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The effect of nanosilica contents on mechanical properties of the epoxy matrix with some nanoparticle aggregations was studied
in macroscopic experiments and nanoscale simulation, particularly with regard to the effective modulus and ultimate stress. Three
analytical models were used to obtain the effective elastic modulus of nanoparticle-reinforced composites. Based on Monte-Carlo
method, the special program for the automatic generation of 2D random distribution particles without overlapping was developed
for nanocomposite modeling. Weight fractions of nanoparticles were converted to volume fractions, in order to coordinate the
content unit in the simulation. In numerical analysis, the weak interface strengthening and toughening mechanism was adopted.
Virtual crack closure technique (VCCT) and extended finite element method (XFEM) were used to simulate phenomena of
nanoparticle debonding andmatrix crack growth. Experimental and simulation results show a good agreement with each other. By
way of simulation, the weak interface toughening and strengthening mechanism of nanocomposites is confirmed.

1. Introduction

Epoxy resin has been widely used in the aerospace field, as
fiber-reinforced compositematrix and adhesive. Cured epoxy
resin is a highly cross-linked polymer. However, the structure
of thermosetting resin will lead to brittleness of the material,
which determines the weak resistance to the fatigue loading.

To toughen epoxy resin, a common method is intro-
ducing particles in the resin, including liquid rubbers, ther-
moplastics, copolymers, silica nanoparticles, silicate layers,
core shell particles, and combinations of these. The major
toughening mechanisms involve rubber particle debond-
ing/cavitation, localized shear banding of matrix as well as
rubber particle bridging. Fracture toughness of rubber tough-
ened epoxy resin will be improved obviously, while many
other desirable properties, such as elasticmodulus and failure
strength, will decrease significantly [1]. In comparison, rigid
nanofillers can improve the fracture toughness, stiffness, and
even strength of epoxy resin [2–6].

Siddiqui et al. [7] added carbon nanotubes (CNTs) with
the weight fraction ranging from 0wt.% to 1 wt.% into epoxy
matrix to form nanoparticulate-reinforced composites and
found that tensile strength increased gradually, reaching the
peak at 0.5 wt.%. Jingchao et al. [8] reported that adding silica
nanoparticles in an epoxy had a significant effect on tensile
properties of themodified epoxies.When it came to 3wt.% of
nanosilica, tensile strength reached the maximum. Huang et
al. [9] indicated that tensile strength, elongation at break, and
impact strength of SiO

2
/epoxy nanocomposites increased

with the silicaweight fraction at first, peaking at 2wt.%. Bakar
et al. [10] found that the addition of 2% montmorillonite
or 5% polyamide resulted in the best improvement of the
impact strength and the critical stress intensity factor relative
to the unmodified epoxy resin. Carballeira and Haupert [11]
obtained a fluctuant effect of the titanium dioxide content on
tensile strength of nanocomposites.

Actually, the distribution of nanoparticles in matrix may
be not so perfect. There will be some aggregations (see
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Figure 1: Aggregations and uneven distribution of nanoparticles in
matrix.

Figure 1). In this work, this factor was taken into account in
modeling of simulation.

Recently, it is manifest that, the filler debonding and the
subsequent void growth aswell as thematrix shear band likely
play the key roles in strengthening and toughening [12–17]. In
the presentwork, virtual crack closure technique (VCCT) and
extended finite element method (XFEM) were used to simu-
late phenomena of nanoparticle debonding and matrix crack
growth. At the same time, a comparison of numerical and
experimental data was carried out.

2. Experimental

2.1. Materials. Bisphenol A epoxy resin, E51 (epoxide
equivalent weight: 188 g/eq, and viscosity at 25∘C: 8000∼
14000mPa⋅s), was used in this experiment. The average par-
ticle radius of spherical silica nanoparticles was 25 nm, with a
specific surface area of 380m2/g. Curing agent and accelerant
adopted were phthalic anhydride and triethanolamine, re-
spectively.

