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Abstract

In the current research, the influence of clay platelet on crack characteristics of fully exfoliated
clay/ polymer matrix is scrutinized. A multi-scale 3-D finite element model comprising of four
phases as clay platelet, non-perfect bond interactions, interphase region and surrounding matrix
is constructed to investigate semi-elliptical matrix crack properties, as a nano-notch, subjected to
fracture mode I. Subsequently, the strain energy release rate is acquired in terms of J-integral
parameter considering the location and dimension, geometrical variables and modeling strategy.
The results imply on the pronounced effect of clay debonding on crack behavior which leads to
local stiffness reduction. Furthermore, interphase characteristics such as thickness and elastic
modulus, have significant influences on the critical energy release rate. The results are consistent
with published literatures and the model can be invoked as a viable tool to investigate the
fracture behaviors of clay/polymer nanocomposites.

Keywords: A. Nano-structures; B. Debonding; B. Fracture; C. Finite element analysis (FEA);

1. Introduction

Regarding the virtues of nanoparticle-reinforced polymeric composites, application of these
materials pervades the state-of-the-art technologies in the aerospace, marine, automotive and
other similar thriving industries. Owing to the superior mechanical, physical and thermal
properties of polymeric nanocomposites with addition of carbon nanotube, nanoclay or
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nanoparticles, against pristine polymers, wide-range of investigations have been conducted in
order to characterize of such materials [1-12]. Due to striking properties of nanoclay, the
variation of elastic modulus and tensile strength pursuant to its content ratio in epoxy was vastly
examined in some studies [13-17] considering various procedures. Among different clay types,
Montmorillonite (MMT) is extensively exploited as nano-reinforcing agent in constructing
nanocomposite materials due to its high aspect ratio and moderate cost [18]. A comprehensive
review on nanoclay and nanoclay reinforced polymers, meanwhile, was accomplished by Rafiee
and Shahzadi [19]. A profound investigation was carried out by Woong et al. [20] to identify the
impact of clay dispersion on the mechanical properties and the results disclosed inevitable effect
of material preparation process technique besides the amount of clay on fracture toughness and
other attributes. In addition to elastic modulus, many experimental studies have been conducted
in order to achieve fracture parameters including several matrix materials [21-24]. The effect of
loading rates on fracture work and failure mechanism of polypropylene/nanoclay composite was
expounded by Saminathan et al. [25, 26] in which the results demonstrated the measured fracture
properties by the Essential Work of Fracture (EWF) method and dependency of fracture
attributes on loading rate. Furthermore, their conclusions revealed that the specific EWF for
yielding increased with the rise in the loading rate whilst the specific EWF for necking
decreased. The increase in epoxy toughness after mixing both nanoclay and thermoplastic
materials was reported by Rostamiyan et al. [27], in which, the obtained results indicated that the
tensile, compressive and impact strength of the new ternary nanocomposites were ameliorated as
opposed to those of neat resin. Considering debonding damage between interphase and nanoclay,
the mechanical properties of nanoclay reinforced nanocomposite were acquired by
Malekimoghdam et al. through finite element multi-scale modeling [28].

Notwithstanding the comprehensive experimental macro-scale clay/epoxy studies, a relatively
infrequent number of researches could be found focused on the numerical 3D fracture behavior
of nanocomposites in nano/micro scale. Furthermore, most researches put forward a 2D finite
element representative volume element to investigate the mechanical behavior of exfoliated and
intercalated clay-nanocomposites [29-31]. Silani et al. [32] conducted the experimental and
numerical investigations in macro-scale exploring the effect of clay on the brittleness of the
nanocomposite and damage initiation simulation in dog-bone sample by means of XEFM.

Gaoming Dai et al. [33] elucidated damage behavior of nanoclay/polymers in a FEM analysis
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employing disk-shape inclusion as nanoparticle reinforcing material without considering stress
singularities by means of singular elements. It was observed that the rise in aspect ratio leads to
an increase in Young’s modulus, yet a decrease in strength. A semi- concurrent modeling
approach on 2D fully exfoliated clay/ epoxy nanocomposite materials was utilized by Silani et al.
[34] in order to find out the damage initiation and propagation through the material. Invoking
phase field model, the fracture parameters of fully exfoliated clay/ polymer nanocomposites were
obtained in some other literatures [35, 36].

