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Abstract

Polylactide (PLA)/poly(butylene succinate) (PBS) blend films modified with a
compatibilizer and a plasticizer were hot-melted through a twin screw extruder and
prepared by hydraulic press. Toluene diisocyanate (TDI) and polylactide-grafted-maleic
anhydride (PLA-g-MA) were used as compatibilizers (0 — 9 wt% based on PBS
content), while triethyl citrate (TEQ), tricresyl phosphate (TCP), and poly(ethylene
glycol) 400 (PEG 400) acted as plasticizers (0 — 20 phr). The effect of the PBS content,
type and content of compatibilizer and plasticizer, including the synergistic
combination of compatibilizer and plasticizer on the physical appearance, thermal
properties, phase morphology, and mechanical characteristics of the PLA/PBS blend
films were investigated. The results indicated that the addition of a PBS and plasticizer
greatly increased the elongation at break and the impact strength of PLA films; however,
the tensile strength decreased especially with high amounts of loading. Comparatively,
the overall properties of the PLA blend films with TEC were higher than those
containing TCP and PEG400. Reactive compatibilization at increasing levels of TDI
improved the compatibility of the PLA and PBS, affecting the toughness of the films. As
evidenced by SEM, the addition of TDI enhanced the interfacial adhesion of the blends
leading to the appearance of many elongated fibrils at the fracture surface.
Furthermore, PLA/PBS blending with both TDI and PLA-g-MA led to an acceleration of
the cold crystallization rate and an increment of the degree of crystallinity. TDI could
be a more effective compatibilizer than PLA-g¢-MA for PLA/PBS blend films. The
synergistic combination of compatibilizer and plasticizer brought a significant
improvement in terms of elongation at break and tensile-impact toughness of the
PLA/PBS blends, compared to neat PLA. Their failure mode changed from brittle to
ductile due to the improved compatibility and molecular segment mobility of the PLA
and PBS phases. DSC results revealed that the plasticizers TEC and TCP changed the
thermal behavior of T.. and T, affecting [ |’ and [] crystal formations. However, these

plasticizers only slightly improved the thermal stability of the blend films.
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Characterization of neat PLA and PLA-g-MA
Molecular Weight Determination
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Neat PLA 11.40 15.76 1.38 7.9
PMAL1 0.3 11.58 16.89 1.46 8.0
PMAL3 0.3 8.85 11.58 1.31 8.2
PMAL5 0.3 8.17 10.95 1.34 8.3
PMAL3 0.1 8.95 12.19 1.36 8.2
PMAL3 0.3 8.85 11.58 1.31 8.2
PMAL3 0.5 7.47 10.36 1.39 8.4
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Spectroscopy
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17.27 ppm WaN1SNAGBINUIN alUAnSuYee neat PLA uansliiiu 2 dyanamvanyl chemical shift

O) # 1.58 way 5.17 ppm (gﬂﬁ aA wag 715197 2) Fadudnvazianizaes methyl proton (-CHs,
(a)) w2 methine proton (-CH-, (O))3ssiafiu oxygen wag carbonyl group AUy Wisuisuiv

auAnTUYaY neat PLA Tunsdlvasaiuansuvas PLA-g-MA asnudayaauiisiiudn 3 Yl chemical

shift (0) 1 1.9 2.8 uaz 4.3 ppm Falideyanuwaldu 'c 'd' waz 'e audwiu nafiusingiinanenas

Unseaulunuideves Pan wavamy Fefnwufedfuny carboxyl Wag amino groups ¥8s PLA

H1uUHATEINIINIIN - AATunde c daenadesiuny methyl proton #isieediu quaternary

carbon atom (O = 1.9) vaugNiiafisunus d uag e thuduves methylene wag methine protons
yoeluanaved anhydride duiniuselaiiaudneiualelgndnued PLA 587319058UIUNIT
maleation 103U 4B wudtalanTuved PLA-g-MA ATN1SIAN 1% MA waz 0.3% Luperox bil

UsInday1avasiafiswis ¢ d uas e Tuniensaiudnudediy MA 11037 1% asnudayayo

AN UD9 PLA-g-MA 7ifunis e waz d (8 = 4.3t0 4.4, and & = 2.5 t0 2.7 ppm) og¢lsAnY
fadidfunis ¢ liusngluaanduues PLA-g-MA Afin9ifin 1-3% MA waz 0.3% Luperox Tunn
nsfl wan1sveaawandlimiuiiszaures MA diwasdsdaaudenszuiunisiinujiseanuy
maleation laen1sldia3sunnauuuudn a15606797 3 uaz 5% MA Aifin15iAn 0.3% Luperox
anufuegeidululdfivszaunadudalunisdunsziasasuanineudiulidu PLA ¢ MA

Tumensaiudiunsiy MA fanududutesnin 1% lddwsalmindu PLA-¢-MA
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e 4.35
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1 | INTRODUCTION

| Hnungruthai Maneechot® | Ekwipoo Kalkornsurapranee® |

Polylactide (PLA)/poly(butylene succinate) (PBS) blend films modified with a
compatibilizer and a plasticizer were hot-melted through a twin screw extruder and
prepared by hydraulic press. Toluene diisocyanate (TDI) and polylactide-grafted-maleic
anhydride (PLA-g-MA) were used as compatibilizers, while triethyl citrate and tricresyl
phosphate acted as plasticizers. The effects of the type and content of compatibilizer
and plasticizer on the mechanical characteristics, thermal properties, crystallization
behavior, and phase morphology of the PLA/PBS blend films were investigated. Reac-
tive compatibilization at increasing levels of TDI improved the compatibility of the PLA
and PBS, affecting the toughness of the films. As evidenced by scanning electron micro-
scope, the addition of TDI enhanced the interfacial adhesion of the blends, leading to
the appearance of many elongated fibrils at the fracture surface. Furthermore, PLA/
PBS blending with both TDI and PLA-g-MA led to an acceleration of the cold crystalli-
zation rate and an increment of the degree of crystallinity (x;). Toluene diisocyanate
could be a more effective compatibilizer than PLA-g-MA for PLA/PBS blend films.
The synergistic combination of compatibilizer and plasticizer brought a significant
improvement in elongation at break and tensile-impact toughness of the PLA/PBS
blends, compared with neat PLA. Their failure mode changed from brittle to ductile
due to the improved compatibility and molecular segment mobility of the PLA and
PBS phases. Differential scanning calorimeter results revealed that the plasticizers
triethyl citrate and tricresyl phosphate changed the thermal behavior of T.. and T,
affecting a’ and a crystal formations. However, these plasticizers only slightly improved

the thermal stability of the films.

