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Abstract
New nanocomposites of waterborne polyurethane (WPU) as a matrix were prepared by filling low loading of starch nanocrystals (StNs) as
a nano-phase. It is worth noting that the resultant StN/WPU nanocomposites showed significant enhancements in strength, elongation and
Young’s modulus. Herein, the key role of StN in simultaneous reinforcing and toughening was disclosed, namely active surface and rigidity
facilitated forming the interface of transferring stress and contributed to enduring stress, respectively. The preserving of original structure
and interaction in WPU matrix was also the essential guarantee of improving mechanical performances. As the StN loading increased, the
self-aggregation of StNs caused size expansion of nano-phase along with the increase of number, and hence they decreased the mechanical
performances. Furthermore, it was verified that chemical grafting onto the StN surface didn’t favor enhancing the strength and elongation,
due to inhibiting the formation of physical interaction and increasing network density in nanocomposites.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Natural polymers from renewable resources show the
advantages of biodegradability, biocompatibility, non-toxicity,
high reactivity, low cost, easy-to-availability and so on, and
hence they have been considered as excellent raw chemical
substances for saving petroleum resources and protecting the
environment [1e3]. Born out of the growing interest in the
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predominant properties attributed to nano-fillers in compos-
ites, a kind of novel nano-materials derived from natural poly-
mers, named as ‘‘green’’ bionanocomposites [4], has been
developed, in which natural polymers can act as the matrix,
the nano-filler or both. Usually, natural nano-fillers are the
crystalline residue with a uniform structure after acidic or al-
kaline hydrolysis of natural polysaccharides, and the alterna-
tives are so-called rod-like whiskers of cellulose [5] and
chitin [6], and platelet-like nanocrystal of starch [7,8]. They
not only inherit all the advantages of natural polymers, but
also show a reinforcing function in composites by virtue of
their rigidity similar to those traditional inorganic nano-fillers
[5,6,9e11]. Moreover, compared with inorganic nano-fillers,
a relatively active surface of natural nano-fillers is easier to
perform chemical derivation and grafting [12e14] or form
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Fig. 1. TEM image of negatively stained potato starch nanocrystals.
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strong physical interaction [5] as well as comparatively easy
processability due to their non-abrasive nature and other resul-
tant functional properties [5]. So far, the cellulose and chitin
whiskers as well as starch nanocrystal have successfully rein-
forced many natural and synthetic materials, such as natural
rubber [5,10,15], polypropylene [16,17], poly(vinyl chloride)
[18], poly(vinyl acetate) [19], poly(ethylene-co-vinyl acetate)
[20], poly(styrene-co-butyl acrylate) [21], waterborne epoxy
[22,23], poly(oxyethylene) [24], waterborne polyurethane
[25], poly(b-hydroxyoctanoate) [26,27], poly(lactic acid)
[28,29], polycaprolactone [30], silk fibroin [31], cellulose ac-
etate butyrate [32], starch [9,33] and soy protein [34e36] plas-
tics. Especially, the starch nanocrystals hydrolyzed from starch
granules can also show an excellent reinforcing function as
nano-filler for starch plastics [9].

Due to the increasing concern about human health and en-
vironment-friendliness, organic solvent-free polyurethane (i.e.
waterborne polyurethane) has been rapidly developed and ap-
plied due to low volatile organic compound (VOC) and non-
toxicity [37,38]. To enhance biodegradability, natural poly-
mers have been incorporated into waterborne polyurethane
matrix by mechanically blending or interpenetrating polymer
networks. The selective incorporation of starch [39], soy pro-
tein [40] and lignin [41] into the composites not only induces
bacterial proliferation, but also improves mechanical perfor-
mances and lowers the cost. At the same time, cellulose whis-
ker as a reinforcing nano-phase has also been filled into
waterborne polyurethane matrix, resulting in a significant in-
crease of strength and Young’s modulus [25]. To our knowl-
edge, however, research on the other natural nano-filler, i.e.
starch nanocrystal, for modifying waterborne polyurethane
can hardly be found in the literature. The distinct platelet-
like structure of starch nanocrystal as well as its rigidity, which
is similar to the exfoliated layered silicate [42,43], is expected
to produce extraordinary mechanical performances.

