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CHAPTER |

INTRODUCTION

1.1 General Introduction

Currently, biopolymers have been widely used in various applications such as
breathable film packaging and scaffold for medical purpose. Biopolymers include
poly(lactic acid) (PLA), poly(butylene adipate-co-terephthalate) (PBAT), poly(butylene
succinate) (PBS), polyhydroxyalkanoates (PHAs) and so forth. PLA is a biodegradable
aliphatic polyester produced from sugar, corn and rice, which are renewable resources,
to replace the petroleum-based plastics. PLA has high transparency, high strength, high
modulus, biodegradability, and biocompatibility. However, neat PLA is brittle and has
poor melt strength and slow crystallization rate, limiting its usage.

Polylactic acid (PLA) has been used in packaging due to its biodegradability and
its similarity of properties of polyethylene terephthalate (PET) such as high
transparency. Some packaging is not focused on the mechanical properties depending
on applications. Thermoforming process includes the annealing process of polymer.
The study on the crystallization rate is in order to decrease the thermoforming cycle
time as increasing production rate. The crystallization rate of PLA can be improved by
an incorporation of nucleating agent, i.e., montmorillonite clay, natural rubber (NR),
calcium carbonate (CaCO3), talc and corn starch [1-5]. The effect of these fillers on the

melt-crystallization as well as mechanical and thermal properties of the polymer



composites has been extensively investigated by many researchers [6-8]. Nevertheless,
the poor dispersion of filler in the polymer matrix is a critical issue that needs to be
solved to optimize the properties of the polymer composites; thus, the chemical
surface modification by grafting chemicals onto the filler surface is required to improve
the filler dispersion [9-11].

Another approach to increase the degree of crystallinity of polymer is by
annealing the polymer at the certain temperature between its glass transition
temperature (T,) and melting temperature (T,,). For the slow-crystallizing PLA, this
annealing process can increase the degree of crystallinity from the isothermal cold-
crystallization mechanism. The annealing polymer is by thermoforming process. Cold-
crystallization is an important crystallization process of PLA upon heating the polymer
above its glass transition temperature that considerably affects the total crystallinity
and final properties of the polymer. Therefore, the cold-crystallization kinetics of the
polymer should be studied to control the crystallization rate as well as crystallization
morphology of the PLA composites under the isothermal cold-crystallization condition.

In this study, the crystallization rate and crystallinity of PLA will be improved
by adding fillers as nucleating agents and annealing PLA under the isothermal cold-
crystallization condition at 90, 100, 110, 120 and 130°C. The effect of incorporation of
talc, CaCOs, and cassava starch on the thermal properties and cold-crystallization
behavior will be examined by differential scanning calorimetry (DSC) and polarized

optical microscopy (POM). Avrami model will also be used to evaluate the cold-



crystallization mechanism under the isothermal condition. Further, the morphology of
the PLA composites will be observed by scanning electron microscopy (SEM).
The mechanical properties of PLA composites prepared by cast-film extrusion and
thermoforming process will be investigated using a universal testing machine. Chemical
surface modification of filler will be performed to improve the interaction between
filler and PLA matrix. Functional groups on the filler surface will be confirmed by

Fourier transform infrared (FTIR) spectroscopy.

1.2 Objectives

1. To investigate the effect of talc, CaCO;, and starch in the PLA composites on
the morphology, thermal properties, isothermal cold-crystallization behavior, and
mechanical properties.

2. To evaluate the effect of chemical surface modification of filler with
3-aminopropyltriethoyxsilane  (APTES) and  vinyltriethoyxsilane  (VTES) on the
morphology, thermal properties, isothermal cold-crystallization behavior, and

mechanical properties of the PLA composites.

1.3 Scopes of the research

1. The content of talc, CaCO; and starch will be varied at 1, 3, 5, 7 and 10
percent by volume (vol%).

2. The isothermal cold-crystallization kinetics will be studied at 90, 100, 110,

120 and 130 °C.



3. Parameters to achieve the PLA composites with the fastest isothermal cold-
crystallization rate including crystallization temperature, type of filler and filler content
from the first part will be selected for the second part - functionalization of filler with

3-aminopropyltriethoyxsilane (APTES) and vinyltriethoyxsilane (VTES).

4. The mechanical properties of PLA composites from the cast-film extrusion

and thermoforming process will be studied.



CHAPTER Il

THEORY AND LITERATURE REVIEWS

2.1 Poly (lactic acid)

Poly(lactic acid) (PLA) is a biodegradable aliphatic thermoplastic polyester
derived from the polycondensation or ring-opening polymerization of L-lactic acid and
D-lactic acid, which are produced from the carbohydrate fermentation of renewable
resources such as sugar cane, rice and corn. The molecular structure of PLA is shown

in Figure 2.1.

L
,/T\C/O\\
|
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Figure 2. 1 Molecular structure of PLA

Unfortunately, PLA has some drawbacks such as brittleness, poor melt strength
and slow crystallization rate, affecting the physical and mechanical properties as well
as the processability of PLA. The general properties of PLA used in this work are

summarized in Table 2.1.



Table 2.1 Properties of PLA (grade: 2003D; NatureWorks LLC)

Properties Value
Tensile Strength 53 MPa
Tensile modulus 3.5 GPa
Tensile elongation 6.0 %
Heat distortion temperature 55 °C
Density 1.24 g/cm’
Melt mass-flow rate, 210°C, 2.16 kg) 6 ¢/10 min
Melting temperature, T, 144-155 °C
Glass transition temperature, T, 55-65 °C

2.2 Annealing mechanism

The annealing process can change the crystal structure, degree of crystallinity,
perfection of crystals and the orientation of both crystalline and amorphous phase of
the polymer. Annealing of polymer is influenced by crystallization time as well as
crystallization temperature between the glass transition temperature (T,) and melting
temperature (T,,). For example, annealing of poly(ethylene terephthalate) (PET) in a
temperature range between 68 to 75°C, which is below T, of PET, showed no formation
of crystal rearrangement due to the quenched polymer chains in a glassy state.
Annealing the polymer at cold crystallization temperature (T.) for a long time period
resulted in the structural transformation of «crystal from less perfect to
more perfect structure. Figure 2.2 displays three temperature regimes of crystallization

zone.



In regime |, at low crystallization temperature near T,, the crystal growth rate is slow
because the annealing state is not far from the glassy state at which the polymer
chains are frozen. The crystal growth rate gradually increases as the temperature
increases owing to high mobility of polymer chains. In regime II, the crystallization of
polymer from the melting state to growing crystals depends on the temperature. In
regime I, at higher temperature, the amorphous component gets high energy and

tends to diffuse into the melt, inhibiting the crystal growth rate considerably [12].

Spherulite
growth rate

”
7

_ - Diffusion

I
!
I
I
I
I
I
I
I
I
I
| rate
I

I

Y

Temperature

Figure 2.2 Three temperature regimes for crystallization of crystallizable polymer [12]

2.3 Crystallization mechanism

The crystallization process contains two steps, i.e., nucleation and crystal
growth. The molten polymer molecule forms a crystal nuclei composed of nanometer-

sized ordered polymer chains owing to the variation of heat motion or additional



heterogeneous crystal seeds. The nucleation density depends on the additives, nature
of polymer, and temperature. The polymer chains orderly fold and grow as
a function of time, leading to larger crystal size until the crystals impinge on one
another. The growth of polymer crystal can be one-, two- and three dimension.

Generally, PLA can be crystallize of in several forms; i.e., a, 3 and y, depending
on the processing condition. The most common and stable polymer can be developed
from the melt or solution under normal conditions. The a-form grows upon the
conditions such as melt, cold and solution crystallization. Recently, a’-form of PLA
with the same conformation to a-form but difference in packing manner is also
observed. A crystal a’-form of PLA is formed when crystallization temperature (T,) is
below 110°C but the a-form is formed when T_ is above 120°C, and the mixture of o’
and a-forms are formed when 110°C < T. < 120°C [7, 13]. In case of PLA, there are two
types of crystallization, i.e., melt crystallization and cold crystallization. The detail of

crystallization of PLA is discussed as follows.