KEYWORDS

compatibilization, crystallization, poly(butylene succinate), polylactide, thermal behavior

polylactide (PLA), which offers the advantages of easy processability,

transparency, good mechanical properties, biocompatibility, and

Environmental concern about plastic pollution has become a serious
issue in the last few decades due to the continuous consumption of
plastic. To reduce and relieve this problem, research in the develop-
ment of biodegradable plastics has increased. One of the most effec-

tive biodegradable polymers produced on an economic scale is

renewability.»? Thanks to these advantages, extensive commercial
applications have been developed for PLA in the automotive, elec-
tronic, biomedical, and agricultural sectors.®>* However, many applica-
tions of PLA, especially in film and packaging, are restricted due to its

brittleness, relative low crystallinity, and slow crystallization rate.> To

Polym Adv Technol. 2018;1-13.
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overcome these limitations and extend the possibility of more wide-
spread usage, the flexibility and toughness of PLA can be improved
by modifying its brittleness. The problem of enhancing the ductile
properties of PLA in impact toughness and elongation at break while
maintaining its biodegradability is approached in 3 main ways: physical
blending with other flexible polymers, plasticization, and copolymeri-
zation with other monomers.””? Polylactide copolymerization is effec-
tive, but the technique is complicated, the cost relatively high, and
industrial scale-up difficult.® Therefore, the other 2 ways of overcom-
ing the high intrinsic fragility of PLA recommend themselves.

Poly(butylene succinate) (PBS), a linear aliphatic polyester
produced from 1,4-butanediol and succinic acid via 2 steps of poly-
condensation, is a semicrystalline polymer.t* Poly(butylene succinate)
has high impact toughness, good flexibility and chemical resistance,
and biodegradability in a few weeks.? These characteristics enable
the use of PBS in biomedical products, packaging, films, and mulch.
Although PBS is considered a good candidate for melt blending with
PLA to add toughness while retaining the biodegradability of the
blends, poor compatibility between PLA and PBS significantly affects
the mechanical and thermal properties of the final products, limiting
widespread applications. Previous research into binary blends of PLA
and PBS reported that the tensile strength, modulus, and elongation
of the blends decreased with the increment of PBS content due to a
lack of interfacial interaction.'® Similar results have been reported by
Zhou et al.** Binary systems of PLA/PBS exhibit phase separation,
affecting the properties of the systems. So, a suitable compatibilizer
is needed to improve their compatibility. Reactive compatibilization
is a simple and effective process that improves the interfacial interac-
tion between the 2 phases of coupled blends. This technique can
provide a better dispersion and more uniform phase morphology via
chemical reaction during melt blending. Most reactive compatibilizers,

such as maleic anhydride (MA),*>%¢ 1017

isocyanate, glycidyl methacry-
late,*® and peroxide!® groups, have a linear structure with highly
reactive functional groups that form strong chemical linkages between
the polymers in blends.

Another method of modifying the brittleness of PLA is plasticiza-
tion, which is widely used on industrial scales?® due to economic
reasons. The addition of an effective plasticizer into the PLA polymeric
chains reduces the glass transition temperature (Tg) and increases the
elongation at break due to enhanced chain mobility. Some of the many
plasticizers that have been investigated for use with PLA are epoxi-

21 malonate oligomers,? poly(ethylene glycol),??

dized vegetable oils,
and citrate esters.>®> However, the effectiveness of the plasticization
process is limited by migration of the plasticizer and the dependence
of the miscibility between the plasticizer and the matrix on the type
and content of the plasticizer. The choice of plasticizer is therefore
an important factor in the final properties of the fabricated PLA blend.

In the research literature, great progress has been made in
improving the toughness of PLA with various methods. However,
the required properties of the final PLA product have been hard to
obtain by using only a single modification process. The idea behind
this work is the achievement of a synergistic combination of reactive
compatibilization and plasticization from the physical blending of
PLA and PBS that will balance the flexibility and toughness of the

blend films. As a result, the main goals of this research are to

investigate the improvement of interfacial interaction in the devel-
oped PLA/PBS blends and determine the enhancement of their ductil-
ity due to reactive compatibilization and plasticization for extensive
applications of PLA in film and packaging. We evaluated changes to
the mechanical characteristics, phase morphology, crystallization
behavior, and thermal transitions of PLA and its blend films due to
PBS, the types and contents of the plasticizer, and the combinations

of compatibilizer and plasticizer.

2 | EXPERIMENTAL

2.1 | Materials

Polylactide (4043D) with weight average molecular weight (M,,) of
130 kDa, polydispersity index (PDI) of 1.46, and density of 1.24 g/
cm® was supplied by Nature Work LLC (Mineapolis, USA).
Poly(butylene succinate) (FZ 91PD) with M,, of 89 kDa, PDI of 2.1,
and density of 1.26 g/cm® was produced by Mitsubishi Chemical
Corporation (Chiyoda-ku, Tokyo, Japan). Both PLA and PBS were
supplied in pellet form and used as received. The PDI and M,, of PLA
and PBS were characterized by gel permeation chromatography by
using tetrahydrofuran as the eluent. Maleic anhydride and toluene
diisocyanate (TDI), used as compatibilizers, were purchased from Siam
Chemical Industry Co. Ltd. (Bangkok, Thailand). Triethyl citrate (TEC)
and tricresyl phosphate (TCP) received from Sigma-Aldrich LLC (St.

Louis, MO) acted as platicizers.

2.2 | Film preparation

The PLA and PBS pellets were first dried in a vented oven for 12 hours
at 60°C and stored in a desiccator before use. The PLA/PBS blend was
prepared by using a co-rotating twin screw extruder (PRISM TSE 16
TC, Thermo Electron Corporation, Karlsruhe, Germany), operating at
a constant screw speed of 30 rpm with a temperature profile of
110°C to 180°C.The extruded blend was cooled in air and dried in a
vent oven overnight at 60°C, and the films were then compression
molded by using a hydraulic press (KT-7014, Kao Tieh Machinery
Industrial, Taichung, Taiwan) at 180°C and 1500 psi for 20 minutes.
To investigate the reactive compatibilization via melt blending, each
compatibilizer (TDI and polylactide-grafted-maleic anhydride [PLA-g-
MA]) was added to the blend films in various amounts from 1 to
9 wt% based on the PBS content of the blend. The PLA-g-MA was
synthesized by free radical reaction following our previous work.2
The PLA/PBS blend ratio was fixed at 70 and 30 (PLS) for all experi-
ments. To study the synergistic combination of compatibilization and
plasticization, the plasticizers TEC and TCP were used in different
concentrations from 5 to 20 phr. The blend samples prepared in this
research and their designations are listed in Table 1.

