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3D numerical simulations of fatigue damage of multiscale fiber reinforced polymer composites with sec-
ondary nanoclay reinforcement are carried out. Macro–micro FE models of the multiscale composites are
generated automatically using Python based software. The effect of the nanoclay reinforcement (localized
in the fiber/matrix interface (fiber sizing) and distributed throughout the matrix) on the crack path, dam-
age mechanisms and fatigue behavior is investigated in numerical experiments. It was observed that the
composites with secondary nanoreinforcement localized in the fiber sizing ensure higher lifetime and
damage resistance than those with nanoreinforcement dispersed throughout the matrix. Crack bridging
by nanoparticles was observed mainly in composites with randomly oriented nanoplatelets and clusters,
while the crack path deviation was strongest in the composites with aligned nanoplatelets. Multiscale
composites with exfoliated nanoreinforcement and aligned nanoplatelets ensure the better fatigue resis-
tance than those with intercalated/clustered and randomly oriented nanoreinforcement.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The development of composites with hierarchical structures
represents a promising reserve of the enhancement of service
properties of composites [1,2]. Composite materials with hierarchi-
cal structures make it possible to combine the advantages of
microscale reinforcement of composites with those of
nanoreinforcement.

Since it is known that properties of polymer can be drastically
enhanced by adding a few weight percents of nanoreinforcement
[3], it can be also expected that comparable positive effects can
be achieved by nanomodification of fiber reinforced polymer com-
posites. The addition of nanoreinforcement to the polymer matrix
can lead to the improvement in the elastic modulus and strength
(clearly observed in rubbery epoxy and polyamide with exfoliated
nanoclay (NC); less clear in glassy epoxy), as well reduced ductility
and constrained plastic deformation [4,5]. However, the transfer of
these effects on fiber reinforced composites is not always appar-
ent: some properties of the composites are controlled by fiber
properties, some by matrices and some by their interaction; fur-
ther, the matrix is in much more complex stress state in the
composite.

Here, we consider the composites with epoxy matrix, reinforced
by glass fibers and nanoclays at nanolevel, and seek to analyze the
effect of nanoclay reinforcement of the fatigue properties of these
materials, widely used among other for wind turbine blades. As for
now, this combination of constituents is less expensive as com-
pared with carbon and carbon nanotube (CNT) reinforcement
and/or thermoset matrices, thus, allowing more broad potential
use of the multiscale materials.

The effects of small additions of nanoreinforcement in fiber
reinforced polymers on the mechanical properties and strength
of materials have been investigated in a number of works [6–13].
The mechanical properties and strength improvement due to the
nanoclay addition was observed in numerous studies: e.g., increase
of tensile strength, strain and tensile modulus to failure (�20%, 13%
and 60%, respectively, at wt% 5%). The increase of fatigue life up to
74% with 3 wt% clay content (NC/carbon fibers/epoxy TT fatigue,
[8]), 53% and 85% increase of mode I interlaminar FT by with 2
and 4 phr NC respectively, (NC/carbon fiber/epoxy [9]), 26% in-
crease of flexural modulus 26% at 3 wt%, 30% increase of quasi-sta-
tic FT increases by 60% at 3 wt% (peak value). (NC/carbon fibers/
epoxy [4]), 4–5 times increased fatigue life under WISPERX loading
(glass fiber/hybrid particles/epoxy [10]), UTS, Young’s modulus,
flexural strength, ILSS and microhardness increase up to 5 wt% of
NC (by 30%, 38%, 120%, 25%, 70% and 25% respectively) and de-
crease after that (NC/glass/epoxy [11]), 21–30% improvement on
the interfacial shear strength at 2–14 vol.% silica (epoxy/carbon fi-
ber/silica nanoparticles under single fiber fragmentation [14]). In
these studies, it was also observed that the secondary nanoclay
reinforcement changes the damage and fracture mechanisms of
composites: narrower dimples on fracture surfaces and more dim-
ples of smaller sizes, more damage at early cycles (crack initiation
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stage) (due to cleavage of tactoids and intergallery debonding), but
less damage later (nanocrack coalescence and propagation). NC
leads to crack deflection, fiber/matrix bonding is improved by the
fracture surface becomes rougher and textured [8], crack propa-
gates around NC agglomerates and makes longer path, with pining
and path bifurcations (river markings near agglomerates) [4], ma-
trix cracking is suppressed and the delamination delayed [10],
nanoclay improves notch resistance of epoxy; with agglomeration
and clustering, NC becomes site for damage initiation; high aspect
ratio of the nano-additive constrains the micro-cracks growth and
delays failure [12]. One can see that the results on the effect of sec-
ondary nanoreinforcement on the service properties of composites
and damage mechanisms are inconsistent and strongly depend on
the conditions of experiment, used technologies of the material
production and chosen constituents. Still, the nanoclay reinforce-
ments seem to have a high potential for the material enhancement.

