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ABSTRACT: This article examines the starch gelatiniza-
tion and the blend morphology development in blends of
thermoplastic starch (TPS) with high-density polyethylene,
polypropylene, polystyrene, poly(lactic acid), and polycap-
rolactone. The TPS gelatinization and mixing with the
second polymer was carried out on a twin-screw extrusion
process, where the starch was sequentially gelatinized, devo-
latilized, and then mixed in the molten state with a synthetic
polymer. The role of excess water and process temperature
on starch gelatinization was assessed by measuring the
X-ray scattering. All prepared blends included 25 % TPS that
was dispersed in the synthetic polymer matrix. Compati-
bilized versions of these same blends were obtained by
partially substituting the polymer matrices with maleated

analogs. The blend morphology was probed by scanning
electron microscopy. Complete starch gelatinization was
obtained when the gelatinization process was carried out
over 100�C regardless of amount of water used as co-plasti-
cizer. The blend morphologies were greatly improved when
a maleated compatibilizer was added. Only TPS/PCL blends
exhibited a finely dispersed TPS phase without the use of a
compatibilizer. In general, the addition of the TPS reduced
slightly the tensile modulus and strength of the different
polymers and more importantly the elongation at break.
VC 2012 Wiley Periodicals, Inc. J Appl Polym Sci 000: 000–000, 2012
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INTRODUCTION

There is currently a strong interest for bio-based
and/or biodegradable polymers. The reasons for this
interest are varied. On one hand, biomass is
expected to become a less expensive source of
organic carbon in comparison to fossil feedstock. On
the other hand, the biodegradability is attractive in
specific applications, where biodegradation can be
used as part of a composting scheme to better
manage waste or in certain case to limit the incon-
venience caused by improper disposal into the
environment. Among the bio-based biodegradable
material, thermoplastic starch (TPS) is a promising
material. Starch is a mixture of two polysaccharides,
amylose and amylopectine, that can be obtained from
various crops such as corn, wheat, potatoes, peas, cas-
sava, etc. The amylose:amylopectine ratio changes
from crop to crop. An increase in amylose content
generally results in higher viscosity and more elastic
flow behavior in the melt state.1 It will also enhance
mechanical properties of the TPS but this effect will
be greatly diminished in highly plasticized starches.2

Thus, the selection of the starch source and of the
plasticizer can be tuned for different applications
depending on process or property requirements.
The so-called TPS is produced by mixing the

native starch with a plasticizer at a temperature
above the starch gelatinization temperature, typically
in the 70–90�C range. This operation weakens the
hydrogen-bonds present and breaks up the crystal-
line order in the native starch leading to a fully
amorphous free-flowing material. The resulting ma-
terial is known as plasticized starch, destructured
starch, or TPS. The properties and rheology of TPS
have been thoroughly investigated.3–6 As such, the
TPS is not a suitable material for most common
uses. It is very hygroscopic and its properties and
dimensional stability are strongly affected by the
humidity level since water is a plasticizer for TPS. In
addition, in presence of humidity, the amorphous
TPS tends to reform its hydrogen bonds leading to
recrystallization (also called retrogradation) and in
turn to embrittlement of the material.7,8 This strong
property dependence on plasticizer content can
become an advantage, however, when the TPS is
blended with another hydrophobic polymer. In this
case, the hydrophobic polymer can protect the TPS
from direct water contact and moisture uptake while
the plasticizer level in the TPS can be used to tune
the mechanical properties of the TPS. Therefore, the
vast majority of work involving the use of starch as
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a material has focused on blending of TPS and
other synthetic polymers.9–12 The synthetic material
can be biodegradable to produce a fully compostable
material or can be nonbiodegradable to produce
materials for long-term applications.12 Examples of
biodegradable blends include blends of TPS with
polycaprolactone,13 polyester amide,14 and poly
(butylene adipate-co-terephthalate),15 which are petro-
chemical-based polymers. With the recent commercial
introduction of PLA, there has also been a high inter-
est for PLA/TPS blends and these have been investi-
gated in terms of their compatibility16 and of their
processing into injection-molded product, biaxially
oriented films,17 and low-density foams.18

The development of polymer-blend morphology
during mixing has been reviewed extensively else-
where.19–21 It is useful, however to recall some of the
governing principles to place into context the TPS/
polymer blending operation. The fundamental
understanding in this area was developed by inves-
tigating the deformation of a single Newtonian
droplet subjected to pure shear and elongational
flows. It was shown that the deformation is gov-
erned by the ‘‘capillary number,’’ a dimensionless
ratio between viscous forces and interfacial forces.
Continuous drop deformation (i.e., leading eventu-
ally to breakup) occurs when the capillary number
is over a critical value, Cacr. In pure shear, the criti-
cal capillary number shows a minimum for k ¼ 1
and increases rapidly with increasing viscosity ratios
while in elongational flow, it is relatively independ-
ent of the viscosity ratio. Obviously, the flow field in
mixing equipment is far more complex and chaotic
than in the viscometric experiments. Viscoelastic
droplets can also break by different mechanism such
as surface erosion22 and drop splitting.23,24 Nonethe-
less, the understanding gained on model Newtonian
and non-Newtonian studies has lead to the generally
accepted ‘‘rules of thumb’’ that blends with a more
viscous dispersed phase and with higher interfacial
tension are more difficult to disperse. In particular,
large viscosity ratio systems can lead to bimodal size
distribution with finely dispersed particles coexisting
with some undispersed particles that have not
reached that dynamic equilibrium state.25