2.3 | Characterization and testing

2.3.1 | Tensile testing

Compression-molded specimens were tested in accordance with
ASTM D882-12. The blend film samples were cut into rectangles
150 mm in length, 250 um in thickness, and 15 mm in width. Tensile
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TABLE 1 Sample formulations of neat PLA and its blend films with-
out and with compatibilizer and plasticizer

Compatibilizer
(wt% Based on
PBS Contents)

Sample PLA PBS PLA-g-
ID (Wt%)  (wt%) MA DI TEC TCP

Neat PLA 100 - - - - -
PLS 70 30 = = = =

PLSA1 70 30 1

PLSA3 3

PLSA5 5 - - -
7
9

Plasticizer
Contents (phr)

PLSA7
PLSA9

PLSI1 70 30 = 1
PLSI3 = 8
PLSI5 = 5
PLSI7 = 7 = =
PLSI9 = 9
PLSI9C5 70 30 - 9
PLSI9C10 - 10 -
PLSI9C15 - 15 -
PLSI9C20 - 20 -

PLSI9P5 70 30 = 9 = 5

PLSI9P10 = = 10
PLSI9P15 = = 15
PLSI9P20 = = 20

properties were measured by using a universal test machine (LR 100 k,
LLOYD, Fareham, UK) at a crosshead speed of 10 mm/min, a load cell
of 1 kN, and a gauge length of 100 mm. All films were kept at room
temperature overnight before testing. The average results were

obtained from at least 5 independent samples.

232 |

Tensile-impact strength testing was performed on a pendulum impact

Tensile-impact strength testing

tester (Zwick 5102 Pendulum, Zwick/Roell. Group, Ulm, Germany)
following the specifications of ISO 8256. Standard type IV tensile-
impact specimens were tested by using an exchangeable pendulum
of 1 J, a pendulum length of 225 mm, an impact velocity of 2.93 m/
s, and a deflection angle of 160°.All samples were stored overnight
at room temperature before testing. At least 5 film samples were
tested to obtain an average value. The film thickness was measured
with an analog gauge. The tensile-impact strength, or the tensile-

impact energy (E,,), was calculated from the following Equation 1:

_ Emp
Eim = i (1)

1 ]

where “Epp” is the absorbed energy, “w” is the width of the film

specimen, and “d” is the thickness of the film specimen.?®

233 |

The fractured surfaces of the film specimens after tensile testing were

Scanning electron microscope analysis

observed by using a scanning electron microscope (SEM; Quanta 400,
FEI Company, Hillsboro, OR). All sample surfaces were sputter-coated
with gold prior to experiment. The SEM was performed at an acceler-
ating voltage of 20 kV to observe the fractured surface of the films at

2000x magnification.

_Dolyrner‘s 3
WILEY et
2.3.4 | Differential scanning calorimeter
measurement

The thermal transition changes and crystallization behaviors of various
samples were characterized by using a differential scanning calorime-
ter (DSC; DSC 200 F3 Maia, NETZSCH, Selb, Germany) equipped with
a cooling system. Film samples of about 6 to 8 mg were encapsulated
in a DSC aluminum pan (30 pL). First, the specimen was heated from
room temperature to 180°C, at a heating rate of 10°C/min, and held
at that temperature for 3 minutes to eliminate the thermal history.
The sample was then cooled to -60°C at a cooling rate of 10°C/min.
Finally, it was again heated to 180°C at a heating rate of 10°C/min
to investigate thermal transition changes and crystallization behaviors
of the films. The procedure was carried out under nitrogen
atmosphere to prevent thermal degradation. Glass transition tempera-
ture (Tg), crystallization temperature (T.), cold crystallization (T.),
melting temperature (T,,), and specific fusion enthalpy ( Hf) were
evaluated from the endothermic and exothermic peaks. The degree
of crystallinity (x.) of the blend film was calculated from the following

Equation 2:

AHt plend

i X100 2)
<0.7 AH pa+,0.3AH f‘sz>

Xc(%) =

where AHs, piend is the specific fusion enthalpy of the blend films, AHOf,
pLals specific fusion enthalpy of 100% crystalline PLA (93.6 J/g),%° and
AHof' pes IS the specific fusion enthalpy of 100 crystalline PBS
(110.3 J/g).%

2.3.5 | Thermogravimetric analysis

The decomposition temperature and thermal stability of the speci-
mens were determined by thermogravimetric analysis (TGA; TG/DSC
STA449 F3 Jupiter, NETZSCH, Selb, Germany). Samples of about 4
to 6 mg were cut from the compression molded film and placed in a
TGA crucible (70 pL) in each experiment. The characterization was
performed in a nitrogen atmosphere with a heating rate of 20°C/min
from 50°C to 600°C.

3 | RESULTS AND DISCUSSION

3.1 | Characterization of the compatibilized PLS
blend films

3.1.1 | Tensile properties

The compatibility of PLA and PBS in blend films is determined by the
interfacial adhesion and phase behavior, which have a significant influ-
ence on the mechanical characteristics of these blends. Hence, the
improvement in the compatibility of the fabricated PLA/PBS blend
films (PLS) through reactive compatibilization was determined by eval-
uating both the tensile properties and tensile-impact strength of the
compatibilized films. Neat PLA shows a brittle behavior with poor
ductility. Under tensile testing, the neat PLA film deformed without
yielding and without necking, evidenced by an elongation at break
of only 2.7%. However, the film exhibited high tensile strength and
modulus. After the incorporation of PBS, the PLS film displayed
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distinct yielding after tension, indicating that the failure behavior of
the blend had changed from brittle to ductile, compared with neat
PLA. The elongation at break of the PLS increased by about 40%,
compared with the neat PLA, but both the tensile strength and
Young's modulus of the PLS markedly decreased due to the poor
compatibility between the 2 phases of PLA and PBS. Hence, a
compatibilizer was added to enhance the interfacial adhesion via
reactive blending.