Some hints on the damage and toughening mechanisms in fiber
reinforced composites (FRC) with secondary nanoclay (NC) rein-
forcement can be also obtained from the analysis of composites
with secondary carbon nanotube (CNT) reinforcement. Díez-Pasc-
ual et al. [15] reviewed literature on failure mechanisms in hierar-
chical CNT-modified fiber-reinforced thermoplastic composites,
and concluded that matrix-dominated properties such as flexural
and interlaminar shear strength are drastically improved by the
CNT additions, while fiber-controlled properties (such as tensile
strength and stiffness) are improved only slightly. In [16–18], the
effect of morphology and distribution of CNTs on the damage
and fracture and composites was studied. The authors compared
the composites with CNTs dispersed in matrix and distributed in
fiber sizings. The CNT crack initiation toughness increases (by
10% if CNTs in sizing and by 25% if in matrix) and the crack prop-
agation toughness decreases (by 30–50%) when CNTs are placed in
sizing [17]. However, in the system with carbon fibers, both crack
initiation and propagation energies were improved by CNT addi-
tion in matrix [18,19], what is related with CNT bridging and other
toughening mechanisms (crack deflection, blocking). In [20], it was
shown that the tensile strength of glass fibers increases signifi-
cantly with increasing CNT content up to a certain level, depending
on the type of CNTs. As said, the transferability of the observations
of CNT toughening and strengthening mechanisms on nanoclay
reinforcement is questionable; still, it can give us some hints on
the mechanisms of interaction of micro- and nanoreinforcement
in composites.

In this paper, we seek to study the effect of distribution and
arrangement of the secondary nanoreinforcement on the fatigue
resistance of multiscale composites, using numerical experiments
[2,5,21–23]. We consider here the multiscale glass fiber reinforced
epoxy composites with nanoclay reinforcement in the matrix or in
the fiber sizing subject to cyclic compression-compression loading.
As a result of these studies, we seek to develop recommendations
toward improvement of the composite performances by using
nanoclay secondary reinforcement.
2. 3D multiscale computational model of multiscale composites

2.1. Macro–micro multiple-step modeling

The structures of multiscale composites with primary fiber and
secondary nanoparticle/nanoclay reinforcements are characterized
by the large scale difference of structural elements (Fig. 1). Under
such conditions, it is hardly practicable to simulate both scale lev-
els in framework of one and the same micromechanical model [24–
26]. Rather, we employ the concept of macro–micro multiple-step
modeling strategy to analyze the multiscale materials with differ-
ent dimensional scales. In our model, we divide the structure into
two levels.

The macro (upper level) unit cell contains three phases: the ma-
trix, fibers and interface layers between them (following the ‘‘third
layer’’ model of interfaces from [27–29]; this third layer includes
fiber sizing, interphases, fiber surface roughness and allow to sim-
ulate the interface damage as a 3D process). Both matrix and the
interface layer might contain nanoreinforcement (see Fig. 2).

The microscale (lower level) unit cell includes the nanoplatelets
reinforcement (exfoliated nanoplatelets and intercalated nanoplat-
elets/cluster) in matrix and/or interfaces, polymer matrix as well as
the ‘‘nano-interface layer’’ (areas of polymer modified due to the
interaction and bonding with nanoscale platelets and polymer
chain constraints, with properties which are different from those
of neat polymer) and the ‘‘intra-stack phase’’ (see [2,5,30]). As no-
ticed in [2,30], the properties of the polymer matrix between nano-
platelets in a cluster are different from both the pure matrix and
the ‘‘nano-interface layer’’ around (not between) the nanoplatelets.
That is why we, following [2], consider one more phase at the
microlevel, namely ‘‘intra-stack interface layer phase’’.

The simulation method used in this paper includes two steps:
At the first step, the global analysis is carried out. The macro-level
structure is simulated with rough FE meshing and stress and dis-
placement distributions at the macroscale are obtained. The mac-
roscale model was subject to cyclic compressive–compressive
loading. After some loading, one of the fibers in the model failed
(in all the models). After the first crack is formed in a fiber, a sub-
model unit cell is placed in the matrix or in the interface layer near
the tip of the crack formed in the fiber, or in the matrix, also near
the crack tip of the fiber crack. A submodel, which is part of the glo-
bal model, is built, with fine mesh. The boundary conditions (the
stress and displacement distribution obtained from the global
analysis) are transferred to the submodel, and then repeated cycli-
cally. Then, the crack growth in the submodel is simulated using
extended finite element method (XFEM). This damage mechanism
was also reported by Karippal et al. [11], who noticed that the fiber
breaking is dominant failure mode in glass/epoxy/nanoclay
composites.
2.2. Macro- and micromodels design

Both macro- and microscale unit cells were generated using the
special Python based software code for the automatic generation of
3D multi-element unit cell FE models of hybrid composites
[2,27,28]. The program allows varying the cylindrical reinforcing
element (fiber or platelet) orientation (random, aligned, and
aligned at some angle to the loading direction), radii, and arrange-
ments of the fibers. All the reinforcing elements are randomly ar-
ranged in the matrix [22]. The coordinates of the points are
generated using the Mersenne Twister random number generator.
Each fiber or platelet is associated with a misalignment angle,
which is also generated using the random number generator.

