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a b s t r a c t

The high brittleness of poly(lactic acid) (PLA) is a major drawback for many applications. In this work we
develop a new highly ductile PLA composite using carbon nanotubes (CNTs) and the azo-dye disperse
orange 3 (DO3). Increments up to almost an order of magnitude in strain at break and tensile toughness
were achieved with the addition of only 0.05% of CNTs and 0.25% of DO3 respect to the polymer. This
important improvement is explained in terms of a new spatial conformation of PLA chains due to the
addition of DO3 and CNTs.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Carbon nanotubes (CNTs) have been proposed as candidates for
the development of functional and structural polymer/CNTs com-
posites, due to their exceptional mechanical and electrical prop-
erties, high aspect ratio and low density [1,2]. However, their
potentiality regarding improvements of polymer mechanical
properties has not yet reached its technological threshold. This is a
consequence of the inherent difficulty to obtain proper CNTs dis-
persions at a low cost. CNTs well dispersed in a polymer matrix
lead to an enhancement in the composite modulus, and depend-
ing, on the interface and the possibility of the filler to anchor
cracks, strength and strain at break could both increase simulta-
neously [3]. Besides, the incorporation of CNTs could cause chan-
ges in the structural conformation of the polymer, leading to new
mechanical properties.

Taking this into account, CNTs addition could solve one of the
most important technological problems when processing ther-
moplastics: the achievement of high elongations at break. This is
one of the critical points in the processing of poly(lactic acid)
(PLA). PLA is a biodegradable thermoplastic polymer based in
aliphatic polyesters, presently used in different industries such as
biomedical [4] and packaging [5], as its mechanical and barrier
properties are comparable to those of petroleum-based plastics
[6–8]. However, the low elongation at break that is typical of this
polymer limits some of its uses. For example, extrusion casting of
PLA films is relatively difficult compared to other polymers. In fact,
there is no tolerance for PLA film tearing or cracking when sub-
jected to forces during package manufacturing [6,9]. It therefore
becomes important to modify these properties in such a way that
PLA is able to compete with other more flexible commodity
polymers such as polyethylene, polypropylene or polyvinyl chlor-
ide. Among the different efforts made to improve the properties of
PLA we can find copolymerization [10], blending with other flex-
ible polymers [11], introducing plasticizers in the material com-
position [12] and adding different fillers such as CNTs [5,8,13].

Covalent and non-covalent functionalizations of carbon nano-
tubes were proposed in order to have a good dispersion of them in
a PLA matrix [5,8,13,14]. One easy and effective way to obtain this
is through a non-covalent functionalization using the azo dye
Disperse Orange 3 (DO3), which can interact with PLA [14].

Our group has recently developed a PLA-DO3-CNTs composite.
We have already demonstrated that the incorporation of CNTs
enhances some of the optical properties that DO3 confers to the
polymer. It was observed that the addition of a small amount of
0.05 wt% of CNTs leads to a new phenomenon consisting of an
enhancement of the optical anisotropy [14]. Moreover, diffraction
gratings were recorded on the nanocomposites, and it was shown
that the CNTs addition lead to increases in the maximum diffrac-
tion efficiency as well as the remanent efficiency by 20% [15].

In this work we demonstrate that, besides optical properties,
the addition of only 0.05% of CNTs and 0.25% of DO3 into a PLA
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matrix can lead to a composite with an increment of strain at-
break up to almost an order of magnitude, keeping its stress at
break value similar to that of PLA. This important improvement,
vital for PLA industrial manufacturing, is explained in terms of the
dye affinity for the PLA or CNTs, different crystal polymorphisms
developed in PLA chains due to the incorporation of fillers, and
differences in the glass transition temperatures.
2. Methods

PLA (10% D-Lactide, 90% L-Lactide) with 67.600 g mol�1 and
49.900 g mol�1 weight and number averaged molecular weight
respectively (Shenzhen Bright China Industrial Co. Ltd), DO3 dye
(Sigma-Aldrich), CNTs (Nanocyl, NC3100) and reagent grade
chloroform (Biopack, Argentina) where used in order to develop
the materials.

