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ABSTRACT. Nanostructured adhesives may be defined as those materials
whose elements imbedded in an epoxy matrix have dimensions in the 1 to 100
nm range. One of the most interesting aspects of ceramic nanoparticles is that
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their mechanical properties depend strongly upon the particle size and shape.
Silica nanoparticles (SiO») have different physical and mechanical properties
from bulk ceramics. The aim of the present study is to investigate the effect
of the nanoparticles rate on the equivalent stress, peeling stress and shear
stress as well as the strains developed in the adhesive joint. Three-dimensional
finite element models of adhesive joint were developed to determine the stress
intensity as well as strain with different nanoparticles rate in the epoxy resin.
Dispersion of nanoparticles with different percent in the epoxy resin allows
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for reinforcing the adhesive. Polymer embedded silica nanoparticles (SiO»)
proved to be highly effective.
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INTRODUCTION

here is an increasing interest in polymer/silica nanocomposites for the developments of new materials with
improved thermal and mechanical properties [1-3]. Polymer nanocomposites are among the most promising
materials. The incorporation of a small fraction of nanoparticles into a polymer matrix not only leads to dramatically
reinforced mechanical properties [4], but also endows the material with flame-retardant [5, 6], conductivity [7, 8], gas-barrier
[9], and optical properties [10, 11], among others. However, these enhanced properties depend strongly on nanoparticle
dispersion and the interfacial interactions between the nanoparticles and the polymer matrices [12-15]. Polymers are used
for high-technology application areas such as coatings, electrical appliances, adhesives, automotive and aerospace industries
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[16-18]. The Polymeric nanocomposites are usually defined as a combination of a polymer matrix and nanometric particles
[19]. The possibilities of improving the mechanical or thermal properties and the development of new materials by
nanoparticles have found applications in academia and industry. Several experimental and theoretical studies have been
carried out on the mechanical properties of microphones and nanocomposites. Many papers report improved polymer
properties more efficiently using nanoparticles than with microparticles [20]. The epoxy resin is a rigid polymer with good
chemical stability, mechanical and electrical properties. It is widely used as a matrix of composite materials reinforced by
fillers and as adhesives [21, 22]. When cured, the epoxy is amorphous and highly cross-linked (i.e. thermosetting polymers).
This microstructure provides many useful properties for engineering applications, such as a modulus of elasticity, high and
failure resistance, low creep, and good performance at high temperatures [23]. However, the structure of the epoxy also
leads to very undesirable properties when it is a relatively fragile material, with a low resistance to initiation and growth of
the cracks. The thermal loading effect on free vibration characteristics of carbon nanotubes (CNTs) with multiple cracks
has been studied [24]. The nanoparticles have been widely used in epoxy matrix composites as reinforcements. Compared
to micro-loaded composites with nanoparticles open up a wide range of potential new applications, due to their improved
engineering properties, such as stiffness and hardness, and other beneficial functions such as the barrier against
nanoparticles, humidity and flame retardancy [25]. The objective of this work is to analyze by three-dimensional finite
element method using the Abaqus calculation code, the stress distribution of shear and peeling in the adhesive joint used to
assembly two aluminum plates. Several parameters have been highlighted such as the stiffness of the nanostructured
adhesive and their size, in order to see the effect of the silica nanoparticles' dispersion imbedded in the epoxy resin on the
charge transferred in the adhesive layer.

GEOMETRIC MODEL AND MECHANICAL PROPERTIES

aluminum alloy plates (2024-T3) of dimensions 200 mm long, 20 mm wide, 2 mm thickness. The mechanical
properties of the adherends were as follows: Poisson's ratio v = 0.33, Young's modulus E = 69 GPa. The mechanical
properties of the adhesives investigated were: Poisson's ratio v.g = 0.33, Young's modulus E = 3.5 GPa [26].

T he adhesively bonded single-lap joint studied in the present work is shown in Fig. 1. The two adherends used were

Upper adherend Lower adherend

20
180

Figure 1: Geometrical model.
BOUNDARY CONDITIONS

load of 40 MPa was applied at the right end of the upper substrate in the x-direction. The joint is oriented along the
X, z is the direction of the width and y is the direction normal to the joint plane.

