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ABSTRACT: The mechanical properties of thermoplastic starch (TPS) and poly(hydroxy
ester ether) (PHEE) blends were studied as a function of the starch concentration. The
moisture level present during processing significantly affects the morphology. A dis-
persed droplet morphology was observed even at very high starch levels at low moisture
levels. On the other hand, the dispersed phase was significantly deformed under high
moisture conditions, leading to fibrillar and laminar types of morphologies at high
starch levels. The change in morphology has a significant effect on the mechanical
properties. The presence of elongated starch domains improved the tensile strength and
modulus of the blends with no loss in ductility. The blend modulus could be effectively
represented by the particular morphology present at any given starch concentration
range, using a generalized form of Kerner’s equation. The properties of the blends
changed with the conditioning time and relative humidity (RH), due to the change in
the moisture content of each phase. An attempt was made to express the blend modulus
as a function of the relative modulus of the two phases, calculated at any given RH or
conditioning time. The data could be shifted fairly well from one RH to another under
equilibrium conditions. However, a shift from one conditioning time to another was
difficult, owing to the slower kinetics of moisture exchange at higher amounts of PHEE,
which has to be taken into account. © 2002 John Wiley & Sons, Inc. J Appl Polym Sci 84:
121–131, 2002; DOI 10.1002/app.10271
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INTRODUCTION

Starch is an abundantly available, low-cost, an-
nually renewable natural resource. Due to these

beneficial properties, there has been considerable
research for the development of starch-based bio-
degradable plastic materials.1 Earlier work fo-
cused on the use of native granular starch as a
filler in rubber and plastics. Only low levels of
starch could be used in filled systems due to the
inherent loss in mechanical properties at high
loadings. Hence, more recently, thermoplastic
starch (TPS) has been blended with other biode-
gradable polymers. TPS is formed when the gran-
ular structure of starch is totally disrupted under
high-shear, high-temperature extrusion condi-
tions and in the presence of plasticizers, such as
water. The properties of TPS blends will depend
on the morphology produced during processing.
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Unfortunately, there has been little research in
understanding the processing–morphology–prop-
erty relationships in TPS blends.2

Moisture plays a crucial and fairly complex role
during and after extrusion. In an earlier publica-
tion,3 it was shown that the moisture level
present during extrusion influenced the rheologi-
cal conditions during the blending process. In par-
ticular, the viscosity ratio could vary over two
orders of magnitude in the often used 15–30%
moisture range. Consequently, the morphology
developed during processing is strongly depen-
dent on the plasticizer level and temperature
used during processing. There is also moisture
exchange between TPS and poly(hydroxy ester
ether) (PHEE) during extrusion, which affects the
rheology as well as the postextrusion moisture
content of each phase. Furthermore, on condition-
ing the extruded blends, there is exchange of
moisture between each of the component phases
and the environment. In this article, the tensile
properties of blends processed at different mois-
ture levels were studied to characterize the rela-
tionship between the morphology and the proper-
ties.

Starch is a hygroscopic material and will ab-
sorb varying amounts of moisture under different
relative humidity (RH) conditions, for example,
7% at 20% RH to 24% at 90% RH.4 The glass
transition temperature (Tg) of starch varies sub-
stantially with the moisture content, changing
from 140°C at 20% RH to 18°C at 90% RH.4 A
wide range of mechanical properties are possible
due to broad changes in the Tg. A limiting factor
in the successful use of TPS products is the em-
brittlement at low RHs and the low modulus and
strength at high RHs. Hence, a major objective of
blending TPS with other polymers is to improve
the water resistance as well as the mechanical
properties. Blending of TPS with PHEE partially
mitigates this problem due to the very low water
permeability of PHEE. The mechanical properties
of PHEE are, however, also sensitive to the water
content. The mechanical properties–moisture re-
lationship of PHEE was studied in detail by St.
Lawrence et al.5 The modulus and tensile
strength decreases with an increasing moisture
content, for example, the modulus decreases from
a value of 1000 MPa at 0% RH to about 40 MPa at
50%RH.5 This is due to the change in the Tg of
PHEE from 45°C in the dry state to 10°C at 5%
moisture3 (Fig. 1). The changing moisture content
of each phase adds complexity in understanding
the mechanical properties of the blends exposed

to varying humidity conditions. Such an under-
standing is necessary for the successful utiliza-
tion of starch-based plastics. This article at-
tempts to address this problem by relating the
blend properties to the moisture content of each
phase and the particular morphology present.

