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Abstract

Polylactide (PLA) becomes a well-known biodegradable plastic because of many
outstanding advantages i.e., high strength, high modulus, transparency, environmentally
friendly material, non-toxicity, and fully degradation in few weeks. However, drawbacks of
PLA are brittleness and slow crystallization which limits its several usages, especially in film
and packaging applications. In this work, we focus on an improvement of PLA properties in
terms of flexibility and toughness.  Plasticized PLA and poly(butylene adipate-co-
terephthalate) (PBAT) biodegradable blend films were prepared through melt extrusion
technique. Flexibility and toughness of the PLA blend films were developed by nucleation,
plasticization, and compatibilization processes, respectively. Plasticizers and nucleating
agents were used for enhancing chain mobility and crystallization of the PLA blend films,
whereas compatibilizers were added for improving an interfacial adhesion between two
phases of PLA and PBAT. PBAT acts as an impact modifier, while triethyl citrate (TEC)
tricresyl phosphate (TCP), and poly(ethylene glycol) 400 (PEG 400) are used as a plasticizer.
Titanium dioxide, nano-precipitated calcium carbonate (NPCC) and talc act as a nucleating
agent. Furthermore, PLA and PBAT blend films were compatibilized by two types of
compatibilizers (toluenediphenyl diisocyanate (TDI) and maleic anhydride (MA)). PBAT
content was varied from 0 to 50 wt%, whereas plasticizer, nucleating agent, and
compatibilizer levels were differed from 0 to 20 phr, 0 to 2 phr, and 0 to 9 wt% based on
PBAT amounts, respectively. The effects of PBAT amounts, types and contents of plasticizer,
nucleating agent, and compatibilizer, as well as blend compositions on the physical,
thermal, morphological, and mechanical properties of the PLA blend films were investigated.
The results indicated that the addition of a nucleating agent greatly increased the elongation
at break and the impact strength of PLA; however, the tensile strength decreased especially
with high amounts of loading. Comparatively, the overall properties of the PLA composites
with titanium dioxide were higher than those containing NPCC and talc. For the
PLA/PBAT/nucleating agent blend films, the results indicated that the presence of 10 wt%
PBAT significantly improved the elongation at break, impact toughness, and thermal stability
of PLA but decreased its tensile strength. Furthermore, TEC could be an effective plasticizer
for PLA. PLA-g-MA showed a greater efficiency than TDI for improving the overall properties
of the compatibilized PLA/PBAT blend films
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gﬂﬁ 3 Proposed chain scission mechanisms of PLA are composed of (A) [-scission, (B)

thermohydrolysis, and (C) back-biting
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1H-NMR Spectroscopy
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Abstract Polylactide (PLA) films blended with 10 wt% poly(butylene adipate-co-terephthalate) (PBAT) were prepared by
using a twin screw extruder in the presence of the nucleating agent of titanium dioxide (TiO,) and the compatibilizers of
toluene diisocyanate (TDI) and PLA-grafted-maleic anhydride (PLA-g-MA). The synergistic effect of the nucleation and
compatibilization on the properties and crystallization behavior of the PLA/PBAT (PLB) films was explored. The results
showed that the addition of TiO, significantly enhanced the tensile strength and the impact tensile resistance of the PLB films
while slightly decreased its thermal stability. In addition, the compatibilizers of TDI and PLA-g-MA in the system not only
affected the crystallinity and cold crystallization process of the PLB films, but also increased the mechanical properties of
them due to the improvement of the interfacial interaction between PLA and PBAT revealed by the morphological
measurement. The synergistic effects of the nucleating agent and the compatibilizer afforded the blend films with increased
tensile strength and impact tensile toughness, improved cold crystallization property and ..

Keywords: Nucleation; Film; Compatibilization; Blend; Crystallization.

INTRODUCTION

Polylactide (PLA) has become one of the most promising biodegradable polymers due to its outstanding
properties, such as easy processibility; non-toxicity and biodegradability in a few weeks; high strength and
modulus; and transparency'' ). Such polymer material has the useful applications in the fields of pharmaceutics,
biomedical science, automotive and packaging industries'**). However, the major drawbacks of PLA including
brittleness, slow crystallization rate and low crystallinity restrict its widespread usage, especially in the film
packaging!®. One of the alternative methods to improve the ductility and flexibility of PLA is to blend a more
flexible component with it. As well known, poly(butylene adipate-co-terephthalate) (PBAT) is a biodegradable
aliphatic-aromatic copolyester composed of two types of comonomers. One is the butylenes terephthalate
fragment from 1,4-butanediol and terepthalic acid, another one is butylene adipate moiety consisting of
1,4-butanediol and adipic acid units!”". The high ductility and flexibility of PBAT make it a suitable candidate for
blending with PLA to improve the stiffness and toughness of the resulting polymer materials without changing
the biodegradability™.
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To increase the crystallization rate and degree of crystallinity (y.) of PLA via a heterogeneous nucleation
process, it is necessary to add a nucleating agent to the system. Generally, there are mainly three types of
nucleating agents according to their chemical composition and reaction mechanism: the chemical nucleant, the
mineral nucleant and the organic nucleant. Among them, titanium dioxide (TiO,) shows the excellent abilities for
improving the nucleation, the crystallization, and modifying the properties of several polymers” ' For
example, some papers have reported that TiO, could act as a UV stabilizer for PLA thin films owing to its UV
shielding effect and the barrier properties!'"" '?. However, blending TiO, with PLA is uncommon possibly
because of the transparency reduction of the resulting materials. It has been revealed that some nucleating agents
such as modified montmorillonite (MMT), clay, talc and the flexible polymers of poly(&-caprolactone) (PCL)
and poly(butylene adipate-co-terephthalate) (PBAT) have often been used as the nucleating agents blended with
PLA!"] The typical examples are reported by Wang and Xiao e al. who used PBAT to enhance the
crystallization rate, nucleation density, impact strength, and flexibility of the blended polymers!'* ', However,
the lack of compatibility with PLA made the polymers to have the poor mechanical properties, especially the
strength and elongation of the final products. In order to enhance the mechanical performances of PLA
polymers, a compatibilizer is required for enhancing the interfacial adhesion of the blends. Several effective
compatibilizers i.e., maleic anhydride (MA)!'® ! dioctyl maleate (DOM)™", isocyanate compounds" **,
multifunctional epoxy'**, and PLA-graft-maleic anhydride (PLA-g-MA)**?*) efc. have been used to improve the
compatibility of PLA and its blends. In addition, the compatibilizer should also act as a chain extender to react
with functional groups from both the matrix and the filler, and enable the formation of polymeric chains and
increase the molecular weight of the polymer>* 2",

In the previous work, we explored the appropriate blending ratio of PLA and PBAT (PLB) to achieve the
polymers with better properties””. In this article, we report the preparation of the films from PLA blended with
10 wt% PBAT. We expect to improve the crystallization and compatibilization of the blend films by the
synergistic effects of a nucleating agent for expanding the crystallization temperature window and a
compatibilizer for optimizing the interfacial interaction between PLA and PBAT so as to increase the mechanical
performances. Moreover, the influences of the TiO, amount and the compatibilizer on the tensile, impact tensile,
thermal, and morphological properties of the PLB films have also been discussed.

EXPERIMENTAL

Materials

The PLA resin (PLA 4043D) was from NatureWork LLC (Cargill-Dow, Mineapolis, MN) and used as a polymer
matrix. The PLA pellets were transparent with a density of 1.24 g/cm’. The glass transition temperature (7, o)
melting temperature (7},), and decomposition temperature (7y) of the neat PLA were characterized by differential
scanning calorimetry (DSC) and a thermogravimetric analyzer (TGA) with values of about 60, 154, and 337 °C,
respectively. The polydispersity (PDI) and weight average molecular weight of the neat PLA was determined by
the gel permeation chromatography (GPC) by using tetrahydrofuran (THF) as the eluent with the results of 1.46
and 130 kDa, respectively. PBAT (Ecoflex F BX7011) with a density of 1.26 g/cm’® was from the BASF
Corporation (Ludwigshafen, Germany). The T;, T}, and 74 of the PBAT as determined by DSC and TGA were
about —30, 110, and 410 °C, whereas their PDI and weight average molecular weight were 1.32 and 170 kDa
(GPC analysis in THF), respectively. Titanium dioxide (TiO,) with a volume mean diameter of 0.727 pm
analyzed by laser particle size analyzer (LPSA) was from Chemipan Co., Ltd., Bangkok, Thailand.
Toluenediphenyl diisocyanate (TDI) and maleic anhydride (MA) were purchased from Siam Chemical Industry
Co., Ltd., Bangkok, Thailand.

Material Preparation

The PLA, PBAT and TiO, were dried in a vented oven at 60 °C overnight and stored in a desiccator before use.
TiO, was used as the nucleating agent with varying amounts from 1 phr to 4 phr for accelerating the
crystallization rate of PLA, whereas the TDI and PLA grafted maleic anhydride (PLA-g-MA) were used as a
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compatibilizer with different amount from 1 wt% to 7 wt% based on the PBAT content for improving the
interfacial interactions between PLA and PBAT. The PLA-g-MA was synthesized in an internal mixer (D-
47055, PLASTI-CORDER Lab station, Brabender, Duisburg, Germany) by the free radical reaction with
2,5-dimethyl-2,5-di-(fert-butylperoxy) hexane (Luperox101) as an initiator. The blend composition ratio of PLA
to PBAT was fixed at 90 and 10 for all experiments. PLA, PBAT and TiO, were pre-mixed before extrusion
process. The mixture was melted in a co-rotating twin screw extruder (PRISM TSE 16TC, Thermo Electron
Corporation, Karlsruhe, Germany) having an L/D ratio of 15 and a screw diameter of 15.6 mm. The temperature
profiles of the extrusion were controlled on three zones ranging from 110 °C to 180 °C with a screw speed of
30 r/min. After the extrusion, the pellets were dried in a vented oven at 60 °C overnight and then compression-
molded into the films by a hydraulic press (KT-7014, Kao Tieh Machinery Industrial, Taichung, Taiwan) under
optimum conditions: the holding temperature of 180 °C; the pressure of 10.34 MPa; a cycle time of 25 min. The
PLA/PBAT (PLB) blend with compatibilizer was also prepared in the same way in order to obtain a
compatibilized blend film. Sample formulations and its abbreviations are displayed in Table 1.

Table 1. The formulations of PLA/PBAT (PLB) blend films with various contents of TiO, and
different types of compatibilizer

Compeatibilizer

Formulation PLA (wt%)  PBAT (wt%)  TiO, (phr) contents based on PBAT (wt%)

TDI PLA-g-MA
PLB 90 10 - - -
PLBO1 90 10 1 - -
PLBO2 90 10 2 -
PLBO4 90 10 4 - -
PLBOI1T1 90 10 1 1 -
PLBOI1T3 90 10 1 3 -
PLBOI1TS 90 10 1 5 -
PLBO1T7 90 10 1 7 -
PLBO1P1 90 10 1 - 1
PLBO1P3 90 10 1 - 3
PLBO1PS 90 10 1 - 5
PLBO1P7 90 10 1 — 7

Material Characterization

Tensile properties

The tensile test of rectangular film specimens with a size of 15 mm width, 150 mm length, and about 250 pm
thickness was performed on a universal testing machine (LR 100k, LLOYD, Fareham, UK) using a crosshead
speed of 10 mm/min and a gauge length of 100 mm, according to the ASTM D882-09. A load cell of 1 kN was
employed for the testing of all blend film samples. The specimens were stored overnight at room temperature
before testing. At least five specimens of each film were tested and the results were averaged to obtain a mean
value.