2.3.1 Melt crystallization

Melt crystallization is the intrinsic property of semi-crystalline polymer, in which
the molten polymers crystallize from the melt to reduce the total surface free energy,
leading to the formation of the crystal structure from the amorphous structure.
The formation of crystal depends on the crystallization temperature (T.) of the

polymers [14]. According to previous works, the exothermic peak of melt crystallization



of injection molded neat PLA was absent, indicating that the cooling rate during the
DSC measurement was very fast and thus the molten PLA chains did not have enough
time to crystallize, leading to 100% amorphous PLA. It was found that an incorporation
of elastomer enhanced the melt crystallization; this reflected by the appearance of
exothermic peak and a shift of melt crystallization temperature (T, to higher
temperature. Furthermore, the enthalpy of melt crystallization (AH,,.) decreased and
Tme shifted to lower temperature as the cooling rate increased, as expected [15].
Moreover, the study on the isothermal crystallization kinetics from the melt of PLA/10
wt% PHB blend showed the decrease of the cold crystallization temperature with
the increase of talc content higher than 0.5 phr, accelerating the crystallization rate of
neat PLA. Besides, the activation energy (AE) for PLA/10 wt% PHB/0.5 phr talc
(108 kJ mol™) was higher than that of PLA/ 10 wt% PHB (70 kJ mol™) due to the
nucleating effect of talc particle. However, the performance of talc as nucleating agent
of PLA was always restricted because of the agglomeration of talc particles in the PLA
matrix[16]. In addition, the crystal growth of PLA blended with 1.2 wt% talc was
measured by a polarized optical microscope (POM) as illustrated in Figure 2.3.
The spherulite of PLA/1.2 wt% talc was smaller than that of neat PLA because talc
particles increased the number of crystal nuclei [13]. As evaluated by the Avrami index
(n) of neat PLA which was in ranges of 2.4-3, the crystal growth mechanism of neat

PLA was three-dimension [17, 18].
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Figure 2.3 POM micrographs of growth crystals of PLA sample of (a) the neat PLA and

(b.) PLA/1.2 wt% talc [13]

2.3.2 Cold crystallization

Cold crystallization is the characteristic of polymer above the glass transition
temperature. Cold crystallization is an exothermic process of polymer upon heating
from the glassy state, which results in an orderly crystalline structure. Annealing upon
isothermal cold-crystallization at temperature below T, of polymer increased the
degree of structural order. The cold crystallization has been investicated by many
researchers [15, 19-22]. At temperature of 104°C, the cold crystallization rate of PLA
was approximately 5 times of melt crystallization rate. The activation energies of cold
crystallization and melt crystallization were 173+8.9 kJ mol™ and 109.6+8.8 kJ mol?,

respectively [17].

PET, which was undergone the cold crystallization process, had high degree of
crystallinity, leading to high Young’s modulus, high tensile strength and low

deformation at break [20]. The structure of the glassy amorphous PET depended on
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the cooling rate. The kinetics of cold crystallization of PET showed three-dimensional
crystal growth. In the isothermal cold-crystallization, the overall crystallization rate
from the Avrami model showed the same trend as the experimental data [23]. The
cold crystallization of PLA with compressed carbon dioxide showed that CO, enhanced
the crystallization rate with increasing pressure in a range of 0-4 MPa, resulting in an
increased mobility of the polymer chains in solid state [24]. In addition, for the PLA
blends with elastomer 30 wt% prepared by injection molding process, the elastomer
hindered the crystal growth of PLA owing to high levels of free volume. Further,
increasing cooling rate resulted in quenching of PLA chains to form crystal, leading the
shift of cold crystallization temperature to higher temperature. In contrast, annealing
of PLA under isothermal cold crystallization condition resulted in decreased enthalpy
of cold crystallization (AH.) and higher degree of crystallinity. As shown in Figure 2.4,
the crystallization half time (t;,), where fractional crystallinity equals to 0.5, of PLA
decreased with increasing isothermal cold crystallization temperature, implying

the faster cold-crystallization rate [15].
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Figure 2.4 Fractional crystallinity vs isothermal crystallization temperature
of neat PLA [15]
In addition, the crystallization kinetics parameters were also calculated in order
to describe the cold-crystallization mechanism by using Avrami model. The Avrami
model is widely used to determine the isothermal and non-isothermal crystallization

kinetics of polymer. The Avrami equation is expressed as follows:

1-X[(t) = exp(-kt") )

By linearization of equation (1), taking a double logarithm to convert the Avrami

equation to equation (2)

log [-In(1-XD)] = log(k) + nlog(t) (2)
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where X, is the time-dependent relative volumetric crystallinity. k is crystallization rate
constant that concludes the temperature dependent terms, and nucleation rates.
n is Avrami index (Avrami exponent). Another important parameter is half-time of
crystallization (t,,,), defined as the time required to obtain 50% of total crystallinity
from cold-crystallization process which can be obtained according to the following

formula:

t,, = (IN2/K)Y" (3)

The Avrami index (n) is composed of two terms:

hs-ng + N (4)

where nq represents the dimensionality of the growing crystals and this quantity
can only have the values of 1, 2 or 3 corresponding to one-, two- or three-dimensional
entities that are formed. The time dependence of the nucleation is represented by n,.
In principle, its value should be either 0 or 1, where 0 corresponds to instantaneous

nucleation and 1 corresponds to sporadic nucleation [25].

2.4 Enhancement of crystallization of PLA

2.4.1 Annealing upon cold crystallization
Annealing affects the mobility of the chain in the crystalline phase [14].
The non-equilibrium state can be manifested itself by imperfect crystals and/or

constrained amorphous phase. Annealing at elevated temperature promotes the chain
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movement of the constrained amorphous phase. The schematic drawing of PLA
samples before and after annealing at elevated temperature is illustrated in Figure 2.5
[26]. Increasing annealing temperature of PET increased the crystallization rate.
Meanwhile, the maximum value of the enthalpy referred to the highest degree of
crystallinity during heating [27]. The exothermic peak corresponded to the
crystallization of amorphous regions. The observed T, increased slightly with annealing
time [28]. Furthermore, PLA after annealing at temperature of 80°C had the degree of
crystallinity increased from 3.3% (10 minutes) to 21.0% (60 minutes). As a result, the

storage modulus decreased with increasing the degree of crystallinity [29].

Lamellae

Lamellae Rigid amorphous phase

. i o

Constrained Annealing

amorphous phase

Mobile amorphous phase

Before After

Figure 2.5 Schematic drawing of PLA samples before and after annealing at elevated

temperature [26]
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2.4.2 Incorporation of fillers

Generally, filler has been added into polymer to reduce cost and improve the
mechanical properties of the polymer composites; however, filler is also the important
factor influencing the crystallization behaviors such as crystallization kinetics, crystal
structure, crystalline morphology of the polymer composites. Fillers including talc,
CaCOs, montmorillonite clay have been added to improve the crystallization of PLA
[4, 15, 30]. Talc acted as an effective filler for accelerating the cold-crystallization rate
of PLA, especially at high talc content [11]. It was shown that talc gave the two
dimensional growth on an epitaxial growth [25]. Unfortunately, elongation at break and
impact strength decreased due to the poor interfacial adhesion between PLA matrix
and talc particles [5].

Starch is a partial crystalline polymer as a consequence of residual crystallinity
and the recrystallization of amylose and amylopectin. Starch as a filler in the
commodity plastics can slightly increase the crystallization rate [31, 32]. Adding starch
content of 40 wt% decreased Avrami index (n) because of the nucleation density and
restriction of crystalline formation due to filler concentration [31]. Non-isothermal
crystallization kinetics of PP/10 wt% CaCO; reported an increased crystallization
temperature (T.) because of the enhanced interactions between the filler and PP
matrix. The faster crystallization rate depended on the cooling process [33]. The
addition of 10 wt% elastomer in the PLA matrix showed an increase in the cold

crystallization rate constant (k) of PLA composites under isothermal condition at 90°C
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from 0.104x10° 1/s to 0.431x10° 1/s [15]. The PLA composites had lower cold-
crystallization half-time (t;,,) in comparison with that of neat PLA due to the addition
of filler [18].

The overall crystallization kinetics and spherulitic morphology were controlled
by many factors such as bulk nucleation density, nucleation density on the filler
surface, spherulitic growth rate, volume fraction and diameter of filler. At the same
volume content of fibers, stronger effect was observed for thinner fibers [14].
Unfortunately, the dispersion of filler in the polymer composites was poor due to the
weak interaction between fillers and polymer matrix, resulting in the agglomeration of
filler. Thus, the surface modification by silanization of filler is performed in this research
to improve the interfacial adhesion and mechanical properties of the polymer

composites.

2.4.3 Functionality on the filler surface

Thermoplastics provide a great challenge in promoting adhesion through silane
coupling agent than thermosets. Silane coupling agents are silicon-based chemicals
containing two types. General structure of silane coupling agent is (RO);SiCH,CH,CH,-
X, where RO is a hydrolyzable group such as methoxy and ethoxy. X is an
organofunctional group such as amino, vinyl and epoxy [9, 10, 34, 35]. According to
previous works, for PP filled with surface-modified talc by organosilane coupling agent

it was found that T. decreased as increasing talc content because an increase in the
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interactions between the silane-treated talc particles and the PP matrix, promoting
faster crystallization during the cooling down process. The crystallization half-time
decreased when silane-treated talc was filled in the PP matrix [36]. Moreover, the
modified surface of talc with the incorporation of 3-aminopropyltriethoxy silane and
Lica 12 showed that the 3-aminopropyltriethoxy silane treatment slightly reduced the
crystallization kinetics of PP/30 wt% talc. On the other hand, the coupling agent,
Lica 12 could improve the filler dispersion of both filler-matrix and filler-filler
interactions. Further, increasing filler dispersion reduced the hindrance of the particles
and allowed better spherulite growth and rearrangement [10].

