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In this study, it will be shown that morphologically tailored tricontinuous ternary blends, comprising polybutylene succi-
nate (PBS), polylactic acid (PLA), and poly (butylene adipate-co-terephthalate)(PBAT), can generate new materials with
excellent properties. Detailed morphological analysis is used to establish that all three phases in the ternary 33%PBS/
33%PLA/33%PBAT blend morphology are highly continuous with a phase structure dominated by complete wetting
dynamics. PBS is shown to situate itself between PLA and PBAT. This melt processed, self-assembled, multiple perco-
lated, blend possesses a high elongation at break (567%), high Young’s modulus (1130 MPa), high impact strength (271
Jim), and a storage modulus about 50% higher than pure PBS at room temperature. None of the neat materials demon-
strate this combination of high properties and the synergy derives from the tricontinuous structure of the system. The ter-
nary nature of the blend allows for a modulation of the crystallinity behavior as examined by differential scanning
calorimeter and X-ray Diffraction. © 2014 American Institute of Chemical Engineers AIChE J, 60: 3005-3012, 2014
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Introduction

Biopolymers have potential as sustainable replacements to
traditional petroleum-based materials if innovative methods
are used to improve their properties. The main advantage of
such polymers is their low environmental footprint if they
can be properly recycled or composted.' During the past dec-
ade, polybutylene succinate (PBS) has attracted considerable
attention as a promising biodegradable aliphatic polyester.
This polymer, depending on its degree of crystallinity, can
show different levels of flexibility and toughness.” PBS has
many desirable properties such as melt-processability, ther-
mal and chemical resistance, and good toughness, although
crystalline grades of PBS show lower levels of ﬂexibility4
due to a low storage modulus and relatively low Young’s
modulus at room temperature. Polylactic acid (PLA) and poly
(butylene adipate-co-terephthalate) (PBAT) are two important
raw materials for many compostable and bio-based polymer
blends. PLA is a linear, bio-based and aliphatic polyester pro-
duced via bacterial fermentation. PBAT is classified as a bio-
degradable aliphatic-aromatic copolyester.’

A high performance material requires high levels of duc-
tility, stiffness, and strength. Generally, designing materials
having both high stiffness and high toughness (a balance of
strength and ductility) is difficult to achieve. For example,
PLA exhibits high modulus with low impact resistance. Con-
versely, PBAT is a high strain-to-failure material showing
poor stiffness. This competition between the elastic and plas-
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tic deformation of polymers mechanical behavior can be
overcome by tuning the mechanical properties through melt-
blending the components and controlling the morphology.®

Many different types of morphologies can be obtained for
multicomponent polymer blends that directly affect the
whole set of properties.”® A ternary polymer blend system
can show a variety of complex structures including both
complete wetting and partial wetting phenomena.'®'" In the
complete wetting case, one of the most complex morpholo-
gies is a tricontinuous system where a continuous polymer
(A) is situated at the interface of a cocontinuous B/C sys-
tem.'> In this tricontinuous morphology, all phases are
highly continuous and percolated throughout the blend.'®
The origin of this interfacial tension driven, multiple-
percolated structure can be understood from spreading coeffi-
cient theory.13’14 Harkins spreading theory predicts a com-
plete wetting morphology in a ternary blend when one of the
spreading coefficients calculated by Eq. 1 has a positive
value

ZAB=Vpc—VAC ~VAB (H

where 7 represents the interfacial tensions for the different
polymer pairs and subindices refer to each component in the
mixture. 4 is the spreading coefficient giving the tendency of
one component to spread over another component. A posi-
tive value for /45, determines that phase (A) separates phases
(B) and (C) indicating a complete wetting morphology (two-
phase contact only). Negative values for all spreading coeffi-
cients in a ternary polymer blend indicate a partial wetting
morphology where droplets of one of the phases situate at
the interface and demonstrate a three-phase contact.
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Table 1. Material Characteristics and Thermal Properties

n X 1073 at‘ 14 (g/cm3) TmPcak chPcak A[-Im AHrc‘ A[—Il()()%c (%)

Material 255! (Pas)® at 200°C coP oY /) J/g)° /) Crystallinity
PLA 1.01 1.12 169.2 134 15.1 15.1 93.7 0%
PBS 0.41 1.1 116.2 99 55 5.9 110.3 44.5%
PBAT 0.9 1.1 123 - 133 - 114 11.7%

“Viscosity measured at 180°C.