Impact tensile testing
A standard type IV impact tensile specimens of the blend films were evaluated by an impact tester (Zwick 5102
Pendulum, Zwick/Roell Group, Ulm, Germany) using a deflection angle of 160°, an exchangeable pendulum of
1 J, with an impact velocity of 2.93 m/s, and a pendulum length of 225 mm, according to DIN EN ISO
8256:2004. All specimens were stored overnight at room temperature before testing. The average values were
obtained by repeating the test experiment at least five times. The thickness of the films was determined by an
analog thickness gauge. The impact energy (£y,) can be calculated by using the following Eq. (1):

E,, =2 M)

 wxd
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where Ep,: the impact tensile energy or impact tensile strength, Eap: the absorbed energy, w: the width of the
specimen, and d: the thickness of the specimen.

Thermal stability

The decomposition temperature of the uncompatibilized and compatibilized PLB/TiO, blends was characterized
by a thermogravimatric analyzer (TGA; TG/DSC STA 449 F3 Jupiter, NETZSCH Instruments, Selb, Germany).
The TGA technique was used to determine the thermal stability of the blend films before and after the addition
of TiO, and the compatibilizer. Test specimens (about 4—6 mg) were placed in a crucible (70 pL) in each TGA
experiment. The operation was performed in a nitrogen atmosphere using a heating rate of 20 K/min from 50 °C
to 600 °C. The percentage of weight loss for all samples was examined.

Crystallization and thermal behaviors

A differential scanning calorimeter (DSC; DSC 200 F3 Maia, NETZSCH Instruments, Selb, Germany) was used
to investigate the crystallization behaviors and thermal transitions of the blend films. For each DSC analysis, the
film sample (approximately 6—8 mg) was encapsulated in a hermetically sealed aluminum pan (30 pL). A first
heating scan was operated from room temperature to 180 °C at a heating rate of 10 K/min and held at 180 °C for
3 min to eliminate the thermal history of all of the samples. Then, it was cooled to —60 °C with a cooling rate of
10 K/min. Finally, in a second heating scan it was reheated to 180 °C at a heating rate of 10 K/min to evaluate
the non-isothermal crystallization behaviors of the films. All experiments were carried out under nitrogen
atmosphere. The glass transition temperature (7y), crystallization temperature (7¢), cold crystallization
temperature (7,.), melting temperature (7y,), specific crystallization enthalpy (AH,), specific cold crystallization
enthalpy (AH,.), and specific melting enthalpy (AH,,) of the samples were also recorded. The y. of the PLB
blend films was calculated by using the following Eq. (2):

_(AH,_-AH)
C(1-W,)-AH

o

2. % x 100 2)
where W is the weight fraction of the filler and AH,, is the melting enthalpy of the 100% crystalline PLA that is
equal to 93.6 J/gi**).

Electron microscope analysis

The fractured surface morphology of the PLB blend films was characterized using a scanning electron
microscope (SEM; Quanta 400, FEI Company, Hillsboro, OR). The tensile fractured surface of the sample was
sputter-coated with a thin layer of gold in order to avoid any electrostatic charge and poor resolution during the
testing procedure. The SEM was operated at an accelerating voltage of 20 kV to image the films at 2000X
magnification.

RESULTS AND DISCUSSION
Characterization of Nucleated PLB Films

Mechanical properties

Tensile testing The tensile properties of the PLB films with different amounts of TiO, are presented in Fig. 1.
Compared to the neat PLB with a tensile strength of 32.87 MPa and an elongation at break of 11.59%, the tensile
strength of the PLB films was significantly affected by the addition of TiO,. No obvious strength reduction was
observed with a small amount of TiO, in the system; while the PLB film with 4 phr TiO, showed the distinct
strength decrease by almost 32%. The elongation at break of the film displayed a similar changing tendency.
Lower amount of TiO, improved the extension of the PLB films; when over 1 phr of TiO, was added, the
extension of PLB film increased by almost 40% (data as shown in Table 2), but a severe decrease of elongation
at break was observed. This is attributed to the nucleating effect of TiO,, which accelerated the crystallization
rate and increased the degree of crystallinity () of the PLB molecular chains. Moreover, the tensile of the film
showed a significant decrease when further increasing the TiO, amount. We speculate this is because of the non
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uniform distribution of TiO, in the film with the agglomeration and defects from the overloading of TiO,
molecules.

45 - 30
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Fig. 1 The tensile properties of PLA/PBAT blend films with various TiO, contents

Table 2. The mechanical properties of PLA/PBAT (PLB) blend films without and with TiO,

Sample ID Tensile strength (MPa) Elongation at break (%) Impact resistance (kJ/m?)
PLB 32.87+1.13 11.59£2.19 280+ 12
PLBO1 32.06 £ 1.76 16.16 £2.00 439+ 18
PLBO2 29.64 £ 0.84 6.09 £0.89 487 £11
PLBO4 22.06 £2.74 6.63£1.11 422 £ 15

Impact tensile testing To understand the effect of nucleation on the mechanical performance, impact-tension
behavior of the PLB films was evaluated. Data from the impact tension testing can be reported in terms of the
impact tensile toughness or impact tensile resistance. Table 2 shows the impact tensile resistance of the PLB
films without and with TiO, (1 to 4 phr). The neat PLB has an impact tensile strength of (280 + 12) kJ/m?,
indicating a quite low value of the absorbed energy. Interestingly, the impact tensile energy of the PLB films was
greatly enhanced in the presence of TiO,, leading to an impressive increase of the impact tensile strength. For
example, the impact tensile resistance of the PLB increased to 439, 487 and 422 kJ/m? when the TiO, amount
was increased from 1, to 2, and to 4 phr, respectively. That meant the impact tensile toughness of the PLB films
increased by about 50% to 70% due to the nucleating agent of TiO, accelerated the rate of crystallization and
increased the y.. Here, the crucial point for improving the toughness of the PLB film is the crystallinity of PLB
induced by the addition of the nucleating agent'*”). The greater number of tie-molecules that resulted from
heterogeneous nucleation and the crystallization enhanced the capability of the nucleated PLB films to absorb
energy™™”. The DSC measurement yet confirmed the enhanced crystallinity. However, no significant effect was
observed for the nucleated PLB films’ impact tensile resistance when different concentration of TiO, was used.

Thermal properties

Thermogravimetric analysis  Figure 2 displays the TGA thermograms of the PLB films with various
concentrations of TiO,. The neat PLB revealed two stages of decomposition. The first stage at about 330 °C was
attributed to the loss of the PLA matrix, whereas the second stage appeared at around 400 °C, corresponding to
the thermal degradation of PBAT. The TGA results showed that the thermal stability of the PLB slightly
decreased with an increase of the TiO, amount from 0 to 4 phr. The weight percentage of char residual at 550 °C
and the weight loss temperature at 10% and 50% of the films are reported in Table 3. With the addition of 4 phr
TiO,, the temperature for the weight loss of 10% and 50% was reduced by about 5 and 8 K, respectively; in
contrast, the percentage of the char residual at 550 °C increased. It might be implied that the nucleation effect of
TiO, enhanced the crystallization of the PLA and PBAT chains, which generated a larger number of tiny crystals
that played an important role in reducing the thermal stability of the PLB films.
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Fig. 2 The thermograms of PLA/PBAT blend films with different TiO, amounts (a) TGA and (b) DTG
Table 3. The thermal properties of PLA/PBAT (PLB) blend films without and with TiO,
T i .
Sample em peratureo at - Char residual Thermal transition temperature (°C) H, H,. H, e
D weight loss (°C) at 550 °C Ule)  Jlg) (e (O/L)
10%  50% (%) T, T, To  Tw_  Tw & & B
PLB 351.3 377.8 1.4 547 - 1119 1484 1553 - -249 269 319
PLBOI1 351.1 376.6 2.7 569 - 103.6 1445 154.1 - -27.8 281 337
PLBO2 349.4 374.4 4.8 565 - 104.5 145.3 155.2 - -28.1 29.6 359
PLBO4 346.5 369.4 5.8 59.8 - 106.8 147.8 156.6 — -30.4 324 398

Differential scanning calorimetry The cooling and second heating cycles of the DSC thermograms for the neat
PLB and the PLB films with TiO, are shown in Figure 3(a) and 3(b), respectively. The neat PLB has a glass
transition temperature (1) at 54.7 °C, an exothermic cold crystallization temperature (7¢.) at 111.9 °C, and a
double melting temperature (7;,) at 148.4 and 155.3 °C, respectively. The double melting phenomenon was
related to the o and o crystal formation™" **! observed at the o and crystallization formation temperature
region. Furthermore, it was affected by the crystallization time, molecular weight, and cooling rate. The lower
temperature of the melting (7},,) was concerned in the crystallization of PLA during the heating process, and the
higher temperature of melting (7},,) corresponded to the crystallization of PLA upon cooling’®**. The T, of the
neat PLB did not appear in the cooling cycle due to the high cooling rate (10 K/min). As a result, the
recrystallization of the laminated PLA occurred, leading to the appearance of T, in the second heating cycle.

3 With 4 phr TiO, a ~ | With 4 phrTio, b
= . . £
E With 2 phr TiO, § With 2 phr TiO,
o}
E5 g0
z 5||_With I phr TiO, 2| With 1 phr TiO, ~\
= 1) — —_— —
= N\
5 || PLAPBAT T || PLA/PBAT v/
T [}
e
50 60 70 80 90 100 110 120 130 140 10 30 50 70 90 110 130 150 170
Temperature (°C) Temperature (°C)

Fig. 3 The DSC thermograms of PLA/PBAT blend films without and with TiO, (a) cooling and
(b) second heating cycles

In addition, the cold crystallization behavior (Fig. 3b) of the PLB films containing different amount of TiO,
was also observed when heating the samples in the DSC measurement. The neat PLB and the PLB films
nucleated with TiO, showed the typical thermal transitions in terms of T, 7. and two overlapping 7T;, values. No
T, was found in the cooling cycle (Fig. 3a). Nevertheless, the film with TiO, showed a lower T, values in the
range from 103.6 °C to 106.8 °C in the DSC heating cycle as compared with the neat PLB sample with the T of
112 °C (Table 3). This may be due to the fast nucleation process and the short crystallization time of the PLB
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induced by TiO,. The addition of TiO, also promoted the y. of PLB and might generated perfect crystals with an
increment of the 7},,,. Moreover, the heat of fusion (AH,,) and the y. significantly increased with the increase of
TiO, amount from 1 phr to 4 phr, indicating that TiO, was an effective nucleating agent for initiating the
heterogeneous nucleation of the PLB films. We observed that T, of the PLB increased with the addition of TiO,
because it facilitated the formation of crystalline domains that restrained the mobility of the polymer chains. This
result was in agreement with the tensile properties of PLB showing a decreased value of elongation at break
when the amount of TiO, increased. In our case, 1 phr TiO, is proved as the optimum amount for improving the
properties of the films, including the elongation at break, the impact toughness, and the crystallization rate.