The morphologies of LDPE/ 50 wt% cellulosic fibers with the surface
modification by silanization were observed by a scanning electron microscope (SEM)
as illustrated in Figure 2.6 [37]. The functional group of LDPE/50 wt% cellulosic fibers
treated withy-methacryloxypropyltrimethoxysilane (MPS) could increase the interfacial
adhesion and no voids on the fractured surface between LDPE and cellulosic fibers
phase were observed. Moreover, the mechanical properties of LDPE/50 wt% cellulosic
fibers treated with MPS showed an increase in tensile strength and Young’s Modulus
by 26% and 17%, respectively, because functional groups can rise the chemical
bonding between fibers and matrix [37]. The degree of crystallinity of PP/1 wt%
modified carbon black increases from 43.3% (PP/ 1wt% carbon black) to 57.8%, which
might be because the modified carbon black could reduce the particle agglomeration,

leading to a more uniform dispersion of modified carbon black in PP matrix [38].
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As a result, the surface modification by silanization of filler can significantly improve
the interfacial adhesion, mechanical properties and the crystallization rate of the

polymer composites.

Figure 2.6 SEM images of the LDPE/50 wt% cellulosic fibers with surface modification
by silanization (a,b) the LDPE/50 wt% cellulosic fibers (c,d) the LDPE/50 wt% cellulosic

fibers treated with y-methacryloxypropyltrimethoxysilane (MPS) [37]



CHAPTER IlI

EXPERIMENTS

3.1 Materials

Commercially available poly(lactic acid) (PLA) (grade 2003D) with a density of
1.24 g¢/mL was supplied by NatureWorks LLC, USA. The micron-sized talc with a mean
particle size of 6 um (density of 0.611 ¢/mL) and calcium carbonate (CaCO3) with a
mean particle size of 8 um (density of 1.250 g/mL) were provided by Thai Chemical
Industries, Thailand. Cassava starch with a density of 0.650 ¢/mL was obtained from

Thai Wah Food Products Public Company Limited, Thailand.
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Figure 3.1 Chemical structures of (a) PLA, (b) talc,

(c) CaCO5 and (d) cassava starch
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3.2 Preparation of thermoformed PLA composites

The methodology to prepare thermoformed PLA composites containing talc,
calcium carbonate and starch at different volume compositions is illustrated in
Figure 3.1. Filler content was varied between 1-10 vol%. PLA pellets and fillers were
predried in an oven at 60°C for 24 h to remove the moisture. Then, the composites
were prepared in a co-rotating twin extruder (Labtech Engineering, Thailand, L/D=40
and D=20) with a mixing temperature between 165-180 °C and a screw speed of

50 rpm.

For the functionalization using silane coupling agent,
3-aminopropyltriethoxysilane (APTES) and vinyltriethoyxsilane (VTES) were selected.
Filler was predried at 60 °C for overnight to remove the moisture. A mixture of
deionized water and 1 wt% acetic acid was prepared, and the silane coupling agent
was slowly dropped into the mixture until the required concentration was obtained.
The silane solution was prepared in the acetic acid mixture because it was more
reactive in the acidic condition. The silane solution was added into the filler. The mixing
was performed at room temperature for 1 h with a magnetic stir bar. The functionalized
filler was washed with distilled water several times to remove the untreated silane.
Finally, filler was dried in an oven at 60°C overnight in the oven to remove the

moisture.
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The PLA composites were then casted into sheets by a twin screw extruder
equipped with a cast-film die (Thermo Haake, Rheocord 300p and Rheomex PTW16/15
and 16/25, Germany). The processing temperature was ranged at 130-185°C and
a screw speed of 80 rpm. Finally, sheets of PLA composites were thermoformed at
different temperatures using a laboratory thermoforming machine with vacuum

apparatus.
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Figure 3.2 The schematic diagram of preparation and characterization of

PLA composites
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3.3 Sample characterization

3.3.1 Functional groups on the filler surface

Functionalization of treated filler and untreated filler was confirmed using an
attenuated total-reflectance technique (ATR) in conjunction with a Fourier transform
infrared (FTIR) spectroscopy (GX, Perkin-Elmer, USA). The spectrum was collected in
the wavenumber ranging from 400-4000 cm™ at a resolution of 4 cm™ and number of

scan of 100.

3.3.2 Morphology

The morphology of the cross-sectional fractured surface of neat PLA and its
composites was observed by a scanning electron microscope (SEM) (JEOL, JSM- 6400,
Japan) with an acceleration voltage of 8 kV. All samples were fractured in a liquid
nitrogen. The sample was coated with gold to prevent the electrical discharge prior to
examination. The average particle size in the composites was examined by an image

analysis software.

3.3.3 Thermal properties
Thermal properties and isothermal cold-crystallization kinetics of neat PLA and
its composites were measured using differential scanning calorimetry (Perkin-Elmer,

Diamond DSC, USA). Approximately 5-10 mg of samples were put in an aluminum pan.
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The sample was firstly heated to 190°C at the rate of 10°C/min and was held for 5 min
to remove thermal history. Subsequently, the sample was cooled to 50°C at 10°C/min
and reheated again to 190°C with a rate of 10°C/min. The measurement was done
under N, purge. The crystallinity was calculated from the second heating scan.

For isothermal cold-crystallization kinetics, the sample was heated from 50°C
to the determined isothermal temperature (T.) ranged from 90, 100, 110, 120 and
130°C at the rate of 80°C/min. The development of exothermic heat flow under

isothermal condition was recorded. Glass transition temperature (T,), cold-

el

crystallization temperature (T.) and melting temperature (T,,,) were obtained from the

heat flow. The degree of crystallinity (%X.) was calculated as follows:
AH, -
WX e 100 (3.2)

Where AH,, and AH.. were the enthalpies of the melting and cold crystallization of neat
PLA and its composites, respectively. AH,, was the melting enthalpy of 100%

crystalline PLA (93 J/g). ® was weight fraction of PLA in the samples.

3.3.4 Growth of PLA crystals

The growth of the crystalline structure of PLA in neat PLA and its composites
under isothermal cold-crystallization was measured by a polarized optical microscope
(POM) (Nikon, model LV100pol, Japan) equipped with a hot stage. The sample placed

between a glass slide and a cover slip at 10X (100 pm) of magnification. The sample
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was heated to the isothermal temperature ranged from 90°C to 130°C at a rate of

50°C/min and was held for 40 min to observe the growth of the crystalline structure.

3.3.5 Mechanical properties

Tensile properties including of tensile strength, Young’s modulus, toughness
and elongation at break in MD were recorded on a universal testing machine (Intron
model 5567, USA) following ASTM D882 at 12.5 mm/min of crosshead speed and 1kN
of load cell. The specimen with a rectangular shape (10 mm x 100 mm) was cut from

cast film sample and the thermoformed sample.



CHAPTER IV

RESULTS AND DISCUSSION

Herein, in the first part, the effect of talc, CaCO; and starch in the PLA
composites on the thermal properties, tensile properties, and isothermal cold-
crystallization behavior under isothermal condition at 90, 100, 110, 120 and 130°C was
investigated. The parameters including isothermal temperature as well as type and
content of filler from the first part that give the fastest isothermal cold-crystallization
rate of the PLA composites were chosen for the second part, which is a study on the
effect of chemical surface modification of filler with 3-aminopropyltriethoyxsilane
(APTES) and vinyltriethoyxsilane (VTES). The properties of PLA cast films and PLA

thermoforming films were examined.

4.1 Effects of filler type and filler content on the properties of the PLA

composites

4.1.1 Thermal properties of PLA cast films

The thermal properties and crystallization behavior of neat PLA and PLA
composites from the cast films were investigated from the second heating scan of
dynamic DSC measurement. The values of glass transition temperature (T,), cold

crystallization temperature (T.), melting temperature at low temperature (T,,) and
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high temperature (T,,), enthalpy of cold crystallization (AH..), enthalpy of melting
(AH,,) and degree of crystallinity (%X.) were determined from the DSC profiles, which
were tabulated in Table 4.1. It was clearly seen that the presence of filler in the PLA
matrix did not affect the T, of PLA. T, of neat PLA and PLA composite were
approximately 58°C. No shift of T,implied that the miscibility of PLA and filler was not
observed.

