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Morphology and Rheology on the Blends of PLA/CMPS
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Abstract: The rheological behaviors and morphologies of polylactide (PLA) and chemically modified plasticized
starch (CMPS) blends were investigated. For this study, oscillatory shear flow measurements of the PLA, CMPS and
their blends were performed. A scanning electron microscope (SEM) study was also conducted on the extracted
extrudates of the blends. The morphology of the blend changed in relation to the composition: sphere-shaped CMPS
disperse/continuous PLA, rod-like deformed CMPS phase/continuous PLA, a co-continuous structure with bridged
CMPS long rods and PLA dispersed/continuous CMPS. The composition of the phase inversion could be estimated
and closely coincided from the observed morphology experimental results. The rheological behavior of the blends,
from oscillatory measurements, was found to vary in relation to the composition, and reflected the morphologies of
the blends. PLA showed Newtonian flow behavior, while CMPS showed strong shear thinning behavior. The rela-
tionships between the morphology and rheological properties were observed in detail.
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Introduction

In recent years, the blend of polylactide (PLA) and gran-
ule starch were studied by many researchers because it will
become more environmental and ecologically sound poly-
mer and give economical benefit and combined property.'"?
More recently, the development of thermoplastic starch
(TPS) from granular starch and plasticizers provided a
renewable, biodegradable and cost effective material flow-
able like other conventional thermoplastics.'*'® Like most
studies on polymer blends, to obtain desirable properties
of blends the efforts of increasing interfacial adhesion
between PLA and starch or TPS were made by many
researchers.”*!'""” There were many outcomes for good
mechanical properties of PLA blends or composites but few
studies on the understanding of rheological and morpholog-
ical properties.

It is well known that the final morphology, which may
occur during melt mixing, affects the blend properties and
in turn on the application and also is highly affected by the
melt rheological properties. Thus, understanding the melt
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theological properties and morphology of blend is not only
important in gaining fundamental knowledge of the pro-
cessability and blend properties, but is also helpful in under-
standing the morphology-rheology-property relationships
for the final stage of PLA blend.?*%

In this study we will observe the dynamic rheological
properties and the changes of morphologies with chemically
modified plasticized starch (CMPS) content by etching the
extrudates of blends. In addition, the effects of composition
on the rheological behavior in dynamic shear condition will
be investigated in detail in connection with the blends mor-
phologies.

Experimental

Materials. Poly(lactic acid) (NatureWork® PLA Polymer
2002D) with specific gravity of 1.24 and a melt flow index
of 4-8 g/10 min (measured at 190°C under a load 2.16 kg)
was obtained from Cargill Dow LLC. Comn starch (11%
inherent moisture) was obtained from Shindongbang Inc.
Korea. It was used as purchased. Glycerol, sodium hydrox-
ide and chloroform obtained from Ducksan Pure Chemical
Co. Ltd, were used as purchased. 2,5-bis((tert-butylperoxy)
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Figure 1. SEM images of the PLA phase after extraction of
CMPS from the extrudate of CMPS10: fractured surface latitudi-
nally (a), longitudinally (b) to the flow direction, and skin (c).

-2,5-dimethyl hexane (Luperox) and maleic anhydride (MA)
were provided by Aldrich.

Preparing Chemically Modified Plasticized Starch.
Starch was reactively modified using MA and plasticized
using glycerol as the plasticizer in a twin-screw co-rotating
extruder TEK45 (SM PLATEK Co.Ltd. Korea). The screw
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diameter was 46.2 mm with an L/D ratio of 30. The extruder
was operated at 150 rpm. MA was grounded to a fine pow-
der using a mortar and pestle and mixed with the starch
using a tumbler blender for 15 min before being fed to the
feed port of the extruder. Glycerol (GL) was mixed with
Luperox and pumped to the extruder using peristaltic pump.
The ratio of starch/GL was 8/2 by weight and the amount of
MA and Luperox was 2 and 0.2 phr on basis of the total
weight of starch and GL, respectively. A water vacuum was
applied at the vent port to remove the unreacted MA and
maleic acid (formed by reaction with water)/water mixture.
The CMPS was collected and ground to a powder and
stored in an aluminum laminated plastic bag.'®!

