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ABSTRACT: Polymer/carbon nanotube (CNT) compo-
sites are one of the most perspective advanced materials
developed in recent years. The properties of CNT-rein-
forced polymer composites, however, strongly depend on
structural aspects of the nanostructured filler and on its
dispersion quality in a polymer matrix. Consequently, this
research was devoted to the investigation of multiwalled-
CNT-modified poly(vinyl acetate) (PVAc) composites with
respect to the mechanical property dependence on some
structural characteristics of CNTs. PVAc/CNT nanocom-
posites were obtained with a solution casting technique.
The amount of CNTs was changed from 0.01 up to 2 wt
%. The stress—strain characteristics of PVAc/CNT nano-

composites clearly revealed remarkable reinforcing effects
of the CNT additions already at 0.01 wt %. At this CNT
concentration, the elastic modulus (E) and tensile yield
stress increased by 12.5 and 60%, respectively. Special
attention was paid to the change of E with respect to some
structural characteristics of CNTs. A corresponding mathe-
matical model for the prediction of the elastic properties
of CNT polymer nanocomposites is proposed, showing
that elastic constants of the nanocomposites largely
depend on the agglomeration of CNTs. © 2011 Wiley Period-
icals, Inc. ] Appl Polym Sci 122: 3569-3573, 2011
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INTRODUCTION

Carbon nanotubes (CNTs), since their discovery in
1991, have attracted considerable interest of scien-
tists because of their unique electrical, thermophysi-
cal, mechanical, and other properties. Multiple stud-
ies have been devoted to the structural, processing,
mechanical, and other issues'™® of CNT-modified
polymer nanocomposites. For example, a considerable
increment in the elastic modulus (E) of CNT-containing
poly(vinyl alcohol) composites (1.5 times and 10 times
below and the above glass-transition temperature,
respectively) was reported by Shaffer and Windle,*
who considered that the regular dispersion of the nano-
filler was ensured and agglomeration was prevented.
Considerable increments of the indicators of the me-
chanical properties of CNT-reinforced polymer nano-
composites were also reported by other authors."**
The effect of small additions of multiwalled CNTs on
the indicators of the structural, calorimetric, thermogra-
vimetric, and electric properties of poly(vinyl acetate)
(PVAc) matrix nanocomposites was also demonstrated
in our previous research.® It should be noted, however,
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that experimental values of the indicators of mechani-
cal properties of polymer composites based on CNTs
have proven to be significantly lower than those pre-
dicted theoretically with the methods of the mechanics
of composite continuous media.”””

Microphotographs obtained by transmission elec-
tron microscopy, presented in some studies,'*"?
have demonstrated the great diversity of the struc-
ture of CNT-based composites. Even at a rather
good dispersion, the nanotubes, as a rule, have a
random orientation and are strongly curved, with a
curvature that varies along their length. With
increased concentration of CNTs, entangled fibrous
agglomerates in the form of disorderly crimped
nanotube clusters arise. The complicated geometry
of CNTs in a composite, on the one hand, inevitably
reduces the efficiency of the reinforcement of materi-
als and, on the other hand, considerably complicates
the theoretical modeling of the composite properties.

This research was devoted to the investigation of
the mechanical properties of CNT-modified PVAc
nanocomposites and the fitting of a mathematical
model for the prediction of its elastic characteristics.

EXPERIMENTAL

Finndisp HW 1 PVAc, with a glass-transition tem-
perature of 22.5°C, was used as a thermoplastic



3570

20

L L i 1 £ "/" ]
0 100 200 300 400 s00

Figure 1 Stress (o)-strain (¢) diagrams of the (1) unfilled
PVAc and PVAc/CNT nanocomposites at the following W;
values: (2) 0.01, (3) 0.05, (4) 0.1, (5) 0.5, (6) 1, and (7) 2 wt %.

matrix, whereas Bayer Baytubes (CNTs) were used as
a nanostructured filler for manufacturing the nano-
composites by a solution casting method. The concen-
tration of the CNTs in PVAc was varied from 0.01 to
2 wt %. Sodium dodecyl sulfate was used as a stabiliz-
ing agent in the PVAc/CNT water dispersions.