°Melt peak temperature.

“Cold-crystallization temperature.

“Enthalpy of fusion.

“Enthalpy of cold-crystallization.

‘Enthalpy of fusion of 100% crystalline polymer.
The mechanical properties of a multicomponent blend are equation,?’ consequently, the applied frequency can be con-

considerably affected by the crystallinity of the components.
Typically, increased levels of crystallization in a polymer
result in a decrease in the fracture toughness and increase
the embrittlement of the material.'>'® The toughness and
strength of semicrystalline systems are interdependent and
both are dependent on cavitation and plastic deformation of
crystalline and amorphous phases.'” The polymer crystalliza-
tion process always accompanies a decrease in specific vol-
ume that results in the creation of cavitation bubbles. Such
cavitation bubbles are known as “weak spots” and propagate
at interspherulitic regions, resulting in the decrease of
mechanical properties of polymer materials.'® A lower mid-
level of crystallinity, however, results in an enhancement of
toughness and material strength, as well as the formation of
a considerable amount of cavitation.'?

The objective of this study is to examine the potential of
tailoring the properties in a PBS, PLA, and PBAT system
through the preparation of a tricontinuous polymer blend.
The morphology, continuity, mechanical properties and crys-
tallinity of the system will be evaluated.

Experimental Methods
Materials

Commercial homopolymers of PBS (Mitsubishi Chemi-
cal), PLA (Natureworks, 3001D), and PBAT (BASF Ecoflex)
were all used as received. The properties are listed in a pre-
vious article from this lab.>° The main characteristics of the
materials used are listed in Table 1.

Sample preparation

Binary and ternary blends were prepared via melt-
blending under a flow of dry nitrogen in a 30 mL Brabender
operating at a set temperature of 190°C and 50 rpm. The
maximum shear rate at this speed is close to 25 s~ '. The
mixing chamber was filled to 70% of its total volume. A
concentration of 0.2 weight percent of Irganox antioxidant
supplied by CIBA was added to the mixture. All the blends
were mixed for 8 min at which the torque achieves a con-
stant plateau value. After mixing, the samples were immedi-
ately cut from the mass and quenched in a cold water bath
to freeze-in the morphology.

Rheological analysis

The disc-shaped samples were compression molded in the
hot press at 185°C. An AR2000 Rheometer from TA Instru-
ments in the dynamic mode equipped with 25 mm parallel
disk geometry was utilized to measure the linear viscoelastic
properties of homopolymers containing 0.2% antioxidant. All
homopolymers used here are known to follow the Cox—Merz
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sidered as the shear rate and the complex viscosity as the
steady shear viscosity. All polymers were found to be stable
at the set temperature in the time sweep test for 8 min. After
the determination of the viscoelastic region by stress sweep
from 10 to 10,000 Pa, a frequency sweep allowed for the
measure of the zero shear viscosity of each sample (Figure
1). The average shear rate in the mixer is approximately
25 s~ !. The viscosities at 25 s~ for the various homopoly-
mers are reported in Table 1.

Solvent extraction

A solvent extraction/gravimetric method was used to
obtain quantitative data on the extent of continuity of the
phases. Dichloroethane (DCE) was used to extract all phases
except PBS at room temperature. As a primary advantage,
solvent extraction is an absolute measurement and is also a
straightforward technique to detect the existence of cocontin-
uous microstructures when the components are soluble in

specific solvents.
vainitial - vafinal <100

E Vinitial
n

Where Viniia and Viya are the volume of one component
present in the sample before and after extraction calculated
by weighing the sample and converting it to the volume.
The degree of continuity represents the fraction of a phase
that is continuous. Samples in which each phase has a
degree of continuity of 1.0 are completely continuous. The
reported value is the average of several samples and the
average error for high continuity levels is +5%.
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Figure 1. Complex viscosity vs. frequency for PBATH,
PBS A, and PLAe.
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Dynamic mechanic thermal analysis