PLA/CMPS Blends. PLA and CMPS were blended in
the ratios listed in Table I with twin-screw co-rotating com-
pounding machine (SM PLATEK Co. Ltd., TEK 30, Korea).
The screw diameter was 30 mm with an L/D ratio of 36.
The extruder was operated at 150 rpm with a constant feed
rate of 10 kg/h and barrel temperature range was 65-195°C
with die temperature 185°C. The extruded strands were
water quenched and then were cut to chips. The chips were
dried in an oven for overnight at 50°C. For ARES speci-
mens, dried chips were compression molded to discs of
25 mm diameter and 2.5 mm thickness in a Carver labora-
tory hot press (Model 3851-0, Carver Inc.) at a set tempera-
ture 190°C under 10 MPa.

Extraction Experiments. Solvent extraction has been
used to visualize morphologies in a wide range of blends.”™
To observe the morphology of PLA/CMPS blends, we
extracted each constituent by using carefully selected sol-
vents. For this experiment we fractured frozen extrudate
longitudinally and latitudinally in liquid nitrogen and then
extracted in a selected solvent for 6 h at room temperature.
In addition, chips of the blends were also extracted to
observe the morphology of skin of extrudate. Sodium hydrox-
ide (NaOH) solution (0.05 M) and chloroform were selected
for dissolving CMPA and PLA, respectively.

Characterization. Measurements of rheological proper-
ties were performed using ARES (advanced rheometric
expansion system; Rheometric Scientific Co. Ltd U.S.) with
parallel-plate geometry. The equipment was run in the par-
allel plate configuration at a strain of 0.1% in frequency
range of 0.1 to 100 rad/s at 190 and 200 °C. The morpholo-
gies of fractured surfaces of the extrudates were investigated
by using scanning electron microscope (SEM; Hitachi model
s-4100; Japan). The samples were coated with gold particles
prior to the experiment.

Results and Discussion

Morphological Observation. It is well known that mor-
phologies of immiscible blends are divided into four major
types: dispersed particle-matrix structure, matrix-fiber struc-
ture, lamellar structures and co-continuous structures.”? In
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Table I. Composition, Power-Law Indexes and the Values of 77,/77, X ¢/¢, of PLA/CMPS Blends

.. X - 7 -

Sample Composition wt% o= {7(])/()n§ad/ff/l¢ éO °C Ind};?(YZ: 11619\8 °C Indzzz‘vz ggz °C
PLA CMPS - - -

PurePL A 100 - - 0.92 0.95
CMPS10 90 10 0.07 0.95 0.95
CMPS20 80 20 0.14 0.94 0.98
CMPS30 70 30 0.26 0.65 046
CMPS40 60 40 0.39 041 0.21
CMPS50 50 50 0.57 0.19 0.19
CMPS60 40 60 0.82 0.17 0.11
CMPS70 30 70 1.19 0.17 0.11
CMPS80 20 80 1.70 0.31 0.13
CMPS - 100 - 0.23 0.12

Note: The densities of PLA and CMPS were 1.24 and 1.46 g/cm®, respectively. 77/7,: complex viscosity ratio of PLA/CMPS at frequency of
100 rad/s, /1, = 0.7, ¢;: volume fraction of PLA, ¢: volume fraction of CMPS. *Power-law indexes were calculated between frequencies 1

and 10 rad/s.

addition, these morphologies are related to the rheological
properties of blends and vise versa.>"***' To observe the real
morphology of melt processing as possible, we used cold
water quenched extrudates of blends for morphology study.

