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In order to reduce carbon footprint in polymers used for packaging and other
engineering applications, biobased polymers can be blended with other thermoplastic
polymers. The approach in this research was to blend a biobased polymer with a
thermoplastic material by extrusion utilizing twin screw extruder. The materials of the
choices were biobased polymer polylactic acid (PLA) polymer and extrudable polyester,
EB062. This polymer is a branched version of a highly modified CHDM (1, 4-
cyclohexanedimethanol) copolymer of PET, which is commercially available from
Eastman Chemical Company. The objective of this research was to develop means of
incorporating biobased content into thermoplastic material and to develop an
understanding of the method of variables, the melt process ability, the structure of the
resulting blends, and their physical properties.

Differential scanning calorimetry (DSC) was used to study thermal properties. It was
observed that two glass transition temperatures appeared when the percentage of PLA

involved in the blend was above 20 wt%, regardless of what the viscosity of PLA resins
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were used. However, compared with the low viscosity PLA resins, the high viscosity
PLA resins showed better compatibility with EB062 at the same operation conditions. It
was also observed that, in spite of the operation temperature to prepare the blend, there
were no significant changes in glass transition temperatures (T,) of the blends compared
to neat PLA or EB062. With a concern that less residual time during extrusion would
limit the chemical reaction between the components of the binary blend, annealing tests
were applied. After analysis of the data, it was found that with the increasing annealing
time, the crystallization temperature increased, while, the crystallinity decreased. The
same trait was observed with the neat PLAs, both high IV resins and low IV resins. A
possible reason was that PLA copolymer probably would undergo racemization to form

meso-lactide, and therefore impact the material properties of the resulting PLA polymer.
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Chapter 1  Introduction

There is need to reduce carbon footprint in polymers used for packaging and other
engineering applications. The methods used include: synthesis of new biobased material,
synthesis of copolymers, and blending of biobased polymer with thermoplastic polymers.
The approach in this research was to blend a biobased polymer with a thermoplastic
polymer by reactive extrusion utilizing a twin screw extruder. The materials of choices
were biobased polymer polylactic acid (PLA) and extrudable polyester, EB062. The
objective of this research was to develop means of incorporating a biobased content into a
thermoplastic material. The choice of the polyester was based on its utilization in
extrusion blow molding which intends for a large size container. This research was
performed with the anticipation that a copolymer to be formed by a transesterification
reaction, since EB062 and PLA contain end groups capable of reacting to form a

copolymer. The specific objectives were to study and determine:

1. The possibility of forming a copolymer by reaction, which may occur between
PLA and polyester through extrusion.
2. The effects of time and temperature during melting blending on the reaction.

3. The thermal transitions and the crystallization of the blend.



1.1 Introduction to PLA and EB062

1.1.1 Properties and application of Poly (lactic acid) (PLA)

Nowadays, non-renewable crude oil and natural gas are the main resources for deriving
plastics. Despite the fact that some plastics are being recycled and reused, the majority
are disposed in landfills. The production and use of bioplastics is generally regarded as a
more sustainable activity when compared with thermoplastic production from petroleum,
because they are less dependent on fossil fuel. Development of consumer products from
biodegradable and renewable materials is drawing an increasing attention from

researchers and industry [1-5].

Poly (lactic acid) (PLA) is a kind of linear aliphatic polyester derived from renewable
sources such as starch and sugar. PLA is environmentally biodegradable and can
ultimately be decomposed into carbon dioxide and water [6-7]. The basic building block
of PLA, lactic acid (see Figure 1-1), can be produced by carbohydrate fermentation or

chemical synthesis. It exists in two optically active configurations, the L- and D- isomers.
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Figure 1-1 Chemical structure of L- and D-lactic acid [2]

Polylactide is one of the few polymers in which the stereochemical structure can easily be
modified by polymerizing a controlled ratio of the L- or D-isomers. PLA exists in three
stereoforms: poly (L-lactide) (L-PLA), poly (D-lactide) (D-PLA), and poly (DL-lactide)
(DL-PLA). L-PLA and D-PLA are semi-crystalline, but DL-PLA is more amorphous due
to a random distribution of both isomeric forms of lactic acid. PLA will undergo thermal
degradation at temperatures above 200°C by hydrolysis, lactide reformation, oxidative
main chain scission, and inter- or intramolecular transesterification reactions. PLA
degradation is not only dependent on time, and temperature, but also on low-molecular-
weight impurities, and catalyst concentration [11]. Polylactide homopolymers have a
glass-transition and melt temperature of about 55°C and 175°C, respectively. The
required processing temperatures are around 185-190°C [11]. Above these temperatures,
unzipping and chain scission reactions will lead to loss of molecular weight, as well as

thermal degradations.



1.1.2 Properties and application of EB062

Polymer resins, such as PET, are widely used in the packaging industry. PET is a linear,
thermoplastic polyester resin. The numerous advantages of PET include toughness,
clarity, lightweight, good barrier properties and good shelf-life performance. Furthermore,
PET is recyclable and thus it is environmentally friendly. These characteristics of PET
make it a popular material in the manufacturing of food packaging, textile fibers, bottle

containers, engineering plastics in automobiles and electronics [12-15].

Eastar Copolyester EB062 is a branched version of a highly modified CHDM (1, 4-
cyclohexanedimethanol) copolymer of PET having an intrinsic viscosity of 0.75 dl/g sees

Figure 1-2,

— O O -
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Figure 1-2 Chemical structure of EB062 [17]



EBO062 is a resin specifically developed for extrusion blow molded bottles. Compared to
commonly used materials, Eastar copolyester EB062 runs on most standard processing
equipment. Branching effectively increases the melt strength of the resin.[18]. Copolymer
used in this resin suppresses crystallization producing high clarity at the same time
allowing the resin to be processed at lower temperatures. Lower processing temperature
results in higher melt viscosity, which in turn serves to improve the process stability in
extrusion blow molding. All of these superior characteristics make this resin an excellent

choice when manufacturing large bottles.

1.2 PLA/EBO062 Blends

1.2.1 Why blends?

Now it has been a common practice to blend existing polymers to obtain new materials.
Compared with searching for new monomers and polymers, blending is often done at
lower-cost and more time saving. However, simply blending with different polymers
most probably leads to a material with poor mechanical properties because of the
thermodynamically immiscible of polymer pairs. Compatibilization is therefore called

upon. Its role is to stabilize the morphology and modify the interfacial properties of the



blend. This is achieved by adding or creating in situ, during the blending process, a third
component, often called an interfacial agent, emulsifier or compatibilizer [19]. The latter
can be a block or graft copolymer, which tends to be placed at the interfaces between the
phases of the blend. As such, the dispersion of one component in the other improved, the
interfacial tension is reduced and the adhesion of the interfaces enhanced. The presence

of a copolymer also accelerates the melting of polymer blends [19].