A TA dynamic mechanical analyzer (DMA 2980 from TA
instruments) was used to measure dynamic thermal proper-
ties of the samples. A heating rate of 2°C/min was selected.
The temperature range was selected according to the glass
transition and melting temperatures of the components and
was examined over a wide range of —100 to 100°C. A dual
cantilever clamp mode on injection molded samples of size
126.4 X 12.5 X 3.1 mm’ was used.

Differential scanning calorimeter

A TA differential scanning calorimeter (DSC Q1000) was
used to analyze the thermal behavior of the samples. After
calibration of the temperature and enthalpy parameters with
indium (7, = 156.6°C, AH = 28.45 J/g), the samples were
weighed and sealed in a standard pan. A heating rate of
15°C/min was used and the glass transition temperature and
melting temperature of the samples were evaluated.

The degree of crystallinity in a material can be calculated
via DSC by the following equation

(AHm_AHC)

X1
A 00 3)

% Crystallinity =

Where AH,, represents enthalpy of fusion, AHc is enthalpy
of cold-crystallization and AHj; represents enthalpy of melt-
ing for 100% crystalline material.

Tensile measurement

According to ASTM D638, tensile strength measurements
were performed on an Instron 3365 tensile testing apparatus.
Testing was carried out with a tensile tester equipped with a
5 kN load cell and a crosshead speed of 5 mm/min. Samples
were conditioned for 24 h at 22°C and 50% humidity. An
average and standard deviation based on at least seven sam-
ples were reported.

Notched impact strength

Impact testing was carried out with an Izod impact pendu-
lum, model CS-137C-176, from the CSI Company. Rectan-
gular bars of samples with dimensions of 6 cm X 1.3 cm X
3.1 mm were injected molded with a Sumitomo SE50S
injection machine. Samples were conditioned for 24 h at
22°C and 50% humidity. The samples were notched accord-
ing to the ASTM D256 standard. The sample was vertically
inserted inside the equipment where the notch faces the
impact pendulum. For each sample six notched specimens
were tested and their average value and standard deviation
were reported.

Microtoming, selective extraction, and scanning electron
microscopy

The specimens were cut and microtomed to a plane face
under liquid nitrogen using a microtome (Leica-Jung RM
2065) equipped with a glass knife and a cryochamber type
(LN 21). After the appropriate chemical treatment at room
temperature with selective solvents (acetic acid for differen-
tiation of phases and DCE for all polymers except PBS) to
remove one or several components, the sample surface was
coated with gold/palladium by plasma deposition. A field
emission gun scanning electron microscope (FEG-SEM)
operated at a voltage of 2 to 5 keV, was used to obtain pho-
tomicrographs of the sample surface.
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Morphological characterization of phases by optical
microscopy and DSC

Thin layers of samples about 30 um in thickness were
used for the annealing process using a Mettler FP-§2HT hot
stage controlled with a Mettler FP-90 central processor. Pho-
tomicrographs were taken by a Nikon F601,; camera con-
nected to a Nikon transmission light microscope. Samples
were heated from 25 to 200°C and then cooled down to
room temperature. The polarized lens detects the crystalline
structure of the various phases. The DSC curve allows to
establish the crystalline temperature of each component.

Field emission gun scanning electron microscopy and
atomic force microscopy

For FEG-SEM, a microtomed surface of the sample was
treated with DCE or tetrahydrofuran (THF) at room tempera-
ture to selectively etch out a component. This was then
coated with a gold/palladium alloy using plasma deposition.
The field emission gun scanning electron microscope, oper-
ated at a voltage of 2 keV, was used to obtain photomicro-
graphs of the sample surface. The extracted surface of the
specimens was also examined by scanning probe microscope
dimension atomic force microscopy (AFM) with a Nano-
scope IIla controller in tapping mode. The atomic force
microscope measured topography with a force probe.

