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Abstract
The aim of this work was to develop polymer blends of plasticized thermoplastic waxy starch (TPS) and
poly( -caprolactone) (PCL) using the largest amount of TPS possible to obtain a biodegradable material
motivated by sustainability issues and to replace petrochemical-based polymers with alternatives based
on biopolymers. Addition of TPS to other polymers has been used to obtain cheaper and increasingly
biodegradable �nal products. However, TPS presents limited mechanical properties, and mixing with
other polymers such as PCL is necessary to overcome these limitations and improve its processability.
TPS was processed by extrusion and thermo-compression using 30 wt% glycerol. The blends were
suitably processed by extrusion and further injected. The TPS/PCL blends were studied by varying the
amount of PCL in a range of 10 wt% in increasing order of addition. Thermal analysis showed that
introducing PCL in TPS increased Tonset because of the higher thermal stability of the former, and that the
obtained blends presented a behavior intermediate to that of neat polymers.

1. Introduction
In the past decades, in addition to being used in the food industry, starch has been applied to develop
thermoplastic starch (TPS) [1]. TPS is obtained when granular starch is subjected to shear–pressure–
temperature and, in the presence of plasticizers (e.g., glycerol), is melted and processed using
conventional techniques such as extrusion and injection [2]. The incorporation of TPS into biodegradable
polymer blends has increased due to environmental requirements for the safe and effective disposal of
polymers [3, 4]. TPS presents higher biodegradable potential and bioavailability and lower cost, and has
stood out in applications such as packaging, disposable materials, coatings, tubes, and planting vases [2,
5–7]. In contrast, TPS presents poor mechanical properties and hydrophilic characteristics that limit its
applications, exhibiting retrogradation behavior at room temperature [8].

To overcome this issue, TPS can be blended with other biodegradable polymers, e.g., poly(acid lactic)
(PLA), poly(ε-caprolactone) (PCL) and poly(butylene-adipate-co-terephthalate) (PBAT), to improve its
properties and obtain �nal products that are more economically viable [9, 10]. Mixing with PCL is a
promising way to improve the thermomechanical and hydrophilic characteristics, biodegradability
resistance, and processability properties of TPS [2, 11, 12]. PCL is a semi-crystalline, biodegradable
polyester that presents higher �exibility, lower melting point (Tm ~ 60°C), and good compatibility with
many other polymers, thus having a wide range of applications [1, 12, 13]. According to the literature, the
TPS/PCL blend presents an ideal combination of cost and properties [1].

It is important to note that native starch, which can be obtained from a wide variety of plants such as
corn, wheat, rice and potatoes, has a semi-crystalline, granular structure [12]. The micro-scale granules
contain crystalline regions of amylopectin branch units and amorphous regions of amylose [14, 15].
Starches can be evaluated according to mass fraction of amylose and amylopectin, which have an
in�uence on TPS �nal properties. Most regular starches present amylose content in the range of 20–30%,
depending on their botanical origin. There are also modi�ed starches, high amylose (> 40%) starches, and
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waxy starches that consist almost exclusively of amylopectin [4, 5]. In this context, TPS has been little
explored in relation to its main constituents (amylose and amylopectin). In this case, waxy starch
presents an advantage, because it exhibits less tendency to retrogradation and plasticizer exudation
compared with regular starch [2, 16, 17], with direct amylopectin crystallization effects on TPS properties
[18, 19].

Therefore, this study aims to contribute to a better understanding about TPS obtained from waxy starch
blended with PCL by high shear extrusion. Considering our previous work on TPS from waxy starch [20],
we proposed to use the least amount of PCL to improve TPS processability and obtain an ideal
combination of cost and properties.

2. Experimental

2.1 Materials
The following materials were used: waxy corn starch (Amidex 4001® from Ingredion) with approximately
100 wt% amylopectin; glycerol from Nitrogenius; stearic acid (MW = 284.48 g/mol) from Vetec 99.5%;
citric acid (MW = 192.13 g/mol) from Chemco 99.5%, and poly(ε-caprolactone) (PCL) CAPA 6500®
(Perstorp, UK).

2.2 Preparation of the TPS/PCL blend
Waxy starch was mixed with 30 wt% glycerol, followed by addition of citric acid (1 wt%) and stearic acid
(1 wt%) as processing agents. This blend was plasticized on a higher shear rate co-rotating twin-screw
extruder at 200 rpm (Coperion 18 mm and L/D = 40). The temperature pro�le of the feed channel to the
matrix was 90, 95, 100, 105, 110, 115 and 120°C. TPS/PCL pellets were blended on a double-screw
extruder at 300 rpm with the following temperature pro�le from the feeding zone to the dosing zone: 90,
95, 100, 105, 110, 120 and 130°C. A scan of the blends was performed varying the amount of PCL in a
range of 10 wt%.