1.2.2 Important concerns for PLA/EB062 blends

The greatest concern during blending is to achieve miscibility between the polymer
components. The majority of polymer pairs are thermodynamically immiscible because
of the positive free energy change (AG) during mixing. The properties of the blends are
to a large extent relying on the miscibility of the polymers. Weak adhesion at the
interface will result in poor mechanical properties such as low impact resistance and low
elongation. PLA/EB062 blends are inherently immiscible and opaque parts when
insufficient miscibility between these two polymers is achieved. The lack of clarity is due
to the particle size of the dispersed phase being large enough to scatter the incident light.
Only when the sufficient miscibility between the two phases is achieved can a polymer be
transparent. A variety of methods are available to improve the compatibility between

components in polymer blends. The principle of the reactive compatibilization of
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polymer blends is to use block or random copolymers, containing segments with
chemical structures similar to those of polymers in the blend. The copolymers can be
added to the mixture of polymers or formed in situ between the functional groups in the
polymers [15]. These copolymers act as compatibilizing agents and decrease the surface
energy thus inducing compatibilization in the system. More detailed discussion is

presented in the literature review section.

In polyester blends, such as PLA/EB062 blends, the transesterification reaction between
the two polyesters could produce the required copolymers to increase their compatibility.
Most of the research on the transesterification reaction and its effect on miscibility in
polymer blends have focused on melt mixing. It was found that temperature and time
were the main factors controlling the reactions in the melt phase [22]. In order to achieve
adequate transesterification reactions in the blend, the melt mixing process need to be
operated either for a longer residence time at moderate temperatures or at comparatively

high temperatures.



1.3 Objectives

At Polymer Institute we have ongoing programs that include the development of polymer
binary blends of the type A/B, prepared through reactive extrusion. This work has
included polyester/polyester as well as polyester/polyamide blend. It is the objective of
this program to investigate reactive extrusion blending of biobased polymers with
polyesters. For this purpose biobased PLA and an amorphous (slow crystallization, slow
melting) polyester were chosen for initial investigations. Specifically Eastman EB062

copolyester was chosen to represent polyester portion of the blend.

The objective of this project was to investigate the thermal properties of a binary polymer
blend prepared by extrusion, including the glass transition temperature, the crystallization
temperature, the melting temperature, and the crystallization behavior. The results of the
analysis of the data will prove the presence of thermal properties changes in the two
polymers chosen for the study. A second objective was to develop an understanding of
the annealing time at high temperature and various temperatures‘ effect to PLA/EB062
blends. The experimental variables included: reaction extrusion temperature, PLA

correlation in the blend, annealing time, and initial L.V.



Chapter 2  Literature Review

2.1 Properties of Poly (ethylene terephthalate) (PET)

PET is a key member of the synthetic polyester family and of significance in industrial
applications. PET was first prepared in 1941 in Accrington U.K. During the last seven
decades, PET has found itself in commercial markets for a variety of applications such as
textiles, films, foamed articles, and containers for various beverage products such as

carbonated soft drinks, water, and fruit juices [23].

The significant success of PET is due to its low manufacturing costs combined with its
superb balance of properties that include high optical clarity, high impact strength,
gaseous barrier, thermal resistance, ability to strain induced crystallization, good

environmental safety and creep resistance. [23].

PET is semi-crystalline aromatic polyester. Depending on the fabrication methods and
conditions, PET can be made into amorphous or crystalline forms. PET has a glass
transition temperature (T,) of around 80 °C and melting peak temperature (T,,) of around

255°C[24-25].



2.2 Properties of Poly (ethylene terephthalate) glycol (PETG)

PETG, an amorphous copolymer of PET, is another important polymer in the polymer
processing industry. The letter G refers to the additional glycol group along the backbone
of the copolymerizing agent, poly (1, 4-cyclohexylenedimethylene terephthalate) (PCT)

(see Figures 2-1 and 2-2).

= g l
-0—(H:—f’ >—c —0-CH,CH,

M X
O

Figure 2-1 chemical structure of PET

r - 0 : ]
‘og {» —Co CHE@CHEJ;

Figure 2-2 chemical structure of PCT

The glass-like clarity, toughness and excellent gas-barrier properties make PETG an
outstanding choice for storing biologicals. PETG is often used to produce large

thermoformed parts such as medical device packaging and face shields. PETG and PET

10



are very difficult to distinguish because they have similar glass transition temperatures,
and they both show relatively similar deformation behavior. But there is a significant
difference: PET willingly undergoes strain-induced crystallization, whereas in PETG

crystallization is very difficult, if not impossible, at processing temperatures.

2.3 Properties of branched PETG

As mentioned above, PET has widely been used for packaging industry. PET is a popular
material in the manufacturing of containers, for example, beverage bottles. There is a
requirement for the resins to form beverage bottles. The typically used "bottle grade"
PET should have an inherent viscosity (I.V.) of about 0.72-0.84 dl/g. However the bottle
grade PET cannot be used to make larger containers such as handle ware by extrusion
blow molding because PET has linear polymer chains, which would lead to poor melt
strength. Poor melt strength results in the failure to form a parison. The molten parison is

drawn down by its own weight, leading in to sagging and failure to form the parison.

An alternate solution is to use branched PETG. An example is the Eastar Copolyester
EB062, manufactured by Eastman Chemical Company. EB062 is a branched version of a
highly modified CHDM (1, 4-Cyclohexanedimethanol) copolymer of PET having an L.V.
of 0.75 dl/g. The melt strength of the resin effectively increases due to branching effect.
Copolymer suppresses crystallization producing high clarity while allowing the resin to

be operated at lower temperatures.

11



2.4 Blends of PLA with other materials

Examples of blends of PLA with other materials have been discussed in the literature.
Ohkoshi et al. [28] and Koyama and Doi [29] studied the miscibility of binary blends of
poly [(R)-3-hydroxybutyric acid] (P [(R)-3HB]) with poly [(S)-lactic acid] (P [(S)-LA])
of various molecular weights. After the DSC analysis, the result showed the blends of P
[(R)-3HB] with P [(S)-LA] of M,, values over 20,000 showed two phases, while the
blends of P [(R)-3HB] with P [(S)-LA] of My, values below 18,000 were miscible in the
melt over the whole composition range. This revealed that the structure of P [(R)-3HB]/ P
[(S)-LA] blends was strongly dependent on the molecular weight of the P [(S)-LA]

component.

Suyatma et al. [30] reported on biodegradable film blends of chitosan with PLA by
solution mixing and film casting. Incorporating PLA with chitosan would improve the
water barrier properties and decrease the water sensitivity of chitosan film, because the
chitosan is a natural polymer, non-toxic, edible, end biodegradable, and derived by
deacetylation of chitin. The elastic modulus and tensile strength of chitosan, however,
decreased due to the addition of PLA. Thermal and mechanical properties revealed that
PLA blends and chitosan are incompatible due to absence of specific interaction between

PLA and chitosan.