As listed in Table 1, the addition of compatibilizers (TDI and PLA-
g-MA) significantly changed the tensile properties of the PLS film. In
particular, increments of the TDI content in the PLSI blend led to
increases in both the tensile strength and Young's modulus, indicating
better compatibility between the PLA and PBS phases in PLSI than in
the PLS blend. Furthermore, the tendency of elongation at break
improved with the increment of the TDI content. This improvement
occurred because the TDI molecule is composed of 2 reactive isocya-
nate groups which can react with both the carboxyl and hydroxyl
groups of PLA and PBS to form urethane and/or amide linkages.?®
This reaction led to the expansion of the polymeric chain of PLA with
diisocyanate functional groups via the chain extension mechanism.
This interaction, which possibly improved the interfacial adhesion of

d?®2? and is crucial to the

the blends, has been previously reporte
enhanced compatibility of PLA and PBS, which, in turn, improved the
mechanical properties of the PLSI blend films. Toluene diisocyanate
loading at 9 wt% based on PBS should be the optimal loading for PLSI
blend films, as shown in Table 2. The addition of PLA-g-MA to PLS was
expected to improve the tensile properties of the blend by enhancing
the compatibility of the PLA and PBS phases via maleation reaction.
But, surprisingly, all the tensile properties of the PLSA blend films
severely deteriorated with increasing levels of PLA-g-MA. It might be
that PLA-g-MA cannot play an important role as a compatibilizer for
PLA and PBS. The addition of PLA-g-MA possibly led to a chain scission
reaction in the PLA backbone chains via backbiting or thermohydrolysis
reaction.®° Also, visible in the SEM micrographs, some agglomerations
of PBS particles occurred due to phase separation and would signifi-
cantly reduce the tensile properties of the PLSA films.

3.1.2 | Tensile-impact strength
Tensile-impact strength testing determined the capacity of the PLA/

PBS blend films to absorb fracture energy. The results of the tensile-

impact toughness testing of PLA/PBS blend films with various
amounts of TDI and PLA-g-MA are displayed in Table 2. These results
show that the neat PLA film had low tensile-impact toughness, its brit-
tleness reflected in a final tensile impact energy absorption of about
269 kJ/m?. With the addition of 30 wt% PBS, the tensile impact
strength of the PLS blend was almost 45% greater than that of neat
PLA, reaching a tensile impact energy of 388 kJ/m?2. This increase
occurred because the incorporation of oxygen atoms in the PBS main
chains thermodynamically enhanced the blend's capacity to absorb
impact energy. When PLA-g-MA was added as a compatibilizer to
the PLS blend in increasing amounts from O to 9 wt% based on PBS
content, the tensile-impact strength of the PLSA blend was 179 kJ/
mZ2. We therefore concluded that PLA-g-MA could not be used as a
compatibilizer for PLA/PBS blend films. Instead of being improved,
the mechanical strength of the blend got worse due to incompatibility.
On the other hand, reactive blending of PLA/PBS with TDI (PLSI)
enhanced the tensile-impact resistance of the films. For example, the
tensile-impact toughness of the PLSI9 blend was significantly better,
absorbing an impact energy of 424 kJ/m?, about 10% greater than
the PLS films. This effect was a result of the strong chemical linkages
that formed in the PLSI blend.

Similar results have been reported by X. Zhang and Y. Zhang.31
Dicumyl peroxide and PBS-grafted cellulose nanocrystals (PBS-g-
CNC) were used to modify PBS/PLA (30/70) composites via in situ
compatibilization. The results revealed that both the tensile properties
and impact strength of the PBS/PLA composites with dicumyl perox-
ide/PBS-g-CNC significantly increased due to an improved interfacial
adhesion between PLA and PBS. As indicated by the mechanical and
morphological properties obtained in our work, reactive
compatibilization with an appropriate compatibilizer should be an
effective method of improving the mechanical characteristics of PLA/
PBS blend films and TDI should be a more effective compatibilizer for
these blends than PLA-g-MA.

3.1.3 | Morphological studies

Scanning electron microscopy analysis of the compatibility of the PLA/
PBS blend films explained and supported the characterization of the
mechanical properties. Figure 1 shows the phase morphology of the
fractured surface of neat PLA and its blends after tension. The smooth

fractured surface (Figure 1A) reveals a brittle behavior with high

TABLE 2 Tensile properties and tensile-impact toughness of PLA/PBS blend films without and with compatibilizer

Young's Modulus (MPa) Tensile-Impact Toughness (kJ/m?)

Sample ID Tensile Strength (MPa) Elongation at Break (%)
Neat PLA 38.43 + 2.60 2.66 + 0.25
PLS 29.75 + 2.32 39.53 + 3.50
PLSA1 2477 £ 2.19 491 +1.18
PLSA3 20.04 + 3.45 1.62 +0.52
PLSA5 16.78 + 1.82 1.79 +0.21
PLSA7 10.55 + 0.75 0.98 + 0.56
PLSA9 9.44 + 1.22 0.77 £ 0.28
PLSI1 32.07 £ 1.54 2.34 +£0.31
PLSI3 35.27 + 1.27 3.35+0.71
PLSI5 35.93 + 1.08 4.04 + 2.26
PLSI7 32.28 + 1.88 13.06 + 3.02
PLSI9 34.32 + 2.29 28.17 + 4.23

1098.45 + 95.76
662.96 £ 77.81

741.59 * 38.11
567.55 + 22.58
504.82 £ 29.74
302.44 + 24.78
24555 £ 21.55

723.13 £ 33.56
690.72 + 41.28
682.04 + 28.98
708.24 + 39.55
688.55 + 45.22

268.67 + 13.06
387.71 £ 15.51

362.67 £29.41
369.00 + 31.19
355.14 £ 12.55
210.44 £ 35.12
178.58 + 21.44

326.57 £ 20.84
337.74 + 48.44
414.23 £ 29.14
395.11 + 31.56
393.15 £ 51.97
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FIGURE 1 Scanning electron microscope images of tensile fractured surface of (A) neat polylactide (PLA), (B) PLA/poly(butylene succinate) (PBS),
(C) PLA/PBS with 1 wt% polylactide-grafted-maleic anhydride (PLA-g-MA), (D) PLA/PBS with 9 wt% PLA-g-MA, (E) PLA/PBS with 1 wt% toluene
diisocyanate (TDI), and (F) PLA/PBS with 9 wt% TDI films at 2000x magnification [Colour figure can be viewed at wileyonlinelibrary.com]

