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ABSTRACT: In the present work, a series of thermoplastic
polyurethane (TPU)/microfibrillated cellulose (MFC) nano-
composites were successfully synthesized via in situ polymer-
ization. TPU was covalently grafted onto the MFC by
particular association with the hard segments, as evidenced
by Fourier transform infrared spectroscopy, X-ray photo-
electron spectroscopy, and thermogravimetric analysis. The
adequate dispersion and network structure of MFC in the
TPU matrix and the strong interfacial interaction through
covalent grafting and hydrogen bonding between MFC and
TPU resulted in significantly improved mechanical properties
and thermostability of the prepared nanocomposites. The
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tensile strength and elongation-at-break of the nanocomposite containing only 1 wt % MFC were increased by 4.5-fold and 1.8-
fold compared with that of neat TPU, respectively. It was also very interesting to find that the glass transition temperature (Tg) of
TPU was decreased significantly with the introduction of MFC, indicating potential for low-temperature resistance applications.
Most importantly, compared with TPU nanocomposites reinforced with other nanofillers, the TPU/MFC nanocomposites
prepared in this work exhibited excellent transparency and higher reinforcing efficiency.
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1. INTRODUCTION

Recently, the introduction of nanoparticles/materials as
reinforcement phases into polymer matrixes to form nano-
composites has attracted a great deal of attention because the
composites can exhibit significantly improved mechanical
properties even at quite low volume fraction. Typical
reinforcement phases, such as hydroxyapatite,' clay,”~° carbon
nanotubes,” ™ and reduced graphene oxide,"' have been
studied extensively. However, most of these fillers are non-
biodegradable, which can bring tremendous pressure to very
fragile ecological environments. In recent years, in order to
reduce our dependence on oil resources to a certain degree, the
proportion of materials from renewable resources has been
increased through the use of natural plant fiber/polymer matrix
composites.lz’13

Cellulose fibrils displaying lateral dimensions on the
nanometer scale and lengths on the micrometer scale can
potentially serve as units for the construction of ideal strong
and tough materials because of their semicrystalline structure of
extended chains with small diameter as well as large aspect ratio
(length/diameter), which is responsible for the intrinsically
good mechanical properties.'*'* These unique properties make
this material a promising candidate as a sustainable polymer
reinforcement material. Much research and attention has been
focused on the isolation and production of nanocellulose, and
for more detailed reviews of the production and application of
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nanocellose, the reader is referred to the publications by Sir6
and Plackett,'® Klemm et al,'® and Moon et al.'> An increasing
number of studies found in the literature are focused on
cellulose nanocrytals (CNCs; also called cellulose nano-
whiskers), which have been incorporated into different matrixes
as reinforcing agents.'” >> These nanocelluloses are obtained
from various resources (e.g, cotton, bleached wood pulp,
bacteria, tunicin, etc.), often by means of an acid hydrolysis step
for the digestion of amorphous cellulosic domains while leaving
the crystalline regions intact;**™>* after this treatment,
individual and rodlike-shaped nanocelluloses are produced.
Unlike CNCs, microfibrillated cellulose (MFC; also called
microfibrillar cellulose, microfibril cellulose, or nanofibril or
fibril aggregates) consists of long, flexible, interconnected, and
entangled cellulose nanofibers containing both crystalline and
amorphous regions that are present as a complex network
structure. Depending on the degree of fibrillation and any
pretreatment involved, the dimensions and morphology of
MEFC vary considerably. Several different methods can be used
to produce MFC, including enzymatic hydrolysis,” multipass
high-pressure homogenization,® direct mechanical fibrilla-
tion,”" or a combination of the aforementioned ways.>>
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Through these methods, high-quality MFC now can be
acquired by wood pulp fiber disintegration at a low cost.
Furthermore, Isogai et al.>> have prepared individualized
cellulose nanofibers by 2,2,6,6-tetramethylpiperidine-1-oxyl
radical (TEMPO)-mediated oxidation and done a lot of
significant research on these materials. Compared to CNCs,
MEFC has a larger aspect ratio, and as a result of the relatively
simple preparation process, it is also readily available and
renewable, has a low density, and is easy to modify
chemically.** Therefore, the use of MFC is very interesting
and has allowed the creation of advanced and functional
materials with hierarchical structures®*® as well as the
development of cellulose-based materials with greater tough-
ness,”® better electrical and magnetic properties,”~* and
higher optical transparency.*** Incorporating MFC into
polymers has also been shown to significantly improve the
mechanical properties of the polymer. Lee et al.** impregnated
MFC paper with an epoxy resin, and the cellulose-reinforced
epoxy had a stiffness of ~8 GPa and a strength of ~100 MPa at
a volume of 60%. MFC has already been incorporated into
other different polymer matrixes, and this has proven to be an
effective method to obtain nanocomposites with excellent
performance.*¢~>!