Ke and Sun [31] characterized blends made from starch and PLA in the presence of
various water contents. They discovered that the moisture content did not affect the

thermal and crystallization properties of PLA in the blend. And the detailed thermal

12



behaviors of the starch/PLA blends have been studied by DSC. Starch affected the
melting point and degree of crystallinity of PLA, and also increased the crystallization

rate of PLA.

Jagjit R Khurma, David R Rohindra and Ranjani Devi [32] studied Poly(lactic
acid)(PLA)/Poly(vinyl butyral)(PVB) blend prepared through solution casting method
using chloroform as solvent. DSC measurements showed that the T, of PLA and PVB in
the blends were almost constant over the entire composition range indicating
immiscibility of the polymers. The addition of PVB did not affect the crystallization
process and the percentage crystallinity of PLA. They also found a double peak appeared
around 162 °C and 168°C for pure PLA and blends containing more than 50 wt% PLA.
DSC thermograms are showed in Figure 2-3. These double peaks indicate two
populations of crystals with different lamellar thickness when the sample is cooled from

the molten state [30].

13
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Figure 2-3 Second-heating-scan DSC thermograms [30].

Y. Hu, Y.S. Hu and V. Topolkaraev et al.[33] performed their research on the
crystallization and phase separation in blends of high stereoregular poly(lactide) with
poly(ethylene glycol). They determined that blending with PEG can accelerate PLA
crystallization. However, the extent of PLA crystallization was depended on the cooling
rate. The crystallization temperature of PLA decreased without affecting the extent of
PLA crystallization. The crystallization temperature of PEG slightly decreased, while the
amount of PEG crystallinity decreased more than in proportion to the amount of PEG to

the extent that no crystallization of PEG was detected in the 90/10 blend.

Peng zhao et al. [34] melt blended poly (butylenes adipate-co-butylene terephthalate)
(PBAT)/PLA. The blend of PLA and PBAT was prepared using a twin screw extruder.
The thermal properties of PLA/PBAT blends were investigated by DSC. The results
showed that the T, of blends did not change with PBAT contents in blends. This trend

suggests that the PLA and PBAT are not thermodynamic compatible, especially with



higher PBAT content. The addition of PBAT to the PLA matrix resulted in weaker and
wider crystallization peak (about 110°C), suggesting that blending of PBAT with PLA
has an influence on crystallizability of PLA. Moreover, Tp,s of blends (about 150°C) are
the same as Ty, of pure PLA, revealing that addition of PBAT into PLA has no effect on
T, of PLA. Additionally, with the increase of PBAT content in blends, A Hc and A Hm
of blends increase firstly, reach the highest value when the PBAT content is 15wt%, and

then decrease.

Tadashi Yolohara and Masayuki Yamaguchi [35] studied the structure and properties of
binary blends composed of poly (lactic acid) (PLA) and poly (butylenes succinate) (PBS).
The rheological measurements in the molten state reveal that the entanglement molecular
weight of PLA is lower than that of PBS. Thermal analysis showed that addition of PBS
enhances the crystallization of PLA even though PBS is in a molten state. Further, the
cold-crystallization for quenched blends occurs at lower temperature than that for a
quenched PLA. They concluded that the nucleating ability of PBS leads into generation

of PLA crystallites during the quenched operation.

Amita Bhatia, Rahul K. Gupta et al. [36] also studied the compatibility of biodegradable
poly (lactic acid) (PLA) and poly (butylenes succinate) (PBS) blends. They concluded
that up to 10 wt% of PBS in PLA, T, and T,, of PLA have not changed, while as the
composition of the PBS content increases (> 10 wt%) the thermogram showed a small
exothermal peak shift towards lower temperature and continues for other blends. The
increase in the PLA content in PLA/PBS blends also showed exothermal peak shifts in
the blends are not so noticeable, which indicates immiscibility. Miscibility of PBS in

PLA is possible up to 20 wt%. It was reported by Sweet and Bell (1972) and Roberts

15



(1970) that blends of PLA and PBS also show double endothermic peaks in the
differential scanning calorimetry (DSC) thermogram for the second heating. It was
concluded by these researchers that PLA/PBS blends are immiscible. Lee and Lee (2005)
provided reason for the appearance of double endothermic peaks in the second heating
scan. They concluded that the appearances of double endothermic peaks are due to
quenching after the first heating cycle. It does not give sufficient time for high melting

crystallite to form. Therefore, more smaller crystallites are produced.

Abdellatif Mohamed et al. [37] investigated poly (lactic acid)/polystyrene bioblends.
From the DSC data, they considered that some type of interaction exists between the
polymers because the bioblends displaced Ty, and T, values that varied with composition.
On the other hand, these observations were (a) PLA/PS bioblends showed two
composition independent glass transitions, and (b) PLA/PS bioblends showed AHc and
AHm values that had a linear relation to concentration of PS. Observations of another set

of DSC data indicated PLA/PS immiscibility.

M.E. Broz, D.L. VanderHart, N.R. Washburn [36] studied the structure and thermal
properties of poly(D,L-lactic acid)/poly( ¢ -caprolactone) blends. They claimed the two
components of PLA/PCL blend are not miscible and some adhesion might happen at the
PLA/PCL interface when the majority phase is PCL but not when it is PLA. They
concluded that the blend may have complex phase behavior that depends on the method

of preparation because the DSC results were somewhat variable.

Maria Letizia Focarete and Mariastella Scandola [37] used a solvent casting method to

prepare poly (L-lactide-co-glycolide) (PLLAGA)/poly(3-hydroxybutyrate) (PHB) and
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poly(DL-lactide) (PDLLA)/ poly(3-hydroxybutyrate) (PHB) blend films. In their
miscibility study, they found that the a-PHB/PDLLA blends are miscible over the whole
composition range. However, blends of a-PHB with PLLAGA copolymers containing 5
and 16 mol % of GA units show limited miscibility. The solubility limit of a-PHB in

PLLAGA is around 20 wt % in both cases.
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Chapter 3  Experimental

3.1 Material Used

The PLAs used in this work were commercially available products from NatureWorks
LLC- an amorphous PLA (Grade 3251D) and a semi-crystalline PLA (Grade 7000D).
The PLA (Grade 3251D) and the PLA (Grade 7000D) have the same density, reported as
1.24 g/cc. The PLA (Grade 3251D) has a reported M,= 29,000 g/mol, M,,= 52,000 g/mol.
The PLA (Grade 7000D) has a reported M= 80,000 g/mol, My= 150,000 g/mol. The
copolyester EB062 used is a commercial polymer manufactured by Eastman Chemical
Company, with a reported inherent viscosity about 0.75 dl/g. EB062 is essentially an
amorphous copolyester material, with a crystallinity of less than 15% even after long

periods under isothermal heating history.
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3.2 Test samples preparation

3.2.1 Polymer blend I: low M.W. PLA (3251D) and EB062

A Werner &Phlerdever Corp. (2SK-30) self-wiping co-rotating twin-screw extruder was
used to make the PLA/EB062 blends from pure PLA (3251D) and EB062 resin pellets. A
uniform screw speed of 300 rpm was used for the extrusion. The blends prepared by

melting blend at 220°C and 230°C, and they are summarized in Table 3-1and Table 3-2.