Figure 1 shows SEM micrographs of CMPS10 after
extraction CMPS. Thus, the holes and the visible parts re-
present the extracted CMPS droplets and the continuous
structure of PLA, respectively. Figures 1(a) (latitudinally
fractured surface of extrudate) and 1(b) (longitudinally frac-
tured surface of extrudate) indicate that the type of morphol-
ogy is dispersed particle-matrix structure, that is, dispersed
CMPS sphere-shaped particles imbedded in a continuous
PLA phase. CMPS particles have a large distribution of sizes
from submicron to 2 4m. Also, this morphology shows rela-
tively poor distribution of CMPS particles compared to that
of compatibilized blend, which shows a finer dispersion
phase and well distribution due to reduced interfacial ten-
sion by compatibilizer.>** The morphological difference
between longitudinal and latitudinal fracture is not discern-
ible. This result is indicating that the particles of CMPS in
the extrudate are almost spherical shape. Figure 1(c) (the
skin of extrudate) shows that the number of holes is reduced
compared to those inside of extrudate, which might be
caused by the morphological anisotropy. In immiscible blend,
morphological change sometimes occurs in processed arti-
cles with the position such as skin and core due to the large
difference of viscosity between constituents, distribution of
shear stress, processing condition and concentration.?

As shown in Figure 2, the morphology of CMPS20 is a
typical morphology of compatibilized binary blend showing
finer CMPS particles than CMPS10 and well distributed
narrower particle size (ca.l zm). In this blend, the morphol-
ogy still shows no directional difference indicating spherical
particle shape of CMPS while, coagulated particles exist in
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the skin of strand (Figure 3(c)). Here is also the morpholog-
ical anisotropy with position like that of CMPA10.

The disposition of the morphology of 30% CMPS blend
in Figure 3 is somewhat different from those of Figures 1
and 2. The particle size increased in latitudinally fractured
surface as shown in Figure 2(a) and elongated particles are
first shown in the longitudinally fractured surface as shown
in Figures 3(b) and (c). The length/diameter (L/D) ratio of
deformed particles is not large and they start to join. Also
we can see particles on the skin of extrudate were more
elongated than those inside due to the result of wall shear
stress and quenching process.

The morphologies of CMPS40 and CMPS50 show a clear
matrix-fiber (long rod like) morphology. It is clear that the
particles of CMPS were elongated to the flow direction and
it became rod shaped with large L/D ratio morphology.
Figure 4(a) (latitudinally fractured surface of extrudate)
indicates that the diameter of rod is ca. 2-4 ym and some of
rods are joined indicating the beginning of co-continuous
morphology. Figures 4(b) (longitudinally fractured surface
of extrudate) and (c) (skin of extrudate) show the long rod-
shaped (fiber-like) CMPS phase morphology, which is
clearly depend on the position of the extrudate, that is, the
rods exist on the skin have large L/D ratio compared to
those in inside of extrudate because they were subject to the
highest shear stress (wall shear stress) among positions in
extrudate and cooled fast after extrusion. Figure 5 shows the
increased rod diameter and many rods are joined each other
indicating a progressed co-continuous morphology but they
are not fully interlocked.

The samples of CMPS60 were extracted with both NaOH
solution and chloroform to verify the co-continuous phase
in the same manner. Nevertheless, all the samples extracted
by NaOH solution could not be self-supported and we could
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Figure 2. SEM images of the PLA phase after extraction of
CMPS from the extrudate of CMPS20: fractured surface latitudi-
nally (a), longitudinally (b) to the flow direction, and skin (c).

not identify the remains of PLA structure. On the other hand,
the samples extracted by chloroform showed the collapsed
structure of CMPA rods. As illustrated in Figure 6, the
CMPS phase still keeps long rod shape with short branch.
From these results we could imagine that the morphology of
CMPS60 is fully co-continuous with well elongated and
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Figure 3. SEM images of the PLA phase after extraction of
CMPS from the extrudate of CMPS30: fractured surface latitudi-
nally (a), longitudinally (b) to the flow direction, and skin (c).

