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Abstract

Abstract

Structural modification through crystallization improved the thermal and
mechanical properties of semi-crystalline polymer. In actual processing, the applied flow-
played a key role in the structural modification, which commonly promoted the
crystallization, i.e., flow-induced crystallization. In this study, the post-process annealing
was employed to improve the crystallization for a semi-crystalline polymer, e.g.,
poly(lactic acid) (PLA), having a low crystallization rate. Generally, the entropic elasticity
1s decreased by the orientation to the shear flow direction, leading to the increase entropic
elasticity during post-process annealing. This phenomenon contributed to the orientation
relaxation and isotropic crystallization, leading to shrinkage. This study provided a new
phenomenon, that is, entropy reduction (orientation enhancement) during annealing. From
this achievement, a fibrous nucleating agent was introduced to increase the orientation of
PLA during annealing. As a result, the shrinkage was limited, compared to pure PLA
sample. Moreover, a low-molecular-weight poly(vinyl alcohol) (PVA) was blended with
PLA to fabricate an immiscible blend for injection-molding. During post-process annealing,
the anomalous expansion to flow direction of the PLA/PVA injection-molded bar has been
first investigated. The mechanism of an anomalous expansion was elucidated in the blend
of PLA with a flexible poly(tetrafluoroethylene) (PTFE). This study opens the possibility
to control the shrinkage of injection-molded products during annealing.

Keywords:  Poly(lactic acid), Poly(vinyl alcohol), Poly(tetrafluoroethylene),

Crystallization, Molecular orientation, Expansion, Shrinkage.
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Chapter 1. General introduction

Chapter 1. General introduction

1.1 Poly(lactic acid)

In the early 19th century, Pelouze synthesized a low-molecular-weight poly(lactic
acid) (PLA) and lactide by condensing lactic acid through water distillation [1]. However,
the PLA produced by this method had low purity and yield. Nearly 100 years later,
Carothers discovered that PLA could be produced by heating lactide (a lactone cyclic ester)
under vacuum [1]. Despite this discovery, the method was highly expensive for industrial
synthesis because of the high cost of purification. In 1990, the Cargill Corporation
successfully produced high molecular weight PLA on a commercial scale using lactide
ring-opening polymerization. Later, Cargill partnered with Dow Chemical to establish the
Cargill Dow company, commercially producing PLA under the trade name Ingeo™ since
1997 [2]. Currently, PLA research is increasing worldwide, as shown by the number of

global publications in Figure 1.1 [1].
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Figure 1.1. Recent studies about PLA from 1971 to 2017 (47 years) [3].

1.2 Structure and synthesis method

Lactic acid (LA) is a chiral molecule that exists as two enantiomers, L-lactic acid
and D-lactic acid, as illustrated in Figure 1.2. Polymers made from pure L- or D-forms are
called PLLA and PDLA, respectively. Most L-isomer lactic acid comes from biological
sources, and therefore, PLA usually contains a higher amount of the L-isomer. PLA can be
produced by different methods, including ring-opening polymerization of lactide,
azeotropic dehydration polycondensation, and direct polycondensation [3]. Particularly,
high molecular weight PLA used commercially is mainly produced through the ring-

opening polymerization of lactide [3].
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Figure 1.2. Chemical structure and synthesis route of PLA from L- and D-lactic acid [3].

Direct polymerization of lactic acid (LA) is a low-cost method to produce PLA, but
lactide ring-opening polymerization (ROP) is the commercially used technique. Although
ROP was first studied a long time ago, in 1932, it initially produced only low molecular
weight polymers. In 1954, DuPont introduced a purification method for lactide, allowing
the production of high-molecular-weight PLA. In addition, NatureWorks corporation
developed a cost-effective and continuous bulk polymerization method to produce PLA
from dextrose obtained from corn. This biopolymer has gained significant attention from
manufacturers and researchers for many years, because it is considered as a promising

replacement for petroleum-based plastics in the future.
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1.3 Processing technology

Prior to processing, the compound was prepared in an extruder to fabricate the
pellets. The formulation is variety, such as fillers, reinforcements, polymers, pigments,
additives and/or processing aids, which are typically in pellets, powders, pastes or flakes.
Various technologies were employed to manufacture the plastic products, such as injection-
molding, blown-film, thermoforming, T-die extrusion, or blown-molding, from the

prepared compound.

1.3.1 Injection-molding technique

Plastic injection molding is one of the most widely used manufacturing processes
for producing plastic components due to its ability to create a precisely-complex shapes
with high-quality surface finishes and efficiently [4—-6]. Moreover, it supports the
production of parts ranging from very small to very large, demonstrating versatility across
various industries, including automotive, electronics, packaging, and medical fields [7,8].
Despite these advantages, careful control of processing parameters such as temperature,
pressure, and cooling time is critical to ensure the quality and performance of the final
molded product [8,9]. Most of the injection-molding machines require an extruder for
melting the polymer solids and conveying the polymer melt into a mold, as shown Figure

1.3 The nozzle is connected to a mold equipped with a sprue to deliver the melts. Once the
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melt is injected, it flows in the runner and full-fills the mold under high pressure, followed

by cooling/quenching and solidifying to form the final product.

Stationary . _
platen Extruder barrel Hopper Tachometer Hydraulic motor
drive
Standard Extruder screw Screw drive
extruder head system
[
| Thrust
PPN T : bearing
n o .. | II_\_ L . T i § -
b, 1‘:
o Nonreturn Two
Injection fiow-valve hydraulic injection  ajr Jift for screw removal
chamber assembly cylinders
Pull-in cylinder Heating bands

Figure 1.3. Schematic of an injection-molding machine [10].
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Figure 1.4. Schematic for the inside of a simple mold showing the nozzle, sprue, runners,

gates, and mold cavities [4].
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Figure 1.4 illustrates the key stages of melt flow in injection molding. Initially, the
resin is melted in a reciprocating screw extruder. Once a sufficient volume of melt
accumulates, it is pushed through a nozzle and sprue system into the runners, which
distribute it to the mold cavities. Before entering each cavity, the melt passes through a
gate. This narrow section facilitates detachment of solidified material and prevents
backflow after pressure release. Upon contacting the cooled mold surfaces, the melt begins
to solidify. Following cavity filling, an additional pressure is applied in the packing stage

to compensate for volumetric shrinkage during cooling.

Cycle
Starts

Cycle Mold clamp up

Mold
unclamp

Figure 1.5. Common cycle for an injection-molding process [4,5]
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The period distribution of the cooling stages is shown in Figure 1.5. During the
injection molding process, cooling plays a critical role in determining the quality and
dimensional accuracy of the final product. Firstly, the cycle starts with the closing mold,
followed by the plastic filling by the injection-molding. After the mold cavity completely
filled, the melt is held for several periods under a pressure to prevent the shrinkage.
Secondly, the melt begins to solidify once contacting the cool-mold walls. This cooling
phase continues until the molded part achieves sufficient rigidity to be ejected without
deformation. Moreover, the cooling time depends on several factors, including the thermal
conductivity of the materials, mold temperature, melting temperature, and the thickness of
the products. The efficient cooling is vital to prevent shrinkage, warpage, sink marks, and
residual stresses, i.¢., orientation relaxation. Finally, once the adequate cooling is achieved,
the mold opens, then the part is ejected. Notably, in the screw plastication phase, new
material is melted and prepared for the next shot, often overlaps with the cooling phase to
improve cycle efficiency. The cooling period, #.ce, 1s the most time consumption in the
entire cycle, as shown in the equation (1.1) [9].

leycle = Iclosing t Leooling t Lejection (1.1)
Where tciosing, teooling, and tejecrion are the period for closing and injecting into the mold, cooling,
and product ejection, respectively. In actual processing, reducing fcooiing 1S an appropriate

method to increase the product capacity.
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1.3.2 Shrinkage

When the barrel temperature is excessively high, the resin absorbs excessive thermal
energy. This heat causes the resin to expand excessively, creating the number of voids
between the molecules. After injection-molding, the outer (skin) layer of the molded
product cools and solidifies first. As the remaining resin inside cools down, it shrinks and
fills these molecular voids, pulling the solidified outer skin inward, leading to appearance
of defects, as shown in Figure 1.6. Lowering the barrel temperature can help keep the resin
melting without forming too many voids. As a result, shrinkage will return to normal.
Typical shrinkage values are published for each material, although actual shrinkage can
vary depending on flow direction. Material suppliers usually provide shrinkage ranges for

different flow directions.

Figure 1.6. Excessive shrinkage of an injection-molded product [8].
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1.3.3 Controlling shrinkage

Shrinkage represents the dimensional change between a plastic product in its freshly
molded state and after it has cooled. Generally, every materials expands once heated and
then shrinks when cooled. The shrinkage (rate) value is usually expressed as inches per
inch (in the U.S. Customary System) or meters per meter (International System of Units,
SI). For example, a plastic has a shrinkage of 0.050 cm per 1 cm, leading to the shrinkage
of 1%. It means, therefore, the mold cavity must be oversized by that amount. To produce
a final part length having exactly 10 cm, the mold cavity length should be around 10.10
cm. After cooling, the part will shrink to the desired dimension. Assuming that the
shrinkage occurs equally in all directions, i.e., isotropic shrinkage, the additional
adjustment, such as increasing 1% of the dimension, in the width or thickness should be
considered.

It is important to comprehend how shrinkage varies between amorphous and
crystalline polymers. The amorphous plastics generally exhibit a lower shrinkage than
crystalline plastics. Moreover, the shrinkage in crystalline polymers is greater in the flow
direction than the perpendicular direction, e.g., transversal direction (TD) and normal
direction (ND). This is called the anisotropic shrinkage. Another factor that can be
considered is volume reduction, induced by crystallization. The amorphous structure is a
disordered and non-crystalline molecular structure. In contrast, the crystalline domain has

a tighter chain-packing, resulting in a higher density than that for amorphous domain.
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1.3.3.1 Effect of temperature adjustments

There is a method to control the shrinkage of a specific product by adjusting the
plastic temperature during processing. Due to the thermal expansion of plastic, a lower
processing temperature is also applied in actual processing to reduce the shrinkage. The
temperature of the mold can be adjusted to control the shrinkage. As an example, a hot
mold produces less shrinkage than a cold mold because rapid solidification of the surface
layer occurs in the colder mold. As a result, the material tends to shrink before an applied
pressure. In contrast, a hot mold enables the Therefore, this applied pressure compensates
for volumetric shrinkage during solidification. However, the mold temperature is important,
and depends on the glass-transition temperature, 75, of the polymers. The crystallization
may occur once the mold temperature is beyond 7,. This phenomenon may affect to the
dimensions of plastics, as previously mentioned. In actual processing, post-process
annealing is often used to enhance the crystallinity of polymers having low crystallization
rate such as PLA, poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBH) [11], or
poly(ethylene terephthalate) (PET) [12]. Various factors, including the temperatures of the
resin and mold, gate design, injection pressure and time, and holding pressure, play crucial
roles in controlling shrinkage, as mentioned later. Moreover, post-process annealing affects
the dimensions of injection-molded products, particularly those that undergo cold

crystallization during post-processing annealing. During post-process annealing, crystal

10
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growth generally leads to a reduction in product dimensions, which can pose significant

1Ssues.

1.3.3.2 Effect of pressure adjustments

Pressure in injection-molding affects directly shrinkage. Higher pressure means
lower shrinkage because it packs the polymer chains more tightly and limits their mobility
during cooling, leading to a lower shrinkage. To control shrinkage, therefore, the pressure
is applied as long as the material is molten until it solidifies. In other word, once the applied
pressure is released before solidification, the shrinkage will increase because of the

relaxation.

1.3.3.3 Effect of residual stress

One of the most important causes of failures in injection-molded is residual stress,
1.e., molded-in stress. In other word, the stress is the internal resistance to deformation or
changing shape once applied to a force. The molded-in stress often happens during
injection molding. Once the polymer is melted, a screw delivers and injects the molten
plastic into the mold. This pushing action causes the polymer chains aligned, oriented
and/or stretched to the flow direction. In molding, these oriented structure is solidified

under a high pressure. For an example, a rubber band is stretched at room temperature,

11
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followed by freezing (solidifying) at that stretching position. After thawing, the rubber
band tends to go back to its original state due to relieving stress. This phenomenon is also
similar to the injection-molding. The injection-molding part is allowed to relax after
solidification at a temperature beyond its 7. As a result, the shrinkage, warpage, cracking,
twisting, crazing, and/or shatter may occur after heating, which may be serious problems

in practical application.

1.3.3.4 Effect of fillers

An exception to the anisotropic shrinkage is found in reinforced composite materials,
which shrink less to some extent along the flow direction and more in the transverse
direction. This behavior is caused by the orientation of the reinforcement of fibers [8]. The
common fillers are mica, glass beads, glass fiber, carbon black, talc, and rubber [13]. The
coefficient of thermal expansion (CTE) and density of these materials, as provided in Table

1.1.

12
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Table 1.1. Density and coefficient of thermal expansion of fillers [13]

Fillers Density  Coefficient thermal expansion  Significant

(kg m™) (ppm K1) anisotropy
Carbon black 2000 0.5 No
Glass bead 2600 3 No
Glass fiber 2600 3 Yes
Mica (silicate minerals) 2800 10 No
Rubber particles 1500 80 No

Except rubber particles (commonly used as an impact modifier), most fillers have a
very low CTE (5 x 10 K™!), compared to polymer (around 100 x 10® K-!). Because of this
large difference, adding one or more fillers to a polymer can reduce the volumetric
shrinkage. The change in shrinkage generally varies in proportion to the volume fraction

of fillers.

1.4 Polymer crystallization

Nucleation in polymer crystallization occurs in two stages: the formation of an
initial crystal seed, known as primary nucleation. In contrast, if the nucleation takes place
at interfaces, such as on the surface of foreign particles or container walls, it is known as

heterogeneous nucleation [14].

13
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1.4.1 Homogeneous nucleation

Homogeneous nucleation occurs only when the system overcomes a free-energy
barrier [15]. For example, crystal nuclei generated sporadically from a supersaturated
solution which is energetically metastable and in which density fluctuations occur [16]. A
similar mechanism also takes place during crystallization from the melt [14]. Following
crystal nucleation theory, a small crystal from the melt having a size of a-b-/ is shown in

Figure 1.7.

