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Cellulose nanocrystals (CNC) successfully obtained from microcrystalline cellulose (MCC) were dispersed
in a thermoplastic polyurethane as matrix. Nanocomposites containing 1.5, 5, 10 and 30 wt% CNC were
prepared by solvent casting procedure and properties of the resulting films were evaluated from the
viewpoint of polyurethane microphase separated structure, soft and hard domains. CNC were effectively
dispersed in the segmented thermoplastic elastomeric polyurethane (STPUE) matrix due to the favorable

matrix-nanocrystals interactions through hydrogen bonding. Cellulose nanocrystals interacted with both
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soft and hard segments, enhancing stiffness and stability versus temperature of the nanocomposites.
Thermal and mechanical properties of STPUE/CNC nanocomposites have been associated to the generated
morphologies investigated by AFM images.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The dispersion of reinforcing nanoparticles into a continuous
polymer phase to form a nanocomposite has attracted a great deal
of attention recently because it can provide significant improve-
ments in thermal and mechanical properties at very low contents
of the nanoreinforcement (Cao, Habibi, & Lucia, 2009). Cellulose
constitutes the most abundant and renewable polymer resource
available today and, as a chemical raw material, it has been used
for a wide spectrum of products and materials in daily life (Qi, Cai,
Zhang, & Kuga, 2009). Particularly, considerable interest has been
recently focused on finding new material applications for cellu-
lose. One of these efforts has been the development of cellulose
nanocrystals. It is well known that cellulose fibers, when subjected
to strong acid hydrolysis can be readily hydrolyzed to crystalline
residues called cellulose nanocrystals (CNC) (Bondeson, Mathew,
& Oksman, 2006; Dong, Revol, & Gray, 1998; Roman & Winter,
2004). The use of cellulose nanocrystals as a reinforcing material
in composites is a relatively new field within nanotechnology that
has generated considerable interest in the last decade, especially in
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bionanocomposite research, due to their low cost, high availability,
renewability, nanoscale dimensions, easy for chemical modifica-
tion, low density and good mechanical response (Habibi, Lucia, &
Rojas, 2010).

However, there are several challenges in using cellulose
nanocrystals combined with polymers which include the efficient
separation of CNC from plant resources, compatibilization of the
nanoreinforcements with the matrix and development of suitable
methods for processing these nanocomposites (Siqueira, Bras, &
Dufresne, 2009). Processing techniques have an important impact
on the final properties of the composites. For this reason, several
authors classified processing methods in ascending order of their
reinforcement efficiency: extrusion<hot pressing<evaporation,
associated to probable breakage and/or orientation of CNC during
processing (Golapan Nai & Dufresne, 2003; Hajji, Cavaillé, Favier,
Gauthier, & Virgier, 1996; Morin & Dufresne, 2002).

In this way, aqueous and solvent solution casting is the most
common method of preparing cellulose nanocomposites (Goetz,
Mathew, Oksman, Gatenholm, & Ragauskas, 2009). Due to the
hydrophilic character of CNC, the simplest polymer systems that
incorporate CNC are water-based. However, these systems suffer
from limited utility and are only appropriate for water-soluble or
dispersible polymers such latexes. On the other hand, the use of
polar aprotic solvents, most commonly, N,N-dimethylformamide
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(DMF) has been explored to redisperse successfully freeze-dried
CNC (Shanmuganathan, Capadona, Rowan, & Weder, 2010; Vanden
Berg, Capadona, & Weder, 2007). Azizi Samir, Alloin, Sanchez, El
Kissi, and Dufresne (2004) showed via DMF suspension that it was
possible to obtain composite materials which did not alter the for-
mation of the percolating cellulosic network responsible for high
mechanical properties.