Considering the cold crystallization temperature (T..), talc can accelerate the
cold crystallization better than CaCOs, as can be confirmed by a shift of T to lower
temperature and an increase in degree of crystallinity. However, the degree of
crystallinity was not enhanced when starch was incorporated. This result suggested
that talc and CaCO; had the nucleating ability under non-isothermal condition where
talc acted as the best nucleating agent among chosen fillers in this study. This might
be due to the fact that the surface chemistry of talc effectively facilitates the cold
crystallization mechanism of PLA. The effect of surface chemistry of filler on the cold
crystallization behavior of PLA will be examined in the second part. Furthermore,
the cold crystallization enhancement was more pronounced as a content of talc
increased because more surface area for nucleation process was provided. For
example, the degree of crystallinity of PLA of Talcl, Talc3, Talc5, Talc7 and Talcl0
were 8.5, 9.2, 10.3, 14.5 and 15.8%, respectively, while CaCOs5 had the degree of
crystallinity of 9.1%. Considering the melting behavior, the double-peak melting

temperatures of neat PLA and PLA composite sheets were observed by DSC
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thermograms. The melting peak at higher temperature (T,,,) belongs to more prefect
crystalline structure than that at lower temperature (T,,;). The crystal structure at the
lower temperature is called loose crystals and that at the higher temperature is called
dense crystals. The DSC thermograms of neat PLA and PLA composites from the first

heating scan were illustrated in Appendix B.
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Table 4.1 Thermal properties of PLA composite cast film containing different types of

fillers determined from the second DSC heating scan

Samples T T T T AH AH %X
g PLA cc m1 m2 cc m C
O O Yo O (J/79) (J/79)
Neat PLA 588 1259 149.7 4.6 10.1 6.1
Talc5 58.6 99.9 1438 1511 19.9 29.2 10.3
CaCO5 587 1119 1476 1537 221 30.1 9.1
Starch5 586 1182 1483 1512 217 27.2 6.0
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Table 4.2 Thermal properties of PLA/Talc cast films containing different talc contents

determined from the second DSC heating scan

Samples T T T T AH AH %X
g PLA cc m1 m2 cc m [«
0 O Yo O (J79) (J79)

Neat PLA 58.8 125.9 149.7 4.6 10.1 6.1
Talcl 58.8 102.8 144.4 151.2 18.4 26.5 8.5
Talc3 585 100.5 144.1 151.2 14.4 22,7 9.2
Talch 58.6 99.9 143.8 151.1 17.8 30.7 10.3
Talc7 58.8 98.5 143.4 152.1 17.8 30.7 14.5

Talc10 58.7 99.5 144.8 152.1 154 29.3 15.8
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4.1.2 Isothermal cold crystallization kinetics

The effects of filler type and filler content in the PLA composites on the
isothermal crystallization kinetics of PLA at isothermal temperature in a range of
90-130°C were investigated. Figure 4.4 represents the relative degree of crystallinity
(XJ) versus crystallization time (t) for PLA composites at 100°C. The cold-crystallization
half-time (t; ex,) Was defined as the time required to obtain 50% of total crystallinity
from cold-crystallization process. The values of t;,, e, for PLA composites at 100°C
arranged the following order: Talc5 < CaCO55 < Starch5 < neat PLA. The ty, o, values
at 100°C of neat PLA, Talch5, CaCOs5 and Starch5 were 4.6, 2.0, 3.2 and 3.7 min,
respectively. The shorter t;,, o, mean the faster cold crystallization rate. Clearly, it can
be seen that incorporation of talc content up to 5 vol% reduced the ty,, o Values,
indicating the faster cold-crystallization rate as illustrated in Figure 4.5. The result
supported the effective nucleating ability of talc for isothermal cold crystallization of
PLA.

Moreover, the crystallization kinetics parameters were also calculated in this
work in order to describe the cold-crystallization mechanism. A theoretical Avrami
model was conducted to examine the crystallization kinetics of the PLA
and PLA composites. The Avrami model parameters were described in section 2.3.2.
Figure 4.6 illustrates the plots of t;,, o, versus crystallization temperature (T.) for neat
PLA and PLA composites. The PLA composites had the lowest t;, o, at the

crystallization temperature of 100°C. At low temperature, that is 90 °C, the mobility of
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PLA chains is restricted because it is closed to the glassy state (T, p 4 = 58 °C) and thus
the rearrangement of PLA chains to form crystalline structure is difficult, leading to
longer t; o At high temperature, that is 130 °C, the PLA chains received high thermal
energy and the PLA chains favors the chain movement rather than crystallization,
resulting in longer ty,, o, as well. The isothermal temperature that provides fastest
cold crystallization rate under isothermal condition in this study was around 100 - 110

°C.
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The Avrami model showed the straight lines with a large coefficient of

determination (R>>99%), which refers that Avrami model can fit the experimental data

pretty well for describing the isothermal cold-crystallization kinetics. The Avrami index

(n) and the crystallization rate constant (k) can be examined from the slope and the

y-intercept of the curve of the experimental data. Figure 4.7 represents the Avrami

plots of log [-In (1-X)] versus log [t (min)] for the PLA composites containing various

talc contents (1-10 vol%) at 100°C. The k value increased with increasing filler content

up to 5 vol%. Namely, k values of neat PLA, Talc5, CaCO;5 and Starch5 were

5.43x107, 3.74x107, 8.71x10° and 4.50x10° min™, respectively.
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Table 4.3 Isothermal crystallization kinetic parameters calculated from Avrami model

for neat PLA and its composites at different crystallization temperatures and filler

contents.
Sample T. (°O) Avram! K (min™) bz e bz ca R?
index (n) (min) (min)

Neat PLA 90 2.6 1.55x107 9.1 10.7 0.9990
100 2.9 5.43x10” 4.6 5.2 0.9995
110 3.7 9.30x10™ 5.2 6.0 0.9998
120 3.9 8.85x10” 8.8 9.4 0.9999
130 4.0 1.22x10° 16.9 24.5 0.9999
PLA/Talc 90 2.9 5.87x10” 4.7 5.0 0.9997
1 %vol 100 3.2 2.52x107 2.8 2.8 0.9997
110 3.5 1.36x107 2.7 3.0 0.9998
120 2.6 1.48x107 4.0 4.2 0.9997
130 2.4 3.54x10” 7.1 9.3 0.9994
PLA/Talc 90 2.8 1.03x107 35 3.9 0.9995
3 %vol 100 2.4 6.86x107 2.3 2.5 0.9993
110 3.2 2.53x107 2.5 2.8 0.9995
120 2.3 3.74x107 3.2 3.5 0.9999
130 2.3 7.01x10” 7.2 7.6 1.0000
PLA/Talc 90 2.8 3.40x10” 3.3 3.3 0.9983
5 %vol 100 3.4 3.74x10° 2.0 2.3 1.0000
110 3.3 2.35x107 2.0 2.8 0.9990
120 2.9 2.71x107 3.2 3.5 0.9998
130 2.3 8.56x107 6.2 6.7 0.9999
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Avrami

J[1/2, exp

tl/2, cal

Sample T, (°O) K (min) R?
index (n) (min) (min)

PLA/Talc 90 2.3 3.24x107 3.6 3.7 0.9996
7 %vol 100 2.7 6.78x107 2.0 2.3 0.9998
110 2.5 6.01x107 2.2 2.6 0.9994
120 2.2 4.73x107 3.1 3.4 0.9998
130 2.0 1.21x107? 7.0 7.3 0.9999
PLA/Talc 90 2.4 1.77x10%? 3.8 4.5 0.9999
10 %vol 100 2.5 8.16x10” 2.0 2.3 0.9999
110 2.8 9.99x107 1.8 2.2 0.9997
120 2.2 4.83x107 2.9 3.4 0.9998
130 2.0 1.83x107 6.0 6.6 1.0000
PLA/CaCOs 90 3.2 2.70x10” 53 5.5 0.9998
5 %vol 100 3.6 8.71x10” 3.2 3.3 0.9998
110 3.7 3.95x107 3.4 4.0 0.9998
120 3.8 6.56x10" 53 6.2 0.9998
130 3.1 2.12x10™ 12.1 13.2 0.9997
PLA/Starch 90 3.4 8.90x10™ 6.5 7.1 0.9999
5 %vol 100 3.5 4.50x10” 3.7 4.2 0.9997
110 3.9 1.76x10° 3.6 4.4 0.9998
120 4.5 9.13x10” 6.3 7.2 0.9996
130 3.8 9.29x10° 16.2 15.7 0.9997

The transition temperature for PLA/talc was at T,

= 100°C. The Avrami index

(n) at 100°C for PLA composites was around 3.0, indicating the three-dimensional

crystal growth of PLA. The crystallization parameters k, n, ty/, oxp and ty/, i for neat

PLA and PLA composites are summarized in Table 4.3.
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4.1.3 Crystalline structure of PLA under isothermal condition

Crystalline morphology for neat PLA and Talc5 was examined by a polarized
optical microscope (POM). It can be clearly observed that the number and size of
spherulites gradually increased as increasing crystallization time [16] Figure 4.8 (a-c)
represents POM micrographs of neat PLA during isothermal crystallization at 90, 100
and 130°C. The results showed that crystallization temperature of neat PLA affected
size of spherulites of PLA. For example, a small number of PLA nuclei formed and the
growth rate of PLA spherulites was very slow at 130°C, whereas a dense nucleation
density and fast growth rate of PLA were detected when the isothermal temperature
reduced to 100°C and 90°C, respectively. Nevertheless, the number of nuclei of Talc5
was higher than that of neat PLA, indicating higher number of spherulites. As displayed
in Figure 4.8 (d-f), it was observed that the nucleation density of Talc5 was higher than
those of neat PLA because talc provided additional surface for PLA chains to nucleate.