After extruding, the TPS/PCL blends were molded in type I -– ASTM D-638 tensile specimens on an
injection molding equipment (Arburg Allrounder 270S). Injection pressure of 2000 bar, mold temperature
of 25°C, and temperature pro�le of 70, 110, 120, 120 and 110°C were applied in the �ve heating zones.

Due to the high viscosity of neat TPS and the TPS/PCL 90/10 blend, it was necessary to produce the
specimens by pressing the ribbons obtained from a single screw extruder (AX Plastic) (rotation speed
was 100 rpm and the heating zones were kept at 130°C). In this case, the specimens were obtained from
type IV - ASTM D638 model with pressing of 5.0 tons and a �nal pressing of 10.0 tons at 130°C.

2.3 Rheological properties
Neat TPS, neat PCL, and the TPS/PCL blends were pelletized and tested on a Rheograph 2S capillary
rheometer (Göttfert). The capillary had a 1 mm radius and L/D was 30. The pellets were placed into the
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barrel and packed using a plunger until the extrudate appeared through the capillary exit. The analyses
were carried out at temperatures close to the processing temperatures (90–120°C) by extrusion and
injection of the materials. The samples remained for 3 min at the test temperature to stabilize and were
then forced through the capillary by the plunger at pre-selected speeds, resulting in shear rates in the
range of 100 s− 1 up to 10,000 s− 1. The shear rates (γ̇) and viscosity values (η) were determined using the
Rabinowitsch correction, assisted by the WinRheo II software.

2.4 Mechanical properties
Uniaxial tensile tests of the specimens were performed in a universal testing machine (EMIC®) according
to ASTM D 638 at a speed of 5 mm/min with a 500 kgf load cell at 25°C (± 2°C) and relative humidity
(RH) of 52% (± 3%) [21]. Young’s modulus (E), tensile strength (σmax), and strain at break (ε) were
evaluated. The analysis of variance (ANOVA) and Tukey’s test at 5% signi�cance using OriginPro (version
9.0) were performed.

2.5 Morphological Analysis
The cross-section of the specimens obtained by cryogenic fracturing was analyzed by scanning electron
microscopy (SEM) (JEOL®, model JMS 6510) using an accelerating voltage of 10 kV. The samples were
mounted on copper pin stubs and then coated with gold. In order to selectively dissolve the TPS phase in
the TPS/PCL blends, the samples were treated with hydrochloric acid (HCl 3 N) for 2 h.

2.6 Thermal Analysis
Thermal stability of the blends was evaluated using a TGA Q500 thermogravimetric analyzer (TA
Instrument, USA). The analyses were carried out under synthetic air (60 mL/min) and inert gas (40
mL/min) atmospheres from room temperature to 600°C at a heating rate of 10°C/min. The onset
temperature (Tonset) was determined from the TGA curve as the intersection between the line extrapolated
from the �rst thermal event and the tangent to the curve at the temperature of the on maximum
decomposition rate of the material.

Differential scanning calorimetry (DSC) measurements of the neat PCL and polymer blends were
performed on a DSC Q-100 (TA Instruments, USA). The tests were carried out under nitrogen atmosphere
from − 75 to 150°C at a heating rate of 10°C/min, followed by cooling to -75°C at a rate of 10°C/min.
Changes of phase or state and the corresponding melting enthalpies were then determined from the
melting peaks of DSC thermograms. The crystallinity index (CI) was determined using the following
equation [11, 22].

CI(%) =
ΔHf

ΔH0
f xW

x100 Eq. 1

where: ΔHf is the fusion enthalpy determined by the DSC measurement, ΔH0
f is the theoretical enthalpy of

the completely crystalline polymer, which is 136 J/g for PCL [23], and w corresponds to the amount of
PCL in the blend.
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3. Results And Discussion

3.1 Rheological properties
The rheological behavior of the neat polymers and polymer blends was analyzed by capillary rheometry.
Figure 1 shows the viscosity (η) vs. shear rate (γ̇) curves of all blends.

