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Abstract: The study presents simplified approximations that allow the evaluation of the unidirectional longitudinal and transverse
modulus of a composite material, starting from the elastic properties of the constituents (inorganic particles, matrices) as well as its
relative properties. In calculations, the response of the composite material is assimilated with an associated system of particles and

matrices

Key words: polymer matrix composites, inorganic particles, modulus of composite material.

1. INTRODUCTION

The influence of reinforcing agents — inorganic particles
— on mechanical properties is undoubtedly the most
important motivation for the development of research
on polymer-type composites — inorganic particles.
Numerous research have been done on systems
containing micrometer-sized particles [1-3]. Broadly
speaking, four important factors are considered in
determining the mechanical characteristics of a
composite system with inorganic particles, namely:

- the composition of the system, the choice of the
matrix, the reinforcing agent and the fraction of the
inorganic phase,

- the type of interaction at the polymer interface - the
inorganic particle,

- geometric factors of inorganic charges,

- the state of dispersion of the particles.

It is worth emphasizing that these four parameters
apparently of wvariable importance condition the
properties we intend to investigate, and that their
manifestations are interdependent. In this study, we try
to approach relationships that are established between
the morphological parameters and the mechanical
properties of the composites considered.

A very important factor in determining the mechanical
characteristics of the composite material is the relative
proportion of the matrix and the curing agent. This
proportion can be expressed either in volumetric
fraction (or fraction in percentage of volume) or in mass
fraction (or fraction in percentage of mass). The mass
fraction is very difficult to measure when the material is
obtained. The volumetric fraction intervenes directly in

theoretical models, describing the behavior of materials.
It is therefore necessary to know the relations of passage
from one fraction to another. These relationships are
established for a two-phase material and then extended
for composites with more than two phases.

1. 1 Theoretical considerations

As mentioned, the use of inorganic fillers in
thermoplastics leads to an increase in the values of
modules that appear to be at high temperatures [4]. The
effect of introducing inorganic particles into
thermoplastic matrices becomes a strong effect as the
temperature at which the process takes place approaches
or even exceeds the main relaxation temperature of the
matrix, which is illustrated in figure 1.
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Figure 1. Evolution of the preservation of a
polyhydroxyethyl methacrylate-silica composite of -150°C
(in the vitreous domain) and +160°C
(in the rubber domain)
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To realize this increase, it is necessary for theoretical
treatments to exploit the available information on
different compounds whose parameters are easily
accessible, the modules of the constituents, the
volumetric fraction of the reinforcing agents, possibly
their geometry. Unknown data are therefore subject to
these assumptions.

It should be noted that the numerous approximations of
these reinforcement problems, developed especially in
the case of elasticity, can be understood by
viscoelasticity by replacing the elastic constituents by
their homologous complexes, as defined in Hashin's
correspondence principle.

From the data in the literature [6], we can see that there
are two very particular categories of approximations:

- hydrodynamic approximations, or theories of rigid
inclusions in matrices that it does not have. They are
generally based on the development of semi-empirical
equations in rheology and transposed under various
conditions. After these approximations (of Einstein and
Mooney), Ahmed reserved a particular place for Kerner's
approximation.

The latter author determines in fact the mechanical
response of a hydrostatic pressure of an assembly
consisting of a spherical rigid particle inserted into a
matrix, with a perfect interfacial adhesion. In the case of
reinforcing agents with a modulus greater than that of
the matrix, the shear modulus Gc of the composite can
be determined starting from the following equation:

[
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with V¢ the volumetric fraction of the reinforcing agent,
vm and Gn, the Poisson coefficient and the shear modulus
of the matrix.

- micromechanical approximations or the theory of rigid
inclusions in a rigid matrix, or homogeneity theories that
are particularly addressed here and the finite element
method.

The principle of this type of approximation consists in
determining the macroscopic behavior of a charged
system starting from the answer given by a sample or the
Representative Elementary Volume (V.E.R.), which is in
fact the smallest structure that we can define from inside
the composite and which preserves all the characteristics
of the phases present (it is schematically represented for
a composite with inorganic particles (figure 2) [7-9].

