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ABSTRACT: The blend materials from waterborne poly-
urethane (WPU)/starch (ST) with different contents (10—
90 wt %) were satisfactorily prepared by using the solution
casting method. Their miscibility, structure, and properties
were investigated by wide-angle X-ray diffraction (WAXD),
scanning electron microscope (SEM), different scanning cal-
orimetry (DSC), dynamic mechanical thermal analysis
(DMTA), and the tensile tests, respectively. The results in-
dicated that tensile strength of composite materials not only
depended on the starch content, but also related to the
microstructure of WPU. The sample WPU2 (1.75 of
NCO/OH molar ratio) exhibited hard-segment order, but
WPU1 (1.25 of NCO/OH molar ratio) had no hard-segment
order. The appropriate starch filled into WPU not only de-

creased the ordered region of soft-segment matrix, but also
hindered the formation of hard-segment ordered structure.
The blend material from 80 wt % WPU1 and 20 wt % starch
exhibited better tensile strength (27 MPa), elongation at
break (949%), and toughness than others. With an increase of
starch content, the WPU matrix with dispersed starch in the
blends transited to dual-phase continuity and then to starch
matrix with dispersed WPU. The results suggested that a
certain extent of miscibility existed between WPU and starch
in the blend materials on the whole composition ratio. © 2003
Wiley Periodicals, Inc. ] Appl Polym Sci 90: 3325-3332, 2003
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INTRODUCTION

Biopolymer materials derived from renewable re-
sources have been carried into the center of public
interest for environmental protection and sustainable
development. Thus, starch with multi-hydroxyl
groups has been considered as a candidate material in
certain yields because of its biodegradability, deriv-
ability, availability, and low cost." However, the ap-
plications of pure starch materials are limited because
of its water sensitivity and brittle property. Starch and
its derivatives, in both granular and destructured
form, have been blended with various plastics includ-
ing polyethylene, poly(vinyl chloride), and olefin-
based copolymers.” The thermoplastic blend materials
are water-resistant, but not fully biodegradable. Re-
cently, some natural polymers, such as cellulose whis-
kers and derivatives,>* industrial lignin,”® soy pro-
tein,” and poly(lactic acid),® have been induced into
starch to obtain the fully biodegradable materials. In
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these blend systems, starch and its derivatives with
relatively higher rigidity play a role as a modulus-
modifier, extender, gas barrier, etc.

Now, the development of waterborne polyure-
thane (WPU) has become the trend of polyurethane
materials because of environmental requirements.’
Thus WPU can be used to improve the properties of
starch sheets by the blend method. In our laboratory,'"!
the WPU /starch blend sheets have been prepared by
the compression-molding and solution-casting meth-
ods, respectively. Although there is no free isocyanate
to react with starch in the WPU /starch blends, certain
miscibility between WPU and starch is possible to
enhance the tensile strength and the elongation of the
blends. To exploit the materials further, a basic under-
standing of the effect of NCO/OH ratio in WPU and
starch content on microstructure as well as properties
of the blend materials is essential.

In this work, two kinds of WPU with different or-
dered structures were synthesized by changing the
NCO/OH molar ratio, and then mixed with starch in
aqueous system to obtain the blend sheets by solution
casting. The effect of starch content on morphology,
miscibility, and thermal and mechanical properties of
the blends were investigated by wide-angle X-ray dif-
fraction (WAXD), scanning electron microscope
(SEM), different scanning calorimetry (DSC), dynamic
mechanical thermal analysis (DMTA), and the tensile
tests.
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EXPERIMENTAL
Materials

All the chemical reagents used were analytically pure
and obtained from commercial sources in China. Corn
starch was purchased from Wuhan Starch Co. (China).
2,4-Toluene diisocyanate (TDI) was purchased from
Jiangbei Chemical Reagents Factory (Wuhan, China).
Polyethylene-propylene adipate glycol (PEPA) with
number-average molecular weight (M,)) of 1980 was a
gift of Guangzhou Chemistry Institute of China Acad-
emy. Dimethylol propionic acid (DMPA) and triethyl-
amine (TEA) were obtained from Chengdu Polyure-
thane Co. and Shanghai Chemical Co. (China), respec-
tively.

TDI was redistilled before use. PEPA and DMPA
were vacuum-dried before use. TEA and butanone
were treated with 3 A molecular sieves to dehydrate.
Starch was vacuum-dried at 105°C for 5 h before use.