Results and Discussion

For a binary blend, the morphological system in which
both components can best contribute to the final properties is
a cocontinuous structure due to the percolation of all
phases.'®?> A few studies on such systems have reported
considerable morphology-induced variations on mechanical
properties.”>>* In matrix-droplet structures the properties are
still typically dominated by the matrix polymer.23 In this
study, an immiscible ternary blend with three percolated
phases is even more advantageous because the property sets
obtained in the final mixture can potentially be shared from
three different polymers. This provides the opportunity to
tailor a high level of balanced properties. The continuity of
the components in this case allows them to better contribute
to the final mechanical properties of the blend as compared
to other classes of morphologies, providing that interfaces
show relatively strong adhesion. A multiple-percolated struc-
ture could also be advantageous from a biodegradation point
of view due to its facilitation of the biodegradation process
in the blend by increasing the surface area of each polymer.
Although the T, peaks of PBS and PBAT slightly overlap,
the immiscibility of the ternary PBS/PLA/PBAT blend is
confirmed by the DMA loss modulus (not shown here).

The Harkins spreading theory for the ternary PBS/PLA/
PBAT blend shows a positive spreading coefficient of Apps,
peaT With a value of 0.31 =0.24 mN/m.> It predicts com-
plete wetting with the PBAT phase located at the interface
of PLA and PBS. Despite this prediction, the very low value
of the spreading coefficient and the associated experimental
error makes it difficult to be conclusive about the spreading
behavior. Experimental observations of the location of
phases will be discussed in more detail below. Figure 2
shows the morphology of the 33%PBS/33%PLA/33%PBAT
blend, all phases are percolated and a tricontinuous micro-
structure is produced. This morphology confirms the immis-
cibility of the ternary blend as also observed by DMA
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continuous structure after

extraction of PLA and PBAT by DCE, b) AFM topographical image of PBAT continuous structure after
treatment of sample surface by THF, c) SEM micrograph of sample after annealing and treatment with
acetic acid, d) optical micrograph of sample after annealing at 200°C.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

analysis. Figure 2a shows the continuous PBS phase after
extraction of both PLA and PBAT phases by DCE. In this
case, gravimetric solvent extraction results reveal a 97 = 2%
continuity for PBS after extraction of the other phases. Fig-
ure 2b shows the continuous structure of the PBAT phase
after treatment of the sample surface by THF. SEM (Figure
2¢) and optical microscopy (Figure 2d) morphological analy-
sis exhibit three percolated phases for the ternary polymer
blend. In this work, the ternary blend of 33%PBS/33%PLA/
33%PBAT was carefully selected to achieve a double perco-
lated morphology as shown in Figure 2. Second, 33% of
each phase allows for a balanced contribution of each com-
ponent related to the properties of the blend. The compo-
nents themselves, as mentioned earlier were carefully
selected to demonstrate a maximum complementarity of base
properties.

The samples in these figures were subjected to 30 min of
annealing at 200°C to better visualize the morphology of the
tricontinuous structure. As all the phases are polyesters with
similar chemical structures, the morphological identification
of phases is difficult due to the lack of a selective solvent
for each phase. In previous work,” it was reported that the
PBAT phase was situated between PBS and PLA. That con-
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clusion was reached by considering the crystallization tem-
perature of the materials as they cooled on the hot stage of
the light microscope and then comparing that temperature to
the crystallization temperatures of the neat materials. In con-
tinuing that work in this article, however, it was observed
that in the ternary system each phase impacts the crystallin-
ity of the other so that a comparison to the neat materials is
not the correct approach as outlined below. Pure PBAT and
PBS spherulites form at 52.3 and 78.4°C (Figures 3a, b).
Such crystallization temperatures correspond to the DSC
cooling run and crystalline peaks obtained for PBAT and
PBS as shown in Figure 4. Figure 3¢ shows that for a binary
blend of 50%PBS/50%PBAT both phases crystallize at
65.6°C indicating the role of the PBS phase as a nucleating
agent for the PBAT phase. This temperature is higher than
that for the crystallization of the PBAT phase as shown in
Figure 3a. Once PBS crystallization commences at about
78.4°C at the interface, PBAT phase crystallization also
begins by induction. As shown in Figure 3d, the ternary
blend of 33%PBS/33%PLA/33%PBAT represents crystalline
structures for PBAT and PBS phases at 56.9°C. In this case,
the phases can be recognized by their crystallization
temperature.
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Figure 3. Crystalline structures of samples under polarized optical microscopy after cooling down the temperature
to crystalline temperature of phases: a) spherulites of pure PBAT, b) spherulites of pure PBS, c) binary
50%PBS/50%PBAT blend after initiation of crystallization of both PBAT and PBS, and d) ternary 33%PBS/
33%PLA/33%PBAT blend after initiating crystallization of all three phases.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