In this work, we incorporated starch nanocrystals (StNs),
which were hydrolyzed from potato starch granules, into wa-
terborne polyurethane (WPU) matrix at the given stage in
a typical process of synthesizing WPU, such as mixing with
WPU latex post of emulsification (Method I), in the midst of
emulsification (Method II) and chain-extending of polyure-
thane prepolymer (Method III). Subsequently, the structure
and mechanical properties of resultant nanocomposite mate-
rials were investigated by attenuated total reflection-Fourier
transform infrared spectroscopy (ATR-FTIR), X-ray diffrac-
tion (XRD), differential scanning calorimetry (DSC), dynamic
mechanical analysis (DMA), scanning electron microscope
(SEM) and tensile tests. Because the number of residual active
isocyanate groups are determined by the selected three stages
of adding StNs, the effects of chemical grafting and physical
interaction, associated with active eOH onto the StN surface,
on mechanical properties were discussed. Different from the
previous reports of filling high content of whisker and nano-
crystal into polymer matrix to simply increase strength and
modulus, the low loading level of StNs still enhanced the elon-
gation at one time in this work. As a result, the mechanism of
simultaneous reinforcing and toughening was explored.
2. Experimental part
2.1. Materials
Potato starch was purchased from Sinopharm Chemical
Reagent Co. Ltd. (Shanghai, China), and used as-received.
Poly(1,4-butylene glycol adipate) with a number-average
molecular weight (Mn) of 2000 (PBA2000) and dimethylol pro-
pionic acid (DMPA) were, respectively, donated by Nanjing
Zhongshan Co. Ltd. (Jiangsu, China) and Huzhou Changsheng
Co. Ltd. (Zhejiang, China), and dehydrated under vacuum at
60 �C for 12 h. Toluene diisocyanate (TDI) and triethylamine
(TEA) were purchased from Sinopharm Chemical Reagent
Co. Ltd. (Shanghai, China), and redistilled before use. Buta-
none of analytical grade as solvent was purchased from Tianda
Chemical Reagent Co. Ltd. (Tianjing, China) and dehydrated
by adding CaH2 and then distilled. Sulfuric acid (H2SO4)
was purchased from Dongda Co. Ltd. (Henan, China), and
used as-received.
2.2. Preparation of starch nanocrystals
According to the previous report [8], 36.725 g of potato
starch granules was dispersed into 250 mL of 3.16 M H2SO4

aqueous solution, and then stirred for five days at 40 �C with
a stirring speed of 100 rpm. Subsequently, the crude suspen-
sion containing starch nanocrystals (StNs) was centrifuged
and then washed by distilled water repeatedly for more than
five times until the pH approximately approached 7.0. At
last, the StN precipitate was ultrasonically homogenized in
an aqueous solution for 3 min using a JY92-2D ultrasonic
instrument (Ningbo Scientz Biotechnology Co. Ltd., China)
for the TEM observation and for the preparation of nanocom-
posites by Methods I and II. At the same time, a portion of the
StN precipitate was lyophilized as loose powder for XRD
measurement or then dispersed in butanone for the preparation
of nanocomposites by Method III. TEM image of StNs is
shown in Fig. 1. Although the StNs tended to self-aggregate,
the distinguished isolated StNs were observed having the
width of 10e20 nm and the length of 40e70 nm.
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2.3. Preparation of StN/WPU nanocomposites
The synthesis of waterborne polyurethane (WPU) is de-
picted as follows. Both 5.37 g PBA2000 and 1.87 g TDI
(NCO/OH molar ratio¼ 4.0) were firstly placed into a three-
necked round-bottomed flask equipped with a mechanical
stirrer, a reflux condenser and an inlet of dry nitrogen. Subse-
quently, the reactant was heated up to ca. 70 �C, and then
kept for mechanical stirring under a nitrogen atmosphere for
2 h. Thereafter, DMPA as chain-extender was dispersed into bu-
tanone and then added to give a NCO/OH molar ratio of 1.6.
The reaction temperature was elevated up to 85 �C, followed
by keeping up the reaction for 1 h. In this period, butanone
was occasionally supplied in order to lower the viscidity of
reactant. Afterward, the resultant product was cooled down to
lower than 40 �C, and then neutralized eCOOH of DMPA in
polyurethane chains by adding TEA. At last, the emulsification
was carried out by adding icy water under severe shearing to
produce WPU latex with a solid content of 15 wt%. The
WPU latex was caste on the Teflon mold after vacuum degass-
ing, and then solidified as a film at 60 �C via evaporating water.

In such process of preparing the WPU film, the given
weight of StNs were introduced at three stages, respectively,
i.e. mixing with WPU latex post of emulsification (Method
I), in the midst of emulsification (Method II) and chain-ex-
tending of polyurethane prepolymer (Method III), and finally
produced the nanocomposite films of StNs filled WPU (US).
When mixing with WPU latex (Method I) and in the midst
of emulsification (Method II), the StN aqueous dispersion
via ultrasonic treatment was used. As regards to introducing
StNs at the stage of chain-extending (Method III), the dis-
persed StNs in butanone were added with DMPA. The US
films prepared by Method I were coded as US-1, US-2, US-4,
US-5 and US-8, where the numbers represent the theoretical
content of StN in whole solid films. At the same time, the US
nanocomposites containing 5 wt% StN prepared by Methods
II and III were coded as US-5-II and US-5-III, respectively.
2.4. Characterization
ATR-FTIR spectra of all the films were recorded on an
FTIR 5700 spectrometer (Nicolet, USA) using Smart OMNT
reflect accessories in the range of 4000e700 cm�1.

XRD patterns were recorded on D/Max-IIIA X-ray diffrac-
tor (Rigaku, Japan) using Cu Ka radiation (0.154 nm) at 40 kV
and 60 mA with a scan rate of 12� min�1. The diffraction angle
of 2q ranged from 2� to 60�.