Table 3-1 Sample designation and relevant sample components

SAMPLE PLA EB062 Operate Temp.

(wt %) (wt %) (°C)
Al 100 - 220
A2 95 5 220
A3 90 10 220
A4 80 20 220
A5 50 50 220
A6 20 80 220
A7 10 90 220
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Table 3-2 Sample designation and relevant sample components

SAMPLE PLA EB062 Operate Temp.

(wt %) (wt %) (°c)
B1 100 - 230
B2 95 5 230
B3 90 10 230
B4 80 20 230
B5 50 50 230
B6 20 80 230
B7 10 90 230

A nitrogen purge was used to protect material from oxidative degradation. Prior to
extrusion, blend materials were overnight dried using an Aircon hopper/drier at 60°C and
67°C for PLA and EB062, respectively. The extrudate was pulled through a cool water

bath and a pelletizer to obtain the blend pellets.

3.2.2 Polymer blend II: High M.W. PLA (7000D) and EB062

A Werner & Phleiderer Corp. (2SK-30) self-wiping co-rotating twin-screw extruder was
used to make the PLA/EB062 blends from pure PLA (7000D) and EB062 resin pellets. A
uniform screw speed of 300 rpm was used for the extrusion. The blends prepared by

melting blend at 200°C and 220°C, and they are summered in Table 3-3 and Table 3-4.
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Table 3-3 Sample designation and relevant sample components

SAMPLE PLA(7000D) EB062 Operate Temp.

(wt %) (wt %) (°c)
c1 100 - 200
Cc2 95 5 200
c3 90 10 200
ca 80 20 200
c5 50 50 200
C6 20 80 200
c7 10 90 200

Table 3-4 Sample designation and relevant sample components

SAMPLE PLA(7000D) EB062 Operate Temp.

(wt %) (wt %) (°c)
D1 100 = 220
D2 95 5 220
D3 90 10 220
D4 80 20 220
D5 50 50 220
D6 20 80 220
D7 10 90 220

A nitrogen purge was used to protect material from oxidative degradation. Prior to
extrusion, blend materials were overnight dried using an Aircon hopper/drier at 58°C and
67°C for PLA and EB062, respectively. The extrudate was pulled through a cool water

bath and a pelletizer to obtain the blend pellets.
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3.3 Characterizations

Material characterization

The thermal characteristics of the virgin polymers and the blends prepared were
measured using a Perkin Elmer differential scanning calorimetry (DSC-7) in unsealed
aluminum pans in a dry nitrogen atmosphere with an empty aluminum pan as reference.
All the data collected from the procedure of heating up the amorphous polymers after
quenched from melting condition at cooling rate of 300°C/min. The melting behaviors of
virgin polymers and blends made of low M.W. PLA (3251D) were monitored with
differential scanning calorimetry at preset heating rates of 10°C/min, while the heating
rate to measure the thermal properties of blends made of high M.W. PLA (7000D) was 1
°C/min. The melting points for each of the blends and the pure blend components were

taken as the temperature of the endothermic peak maximum.

Rheological characterization

The rheological measurements were performed with a capillary rheometer (Instron
Capillary Rheometer). The capillary was configured as follows: 1.008 inch for the length,

0.0304 inch for the diameter, and 0.375 inch for the barrel. The entrance pressure drop
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was determined instantaneously by an orifice (zero-length capillary) under the same
respectively. The temperature of the barrel was set at 220°C, and the shear rate ranged
from 10 to 10%s™. All the samples were dried at 60°C for 8 h. Before the tests, the

samples were preheated for 5 minutes in two barrels.
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Chapter 4  Results and discussion

4.1 Polymer blend I: Low M.W. PLA (3251D) and EB062

4.1.1 Melting behavior of neat PLA (3251D) and EB062

The crystallization and melting behaviors of the PLA (3251D) and EB062 are shown in
Figure 4-1 and Figure 4-2. The glass transition temperature (taken as the middle point of
the transition) of PLA (3251D) and EB062 are 60 °C and 82 °C respectively. The
crystallization temperature of PLA (3251D) is 169 °C. There is no crystallization
temperature for amorphous polymer EB062. The sharp peak on the shoulder of EB062 at

82 °C can be attributed to aging history.
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4.1.2 Melting behavior of PLA (3251D)/EB062 blends

4.1.2.1 Effect of different EBO62 composition in the blend

The thermal properties of melt-quenched PLA/EB062 blends were evaluated by DSC
from glassy state at a heating rate of 10°C min™. All the data are given in Table 4-1. Ty,
T., and T,, represent glass transition, cold crystallization, and melting temperature,
respectively. The X(PLA) is the weight fraction of PLA in the blend. The crystallinity

(Xc) of crystallized films were calculated according to the following equations [29]:

Non-normalized Xc (DSC) (%) =100 AH (M)/ AH (M) " Q)
Normalized Xc¢ (DSC) (%) = Non-normalized Xc¢ (DSC) (%) / Xpra 2)

where AH (M) is the enthalpy of melting of PLA crystal having an infinite thickness.

We used the value of 93J/g reported by Fischer et al. as AH (M) °[4].
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Table 4-1 Thermal properties of polymer blends made of PLA (3251D) at 220°C

SAMPLE ID X*(PLA) qa°(PLA) Tg°(EB062) T T.° AH(M)°  Non-normalized  normalized

(wt %) (°c) (°c) () (°c) (/g) Xc (DSC) (%) Xc (DSC) (%)
pure PLA 100 60 : 108 169 42 45 45
blend PLA/EB062 95 59 s 111 170 40 43 45
blend PLA/EB062 90 60 82 113 170 38 41 45
blend PLA/EB062 80 59 82 115 169 33 35 44
blend PLA/EB062 50 59 82 114 170 21 23 45
blend PLA/EB062 20 59 81 113 169 1 1 5
blend PLA/EB062 10 58 81 2 : 2 E
pure EB062 0 - 82 - - . - S

? X(PLA) = WPLA/WPLA+WEB062; where WPLA and WEB062 are weights of PLA and EB062,
respectively.
b T, and T,, are glass transition and melting temperatures, respectively.

¢ Enthalpy of melting.

The measurement of T,(s) is one of the conventional techniques to assess the miscibility
(e.g., complete miscible, partially miscible and completely immiscible) of binary polymer
blends. The blend is defined as miscible if it exhibits a single T, while two distinct T,*s

are indicative of a two phase system (partially miscible or completely immiscible).