The tensile stress—strain characteristics of PVAc/
CNT nanocomposites at 23 * 2°C were determined
according to ISO 527 with a Zwick/Roell BDO020
universal testing machine (Zwick GmbH & Co. KG,
Ulm, Germany). Before testing, all of the specimens
were conditioned in an exicator above silica gel until
their weight was stabilized.

RESULTS AND DISCUSSION

In the beginning, let us turn to the experimental
results of the PVAc/CNT composites. The stress—
strain diagrams of the unfilled PVAc and its compo-
sites with CNTs are shown in Figure 1. As one can
see, the stress—strain diagrams of the PVAc/CNT
nanocomposites were shifted to higher stress and
lower strain values in comparison to those of the
neat polymer. All of the specimens deformed by
showing smooth yield maxima followed by strain
hardening. It is important to mention that the rate of
strain hardening was approximately the same for all
of the investigated nanocomposites.

The stress—strain characteristics of the PVAc/CNT
nanocomposites as functions of the nanofiller weight
content (Wy) are shown in Figure 2. As one can see,
E, yield stress (c,), and stress at break (o) increased
to certain maximum values in the interval of CNT
concentrations investigated. The elongation at break
(ep) of the investigated nanocomposites at the same Wy
values decreased from more than 500 to 200%. With
increasing nanotube concentration above 0.5%, the
gain in E slowed down, whereas the values of ¢, and
o, even decreased. To explain this behavior, a
detailed analysis of the elastic constants of the PVAc/
CNT nanocomposites is presented next.
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According to a known generalized Eshelby solu-
tion>! for a composite containing a small concentration
of uniaxially oriented [one-dimensional (1D)] ellipsoi-
dal inclusions, the elasticity tensor (C*) can be
expressed as follows:

C' =C"+ Vi (C' - C™)Af and Af = Agije
- [I +S(cf - C‘“)(C‘“)_l} h M

where V is the volume fraction of inclusions; Cf and
C™ are the rigidity tensors of the inclusion and ma-
trix, respectively; Ay is the strain concentration
tensor according to Eshelby; S is the Eshelby ten-
sor;?! T is the fourth-rank unit tensor with the com-
ponents Ljy = 1/2(8;8; + dudj), where J; is the
Kronecker & and Af is the strain concentration
tensor.

In the case of a finite concentration of a nanofiller
and with consideration of its elastic interaction in
the composite, the Mori-Tanaka model** is applica-
ble, according to which the tensor has the form

AY = Ayt = Aditue [(1 = V) T + ViAgituze] )

where Ayt and Agiue are strain concentration
tensors according to Mori-Tanaka and Eshelby, respec-
tively. Analytical equations for calculations of the elas-
ticity constants of composites [tensile E, shear modu-
lus, and Poisson’s ratio (v)] with uniaxially and
randomly oriented {both spatially [three-dimensional
(3D)] and planary [two-dimensional (2D)]} ellipsoidal
inclusions are presented in refs. 23 and 24.

In Figure 3, the experimental values of E of vari-
ous compositions of the PVAc/CNT nanocomposites
are compared with theoretically calculated values
for 1D, 2D, and 3D orientations of the nanofiller. In
the calculations, we assumed that E, v, and the as-
pect ratio of the CNTs were Ef = 900 GPa, vf =
0.25, and I/d; = 200, respectively, whereas E and

I, GPa ¢, MPa €, %

~ 500
S
L] ~
sl A T R A

26

»—"r

24

—
P ,(\\\'0 o 400
prals
a /
22 I 15 I ‘\\
{° / A 4 300

\C
o,
(o]
20 b A
10
/ & - 200
o

ol

E

|

18 F A
Sr / 4 100
16 F A
W,-,Wl“’/s)
14l ol L ' L 1 do
0 05 1.0 15 20

Figure 2 Experimental values of c,, &}, &, and tensile E
as functions of Wy
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Figure 3 Experimental data (exp) and theoretical predic-
tions of E of the nanocomposite with the assumption of
straight CNTs with different orientations: uniaxially
aligned (1D) and randomly oriented in 2D and 3D space.