The second DSC cooling run for 33%PBS/33%PLA/
33%PBAT shows that the crystalline behavior starts at 93°C
(Figure 4). In this case, the crystallization of both the PBS
and PBAT phases starts at higher temperature (93°C) indi-
cating that PLA plays a major role as a nucleating agent.
Figure 4 shows a single peak for the crystallization of the
ternary blend confirming crystallization of all three phases
together with a crystallization temperature higher than that
of pure PBS and pure PBAT. Supplementary morphological
images show that the crystalline structure of phases starts
from the interface of the phases and that is in agreement
with available theories.?® Moreover, it is possible that the
crystallinity is also affected by an interchange reaction
between the polyesters. In an upcoming article, (Ravati
et al., Polymer, Submitted) Time-of-Flight Secondary Ion
Mass Spectrometry (ToF-SIMS) has been used to examine
the interfacial transitions in similar polyester-based ternary
blends. Very high resolution ToF-SIMS has been able to
detect the formation of a new chemical species at the
polyester-polyester interface. These appear to be due to
transesterification. Based on these new data, the correct iden-
tification of phases in this ternary blend is represented in
Figure 2 where the PBS phase locates between PBAT and
PLA.

In this study, due to the existence of three polyesters with
a high similarity in chemical structure, a relatively high
interfacial adhesion at the interfaces is expected. This is con-
firmed by the very low interfacial tension values between
phases as reported previously by Ravati and Favis.” Interfa-
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cial tensions were calculated using measured contact angles
in the semiempirical Harmonic mean equation. Although
estimating the interfacial tensions with such a semiempirical
approach is less desirable than a fully experimental analysis,
it should be noted that in this special case of very low inter-
facial tensions, it is the best and most reliable method to
obtain interfacial tension data. Other methods such as the
breaking thread technique were also tried, but due to the low
interfacial tension values between polymer pairs, the thread
of component (A) did not break in the matrix of component
(B) even after 90 min.”> In the Harmonic mean approach,
the error from the contact angle measurements is

—-=-PBS

Heat Flow (W/g)

4| ——PBAT
—— PLABI%/PBATI3®%/PBSI3% |

-50 0 100 150

50
Temperature(C)

Figure 4. DSC thermograms for first cooling run of
pure PBAT and PBS, and ternary 33%PBS/
33%PLA/33%PBAT.
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Table 2. Mechanical Properties of Pure Polymers and Polymer Blends

Name Impact Strength (J/m) Young’s Modulus (Mpa) Stress at Yield (MPa) Elongation at Break (%)
PBS 58.7+6.3 791.1 £43.3 40.4 = 0.1 3544 +374

PLA 232+25 3331 3129 60+0.4 7.6 0.5

PBAT >200 102.2*54 - >1000
PBS50%/PBATS50% >200 258.3+35.1 349+0.9 >1000
PBS50%/PLA50% 345+48 1721 =17 28.4+0.5 56.2 1.1
PBS33%/PLA33%/PBAT33% 271.3 £ 101.5 1130.9 = 83.6 26.9 £0.1 567.9 =0.3

represented. Note that a high interfacial adhesion between
the phases is critical to improve the final mechanical proper-
ties of the blend.