In this study, polyurethane has been used as the matrix polymer.
Polyurethanes are an interesting family of polymers which have
been used for a variety of applications in a range of commodity
products such as biomedical, coatings, foams, adhesives and com-
posites (Seydibeyoglu & Oksman, 2008). Segmented thermoplastic
elastomeric polyurethanes are versatile polymeric matrices typi-
cally constructed alternating soft (SS) and hard segments (HS). The
thermodynamic incompatilibility between both segments drives
the polymer system into a nano/microphase separation. The hard
segments forming the crystalline phase offer stiffness to the resul-
tant materials and the soft segments control low temperature
properties. By simply adjusting the hard/soft segment ratio during
the synthesis, functional polymers with different properties can be
obtained (Hung & Hsu, 2009; Tien & Wei, 2006). In addition, the sec-
ondary structure in polyurethanes depends on the proximity zone
interaction between HS and is mainly characterized by hydrogen
bonding between adjacent urethane groups which causes relatively
strong interactions, even when the hard segments are very short
(Schauerte & Sundermann, 1994).

Therefore, to prepare high performance nanocomposite mate-
rials with a hydrophobic matrix and hydrophilic CNC fillers, the
major issues to address are adequate dispersion and developing
strong interfacial adhesion between the matrix and the reinforce-
ment, essential to enhance composite properties. An effective way
for this procedure is through hydrogen bonding taking advantage
of the abundant hydroxyl groups (—OH) on the surface of CNC and
carbonyl groups (—C=0) in polyurethane.

Moreover, the macroscopic behavior of CNC based nanocom-
posites depends on the specific behavior and volume fraction of
each phase, the microstructure of the phases and also the interfa-
cial properties, although the affinity between the matrix and the
cellulosic materials can cause physical phenomenon as crystalliza-
tion, directly linked to the aspect ratio of the nanocrystals (Azizi
Samir, Alloin, & Dufresne, 2005). In general, mechanical properties
of such materials are affected by parameters as the geometrical
aspect ratio, the processing method and the matrix structure and
the resulting competition interactions (matrix/filler and filler/filler
interactions). Taking into account that the CNC aspect ratio and
the processing method can be made common for nanocomposites,
the evaluation of resulting interactions due to the affinity between
matrix and CNC can determine differences in final materials prop-
erties.

In previous work, elastomeric nanocomposites were success-
fully prepared using microcrystalline cellulose (MCC) and CNC
linked to polyurethane matrices by both covalent and hydrogen
bonds (Pei, Malho, Ruokolainen, Zhou, & Berglund, 2011; Rueda
etal, 2011; Wu, Henriksson, Liu, & Berglund, 2007). The aim of the
work reported here was to study the effect of reinforcing a STPUE
matrix with low/high contents of cellulose nanocrystals and also
the effects of their dispersion can cause in thermal, morpholog-
ical and mechanical properties of polyurethane nanocomposites
through hydrogen bonding.

2. Materials and methods
2.1. Segmented thermoplastic elastomeric polyurethane

STPUE was synthesized by using a 2.332 g/mol block copolymer
(polycaprolactone-b-polytetradydrofuran-b-polycaprolactone)

diol (PCL-b-PTHF-b-PCL) from Sigma-Aldrich, 1,6-hexamethylene
diisocyanate (HDI) kindly supplied by Bayer and 1,4-butanediol
(1,4-BD) from Fluka, as chain extender. A two step polymerization
was employed to synthesize a STPUE matrix containing 18 wt%
of hard segment whose components were combined in the ratio
1:2:1. Firstly, the isocyanate-terminated prepolymer was prepared
by reaction between the polydiol with the diisocyanate at 100°C
for 6h in nitrogen atmosphere. Then, 1,4-BD was added at the
same temperature during 5 min with vigorous stirring. Finally, the
viscous mixture was transferred into a mold and kept in a vacuum
oven at 100 °C for 24 h. The synthesis and characterization of this
type of matrix was detailed elsewhere (Rueda-Larraz et al., 2009).

2.2. Isolation of cellulose nanocrystals

Deionized (DI) water/MCC-suspension was put in a tempera-
ture controller bath at 0°C and stirred while concentrated sulfuric
acid (95-97%) was added drop by drop until 64% acid concentration
was reached. Then, the suspension was heated at 44 °C while stirred
during 1 h and next was washed with DI water using repeated cen-
trifugation cycles of 30 min at 9000 rpm (Specac, Meditronic BL-S)
followed by resuspension of the solids in new DI water and mixed.
The centrifugation step was stopped after the supernatant became
turbid. The last washing step was conducted using dialysis against
DI water to pH 5-6 and finally, samples were freeze-dried.