Modeling of Blend Mechanical Properties

Nielson and Landel6 gave a generalized form of
the Kerner equation to predict the Young’s mod-
ulus (E) of blends containing dispersed particles
(2) in the matrix (1):

E
E1

�
1 � AB�2

1 � B��2
(1)

A � kE � 1; kE is the generalized Einstein coeffi-
cient;

B �
E2/E1 � 1
E2/E1 � A ; � � 1 �

1 � �m

�m
2

and �m is the maximum packing fraction.
To predict the blend properties, the modulus

for each phase and an estimate of the maximum
packing fraction is needed. This general form is
preferred to Kerner’s equation since it is valid
over the entire range of stiffness values of the
dispersed and matrix phases. In addition, the
same equation can be used to predict the blend

Figure 1 Plot of glass transition temperature versus
moisture content for PHEE.
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modulus when the dispersed phase is in the shape
of fibers and ribbons.6 The shape factor A changes
with the aspect ratio (L/D) of the dispersed phase
and plays a crucial role in determining the degree
of reinforcement. For the case of spherical parti-
cles, kE � 2.5 and A � 1.5. For modulus measured
in the direction of the aligned fibers, A is simply
equal to 2L/D. Hence, the modulus is much
greater for the case of long rods. Aspect ratios
greater than 100 are required to obtain a maxi-
mum modulus and, therefore, ribbons are espe-
cially effective. For very high aspect ratios, the
longitudinal modulus can be expressed by the
parallel model:

E � E1�1 � E2�2 (2)

The parallel model can also be successfully used
for the case of thin ribbons. The strength of fiber-
filled composites is harder to predict due to the
complex fracture phenomena. Only in the case of
infinitely long aligned fibers is the strength given
by the mixture rule, when testing is done in the
direction of the fiber alignment. The composite
strength does depend on the length of the fibers/
ribbons. For continuous blends, modulus can be
represented by6

En � E1
n�1 � E2

n�2 (3)

where n is a constant from �1 to �1.

EXPERIMENTAL

Materials

Native normal cornstarch (Buffalo 3401, Corn
Products International, Englewood Cliffs, NJ)
was used. The cornstarch is composed roughly of
30% by weight amylose and 70% amylopectin and
possesses about 10% moisture at ambient condi-
tions.

PHEE was supplied by The Dow Chemical
Company (Midland, MI). PHEE is a hydroxy-
functional polyester7 prepared by the reaction of
the diglycidyl ether of bisphenol A and adipic acid
using quaternary ammonium halide salts as ini-
tiators.8 These polyesters have excellent barrier
and good tensile properties9,10 and show strong
adhesion to starch.11 PHEE has been shown to be
readily biodegradable in a laboratory-scale com-
post environment.10

Processing

Blends were extruded on a Leistritz 18-mm coro-
tating twin-screw extruder. Cornstarch was gela-
tinized with water (30% wt/wt) in the first extru-
sion run. The extrusion was carried out with a
temperature profile of 70, 90, 90, 90, 90, and 50°C
and a screw speed of 100–150 min�1. The last
zone was cooled to prevent excessive water vapor-
ization. There was negligible water loss during
processing, as determined by moisture analysis of
the extruded filaments. The gelatinized starch
was pelletized and conditioned to the appropriate
moisture level before blending with PHEE in a
second extrusion run at 120°C and a screw speed
of 100–150 min�1. The concentration of TPS was
varied from 10 to 80% by weight and the moisture
content of TPS was varied from 15 to 30%. It
should be noted that any processing moisture con-
tent mentioned is based on preextruded TPS on a
wet basis.

Testing

Tensile testing was carried out on the extruded
filaments (4–6 mm diameter) on an Instron
Model 4201 universal testing machine. The sam-
ples were held 40 mm apart in pneumatic grips
and pulled at a rate of 10 mm/min. Rubber-coated
grips were used since the samples slipped with
the smooth grips and failed within the serrated
grips. Under these testing conditions, the effec-
tive gauge length can be higher than the actual
separation between the grips, due to the deforma-
tion within the grips. This can affect the absolute
values of the modulus and the percent elongation.
This error was ignored since the intention was to
compare values for the different blends and it was
assumed that the effective gauge length does not
vary from sample to sample. Testing was per-
formed on at least five samples conditioned at
50% RH and a 23°C room temperature for 2 weeks
and after they had attained an equilibrium
weight (roughly 6 weeks). Testing was also done
on samples conditioned in dessicators containing
saturated salts of LiCl, CaCl2 � 6H2O, and NH4Cl/
KNO3, which gave 15, 33, and 73% RH, respec-
tively.