mechanical strength but low elongation. This failure behavior of PLA
became more ductile with the addition of PBS (30 wt%), as shown in
Figure 1B. A lot of elongated fibrils appeared in the fractured surface
of the PLS film, in agreement with the recorded increment of elonga-
tion at break. However, poor interfacial adhesion between the PLA
and PBS phases produced many tiny pores, which reduced the tensile
strength and Young's modulus. This poor adhesion occurred because
the thermodynamic incompatibility of the system of PLA and PBS
brought about phase separation.®2 After compatibilization at the low-
est loading of PLA-g-MA and TDI (Figure 1C and E), the tensile frac-
tured surfaces of the PLSA1 and PLSI1 showed rougher than that of
the neat PLA, but many of the elongated fibrils observed in the PLS
sample were not present because the loading of the compatibilizers
was not enough to improve the interfacial interaction between the
PLA and PBS phases. However, differences in the tensile fractured
surfaces of the compatibilized blend films were clear when they were
loaded with 9 wt% compatibilizer based on PBS content (PLSA9 and
PLSI9). The agglomerations of PBS particles and large pores visible in
Figure 1D were due to the immiscibility of the PLA and PBS, which
severely diminished the tensile properties of PLSA9. In contrast, the
phase morphology of PLSI9 revealed an excellent dispersion of PBS
within the PLA matrix and a large number of elongated fibrils, indicat-
ing good wettability and compatibility. This result indicated that the
addition of TDI increased the flexibility of the PLA/PBS blend films,
which was in agreement with the elongation at break recorded during
tensile testing of the blends. To sum up, the appropriate type and
content of compatibilizer are key factors affecting the mechanical
and morphological properties of PLA/PBS blend films and 9 wt% TDI
based on PBS content was the optimum type and loading of
compatibilizer. In section 3.2, we study combinations of the PLSI9

blend with plasticizers to determine the synergistic effects of different
combinations on the properties of PLA/PBS blends.

3.14 |

Differential scanning calorimeter analysis was used to evaluate the

DSC characterization

influence of the different types and contents of compatibilizer
on the thermal transition changes and crystallization behavior of
PLA/PBS blend films. The cooling and second heating cycles of neat
PLA and the blends are displayed in DSC thermograms in Figure 2.
The T. of neat PLA did not appear during the cooling cycle, while
the Ty and T.. were 61.2°C and 125.9°C, respectively. This indicates
that the crystal formation of neat PLA did not occur during the cooling
process, so recrystallization occurred in the second heating cycle
because of the slow crystallization rate of the neat PLA. Furthermore,
the high value of T of the neat PLA, which hinders chain mobility,
could explain the brittle behavior related to its mechanical strength.
With the presence of 30 wt% PBS, the PLS film shows a reduced T,
because blending with a flexible phase reduced chain stiffness and
increased the free volume of the polymeric PLS chains. Also, a small
exothermic peak of T. appears at 66.9°C during the cooling step,
whereas the T.. decreased to 103.9°C, from 125.9°C for the neat
PLA, indicating that PBS could enhance the crystallization process
and the cold crystallization ability of the PLA matrix. Similar results
have previously been reported by Yokohara and Yamaguchi®®
However, the exothermic T, was still observed in the second heating
scan due to incomplete crystal formation during the cooling cycle
of PLS.

The melting temperature (T,,) of PLS was composed of 3 peaks:
a single endothermic peak for PBS at 114.1°C and double
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FIGURE 2 Differential scanning calorimeter thermograms of neat polylactide (PLA) and PLA/poly(butylene succinate) blend films without and
with compatibilizer (polylactide-grafted-maleic anhydride and toluene diisocyanate): (A and C) cooling and (B and D) second heating cycles

[Colour figure can be viewed at wileyonlinelibrary.com]

endothermic peaks at 145.4°C and 154.0°C for PLA, as listed in
Table 3. To calculate the x. of PLS, the enthalpy of fusion of the
blend films was derived following Equation (). The DSC data revealed
that the addition of PBS to neat PLA increased the x.. As discussed
above, the addition of PBS could accelerate nucleation in PLA and
increase crystallinity, indicating that PBS played an important role
in the nucleation process of the blend films.3® Furthermore, the
greater tensile-impact toughness of PLS is related to the crystallinity
of the blend.

Similar thermal behaviors were noticed in the PLSA blend films.
Both exothermic T, and T, appeared in their DSC thermograms. How-

ever, the T, value decreased with increasing PLA-g-MA content,

indicating that the PLSA crystallized faster than the PLS. These behav-
jors might be produced by shorter polymeric chains and a conse-
quently faster crystallization process resulting from PLA-g-MA
induced B-scission. Similar results have been previously reported.?®
Also, the lower T, and decreased rigidity of the PLA molecular chains
could lead to an increment of x..

For the PLSI blend films, the DSC thermograms show that Tg
reduced slightly but T, significantly increased with increments of TDI
to a range between 84 and 86°C, compared with 66.9°C for PLS.
These results imply that the crystallization rate of the blends was con-
siderably accelerated by the addition of TDI, as evidenced by the

increment of T, of almost 20°C. In other words, the synergistic effect

TABLE 3 Thermal properties of neat PLA and PLA/PBS blend films without and with compatibilizer from DSC measurements

Thermal Transitions (°C)

Enthalpy of Fusion (J/g)

Sample Xc
ID Tg Tc ch Tml Tm2 Tm3 AHf.PBS AHf.PLA AHf.blend (%)
Neat PLA 61.2 - 125.9 - - 154.4 - 18.5 - 19.8
PLS 58.6 66.9 103.9 114.1 145.4 154.0 14.7 24.0 38.7 39.2
PLSA1 57.2 61.1 104.0 114.8 145.6 1551 18.7 23.6 42.3 42.9
PLSA3 54.5 71.0 101.8 111.7 141.4 153.4 15.2 225 56.7 38.3
PLSA5 52.2 56.6 99.0 112.9 143.6 154.5 16.5 295 46.0 46.7
PLSA7 53.0 68.6 98.4 109.5 140.6 152.1 18.8 30.8 49.6 50.3
PLSA9 45.8 52.0 93.9 110.9 142.7 153.0 20.7 27.3 48.0 48.7
PLSI1 56.8 86.1 105.8 113.9 146.0 155.0 15.5 28.2 43.7 44.3
PLSI3 56.1 85.1 105.6 114.3 146.3 154.8 14.7 28.1 42.8 43.4
PLSI5 554 85.3 106.4 1133 146.2 154.8 15.2 26.6 41.8 42.4
PLSI7 51.1 84.0 102.4 112.6 145.1 155.4 17.4 26.0 434 44.0
PLSI9 54.3 84.7 105.4 110.6 144.8 153.4 11.5 253 36.8 37:3

Tm1: the melting temperature of PBS.
T2, Tma: the lower and higher temperature of melting of PLA.