TEM photographs of StNs were taken with an H-7000FA
transmission electron microscope (Hitachi, Japan) at an accel-
eration voltage of 75 kV. Deposited StNs were negatively
stained with an aqueous 2% solution of uranyl acetate before
observation.

SEM observation was carried out on a JSM6700F scanning
electron microscope (JEOL, Japan) with an accelerating volt-
age of 5 kV. The films were frozen in liquid nitrogen and then
snapped immediately. The fracture surfaces were sputtered
with Pt, and then observed and photographed.
DSC analysis was carried out on a DSC-204 instrument
(Netzsch, Germany) under nitrogen atmosphere at a heating
or cooling rate of 20 �C min�1. The specimen was scanned
in the range of �150 �C to 100 �C after a pretreatment of
eliminating thermal history and removing volatile (heating
from 20 �C to 100 �C and then cooling down to �150 �C).

DMA measurement was carried out on a DMA-242C dy-
namic mechanical analyzer (Netzsch, Germany) at a frequency
of 1 Hz in the range from �150 �C to 100 �C with a heating
rate of 3 �C min�1. A dual cantilever device was used while
the specimen size was 40� 10� ca. 0.5 mm3.

The tensile strength (sb), elongation at break (3b) and
Young’s modulus (E ) were measured on a CMT6503 universal
testing machine (SANS, Shenzhen, China) with a crosshead
rate of 200 mm min�1 according to GB13022-91. The tested
specimens were cut into quadrate strips with a width of
10 mm while the distance between testing marks was
30 mm. An average value of five replicates of each sample
was taken. During stressing, the specimens occurred with great
elongation. So we regulated the data as follows: the nominal
strain (3nom) and the nominal stress (snom) were calculated
by 3nom¼ e/L0 and snom¼ F/S0, respectively. Herein, S0 and
L0 are, respectively, the initial area of cross-section and the ini-
tial marked length, while e and F are, respectively, the incre-
ment of length and the testing force. Subsequently, the true
strain (3true) can be determined by 3true¼ ln(L/L0), where
L is the actual length of the specimen before breaking
(L¼ L0þ e). The true stress (strue) can be calculated by
strue¼ F/S, where S is the true area of cross-section after elon-
gation. S was determined by assuming that the total volume of
the specimen remained constant during testing, and so
S¼ S0L0/L.

3. Results and discussion
3.1. Mechanical properties of nanocomposites
Fig. 2 shows the effect of the StN content on the mechan-
ical properties of the US nanocomposites prepared by Method
I, including tensile strength (sb,nom), elongation at break
(3b,nom) and Young’s modulus (E ). Compared with sb,nom of
11.0 MPa, 3b,nom of 814.4% and E of 2.7 MPa for neat
WPU, it is worth noting that all the US nanocomposites
showed the simultaneous enhancements in sb,nom, 3b,nom and
E. With an increase of StN content, three mechanical parame-
ters of the nanocomposite films increased simultaneously
while the loading level is low. The 3b,nom reached a maximum
value of 1406.6% when filling 2 wt% StNs, followed by a con-
tinuous decrease. At the same time, the sb,nom and E increased
up to 51.5 MPa and 5.2 MPa, respectively, until the StN load-
ing reached 5 wt% and then both decreased. As a result, two
US nanocomposites are highly recommended: (i) the US-2
containing only 2 wt% StNs had the maximum 3b,nom and en-
hanced sb,nom as ca. 1.7- and 2.6-fold over those of WPU, re-
spectively; (ii) the US-5 filled with 5 wt% StNs had the highest
sb,nom, which were enhanced by ca. 370%, with slight increase
of elongation unexpectedly.



Fig. 2. Effects of the StN content on the tensile strength (sb,nom), elongation at

break (3b,nom) and Young’s modulus (E ) of the US nanocomposites as well as

the WPU reference.
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Fig. 3 depicts the effects of chemical grafting on the US
nanocomposites, which were prepared by adding 5 wt%
StNs at three given stages in the process of synthesizing
WPU, such as mixing with WPU latex post of emulsification
(Method I), in the midst of emulsification (Method II) and
chain-extending of polyurethane prepolymer (Method III). In
such three stages, the numbers of active eNCO groups were
distinctly different, resulting in the extent of chemical grafting
Fig. 3. Effects of the compounding method on the tensile strength (sb,nom),

elongation at break (3b,nom) and Young’s modulus (E ) of the US nanocompo-

sites containing 5 wt% StNs.
between the StN surface and polyurethane chains in the order
of Method I< II< III. Obviously, the sb,nom and 3b,nom de-
creased with an increase of chemical grafting. However, the
US-5-III with highest chemical grafting had the maximum E
(24.03 MPa) in spite that the US-5-II with moderate chemical
grafting showed lower E value than the US-5, in which only
physical interaction occurred between StN nano-filler and
WPU matrix. However, although chemical grafting inhibited
mechanical performances, three mechanical parameters of
US-5-II and US-5-III were still higher than those of neat
WPU.