X-ray analysis was performed on a Phillips
Model PW 1820 automated powder diffractometer
operating at 40 kV and 30 mA. The scan was over
a scattering angle (2�) of 4–40°C and a step size
of 0.05 2� units. Glass transition measurements
were made on a Perkin–Elmer DSC-7 differential
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scanning calorimeter (DSC) with a liquid nitrogen
cooling accessory. The heating scan was normally
from �30 to 70°C at the rate of 10°C/min. Her-
metically sealed stainless-steel pans were used to
minimize water loss during the scans. Moisture
content was determined using an infrared detec-
tor (Ohaus Model MB200, Ohaus Corp., Florham
Park, NJ) by heating at 170°C for 5 min, followed
by 105°C for 15 min.

RESULTS AND DISCUSSION

Starch was gelatinized in a first extrusion run to
eliminate any intact or partially melted starch
granules which can affect the mechanical proper-
ties.12 Scanning electron microscopy and X-ray
diffraction tests showed a complete destruction of
the granular structure and crystallinity. TPS was
then conditioned to 16, 19, and 25% moisture (wet

Figure 2 Equilibration plots of 20, 50, 80, and 100% starch blends processed at a 25%
moisture level and conditioned at 50% RH: (a) weight at any time/initial weight and (b)
weight loss/dry weight of starch as a function of time.
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basis) and blended with PHEE in a second extru-
sion run. Tensile tests were made on the extruded
filaments after aging at different RHs for 2 weeks
and after an equilibrium weight had been
reached. Starch, being hygroscopic, reaches an
equilibrium moisture fairly rapidly (within
hours). However, the blends, even at a 80% starch
level, do not reach an equilibrium weight in 2
weeks. This is essentially due to the slower de-
sorption of moisture from starch in the presence
of PHEE. Figure 2 illustrates the kinetics of the
desorption process for the blends processed at
25% moisture starch and conditioned at 50% RH.
It is clear that, irrespective of the blend concen-
tration, it takes almost 1 month until equilibra-
tion is reached.

Figure 3 shows the modulus, ultimate tensile
strength, and percent elongation for the 25%
moisture blends conditioned at different RHs for 2
weeks. The shapes of the modulus and tensile
strength plots are very similar. The blends condi-
tioned at low humidities (15 and 33% RH) could
not be tested at high starch concentrations since
the extremely brittle filaments tended to crack
while being loaded into the pneumatic grips. The
modulus and tensile strength increase while the
percent elongation decreases with decreasing RH
due to the lower moisture levels present. To un-
derstand the shape of the graphs, the morphology
of the blends has to be considered. A comprehen-
sive discussion of the morphology can be found in
ref. 3 and only a summary is provided in Table I.
At a processing moisture content of 25%, dis-
persed starch droplets are present until a 40%
starch level and fibers/ribbons oriented along the
length of the filaments are present in the 40–70%
starch range. Up to 40% starch, there is only a
slight loss in strength and a slight increase in the
modulus. There is substantial reinforcement in
the 40–70% starch range due to the presence of
fibers/ribbons, accompanied with a loss in ductil-
ity. This can be more clearly seen in the stress–
stain plots (Fig. 4) of the blends where a clear
change from ductile to brittle behavior can be
seen in the 40–80% starch range.

As mentioned earlier, the blends have not
reached an equilibrium moisture content at the
end of 2 weeks. It should be pointed out that
PHEE also loses moisture during the conditioning
process, although very slowly. The starting PHEE
moisture content is high since PHEE picks up
moisture from the wet starch during extrusion.
Even though the ambient moisture content of
PHEE is only about 1%, it is 4.4 and 3.2% in the