Xc: the degree of crystallinity calculated from first heating cycle.
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of the combination of PBS and TDI on the crystallization process of
the blend was clearly observed in the strong increase of T. and ¥,
compared with neat PLA and PLS. There are 2 possible explanations
for this effect. Either the flexible PBS phase increased the chain
mobility of the PLA blend films, which improved the packing efficiency
of the polymeric chains and therefore enhanced crystal formation, or
TDI acted as a nucleating agent via the heterogeneous nucleation
process, resulting in faster spherulite formation of PLA. Hence, the
combination of PBS and TDI enhanced the crystallization rate and
crystallinity of PLA leading to increased T, and x.. This enhancement
influenced the mechanical characteristics of the blend films. However,
differences in the loading of TDI only slightly affected the values of T,
and x..

Neat PLA had a single endothermic melting peak at 154.4°C,
which corresponded to the a-form of the PLA crystal structure,
due to the occurrence of its cold crystallization process at
125.9°C. After reactive compatibilization of the blends, the thermo-
grams of PLSA and PLSI both exhibit a double endothermic peak in
place of the single endothermic peak of PLA. This appears because
cold crystallization occurred between 100 and 120°C. Previous
studies have reported that only the a crystal of PLA is formed at
crystallization above 120°C, whereas the coexistence of a' and a
crystals is observed when crystallization occurs between 100 and
120°C.34%> Furthermore, the a'-form of the PLA crystal structure
is created below 100°C in the crystallization process. Normally,
the crystal system of the a' structure is similar to the a-form in
PLA; however, the chain packing of a' is looser and less ordered,
compared with that of a, resulting in the appearance of a' at lower
melting temperatures. Moreover, M. Cocca et al,*® who studied the
influence of crystal polymorphism on the properties of PLA, indi-
cated that the a’-crystal with looser packing and a disordered struc-

ture led to a lower modulus but higher elongation at break
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compared with the a-form. This is a reason why the crystallization
behavior affected the melting process and the mechanical properties
of the neat PLA.

3.1.5 | TGA analysis

Figure 3 shows the TGA and DTG thermograms of the PLA/PBS blend
films with and without compatibilizer. All of the blend films displayed
2 steps of thermal decomposition. The first steps corresponded to
the thermal degradation of PLA backbone chains, which took place
at peak temperatures of about 370 to 380°C, whereas the second
steps related to the thermal decomposition of PBS polymeric chains,
which occurred at peak temperatures of around 420 to 430°C. These
thermograms indicated that almost no char residue was produced at
600°C during pyrolysis. However, the thermal decomposition behavior
of the PLA/PBS blend films changed after reactive compatibilization
with PLA-g-MA. Peak splitting of PLA and PBS is clearly present in
the PLSA blends at all loadings of PLA-g-MA content, as displayed in
Figure 3B.

The DTG thermograms of PLSA revealed that the peak temper-
ature of PLA shifted to a lower value; in contrast, that of PBS moved
to a higher level, compared with the PLS blend. It is possible that the
addition of PLA-g-MA in the PLSA blend induced a chain scission
reaction which destroyed the covalent bonds between PLA poly-
meric chains resulting in the decreased thermal stability of the blend,
but the PLA-g-MA might more easily produce a chain extension
reaction between PBS phases increasing the peak temperature of
the PBS. Furthermore, the DTG results for PLSA indicated that the
peak height for PLA significantly decreased with increments of
PLA-g-MA content; in contrast, the peak height of PBS increased.
In other words, these data indicate that the decomposition rate of
the PLA phase was slowed down by the addition of PLA-g-MA but
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FIGURE 3 Thermograms of polylactide/poly(butylene succinate) blend films without and with compatibilizer (polylactide-grafted-maleic
anhydride and toluene diisocyanate): (A and C) thermogravimetric analysis and (B and D) derivative thermogravimetric analysis [Colour figure

can be viewed at wileyonlinelibrary.com]
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that of PBS was quickened. Consequently, the thermal decomposi-
tion mechanism of the PLA/PBS blend films was adversely affected.
Conversely, the addition of TDI to the PLA/PBS blend films only
slightly affected their thermal decomposition. These results reveal
that the formations of urethane and/or amide linkages from TDI
reactive compatibilization in PLSI did not improve the thermal
stability of the PLA/PBS blends and did not affect their thermal

degradation rate.

3.2 |
films

Characterization of the plasticized PLSI9 blend

3.2.1 | Tensile properties
The PLSI9 blend was selected as the optimum compatibilized blend

for use in the investigation of the synergistic effects of the
compatibilization and plasticization processes on the properties of
the blend films. Figure 4 illustrates the tensile properties of the PLSI9
blends with various types and contents of plasticizer. From section
3.1, the tensile strength and Young's modulus of PLS increased with
the addition of TDI, but the elongation at break was still low
(28.2%). At low loadings of the plasticizer TEC (<15 phr), all the ten-
sile properties of PLSI9C diminished due to an antiplasticization phe-
nomenon. However, the elongation at break greatly improved to
almost 300% with a loading of 15-phr TEC. This indicated that the
elongation of PLSI9C15 increased around 10-fold compared with that
of PLSI9 and improved almost 100 times compared with that of the
neat PLA film. The synergistic combination of PBS, TDI, and TEC
played a crucial role in the mechanical characteristics of the PLA
blends. The addition of TEC helped to enhance the free volume in
the polymeric chains and improve the chain mobility of PLA and
PBS leading to a significant improvement in the blend's flexibility.
However, TEC content above 15 phr reduced the flexibility of the
PLSI9C films, although the elongation at break of PLSI9C20 was still
higher (51%) than that of PLSI9 (28%). Furthermore, overloading the
plasticizer might have a negative effect on the tensile properties of
the blends due to blooming. These data revealed that the right
balance between strength and elongation of the PLSI9C blend films
depended upon the appropriate content of TEC.

Similar behavior in the tensile properties of PLSI9 was observed
with the introduction of TCP. At TCP loadings below 15 phr, the
tensile properties of PLSI9P decreased due to an antiplasticizing
effect. Increasing the plasticizer content would normally improve
these properties. This is why the elongation at break of PLSI9P with
more than 15-phr TCP increased to 82% or improved almost 3-fold,
compared with that of PLSI9 and about 30 times, compared with that
of neat PLA. These results indicated that both TEC and TCP could be
effective plasticizers for PLA/PBS blend films if incorporated at the

appropriate level.