Synthesis of WPU

To synthesize WPU dispersions, PEPA and DMPA
were introduced into a four-necked flask equipped
with mechanical stirrer and thermometer, and then
heated for melting at 80°C; then TDI was added drop
by drop. The reaction was carried out at dry nitrogen
atmosphere for 2-3 h until the —NCO groups content
reached a given value, which was determined by the
method of dibutylamine back titration. Subsequently,
the butanone was poured into the flask to reduce the
viscosity of prepolymer and then cooled to 60°C. After
neutralized with TEA for 30 min, the product was
dispersed with distilled water and solid content was
controlled to 25 wt % under vigorous stirring for 30
min. Two kinds of WPU with 1.25 and 1.75 of
NCO/OH molar ratio were synthesized; their compo-
sitions are listed in Table I

Preparation of blends

The 5 wt % starch aqueous was heated slowly up to
80°C with vigorous stirring for 1 h to obtain a trans-
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TABLE 1
Compositions of Waterborne Polyurethane with
Different NCO/OH Molar Ratios

Polyols (mol) TEA DI

NCO/OH
Sample PEPA DMPA (mol) (mol) molar ratio
WPU1 0.025 0.025 0.025 0.063 1.25
WPU2 0.025 0.025 0.025 0.088 1.75

Note. The molar ratio among PEPA, DMPA, and TEA was
held constantas 1:1 : 1.

lucent paste of starch. Subsequently, the WPU solu-
tion was added into the starch paste and stirred for
30 min. Last, the mixture was degassed and then
cast on a Teflon plate mold, followed by drying at
40°C in an oven for 10 h to obtain a transparent
sheet. The thickness of sheet was controlled to be
about 0.1 mm. According to ISO/R4831966 (E), all
the sheets were stored at room temperature and 75%
relative humidity for 2 weeks to make the moisture
content in the sheet about 5-13% before character-
ization.

The blend sheets prepared from WPU1 and WPU2
were coded as U1S and U2S. At the same time, by
changing the starch content to be 10, 20, 30, 40, 50, 60,
70, 80, and 90 wt %, the blend materials were coded as
U15-10-U15-90 as well as U25-10-U25-90, respectively.
In addition, the sheet prepared from pure starch was
coded as ST.

Characterization

WAXD patterns of the sheets were recorded on
D/max-1200 X-ray diffractometer (Rigaku Denki, Ja-
pan) with Cu Ka radiation (A = 1.5405 X 10~ '°m), and
the samples were examined with 26 ranging from 4 to
40° at a scanning rate of 4° min ™.

SEM micrographs were taken on a Hitachi S-570
microscope (Japan). The sheets were frozen in liquid
nitrogen and snapped immediately, and the cross sec-
tions of the sheets were coated with gold for SEM

observation.

Figure 1 SEM micrographs of cross section for WPUI, ST, and U1S sheets with various weight ratios of starch.
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Figure 2 WAXD patterns of sheets of WPU1, WPU2, ST, and the blends.

DSC was carried out on a DSC-204 apparatus
(Netzsch Co., Germany) under a nitrogen atmosphere
at a rate of 10°C min~' from —140 to 230°C. Prior to
the test, the samples were heated from the room tem-
perature to 100°C to remove moisture and other vol-
atile components in the sheets and then cooled to
—140°C at a rate of 20°C min ™.

DMTA was carried out by using a DMTA-V dy-
namic mechanical analyzer (Rheometric Scientific Co.,
USA) at a frequency of 1 Hz in the temperature range
from —80 to 50°C with a heating rate of 5°C min~".

The tensile tests of the sheets were measured on a
universal testing machine (CMT6502, Shenzhen SANS
Test Machine Co. Ltd., China) with a tensile rate of 5
mm min~ ' according to 1S06239-1986 (E).
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RESULTS AND DISCUSSION
Morphology of the blends

Figure 1 shows the SEM micrographs of cross section
of the WPU1, ST, and blend sheets. The fracture sur-
face of WPU1 and ST sheets are smooth and flat.
However, the U1S-20 sheet blended with 20 wt %
starch exhibited a coarse and fluctuant fracture sur-
face, indicating that the starch was separated into
WPU matrix. When the content of starch increased up
to 50 wt %, the blend achieved dual continuous
phases. As regards to U1S-80 sheet containing 80 wt %
starch, the smaller fiber-like objects dispersed into the
flat background, indicating a structure of starch matrix
with dispersed WPU. Consistent with most cases, the