Figure 1.7. Schematic of the primary nucleus [14]

The formation of a stable nucleus is a prerequisite for initiating crystallization. The
change in free energy for crystallization from the melt, 1.e., Gibbs free energy, AGensiais, 18:

AGcrystals = AGuucieus - AGmeir (12)

14
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where AGuucieus 1S the surface free energy change and AGrer is the volume free energy
change. The equation (1.2) can be expressed further, as follows:
AGerystais = [2-a*b-0e +4-a'l-o5] — [a-bI-AF mert] (1.3)
=[2-a'b-0e +4-a'l-o5] — [a bl (AHmelt - TASneir]
where o. and o; are the surface energy of the a'b and a-/ plane, respectively. In some
case, the AGuucieus and AGner: can be known as the surface (AGy) and bulk free energy
change (AG»), respectively. Thus, AGerysiis can be referred to the following equation:

AGerysiats = AGy + AGs = — gnMFmeh +4m2c (1.4)

where r is the radius of the sphere. AG, is typically negative, which promotes the

crystallization, whereas AGy is positive, acting as an energy barrier to nucleation. As the

20

radius increases, AGerysiis gradually increases until 7 reaches r* = (the critical radius

melt

of the stable nuclei). The AGesiis decreases and become negative once > r*, resulting the

crystallization.

1.4.2 Heterogeneous nucleation

Heterogeneous nucleation is important for the crystallization behavior of polymers,
particularly in industry. Unlike homogeneous nucleation, secondary nuclei with chain-
folded structures are formed as polymer chains in the melt or solution move and adsorb
onto pre-existing substrates such as impurities, fillers, mold surfaces, or nucleating agents.

These surfaces lower the energetic barrier for nucleation by reducing the interfacial free

15
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energy required to form a stable nucleus. The overall AG change associated with nucleation
includes the negative AG» and the positive AGs. In heterogeneous nucleation, the presence
of a solid surface significantly lowers AGs, thereby facilitating the formation of stable
nuclei at a higher temperature and faster rate than in homogeneous systems. This
phenomenon is especially important in controlling the crystallization kinetics, morphology,
and final properties of semi-crystalline polymers. For instance, various nucleating agents
such as talc [17], silica [18], clay [18], or N,N’-ethylenebis(12-hydroxystearamide)
(EBHS) [19,20] have been widely employed to improve the crystallization rate and degree
of crystallinity in polymers like polypropylene or PLA. The effectiveness of such agents is
influenced by surface chemistry, roughness, and crystallographic compatibility with the
polymer chains, which together determine the extent of epitaxial crystal growth. Thus,
heterogeneous nucleation not only improves processing efficiency but also enables better

control over the final thermal and mechanical properties of polymeric materials [14].

16
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1.4.3 Structural development of polymer crystals

Branch
points

S Growth
o direction

Figure 1.8. A model of a spherulite [21].

{1 I

Figure 1.9: Polarized optical microscope images of poly(l-lactic acid) spherulites
crystallized isothermal at 110 °C, obtained (a) with and (b) without cross polarizers and a

full-wave plate [22].

17
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Once the semi-crystalline polymers cool from the melt, they undergo the
crystallization process. The crystallization temperature may be 10 or 20 °C lower than the
melting temperature [21], called supercooling. Quenching the melt to a temperature below
the 7, produces a sample having amorphous structure, at which the random coils are
aggregated. However, the amorphous phase is not always in a perfectly disordered state,
but some degree of ordered structure may exist [21]. Slow cooling of the melt to room
temperature promotes the development of various spherulitic structures. In other word,
small nuclei start to appear randomly in the melt and polymer chains fold to form a lamellae.
The fold-chain direction in the bulk lamellae is from the nuclei and perpendicular to the
growth direction, as shown in Figure 1.8. The crystallization is usually observed in
isotropic, leading to the formation of crystalline structure, called spherulites or bulk
crystallization. Figure 1.9 shows the spherulites texture of poly(l-lactic acid) using a
polarized optical microscope under a crossed polarizers. Typically, spherulites initially
develop in a spherical form during crystallization. Then, their subsequent growth leads to

impingement with neighboring spherulites, resulting in the formation of boundaries.

1.5 Objective of the study

The main objective of this study is to improve the crystallization of polymer
materials using heat-treatment, i.e., annealing, above the glass-transition temperature, 7,

and proposed a novel method to control the anisotropic shrinkage of polymer materials.
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Firstly, the film having a shear history was prepared using a parallel plates rheometer.
The film with or without shear history was annealed using the temperature controller. The
structure and thermal properties were evaluated using two-dimensional wide-angle X-ray
diffraction, differential scanning calorimetry, and dynamic mechanical analysis.

Secondly, the fibrous nucleating agent was introduced because the nucleating agent
enhanced the crystallization rate of polymer materials, which has a low crystallization rate.
Moreover, it has been known that the fibrous nucleating agent improved the orientation of
the polymer during crystallization. The dimensional change after annealing was also
observed.

Finally, the binary polymer blends were developed to control the shrinkage during
post-process annealing. Moreover, the mechanism and elucidation of the anomalous

dimensional change during annealing were reported.
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Chapter 2. Effect of shear history on the structure development

during annealing

2.1 Introduction

Poly(lactic acid) (PLA) is an eco-friendly biomass-based plastic that can potentially
alternate traditional petroleum-based plastics because it is biodegradable and high rigidity
[1-3]. Despite these advantages, PLA exhibits certain limitations, including brittleness,
poor heat resistance and difficulties in processing (low melt strength), which must be
improved. Increasing the crystallinity of PLA is particularly crucial for broadening its
applications. Once PLA has a high crystallinity, its heat resistance properties, can be
comparable to that of isotactic polypropylene and greater than that of poly(vinyl chloride),
polystyrene, polyethylene, and poly(methyl methacrylate). Given that PLA also has higher
rigidity compared to these conventional plastics, it is becoming increasingly attractive. As
a result, the market for PLA has recently been growing significantly.

The relative glass transition temperature (7¢) of PLA was around 58 °C, which limits
its heat resistance and thereby restricts broader applications [1-4]. From the processing
perspective, controlling the cooling conditions is essential to promote crystallization. It has
been reported that PLA exhibits its maximum lateral growth rate at a crystallization
temperature of 130 °C, which corresponds to the average of its equilibrium melting point

(T%,207 °C) [5] and T,. However, the use of water as a cooling medium is limited at 130 °C
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under atmospheric conditions, resulting in the disadvantage of cost performance.
Introducing plasticizers effectively lowers the optimal crystallization temperature,
promoting the crystallization rates using water cooling. This is because of the plasticization
effect, leading to the enhancement of chain mobility [1,6—8]. To date, low-molecular-
weight polyester compounds such as poly(ethylene glycol), oligomeric PLA, glycerol,
cardanol and its derivatives, and citrate esters have been thoroughly studied and are
commonly utilized as plasticizers in industry.

Another technique for enhancing the crystallization rate involves adding nucleating
agents, such as carbon nanotubes [9], talc [9], calcium carbonate [9], boron nitride [9],
orotic acid [9-11], zinc phenylphosphonate [11,12], hydrazide compounds [11,13], and
various amide compounds [9,11,14,15]. This method can be also employed with
plasticizers. However, under rapid cooling, i.e., quenching, the crystallinity achieved with

nucleating agents and/or plasticizers is typically insufficient for effective heat resistance.
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2.1.1 Flow-induced crystallization

The flow fields, from a thermodynamic perspective, effectively increase the Gibbs
free energy of the melt (4F,,.;;). In other word, it decreases the bulk free energy, thereby
lowering the barrier to nucleation and enhancing the crystal formation. Moreover, applying
a shear flow not only accelerates crystallization kinetics but also significantly alters the
crystallization morphology, such as shish-kebab structure instead of isotropic spherulites,
as shown in Figure 2.1 [16]. Polymer chains under flow conditions can align and form
anisotropic structures such as shish-kebab structure, which consist of a central fibrillar
"shish" with numerous lamellar "kebabs" structures that grew perpendicularly. This
orientation is particularly important in enhancing mechanical and thermal properties of
semicrystalline polymers under processing conditions such as extrusion or injection

molding.
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Figure 2.1. Scheme of shish-kebab structure [16].

In polymer processing, the flow-induced crystallization represents an effective
approach to increasing crystallinity for PLA . It is generally believed that when polymer
melt is applied by shear flow, they are stretched and/or aligned along the flow direction.
As a result, the shish structure is formed. This situation is expressed by the Weissenberg
number, Wi, as shown in the following equation:

Wi= 1y (2.1)
where 7 is the characteristic time for a specific molecular relaxation mode and y is the
applied shear rate. When 7 is the reptation time, 7.y, Wi provides the information on the

molecular orientation, which is denoted as Wi, in this thesis. Once 7 is the Rouse
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relaxation time, 7z, W; gives the information on the chain stretching, which is denoted as
Wir. tr can be calculated based on the Doi and Edwards model:

— Irept
R 32, (2.2)

where Z. i1s the average number of entanglements per a polymer chain (Z. = M/M.).
Therefore, 7z can be predicted from the molecular weight and 7., According to Cooper-
White et al., M. of PLA is 8000 g mol! [17]. Previous studies on the flow induced
crystallization were summarized as follows [18-21]:

e The first regime (Regime I) occurs when Wig < 1 and Wiy < 1, and shear flow is
insufficient to affect the crystallization kinetic. Therefore, no apparent flow induced
crystallization (FIC) effect will be observed.

e The second regime (Regime II) requires an increase in the shear rate, the molecular
orientation occurs at Wiy > 1 and Wir < 1, which accelerated crystallization kinetics.

e The third regime (Regime III), chain stretching occurs at Wiz > 1. This situation leads
to the formation of extended chain crystals, i.e., shish.

However, there is an inconsistency relevant to Regime II. Rhoades and Pantani [20]
supposed that 2 regimes would exist when Wiz < 1 and Wiy > 1. One is the process of
accelerating the crystallization kinetics and enhancing the formation of point-like nuclei.

The other is the orientation of the “row” crystal nuclei.
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2.1.2 Post-process annealing

As mentioned in Chapter 1, the significance of post-process annealing, known as
heat-treatment, is inevitable in industry. From the viewpoint of manufacturer, post-process
annealing is commonly utilized because it can save the cooling time by quench instead of
cooling slowly in the mold. Generally, annealing at temperatures above 7y, at which the
crystalline polymers undergo cold crystallization process once inadequately crystallization.
Moreover, the degree of crystallinity is increased but reduces the molecular orientation.
Therefore, shrinkage in the flow direction occurred, leading to the variety of dimension of
a products [22-24]. In fact, PLA products exhibit shrinkage during post-processing
annealing [25], posing a significant concern for composite systems incorporating metals
and ceramics.

In this chapter, the thermal and rheological properties of PLA were investigated first.
Then, the effect of the applied shear history on the structure development, such as
crystallization and molecular orientation, during annealing was also studied. Furthermore,
since similar phenomena occur in other crystalline polymers with slow crystallization rates,
this research may provide new strategies for material design based on processing

parameters.
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2.2 Experimental procedure

2.2.1 Materials

A commercially available poly(lactic acid) (PLA) (Ingeo 4032D; NatureWork,
Minnetonka, MN, USA) was used in this thesis. This PLA contained 1.5 % D-isomer with
the average molecular weights of PLA in terms of number and weight were 1.0x10° and
1.8x10° Da, respectively. The PLA pellets were dried in a heater at 80 °C for 4 hours to

remove the residual moisture.

2.2.2 Sample preparation

The procedure is shown in Figure 2.2. The 1.2 mm sheet was fabricated using a
compression-molding machine at 200 °C for 2 min, followed by quench at 25 °C. Then, it
was cut into square films with a length of 25 mm, and inserted into a parallel rheometer
(MCR500, UBM, Mukd, Japan) at 180 °C. After reaching the designated temperature, the
gap was set at 1| mm and kept for 5 min to remove the residual crystals. Once the
temperature jumped to 160 °C, a shear flow with a shear rate at the edge of 30 s was
applied on the film for 2 min. After the cessation of shear flow, the film was quenched
using water-spray and cut into two half-pieces. One piece was annealed in a heater at 80 °C

for several periods. Another piece was used for further evaluation, as the film had a shear
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history before annealing. In the case of the PLA film without shear history, a shear flow

was not applied and kept for 2 min, followed by quench.

1.2mm

Cool down

Sample
sheet

R

Filmhad a
shear history

Apply

shear flow

. 1.0mm
I

160 °C with a shear history
(30 s1), for 2 min

Figure 2.2. Sample preparation for the film with a shear history

2.3 Characterization

The compression-molded film was cut into rectangular samples (5 mm wide x 25

mm long x 0.9 mm thick) for DMA measurements (Rheogel E400, UBM, Kyoto, Japan).

The measurements were conducted at 10 Hz in the temperature range from 30 to 200 °C at

a heating rate of 2 °C min™.

The thermal properties of PLA were examined using a differential scanning

calorimeter (DSC; DSC8500, PerkinElmer Inc, Shelton, CT, USA) under nitrogen flow.
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The sample was heated from room temperature to 200 °C at a heating rate of 30 °C min’!
and kept at 200 °C for 2 min to remove the thermal history. Then, the cooling process was
performed at various cooling rate, such as 30, 10, 3, and 1 °C min™!. The heat of fusion A#;,
enthalpy of cold crystallization Ak, and enthalpy of crystallization Ak, were collected

from the program to calculate the degree of crystallinity (y), as follows:

Ah

Xpsc (%) =100 X AR?

(2.3)

where Ah? is heat of fusion of perfect crystal, 93 J g1 [26].

The frequency dependence of the oscillatory storage modulus G’ and the loss
modulus G"” was evaluated using a cone-and-plate rheometer (MCR301; Anton Paar, Graz
Austria) at 160, 170, 180, 190, and 200 °C. The cone angle was 2°. The angular frequency
was swept from 629.3 to 0.01 rad s!. All the measurements were conducted under a
nitrogen gas.

The two-dimensional wide-angle X-ray diffraction (2D-WAXD) was employed to
evaluate the crystallinity and orientation of the film before and after annealing using a X-
ray diffractometer (SmartLab; Rigaku, Akishima, Japan). The CuKa radiation beam (45
kV and 200 mA) was directed in the normal direction to the film at a distance of 10 mm
from the center of the pre-sheared films. The crystallinity was calculated using a fitting

software “IgorPro”, applying the Gaussian method with a linear baseline.
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2.4 Results and discussion

2.4.1 Thermal and rheological properties of PLA

(a) Heating (b) Cooling
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Figure 2.3. DSC curves of PLA during (a) heating at a heating rate of 10 °C min™! and (b)

cooling at various cooling rates.