Characterization of the Compatibilized PLB/TiO, Films

Mechanical properties

Tensile testing To evaluate the effect of nucleation and compatibilization on the mechanical properties of the
PLB/TiO, film, two types of compatibilizer (TDI and PLA-g-MA) were used to combine in the PLB/TiO, film.
Figure 4 shows the tensile properties of the compatibilized PLB/TiO, films. The results showed us that when
3 wt% TDI was added, the tensile strength of the PLB/TiO, increased by almost 25% as compared to the sample
without TDI; while increasing TDI to more than 5 wt%, the mechanical strength of the PLB/TiO, films was
reduced. Furthermore, the elongation at break of the compatibilized PLB/TiO, films decreased progressively in
the present of TDI. A similar tendency was observed when the PLA-g-MA content was increased in PLB/TiO,
films. For example, compatibilized PLB/TiO, films with 3 wt% PLA-g-MA achieved the highest tensile
strength, whereas the tensile strength of the films obviously reduced if the amount of PLA-g-MA was more than
3 wt%. This implied that the tensile properties of PLB/Ti0, films are compatibilizer concentration dependence.
We speculate the tensile strength increase is attributed to the improvement of interfacial interactions by the
compatibilizer which enhances the wetting and adhesion bond strength between PLA and PBAT. The
diisocyanate groups of TDI interacted with both the hydroxyl and carboxyl groups of the PLA and PBAT to
form strong urethane and amide linkages. In contrast, the ester linkages were formed from maleic anhydride
groups of PLA-g-MA and the hydroxyl groups of PLA and PBAT, such leading to the enhancement of the
interfacial adhesion in the PLB films, as evidenced by the morphological images. The proposed reaction
mechanisms of TDI and PLA-g-MA with the PLB blend are illustrated in Fig. 5. The reaction between PLB and
compatibilizer may occur via three competitive routes, a) chain extension of the PLA and PLA, b)
compatibilization of the PLA and PBAT, and c) chain extension of the PBAT and PBAT. The chain extension
reaction increases the molecular weight, whereas the compatibilization improves the interfacial adhesion.
However, the overloading of the compatibilizer may cause the particle agglomeration to leave more defects in
the polymeric films with reduced tensile strength and the elongation at break. We may conclude that the
optimum concentration of the compatibilizer for the PLB/TiO, films is lower than 5 wt%.

50 20
- a = TDI PR b = TDI
£ a0l I PLA-g-MA S PLA-g-MA
g I = 15F
o
§D 30 L I I 5 -
5 g 10 I I
Z 20} 2
= Sh
c L s 5r z
2 10 =
0 0
0 1 3 5 7 0 1 3 5 7
Concentrations of compatibilizer based on PBAT (wt%) Concentrations of compatibilizer based on PBAT (wt%)

Fig. 4 The tensile properties of PLB/ TiO, blend films with TDI and PLA-g-MA (a) tensile strength
and (b) elongation at break at various compatibilizer concentrations
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Fig. 5 Proposed mechanism for the compatibilization reaction of PLB, TDI, and PLA-g-MA

Impact tensile testing Figure 6 displays the impact tensile strength of the PLB/TiO, films with different
concentrations of compatibilizer. The impact tensile resistance of the PLB/Ti0O, films is obviously improved in
the presence of TDI and PLA-g-MAs that are proved as the good compatibilizers for PLA and PBAT depending
on their concentrations. For example, the impact tensile strength of PLB/TiO, films compatibilized with 1 phr of
TDI and PLA-g-MA reached 623 and 492 kJ/m’, corresponding to increase by about 41% and 12%, as compared
to that of uncompatibilized film (439 kJ/m®). This implied that some initial cracks in the PLA matrix was
retarded because of the enhancement of interfacial interaction between the PLA and PBAT aided by the
compatibilizer. However, we noticed that the impact tensile resistance of the compatibilized PLB/TiO, films
reduced in a higher concentration of the compatibilizer.

800
700
6001

5001
4001
3001
200
100f

0

Compat]blllzer contents based on PBAT (Wt%)

= TDI ~PLA-g-MA

Impact tensile strength (kJ/mz)

Fig. 6 The impact tensile strength of PLB/Ti0, blended films with different contents
of TDI and PLA-g-MA

Morphological study
Scanning electron microscope The SEM micrographs of the tensile fractured surface of the neat PLB and the
PLB/TiO, films are shown in Fig. 7. The SEM images depict the neat PLB (Fig. 7a) and the PLB/TiO, (Fig. 7b)
films with a large number of holes on the fractured surface due to the pulling out of PBAT particles.
Furthermore, a lot of isolated PBAT were clearly observed, indicating the poor interfacial adhesion between
PLA and PBAT. These results implied that the cracking might occur between the PLA matrix and the PBAT
particles to generate many holes and isolated PBAT particles on the fractured surface of the neat PLB and the
PLB/TiO, films because PBAT was not well wetted by PLA!.

As shown in Figs. 7(c) and 7(d), most of PBAT were surrounded and embedded by the PLA matrix after
compatibilization using TDI and PLA-g-MA. More uniform and less isolated PBAT particles were clearly seen
on the tensile fractured surface of the compatibilized films, indicating the significant improvement of adhesive
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bonding and the interfacial interaction of PLA and PBAT in the presence of compatibilizer. Such function of the

compatibilizer for the improvement of wetting and bonding at the interface of the blends was also observed and
[36]

clearly explained by Wu

Fig. 7 The SEM images of the tensile fractured surface of (a) neat PLB, (b) nucleated PLB
blended with 1 phr TiO,, (c) nucleated PLB/TiO, blended with 3 wt% TDI, and (d)
nucleated PLB/TiO, blended with 3 wt% PLA-g-MA

Thermal properties

Thermogravimetric analysis The influences of the types and contents of the compatibilizer on the thermal
stability of the PLB/Ti0, films are displayed in Fig. 8. The TGA and DTG thermograms of the PLB/TiO, films
showed two steps of decomposition at about 330 and 400 °C, relating to the 7, onset of the PLA and PBAT
polymeric chains, respectively. Table 4 summarizes the temperature of weight loss 10% and 50% for the
compatibilized PLB/TiO, films. It can be seen that the weight loss temperature is affected by the TDI and PLA-
g-MA content. The temperature for the weight loss of 10% and 50% gradually decreased as a function of the
compatibilizer concentration, and at high concentration of compatibilizer (7 wt% based on PBAT), especially for
the compatibilizer of PLA-g-MA, the weight loss temperature was lower. The TGA data indicated that the
thermal stability of the PLB/TiO, films with compatibilizer was lower than that of uncompatibilized film. At the
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Fig. 8 The thermograms of nucleated PLB/TiO, blend films with different compatibilizer
amounts (a) TGA and (b) DTG
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high concentration of TDI and PLA-g-MA, more defects of the crystal might present in the compatibilized
PLB/TiO, films. Those imperfect crystals play an important role for decreasing the thermal stability, which were
obviously observed in the DTG thermograms (Fig. 8b). The T4 of the compatibilized PLB/TiO, films shifted to
the lower value when 7 wt% of the compatibilizer was added.

Table 4. The TGA and DSC data of PLA/PBAT (PLB) blend films compatibilized with different
contents of TDI and PLA-g-MA

Temperature at
Sample ID _ weight loss (°C)
10% 50%

Char remaining Thermal transition temperature (°C) H, H, H, e
at 550 °C (%) gy (g g )

Tg Tc T, cc Tml Tm2

PLBO1 351.1 376.6 2.7 56.9 - 103.6 1445 154.1 - -27.8 28.1 337
PLBO1T1 3504  376.9 1.9 58.6 - 1094 1479 1544 - -254 257 312
PLBOIT3 3524 3762 3.5 63.9 - 116.2 150.5 156.5 - -243 258 317
PLBOIT5 350.8 3744 2.8 59.1 - 110.8  149.2 154.7 - -26.3 268 337
PLBOIT7 3364 3654 2.5 58.2 - 107.9 1458 1543 - -219 227 292
PLBOIPI 3512 3754 2.8 58.1 - 107.3 1473 154.7 - -249 259 314
PLBOI1P3  344.0 373.2 22 56.2 - 105.1 1449 1545 - -293 288 354
PLBOIP5  342.1 371.0 2.6 57.5 - 103.4 145.6 154.8 - -255 302 38.0
PLBO1P7  316.1 352.2 5.3 58.3 — 101.0 143.6 1543 — -29.3  36.2 46.6

Differential scanning calorimetry Figures 9(a) and 9(b) illustrate the DSC profiles on the cooling and the second
heating cycles of the PLB/TiO, films with and without compatibilizer. There was no significant change on the
crystallization during the cooling process for both the uncompatibilized and compatibilized PLB/TiO, films. As
listed in Table 4, it is suggested that the TDI and PLA-g-MA have the similar effect on the T, T, and T}, of the
PLB/TiO, films. The addition of compatibilizer to the films increased the T, indicating that the cold
crystallization process on the heating cycle (Fig. 9b) was retarded. In addition, PLA-g-MA as a compatibilizer
shifted the T, to the lower temperature and had a much less influence on the cold crystallization process than
that of TDI. These experimental data implied that the crystallization of the PLB/TiO, films was slowed with the
addition of TDI and PLA-g-MA because both of them as the compatibilizer improved the interfacial adhesion of
PLA and PBAT, and as the chain extender extended the polymeric chain length and increased the molecular
weight of PLA and PBAT. As a consequence, the crystallization of polymeric chains was significantly reduced,
T, disappeared, and T, increased. Moreover, as another important factor, the concentration of compatibilizer also
influenced the crystallization of the PLB/TiO, films. As discussed above, the improvement of the properties of
the compatibilized PLB/TiO, films was associated with the reaction between the maleic anhydride groups of the
PLA-g-MA, the diisocyanate groups of TDI and the carboxylic and hydroxyl groups of PLA and PBAT, which
might result in the agglomeration when higher concentration of compatibilizer was introduced in the system.

o | With 7 wi% PLA-g-MA a & W
§ With 3 wi% PLA-g-MA § With 3 wi% PLA-g-MA
E.g|| With 7 wt% TDI E || With 7 wt% TDI
£ 5| With 3 wi% TDI 5 %1 With 3wtz TDI \/_JL
5 || pLaPBAT/TIO, 5 |[ PLA/PBAT/TIO,
an) jani

40 50 60 70 80 90 100 110 120 130 140 10 30 50 70 90 110 130 150 170

Temperature (°C) Temperature (°C)

Fig. 9 The DSC thermograms of nucleated PLB/TiO, blend films with various compatibilizer contents (a)
cooling and (b) the second heating cycles

The T, and T;, of the compatibilized PLB/TiO, films were not changed when compared to those of
uncompatibilized ones. The 7, of the PLB/Ti0O, films with TDI and PLA-g-MA slightly increased in the range of
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58 °C to 63 °C and 56 °C to 58 °C, respectively. Whereas, the T}, of the compatibilized PLB/TiO, films also
displayed the double melting characteristic but there was no obvious difference in both the 7;,, and T}, values.
Interestingly, different concentration of compatibilizer resulted in the change of the y. of the compatibilized
PLB/TiO, films (Fig. 10). The results revealed that the y. of the compatibilized PLB/TiO, films increased as a
function of PLA-g-MA concentration in contrast to TDI. For example, the relative y. of the compatibilized
PLB/TiO, films with 7 wt% PLA-g-MA increased by almost 40% while it was slightly decreased when the films
with 7 wt% TDI. From the T,. and y. results, we may suggest that the incorporation of PLA-g-MA into the
PLB/TiO, films slightly retards the cold crystallization process but progressively induces crystallinity. PLA-g-
MA is a more efficient compatibilizer than TDI for improving the y, and the cold crystallization of the PLB/TiO,
films. This could be explained that the PLA-g-MA functioned as both a compatibilizer and a nucleating agent via
a heterogeneous nucleation and compatibilization process for the compatibilized PLB/TiO, films. As for TDI, it
only acted as a compatibilizer.

150

140F = TDI
130L O PLA-g-MA
120F

110F

100+
90}
80
70
60

Compatlblllzer contents based on PBAT (wt%

Relative degree of crystallinity (%)

Fig. 10 The relative degree of crystallinity of nucleated PLB/TiO, blend films with various
compatibilizer contents

CONCLUSIONS

TiO, has been successfully used as a nucleating agent for producing PLB films via heterogeneous nucleation.
The addition of TiO, accelerated the cold crystallization process of the PLB films by decreasing the 7., and
enhancing the y. compared to the neat PLB. Furthermore, the impact tensile resistance and elongation at break of
the PLB films increased by the addition of TiO, with the optimal amount of 1 phr. However, overloading the
amount of TiO, caused the decrease of the tensile strength, elongation at break, and thermal stability of the PLB
films.