bridged CMPS phase. As shown in Figures 7 and 8 (extracted
with chloroform), the holes and the visible parts represent
the extracted PLA particles and the continuous structure of
CMPS, respectively. This morphology shows the comple-
tion of phase inversion from CMPS disperse/PLA matrix
morphology through co-continuous to PLA disperse/CMPS

Macromol. Res., Vol. 15, No. 4, 2007



Morphology and Rheology Study on the PLA/CMPS Blends

Figure 4. SEM images of the PLA phase after extraction of
CMPS from the extrudate of CMPS40: fractured surface latitudi-
nally (a), longitudinally (b) to the flow direction, and skin (c).

matrix. When we compared to the latitudinally fractured
morphologies of CMPS30 in Figure 3(a), which has inversed
composition CMPS70, the size of PLA particles is smaller
than that of CMPS droplets in CMPS30 and there are sel-
dom coagulated PLA particles. The longitudinally fractured
surface (Figure 7(b)) shows some deformed particles but
has low L/D ratio compared to those in Figure 3. Figure 8
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Figure 5. SEM images of the PLA phase after extraction of
CMPS from the extrudate of CMPS50: fractured surface latitudi-
nally (a), longitudinally (b) to the flow direction, and skin (c).

shows very similar morphologies with CMPS70 but less
deformed particles. We could not obtained useful morphol-
ogy of the skin of extrudate due to the coarse surface.

We used Paul’s®>'** model to predict the phase-inversion
composition. Assuming that the mean shear rate in the
extrusion process was 100s' and the Cox-Merz rule in
relating the steady-shear viscosity with the absotute value of

293



B.Y. Shin et al.

Figure 6. SEM images of the CMPS phase after extraction of
PLA from the extrudate of CMPS60 fractured longitudinally to
the flow direction.

Figure 7. SEM images of the CMPS phase after extraction of
PLA from the extrudate of CMPS70: fractured surface latitudi-
nally (a) and longitudinally (b) to the flow direction.

the complex viscosity is valid, we used the complex viscos-
ity values measured in frequency sweep at 100 rad/s to cal-
culate viscosity ratio.’** As listed in Table I, the estimated
values of 71/, X ¢,/¢ indicate that the composition of com-
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Figure 8. SEM images of the CMPS phase after extraction of
PLA from the extrudate of CMPS80: fractured surface latitudi-
nally (a) and longitudinally (b) to the flow direction.

plete co-continuous phase is about 65% of CMPS. In addi-
tion, the morphology CMPS70 is estimated as progressed
co-continuous phase by the calculated value but the experi-
mental morphology of CMPS70 showed completed phase
inversion. This calculated CMPS compositions for phase
inversion are slightly higher than that observed by SEM.
Nevertheless, simple Paul’s theory could approximately
estimate the phase inversion composition for this blend system.

Rheological Study. Before starting dynamic frequency
sweep tests, the linear viscoelastic range was determined
through a strain sweep test. Storage modulus (G’) and loss
modulus (G") were plotted as functions of strain% (7). As
shown in Figure 9, G’ and G” of PLA and CMPS remain
constant to 10% and 1% of deformation showing the linear
viscoelastic range, respectively. Following these results, we
selected a deformation of 0.1% for all tests. Figure 10
depicts that PLA is a liquid-like fluid (G”> G') and CMPS
is a solid-like fluid (G’ > G").

Figure 10 compares the complex viscosity versus the fre-
quency for this blend system at 190°C. PLA depicts a very
long Newtonian viscosity plateau region while CMPS
shows a pronounced shear-thinning flow behavior indicat-

Macromol. Res., Vol. 15, No. 4, 2007
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Figure 9. Curves of G'and G" as a function of percent strain for
PLA and CMPS at 190°C.
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Figure 10. Curves of variation of complex viscosity (7*) with
angular frequency for the blend system of PLA and CMPS at
190°C.