The macro-model analysis saves the time-dependent values of
variables (i.e. stress and displacement field) of the ‘‘seed nodes’’
which located on the boundary between macro model and micro
model after the macro-level analysis. The micro-model inherits
these data as the initial boundary condition and together with
other added boundary condition (if needed) to go on the analysis.

The macro-level unit cell model have dimensions of
80 lm � 80 lm � 80 lm, with 15 glass fibers and fraction of fibers
47.1%. The matrix–fiber interfaces layers had a thickness of
0.62 lm [27–29].

The submodels, located in the interface layers, have the dimen-
sions of 0.62 lm � 0.62 lm � 0.47 lm and the same number of
nanoplatelets.



Fig. 1. Illustration of structure of hierarchical fiber reinforced composite with nanoplatelets reinforcement.

Fig. 2. Macroscale finite element model (a) and the schema of submodel–macromodel (b).

G. Dai, L. Mishnaevsky Jr. / Composites Science and Technology 91 (2014) 71–81 73
In order to compare the cases of nanoplatelets located in fiber
sizing (fiber/matrix interface layer) and in the matrix, we should
consider unit cells with equal volume content of nanoclay material
and amount of nanoplatelets. Taking the volume fraction of nano-
platelets in the interface layer 0.48%, one can calculate the volume
of all the nanoplatelet materials in all the interface layers of the
macromodel as:

Vti ¼ nGpðR2
i � R2ÞH ¼ 3:88� 104 lm3 ð1:1Þ

where ng – the number of fibers, R – fiber radius, Ri – fiber radius
plus the interface layer thickness, H – height of the model. The vol-
ume content of a single nanoplatelet is:

Vsn ¼ pr2t ¼ 3:14� 10�5 lm3 ð1:2Þ

The total number of nanoplatelets in the macromodel is:

nnanoplatelet ¼
0:0048Vti

Vsn
¼ 5:93� 106 ð1:3Þ

Here t – thickness of the nanoplatelet. Then, the volume fraction of
nanoplatelets in the matrix can be calculated as (since the number
and the fraction of nanoplatelets should be the same in both
cases):
VMf ¼
nnanoplateletVsn

VM
ð1:4Þ

Here, VM stands for the volume content of matrix, which can be de-
scribed as:

VM ¼ VT � VG � Vti ð1:5Þ

in which VT is the total volume of the unit cell, VG is the volume con-
tent of all the glass fibers:

VT ¼ LWH ¼ 5:12� 105 l m3

VG ¼ nGpR2H ¼ 2:41� 105 lm3

Substituting Eqs. (1.1 and 1.6) into Eq. (1.5), we have

VM ¼ 2:322� 105 lm3 ð1:7Þ

Then, the volume fraction of nanoplatelet in the matrix can be cal-
culated as:

VfM ¼
nnanoplateletVsn

VM
� 100% ¼ 0:08% ð1:8Þ

Apparently, the micro-level unit cell for the matrix which con-
tains the same amount of nanoplatelets should be 6 times larger
(in volume) than the unit cell for the interface layer with the same
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amount of nanoplatelets (i.e., 1.81 times larger in each dimension).
Thus, the sub-models located in the matrix, had the dimensions
1.13 lm � 1.13 lm � 0.85 lm.
2.3. Numerical implementation of fatigue analysis

First, we introduced initial defects into the macroscale model by
subjecting the unit cell to a quasi-static load before the cyclic load-
ing. As the criterion of the initial defect formation, we used the
maximum principal stress criterion. After the initial defects (with
the sizes of the order of 1–2 finite elements) are formed, the fatigue
modeling procedure for macroscale model is run. Both the crack
growth onset and crack propagation are described using the Paris
law. The criterion for the onset of fatigue crack (crack starting
growth at the crack tip under the fatigue loading) can be described
as NO

c1ðDGÞc2 P 1, where NO stands for the number of cycles to the on-
set, c1 and c2 are material constants while DG represents the range
of strain energy release rate, for example, the difference between
the strain energy release rate at the peak and valley loading. When
this equation is satisfied and, at the same time, Gmax obeys the con-
dition that Gth < Gmax < Gc , the static procedure generated ‘‘initial
defect’’ will be stimulated and starting growth. Here, Gth, Gc and
Gmax mean the threshold value of strain energy release rate, critical
strain energy release rate and strain energy release rate corre-
sponding to the maximum loaded of the structure, respectively.

The fatigue crack growth was characterized by 4 material con-
stants: c1, c2, c3 and c4 where the last two enter the fatigue crack
growth rate as a power law: da

dN ¼ c3ðDGÞc4 , where da/dN is the crack
growth rate (fatigue crack length growth per loading cycle).