Figure 2.3 shows the thermal properties of PLA. In the first heating, the step-wise
change of heat flow was ascribed to the 7, of PLA, which was detected at 62 °C. An area
of the endothermal peak after Ty, represented the enthalpy relaxation. Then, an exothermal
peak at 131 °C and the endothermal peak at 165.3 °C were ascribed to the cold
crystallization and the melting peak of PLA, respectively. The Ahs and Ahc. value was
similar, indicating that the original film has no/few crystallinity. In the case of cooling

process, the crystallization peak was clearly detected at 105 °C with a cooling rate of 1 °C
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min’!. The peak was shifted to a lower temperature with a small exothermal peak at the
heating rate of 3 °C min™'. Moreover, a clear crystallization peak cannot be detected at
heating rate of 10 and 30 °C min’'. These cooling rates were too fast for the sample to be
crystallized. The crystallinity of PLA, calculated by equation (2.3) at various cooling rates

of 30, 10, 3, and 1 °C min™! were 0, 1, 9, and 37%, respectively.

(a) g PLA ! , (b) 4
E_ =802kJmol
; aIF'LA .
= ‘ 05| '
o :
o, i |
2 E‘;;:P > o y =042x-9.24 | |
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log [a)ar(s'ﬂ)] T (10* K"

Figure 2.4. (a) Master curves of the angular frequency dependencies of the shear storage
modulus G’ and the loss modulus G” of PLA and (b) horizontal shift factor ar versus 7!

(10* K-!) of PLA at the reference temperature Trerof 180 °C.

Figure 2.4 shows the master-curves of PLA at the reference temperature of 180 °C.

The G’ and G” of the PLA were proportional to @’ and , respectively [27,28]. This
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behavior is similar to the viscoelastic behavior of the linear homopolymer in the molten
state. The flow activation energy, E,, was calculated from an Arrhenius-type equation, i.e.,
the Andrade equation, as follows:
ar < Aexp (i—“T) (2.4)

where ar is the horizonal shift factor, R is the gas constant, 7 is the temperature, and A4 is
the pre-exponential factor. The results of linear-fitting equation (1) are shown in Figure
2.4b, in which E, values were calculated to be 80.2 kJ-mol™!. This E, value corresponded
well with the data in the previous literatures [18,27,29]. From Figure 2.3, the zero-shear
viscosity (1)), steady-state shear compliance (J?), and weight-average relaxation time ( z)

were calculated, as follows:

n

no = lim < (2.5)

w—-0 W

!

. G
Je = lim =5 (2.6)
_ JT*H@®dint _ 0
tw = [tH(®) dint MoJe (2'7)

1o and J? of PLA at 180 °C were calculated to be around 4 x 10° Pa-s and 4.9 x 10 Pa’'.
Thus, the 7, given by equation 2.7, of PLA was 0.20 s. Using the Arrhenius-type equation
(eq. 2.4), 7, at various temperatures can be estimated as 0.41 s at 160 °C. It is well known
that 1, is proportional to M>* where M, is the weight-average molecular-weight.
According to Dorgan [30], the following equation expresses the value of 1, at 180 °C using
the absolute value of M,, of PLA.

log(no)= —14.26 + 3.4log( M) (2.8)
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Thus, M,, was estimated to be 1.79 x 10° Da. This value is closely similar to the M,, obtained

from gel permeation chromatography (GPC).

2.4.2 Effect of shear history on the structure growth of PLA during

annealing

The small piece of a film had a shear history, i.e., a pre-sheared film, was cut at a
radius of 10 mm from the center, where the shear history was calculated to be 24 s!. The
DSC heating curves of the quenched film with/without a shear history is shown in Figure
2.5. For the quenched film without shear history, a broad exothermic peak at 135 °C and
an endothermic peak at 166 °C correspond to the cold crystallization and melting of PLA,
respectively. The melting peak was weak because the cold crystallization was insufficient.
In contrast, the shear flow greatly enhanced the cold crystallization of the film. That is, a
pronounced cold crystallization peak at a lower temperature was detected 124 °C. For both
films, the Ahy was almost the same as the Ahcc. This result demonstrates that the quench
method rapidly solidifies PLA films without crystallization, leading to an amorphous
morphology. The enhanced cold crystallization observed in the pre-sheared film was likely

due to the presence of tiny crystals, as discussed later.
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Figure 2.5. DSC heating curves of the films with (red) without shear history (black).
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Figure 2.6. Temperature dependencies of tensile storage modulus (£”) (filled symbols) and

loss modulus (E") (open symbols) at 10 Hz for the films with (red) and without shear

history (black).
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The temperature dependences of dynamic tensile moduli for the quenched films
with/without shear history are shown in Figure 2.6. During heating, £’ remarkably dropped
between the temperature range of 60 and 80 °C, while a sharp peak of £” at around 67 °C
was assigned to the 7. Subsequently, the £’ increased with the temperature between 90 and
120 °C, corresponding to the cold crystallization. Notably, this increase in E’ occurred
earlier in the film with shear history, although the effect was less pronounced due to
relatively slow heating rate (2 °C min™"), compared to DSC measurement (30 °C min™).
Above 165 °C, both moduli dropped significantly as a result of melting.

0 min 10 min 20 min 30 min 60 min

¥,V

A><P

Flow
direction

100 pm

An =0 An An An An
3.6+£05 x 104 5.4+0.5 x 10* 5.7£0.5 x 10* 6.3£0.5 x 10*

Figure 2.7. Polarized optical microscope images under cross-polarizers of the annealed

film having a shear history at 80 °C.

Figure 2.7 shows the polarized optical microscope images of the pre-sheared film
during annealing at 80 °C for various periods. Prior to annealing (0 min), there was a dark
color, i.e., indicating the absence of light transmission and thus suggesting no molecular
orientation. Optical retardation (/) was determined using a Berek compensator, and the
birefringence (An) was subsequently calculated from the film thickness (d), measured with

a micrometer, as follows:
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r
An = E (2-9)

Hermans orientation function was evaluated using the following equation:

=2 (2.10)

"~ An®
where Anyis the intrinsic birefringence, and the An® value was 0.30 for PLA [31].
From these calculation, the An increased with the annealing period, then reached the
saturation state at a period of 60 min. This result indicates that molecular orientation was

enhanced during annealing.
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Figure 2.8. (a) 2D-WAXD images, (b) 20 profile, and (c) azimuthal distribution at 26 =

16° for the film had a shear history annealed at 80 °C for various periods.

The structure development of the films had a shear history annealed at 80 °C was

evaluated using 2D-WAXD, as shown in Figure 2.8. Before annealing (0 min), 20 profile
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exhibited a broad peak, i.e., amorphous halo. In contrast, clear diffraction peaks appeared
at 16° and 18° for the film annealed beyond 10 min, corresponding to the (200)/(110) and
(203) planes of a-form crystals, respectively [3,32]. Although direct evaluation of
orientation from the 2D-WAXD images was challenging, the azimuthal intensity
distribution of the strongest reflection showed clear maxima at 90° and 270° (on the
equator) after annealing. No peaks were observed in the film without annealing. This
suggests that annealing promotes chain alignment along the flow direction, leading to
molecular orientation. The molecular orientation increased as the annealing time increased
but remained constant after 30 min. This finding matched the birefringence data in Figure
2.7. It should be noted that Wir associated with the Rouse relaxation at 160 °C should be
larger than one at the shear rate of 24 57!, i.e., the applied shear rate before quench. Although
the shear rate is a critical parameter governing the relaxation behavior of polymers, the
shear strain also plays a role in describing the coil-stretch transition. The shear strain,
however, is proportional to the shear time and shear rate, and the extended-chain crystals
occur only once the shear rate exceeds the inverse of the Rouse relaxation time. In other
words, the extended-chain crystals, i.e., shish, were promoted during applying shear flow
(24 s! for 2 min) in the rheometer. Because of small amount of shish-structure, its
crystallinity cannot be easily detected by WAXD and DSC measurements prior to
annealing. For the same reason, orientation was also not observed by optical microscopy
before annealing. However, these small crystals generated during shearing acted as
effective nucleation sites during annealing, as shown by increased cold crystallization in

the DSC heating curves. Additionally, the alignment of shish structures along the flow

39



Chapter 2. Effect of shear history on the structure development during annealing

direction induced the orientation of the crystalline chains grew during. In other words, the
increase in molecular orientation during annealing resulted from the crystal growth from
originating from the extended-chain crystals. This unusual growth of molecular orientation
in PLA is important for controlling dimensions and mechanical properties, such as its

anisotropy and modulus.
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Figure 2.9. Temperature dependences of tensile storage modulus (£") and loss modulus

(E") at 10 Hz for the films with (red) and without shear history (black) after annealed at

80 °C for 60 min.

Figure 2.9 shows the solid-state viscoelastic properties of the films after annealing
at 80 °C for 60 min, measure at a heating rate of 2 °C min™!. One sample had a shear history,

and the other did not. The film with a shear history exhibited a higher £’ in the wide
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temperature region, e.g., from 60 to 140 °C, reflecting its enhanced crystallinity and chain
orientation. In contrast, the film without shear history showed a pronounced increase in
modulus above Tg due to cold crystallization, even after annealing. These results indicate
that applied shear flow plays a critical role in reducing the annealing time required to attain

sufficient crystallinity.
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2.5 Conclusion

The growth of polymer structure during annealing, an essential industrial technique
for PLA, was examined using the quenched PLA films having a shear history. An applied
shear rate of 24 s7! for 2 min at 160 °C did not induce high chain orientation, despite the
Wi, which governs molecular orientation via reptation, exceeding unity. It was attributed to
the rapid orientation relaxation occurred before solidification (glassification). In addition,
no significant crystallinity was detected after quenching. However, it was presumed that
small quantities of extended-chain crystals remained oriented along the flow direction to
some extent. During annealing above the 7, those extended-chain crystals acted as
nucleation sites, leading to accelerated cold crystallization. Moreover, analysis of the
azimuthal distribution of the (200)/(100) crystalline diffraction peaks obtained by 2D-
WAXD measurements clearly demonstrated the progressive chain orientation. These
findings provide valuable insights for improving the dimensional stability, rigidity, and
anisotropy, as well as heat resistance of PLA materials after annealing treatments.
Exploiting this phenomenon, PLA can be effectively applied in diverse applications, such
as injection-molded components used in automotive parts and electronic device housings.
Enhancing rigidity with a thinner thickness, leading to weight reduction, has been

demanded for lightweight automotive parts.
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3.1 Introduction

In chapter 2, the overcoming limitations of PLA, such as poor heat resistance after
annealing, were clarified. However, the requirement for annealing was long period to
achieve the high crystallinity. Nucleating agents are commonly employed to accelerate
crystallization and increase the crystallinity of polymers. A nucleating agent provides
nuclei sites for the crystal development, accelerating the crystallization, and consequently
improving mechanical strength, and thermal stability. As reported in Chapter 2, various
nucleating agents can be used to enhance the crystallization rate of PLA. In industry,
nucleating agents are sometimes used as a clarification agent for enhancing transparency
with high crystallinity. One effective organic nucleating agent for PLA is N,N'-
ethylenebis(12-hydroxystearamide) (EBHS) [1-5], as shown in Figure 3.1. Moreover, it
significantly enhances PLA crystallization by promoting the formation of nuclei, thereby
speeding up the crystallization rate. It has been known that EBHS was a fibrous nucleating
agent because it segregated into fibril structures in the PLA matrix. The diameter of EBHS
fibrils in PLA is known to be around 50 nm [3]. The addition of EBHS increases the degree
of crystallinity and heat resistance of PLA products [1,3,6,7]. However, the crystallinity of

PLA containing EBHS is still low when cooled rapidly at actual process, i.e., over 1000 °C
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min! [8-11]. In fact, Saitou et al. revealed that quenched PLA films containing EBHS
hardly showed crystallinity [3].

OH O

H
N
\/\N
5 9 H 9 5
O OH

Figure 3.1 Structure of N,N'-ethylenebis(12-hydroxystearamide) (EBHS)

This chapter will focus on the effect of molecular orientation on controlling the
natural shrinkage of extruded strands. The structural growth of the extruded strand of PLA
and PLA/EBHS during annealing was studied. This study also elucidates the mechanism

of anisotropic shrinkage after annealing.

3.2 Experimental procedure

3.2.1 Materials

The PLA pellets employed in this study were the same as those used in the previous
chapter. EBHS powder (Itohwax J-5508S; Itoh Oil Chemicals, Yokkaichi, Japan) was used

as a nucleating agent. All materials were dried at 80 °C under vacuum.
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3.2.2 Sample preparation

Figure 3.2 shows the process to prepare the sample. EBHS powder and PLA pellets
were mixed in a 30cc internal mixer (Labo-plastomill, 10M-100, Toyo Seiki Seisakusyo,
Tokyo, Japan) at 200 °C for 5 min. Rotation speed of the blade was set at 50 rpm. The
EBHS content in the blend was decided to be 1 wt.%. For comparison, pure PLA without
EBHS was prepared with the same processing history. Flat films (900 um) were prepared
by compression molding at 200 °C under 10 MPa for 2 min, followed by quenching at 25

°C for 5 min using a cooling system.

Mixing Extrusion

PLA
0o
0% g ITEBHS

Mixing temp.: 200 °C

>< Mixing period: 5 min

Rotation speed: 50 rpm

Piston

Barrel
180 °C G=0.5mm

Py’

=]

l Film preparation
B Mold temp.: 200 °C =)

1 Pressure: 10 MPa 20 mm I
I Time: 2 min
‘ s d W =3 mm
B Mold temp.: 25 °C tran
1 Pressure: 10 MPa
ime: 5 min L
[ [
‘ Water
ﬁ: 900 um 25°C

Sample film

Rectangular
de ™

wuw Q|

Figure 3.2. Scheme of sample preparation: (left) mixing and (right) strand extrusion
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The films were cut into 3 mm-wide pieces and extruded using a capillary rheometer
(140-SAS-2002; Yasuda Seiki Seisakusyo, Nishinomiya, Japan). The barrel and die
temperature were set and controlled at 180 °C. A rectangular die measuring 3 mm wide
("), 0.5 mm gap (G), and 10 mm long (L) was used. The apparent shear viscosity (7) and
shear rate at the wall were calculated using the Hagen—Poiseuille law, given by the

following equations:

G3wap
T o120L° €AY
. 6Q
y = GZW b (32)

where AP is the pressure drop across the die, and Q is the volumetric flow rate. The strands
were extruded at a shear rate of 310 s, a typical value for T-die extrusion. After extrusion,
the strands were immediately quenched in a water at 25 °C. The distance between the exit

of the die and water surface was 20 mm.