The preparation of TPS/polymer blends boasts the
above complexities with the additional feature that
the TPS formation itself involves a complex starch
destructuration process known as gelatinization. The
polymer, starch, and starch plasticizers can be mixed
all at once but this was shown to give poorer disper-
sions than when the gelatinization and the TPS/
polymer blending was carried out sequentially in
the continuous mixing process.26 Therefore, a pre-
ferred method consists in carrying out the gelatiniza-
tion in a first stage of the mixing process to form the
TPS. Then, the TPS can be mixed with the synthetic

polymer to form the immiscible blend structure.
Since TPS rheology is very sensitive to plasticization,
the blend viscosity ratio can be adjusted by changing
the TPS plasticizer level. For glycerol plasticized
TPS, for example, the dispersion in PLA, PS, and PE
were shown to be particularly coarse until a minimal
level of 30 wt% glycerol in the TPS phase was
reached.27–29 Finer morphologies were found past
this plasticizer concentration threshold with only a
slight dependency on further increase plasticizer
addition. This shows the importance of a minimal-
TPS plasticization level in the overall blend mor-
phology development. The high interfacial tension
between TPS and common synthetic polymers is
another factor that can be detrimental to a fine
dispersion. Initial reports on PLA/TPS blends, for
example, showed extremely coarse morphologies
and pinpointed the need for interfacial modifica-
tion.30 In situ interfacial reactions between polymers
comprising maleic anhydride moieties and TPS have
since then been successfully used to reduce interfa-
cial tension in the melt state and improve adhesion
in the solid state.27,31

Surprisingly, very few scientific publications have
systematically investigated the structure development
in TPS/polymer blend prepared by a melt-mixing
technology. This article examines the structure and
property development for different TPS/polymer
blends obtained by twin-screw compounding. The
investigation examines the moisture content, disper-
sion, and mechanical properties of compatibilized and
uncompatibilized blends of TPS with high-density
polyethylene (PE), polypropylene (PP), polystyrene
(PS), polylactic acid (PLA), and polycaprolactone
(PCL). The compatibilizers were maleated analogs of
the different synthetic polymers. The TPS degree of
gelatinization was evaluated using X-ray diffraction
(XRD), while the blend morphology was observed
using scanning electron microscopy (SEM).

EXPERIMENTAL

Materials

Wheat starch was used as the sole-starch source. The
starch was an industrial purpose starch grade, Super-
gel 1201, supplied by ADM. Water and glycerol were
used as plasticizers. The glycerol was a 99.5 % pure
USP grade supplied by Mat Laboratories.
The grade names and suppliers of PE, PP, PS,

PCL, and PLA are summarized in Table I. The blend
composition was set to 25 % TPS for all TPS/poly-
mer blends. For compatibilization of the TPS/Poly-
mer blends, functional polymers containing maleic
anhydride were used to react with the starch macro-
molecules to create graft block copolymers that are
known to act as emulsifiers in polymer blends. In
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the case of PE and PP, the functional version were
maleic anhydride grafted PE and PP (PE-g-MA and
PP-g-MA). For blends of TPS with PS, a random
copolymer of styrene and maleic anhydride, SMA
was used. SMA and maleated olefins are known to
react with starch and modify the starch–polymer
interface.32 These three maleated polymers are com-
mercially available and the grade names and suppli-
ers can also be found in Table I. For PLA, no such
MA-grafted version was commercially available.
Thus, PLA-g-MA was produced by extruding PLA in
presence of 2 % maleic anhydride and 0.25 % organic
peroxide. According to the published reports, the
grafting level using this technique is around 0.5 %.33

The unreacted maleic anhydride was removed by
vacuum devolatilization. The organic peroxide was
Luperox 101. It was adsorbed on a silica support at an
effective content of 45 % to facilitate its handling. Both
the maleic anhydride and the peroxide were obtained
from Aldrich Chemical Company. In compatibilized
blends using PE, PP, and PS, 10 % of the polymer was
substituted by the maleated analogs. For PLA, 20 %
substitution was used.

The interfacial tension between TPS and the differ-
ent polymer matrices used in this study is an impor-
tant parameter, since strong interfacial forces will
tend to hinder dispersion. Unfortunately, the direct
measurement of the interfacial tension between TPS
and synthetic materials is difficult since the most
common methods such as the ‘‘breaking thread’’ or
‘‘drop retraction’’ methods require the accurate mea-
surement of the Newtonian Plateau viscosity. TPS
does not exhibit such a plateau. Therefore, these
techniques cannot be used for the investigated poly-
mer pairs. It is possible, however, to get a theoretical
estimation of the interfacial tension from the surface
tension of pure materials based on the harmonic
mean equation34:

c12 ¼ c1 þ c2 �
4cd1c

d
2

cd1 þ cd2
� 4cp1c

p
2

cp1 þ cp2
(1)