The crack propagation analysis is carried out in the framework
of the linear elastic fracture mechanics (LEFM) approach and is
based on the extended-FEM method [29,31]. The Virtual Crack Clo-
sure Technique (VCCT) [32,33] is employed to calculate the strain
energy release rate at the crack tip.
2.4. Material properties, and boundary and loading conditions

The material properties of phases are listed in Table 1
[2,5,23,30]. The radius of nanoplatelets was taken 100 nm; the
thickness was 1 nm in. The radius of nano-interface phase is
101 nm and the thickness is 1 nm. The intra-stack phase has the
same radius as the nanoplatelet and a 3 nm thickness. The glass fi-
ber has a radius of 8 lm and the matrix–fiber interface has the
thickness of 0.62 lm [21]. The matrix’ tensile strength was
68 MPa and compression strength 88 MPa. The tensile and com-
pressive strengths of glass fiber are 2500 MPa and 1500 MPa,
respectively. The matrix–fiber interface has tensile strength of
82 MPa and compression strength of 114 MPa, respectively. The
tensile strength and compression strength of the intra-stack phase
in nanoplatelet cluster is 40 MPa and 63 MPa, respectively. The
tensile strength and compression strength of the nano-interface
phase in nanoplatelet cluster is 53 MPa and 71 MPa, respectively.

The threshold and critical strain energy release rates of different
material phases and different fracture modes are given as [34–38]:
for the matrix: GIth = 0.06 kJ/m2, GIC = 0.173 kJ/m2, GIIth = 0.24 kJ/
m2, GIIC = 0.648 kJ/m2, GIIIth = 0.306 kJ/m2, GIIIC = 0.850 kJ/m2. For
the glass fibers: GIth = 0.21 kJ/m2, GIC = 0.682 kJ/m2, GIIth = 0.651 -
Table 1
Material properties for different phase of nanocomposites.

Matrix Glass fiber Matrix–fiber interf

Young’s modulus (GPa) 2.05 72 15
Shear modulus (GPa) 0.76 30 4.8
Poisson ratio 0.35 0.26 0.32
kJ/m2, GIIC = 2.245 kJ/m2, GIIIth = 0.994 kJ/m2, GIIIC = 2.923 kJ/m2.
For the glass/fiber interface: GIth = 0.18 kJ/m2, GIC = 0.461 kJ/m2, GII-
th = 0.738 kJ/m2, GIIC = 2.05 kJ/m2, GIIIth = 0.893 kJ/m2, GIIIC = 2.35 kJ/
m2. For the intra-stack phase in nanoplatelet cluster: GIth = 0.168 -
kJ/m2, GIC = 0.421 kJ/m2, GIIth = 0.538 kJ/m2, GIIC = 1.85 kJ/m2, GIII-
th = 0.813 kJ/m2, GIIIC = 2.13 kJ/m2. For the nano-interface layer
phase: GIth = 0.176 kJ/m2, GIC = 0.447 kJ/m2, GIIth = 0.652 kJ/m2, GII-
C = 1.93 kJ/m2, GIIIth = 0.845 kJ/m2, GIIIC = 2.26 kJ/m2.

The four material constant parameters c1, c2, c3 and c4, which are
used in the fatigue analysis, are defined based on works of other
researchers [39–44]: for matrix: c1 = 2.8461 � 10�9, c2 = �12.415,
c3 = 2.44 � 106 and c4 = 10.61. For glass fiber: c1 = 3.74 � 10�5,
c2 = �6.415, c3 = 7.89 � 10�7 and c4 = 2.33. For matrix–fiber inter-
face: c1 = 5.7623 � 10�7, c2 = �9.542, c3 = 4.89 � 10�8 and
c4 = 11.153. For intra-stack phase: c1 = 3.863 � 10�6, c2 = �7.852,
c3 = 3.62 � 10�9 and c4 = 12.243. For nano-interface phase:
c1 = 4.253 � 10�6, c2 = �8.121, c3 = 5.78 � 10�8 and c4 = 11.743.

The 3D model was subjected to the uniaxial periodic cyclic com-
pressive loading (displacement) u along the Z-axis direction (the
same values but opposite directions on both upper and lower faces
of the box). All the simulations were carried out using ABAQUS/
STANDARD finite element program (version 6.11). The three-
dimensional 8-node linear brick finite element with reduced inte-
gration element C3D8R were used in the global scale analysis, and
three-dimensional 4-node linear tetrahedron element C3D4 were
used in the submodel analysis.
3. Effect of nanoreinforcement distribution on the crack
morphology: 3D computational experiments

In this section, we carry out numerical simulations of the fati-
gue damage evolution of multiscale fiber + nanoclay reinforced
composites under cyclic compression–compression loading. Vari-
ous cases of distributions of secondary nanoreinforcement in the
composites are considered, among them, nanoplatelets located in
matrix–fiber interfaces (fiber sizing) and nanoplatelets in matrix,
various alignment (aligned or random) and clustering degrees
(intercalated or exfoliated nanoplatelet distributions). In the simu-
lations, we seek to analyze how these different distributions influ-
ence the fatigue resistance of the multiscale composite.