Thermoplastic polyurethane (TPU) has a copolymer
structure with isocyanate and a chain extender (ie., diol or
diamine) as hard segments and polyether polyols or polyester
polyols as soft segments. However, the thermodynamic
incompatibility between the hard segments and the soft
segments results in microphase separation. TPU is an
interesting family of polymers since its elasticity modulus is
between those of plastics and rubbers, allowing it to maintain
good elasticity over a wide range of hardness.”>™” TPU is quite
a useful polymer for high-end medical, technological, and
industrial applications. It has been used in a range of
commodity products in the form of elastomers, foams, coatings,
and adhesives. CNCs**® and microcrystalline cellulose
(MCC)®" have been used as reinforcing fillers in TPU.

Currently, there are only a few reported works on TPU/
MFC nanocomposites/composites,’>® since as a result of the
complex entanglement and network structure of MFC, it is
unlikely to disperse into individual fibrils. However, the
appropriate entanglement and confined network structure of
MFC can play an important role in reinforcement. We
hypothesized that with adequate surface chemistry, MFC with
its large aspect ratio and confined network structure could act
as as reinforcing fiber and that its ability to unravel and bridge
cracks could also aid in the toughening of TPU. Since van der
Waals forces among the nanofibrils and their hydrophilic
property hinder the dispersion and produce agglomerated
morphologies, the main issues to address are adequate
dispersion and a strong interfacial interaction between MFC
and TPU, which are responsible for developing strong
interfacial adhesion and enhancing the mechanical properties
of the composite. Obviously, an effective and ideal way to
achieve this purpose is through covalent attachment of TPU to
the stiff surface of MFC by making the most of the abundant
hydroxyl groups (—OH) on the surface of MFC. It is aimed at
simultaneously reinforcing and toughening TPU by aptly
adding MFC at very low loadings, ultimately benefiting the
advancement of fabrication of large thermoplastic composites
via reactive processing.
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2. EXPERIMENTAL SECTION

2.1. Materials. N,N-Dimethylformamide (DMF) (Bodi Chemical
Co,, Ltd,, Tianjin, China) was dehydrated by calcium hydride for 24 h
stirring at room temperature and then redistilled under vacuum. 4,4'-
Diphenylmethane diisocyanate (MDI) (Aladdin), poly(tetramethylene
glycol) (PTMG) (M, = 1000, Aldrich), and 1,4-butanediol (1,4-BD)
were purified before use.

2.2. Preparation of Microfibrillated Cellulose. The cellulose
material (Celish MFC KY100-S, Daicel Chemical Industries, Ltd.,
Japan), which was prepared from wood pulp by a number of
homogenization processes, was used as reinforcement. The MFC
contained water (solid content of 25%) in its initial state and was dried
to constant weight at 70 °C before use. The dried solid MFC was first
immersed in dehydrated DMF with stirring for 12 h to swell, and then
the pretreated MFC was subjected to the homogenizing action of a
high-speed shearing emulsification machine (FA2S, Shanghai Sumai
Trading Co., Ltd.). It should be noted that a longer shearing time may
result in better dispersion but easier degradation of MFC because the
high-speed shearing process can produce large amounts of heat. One
may wonder whether drying the cellulose material directly from water
could further promote aggregation of the cellulose fibers. Therefore,
we checked the dispersion of MFC after it was dissolved in DMF, and
the results are shown in Figure S1 in the Supporting Information. As
can be seen, both the as-received MFC and the dried MFC present
complex nanofiber aggregation and a weblike structure. The diameter
of the cellulose fibers for the dried MFC was somewhat bigger. Since
the basic idea of this work is to introduce chemical grafting between
TPU and cellulose fibers, the slightly increased aggregation can be
ignored.