Figure 3 Tensile properties of TPS/PHEE blends pro-
cessed at 25% moisture starch and conditioned at var-
ious RHs for 2 weeks: (a) tensile strength; (b) modulus,
and (c) percent elongation versus starch concentration.
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blends extruded at 25 and 16% starch moisture,
respectively.3 The moisture content of PHEE was
estimated by measuring its Tg in the blend and
using Figure 1. The difference arises due to the
higher amount of water transfer for blends pro-
cessed at higher moisture levels. It was shown
that there is an apparent linear relationship be-
tween the postextrusion moisture content of
PHEE and the preextrusion moisture content of
TPS.3 On conditioning, there is a change in the
moisture content of PHEE to the equilibrium
value of 1.8% at 50% RH (corresponding to a Tg of
30°C). More importantly, during the conditioning
process, the Tg of PHEE changes from below room
temperature to 30°C and there is a substantial
increase in the modulus and tensile strength. The

desorption of moisture in starch also increases its
Tg and the modulus. The moisture content of each
phase and, consequently, the relative modulus
play a crucial role in the level of reinforcement.
The properties of pure PHEE reported in Figure 2
are estimated at the moisture content of PHEE in
the blend at the end of 2 weeks, using the data of
St. Lawrence et al.5

Figure 5 shows the change in tensile proper-
ties with the conditioning time at 50% RH for
the blends processed at different moisture lev-
els. There is a significant increase in the
strength and the modulus for the case of the
25% moisture blend but a much smaller in-
crease for the 16 and 19% moisture blends. For
the 16 and 19% moisture blends, the starting
moisture level of starch is closer to the equilib-

Figure 4 Stress–strain plots of different concentra-
tion blends processed at 25% moisture starch and con-
ditioned at 50% RH for 2 weeks.

Figure 5 Effect of conditioning time at 50% RH on
the tensile properties of TPS/PHEE blends processed at
different moisture levels: (a) tensile strength; (b) mod-
ulus.

Table I Types of Morphologies Present
in Blends Processed at Different
Moisture-Level Starch

25% Moisture 16% Moisture

Dispersed Dispersed
Droplets Droplets

0–40% starch 0–60% starch
Fibrillar (fiberlike)

50–70% starch

Stratified Cocontinuous
Lamellar (sheetlike) 60–80% starch

60–70% starch
Cocontinuous

60–80% starch
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rium value of 11% and there is little change in
the properties from 2 weeks to equilibrium.
Also, the starting moisture level of PHEE is
closer to the equilibrium value of 1.8% for the
case of the 16 and 19% moisture blends. There
is an obvious assumption that both phases in
the blend equilibrate to the same moisture level
as in the pure form, which is not strictly correct.

Figure 6 shows that the moisture content of the
blends deviates somewhat from the sum of the
moisture contents of the pure components.

Since the starting moisture level in the three
types of blends is different, it is important to
ensure that they reach similar moisture levels in
order to compare their properties on an equal
basis. This was ensured by conditioning the
blends until they attained an equilibrium mois-
ture level. Figure 6 confirms that the three types
of blends equilibrate to the same moisture content
at all starch concentrations. The different blends
also showed an identical PHEE Tg value of ap-
proximately 30°C on long-term conditioning, con-
firming that the moisture level was the same in
the PHEE phase. Since the total moisture level is
the same in the different blends, it implies that
the starch phase also has the same moisture level.

Retrogradation or recrystallization can occur
in TPS if the Tg is below the conditioning temper-
ature. Physical aging can occur even if the Tg is
above the conditioning temperature. This process
involves a decrease in the free volume but no
crystallization. Both these processes can have a
significant impact on the final mechanical prop-
erties.2,12 Shogren and Jasberg13 showed that
pure TPS at 20 or 30% moisture underwent little
change in the tensile strength on conditioning at

Figure 6 Equilibrium moisture content of TPS/
PHEE blends conditioned at 50% RH.

Figure 7 X-ray diffraction plots of TPS/PHEE blends conditioned to equilibrium at
50% RH: (a) 70% starch, 25% moisture; (b) 70% starch, 16% moisture; (c) 40% starch,
25% moisture; (d) 40% starch, 16% moisture.
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50% RH for as long as 150 days. They used the
same type of cornstarch as used in this work.
There was a more noticeable change in the per-
cent elongation. However, more importantly, the
final properties were the same, irrespective of the
starting moisture level of TPS before condition-
ing. Figure 7 shows the X-ray diffraction patterns
of 40 and 70% starch blends processed at 16 and
25% moisture starch and conditioned to equilib-
rium at 50% RH. The peaks at 2� � 12.8, 19.7,
and 22.5°C have been attributed to amylose,
which has formed helical inclusion complexes
with lipid or been recrystallized in the B and A
forms.13 It is clear that the scans are identical for
the two blends at both starch concentrations. This
confirms that the nature and degree of recrystal-
lization is the same even though the moisture
histories of the two blends are different. Hence,
any differences in the final properties of the
blends cannot be attributed to differences in the
aging behavior of starch.

