately 10 times that for o = 5, which implies that increasing aspect ratio of
the clay nanoparticles can significantly enhance the tensile strength of the resulting PNCs
since the larger the aspect ratio, the more anisotropic the PNC is. In reality, the value of o
is much larger than 20, especially in the case of fully exfoliated clay nanoparticles, which
provides an excellent reinforcing effect in PNCs. In addition, Figure 9 also indicates that
at fixed values of Vt and o, FEA integrated with CZM predicts a slightly lower value of
out than that predicted by FEA without integration with CZM. This observation can be
explained such that FEA integrated with CZM eliminates the stress singularity at the
crack tip and therefore reduces the stress level and increases the effective tensile strength.
In addition, Figure 9 shows that the varying trend of the effective modulus Ek is similar to
that of ouw with varying o and Vr except for the comparison of the simulations with and
without integration of CZM. Given the specific values of V¢ and @, a simulation without
integration of CZM predicts a slightly larger value of E. than that with integration of
CZM. This is obvious since, without integration of CZM, the stress field near the crack tip
is singular, corresponding to the larger effective stress at the same loading level, i.e., the
larger value of Ee.
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Figure 8. Variations of the effective ultimate tensile strength out with the clay nanoparticle volume
fraction Vr at the aspect ratio of o =5, 7.5, 10, and 20, respectively.
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Figure 9. Variations of the effective elastic modulus Ee with the clay nanoparticle volume fraction
Vr at the aspect ratio of ¢ =5, 7.5, 10, and 20, respectively.

Figures 10-13 show the reduced effective stress-strain diagrams of the PNCs with
varying clay nanoparticle volume fractions (Vi=2.5, 5, 7.5, and 10) and nanoparticle as-
pect ratios (0 = 5, 7.5, 10 and 20) by FEA integrated with CZM based on the stack clay
nanoparticle configuration. In each effective stress-strain diagram, there is a numerically
fictitious stress drop in the linearly loading range due to debonding initiation-induced
material softening. Such stress dropping phenomenon is decaying with decreasing Vs,
and nearly no stress dropping is observable at Vi = 2.5%. For the purpose of comparison,
Figure 14 also shows the effective stress-strain diagrams for o =5 and Vt=2.5, 5, 7.5, and
10 by FEA integrated with CZM based on the stagger clay nanoparticle configuration
(Figure 6). It can be found from Figures 10 and 14 that the simulations based on the
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stagger clay nanoparticle configuration demonstrate no stress dropping and slightly
large effective tensile strength. Such observation is due to the fact that the stagger clay
nanoparticle configuration designates more evenly distributed clay nanoparticles in the
polymeric matrix, corresponding to a higher load-carrying capacity, i.e., a higher effec-
tive tensile strength of the PNC [9,10]. In addition, the more evenly distributed stress
state in the RVE with a stagger clay nanoparticle configuration suppresses the unable
debonding of the nanoparticles, and thus no obvious stress dropping is observed in Fig-
ure 14.

3
L Stress-strain diagram with CZM
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Figure 10. Effective stress-strain diagrams of the PNC (stack nanoparticle configuration) with CZM
at the nanoparticle volume fraction of Vi=2.5%, 5%, 7.5% and 10%, respectively (o = 5).
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Figure 11. Effective stress-strain diagrams of the PNC (stack model) with CZM at the nanoparticle
volume fraction of Vi =2.5%, 5%, 7.5%, and 10%, respectively (0 =7.5).
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Figure 12. Effective stress-strain diagrams of the PNC (stack nanoparticle configuration) with CZM
at the nanoparticle volume fraction of Vi=2.5%, 5%, 7.5%, and 10%, respectively (o = 10).
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Figure 13. Effective stress-strain diagrams of the PNC (stack nanoparticle configuration) with CZM
at the nanoparticle volume fraction of Vi=2.5%, 5%, 7.5%, and 10%, respectively (o = 20).
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Figure 14. Effective stress-strain diagrams of the PNC (stagger nanoparticle configuration) with
CZM at the nanoparticle volume fractions V¢ =2.5%, 5%, 7.5%, and 10% at the clay particle aspect
ratio o =5.

Figures 15-18 show the reduced effective stress-strain diagrams of the PNCs with
varying clay nanoparticle volume fractions (V¢ = 2.5, 5, 7.5, and 10) and aspect ratios (¢ =
5, 7.5, 10 and 20) by FEA without CZM based on the stack clay nanoparticle configura-
tion. In this case, the numerical simulations are purely conventional nonlinear FEA
without taking into account debonding induced failure. Once the polymeric resin reaches
its yield strength, the PNC reaches its effective ultimate tensile strength, i.e., the yielding
of the polymeric resin governs the effective ultimate tensile strength of the PNC [9,10].
Therefore, the shapes of the effective stress-strain diagrams are close to those of idealized
elastoplastic materials. For the purpose of comparison, Figure 19 also shows the effective
stress-strain diagrams of the PNCs at o =5 and Vi = 2.5, 5, 7.5, and 10 by FEA without
CZM based on the stagger clay nanoparticle configuration. It can be found from Figures
15 and 19 that the two cases of nanoparticle distribution configurations predict very close
results though the stack clay nanoparticle configuration demonstrates a slightly higher
stress state due to its less symmetric configuration compared to that of the stagger clay
nanoparticle configuration.
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Figure 15. Effective stress-strain diagrams of the PNC (stack nanoparticle configuration) without
CZM at the nanoparticle volume fraction of Vi=2.5%, 5%, 7.5%, and 10%, respectively (o = 5).

