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Abstract Pure chitosan and carbon nanotube (CNT)/
chitosan nanocomposite films were fabricated via a subli-
mation-drying process at —196 °C, during which poly-
meric repulsion generates unique pores with multi-layered
structures. The films were then transformed into multi-
layered and vertically aligned multi-layered (VAM) struc-
tures by compression. Due to the cross-linking between
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layers, the films prepared at —196 °C showed significantly
better mechanical properties than the films prepared at —78
and —20 °C. Furthermore, a peculiar phenomenon was
observed in that pure chitosan which exhibited better
mechanical properties than the nanocomposites. To explain
these results, we suggest a model in which the VAM
structure supports more load than the CNT fillers.

Introduction

The outstanding properties of carbon nanotubes (CNTSs)
have been intensively studied, and, if used as a filler
material in nanocomposites, they have normally been
found to induce an improvement in the mechanical, ther-
mal, and electrical properties of the original material [1-3].
The key point of composite technology is to transfer the
favorable properties of the CNTs to the matrix by an
unequivocal combination of two distinctive materials.
Although significant advances have been made in recent
years to overcome difficulties in the manufacture of poly-
mer composites, the key challenge still remains in fully
utilizing the properties of the nanoscale reinforcement. For
example, many approaches take advantage of van der
Waals interactions between the polymer matrix and the
CNTs, since these methods preserve the properties of
CNTs. Disadvantages may arise because of the weak force
between wrapped/coupled molecules of two species that
may lower the load transfer in the composites [4]. More-
over, the proper dispersion of the CNTs is the primary
difficulty in achieving a nanoscale composite. The disper-
sion of the CNTs in a polymer matrix is essential for
achieving the ultimate performance of a composite mate-
rial, as nanotube aggregates tend to act as defect sites and
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limit the composite’s mechanical performance [5, 6].
Therefore, mixing CNTs in a polymer matrix always
require special care in order to fully enhance the
mechanical properties of polymeric materials.

Chitosan, because of its superb biocompatibility and
film-forming ability, is a widely used polymer matrix in
various fields, such as water treatment, separation mem-
branes, food packaging, tissue engineering, and drug
delivery [7-11]. Enhancing the mechanical properties of
chitosan could broaden the range of applications in the
fields mentioned above. We have previously reported two
unique methods to prepare chitosan/CNT nanocomposite
films, namely, sublimation-assisted compression (SAC)
and the casting-evaporation method [12, 13]. It was
reported that the mechanical properties, especially the
ductility of chitosan-based nanocomposite films fabricated
by the SAC method, were surprisingly improved owing to
the well-dispersed CNTs. Additionally, more regular and
porous microstructures were observed with lower fabri-
cation temperatures. Based on these previous results, our
current work thoroughly examines how the processing
temperature affects the microstructure, and how control-
ling the microstructure influences the mechanical prop-
erties of pure chitosan and chitosan/CNT nanocomposites.
By lowering the processing temperature, we observed
more regular microstructures, and we discuss how the
microstructures formed and affected the mechanical
properties of pure chitosan and CNT/chitosan
nanocomposites.

Experimental details

Commercially available multi-walled CNTs (MWCNT Co.
LTD., Incheon, Korea) were used as filler materials in the
fabrication of CNT/chitosan nanocomposites. The CNT
modification and nanocomposite fabrication procedures
were basically the same as those established in a previous
study [12], with the exception of the fabrication tempera-
ture of the nanocomposites. In this study, the sublimation
temperature, —196 °C, was much lower than that in the
previous work in which it was —78 °C. To produce the
CNT/chitosan nanocomposites, a water-based solution with
surface-treated CNTs was added into a 1.0 wt% chitosan
solution. The mixture was vigorously stirred with a mag-
netic bar for 2 h at the ambient temperature, followed by
ultrasonic agitation for another hour, until no precipitation
or aggregation was observed. The volume of the CNT
solution was adjusted to 20 or 30 mL, such that the actual
weight ratios of chitosan to CNT were 1:3.1 x 1073
(hereafter referred to as CNT1) and 1:4.7 x 10~ (here-
after referred to as CNT2), respectively, as shown in
Table 1.
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Preparation of films in liquid nitrogen

The pure chitosan and CNT/chitosan nanocomposite films
were formed in liquid nitrogen at —196 °C. The prepared
pure chitosan and CNT/chitosan mixtures were cast in a
Petri dish and carefully placed into liquid nitrogen for
10 min. The solidified pure chitosan and CNT/chitosan
mixtures at —196 °C were immediately transferred into a
freeze-dryer with a preset temperature of —88 °C and a
pressure of 0.120 mbar for 120 h. Finally, the obtained
foam-type pure chitosan and CNT/chitosan nanocompos-
ites were pressed into a flexible thin film by an applied load
of 10 tons for 10 s at ambient temperature. To observe the
cross-sectional views, the specimens were carefully cut by
razor blades.