2.3. Nanocomposite preparation

Solutions of STPUE in DMF (25 mg/mL) were mixed with differ-
ent amounts of CNC and sonicated in Vibracell 75043 from Bioblock
Scientificat 0 °Cfor 2 h. Five composite films containing several CNC
weight contents, 0, 1.5, 5, 10 and 30 wt% were prepared. Each STPUE
and STPUE/CNC samples were solution cast onto teflon petri dishes
and then they were subjected to a pressure-temperature cycle at
80 °C using a chemistry vacuum pumping unit (Vacuubrand PC 600
series) to obtain films with a thicknes of 0.1 mm. Polyurethane
as matrix and nanocomposites were designated as STPUE, STPUE-
1.5¢ne, STPUE-5¢Nc, STPUE-10¢Nc and STPUE-30¢nc.

3. Experimental

Differential scanning calorimetry (DSC) scans were recorded on
a Mettler Toledo 822¢ equipment. Samples were scanned from
—60°C to 150°C at 10°Cmin~! under nitrogen atmosphere. Soft
segment melting temperature (Tyss) and hard segment melting
temperature (Ty,Hs) were taken as the peak temperature of the cor-
responding melting endotherms. The melting enthalpy of soft and
hard segments (AHpss and AHpys) was also measured from these
endotherms. Besides, located between Ty,ss and Tyys, the transition
temperature associated to amorphous hard segment chains (T;) was
also observed. Some authors referred this transition temperature
as enthalpy relaxation endotherm for low hard segment content in
polyurethanes (Chen, Shieh, & Chui, 1998; Cuve, Pascault, Boiteux,
& Seytre, 1991; Eceiza et al., 2008; Koberstein, Galambos, & Leung,
1992; Saiani et al., 2007) and depending on the increase of HS con-
tent in polyurethanes, it could be associated to the glass transition
of the hard domains (Azizi Samir et al., 2005; Pei et al., 2011).

Dynamic mechanical analysis (DMA) of the neat polyurethane
and nanocomposites was carried out in tensile mode (DMA Q-800,
TA Instruments). Measurements were performed at a constant fre-
quency of 1Hz, amplitude of 25 um, a temperature range from
—90°C to 130°C, a heating rate of 3°Cmin~! and a preload of
0.01 N. Samples were prepared by cutting strips with a width of
2.5 mm from the films. By this technique, the glass transition tem-
perature of the soft segment (Tgss) was defined as the temperature
corresponding to the maximum value of the loss factor (tang).
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Fig. 1. Height (left) and phase (right) AFM images (a), height profiles (b) of CNC suspensi

as obtained analyzing a population over 75 cellulose nanocrystals.

Tapping mode atomic force microscopy (TM-AFM) was used
to visualize the images of CNC and STPUE nanocomposites on
a Nanoscope Illa, Multimode, Digital Instruments with an inte-
grated force generated by cantilever/silicon probes, applying a
resonance frequency of ~180 kHz. The cantilevers had a tip radius
of 5-10nm. CNC images were captured using RTESP probes with
a cantilever spring constant in the range 20-80 N/m following the
Beck-Candanedo, Roman, and Gray (2005) procedure to prepare
the samples. The size distribution of cellulose nanocrystals was
also determined by AFM taking into account 75 measurements of
total CNC population in the height AFM image. Particle diameters
were determined using the section analysis tool provided with the
software WSxM 5.0 (Horcas et al., 2007). Since the nanocrystals
are assumed to be cylindrical in shape, the height of the nanocrys-
tals was taken to be equivalent to the diameter, to compensate for
image widening due to the convolution of the tip and the parti-
cle. Length measurements were obtained from printouts of several
height mode AFM images for each sample. Nanocomposite samples
were prepared via spin-coating (Spincoater P6700) at 2000 rpm for
1305 and they were subjected to annealing in an oven at 100 °C for
12 h. Solvent cast nanocomposite films sections were also imaged
and were prepared using a Leica EM FC6 cryo-ultramicrotome
equipped with a diamond knife and operated at —120°C.