2.3. Preparation of TPU/MFC Nanocomposite Films. The
TPU prepolymer was synthesized by reacting MDI with PTMG (M, =
1000) in DMF at 80 °C with mechanical stirring under a dry nitrogen
atmosphere for 2 h. Then the desired amount of MFC suspended in
DMEF was added, and the reaction was allowed to continue for another
1 h. Subsequently, the chain extender 1,4-BD was added to the
prepolymer and reacted for 1 h. The product was degassed by rotary
vacuum evaporation at room temperature and then cast in a Teflon
mold at 70 °C for 24 h to obtain a transparent film with a thickness of
about 200 um. In order to remove the DMF residues, the film was
treated at 80 °C under vacuum for another 48 h. The amount of
reactive hydroxyl groups on the MFC was 1.248 mmol/g as measured
by using a titration to determine the excess isocyanate groups after
mixing of MFC with a given amount of MDI. The molar ratio of MDI
to PTMG in the prepolymer was 2:1, and the total NCO/OH ratio in
the TPU was equal to 1. By changing the loading of MFC from 0 to
0.5, 1, 3, or S wt % and the amount of 1,4-BD, a series of transparent
TPU nanocomposite films were successfully prepared, coded as TPU,
TPU/MFC-0.5, TPU/MFC-1, TPU/MFC-3, and TPU/MFC-S,
respectively. In order to investigate the interactions between TPU
and the MFC surface, the resulting films were subjected to Soxhlet
extraction using acetone for 48 h to separate the MFC from the
physically absorbed polymer. The residue was made into a film and
dried at 80 °C under vacuum for 24 h and then weighed and further
characterized.

2.4. Characterization. 2.4.1. Fourier Transform Infrared
Analyses. FTIR spectroscopy was performed on Nicolet FTIR
spectrometer (Nicolet FTIR 6700, Thermo Electron Co., USA) at
room temperature. A film obtained by casting a suspension of
unmodified MFC in a glass dish at 70 °C for 48 h, the film of modified
MEFC obtained after the Soxhlet extraction procedure, and the TPU/
MFC nanocomposite films were characterized. The data were
collected from 4000 to 400 cm™ with a resolution of 4 cm™ under
reflection mode.

2.4.2. X-ray Photoelectron Spectroscopy. In order to demonstrate
the change in functional groups on the surface of MFC and any
variation in the carbon/oxygen ratio, X-ray photoelectron spectrosco-
py (XPS) experiments using an Axis Ultra DLD spectrometer (Kratos
Co., UK) were performed on the dried MFC films before and after
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reaction using focused monochromatized Al Ka radiation (15 kV) at
room temperature.

2.4.3. Scanning Electron Microscopy. The cross-section morphol-
ogies of nanocomposite films were examined by scanning electron
microscopy (SEM) using a JEOL JSM-S900LV scanning electron
microscope at an accelerating voltage of 20 kV. Surfaces cryofractured
using liquid nitrogen and fractured surfaces after tensile testing were
investigated.

2.4.4. Thermogravimetric Analysis. Thermogravimetric analysis
(TGA) was performed on a Q500 analyzer (TA Instruments) under a
nitrogen atmosphere. The samples were heated from 25 to 600 °C at a
heating rate of 10 °C/min. For each thermogravimetric analysis,
around 10 mg of sample was used.

2.4.5. UV—Vis Spectroscopy. The UV—vis spectra were recorded on
a UV-1800PC spectrophotometer at room temperature, and the data
were collected from 450 to 650 nm. The thickness of the neat TPU
and TPU/MFC nanocomposite films was about 200 ym. The films
were dried at 80 °C under vacuum for 12 h to remove the absorbed
moisture before testing.

2.4.6. Measurements of Mechanical Properties. 2.4.6.1. Dynamic
Mechanical Analysis. The dynamic mechanical properties of the
TPU/MEFC films were measured using a dynamic mechanical analyzer
(DMA Q800, TA Instruments) in tension mode at a frequency of 1 Hz
and a heating rate of 3 °C/min over the temperature range from —100
to 100 °C. The samples were prepared by cutting 7 mm wide strips
from the films.

2.4.6.2. Tensile Measurements. The tensile measurements were
carried out on an Instron 5567 Universal Testing Machine at room
temperature with a gauge length of 20 mm and a crosshead speed of
50 mm/min. The reported values were calculated as averages over five
replicates for each sample.