The silica nanoparticles were first mixed with the epoxy
bymeans of amechanicalmixer, stirring at room temperature
for 6 h, digital heating magnetic mixer at 80∘C for 4 h,
and ultrasonic cell crusher (JY98-IIIDN, 19.5–20.5 KHz and
1200W) for 3 h. After that, the hardener (phthalic anhydride)
and accelerant (triethanolamine) were added to the mixtures
in a ratio of 100 : 50 and 100 : 3 by weight, respectively, while
stirring slowly.Themixtures were then degassed in a vacuum
oven (about −100KPa) for about 30min. Upon the comple-
tion of degassing, the vacuum was released and the liquid
mixtures were heated, then cast into preheated specimen
molds, and cured at 135∘C for 3 h. Once the specimens were
cooled and removed from the molds, they were milled using
a surface grinder on both top and bottom surfaces to ensure
flatness of specimens. As a baseline for comparison, speci-
mens were also prepared for the cured neat epoxy.

2.2. Samples Preparation. Dumbbell tensile samples were
made using a steel mold and both sides were polished by
emery paper until all visible marks disappeared. Tensile tests

Table 1: The tensile properties of epoxy filled with silica nanoparti-
cles for experiments.

Nanosilica content 0wt.% 1wt.% 3wt.% 5wt.% 7wt.%
Young’s modulus (GPa) 3.06 3.54 4.01 4.06 4.09
Failure stress (MPa) 27.00 27.90 34.28 48.11 30.83
Modulus improvement (%) — 15.67 31.05 32.68 33.66
Failure improvement (%) — 3.33 26.96 78.19 14.19

were performed at a crosshead speed of 1mm/min at room
temperature, according to GB/T 1040.The length, width, and
thickness of dumbbell-shape tensile specimen are 150mm,
20mm, and 4mm, respectively.

3. Experimental Results and Discussion

The tensile properties of epoxies strengthened by silica
nanoparticles are comprehensively listed in Table 1, com-
pared with pure epoxy resin. It can be seen from the table
that the modulus of the nanocomposite improves with the
increase of the nanofiller content, while tensile strength peaks
at 5 wt.%. Maximum improvement of modulus is 34% at
7wt.%, and failure stress improvement reaches the largest
value, 78% at 5wt.%. That is to say, optimal content of
nanosilica for both maximum stress and modulus in this
paper is approximately 5 wt%.

The fracture surface of neat epoxy is smooth, due to
its nature of weak resistance to failure. Fracture surfaces of
nanocomposites were examined by SEM to investigate the
related strengthening mechanism. In case of epoxy/silica
binary sample, the zone in Figure 2 shows not only an obvi-
ously rough surface, but also some “sea waves like” features.
Compared with the known smooth fracture surface of neat
epoxy, these rougher surfaces of nanocomposites, which can
absorb more energy before tensile failure, may explain the
highly improved tensile properties and the toughening and
strengthening mechanism of the polymer matrix due to
nanoparticles incorporation.

The expression of nanoparticle contents in the experi-
ments is theweight fraction, while analytical formulation pre-
diction and simulation in the following section will need vol-
ume fractions. Therefore, in order to facilitate comparison of
results, the two particle content expressions should be uni-
fied.The conversion process is (1) using electronic balance to
obtain the total mass of a tensile specimen; (2) according to
the mass fraction of nanoparticles, calculating the total mass
of nanofillers in a specimen; (3) then calculating the total
particle surface area, according to the specific surface area
(m2/g) of nm SiO

2
; (4) having known radius of the spherical

particle, converting the total surface area to the total volume;
(5) according to the known size of the specimen, calculating
the approximate volume of specimen; (6) dividing the total
volume of specimen by the total particle volume, to get the
corresponding volume fraction of nanoparticles.

According to this conversion method, we can get
corresponding volume fractions of nanoparticles. In this
work, 1 wt.%, 3 wt.%, 5 wt.%, and 7wt.%, corresponded to
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Figure 2: SEM graphs of fracture surfaces of tensile samples.

the volume fraction 2.39 vol.%, 7.16 vol.%, 11.93 vol.%, and
16.70 vol.%, respectively.

4. Prediction and Simulation by FEM

4.1. Prediction and Comparison with Test. Halpin and Tsai
found that the modulus of particulate polymers can be pre-
dicted by the semiempirical relationship [18, 19]:
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where the linear term is the stiffening effect of individual
particles, and the second power term is the contribution of
particle interaction.