In the cases of the PLB/TiO, films, the results revealed that the tensile strength and impact tensile resistance
sharply increased with the presence of both TDI and PLA-g-MA due to the improvement of the interfacial
interaction between PLA and PBATs. An appropriate concentration of the compatibilizer for balancing the
properties of the compatibilized PLB/TiO, films is important. The mechanical performances and thermal
stability of the films were significantly reduced by overloading TDI and PLA-g-MA. PLA-g-MA showed a
greater efficiency than TDI for improving the overall properties of the compatibilized PLB/TiO, films in terms
of tensile properties, impact tensile toughness, morphology, cold crystallization and the ..
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Polylactide (PLA) blend films with poly(butylenes adipate-co-terephthalate) (PBAT) and a nucleating
agent were prepared by the melt compounding technique. Thermal stability of the PLA decreased
with added nucleating agent; in contrast, the decomposition temperature increased with the presence
of PBAT. In addition, the differential scanning calorimetry thermograms demonstrated that the
heterogeneous nucleation and cold crystallisation processes of the PLA blend films were accelerated.

The influence of the type and level of the nucleating agent and the presence of PBAT on the tensile
properties, impact resistance, thermal stability and non-isothermal crystallisation behaviours of the
PLA blend films were investigated. Both the PLA/nucleating agents and the PLA/PBAT/nucleating
agent blends showed significant effects from the changes in the nucleation process on their tensile
properties, impact toughness and thermal behaviour. Furthermore, the impact energy that the PLA
blends absorbed during the entire impact tension test was obviously enhanced by the increased
content of the nucleating agent.
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Introduction

Polylactide (PLA) is one of the most promising bio-
based semi-crystalline polymers that has received con-
siderable attention in recent years. PLA has been used
for many applications i.e. biomedical, pharmaceutical,
agricultural and automotive fields." This is because
they have several advantages i.e. non-toxicity, ease of
processability, transparency, gas permeability, mechan-
ical strength and biodegradability.*’ At present, PLA
has become an extremely useful alternative material to
replace some conventional petroleum-based plastics
such as polyolefins, polystyrene and poly(ethylene ter-
ephthalate). Unfortunately, there are some drawbacks
such as its slow crystallisation rate, low crystallinity
and complete brittleness that restricts its usage for
many applications, especially in the film packaging
industry.* ' The slow crystallisation rate leads to a
long processing cycle time and a low production effi-
ciency for PLA products.!!"?

To promote the crystallisation rate, crystallinity and
nucleation of PLA, a nucleating agent has been selectively
used. Theoretically, the nucleating agent can initiate a
great number of nuclei via a heterogeneous nucleation
process, resulting in the improvement of the crystallisa-
tion behaviours of its polymer. This is associated with
changes in terms of its surface free energy, crystal size
and spherulitic density during the melting processing
and moulding. Therefore, mixing the PLA polymer with
an appropriate nucleating agent may be a potential
method to modify the mechanical properties and crystal-
lisation behaviour of PLA. In this manuscript we have
selected to use poly(butylene adipate-co-terephthalate)
(PBAT) as a flexible filler to try to balance the high brit-
tleness of PLA and the low stiffness of PBAT. PBAT, an
aliphatic-aromatic copolyester derived from 1,4-butane-
dioal, adipic acid and terephthalic acid, is a biodegradable
plastic with a high flexibility and elongation but low
strength.'? !> PBAT has been widely used for food packa-
ging and in agricultural films.'®'” PLA and PBAT are
reported to be immiscible over their entire composition
range due to the differences in their polarity.'®" How-
ever, the immiscible blending can lead to promotion of
the nucleation and crystallisation, as previously reported
in some other blend pairs such as PLA/polycarpolactone
(PCL),>® PLA/poly(vinylidene fluoride) (PVDF),?! iPP/
ethylene-propylene-diene terpolymers® and polycarbo-
nate/poly(ethylene oxide).”*

As a result, the motivation of this research was to
improve the PLA limitations for extending more appli-
cations for film packaging. We envision that mixing of
the nucleating agent and PBAT, would not only accelerate
the crystallisation process through heterogeneous nuclea-
tion, but would also enhance the toughness of PLA. In
this study, PBAT was used to modify the toughness and
the crystallisation rate of PLA by incorporating a nucleat-
ing agent. The influence of different types and levels of
nucleating agent on the characterisations of the PLA
blend films was investigated. In addition, the synergistic
effect of the nucleating agent and PBAT on the tensile
properties, its impact on its toughness, thermal stability
and the crystallisation behaviours of the PLA blends
was also studied.
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Experimental

Materials

PLA resin (PLA 4043D) was from NatureWork LLC
(Cargill-Dow, Mineapolis, MN, USA) for use as a poly-
mer matrix. The PLA pellets were transparent with a den-
sity reported by the manufacturer of 1.24gcm™>,
according to the ASTM DI1505. The glass transition
temperature (7,), melting temperature (7,) and
decomposition temperature (74) of neat PLA was charac-
terised by differential scanning calorimetry (DSC) and a
thermogravimetric analyser (TGA) at about 60, 154 and
337°C, respectively. The polydispersity (PDI) and the
weight average molecular weight of neat PLA was 1.46
and 130 kDa as determined by gel permeation chromato-
graphy (GPC) in tetrahydrofuran (THF). PBAT (Ecoflex
F BX7011) with a density of 1.26 g cm™ was from BASF
Corporation (Ludwigshafen, Germany). The T, T, and
T4 of PBAT were determined by DSC and TGA and
were about —30, 110 and 410°C, whereas its PDI and
weight average molecular weight were 1.32 and 170 kDa
(GPC analysis in THF), respectively. Nano precipitated
calcium carbonate (NC) was from Behn Meyer Chemical,
Co., Ltd, Bangkok, Thailand. Talc (TC) and titanium
dioxide (TO) were from Chemipan, Co., Ltd, Bangkok,
Thailand.

Material preparation

The PLA, PBAT and nucleating agent were dried in a
vented oven at 60°C overnight and stored in a desiccator
before usage. TC, NC and TO were used as the nucleating
agent using different levels from 1 to 4 phr for enhancing
the crystallisation rate of PLA. In the case of binary com-
pounding, the weight ratio of PLA to PBAT was fixed at
90 to 10 for all experiments. PLA, PBAT and the nucleat-
ing agent were pre-mixed by a high speed mixer with a
speed of 60 rev min~"' for 10 min before the extrusion pro-
cess. The mixture was then melted in a co-rotating twin
screw extruder (PRISM TSE 16TC, Thermo Electron
Corporation, Karlsruhe, Germany) having a screw diam-
eter of 15.6 mm and L/D ratio of 15. A schematic rep-
resentation for the preparation of the blend is displayed
in Fig. 1. The temperature profiles of the extrusion pro-
cess were controlled on three zones ranging from 110 to
180°C with a screw speed of 30 rev min~!. After extru-
sion, the compounds were dried in a vented oven at 60°
C overnight and then compression-molded into the film
specimens using a hydraulic press (KT-7014, Kao Tieh
Machinery Industrial, Taichung, Taiwan) under optimum
conditions; a holding temperature of 180°C; pressure,
1500 psi; cycle time, 25 min. The neat PLA was also
taken in the same way in order to be used as a reference
material. Sample formulations and their abbreviations
are displayed in Table 1.

Characterisation and testing

Tensile properties

The tensile test for the rectangular film specimens with a
size of 15 mm wide, 150 mm long and about 250 pm thick-

ness was performed on a universal testing machine (LR
100k, LLOYD, Fareham, UK) using a crosshead speed
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1 A schematic representation of the preparation of the material

of 10 mm min~"' and a gauge length of 100 mm, according
to the ASTM D882-09. A 1 kN load cell was employed for
testing the films of neat PLA and the PLA blend. All speci-
mens were stored overnight at room temperature before
testing. At least five specimens of each film were tested
and the results were averaged to obtain a mean value.

Impact tensile testing

Standard type IV, impact tensile specimens of neat PLA
and PLA blend films were evaluated by an impact tester
(Zwick 5102 Pendulum, Zwick/Roell Group, Ulm,
Germany) using a deflection angle of 160°, an exchange-
able pendulum of 1J, an impact velocity of 2.93 ms™",
and a pendulum length of 225 mm. All specimens were
stored overnight at room temperature before testing. At
least five specimens were tested according to DIN EN
ISO 8256:2004 and the results were averaged to obtain a
mean value. The thickness of the films was determined
by an analogue thickness gauge. The average thickness
was obtained from at least five samples for each film.
For calculating the impact energy (E,) the following
equation (1) was used:

Enp

Er, =
m = xd

M

where Ef,,: determining impact energy or impact strength,
E Ay absorbed energy of specimen, w: width of specimen
and d: thickness of specimen.

Thermal stability

The decomposition temperature of the neat PLA and its
blends were characterised using a TGA (TG/DSC STA
449 F3 Jupiter, NETZSCH Instruments, Selb, Germany).
The TGA technique was used to determine the thermal
stability of the PLA films before and after the addition
of the nucleating agent and PBAT. Samples (about
4-6 mg) were cut from the neat and PLA blend films
and placed in a crucible (70 uL) to use in each TGA
experiment. The operation was performed in a nitrogen
atmosphere with a heating rate of 20°C min™' from 50
to 600°C. The percentage of weight loss for all samples
was evaluated.

Crystallisation and thermal behaviours

A differential scanning calorimeter (DSC; DSC 200 F3
Maia, NETZSCH Instruments, Selb, Germany) was
used to evaluate the crystallisation behaviours and any
thermal transitions of the PLA blend films. For each
DSC analysis, approximately 6-8 mg of samples was
encapsulated in a hermetically sealed aluminium pan

Table 1 Sample formulations of neat PLA and the PLA blend films with different types and contents of nucleating agent

Nucleating agents (phr)

Formulation PLA (wt-%) PBAT (wt-%) NC TC TO

Neat PLA Neat PLA 100 - - - -

Nucleated PLA PLA/NC 1 100 - 1 - -
PLA/NC 2 100 - 2 - -
PLA/NC 4 100 - 4 - -
PLA/TC 1 100 - - 1 -
PLA/TC 2 100 - - 2 -
PLA/TC 4 100 - - 4 -
PLA/TO 1 100 - - - 1
PLA/TO 2 100 - - — 2
PLA/TO 4 100 - - - 4

Nucleated PLA/PBAT PLA/PBAT 90 10 - - -
PLA/PBAT/NC 4 90 10 4 - -
PLA/PBAT/TC 4 90 10 4 -
PLA/PBAT/TO 4 90 10
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(30 uL). A first heating scan was operated from room
temperature to 180°C at a heating rate of 10°C min™"
and held at 180°C for 3 min to remove the thermal history
of all samples. Then, it was cooled to —60°C with a cool-
ing rate of 10°C min™"'. Finally, in a second heating scan
samples were heated to 180°C at a heating rate of 10°
C min~" to determine the non-isothermal crystallisation
behaviours of the films. All experiments were carried out
in a nitrogen atmosphere. The glass transition tempera-
ture (7), crystallisation temperature (7;), cold crystallisa-
tion temperature (7..), melting temperature (77,), specific
cold crystallisation enthalpy (AH..) and specific melting
enthalpy (AH,,) of the samples were recorded. The degree
of crystallinity (y.) of the neat PLA and PLA blend films
was calculated using the following equation (2):

_ (AHm - AI{CC)

— - Bdeel 2
Xe (I—Wf)~AH21X 00 2

where W;is the weight fraction of the filler and AHY, is the
melting enthalpy of the 100% crystalline PLA that was
equal to 93.6J g~ %

Mechanical characteristics and thermal behaviours of nucleated polylactide blend films

Morphological studies

Fracture surfaces after tensile testing were evaluated by a
scanning electron microscope (SEM; JSM 6480, JEOL,
Tokyo, Japan). The fractured surface of the PLA blend
films was sputter coated with a thin layer of gold prior
to experiment. The SEM was operated at 15kV to
image the films. Furthermore, an energy dispersive spec-
troscopy (EDS; 7573 INCAx-sight EDS, Oxford Instru-
ments, Concord, MA, USA) on SEM was used to
identify the particle elements and disperse state of the
PLA blend films.