where c12 is the interfacial tension between compo-
nent 1 and 2, c1 and c2 are the surface tension of the

individual components, while the d and p super-
scripts refer to dispersive and polar contributions to
the surface tension (recognizing than ci ¼ cpi þ cdi ) of
each material. The dispersive and polar contributions
of the different materials at 25�C have been reported
in the literature10,34 and are summarized in Table II
along with the interfacial tension between TPS and
the different synthetic polymers calculated using
eq. (1). The interfacial tension between TPS and PS,
PLA and PCL vary only between 5.9 and 7.3 mJ/m2,
while with the nonpolar PP and PE, the values are in
a much larger range from 14 to 16.4 mJ/m2. From an
interfacial point of view, the authors therefore have
two distinct families of polymer pairs with either
intermediate or high interfacial tensions.

Blend rheology

The viscosity of pure materials at 180�C was meas-
ured using two methods. For all synthetic polymers,
the viscosity was obtained from oscillatory shear
experiments performed with a shear amplitude of 10
% using 25 mm plates. In the case of PS, PLA, and
PCL, the samples were dried overnight in a vac-
uum-oven prior to measurement. For the TPS, it was
not possible to get a stable response under oscilla-
tory shear because the plasticizer tends to evaporate
over the course of the measurement. Therefore, the
viscosity measurements were made by capillary rhe-
ometry, where the pressurized environment enables
plasticizer retention.

TABLE I
List of Polymers with their Grade Names and Suppliers

Name and abbreviation Grade/supplier Melt index (g/10 min)

High-density polyethylene PE DMDA8920, Petromont 20
Polypropylene copolymer PP Profax SB821, Basell 12
Polystyrene PS PS 3500, Nova Chemicals 16
Polycaprolactone PCL Tone 787 – Dow Chemicals –
Poly(lactic acid) PLA PLA 4032D, Nature Works –
Maleic anhydride grafted PE PE-g-MAh Polybond 3009
Maleic anhydride grafted PP PP-g-MAh Polybond 3150
Maleic anhydride grafted PLA PLA-g-MAh Experimental
Styrene–maleic anydride copolymer SMA Dylark 232, Nova Chemicals

TABLE II
Surface Tension Contributions and Calculated Interfacial
Tension cTPS/Polymer Between TPS and Selected Polymers

Material and
reference

c
(mJ m�2)

cd

(mJ m�2)
cp

(mJ m�2)
cTPS/Polymer

(mJ m�2)

TPS10 32 20 12 –
Polystyrene34 40.7 34.5 6.1 5.9
PLA10 49 37 11 6.1
PCL10 52 41 11 7.3
PP34 30.1 30.1 0 14
PE34 35.7 35.7 0 16.4
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Blend preparation

The TPS/polymer blends were prepared on a Leis-
tritz 34 mm co-rotating twin-screw extruder with an
L/D ratio of 42. The process and screw configura-
tion for TPS/polymer blending are presented in Fig-
ure 1. The extruder is composed of 12 barrel sections
numbered 0 to 11 for reference. The starch was
introduced either in a dry-powder form in the feed
hopper or in the form of a starch–water–glycerol
slurry. When feeding the starch in dry form, the
glycerol and water were pumped into the extruder
at barrel section 1. A 1 : 10 water : glycerol ratio was
used as a standard condition, but this ratio was var-
ied in specific experiments to assess the effect of
water on the TPS gelatinization. For slurry incorpo-
ration, the composition was adjusted to get a 50 %
solid content. The water and glycerol ratio were
adjusted to get a final glycerol content of 36 % in the
TPS on a water-free basis. An initial humidity con-
tent of 9 % in the native starch was assumed for all
mixtures. This led to typical slurry comprising 50
wt% starch, 25 wt% water, and 25 wt% glycerol. The
slurry was pumped directly into the extruder
removing the need for independant plasticizer
pumping at barrel section 1. Following starch and
plasticizer incorporation, section 2 and 3 of the twin-
screw extrusion line were used to gelatinize the
starch. Sections 4–6 were used for water removal by
devolatilization under vacuum. It has been verified
by condensing and analyzing the removed volatiles
that glycerol losses in this step were not significant.
This first half of the extrusion process was typically
operated at Tgel ¼ 140�C, but for selected experi-
ments, it was decreased down to 85�C to investigate
the effect of temperature on the starch gelatinization.
The second polymer phase was fed in solid-pellet
form to the twin-screw process at barrel section 7
using a conventional side-feeder. Sections 8–11 were
used to thoroughly mix the TPS with the second
polymer phase and pump the mixture out of the
extrusion die. Barrel sections 7–11 were maintained
at 180�C in all cases to enable complete melting/
softening of the synthetic polymer phase. This
sequence of twin-screw operations was successfully
used for polyurethane/TPS blends,35 for polyethyl-
ene/TPS blends,29 and later on biodegradable

blends.36 In the cited published reports, the starch
was introduced as a slurry and the second polymer
phase was added in molten form using a single-
screw extruder as a side-feeder. In the current study,
the starch was fed either in dry-powder form or in
slurry form, while the polymer was always fed in
solid-pellet form.
All blend compounding runs were carried out at a

rate of 10 kg/h and strands were extruded through a
two-strand die. The strands were air-cooled and pel-
letized. The PLA was dried prior to compounding
and the compounded pellets were dried again in a
desiccating dryer at 55�C prior to injection molding.