Table 4-1 shows some interesting features. First, when the percentage of PLA (3251D) is
below 5 wt%, only one T, shows up. This suggests the miscibility of the two blend

components in the molten state. The two glass transition temperatures were observed for
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the blend with PLA (wt%)>10 at temperatures around 59 °C and 82 °C, which are in
agreement with the T, values of pure PLA and EB062, respectively. These findings are

indicative of the fact that PLA and EB062 are completely immiscible.
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Figure 4-3 T, of blend made of PLA (3251D) at 220°C

Second the EB062 affects crystallization of PLA. Figure 4-3 shows that, when PLA
composition is above 80 wt%, the T, values of the blends increased with decreasing of
PLA (3251D) composition. This reveals that the very small amount of EB062 chains

present in PLA-rich phase delayed the crystallization of PLA.

Third, the melting peaks are at a constant temperature around 170°C for the pure PLA
and blends with various compositions of PLA above 10%. On the other hand, neither cold
crystallization peak nor melting peak was observed for the blend with PLA composition

below 10 wt%, revealing that they are not crystallizable.
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Figure 4-4 shows the non-normalized crystallinity (Xc) of blend made of PLA (3251D) at
220°C. For Xc (DSC) values, we used the value of 93 J/g reported by Fischer et al. as AH
(M) °[39]. As seen in Figure 4-4, the Xc values increased linearly with increasing PLA
content. Figure 4-5 shows the normalized Xc (DSC) of the blends. The normalized Xc
(DSC) values were practically constant for PLA (wt%)>50. This indicates that the
coexisting EB062 did not influence the normalized Xc of PLA for PLA content above 50
wt% after the completion of crystallization. On the other hand, the normalized Xc (DSC)
values were practically small for PLA (wt%)<10, reflecting that PLA could not
crystallize in the presence of a large amount of EB062. The large amount of EB062
surrounding PLA could have disturbed the formation of PLA crystallite nuclei or the

growth of PLA crystallites in the limited crystallization period.
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Figure 4-5 Normalized crystallinity (Xc) estimated by DSC measurements of blend made

of PLA (3251D) at 220°C
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4.1.2.2 Effect of different extrusion temperature

The majority of polymer blends possess a multiphase morphology, and in most cases the
satisfactory physical and mechanical properties of these materials are related to the
presence of a stabilized finely dispersed phase. With a concern that low operation
temperature leads to low efficiency to well mix the polymer blends, higher temperature
was chosen. In Table 4-2 are the data collected from blends made of EB062 and PLA

(3251D) at 230°C:
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Table 4-2 Thermal properties of polymer blends made of PLA (3251D) at 230°C

" Tg(PLA) Tg"(EB062 T.P  AH(M)S nor:1c;r;i-zed Dolmalizes
SAMPLEID  (PLA) g(c(,c) ) Te ((°C) b 12 ) 0 (15 )) e (550
(wt %) & Xc(DsC) (%) ¢

(%)

pure PLA 100 60 - 108 169 42 45 45
blend

Ve 95 59 _ 111 170 40 43 45
blend

PLA/EBOS2 0 2 82 113 170 38 41 45
blend

T 80 59 82 115 169 35 38 47
blend

Y o 50 59 82 114 170 21 23 45
blend

Y 20 59 82 113 169 3 3 16
blend

PLA/EB062 e = 81 - - - ; ]

pure EB062 0 - 82 = - - - _

a X(PLA) = WPLA/WPLA+WEBO625 where WPLA and WEBO62 are WelghtS of PLA and EB062,

respectively.

b T, and T,, are glass transition and melting temperatures, respectively.

¢ Enthalpy of melting.

The binary polymer blends, when Xppa (3251D) is below 5 wt%, likewise exhibited only

one T,, suggesting the miscibility of the two blend components in the molten state. The

two glass transitions were observed for the blend with PLA (wt%)<95 at temperatures

around 59 °C and 82 °C, showing that PLA and EB062 are immiscible. And the melting

peaks are observed to be at a constant temperature of 170°C for the pure PLA and blends

with PLA composition above 10 wt%.
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As seen in Figure 4-6, T, is showing the same tendency as the results obtained from blend
produced at 220°C. When PLA composition is above 80 wt%, T. increases with the

decrease of Xpra (3251D) in the blend.
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Figure 4-6 T, of blend made of PLA (3251D) at 230°C

Figure 4-7 shows the Non-normalized crystallinity (Xc) of blend made of PLA (3251D)
at 220°C increased linearly with increasing Xppa (3251D). In Figure 4-8 the normalized
Xc (DSC) values are practically constant for PLA (wt%)>50. The normalized Xc (DSC)
values are practically zero for PLA (wt%)<10, reflecting that PLA could not crystallize in

the presence of a large amount of EB062.
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Figure 4-7 Non-normalized crystallinity (Xc) estimated by DSC measurements of blend

made of PLA (3251D) at 230°C
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Figure 4-8 Normalized crystallinity (Xc) estimated by DSC measurements of blend made

of PLA (3251D) at 230°C
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A possible reason for the normalized Xc (DSC) values maintain constant value for PLA
(Wt%)>50, both for the blends produced at 220°C and 230°C, is that the coexisting
EBO062 did not influence the crystallization of the blend for PLA (wt%)>50. But when the
large amount of EB062 surrounding PLA, they should have disturbed the formation of
PLA crystallite nuclei or the growth of PLA crystallites in the limited crystallization

period. In this way, PLA could not crystallize for PLA (wt %)< 10.

After compareing all the data given in Table 3 and Table 4, we find that most of the
thermal properties of the blends are the same. This shows different operation
temperatures 220°C and 230°C do not contribute too much to the improvement of the
multiphase morphology and thus the final mechanical properties of these blends made

with PLA(3251D).

4.1.2.3 Effect of different annealing time

In the next reheating test experiments, we hold the molten polymer blends at 220°C for 0,
10, 20, 45 and 120 minutes, with an anticipation that a longer holding time while the
polymer is in the molten state will increase the possibility of transesterification to occur
between the two components. Each time we quench the sample back to 30°C at a cooling

rate 300°C/min before reheating it to the melt.
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From Figure 4-9 to Figure 4-14 illustrate the DSC heating thermograms of blends made
of PLA (3251D) that had been annealed at 220 °C for different times. From these DSC
thermograms of blends made of PLA (3251D) at 220 °C, which are shown below, we can
find out that the T, of PLA and EB062, if available, are constant irrespective of the
annealing time. In the blends, the crystallization temperatures T, and melting temperature
T, of PLA are, in fact, depend not only on the blend composition and also on the
annealing time. The crystal peaks and melting peaks of the blend exist when PLA content
is higher than 10 wt%. For PLA content of 50% in the blend, the T, increases with the
increasing annealing time, whereas it increases more evidently when PLA content in the
blend is 95%. Meanwhile, an increase in the annealing time results in the decline of Ty,.

There is no crystallization when PLA (wt %)< 10.
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Figure 4-9 Heat flow rate vs. temperature of PLA/EB062 95/5 blends (220°C) heating at
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clarity.