In view that the US nanocomposites can endure great strain,
the true values of tensile strength and elongation at break
(sb,true and 3b,true), which are summarized in Table S1, might
represent the practical performances in service. It is worth
noting that the US-2 with highest elongation had higher sb,true

(430.3 MPa) than US-4 (401.1 MPa) in spite that the US-4 had
higher sb,nom. For US-5, the sb,true reached 556.9 MPa as ca.
5.6-fold over that of WPU.

The simultaneous enhancements in strength, elongation and
Young’s modulus might be attributed to the uniform dispersion
of StNs in nano-scale [44] as well as the physical interaction
and chemical grafting between StN nano-filler and WPU ma-
trix. The strong interfacial interaction confirmed the transfer-
ring of the stress burdened by WPU matrix to the rigid StN
nano-filler. However, with an increase of the loading level of
StNs, the self-aggregation of StNs might break the original
structure and interaction in WPU matrix, and even cause
severe microphase separation between StN nano-phase and
WPU matrix. It decreased mechanical performances, and es-
pecially for elongation. In addition, chemical grafting partly
hindered the formation of physical interaction due to steric ex-
clusion of covalent bonds, resulting in a decrease of strength
and elongation.
3.2. Hydrogen bonding in nanocomposites
As well known, hydrogen bonds are a kind of essential
physical interaction in waterborne polyurethane, which nearly
affects microphase separation structure between hard- and
soft-segments and mechanical properties of materials. In this
case, the eNH in hard-segment is hydrogen-bonded with the
urethane eC]O of hard-segments and the ester eC]O of
the PBA2000 soft-segments. In addition, eOH on the StN sur-
face also participated in hydrogen bonding with eC]O in the
soft- and hard-segments. Fig. 4 shows the ATR-FTIR spectra
of the US nanocomposites containing various StN contents
as well as the WPU reference (A) and the US nanocomposites
with 5 wt% StN prepared by three methods (B). Herein, the e
NH bands of WPU consisted of a main peak located at ca.
3342 cm�1 with a shoulder peak located at ca. 3516 cm�1.
All the US nanocomposites showed the analogical eNH bands
in spite that the absorption of eOH in StNs was embedded in
those. As a result, the absorptions above 3000 cm�1 of all the
US nanocomposites and WPU were divided into two peaks by
curve-fitting (Fig. S1), i.e. Peak I located at 3518e3522 cm�1

and Peak II located at 3320e3325 cm�1. The former was the



Fig. 4. ATR-FTIR spectra of the US nanocomposites and the WPU reference. ((A): the US nanocomposites with various StN contents; (B): the US nanocomposites

containing 5 wt% StNs prepared by three methods.)
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free eNH absorption while the latter was the absorption of
hydrogen-bonded eNH for WPU or included the additional
eOH absorption for the US nanocomposites. Table 1 summa-
rizes the detailed location and fraction of Peaks I and II for all
the US nanocomposites and WPU. With an increase of StN
content, the percentage of eOH number in StN vs. all the
eOH and eNH in the nanocomposites increased from ca.
7.1% (adding 1 wt% StNs) to ca. 37.1% (adding 8 wt%
StNs). Apparently, the increasing fraction of Peak II was not
proportional to the increment contributed by eOH absorption.
It indicated that the original hydrogen bonds associated with
eNH in WPU matrix were cleaved. When the StN loading
was lower than 2 wt%, the relatively prominent increase of
fraction for Peak II was attributed to less extent of breaking
eNH-based hydrogen bonds and the formation of hydrogen
bonds associated with eOH on the StN surface. In addition,
with an increase of chemical grafting, the fraction of Peak II
Table 1

Location and fraction of curve-fitting peaks for the eNH and eC]O bands in th

Sample code eNH band eC]O

Peak I Peak II Peak III

Location/cm�1 Fraction/% Location/cm�1 Fraction/% Location

WPU 3520.0 35.6 3320.8 64.4 1733.1

US-1 3520.0 32.1 3324.0 67.9 1733.5

US-2 3518.9 23.1 3320.7 76.9 1733.5

US-4 3518.9 34.8 3320.7 65.2 1733.3

US-5 3520.0 37.9 3322.9 62.1 1733.3

US-8 3518.9 30.5 3323.0 69.5 1733.5

US-5-II 3521.2 33.2 3321.8 66.8 1733.9

US-5-III 3520.0 32.2 3324.1 67.8 1733.5

Peak I: free eNH; Peak II: hydrogen-bonded eNH for WPU, and hydrogen-bonde

Peak IV: hydrogen-bonded eC]O in amorphous region; Peak V: hydrogen-bonde
increased for the US nanocomposites containing the same
loading level of 5 wt% StNs prepared by three methods, indi-
cating that chemical grafting hindered the cleavage of original
hydrogen bonds associated with eNH in WPU matrix.