Samples for mechanical behavior were prepared by cutting
strips from nanocomposite films with a thickness of 0.1 mm
obtained by solvent casting in according to ASTM D 1708-93. MTS
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on in deionized water and diameter and length distributions (c and d) respectively,

equipment with a load cell of 250N was used to measure tensile
modulus (E), tensile strength at maximum elongation (o), yield
strength at 50% offset (050) and strain at break (&p,). Tests were
performed at 100 mm/min and results were averaged out from five
test specimen data.

4. Results and discussion

The morphology of the CNC obtained by acid hydrolysis is
shown in Fig. 1. The white lines in the height or topography
AFM image (Fig. 1a, left) are associated to height profiles of CNC
(Fig. 1b), which corresponds to the diameter as explained before.
Additionally, Fig. 1c and d represents the diameters and length dis-
tributions, respectively, as obtained analyzing a population over
75 cellulose nanocrystals. Acid hydrolysis of MCC led to rod-
like CNC with an average diameter of 8 £ 0.7 nm and length of
about 137 £ 35 nm. These values are in agreement with CNC aspect
ratio from similar sources reported in literature (Habibi et al.,
2010), corresponding to an average aspect ratio of 17 +6, approx-
imately.

Thermal properties of cellulose nanocrystals reinforced
polyurethanes were determined from DSC thermograms. Thermal
transitions related to the microphase separation of soft segments
from hard segments are shown in Fig. 2 and collected in Table 1.
Polyurethane matrix and their nanocomposites showed the same
temperature transitions and endotherms. On this way, the melting
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Table 1

DSC data recorded for neat polyurethane and their nanocomposites prepared by the incorporation of CNC. Soft segment melting temperature, soft segment melting enthalpy,
hard segment enthalpy relaxation endotherm, hard segment melting temperature and hard segment melting enthalpy.

Sample Timss (°C) AHpss (J/g) Ti (°C) Tinns (°C) AHpus (J/g)
STPUE -0.5 9.37 55 107 0.4
STPUE-1.5¢nc -1 12.9 50 107 0.6
STPUE-5¢nc 0.5 14.5 53 106 1.6
STPUE-10¢nc 4.5 8.63 55 101 2.6
STPUE-30¢nc -1 10.0 53 102 1.7

temperature endotherm and melting enthalpies associated to the
soft segment and hard segments were clearly seen. In addition,
at T; region (50-55°C), a broader endotherm was also found
when CNC content increased, which can be associated to the
amorphous hard segment interactions as well as to hydrogen
bonding of amorphous hard segment chains with CNC. As can be
observed in Table 1, whereas Ty,ss was not drastically influenced
by the incorporation of CNC, AHss increased significantly in
polyurethane nanocomposites with lower CNC content (from 1.5
and 5 wt%), which can be ascribed to strong interactions between
SS chains and CNC. However, Tyys decreased in STPUE-10¢ync and
STPUE-30¢cnc where CNC could act as nucleating agent. On the
other hand, all nanocomposites showed an increase in AHpys,
which can be related to the interactions of CNC with hard segment
chains in this phase as well. These results indicate that CNC
favored crystallization in both SS and HS segments which may
stem from well dispersed nanoreinforcements that maximize
matrix-cellulose interactions (Auad, Contos, Nutt, Aranguren, &
Marcovich, 2008) through hydrogen bonding, taking advantage of
the abundant hydroxyl groups (—OH) on the surface of CNC and
carbonyl groups (—C=0) in both polyurethane segments.

Great interest has been focused on investigating the use of
CNC as a reinforcing phase in a polymeric matrix to evaluate the
microstructure-property relationships of the resulting nanocom-
posites (Capadona et al., 2009; Holt, Stoyanov, Pelan, & Paunov,
2010) These investigations can be performed by DMA, which allows
the determination of the mechanical behavior of materials in a
broad temperature/frequency range as a function of the nanocom-
posite microstructure.