The result supported the effective nucleating ability of talc.
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Figure 4.8 POM micrographs of spherulites of (a-c) neat PLA and (d-f) Talc5 from

isothermal crystallization at crystallization temperature of 90, 100 and 130°C
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4.1.4 Morphology

The crystallization rate of PLA composites depends on material properties,
phase morphology and processing conditions. Appearance of cast-film PLA composites
of Talc and CaCOs has smooth surface, while those of starch is slightly rough due to
different characteristics of filler. Talc and CaCO; are the natural inorganic material
where starch is organic one, which has less orderliness on the surface. Talc and CaCOs;
has more surface area than starch resulting in higher degree of crystallinity of polymer
composites. Moreover, surface area was enhanced as increasing crystallization rate.
The cross-sectional fractured surfaces of neat PLA and PLA composites with talc, CaCO,
and starch at 5 vol% were investigated by SEM as illustrated in Figure 4.9. The SEM
micrographs of (b) Talc5 exhibited the uniform dispersion of talc in the composites.
There were no aggregates, whereas there were voids at the interface between talc and
PLA matrix, which might indicate the poor interfacial interaction between filler and
polymer matrix. Figure 4.9 (c) CaCO; demonstrated that CaCO; was pull out from the
matrix due to the unwetted CaCOsin PLA. Figure 4.9 (d) Starch also showed holes and

cavities at the interface between starch and PLA matrix.
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Figure 4.9 SEM micrographs of cross-sectional fractured surfaces of

(a) Neat PLA, (b) Talc5, (c) CaCOs5 and (d) Starch5
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4.1.5 Mechanical properties

The tensile properties of PLA cast films and PLA thermoforming films for neat
PLA and PLA composites are shown in Figure 4.10-4.13 and the stress-strain curves
were shown in Appendix D.1-D.2. The tensile strength at break and Young’s modulus
of PLA and PLA composites at 5 vol% are shown in Figure 4.10 and Figure 4.11,
respectively. The tensile strength of Talc5 and CaCO;5 was higher than those of neat
PLA, whereas Starch5 showed lower tensile strength. This result related to the degree
of crystallinity described in section 4.1.1. The degree of crystallinity of Talc5 and
CaCOs5 films were higher than that of neat PLA, resulting in higher rigidity of the
composites. On the other hand, starch did not affect the degree of crystallinity causing
no change in the value of tensile strength. The Young’s modulus showed the same

trend as tensile strength as can be described by the same explanation.

Both tensile strength and Young’s modulus of thermoformed samples were
higher than those of PLA composite cast films. There were no effect from drawing
process on the sample from thermoforming process due to a use of sample from the
bottom of the mold. Therefore, the reason in this case was the restriction of the chain
alignment owing to increased crystallinity.[5] As a consequence, elongation at break
and tensile toughness reduced, as shown in Figure 4.12-4.13. It should be noted prior
to going to the next section that talc at 5 vol% provided the fastest isothermal

crystallization rate of PLA, as confirmed by DSC. Since each filler showed insignificant
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effect on the tensile properties, the tensile properties will not be considered in the
selection of best filler type and content. In section 4.2, talc surface will be
functionalized with silane coupling agents in order to study the influence of surface
chemistry on the thermal and mechanical properties as well as isothermal cold

crystallization of PLA composites.
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4.2 Effect of chemical surface modification of filler with 3-aminopropyltri-

ethoyxsilane (APTES) and vinyltriethoyxsilane (VTES)

4.2.1 Characterization of functional group on the filler surface

The surface chemistry of talc treated with 3-aminopropyltriethoyxsilane
(APTES) and vinyltriethoyxsilane (VTES) were examined using FTIR spectroscopy.
Silanization of talc was expected to improve the interaction between filler and PLA
matrix. Figure 4.14 represents FTIR absorption spectrum of untreated talc, APTES and
talc treated with APTES. The characteristic absorption bands of untreated talc at
3673.4, 1739.7, 1219.1 and 981.4 cm™ belonged to the stretching of O-H, C=0, anti-
symmetrical and symmetrical stretching of C-O, respectively. Furthermore, the
spectrum of talc treated with APTES showed the dominant absorption peak at 1040.1
cm™ and 1126.8 cm™ associated to the stretching vibration of Si-O-Si and the bending
vibration Si-O-Si bonds, respectively. The functional groups of talc, VTES and talc
treated with VTES are shown in Figure 4.15. The absorption frequency of talc treated
with VTES showed Si-O-Si and Si-O-Si bonds at 1038.1 and 1126.6 cm™, suggesting that
the silane coupling agent was successfully grafted on the talc surface in spite of the
fact that treated talc was purified by washing technique many times to ensure that the
unreacted silane coupling agent was totally removed. The FTIR results were

complementary with the SEM micrographs.
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Figure 4.14 FTIR absorption spectra of untreated talc, APTES and talc treated
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4.2.2 Morphology

SEM micrographs of the cross-sectional fractured surface of PLA composites
with untreated and treated talc are shown in Figure 4.16. In particular, the micrograph
of untreated Talc5 (Figure 4.16(a)) indicated the poor interfacial adhesion between talc
and PLA matrix and voids were more obvious than the composites treated by silane
coupling agent. It implied that silane coupling agent on the surface of talc improved
the interaction at the interfaces between filler and polymer. Talc has the weak
interlayer interaction between the lamellar platelets which are only held together by
Van der Waals’ force. The silane treatment can improve the interaction between filler
and polymer. Namely, APTES has -NH2 which shows hydrogen bonding with the —OH
and —COOH terminal groups of PLA. Besides, the similar affinity of vinyl group of VTES
and PLA, leading to the enhanced wettability of treated talc around PLA chains.
As a result, APTES and VTES-treated talc improved the interaction between talc

particles, resulting in better dispersion of talc particles in the PLA matrix. [11]



Figure 4.16 SEM micrographs of cross-sectional fractured surfaces of

(a) untreated Talch, (b) APTES-Talc5, and (c) VTES-Talch
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4.2.3 Thermal properties

In order to investigate the thermal properties, isothermal crystallization
behavior and dynamic DSC measurements were performed. DSC thermographs of
composite with untreated and treated talc by APTES and VTES are demonstrated in
Figure 4.17. The values of cold crystallization temperature (T.), melting temperature
at lower temperature (T,,;) and high temperature (T,,,), enthalpy of cold crystallization
(AH), and degree of crystallinity (%X.) determined from DSC profiles are tabulated in
Table 4.4. It was found that thermal properties of PLA composites significantly affected
by the silane coupling agents. T . of APTES-Talc5 and VTES-Talc5 were lower than that
of untreated Talc5, suggesting that silane coupling agent can accelerate the cold
crystallization of PLA. The T of untreated Talc5, APTES-Talc5 and VTES-Talc5 were
99.9, 102.76 and 98.79°C, respectively.

The enthalpy of cold crystallization (AH.) of APTES-Talc5 and VTES-Talch
increased the latent energy for converting the remaining amorphous structure from
crystallization condition to crystalline structure. On the contrary, the enthalpy of
melting was higher than that of untreated Talc5, referring that the addition of talc
treated with APTES and VTES increased the degree of crystallization. Moreover, the
addition of talc treated with APTES and VTES slightly increased the degree of
crystallinity due to the improvement of filler dispersion that improved the chain

mobility for crystalline development.
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Figure 4.17 DSC thermograms of untreated Talc5, APTES-Talc5 and VTES-Talc5 from

the second heating scan
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Table 4.4 Thermal properties of untreated Talc5, APTES-Talc5 and VTES-Talc5 cast

films from the second DSC heating scan

Sample Tepia Tec Tt T2 AH AH, %X,

°O O O O (J/g) (J/9)
Untreated Talc5  58.6 99.9 143.8 151.1 19.9 29.2 10.3
APTES-Talch 58.4 102.7 145.0 153.2 22.6 33.7 12.3
VTES-Talc5 58.6 98.8 143.4 152.3 214 33.1 12.9
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4.2.4 Isothermal cold-crystallization kinetics

The addition of talc treated with APTES and VTES into PLA matrix is investigated
in terms of half-time for crystallization under isothermal condition at temperature of
100°C. Clearly, Figure 4.18 shows the relative degree of crystallinity (X.) versus
crystallization time (t) in the experimental data for non-isothermal crystallization rate.
It was found that surface treatment of talc gives faster crystallization rate as can be
noticed by a reduction of t;, ¢, From SEM micrographs, sample containing treated
talc shows no gap at the interface, which indicated good interfacial adhesion. The
crystallization rate constant (k) values for sample composed of untreated talc, and
talc treated with APTES and VTES are 3.74x107, 5.93x10” and 7.82x10% min™,
respectively as shown in Table 4.5. Moreover, the graph of log [-ln (1-X))] versus log
[t (Min)] for treated-talc represents the half time t;,, ., were gradually increased in
the value of 2.3, 1.9 and 1.9 min of untreated and talc treated with APTES and VTES
as displayed in Figure 4.19. This result suggested that the enhanced interfacial adhesion

does not significantly affect the crystallization rate.