3.3 Characterization

The strand surface was observed using a scanning electron microscope (SEM;
TM3030Plus; Hitachi, Tokyo, Japan) after platinum—palladium coating using an ion-
sputtering machine.

Thermal properties were studied by differential scanning calorimetry (DSC;
DSC8500; PerkinElmer, Shelton, CT, USA) under a purified nitrogen flow. The

compression-molded PLA, EBHS, and PLA/EBHS films were heated to 180 °C and held
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for 2 min to erase their thermal history, then cooled to 30 °C at 30 °C min! and then
maintained at this temperature for 2 min. A second heating run was subsequently performed
at 30 °C min!. Crsytallinity was calculated from the melting or crystallization peaks,
assuming a heat of fusion of a pure PLA crystal is 93 J g ' [12].

The angular frequency dependencies of the oscillatory shear storage modulus (G)
and loss modulus (G") were measured using a cone-and-plate rheometer (AR2000ex; TA
Instruments, New Castle, MA, USA) with angular frequency swept from 100 to 0.06 rad
sl

The molecular orientation of the strands was observed using a polarized optical
microscope (POM) (DMLP; Leica Microsystems, Wetzlar, Germany). The temperature-
controller with a window (FP90/FP82HT; Mettler Toledo, Columbus, OH, USA) was
placed in the POM. Each extruded strand was cut and inserted between cover glasses. The
temperature profile used during annealing, as shown in Figure 3.3. A photodetector
(PM16-121; Thorlabs, Newton, MA, USA) was inserted into one of the eyepieces of the
POM to record the depolarized light intensity (DLI) through a bandpass color filter (633
nm). Moreover, a digital camera (E-PL10; Olympus, Tokyo, Japan) was set in the other
eyepiece to capture morphological images. The optical retardation values were evaluated

using a Berek compensator and measured five times. Then, the average value was

calculated.
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Figure 3.3. Temperature profile (left) and scheme of annealing protocol (right) of the

sample setup during the annealing procedure.

The crystalline structure and molecular orientation of the extruded strand were
evaluated using a 2D wide-angle X-ray diffraction (2D-WAXD) machine (SmartLab;
Rigaku, Akishima, Japan). The degree of crystallinity (ywaxp) was calculated according to

the following equation:

z'iIACi

X =—L 3.3
WAXD = aa (3.3)

where I4¢; and 14, are the integrated areas of crystalline and amorphous peaks, respectively.

Peak-fitting software (IgorPro) was used to calculated the integrated area of the fitting

peaks with the Gaussian methodology and a linear baseline.
The temperature dependencies of the dynamic tensile moduli were evaluated using

a dynamical mechanical analyzer (Rheogel E-4000; UBM, Muko, Japan) in tensile mode.
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Measurements were performed at 10 Hz from 30 to 180 °C with a heating rate of 2 °C
min .

To evaluate the dimensional change caused by annealing, an extruded strand was
cut into a length of 50 mm at 25 °C. This exact length of each sample at 25 °C was assumed
as the strand before annealing. Then, it was annealed in hot water at 96 + 1 °C for 10 min.
After annealing, each sample was removed, dried and measured again at 25 °C. Three

strands were tested for each sample type, e.g., PLA or PLA/EBHS. The average percentage

of dimensional change and standard deviation were calculated.
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3.4 Results and discussion

post-process annealing

3.4.1 Thermal and rheological properties

log [G' (Pa)], log [G" (Pa)]

-4 PLA/EBHS-----------%-;-

@
0%
L i

Figure 3.4. Angular frequency o dependencies of shear storage modulus G’ (filled

symbols) and loss modulus G"” (open symbols) at 180 °C for PLA (black circles) and

PLA/EBHS (red diamonds).

The formation of an EBHS network structure in the PLA/EBHS blend was evaluated

through viscoelastic measurements, as shown in Figure 3.4. It has been known that a

plateau appears in the G’ curve at low frequency when a network structure is present [13].

However, G'and G" for both samples at 180 °C were almost the same without a plateau. It
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indicated that EBHS was not segregated into fibers but rather dissolved uniformly within
PLA matrix at the molecular scale at this temperature. In other words, the segregation
temperature of EBHS in PLA is lower than 180 °C, which will be discussed in detail later.
Based on these measurements, rheological parameters, such as the zero-shear viscosity (77)
and steady-state shear compliance (JQ) of PLA/EBHS, were similar to those of PLA at any
temperatures. Thus, 17, and J? of PLA/EBHS at 180 °C were calculated to be 4.0 x 103 Pa
sand 4.9 x 107> Pa™!, respectively. Thus, the weight-average relaxation time (z,), given by

1,70, of PLA/EBHS was 0.20 s.

Coadling Second heating
3[ T =960 3[ — —
@flPLA = af|PLA = o ' '
il ° T =104°C Ah_=302Jg"
: - o ey U
PLA/EBHS Ah =10.2Jg' § T =128°C PLA/EBHS P |
2 ‘ ’ = 2 Ah =217J4d T =168°C
2 : - ; l
3 }10 Wig soccmn’| 8 |FPS, <
T i D E—
i 30 °C min’ =
EBHS << ; Ah_=1364Jg"
] mp " S| [ 10w - Z147°
El Ah =134.1Jg El V9 a T =147°C
c H H m
Ll . X w | i i |
40 60 80 100 120 140 160 180 40 60 80 100 120 140 160 180

Temperature (°C) Temperature (°C)

Figure 3.5. DSC (a) cooling and (b) second heating curves of PLA, EBHS, and PLA/EBHS

Figure 3.5 shows the thermal properties of PLA, EBHS, and PLA/EBHS. In the
DSC cooling curves from 180 °C (Figure 3.5a), the crystallization peak of PLA was not
detected during cooling at 30 °C min™! due to low crystallization rate. In contrast, a sharp
crystallization peak was found for pure EBHS at 128 °C. Therefore, it is reasonable that
EBHS was dissolved in the molten PLA at 180 °C. PLA/EBHS showed a weak peak at

around 96 °C, which was different from pure PLA. Considering that the EBHS content of

57



Chapter 3. Structure development of polymer containing fibrous nucleating agent under
post-process annealing

this blend was only 1 wt.%, this peak was attributed to PLA crystallization. The result
confirmed that the role of EBHS acted as a nucleating agent, as mentioned in the
introduction [1,3,14].

Figure 3.5b shows the second heating curves for PLA, EBHS, and PLA/EBHS. In
the case of PLA/EBHS, a broad cold-crystallization peak temperature (7..) from 90 to
140 °C was detected at 104 °C. The peak area (Ah..) was estimated to be 21.7 J g1, For
PLA/EBHS, a melting peak was at 168 °C with the heat of fusion (A%r) 0f 30.2 J ¢!, which
was close to the sum of the crystallization peak area (Ah.) for the melt (10.2 J g ') and Ahe.
(21.7 T g 1. It can be concluded that the DSC heating curves of PLA and PLA/EBHS differ
significantly. Because pure PLA did not show a melting peak under the same conditions,

these crystals were developed from the EBHS fibers.
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3.4.2 Structural of extruded strands

PLA/EBHS

Figure 3.6. SEM images of the surface of PLA (left) and PLA/EBHS (right) strands. MD

and TD are machine direction (MD) and transverse direction (TD), respectively.

The strands extruded from the rectangular die at an experimental shear rate of 310
s'! showed a smooth surface without melt fracture. Figure 3.6 shows SEM images of the
surfaces of PLA and PLA/EBHS rectangular strands in the plane of the machine (MD) and
transverse (TD) directions. The shear viscosity calculated using Equation 1 was 540 Pa s

at 310 s ! and 180 °C for both samples.
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Figure 3.7. DSC heating curves of PLA (bottom) and PLA/EBHS (top) extruded strands.

The heating rate was 30 °C min ™.

After extrusion, the thermal behavior of the strands was evaluated by DSC, as shown
in Figure 3.7. A cold-crystallization peak was clearly detected for PLA/EBHS as reported
previously [3]. Te., which was located at 98 °C with Ak of 29.8 J g”!, corresponded to
xpsc of 32 %. Moreover, the Ahy was similar to Ahc., suggesting that there was no/little
crystallization after extruded and quenched in water. In the case of PLA, a weak broad peak
was detected from 110 to 150 °C, even though a cold-crystallization peak was not detected
for PLA before extrusion (Figure 3.5b). The difference in the thermal properties of the PLA
samples between before and after extrusion was attributed to crystal embryos, i.e.,
extended-chain crystals, which were provided by the applied flow during extrusion. In

other words, extended-chain crystals must appear to some degree in the PLA extruded
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strand. This result was similar to Chapter 2, that is, these extended-chain crystals acted as

nuclei sites for PLA during heating.

log [E' (Pa)], log [E" (Pa)]

SRRy NNy, & S SRRy, o A, N IpRRI WIS S
T

2 °C/min Ree L PLA o

5 : : i i )
30 60 90 120 150 180
Temperature (°C)

Figure 3.8. Temperature dependencies of tensile storage modulus (£") (filled symbols) and
loss modulus (£") (open symbols) at 10 Hz for extruded strands of PLA (diamonds) and

PLA/EBHS (circles). The heating rate was 2 °C min!.

Figure 3.8 shows the viscoelastic properties in the solid state of the tensile storage
modulus (£') and loss modulus (£") for extruded strands of PLA and PLA/EBHS. E’
decreased greatly above 60 °C, where E" showed a maximum, which was ascribed to the
T,. Then, both strands showed an increase of £’ caused by cold crystallization. PLA/EBHS
showed a sharp increase of E' from a lower temperature (around 80 °C) than was the case

for PLA, suggesting that EBHS acted as nucleating agent during heating. After cold
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crystallization, £’ of both samples was around 100 MPa. Above 160 °C, both moduli

decreased because of melting.

(a) (b)
20 1 T 7 ' 20 1 ; 1
i | Annealing at 100 °C | .
. Heating process !
15} i 20°Cimin o 15 ;'—NEBHS .
“10t i1 Z10L |
a PLA/EBHS | a
0 ; ; : ; 0+ : i 3 i
50 60 70 80 20 100 0 2 4 6 8 10

Temperature (°C) Annealing periods (min)

Figure 3.9. Depolarized light intensity (DLI) during (a) heating to 100 °C and (b) annealing

at 100 °C for extruded strands of PLA and PLA/EBHS.

The strands were heated from 50 to 100 °C at 20 °C min™! and kept at 100 °C for 10
min, as shown in Figure 3.3. During these processes, the light intensity under crossed polars,
known as depolarized light intensity (DLI), was measured by a photo-detector. The angle
between the MD and each polarizer was 45°. As indicated in Figure 3.9, DLI was ca. 4 —
5 % at 50 °C for both PLA and PLA/EBHS extruded strands. During the heating process
(Figure 3.9a), DLI decreased to 0 % at around 7. This result demonstrated that most of the
transmitted light before heating was attributed to the oriented amorphous chains. Both
samples showed low DLI from 66 to 90 °C, followed by an increase of DLI at 90 °C for

the PLA/EBHS strand. This increase was related to the crystallization induced by the
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nucleating agent and/or extended-chain crystals. The following step was annealing at
100 °C for 10 min, the DLI results of which are shown in Figure 3.9b. The sharp increase
of DLI of PLA/EBHS during annealing indicated that crystallization occurred rapidly,
whereas PLA required a longer period to reach an equilibrium DLI. Although such results
have not been reported before, it can be predicted considering that the cold crystallization

of PLA was greatly promoted with the addition of EBHS.

o [
=< .
LU[ PLA ¥ Ah=119Jg"
~ 13%
. L - XDsc o
2 |PLA/EBHS
§ Ah=29.0J g'
: ADsc = 32%
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—'—‘ :
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40 60 80 100 120 140 160 180

Temperature (°C)

Figure 3.10. DSC heating curves of PLA (bottom) and PLA/EBHS (top) extruded strands

after annealing at 100 °C for 10 min. The heating rate was 30 °C min™!.

Figure 3.10 shows the thermal properties of the strands after annealing at 100 °C

for 10 min. There was no exothermic peak for the PLA/EBHS strand during heating,

suggesting that annealing at 100 °C for 10 min was sufficient to achieve the high
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crystallinity. It was found that found that a'-crystal appears when PLA is crystallized below
100 °C. This crystalline form is similar to that of the a-crystal. However, the arrangement
of chain packing in a'-crystal structure was not as compact as that in a-crystal. Moreover,
in the temperature range from 100 °C to 120 °C, both a- and a'-crystal can co-exist [15,16].
The exothermic peak observed for PLA/EBHS before the melting peak (167 °C) was
associated with the transformation of from disordered a’'-crystals to the ordered a-crystals
[15—-17]. Contrary to PLA/EBHS, the annealed PLA strand before the DSC measurement
still had low crystallinity, even though its DLI seemed to be saturated after 10 min at 100 °C.
The difference between Ahyand Ahe. for PLA was about 5.1 J g”!, which corresponded to

the crystallinity was around 6 %.
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Figure 3.11. Temperature dependencies of £’ (filled symbols) and £” (open symbols) at 10
Hz for extruded strands of PLA (black diamonds) and PLA/EBHS (red circles) after

annealing at 100 °C for 10 min. The heating rate was 2 °C min ™.

Figure 3.11 shows the viscoelastic properties in the solid state of the annealed
strands of PLA and PLA/EBHS. It should be noted that the E” peaks (7,) of PLA/EBHS
located at a higher temperature than that before annealing (Figure 3.7), resulting in a better
heat resistance. Moreover, the cold crystallization did not occur in that sample due to
sufficient crystallization. In contrast, the crystallinity of the PLA strand was significantly
low (approximately 6 %), although the heat treatment was applied. These results implied
that both the nucleating agent addition and annealing improved the heat resistance of PLA

after quench.
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Figure 3.12. 20-WAXD profiles of (a) PLA and (b) PLA/EBHS strands before and after

annealing at 100 °C for 10 min.