Mechanical properties of the films

The mechanical properties of the pure chitosan and nano-
composite films were carefully investigated using a tensile
tester (LRXPlus, Lloyd Instruments, UK), and a nanoin-
dentation system (G200™, Agilent Tech. USA). The
detailed testing methodology for the tensile and nanoin-
dentation tests can be found elsewhere [12]. More than 20
specimens in each condition were tested for understanding
tensile properties. For the nanoindentation experiments, a
three-sided pyramidal (Berkovich-type) diamond tip was
used, and an indentation strain rate of 0.05 s~ ' was adopted
for a predetermined load, followed by a constant load dwell
time of 10 s [14, 15]. The subsequent unloading was per-
formed at the same strain rate. In order to avoid substrate
effects, the indentation depth was limited to 20 % of the
composite film thickness. The indentation displacement
data were averaged from at least 30 indentations with the
standard deviation indicating scatter in the displacement.

Results and discussion

Microstructures in cross-sectional and plane-view (insets)
of pure chitosan and CNT/chitosan nanocomposites fabri-
cated at —196 °C are shown in Fig. la—c. Cross-sectional
images of pure chitosan and CNT/chitosan nanocomposites
fabricated at —78 °C from our previous studies are also
included in Fig. 1d and e for comparison [12]. Plane-view
of CNT/chitosan nanocomposites fabricated in —196 °C
after removing a layer is shown in Fig. 1f. One could
clearly see that uniform distribution of CNTs in chitosan
matrix. Compared with the specimens fabricated at
—78 °C, pure chitosan and the CNT/chitosan nanocom-
posites prepared at —196 °C, show unique structures that
are regularly aligned in the vertical direction. These ver-
tically aligned multi-layered (VAM) structures, in the
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Table 1 Chitosan/CNT weights in the investigated nanocomposites

CNT/chitosan nanocomposite films Chitosan (g) CNT (mg) Chitosan/CNT w/w ratio
CNT1/chitosan 0.5 1.55 1/0.0031
CNT2/chitosan 0.5 2.33 1/0.0047

Jma l-_
W i
R

CNIN 15.0kV 26.5mm x100 SE(U)

Fig. 1 Cross-sectional and plane-view (insets) SEM images of a pure
chitosan specimens, b CNT1/chitosan nanocomposites, and ¢ CNT2/
chitosan nanocomposites at —196 °C. For comparison, a d pure

cross-sectional view, are attributed to the heat flow direc-
tion during solidification in the fabrication process of the
foamed chitosan structures (Fig. la in Ref. [13]). Due to
the physical and chemical responses of the nanocomposite
components to heat, homogeneous and rapid heat transfer

chitosan specimen at —78 °C and e CNT1/chitosan nanocomposites at
—78 °C are shown

in the solidification process may be essential in obtaining
optimized nanocomposites. Therefore, polymer rheology
may dominate the microstructure of composite films,
regardless of nanofiller materials. It seems that the most
important factor in the SAC method could be

@ Springer



2590

J Mater Sci (2015) 50:2587-2593

thermodynamical variance, i.e., the temperature change
during the freezing-sublimation process. A larger change of
temperature during sublimation might afford a highly
directional heat flow which induces the formation of reg-
ular microstructures.

The insets in Fig. la—c are plane-view images of the
porous chitosan and CNT/chitosan nanocomposites. Inter-
estingly, submicron-sized string-like structures covered the
surfaces of both pure chitosan and the CNT/chitosan
nanocomposites. These string-like structures may be rem-
nant chitosan polymer chains from the sublimation process,
rather than CNT-related structures, as the microstructures
of pure and CNT-added porous chitosan composites do not
differ greatly in both plane- and cross-sectional views. One
could imagine that CNTs may affect the microstructure of
porous chitosan, but according to our present observations,
this assumption might be acceptable only in the case of a
fabrication temperature higher than —196 °C, i.e., at —78
(Fig. 1d, e) and —20 °C. In Fig. 1d and e, relatively dis-
tinctive microstructures of porous chitosan, with and
without CNTs, have been observed [12]. Additionally, the
lamella-like structures in the cross-sectional view aligned
more regularly after the addition of CNTs at —78 °C, while
such highly ordered lamella-like structures could be found
in both pure chitosan and CNT/chitosan nanocomposites
fabricated at —196 °C.

It is plausible that the thermal effect of using different
fabrication temperatures may be a dominant factor in the
production of the microstructure. Let us define a given
temperature for the SAC process and a freezing tempera-
ture of free movement of the polymer in the solvent as
Tsac and Tpop, respectively. Presumably, when Tgac is
lower than Tpor, the thermal properties of polymer matrix
will be sustained even though the filler materials were
included inside the polymer matrix. However, the ratio of
polymer/nanofiller may also be important in a certain
range, and may directly influence the mechanical proper-
ties of nanocomposite films.