— i

: ; chematic of the entire model (Fig. 2), including the fixed connection (zero displacement) at the left end, a distributed

Nodes fixed in: Nodes fixed in:
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Figure 2: Boundary conditions for the symmetry FE model.
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In the case of FE analysis of adhesively bonded joints the thickness of adhesive layer is much smaller than that of the
adherends. The FE mesh must accommodate both the small dimension of the adhesive layer and the larger dimension of
the remainder of the whole model. It is essential to model the adhesive layer by a FE mesh which is smaller than the adhesive
layer thickness. The result is that the FE mesh must be several orders of magnitude more refined in a very small region than
is needed in the rest of the joint. Thus the number of degrees of freedom in an adhesively bonded joint is rather high. It is
also important that a smooth transition between the adherends and adhesive be provided for later distortion analysis. The
original FE mesh is shown in Fig. 3. The FE mesh of the joint was created using the ABAQUS FEA pre-processing program.
Most of the adherends and adhesive were modelled using the 20-node quadratic brick solid elements.

Figure 3: Mesh of the assembly.

INVESTIGATED MATERIALS

Substrates

T wo substrates are made of a highly ductile 2024-T3 aluminum alloy, which gives the advantage of good solid state
plastic deformation shaping properties, with low melting point, about 650 °C. Alloy 2024 has better mechanical
properties due to higher magnesium content. It has good resistance to toughness and crack propagation. The 2024

is widely used in aircraft construction.

Adbesives

The epoxy resin examined was a standard diglycidyl either of bisphenol A (DER331 resin, Dow Chemical Company) with
an equivalent molecular weight of 187 g/mol. The nano SiO; particles (3M Corporation) with an average particles size of
174nm, 74nm and 23nm were surface modified by a sol-gel process to prevent agglomeration and to maintain a narrow
particles size distribution. The nanosilica particles were supplied as pre-mixed concentrates in a DGEBA epoxy resin.
Piperidine (Sigma-Aldrich) was used as the curing agent.

P
H,GC—CHCH,Cl  + HO—Q?O—OH + NaOH ———tom
\O/ "
i %
H,C—CHCH. o—@— C—@—OCHZCHCHZ o—@ C@—OCHECH—CHZ
XS I I | NS
0 CHa OH  /n CHs o

DGEBA + NaCl

Figure 4: Synthesis of DGEBA.
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Properties Epoxy
Viscosity (Pa.s) at 25C° 12000 - 13000

Density (kg/m?) 1160
Temperature distortion (°C) 50

Modulus of elasticity E(GPa) 24-5
Flexural strength (MPa) 60
Tensile strength (MPa) 73
Maximum elongation (%o) 4

Table 1: Properties of epoxy resin [27].

EFFECT OF NANOFILLERS ON THE EPOXY RESIN

[28]. The results are shown in Tab. 2 along with the standard deviation (calculated from at least five samples). The

T he Young’s modulus E of the nanocomposite materials were measured using dog-bone shaped tensile specimens

presence of the nanosilica particles increases the modulus, E, of the nanocomposite; with the value of E increasing
steadily as the weight % of the silica phase is increased [29]. The effect of nanosilica particles content on the Young’s

modulus is depicted in Tab. 2.

Nanosilica particles

fhrz () Volume (%) E (GPa)
unmodified 0 3.50
2.5 3.50
5 3.02
10 4.24
23 15 4.56
20 4.78
25 5.22
30 5.53
2.5 3.67
5 3.80
10 4.15
74 15 4.50
20 4.76
25 5.43
30 5.60
2.5 3.50
5 3.62
10 4.25
174 15 4.60
20 4.87
25 5.35
30 5.78

Table 2: Values of nanosilica filled DGEBA as a function of filler content compared at different sizes of nanosilica particles [30].
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RESULTS AND DISCUSSION

n this work, the Abaqus calculation code is used to model the simple overlap joint, which is composed of two 2024

aluminum substrates and the epoxy resin loaded with nano-silica particles. Using the table, which shows the Young’s

modulus of the unfilled epoxy resin (EP), and then the same resin loaded with different percentages of the nano-silica
particles.