Pure TPS preparation

In addition to mixing, the twin-screw compounding
line was used to extrude pure TPS band as reference
materials. The purpose was to produce pure TPS in
conditions similar to those existing in the gelatiniza-
tion portion of the compounding process. The TPS
was therefore produced using a shorter screw
configuration comprising only barrel Sections 0–7 (see
Fig. 1) corresponding to a L/D ratio of 28. A slit die
(30 mm � 1 mm) was mounted at the end of the ex-
truder to produce rectangular TPS bands. The bands
were supported on a conveyer belt after die exit and
air-cooled over a conveyer length of 5 m before being
collected. Dry-starch and starch-slurry incorporation
methods were used for comparison purposes.

Characterization

Gelatinization

Wide-angle X-ray diffraction measurements were
carried out directly on the pure TPS bands. The dif-
fraction patterns were obtained with a D-8 X-Ray
Diffractometer (Bruker). The samples were exposed
to X-ray beam with the X-ray generators running at
40 kV and 40 mA. The scanning was carried out at a
rate of 0.03�/s in the angular region (2y) of 2–40�.

Blend morphology

The blend morphology was assessed by observation
of microtomed surfaces using SEM. The surfaces
were prepared using an ultramicrotome at �100�C

Figure 1 Process configuration for TPS/Polymer blending.
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using a diamond knife. The surfaces were subse-
quently treated with hydrochloric acid (HCl, 6N) for
3 h to selectively extract the TPS phase.

Tensile mechanical properties

The TPS/polymer pellets were injection molded into
the ASTM D638 standard type I dogbone-shaped sam-
ples. Tensile testing was carried out at room tempera-
ture using an extension rate of 5 mm/min. A contact-
ing extensometer was used in all cases for precise
initial strain measurements. The injected blend sam-
ples were tested in the dry as molded state. Pure TPS
bands were also tested after extrusion and in some
cases (mentioned in text) after conditioning at 25�C
and 50 % relative humidity using a controlled temper-
ature and humidity chamber. The dogbone-shaped
specimens were punched out of the TPS bands in the
machine direction. The thickness of the bands was
measured for each test to insure that accurate dimen-
sions were used for stress calculations.

Moisture content

The moisture content of the TPS at extruder exit was
evaluated using a weight-loss method. The weight loss
was monitored after drying at atmospheric pressure in
a desiccating dryer at 105� for seven consecutive days.
This method was preferred over Thermogravimetric
Analysis because it was simpler and enabled the test-
ing of several samples in the same environment. The
use of atmospheric pressure for the drying was essen-
tial to prevent glycerol losses that would add to the
apparent humidity level of the samples.

RESULTS AND DISCUSSION

Material viscosity

The materials viscosity is an important polymer
processing information. Figure 2 presents the viscos-
ity of all materials at 180�C as a function of oscilla-
tion frequency (for synthetic polymers) or shear rate
(for TPS). The synthetic polymers exhibited to vari-
ous degrees the typical Newtonian plateau at low
frequency followed by a shear-thinning behavior.
The TPS did not exhibit any viscosity plateau at low
shear rate, behaving as a suspension or partially
structured melt, as was reported early in the devel-
opment of TPS-based materials.37,38 The material’s
zero-shear plateau viscosity are ranked in the follow-
ing order PE < PP < PCL < PLA < PS. The TPS
viscosity is intermediate in the investigated materi-
als. The large variation in viscosity may appear
detrimental for the purpose of this article since the
viscosity ratio between the dispersed phase and the
matrix has been shown to play an important role in
determining the critical Capillary number (i.e., ratio of

shear to interfacial forces) required to deform and
break droplets in viscometric flows.24 As we will dis-
cuss later, many other parameters are important in
the complex dispersion process and the ability to pro-
cess and injection-mold the materials was prioritized
over attempting to match the viscosity at an arbitrarily
selected shear rate-temperature combination.

Starch gelatinization

X-ray diffraction was used to detect changes in the
crystalline and ordered structures of starch upon
processing and as a way to insure that complete
gelatinization was achieved at the end of the com-
pounding process. Native starch is known to have
two distinct crystalline forms known as the A-type
and B-type. The A-type is present in cereals, while
the B-type occurs in tubers. Both involve the hexago-
nal arrangement of double helices but the structures
differ in packing density. By definition, these ordered
structures must be destroyed in the gelatinization
process.39 The typical A-type structures present in
native starch lead to diffraction peaks at 15.0�, 18.1�,
and 22.9�. Once the starch is gelatinized, the linear
amylose chains are freed from the starch granules
and become fully amorphous. However, if alcohols,
fatty acids, monoglycerides, or lipids are present, a
new structure may be formed by the complexing of
these compounds with amylose. These structures are
known as the V-type.40 It was reported in glycerol-
plasticized TPS that X-ray diffraction peaks associated
to V-type structures were present at 13.5�, 19.4�, and
20.8�. In addition upon aging of the water-plasticized
TPS, B-type structures can be formed leading to peaks
at 2y ¼ 22.3� and 26.1�, a phenomena associated
to retrogradation. However, these structures do not
form readily in highly plasticized glycerol–TPS.41