In approaching this approximation, the localization stage
is the stage of determining the localized mechanical
fields that take place inside the Representative Volume
starting from the microscopic data, being the most
difficult stage.
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Figure 2. Schematic representation of the morphology
of a polymer reinforced with inorganic particles —
Representative Elementary Volume (V.E.R.)

A possible solution to the localization problems consists
in using the energetic criteria (the approximations being
called variational) that lead to the determination of the
limits, defining a domain for the researched modules.
According to Reuss and Voigt, limits are the simplest
arrangements for a material consisting of two phases (the
limits are also called the law of mixtures), of external
stresses (Reuss) or of deformation (Voigt). Also, the
boundaries are defined as uniform in the two phases.

These limits were also confirmed by Hashim and
Shtrickman, considering the Poisson tension of the two
constituents. In particular, the difference between the
upper and lower bound of this approximation depends on
the ratio of the particle's modulus to that of the matrix.
The limits defined by Hashim and Shtrickman delimit a
model corresponding to the series-parallel models
proposed by Reuss and Voigt.

These limits, however, define a field of validity for exact
theoretical approximations. The latter allows the
evaluation of the elastic constants of the composite
system starting from the behavior of an equivalent
homogeneous environment, subjected to a field of
external stresses and deformations. Among other models,
the generalized self-coherent approximation is of clear
interest. The representative inclusion (V.E.R.) of the
loaded polymers is introduced into a reference medium,
which we consider to be equal to the medium to be
investigated. The choice of the reference medium allows
the estimation of the elastic properties of the composite
system by solving the self-coherence equation. In the
case of the simplest model, figure 3, which defines the
representative cell of the material: V.E.R., consisting of
three phases: the reference medium, also called the
equivalent homogeneous medium. The self-coherent
equation defined on a similar system is of secondary
order.

The correspondence between the self-coherent models
and the experimental results obtained by mechanical
spectrometry was illustrated in the case of polymers with
low percentage of reinforcement, with very well
distributed spherical micron agents over the entire
temperature range used by the material.
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Figure 3. Schematic representation of a composite system
according to a generalized self-coherent three-phase model

But the founding hypothesis of this type of
approximation (elliptical and well-dispersed charges,
perfect interfacial adhesion, fraction of limited
reinforcing agent) remains the field morphological logic
of the materials that can describe the behavior. Also,
these models have been adopted and can be modified
taking into account the effects of size, aggregation, form
factor of the reinforced agent observed on the
composition of the loaded polymers [10, 11].

In general, the beginning of homogeneity calculations
consists in determining the fields of stresses and
deformations inside V.E.R. imposing certain conditions
of them at its border. Starting from this information it is
possible to calculate the average voltages in the direction
of i inside the volume element, according to the
equation:

— 1
o, =FI[G"-&'V

in the same way, the average deformation is given by the
equation

E,-=%I‘j£,-dl",|:ui= 1.6

Starting from the average of stresses and deformations
on the V.E.R. assembly, it is theoretically possible to
determine the elastic properties of the homogenized
material. The exact solutions are given by the field of
stresses and deformations at each point of the V.E.R,,
these can only be obtained in the case of simple and
idealized geometric models.

In practice, we can also obtain samples of the moduli of
the material by approximations based on simplified
assumptions of the mechanical behavior of the V.E.R.
The simplest model being that of a unidirectional
material [12].

1.2 Young's Modulus

Young's longitudinal modulus is determined by a tensile
test in the X direction.
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Figure 4. Simple diagram of a longitudinal
traction

Starting with the expressions (2) and (3) we can write:

o, = VLFJJIJV +VLIo;dV

m o,

where T, is the average tensile voltage of the V.E.R.

From this data we can deduce the relationships for the
average voltage in the particles and the matrix,
respectively:

— 1 — 1
GPI:ZE[GXdV si o‘m=ijo'de

T & .
where px and “M¢ are the average voltages in

particles and matrices.
Thus:

O, =V, 0, +V, O

A simplified hypothesis consists in considering that the
deformation is uniform and identical both in the particles

and in the matrix so: €& =~ m — S»

If we hypothetically consider linear elastic behavior
(Hooke's law) for particles and matrices, we also obtain:

(VPE »t v, E, E

Thus, the expression of Young's modulus is given by the
relation:

o, =

E =v,E +v,E,
1.3 Transversal Module

Requesting V.E.R. previously defined in the transverse

direction y, £v is defined as the average strain and is
given by the reality

vV &

&y =Vplp TVn
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Figure 5. Simple diagram of a transverse
traction

The transversely applied force can be transmitted entirely in
particles and matrices, so the applied load is uniform and
identical in particles and matrices.

o, =Eyén =E,¢,
we obtain:
J— |5 V T—
Ex = _P+¢ J}'
E, E,

The transverse modulus Eyis defined by:

1.4 Longitudinal Shear Module

Considering the same V.E.R., we can write that the
average shear stresses in the matrix and particles are
identical and equal with t.