3.2.2 | Tensile-impact strength

To understand the effects of compatibilization and plasticization on
the mechanical performance of the PLSI9 films, tensile-impact tough-
ness was investigated. Figure 5 shows the normalized tensile-impact
strength of the PLSI9 films with different TEC and TCP contents.

The addition of TDI had increased the tensile-impact resistance of
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FIGURE 4 Tensile properties of neat polylactide (PLA) and PLA/
poly(butylene succinate/toluene diisocyanate blend films without
and with plasticizer (triethyl citrate and tricresyl phosphate): (A) tensile
strength, (B) elongation at break, and (C) Young's modulus [Colour
figure can be viewed at wileyonlinelibrary.com]

PLS from 387.7 to 4243 kJ/m? for the PLSI9 blend. The
combination of TDI and TEC exhibited a synergistic effect that tended
to increase tensile-impact strength with increasing amounts of TEC.
For example, the normalized impact tension of PLSI9C20 increased
about 15%, compared with that of PLSI9, indicating a higher value of
absorbed energy in contrast to the reduction of x. (as shown in
Table 4). Generally, the addition of a plasticizer enhances the chain
mobility of the polymeric blends, which reduces x. because the plasti-

cizer molecules expand into the space between the polymeric chains
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FIGURE 5 Normalized tensile-impact strength of neat polylactide
(PLA) and PLA/poly(butylene succinate/toluene diisocyanate blend
films without and with plasticizer (triethyl citrate and tricresyl
phosphate) [Colour figure can be viewed at wileyonlinelibrary.com]

and hinder the packing efficiency of the crystal formation. Therefore,
the TEC molecules retarded the crystallization process of the PLSI9
films. The x. of PLSI9 with TEC decreased, but its tensile-impact
toughness increased. It is possible that larger spherulites formed that
increased the capacity of the PLSI9C to absorb energy and increased
the blend's impact toughness compared with PLSI9, as evidenced by
DSC results. Similar results were observed in the tensile-impact resis-
tance of the PLSI9 with TCP content.

3.2.3 | Morphological studies

Scanning electron microscope images of the tensile fractured surfaces
of the PLSI9 blend films with and without plasticizer are displayed in
Figure 6. As discussed above, a large number of small elongated fibrils
appear on the fractured surface of PLSI9 after tension and good inter-
action between PLA and PBS can be observed (Figure 6A). The SEM
image of PLSI? with 5 phr of TEC displays a rough fractured surface
without elongated fibrils (Figure 6B), indicating that the small amount
of TEC hindered the elongation of the blend films through an
antiplasticization phenomenon which was in agreement with the
significant deterioration of tensile properties. However, some
improvement of the interfacial interaction of PLA and PBS was still

indicated by the absence of holes and gaps on the fractured surface

technologies

of PLSI9C5. Compared with PLSI9, the PLSI9 blend with 15 phr of
TEC presented many more elongated fibrils (Figure 6C), which was
in agreement with the results of tensile testing. This is due to the
compatibilizing and plasticizing effects of TDI and TEC on the mechan-
ical characteristics of the PLSI9C15 blend film. The phase morphology
of the PLSI9P15 blend film in Figure 6D displays a great number of
larger and more elongated fibrils at the fracture surface. The phase
separation and/or agglomeration of PBS particles disappeared due to
the influence of TDI, leading to a significantly improved elongation
at break. These results indicated the plasticizing efficiency of both
TEC and TCP in the blend films compatibilized with TDI. Finally, in
view of the increment of elongation at break and the reduction of
Te, TEC could be a more effective plasticizer for PLSI? than TCP at
the same level.

3.24 | DSC characterization
To evaluate the effect of TEC and TCP loadings on the crystallization

and thermal behaviors of PLSI? blend films, DSC analysis was per-
formed as shown in Figure 7. The results show that the addition of
plasticizer markedly affected the crystallization, cold crystallization,
and polymeric chain mobility of PLSI9. As listed in Table 4, both T,
and T.. of PLSI9 were significantly lower at all loadings of TEC and
TCP (5 to 20 phr). The T, decreased by about 6.5 to 8.9°C for PLSI9C
blends and by 7.1 to 9.8°C for PLSI9P blends; whereas the T .
reduced by approximately 3.4 to 28.3°C for PLSI9C and 1.7 to
17.8°C for PLSI9P. These reduced temperatures mean that the addi-
tion of both TEC and TCP prolonged the crystallization of PLSI9 in
the cooling cycle. In contrast, the influence of plasticizer made recrys-
tallization easier, as evidenced by the reduced T.. This occurred
because the plasticization process disturbed the packing efficiency
of the polymeric chains during crystal formation of PLSI9, which is
in agreement with the significant reduction of Tg. In this research,
the T, of the PLSI9 blend films significantly decreased with increasing
contents of both TEC and TCP, as displayed in Table 4. In theory,
plasticizers introduce free volume into materials and promote
polymer-plasticizer interactions at the expense of polymer-polymer
interactions, resulting in the reduction of Tg.37 It can be summarized
that an adequate amount of plasticizer increases the distance

between polymeric backbone chains, which increases the free volume

TABLE 4 Thermal properties of PLA/PBS/TDI blend films without and with plasticizer from DSC measurements

Thermal Transitions (°C)

Enthalpy of Fusion (J/g)

Sample Xc
ID Tg Tc ch Tml Tm2 Tm3 AHf.PBS AHf.PLA AHf.blend (%)
PLSI9 54.3 84.7 105.4 110.6 144.8 153.4 11.5 253 36.8 37.3
PLSI9C5 521 78.2 102.0 113.6 145.1 153.2 18.9 18.1 37.0 37.5
PLSI9C10 45.2 76.7 96.3 112.5 142.3 151.9 20.1 16.7 36.8 B723)
PLSI9C15 36.7 75.8 89.0 109.5 137.4 150.5 16.1 17.8 33.9 34.4
PLSI9C20 21.9 76.3 77.1 107.5 = 146.3 18.4 15.7 34.1 34.6
PLSI9P5 54.0 77.6 103.7 113.0 146.3 154.0 13.7 15.2 28.9 29.4
PLSI9P10 48.2 76.1 95.5 111.0 1411 151.2 15.6 18.1 33.7 34.2
PLSI?P15 43.9 75.9 87.2 110.0 136.6 149.5 15.9 14.4 30.3 30.7
PLSI9P20 38.8 74.9 87.6 110.1 137.0 149.6 16.9 14.5 314 31.9

Tm1: the melting temperature of PBS.

T2, Tma: the lower and higher temperature of melting of PLA.