Figure 2 Viscosity of the different materials at 180�C. For
the synthetic polymers, the viscosity was measured in
oscillatory shear while the TPS viscosity is measured by
capillary rheometry.
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Figure 3 presents XRD diffraction intensity as a
function of angle 2y for TPS obtained with various
initial water levels. For practical purposes, the
water:glycerol ratio reported in this article refers to
the water added along with the glycerol as a co-plas-
ticizer. Later, this water is to a large extent removed
by the devolatilization step and thus the XRD mea-
surement were made on sample that had essentially
the same water content. The pure wheat starch dif-
fraction scans are presented as reference. The starch
peaks are around 15�, 18�, and 23�. These A-type
peaks disappeared completely in the TPS processed
with various initial water:glycerol ratios. This con-
firmed that the starch gelatinization was completed
in the process prior to the mixing of the TPS with
the synthetic polymer regardless of the water con-
tent used to accelerate the gelatinization process.
Sharp new peaks at 13.5� and 21� and a broader one
around 19� have appeared indicative of the develop-
ment of a V-type structures. Surprisingly, the initial
water:glycerol ratio did not have much effect on the
diffraction intensity patterns. The use of a high-
water content was not necessary to obtain full gelati-
nization in the extrusion process. Thus, addition of
water may be useful for the control of the TPS vis-
cosity but is not strictly necessary for the disruption
of the starch crystalline structure.

The second investigated effect was that of the pro-
cess temperature. In the current setup, the process
temperature had to be selected to maximize the water
devolatilization rate without causing glycerol losses
during devolatilization and without causing thermal
degradation of starch. In the current experiment, a
(added) water:glycerol ratio of 1 : 10 was used. When
including the water already present as moisture in
the starch, the initial water level was estimated to be

8 %. Figure 4 presents the effect of the process tem-
perature on the XRD intensity of a TPS containing 36
% of glycerol on a water-free basis. For the TPS pro-
duced between 100 and 140�C, the sharp new peaks
at 13.5� and 21� and a broader one around 19� have
appeared indicative of the development of a V-type
structures. At the lower extrusion temperature how-
ever, none of these characteristic peaks appeared.
The chain-mobility is possibly not sufficient to enable
complex formation and no V-type peaks appeared.
This is in agreement with earlier finding obtained in
solution that showed that amylose complexation
requires a minimal temperature to occur.40

In Figure 5, we compare the diffraction intensity
for native and thermoplastic starch obtained when
adding the starch either in the form of slurry and as
dry-starch (see Blend preparation in Experimental
Section). In both cases, the process was operated at
130 �C. The native starch peaks observed at 15, 18.1
and 22.9� have totally disappeared in all gelatinized
starches regardless of the preparation technique.
Sharp new peaks at 13.5� and 21� and a broader one
around 19� have appeared for the gelatinized
starches indicative of the V-type structure. Thus,
regardless of the starch introduction method, the ge-
latinization was completed at the point where the
TPS is mixed with the second polymer at mid-ex-
truder. For reference, a blend where the starch was
soaked with 30% glycerol 24h prior to extrusion is
also shown on the Figure. Soaking the starch with
glycerol also enabled the full gelatinization

Final moisture content

The effect of the initial water:glycerol ratio in plasti-
cizer feed on final moisture content was investi-
gated. The final moisture level is important in

Figure 3 X-ray diffraction intensity scans for pure wheat
starch and TPS obtained with the three process variants
using a process temperature of 130�C. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 4 X-ray diffraction intensity for TPS obtained at
different process temperatures for a glycerol water ratio of
1 : 10. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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industrial uses since in many instances, a water-free
material will be preferred. In addition, if the TPS is
blended with a second polymer phase that is sensi-
tive to hydrolytic degradation, the presence of a
high-water content, especially unbound water, may
cause chain scission. The glycerol content in the TPS
on a water-free basis was maintained in all cases to
36 %. It was the initial water input rate that was var-
ied. Table III presents the initial and final (i.e., after
the devolatilization portion of the extrusion process)
water level in various TPS. When taking into
account, the water already present as moisture in
the granular starch, the initial water content varied
from 29 % for an initial water:glycerol ratio of 1 : 1
to around 6 % when no additional water was
pumped in the extruder. Regardless of these impor-
tant changes in initial water content, the final mois-
ture level after devolatilization did not vary widely
and was much lower than in the equilibrated native
starch (i.e., 9 %). At the standard TPS preparation
temperature of 140�C, the residual humidity was in

the 2–3 % range for the slurry and dry-starch proc-
esses. This range is believed to be within normal
reproducibility considering the potential variation on
the devolatilization efficiency and on the actual
polymer temperature in the extruder. Another inter-
esting effect was that of the process temperature.
Similar moisture levels were observed when lower-
ing the process temperature to 120�C, but the mois-
ture level increased dramatically when the process
temperature was lowered to 100�C and below as the
driving force for devolatilization (i.e., water vapor
pressure) was lowered.