Numerical studies regarding interactions of 2D cracked matrix in vicinity of a nanoparticle or
nano fiber were presented in some literatures [37—40], in which the linear crack front interaction
with carbon fibers or spherical inclusions were investigated without incorporating cohesive zone
material model and debonding damage.

Considering the cumbersome procedure of performing experimental tests and the existing of
limited computational investigations in this scope, the main aim of the present work is to propose
a novel approach for studying the interaction between an epoxy matrix weakened by a semi-
elliptical crack as a built-in nano-cleavage, and clay platelet via 3-D finite element method. For
this purpose, a new Representative VVolume Element (RVE) which is realistically capable of
capturing clay debonding effect at nano/ micro scale is developed. The current study investigates
the influence of clay on fracture behavior of cracked epoxy by conducting a comparative study
between nanocomposite and neat resin. Unlike 2-D analysis and with the aid of semi-elliptical
crack model, representing nonlinear crack front, the influence of interphase thickness on fracture

behavior of RVE is also revealed.

2. Finite Element Modeling

There have been two mainstreams in developing numerous models that have been formed to
assess nanocomposite mechanical properties [41-43], such models, namely two- and three-phase
models, without and with considering the interphase between inclusion and surrounding matrix,
respectively. In the present work, the investigated RVE consists four distinct phases as clay
platelet, interface between clay and neighboring interphase (exerting cohesive zone model),
clay/matrix interphase and epoxy matrix representing exfoliated morphology of nano-clay in
matrix. A 3-D FE model of the RVE is built in ANSYS 15.0 commercial package. There are two

approaches to construct RVE model representing different load transfer mechanisms from matrix
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medium to inclusion, namely long type modeling and fully-embedded short clay modeling. It
should be notified, long RVE approach is utilized to facilitate the simulation procedure and
consequently some essential aspects of damage phenomenon are inevitably neglected. Given
that, the nanoclay is extended throughout the whole length of RVE, in fact, normal debonding
damage between nanoclay and interphase region is not captured because of inherent physics of
long RVE model, while the interfacial interaction between them is simulated via cohesive zone
model where only tangential deboning may occur. The “long type RVE” is selected by some
researchers to evaluate nanoclay mechanical properties [43-45]. In this research, both ‘Short
RVE’ and ‘Long RVE’ are analyzed to investigate the effect of clay length on the results. It is
worthwhile to note that, in the ‘Long RVE; the load is directly applied to the clay platelet, while,
in the ‘short RVE’ the load transferring phenomenon from matrix to nano-clay is implemented

by interphase and interphase phases. The constructed finite element models of both long and

short types are illustrated in Fig.1.

(a) (b)
Fig. 1. Finite element model of intact half RVE (a) Long RVE (b) Short RVE

Regarding the ‘Short RVE’ model, it should be noted that the clay platelet is totally surrounded
by polymer matrix and load transfer phenomenon is accomplished via non-bonded interphase
region. Employing RVE with the aid of mixed-mode CZM, therefore, both normal and tangential
clay debonding processes can be captured. The multi-scale finite element modeling procedure of
four-phase intact nanocomposite is shown in Fig.2. It is worth mentioning that interphase is

modeled as mobility region considering the variation of mechanical properties between matrix
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and clay, while interface is invoked for the purpose of simulating interactions and debonding

between clay and surrounding medium.

Short RVE- Half Model

Polymer
Interphase
CZM- Zero Thickness

Clay \\

Fig. 2. Multi-scale finite element modeling procedure of four-phase clay/ polymer nanocomposite

TEM- clay/ Polymer

2.1 Clay platelet

The clay platelet is simulated as an elastic isotropic material with the same material properties as
Montmorillonite [46]. The thickness of each platelet is assumed to be 1nm [47]. The SOLID 186
element has been employed to construct the finite element of the clay model. This element

possesses 20 nodes with three degrees of freedom per node which are transitional in x, y and z
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directions [48]. Additionally, because of the usage of an intermediate node on each edge of the

element, it has higher order shape function and thus results in a higher accuracy [48].