ing the tendency of easy molecular alignment tendency to
the flow direction under shear stress. The complex viscosity
of PLA is lower than that of CMPS within all the tested fre-
quency range but the gab of viscosity difference decreased
with increasing frequency due to the shear thinning behav-
ior of CMPS. The flow behaviors of blends are also divided
approximately into two typical categories: CMPS10 and
CMPS20 show a Newtonian fluid like that of PLA and all
the other blends show shear thinning flow behavior like that
of CMPS. It is well known that power-law model is the
most-used rheological equation for polymer. Of course, this
model should be in reduced shear rate interval. The parame-
ters of power-law model can be obtained by a simple redefi-
nition of parameters®:

n=Ky"!

where # is called the power-law index and K, is called con-
sistency. It is also known that there is analogous relation
between dynamic and the steady shear data: complex vis-
cosity (77*) versus frequency (@) and viscosity (77) versus
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shear rate (j) can be superimposed. The calculated power-
law indexes of this blend system for the linear part of vis-
cosity curve (frequency range from 1 to 10 rad/s) are listed
in Table I. In general, the value of » for Newtonian fluid is
1.0, on the other hand that of pseudoplastic fluid is lower
than 1.0. The more fluid shows pseudoplastic characteristic,
the lower fluid has the value of power-law index. As listed
in Table I, PLA and CMPS have power-law indexes of 0.92
and 0.23, respectively. CMPS10 and CMP20 have very sim-
ilar power-law index values to that of PLA, while those of
other blends decreases with increasing CMPS content. At
over 50% CMPS the trend of power-law indexes is compli-
cated, that is, CMPS50, CMPS60 and CMPS70 have lower
power-law indexes but CMPS80 has higher value than that
of pure CMPS. The results of lower and higher indexes of
blends than that of CMPS might be illustrated by the mor-
phology and diluent effect. As illustrated in morphology
study, CMPS phases were long rod shapes and well oriented
to the flow direction. Here, the addition moderate amount of
low viscosity material of PLA could play a role as a diluent,
which increases the sensitivity of the viscosity towards
shear resulting in high shear thinning.** For the CMPSS80,
which has very small amount of PLA, the sphere-shaped
dispersed droplets of PLA in matrix CMPS as shown in
Figure 8 seemed to hinder the flow of CMPS matrix. Zie-
gler and Wolf* found that the extent of the shear thinning
varies with the blend reflecting the morphology of blends in
steady sear measurement. From the result of complex vis-
cosity versus frequency and morphology of blends, we also
could conclude that the extent of shear thinning measured in
oscillatory measurement varies with composition reflecting
the morphologies of blends.

Moreover, the complex viscosities of blends with fre-
quency show very interesting results, that is, CMPS10 and
CMPS20 have lower viscosities than those of main constitu-
ents of PLA and CMPS at any frequencies; CMPS30 has
intermediate viscosity value between PLA and CMPS at
low frequency, while, at high frequency it has lower values
than those of PLA; CMPS40 has intermediate viscosity value
between PLA and CMPS at any frequencies; over CMPS
50% blends have higher viscosities than those of both mate-
rials at any frequencies. In polymer blends, it is general
trend that the values of viscosities of blends have intermedi-
ate values between those of both polymers.> At times there
are exceptions, that is, blends have higher or lower rheolog-
ical values than those of constituents and, what is more,
there are crossover of rheological properties with shear rate
or frequency between blends and constituents.”*?*% Any-
way, this blend system has very complicated variation of
complex viscosity values with composition and frequency.

Thus, we observed the composition effect on the complex
viscosity of blend in detail. As shown in Figure 11, the com-
plex viscosity-composition curves at constant frequencies
of 0.1, 1, 10, and 100 rad/s show minimum and maximum
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Figure 11. Composition dependence on complex viscosity at dif-
ferent frequencies for the blend system of PLA and CMPS at
190°C.

