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FRACTAL MODEL OF THE NANOFILLER STRUCTURE
AFFECTING THE DEGREE OF REINFORCEMENT
OF POLYURETHANE-CARBON NANOTUBE NANOCOMPOSITES
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Abstract: A percolation model of nanocomposite reinforcement is under study. It is shown that the
degree of reinforcement of polyurethane—carbon nanotube nanocomposites depends on the structure
of nanofillers, which are annular formations. This structure is most accurately characterized by its
fractal dimension. It is established that the creation of a structure with negative percolation indices
allows for a significant increase in the degree of reinforcement of considered nanocomposites at low
nanofiller concentrations.
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INTRODUCTION

As is known, the degree of reinfocement of elastomers by carbon nanotubes is much larger than the degree
of reinfocement of glassy polymers [1, 2]. In [1, 2], this phenomenon is explained by clustering of carbon nanotubes
into annular formations similar to branched macromolecular coils. It is assumed in [2] that this clustering causes
a new reinforcement mechanism based on elastic deformation of clusters. Such a mechanism occurs only in the
case of matrices made of elastomers, which explains the larger degree of reinforcement of nanocomposites on their
basis. Nevertheless, the authors of [2] failed to determine the degree of reinforcement of polyurethane—carbon
nanotube nanocomposites, caused by the mechanism described above. This paper describes the percolation model
of reinforcement of nanocomposites [3]. A fractal analysis [4] is used to study the structure of clusters (annular
formations) of carbon nanotubes.

Inorgan PS455-203 (Morthane) thermoplastic polyurethane based on aromatic polyester, manufactured by
Huntsman Polyurethanes (USA), serves as a matrix polymer, and PR-19-HT carbon nanotubes, manufactured by
Applied Science Inc. (USA), play the role of nanofillers. The outer diameter of carbon nanotubes is 50-120 nm,
the wall thickness is 20 nm, and the initial aspect ratio is 50-200 [2].

The thickness of the samples of polyurethane—carbon nanotube nanocomposites obtained by watering from
solutions of polyurethane with carbon nanotubes in tetrachloroethane is approximately 0.3 mm, and the mass
fraction of carbon nanotubes in them ranges within 2-22% [2].

Tension tests are carried out on (60 x 5)-mm rectangular samples. Uniaxial tension tests are performed at a
temperature of 293 K and a slider velocity of 40 mm/min with the use of an Instron (UTM, Model 4465) universal
device [2].
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As noted above, carbon nanotubes in the polymer matrix of the nanocomposite form annular formations
with radius Ront, which can be determined with the help of the equation [3]

(2Ront)? = TLenT TéNT/ Pns

where Loyt and ront are the length and radius of the carbon nanotube, respectively, and ¢, is the volume fraction
of the nanofiller. In [5] and in this paper, the value of ¢,, is determined by the use of the equation [6]

where W,, and p,, are the mass fraction and density of the nanofiller.
In [5], the value p, = 1560 kg/m? is used in Eq. (1), but here the density of carbon nanotubes is estimated
using the equation [6]
pn = 188(Denr — dont)?, (2)

where Dent and dent [nm] are the outer and inner diameters of the carbon nanotubes, respectively.

In [2], a rather complicated equation was proposed for determining ¢,,. The calculations carried out using
this equation result in the values of ¢,, close to the values determined from Eqs. (1) and (2), but approximately
twice as large as the values determined in [5]. The structure of the annular formations of carbon nanotubes is
characterized by their fractal dimension D¢, which is determined with the help of the equation [4]

RCNT — 3.4@;1/(‘1*[)”’

where d is the dimension of the Euclidean space in which the fractal (in this case, d = 3) is considered.
In the percolation model of reinforcement of nanocomposites, the base ratio has the form [3]

En/Em - 1"’11((;077.)(1) (3)

where E,, and F,, are the elastic moduli of the nanocomposite and matrix polymer, respectively (the ratio E,, /E,, is
called the degree of reinforcement of the nanocomposite), and a is the percolation index, whose values vary in the
same interval as the values of the standard percolation indexes 3, v, and t.

The proximity of the value of a to a particular standard percolation index determines the type of reinforcing
component of the nanocomposite. Thus, the nanocomposite is reinforced by interphase regions (true nanocompos-
ites) for a = 8 = 0.40, by the set of nanofillers and interphase regions for @ ~ v ~ 0.80 , and only by nanofillers
or fillers (microcomposites) for @ =~ t &~ 1.60 . Thus, the introduction of nanometer-sized initial particles into the
matrix polymer does not guarantee that a nanocomposite is obtained [1, 3].

Figure 1 shows the dependence of a on the square of the value of the fractal dimension Dy of the annular
formations of carbon nanotubes for the polyurethane-carbon nanotube nanocomposites. It is seen that, as Dy
increases, the index a decreases linearly:

* Y a = 1.60 — 0.29D3. (4)
Taking into account that the largest standard percolation index is t = 1.60, Eq. (4) can be written as follows:
a=t—0.29D7.

We consider some critical points on the curve of the dependence a(D}) shown in Fig. 1. For Dy = 1.0,
for straight-line carbon nanotubes a = 1.31, i.e., in this case, the nanostructured composites obtained are close
to microcomposites. To obtain true nanocomposites (a < 8 ~ 0.40), the fractal dimension should be equal to
Dy = 2.0. At the same time, there should be no interaction between the annular formations [7]. In order to obtain
the negative values of a, the condition Dy > 2.34 should be satisfied. This dimension corresponds to a compensated
state of a branched fractal [8].

Within the framework of the percolation model of two-component materials with random distribution of
components, the transition from the positive to negative values of a means a transition from a random resistor
network (“ant” limit) to a random superconducting network (“termite” limit) [9], which corresponds to a sharp
increase in the degree of reinforcement of the polyurethane—carbon nanotube nanocomposites. It should be noted
that this transition is implemented with the value ¢, ~ 0.16, which corresponds to the threshold value of ¢. for
spheres [1]. This means that, at least for the nanocomposites under consideration, carbon nanotubes are an analog
of spheres that are annular formations in the first approximation. Also note that the condition ¢, = @, ~ 0.16 is
obtained only when ¢, is estimated by the methods proposed in [2, 6].
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Fig. 1. Percolation index a in Eq. (3) versus the fractal dimension Dy of annular formations
of the nanofiller for the polyurethane—carbon nanotube nanocomposites: the curve refers to the
relationship (4), and the points show the experimental results experiment.

Fig. 2. Relationships between the degree of reinforcement E,/FE,, and the volume fraction of the
nanofiller ¢, for the polyurethane—carbon nanotube nanocomposites, one of which is determined
by Egs. (3) and (4) (curve) and the other one experimental (points).

Figure 2 shows the relationship calculated from Eqs. (3) and (4) and the experimental relation-

ship E,/En(ps) for the nanocomposites under consideration. It can be seen that the calculation results and
experimental results are in good agreement (the difference does not exceed 10%).

In this paper, it is shown that the degree of reinforcement of the polyurethane—carbon nanotube nanocom-

posites depend on the structure of annular formations of nanofillers. The specified structure is most accurately
described on the basis of a fractal analysis. In the case of negative values of the percolation index a in Eq. (3), the
degree of reinforcement of nanocomposites substantially increases.
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