—_— T

"G,

with Gp and Gm the shear modules from particles and
matrices. Analogously we can write:

1

G

v

v

—m

W
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If the approximation of the parallel model gives the
correct results for Ex, the series model generally gives
the values below the values E,. This translates into the
fact that a transversely stressed unidirectional composite
is not a pure serial model [7].
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Figure 6. Exand Ey values according to the amount of
reinforcing agent

In general, we can consider that, for a given v value, the
values Ex and E, defined above give a range of the
possible values of the modulus of the composites even if
we change the shape (particles, fibers) or the dispersion
(tissue, material) of the reinforcing agent [7].

There are significant differences between longitudinal
and transverse elastic modulus, for the same proportion
of reinforcement material, in the case of fiber
reinforcement. This behavior can be seen in Figure 6.

In case of spherical particle reinforcement, the elastic
behavior is the same in either direction and the curves
Figure 6 overlap.

2. THE EXPERIMENTAL PART

The experimental program contains two steps: obtaining
composite material from epoxy resin (polymer matrix)
and chalk powder (as filler) followed by the observation
of the structural changes produced after tensile testing of
the composite material. The tests were performed on
specimens having inorganic particles (calcium carbonate
powder) in their constitution at nanoscopic scale.

2.1 Obtaining
material

the macromolecular composite

Incorporating inorganic powders into the polymer matrix
aims to improve certain mechanical properties or modify
the surface properties of the matrix. The filler, a material
with a low price, contributes to the significant decrease
in the cost price of the composite.

The polymer matrix

Epoxy resins occupy an important place in the
production of composite materials due to their very good
physical-mechanical properties.

Epoxy resins for general use are obtained by the
polyaddition of bisphenol A with epichlorohydrin,
according to the following general reaction:
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The oxiranic groups give the resin the reactivity required
for crosslinking. Curing of epoxy resins can be done at
room temperature with primary or secondary amines (eg
TETA - triecthylenetetramine), or at high temperatures
(t~180°C) with amines (dicyandiamide) or with
anhydrides.

HzN—ECHZ—CHZ—NHHECHQ—CHZ—NHz

Chemical formula a triethylenetetraamine
NH,
H,N—C=N—C=N
Chemical formula a dicyandiamides
The reinforcing agent

The properties of the composite depend mainly on the chemical
nature and granulation of the powder. Micronized chalk is
obtained by finely grinding limestone. To avoid the formation
of agglomerations, the powder must be dry.

Material Properties
Epoxy resin DINOX 010-S  Density pr = 1,25 g/cm?
TETA or DDA
Dibutilftalat
Calcium Carbonate (Powder)

Density pc =2,71 g/em?

Demoulding agent (petroleum
wax in CCls)

250 ml flask equipped with a
stirring system and

thermostated

Die

1. The ratio between the reinforcing agent and the resin
is chosen. (A =20 %)

2. The volume of the VM mold is determined.

In our case, the volume of the mold (a parallelepiped with
dimensions: L=12 cm, 1=10cm, h=2cm) is: V= LxWxH=
12x10x2=240cm?>.

Considering the additivity of the volumes, the volume of the
mold is described by the relation:

VM = Vc+ Vr

where: Vc is the volume of calcium carbonate powder; Vr is
the volume of epoxy resin.

3. Calculate the required amounts of resin (mr) and calcium
carbonate powder (mc), knowing the mold volume (Vm) and
the densities:

100-A

=115-——
MR 00

*Vu*Pr

100-20
mR = 115 = = *2401.25 = 276g

mg =115+ == Vyr*po

20
me =115——=240+2,71=149.6g
100

4. Dibutyl phthalate is added to improve the elasticity of
the composite material. (10% compared to the resin).
5. TETA or DDA (hardening agent) 7% to the resin.