Counto [21] proposed a simple model for a two-phase
particulate composite by assuming perfect bonding between
filler and matrix. The composite modulus is given by
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From comparison of effective modulus from analytical
models with experimental results, as shown in Figure 3, it can
be seen that, within the content of 12 vol.%, test results are in
good agreement with these analytical formulation prediction,
especially for Counto model. While the content is higher,
there is a small amount of errors, which may be caused by
some aggregations of nanoparticles, due to the high volume
fraction.

8

7

6

5

4

3

2

El
as

tic
 m

od
ul

us

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Volume fraction of nm SiO2

Guth

Counto

Halpin-Tsai

Test

Figure 3: Comparison of effective modulus from analytical models
with test.

Cutting plane

Figure 4: Nanoparticles and the cutting plane inside 3D model.

4.2. Modeling Programming. Considering that nanoparticles
cannot be uniformly distributed in the matrix completely,
there will exist aggregation phenomena. Therefore, random
location of nanoparticles should be taken into account in the
simulation. As this is a two-dimensional analysis here, the
distribution of nanoparticles can be selected from any cutting
plane of the 3D model. As shown in Figure 4, there are
numerous cutting planes in the three-dimensional model.
Any cutting surface will intersect with particles inside 3D
model. Since the position of the cutting surface is variable,
and thus circle sizes of these particles intersected with the
cutting plane will be different. Therefore, considering these
situations above, nanoparticle sizes in 2Dmodel in this study
are randomly ranging from zero to the whole particle size.
Because it is a random distribution problem, the location of
the particles in the 2D model is also random.

In present work, python language is used for mod-
eling programming to simulate the automatic generation
of random distribution of nanoparticles in ABAQUS CAE
Environment on the basis of Monte-Carlo method. Figure 5
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shows programming for generation of representative volume
element square (RVE).

In order to generate a random particle distribution RVE,
a regular RVE should be presented firstly in this algorithm.
Corresponding parameters such as 𝑆, 𝑉

𝑝
, and 𝑅 (𝑆 is the

side length of RVE. 𝑉
𝑝
is the volume fraction of particles

and 𝑅 is the radius of a particle with the assumption of each
particle having a circle section cross) and should be inputted
before running the program. Secondly, centers of nanopar-
ticle circles with random coordinate values inside RVE will
be generated one by one until it comes to the last center,
which is determined by the volume fraction of particles.
After all centers are generated automatically, particle circles
will be generated subsequently at the corresponding center
with random sizes ranging from zero to the whole particle

𝑋

𝑌

𝑍

Figure 7: RVE displacement-loading schematic.

size. A random particle distribution RVE sample is shown in
Figure 7.

There are some restrictions on particles center generation
to avoid overlapping: (a) the minimum distance between
particle centers with each other is the particle diameter
(50 nm). (b) the minimum distance between particle centers
and RVE boundaries is the particle radius (25 nm).

4.3. Tensile Simulation. The virtual crack closure technique
(VCCT, Abaqus Analysis User’s Manual 11.4.3) criterion is
based on linear elastic fracture mechanics theory, so it can be
applied to solve the problem of brittle crack propagation on
predefined surfaces, to simulate the interfacial debonding.

In VCCT analysis, node combination technique is used
to simulate crack propagation. When the crack propagation
criteria, (4), are met, the node in the same location will be
separated into two nodes, and the coupled degrees of freedom
can be released:

𝐺

𝐺

𝐶

≥ 1, (4)

where 𝐺 is the equivalent strain energy release rate and 𝐺
𝐶
is

the critical strain energy release rate.
In this paper, simulation will focus on the weak interface

toughening mechanism. As a result, interface debonding will
occur, followed by crack failure.

The extended finite element method (XFEM, Abaqus
Analysis User’s Manual 10.6.1) is an effective method for
discontinuous problems in mechanics whereby cracks and
crack growth can be modeled by finite elements with no
remeshing. By this method, a crack arbitrarily aligned within
the mesh can be represented by means of enrichment func-
tions, as shown in (5) and Figure 6. The first term on the
right-hand side of (5) is the classical finite element (CFEM)
approximation to determine the displacement field, while the
second term is the enrichment function which takes into
account the existence of any discontinuities such as a crack.