It can be observed that the neat polymers and the TPS/PCL blends showed pseudoplastic behavior, with
a reduction in viscosity and an increase in shear rate. It was not possible to measure viscosity for the
neat TPS at shear rates > 2,000 s− 1 due to equipment overload caused by the high TPS viscosity. This
behavior indicates that TPS injection is not possible, which was also veri�ed in processing, and justi�es
the need to manufacture blends that allow TPS �uidity.

Addition of PCL to TPS caused a decrease in the viscosity of the blends, resulting in blends less viscous
than the neat TPS and with a behavior intermediate to that of neat polymers. This fact provides an
improvement in TPS processability, facilitating its �uidity.

Corradini et al. [19] studied the rheological behavior of TPS obtained from regular starch and waxy starch
in an internal mixer and found that the torque for regular starch remained constant at 12 Nm after 2 min
of processing, while the torque for waxy starch remained constant at 5 Nm after that period. The native
starch, with lower amylopectin content, presented higher viscosity during processing, which was
attributed to linear amylose chains. Similar behavior has also been observed in starch pastes solubilized
in water, where waxy starch showed a smaller viscosity value than that of regular starch, and resisted
mechanical agitation 56% less than regular corn starch gel [24].

Although waxy starch has a higher molar mass, its viscosity is lower than that of regular starch, since
amylopectin, its major constituent, is a highly branched macromolecule formed by short chains that
reduces its ability to form tangles [19]. In addition, the amylose content present in regular starches results
in higher viscosity and greater elastic �ow behavior in the melted state [25].

Understanding the differences in the structure of the types of starches and their in�uence on the
rheological behavior of TPS is important to ensure better �uidity of starch in the TPS extrusion and
injection processes. The use of waxy starch results in better performance of the TPS blends.

3.2 Mechanical properties
Mechanical properties of the neat polymers and their blends were evaluated by tensile tests. Typical
stress–strain curves are shown in Fig. 2.

The values for maximum tensile strength (σmax), fracture strain (ε), Young’s modulus (E) are presented in
Table 1.
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Table 1
Mechanical properties of neat TPS and PCL and their polymer blends in ascending order of PCL content:

tensile strength (σmax), fracture strain (ε) and Young’s modulus (E)

Samples σmax (MPa) ε (%) E (MPa)

TPS (1.3 ± 0.1)a (11.9 ± 1.8)a (81 ± 1)a

TPS/PCL 90/10 (1.2 ± 0.2)a (7.6 ± 1.9)a (81 ± 3)a

TPS/PCL 80/20 (2.0 ± 0.1)a (22.7 ± 4.0)a (90 ± 2)a

TPS/PCL 70/30 (3.6 ± 0.2)a,b (13.3 ± 1.6)a (146 ± 1)b

TPS/PCL 60/40 (5.3 ± 0.2)b,c (9.5 ± 0.9)a (175 ± 8)c

TPS/PCL 50/50 (6.4 ± 0.2)c (9.0 ± 0.7)a (207 ± 9)d

TPS/PCL 40/60 (7.5 ± 0.1)c,d (57.6 ± 16.7)b (241 ± 13)e

TPS/PCL 30/70 (8.8 ± 0.1)d (113.5 ± 15.6)c (311 ± 22)f

TPS/PCL 20/80 (14.5 ± 1.4)e (517.3 ± 17.5)d (309 ± 19)f

TPS/PCL 10/90 (17.5 ± 1.3)f > 550 (384 ± 12)g

PCL (19.7 ± 1.3)g > 550 (374 ± 12)g

Difference letter on the same column means the difference of mean values is statistically signi�cant
by Tukey’s test (p < 0.05).

Neat PCL exhibited a tensile strength of approximately 20 MPa and a very ductile behavior with great
fracture strain (  = > 500 %), as described in the literature [11, 26]. In contrast, neat TPS presented poor
mechanical properties, reaching 1.3 MPa. When TPS and PCL were blended, there was a pronounced
increase in mechanical properties compared with those of neat TPS. In general, the gain on mechanical
properties of the blends over neat TPS was attributed to neat PCL. In this case, TPS acted simply as a
�ller that does not possess desirable mechanical properties in itself [3].

A study that compared native and waxy starches showed that the TPS from waxy starch exhibited
fracture strain 3 times greater than that of native starch, while E and σmax were higher for the native
starch [19], justifying the results obtained for TPS in this study. Furthermore, all the blends analyzed here
presented strength resistance comparable to that of low-density polyethylene [3, 27], which suggests that
these TPS/PCL blends can be applied to packaging.