3. RESULTS AND DISCUSSION

3.1. Grafting of TPU on the Surface of MFC. The
morphology of MFC treated by homogenization processes for
10 min was characterized by SEM, as shown in Figure 1a. It can

Figure 1. SEM images of (a) MFC after homogenization using the
emulsification machine and (b) the residue obtained from the TPU/
MEFC-3 nanocomposite (IMFC-3) after the Soxhlet extraction process.

be seen that MFC exhibited a complex and weblike structure
after the emulsification process. Diameters ranging from 40 to
100 nm can be identified from the micrograph; however, it was
hard to measure the length and diameter of each MFC with
high accuracy because of the complex network morphology.
The preparation of TPU/MFC nanocomposites was carried
out via addition polymerization of isocyanate on the ends of the
TPU prepolymer with hydroxyl groups on the MFC surface, as
represented in Scheme 1. During the process of polymerization
of TPU, different amounts of MFC were introduced. In order
to confirm that the TPU chains were successfully grafted on
MFC and determine the amount of grafted polymer, the
obtained TPU/MFC films were subjected to a Soxhlet
extraction process. The residues were dried to constant weight
and analyzed. In general, after the Soxhlet extraction process,
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the physically absorbed TPU on MFC was dissolved in acetone
and easily removed, leaving only the TPU covalently linked to
MEC. Figure 1b shows the morphology of IMFC-3 obtained by
performing the Soxhlet extraction procedure on a sample of the
TPU/MEFC-3 composite to dissolve and remove the physically
absorbed TPU on MFC. A larger width compared with that in
the original MFC obtained from a high-speed shearing
emulsification process (Figure la) can be clearly recognized.
MEFC uniformly wrapped with TPU, primarily attributed to the
contribution of the grafting of TPU on the surface of MFC, can
be easily identified and was further confirmed by FTIR and
XPS as described below. Table 1 reports the results of an
analysis of the TPU grafts that were covalently attached to the
MEFC surface. It was found that the TPU content in the grafted
MFC-g-TPU varied from 34 to 42 wt %, in which the amount
of grafted TPU was calculated on the basis of the mass of MFC
in the sample and the mass of the residue.

To further verify the possible interaction between TPU and
MEFC, FTIR spectroscopy was carried out on the residues from
Soxhlet extraction. TPU/MFC-3 was taken as an example, and
the spectra of IMFC-3, the original MFC, and neat TPU are
shown in Figure 2. Comparison of the spectra of the original
MFC and IMFC-3 reveals two new absorbance bands at 1706
and 1512 cm™, which can be ascribed to the absorption of
carbonyl groups (C=0) and N—H bending combined with
C—N asymmetric stretching, respectively, suggesting the
possible reaction of hydroxyl groups (—OH) of cellulose with
isocyanate (—NCO). The intensity of the peak located at 2852
cm™ (corresponding to alkane C—H stretching vibrations) is
increased, demonstrating that more —CH,— exists in the
residues than in the MFC. This also confirms that the TPU
molecule chains were successfully grafted on MFC.

XPS was also used to evaluate the chemical composition of
the residues, especially to confirm the presence of TPU
polymer on MFC after Soxhlet extraction. As shown in Figure
3, the low-resolution spectrum of the original MFC (Figure 3a)
suggests that carbon and oxygen atoms are the main
components, while the spectra of the residues (TPU/MFC-
0.5 and TPU/MFC-S are chosen for comparison) show that
nitrogen atoms are present (Figure 3b,c), which can only be
explained by the existence of urethane groups. In the high-
resolution spectra for both the original MFC and the modified
MFC residues (Figure 3 insets), the carbon peak was fit to
three peaks that can be ascribed to carbon atoms in different
local environments (C—C, C—0, and O—C—0), and different
proportions of each type of carbon atom were obtained. After
the TPU grafting reaction, the proportion of carbon atoms
without oxygen linkages (C—C) increased significantly and that
of carbon atoms with one band to oxygen (C—O) decreased
(Figure 3b,c insets). The presence of TPU polymers grafted on
the surface of MFC must be invoked to explain these
phenomena.

Thus, from the combination of the results of the quality
analysis of the Soxhlet extraction and the FTIR and XPS results
it can be concluded that part of the TPU prepolymer
terminated with isocyanate groups was successfully grafted on
the surface of MFC by the reaction with hydroxyl groups on
MEC.