3.1. Nanoplatelets reinforcement in interface of fiber reinforced
composites

First, we study the effect of the nanoclay reinforcement distrib-
uted in the fiber/matrix interface layer on the fatigue behavior of
the multiscale composites. We consider the aligned exfoliated
nanoplatelets reinforcement, aligned intercalated nanoplatelets
reinforcement, randomly oriented exfoliated nanoplatelets and
randomly oriented intercalated nanoplatelets reinforcement in
the matrix–fiber interfaces.

Let us compare the crack path in the different simulated
subcells.

3.1.1. Aligned exfoliated nanoplatelets reinforcement in interface
Fig. 3a (left) gives the top view and lateral view of the microlev-

el unit cell with aligned exfoliated nanoplatelets. The model con-
ace Nanoplatelet Nano-interface phase Intra-stack phase

176 3.5 0.3
70 1.3 0.11
0.25 0.4 0.4
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tains 25 exfoliated nanoplatelets. All the nanoplatelets are distrib-
uted randomly in unit cell volume but aligned perpendicular to the
vertical axis.

Fig. 3a (right) shows the crack in the subcell under compres-
sion–compression cyclic loading. The direction of the crack propa-
gation is from right to left. The right side of the model borders the
fiber (first damaged) and the left side of the model borders the
nanoreinforcement-free polymer matrix. Micro damage mecha-
nisms such as the crack deflection, crack pinning (blocking) and
the interface–nanoplatelet debonding are observed in the simula-
tions. It is observed that micro-cracks generally initiate in the
nano-interface phase of nanoplatelets, and then grow up and join
together to form the main crack. The most typical mechanism ob-
served is when a growing crack reaches a nanoplatelet and changes
its direction (crack pinning or blocking). In the simulated crack
path, totally 11 nanoplatelets were included into the crack path.
The crack touched 7 nanoplatelets, changing direction. The deb-
onding was observed on 6 nanoplatelets.

3.1.2. Aligned intercalated nanoplatelets reinforcement in interface
The submodel unit cell of a composite region in the fiber sizing

with clustered, horizontal aligned platelets (clusters/intercalated
structure) is shown in Fig. 3b (left)a (top and side views). The mod-
el contains 5 clusters, with 5 nanoplatelets in each cluster. The
clusters are distributed randomly in the unit cell volume, and
aligned perpendicularly to the vertical axis.

Fig. 3b (right) shows the fatigue crack in the unit cell with
aligned intercalated nanoplatelets in the fiber sizing (interface).
The crack starts from the right side of the model and ends in the
left side of the model.

Large crack deflections are observed as well as the crack pinning
and debonding. It is of interest that on the right side cluster, the
crack pinning (happened when the crack meets the cluster upper
surface) and debonding take place on the same cluster. Meanwhile,
a micro-crack in the left-side cluster was first formed in the intra-
stack phase (interface phase between nanoplatelets) (as observed
in the simulations in [2,30]). It then penetrated the cluster, via
the nano-interface phase surrounding the cluster. When the crack
met with the other one, the large crack was formed.

One can see that the large crack went through two clusters. In
the crack path, an area of crack growth between nanoplatelets in
the cluster (nanoplatelet–nanoplatelet debonding), an area of crack
growth through the nano-interface phase surrounding a cluster,
and a crack pinning (i.e., crack changing direction reaching a nano-
platelet) were observed. A similar mechanism was also observed in
by Quaresimin and Varley [12], who reported that with agglomer-
ation and clustering, nanoclay platelets become site for damage
initiation.

3.1.3. Random exfoliated nanoplatelets reinforcement in the interface
layer

Fig. 3c (left) shows the microscale unit cell with random exfoli-
ated nanoplatelets in the finer/matrix interface layer. The model
includes 25 randomly distributed and randomly oriented nano-
platelets. The angles between the horizontal plane and the nano-
platelet plane were varied randomly, in the range 5–50�, using
the random number generator.

The crack morphology is given in Fig. 3c (right). In the crack
path, the crack bridged by nanoclay, as well as the crack pinning,
interface debonding, and crack deflection were observed. (One
should note that no crack bridging was seen in the previous two
numerical experiments. Apparently, this occurs only in the case
of randomly oriented, but not aligned nanoplatelets).

It is of interest that the crack path deviation from the horizontal
line is lower in this case than in the case shown in Fig. 3a. One can
assume that the aligned particle cause the stronger toughening ef-
fect via the crack path deviation than the randomly oriented parti-
cles. On the other side, the randomly oriented particles cause more
crack bridging by nanoparticles. The crack path went via 9 nano-
platelets. In 4 places, the crack bridging was observed, and in 3
places, the crack pinning and debonding.

3.1.4. Random intercalated nanoplatelets reinforcement in interface
layer

Fig. 3d (left) shows the microscale unit cell with random exfo-
liated nanoplatelets in the fiber/matrix interface. The model in-
cludes 5 randomly arranged and randomly aligned clusters. The
angle varied in the range 5–50�. Fig. 3d (right) shows the fatigue
crack in the unit cell with the aligned intercalated nanoplatelets.
Two clusters in the middle of the model are involved in the final
crack. The growth direction of the main crack is from right to left.
Two typical damage mechanism, the intra-stack phase debonding
and the crack bridging, take place in the right-side cluster and
left-side cluster, respectively.