Dispersion of the TPS phase

The most important measure of mixing quality in a
polymer blend is usually the size distribution of the
dispersed phase. Figures 6 and 7 present SEM
micrographs of uncompatibilized and compatibilized
blends obtained with the slurry- and dry-starch
incorporation methods. The TPS was selectively
removed prior to observation and therefore appears
as holes on the micrographs. The compositions are
similar in all cases with 25 % TPS in the different
continuous phases. The TPS phase comprised 36 %
glycerol on a water-free TPS basis. For the slurry
process, a 1 : 1 water:glycerol ratio was used in the
slurry. Based on the prior results, a 1 : 10 water:gly-
cerol ratio was selected for the dry-starch process.
Since water is removed to a great extent in the devo-
latilization zone of the extrusion process, similar
final blend compositions were obtained at the end of
the two process variants. The TPS dispersion was
coarsest in high-density PE and PP, but the
dispersed phase size obtained with the slurry- and
dry-starch incorporation methods were similar. The
TPS particle diameter in PE ranged between 5 and
15 lm. This is in the same range as those reported
earlier for blends with a low-density PE obtained
using a starch-slurry incorporation method.29 In PP,
the TPS phases were larger, in excess of 50 lm and

Figure 5 X-ray diffraction intensity for TPS obtained
with different glycerol to water ratios using a process tem-
perature of 140�C. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

TABLE III
Residual Moisture of TPS Extruded in Various Conditions

Investigated effect Process Tgel (
�C)

Water:glycerola

ratio
Initial water
contentb

Final water
content (%)

Process effect Slurry 140 1 : 1 29.4 2.0
Dry-starch 140 1 : 1 29.4 2.9

Tprocess effect Dry-starch 120 1 : 10 8.5 2.9
100 1 : 10 8.5 3.7
85 1 : 10 8.5 6.6

Glycerol:water
ratio effect

Dry-starch 140 1 : 2 19.2 2.9
140 1 : 5 11.4 2.4
140 1 : 10 8.5 2.4
140 Glycerol only 5.4 1.4

a Glycerol fraction in on a water-free TPS basis of 30 % instead of 36 for all others.
b Accounting for an equilibrium moisture level of 8.9 % in the native starch.
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with irregular shapes. Obviously, the dispersed phase
was capable of coalescing since the final TPS domain
size largely exceeded the initial native starch particle
dimension (ca. 15–25 lm). In PS and PLA, the TPS
particle dimensions were slightly smaller and the par-
ticles exhibited more irregular shapes as if they were
still in the process of being deformed under flow. The
blend morphologies were similar to those reported
earlier for PS/TPS and PLA/TPS blends produced
using a starch-slurry incorporation method and the

addition of the polymer matrices in the melt state.16,42

Again, no significant morphological differences were
observed when comparing the two compounding
processes. The last investigated blend was TPS/PCL.
For both processes, the morphology was much finer
with particle sizes on the micrometer level.
It is interesting to analyze the observed disper-

sions in relation with our understanding of the
rheological and interfacial properties. For the investi-
gated blends, the dispersed phase size ranked into

Figure 6 SEM Micrograph of uncompatibilized 25 % TPS/polymer blend produced with the slurry process and the dry-
starch process.
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the following order of PCL < PS � PLA < PE < PP.
The viscosity ratios, k ¼ gdispersed/gmatrix, can be
obtained from the viscosity curves in Figure 2. It is
noteworthy that the viscosity ratio ranking changed
depending on the frequency at which the viscosity
curves are compared. At low frequency, the k rank-
ing was PS < PLA < PCL < PP < PE with the vis-
cosity of the TPS best matched with that of PS. At
the highest frequency, the k ranking became PLA <
PCL < PS < PP < PE with the TPS viscosity being
better matched with that of PE. If the high frequency

comparison is considered more representative, the
viscosity ratio was at most around unity (for TPS/
PE) and decreased when using the higher viscosity
matrices. Therefore, no particular issues related to
the high viscosity ratio are expected. At his point,
the interfacial tension ranking from Table II should
be recalled : PS � PLA < PCL � PP < PE. The
TPS/PP and TPS/PE blends fall in a high-interfacial
tension range above 14 mJ/m2, while the three other
blends exhibit values in a narrow range between 5.9
and 7.2 mJ/m2. The significantly higher interfacial