Four different kinds of samples were prepared, following the
procedure previously reported by our group [14]: neat PLA films,
PLA-DO3 films, PLA-DO3-CNTs films, and PLA-CNTs films. Basically
the fillers (DO3 and/or CNTs) where dispersed in 50 mL of
chloroform using a bath sonicator. After 60 min, 1 g of PLA was
added to the solution and sonication continued for other 60 min.
Immediately after that, the final solution was cast into flat-bottom
glass Petri dishes. The solution was dried for 24 h at room tem-
perature. Finally, the films were oven dried under vacuum at 40 °C
for two days and then at 60 °C for 24 h. Neat PLA films were
analogously prepared, with no fillers incorporation. Four different
CNTs contents were studied: 0.05, 0.1, 0.3 and 0.5 wt%. In this
letter we report the results obtained for the lower load, as the
most important improvements were achieved. Results obtained
with other contents on CNTs are reported as supplementary data
in case the reader is interested. Images of the obtained films are
shown in Fig. 1a. PLA-CNTs films (with no DO3 incorporation)
resulted completely inhomogeneous as it is shown in Fig. 1a., and
then their mechanical characterization resulted impossible.

Five different films of each kind of sample were prepared. The
mean thickness of each set of five samples was 75 mm with a
dispersion of 2 mm.

Uniaxial tensile tests were carried out in an Instron dynam-
ometer following the guidelines of ASTM standard method D 882-
91 at a rate of 1.2 mm/s. Samples where cut into rectangular strips
of 5�15 mm and all tests were performed at room temperature
(25 °C). Nominal stress–strain curves were obtained and stress (sb)
and strain (ɛb) at break values were determined, as well as yield
strength (sy). XRD diffractograms were obtained using a Siemens
Fig. 1. (a) Images of obtained films; (b) stress-strain c
D5000 diffractometer. Scattered radiation was detected in the
angular range 10–40°, using Cu-Kα radiation.

All the experiments were performed over five different films of
each kind of sample in order to ensure the reproducibility of the
results. The different experiments over each set of five samples did
not show significant differences. In the following section the re-
sults shown are the average all measurements taken for the same
type of sample.
3. Results and discussion

The obtained stress-stain curves for neat PLA, PLA-DO3 and the
composite PLA-DO3-CNTs are shown in Fig. 1, and the main results
obtained from the curves are summarized in Table 1. In accordance
to reports in the literature, the PLA film has a small ɛb. The addi-
tion of DO3 transforms the PLA matrix increasing ɛb in almost a
100%, while inclusion of only 0.05 wt% of CNTs, together with DO3,
causes increments of about an order of magnitude in this magni-
tude respect to neat PLA, being approximately 47.6% for the na-
nocomposite and 4.8% for the PLA matrix. This important increase
results in a significant improvement in the tensile toughness,
being approximately 17.9�106 J/m3 for the nanocomposite against
1.3�106 J/m3 for the PLA matrix.

The most important modifications in sy are produced by the
addition of DO3, while the higher ɛb at room temperature is con-
sequence of CNTs incorporation. Different factors can cause these
differences. In particular, if changes in the structural conformation
of the materials exist, it is expected for its mechanical behaviour to
change.

On one hand, considering that the PLA is a semi-crystalline
material, a critical point to evaluate its mechanical properties is to
analyse its crystal structure. Two of the possible PLA crystal
structures are the α (orthorhombic structure) and β (trigonal
structure) forms [16]. X-ray diffraction pattern of PLA pellets em-
ployed in this work showed that both the α and the β crystalline
structures are present. Fig. 2 shows the X-ray diffraction patterns
for neat PLA, PLA-DO3 and PLA-DO3-CNTs films. The diffraction
pattern for PLA films showed two very small diffraction peaks that
correspond to both, the α and the β-form, analogous to what
happened in the diffractogram of PLA pellets. This crystal structure
is the result of the PLA pellets manufacturing procedure, as we did
not perform any thermal or mechanical treatment. In contrast, the
diffraction pattern for the PLA-DO3 film showed more clearly de-
fined diffraction peaks, indicating a greater degree of crystallinity,
which corresponded only to the α-form. When only 0.05 wt% CNTs
urve for neat PLA, PLA-DO3 and PLA-DO3-CNTs.