Nevertheless, the Avrami index (n) at 100°C for talc treated with APTES and
VTES is around 3.0, indicating the three-dimension crystallization growth in
homogenous nucleation mechanism. Isothermal cold-crystallization results are
complementary with the Avrami model. Besides, the crystallization rate increases due

to better interfacial area.
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cold-crystallization for untreated Talc5, APTES-Talc5 and VTES-Talc5 films at 100°C
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Table 4.5 Isothermal crystallization kinetic parameters calculated from Avrami model

for untreated Talc5, APTES-Talc5 and VTES-Talch films at crystallization temperature

of 100°C.
Sample T, Avrami K (min™) /2, exp ti/o, cal R?
(°Q)  index (n) (min) (min)
Untreated Talch 100 3.4 3.74x10° 2.0 2.3 1.000
APTES-Talch 100 3.2 5.93x107 1.9 1.9 0.9997

VTES-Talch 100 3.6 7.82x10 1.9 1.9 1.000
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4.2.5 Tensile properties

The tensile properties of both cast film extrusion and thermoforming process
of untreated and treated talc with APTES and VTES are shown in Figure 4.20-4.23 and
the stress-strain curves were shown in Appendix D.3-D.4. Tensile strength, Young’s
modulus, elongation at break and tensile toughness of untreated Talc5, APTES-Talc5,
and VTES-Talch are not different, implying that enhanced interfacial adhesion does not
significantly affect the load transfer much upon film stretching. However, all
thermoformed films show higher stiffness (higher tensile strength and lower elongation
at break) than casted film. This is because thermoforming process provides the addition

PLA spherulites formation owing to the crystallization upon annealing at 100 °C.



70

Tensile strength (MPa)

6 |
50 f
40 f
30 f
20 f

10 |

B st ritm

) Thermoform

58

Figure 4.20 Tensile strength at break of untreated and treated Talc5 of PLA cast films
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

This research aimed to improve the crystallization rate of PLA by an addition
of filler and surface treatment of filler by silanization. In this study, the SEM result
showed the poor interfacial interaction of filler and polymer matrix. In addition, the
thermal properties confirmed the immiscibility of PLA and PLA composites as T, did
not change when adding filler. Nevertheless, the PLA composites revealed the
accelerated crystallization rate of PLA as evidenced by the shortened crystallization
half-time (t;/, ) and higher crystallization rate constant (k). It was found that the
crystallization rate depended on the effective nucleating ability of filler, filler content
and isothermal crystallization temperature. The Avrami index (n) of all samples was

around 3.0, indicating the three-dimensional crystal growth of PLA.

The interaction at the interfaces between talc and polymer was improved by
silane coupling agent on the surface of talc. From the morphology result, it was
indicated that the composites treated by silane coupling agent induced interfacial
adhesion, comparing with the untreated talc. Moreover, the surface treatment of talc

cave faster crystallization rate as can be noticed by a reduction of t, e
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5.2 Recommendations

® Other types of silane coupling agent should be studied because the

adhesion promotion of silane coupling agent could affect the

crystallization rate.
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APPENDIX A

CALCULATION FOR THE PLA COMPOSITES

The calculation of PLA composites is shown as an example as explain below.

However, other composites can also be calculated in the similar conditions.

Important information

Density of PLA 1.24 g/cm’
Density of talc 0.61 g/cm’
Density of CaCO4 1.25 g/cm’
Density of cassava starch 0.65 g/cm’

Condition 1 Calculation of the PLA/Talc (95/5 vol%)

Weight of talc

l f tal Density of talc
Volume of talc = Weight of Poly(lactic acid) . Total PLA/Talc - Weight of Poly(lactic acid)]

Density of Poly(lactic acid) + Density of talc

Weight of talc

0.611
Weight of Poly(lactic acid)] [ 1,500 ¢ - Weight of Poly(lactic acid)]
+

1.24 0.611

0.05

= Total Poly(lactic acid) used in this experiment was 1,500 ¢

Total talc used in this experiment was 39.4 ¢
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Condition 2 Calculation of the PLA/CaCO5 (95/5 vol%)

Weight of CaCO,
[ Density of CaCO, ]
Weight of Poly(lactic acid) ~ Total PLA/CaCO,- Weight of Poly(lactic acid)
Density of Poly(lactic acid) + Density of CaCO, ]

Volume of CaCO; =

Weight of CaCo,
[ 1.250 :
Weight of Poly(lactic acid)] [ 1,500 g - Weight of Poly(lactic acid)]
+

1.24 1.250

0.05

= Total Poly(lactic acid) used in this experiment was 1,500 ¢

Total CaCO; used in this experiment was 80.6 ¢

Condition 3 Calculation of the PLA/Starch (95/5 vol%)

Weight of starch

Density of starch
Weight of Poly(lactic acid) . Total PLA/Talc - Weight of Poly(lactic acid)]

+
Density of Poly(lactic acid) Density of starch

Volume of starch =

Weight of talc

0.650
[Weight of Poly(lactic acid)] [ 1,500 ¢ - Weight of Poly(lactic acid)]

+
1.24 0.650

0.05

= Total Poly(lactic acid) used in this experiment was 1,500 ¢

Total starch used in this experiment was 41.9 ¢



Figure B.1 DSC thermograms in the first heating scan of PLA/Talc

Table B.1 Thermal properties of PLA/Talc in the first heating scan
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arple e Te Tt Twe  AHe  AH, -
co co O O e Uk

NeatPLA 550 1260 149.7 a6 10.1 6.1
Talcl 588  107.2 148.7 20.7 21.7 7.6
Talc3 587 110.7 148.7 190 272 8.9
Talcs 586 1059 1458  150.6 185  29.0 11.5
Talcr 588 1055 1461 1505 180 279 111
Talc10 58.8 1060 1472 1510 16.8 29.1 14.0




Figure B.2 DSC thermograms in the first heating scan of PLA/CaCO,

Heat flow (Exo up)
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Table B.2 Thermal properties of PLA/CaCOs; in the first heating scan
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Topia Tee T T2 AHc AH;,
Sample %X
O (°O) (°O) (°O) (J/9) (J/9)

Neat PLA 58.2 126.0 149.7 4.6 10.1 6.1
CaCOs1 58.8 109.3 147.2 152.1 21.2 26.3 5.5
CaCO53 58.8 110.8 146.9 149.7 18.9 26.3 8.3
CaCO55 58.7 1113 148.2 151.9 18.3 26.4 9.3
CaCOs7 58.8 106.5 145.5 149.9 19.3 27.9 10.2
CaCOs10 58.9 110.3 147.9 151.6 17.3 27.5 12.5




Figure B.3 DSC thermograms in the first heating scan of PLA/Starch

Heat flow (Exo up)
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Table B.3 Thermal properties of PLA/Starch in the first heating scan

Topia Tee T T2 AHc AHy,
Sample %X
(°C) (°O) (°C) (°0) U/g) U/sg)

Neat PLA 58.2 126.0 149.7 4.6 10.1 6.1
Starchl 58.7 105.4 149.2 20.3 20.3 5.6
Starch3 58.7 116.1 149.7 19.2 19.2 5.8
Starch5 58.6 115.6 148.2 151.7 19.7 19.7 6.0
Starch7 58.7 106.9 145.3 150.2 20.5 20.5 7.2
Starch10 58.6 107.6 145.3 149.3 17.9 17.9 8.3
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Second heating scan 100C/min

Talch

Talch treated APTES

Heat flow (Exo up)

Talch treated VTES
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Temperature o
Figure B.4 DSC thermograms in the first heating scan of untreated Talc5, APTES-Talch

and VTES-Talch

Table B.4 Thermal properties of untreated Talc5, APTES-Talc5 and VTES-Talc5 in the

first heating scan

Tg PLA ch Tml Tm2 AHcc AHm
Sample %X,
(°0) (°0) (°Q) (°Q) (J/9) (J/9)
Untreated
58.6 100.5 143.8 151.1 19.9 29.2 10.3
Talch

APTES-Talc5h 58.8 106.9 146.2 152.2 20.1 30.4 11.4

VTES-Talch 58.4 106.4 145.5 151.7 19.0 27.3 9.1




Figure B.5 DSC thermograms in the second heating scan of PLA/Talc
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Table B.5 Thermal properties of PLA/Talc in the second heating scan
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Terin Tec Tt T2 AHc ALY
Sample %X,
(°O) (°O) (°0) (°O) (J/g) (J/g)
Neat PLA 58.8 126.0 149.7 4.6 10.1 6.1
Talcl 58.8 102.8 144.4 151.2 22.6 30.4 8.7
Talc3 58.6 110.3 147.7 151.2 18.4 26.6 9.1
Talch 58.6 99.9 143.8 151.1 19.9 29.2 10.3
Talc7 58.8 98.5 143.4 150.9 17.8 30.7 14.3
Talc10 58.8 99.5 144.9 152.0 155 29.4 15.4