Also, the crack path deviation due to the nanoplatelets clusters
was observed by Siddiqui et al. [4] in fiber composites with epoxy
matrix and nanoclay reinforcement. The authors reported that
cracks propagate around nanoclay agglomerates and make longer
path, with pining and path bifurcations (river markings near
agglomerates).

3.2. Nanoplatelets reinforcement in matrix of fiber reinforced
composites

In this section, we consider the multiscale fiber reinforced com-
posites with secondary nanoplatelet reinforcement distributed in
the polymer matrix. The question is how the effect of secondary
nanoreinforcement in matrix differs from the effect of the second-
ary reinforcement localized in the fiber sizing (considered in the
Section 3.1). Apparently, the technologies of introduction of the
nanoreinforcement in matrix and in fiber sizing are different; here,
we seek the compare the effects of the nanoplatelet reinforcement
keeping all the other factors constant except the geometrical ones.

In all the submodels, the same number of nanoplatelets is dis-
tributed as in the submodels placed in the interface layer from Sec-
tion 3.1. This means that the volume fraction of nanoclay in the
submodels located in the matrix models is much lower than that
in the submodels located in the interface layers.

3.2.1. Aligned exfoliated nanoplatelets reinforcement distributed in the
polymer matrix

A unit cell model of a matrix volume with horizontally aligned
nanoplatelets is given in Fig. 4a (left) (top and side views). As al-
ready discussed in Section 2.2, the density of nanoplatelets in this
model is much lower than those in the case of one in interface
(Fig. 3a).

Fig. 4a (right) shows the crack path. The matrix-nanoplatelets
debonding and crack pinning were observed in this case as well
as the crack bridging. The crack went over 7 nanoplatelets. 5 sites
debonding and 4 places of crack pinning were observed.

3.2.2. Aligned intercalated nanoplatelet reinforcement in matrix
Fig. 4b (left) shows the unit cell model with aligned intercalated

nanoplatelets reinforcement. Each cluster contains 5 nanoplatelets,
surrounded by a layer of nano-interface phase outside the whole
cluster and the intra-stack phase between nanoplatelets. All the
clusters are arranged perpendicularly to the vertical direction but
randomly distributed in X and Y directions.

Fig. 4b (right) shows the crack path. The crack goes through two
clusters, with the nanoplatelet–nanoplatelet debonding in the
clusters as the main damage initiation mechanism. Micro-cracks
are formed firstly in the intra-stack phase of clusters and con-



Fig. 3. Submodels located in interface (finer sizing) and the calculated crack path. Left: top and lateral views. Right: crack paths. (a) UCl with 25 aligned exfoliated nanoclays.
(b) Aligned cluster reinforced, (c) 25 randomly oriented nanoplatelets (d) 5 randomly distribute clusters.
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Fig. 4. Submodels located in the matrix and the calculated crack paths. Left: top and lateral views. Right: crack paths. (a) UC with 25 aligned exfoliated nanoclays. (b) Aligned
cluster reinforced. (c) 25 Randomly oriented nanoplatelets. (d) 5 Randomly distribute clusters.
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nected with each other to form the main crack (again, the similar
effects were reported in [4]).

3.2.3. Random exfoliated nanoplatelets reinforcement in matrix
Fig. 4c (left) shows the unit cell model with randomly oriented

exfoliated nanoplatelets. All the nanoplatelets are surrounded by
the nano-interface layers and distributed and oriented randomly.
The angles between the horizontal plane and the nanoplatelet
plane were varied in the range 5–50�.

The crack is shown in Fig. 4c (right). The crack bridging, crack
pinning and debonding were observed in the crack simulations.
The crack path deviation is smaller when compared with Fig. 3c.
The crack went through 6 nanoplatelets, with 2 interface debond-
ing and 2 crack pinning cases. In 4 nanoplatelets, crack bridging
was observed.

3.2.4. Random intercalated nanoplatelets reinforcement in matrix
Fig. 4d (left) shows the unit cell with random intercalated nano-

platelets reinforcement. All the clusters are distributed randomly.
Fig. 4d (right) shows the crack path. The crack went through three
clusters. In two places, the crack bridging by platelets was ob-
served. In one place, there was a nanoplatelet–nanoplatelet deb-
onding. This model has the smallest crack deviation when
compared with all the above models (except for neat composite).

4. Secondary reinforcements effect on fatigue resistance of
multiscale composites

In this section, we seek to compare the observations of the ef-
fect of nanoreinforcement on the fatigue fracture mechanisms in
the section 3, and to analyze the effect of the secondary reinforce-
ment on the fatigue resistance of composites.