To investigate the mechanical properties of the inor-
ganic filler materials, the mechanical properties of the
fabricated porous chitosan and different ratios of CNT/
chitosan nanocomposites, which were compressed to
obtain multi-layered structures, were obtained by tension
and nanoindentation tests and the results are shown in
Fig. 2a and b, respectively. Yield strength, ultimate tensile
strength, elastic modulus, and elongation at fracture are
listed in Table 2. As shown in Table 2 and Fig. 2a, the
CNT1/chitosan nanocomposite showed the highest elastic
modulus and yield strength of about 3.2 and 13 MPa,
respectively. Further addition of CNTs (150 % more CNT
was added in the CNT2/chitosan film than the CNT1/
chitosan film) did not enhance the modulus and yield
strength, as indicated by the CNT2/chitosan data. However,

@ Springer

— Chitosan
- Chitosan + CNT1
5L TTTT Chitosan + CNT2

Stress(MPa)
o

0 " 1 " 1 L 1 " 1 " 1
0 20 40 60 80 100

Percentage Strain(%)

(b) 40
Chitosan
T Chitosan + CNT1
—= == Chitosan + CNT2
~—
Z
S
N
o
Q.
=
(3
(%2}
=
o
ie)
[
o
|

0 1000 2000 3000 4000 5000

Displacement into surface (nm)

Fig. 2 a Tension and b nanoindentation results of chitosan and CNT/
chitosan nanocomposites with different amounts of CNTs

Table 2 Mechanical properties, i.e., young’s modulus (E), yield
strength (), ultimate tensile strength, and elongation at fracture (e),
derived from tensile tests of pure chitosan and CNT/chitosan
nanocomposites

E(GPa) o,(MPa) UTS MPa) & (%)
Pure chitosan 2.68 9.64 3112 109.63
CNTl/chitosan  3.21 12.98 26.56 79.40
CNT2/chitosan  2.95 10.45 28.06 91.25

the addition of CNTs did enhance the mechanical proper-
ties with regard to pure chitosan, especially in yield
strength. Therefore, it could be concluded that a certain
amount of CNTs do play a positive role in enhancing the
mechanical properties. However, it is noticeable that pure
chitosan showed a higher ultimate tensile strength and
elongation than the CNT/chitosan nanocomposites, with
typically about 17 % higher ultimate tensile strength and
38 % higher elongation. The noticeable mechanical
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strength of the chitosan film may result in unique VAMS
structure through the SCA method. As such, nanoindenta-
tion has been adopted for understanding the mechanical
behavior of the nanocomposites. As shown in Fig. 2b,
load—displacement curves of the specimens showed that
pure chitosan sustains a much higher load at the same
displacement than the CNT/chitosan nanocomposites.
Typically, at a depth of 4000 nm, pure chitosan held almost
a five times higher load than the CNT2/chitosan nano-
composites. The nanoindentation results are in good
agreement with the results of the tensile tests; for example,
CNT2/chitosan nanocomposites sustained much lower load
than the CNT1/chitosan nanocomposites. The unloading
curvature of the specimens shows its ability to resist a
change in shape (stretching, bending, or twisting) or stiff-
ness. Multi-layered pure chitosan specimens showed a
much higher stiffness than CNT-added chitosan nano-
composites; however, those nanocomposites have a better
recovery characteristic or high resilience, the capacity of a
material to absorb energy when it is deformed elastically.
CNT2/chitosan nanocomposites show the lowest load-
sustaining capacity in nanoindentation tests, but a higher
ultimate tensile strength than CNT1/chitosan nanocom-
posites. A nanoindentation test shows the local properties
of how CNTs interact with chitosan chains to enhance the
mechanical properties of the material, whereas a tension
test represents the overall properties of the nanocompos-
ites. Furthermore, in the VAM structure, the direction of
indentation or tension will be closely related to the
mechanical strength of the microstructures, which will be
discussed later.

For further comparison, the stress—strain curves of pure
chitosan and CNT1/chitosan nanocomposites fabricated at
—78 and —196 °C are shown in Fig. 3. Specimens
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Fig. 3 Stress—strain curves of pure chitosan and CNT1/chitosan

nanocomposites fabricated at —78 and —196 °C. The inset shows an
enlarged graph of the specimen fabricated at —78 °C

fabricated at —196 °C revealed up to about 100 times
higher strain and four times enhanced tensile strength. Note
that the addition of CNTs into the chitosan matrix affected
the properties of the resulting nanocomposites in a com-
pletely different manner. The CNTs have a positive effect
in case of specimens fabricated at —78 °C, but a relatively
negative or no significant effect for the specimens fabri-
cated at —196 °C, which is probably related to the differ-
ences between Tsac and Tpor. We may assume that Tpor,
of chitosan might be lower than —78 °C for aqueous
chitosan. Moreover, the kinetics of solidification in a given
solvent may strongly depend on the processing tempera-
ture; it is probable that as the rate of solidification
increases, the distribution of freezing energy becomes more
homogenous. These results are presumably related to the
fabrication of different microstructures that strongly
depend on the processing temperature.