One expects a strong interaction between the grafted MFC
and the TPU matrix. FTIR once again was used to characterize
the TPU/MFC nanocomposites instead of the residues after
Soxhlet extraction, and the results are shown in Figure 4. Two
new bands at 1708 and 1512 cm™" can be seen in the spectra of
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Scheme 1. Illustration of the in Situ Polymerization Process To Prepare TPU/MFC Nanocomposites

prepolymer

microfibrillated cellulose

(o)

( o OCNH TII*@iL@_Tj\“MOH}NCO

Lo

ey
~a o o # H “om ¢
H
g essos s aas L
H
o H
; FAO Y e grafting the
%%, casting and e 331;-5\ pre-synthesized
%. evaporation ‘==t chain extension \3‘;9 PU chains
WA 14-BD 2N
B = 5
B 22X
Y o

Table 1. Results of the Analyses of TPU/MFC
Nanocomposites before and after Soxhlet Extraction

TPU initial mass of mass of MEC ~ mass of
content the sample in the sample residue
sample (wt %)* (® () (®
TPU 0 2473 0 0
TPU/MEC-0.5 38.68 1.854 0.009 0.015
TPU/MEC-1 42.27 2.083 0.021 0.036
TPU/MEC-3 36.19 3.401 0.102 0.160
TPU/MEC-5 34.31 2.150 0.108 0.164
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Figure 2. FTIR spectra of the original MFC, IMFC-3, and neat TPU.

the TPU/MFC nanocomposites (Figure 4a), which can be
ascribed to the absorption of carbonyl groups (C=0) and N—
H bending deformation combined with C—N asymmetric
stretching, respectively, suggesting a possible reaction of
isocyanate groups (—NCO) of TPU with hydroxyl groups
(—OH) of cellulose. A band at 3350 cm™ was observed for the
TPU/MEC composites (Figure 4b), which can be ascribed to
the absorption of the inner unreacted hydroxyl groups of MEC.
For each curve in Figure 4b, there is a band located at around
3299 cm™' corresponding to N—H stretching, and no band
around 3500 cm™' appears (bands at 3500 and 3320 cm™'

correspond to stretching of free and hydrogen-bonded N—H
respectively,®*), indicating that all of the N—H groups in the
TPU nanocomposites could be hydrogen-bonded. It is well-
known that the N—H stretching band is sensitive to hydrogen
bonding. Compared with neat TPU, the N—H stretching peak
of the TPU/MFC nanocomposites is shifted to a lower
wavenumber, indicating the existence of hydrogen bonding
between N—H groups in TPU molecular chains and hydroxyl
groups on MFC. The absorbance bands located at 1730 and
1708 cm ™" are ascribed to splitting of the carbonyl absorption,
corresponding to the free and hydrogen-bonded carbonyls. The
carbonyl hydrogen-bonding index,” namely, the ratio of
absorbance intensity of the hydrogen-bonded carbonyl to that
of the free carbonyl, decreases with increasing MFC content,
which means that the introduction of MFC hinders the
formation of hydrogen bonding between the hard segments of

TPU.

3.2. Dispersion of MFC in the TPU Matrix. The
dispersion of MFC in the TPU matrix was evaluated by
SEM. Figure S presents the SEM images of a cross-section of
the unfilled TPU matrix and nanocomposite films filled with 1,
3, and S wt % MFC, respectively. Distinguished from the
micrograph of unfilled TPU, the morphology of the MFC in
the TPU matrix can easily be identified. The MFC appears as
white dots whose density on the fracture surface of the
nanocomposite increases proportionally with the loading of
MEFC and without any large agglomeration. In addition, as the
white dots are distributed uniformly throughout the entire
fracture surface for each nanocomposite, good dispersion of
MFC in the TPU matrix can be deduced. The improved
dispersion and compatibility between MFC and TPU can be
attributed to covalent attachment of TPU molecules to the stiff
surface of MFC, which is expected to play an important role in

the performance of the prepared nanocomposites.

3.3. Thermal Properties of TPU/MFC Nanocomposites.
The thermal degradation of polyurethane is a complex process
that in general can be divided into two stages. The first stage is
mainly attributed to the decomposition of the hard segments,
including the dissociation of urethane to the original polyol and
isocyanate, which then develops into a primary amine, an
alkene, and carbon dioxide. The consequent stage is controlled
by the mechanisms of depolycondensation and degradation of

polyol and is influenced by the content of the soft segment.

TGA curves for the original MFC, neat TPU, and the TPU/
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Figure 3. XPS spectra of MFC (a) before and (b, c) after the TPU grafting reaction and Soxhlet extraction process [(b) 0.5 wt % MEC; (c) S wt %

MEC].