Elffect of the rate of the nanoparticles on the stresses

Figs. 5, 6 and 7 illustrate respectively the vatiation of the von Mises stress ( omiss), the shear stress (o) and the peel stress
(o) according to the overlap length, without and with nanoparticles and their diameters are equal to 23 nm. The results are
obtained numerically by the finite element method for three percentages of nanoparticles (2.5%, 15% and 30%). Whatever
the rate of the nanoparticles imbedded in the matrix, it is noted that the maximum stresses are located at two free ends of
the bonded assembly. However, the minimum stresses are always at the assembly's core. The results obtained show that the
curves of the stresses are almost similar because the rate of the nanoparticles is relatively smaller than the volume of the
resin, it varies from 2.5% to 30%. It is noted that increasing the rate of the nanoparticles leads to an increase in the maximum
stress. It is observed that the value of the maximum stress is proportional to the quantities of nanoparticles imbedded in
the adhesive matrix. The addition of inorganic spherical nanoparticles to polymer allows the modification of the polymer
physical properties as well as the implementation of new features in the polymer matrix.
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Figure 5: Variation of the Von Mises stress.
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Figure 6: Variation of the Shear stress.
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Figure 7: Variation of the Peel stress.

Effect of the rate of the nanoparticles on the equivalent stress

Fig. 8 represents the variation of the maximum value of the equivalent stress as a function of the rate of the nanoparticles
for three diameters of nanoparticles. It is noted that whatever the size of the nanoparticles the maximum value of the
equivalent stress varies proportionally to the rate of the nanoparticles added in the adhesive, which confirms the results
obtained previously. It is also noted that increase the stress is due to an increase of the Young's modulus of the adhesive
joint. The latter behaves like a brittle material whose Young's modulus increases with the rate of the nanoparticles added in
the adhesive. It can be seen that whatever the percentage of silica nanoparticles, the difference between the von Mises stress,
which corresponds to different diameters of the nanoparticles is relatively weak.
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Figure 8: Variation of the equivalent stress as a function of the silica nanoparticles diameter.

Effect of the rate of the nanoparticles on the strains

Figs. 9, 10 and 11 show the variation of the strain (€, £xy and &) according to the length of the adhesive joint without and
with Silica nanoparticles whose diameter is equal to 23 nm. The strain curves have been drawn for three percentages of
Silica nanoparticles (2.5%, 15% and 30%). It is noted that the maximum strains are located as the ends of the joint. It is
noted that the strain depends on the rate of the nanoparticles in the epoxy matrix. The strain curve clearly shows that
increasing silica nanoparticles leads to a decrease of the linear and angular strain. Indeed, reinforcement of the matrix by
ceramic-type nanoparticles makes it possible to transform the resin into a brittle material with a weak strain.
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Effect of the diameter of silica nanoparticles on the strains

Fig. 12 illustrates the vatiation of the maximum strain (€max) as a function of the rate of the nanoparticles for three diameters
(23 nm, 74 nm, 170 nm) of nanoparticles. It is noted that whatever the percentage of silica nanoparticles, the difference
between the maximum strains, which correspond to different diameters of Silica nanoparticles, is relatively weak. In order,
the obtained results show that the maximum strain is almost independent of the nanoparticles diameters.
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Figure 12: Variation of the maximum strain as a function of the diameter of silica nanoparticles.

CONCLUSION

The mechanical properties of the adhesive reinforced by Silica nanoparticles, in particular, its Young's modulus
depends on the rate of the nanoparticle.
Increasing the quantities of Silica nanoparticles in the matrix leads to increase the von Mises stress, shearing and peeling at
both ends the recovery length.
A significant increase in the rate of the nanoparticles in the adhesive joint leads to a decrease in the maximum strains.
Decreasing the deformations within the joint, that means that the reinforcement of this resin with different percentages of
Silica nanoparticles to improve rigidity and its resistance to fracture. Whatever, the rate of Silica nanoparticles added in the
adhesive the maximum strain and stress are almost independent of the nanoparticle size.

I 1 rom the results above, obtained by the three dimensional numerical analysis, one can draw the following conclusions:
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