The tensile strength of the different blends con-
ditioned to equilibrium at 50% RH can be seen in
Figure 5(a). At starch concentrations greater than
40%, the blends processed at a 25% moisture level
show significantly higher tensile strengths than
those of the 16 or 19% moisture blends. The dif-
ferences among the 16 and 25% moisture level
blends are in excess of the standard error (only
shown for the case of equilibrium properties). The
tensile strength of the different blends is practi-

cally the same at the 40% starch level. Figure 5(b)
shows that there is a similar trend with the mod-
ulus, although the differences are less and con-
fined to the 40–70% starch levels. The percent
elongation is plotted in Figure 8 (error bars are
omitted for the sake of clarity) and the different
blends have similar values, except at a 40%
starch level, where the 25% moisture blend dis-
plays a much higher elongation.

As shown in Table I, to a 40% starch level, both
the 16 and 25% moisture level blends show a
dispersed droplet morphology. However, the av-
erage particle size is much higher at the 16%
moisture level (roughly 100 compared to 10 �m).3

Since the tensile strength and modulus are the
same at this starch level, it appears that these
properties are insensitive to the particle size in
the 10–100 �m range. Similar results were seen
for the case of granular cornstarch-filled PHEE.14

At the 50 and 60% starch level, elongated mor-
phologies exists with the 25% moisture blends.
Hence, the improvements in the tensile proper-
ties for the 25% moisture blends are related to the
presence of fibrillar and laminar morphologies at
these starch concentrations. It should be noted
that the testing was performed in the same direc-
tion in which the elongated domains are oriented.

Figure 9 shows a comparison of the experimen-

Figure 8 Percent elongation versus starch concentra-
tion for TPS/PHEE blends conditioned to equilibrium
at 50% RH as a function of starch moisture content
during processing.

Figure 9 Comparison of morphological predictions
and experimental data for blends processed at 16 and
25% moisture and conditioned to equilibrium at 50%
RH.
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tal modulus to the predictions based on the dif-
ferent morphologies [eqs. (1)–(3)] for 16 and 25%
moisture blends conditioned to equilibrium at
50% RH. For the case of the spherical particles,
�m was taken as 0.63, which is the theoretical
random packing value and is also close to the
value estimated for the case of cornstarch/PHEE
composites.15,16 For the case of fibers/ribbons, �m
was simply taken as 0.82, the value for random
close packing of the aligned fibers. For the cocon-
tinuity equation, n was arbitrarily chosen as 0.5.
Figure 9 clearly shows that the experimental data
for the 16% moisture blend closely follows the
predictions of the dispersed droplet system. In
contrast, the 25% blend follows the prediction for
the particle model to a 40% starch level but falls
closer to the predictions of fibers and ribbons in
the 40–80% starch range.

The morphology of the blends is determined by
the extrusion conditions, particularly, the mois-
ture level. During conditioning, there is change in
the water content of the two phases but the mor-
phology remains fixed. This implies that, on con-
ditioning, the shape factor A and the maximum
packing fraction �max are constant but the factor
B would change since the modulus of both phases
and, hence, the E2/E1 ratio is changing. It has
been shown that the composite modulus is very
sensitive to E2/E1.6,17 It is possible that the effect
of a changing moisture content can be examined
indirectly using the E2/E1 ratio.

A complex combination of different morpholo-
gies is present in the 50–80% starch range for the
25% moisture blend. Instead of trying to calculate
the possible contribution from each type of mor-
phology, eq. (1) was used to describe the data in
the entire concentration range. There are obvious
simplifying assumptions and errors in this ap-
proach: It is not known how well this model de-
scribes the data for TPS blends, although it was
shown by Willett17 that the above model does
describe the modulus data for the case of corn-
starch/PE composites containing the ethylene-co-
acrylic acid copolymer. Also, values for the maxi-
mum packing fraction for starch fibers are not
known. With this approach, the change in mor-
phology is simply represented through factor A.
Hence, in principle, at one RH, eq. (1) can be used
to determine A at different starch concentrations,
and then using these values of A � f(�), the mod-
ulus can be predicted at different RHs. Table II
shows the fitted A values determined from the
data for the case of the 25% moisture blends con-
ditioned to equilibrium at 50% RH. It was as-

sumed that the spherical particle condition was
valid for a starch concentration less than 40% by
weight (A � 1.5). For concentrations in the 40–
80% starch range, A was estimated from eq. (1).
Although this is simply a fitting procedure, the
trend shown is experimentally observed, with A
(or elongation) increasing from 40 to 60% starch
and then decreasing at 70 and 80% starch as
cocontinuity sets in.