The analogical eC]O bands of the US nanocomposites
and WPU were also divided into three peaks (Fig. S2), namely
the Peak III of free eC]O located at 1733e1734 cm�1, the
Peak IV of hydrogen-bonded eC]O in amorphous region
located at 1716e1718 cm�1 and the Peak V of hydrogen-
bonded eC]O in ordered domain located at 1697e
1699 cm�1 [45]. The location and fraction of such three peaks
for the US nanocomposites and WPU are also summarized in
Table 1. Obviously, adding StNs slightly decreased the frac-
tion in free eC]O peak (Peak III), indicating that the hydro-
gen bonding associated with eC]O of hard-segments and
PBA2000 soft-segments was improved. It was attributed to
newly forming hydrogen bonds between eC]O of WPU
e FTIR spectra of the US nanocomposites and WPU

band

Peak IV Peak V

/cm�1 Fraction/% Location/cm�1 Fraction/% Location/cm�1 Fraction/%

64.8 1717.3 23.1 1697.2 12.1

61.4 1717.0 27.2 1698.3 11.4

62.6 1717.3 25.7 1697.2 11.7

63.3 1717.0 25.3 1697.2 11.4

64.1 1716.8 25.6 1697.7 10.3

62.5 1716.6 27.7 1697.7 9.8

62.7 1717.3 26.7 1697.5 10.7

61.8 1716.6 27.0 1698.3 11.2

d eNH and eOH in StNs for the US nanocomposites; Peak III: free eC]O;

d eC]O in ordered domain.



Fig. 5. XRD patterns of the US nanocomposites as well as the WPU reference

and the freeze-dried StN powder.
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component and eOH on the StN surface. With an increase of
StN content, the fraction of free eC]O firstly increased until
5 wt% StN, and then decreased for US-8. The initial increase
of free eC]O fraction resulted from the cleavage of original
hydrogen bonds in WPU matrix. A second decrease of free
eC]O fraction for US-8 might be attributed to the preserving
of original hydrogen bonds between soft- and hard-segments
because the size expansion of StN nano-phase increased the
extent of microphase separation between StN and WPU ma-
trix. In addition, with an increase of chemical grafting, the
fraction of free eC]O gradually decreased. It was in agree-
ment with the analysis on eNH bands, namely chemical graft-
ing inhibited the formation of hydrogen bonds on the StN
surface and then facilitated keeping up the original hydrogen
bonds in WPU matrix. Although hydrogen bonding associated
eC]O was improved on the whole, the effect of adding StN
on the region of hydrogen bonding in the nanocomposites was
distinctly different. The increasing fraction of Peak IV
suggested that the improvement of hydrogen bonding mainly
happened in amorphous region, while the slight decreasing
fraction of Peak V proved the cleavage of hydrogen bonding
in ordered domain. Usually, the hydrogen bonding in ordered
domain was constructed by the hard-segments in WPU matrix.
As a result, adding StN pulled down the original ordered align-
ment among hard-segments, and so the extent of breakage
increased with an increase of StN content, shown as a contin-
uous decrease of Peak V fraction. On the other hand, consid-
ering the cleavage of hydrogen bonds associated with eNH
mentioned above, increasing fraction of Peak IV was attrib-
uted to the formation of hydrogen bonds between eOH on
the StN surface and eC]O. It indicated that the StNs might
mainly disperse into the amorphous region of WPU matrix.
With an increase of chemical grafting, the fractions of hydro-
gen-bonded eC]O in amorphous region and ordered domain
simultaneously increased. In view of the increase of fraction
of hydrogen-bonded eNH mentioned above, the increasing
fractions of Peaks IV and V for the US-5-II and US-5-III
were mainly attributed to hydrogen bonding between eNH
and eC]O in WPU matrix.
3.3. Amorphous nature of nanocomposites and
crystalline state of StN
Fig. 5 shows the XRD patterns of the US nanocomposites
with various StN contents prepared by Method I and contain-
ing 5 wt% StN prepared by Methods II and III as well as WPU
and StNs. All the US nanocomposites inherited amorphous na-
ture of neat WPU, shown as a diffuse peak located at 20.28� of
2q, in spite that eC]O-based hydrogen bonds constructed
a small scale of ordered domains in WPU matrix as mentioned
above. Although the StNs showed a semi-crystalline character
with two well-defined diffraction peaks located at 17.06� and
22.3� of 2q, they were absent in nanocomposites because of
low loading level (lower than 5 wt%) and relatively uniform
dispersion. However, when the StN content increased up to
8 wt%, a shoulder peak appeared at 17.6� of 2q, which corre-
sponded to the strongest diffraction of semi-crystalline StNs. It
proved that the StNs in nanocomposites tended to self-aggre-
gate with an increase of StN content.
3.4. Thermal behavior of nanocomposites
DSC and DMA were used to further understand the interac-
tion between StN nano-filler and WPU matrix as well as the
structural changes of WPU matrix and the distribution of
StNs, by observing the variances of domain-scale glass transi-
tion and molecular-level a-relaxation assigned to the PBA2000