Heat Flow - ENDO >

<EXO -

-160 -80 0 80 160 240

Temperature / °C

Figure 3 DSC thermograms of WPU1, WPU2, ST, and the blends.
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TABLE II
Glass Transition Temperature and « Transition Assigned to Soft-Segment for WPU1, WPU2, and their Blends with
Starch of Various Contents Measured by DSC and DMTA

Starch content (wt %)

WPU types 20 50 80
T, (onset)/°C WPU1 —42.6 —38.9 —41.3 —43.2
WPU2 —41.1 —39.5 —40.9 —40.7
AC, /X102 g L Kt WPU1 0.46 0.32 0.15 0.06
WPU2 0.38 0.27 0.18 0.08
T,/°C WPU1 —20.83 —18.01 —25.33 —25.39
WPU2 —29.32 —27.28 —29.02 —31.01
Height of tan 8 peak WPU1 0.55 0.12 0.12 0.13
WPU2 0.28 0.23 0.11 0.06

major component of the blend formed the continuous
phase, whereas the minor component formed the dis-
persed phase without obvious phase separations.

WAXD patterns for two series of blends are shown
in Figure 2. The peaks at 17 and 19.5° assigned to the
crystalline peaks of starch, which weakened obviously
with a decrease in the starch content. The US-20 con-
taining 20 wt % starch exhibited the amorphous pat-
terns, similar to the corresponding WPU, indicating
that the starch dispersed into WPU matrix could not
form the domain independently. However, the crys-
talline peak of the blends with relatively high starch
content (e.g., 50 and 80 wt %) appeared in 17 and 19.5°,
suggesting that starch in the blends aggregated to
form the order domains and kept the crystalline be-
havior in ST.

DSC thermograms in Figure 3 gave the detailed
information of one glass transition assigned to WPU;
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the data are listed in Table II. The blends containing 20
wt % starch exhibited higher glass transition temper-
ature (T,) than the corresponding WPU and the other
blends with starch content of higher than 50 wt %,
suggesting that US-20 sheets exhibited relatively
higher miscibility. Usually, the miscibility in the blend
resulted from the specific interaction between the
components, such as hydrogen bonding between car-
bonyl of WPU and hydroxyl of starch in this case.
Figure 4 showed that the changes of heat capacity
(AC,,) decreased with an increase of starch content,
and the relationship of AC, , versus starch content for
the sheets U1S and U2S series was not linear, indicat-
ing that there was some interaction between WPU and
starch.'> DMTA can be used to reflect the mobility of
chain segment and to obtain the temperature of a-re-
laxation (T,) corresponding to T, from DSC. Usually
the T, was higher up to 10°C than T, from DSC

0.5
0.4 |

M

‘oo 03|

o]

=

]

>

~ 02}

Uﬂ-

]
01 F
0.0 |

L i 1 i 1 2 1 i 1 A 1

0 20 40 60 80 100

Starch content / wt%

Figure 4 Dependence of heat capacity (AC,) determined by DSC on starch content for U1S (@) and U2S (O) series sheets.
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Figure 5 DMTA curves of the sheets WPU1, WPU2, ST, and the blends.

because of the dynamic nature of the DMTA test.* As
shown in Table II, T, of US-20 sheets obtained from
Figure 5 were higher than corresponding WPU
sheets, suggesting that the mobility of soft segment
assigned to WPU was restricted because of the in-
teraction between WPU and starch. When the starch
content increased, the starch domains formed, re-
ducing the intermolecular interaction between WPU
and starch.

Microstructure of the blends

DSC usually reflects the greater scale of molecular
mobility than DMTA and mainly focused on the pu-
rity of soft-segment matrix or the mixing degree of soft
and hard segment. Thus, the differences of Tg values
for two series of WPU were very weak, indicating that
the changes of NCO/OH molar ratio in WPU had no
influence on the aggregation of soft segment. DSC

thermograms in Figure 3 showed that WPU1 had one

melting peak at 143.3°C assigned to the order of soft
segment, but WPU2 exhibited two melting peaks at
159.0 and 205.1°C assigned to the order of soft seg-
ment and the order of hard segment, respectively.'* It
indicated that the increase of NCO/OH molar ratio
decreased the order of soft segment, but enhanced the
order of hard segment. The obvious difference of T,
for two series blends suggested the freedom of soft-
segment mobility was mainly restricted by the or-
dered structure in soft-segment matrix, and thus
WPU1 with more ordered structure of soft segment
exhibited higher temperature of o-transition. Com-
pared with WPU, higher T, of US-20 sheets implied
that the starch in the soft-segment matrix of WPU
restricted the mobility of soft segment because of the
relatively strong hydrogen-bonding interaction. How-
ever, when the starch content was over 50 wt %, the
starch domain formed and exhibited relatively weak
interaction with WPU, resulting in the lower T, (e.g.,
US-50 and US-80 sheets).
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Figure 7 Stress—strain curves of WPU1, WPU2, ST, and two series of the blend containing 20, 50, and 80 wt % starch.