The storage modulus (E’) and loss factor as a function of temper-
ature of the cast films of neat polyurethane and nanocomposites
are shown in Fig. 3. In the glassy state at very low temperature,
E' was significantly higher when CNC content increased in the
nanocomposite. In this way, STPUE-30¢cnc showed an E’ increase
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Fig. 2. DSC thermograms for STPUE, STPUE-1.5¢nc, STPUE-5¢nc, STPUE-10cne and
STPUE-30cnc-

of 350% respect to the value of polyurethane matrix. At low tem-
perature, polyurethane properties are governed by the soft phase.
In this region, the storage modulus slightly decreased with tem-
perature but remained roughly constant due to the molecular
motions were largely restricted to vibration and short-range rota-
tion. As the temperature increased, the storage modulus showed
a significant decrease. This temperature range, between —70 and
—50°C, corresponds to the main relaxation process of the soft
phase in polyurethanes and polyurethane nanocomposites, asso-
ciated to the glass transition temperature. The loss factor showed a
maximum at —57 °C associated with this transition that remained
nearly at the same position as CNC content was incorporated to
the nanocomposite. However, it is possible to observe a broad-
ening in the loss factor when CNC content increased, which can
be related to the molecular mobility of amorphous macromolecu-
lar chains, slightly affected by the presence of CNC. Some authors
found that cellulose nanocrystals cause reduced molecular mobil-
ity of the matrix close to the fiber (Berglund, 2005; Chazeau, Paillet,
& Cavaille, 1999; Dufresne, 2000) This effect is also evidenced by a
sharp decrease in tan § peak area and height and indicative that the
fraction of polyurethane matrix molecules participating in the Tg
decreases as the cellulose content increases. Above this tempera-
ture, the value of E’ kept decreasing upon temperature showing
two plateau regions. In the first plateau, extended from —50°C
to 15°C, nanocomposites showed an improvement in E’ related
to the reinforcing effect of the CNC. At higher temperature, the
storage modulus showed a new decrease, corresponding to the
melting range of the soft segment. Above this temperature, in the
second plateau region, neat polyurethane showed a small plateau
followed by an abrupt drop which can be related to some relaxation
effects of polymer chains in the hard segment phase correspond-
ing to the enthalpy relaxation endotherm of the hard segment and
hard segment structures disruption. On the other hand, nanocom-
posites showed an improvement in storage modulus because of
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Fig. 3. Storage modulus and loss factor versus temperature for polyurethane
and polyurethane nanocomposites: STPUE (O), STPUE-1.5¢nc (V) STPUE-5¢nc (A),
STPUE-]OCNC (Yl’) and STPUE-3OCNC (O )
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STPUE-1.5,,.

STPUE-5.,.

STPUE-30,,,

Fig. 4. AFM height (left) and phase (right) images of annealed polyurethane and polyurethane nanocomposites at 100°C for 12 h.

effective CNC dispersion, and due to the filler-matrix interactions,
which enhances hard segment crystallinity, decreasing molecular
mobility and promoting rigidity. In this way, STPUE-5¢nc showed
an increase in stability with temperature in the second plateau
region which was extended until 120°C and could be ascribed
to filler-matrix interactions through hydrogen bonding and also
due to hard segment crystalline enhancement, as observed by
DSC. However, it is worth nothing that for high nanocrystals con-
tent, 30 wt%, the behavior was different as the stability upon
temperature decreased. It could be due to the lack in cohesion
between polyurethane amorphous and crystalline hard domains
related to the high CNC content, which played the role of both
filler particles and physical cross-links for the system. Parameters
which can directly be affected with the CNC network forma-
tion or interfere with it are the polyurethane microstructure and
the matrix-nanoreinforcement interaction (Ling, Huang, Chang,
Anderson, & Yu, 2011) Besides, in semicrystalline matrices, the
crystallization induced by CNC can provoke the breakdown of the
CNC network. As can be observed in DMA results, E’ started to dra-
matically decrease from T; confirming that CNC network was not
formed in these polyurethane nanocomposites.