2.2 Surrounding Matrix

Considering various weight percentages of clay, the epoxy resin has been simulated with the
SOLID 186 element. Epoxy mechanical properties are based on elastic-perfect-plastic material
model derived from existing datasheets. The multi-linear isotropic hardening plasticity is adopted
to simulate a finite element model which may be preferred for cycling where the kinematic
hardening could exaggerate the Bauchinger effect [48]. Furthermore, a maximum of 100 stress-

strain points can be defined to explain polymer behavior [48].

2.3 Interphase and Interface regions

The key issue defining the efficiency of improving the properties of clay/polymer
nanocomposites at micro-scale is the load transferring phenomenon from the resin to the clay
platelet through the interactions between the clay and the matrix occurring at interphase region.
Thus, accounting for the load transferring mechanism from the matrix to the clay, modeling both
interphase and interface (interactions between the clay and the matrix at interphase region)
regions plays a crucial role in a proper understanding of the polymer clay nanocomposites
(PCN). Consequently, the aforementioned region is divided into two segments comprising the
mobility region and the interactions between epoxy and clay (at interphase region) which are

simulated as the interphase and the interface (CZM model), respectively, according to Fig. 2.

2.3.1. Interphase region

Interphase, as an intermediate phase between clay and surrounding polymer, possesses dissimilar
mechanical properties in comparison with clay and matrix properties. Modeling of this phase has
a pivotal influence on the mechanical characteristics of both intercalated and exfoliated clay
nanocomposites [49]. The interphase region between the surrounding matrix and the clay can
exhibit as a mobility region [49] for which the mechanical properties vary from the clay to the
matrix with different values reported for the thickness magnitude [45]. The elastic modulus of
any point within clay/epoxy interphase, by introducing r as a parameter which varies within
interphase thickness, can be specified by [43, 50]:
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L n l;
Eine(r) = Em (;) + [Uine = 27/ Uit — 1)1 [E —E, (l_)] M
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Which is subjected to following constrains:
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where l;,,; is interphase length, . is clay length, E,, and E,. denote matrix and inclusion elastic
modulus, respectively. The n denotes the Interfacial Enhancement Index (IEI) which depends
upon the surface treatment of nanoparticles as well as the degree of intercalation/exfoliation
occurring in nanocomposites; smaller magnitudes of IEI lead to higher interphase stiffness. By
increasing the value of n, modulus function behavior will be akin to homographic functions. By
virtue of mean value theorem for functions, the average of elastic modulus on interphase

thickness can be found as follows.

= 1

int
thint

ﬁﬁ'/’;t/ 2B (r)dr 3)

Fig.3 represents the interphase elastic modulus variation through its thickness. The magnitude of
n which is ascribed to the interfacial facets of nanocomposite, can be found using single
experimental tests. The effect of foregoing index on crack energetic is investigated in the

following section.

Interphase Elastic Modulus (n>5)

|
m |

=
=

T int
2

(S

Fig. 3. Young modulus distribution versus interphase thickness
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2.3.2. Interface Region

The interface region is introduced as a non-perfect bonding between clay and interphase and
which is constructed via cohesive zone model. The zero thickness INTER204 3D element is
employed to simulate interactions and debonding between clay and epoxy at interphase region.
This model is a robust implement for simulating the interface debonding and related fracture
phenomenon which is based on the model proposed by Alfano et al. [51]. This element is defined
by 16 nodes having three degrees of freedom at each node in the X, y, z directions as shown in
Fig. 4. Likewise, it is capable of simulating an interface between two surfaces and the subsequent
delamination process, where the separation is represented by an increasing displacement between
initially coincident nodes, within the interface element itself. Because the CZM encircles the
entire clay platelet, the mixed-mode type including mode | and mode Il is adopted to simulate
interfacial debonding and fracture phenomena in both normal and tangential directions based on
the bilinear traction-separation law. The CZM model consists of a constitutive relation between
the  traction “T” acting on the interface and the corresponding interfacial
separation “8” (displacement jump across the interface). The bilinear cohesive law is exploited
under mixed-mode fracture in which the separation of material interfaces depends on both the
normal and tangential components of displacement jumps which are displayed in Fig. 4. To take
into account the difference in the normal and tangential jumps contributions to the separation of
material interfaces, a non-dimensional effective displacement jump, A for mixed-mode fracture is
defined.