Results and discussion

PLA/nucleating agent blends

Tensile properties

Tensile strength and elongation at break of neat PLA and
PLA blend films with various types and concentrations of
nucleating agent are displayed in Fig. 2a and b, respect-
ively. Neat PLA had a high tensile strength (about

70

60 -

50 -

20 -

Tensile strength (MPa)
£
(=]
f——i

10

0 1

NC mTC mTO

2 4

Nucleating agent contents (phr)

10

(a)

Elongation at break (%)

0 1

2 4
Nucleating agent contents (phr)

(b)

2 The tensile properties of neat PLA and the PLA blend films with various types and concentrations of nucleating agent a ten-

sile strength and b elongation at break
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50 MPa) but the elongation at break was quite low (about
3.6%). Neat PLA had a high glass transition temperature
(Ty) of 60.1°C and displayed a glass-like brittle behaviour
at room temperature due to the freezing of the molecular
chains into the polymer. In the glassy state, a large scale
molecular motion of the PLA main chains did not
occur because of the limitation of the relative free volume,
that led to a lower volume expansion coefficient in this
region.”® The addition of TC (i.e. <4 phr) to the PLA
blend films produced an increase of their tensile strength.
The tensile strength on the PLA/TC blends increased with
each increment of TC level; however, the percentage of the
elongation at break gradually decreased. Furthermore, at
4 phr of TC, the tensile strength of the composite films
significantly decreased to 38.56 MPa compared to that
of the blends containing 1 phr (54.63 MPa). It might
result from some agglomeration of TC that occurred at
high concentrations.

In contrast, the presence of NC and TO in the PLA
matrix composites led to a slight decrease of the tensile
strength but there was an impressive increase of the
elongation at break, especially with small amounts of
the nucleating agent (1 phr). This could be explained in
that the addition of nucleating agent might lead to an
increase in both the degree of crystallinity (x.) and the
smaller spherulitic size that resulted in the enhancement
of the elongation at break of the PLA blend films as sup-
ported by the morphological studies. Figure 3 shows the
SEM and energy dispersive spectroscopy on SEM
(EDS/SEM) images at 1000x magnification of the tensile
fracture surface of the PLA blend films with 1 phr of
nucleating agent. The EDS/SEM results revealed that
NC, TC and TO particles were well-dispersed in the
PLA matrix with the typical appearance as in Fig. 3a—f.
Moreover, the tensile fracture surface of the PLA blend
film with 1 phr of NC and TO (Fig. 3d and f) showed
more homogeneous dispersion of nucleating agent than
that with TC (Fig. 3e) which helped to improve their

(d)

(e)

mechanical properties. On the other hand, with a further
increase of the nucleating agent (i.e. >1 phr), the tensile
properties of the PLA blend films apparently decreased.
This is probably because some agglomeration of the over-
loading nucleating agent particles occurred and this led to
more defects and cracks in the composites. This is one
possible reason why the tensile properties of the PLA
blend films at the higher levels of the nucleating agent
obviously decreased. These behaviours could be observed
in both of the PLA blend films with NC and TO. How-
ever, comparatively, the overall elongation at break of
the blend films with NC and TO was higher than that
of the neat PLA. This result was supported by the DSC
data because the y, of the blend films was closely related
to their mechanical properties.

Impact tension

Generally, impact testing is used to determine the capa-
bility of the material to withstand a suddenly applied
load in terms of the impact toughness or the impact
energy. Moreover, toughness of the material is related to
its ability to absorb energy during the impact testing.
Therefore, brittle materials have a lower toughness or
impact resistance than ductile material due to the lower
energy absorption. Normally, the crystal size, crystal
amount and crystal perfection of materials may also sig-
nificantly affect the value of the impact strength because
they may lead to an increase or decrease of the stress con-
centration that was related to the absorbed energy. Neat
PLA was semi-crystalline with a 19.8% degree of crystal-
linity (as shown in Table 2) due to its slow crystallisation
rate. Crystallinity and the rate of crystallisation of PLA
were enhanced by using an appropriate nucleating agent
that may lead to a decrease of its life cycle time for
productivity.

From equation (1), the impact energy (Ey,,) or impact
strength of the neat PLA and PLA blend films was

MgKal T sopm !
S0pm

()

3 SEM and energy dispersive spectroscopy on SEM (EDS/SEM) images at 1000x magnification of the tensile fracture surface of
PLA blend films with 1 phr of nucleating agent a, d NC, b, e TC and c, f TO
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Mechanical characteristics and thermal behaviours of nucleated polylactide blend films

Table2 Data from the TGA and DSC thermograms of neat PLA and PLA blend films with various types and levels of nucleating

agent

Temperature (°C)

at weight loss Thermal transitions (°C)
Formulation T4 (°C) onset 10% 50% Ty Te Tee Tot® Tm2* %xc (%)
Neat PLA 336.5 347.3 372.8 60.1 - 125.9 - 154.4 19.8
PLA/NC 1 333.8 348.1 375.6 61.3 94.4 103.4 147.4 157.9 29.7
PLA/NC 2 315.2 337.2 360.6 58.4 - 100.4 144.6 155.4 417
PLA/NC 4 310.3 326.5 351.4 61.6 - 108.9 148.3 156.7 33.6
PLA/TC 1 340.1 355.1 376.8 58.2 929 - 144.4 155.2 37.6
PLA/TC 2 335.6 350.5 374.7 55.6 92.4 - 144.9 154.9 37.2
PLA/TC 4 321.7 334.4 359.2 54.7 86.2 96.2 143.2 155.4 38.8
PLA/TO 1 335.8 350.0 3755 56.9 - 111.2 147.2 156.2 43.7
PLA/TO 2 334.9 348.7 370.7 56.4 - 109.2 145.9 155.7 41.2
PLA/TO 4 331.6 344.6 369.9 58.2 - 115.7 148.4 156.4 40.2

*Tm1: lower melting temperature, Tino: higher melting temperature.

calculated. The impact strength of the neat PLA and the
PLA blend films with different types and concentrations
of nucleating agent is displayed in Fig. 4. The impact
strength of the neat PLA was 225 kJ m~2 which indicated
its brittle behaviour due to the low value of the absorbed
energy. As expected, the PLA blend films with the
addition of the nucleating agent had an increased ten-
dency in terms of their resistance to impact. For example,
the impact strength of the PLA blends with TO was
increased to 356, 384 and 412 kJ m™2 when the TO level
increased from 1 to 2 and 4 phr, respectively. In other
words, the percentage of the impact energy of the PLA
composite films with TO was enhanced by almost 58, 71
and 83%, respectively, compared to that of the neat
PLA. Furthermore, similar results were observed in the
PLA blend with NC and TC. The results of similar exper-
iments have been previously reported by Arends*® and
Zhang et al.”” They explained that changing of the spher-
ulite size in the polymer with the addition of a nucleating
agent was a key reason for the increment of toughness.
With the presence of the nucleating agent, a lot of small
spherulites were produced that led to a large number of
tie-molecules that led to an increased ability of the
material to absorb energy.

Also the increase of the impact strength may be due to a
decrease of the internal stresses in the micro regions of the

PLA composites. The role of these stresses in the change
of the impact resistance can be explained via the cracking
mechanism as follows: the presence of a nucleating agent
in PLA accelerated the crystallisation process and pro-
moted a large number of tiny crystals which then
reinforced the resistance of a suddenly applied load.
Therefore, the micro deformations grow first at the crystal
boundaries rather than on the PLA matrix when the stres-
ses were applied by impact tension. This is one possible
reason why the impact resistance of the PLA blend films
with TC, NC and TO was obviously improved compared
to that of neat PLA.

Thermal stability

The TGA technique was used to investigate the thermal
stability and decomposition temperature (7) of the neat
PLA and PLA blend films. Figure 5a—c shows the effect
of the different types and levels of nucleating agent on
the thermal stability of the PLA composites. The neat
PLA showed only one step of decomposition from about
336 to 390°C that was attributed to the thermal decompo-
sition of the PLA backbone. The temperatures at 10 and
50% of weight loss of the neat PLA were 347 and 372°C,
respectively (as shown in Table 2). Surprisingly, the TGA
thermograms (Fig. 5a) revealed that the onset of the Ty

500 -
ENC MTC M TO
400 -
300 f

200 +

Impact strength (KJ/m?2)

100 -

0 1

2 4
Nucleating agent contents (phr)

4 Impact toughness of neat PLA and the PLA blend films with different types and concentrations of nucleating agent
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5 TGA thermograms of neat PLA and PLA blend films with various levels of nucleating agent a NC, b TC and ¢ TO

of the PLA blend films with NC was significantly reduced decreased by about 26°C compared to the neat PLA. Fur-
with an increase of the content of the nucleating agent thermore, the TGA data indicated that the temperature
(from 1 to 4 phr) with a decrease from 333.8 to 310.3°C used for a 10% weight loss of the PLA/NC blend decreased
compared to that of the neat PLA. For example, the ther- to 348.1°C (1 phr NC), 337.2°C (2 phr NC) and 326.5°C
mal stability of the PLA composites with 4 phr NC (4 phr NC), respectively. A similar tendency of the
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6 Cooling curves in the DSC thermograms of neat PLA and PLA blend films with various contents of nucleating agent a NC, b

TCandc TO

temperature used for a 50% weight loss was noticed. These
results might be the result of the presence of NC that could
obviously be enhanced by the larger number of nuclei that
led to a greater amount of tiny crystals in the PLA matrix.
Those very small sized PLA crystals played an important
role on the large depression of the thermal stability of the
PLA/NC composite films. These behaviours could also
be observed in the PLA blend films with the TC and TO
as shown in Fig. 5b and c, respectively. However, it seems
that the thermal stability of the blend films with a higher

340 Plastics, Rubber and Composites 2016 voL 45 NO 8

TO was higher than that with NC. From Table 2, at
4 phr of nucleating agent, the T4 onset values of the com-
posite films were about 310°C (PLA/NC) and 332°C
(PLA/TO), as an example.

Crystallisation and thermal behaviours

The DSC technique was used to determine the crystalli-
sation behaviour and thermal transitions of neat PLA
and the PLA blend films. DSC cooling and the 2nd
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7 2nd heating curves in the DSC thermograms of neat PLA and PLA blend films with different levels of nucleating agenta NC, b

TC and c TO

heating curves of neat PLA and PLA blends with various
types and amounts of nucleating agent are shown in Figs.
6 and 7, respectively. The DSC data indicated that the
crystallisation temperature (7;) of neat PLA depended
upon the cooling rate. The 7. of neat PLA was not
observed because of the high cooling rate
(10°C min™"). Hence, at the 2nd heating the DSC ther-
mogram of the neat PLA, an exothermic peak associated
with a cold crystallisation temperature (7,.) was noticed
at 125.9°C due to the recrystallisation of the PLA lamel-
lae. This evidence confirmed that the crystallisation rate

of neat PLA was too slow to occur in one cooling step
that led to a partial re-alignment of its molecular chains
in the 2nd heating step. A single endothermic signal that
was the melting temperature (7,,) appeared at 154.4°C,
whereas its degree of crystallinity was quite low at
about 19.8% (Table 2).