soft-segment, respectively. Table 2 summarizes the glass tran-
sition temperature at midpoint (Tg,mid) and heat-capacity incre-
ment (DCp) from DSC thermograms (Fig. 6). In the US
nanocomposites, the temperatures of glass transition (Tg) and
a-relaxation (Ta) of the PBA2000 soft-segment can be affected
by StNs in two opposite ways. First, the motion of soft-seg-
ment might be suppressed by rigid StN nano-phase mediated
by hydrogen bonding or chemical grafting onto active StN sur-
face. It could result in the shift of Tg and Ta to high tempera-
ture. In the opposite way, incorporating StNs might cleave the
original interaction between hard- and soft-segments and
hence change the microphase structure in WPU matrix. For
example, the soft-segment can escape from the binding of
hard-segment to give decreasing Tg and Ta. Obviously, the
Tg,mids of all the US nanocomposites were higher than that
of WPU, suggesting that the restriction of StNs to the mobility
of soft-segments was dominant in spite of the inevitable cleav-
age of the original interaction between hard- and soft-seg-
ments in WPU matrix. When the StN content was less than
2 wt%, the rigid StNs could homogeneously dissolve into
the WPU matrix, and then inhibit the motion of soft-segment
mediated with newly formed interaction with WPU compo-
nent. At this time, the Tg,mids increased with an increase of
StN content. However, when the StN content ranged from



Table 2

DSC and DMA data of the US nanocomposites and WPU as reference

Sample code DSC data for glass transition DMA data for a-relaxation

log E0eT curves tan deT curves

Tg,mid/�C DCp/J g�1 K�1 Ta,onset/
�C log E0Ta/MPa log E0Taþ30/MPa Ta,max/�C Hloss-peak

WPU �41.3 0.412 �49.1 3.90 3.50 �37.1 0.263

US-1 �41.0 0.384 �47.1 3.78 3.50 �36.5 0.223

US-2 �40.1 0.361 �46.4 3.87 3.47 �35.9 0.244

US-4 �40.6 0.391 �48.8 3.25 2.82 �36.9 0.262

US-5 �41.0 0.355 �46.0 3.10 2.80 �35.4 0.239

US-8 �40.5 0.362 �46.5 3.90 3.55 �36.5 0.232

US-5-II �39.8 0.338 �45.9 3.05 2.45 �35.1 0.254

US-5-III �40.3 0.381 �44.9 3.17 2.65 �34.1 0.267

Fig. 6. DSC thermograms of the US nanocomposites and the WPU reference.
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2 wt% to 5 wt%, the Tg,mids gradually decreased instead
because increasing StN content induced the self-aggregation
of StNs and hence weakened the restriction to the motion
of soft-segment. Thereafter, excess great StN aggregates in
US-8 containing 8 wt% StNs, proved by a shoulder peak in
XRD pattern, might increase the extent of microphase separa-
tion between StN nano-phase and WPU matrix. The preserv-
ing of original interaction between soft- and hard-segments
gave an increasing Tg,mid for US-8. In addition, no endother-
mic peak, assigned to ordered aggregation of hard-segments,
is observed in all the DCS thermograms, verifying amorphous
nature of all the US nanocomposites and WPU. This is in good
agreement with the XRD result.

DMA is a powerful technique to reflect the mobility of soft-
segment through a-relaxation at molecular-level, for which the
specific heat increment of glass transition at domain-scale
measured from DSC is generally ill-defined. DMA curves of
all the US nanocomposites and WPU are depicted in Figs. 7
and 8, while Table 2 summarizes the a-relaxation temperature
(Ta,max) and height of loss-peak (Hloss-peak) from tan deT
curves as well as a-relaxation temperature at onset (Ta,onset)
and storage modulus at onset temperature (log E0Ta) and at
Ta,onsetþ 30 �C (log E0Taþ30) from log E0eT curves (Figs. 7
and 8). In the tan deT curves, the shift of Ta,maxs to higher
temperatures for the nanocomposites as well as the reduced
magnitude of loss-peak suggested that the energy dissipation
process is slowed down by the nano-fillers. It means that the
interactions between the soft-segments in WPU matrix and
the StN nano-fillers are stronger and therefore the mobility
of soft-segment decreased [46]. In this case, the suppression
of StNs to soft-segments was proportional to the effective sur-
face of StNs. When the StNs homogeneously dissolved into
WPU matrix (the StN content< 2 wt%), the increasing inter-
facial area between StN nano-filler and WPU matrix resulted
in the increase of Ta,maxs and Ta,onsets with an increase of
StN content. It is in good agreement with the DSC results.
Thereafter, with a continual increase of StN content, the
StNs gradually self-aggregated. Although the self-aggregation
of StNs induced the expansion of size, the number of StN
nano-phase necessarily increased at one time. As a result,
the Ta,max and Ta,onset of US-5 increased once more after an
obvious decrease for US-4. At last, excess great StN nano-
phase severely decreased the effective interface for producing
the interaction between StN nano-filler and WPU matrix. The
US-8 gave decreasing Ta,max and Ta,onset. It was worth noting
that adding 5 wt% StNs gave the highest Ta,max and Ta,onset,
but the lowest Tg,mid from DSC in all the US nanocomposites.
It suggested that the unbinding of soft-segments from hard-
segments at domain-scale contributed to the lowest Tg,mid, in
spite that the strong interaction happened on the StN surface
at molecular-level highly restricted the motion of soft-seg-
ments and gave the highest Ta,max and Ta,onset. In the US nano-
composites, the rigidity was contributed by the nano-phase of
StNs [47] except for the hard-segment domain in WPU matrix.
Thus, the log E0Tas of the US nanocomposites with the StN
content lower than 5 wt%, which represent the rigidity of
glassy state, decreased in contrast with the increase of Ta,onset.
It was attributed to the cleavage of ordered hard-segment do-
mains, which was proved by the FTIR results, in spite of the
improving stiffness of the StN nano-phase. However, when
the StN loading was 8 wt%, the preserving of the structure
for WPU matrix as well as the increasing greater phase of ag-
gregated StNs gave a log E0Ta value of US-8 close to that of
neat WPU. Usually, the Young’s modulus (E ) of the material