45

375

075

| Stress-strain diagram without CZM
| (p=7.5; V,=2.5%, 5%, 7.5%, 10%)

p=7.5; V=10%
p=7.5; V=7.5%
p=7.5; V=3%

p=7.5; V=2.5%

0 1 2

N

7

3 24
Strain (x10™)

5 6

Figure 16. Effective stress-strain diagrams of the PNC (stack nanoparticle configuration) without
CZM at the nanoparticle volume fraction of V¢ =2.5%, 5%, 7.5%, and 10%, respectively (0 =7.5).
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Figure 17. Effective stress-strain diagrams of the PNC (stack nanoparticle configuration) without
CZM at the nanoparticle volume fraction of Vi=2.5%, 5%, 7.5%, and 10%, respectively (o = 10).
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Figure 18. Effective stress-strain diagrams of the PNC (stack nanoparticle configuration) without
CZM at the nanoparticle volume fraction of Vi =2.5%, 5%, 7.5%, and 10%, respectively (o = 20).
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Figure 19. Effective stress-strain diagrams of the PNC (stagger nanoparticle configuration) without
CZM at the nanoparticle volume fraction of Vi=2.5%, 5%, 7.5%, and 10%, respectively (0 = 5).

Figure 20 shows the typical von Mises stress and displacement fields of the REV in
the progressive debonding process of the edge-curved clay nanoparticle under uniaxial
tensile loading along the clay nanoparticle direction by using FEA integrated with CZM,
in which the stack clay nanoparticle configuration is evoked. Compared to Figure 7 based
on a rectangle-shaped clay nanoparticle, the peak von Mises stress decreases ~12% due to
adoption of the curved edges. Such a stress decrease is obvious as the result of eliminat-
ing the stress singularity in the RVE reinforced with edge-curved clay nanoparticles.

- 50.391 Max 50.391 Max
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27.005 27.905
22,396 22308
16,797 16,797
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(b) (c)

Figure 20. von Mises stress and displacement fields of the RVE of a PNC reinforced with an edge-curved clay nanoparti-
cle: (a) crack initiates, (b) crack propagates, and (c) crack propagates to the final failure.

Figures 21 and 22 show the effective stress-strain diagrams of the PNCs of o =5 and
Vi=25,5,7.5, and 10 by FEA integrated with and without CZM, respectively, based on
the stack edge-curved clay nanoparticle configuration. It can be found from Figure 21
that obvious stress dropping exists in the effective stress-strain diagrams for the simula-
tions by FEA integrated with CZM, while no obvious stress dropping is detected for
those simulations by using FEA without integration of CZM (Figure 22). In addition, the
stress level predicted by FEA integrated with CZM (Figure 21) is larger than that without



J. Compos. Sci. 2021, 5, 131 17 of 19

integration of CZM (Figure 22). In this case, debonding predicted by FEA integrated with
CZM (Figure 21) induces a larger stress level at the crack tip than that at the same loca-
tion of perfectly bonded edge-curved clay nanoparticle in the polymeric resin (Figure 22).
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Figure 21. Effective stress-strain diagrams of the PNC (reinforced with edge-curved clay nanoparticles)
with CZM at the nanoparticle volume fraction of Vi=2.5%, 5%, 7.5%, and 10%, respectively (o0 = 5).
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Figure 22. Effective stress-strain diagrams of the PNC (reinforced with edge-curved clay nanopar-
ticles) without CZM at the nanoparticle volume fraction of V¢ =2.5%, 5%, 7.5%, and 10%, respec-
tively (0 =5).
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4. Conclusions

The cohesive zone model (CZM) has been integrated into FEM to successfully sim-
ulate the entire effective uniaxial stress-strain diagrams of PNCs in a large range of clay
nanoparticle volume fraction and aspect ratio. During the numerical process of each case
of the clay nanoparticle volume fraction and aspect ratio, two configurations of aligned
clay nanoparticle distribution, i.e., the stack and stagger nanoparticle configurations,
have been taken into account to approach two idealized clay particle distribution states.
Detailed effective uniaxial stress-strain diagrams of the PNCs have been obtained and
compared to successfully explore the effects of PNC processing parameters (i.e., the
nanoclay volume fraction, aspect ratio, and alignment). It has been shown that increasing
either clay nanoparticle volume fraction, aspect ratio, or alignment is the feasible tech-
nical approach to achieve high load-carrying capacity, including the effective stiffness
and strength of the PNCs. The present CZM-based FEA is capable of predicting the pro-
gressive debonding process of the clay nanoparticles in polymer resins under uniaxial
tension, which is closer to the realistic failure process of PNCs. Therefore, the present
CZM-based FEA can be used to design and optimize the mechanical properties of PNCs.
Moreover, the present computational approach can be furthered to include additional
material and microstructural properties of PNCs, e.g., nanosized clay-resin interface
features, clay particle waviness, three-dimensional geometries, etc. The present
CZM-based FEA provides a feasible while effective computational tool for the efficient
computer-aided nanocomposite design for targeted mechanical and physical properties
and manufacturing.
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