For the TPS/PCL blends, there was an increase in E with increasing PCL content, and a behavior similar
to maximum strength was found, in which the samples presented Young’s modulus values intermediate
to that of neat polymers. In this case, E values of TPS and PCL were 80 and 370 MPa, respectively. This
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fact indicates that it is possible to increase the mechanical properties of TPS with addition of small
amounts of PCL. These results for E were superior to those reported in a previous study that obtained
TPS from regular starch [3]. Therefore, TPS/PCL blends obtained from waxy starch tend to present a
higher E value than those of blends obtained from regular starch.

Neat TPS showed  = 12%, while neat PCL and the TPS/PCL 90/10 blend endured rupture strain above
the equipment limit of 650%. As expected, due the very ductile behavior of PCL, the specimens endured
higher deformation rates with increasing PCL concentration. A contrary behavior was observed for the
TPS/PCL blends obtained from regular starch plasticized with 35% glycerol, where the fracture strain
decreased inversely with increasing the PCL content. This was attributed to phase separation between
PCL and TPS, resulting from the non-miscibility between the polymers [13].

Figure 3 presents the E, ε, and σmax values by tensile tests as a function of TPS content in the TPS/PCL
blends.

Variation in the values of E showed a linear trend according to TPS mass fraction variation (Fig. 3a). In
this case, a synergistic behavior was observed only for the TPS/PCL 10/90 blend, whereas the blends
containing 20 and 30% TPS presented additivity behavior and the other blends showed incompatibility
behavior [28, 29]. According to the photomicrographs for the sample containing 10% TPS, in which
synergism occurs, the starch phases are distributed more evenly and are well dispersed throughout the
PCL matrix. For the other samples from 30% TPS, the starch phases are no longer homogeneous with
each other and do not present a regular dispersion throughout the PCL matrix.

For all blends, there was an incompatibility behavior, since the fracture strain (Fig. 3b) and maximum
resistance (Fig. 3c) values were lower than those of neat PCL [28, 29]. According to the
photomicrographs, blends with up to 20% TPS presented the most homogeneous and dispersed starch
phases compared with those of samples starting at 30% TPS, resulting in a drop in fracture strain and
maximum strength between samples with 20 and 30% TPS. The highest crystallinity index for the PCL
phase in the TPS/PCL 30/70 blend may have prevented a further drop in mechanical properties.

3.3 Morphological analysis
Considering that TPS and PCL were melt blended in a higher shear twin-screw extruder varying the
amount of PCL in a range of 10 wt% in increasing order of addition, Fig. 4 shows the SEM
photomicrographs of the cryogenic fracture surfaces of starch granules, neat polymers, and TPS/PCL
blends in ascending order of PCL addition.

The starch granules presented polyhedral form and dimensions < 10 µm (Fig. 4a). Neat TPS showed a
continuous matrix of plasticized starch (Fig. 4b). The plasticization process involves the loss of the
crystalline character as a result of the disruption of starch granular structure [1]. It is possible to observe
the presence of some pores and lumps, which can be attributed to the presence of water and air bubbles
or starch granules that did not have the original granule structures completely ruptured. Normally, in
plasticization of starch in an extruder using glycerol, the plasticizer breaks the hydrogen bonds and
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disrupts the granular crystalline organization [3]. Neat PCL (Fig. 4l) showed a continuous morphology
characteristic of typical cryogenic fracture for a low glass temperature (Tg) polymer [11].

The photomicrographs evidence a homogeneous PCL/TPS distribution in the blends, which resulted in an
immiscible blend leading to phase separation [8]. In the blend containing 90% TPS, it was not possible to
perform the acid chemical treatment to remove the TPS phase (Fig. 4c). The high concentration of TPS
and the thin thickness of the sample made the treatment unfeasible, causing most of the sample to
solubilize. Note that the morphology obtained was in the form of drops, showing the PCL phase
dispersed in the TPS matrix.

In blends with 80 to 60% TPS, co-continuous morphology was formed (Fig. 4d-f). The coalescence
between its particles occurred more intensely as the TPS concentration was increased. The high degree
of co-continuity in these blends may be explained by the lower viscosity of the PCL phase compared with
that of the TPS phase. Therefore, even if PCL is a minor component, it tends to form a continuous phase
[25]. For these blends, there was also a tendency for the TPS phase be concentrated in the middle of the
specimens because of the probably higher viscosity of TPS. This TPS encapsulation can make the blend
more resistant to any type of degradation [1].