Fig. 7. Logarithm of storage modulus (log E0) and tangent of loss angle (tan d) vs. temperature measured at 1 Hz for the US nanocomposites with various StN

contents and the WPU reference.

Fig. 8. Logarithm of storage modulus (log E0) and tangent of loss angle (tan d)

vs. temperature measured at 1 Hz for the US nanocomposites containing

5 wt% StNs prepared by three methods.
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is in positive correlation with the log E0Taþ30. However, it is in-
teresting that the variance of log E0Taþ30 functioned as the StN
content was just opposite to that of E measured by tensile test.
It indicated that the reinforcing role of StN immersed into the
soft-segments was dominant in spite that the cleavage of hard-
segment domain decreased the rigidity of WPU matrix. However,
the higher log E0Taþ30 of US-8, in contrast with that of neat WPU,
resulted from the preserving of the structure of WPU matrix.

When applying Methods II and III to produce covalent bond-
ing between StNs and WPU components, chemical grafting
distinctly resulted in the shift of Tg,mids, Ta,maxs and Ta,onset

s to high temperature. FTIR results pointed out that chemical
grafting facilitated keeping up the original interaction between
soft- and hard-segments in WPU matrix. As a result, although
the steric hindrance of chemical grafting inevitably interfered
with the formation of physical interaction between StN nano-
filler and WPU matrix, the synergistic effect of the formed co-
valent bonds on the StN surface and the binding of hard-seg-
ments contributed to increasing Tg,mids, Ta,maxs and Ta,onsets
of US-5-II and US-5-III. With an increase of chemical grafting,
DMA results showed a continuous increase of Ta,maxs and
Ta,onsets, but DSC results showed that the Tg,mids firstly in-
creased for US-5-II followed by a decrease for US-5-III. It in-
dicated that the increase of chemical grafting obviously
augmented the restriction of soft-segment motion at molecu-
lar-level. However, on domain-scale reflected by DSC, the
highest Tg,mid of US-5-II was attributed to the cooperative ef-
fect of three factors, namely the interaction between soft- and
hard-segments must be considered except for the extent of
physical interaction and chemical grafting between StN and
WPU. The variances of log E0Ta and log E0Taþ30 functioned
as the extent of chemical grafting were same as those of E.
However, although the chemical grafting facilitated preserving
the original interaction of WPU matrix, the log E0Ta and
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log E0Taþ30 values of the US nanocomposites containing chem-
ical grafting were lower than those of the physically blended
US-5. It was due to the expense of eNCO groups in the process
of chemical grafting, which is essential to form the hard-
segments.
3.5. Fractured morphology of nanocomposites
Fig. 9 shows the SEM images of fractured surfaces for the
US nanocomposite and WPU. When the StN content was
lower than 2 wt%, the US nanocomposites (Fig. 9B and C)
showed the fractured surface of fluctuant morphology similar
to WPU (Fig. 9A). It suggested that a small amount of StNs
homogeneously dispersed into WPU matrix with a small
Fig. 9. SEM images of fractured surface of the US nanocomposites with various St

(B): US-1; (C): US-2; (D): US-4; (E): US-5; (F): US-8; (G): US-5-II; (H): US-5-I
size and almost did not change the original structure and frac-
tured behavior of WPU. However, with a continuous increase
of StN loading (higher than 4 wt%), the fractured surface grad-
ually became smooth with densely fluctuant thin stripes. It was
attributed to the breakage of original structure in WPU matrix
after adding higher loading level of StNs. In addition, with an
increase of chemical grafting, the fractured surface of US-5-II
and US-5-III also gradually became smoother, showing a rela-
tive brittle character. It was in agreement with the decrease of
strength and elongation at break. Apparently, SEM images de-
clared the effects of the increasing number and expanded size
of StN nano-phase with the elevating StN loading level as well
as the effects of chemical grafting extent on the greater-scale
structure in the nanocomposites.
N contents prepared by different methods and the WPU reference. ((A): WPU;