37



2842 4

Tg (PLA)Tg (EB062)

b
=
1

e

10°¢

10

Hesat Flovy Endo Up (mW)] ———

5

-B.332 T T T T T T T T T |
i 31.53 40 B0 =] 100 120 140 160 180 200 Pl
Temperature ("C)

Figure 4-10 Heat flow rate vs. temperature of PLA/EB062 90/10 blends (220°C) heating
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Figure 4-11 Heat flow rate vs. temperature of PLA/EB062 80/20 blends (220°C) heating
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Ordinate values are normalized for total sample mass. Curves are displaced vertically for

clarity.
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Figure 4-12 Heat flow rate vs. temperature of PLA/EB062 50/50 blends (220°C) heating

at 10°C/min after cooling from the melt at 300°C/min.

Ordinate values are normalized for total sample mass. Curves are displaced vertically for

clarity.
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Figure 4-13 Heat flow rate vs. temperature of PLA/EB062 20/80 blends (220°C) heating

at 10°C/min after cooling from the melt at 300°C/min.

Ordinate values are normalized for total sample mass. Curves are displaced vertically for

clarity.

41



185 4 ¢
Tg (PLA)TE (E!BO62) 0

Marmalized Heat Flow Endo Up (W/ag)

2945 40 B0 a0 100 120 140 160 180 200 ks
Temperature (M)

Figure 4-14 Heat flow rate vs. temperature of PLA/EB062 10/90 blends (220°C) heating

at 10°C/min after cooling from the melt at 300°C/min.

Ordinate values are normalized for total sample mass. Curves are displaced vertically for

clarity.
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4.2 Polymer blend II: High M.W. PLA (7000D) and EB062

4.2.1 Why change PLA?

Polymer blends which possess a multiphase morphology, the control of the morphology
of the dispersed phase in such systems depends on varying degrees of interfacial
interaction [40], viscosity ratio [40], shear rate [45], elasticity of components [46], and
processing conditions [42]. The particle size of the dispersed phase and its dependence on

the parameters described above is given by:

a =
G \Nim

Equation 3 dispersed phase particle size equation [40]

G is the rate of mixing, v is the interfacial tension, 1, and ng are the melt viscosities of
the matrix and the dispersed phases respectively. Specifically in this research, 1, and ng
represent the viscosity of PLA and EB062, respectively. By choosing a higher molecular
weight PLA, the melt viscosities of the two blend components become closer to each
other and thus potentially reducing the values of —&”. In Figure 4-15 are the apparent
viscosities of PLA 3251D, PLA 7000D, and EB062. And it is showing that the melting

viscosity of high molecular weight of PLA is closer to that of EB062.
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Figure 4-15 Apparent viscosity of PLA 3251D, PLA 7000D, and EB062
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4.2.2 Melting behavior of neat PLA (7000D) and EB062

The crystallization and melting behaviors of the PLA (7000D) and PLA (3251D) are like
each other. The glass transition temperature (taken as the middle point of the transition)
of neat PLA (7000D) and EB062 are 56°C and 82°C, respectively. The crystallization

temperature and melting temperature of neat PLA (7000D) are 122°C and 156°C.

4.2.3 Melting behavior of blend made of PLA (7000D) and EB062

4.2.3.1 Effect of different EBO62 composition in the blend

In Table 4-3 are the data collected from blends made of EB062 and PLA (7000D) at
220°C. Some similar features have been observed for the blend made of PLA (7000D).
The two glass transitions were observed for the blends with PLA (wt %)< 50, at
temperatures around 56 °C and 78 °C. The value 56°C is in agreement with the T, value
of pure PLA, but the other measured value 78 °C is below the T, of pure EB062, which is
82 °C. These findings are indicative of the fact that PLA and EB062 are possible partly
miscible. When only one T, shows up, the percentage of PLA (7000D) involved in the

binary blend increases from 5wt% to 20 wt%. This suggests the miscibility of the two
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blend components in the molten state is related with viscosity of PLA. The melting peaks
are observed at a constant temperature around 157 °C for blends with PLA composition

above 50 wt%.

Table 4-3 Thermal properties of polymer blends made of PLA (7000D) at 220°C

" Tg(PLA) Te"(EBOG2) Tm®  AH(M) :::r;\alized normalized
SAMPLEID  (PLA) g(oc) 8 ) T2 (°0) (0'2) e 050
(Wt %) 8l xc(Dsc) (%) ¢
(%)
pure PLA 100 57 - 113 158 28 30 30
blend
PLA/EB062 95 57 - 111 157 27 29 31
blend
PLA/EBOG2 90 57 - 111 157 24 26 29
blend
N 80 56 : 114 157 21 23 28
blend
PLA/ERO62 50 56 79 112 158 14 15 30
blend
PLA/EB062 20 56 78 - - - . )
blend
PLA/EB062 10 55 78 - - - ] )
pure EB062 0 - 82 - - = - -

* X(PLA) = WpLa/Wpa+Weses, Where Wpa and Wieposr are weights of PLA and EB062,

respectively.
b T, and T,, are glass transition and melting temperatures, respectively.

¢ Enthalpy of melting.
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Figure 4-16 shows the T, values of the blends first decreased and then increased with
decreasing of PLA (7000D) composition. This reveals that the very small amount of
EBO062 chains present in PLA-rich phase delayed the crystallization of PLA. But this
delay crystallization effect becomes weaker with the increasing EB062 composition in
the blend. No cold crystallization peak is observed for the blends with PLA composition

below 50 wt% revealing that they are not crystallizable.
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Figure 4-16 T, of blend made of PLA (7000D) at 220°C
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Figure 4-17 shows the non-normalized crystallinity (Xc) of blends made of PLA (7000D)
at 220°C. The X(PLA) is the weight fraction of PLA in the blend. The crystallinity (Xc)

of crystallized films were calculated according to the following equations [29]:

Non-normalized Xc (DSC) (%) =100 AH (M)/ AH (M) ° 4)
Normalized Xc (DSC) (%) = Non-normalized Xc (DSC) (%) / Xpra %)

Here AH (M) " is the enthalpy of melting of PLA crystal having an infinite thickness. We

used the value of 93J/g reported by Fischer et al. as AH (M) ’[4].