4.1. How secondary reinforcement changes the damage mechanisms

Fig. 5 shows the crack formed near the failed fiber in the com-
posite without secondary nanoreinforcement. The main toughen-
ing mechanism in this case is the crack deflection, which is very
small when compared to the nanoplatelets reinforced composite
results. In the composite with the secondary nanoplatelet rein-
forcement (whether localized in fiber sizing or in the matrix), var-
ious toughening mechanisms are active, among them, crack
bridging (Fig. 3b and d, Fig. 4a–d), crack pinning (Fig. 3c and d,
Fig. 4a, c and d), interface-nanoplatelets debonding (Fig. 3a, c and
d), matrix-nanoplatelets debonding (Fig. 4a, c and d), nanoplat-
elet-nanoplatelet debonding (3b and d, 4b and d) as well as the
crack deflection.

4.2. Crack evolution in different scale level

Here, the global and submodel crack evolution are combined to-
gether to present a comprehensive view of the crack development
Fig. 5. Crack morphology in fiber reinforced composite with
in the fiber and nanoclay reinforced composites. Without the loss
of generality, we take the submodels with aligned nanoplatelets
reinforcement as examples.

Fig. 6 shows the crack paths in both models considered above
(with secondary reinforcement located in the fiber/matrix inter-
face layer, case A, and the nanoplatelets distributed throughout
the matrix, case B), macroscale view.

The upper part of each figure shows the cross-section view of a
global model, while the lower parts give the crack paths in differ-
ent regions of the composite.

Comparing the crack paths in the fiber/matrix interface layers,
we can see (as expected) that the crack in the interface layer of
the case A composite (Fig. 6a) is more rough than that in the case
B (nanoreinforcement is distributed over whole matrix, not local-
ized in sizing, Fig. 6b).

Comparing the crack paths in the matrix, one can see that in the
case of the matrix without nanoreinforcement (case A) the crack
grows straightforward, without deviations, under small angle to
the horizontal plane (Fig. 6a). In the case, when the nanoplatelets
are distributed in the matrix (case B), the crack changes its direc-
tion several times as a result of interaction with nanoplatelets
Fig. 6b.
4.3. Studies of the crack deviation parameters

The crack deviation is one of the important mechanisms of the
material toughening and the enhancement of the damage resis-
tance. Let us compare the degrees of crack deviation in the consid-
ered models. We calculate the parameter of crack deviation, as the
maximal Y-height of crack path (height of crack peak) minus the Y-
coordinate of the crack start point (in the submodel unit cell), di-
vided by the X-coordinate of the crack peak.

Fig. 7 shows the crack deviation parameters for different nano-
platelets arrangements. One can see that the highest crack devia-
tion parameter is achieved for the aligned exfoliated
nanoplatelets arrangements (0.564 if the nanoplatelets are local-
ized in the fiber sizing, and 0.304 if they are distributed throughout
the matrix). For the case of the randomly oriented, exfoliated nano-
platelets, the parameter is 0.481 and 0.265, respectively. For the
aligned intercalated nanoplatelets arrangement, it is 0.367 and
0.224. The lowest crack deviation is observed in the case of random
intercalated nanoplatelets, with 0.314 and 0.205.

If the nanoreinforcement is localized in the fiber sizing, this en-
sures always larger crack path deviations (due to the higher con-
centration on nanoplatelets in the volume).
4.4. Fatigue lifetime

In this section, we compare the fatigue resistances of different
composites with secondary reinforcement. Fig. 8a presents the S–
N curves obtained for the considered materials.
(b)/without (a) secondary nanoplatelets reinforcement.



Fig. 6. Crack development in global and submodel (a) in a model with NC in fiber sizing and (b) with NC in a matrix.

Fig. 7. Crack deviation in different models.
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In general, composites with secondary nanoreinforcement show
much better lifetime and damage resistance properties than the
ones without nanoreinforcement. The composites with nanorein-
forcement achieve the same fatigue life (taken exemplarily at
5.68 � 107 cycles) as neat composites, while subject to 2–3.5 times
higher loadings. However, this effect is much weaker for the static
loading: in the static case, the nanoreinforced composites have
only 7–12% higher strength (lower for the composites with nano-
platelets in matrix, higher for the composites with nanoplatelets
in the sizing).

Generally, composites with the nanoplatelets localized in the fi-
ber/matrix interface layer (fiber sizing) ensure much higher fatigue
lifetime than those with the nanoplatelets in the matrix. Compar-
ing the data on Fig. 8, one can see 43–49% higher applied stress cor-
responding to the selected lifetime of 5.68 � 107 cycles.

Composites with exfoliated nanoplatelets reinforcement ensure
the better fatigue lifetime than those with clustered particles. For
instance, for the lifetime 5.68 � 107, the applied compressive load-
ing can be 17–25% (both for nanoreinforcement in sizing and in
matrix) higher for nanoreinforced composite with exfoliated struc-
ture than for that with clustered structure.

Composites with aligned nanoplatelets or clusters ensure better
fatigue resistance than those with randomly arranged clusters. This
effect is not fully expected: as observed in Section 3, the randomly
oriented nanoplatelets lead to the crack bridging, while aligned
platelets promote the crack deviation. Possibly, the controlled,
rough crack path influenced by the aligned platelets or clusters
has stronger effect on the fatigue life than the crack bridging.