MEFC nanocomposites with various loadings of MFC are shown
in Figure 6. All of the thermal degradation curves can be
divided into two stages except for that of the original MFC. The
degradation of MFC starts at 220 °C, and the temperature with
5% weight loss of MFC (Tsy) occurs at 304 °C. The first
degradation of neat TPU occurs at 352 °C and the second
degradation at 418 °C. It is very interesting to find that adding
MFC (with a lower degradation temperature) into TPU causes
a shift of in the first degradation temperature toward higher
temperature (about 20 °C ahead). In other words, the first
degradation temperature of TPU can be significantly improved
by addition of MFC. Meanwhile, the second degradation
temperature remains nearly constant, which demonstrates that
the MFC is mainly associated with the hard segments in the
TPU structure. These results further indicate that the MFC was
successfully wrapped with TPU molecules by the reaction
between the hydroxyl groups on the MFC surface and the TPU

2501

prepolymer. The improvement in the thermal stability of TPU
due to the presence of MFC can be ascribed to the confined
network structure and uniform dispersion of MFC in the TPU/
MFC nanocomposites as well as a strong interfacial interaction
between MFC and the TPU matrix through covalent
attachment.

3.4. Mechanical Properties of TPU/MFC Nanocompo-
sites. MFC is a kind of ideal filler for polymer reinforcement
because of its large aspect ratio and excellent mechanical
properties. In order to investigate the effect of MFC as a
reinforcement phase in TPU nanocomposites, both dynamic
mechanical analysis and classic tensile tests were applied. The
effects of MFC on the thermomechanical properties of the
TPU/MFC nanocomposites are shown in Figure 7. For the
neat TPU, the storage modulus experiences a sharp decrease at
its glass—rubber transition temperature (Tg), at around —35 °C,
due to the thermoplastic nature of TPU. The modulus

dx.doi.org/10.1021/am4056694 | ACS Appl. Mater. Interfaces 2014, 6, 2497—2507
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Figure S. SEM images of the TPU/MFC nanocomposites with
different MFC contents: (a) 0, (b) 1, (c) 3, and (d) 5 wt %.
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Figure 6. TGA curves of MFC, neat TPU, and the TPU/MFC
nanocomposites with different MFC loadings.

continues to decline with increasing temperature down to zero
at 60 °C. A remarkable improvement in the storage modulus is
observed when MFC is introduced into the TPU matrix,
particularly in the temperature range above T,. For example,
the modulus of the TPU/MFC nanocomposite with 1 wt %

2502

MEFC loading is 180% and 1250% higher than that of neat TPU
at temperatures of 20 and S0 °C, respectively, as shown in
Figure 7a. This significant enhancement of rigidity due to the
presence of MFC may be related to the confined network
structure in the TPU/MFC nanocomposites as well as the
strong adhesion force between the TPU matrix and MFC
arising from the reaction between hydroxyl groups on the MFC
surface and the TPU prepolymer, as demonstrated by the FTIR
and TGA results. When the temperature is below T, the
storage modulus of the TPU/MFC nanocomposites is slightly
higher than that of neat TPU. However, one observes a shift of
T, toward even lower temperature (around —45 °C) for the
TPU/MEC nanocomposites compared with neat TPU. This is
a very important finding that will broaden the application of
TPU in a lower temperature range as a thermoplastic elastomer.
The decrease in the T, of TPU upon addition of MFC can be
more clearly demonstrated by the dependence of tan 6 on
temperature for TPU and the TPU/MFC nanocomposites, as
shown in Figure 7b. The tan & peak is associated with the T, of
the soft segment. Clearly, the addition of MFC results in a
decrease in T, (by around 10 °C) and the damping capacity. In
this system, two effects must be taken into account. On one
hand, the well-dispersed and confined network structure of
MEC limits the molecular motion, causing an increase in T,.
On the other hand, the MFC is strongly associated with the
hard segments of TPU and reduces the proportion of
hydrogen-bonded carbonyls in the hard segments, as suggested
by the FTIR results, resulting a more phase-separated structure
between the hard segments and the soft phase and thus an
increase in the chain mobility of the soft segments, which leads
to a decrease in T,. Obviously, the results indicate that the latter
plays a more important role, resulting in the shift of T, toward a
lower temperature.