As seen in Figure 4-17, the Xc values increase linearly with increasing PLA (wt%).
Figure 4-18 shows the normalized Xc (DSC) of the blends. The normalized Xc (DSC)
values for PLA (wt %)> 50 were practically constant around 30. It is higher than the
normalized Xc (DSC) value of neat PLA. That is because the neat PLA did not go

through the extrusion process. The normalized Xc (DSC) values is practically zero for

PLA (Wt%)<20.
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Figure 4-17 Non-normalized crystallinity (Xc) estimated by DSC measurements of blend

made of PLA (7000D) at 220°C
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Figure 4-18 Normalized crystallinity (Xc) estimated by DSC measurements of blend

made of PLA (7000D) at 220°C

49



4.2.3.2 Effect of different extrusion temperature

In Table 4-4 are the data collected from blends made of EB062 and PLA (7000D) at
200°C. Compare the data of polymer blends processed at 220 °C and 200 °C, when only
one T, shows up, the PLA (7000D) content in the blends drops from 20 wt% to Swt%.
Two glass transitions are observed for the blend with PLA (wt %)<95, indicating the
components of the blend are immiscible. It also shows the different operation
temperatures do not have much effect on the transesterification occurring between the

two components.
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Table 4-4 Thermal properties of polymer blends made of PLA (7000D) at 200°C

Non- .
" Tg'PLA) Tg"(EBOG2 T,  AH(M)® normalized  ormalized
savpieip - (b 1€ TR rea gy S Xc (DSC)
(wt %) 8 xc(DSC) (%) £
(%)
pure PLA 100 57 - 112 158 28 30 30
blend
PLA/EBO62 95 56 : 109 157 24 26 27
blend
R 90 56 79 108 157 22 24 26
blend
e 80 57 80 111 157 18 19 94
blend
Y T 50 56 78 112 158 13 14 58
blend
PLA/EBO62 = 56 78 - - - - )
blend
PLA/EB062 L 56 79 : - - ; _
pure EB062 0 - 82 - - = - -

a X(PLA) = WPLA/WPLA+WEBO625 where WPLA and WEBO62 are WelghtS of PLA and EB062,

respectively.

b T, and T,, are glass transition and melting temperatures, respectively.

¢ Enthalpy of melting.
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Figure 4-19 shows the T, values of the blends made of PLA 7000D likewise first
decreases then increase with the decreasing of PLA (7000D) composition. Figure 4-20
depicts the Xc values increased linearly with increasing PLA (wt %). On Figure 4-21 the
normalized Xc (DSC) values were around 27% for PLA (wt%)>50, which is lower than
the value (30%) get from blends processed at 220°C. One possible explanation is that the
blends produced at higher temperature went through more thermal degradation than the
blends made at lower temperature. Thermal degradation lowers the IV value of PLA and
thus leads to high crystallinity. Meanwhile, the normalized Xc (DSC) values were

practically zero for PLA (wt%)<50.
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Figure 4-19 T, of blend made of PLA (7000D) at 200°C
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4.2.3.3 Effect of different annealing time

Figure 4-22 to Figure 4-27 illustrate the DSC heating thermograms of the 1°C/min melt-
cooled samples that had been annealed at 220 °C for different times. From these figures,
we can conclude that the T, of PLA and EB062, if present, are constant value regarding
to different annealing time. When PLA (wt%)>20, The T, of the blends shift to higher
value while the Ty, of the blends shift to lower one with the longer annealing time. There

is no crystallization when PLA content in the blend is lower than 20 wt%.
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Figure 4-22 Heat flow rate vs. temperature of PLA/EB062 95/5 blends (220°C) heating at

1°C/min after cooling from the melt at 300°C/min.

Ordinate values are normalized for total sample mass. Curves are displaced vertically for

clarity.
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Figure 4-23 Heat flow rate vs. temperature of PLA/EB062 90/10 blends (220°C) heating

1°C/min after cooling from the melt at 300°C/min.

Ordinate values are normalized for total sample mass. Curves are displaced vertically for

clarity.
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Figure 4-24 Heat flow rate vs. temperature of PLA/EB062 80/20 blends (220°C) heating

1°C/min after cooling from the melt at 300°C/min.

Ordinate values are normalized for total sample mass. Curves are displaced vertically for

clarity.
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Figure 4-25 Heat flow rate vs. temperature of PLA/EB062 50/50 blends (220°C) heating

1°C/min after cooling from the melt at 300°C/min.

Ordinate values are normalized for total sample mass. Curves are displaced vertically for

clarity.
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Figure 4-26 Heat flow rate vs. temperature of PLA/EB062 20/80 blends (220°C) heating

1°C/min after cooling from the melt at 300°C/min.

Ordinate values are normalized for total sample mass. Curves are displaced vertically for

clarity.
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Figure 4-27 Heat flow rate vs. temperature of PLA/EB062 10/90 blends (220°C) heating

1°C/min after cooling from the melt at 300°C/min.

Ordinate values are normalized for total sample mass. Curves are displaced vertically for

clarity.
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There is a concern that all the features observed from the annealing test are due to one of
the two components in the blends. To have a better understanding about the T, and Ty,

shifting, we do the same annealing test for the neat PLA 3251D and PLA 7000D.

Figure 4-28 and Figure 4-29 are thermographs of neat PLA 3251D and PLA 7000D
undergoing the annealing test. The same features are observed again. The T, of the blends
shift to higher value while the T, of the blends shift to low value with the longer
annealing time. Based on this, we can conclude all the thermal property changes seen

previously are mainly due to the pure PLA thermal properties changes.
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Figure 4-28 Heat flow rate vs. temperature of pure PLA (3251D) heating at 10°C/min

after cooling from the melt at 300°C/min
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Figure 4-29 Heat flow rate vs. temperature of pure PLA (7000D) heating at 10°C/min

after cooling from the melt at 300°C/min
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4.3 Polylactide Copolymers

Poly (lactide) (PLA) has stereoisomers, such as poly (L-lactide) (PLLA), poly (D-lactide)
(PDLA), and poly (DL-lactide) (PDLLA). Isotactic and optically active PLLA and PDLA
are crystalline, whereas relatively atactic and optically inactive PDLLA is amorphous
[47]. The mechanical properties and crystallization behavior of PLA are very dependent
on the molecular weight and stereochemical makeup of the backbone. The stereochemical
makeup is very easily controlled by the polymerization with D- lactide, L-lactide, D, L-
lactide, or meso-lactide, to form random or block stereocopolymers [48]. Pure poly(D-
lactide) or poly (L-lactide) has an equilibrium crystalline melting point of 207°C [50], but
typical melting points are in the 170-1800C range. This is due to small and imperfect
crystallites, slight racemization, and impurities. Perego et al. [51] studied the effects of
molecular weight and crystallinity on the mechanical properties of PLA by polymerizing
pure L-lactide and D, L-lactide to create amorphous or semicrystalline polymers. They
found that the glass transition temperature wasn‘t greatly affected by the stereochemical
makeup or the range of molecular weights tested. Bigg [52] had shown table of the
various PLA samples investigated. The primary transition temperatures and melting
temperatures of PLA copolymers are present in Table 4-5.The primary transition

temperatures and melting temperatures of PLA copolymers are presented in Table 4-5.
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Table 4-5 Primary Transition Temperatures of Selected PLA Copolymers [52]

Glass transition Melting Temperature,
Copolvmer ratio temp. ("C) (°C)
100/0 (L/D.L)-PLA 63 178
95/5 (L/p.L)-FLA 59 164
90/10 (L/D.L)-PLA 56 150
85/15 (L/p.L)-FLA 30 140
80/20 (L/D.L)-FLA 56 (125)°

*Melting point achieved by strain crystallization

After comparing the melting temperatures of PLA copolymers with different copolymer
ratios, we can conclude that the more D, L-lactide involved in the PLA copolymer, the

lower melting temperatures are.