Work procedure

Calcium carbonate - micronized powder is placed in the
oven at 100-120°C for one hour to remove moisture.

To avoid adhesion of the mold resin, the active surfaces
are smeared with a release agent.

Release
agent

CaCO: Epoxy
powder resin

kS "
omposite material

Figure 7. Obtaining the composite material
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The casting resin is prepared by introducing the epoxy
resin and the plasticizer into a flask equipped with a
stirring and heating system. Heating to 60°C ensures
fluidization of the resin (decrease in viscosity) in order
to incorporate the powder more easily and avoid the
formation of air inclusions.

After approx. 15 min from the beginning of the heating,
add the calcium carbonate powder in 6 portions, at
intervals of 15 min. Advanced homogenization is
essential to obtain a material with the designed
properties.

The casting resin thus prepared is emptied into a glass
and allowed to cool for approx. 20 min, after which the
hardener is added. The mixture is homogenized for about
5 minutes, after which it is poured into the mold and left
for 24 hours to complete the crosslinking reaction.

The general formula for epoxy resin is:

O
—O—C(,Hr(r?—C,,H[O—CHQ—C H—=CH,—
\ CHy /

3. RESULTS AND DISCUSSIONS

In Figure 8 it can be seen the differences in

microstructure of a pure polymer matrix (left) and the
microstructure of a composite material reinforced with
CaCO; (right). In the left side there are only long
molecular chains (covalent bonding) and in the right side
the structure is more compact (ionic bonding between
molecular chains).

Figure 8. Polarized light optical microscopy of simple epoxy
resin (left) and a Resin /CaCO3 mixture (right) [13]

It has been performed tensile tests on manufactured
materials in order to measure the tensile strengths and
Young module. The experimental curves for a simple
epoxy resin, a composite material with CaCO;
reinforcing agent and a composite material with CaCOs
reinforcing agent treated with stearic acid are shown in
Figure 9.
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Figure 9. Tensile curves for simple epoxy resin and
reinforced with CaCOs (Epoxy/C) and Ca stearate
(Epoxy/SC)

The tests were performed according to the ISO 527-1
standard. The traction curves have a classical shape
specific for polymeric materials with a relatively well-
represented flowing region [14].

It can be observed that the tensile strength of pure resin
is slightly higher (33 MPa) than in case of reinforced
ones (30 MPa) (Figure 9). The matrix became
discontinuous due to the presence of particles and the
number of polymer chains which support the traction
force decreases. As effect the tensile strength also
decreases.

It is obvious that the calcium carbonate particles cannot
provide a real reinforcement in comparison with case of
composite materials reinforced with fiber.

However, as it can be shown in Fig.10, the elastic
modulus of material reinforced with calcium carbonate is
higher (the particles have a positive influence on the
stiffness of material).

¥

i

- Stress (MPa)

0 0,02

Strain
Figure 10. Stress-strain curves (detail A)

The superior stiffness of composite with calcium
carbonate (3077 MPa) in comparison with stiffness of
pure resin (2083 MPa) demonstrates that additional
bonds are created between the resin and the particle.
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4. CONCLUSIONS

The object of this work was to experiment the behavior
of polymers reinforced with inorganic nanoparticles and
provides elements that help to understand their behavior
in general outside the established rules for materials
loaded with micrometric particles.

Our objective was to study in particular the effective
dispersion of calcium carbonate particles in an epoxy
resin matrix and the interactions and effects of the
dispersion on the performance properties of these
materials.

The formed composite materials show increased
stiffness, due to the appearance of new bonds between
the polymer matrix and the reinforcing agent.

The calcium stearate formed by treating CaCOs with
stearic acid favors this de-agglomeration and limits the
re-agglomeration of inorganic particles, giving the
macromolecular compound an increased rigidity

The presence of inorganic particles has an influence on
the mechanical properties of the reinforced polymers.

The order of the morphological parameters approached
will be as follows: the influence of the amount of
reinforcing agent, the form factor of the particles used
and the effect of the dispersion state of the reinforcing
agents that will be confronted with different mechanical
approximations.

Inorganic charges in thermoplastics lead to an increase in

the values of the modules that occur at high
temperatures.
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