A similar behaviour of a non-isothermal crystallisation
could also be observed in both of the PLA blend films
with NC and TO. The DSC cooling curves in Fig. 6 indi-
cated that an exothermic peak of the PLA blends did not
appear during the cooling step; however, the T.. peak

Plastics, Rubber and Composites 2016 voL 45 NO 8

341



Downloaded by [WORASAK PHETWAROTAI] at 09:34 01 August 2016

Phetwarotai et al.

342

was clearly observed in the heating step. It was of interest,
that with an increase of the TO content, the 7. values were
shifted towards a lower temperature (109-115°C) com-
pared to that of the neat PLA (125.9°C) under the same
conditions. These tendencies were similarly reported in
the PLA blends with NC. The presence of both NC and
TO led to decrease of the T, and accelerated the crystal-
lisation rate of PLA. However, adding too much of NC
and TO (i.e. 4 phr) led to a slight decrease of the T.
This might be because the efficiency of the nucleating
agent was retarded by some agglomeration of the particles.
Furthermore, these DSC data indicated that the y. of the
PLA blend films was improved by 30-44%, compared to
the neat PLA (19.8%). A doubling of the melting tempera-
ture of the PLA blends was clearly observed over the range
of 143-148°C (Tn1) and 155-158 °C (T2), respectively.
Generally, the influence of the T, crystallisation time, mol-
ecular weight, heating and cooling rates were significantly
affected by the double melting behaviour.”® The lower
peak of melting (7;,;) was probably related to the crystal-
lisation of the PLA during the heating cycle and the higher
peak of melting (7;,,2) should correspond to the crystallisa-
tion of PLA during the cooling process.®*’

In the case of the PLA blend films with TC, different
thermal behaviours were observed. In the cooling step,
the DSC thermograms showed the obvious T, signal that
was related to the induction of the PLA crystallisation
when a small amount of TC was added to the composite
films. The T, values appeared at about 86-92°C which indi-
cated that the crystallisation of the PLA/TC composite was
completed during the cooling process. Therefore, recrystal-
lisation of PLA molecular chains did not occur in the 2nd
heating scan leading to the disappearance of the T, peak.
Nevertheless, the blend films with 4 phr TC showed small
signals in both the T, and 7. This might result from
some agglomeration of the overload of TC particles pre-
sent in the PLA composites. Double melting peaks that
resulted from the perfect and imperfect crystals were also
observed. Furthermore, the addition of TC into the com-
posites led to a significant increase of y. These results
revealed that the presence of TC in the PLA composites
significantly affected the non-isothermal crystallisation
behaviour of the films. The addition of TC to the compo-
sites led to a faster crystallisation rate and greater crystal-
linity compared to that without the nucleating agent. In
summary, (1) the crystallisation behaviour of the neat
PLA and its composites was dependent on the type and
amount of the nucleating agent, (2) NC, TC and TO played
an important role in accelerating the crystallisation rate
and increasing the crystallinity of the PLA and (3) TC,
NC and TO were effective nucleating agents for PLA.

PLA/PBAT/Nucleating agent blends

Tensile properties

A flexible polymer like PBAT was used to complex with
PLA to enhance the flexibility and toughness of neat
PLA. Table 3 shows the tensile properties of neat PLA
and the PLA/PBAT (90/10 w/w) blend films with different
types of nucleating agent (4 phr). The elongation at break
of the PLA was greatly improved after the addition of
PBAT from 3.6% (neat PLA) to 11.6%. In contrast, the
tensile strength of the films was significantly decreased
by the presence of 10 wt-% PBAT (32.9 MPa), compared
to the neat PLA (47.4 MPa). Normally, such behaviour
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was observed when the softer material (PBAT) was
mixed with a more brittle material (PLA). Furthermore,
the poor adhesion between the two phases of PLA and
PBAT led to a reduction of the tensile strength.

When the nucleating agent was added into the compo-
site films, both tensile strength and elongation at break
decreased significantly. The tensile strength of the PLA/
PBAT composites decreased to 24.7 (4 phr NC), 27.7
(4 phr TC) and 22.2 MPa (4 phr TO), respectively. The
reduction of the strength was about 20-30%, whereas the
decrease of the elongation at break was about 50-70%,
compared to the PLA/PBAT composite without nucleat-
ing agent. From these results it seems as though there
was an incompatibility of PLA, PBAT and the nucleating
agent that occurred. Furthermore, the particles of the dis-
persed PBAT and nucleating agent acted as stress concen-
trators and caused defects and cracks in the composites,
that resulted in a low tensile strength and elongation at
break. Such behaviour was observed in all the different
compositions of the PLA/PBAT blend films.

Impact tension

Although the presence of a nucleating agent in the PLA/
PBAT blend films had a negative effect on the tensile
properties, the tensile-impact resistance was greatly
improved. As shown in Table 3, the impact strength of
PLA was enhanced from 225 to 280 kJ m~2 by adding
10 wt-% PBAT because the phenylene groups in the
PBAT main chains played an important role for improv-
ing the energy absorption. Furthermore, the impact
strength of the PLA/PBAT (90/10 w/w) blends increased
to 326, 512 and 422 kJ m~2 in the presence of NC, TC
and TO, respectively. As discussed above in topic ‘Impact
tension’, the presence of a nucleating agent in the PLA
accelerated the crystallisation process and created a
large number of small crystals that enhanced the energy
of resistance from a suddenly applied load. Therefore,
the impact resistance of the PLA blend films containing
a nucleating agent was obviously increased. It was of
interest, that these results clearly showed the synergistic
effect of adding PBAT and a nucleating agent into the
PLA blend films that resulted in a strong improvement
of the toughness.

Thermal stability

The TGA thermograms of the PLA/PBAT blend films
without and with various types of nucleating agent are dis-
played in Fig. 8. The PLA/PBAT film showed two steps of
thermal degradation. The first stage was approximately at
335-340°C and was attributed to the decomposition of the
PLA main chains, while the second step was about 400—

Table 3 Tensile properties and tensile-impact resistance of
neat PLA and PLA/PBAT blend films without and
with various types of nucleating agent

Tensile Tensile-impact

strength Elongation resistance
Film samples (MPa) at break (%) (kd m™2)
Neat PLA 4739185 357+045 225+20
PLA/PBAT 3287+1.13 1159+£219 28012
PLA/PBAT/NC 4 2472+1.64 4.18+031 326+8
PLA/PBAT/TC 4 27.72+127 525+035 512+14
PLA/PBAT/TO 4 22.06+2.74 6.63+1.11 422+15
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410°C and was associated with the loss of PBAT, and indi-
cated the presence of PLA and PBAT phases in the films.
Furthermore, the TGA result revealed that the thermal
stability of PBAT was higher than that of PLA.

For investigating the thermal stability of the PLA/
PBAT blends without and with a nucleating agent, the
temperatures used for decomposing the samples to 10
and 50% weight loss were determined. As shown in
Table 4, the temperatures at 10 and 50% weight loss of
the PLA/PBAT composite films without nucleating
agent were approximately 351 and 378°C, respectively.
These values of the blend films apparently decreased
with the addition of nucleating agent. Similar results of
a decreased T4 onset were observed in both the first and
second decomposition steps. These data implied that the
thermal stability of the PLA/PBAT blend films decreased
with the presence of NC, TC and TO due to the changes
in the size and specific surface area of the crystals that
were related to the heat of decomposition. However, the
PLA blend with 4 phr TO had a higher thermal stability
than those with NC and TC.

Crystallisation and thermal behaviours

The DSC thermograms of the PLA/PBAT (90/10 w/w)
blend films without and with different types of nucleating
agent are shown in Fig. 9. The T,, T and y. of PLA/
PBAT (90/10 w/w) films without a nucleating agent were
54.7°C, 111.9°C and 28.7%, respectively. In addition,
the Ty, and Ty, appeared at around 148 and 155°C as
shown in Table 4. The exothermic peak that corresponded

to the T, did not appear in the DSC cooling process of the
PLA/PBAT films. These data indicated that crystallisa-
tion of the PLA/PBAT composites was not completely
formed during the cooling step. Therefore, the recrystalli-
sation process was taking place and led to the obvious T
curve during the 2nd heating scan (Fig. 9b). The T, of the
PLA/PBAT film without the nucleating agent decreased
by almost 5.5°C (from 60.1 to 54.7°C) compared to that
of the neat PLA because the presence of the PBAT
phase helped to enhance the chain mobility of the PLA
matrix and led to a significant increase of the elongation
at break, as evidenced by the tensile properties. It was
of interest, that the T,. of PLA decreased dramatically
after complexing with the PBAT from 125.9°C (neat
PLA) to 111.9°C, and indicated that the PBAT acceler-
ated the cold crystallisation of PLA. The T of PLA sig-
nificantly decreased by almost 14°C after mixing with
10 wt-% PBAT. A similar result was reported recently
by Pan er al.*' They found that the immiscible blending
of PLA and PVDF promoted the crystallisation and
nucleation of the PLA matrix. The proposed mechanism
of the PVDF-promoted crystallisation of PLA was that
of an interface-assisted and heterogeneously epitaxial
nucleation. Furthermore, Sakai er al.?° investigated the
effect of blending PCL with PLA on the crystallisation
and thermal behaviour. They reported that the acceler-
ated crystallisation of PLA that had occurred during the
cold crystallisation in the PLA/PCL blending system
was associated with the mechanism of interface-assisted
nucleation.

Table 4 Thermal properties of PLA/PBAT blend films without and with various types of nucleating agent

Temperature (°C)

T4 (°C) onset at weight loss

Thermal transitions (°C)

Formulation First Second 10% 50% Ty T Tee Tt Tm2* xc (%)
PLA/PBAT 336.1 410.3 351.3 377.8 54.7 - 111.9 148.4 155.3 28.7
PLA/PBAT/NC 4 306.4 383.6 321.8 351.8 60.2 - 107.6 146.6 155.8 34.5
PLA/PBAT/TC 4 328.5 400.5 344.2 369.1 61.5 - 108.1 1471 156.1 31.1
PLA/PBAT/TO 4 330.7 398.7 346.5 369.4 59.8 - 106.8 147.8 156.6 36.0

* Ty lower melting temperature, Ti,o: higher melting temperature.
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2nd heating curves

With the addition of a nucleating agent, the thermal tran-
sitions of the PLA/PBAT blend films were significantly
affected. First, the T, value of the composites increased to
60.2, 61.5 and 59.8°C when NC, TC and TO, respectively
were present. The increase of T, that occurred because of
the reduction of PLA chain mobility led to more brittle
behaviour together with evidence for the depression of
both the tensile strength and the elongation at break.
Second, the double melting behaviour of PLA were hardly
affected and this indicated that different types of nucleating
agent made little change to the size and perfection of the
crystals of the PLA/PBAT composite. Third, no crystallisa-
tion peak was detected during the cooling process at 10°
Cmin~' but the cold crystallisation peak was clearly
noticed during the heating that followed. The T, values
decreased by approximately 5°C (in the range of 106.8—
108.1°C) with the addition of a nucleating agent. This
implied that addition of the nucleating agent facilitated
the crystallisation rate of the blends. An increment of crys-
tallinity was also observed. These results indicated that TO
was a more efficient nucleating agent for PLA and PLA/
PBAT blend films than NC and TC.

Conclusions

The type and amount of nucleating agent affected the
properties and crystallisation behaviours of PLA blend
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films. The addition of a nucleating agent greatly increased
the elongation at break and the impact strength of PLA
each being associated with a change of the spherulite size
that enhanced its crystallinity; however, the tensile strength
decreased especially with high amounts of loading due to
some agglomeration of the nucleating agent particles. Fur-
thermore, the T4 onset of PLA decreased with each extra
amount of added nucleating agent. Comparatively, the
overall properties of the PLA composites with TO were
higher than those containing NC and TC. Based on the
non-isothermal crystallisation, we have summarised that
the addition of the nucleating agent into the composite
films promoted heterogeneous nucleation and enhanced
the crystallisation process of PLA. The appearance of T
during the cooling process and the decrease of the exother-
mic T during the cold crystallisation was due to the accel-
eration of the crystallisation rate into the PLA molecular
chains, and this was supported by the DSC results.