Figure 3.12 shows the 20-WAXD profiles of the PLA and PLA/EBHS extruded
strands before and after annealing. Prior to annealing, only an amorphous halo was
observed in PLA and PLA/EBHS strands, suggesting no crystalline structure. This result
agreed with the DSC curves in Figure 3.7. Following annealing, clear diffraction peaks
appeared at 16° and 18°, corresponding to the (200)/(110) and (203) planes, respectively.
The analysis of the 20-WAXD profiles indicated that the crystallinity of the PLA and
PLA/EBHS strands after the annealing treatment were 7 % and 32 %, respectively,

consistent with the DSC measurements in Figure 3.10.
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Figure 3.13. 2D-WAXD images (top) and azimuthal angle distribution at 26 = 16°
(bottom) for extruded strands of (a) PLA and (b) PLA/EBHS before and after annealing at

100 °C for 10 min.

Figure 3.13 presents the azimuthal angle distributions of the (200)/(110) plane for
the PLA and PLA/EBHS strands before and after annealing, as obtained from the 2D-
WAXD images. Only an amorphous halo was detected for both PLA and PLA/EBHS
strands before annealing. In contrast, the annealed PLA/EBHS strand exhibited distinct
azimuthal peaks at 90° and 270° (on the equator), indicating that the crystalline chains were

oriented in the flow direction.
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The growth of the molecular orientation during heating (Figure 3.9) was further
evaluated by a POM under crossed polarizers with a Berek compensator. The Hermans

orientation function (F) was evaluated using the following equation:

r
FZW, (34)

where I, d, and An® are the optical retardation, strand thickness, and intrinsic birefringence,
which is known to be 0.03 [18], respectively. For the PLA/EBHS extruded strands, F'
values were calculated to be 1.8 x 102 and 6.0 x 10 before and after annealing,

respectively.

PLA/EBHS

Before annealing At 65 °C After annealing
An=54+1.0x 10° An<1.0x10% An=18.0+1.0x10°

Figure 3.14. POM images under crossed polarizers with a full-wave plate for PLA/EBHS
extruded strands (left) before annealing, at 65 °C (center) during heating, and (right) after

annealing at 100 °C for 10 min. Birefringence An is denoted at the bottom of each image.

To confirm the molecular orientation in the PLA/EBHS strands, a full-wave plate

introducing a 530 nm to the optical path-length was inserted into the POM, as shown in
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Figure 3.14. The POM images revealed that the color of the strand before annealing was
blue. According to the WAXD profiles, the observed color reflects the weak orientation of
amorphous PLA chains along the flow direction. Upon heating and subsequent annealing,
the optical retardation was significantly changed. At 65 °C, the retardation was around
zero; 1.e., the color became red-purple. Then, the observed color transitioned to green-blue,
indicating the alignment of crystalline PLA chains in the flow direction after annealing at
100 °C for 10 min. This phenomenon was explained by the transcrystallization of PLA
driven by the EBHS fibers, at which chain axis of PLA was oriented along the flow
direction, presumably owing to the epitaxial growth of PLA crystals from the EBHS
surface. A similar phenomenon was reported in polypropylene containing fibrous
nucleating agents [19]. In the present study, the EBHS fibers were oriented in the MD by
the applied shear flow and acted as a “pseudo-shish” structures. The transcrystallization
behavior of PLA has also been reported in other tube- [20] or fiber-[21] reinforced
composite materials.

In this study, we also evaluated the dimensional change of the extruded strands
during annealing. Three specimens of equal initial length were cut from each of the PLA
and PLA/EBHS strands and dipped in a hot-water bath at 96 + 1 °C for 10 min. Post-
annealing, the lengths were re-measured at 25 °C to determine shrinkage. The PLA strands
demonstrated a shrinkage of 2.04 % + 0.27 %, whereas the PLA/EBHS strands exhibited a
reduced shrinkage of 0.80 % + 0.19 %. These results clearly indicated that the molecular
alignment of PLA chains in the flow direction effectively mitigated the shrinkage of PLA

in MD during annealing.
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3.5 Conclusion

In this chapter, the crystallization behavior and dimensional changes of PLA
containing EBHS as a fibrous nucleating agent during annealing were investigated. It was
confirmed that EBHS was uniformly dissolved in molten PLA at 180 °C without any phase
separation. The strand extruded at a shear rate of 310 s™* and subsequently quenched in a
water bath exhibited no/less crystallinity with a slight molecular orientation of amorphous
PLA chains. It suggested that the addition EBHS did not act as nuclei sites for enhancing
PLA crystallinity under rapid cooling conditions. In contrast, EBHS acted as an efficient
nucleating agent during the post-process annealing, promoting significantly the cold
crystallization of PLA. In the case of the annealed PLA strand, the orientation of
amorphous PLA chains rapidly relaxed upon heating and crystallization occurred, leading
to shrinkage. In contrast, the crystalline chains formed during annealing to the flow
direction were attributed to transcrystallization from the oriented EBHS fibers. As a result,
the shrinkage of the annealed PLA/EBHS strand was minimized, compared to annealed
PLA strand. This unique structural development enables precise control of dimensional
changes in PLA products caused by annealing. Consequently, this processing technique
holds significant promise for extending the applicability of PLA to high-precision
industrial components, including those used in automotive, aerospace, and consumer

electronics sectors.
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annealing of immiscible blend

4.1 Introduction

With the increasing global emphasis on environmental preservation, the demand for
sustainable or “green” plastics has grown significantly, such as polyhydroxyalkanoates [1],
poly(butylene succinate) [2], poly(butylene adipate-co-terephthalate) [3], or poly(e-
caprolactone) [4]. Among them, poly(lactic acid) (PLA) has become particularly attractive
due to its mechanical properties and heat resistance once crystallized sufficiently,
comparable to those of isotactic polypropylene. However, the main drawback of PLA is
slow crystallization rates [5-7]. To solve this problem, N,N’-ethylenebis(12-
hydroxystearamide) [8] was introduced to enhance the crystallization rate of PLA, as
reported in Chapter 3. Moreover, plasticizers has been also employed [9-12]
simultaneously to improve the mobility of PLA, as well as lowering the 7, of PLA. Post-
process annealing was reported to be effective and applicable in industry. For example,
however, injection-molded products typically shrink and warp post-processing due to the
reduction in specific volume from the molten state to solidification upon cooling [13—17].
This phenomenon is especially pronounced in crystalline polymers, which inherently
possess lower specific volumes in their crystalline state. Thus, understanding and

controlling the crystallinity and molecular orientation is essential to manage anisotropic
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shrinkage and thermal expansion, particularly in large-scale plastic components combined
with metals and ceramics. Processing parameters, such as resin temperature, mold
temperature, gate design, injection pressure and duration, and hold pressure, significantly
influence to shrinkage [13,14,18]. In addition, post-process annealing affects the final
dimensions of injection-molded components, especially in materials that experience
considerable crystallization during post-processing annealing. Polymers with slow
crystallization rates during cooling, like PLA, often undergo significant dimensional
change, e.g., shrinkage, upon annealing due to crystal growth, posing severe issues in
practical applications.

The primary aim of this study is to examine the anomalous dimensional change,
particularly the expansion in the flow direction during post-processing annealing of PLA-
based binary blends containing low-molecular-weight PVA as the dispersed phase. To our
best knowledge, this expansion behavior has not been reported previously. Hence, herein,
the findings presented a novel technology in polymer processing to control the anisotropic
shrinkage during annealing in plastic products. Moreover, from the materials perspective,
both PLA and PVA are the biodegradable polymers, at which PVA can be dissolved in
water/seawater. Recent studies indicate that PVA also accelerates the hydrolysis of PLA,
thereby further enhancing its biodegradability [19]. Therefore, PLA/PVA blends have

promising applications in disposable product markets.
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4.2 Materials and sample preparation

The PLA pellets and PVA powder (G-polymer AZF8035Q; Mitsubishi Chemical,
Tokyo, Japan) were dried at 80 °C for 4 h under vacuum. Then, they were blended in the
molten-state using a co-rotating twin-screw extruder (TEM26SS; Shibaura Machine,
Tokyo, Japan) at 190 °C. A strand cutter was employed to cut the blend strand into pellets.
The output rate was 10 kg h'!. The L/D, i.e., ratio of length/diameter of the screw, was 48.
The PVA contents in the blend were 0, 5, and 10 wt.%, noted as PLA, PLA/PVA (95/5),
and PLA/PVA (90/10), respectively.

After drying, the obtained pellets were processed using an injection-molding
machine (JDAD-H; The Japan Steel Works, Tokyo, Japan) with a barrel temperature of
200 °C and a mold temperature of 20 °C. The cooling time was 60 s. Injection was
performed at 90 MPa and 90 mm s™', followed by a holding pressure of 100 MPa.
Dumbbell-shaped test specimens (4 mm thick and 192 mm long) were produced. The
design of the mold, including the runner and gate positions, is shown in Figure 4.1. Post-
injection, samples were annealed in an electric oven at various temperatures for 3 h, then
cooled and maintained at room temperature (23 °C) for 1 day prior to dimensional

measurements.
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Figure 4.1. Dimension of the mold

The thin films were elaborated with the thickness of 300 pm using a compression-
molding machine at 200 °C for 1 min. Then, they were consequently quenched for at 20 °C

for 5 min using a circulating temperature-controller.

4.3 Characterization

The morphology of the compression-molded blend films was examined using a
scanning electron microscope (SEM; TM3030Plus, Hitachi, Tokyo, Japan). The films were
fractured in liquid nitrogen and then immersed in hot water at 80 °C to dissolve the PVA
phase. After drying under vacuum at room temperature for 24 h, the platinum—palladium
coating was applied on the fractured surfaces prior to SEM observation.

The angular frequency dependence of oscillatory shear modulus was investigated

using a cone-and-plate rheometer (AR2000ex, TA Instruments, New Castle, DE, USA).
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The cone angle was 4°. The experiments were conducted from 100 to 0.1 rad s™! at 200 °C
under a nitrogen environment.

Steady-state shear viscosities were evaluated using a pressure-driven capillary
rheometer (140 SAS-2002, Yasuda Seiki Seisakusho, Nishinomiya, Japan) at various shear
rate. Compression-molded PLA and PLA/PVA (90/10) films were cut into small pieces and
inserted into the capillary rheometer at 200 °C. A flat circular die (length/diameter = 10/1)
was utilized.

Temperature dependence of dynamic tensile moduli was measured from 40 to
180 °C at a heating rate of 2 °C min™!' using a dynamic mechanical analyzer (Rheogel-
E4000, UBM, Mukd, Japan). The frequency was 10 Hz.

Thermal properties of PLA and PLA/PVA (90/10) films were evaluated using a
differential scanning calorimetry (DSC; DSC8500, PerkinElmer, Waltham, MA). In the
first heating, it run from 25 to 180 °C at a heating rate of 10 °C min'!. Then, the sample
was kept at 180 °C for 1 min, followed by cooling to 30 °C with various cooling rates to
determine crystallization temperatures.

Polarized optical microscopy (POM) images were carried out using a POM (DMLP,
Leica Microsystems, Wetzlar, Germany) under a full-wave plate and crossed polarizers. To
form thin films (approximately 25 pm), PLA and PVA were melted between glass slides at
200 °C for 1 min and subsequently quenched in an ice-water bath. Then, the films were cut
with a razor blade and combined, as shown in Figure 4.2. The joined-film was placed

between cover glasses and heated to 110 °C at 20 °C min’!' in a temperature controller
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(Mettler FP90, Mettler Toledo, Columbus, OH), and held at 100 °C for 10 min. Then, it

was cooled to room temperature and then observed the crystallization.

PLA film PVA film
= =

l ]
=== Cut Cover glass /

N/

| PVA
= > /pLa &
Attach

Slide glass

i)

Temp. controller

Figure 4.2. Experimental illustration to observe the crystallization growth of PLA from the

surface of PVA

Two-dimensional wide-angle X-ray diffraction (2D-WAXD) patterns were
examined for surface (skin) and inner (core) regions of injection-molded specimens using
an X-ray diffractometer (SmartLab, Rigaku, Akishima, Japan). Graphite-monochromatized
CuKa radiation beams (45 kV and 200 mA) were used for the measurements. The central
section of each injection-molded bar was sliced to isolate the skin and core using a diamond
cutter, then the cut surfaces were trimmed with an ultramicrotome (RX-860, Yamato Kohki

Industrial, Osaka, Japan) to remove any thermally affected areas from cutting.
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Polarized measurements were conducted to determine dichroic ratios of the
injection-molded samples (before and after annealing) using the Fourier-transform infrared
spectrometer (FTIR; FT-IR500, JASCO, Hachioji, Japan).

Three-point bending tests, 1.e., flexural test, were evaluated using a universal testing
machine (Autograph AG-X, Shimadzu, Kyoto, Japan) at 23 °C under the JIS K7171 (ISO
178) standard. Each test was repeated three times.

The morphology of injection-molded PLA/PVA (90/10) samples was examined
with a digital microscope (VHX-2000, Keyence, Osaka, Japan). Prior to observation,
specimens were sectioned using an ultramicrotome (HM-325, Carl Zeiss, Oberkochen,
Germany), and the dispersed PVA phase was selectively removed by immersing the

samples in hot water at 80 °C.
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4.4 Results and discussion

4.4.1 Morphology, thermal and rheological properties

5 T 4 T
T=200 °C o ° % o
; o s T=200°C
_ 4 2 g L/D = 1011
s PLA/PVA R .
o ] L
= (90/10) 7 e . _ 3 ® .
S 3 8! m . .
g \Si! SE. s ) L ’ . ¢ [ PLA
o o
= els® mel W TUPA | PLAPVA® o
L 2 Aot > (90/10)
o ° . £ 2
= PLA o %% s
a SRS
[ ]
[ ] ®e
"
0 1
2 1 0 1 2 3 1 2 3 4
log [@ (rad s )] log [7(s™)]

Figure 4.3. (left) Angular frequency dependence of shear storage modulus G’ (open
symbols) and (closed symbols) loss modulus G"” at 200 °C for PLA (black), PVA (blue),
and PLA/PVA (90/10) (red). (middle) Apparent steady-shear viscosity 7. as a function of
shear rate y of the PLA (black), and PLA/PVA (red) at 200 °C. (right) SEM image of the

cryofracture surface of a PLA/PVA (90/10) compression-molded film after PVA removal.