Figure 8 shows the stress—strain curves of neat TPU and the
nanocomposites reinforced with different loadings of MFC.
Compared with neat TPU, there is a remarkable increase in the
initial stage of the stress—strain curve and an increase in tensile
strength associated with increasing strain. The introduction of
MEC as the reinforcing filler significantly improves the Young’s
modulus, tensile strength, and elongation-at-break, and the
results are summarized in Table 2. It can be seen that the
tensile strength increases from 5.8 + 1.7 MPa for neat TPU to
17.4 + 3.2 MPa for TPU/MEFEC-0.5 and further to 26.3 + 3.7
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Table 2. Mechanical Properties of Neat TPU and the TPU/
MEFC Nanocomposites Obtained from Tensile Tests:
Young’s Modulus (E), Tensile Strength (63), and
Elongation-at-Break (eg)

sample E (MPa) oy (MPa) ey (%)
TPU 12 + 0.2 58 +1.7 760.8 + 33.8
TPU/MEC-0.5 54 +0S5 174 + 32 1325.8 + 46.5
TPU/MEC-1 71+ 2.6 26.3 + 3.7 1387.5 + 57.2
TPU/MEFEC-3 20.6 + 1.6 10.7 + 0.1 871.7 + 30.7
TPU/MEC-5 277 + 1.3 9.3+ 0.8 7929 + 259

MPa for TPU/MEFC-1, where a more than 4-fold improvement
has been achieved. The values of the elongation-at-break for the
TPU/MEC nanocomposites increase in the range of 0—1 wt %
MEFC content, reaching the highest value of 1387.5 + 57.2% for
TPU/MEFC-1, and then experiences a decrease when the MFC
content is higher than 3 wt %. Thus, 1 wt % appears to be the
optimal content. The Young’s modulus increases with MFC
content and reaches a maximum of 27.7 & 1.3 MPa at 5 wt %
MEFC, which is more than 20 times higher than that of neat
TPU (1.2 MPa). Typically, the introduction of rigid fillers into
thermoplastic matrices provides enhancements in modulus and
strength at the cost of a reduction in toughness due to a
suppression of plastic deformation upon deformation and thus
a decrease in elongation-at-break.”>™® On the contrary, the
TPU/MFEC nanocomposites do not exhibit such a trend. Here
we observe simultaneous reinforcing and toughening of
polyurethane by addition of MFC. This can be ascribed to
the TPU—cellulose interaction in the present materials due to
the reaction between isocyanate and the cellulose hydroxyls, as
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the MFC also functions as a cross-linker with positive effects on
the physical TPU network (increased effective cross-link
density of the elastomer), whereas neat TPU does not contain
a cross-linker. In addition, the existing network structure and
homogeneous dispersion of MFC in the TPU matrix play
important roles.

Figure 9 compares the values of the relative modulus (Figure
9a) and elongation-at-break (Figure 9b) as functions of filler
content for TPU nanocomposites reinforced with MFC,
CNCs,*° MCC,61 montmorillonite,” multiwalled carbon nano-
tubes (MWNTs) and single-walled carbon nanotubes
(SWNTS),10 laponite,4 vermiculite,’and reduced graphene
oxide (rGO)."" The relative modulus is expressed as E/E,,
where E and E, are the values of Young’s modulus for the
nanocomposite and the TPU matrix, respectively. Figure 9a
clearly shows that MFC exhibits superior reinforcement effects
on TPU matrix compared with the other nanofillers. For
example, at a filler content of 1 wt %, the relative modulus of
TPU/MEC is apparently higher than that of TPU/CNC and
more than S times higher than those of the others. More
notably, in Figure 9b, the elongation-at-break of TPU/MFC
nanocomposite films is much higher than those of TPU
reinforced by other fillers. The TPU nanocomposite film
containing 1 wt % MFC shows the largest elongation-at-break
(around 1400%) compared with the others, and a larger value is
maintained even at higher MFC contents (around 870% and
800% for 3 and S wt % MFC, respectively). To the best our
knowledge, the high reinforcement effect at such a low MFC
content (only 1 wt %) while maintaining the great elongation-
at-break at the same time has not been reported previously for
any TPU matrix reinforced with nanoscale fillers.

3.5. Reinforcing Mechanism of TPU/MFC Nanocom-
posites. MFC is made up of long nanofibers that are entangled
with each other and form a networklike structure, as can be
seen in Figure 1. This unique structural characteristic may
enhance load transfer between the MFC and the polymer
matrix. At the same time, unraveling and splaying of the
entangled fillers, together with the strong interaction between
MEC and the TPU matrix through covalent attachment, may
enable the MFC to bridge the polymer matrix during crack
propagation, hence improving not only the stiffness but also the
toughness of the nanocomposite.