For the PLA/PBAT/nucleating agent blend films, the
results indicated that the presence of 10 wt-% PBAT sig-
nificantly improved the elongation at break, impact
toughness and thermal stability of PLA but decreased
its tensile strength. Moreover, the crystallisation rate of
PLA was promoted via the immiscible blending with
PBAT and the cold crystallisation processes was due to
the synergistic effects of PLA and PBAT. With the
addition of a nucleating agent, a T, increment of the
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PLA/PBAT composites was observed. Nevertheless, the y.
and the crystallisation rate of the blends were also
enhanced. The experimental data indicated that TO was
a more efficient nucleating agent for the PLA and PLA/
PBAT blend films than NC and TC.
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ARTICLE INFO ABSTRACT
Article history: Poly(butylene  adipate-co-terephthalate) (PBAT) and polylactide (PLA)
Received 12 March 2015 biodegradable composite films were hot-melted via a twin screw extruder. The
Accepted 28 April 2015 influences of PLA contents, nucleating agent types and compatibilizer levels on
Available online 6 June 2015 the tensile, thermal, physical, and morphological properties of the composite films
were investigated. PLA contents were varied from 10 to 50 wt%. Nanoprecipitated
Keywords: calcium carbonate (NPCC) and talc were used as a nucleating agent at 2 phr.
Nucleation, Compatibilization, Films, Whereas, toluenediphenyl diisocyanate (TDI) was used as a compatibilizer at
Polylactide, Poly (butylene adipate- different concentrations (1 to 9 wt% based on PLA contents) to enhance an
co-terephthalate interfacial adhesion between PBAT and PLA. The presence of PLA, nucleating

agent, and compatibilizer had significant effect on mechanical strength, elongation,
morphology, and thermal behaviors of the PBAT/PLA biodegradable composite
films. The results showed that tensile strength of the composites was increased with
increment of PLA contents; in contrast, elongation at break was substantially
decreased due to phase separation of PBAT and PLA according to SEM results. In
addition, thermal stability and crystallization of PBAT composite films were
affected with the addition of PLA. However, a presence of nucleating agent and an
appropriate level of TDI led to significant improvement of the tensile properties of
the PBAT composites compared with the uncompatibilized ones. These effects
are in agreement with morphological results.
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INTRODUCTION

Poly(butylene adipate-co-terephthalate) (PBAT) is one of the most attractive biodegradable polymers
because its high elongation, flexibility, and toughness [1, 2]. PBAT could be used in widespread applications;
i.e., biomedical material, food container, and film packaging. However, low modulus and low strength were
significant limitations of PBAT [3]. Reinforcing PBAT with other polymers is one of well- known techniques
to improve its drawbacks. Commercial polymers such as polystylene (PS) and poly(ethylene terephthalate)
(PET) may be considered as a good alternative material for strengthening PBAT. On the other hand, the
production process, usage, and waste of these polymers lead to addition of PLA could be used to
reinforce the strength of PBAT composite films. For example, the tensile strength of PBAT composite films
with 50 wt% of PLA was increased about 32 % compared to that of neat PBAT. However, elongation at break
of PBAT/PLA (50/50 w/w) composite films was only about 3 % resulting from incompatibility between two
phases of PBAT and PLA [7]. Hence, the nucleating agent and the compatibilizer were used to improve tensile
properties and compatibility of the PBAT/PLA composite films. As a result, the objectives of this work were
focused on the preparation of PBAT/PLA biodegradable composite films at various compositions. Two types of
nucleating agent (talc and nano-precipitated calcium carbonate (NPCC)) were investigated. PLA was used as a
reinforcing polymer, while toluenediphenyl diisocyanate (TDI) was used as a compatibilizer at different
amounts (1 to 9 wt%) based on PLA contents to enhance an interfacial adhesion between PBAT and PLA.
Corresponding Author: W. Phetwarotai, Bioplastic Research Unit, Department of Materials Science and Technology,

Faculty of Science, Prince of Songkla University, Hatyai, Songkhla 90112, Thailand.
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Experimental:
Materials:

PBAT resin (Ecoflex F BX7011) acted as polymer matrix with a density of 1.26 g/cm3 was purchased from
BASF Corporation. The glass transition temperature (Tg) and melting tempaerature (Tm) of PBAT were about -
30 and 110 °C (DSC analysis), while its weight average molecular weight (Mw) and polydispersity index (PDI)
were 170 kDa and 1.32 (GPC analysis in THF), respectively. Polylactide (PLA 4042D, Mw = 130 kDa, PDI =
1.46, Tg = 58 °C, Tm = 152 °C, density = 1.24 g/cm3) was purchased from NatureWork LLC. NPCC and talc
used as a nucleating agent were supplied from Behn Meyer Chemical Co., Ltd., Bangkok, Thailand and Siam
Cement Group (SCG Chemicals) Co., Ltd., Rayong, Thailand, respectively. TDI obtained from Siam Chemical
Industry Co., Ltd., Bangkok, Thailand was used as a compatibilizer for improving interfacial adhesion of PBAT
and its composites.

Table 1: Sample formulations of neat PBAT and PBAT/PLA biodegradable composite films with various types of nucleating agent and
different levels of PLA and TDI.

PBAT contents PLA contents Nucleating agent TDIlevels

Sample ID contents (phr) (wt% based
(o) (wt%) Talc NPCC onPLA)
Neat PBAT 100 0 - - -
PBPL10 20 10 - - -
PBPL20 80 20 - - -
PBPL30 70 30 - - -
PBPL40 60 40 - - -
PBPL50 50 50 - - -
PBPL10Ta 90 10 2 - 0
PBPL10TaTD1 90 10 2 - 1
PBPL10TaTD3 20 10 2 - 3
PBPL10TaTD5 20 10 2 - 5
PBPL10TaTD7 20 10 2 - 7
PBPL10TaTD9 90 10 2 - 9
PBPL10ONP 20 10 - 2 0
PBPL1ONPTD1 90 10 2 1
PBPL1ONPTD3 20 10 2 3
PBPL10ONPTD5 90 10 2 5
PBPL1ONPTD7 20 10 2 7
PBPL1ONPTD9 20 10 2 9

Sample Preparation:

The PBAT/PLA composites were prepared through a counter-rotating twin screw extruder (L/D = 15/1,
TSE 16 TC, PRISM). PLA was used as a reinforcing polymer at different concentrations (10 to 50 wt%),
whereas NPCC and talc acted as a nucleating agent were fixed at 2 phr, respectively. TDI were used as
compatibilizer at various levels from 1 to 9 wt% based on PLA contents for enhancing an interfacial adhesion
between two phases of the composite films. Sample formulations and its abbreviations were displayed in Table
1. The temperature profiles and screw speed of twin screw extruder were controlled on three zones ranging from
110 to 180 °C and 30 rpm, respectively. The extruded pellets were dried in a vented oven at 60°C overnight and
then compression-molded into the film specimens by hydraulic press (Scientific, Labtech Engineering).

Characterization and Testing:

Rectangular film specimens of tensile testing with the size of 15 mm wide, 150 mm long, and about 250 pm
thickness were performed using a universal testing machine, according to the ASTM D882-02. Scanning
electron microscope (SEM) was employed to characterize the fractured surface of neat PBAT and PBAT/PLA
composites.. The fractured surface of the films was coated with a thin layer of gold before being scanned. The
SEM was operated at 15 kV to image the films.

Thermal stability of the composite films was evaluated by using a thermogravimetric analyzer (TGA) under
nitrogen atmosphere using a heating rate of 20°C/min from 50 to 600°C. Thermal behaviors of the films were
characterized by a differential scanning calorimeter (DSC). Sample size with an average weight of 10 - 12 mg
encapsulated in a hermetically sealed aluminum pan was prepared for each test. Thermal history of all samples
was removed by first heat scanning from 25 °C to 180 °C and hold for 3 min to eliminate any thermal history of
all samples, followed by quenching the sample with liquid nitrogen to —60 °C, and finally heating again to 180
°C at cooling and heating rates of 10 °C/min, respectively. All experiments were carried out under nitrogen
atmosphere. The glass transition temperature (Tg), crystallization temperature (Tc), cold crystallization
temperature (Tcc), and melting temperature (Tm) were evaluated, respectively.

RESULTS AND DISCUSSION

Tensile strength and elongation at break of neat PBAT and PBAT/PLA composite films with different
amounts of PLA (10 to 50 wt%) are displayed in Figure 1a and 1b, respectively. Neat PBAT showed a ductile
behavior with very high elongation at break of 111 % but low tensile strength of only about 6 MPa (Table 2). In
addition, the presence of PLA in PBAT composite films led to an increment of tensile strength but significant
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decreasing of elongation at break compared to neat PBAT. These results indicated that the addition of PLA
could be used to reinforce the strength of PBAT composite films. For example, the tensile strength of PBAT
composite films with 50 wt% of PLA was increased about 32 % compared to that of neat PBAT. However,
elongation at break of PBAT/PLA (50/50 w/w) composite films was only about 3 % resulting from
incompatibility between two phases of PBAT and PLA [7]. Hence, the nucleating agent and the compatibilizer
were used to improve tensile properties and compatibility of the PBAT/PLA composite films.

Tensile Strength (MPa)

= N e & o=

0 10 0 30 40 5
PLA contents (wt%)

(a)

]
—

Elongation at break (%)

= 8 B &

I

0 10 E 30 0
PLA contents (wt)

(b)

Fig. 1: Tensile properties of neat PBAT and PBAT/PLA composite films with different PLA contents (a) tensile
strength and (b) elongation at break

Table 2: Tensile properties of neat PBAT and PBAT/PLA biodegradable composite films with various amounts of PLA from 10 to 50 wt%.

Sample ID Tensile strength (MPa) Elongation at break (%)

Neat PBAT 6.38 +0.20 111.02 +11.24
PBPL10 6.95+0.39 5240+ 7.32
PBPL20 6.79 +0.28 18.19+ 3.57
PBPL30 6.84 +0.65 429+ 0.75
PBPL40 7.27+£0.97 213+ 0.39
PBPL50 8.43+0.29 277+ 0.25

Physical appearances of neat PBAT and the PBAT/PLA (70/30 w/w) composite films are displayed in
Figure 2a and 2b, respectively. The results illustrated that elongation of neat PBAT film was obviously
increased by forming a neck within a narrow region of a width, indicating ductile behavior of neat PBAT. In
contrast, the PBAT/PLA (70/30 w/w) composite film was brittle material without formation of elongation area
which was in agreement with tensile properties. The more PLA content was added the lower elongation at
break of the PBAT biodegradable composite films was (as shown in Table 2).

Figure 3 displays the SEM micrographs of fracture surface of neat PBAT, neat PLA, and PBAT composite
films with different contents of PLA. In Figure 3, the SEM micrograph of neat PBAT (3a) displayed smooth
fracture surface which was a typical characteristic of ductile material; in contrast, that of neat PLA (3d)
illustrated rougher fracture surface which was associated with brittle polymer, respectively. For PBAT/PLA
composite film, the SEM images showed the obvious phase separation between PBAT and PLA (Figure 3b and
3c). A large number of PLA particles on the fracture surface of the films were found. Furthermore, many
gaps in fracture surface of the composites which were resulting from pulling away and debonding of PLA
particles from PBAT matrix were obviously noticed. These results revealed the incompatibility between two
phases of PBAT and PLA which was in agreement with tensile properties of the PBAT/PLA biodegradable
composite films without compatibilizer. This is a reason why the tensile properties of the films significantly
decreased with the increasing of PLA.