These interesting behaviors could be interpreted by a
comprehensive consideration of the microstructures, test
methods, and interaction between filler material and matrix
through fracturing specimens without any further handling
that may distort original mechanical information. Figure 4
shows representative fracture surfaces of three different
specimens, in which the cross section shows a unique
VAM structure, with some areas highlighted by white
dotted circles for further consideration. While the fracture
surface of pure chitosan clearly exhibits VAM structures
shown in Fig. 4a, the CNT-added specimens exhibit a less
regular, or partially collapsed, VAM structures between the
pressed layers (see Fig. 4b, c). For better inspection, the
magnified images of dotted area in Fig. 4a—c are presented
in Fig. 4a’—’ showing a typical VAM structure. Regular
VAM structures could act as load-sustaining component;
therefore, better mechanical properties are surprisingly
observed in pure chitosan rather than in the CNT/chitosan
nanocomposites.

Figure 5 is a schematic diagram illustrating the forma-
tion of the VAM structure and the role of CNTs. CNTs may
act as defects by blocking the connection between layers of
polymeric chains and form truss structures. The most
efficient way to make reactive CNTs as a filler material is
to introduce some functional groups on the CNT surface,
such as carboxylic or hydroxyl groups. In the present case,
the CNTs were preserved by an acidic treatment, specifi-
cally by refluxing with concentrated nitric acid before the
experiment to enhance the interaction between the chitosan
and CNTs. Therefore, CNTs were presumably wrapped by
functional groups of chitosan and homogenously blended
within the chitosan matrix. The well-blended CNTs within
the chitosan matrix possibly block the folding and con-
necting of chitosan chains from different layers that form
the VAM structures. In the tensile tests, performed along
with the direction parallel to the layers, the polymer chains
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Fig. 4 SEM images of fracture surfaces after tensile tests: a pure chitosan, b CNT1/chitosan nanocomposites, ¢ CNT2/chitosan nanocomposites.
a’'—¢’ Are the magnified images of dotted area in each specimen showing atypical VAM structure

Fig. 5 Schematics of the
formation mechanism of multi-
layered a pure chitosan and

b CNT/chitosan
nanocomposites employing the
ultra-low temperature
sublimation technique

dentation test
dentation test

Tensile test
direction

(a) (b)

@ Springer



J Mater Sci (2015) 50:2587-2593

2593

attached between the layers could plastically deform at
relatively low stress, while the VAM structure acts as
stress-sustaining element after stretching, thus resulting in
an ultimate enhancement of tensile stress. The stretching of
the main polymer chains and VAM structure consequently
leads to a large strain. In contrast, the addition of CNTs
seems to disturb the formation of the VAM structure
present in pure chitosan (see Fig. 3b, ¢). CNTs attached to
the main polymer chains could improve the yield strength
of the specimen at the initial stage of deformation, but with
increasing load, the less uniform/incomplete VAM struc-
tures cannot support the higher stresses, resulting in a rel-
atively low elongation. This is why the interpretation of the
mechanical behavior of the specimens on the basis of
nanoindentation tests was approached in a slightly different
way, compared to the tensile tests (Figs. 2a, 3). The
schematics at the bottom of Fig. 5 indicate the direction of
the tensile and nanoindentation tests in this study. The
dense VAM structures in pure chitosan specimens may be
able to withstand a large compressive stress, whereas the
relatively less dense VAM structures formed by the addi-
tion of CNTs may not withstand a compressive stress as
high as that pure chitosan can resist. This schematic dia-
gram may be based on qualitative analysis, but it is
worthwhile to understand the roles of VAM and CNTs on
the mechanical properties of this specific chitosan matrix.

Conclusion

An ordered structure of chitosan matrix was fabricated via
a SAC process, in which polymeric repulsion and heat
transfer generate a unique structure. The chitosan foam was
then transformed into a multi-layered film by compression
to produce a VAM structure. Due to the microscale-aligned
stacking of cross-linked layers, the VAM-structured films
prepared in liquid nitrogen showed significantly improved
tensile strength and a remarkable flexibility compared to
the films prepared at higher temperatures of —78 and
—20 °C. A peculiar phenomenon was observed in tensile
and nanoindentation tests: pure chitosan VAM films
exhibited better mechanical properties than CNT-added
VAM nanocomposites. A model explained that the CNT
filler inhibits VAM structure formation in higher CNT
weight ratio CNT/polymer nanocomposites.
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