The normal and tangential components of cohesive tractions and corresponding relations in
mixed-mode type are expressed as [48]:

Th = Knon (1-Dm) ()]
Tt = Kt 6t (1-Dm) (5)
= G2+ 5260 ©

Tn, Tt, On, o, Dm describe normal traction, tangential traction, normal separation, tangential

separation and damage parameter, respectively.
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The B is the non-dimensional parameters which assigns different weights to tangential and
normal displacement jumps. The damage parameter associated with mixed-mode bilinear

cohesive law is illustrated as:

D. = {0 Amax = /1(1
™ (Min (1, dm) Anax > A (7
where:
_Sn_ o0t (8)
P =50 Pag
Amax—Acr
m=n[———] (9)
8¢ 8¢

= sc—6;  5¢-5; (10)

where 8:°/ 8¢ and dn”/ &, indicate normal/tangential displacement jump at the completion of
debonding and normal/tangential displacement jump at maximum normal cohesive traction,
respectively. There are six basic parameters to define the bilinear mixed-mode cohesive law in
ANSYS [48] provided by the molecular dynamics simulation for the Van der Waals interactions

between surfactants adhered to the clay surface and the surrounding matrix [49].

Traction

Tangential separation
(a) (b)

Fig. 4. Cohesive zone material (a) Mixed-mode traction-separation behavior (b) INTER204 element geometry [48]
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2.4 Semi-elliptical 3D crack modeling

Generally speaking, stress and deformation fields around the crack tip have high gradients. The
precise nature of these fields depends on the material, geometry, and other factors such as
loading conditions. Additionally, convergence considerations would entail using higher order
elements with higher order shape functions. As it can be seen in Figs. 5 and 6, in order to capture
the rapidly varying stress and deformation fields, a refined mesh pattern is constructed in the
region adjacent to crack front, utilizing hexahedral 20-node solid element (SOLID186). In these
figures, crack location is indicated by xc and RVE length, width and height are defined by I, w
and 2t, respectively.

Crack Face Position

Matrix Elements
(SOLID186)

(b) (©) (d)

Fig. 5. (a) Finite Element model of short RVE with 3D crack (b) Enlarged view of crack face, (c) Spider web shape of
singular elements (d) Cut- view at crack face/ crack parameters

10
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Producing singularity in stress field, the crack front mesh (i.e. possessing elements next to the
crack front) is chosen as a wedge-shape quadratic, with the mid-side nodes placed at the quarter
point [52].

Crack Face Position

Crack Front

(b) (©

Fig. 6. (a) Finite Element model of Long RVE with 3D crack, (b) Enlarged view of crack structure, (c) Spider web shape of
singular elements (d) Cut- view at crack face/ crack parameters

3. Results and Discussions

Prior to the elaboration of the outcomes, in order to verify the accuracy of the constructed FE
model, a comparison is performed between the tensile stress-strain behavior of experimental
study [53] and also finite element model [19] in the absence of any cracks. A very good

agreement for the small strains (less than 2%) is observed signifying the RVE accuracy.

11
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Regarding the loading process, a monotonic displacement in longitudinal direction was exerted
to the end side of the model, while for the nodes belonging to the opposite side, the rotational
and translational degrees of freedom are totally constrained.

Extracting proper mesh density in the crack front, a neat resin block is employed under pure
tension with semi-circular crack (a=c) embedded in mid-plane section that is highly related to
the typical closed form solution for mode | stress intensity factor given by [54]:

2
K; = —oVna (6)
i

where a is the crack radius and o is the nominal remote tensile stress. In comparison with crack
dimension, the resin block is large enough implying a valid analogy between infinite domain and
aforesaid simulation. As a criterion for verifying the model, the computed stress intensity factor
in finite element analysis based on contour-integral determination has deviation 1.2-1.6% from
the exact values of above formulation showing reasonable accuracy. These results were attained
by a crack front element size of ¢/50 where ¢ stands for half of a crack’s longer diameter [55,
56].

Due to the intrinsic non-linear behavior of CZM interaction, full Newton-Raphson iterative
method was employed and the model was subjected to 1.5% of nominal strain.