II.) The scale of all the bars in the images is 10 mm.
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3.6. Mechanism of simultaneous reinforcing and
toughening
Low loading level (lower than 2 wt%) induced the uniform
dispersion of StNs, resulting in less cleavage of original struc-
ture and interaction in WPU matrix and the forming of strong
physical interaction on the StN surface. It was worth noting
that the US-2 had the highest elongation, which was ca. 1.7-
fold over that of WPU, with enhanced strength and Young’s
modulus. With an increase of StN content, the size of StN
nano-phase inevitably expanded due to the strong self-aggre-
gation tendency of StNs while the number of nano-phase aug-
mented at one time. It not only decreased the effective active
surface of StNs, but also increased the breakage of the original
structure and interaction in WPU matrix and even induced mi-
crophase separation between StN nano-phase and WPU ma-
trix. As a result, after US-5 reached the maximum strength
and Young’s modulus, all the mechanical parameters de-
creased with a continuous increase of StN content because
of the formation of such big StN agglomerates [48]. Mean-
while, the decrease of elongation was prior to strength and
Young’s modulus, and happened when the StN content was
higher than 2 wt%. The simultaneous enhancements in
strength, Young’s modulus and elongation were mainly attrib-
uted to enduring stress of rigid StN and the stress transferring
mediated with strong interaction between StN surface and
WPU matrix as well as the relative uniform dispersion of
the StN nano-filler [44]. At the same time, the excess breakage
of original structure and interaction in WPU matrix as well as
the microphase separation between StN nano-filler and WPU
matrix inhibited further enhancement of mechanical perfor-
mances. Unexpectedly, the chemical grafting between StN sur-
face and WPU component cannot give higher strength. In view
of the inhibition of chemical grafting to forming physical in-
teractions on StN surface, the synergistic effect of physical in-
teraction might facilitate stress transferring much more, which
is the key factor for enhancing mechanical performances. In
addition, the increase of network density, contributed by
chemical grafting, decreased the elongation.

4. Conclusions

New nanocomposite materials were prepared by casting
and evaporating the mixture of waterborne polyurethane
(matrix) and starch nanocrystals (nano-filler). Moreover, the
strength, elongation and Young’s modulus were simulta-
neously enhanced. Herein, two US nanocomposites were
worth noting: (i) the US-2 containing only 2 wt% StNs had
the maximum elongation (1406.6%) and enhanced tensile
strength (28.6 MPa) as ca. 1.7- and 2.6-fold over those of
neat WPU, respectively; (ii) the US-5 filled with 5 wt%
StNs had the highest tensile strength (51.5 MPa) and increased
Young’s modulus (5.2 MPa), which were enhanced by ca.
370% and ca. 93%, respectively, with an increasing elongation
(981.9%). The prominent improvement of mechanical perfor-
mances, i.e. simultaneous reinforcing and toughening, was at-
tributed to enduring stress of rigid StN and stress transferring
mediated with strong interaction on the interface between StN
nano-filler and WPU matrix. Meanwhile, the preserving of
original structure and interaction in WPU matrix was still
a second crucial factor for further enhancing the mechanical
performances. Furthermore, chemical grafting was verified
not to be in favor of enhancing strength and elongation due
to inhibiting the formation of physical interaction on the StN
surface and increasing the network density of nanocomposites.

Different from the other reports of filling high content of
whisker and nanocrystal into polymer matrix to simply
increase strength and modulus, we realized the simultaneous
reinforcing and toughening for waterborne polyurethane-based
nanocomposites using low loading level (less than 8 wt%) of
rigid nanoparticle, such as starch nanocrystals. Such new green
bionanocomposite materials with superior mechanical pro-
perties could be believed to have great potential applications.
Acknowledgements

Financial support from State Key Laboratory of Polymer
Physics and Chemistry (Changchun Institute of Applied
Chemistry, Chinese Academy of Sciences), and Canadian Bio-
mass Innovation Network (CBIN) project TID 824.
Appendix. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.polymer.2008.
02.020.
References

[1] Mecking S. Angew Chem Int Ed Engl 2004;43:1078.

[2] Smith R. Biodegradable polymers for industrial applications. CRC Press;

2005.

[3] Wool R, Sun XS. Bio-based polymers and composites. Elsevier Inc.;

2005.

[4] Darder M, Aranda P, Ruiz-Hitzky E. Adv Mater 2007;19:1309.

[5] Azizi Samir MAS, Alloin F, Dufresne A. Biomacromolecules 2005;

6:612.

[6] Paillet M, Dufresne A. Macromolecules 2001;34:6527.

[7] Putaux J-L, Molina-Boisseau S, Momaur T, Dufresne A. Biomacromole-

cules 2003;4:1198.

[8] Angellier H, Choisnard L, Molina-Boisseau S, Ozil P, Dufresne A.

Biomacromolecules 2004;5:1545.

[9] Angellier H, Molina-Boisseau S, Dole P, Dufresne A. Biomacromole-

cules 2006;7:531.

[10] Angellier H, Molina-Boisseau S, Dufresne A. Macromolecules 2005;38:

9161.

[11] Yuan H, Nishiyama Y, Wada M, Kuga S. Biomacromolecules 2006;7:

696.

[12] Angellier H, Molina-Boisseau S, Belgacem MN, Dufresne A. Langmuir

2005;21:2425.

[13] Thielemans W, Belgacem MN, Dufresne A. Langmuir 2006;22:4904.

[14] Labet M, Thielemans W, Dufresne A. Biomacromolecules 2007;8:2916.

[15] Gopalan Nair K, Dufresne A. Biomacromolecules 2006;4:666.
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