With the decrease in TPS content, there was a phase change that allowed the formation of droplet-shape
morphology, showing a decrease in the particle size of the TPS dispersed in the continuous PCL matrix
(Fig. 4g-k). Regarding PCL concentration, it is important to note that with increasing its concentration, the
blends showed a very dispersed morphology with the PCL matrix and �ner TPS domains guaranteed by
the higher shear extrusion [25].

The viscosity ratio beetwen the polymers in immiscible blends is an important parameter in the
morphological formation and, consequently, in their physical properties [11]. The TPS/PCL viscosity ratio
at 1000 s− 1 calculated when PCL was in the rich phase in the blend was 4.94, whereas the PCL/TPS
viscosity ratio calculated at same shear rate when TPS was in the rich phase of the blend was 0.20.
These values indicate that only the PCL droplets break in the TPS matrix, but the opposite does not occur,
which means that the TPS droplets do not break in the PCL matrix, as observed in the SEM
photomicrographs.

3.4 Thermal Analysis
Thermal stability was determined by TGA. Figure 5 presents the thermal degradation pro�le and
derivative thermogravimetric (DTG) curves of the neat polymers and their respective TPS/PCL blends.

The Tonset values measured from the TGA curves are summarized in Table 2.
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Table 2
Tonset of neat TPS and PCL

polymers and TPS/PCL blends
Samples Tonset (°C)

Neat TPS 281

TPS/PCL 90/10 272

TPS/PCL 80/20 274

TPS/PCL 70/30 268

TPS/PCL 60/40 281

TPS/PCL 50/50 280

TPS/PCL 40/60 291

TPS/PCL 30/70 276

TPS/PCL 20/80 276

TPS/PCL 10/90 322

Neat PCL 350

The degradation temperatures for neat TPS and neat PCL were 280 and 350°C, respectively. Therefore,
PCL has greater thermal stability than TPS, as illustrated in Fig. 5a. The TPS weight loss up to 140°C is
due to water and other volatile compounds. The shoulder between 200 and 250°C on the DTG curve of
neat TPS refers to the evaporation of glycerol. The thermal degradation of TPS and glycerol started at
around 250–350°C, mainly due to dehydration of the hydroxyl groups and the subsequent formation of
unsaturated and aliphatic low molecular weight carbon species [2, 11, 30]. The peaks above 400°C on the
DTG curve for all samples are due to the carbonization in oxidative atmosphere (Fig. 5b) [31].

Most of the blends showed intermediate thermal stability behaviors compared with those of the neat
polymers. With increasing the TPS amount, the blends presented a behavior similar to that of neat TPS
because of its lower thermal stability. On the DTG curves, the peak that refers to TPS decomposition
decreases with increasing the PCL content in the blend. Consequently, the peak that refers to PCL
decomposition increases its intensity with increasing the PCL amount in blend, approaching the behavior
of neat PCL. An increase of 10°C in the thermal stability of the TPS/PCL 40/60 blend was observed in
relation to the other blends. This behavior can be explained by the coalescence exhibited by this blend in
the SEM photomicrographs.

Differential scanning calorimetry was used to identify the main transition temperatures correlated to the
mechanical properties of the blends. The glass (Tg), melting (Tm) and crystallization (Tc) temperatures,
enthalpies of fusion (ΔHm), and crystallinity indexes (Ci) related to PCL were measured for each blend
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Fig. 6 shows the DSC curves for the �rst heating and cooling �ows of the neat TPS and PCL polymers
and the TPS/PCL blends.

Table 3 presents the data for transition temperatures and Ci calculated from ΔHm.

Table 3
Glass transition temperature (Tg), melting temperature (Tm), enthalpy of
fusion (ΔHm), crystallinity index (Ci), and crystallization temperature (Tc)

values for the neat TPS and PCL polymers and their blends
Samples Tg (°C) Tc (°C) Tm (°C) ΔHm (J/g) Ci (%)

TPS/PCL 90/10 -60.2 31.6 59.6 7.0 52

TPS/PCL 80/20 -60.2 28.8 61.8 15.1 56

TPS/PCL 70/30 -59.5 29.7 61.4 20.8 51

TPS/PCL 60/40 -60.8 28.5 62.1 30.3 56

TPS/PCL 50/50 -62.6 31.1 62.9 39.4 58

TPS/PCL 40/60 -61.9 30.1 63.5 46.9 58

TPS/PCL 30/70 -60.1 30.0 63.0 60.1 63

TPS/PCL 20/80 -60.0 29.3 64.7 64.1 59

TPS/PCL 10/90 -59.8 30.0 61.0 71.0 58

Neat PCL -59.4 31.0 58.4 72.6 53

The neat TPS curve did not show any thermal event because TPS is an amorphous material due to the
plasticization process that destroys the starch grains and disrupts the crystalline orders [15]. In contrast,
neat PCL presented higher crystallinity index (53%), showing the Tm around 58°C, corresponding to
crystals fusion (Fig. 6a) [3, 8, 11, 26].