In order to further investigate the reinforcing mechanism
leading to the simultaneous enhancement in stiffness and
toughness of TPU upon addition of MFC, the tensile fracture
surfaces of neat TPU, TPU/MFC-1, and TPU/MFC-3 were
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Figure 9. (a) Relative modulus (E/E,,) and (b) elongation-at-break vs
filler content for TPU reinforced with MFC (this work), CNC, MCC,
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The data for TPU nanocomposites were drawn from this work and the
literature 2>*>10:11,60,61

examined, and the results are shown in Figure 10. Compared
with the micrograph of neat TPU (Figure 10a), some pulled-
out MFC can be easily identified in the fracture surface of
TPU/MFC-1 (Figure 10b). Because of the covalent attachment
of the TPU molecules to the stiff surface of MFC and the
weblike structure, the pullout of MFC from the TPU matrix
requires more energy even at a low content, which contributes
to the better mechanical properties. More importantly, the
network structure of microfibrillated cellulose can slow down
the propagation speed of cracks during tensile fracture. For
TPU/MEC-1, some MFC bridges the cracks and forms a
networklike structure within the sample (Figure 10c), which
plays an important role in the increased tensile strength and
elongation-at-break. The pullout of MFC from the TPU matrix
allows MFC to bridge cracks when it unravels. As a matter of
fact, it is expected that fiber breaking prevails during crack
propagation when the adhesion between the fiber and the
matrix is too strong.”’””" The elongation-at-break decreases
when the MFC content is higher than 1 wt % because more
entanglement exists in the composites and forms aggregation,
as shown in Figure 10d. Figure 11 illustrates the failure
mechanisms of TPU reinforced with MFC.

Figure 10. Fracture surfaces of TPU/MFC nanocomposites with
different MFC contents. (a) 0 wt % MFC. (b, ¢) 1 wt % MFC. The
region indicated by the ellipse shows the interlocking between fibrils at
the fracture surface. (d) 3 wt % MFC. The region indicated by the
ellipse shows the entanglement.

MEC pull-out
and breakdown

TPU/MFC
nanocomposite
film

forming bridging

stretching & MFC
entanglement

Figure 11. Illustrations of fracture mechanisms in TPU/MFC
nanocomposites.

3.6. Optical Properties of TPU/MFC Nanocomposites.
The prepared TPU/MFC nanocomposites show not only
much improved mechanical properties but also excellent
transparency. Figure 12 shows UV—vis spectra of TPU/MFC
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Figure 12. UV—vis spectra of neat TPU and TPU/MFC nano-
composite films. Insets: photos of TPU/MFC nanocomposite films
with different MFC loadings: (a) 0, (b) 1, (c) 3, and (d) S wt %.
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nanocomposite films with different MFC loadings. The TPU/
MEFC films containing 0.5 and 1 wt % MFC have light
transmittance values of 84.49% and 83.64% at 600 nm, and neat
TPU displays a transmittance of 85.17%. The degree of
transparency of the TPU/MFC nanocomposite films also
reflects the status of dispersion of MFC in the TPU matrix. As
shown in the Figure 12 insets, the neat TPU film and the TPU/
MEFC films with 1 and 3 wt % MFC are nearly optically
transparent while the nanocomposite film with 5 wt % MFC is
translucent, indicating that MFC achieves a better dispersion
even at a relatively high loading. More importantly, this
property of these nanocomposite films is advantageous in
optical applications where several other nanocomposites (e.g.,
carbon nanotube, graphene, and clay nanocomposites) cannot
be applied because of their lack of transparency.

4. CONCLUSIONS

A series of TPU/MFC nanocomposites have been prepared via
in situ polymerization and processed by casting and
evaporation. Parts of the presynthesized TPU chains are
successfully grafted on the MFC through the reaction between
hydroxyl groups on the MFC surfaces and isocyanate groups on
the ends of the TPU prepolymer. MFC is strongly associated
with the hard segments of TPU through covalent attachment.
As a result, good dispersion, the existing network structure in
the TPU matrix, and strong interfacial association between
MEFC and TPU are achieved, which are important to maintain
good transparency of the resulting nanocomposites and
strengthen the thermoplastic polyurethane without sacrificing
the extensibility. Overall we have demonstrated an effective
approach for preparing TPU nanocomposites with simulta-
neously enhanced stiffness and toughness by incorporation of a
very small amount of MFC, and the TPU/MFC nano-
composites with excellent stiffness, toughness, thermostability,
transparency, and biodegradability may find wider application,
especially in optical and bio-related applications, where several
other conventional nanocomposites cannot be applied.
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