To model the crack, basic XFEM approximation is that
considering 𝑥, a point in a finite element model. Also
assuming there is a discontinuity in the arbitrary domain
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Figure 8: Continued.
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Figure 8: Nanocomposite failure diagrams and corresponding stress-strain curves for different particle contents: (a), (b), (c), and (d).
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Figure 9: Tensile properties of epoxy resin as a function of nanoparticles (SiO
2
) content.

discretized into some 𝑛 node finite elements (see Figure 6). In
XFEM, the following is utilized to calculate the displacement
for the point 𝑥 locating within the domain [22]:

uℎ (x) = uFE + uenr =
𝑛

∑

𝑗=1

𝑁
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where 𝑁
𝑗
(x) and 𝑁

𝑘
(x) are finite element shape functions,

u
𝑗
is the vector of regular degrees of nodal freedom in the

finite element method, a
𝑘
is the added set of degrees of free-

dom to the standard finite elementmodel, and𝜓(x) is the dis-
continuous enrichment function defined for the set of nodes
that the discontinuity has in its influence (support) domain.

4.4. Simulation Results and Discussion. In this simula-
tion, Young’s modulus and failure stress of neat epoxy
were 3.06GPa and 27MPa, respectively, corresponding
to parameters obtained in the previous section, while
Young’s modulus of 70GPa [23] was adopted for nanosil-
ica. The size of representative volume element square
(RVE) selected here for modeling was 500 nm × 500 nm.
Figure 7 shows RVE displacement-loading schematic. Tensile
analysis in nanoscale was completed by using ABAQUS.
Many scholars agree the weak interface toughening and
strengthening mechanism, which is adopted in this paper,
so the failure process of nanocomposites here is sim-
ulated by interface debonding at first and then matrix
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Table 2: The average modulus and failure stress values for different
nanocomposites in simulation.

Nanosilica content 1 wt.% 3wt.% 5wt.% 7wt.%
Young’s modulus (GPa) 3.356 3.837 3.890 3.943
Failure stress (MPa) 27.214 33.072 43.477 29.974

failure. Particle debonding and matrix crack failure were
achieved by VCCT and XFEM, respectively. Interfaces,
with zero thickness, debonded with respect to the energy
criterion. Initiation and evolution of matrix failure used
the maximum stress criterion and energy criterion, respec-
tively.

The averagemodulus and failure stress values for different
nanocomposites in simulation are shown in Table 2. Figure 8
gives nanocomposite failure diagrams and corresponding
stress-strain curves for different particle contents. From
stress-strain curves, we can see that there are some fluctua-
tions for stress values during the elastic stage, and the situa-
tions of stress fluctuations are diverse.Thesemay be caused by
the random nanoparticles of different models and their
debonding, and it may be one cause to explain the increasing
strength of nanocomposites. Besides, particle debonding
and crack growth, which will absorb energy during tensile
simulation, may play key roles in toughening and strength-
ening. For investigating the interaction between nanopar-
ticles and matrix under the tensile load, the nanoscale
model is needed in the simulation, while the experimental
data comes from the macrospecimen. Cross-scale models
may cause a slight difference between macromechanics and
micromechanics results, which may be acceptable. Although
XFEM gives lower prediction than experiments, it can be
seen from Figure 9 that test and simulation results are in
good agreement with each other, and they have a similar
trend. That is to say, the weak interface toughening and
strengthening mechanism of nanocomposites is confirmed
byway of simulation, andVCCTandXFEMare effectiveways
to simulate mechanical behavior of nanocomposites.

5. Conclusions

In this paper, mechanical properties of epoxy resins filled
with different amounts of rigid silica nanoparticles were
investigated. Simulation and test results had a similar trend.
That was, with nanofiller content increasing, the tensile
strength of nanocomposites increased at first, peaking at
some content. After that, there was a declining trend. In
addition, the weak interface toughening and strengthening
mechanism of nanocomposites was confirmed by simulation
(VCCT and XFEM). Therefore, to some extent, predicted
results in simulation may reflect macroscopic mechanical
properties, and simulation can become an effectivemethod to
predict the mechanical property trend of nanocomposites.

The optimal content of nanosilica in this paper was
approximately 5 wt%. In the meanwhile, modulus of nano-
composites improved with the increase of the nanofiller con-
tent, due to the high modulus (70GPa) of nanosilica. Within
the content of 12 vol.%, test results of nanocomposites for

modulus were in good agreement with these analytical
formulation prediction especially for Counto model.
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