Xc: the degree of crystallinity calculated from first heating cycle.
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FIGURE 6 Scanning electron microscope images (2000x) of cross section of plasticized PLSI9 blend films: (A) polylactide (PLA)/poly(butylene
succinate (PBS)/9 toluene diisocyanate (9TDI), (B) PLA/PBS/9TDI with 5-phr triethyl citrate (TEC), (C) PLA/PBS/9TDI with 15-phr TEC, and (D)

PLA/PBS/9TDI with 15-phr tricresyl phosphate

and induces the reduction of its T,. This phenomenon is implicated in
the transformation of the fracture mode of the PLA blend films from
brittle to ductile, causing the extreme elongation and increased
fracture energy absorption detailed in the results of the mechanical
characterization.

These DSC results indicate the important role that both TEC and
TCP played as a plasticizer in the compatibilized PLA/PBS blend films.
However, TEC was a more effective plasticizer for these blend films
than TCP. Furthermore, the addition of these plasticizers affected the
double melting phenomenon of PLA, as clearly explained in our previ-
ous works.2>%8 The introduction of TEC and TCP changed the melting
transition behavior of PLSI?, indicating a reduced distinction between
the imperfect crystals of PLA and the perfect crystal. For example, the
DSC thermogram of PLSI9C20 (Figure 7B) showed a single endother-
mic melting peak of PLA at 146.3°C, revealing no significant difference
of crystal perfection in the PLA phase, which resulted in only an
energy of fusion. Similar behaviors were observed in the DSC thermo-
grams of PLSI9P.As discussed above, the plasticizer acted to enhance
the chain mobility of the polymers and might cause chain reorganiza-
tion during crystallization. In these cases, both TEC and TCP molecules
disturbed the crystallization/cold crystallization and retarded crystal
formation in the PLSI9 blend films leading to the reduction of ., which

affected their mechanical properties. As shown in the DSC

thermograms of PLSI9C and PLSI9P in Figure 7B and D, the influence
of TEC and TCP changed the endothermic melting behaviors of the
blends during the second heating cycles. The melting patterns evolved
from a double fusion peak to a single endothermic peak and shifted to
lower T,, values. Similar behavior was observed in the PLSI9 with both
TEC and TCP. For example, the T,,, of PLSI9C20 presented only a single
peak at 146.3°C, down by about 7°C compared with that of PLSI9. As
discussed above in section 3.1.4, this happens because the cold
crystallization of PLSI9C and PLSI9P occurred at lower T, (crystalliza-
tion below 100°C) leading to the formation of only a’ crystals of PLA
with looser packing. This is a reason why the tendency of the double
melting behavior changed to a single peak and shifted to a lower T,
compared with PLSI9. The disordered and looser chain packing of
PLSI9C and PLSI9P is a consequence of the plasticizing effect on the
PLA/PBS polymeric chains, as well.

3.2.5 | TGA analysis

Figure 8 shows the TGA and DTG thermograms of the PLSI9 with
and without plasticizer under nitrogen atmosphere. The TGA curve
of PLSI9 displays 2 steps of thermal decomposition, corresponding
to the PLA and PBS backbones at about 370°C and 420°C, respec-
tively. With the addition of TEC, the thermal degradation of PLSI9C
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became a 3-stage process. An additional step was attributed to the
decomposition of TEC at around 200 to 300°C. As shown in
Figure 8A and B, the thermal degradation of TEC was more clearly
observed with increasing TEC levels, indicating a slight loss of TEC
during the melt blending process. These results confirmed that the
TEC molecules, once plasticized into the PLA/PBS polymeric chains,

led to an improvement of the elongation at break, impact-tensile

toughness, phase morphology, and thermal behavior of the PLSI9C
while remaining stable. However, the introduction of TCP only
slightly affected the thermal stability of PLSI9. In contrast to the
PLSI9C, the thermograms of PLSI9P (Figure 8C and D) do not show
3 distinct stages of degradation attributable to TCP, PLA, and PBS
molecules because the decomposition temperature of TCP (280 to
380°C) overlapped the temperature range of PLA degradation (320 to


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

2 | WIL EY_QS'\B,".QQ%Q%_

PHETWAROTAI ET AL.

technologies
400°C). A slight increment of thermal stability in PLSI9P was noticed
with heavier loadings of TCP. Furthermore, the results of the TGA
analysis revealed that none of the blend films produced char residue
at 550°C, indicating almost no carbonaceous char formation during
the pyrolysis process.

4 | CONCLUSIONS

Reactive compatibilization and plasticization of PLA/PBS blend films
were systematically investigated with various types and levels of
compatibilizer and plasticizer. Mechanical results revealed
significant improvement in the elongation and tensile-impact tough-
ness of the PLA from the influence of PBS and TDI after reactive
compatibilization. The addition of TDI enhanced the interfacial inter-
action between the PLA and PBS phases via the formation of urethane
and/or amide linkages, evidenced by the mechanical and morphologi-
cal results. By contrast, blending with PLA-g-MA led to a deterioration
of the mechanical characteristics of PLSA due to chain scission reac-
tion. Differential scanning calorimeter data indicated that the addition
of TDI helped to accelerate the crystallization process and improved
the crystallinity of PLS. Furthermore, the melting behavior of PLS
without and with compatibilizer changed from the single endothermic
curve of the neat PLA to a double melting peak, resulting from the
formation of both a and a' crystals. The appropriate type and content
of compatibilizer played an important role in enhancing the properties
of the PLA/PBS blend films and, in this work, TDI was a more effective
compatibilizer than PLA-g-MA.

The improvement of compatibility and chain mobility due to the
influence of reactive compatibilization and plasticization led to a
significant increment in elongation of the PLSI9 blend films, compared
with the neat PLA. These improvements were consistent with the
results of the DSC and SEM studies. A great number of larger and
more elongated fibrils appeared after tension in the phase morphology
of PLSI9 with both TEC and TCP. DSC thermograms revealed that
increasing TEC and TCP levels reduced T.. and changed the thermal
behavior of T,, of PLSI9 resulting in enhanced cold crystallization. This
led to a transformation of the PLA crystal structure. The coexistence
of a’ and a crystals ceased, and only the a'-form of the crystal was
detected. Both TEC and TCP at the appropriate loading acted as
potential plasticizers for PLA/PBS blends and, together with TDI, they
played a crucial role in developing the flexibility and toughness of the
blends via the synergistic effect of reactive compatibilization and plas-
ticization. However, the addition of TEC and TCP did not significantly
increase the thermal stability and char residue of the fabricated PLSI9
blend films.
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