Figure B.6 DSC thermograms in the second heating scan of PLA/CaCOs;
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Table B.6 Thermal properties of PLA/CaCOj; in the second heating scan
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ample T, oin Tee T T AH AH,, .
(°O) O (°C) (°O) (J/9) (J/9)
Neat PLA 588  126.0 149.7 4.6 10.1 6.1
CaCOs1 588  114.2 1482 1537 232 29.5 6.9
CaC053 589 1167  147.6  150.7 205 28.0 8.3
CaCOs5 587 1120 1475 1537 221 30.1 8.8
CaCO,7 589  101.2 1439 1509  20.0 28.4 9.3
CaC0510 589 1205 1486  152.1 15.1 22.7 8.4
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Figure B.7 DSC thermograms in the second heating scan of PLA/Starch

Table B.7 Thermal properties of PLA/Starch in the second heating scan
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Toria Tec Tt Tz AHcc AH:,
Sample %X,
(O (°O) (°O) (°O) (J/9) (J/9)
Neat PLA 58.8 126.0 149.7 4.6 10.1 6.1
Starchl 58.8 119.9 148.5 16.9 22.3 6.0
Starch3 58.8 120.4 150.4 19.7 25.1 6.0
Starchb 58.7 118.2 148.3 151.2 21.7 27.2 6.0
Starch7 58.7 117.3 148.7 151.5 21.0 28.0 7.7
Starch10 58.7 111.7 146.2 152.0 21.0 28.5 8.4




Heat flow (Exo up)
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Figure B.8 DSC thermograms of untreated Talc5, APTES-Talc5 and VTES-Talc5 from

the second heating scan

Table B.8 Thermal properties of untreated Talc5, APTES-Talc5 and VTES-Talc5 from

the second heating scan

Tg PLA ch Tml TmZ AHcc AHm
Sample %X
(°O) (°O) (O (O (J/9) (J/9)
Untreated
58.6 99.9 144.1 151.3 22.6 30.4 10.3
Talch

APTES-Talch

VTES-Talch

58.4 102.8 145.0 153.2 22.6 33.7 12.3

58.6 98.8 143.4 152.3 21.4 33.1 12.9




ISOTHERMAL COLD-CRYSTALLIZATION KINETICS

APPENDIX C

7

Table C.1 Isothermal crystallization kinetic parameters calculated from Avrami model

for neat PLA and its composites at different crystallization temperatures and filler

contents.
Sample T. (°O) Avram K (min™) brz. 00 /2, ca R?
index (n) (min) (min)

Neat PLA 90 2.6 1.55x10° 9.1 10.7 0.9990
100 2.9 5.43x10° 4.6 5.2 0.9995
110 3.7 9.30x10% 5.2 6.0 0.9998
120 3.9 8.85x10° 8.8 9.4 0.9999
130 4.0 1.22x10°  16.9 24.5 0.9999

PLA/Talc 90 2.9 5.87x10° 4.7 5.0 0.9997

1vol% 100 3.2 2.52x10% 2.8 2.8 0.9997
110 3.5 1.36x10% 2.7 3.0 0.9998
120 2.6 1.48x10° 4.0 4.2 0.9997
130 24 3.54x10° 7.1 9.3 0.9994

PLA/Talc 90 2.8 1.03x10%" '35 3.9 0.9995

3vol% 100 2.4 6.86x10% 2.3 2.5 0.9993
110 3.2 2.53x10% 25 2.8 0.9995
120 2.3 3.74x10% 3.2 3.5 0.9999
130 2.3 7.01x10% 7.2 7.6 1.0000

PLA/Talc 90 2.8 3.40x107 3.3 3.3 0.9983

5vol% 100 3.4 3.74x10% 2.0 2.3 1.0000
110 3.3 2.35x10% 2.0 2.8 0.9990
120 2.9 2.71x10% 3.2 35 0.9998
130 2.3 8.56x10° 6.2 6.7 0.9999
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Avrami

ti, exp

ty, cal

Sample T, (°O) K (min) R?
index (n) (min) (min)
PLA/Talc 90 2.3 3.24x10° 3.6 3.7 0.9996
7 vol% 100 2.7 6.78x10° 2.0 2.3 0.9998
110 2.5 6.01x10° 2.2 2.6 0.9994
120 2.2 4.73x10% 3.1 3.4 0.9998
130 2.0 1.21x10% 7.0 7.3 0.9999
PLA/Talc 90 2.4 1.77x10% 38 4.5 0.9999
10 vol% 100 2.5 8.16x10° 2.0 2.3 0.9999
110 2.8 9.99x10° 1.8 2.2 0.9997
120 2.2 4.83x10% 2.9 3.4 0.9998
130 2.0 1.83x10% 6.0 6.6 1.0000
PLA/CaCO; 90 3.4 2.18x10° 4.9 5.4 0.9998
1 vol% 100 3.7 9.59x10° 2.6 3.1 0.9996
110 3.7 9.01x10° 2.6 3.2 0.9998
120 32 391x10° 4.6 4.9 0.9999
130 2.6 1.11x10° 111 11.9 0.9998
PLA/CaCO; 90 3.2 3.04x10° 4.8 53 0.9999
3 vol% 100 3.5 1.14x10% 26 3.2 0.9998
110 3.7 3.95x10° 3.3 3.7 0.9998
120 3.6 1.08x10° 4.8 6.0 0.9997
130 2.3 1.89x10°  11.9 13.0 0.9999
PLA/CaCO; 90 3.2 2.70x10° 5.3 5.5 0.9998
5 vol% 100 3.6 8.71x10° 3.2 3.3 0.9998
110 3.7 3.95x10° 3.4 4.0 0.9998
120 3.8 6.56x10% 5.3 6.2 0.9998
130 3.1 2.12x10% 121 13.2 0.9997
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Avrami

ti exp

ty, cal

Sample T, (°O) K (min™) R?
index (n) (min) (min)
PLA/CaCO; 90 33 2.52x10° 5.0 5.5 0.9997
7 vol% 100 3.8 5.18x10° 3.1 3.5 0.9997
110 3.4 7.08x10° 3.4 3.8 0.9994
120 3.5 1.71x10° 5.0 5.6 0.9997
130 2.2 3.80x10°  10.1 11.1 0.9874
PLA/CaCO; 90 3.7 9.80x10* 5.0 5.9 0.9998
10 vol% 100 3.8 3.83x10° 3.0 3.8 0.9997
110 3.4 6.65x10° 3.7 3.9 0.9990
120 3.6 8.62x10" 5.6 6.4 0.9995
130 2.5 8.39x10% 123 14.4 0.9960
PLA/Starch 90 3.3 1.80x10° 6.0 6.1 0.9999
1 vol% 100 3.8 4.89x10° 3.2 3.6 0.9995
110 4.0 1.41x10° 4.0 4.5 0.9997
120 3.9 5.70x10% 5.6 6.2 0.9995
130 2.6 6.60x10° 12,6 14.5 0.9995
PLA/Starch 90 3.4 9.74x10* 6.0 6.7 0.9999
3 vol% 100 3.4 6.69x10° 3.4 3.6 0.9998
110 4.1 1.88x10* 3.4 4.3 0.9998
120 3.8 6.25x10" 55 6.3 0.9997
130 3.1 1.36x10° 123 16.5 0.9995
PLA/Starch 90 3.4 8.90x10* 6.5 7.1 0.9999
5 vol% 100 3.5 4.50x10° 3.7 4.2 0.9997
110 3.9 1.76x10° 3.6 4.4 0.9998
120 4.5 9.13x10° 6.3 7.2 0.9996
130 3.8 9.29x10°  16.2 15.7 0.9997
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Avrami i, exp ty, cal
Sample T, (°O) K (min™) R?
index (n) (min) (min)
PLA/Starch 90 3.7 1.79x10° 5.1 5.1 0.9997
7 vol% 100 4.2 2.72x10° 34 3.7 0.9994
110 35 4.64x10° 3.4 4.1 0.9997
120 4.1 1.80x10% 6.0 7.3 0.9990
130 4.7 7.37x107 9.8 18.2 0.9965
PLA/Starch 90 3.9 3.21x10% 6.4 7.2 0.9999
10 vol% 100 3.9 8.78x10" 4.3 53 0.9997
110 3.7 387x10" 6.7 7.4 0.9997
120 3.9 6.29x10° 9.7 10.3 0.9998
130 45 1.85x107 159 22.0 0.9998

Table C.2 Isothermal crystallization kinetic parameters calculated from Avrami model

for untreated Talc5, APTES-Talc5 and VTES-Talch films at crystallization temperature

of 100°C.
Avrami ti, exp  ty, cal
Sample T. (°0) K (min) v R?
index (n) (min) (min)
APTES-Talch 100 3.2 5.93x10% 1.9 1.9 0.9997
VTES-Talc5 100 3.6 7.82x10% 1.9 1.9 1.000




81

APPENDIX D
MECHANICAL PROPERTIES
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Figure D.1 Stress strain curve of PLA and PLA composites of PLA cast films
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Figure D.2 Stress strain curve of PLA and PLA composites of PLA thermoforming films
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Figure D.3 Stress strain curve of untreated and treated talc5 of PLA cast films
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Figure D.4 Stress strain curve of untreated and treated talc5 of PLA

thermoforming films
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Table D.1 Tensile properties in sheet films of Neat PLA