Leevameng Bouapao et al. [54] investigated the effect of incorporated PDLLA on the
PLLA/PDLLA blends at different blending ratio. The two glass transitions were observed
for the blend films, when the PLLA composition involved in the blend between 0.3 and
0.9. The two temperatures are at constant temperatures around 50 and 60 °C, which are in
agreement with the T, values of pure PDLLA and PLLA films, respectively. These
findings are indicating that PLLA and PDLLA are immiscible with each other. However,
Zhang J [56], Ren J [57], and Chen CC [58] believed the PLLA/PDLLA blends are
miscible with each other, because of the observation of a single T, in the PLLA/L-

lactide-rich PLA blends.

Leevameng Bouapao et al. [54] also found that the T, values of the blend films increased

with the deceasing PLLA content, shown in Figure 4-30.
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Figure 4-30 DSC thermograms of pure PLLA, PDLLA, and blend films crystallized

isothermally at Tc of 130°C for 10 h (a) and their magnified glass transition peaks [54].
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This reveals that PDLLA chains present in the PLLA-rich phase delayed the
crystallization of PLLA. However, the melting peaks were observed at a constant
temperature for the blend films with PLLA content above 0.3. This is a very similar to

my results observed in the annealing test experiments.

H. Inata and S. Matsumura studied the poly (L-lactide-co-meso-lactide) blend, and
concluded that the blending of crystalline PLLA or PDLA with amorphous PDLLA is
effective for controlling the overall crystallinity (Xc). The crystallization of PLLA takes
place when the PLLA content higher than 0.2 and spherulites are formed at the PLLA
content exceeding 0.6 [59]. Leevameng Bouapao et al. [52] also analyzed the blends of
crystalline and amorphous poly (lactide)s. Their non-isothermal crystallization analysis is

shown in Figure 4-31.
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Figure 4-31 non-normalized crystallinity estimated by DSC and X-ray diffractometry of

pure PLLA and blend films crystallized isothermally at T, of 130°C for 10 h [54].
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The non-normalized crystallinity increased linearly with increasing the composition of
PLLA involved in the blends. In our research, we also get the same relationship between
the non-normalized crystallinity and composition of PLA‘s. In Leevameng‘s experiment,

the normalized crystallinity of blend films were practically constant for Xpry4 = 0.3-1,

shown below in Figure 4-32.
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Figure 4-32 Normalized crystallinity of pure PLLA and blend films crystallized

isothermally at T of 130°C for 10h [54].

This result is in agreement with the research conclusion got by Tsuji H, Ikada and A. C.
Ibay [59]. On the other hand, as seen in Figure 4-32, the normalized Xc (DSC) value was
practically zero for Xprpa = 0.1, reflecting that the large amount of PDLLA surrounding
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PLLA didn‘t disturbe the formation of PLLA crystallite nuclei or the growth of PLLA. In
our results, we also get the similar relation between normalized crystallinity and PLA
composition involved. The only difference is that a decreasing tendency appears when

only little PLA (20 wt %) involved in our blends.

Based on above analysis, we found out that there is big similarity between the blends
made of PLLA and PDLLA and our blend samples made of PLA copolymer and

polyester:

[1] In the presence of PDLLA or polyester (EB062), PLLA or PLA copolymer could
crystallize and form the spherulites or crystalline assemblies for the Xprpa or Xpra
above certain value.

[2] The crystallization temperature will vary with either Xpya or different annealing
time at high temperature. However, the melting temperatures approximately keep
constant.

[3] The crystallinity will keep constant, irrespective of either Xprpa or different
annealing time at high temperature.

Recently, Tsukegi et al. reported that at temperature less than 200°C, conversion of PLLA
into meso-lactide and oligomers was minimal. However, above this temperature, the
formation of meso-lactide became quite significant (4.5 wt% at 200 °C and 38.7 wt% at
300 °C for 120 min heating). According to above analyzes, a probable reason could
present to explain all the features we have been found during the annealing tests. When
blends made of PLA copolymer and polyester (EB062) exposed to elevated temperatures

for long time, the PLLA involved in the PLA copolymer probably would undergo
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racemization to form meso-lactide, and therefore impact the material properties of the

resulting PLA polymer.
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Chapter 5 Conclusions and recommendation

5.1 Recommendations

This thesis presents the effect of the composition and operation conditions on the
properties of immiscible PLA/EB062 blends obtained by reactive extrusion. In our
research, for low M.W. polymer PLA (3251D), the two blend components in the molten
state are miscible with each other only when the composition of PLA (3251D) is below 5
wt% and different operation temperatures do not help to improve this situation. For PLA
(7000D) blends operated at 220°C, even when the percentage of PLA (7000D) from 5 wt%

to 20 wt%, there is still only one Ty.

Small amount of EB062 chains in the PLA-rich phase could increase the T, values, for
both blends made with PLA (3251D) and PLA (7000D). However, the melting peaks for
the blends are irrelative with the composition of EB062 involved in. This indicates the

incorporated EB062 has little effect on the final crystalline levels of PLA.

The normalized crystallinity (Xc) of blends made of PLA (3251D), either at 220°C or
230°C, are practically constant for PLA content above 50 wt%, indicating the coexisting
EBO062 does not influence the crystallization of the blend. And the normalized Xc (DSC)
values were practically zero for PLA (wt%) = 10, reflecting that PLA could not

crystallize in the presence of a large amount of EB062. Meanwhile, the blends made of
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PLA (7000D) showed the same tendency. The normalized crystallinity (Xc) of blend
made of PLA (7000D), irrespective of the operation temperature, are practically constant
for Xpra=50 wt%- 90 wt%. When Xp <20 wt%, the normalized Xc (DSC) values are
practically zero. However, the measured value Xc of the blend with Xpra= 90 wt% is

higher than the Xc of the pure PLA (7000D).

The crystal temperature, the melting temperature and crystallinity of blend will vary with
the increasing annealing time at 220°C. The larger PLA ‘s composition in the blend is, the
more obvious the T, and T, shifting shows. And the same features are observed when the
pure PLA (both 3251D and 7000D) under annealing test. Based on this, we conclude that

the shifting of T, and T, of the blend are mainly due to the PLA component changes.

5.2 Recommendations

The effects of many important factors such as temperature, time, blend composition and
initial IV of the precursor were investigated. A comprehensive investigation of the
transesterification reaction of PLA/EB062 blends should also include the study of other
factors such as the different PLA sources (homopolymers, copolymers and branched

polymer) and the catalyst systems used in preparation of the PLA and PET blends.

All the PLA/EB062 blends discussed above were produced at constant screw rotation
speed at 300rpm. In general, a higher rotor speed leads to a higher shearing in the

extruder. This increased shearing promotes a better dispersive mixing of the blend
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components, with a reduction in particle size of the dispersed phase. However, high
rotation speed will limited the residual time of the components in the extruder. The short
residual time may affect the transesterification between the two components. If possible,

the future job should be done at low rotation speed.
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