As an energy-based criterion for determining the onset of crack growth, J-integral is
implemented to specify energy release rate in the current model. The original form of the J-

Integral for a line contour surrounding the crack tip(I") could be written as [57]:

aui
- — iz 7
Ji j; (wdy T; 6x>d$ @)
In which,
w = f O-ijdgij (8)

whereby w denotes the strain energy density (o;;and &;;as stress and strain tensor components),

Ti = O'L'jnj (9)

12
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where T; is the component of the traction vector which acts on the contour, u; is the
displacement component, and ds is a length increment along the contour I'. Moreover, it should
be noted that J- Integral is nothing but non-linear energy release rate defined by:

—dIl

_ 10
J 7a (10)
where

II=uU-V

(11)

where, IT is the total potential energy. U and V stand for strain energy and external work,
respectively. Pursuant to path-independency nature of J-integral and in the absence of any
restrictions for plastic region size, this integral is an appropriate tool for assessing the fracture
behavior based on numerical methods, hence, it is applied in the present work.

The total elastic-plastic strain contours of short and long RVE models are illustrated in Fig. 7 and
8, respectively. As expected, the maximum strain value is observed in the vicinity of deepest
crack tip and in this case debonding damage phenomenon occurs at about 1.1% of strain. It is
apparent from the contours supplied, in the short RVE that the total strain is greater than long
RVE, since in the former the loading is transferred from matrix to clay via interphase, whereas in
the latter, the load is directly imposed to clay platelet. Under longitudinal stress, strain
concentration at the interphase-epoxy boundary also initiates after the detachment of clay along
X direction due to the heterogeneous material properties of this region as delineated in Fig 7 (a),
(b). The mentioned area is subjected to sharp elastic modulus variation and according to Hook’s

law, the magnitude of strain in this zone increases drastically [58].

13
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] [ — ANSYS

ANSYS|
Rasf

(a) (b) (c)
Fig. 7. Total Starin Contour/ Semi-elliptical crack propagation in Short RVE (a) a/lw=0.25 (b) a/w=0.5 (c) a/w=0.7

(a) (b) (c)

Fig. 8. Total Starin Contour/ Semi-elliptical crack propagation in Long RVE (a) a/w=0.15 (b) a/w=0.2 (c) a/w=0.25

14




Accepted Manuscript

In accordance with the Fig.9, the total strain of short RVE is described, emphasizing the

debonding damage between clay and interphase region as well as crack opening.

ANSYS|

WODAL SOLUTION R15.0|

(a) (b)

Fig. 9. Short RVE with CZM -Total elastic/plastic strain (a) Debonding damage left side (b) Right side

The dominant factors that have significant effects on J-integral at any point belonging to crack
front are categorized as: crack dimensions (a, ¢), angular position of intended point on crack
front (¢), crack location with respect to RVE’s length (), clay content percentage, RVE
properties e.g. long/short type modeling, with and without CZM mode and interphase stiffness,
which are elaborated subsequently. Figs. 10 and 11 exhibit the influence of crack dimensions on
dimensionless energy release rate, Jo/J. The values of this ratio demonstrate the significant effect
of nanoclay on the fracture behavior of neat epoxy even at the outermost points of crack front. It
should be expressed that the horizontal and vertical axes imply the non-dimensional position

15
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angle on crack front and normalized J integral, respectively. Normalizing factor (Jo) denotes the
contour integral for a crack with the same size in neat epoxy without any inclusion. Moreover, it
should be indicated that in the nanocomposite models, the interfacial enhancement index was

adopted as 40. As shown in the Fig.10, normalized J increases during the crack propagates along

its longer diameter c. In such 3D configuration, the middle region of crack front (% <<

%napproximately) in the vicinity of clay and interphase, is subjected to a high increase in

normalized J rate than the other zones. Thus, it is worth noting that all contours achieved to their

apexes at the deepest point (¢ = m/2) which is in close proximity to the clay platelet.