complex viscosities at 20% and 70% CMPS, respectively.
For the effect of composition on the viscosity, Han®’ sum-
marized the viscosity-composition curves as four types:
Type I, the viscosity decreases (or increases) monotonically
with blend composition; Type 11, the viscosity increases (or
decreases), exhibiting an S shape; Type III, viscosity-com-
position curve goes through minimum; Type IV, viscosity-
composition curve goes through maximum. Also, he tried to
relate the bulk rheological behavior of two-phase polymer
blends to their morphologies, that is, Type I occurs when the
dispersed particles have relatively little interaction and the
viscosity of dispersed phase is much greater than that of
suspending medium (matrix polymer); Type 1l occurs when
there is a phase inversion at a certain blending ratio and
there is little attraction among dispersed particles; Type I1I
occurs when the particles get sufficiently elongated, giving
rise to thread-like fibrils that are aligned in the flow direc-
tion; Type IV occurs either when there are strong interac-
tions among particles at low shear rates or when the blend
has an interlocked morphology. More recently, Utraki*® clas-
sified the blends system by the trend of rheological parame-
ters-composition, that is, blend system can be divided into
three classes by experimental data of rheological parameters
(7, &, % N1, G', G") vs. composition: positive-deviation
blend (PDB), negative-deviation blend (NDB), and posi-
tive-negative-deviation blend (PNDB). Where 77 is viscosity
under steady shear, 77; elongational viscosity, j strain recov-
ery, N, first normal stress difference, G’ storage modulus,
and G"” loss modulus. Moreover, many researchers have
tried to find the relationships between rheological properties
and miscibility of blends by using these rheological properties-
composition curves at constant shear rate (or frequency).**
Though many researches discussed miscibility based on the
experimental observation in terms of PCB, NDB, and PNDB,
there are many exceptions.**0
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In this blend system, all the curves in Figure 11 show an S
shape with minimum and maximum values with composi-
tion if we followed Han’s classification. As discussed in
morphological study, the morphologies of blend changed
with the composition from CMPS dispersed/PLA matrix to
co-continuous and finally went to phase inversion. For the
interpretation of minimum viscosity at low CMPS composi-
tion (CMPS10 and CMPS20), we can imagine that morpho-
logical change of dispersed phase of CMPS under high
shear stress, that is, the deformation of dispersed phase of
CMPS aligned in the direction of flow.>” As shown in
Figure 10, pure CMPS has strong shear thinning behavior,
which indicate the molecules are easily aligned to the flow
direction. Though we could not obtain a valid evidence of
the deformation of CMPS particles for these compositions
from morphology as shown in Figures 1 and 2, we may
assume that the morphological changes might occur during
melt blending as follows: first, the dispersed/matrix mor-
phology was induced at the end of barrel of the extruder
during melt mixing, and then the dispersed particles of
CMPS were elongated due to the high shear stress as they
pass the narrow channel of the extruder die and finally elon-
gated particles were recoiled to sphere-shaped particles after
leaving the die. From these suggestions, the minimum vis-
cosity at lower CMPS composition might be explained as
the easy formation of elongated CMPS particles. The com-
plex viscosities of CMPS30 and CMPS40 are approxi-
mately between those of PLA and CMPS due to the addition
of high viscosity material, though these blends show a dis-
tinct thread like (long rod) morphology as shown in Figures
3(c), 4(b) and 4(c). Over CMPS 50% blends have higher
viscosities than that of pure CMPS and maximum point at
70% CMPS content. The experimental observations of
increased viscosity of blend were found in immiscible
blends due to the decrease of free volume® or the interac-
tion of dispersed droplets®” and found in compatible or com-
patibilized blends.'"®*?**® As revealed in our previous
study,'®'* PLA/CMPS blends are compatible blend system
due to the chemical bonds at the interface.