Sample Tensile Young’s Elongation at Tensile

no. strength (MPa)  Modulus (MPa)  break (%) toughness (mJ)
1 ar.7 1813.3 3.7 454.0

2 44.8 1729.6 3.8 402.7

3 44.8 1793.7 3.6 436.6

4 43.9 1807.1 3.4 420.1

5 40.1 1841.5 3.6 477.8
Avg. 44.3 1797.0 3.6 438.2
S.D. 2.7 41.6 0.1 29.2

Table D.2 Tensile properties in thermoforming process of Neat PLA

Sample Tensile Young’s Elongation at Tensile

no. strength (MPa)  Modulus (MPa)  break (%) toughness (mJ)
1 ar.’7 1813.3 3.7 454.0

2 44.8 1729.6 3.8 402.7

3 44.8 1793.7 3.6 436.6

4 43.9 1807.1 3.4 420.1

5 40.1 1841.5 3.6 4a77.8
Avg. 44.3 1797.0 3.6 438.2

S.D. 2.7 41.6 0.1 29.2




Table D.3 Tensile properties in sheet films of PLA/Talc 1 vol%

Sample Tensile Young’s Elongation at Tensile

no. strength (MPa)  Modulus (MPa)  break (%) toughness (mJ)
1 47.3 21152 3.6 439.3

2 47.6 21211 5.0 464.5

3 50.0 2187.4 3.6 623.5

4 ar.v 2170.3 5.0 515.2

5 48.4 2162.2 3.8 312.2
Avg. 48.2 21513 4.2 470.9
S.D. 1.1 31.6 0.8 1135

Table D.4 Tensile properties in thermoforming process of PLA/Talc 1 vol%

Sample Tensile Young’s Elongation at Tensile

no. strength (MPa)  Modulus (MPa)  break (%) toughness (mJ)
1 53.9 2121.3 3.3 383.6

2 54.1 2079.8 34 397.8

3 54.4 2095.0 33 383.6

4 54.5 21179 3.5 391.5

5 53.9 2091.7 3.2 391.2
Avg. 54.2 21011 3.4 389.5

S.D. 0.3 17.8 0.1 6.0
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Table D.5 Tensile properties in sheet films of PLA/Talc 5 vol%

Sample Tensile Young’s Elongation at Tensile

no. strength (MPa)  Modulus (MPa)  break (%) toughness (mJ)
1 48.0 2256.4 3.2 373.3

2 49.2 2117.0 3.5 359.9

3 ar.4 2155.8 3.6 324.3

4 a7.0 2293.9 3.5 324.5

5 49.1 2166.0 3.0 359.0
Avg. 48.2 2197.8 3.4 348.2
S.D. 1.0 74.1 0.2 22.5

Table D.6 Tensile properties in thermoforming process of PLA/Talc 5 vol%

Sample Tensile Young’s Elongation at Tensile

no. strength (MPa)  Modulus (MPa)  break (%) toughness (mJ)
1 55.9 2362.8 2.8 312.3

2 56.5 2426.2 2.6 319.9

3 55.8 2424.6 2.7 291.2

4 554 2429.8 2.8 271.3

5 54.5 2341.5 2.7 330.2
Avg. 55.6 2397.0 2.7 305.0

S.D. 0.8 a1.7 0.1 23.6
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Table D.7 Tensile properties in sheet films of PLA/Talc 10 vol%

Sample Tensile Young’s Elongation at Tensile

no. strength (MPa)  Modulus (MPa)  break (%) toughness (mJ)
1 47.5 2146.6 3.0 311.3

2 48.2 2165.7 3.0 307.3

3 a7.0 2178.6 3.2 313.5

4 50.4 2157.8 3.4 312.3

5 49.5 2215.6 3.1 313.0
Avg. 48.5 2172.9 3.1 311.5
S.D. 1.4 26.6 0.2 2.5

Table D.8 Tensile properties in thermoforming process of PLA/Talc 10 vol%

Sample Tensile Young’s Elongation at Tensile

no. strength (MPa)  Modulus (MPa)  break (%) toughness (mJ)
1 55.5 23194 2.7 253.1

2 54.5 2268.2 2.6 254.7

3 53.2 2249.9 2.6 250.6

4 56.8 2366.4 2.7 245.4

5 54.7 2496.5 2.6 262.1
Avg. 54.9 2340.1 2.6 253.2

S.D. 1.3 98.6 0.1 6.1
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Table D.9 Tensile properties in sheet films of PLA/CaCO5 5 vol%

Sample Tensile Young’s Elongation at Tensile

no. strength (MPa)  Modulus (MPa)  break (%) toughness (mJ)
1 ar.7 2047.0 3.3 408.8

2 ar7.1 1963.8 34 390.7

3 a7.8 2164.0 3.1 394.4

4 a7.0 2147.2 3.4 424.9

5 ar.3 1912.2 3.6 394.4
Avg. ar.4 2046.8 3.4 402.6
S.D. 0.4 110.5 0.2 14.3

Table D.10 Tensile properties in thermoforming process of PLA/CaCO; 5 vol%

Sample Tensile Young’s Elongation at Tensile

no. strength (MPa)  Modulus (MPa)  break (%) toughness (mJ)
1 534 2351.6 2.8 347.1

2 53.0 2387.7 2.9 336.8

3 54.2 2375.7 2.9 270.7

4 53.1 2401.1 2.8 333.2

5 53.2 2324.9 2.9 284.9
Avg. 534 2368.2 2.9 314.6

S.D. 0.5 30.3 0.0 34.3
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Table D.11 Tensile properties in sheet films of PLA/Starch 5 vol%

Sample Tensile Young’s Elongation at Tensile

no. strength (MPa)  Modulus (MPa)  break (%) toughness (mJ)
1 41.0 1966.1 2.6 240.9

2 42.2 1923.7 2.3 241.9

3 a2.2 1983.7 2.3 242.0

4 41.6 1925.2 2.6 245.0

5 42.0 1906.3 2.6 260.8
Avg. 41.8 1941.0 2.5 246.1
S.D. 0.5 32.4 0.2 8.4

Table D.12 Tensile properties in thermoforming process of PLA/Starch 5 vol%

Sample Tensile Young’s Elongation at Tensile

no. strength (MPa)  Modulus (MPa)  break (%) toughness (mJ)
1 a7.8 2052.5 2.3 207.5

2 48.3 21515 2.3 229.5

3 ar.’7 2015.6 2.3 205.6

4 a7.5 2006.7 2.4 207.5

5 ar.9 2110.5 2.2 206.1
Avg. a7.8 2067.4 2.3 211.2

S.D. 0.3 62.3 0.1 10.3
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Table D.13 Tensile properties in sheet films of PLA/Talc 5 vol% treated with

3-aminopropyltriethoyxsilane (APTES)

Sample Tensile Young’s Elongation at Tensile

no. strength (MPa)  Modulus (MPa)  break (%) toughness (mJ)
1 50.4 2405.3 3.3 343.0

2 52.1 2366.9 3.3 349.7

3 50.5 2344.5 3.1 332.1

4 50.0 2346.5 3.1 387.2

5 50.0 2420.4 3.2 355.7
Avg. 50.6 2376.7 3.2 353.5
S.D. 0.9 34.6 0.1 20.7

Table D.14 Tensile properties in thermoforming process of PLA/Talc 5 vol% treated

with 3-aminopropyltriethoyxsilane (APTES)

Sample Tensile Young’s Elongation at Tensile

no. strength (MPa)  Modulus (MPa)  break (%) toughness (mJ)
1 56.9 2362.8 2.8 279.1

2 55.1 2426.2 2.8 290.0

3 55.0 2350.5 2.7 270.6

q 55.2 2424.6 2.9 272.0

5 56.6 2429.8 3.0 277.7
Avg. 55.8 2398.8 2.8 277.9

S.D. 0.9 38.8 0.1 7.7
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Table D.15 Tensile properties in sheet films of PLA/Talc 5 vol% treated with

vinyltriethoyxsilane (VTES)

Sample Tensile Young’s Elongation at Tensile

no. strength (MPa)  Modulus (MPa)  break (%) toughness (mJ)
1 52.7 2280.4 3.3 306.3

2 53.7 2133.1 3.1 364.7

3 50.4 2312.1 3.5 387.3

a4 53.8 2186.1 3.4 303.2

5 52.2 2146.1 3.4 357.8
Avg. 52.6 2211.6 3.4 343.9
S.D. 1.4 80.5 0.2 37.4

Table D.16 Tensile properties in thermoforming process of PLA/Talc 5 vol% treated

with vinyltriethoyxsilane (VTES)

Sample Tensile Young’s Elongation at Tensile

no. strength (MPa)  Modulus (MPa)  break (%) toughness (mJ)
1 54.4 2179.4 2.9 277.6

2 56.8 2171.7 29 269.0

3 56.1 2300.2 2.9 290.6

4 55.7 2167.8 29 286.4

5 56.2 2234.6 2.9 266.1
Avg. 55.9 2210.7 2.9 277.9

S.D. 0.9 56.8 0.0 10.6
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