Poisson’s ratio v of the PVAc were 1.6 GPa and 0.35
accordingly. As one can see, there were great differ-
ences between experimentally detected and theoreti-

E, GPa
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Figure 4 E as a function of Wy in the composite. Dots
indicate experimental data, and lines indicate calculations
for the cases of (1) straight CNTs, (2) zigzag-shaped CNTs,
(3) totally agglomerated CNTs, and (4) partly agglomer-
ated and curved CNTs.

cally predicted values of E of the investigated
PVAc/CNT nanocomposites. Also, the theoretical
and experimental E(W)) relationships were different,
as shown in Figure 4. By comparing the experimen-
tal data with theoretical ones, calculated for the 2D
orientation of straight CNTs in a uniform thermo-
plastic matrix (points and curve 1, respectively), we

G, GPa

Figure 5 E of the agglomerates as function of the aspect ratio /¢,/dy and g, of randomly oriented CNTs.
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Figure 6 k and aspect ratio l¢/dy as functions of Wy

observed a sufficient coincidence only at a low nano-
filler content. The most plausible reasons for such
behavior were the curvature and agglomeration of
the CNTs.

In the calculations, the effect of the curvature was
considered by the assumption that in the case of
random orientation, CNTs could be represented as
zigzags instead of line segments; this led to a
decrease of the aspect ratio of CNTs, along with an
increasing nanofiller content. As one can see from
Figure 4, by comparing theoretically calculated E val-
ues in the case of the 2D orientation of curved CNTs
(curve 2) with the experimental data points, there
were still considerable differences, which were most
probably caused by the agglomeration of CNTs.

On the supposition that CNTs are partly agglomer-
ated, let us try to evaluate the degree of agglomeration
by introducing the coefficient k (k = Vi,/Vj, where Vi,
and V; represent the agglomerated and total amounts
of CNTs in the thermoplastic matrix, respectively). The
effective elasticity constants of the inclusions with
agglomerated CNTs depend on both the aspect ratio
(Ita/dp) of the CNTs and the volumetric part of the
nanocomposite (ug), containing agglomerated CNTs.
With the assumption of a 3D orientation of the agglom-
erated CNTs in the spherical inclusions, the theoretical
values of tensile E, calculated for an I¢,/d; range from
10 to 100 and for a i, range from 0.1 to 0.5, are shown
in Figure 5. It should be mentioned that the volumetric
content of spherical inclusions (V,) with agglomerated
CNTs depended on both Vi, and pig,:

Vo= "Va/la = ka/Hfa (3)

At small concentrations and total agglomeration, the
reinforcing effect of CNT was negligible, as shown
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in Figure 4, where the straight monotonously grow-
ing relationship 3 represents the case when k = 1,
Hea = 0.2, and I, /df = 50. By comparing experimen-
tal data points with the theoretically calculated
curve 3, one can assume that in real nanocomposite
agglomerations degree of CNTs, characterized by k,
was changed with the growth of Wy It is clearly
demonstrated in Figure 6, where calculated k values
of approximation 4, shown in Figure 4 (determined
by consideration of the curvature of 2D oriented
CNTs with the following structural characteristics
of the agglomerates: pg, = 0.2 and Ig,/df = 50), are
depicted as a function of Wr.

CONCLUSIONS

The results of the investigation on the stress—strain
characteristics of multiwalled-CNT-modified PVAc
nanocomposites testified that along with the
increasing weight content of CNT, the modulus of
elasticity exponentially increased more than 1.5
times. The growth rate of E of the modulus of elas-
ticity of the PVAc/CNT nanocomposites was high-
est up to a CNT concentration of 0.5 wt %. At the
same CNT concentration Wy o, and oc;, reached
maximum values. g, of the investigated nanocom-
posite, in turn, gradually decreased from more
than 500 to 200% with increasing CNT content up
to 2 wt %. It was mathematically proven that the
elastic constants of CNT-containing polymer nano-
composites depended on both the curvature and
agglomeration of the CNTs.
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