Rheological properties in the molten-state of PLA, PVA, and PLA/PVA were
investigated at 200 °C, as shown in Figure 4.3. Due to having a low-molecular-weight, G’
and G" of PVA showed lower than those of PLA. The slope of G’ was decreased at the low
frequencies due to intermolecular hydrogen bonding [20,21]. In the case of PLA/PVA blend,

the G' was higher than that for PLA, suggesting the long-time relaxation. The miscibility
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between PLA and PVA was observed using SEM (right figure). Because PVA was soluble

with water, the PVA droplets were easily removed from the blend after immersing in water.
The sea-island structures, i.e., phase-separated structures, were observed and the diameter
of PVA droplets was around 0.5 to 5 um, indicating that PLA was immiscible with PLA.
Therefore, the apparent viscosity of PLA/PVA was significantly decreased, compared to
PLA. This phenomenon was attributed to the interfacial slippage (poor adhesion) at the

enlarged interfacial area [22-24].
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Figure 4.4. DSC curves of PLA and PLA/PVA (90/10) under heating at 10 °C min™! and

cooling from 180 °C at 10, 3, and 1 °C min".

The thermal properties of PLA and PLA/PVA (90/10) are shown in Figure 4.4. The
increase in heat flow at around 60 °C was attributed to the 7, of PLA. The exothermic
peaks at 112 and 117 °C were ascribed to the cold crystallization of PLA/PVA (90/10) and

PLA, respectively. It suggests that the PVA promoted the cold crystallization of PLA during
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heating. In cooling process, PLA did not crystallize at a cooling rate of 3 °C min™! due to
slow crystallization rate. However, the crystallization peaks were detected at 1 °C min™! for
both PLA and PLA/PVA (90/10) samples. Moreover, the PLA/PVA (90/10) exhibited a
crystallization peak at a higher temperature in cooling. Therefore, it suggested that PVA
acted as a nuclei for PLA crystallization.

The solid-state viscoelastic was investigated using a dynamical tensile machine, as
shown in Figure 4.5. As previously reported in chapter 2 and 3, 7, of PLA obtained from
the dynamical tensile modulus was around 66 °C. The increase in E’ was attributed to the
cold crystallization, and the addition of PVA promoted the cold crystallization for PLA.

This result is similar to the heating process in Figure 4.3.

10
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Figure 4.5. Dynamic tensile modulus of the compression-molded PLA and PLA/PVA at

10 Hz with a heating rate of 2 °C min’.
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4.4.2 Shrinkage and anomalous expansion of the injection-molded

bar during post-process annealing

After injection-molding, the sample was annealed in a temperature controller.
Figure 4.6 shows the injection-molded bars before and after annealing at 100 °C for 3 h.
Due to rapid quench, the injection-molded PLA bar was transparent without crystallinity.
After annealing, it was opaque because of crystallization. In the case of the blend, the blend
bar showed an opaque because of immiscibility of PLA and PVA. Moreover, the length of
the blend bar gradually increased to machine direction (MD), whereas the that of PLA bar
experienced a shrinkage after annealing. Generally, the sample dimension in MD decreased
during post-process annealing. However, the anomalous expansion to MD has not been

previously reported.
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PLA/PVA
(90/10)

Left: Before annealing

«m Right:  After annealing at
| 100 °C for 3h

Figure 4.6. Injection-molded bars of PLA, PLA/PVA (95/5) and PLA/PVA (90/10) (left)

before and (right) after annealing at 100 °C for 3h.

Table 4.1 summarizes the dimensional changes of PLA and PLA/PVA injection-
molded bar before and after annealed at 100 °C for 3h. The width and thickness were
measured at the center of each specimen. After annealing, the length of the PLA bar
decreased from 192.0 to 188.5 mm (approximately 1.8%), while that of the PLA/PVA bar
increased from 192.0 to 197.5 mm (about 2.9%). This considerable expansion to the
machine direction (MD) caused slight warpage. In contrast to PLA, the PLA/PVA blend
exhibited reductions in both width (transverse direction, TD) and thickness (normal

direction, ND).
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Table 4.1. Dimensions of injection-molded sample before and after annealing

Length (mm)  Width (mm)  Thickness (mm)
PLA Before annealing  192.0 + 0.5 10.04 + 0.03 4.06 £ 0.01
After annealing 188.5+ 0.5 10.07 £ 0.06 4.16 + 0.03
PLA/PVA Before annealing  192.0 + 0.5 10.06 £+ 0.02 4.06 £+ 0.02
(95/5)  After annealing 1955+ 0.5 9.83 + 0.03 4.06 £+ 0.02
PLA/PVA Before annealing  192.0 £ 0.5 10.03 + 0.02 4.07 £ 0.01
(90/10)  After annealing 197.5+ 0.5 9.80 + 0.01 4.01 £0.03

Figure 4.7 shows the injection-molded test pieces annealed at different
temperatures for 3 h, with images captured after cooling at 23 °C for one day. It was
expected that annealing below 7T, did not show a difference, compared to the blend bar
before annealing. However, the shrinkage occurred once annealed around 7, which is
similar to the injection-molded PLA bar annealed at 100 °C. This is because the mobility
was increased, leading to the relaxation during annealing. Moreover, it expanded in MD

once annealed beyond 80 °C.
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Figure 4.7. The effect of annealing temperature on the dimensional change of injection-

molded PLA/PVA (90/10) bars.
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Figure 4.8. 2D-WAXD images with the 20 profile of the skin and core layers for PLA/PVA

(90/10) injection-molded bar after annealing at 65 and 80 °C for 3h.

Figure 4.8 shows the 2D-WAXD images and pattern of the skin and core regions of
the PLA/PVA injection-molded bar. It was clear that both the skin and the core regions did
not exhibit crystallinity after annealing at 65 °C, suggesting that an amorphous halo without
any distinct peak in the azimuthal angle was detected. Thus, the shrinkage at this
temperature was primarily attributed to isotropic contraction of the amorphous domains. In
contrast, annealing at 80 °C led to pronounced crystallization. A clear diffraction peak near

16.3°, which assigned to the (200/110) planes, appeared along the equator. It indicated that
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the PLA chains were oriented in the machine direction (MD). Notably, molecular

orientation was evident even in the core region.

PLA/PVA

80 °C .

Absorbance (a.u.)

980 970 960 950 940 930 920 910 900
Wavenumber (cm'1)

Figure 4.9. Polarized IR spectra of the injection-molded PLA/PVA (90/10) bars annealed
at 65 °C (black) and 80 °C (red) for 3 h. The transition moment of IR beams perpendicular

(dotted lines) and parallel (solid lines) in the flow direction.

The surfaces of injection-molded were analyzed by polarized FT-IR spectroscopy,
as shown in Figure 4.9. The peak at 956 cm™ was corresponded to the amorphous phase,
whereas the peak at 921 cm™ was attributed to the o'/a-form crystalline structure. Dichroic
ratios for both peaks were determined using the following equation:

fir = (3cos?6-1) _ ( 2 )(D—l) 4.2)

2 (3cos2a—-1)) \D+2
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where A and A denote the absorbance intensities measured in the directions parallel and
perpendicular to the flow direction, respectively. The @ represents the angle between the
polymer chain axis and the flow direction, while a corresponds to the angle between the
transition dipole moment and the molecular axis. Reported values of a are 4.27° for the
amorphous band at 956 ¢cm™ and 90° for the crystalline band at 921 cm’!, respectively
[25,26]. The data from the Figure 4.9 are summarized in Table 4.2. Annealing at 65 °C did
not change the dichroic ratio at 956 and 921 cm™! due to no orientation and crystallization.
However, the dichroic ratio at 921 cm™, corresponding to the parallel band, increased
substantially after annealing at 80 °C for 3 h. It suggested that the molecular orientation

developed greatly during annealing at this temperature. These findings correspond well

with the 2D-WAXD profiles shown in Figure 4.7.

Table 4.2. Dichroic ratios and the Hermans orientation functions of PLA/PVA (90/10)

injection-molded bars annealed at 65 and 80 °C for 3 h.

Annealing condition D921 Dess  foz1  foss

Annealed at 65 °C 1.00 1.00 0.00 0.00

Annealedat 80 °C 037 126 053 0.08

As previously mentioned, the immiscible PVA droplets were phase-separated in
PLA matrix, as shown in Figure 4.3. Figure 4.10 shows the cut-surface images of a

PLA/PVA (90/10) injection-molded bar after removal of PVA, captured in the MD-ND
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plane at 1 mm below the surface. The orient-shaped voids were obviously observed,
indicating that the PVA dispersion was deformed and oriented to the flow direction.
Because PVA has a lower viscosity than PLA, the dispersed droplets tend to deform affinely
without breaking during flow [27,28]. In fact, several studies have reported the formation

of fibrous structures from low-viscosity dispersions using in-situ techniques [29-35].

; | Oriented droplets
(PVA) Continuous phase

\ / (PLA)

Observation
direction

Figure 4.10. Digital microscopy image of a PLA/PVA (90/10) injection-molded bar

obtained after the PVA removal in water at 80 °C.

Annealing at 100 °C for 10 min

N

50 ym

Figure 4.11. Polarized optical microscopy image of the jointed films of (left) PLA and
(right) PVA after annealing at 100 °C for 10 min. The image was obtained using a full-

wave plate (S is a slow axis) under crossed polarizers (A and P).
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The transcrystallization induced by the fibrous PVA is required to achieve molecular
orientation of PLA crystals in the MD. To investigate this, a quenched pure PLA film was
attached at its edge to a pure PVA film. The assembled films were then annealed at 110 °C
for 10 min on a hot stage. Figure 4.11 shows a POM image obtained under crossed
polarizers (A and P) with a full-wave plate after annealing. The image shows that PLA
crystals adjacent to the PVA film appeared blue, indicating alignment in a single direction.
Based on the slow axis of the full-wave plate (S), this morphology suggests that the PLA
chains were oriented parallel to the boundary with the PVA film. In other words, the PLA
lamellae in the vertical direction relative to the boundary. Using the Michel-Levy chart
[36], the retardation was estimated to be approximately 150 nm. Far from the PVA
boundary, the PLA displayed a typical spherulitic structure.

The flexural test of the injection-molded specimens before and after annealing at
100 °C for 3 h are summarized in Table 4.3. Prior to annealing, the blend samples exhibited
a higher flexural modulus than pure PLA, attributable to the high modulus of the PVA
dispersions [21,34,37], which contributed to the overall rigidity of the material. Structural
changes, such as molecular orientation and crystallization, were found to significantly
influence the mechanical performance. After annealing, both PLA and PLA/PVA injection-
molded bars showed increased flexural modulus and strength, compared to before
annealing. Molecular orientation, in particular, played a key role in enhancing the flexural
modulus [38], with values of 3.84, 4.11, and 4.22 GPa for PLA, PLA/PVA (95/5), and

PLA/PVA (90/10), respectively. However, the flexural strength of PLA/PVA was slightly
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lower than that of pure PLA, likely due to thickness reduction associated with expansion

along the flow direction.

Table 4.3. Flexural modulus and strength of the injection-molded sample before and after

annealing

Flexural modulus (GPa)  Flexural Strength (MPa)

PLA Before annealing 3.39 £ 0.01 97.0 £ 1.0

100 °C for 3h 3.84 £ 0.01 123.0 £ 2.0

PLA/PVA  Before annealing 3.51 £ 0.01 975+ 0.5

(95/5) 100 °C for 3h 4.11 £0.02 123.0 £ 1.0

PLA/PVA  Before annealing 3.60 + 0.02 99.5+0.5

(90/10) 100 °C for 3h 4.22 +0.02 118.0 + 2.0

94



Chapter 4. Anomalous dimensional change under post-process annealing of immiscible

blend

4.5. Conclusion

In this study, the anomalous expansion during post-process annealing of a
biodegradable binary blend composed of PLA and PVA was investigated. The PVA was
immiscible with PLA, resulting in the phase-separated structure. The addition of PVA
enhanced the cold crystallization during heating, which acted as nuclei for PLA
crystallization. However, the nucleation ability of PVA was not good during cooling. The
injected-molded samples showed no/less crystallinity during quench due to slow
crystallization rate of PLA. Therefore, post-process annealing increased the crystallization
of PLA, exhibiting the unique dimensional changes. This phenomenon can be attributed to
the trancrystallization from the fibrous PVA dispersion, leading to increase in molecular
orientation. It suggested that the highly-ordered structure was detected in the PLA/PVA
injection-molded blends bar. This anomalous expansion can be used as the novel method

to control precisely the dimensions of injection-molded products.
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Chapter 5. Exploration of the mechanism for dimensional change of

the polymer containing flexible fiber under post-process annealing

5.1 Introduction

The commercially available PLA faces limitations in actual processing due to poor
melt tension, i.e., melt strength. This is attributed to the absence of long-chain branching
and a narrow molecular weight distribution, which prevents PLA from exhibiting strain-
hardening behavior in transient uniaxial elongational viscosity. Strain-hardening during
uniaxial elongation is known to be crucial for PLA processing, as it enhances the stability
of tubular-blown film bubbles, minimizes neck-in and draw resonance during T-die
extrusion, and reduces localized deformation in processes such as blow molding, foaming,
or thermoforming [1]. Various strategies, often termed processing aids, have been
developed to induce strain-hardening behavior, including introducing branched structures
[2—4], adding flexible fibers [5-9] or weak gels [10,11], and blending with long-chain
branched polymers, such as an ethylene-vinyl acetate copolymer [12—14]. Recently,
incorporating flexible fibers such as polytetrafluoroethylene (PTFE) has emerged as an
effective method [5-9]. A. Jalali et al. reported that PTFE formed nanofibrils around 150
nm in diameter, which was well-dispersed in PLA matrix and acted as nucleating agents,
thereby enhancing crystallization kinetics. . In injection-molded samples, PTFE fibers align

under high shear, forming a hybrid-shish structure at the skin layer [9]. However, as
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previously mentioned, post-process annealing is often used in actual process because the
crystallinity 1s still low during rapid quench. In chapter 4, an anomalous expansion to
machine direction (MD) occurred during annealing. . In this study, commercially available
acrylic-modified PTFE was used in place of EBHS fibrous nucleating agents or PVA to
examine the dimensional changes of PLA/PTFE strands and films during annealing, and

the mechanism behind the MD expansion was further clarified.