Figure 7 SEM micrograph on 25% TPS/polymer blend compatibilized with maleated polymers produced with the slurry
process and the dry-starch process. For PE, PP, and PS, 10% of the polymer was substituted by the maleated analogs. For
PLA, 20% substitution was used.
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tension of PE and PP and, to a lesser extent, their
lower viscosity, can well explain why the TPS/PP
and TPS/PE exhibited the coarsest morphologies.
The lower interfacial tension of TPS/PS and TPS/
PLA blends can also explain their finer morphology.
The TPS/PCL system is somewhat odd since it
boasts significantly finer particles, while its interfa-
cial tension and viscosity are in the intermediate
range. The TPS/PP is also odd, to a lesser extent,
since it had to boast a slightly better dispersion than
PE based on its lower interfacial tension and lower
viscosity ratio. At this point, it may be useful to
reflect on the thermal transition of the different poly-
mer matrix. PCL, PE, PP are low glass transition
temperature (Tg) materials with a high crystalline
content and melting peaks around 60, 127, and
155�C. The PLA grade used in this study is also
semi-crystalline with a melting point around 160�C
but exhibits much smaller melting enthalpies than
PP or PE.43,44 It also has a much higher Tg, around
57�C, than the previously mentioned polymers. PS is
amorphous with glass transitions at 95�C. As
explained in the Experimental section, the synthetic
polymers were fed in solid form at the middle of the
extrusion process, where the TPS was already an
amorphous melt flowing at 140�C. Thus, up to the
point, where the polymer pellets melt and have suf-
ficiently low viscosity to flow, the liquid TPS minor
phase must form the continuous phase of this liq-
uid/solid mixture. Once the synthetic polymer has
sufficient fluidity, phase inversion must occur lead-
ing to a TPS minor phase dispersed in the major
polymer phase. It has been shown that the initial
blending stages and the melting order of blend com-
ponents play an important role in blend morphology
evolution. This is especially true, if the minor phase
has a lower melting point, thus forcing phase inver-
sion upon melting of the major phase.20,21 In our
case, it may be postulated that the low Tg and low
melting temperature of PCL enabled phase inversion
at a much lower temperature than with PLA and PS
that have high Tg. This changes significantly the
stress levels acting on the TPS at the moment of
phase inversion. Since it happens sooner in the com-
pounding process, it also leaves a longer residence
time to complete the morphological development.
Conversely, when comparing PP and PE, the higher
melting point of PP may significantly delay the
phase inversion in the TPS/PP blend leading to non-
equilibrium morphologies at the end of the process.
More work on intermediate morphologies would be
needed to clarify this mechanism, but it seems that
the melting order may explain some of the differen-
ces observed between blend systems of similar inter-
facial tension.

Figure 7 presents SEM micrograph for the same
blends as in Figure 6 but in this case in presence of

their respective compatibilizing agents described in
the Materials section. The compatibilizing agents used
in this study are all modified versions of the continu-
ous phase polymer containing various amount of ma-
leic anhydride. The maleic anhydride moieties
increase the polarity of the polymer and can poten-
tially react with hydroxyl groups present on the starch
macromolecules. This reaction necessarily occurs at
the blend interface and thus forms in situ graft copoly-
mers that play the role of an emulsifier in the blend.
When comparing Figures 6 and 7, it is clear that all
the maleated compatibilizers used in the investigation
successfully reduced the dispersed phase size. In the
PE and PS matrices, the TPS particle size was lowered
to the 1–2 lm range. For TPS/PP, the particle size
was not decreased to the micron level, but were still
significantly reduced when compared with the mor-
phology of the uncompatibilized blends. For the com-
patibilized TPS/PLA blends, slightly finer morpholo-
gies were obtained with the dry-starch process,
possibly due to lower residual moisture contents in
the TPS since water is known to reduce the reactivity
of maleated compatibilizer. The previously reported
addition of maleated-LDPE was made by blending
together the maleic anhydride and a peroxide initia-
tor45,46 or by adding maleated PE to the rest of the
ingredients without any sequencing of operation. This
simultaneous incorporation method lead to much
coarser blend morphologies than those presented for
PE in Figure 7. This points to the importance of com-
pleting the starch gelatinization step before carrying
out the TPS/Polymer mixing step in the compound-
ing process. Regarding the PS/TPS compatibilization,
the SMA copolymer was extremely effective in reduc-
ing the phase size and providing a sharp dispersed
phase size distribution. It had been reported that
SMA improved tensile properties of Dry-Starch/PS
composites47 but to the authors knowledge, it is the
first time that successful TPS/PS blend emulsification
is reported. For compatibilized PLA/TPS, the
obtained morphologies are similar to those reported
earlier with a starch-slurry and molten PLA incorpo-
ration method.16 This confirms that the successful
compatibilization results reported earlier are not pro-
cess-specific.
The reactivity of maleic anhydride moieties is

known to be hindered by the presence of water. It
was therefore interesting to evaluate the effect of
water removal on the obtained morphologies. This
variable was explored in the case of TPS/PLA
blends. Only the dry-starch incorporation method
was used in this study since it seemed to lead to bet-
ter dispersion results. Figure 8 presents SEM micro-
graphs for three cases. In the first one, no vacuum
devolatilization was used (only atmospheric venting)
in the extrusion process. In the two other cases, vac-
uum devolatilization was used but with two
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different initial water:glycerol ratios. Without the vac-
uum devolatilization, the blends presented much
coarser morphologies as expected from anhydride
deactivation. In the two other cases, with widely vary-
ing water:glycerol ratios (1 : 10 vs. 1 : 1), very similar
final morphologies were obtained. This confirms that

the vacuum devolatilization scheme used in this
investigation lowered the moisture level to workable
levels. It can be envisioned, however that at a larger
production scales and at higher throughputs, the
devolatilization step may become rate limiting. In that
case, the use of the dry-starch incorporation method
(rather than the slurry method) and the use of low
water:glycerol ratios will become preferable to reduce
the required water removal rate.