The range and shape of melting transition may in-
dicate the effects of incorporating starch on the struc-
ture of WPU. Compared with the DSC thermograms
of the corresponding WPU, the ordered structure in
US-20 sheets was destroyed, which can be seen by the
weakening of melting peak assigned to the ordered
soft segment in U15-20 and the disappearance of melt-
ing peak at high temperature for the ordered hard
segment in U25-20. Although the DSC curves of US-20
in two series were very similar, their changes com-
pared to origin WPU were very different. The starch
just only reinforced the soft segments in U15-20, but
for U25-20, it also destroyed the order of hard seg-
ments. With an increase of starch content, the endo-
thermic peak gradually broadened and strengthened,
and even that of US-80 sheets containing 80 wt %
starch were very similar to ST sheet, indicating that
the increase of starch content resulted in the expansion
of the ordered starch domain. This is in good agree-
ment with the sole crystalline behavior of starch
shown in Figure 2, when the starch content is rela-
tively higher.

Mechanical properties

The experimental results of the tensile strength, elon-
gation at break, and Young’s modulus for two series
blends are shown in Figure 6 with the magnifying
figure in the insert. Usually, the incorporation of
starch as a relatively rigid granule in polymeric blend
result in a decrease of elongation at break and tensile
strength,'>'® but an increase of modulus.'” The
changes of elongation at break and Young’s modulus
were consistent with the behaviors of other starch/

polymer systems. However, the tensile strength of
U1S series first increased to 20 wt % starch content and
then decreased to 50 wt % starch content, followed by
constantly increasing up to pure ST sheet. Simulta-
neously, the tensile strength of U2S series first de-
creased up to 30 wt % starch content, and then con-
stantly increased up to pure ST sheet. When the starch
content was higher than 50 wt %, the mechanical
properties for the two series were very close because
the starch continuous phase dominated the mechani-
cal properties of blends. When the starch content was
lower than 50 wt %, the difference of tensile strength
for two series of blends appeared, owing to the effects
of starch on the microstructure of WPU. WPU2 with
higher NCO/OH molar ratio exhibited higher tensile
strength than WPU1 because of the formation of hard-
segment ordered structure. Thus, the incorporation of
rigid starch with moderate content not only filled into
the soft-segment matrix to reinforce the materials, but
also hindered the formation of hard-segment ordered
structure to result in the decrease of tensile strength,
resulting in the increase of tensile strength of WPU
with relatively low NCO/OH molar ratio.
Stress—strain curves of WPU1, WPU2, ST, and the
blends with different WPU and starch contents are
shown in Figure 7. The ST and the blend sheets con-
taining 80 wt % was very rigid and brittle. However,
the flexibility of the blend sheets containing 50 wt %
WPU enhanced slightly, but its brittleness was not
obviously improved. When the starch content de-
creased to 20 wt % in U1S series, the composite mate-
rial exhibited better flexibility and tough properties
than others. The stress—strain curves obviously indi-
cated that the U15-20 sheet has simultaneously good
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0y, (27 MPa)and ¢, (949%), as well as relatively large
area under the stress—strain curve, which represents
the material toughness. The reinforcement of 20 wt %
starch in WPU1 plays an important role in improving
the mechanical properties of the blend material U1S-
20.

CONCLUSION

Blend materials were prepared successfully from two
kinds of WPU with different NCO/OH molar ratios
and starch with different contents by solution casting.
The certain extent of miscibility occurred between
WPU and starch in the blend materials on the whole
ratio of WPU to starch. With an increase of starch
content, the WPU matrix with dispersed starch in the
blends changed to dual-phase continuity, and finally
to starch matrix with dispersed WPU. Compared to
the blends containing WPU2 (1.75 of NCO/OH molar
ratio), the blends containing WPU1 (1.25 of NCO/OH
molar ratio) and 20 wt % starch exhibited significantly
good tensile strength, elongation at break, and tough-
ness. Therefore, 20 wt % starch in WPU1 plays an
important role in improvement of various mechanical
properties of the blend materials.
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