The influence of PLA amounts (0 to 40 wt%) on the thermal stability of neat PBAT and its composites is
displayed in Figure 4 and Table 3. TGA thermograms indicated that neat PLA had an initial weight loss at about
330 °C, responding to thermal decomposition of PLA main chains, whereas neat PBAT illustrated a single
main stage of thermal degradation at about of 370 °C, related to the decomposition of PBAT.
Furthermore, TGA thermograms of PBAT/PLA films revealed 2 steps of thermal degradation. The first step was
approximately 330 to 350 °C which was attributed to the decomposition of PLA, whereas the second stage was
about 370 to 390 °C which was associated with the loss of PBAT. These results indicated the presence of
PBAT and PLA in the biodegradable composite films.

For evaluating the thermal stability of neat PBAT and its biodegradable composites, the temperature at 20
wit% weight loss of sample was calculated. As shown in Table 3, the temperature used for removing 20 wt% of
neat PBAT was 401.7°C . The temperature at 20 wt% weight loss of the blend films apparently decreased
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(from 395.3 to 367.9 °C) when the PLA amount increased (from 10 to 40 wt%). These results implied that
thermal stability of the PBAT/PLA biodegradable films decreased with the increment of PLA amount. The
PBAT/PLA composite films were lower thermal stability than neat PBAT at all compositions. This was resulting
from PLA phase with lower thermal stability (Td = 330 °C). As a result, with increasing of PLA and PBAT
ratio, thermal stability of composite was lower than ones of neat PBAT. Furthermore, data from TGA
thermograms revealed that percentage of char remaining at 550 °C of neat PBAT (4.93 %) was higher than that
of neat PLA (0.74 %). The results showed that weight of char remaining of the sample was slightly reduced with
the increasing of PLA content. It might be explained that thermal stability of PLA significantly affected to the
presence of char residue in composite films.

Fig. 2: Physical appearances of rectangular film specimens of (a) neat PBAT and (b) PBAT/PLA (70/30 w/w)
composite before and after tensile testing.

Fig. 3: SEM micrographs of the fracture surface of (a) neat PBAT, (b) PBAT/PLA (90/10 w/w) composite, (c)
PBAT/PLA (60/40 w/w) composite, and (d) neat PLA films.

Figure 5 show the cooling (5a) and 2nd heating (5b) curves of DSC thermograms of neat PBAT, neat PLA,
and PBAT biodegradable composite films with different concentrations of PLA. Furthermore, the data of
thermal transition temperature, i.e., the glass transition temperature (Tg), crystallization temperature (Tc), cold-
crystallization temperature (Tcc), and melting temperature (Tm), characterized by a differential scanning
calorimetry (DSC) are conclusively displayed in Table 4.

e —— Neat PBAT
30 5 \ ‘ ...... PBPL 10
— — PBPL20
! ") —.— PBPL 40

60 IR T Neat PLA

Weight (%)

Temperature (°C)

Fig. 4: TGA thermograms of neat PBAT, neat PLA, and PBAT biodegradable composite films with 10 to
40 wt% of PLA.
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Table 3: Data from TGA thermograms of neat PBAT, neat PLA, and PBAT biodegradable composite films with different amounts of

PLA.
Sample ID Temperature at 20 % of Weight Loss (°C) Char remaining at 550 °C (%)
Neat PBAT 401.7 4.93
PBPL10 395.3 4.25
PBPL20 386.3 4.10
PBPL40 367.9 3.43
Neat PLA 356.5 0.74

The effect of PLA contents on the DSC thermograms was clearly observed. DSC thermogram of neat
PLA displayed the Tg at about 59.2 °C and a melting endothermic peak at 152.5 °C which represented to
residual crystallinity. Similar results have been previously reported by Martin and Averous [8]. Besides, Tcc
peak appeared at 124.9 °C in the 2Nd heating curve of DSC thermogram of neat PLA. This thermal
behavior implied that crystallization of neat PLA in cooling step was not completed due to high cooling rate.
As a result, Tcc peak could be observed in 2nd heating step of DSC thermogram of neat PLA because some
parts of PLA chains were re-crystallized. In case of neat PBAT, its thermogram showed a Tg at
approximately -30 °C whereas, a broader peak of Tm appeared at around 123.2 °C and no Tcc which was
similarly reported by Jiang et al and Yeh et al [7, 9]. Neat PLA showed the thermal behavior of a brittle
material with higher Tg (compared to room temperature); in contrast, neat PBAT exhibited that of a
flexible polymer with lower Tg. These results indicated the thermal characteristics of neat PLA and neat PBAT.

When higher level of PLA (from 10 to 40 wt%) was added into the PBAT biodegradable films, Tg was
significantly increased from 45.8 °C to 53.7 °C. It might be due to brittle behavior of PLA which prompted
chain stiffness of PBAT/PLA biodegradable composite films. In addition, Tcc of the PBAT composite films
was obviously observed at about 105 to 106 °C with the increment of PLA levels from 10 to 40 wt%. Both
decreasing of T¢ and increasing of Tcc in the DSC thermograms of composite films indicated that the
crystallization behaviors of the films became slower with the presence of PLA. In other words, the addition of
PLA retarded crystallization process of PBAT/PLA biodegradable composite films. However, from 2nd heating
curves of DSC thermograms, the presence of PLA into the composite film led to obvious appearance of Tm which
related to degree of crystallinity and mechanical properties of composite films. This is one of reasons why the
tensile properties of the composite films increased with the increasing of PLA levels.

Table 4: DSC data of neat PBAT, neat PLA, and PBAT composite films with various amounts of PLA.

Thermal Transitions (°C)

Film Samples

Tg T Tee T Tmz
Neat PBAT -29.6 96.1 - 123.2
PBPL 10 45.8 75.4 105.9 145.4 152.3
PBPL 20 52.4 74.3 106.1 145.6 152.4
PBPL 40 53.7 69.6 105.4 145.8 154.1
Neat PLA 59.2 58.4 1249 - 152.5

Influence of different types of nucleating agent and various levels of TDI on the tensile strength and
elongation at break of the PBAT/PLA composite films is exhibited in Figure 6. These results indicated that the
tensile strength of the PBAT composite films with 2 phr of nucleating agents (both NPCC and talc) increased
with the increment of TDI amounts, while the elongation at break sharply increased with 7 wt% TDI based on
PLA content. These results were obviously observed in both of the nucleated PBAT/PLA composite films
with NPCC and talc. As shown in Table 5, the nucleated PBAT/PLA composite films with 7 wt% TDI gave the
highest tensile properties over the whole composition range. The mechanical data indicated that the tensile
strength and elongation at break of the PBAT/PLA/talc composite films with 7 wt% TDI increased about 33 %
and 15 %, respectively, whereas those of PBAT/PLA/NPCC composite films with 7 wt% TDI increased about 42
% and 20 %, respectively comparing to the films without TDI. Significantly, the addition of compatibilizer
composed of diisocyanate functional group led to interfacial adhesion improvement of the binary mixing [10,
11]. These results can be summarized that on the one hand adding too less level of TDI (i.e., less than 7
wt%) was insufficient for improving the interfacial addition between PBAT and PLA phases, but on the other
hand, adding too much amount of TDI (i.e., more than 7 wt%) might cause some cracks in the composites,
which led to the reduction of the tensile properties. Thus, the addition of 7 wt% TDI in the nucleated
PBAT/PLA composite films could be an appropriate concentration to improve and strengthen the interfacial
adhesion of PBAT and PLA, leading to the increasing of tensile properties of the films.
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Fig. 5: DSC thermograms of neat PBAT, neat PLA, and PBAT biodegradable composite films with various PLA

Fig. 6: Effect of different nucleating agent types and various TDI levels (1 to 9 wt% based on PLA contents) on
the tensile properties of PBAT/PLA (90/10 w/w) composite films; (a) tensile strength and elongation

Table 5:
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Sample ID Tensile strength (MPa) Elongation at break (%)

PB PL10 Ta 6.55 +0.82 85.83 +13.90
PB PL10 TaTD1 5.67 £0.68 740+ 144
PB PL10 Ta TD3 6.26 +0.21 22.66+ 2.76
PB PL10 Ta TD5 8.04 £0.30 39.09+ 1.43
PB PL10 Ta TD7 8.72 £ 0.60 98.67 + 10.36
PB PL10 Ta TD9 7.26 £1.09 1152+ 1.40

PB PL10 NP 6.55 +0.82 85.83 + 13.90
PB PL10 NP TD1 5.12+0.59 31.13+14.86
PB PL10 NP TD3 6.11 £ 0.68 4402+ 6.30
PB PL10 NP TD5 5.94+0.79 50.62 + 4.95
PB PL10 NP TD7 9.27 £0.54 103.52 +13.65
PB PL10 NP TD9 6.93+0.47 66.54 + 8.44




31 Worasak Phetwarotai et al, 2015

Advances in Environmental Biology, 9(13) Special 2015, Pages: 25-32

SEM images of the fracture surface after tension of nucleated PBAT/PLA composite films without and
with 7 wt% TDI based on PLA amount is illustrated in Figure 7. For SEM images of the PBAT/PLA/talc
(90/10/2) and PBAT/PLA/NPCC (90/10/2) composite films without compatibilizer (Figure 7a and 7b), the
phase separation between PBAT and PLA was noticed at where some PLA particles detached from PBAT
matrix prompting to a large number of holes on the composite fracture surface. These results clearly revealed the
incompatibility of PBAT and PLA. The cracking mechanism of the nucleated PBAT/PLA composite films
without TDI might predominately take place via the matrix of the agglomerated PLA particles than at the
interface between PBAT and PLA.

Nevertheless, a smoother and more uniform fracture surface between PBAT and PLA were showed in the
SEM images of compatibilized PBAT/PLA biodegradable composite with talc and NPCC (Figure 7c, 7d). The
addition of compatibilizer (7 wt% of TDI based on PLA content) significantly influenced to the fracture surface
of the films. Both compatibilized PBAT/PLA/talc and PBAT/PLA/NPCC composite films indicated that the
PLA particles were finely dispersed into the PBAT composite films, compared to those without
compatibilizer. Many cavities on the fracture surface of the nucleated composite films with TDI evidently
decreased. These behaviors indicated that some interfacial adhesion between two phases of PBAT and PLA
was obviously improved with the addition of TDI. It might be implied that the toughening mechanism of the
PBAT/PLA composite films with the presence of TDI occurred through the interface between PBAT and PLA.
These results supported the tensile properties of the nucleated PBAT/PLA composite films which previously
discussed.

Fig. 7: SEM micrographs of the fracture surface after tension of PBAT/PLA/talc (90/10/2) composites (a)
without and (c) with 7 wt% TDI and PBAT/PLA/NPCC (90/10/2) composites (b) without and (d) with
7 wt% TDI, respectively.

Conclusion:

Tensile strength of the PBAT/PLA biodegradable composite films was improved with the increment of
PLA content; in contrast, elongation at break was significantly decreased due to phase separation between PBAT
and PLA, supported by SEM results. Furthermore, data from TGA and DSC thermograms revealed that thermal
stability of the composite films was slightly decreased and the crystallization was retarded with the addition of
PLA. However, incompatibility between two phases of PBAT and PLA could be improved by using
compatibilizer. The addition of TDI on the both of PBAT/PLA/talc and PBAT/PLA/NPCC composite films led
to the enhancement of interfacial adhesion and the reduction of phase separation into the composites, as
evidenced by tensile and morphological studies. From these data, the appropriate compatibilizer concentration
for enhancing the properties of the nucleated composite films was 7 wt% of TDI based on PLA amounts.
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