Fig. 8. S–N curves for the considered models. (a) Reinforcement in fiber–matrix interface. (b) Reinforcement in matrix.
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The fatigue lifetime increases in the following order: neat com-
posite –randomly oriented intercalated nanoplatelets ? aligned
intercalated ? randomly oriented exfoliated ? aligned exfoliated.
The multiscale composites with aligned exfoliated nanoplatelets in
the fiber sizing ensure the highest fatigue lifetime among all the
considered structures. Given the correlation with the crack path
deviation parameter, one can assume that the fatigue lifetime is
strongly controlled by the crack deviation mechanism of
toughening.

The positive effect of nanoreinforcement is much stronger when
the nanoreinforcement is localized in the fiber sizing. Further, the
positive effect of nanoreinforcement is much stronger if (a) the
nanoplatelets are aligned, and (b) exfoliated and not clustered.
4.5. Comparison with literature data

It is of interest to compare the data on the effect of the second-
ary reinforcement on the damage mechanisms and fatigue behav-
ior of the multiscale composites.

Our observation that the availability of nanoclay platelets lead
to the repeated crack path deviations and crack changing direc-
tions at platelets corresponds to the observations by Xu and Hoa
[9], who showed that the fracture surface in fiber composites with
epoxy matrix and secondary nanoclay reinforcements is not
smooth, but rough, as differed from the nanoreinforcement free,
neat material.

The conclusion that the aligned (normally to the fiber axes) high
aspect ratio reinforcements ensure better damage resistance than
randomly oriented ones can be compared with the results by Qiu
et al. [45] and Wicks et al. [46]. While their studies were carried
out for secondary carbon nanotube (not nanoclay) reinforcements,
they also concluded that aligned, oriented secondary reinforce-
ment ensures the most reliable, high enhancement of damage
resistance properties.

Ma et al. [47] studied the effect of nanocomposite coatings on
the glass fibers on the properties of composites, and observed the
14.8% increase in strength. In our simulations the nanoreinforce-
ment in sizing lead to the increase in strength by 12%.

Manjunatha et al. [10] reported the strong increase in fatigue
life in composites with glass fibers and hybrid particles under WIS-
PERX loading (up to 4–5 times, also a strong increase for the com-
pression-compression and tension–tension loading) as a result of
the nanoreinforcement. Evaluating the data from [10] (Figs. 4 and
8), one can estimate that the composite with nanoreinforcement
has the amount of same life cycles as the neat composite, when
subject to 20–50% higher stress. Khan et al. [8] reported 74% in-
creased fatigue life for 3 wt% clay content in nanoclay/carbon fi-
ber/epoxy composites, however, under tension–tension cyclic
loadings. Evaluating the data from [8], one can see that the static
strength of the clay-CFRP composites increases to up to 10% due
to the nanoclay addition. This is similar to our observations (Sec-
tion 4.4). Again, the composite with nanoreinforcement can bear
around 20% higher load for the same life cycle amount as the neat
composite. In our case, the simulations led to the up to 2 times
higher compressive load corresponding to the same amount of life
cycles. However, since the compressive, matrix controlled proper-
ties should be more dependent on the secondary nanoreinforce-
ment, the higher estimations of the composite lifetimes are fully
reasonable.

Therefore, the comparison with literature data, even related to
different loading conditions and constituents, shows the qualita-
tive resemblance, and confirm the tendencies observed in our
simulations.
5. Conclusion

3D multiscale computational models of fiber reinforced com-
posites with secondary nanoscale reinforcements were developed,
and used to explore the effect of secondary nanoclay reinforce-
ment, its distribution and geometry, on the fatigue behavior of
the composites.

The effect of the nanoclay reinforcement (localized in the fiber/
matrix interface (fiber sizing) and distributed throughout the ma-
trix) on the crack path, fatigue damage mechanisms and fatigue
behavior is investigated in numerical experiments. Various dam-
age and toughening mechanisms at the nanolevel were observed,
among them, crack deflection, crack blocking, bridging, and
debonding.

Crack bridging by nanoparticles was observed mainly in com-
posites with randomly oriented nanoplatelets and clusters, while
the crack path deviation was strongest in the aligned nanostruc-
tures. It was observed that the composites with secondary nanore-
inforcement show much better lifetime and damage resistance
properties than the ones without nanoreinforcement.

Composites with the nanoplatelets localized in the fiber/matrix
interface layer (fiber sizing) ensure much higher fatigue lifetime
than those with the nanoplatelets in the matrix.

Composites with exfoliated nanoplatelets reinforcement ensure
the better fatigue lifetime than those with clustered particles.
Further, composites with aligned nanoplatelets or clusters ensure
also higher lifetime than those with randomly oriented
nanoreinforcements.
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The multiscale composites with aligned exfoliated nanoplat-
elets in the fiber sizing ensure the highest fatigue lifetime among
all the considered structures.
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