Atomic force microscopy has proven to be an important tool
to elucidate the microphase separated structure at nanoscale lev-
els. The morphology of the annealed and cryo-ultramicrotomed
sections of STPUE and STPUE/CNC nanocomposites was imaged
using tapping-mode AFM. Figs. 4 and 5 show phase and height fea-
tures, respectively. In general, in the phase image (right), lighter
regions correspond to hard phase material (crystalline regions in

polyurethane matrix or HS) and darker regions are associated to
soft phase material (polyol or SS). AFM images for STPUE revealed
very small size of hard segment domains due to the small quan-
tity of hard segment involved. In addition, Fig. 4 shows an effective
CNC dispersion in polyurethane matrix solution when spin coated
films are obtained indicative of interactions between them. On the
other hand, Fig. 5 displayed AFM images of the final nanocompos-
ites where a relatively uniform CNC dispersion in polyurethane
matrix is observed using solvent casting as procedure.

The characteristic values derived from stress-strain curves are
presented in Table 2. The tensile curve of neat polyurethane can
be analyzed in three distinct zones taking into account the SS and
HS microdomains (Liff, Kumar, & Mckinley, 2007) The first region,
where the stress increases linearly with the strain, is related to
the elastic deformation governed by polyurethane crystallinity,
HS content and ordering (Wang & Cooper, 1983) Yield corre-
sponds to break-up of an interconnected hard-domain network

Table 2
Mechanical properties of STPUE and nanocomposites. Young’'s modulus, yield
strength at 50% offset, tensile strength, and strain at break.

Sample E (MPa) o050 (MPa) o (MPa) &y (%)
STPUE 142 + 04 1.9+0.2 74 +£0.7 1529 + 257
STPUE-1.5¢nc 154 + 3.8 20+0.2 94 £ 13 1587 + 26
STPUE-5¢nc 28.5 £ 6.0 24 +£0.1 53+04 776 + 60
STPUE-10cne 414495 3.7+02 6.9 +0.2 536 + 115
STPUE-30cne 109 + 9.4 53+ 0.2 6.2 £0.3 195 + 34
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STPUE-1.5,,,

Fig. 5. AFM height (left) and phase (right) images of cryo-ultramicotomed polyurethane and nanocomposites sections.

and is followed by two plastic deformation regions. The region
of moderate slope is indicative of soft domain deformation plus
rotation and alignment of the smaller hard microdomains. The
last region corresponds to the stretching and strain-induced soft
segment crystallization as well as further break-up of the hard
microdomains (Yeh, Hsiao, Sauer, Michel, & Siesler, 2003) Incor-
poration of cellulosic nanocrystals resulted in an improvement
of both the elastic modulus and yield strength at 50%. However,
the elongation at break drastically decreased upon nanocrys-
tals content except for STPUE-1.5¢yc. As mentioned above, CNC
addition resulted in an increase of hard segment crystallization
phenomenon and caused ductility loss due to collapse of the
jammed structure thus exceeding the stress that can be supported
by the soft domains without significant reorientation and align-
ment, yet did not hinder the interconnected HS network at low
strains. In this way, in spite of this increase in E and o5, it can be
observed that STPUE-5¢nc, STPUE-10¢nc and STPUE-30¢nc showed
animportant decrease in ductility avoiding the extension of the soft
segment as a consequence of the high CNC content which avoided
the SS chains deformation.

5. Conclusions

Cellulose nanocrystals, with an aspect ratio of 17, were suc-
cessfully extracted from MCC to the incorporation in elastomeric
matrices. CNC were used for processing nanocomposites at dif-
ferent contents by a casting/evaporation method using STPUE

as matrix. Thermal, mechanical and morphological properties
indicated, in general, favorable matrix-nanocrystals interactions
arising from efficient dispersion of CNC in polyurethane.

Low CNC quantity in polyurethane nanocomposites leads to
a tough material without loss in ductility whereas an increase
in CNC content, enhanced the soft and hard segment crystalliza-
tion, which provoked an increase in the material stiffness and
stability versus temperature. It is worth noting that CNC net-
work formation can be directly affected with the polyurethane
microstructure and also, with the interactions between SS and
HS matrix-nanoreinforcement, mainly due to the high number of
hydroxyl groups at CNC surface, which induced crystallization from
CNC.
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