The mechanical properties are reported in Table 2 for both
binary and ternary blends. The binary 50%PBS/50%PBAT
blend, with cocontinuous morphology shows a significant
improvement of ductility as compared to neat PBS, however,
the modulus decreases significantly. Such properties are
obtained due to a combination of PBAT ductility, the higher
modulus of PBS, and the cocontinuity of both phases in the
system. Conversely, a 50%PBS/50%PLA blend with a
cocontinuous microstructure shows a very high modulus and
lower EB compared to pure PBS. The ternary blend of
33%PBS/33%PLA/33%PBAT demonstrates a very high level
of complementary properties, as shown in Table 2. The
blend shows a high elongation at break (567%), high
Young’s modulus (1130 MPa) and high impact strength (271
J/m). None of the neat materials demonstrate this combina-
tion of high properties. These results indicate the mechanical
property potential of a three-phase system where all compo-
nents are fully percolated with high levels of interfacial
interactions.

In a multicomponent polymer blend with a tricontinuous
morphology, the modulus is expected to be determined by
the concentration of the phases and the storage modulus of
each component.””?® For the 33%PBS/33%PLA/33%PBAT
ternary blend, it is shown in Figure 5a that the PBAT com-
ponent reduces the storage modulus of PBS at both the low
temperature range (—80 to —25°C) and high temperature
range (—5 to 45°C). The presence of PLA, however,
increases the PBS modulus by 50% at environmental temper-
atures (0 to 50°C). Figure 5b shows a magnified part of the
DMA plot represented in Figure 5a. It can be seen that the
storage modulus of PBS increases from 540 to 710 MPa for
the ternary blend at 20°C.

Because the mechanical properties of polymer blends are
greatly influenced by the crystallinity level of the blend, this
second part of the work will examine the crystallinity behav-
ior of the blend. An optimized toughness and tensile strength
are strongly dependent on the level of crystallinity with
semicrystalline structures generally preferred. In this study,
highly crystalline PBS, semicrystalline PBAT and com-
pletely amorphous PLA are used. The DSC and wide-angle
x-ray diffraction patterns (WAXD) are used to characterize
the crystalline behavior of the polymers. For the pure sam-
ples, as shown in Table 1, the DSC reports 0% crystallinity
for PLA, since the enthalpy values for cold-crystallization
and fusion are equal at 15.1 J/g. Table 1 also reveals an
11.7% crystallinity for PBAT, because no cold crystallization
peak appears and the enthalpy of melting for such a polymer
is measured to have a value of 13.3 J/g. The enthalpy of
melting? for 100% crystalline PBAT has a value of 114 J/g.
PBS shows an exothermal cold-crystallization peak just
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before its endothermal melting peak at 116.2°C. The
enthalpy of crystallization and melting enthalpy for PBS are
5.9 and 55 J/g, respectively. The polymer handbook reports
an enthalpy of melting value of 110.3 J/g for 100% crystal-
line PBS. The percent crystallinity for the PBS used in this
study can thus be estimated to be 44.5%.

In the previous part of the work, it was observed that in
the ternary 33%PBS/33%PLA/33%PBAT blend, certain
phases act as nucleating agents for other phases and shift the
crystalline temperature of those phases. To obtain the total
degree of crystallinity in such a blend, the second heating
run of DSC thermograms scanned at 15°C/min as summar-
ized in Figure 6 is used. It can be seen that the PBS and
PLA phases cold-crystallize at 106°C and at about 135°C,
respectively. For this ternary blend, the melting peak for
PBAT disappears as the crystalline part of PBAT nucleates
PBS at 115°C and the small peak for PBAT overlaps with
the large PBS melting peak. The DSC experiments demon-
strate that the crystallinity of the 33%PBS/33%PLA/
33%PBAT blend has been modulated through the blending
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Figure 5. DMA thermograms for storage modulus vs.
temperature of PBS, PLA, PBAT, and
33%PBS/33%PLA/33%PBAT, a) wide temper-
ature range between —80 and 100°C, b) nar-
row temperature range between —-10 and
60°C used for conventional applications.
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process to a value of 17%. This lower percent crystallinity
for the blend could also be due to transesterification because
crystallinity in multicomponent blends starts at the interface.
As mentioned earlier in this article an upcoming work using
ToF-SIMS will be reporting on the formation of a new
chemical species at the polyester-polyester interface.(Ravati
et al., Polymer, Submitted) This is critical to achieve high
elongation and high impact for the blend. Typical lower
crystallinity can assist in the creation of cavitation in such
systems resulting in dissipative processes, such as shear
yielding and crazing.