5.2 Experimental procedure

5.2.1 Materials

The polymers used in this study were a commercially available PLA (Ingeo 4032D;
NatureWork, Minnetonka, MN, USA) and PTFE (METABLEN™ A3000; Mitsubishi
Chemical, Tokyo, Japan). These materials were dried under vacuum at 80 °C to eliminate

possible moisture prior to mixing.
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5.2.2 Sample preparation

A PLA/PTFE blend was fabricated using a 30 cc internal mixer (Labo-plastomill,
10 M-100, Toyo Seiki Seisakusyo, Tokyo, Japan) at a temperature of 190 °C for 2 min with
a screw speed of 50 rpm. The PTFE content was fixed at 1 wt.%. The pure PLA was
prepared with the same processing history. Films with thicknesses of 200 um and 900 pm
were subsequently prepared by compression molding at 200 °C for 2 min, followed by
quenching at 25 °C for 5 min. The film was cut into the strips with 5 mm wide and loaded
into a capillary rheometer (140-SAS-2002; Yasuda Seiki Seisakusyo, Nishinomiya, Japan)
at 200 °C for 5 min, as illustrated in Figure 5.1. Extrusion was carried out at 200 °C through
a circular die (length of 40 mm and diameter of 1 mm) at a piston speed of 0.17 mm-s™*,
corresponding to a wall shear rate of 124 s!. The extruded strand was then subjected to
melt stretching using winding rollers of 30 mm diameter at a draw ratio of 1.6. Finally, the

stretched strands were cut and stored in a freezer to minimize physical aging.
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iston

Barrel
200 °C

Circular die
L=40 mm
D=1mm

+— Strand

_———— = ———

Winding rollers

Figure 5.1. Schematic of experimental set-up for strand stretching after extrusion

To examine the dimensional change of the film before and after annealing, a sample
piece was immobilized at the center of a 200 um mold, as shown in Figure 5.2. It was then
compressed at 200 °C for 2 min into a film using a compression-molding machine. The
compressed film was sandwiched between the heat-resistance polyamide films for easy
removal. Cooling process was carried out at 25 °C for 5 min, then a square film having 30

mm in length was cut from the corner of the prepared film.
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Figure 5.2. Preparation process of the film samples for dimensional change analysis

5.3 Characterization

The temperature dependence of the dynamic tensile moduli of the obtained
compression-molded films were examined using a dynamical mechanical analyzer
(Rheogel E-4000; UBM, Muko, Japan). The tests were carried out from 40 to 180 °C at a
frequency of10 Hz under a heating rate of 2 °C min™!.

The angular frequency dependencies of the oscillatory shear storage modulus G'and
the loss modulus G" of the molten PLA and PLA/PTFE were evaluated at various
temperatures using a cone-and-plate rheometer (MCR301; Anton Paar, Austria) under a
nitrogen. The cone had an angle of 2° and a 25 mm diameter.

Drawdown force measurements were performed using a capillary rheometer
equipped with a tension detector (DT-413 G-04-3; Nidec Shimpo, Kyoto, Japan) and

winding rollers with draw ratios of 1.6, 4.8, 6.4, 7.5, and 9.0.
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The morphology of the PTFE was observed using a scanning electron microscope
(SEM, TM3030Plus; Hitachi, Tokyo, Japan). Prior to the observation, PLA/PTFE strand
was dissolved in chloroform for 2 h at 25 °C to remove the PLA parts. The remaining solid
part was filtered, rinsed several times with chloroform, and dried in a vacuum. Then, the
dried part was coated in platinum—palladium for SEM observation.

A 150-mm-long strand was employed to assess dimensional changes following post-
process annealing. That strand was immersed in a temperature-controlled water bath at 65,
70, 75, and 80 °C for various periods. Molecular orientation after annealing was examined
using a polarized optical microscope (POM; DMLP, Leica Microsystems, Wetzlar,
Germany). A full-wave plate was used to determine the orientation direction, and a digital
camera attached to one eyepiece captured images of the strand before and after annealing.

Two-dimensional wide-angle X-ray diffractometer (2D-WAXD; SmartLab; Rigaku,
Akishima, Japan) was employed to investigate the crystalline structure of samples. The Cu-
Ko radiation beam operated at 200 mA and 45 kV. Each sample was exposed to the X-ray
beam for a duration of 15 min.

The polarized infrared spectra (IR) were conducted in both parallel and
perpendicular to the flow direction of the films using the IR machine (Spectrum 100, Perkin
Elmer, Shelton, CT, USA) equipped with a polarizer. The scanning was performed from
900 to 980 cm™! at a resolution of 4 cm™!, and the number of scans was 16.

The mechanical properties of the materials were evaluated through tensile tests at
25 °C and 80 °C using a universal tensile machine (Shimadzu Autograph AGS-X). For this

analysis, PLA and PLA/PTFE films that had been annealed at 65 °C and 80 °C were first
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dried for 24 h at 25 °C in a desiccator containing silica gel. The dried films were then cut
into a dumbbell shape. During testing, the stretching direction was aligned with the flow
direction. The tests were run with an initial clamp distance of 20 mm and a constant

stretching speed of 20 mm min.

5.4 Results and discussion

5.4.1 Effect of PTFE fiber on thermal and rheological properties of

PLA
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Figure 5.3. Temperature dependencies of the tensile storage modulus (£”) (filled symbols)
and the loss modulus (£") (open symbols) at 10 Hz for compression-molded PLA

(diamonds) and PLA/PTFE (circles).

Figure 5.3 shows the dynamical tensile test, of the compression-molded PLA and
PLA/PTFE. The peak observed in £" at approximately 66 °C corresponds to the 7, of PLA.
For the PLA/PTFE, the cold-crystallization began at a lower temperature than it did for
pure PLA. This suggests that the PTFE acted as nuclei sites, promoting the formation of
PLA crystals during crystallization [9]. Beyond 165 °C, both samples began to melt, which

is indicated by a sharp decrease in their respective E’ values..
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Figure 5.4. Differential scanning calorimetry cooling and second heating curves for the

compression-molded PLA and PLA/PTFE films.

Figure 5.4 shows the DSC curves of the compression-molded films at cooling from
the melt and second heating. The PLA crystallization was poor during cooling at a cooling
rate of 30 C min™!, even though the PTFE was added, resulting in poor nucleation activity
of PTFE. In the second heating curves (heating rate of 10 °C-min!), a clear exothermal
peak at 103 °C was found in the PLA/PTFE film. Prior to the melting of PLA/PTFE at

167 °C, a tiny exothermal peak was detected at approximately 155 °C, which must be

ascribed to the crystal transformation from o'-to-a, as reported in Chapter 3.
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Figure 5.5. (Left) Master curves of the angular frequency dependencies of the shear storage
modulus G'and the loss modulus G"” of PLA/PTFE at reference temperature, 7.z = 180 °C.

(Right) Horizontal shift factor, ar, versus 7"/ (10* K') of PLA/PTFE at T,r of 180 °C.

Figure 5.5 shows the master curves of viscoelastic master curves for the PLA/PTFE
at reference temperature of 180 °C. As reported in Chapter 2, G” and G’ of PLA was
proportional to w and w?, respectively, at the terminal region. In the case of PLA/PTFE, a
plateau modulus appeared in the low angular frequency. It suggested that PTFE formed in
the fibrils structure in the PLA continuous phase, as explained later. This phenomenon was
similar to the formation of a network structure of 1,3:2,4-bis-o0-(4-methylbenzylidene)-d-
sorbitol in PP [15]. The flow-activation energy of PLA and PLA/PTFE was similar, around

80.2 kJ mol!, indicating that PTFE did not affect significantly to the flow-ability.
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Figure 5.7. Drawdown force of PLA and PLA/PTFE at various draw ratios.

To examine the melt-tension, the drawdown force was evaluated using a capillary
rheometer and a tension detector. The drawdown force values were recorded at various
draw ratios, such as 1.6, 4.8, 6.4, 7.5, and 9.0, as shown in Figure 5.7. The drawdown force
decreased as the draw ratio increased because of the reduction in the cross-section area of
the strands [16—18]. Moreover, PLA/PTFE showed a higher the drawdown force value than
PLA, indicating that PTFE improved the melt-tension for PLA. It was also reported that

PTFE content in PLA enhanced the strain-hardening in transient elongational viscosity [8].
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5.4.2 Structural growth and dimensional change of the extruded

strand during annealing

The extruded strand was stretched at a draw ratio of 1.6. The strand had a smooth
surface without melt-fracture, and the strands were approximately 720 £ 10 pm thick.
Figure 5.8 shows the SEM picture of the undissolved part of PLA strand containing 1 wt. %
of PTFE. Since PLA is totally dissolved into chloroform, the undissolved part is PTFE. It
was found that the PTFE was formed in fibrils with a diameter of 130 nm. Jalali et al. also
reported the diameter of PTFE was 70 nm [9] in the injection-molded bar at the same PTFE
concentration. Ali et al. reported that the primary particles of a PTFE was in ellipsoidal
shape before melt-mixing [19], then it agglomerated together to generate the fibrous shape

during melt-mixing, as reported elsewhere [5,6,19,20].

+« 130 nm

PTFE
bundles

Figure 5.8. SEM image of PTFE fibrils after PLA removal using chloroform solution.
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Figure 5.9. Dimensional changes in PLA (top) and PLA/PTFE (bottom) strands after post-

process annealing at various temperatures and durations.

Figure 5.9 shows the dimensional change of the strand after annealed at various
temperatures and periods. The PLA strand experienced a shrinkage of 0.1, 0.3, 0.5 and
0.7% of its length at 65, 70, 75, and 80 °C, respectively. In the case of PLA/PTFE, the
strand gradually expanded its length to MD after annealing. This suggested that the
structure growth must be affected on this anomalous expansion during annealing, such as

isotropic and anisotropic structural development. Especially, the dramatical shrinkage then

114



Chapter 5. Exploration of the mechanism for dimensional change of the polymer
containing flexible fiber under post-process annealing

expansion of the strand once annealed at 80 °C, as explained later. In the case of thickness,
the thickness of the PLA/PTFE strand was decreased after annealing. This dimensional

changes was similar to the Table 4.1, as reported in Chapter 4.

Annealing at 65 °C
5 min 10 min 15 min 20 min 25 min 30 min

Without fuII-wave plate

/ NN

With full-wave plate
Annealing at 70 °C
5 min o 10 min 15 min 20 min 25 min 30 min

Without full-

wave plate
200 pm

With  full-
wave plate
me

With full-wave plate

Annealing at 75 °C

5 min 10 min 15 min 20 min 25 min 30 min

Without fL;Ii-Wave plate

With full-wave plate

Figure 5.10. Polarized optical microscope images of PLA/PTFE strands obtained with or

without a full-wave plate at various annealing histories.

Figure 5.10 illustrates the POM images of PLA/PTFE strand under cross-polarizers

(A and P in the figure) with/without inserting a full-wave plate. Without inserting a full-
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wave plate, the background was dark due to no orientation. It should be noted that a full-
wave plate added 530 nm in the optical path-length to confirm the orientation direction,
resulting in pink-purple color. The slow axis, noted as S, was indicated in the figure. Table
5.1 summarizes the data of birefringence (An) and Hermans orientation function (F) of the

center of a PLA/PTFE strand are summarized and calculated, as follows:

An = g (5.1)
A
= A—;; (5.2)

where I' and d are the retardation, intrinsic birefringence (0.03) for PLA [21], and
thickness of the strand (720 um), respectively. The retardation of the extruded strand after
winding, as a strand before annealing, under POM was white-grey, indicating a slight
orientation to MD. Upon heating for 5 min at 65 °C, the birefringence disappeared due to
orientation relaxation, i.e., losing its orientation. This orientation relaxation must induce
the anisotropic shrinkage during annealing. Although the orientation relaxation did not
record at 5 min for the annealing temperature of 70, 75, and 80 °C, it must appear in any
materials having an orientation after rapid quenching. Then, the orientation development
gradually corresponded to the expansion to MD over the annealing period, as shown in

Figure 5.9.
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Table 5.1. Birefringence 4n and Hermans orientation function F' of PLA/PTFE strands

annealed at various temperatures and periods.

Annealing 65 °C 70 °C 75 °C
period An (x 1075) F An (x 1075) F An(x10°) F
0 min 58+0.1 0.002 58+0.1  0.002 58+0.1 0.002
5 min 0.0 0.000 16.2+£0.2 0.006 186.8+2.0 0.062
10 min 54+0.1 0.002  574+03 0.020 nd nd
15 min 19.2+0.1 0.006 nd nd nd nd
20 min 78.3+0.4 0.026 nd nd nd nd
25 min 249.0+2.0 0.083 nd nd nd nd
30 min nd nd nd nd nd nd

nd: not detected

Figure 5.11 shows the 2D-WAXD images with 20 profiles, and azimuthal angle

distribution of the (200)/(110) plane (26 = 16.3°) of PLA/PTFE strands annealed at 65,

80 °C for various periods. Prior to annealing, the PLA/PTFE exhibited an amorphous

structure, as indicated by a halo in Figure 5.11a. The intensity of the peak at 16.3° gradually

increased after annealing for more than 10 minutes, demonstrating crystal formation. To

evaluate the molecular orientation of crystals, the azimuthal angle distribution of the

(200)/(110) planes was measured from 0° to 360°. It should be noted that peak intensities

at 90° and 270° increased progressively with annealing beyond 10 minutes, indicating that
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crystal growth was aligned along MD. This orientation corresponds well with the POM
observations shown in Figure 5.9. During extrusion, the PTFE fibrils oriented to flow
direction, i.e., MD, during extrusion, then acted as a pseudo-shish structure [9,15,22-25].
Consequently, PLA crystals nucleated and grew along the oriented PTFE fibers during

annealing, forming the characteristic kebab-like structures.

(@) PLA/PTFE annealed at 65 °C

0 min 10 min 15 min 20 min 25 min 30 min 35 min 40 min
(b) (c) (200)/(110)
' 40 min !
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Figure 5.11. (a) 2D-WAXD images, (b) 20 profiles, and (c) azimuthal angle distributions

of'the (200)/(110) planes of PLA/PTFE strands after annealing at 65 °C for various periods.

The further quantitative evaluation was conducted using the peak intensity on the
equator, i.e., 90°, from the azimuthal angle distribution, as shown in Figure 5.12. It

indicated that the increase in crystallinity was well corresponded to the increase in
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molecular orientation. In other words, the majority of kebab structures developed from the
oriented PTFE fibers, inducing the anomalous expansion.

PLA/PTFE strand annealed at 65 °C

35 e S e 3500
30 v e . 3000
25 ... } ................ b *4_._4. 1 - 2500
20 *_ 2000
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0 5 10 15 20 25 30 35 40 45 50
Annealing period (min)

Figure 5.12. Growth curves of the crystallinity and the peak intensity on equator at 90°
obtained from the azimuthal angle distribution of the (200)/(110) planes for the PLA/PTFE

strand during annealing at 65 °C.
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Figure 5.13. (a) 2D-WAXD images, (b) 20 profiles, and (c) azimuthal angle distributions

of the (200)/(110) planes of PLA/PTFE strands after annealing at 65, 70, 75, and 80 °C for

50 min.