The results obtained from the above-mentioned
procedure are illustrated in Figure 10(a), where
the relative modulus (E/E1) is plotted versus the
starch concentration for the case of a 25% mois-
ture blend conditioned to equilibrium at 50 and
73% RH. The prediction curve for the 73% RH
case is estimated using the A values listed in
Table II and the equilibrium modulus values for
the pure components. There is reasonable agree-
ment between the experimental data and the
model predictions. In Figure 10(b), a similar shift-
ing of the data is attempted for the case of the
blends conditioned at 50% RH for 2 weeks. It is
evident that the model overpredicts the experi-
mental data in the 40–70% starch range. The
80% starch point is, however, fairly close to the
prediction. The trouble in such an analysis is in
the use of the component modulus values, since
the composite modulus is very sensitive to E2/E1.
The Tg (�23°C) value of pure PHEE is similar to
its value in the blends. Hence, the modulus based
on the pure PHEE conditioned for 2 weeks de-
scribes well the condition of PHEE in the blend.
However, for the case of TPS, a different situation
exists: Pure TPS is essentially conditioned in 2
weeks but the starch in the blends is losing mois-
ture at varying rates, depending on the blend
concentration. This is evident from Figure 2,
where, clearly, at 14 days, the starch phase in the
80% blend sample has lost much more moisture

Table II Shape Factor A Estimated from the
25% Moisture Blends Conditioned to
Equilibrium at 50% RH

Starch Concentration
(% wt) A

10–40 1.5
50 55
60 4

(parallel model)
70 180
80 30
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than has the 20 or 50% blend sample. Hence, the
modulus of the TPS phase in these blends is going
to vary with the starch concentration. From Fig-

ure 2, the actual moisture content of TPS in the
50% blend is estimated to be 18% on a wet basis.
This corresponds to a TPS modulus value of
roughly 500 MPa. The corresponding value for the
80% starch blend is 13.5% moisture and the mod-
ulus can be interpolated to 700 MPa, assuming a
linear relationship between the modulus and the
moisture content.18 It is assumed that the mois-
ture content of TPS is roughly 18% in the entire
40–70% blends. The corrected prediction line is
shown in Figure 10(b) and is much closer to the
actual experimental data. Hence, the properties
can at least be roughly estimated at any given
conditioning time if the kinetics of moisture ex-
change are known for each phase.

CONCLUSIONS

The morphology generated during processing is a
strong function of the initial level of the plasti-
cizer present. The blends processed at the higher
moisture level showed a better tensile strength
and modulus due to the presence of fibrillar and
laminar morphologies which were oriented in the
flow direction. The properties of the blends could
be effectively represented by the particular mor-
phology present in a given starch concentration
range. If knowledge about the effect of the pro-
cessing conditions on the morphology is available,
the final mechanical properties can be effectively
controlled.

The blend properties change with the RH and
aging time due to the change in the moisture
content of the component phases. It is theoreti-
cally possible to model the blend properties by the
changing properties of the individual phases. The
data could be shifted fairly well from one RH to
another, under equilibrium conditions, but not
from one aging time to another, owing to the
different kinetics of moisture exchange at differ-
ent blend concentrations. This situation can be
improved by correcting to the actual moisture
(and, hence, the modulus) condition.

This research was conducted under a Co-operative Re-
search and Development Agreement (CRADA), No. 58-
3K95-8-0634, between the Agricultural Research Ser-
vice (ARS) and the Biotechnology Research and Devel-
opment Corp. (BRDC). The authors wish to thank
Andrew J. Thomas and Tim Bond for assistance in the
extrusion work, Gary Grose for the X-ray diffraction
analysis, and Dr. St. Lawrence for very useful discus-
sions about the mechanical modeling.

Figure 10 Comparison of predicted and experimental
data for blends processed at 25% moisture (a) as a func-
tion of RH and (b) as a function of conditioning time.
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