Propagation Direction

- wt%=8. ct=02
—— w1%=8 ct=04
- wt%=8 ct=0.6

—u— w1 %=8. ct=0.8
—— Wt %=3, ct=02
o wt2%=3. ct=04

—u— wt%=3, ct=0.6

—— w1 %=3. ct=0.8

Fig. 10. Variation of normalized J along crack front for several crack sizes in the short RVE; propagation along Z direction

On the contrary, the tendency of crack propagation improves towards the end regions of crack
(p = 0 ,m) in ‘¢’ direction. The impediment effect of nanoclay on crack propagation in ‘a’
direction (towards platelet thickness), is stronger than that of transverse direction (along ‘c’
diameter) on the crack edge. Furthermore, the amount of clay content has a remarkable influence

on the crack characteristics. As a matter of fact, once local stiffness goes up, the crack tendency

16
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to growth decreases. In accordance with Fig. 11, at crack endpoints (0 << % 1%" <@p<

27 approximately) by increasing clay content (%), JO/J decreases. This anomalous

phenomenon is observed through 3D nature of existing model [59]. In a RVE with a higher
percentage of nanoclay, Jo/J for deepest point is almost 5 times greater (at maximum condition)
than crack endpoints. Therefore, by moving away from deepest point on the crack front of short
RVE model, normalized energy reduces, owing to the decline in clay influence on crack
characteristics. Comparing the crack propagation between Y and Z direction, the convexity of

curves in-plane(XY) successive crack positions is more than to out-of-plane ones.

S
13 ¢ g
w z"—f =045 N
f ]
| =
| c -
o -=02 7N §
| t /,l \\ %
I v \ 5
P, N g
11 4 \ E

—— wr%=8 aw=0.2
—— wt%=8 aw=04
W= wt%=8 aw=0.6
—— wt%=8 aw=0.8
—— Wt%=3. aw=02
—— wt%=3. y=04
—— Wt%=3. w=06

wt%=3. 2/w=08

Fig. 11. Variation of normalized J along crack front for several crack sizes in the short RVE; propagation along Y direction

The variation trend in normalized J at the deepest point of crack front versus clay content
considering various crack locations is depicted in Fig. 12. As previously mentioned, the inclusion
volume fraction plays a significant role on toughening. It should be noted, a and c have been

17
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chosen as one-fifth of w and t, respectively. Considering aforementioned crack size, there is a
continuous enhancement in dimensionless J as the value of clay content increases. However, this
noticeable improvement observed by increasing clay volume fraction up to about 8%, is at least 4

times in comparison with the lowest clay content.

0.2

&
zla o

0.2

14 | ——2x¢/1=0.05
—e— 2x0/1=0.15
— 2X0/1=0.45

—u 2Xc/1=0.47

Clay Content

Fig. 12. Variation of normalized J versus clay content at different crack locations the in the short RVE

In order to evaluate the effect of crack location on contour integrals, twelve positions are defined
and their corresponding results are reflected in Fig. 13 along the crack front. Significant observed
drop in normalized J factor is attributed to dwindling effect of nanoclay presence on crack
driving force at the end of RVE since toughening factor of nanocomposite diminishes with a
high gradient in the region which is far from nanoclay (2x./l = 1). Adversely, crack propagation
is highly hindered when the crack is located at the mid-plane of short RVE model (2xc/l = 0). It is
worthwhile to indicate that, in the nanocomposite model with higher clay contents, the influence
of crack position is more tangible than the model with lower inclusion contents. As described in
the Fig.13, due to the three dimensional clay geometry which embedded in epoxy, the

normalized J at crack end points (6= 0, ) approximately dropped by 20% more than the deepest

18
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point(p = m/2) in clay content of 8 wt%. Unequivocally, this result is inferred from the

presence of nanoclay which is thoroughly embedded in the surrounding matrix.