Blending of TPS with PCL caused a slight increase of up to 5°C on the Tm of the TPS/PCL 40/60 blend,
as observed in the dotted lines of the DSC diagrams. These results are in accordance with the
coalescence TPS phases in the PCL matrix observed in the SEM photomicrographs, suggesting that there
is higher molecular interaction in this blend that affects the thermal stability and Tm of the blend. The
peak corresponding to Tm is attenuated with increasing the TPS content in the blend as a result of the
increased concentration of amorphous material, being the peak area also in accordance with PCL content
[1].

It should be noted that the Tg values of these materials were not evident. This fact is possibly related to
the domain of the crystalline phase over the amorphous phase [8]. The Tg of the neat PCL was obtained
with a subtle in�ection of the curve around 60°C, providing PCL-based materials with high �exibility at
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room temperature [1, 26]. Wide variations in Tg did not occur with addition of TPS to the TPS/PCL blends.
In this way, TPS and PCL can be blended without affecting this parameter.

The Tc related to PCL crystallization is observed at around 30°C, as reported in the literature (Fig. 6b) [11].
The blends presented Tc close to that of the neat PCL and did not interfere with PCL crystallization when
a controlled cooling rate was applied. The crystallization peak was also attenuated by increasing the TPS
fraction in blends.

The CI related to PCL was calculated according to the Eq. 1 presented in the DSC assay methodology. The
CI of PCL represents the crystalline fraction of the material related to the thermal processing history. Neat
PCL presented 53% crystallinity, as reported in the literature [11, 26]. PCL is a semi-crystalline polymer,
and the presence of other substances and processing can induce or restrict their crystallinity [2]. When
PCL was blended with TPS, it became slightly more crystalline in most of the blends. Incorporation of
TPS into the PCL matrix induced its crystallization, reaching the maximum of 63% for the TPS/PCL
30/70 blend, suggesting that TPS acted as a nucleating agent. At the other concentrations, the PCL
crystallinity remained similar to that of the neat PCL. Higher ΔHm values have been correlated with the
crystalline fraction of polymers. Although there was a decrease in the ΔHm of the blends with the increase
in TPS content, proportionally, there was also a decrease in the PCL content, which was responsible for
the crystalline portion of the blends [11].

4. Conclusions
Waxy starch was plasticized using 30 wt% glycerol as plasticizer in a twin-screw extruder. TPS/PCL were
processed by higher shear rate extrusion. Low concentrations of PCL were su�cient to improve the
processability and guarantee the viability of the TPS injection process. Blends with concentrations from
20% PCL were well processed by higher shear rate extrusion and able to be injected, producing
homogeneous materials. Capillary rheometry showed that neat TPS had higher viscosity values than neat
PCL, affecting the processability of blends with higher TPS content. The mechanical properties of the
blends were improved with PCL addition, indicating that it is possible to enhance the mechanical
properties of TPS with addition of small amounts of PCL. SEM images con�rmed the TPS/PCL
immiscibility and show the dependence of morphology on TPS content. Thermogravimetric analysis
showed that the addition of PCL to TPS increased the thermal stability of the blends because of the
greater thermal stability of PCL. Lastly, the DSC analyses showed that TPS acted as a nucleating agent
for PCL, increasing the crystallinity index, and may affect the mechanical properties of the blends.
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Figure 1

Viscosity vs. shear rate curves of TPS, PCL, and TPS/PCL blends.
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Figure 2

Stress-strain curves of neat TPS and PCL and TPS/PCL blends.

Figure 3
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(a) Young’s modulus (E), (b) fracture strain (ε), and (c) maximum strength (σmax) as a function of the
mass fraction of TPS present in the polymeric blends.

Figure 4

SEM photomicrographs of the starch granules (a), neat TPS (b), TPS/PCL blends (c-k) with their
respective blends in increasing order of PCL addition, and neat PCL (l).
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Figure 5

Thermogravimetry and DTG curves of neat TPS and PCL polymers and TPS/PCL blends.

Figure 6

DSC curves for heating (a) and cooling (b) the neat TPS and PCL polymers and the TPS/PCL blends.
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