Table 1
Results obtained from the stress-strain curves.

ɛb sb sy Tensile toughness

PLA (4.870.5)% (3671) MPa (3771) MPa (1.370.1)�106 J/m3

PLA-DO3 (1071)% (3971) MPa (4371) MPa (3.570.3)�106 J/m3

PLA-DO3-
NTC

(4875)% (3472) MPa (4172) MPa (1872)�106 J/m3

Fig. 2. XRD patterns of neat PLA, PLA-DO3 and PLA-DO3-CNT. The Miller indexes
are indicated in the diffractogram.
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content was added together with DO3, the β-form is again ob-
served (2θ¼30.9°), and the pattern shows a strong increase of
crystallinity compared to neat PLA, but less crystallinity than PLA-
DO3 samples.

On the other, the mechanical response of the materials at room
temperature depends on how close this temperature is to their Tg.
In a previous work [14], we reported the thermal characterization
of these materials, and important differences in the Tg were found.
For PLA, the Tg was 54 °C, for PLA-DO3 it was 59 °C while for PLA-
DO3-CNTs it was 40 °C. It is well known that the presence of
crystalline domains in the amorphous phase can increase the Tg by
preventing the polymer chains mobility [17]. As we have already
demonstrated the PLA-DO3 material has a greater degree of
crystallinity than pure PLA. At the same time, low contents of
additives that interact with polymer chains can have an anti-
plasticizing effect in the matrix [18,19]. We have already demon-
strated [14] that in our case the ester group of the PLA interacts
with the amino terminal group of DO3 molecules. The important
increase in the Tg of PLA-DO3 is a consequence of these two effects
occurring simultaneously. It is interesting that the addition of only
0.25% of DO3 leads to a new material with overcoming properties
compared to PLA. This new material results ductile, with an in-
crement in ɛb of almost a 100%. The strength at break, meanwhile,
showed an increase of about an 8%; and the yield of about a 16%;
leading to an important increase in the tensile toughness of about
a 170%.

When CNTs are added, they are non-covalently functionalized
with the DO3 molecules, letting lower amount of DO3 available to
interact with the PLA chains and therefore avoiding the anti-
plasticizing effect. Besides, the presence of nanotubes could reduce
entanglements and interactions among PLA chains, enhancing the
motion of the polymer chains [20]. These two effects are probably
the cause of the decrease in the Tg mentioned above.

Taking this into account, the huge elongation achieved by the
PLA-DO3-CNTs film can be a consequence of its Tg value nearer
room temperature, what increases the PLA chains mobility at the
tensile tests conditions. Moreover, very marked dull areas appear
in the films during the stress-strain tests, implying strain-induced
crystallization. Crystal drawing is usually associated to high elon-
gations in semicrystalline polymers and it could be enhanced in
the composite case by the improved chains mobility mentioned
above. Simultaneously, the diffractogram shows more marked
peaks in this case than in the case of net PLA, denoting a more
crystalline profile. This higher crystallinity added to the CNTs re-
inforcement effect could explain the fact that neither the modulus
nor the stress at break decreased with the decrease in the Tg.
4. Conclusions

Ductility of PLAwas strongly improved, with no detriment of its
tensile strength. With the addition of such a small content as
0.05 wt% of CNTs together with 0.25 wt% of DO3, ɛb of the material
increased from 4.7% for neat PLA to 47.5% for PLA-DO3-CNTs
composite. Consequently, tensile toughness increased more than a
100%, expanding the possible applications of PLA, which were
limited due to its brittleness. It is important to note that this was
achieved without the need of covalent functionalization, thanks to
the π-π staking between DO3 and CNTs.

Based on the obtained results, it is possible to develop novel
nanocomposites from a biodegradable and renewable main raw
material, reinforced with very small quantities of CNTs and DO3,
with improved tensile properties.
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