To observe the effect of temperature on the rheological
properties, we plotted the complex viscosity-frequency
curves and viscosity-composition curves obtained at 200°C
in Figures 12 and 13, respectively. As shown in Figure 12,
the difference of complex viscosity between PLA and
CMPS was reduced compared to the data observed at 190°C.
Moreover, at high frequency (100 rad/s) all the blends have
lower complex viscosities than those of both constituents.
The power-law indexes of most blends and pure CMPS
decrease with increasing temperature but those of pure
PLA, CMPS10, and CMPS20, which show Newtonian
behavior, increased slightly as listed in Table 1. Figure 13
depicts different complex viscosity-composition result at
200°C. At 0.1 rad/s the curve is an S shape with minimum
and maximum viscosities according to composition while,
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Figure 12. Curves of variation of complex viscosity with angular
frequency for the blend system of PLA and CMPS at 200 °C.
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Figure 13. Composition dependence on complex viscosity at dif-
ferent frequencies for the blend system of PLA and CMPS at
200°C.

at 1, 10, and 100 rad/s the curves show an S shape but do
not have maximum point. Thus the change of viscosity-
composition at elevated temperature may be caused by the
change of viscosities resulting in morphological variation.”’

If we classify the complex viscosity-composition curves
by the way of Utraki,”® Figure 11 exhibits a clear PNDB
behavior from the log-additive rule for all frequencies,
while Figure 13 shows PNDB and PND at low and high fre-
quencies, respectively. From our previous research, it was
concluded that this blend system is not miscible but compat-
ible due to the reaction between CMPS and PLA.' Thus, to
determine the miscibility of blend by this classification is
not suitable at least for this blend system. As Utraki*® men-
tioned in his article, there are low number of blends classi-
fied as PNDP and very confusing system, which could not
be predicted and generalized.

The plot of modulus (G, G") versus composition and
logG' versus logG" curve are shown in Figures 14-16. At
low frequency from 0.1 to 1 rad/s, the G’ values of PLA,
CMPS10 and CMPS20 were too low to be used and were
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Figure 14. Composition dependence on storage modulus at dif-
ferent frequencies for the blend system of PLA and CMPS at
190°C.
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Figure 15. Composition dependence on loss modulus at different
frequencies for the blend system of PLA and CMPS at 190 °C.
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Figure 16. Plots of logG' versus logG" for the blend system of
PLA and CMPS at 190°C.
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much fluctuated due to the detecting limit of ARES. Thus
we neglected the G’ data below 100 Pa. Yang et al.** pro-
posed the plot of logG-logG" to express the relative contri-
bution of the G" response to that of G". Many researchers
also tried to give a relationship between miscibility (or com-
patibility) and the plot of logG-logG".**** In Figures 14
and 15, we could find that modulus-composition curves are
S shape with minimum and maximum (or PNDB) like com-
plex viscosity-composition curve. Meanwhile, the plots of
logG'-logG" (Figure 16) shows very similar trend to that of
flow behavior of blend, that is, the plots of CMPS10 and
CMPS20 fall on that of PLA, those of CMPS30 and CMPS40
lie between PLA and CMPS, other blends and CMPS show
small extent of the spread among their plots. From these
results, we might suggest that both properties of elastic and
viscous properties of blends also mainly determined by the
morphologies of blends induced during melt process.*’

Conclusions

In this work, the dynamic rheological properties of blends
of PLA and chemically modified plasticized starch were
investigated in connection with their morphologies. We tried
to get real morphologies of melt processing by observing the
extrudate quenched by cold water in front of extruder die.

This blend system showed different morphologies with
composition affected by shear stress during extrusion as fol-
lows: sphere-shaped CMPS disperse/PLA continuous at very
low CMPS content and deformed CMPS particles with some
L/D ratio/PLA continuous, which extended to complete co-
continuous with long rods CMPS phase bridged each other
with increasing CMPS content, and finally PLA dispersed/
CMPS continuous morphology at very high CMPS content.

The flow behavior measured in dynamic shear, complex
viscosity and storage modulus depended to a large extent on
the composition in a characteristic manner reflecting the
morphologies of blends. Pure PLA, CMPS10, and CMPS20
showed Newtonian fluid with power-law indexes around
0.95, while other blends and pure CMPS showed strong
pseudoplastic fluid with those of 0.65-0.11, which depended
on the composition. Complex viscosity and modulus-com-
position curves were PNDB behavior from the log-additive
rule for all frequencies at 190°C.
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