Figure 5.13 shows the 2D-WAXD images, 20 profiles, and azimuthal angle
distribution of the PLA/PTFE strands annealed at various temperatures for 50 min. The
2D-WAXD images clearly displayed crystalline rings, and the corresponding crystallinity
values from 20 profiles were calculated to be 33.4%, 38.4%, 41.2%, and 41.3% for
annealing at 65, 70, 75, and 80 °C, respectively. In Figure 5.12(c), the reduction in peak
intensity at 90° accompanied by an increase at 30° and 150° suggests that some crystals

were misaligned along the MD. In addition, higher annealing temperatures led to the
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appearance of rings corresponding to the (200)/(110) planes, indicating three-dimensional
bulk crystallization, characteristic of spherulitic growth, i.e., spherulitic crystal growth. It
suggested that the spherulites and kebab structure developed at the same time once

annealed at a high temperature, i.e., 80 °C.

(a) PLA strands annealed for 50 min
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Figure 5.14. (a) 2D-WAXD images, (b) 20 profiles, and (c) the azimuthal angle distribution

of (200)/(110) plane for PLA strand after annealing at 65, 70, 75, and 80 °C for 50 min.

The structure and orientation of PLA strand annealed at various temperatures were
shown in Figure 5.14. Due to slow crystallization, PLA showed a low crystallinity without

orientation once annealed at 65 °C. However, the orientation was weak, as supposed to no
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orientation, upon annealed above 70 °C. Therefore, in this study, both orientation relaxation

and bulk crystallization led to the volume reduction, resulting in shrinkage.

5.4.3 Effect of molecular orientation on the dimensional change and

mechanical properties

After annealing Before annealing After annealing

PLA

40.50 mm 42.68 mm

PLA/PTFE

46.41 mm

Expansion Flow
direction

40.85 mm

Little shrinkage but
expanding to flow direction

Figure 5.15. Dimensional change of the compression-molded films before and after
annealing in the temperature-controlled water bath at 65 °C (left) and 80 °C (right) for 50
min. A square film, approximately 30 mm in length, was cut from the corner of the

compression-molded film.

To confirm the effect of orientation on the anomalous expansion after annealing, the

dimensional change of compression-molded films having a flow-field was further
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examined, as shown in Figure 5.15. The square films measured 30.00 mm on each side,
giving a diagonal of 42.42 mm. When annealed at 65 and 80 °C for 50 minutes, the PLA
films exhibited shrinkage, with reductions observed in their diagonal, width, and length. In
contrast, the PLA/PTFE films showed expansion along the flow direction, resulting in an

increase in the diagonal length (highlighted in red).

Before annealing Annealed at 65 °C Annealed at 80 °C

PLA/PTFE
film

An=10.0 An=643.0 £9.0 x 10° An=140.7 £4.0 x 10°
F=0.00 F=0.21 F=0.05

Figure 5.16. POM images under crossed polarizers of PLA and PLA/PTFE films before

annealing (left), and after annealing at 65 °C (center) and 80 °C (right) for 50 min.

The molecular orientation was assessed by measuring birefringence using POM, as

shown in Figure 5.16. The microscope was focused on the center of the films. Before

annealing, both PLA and PLA/PTFE films showed a dark background, indicating an
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absence of molecular orientation. After annealing at 65 and 80 °C, retardation appeared in
the PLA/PTFE films. In comparison, the PLA film annealed at 80 °C exhibited the

formation of small spherulites.

65°C (200)/(110)
Annealed at 80 °C i i |
= | MU, PLA/PTFE
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film
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Extensional flow i :
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Extensional flowl llExtensional flow

Figure 5.17. 2D-WAXD images and azimuthal angle distributions of the (200)/(110) planes

of the PLA and PLA/PTFE films annealed at 65 and 80 °C for 50 min.

The crystalline structure and molecular orientation of PLA and PLA/PTFE films
annealed at 65 and 80 °C were analyzed using 2D-WAXD, as shown in Figure 5.17. The
PLA films showed no molecular orientation at either annealing temperature. This was
accompanied by an increase in crystallinity (ring of (200)/(110) and (040) planes) without
molecular orientation induced shrinkage in the PLA film, as demonstrated in Figure 5.15.
In contrast, incorporating PTFE promoted significant chain orientation originating from
the aligned crystals after annealing. In other words, the expansion of the PLA/PTFE film
in the flow direction may be due to an internal stretching force for aligning the PLA chains,

i.e., PLA lamellae, along the PTFE fibers during annealing.
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Figure 5.18. Polarized FTIR spectra of PLA (a) and PLA/PTFE (b) films before and
after annealed at 65 and 80 °C for 50 min. The transition moment of IR beams

perpendicular (solid lines) and parallel (dotted lines) to the extensional flow direction.

The IR spectra of the PLA and PLA/PTFE films were obtained using a polarizer, as
shown in Figure 5.18. The dichroic ratio, D, and Hermans orientation function,, were
obtained using the equations (4.1) and (4.2). D and f;z values of the PLA/PTFE film before
and after annealing are summarized in Table 5.2. Prior to annealing, neither samples
exhibited molecular orientation or crystallization. After annealing at 65 °C, however, the
PLA/PTFE film exhibited significant orientation, with fy,; (oriented crystals) and fy5¢
(oriented amorphous polymer chains) values around 0.4 and 0.05, respectively. These
observations are consistent with the POM images in Figure 5.16 and the azimuthal angle

distributions shown in Figure 5.17.
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Table 5.2. Dichroic ratios and the Hermans orientation functions of a compression-molded

PLA and PLA/PTFE film before and after annealing for 50 min.

PLA PLA/PTFE

Before = Annealing Annealing Before Annealing  Annealing

annealing  at 65 °C at 80 °C annealing  at 65 °C at 80 °C

Joz1 0.00 0.00 0.00 0.00 0.40 0.26

José 0.00 0.00 0.00 0.00 0.05 0.00

Figure 5.19 shows the stress-strain behavior of the films at 23 and 80 °C, with all
samples annealed at 65 and 80 °C. The results clearly indicate that molecular orientation
strongly affects mechanical properties. As shown in Figure 5.19(a), the PLA film exhibited
a brittle fracture behavior, whereas a PLA/PTFE film displayed the ductile deformation
accompanied by strain-hardening. Although the exact mechanism remains unclear, it is
noteworthy that the oriented structure may influence the failure mechanism. Annealing-
induced structural changes significantly enhanced tensile properties, surpassing those
reported in previous studies with the same composition [24,26]. Previous research
demonstrated that incorporating a small amount of metal-organic frameworks [27] or
melanin-like nanoparticles [28] enhanced the compatibility of immiscible
PLA/poly(butylene succinate) (PBS) blends, providing ductile nature to PLA/PBS. At
80 °C, i.e., above Ty, PLA demonstrated a rubber-like behavior due to its low crystallinity,

as shown in Figure 5.19(b). The strain-hardening began at a strain of approximately 0.07
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and increased sharply beyond a strain of 1.5. A small crystalline fraction is likely to act as
crosslink points. In the PLA/PTFE film, a highly-oriented shish-kebab structure resulted in
a significant increase in tensile modulus while maintaining ductile behavior. This structural
evolution via post-annealing provides valuable guidance for designing PLA materials with

mechanical properties comparable to conventional plastics like polyethylene and

polypropylene.
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Figure 5.19. Stress-strain curves of PLA (black) and PLA/PTFE (red) films with various
annealing histories, e.g., 65 °C and 80 °C. The measurements were performed at (a) 23 °C

and (b) 80 °C.
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Table 5.3. Dimensional change in the machine direction of PLA samples reported in

various studies.

Samples Dimensional change in MD
Y. H. Seo et al. [29] PLA yarn -7.90 %
J. Butt et al. [30] Injection-molded PLA bar -5.6%
Cu/PLA composite 80/20 bar -1.3%
H.-G. D. Vo etal. [25] PLA strand -2.04+0.27%
(Chapter 3) PLA/EBHS strand -0.80+0.19 %
Yamaguchi et al. [31]  Injection-molded PLA bar -1.82 %
(Chapter 4) Injection-molded PLA/PVA bar + 2.8 %
This chapter [32] PLA strand (65 °C) -0.1 %
PLA strand (70 °C) -0.3 %
PLA strand (75 °C) -0.5%
PLA strand (80 °C) -0.7 %
PLA/PTFE strand (65 °C) +9.3 % +0.33%
PLA/PTFE strand (70 °C) +4.0 % +0.33%
PLA/PTFE strand (75 °C) +1.3 % +0.33%
PLA/PTFE strand (80 °C) - 0.8 % +0.33%

(PLA = poly(lactic acid); EBHS = N,N’-ethylenebis(12-hydroxystearamide); PVA =

poly(vinyl alcohol); PTFE = poly(tetrafluoroethylene))
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Table 5.3 summarizes the dimensional change of the various samples, such as strand,
injection-molded bar, during annealing. Excerpting our studies, most of studied reported
that PLA products showed a shrinkage after annealing, e.g., below 0% of its dimensional
change in MD. In chapter 3, the anisotropic shrinkage to flow direction has been limited,
that is, the dimensional change in MD was detected at only 0.8 %. However, the orientation
was still low. In chapter 5, it was found that the dimensional change was well correlated to
the amount of molecular orientation and crystallization. Therefore, these studies proposed
a novel method to control the anisotropic shrinkage during annealing using molecular

orientation enhancement from the oriented crystals.
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5.5 Conclusion

The structure and properties of PLA containing 1 wt.% of PTFE were investigated.
In the molten state, a plateau in the modulus at low angular frequencies indicated that PTFE
fibers had formed a network structure. The addition of PTFE significantly increased the
drawdown force. During melt-stretching, the PTFE fibers aligned along the flow direction.
Although the PTFE fibers did not significantly promote nucleation of PLA during cooling,
they accelerated the cold crystallization of PLA. As a result, PLA crystals developed around
the fiber surfaces during post-processing annealing. This crystal growth enhanced
molecular orientation in the PLA, promoting expansion in the MD. In contrast, PLA strands
without PTFE exhibited minimal molecular orientation, even after annealing. An
anomalous MD expansion was also exhibited in compression-molded PLA/PTFE films,
which deformed along the flow direction after annealing. This behavior could be useful for
controlling dimensional stability and structural features of PLA-based products through

post-process annealing.
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Chapter 6. General conclusion

In this study, my research focused on a method to improve the crystallinity, as well
as the molecular orientation of semi-crystalline polymers using a shear flow. Moreover, the
effect of molecular orientation on the anomalous expansion to flow direction was also

investigated, as follows:

Chapter 2: Effect of shear history on the structure development during annealing

Basically, the polymer molecule undergoes the Brownian motion, leading to the
relaxation above glass-transition temperature during heat-treatment. As a result, the
spherulites, 1.e., isotropic structure, developed during annealing. In chapter 2, the polymer
having ordered structures with the orientation to flow direction was designed. This ordered
structure can be employed to counter the natural shrinkage of the relaxation and

crystallization.

Chapter 3: Structure development of polymer containing fibrous nucleating agent

under post-process annealing

The addition of nucleating agent has been known as an appropriate method to

increase the crystallization of semi-crystalline polymer. In chapter 3, the strategy was to

enhance the molecular orientation using the fibrous nucleating agent. It has been found that
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the fibrous nucleating agent oriented easily under the shear flow, then rapidly formed the
network structure during quench. During annealing, the homogeneously-oriented
structures were developed with high crystallinity. Notably, the shrinkage was limited in the
sample having a high orientation, i.e., PLA/EBHS strand, compared to that having a low
orientation (PLA strand). From this result, the increase in molecular orientation can be

employed to prevent the anisotropic shrinkage during annealing.

Chapter 4: Anomalous post-processing dimensional change of immiscible blend

In the chapter 4, a low molecular-weight immiscible polymer was introduced to
fabricate the binary polymer blend. Due to PVA having a low-viscosity and phase-
separation with PLA, the dispersion of PVA droplets deformed to the oriented fibrils to the
flow direction in the continuous PLA matrix. This oriented dispersions, which acted as
fibrils structure, and promoted the transcrystallization during post-process annealing.
Moreover, the anomalous expansion to flow direction during annealing, owing to the
greatly increasing molecular orientation after annealing. As a result, the mechanical

properties, such as flexural modulus, were greatly enhanced.
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Chapter 5: Exploration of the mechanism for dimensional change of the polymer

containing flexible fiber under post-process annealing

In chapter 5, the rheological properties of PLA, such as melt-strength, was improved
by the addition of a small amount of commercially available PTFE. The fibrils formed in
the continuous PLA matrix, which enhanced the processability of PLA, such as melt-
tension. Moreover, it also acted as nucleus and accelerated the crystallization. During
applying a shear flow, the PTFE fibrils oriented to flow direction, which induced a high
orientation of PLA during crystallization, leading to expansion to flow direction. This study
elucidated the effect of PTFE fibrils on the dimensional change of PLA, resulting in the

information for controlling the natural shrinkage of PLA products during annealing.
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Future Scope

Post-process annealing is an appropriate method to improve the crystallization of
the semi-polymers having low crystallization rate. Moreover, it can reduce the cycle time
in the production, such as quenching. Based on the research on the flow-induced
crystallization, the crystallization and molecular orientation can be promoted. The results
obtained from this thesis will be helpful for the high-performance biodegradable polymer.
The fibrous nucleating agent significantly enhanced the crystallization, as well as the
molecular orientation after post-process annealing. Moreover, the addition of immiscible
low-molecular-weight polymer in the blend induced the fibrils structure after injection-
molding, leading to high orientation and anomalous expansion during post-process
annealing. The anomalous expansion was explained by the orientation enhancement,
suggesting that this phenomenon can be applicable for other semi-crystalline polymers,
such as poly(3-hydroxulbutyrate-co-3-hydroxylhexanoate) (PHBH) or polypropylene. I
believe this enhancement of molecular orientation could be employed industrially to
compensate for the orientation relaxation during annealing, thereby reducing shrinkage and
warpage in plastics products. Additionally, incorporating nucleating agents with various
shapes, such as zero-dimensional (dots, nanoparticles), one-dimensional (tubes, rods,
fibers), and two-dimensional (sheets, layers) materials, might provide synergistic effects to

further enhance dimensional stability.
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