The WAXD of the ternary 33%PBS/33%PLA/33%PBAT
system confirms that the PBS and PBAT crystal structure
remains constant after blending (Figure 7). The WAXD pat-
tern for PBS in Figure 7a exhibits diffraction peaks located
at 20 =19.5, 21.7, 22.6, and 28.6° corresponding to the (0 2
0), (02 1), and (1 1 0) planes of the o-form of the PBS crys-
tal, respectively.’® Thn et al.*' used electron diffraction pat-
terns to demonstrate that the o-form crystal structure of PBS
is monoclinic with unit cell dimensions « = 0.523 nm,
b =0.908 nm, ¢ = 1.079 nm, and f§ = 124°, as well as with a
T,GTG conformation. A diffuse amorphous hump of large
magnitude is obtained for the WAXD pattern of the PLA
specimen. Other researchers have reported a similar diffrac-
tion pattern for amorphous PLA polymers.>** Figure 7a
also shows the WAXD pattern of the pure PBAT specimen,
demonstrating insignificant diffraction peaks centered at
20 =16, 17.4, 23, and 24.6°. Such small diffraction peaks
for PBAT correspond to the formation of small amounts of
weak PBAT crystals.***> Figure 7b shows diffraction peaks
of the 33%PBS/33%PLA/33%PBAT blend, demonstrating no
shift for the diffraction peaks of PBAT and PBS phases.
This indicates that the crystalline structure for the PBAT and
the PBS phases is maintained after blending.

Conclusions

In this study, the morphology and properties of a tricontin-
uous ternary PBS/PLA/PBAT immiscible blend is examined.
The Harkins spreading theory for this ternary blend shows a
positive spreading coefficient of Apgsppar With a value of
0.3 = 0.2 mN/m. Although it predicts complete wetting with
the PBAT phase located at the interface of PLA and PBS,
morphological observations show the PBS phase at the inter-
face. Morphological observations also show continuous
PBAT and PBS phases after selective extraction with sol-
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Figure 6. Second heating run for ternary blend of
33%PBS/33%PLA/33%PBAT.
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Figure 7. WAXD diffractograms of a) pure PBS, PBAT,
and b) ternary blend of 33%PBS/33%PLA/
33%PBAT.

vents. Moreover, gravimetric solvent extraction results reveal
a 97 = 2% continuity for PBS after extraction of the other
phases. By compositional control of such a blend at
33%PBS/33%PLA/33%PBAT, all phases are percolated and
a tricontinuous microstructure is produced.

The ternary blend of 33%PBS/33%PLA/33%PBAT dem-
onstrates a very high level of properties including a high
elongation at break (567%), high Young’s modulus (1130
MPa) and high impact strength (271 J/m). Moreover, the
storage modulus of this blend increases by 50% at environ-
mental temperatures as compared to neat PBS. The continu-
ity of the components allows them to better contribute to the
final properties since the property sets obtained in the final
mixture can be more effectively shared from the three differ-
ent polymers.

An optimized toughness and tensile strength are strongly
dependent on the level of crystallinity with semicrystalline
structures generally preferred. The DSC experiments demon-
strate that the PLA phase acts as nucleating agent for the
other phases and also the crystallinity of the blend has been
modulated through the blending process to a value of 17%.
Typical WAXD of the ternary 33%PBS/33%PLA/33%PBAT
system confirms that the PBS and PBAT crystal structure
remains constant after blending.

These results indicate the significant potential to synergisti-
cally tailor properties when using a highly interacting three-
phase system where all components are fully continuous.
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