=0.2

&

¢

- n - o ® = . %
;:0.2

g

- wit%=8; 6=n/2
—e— wit%=8; 0=n/3
——wt%=8; 6=mw/6

——wit%=8; 6=0

10 +*

—a—wt%=3; 6=n/2
Y ——wt%=3; 6=n/3
. . 8 \ —t—wit%=3; 0=1/6
; A g A ——

wit%=3; 6=0

0 0.1 02 03 04 05 0.6 0.7 08 09 1 11

2x,./1

Fig. 13. J, /J versus longitudinal crack positions for several points along the crack front in the short RVE

As depicted in Fig. 14, the influence of CZM on dimensionless energy release rate is scrutinized
for both long and short RVE models. It is evident from the graph that incorporating CZM
between clay and interphase decreases the elastic modulus of nanocomposite leading to an
increase in the normalized J. In the short RVE model, the maximum value of Jo/J taking place at
the deepest point of semi-elliptical crack decreases about 26% in 8 wt% of clay content in the
model possessing CZM compared to the short model without CZM. By reducing the percentage
of clay contents, the obvious effect of CZM on energy release rate diminishes. For instance, in

3% of clay content, exploiting of CZM results in 18% reduction in Jo/J.
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Fig. 14. Influence of CZM on normalized J along crack front in the short RVE: (a) wt=8%, (b) wt=5%, (c) wt=3%

Recalling from previous section, the type of load transferring to clay has an undeniable influence
on the mechanical behavior of RVE. Indeed, in the long type model, load is directly transferred
to inclusion and as a consequence of this modeling approach, the elastic modulus of such RVE is
considerably higher than short RVE model. In contrast, in the latter, load is transferred from clay
through the medium via non-perfect bonding and the main outcome of such modeling approach
is lower stiffness which is consistent with published experimental data. The influence of
long/short type RVE on crack toughening factor is demonstrated in Fig. 15. As it can be seen,

RVE selection strategy can intensify the crack energetic; long type RVE results in the
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amplification of Jo/J up to about 35% in comparison with the short one at ¢ = m/2. The most
affected zones belong to crack deepest point indicating the significant effect of load transfer type

on local stiffness in vicinity of clay platelet.
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Fig. 15. Influence of long/short RVE type on normalized J along crack front in: (a) wt=8%, (b) wt=5%, (c) wt=3%

Thanks to the remarkable influence of interfacial enhancement index on interphase elastic
moduli, IEI variation effect on the crack behavior should also be investigated. The variation of
normalized J versus interphase thickness in different n values at the deepest crack tip is shown in
Fig. 16. The normalizing factor utilized herein, is J computed with n=40. Remarkably, the
magnitude of dimensionless J is augmented by decreasing of IEI. Furthermore, for higher

amounts of IEI than selected IEI (n=40), as interphase thickness increases, Jn diminishes. On
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contrary, by decreasing IEI (lower than n=40), non-dimensional factor (Jn/ Jao) becomes smaller

than unit because of elastic modulus increment emanating from lower IEI values.

—m— 1n=100; wt=3%
45 - n=100; wt=8%
—o— n=6;wt=8%

—o— n=6;wt=3%

0 1 2 3 4 5 6 7
Interphase Thickness (nm)

Fig. 16. Normalized J, versus interphase thickness with respect to different interfacial enhancement indices

3. Conclusion

The present work is devoted to investigate the role of non-bonded interaction between clay and
polymer on fracture behavior of nanoclay reinforced polymers. For this purpose, a 3-D multi-
scale FE model is constructed. Normalized J contour integral is defined and computed as a
toughening criterion for monitoring the influence of crack existence and its characteristics. The
variation of this factor as a function of crack geometry, crack location and RVE aspects such as
clay debonding damage are examined thoroughly. The mix-mode CZM model is implemented
accounting for non-perfect bonding between clay and epoxy. The results reveal the pronounced
effect of clay debonding on crack behavior which leads to local stiffness reduction. Likewise, the
influence of interphase thickness on crack energetic pertaining to 3D crack front is studied and

the results of which disclose that the deepest crack point is subject to higher toughening effects
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in presence of nanoclay. The outcomes, furthermore, disclose that nanocomposite modeling
strategy encompassing long/ short model and with /without CZM plays a critical role in
toughening factor and therefore should not be neglected in numerical investigations. The

remarkable results are listed as following:

e The crucial role of considering interface region and clay debonding on crack behavior

e The considerable effect of interphase thickness on crack behavior

e The remarkable difference of crack properties between ‘Short RVE’ and ‘Long RVE’
models

e The noticeable improvement of toughening factor in clay/epoxy nanocomposite than neat

resin, in presence of non-bonding interaction between clay and surrounding matrix
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