Tensile mechanical properties

Table IV presents the tensile properties of TPS con-
taining 30–36 % in their ‘‘dry as extruded’’ state. The
residual moisture content in the 30, 33, and 36 %
glycerol–TPS were 1.6, 2.6, and 2.9 %. The tensile
modulus of TPS decreased by a factor of 15, from 3
to 0.2 GPa when the glycerol level was increased
from 30 to 36 %. The tensile strength was also dra-
matically decreased, while the elongation increased
from 1 to 200 %. This very rapid transition from a
rigid and brittle to a soft and ductile material is typi-
cal for plasticized starch. Another important effect is
that of humidity pickup after extrusion. The modu-
lus and strength of 36 % glycerol TPS was shown to
fall to 5 and 1 MPa, respectively, when saturated to
its equilibrium water level. This shows the impor-
tance of the continuous polymer phase in controlling
the water-uptake of the TPS phase.
The mechanical properties of the TPS/polymer

blends will be drastically modified if the TPS phase
degrades or if some large undispersed TPS particles
are present in the blend. The tensile mechanical
properties of TPS and of TPS/polymer blends were
therefore measured, in particular, to examine if the
different starch incorporation method could lead to
significantly different results. Table V presents the
tensile properties of the blends containing 25 % TPS
in the various investigated polymer matrices. The
properties of the pure matrices are given as refer-
ence. In the case of PE and PP based blends, the
modulus and strength of the blends was similar to
that of the PE and PP matrices but the elongation
was severely decreased. For the noncompatibilized

Figure 8 Effect of water:glycerol ratio on morphology of
25% TPS/PLA blends compatibilized with 20% substitu-
tion level prepared using dry-starch incorporation method.

TABLE IV
Tensile Properties of Pure TPS at 25�C

Description
Tensile modulus,
MPa AVG (STD)

Tensile strength,
MPa AVG (STD)

Elongation at break,
MPa AVG (STD)

TPS30, as moldeda 2800 (600) 28 (6) 1 (0.3)
TPS33, as moldeda 310 (65) 7.7 (0.4) 96 (20)
TPS36, as moldeda 200 (60) 5.26 (0.3) 198 (80)
TPS36, conditioned to
equilibrium humidityb

5 (1) 1.0 (0.4) 195 (10)

a Dry as molded, measured residual moisture content of 1.6, 2.6, and 2.9 % for TPS30,
TPS33, and TPS36 respectively.

b Conditioned at 50 % humidity for 7 day, moisture content of 8.8 %.
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TPS/PE blends, the elongation obtained with the
dry-process was significantly higher when compared
with the slurry process. The effect was even more
pronounced in the compatibilized TPS/PE and TPS/
PP cases. In fact, for the PE-based blend, the samples
were able to extend up to the maximum extension
of the tensile-testing equipment (i.e., 800 %). PS and
PLA are more rigid matrices. The addition of TPS,
therefore, decreased the modulus and strength in a
more significant way but left nearly unchanged the
already low elongation at break of the matrices. The
TPS and PCL are known to be more compatible
without the use of an interfacial modifier. The ten-
sile modulus and strength were decreased with
addition of the TPS phase but the elongation at
break remained in excess of 800 %. Overall, rela-
tively similar tensile properties were achieved with
the slurry- and dry-starch incorporation methods.
The dry-process, however, may have an advantage
in blends with water-sensitive materials because of
the lower achievable TPS moisture content.

CONCLUSION

This article has investigated the structure develop-
ment in the starch gelatinization and TPS mixing
with PE, PP, PS, PLA, or PCL and has compared
two starch/plasticizer incorporation schemes

referred to as the starch-slurry and dry-starch meth-
ods. The disruption of crystalline order in the native
starch, monitored by X-ray diffraction, was obtained
regardless of the process when the starch and plasti-
cizers were mixed at temperatures in excess of 85�C.
In terms of blend morphologies, the noncompati-

bilized TPS/polymer blends exhibited coarse mor-
phologies and these morphologies were relatively
similar for the slurry and dry-starch incorporation
methods. The use of maleated polymer analogs was
very efficient in emulsifying the TPS/polymer
blends. Much finer and better distributed dispersed
phase were obtained when replacing some of the
matrix material by the maleated analogs. The use of
a process where the TPS is gelatinized prior to being
mixed with the polymer matrix lead to finer mor-
phologies in comparison to one-step incorporation
methods previously reported.
The tensile modulus and strength of the blends

were decreased by addition of the TPS. Obviously,
this effect was most evident in the more rigid mate-
rials. Similar blend mechanical properties were
obtained using the slurry and dry-starch processes
and these two methods enabled fabrication of TPS
with high plasticizer contents. The slurry method
however required the use of a high initial water
fraction to maintain sufficient slurry fluidity. The
dry-starch method in which the starch and plasti-
cizer were fed sequentially in the extruder was
shown to be more flexible since it enabled the use of
any desired plasticizer and initial water level and
did not require any premixing step. The lower initial
water content that could be used with the dry-starch
method decreased the required devolatilization
rates without any apparent loss in terms of blends
properties.
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