DESIGN AND ENGINEERING OF VALUE-ADDED PRODUCTS FROM THE
POLYLACTIDE (PLA) POLYMER

By

Preetam Kumar Giri

A DISSERTATION

Submitted to
Michigan State University
in partial fulfillment of the requirements
for the degree of

Chemical Engineering — Doctor of Philosophy

2019



ABSTRACT

DESIGN AND ENGINEERING OF VALUE-ADDED PRODUCTS FROM THE
POLYLACTIDE (PLA) POLYMER

By
Preetam Kumar Giri

The rate of adoption of the polylactide (PLA) polymer as a commodity plastic has been slow due
to its inherently low toughness, low heat deflection temperature, slow rate of crystallization and
poor melt strength. In the current work, we have focused on addressing these critical issues with
PLA via four specific approaches, with the ultimate goal of expanding its portfolio of commercial
applications. First, the incorporation of a novel Polylactide-Polydimethylsiloxane (PLA-PDMS)
block copolymer for application as an impact modifier for injection molded PLA articles was
studied. The PLA-PDMS copolymer was synthesized via a transesterification chemistry using
reactive extrusion as a facile technique. The copolymer was added to neat PLA during the injection
molding process at varying loading levels. Thermal annealing of the injection molded part was
carried out to increase the percent crystallinity and subsequently the heat deflection temperature.
The addition of the copolymer and the subsequent annealing was found to have an unprecedented
synergistic effect on both the tensile and impact toughness of the PLA, which were improved by
up to 200 and 500% respectively. A model was proposed to explain the unique behavior shown by
the annealed PLA-PDMS system. Optimization of molding and annealing conditions were
performed to ensure a cost-effective route towards commercialization.

Second, the use of a biobased mono-epoxy-functionalized cardanol molecule, derived from cashew
nut shell liquid (CNSL), is explored as a “green” plasticizer. Reactive blends of the modifier with
PLA, produced via twin-screw extrusion, was found to successfully reduce glass transition

temperature of the PLA resulting in enhanced flexibility of the injection molded PLA specimens.



Thermal annealing of these specimens was found to improve heat deflection temperature by ~20°C
and the percent crystallinity by ~100%. Mechanical properties of the annealed samples were
observed to closely mimic the unique synergistic trend shown by the PLA-PDMS system. The
model developed for the PLA-PDMS system was appropriately modified to take into account the
behavior of the PLA-epoxy system.

Third, multifunctional epoxy-based chain extenders were reactively blended with PLA via twin-
screw extrusion to improve its melt strength for applications in processing techniques such as
blown films. A fossil-fuel based epoxy modifier and a biobased substitute derived from cardanol
were used for the study. The effects of varying molar ratios and the type of processing used on the
final rheological properties were first evaluated using model compounds to simulate PLA and then
validated by reactions with PLA. Improvements in melt strength were characterized using dynamic
oscillatory shear and uniaxial extensional viscosity measurements. The presence and type of chain
extension evolved with each modifier was established.

The last section of the work involves the use of basalt and glass fibers to reinforce the PLA matrix
for automotive interior applications. The PLA-based fiber composite materials were produced by
adopting the Direct-Long Fiber Thermoplastic (D-LFT) approach, wherein continuous rovings of
the fibers were directly fed into a twin-screw extruder. The D-LFT technique allows for a higher
aspect ratio of the fiber in the matrix leading to improved load transfer at the fiber-matrix interface.
Optimization of the process parameters, including screw configuration, was performed to ensure
desired level of fiber breakage and dispersion, and to maximize the fiber content in the final
composite material. PLA-based short fiber composites were prepared under similar processing
conditions to demonstrate the efficacy of the D-LFT technique at preparing composite samples

with a higher aspect ratio and improved mechanical performance over using short fiber.
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1 INTRODUCTION

Some excerpts are directly reproduced from Giri, P., et al. (2018). Using Reactive Extrusion to
Manufacture Greener Products: From Laboratory Fundamentals to Commercial Scale. American

Chemical Society. 1304: 1-23
1.1 Motivation

A recent technical report published by the World Economic Forum in collaboration with the Ellen
MacArthur Foundation claims that by the year 2050, there will be more plastics in the ocean than
fish [1]. Although this might not be the most accurate representation of the reality in 2050, it does
paint a vivid picture of the plastics waste problem that we currently face (Figure 1-1). Over the
past decade, the issue of plastics waste has been ubiquitous in both the scientific and non-scientific
communities [2, 3]. Within the last 50 years, the production of plastics has gone up by almost 20
times, yet there exist very few viable end-of-life options to address the plastics waste generated
(Figure 1-1). By current estimates, only 14% of the waste gets recycled, whereas 40% of it is
diverted to landfills, 14% of it goes towards incineration or energy recovery, and a staggering 32%
results in leakage to the environment [1]. The leakage of these plastics waste has recently led to
the investigation into the formation of microplastics in both soil and marine environments and has
been related to adverse health effects in all living creatures [4-8]. This dire situation has

necessitated the immediate need for development of plastics with a viable end-of-life option.
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Figure 1-1: Increase in the production of plastics over the last 50 years (left), prediction of
plastics waste for year the 2050 (right) [3]

Biobased plastics or materials have been defined by the [IUPAC as being “composed or derived in
whole or in part of biological products issued from biomass (including plant, animal, and marine
or forestry materials)” [9]. Biobased plastics offer a significant value addition by reducing the
amount of carbon footprint generated during their production [10]. Certain biobased plastics such
as polylactic acid or PLA, also happen to be biodegradable under controlled conditions (for e.g.
composting) thus offering the added benefit of having a viable end-of-life option [11]. Thus,
materials such as PLA that are both biobased and biodegradable, hold the most promise when it
comes to addressing the plastics waste problem by closing the loop around the production and use
cycle (Figure 1-2). Despite a deluge of previously reported scientific literature on the synthesis
and modification of PLA for various applications, only few cost-effective strategies exist, mostly
due to these studies being academic in nature and often facing difficulty in scaling up [12-15].
Hence, going forward, the development of PLA-based materials with an optimum price to

performance ratio forms the primary motivation of this thesis.
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Figure 1-2: Closed-loop cycle showing the ideal path taken by biobased plastics (Image sourced
from www.europeanbioplastics.org)

1.2 Polylactide (PLA)

The past few decades have seen an increasingly growing demand for biobased and biodegradable
polymers to be commercially adopted as replacements for existing fossil-fuel based plastics. This
need arises not only from the fact that the production of these plastics results in a significantly high
carbon footprint, but also because of the lack of environmentally safe end-of-life options for the
products made out of them [16-21]. This demand has also driven a significant amount of academic
as well as industrial research into the production and property modification of biobased polymers,
leading to the creation of a wide spectrum of these polymers, most notable of which is polylactide
(PLA) [22]. PLA is a biodegradable aliphatic polyester derived from lactic acid which manifests
itself in nature in several forms. Lactic acid or 2-hydroxypropionic acid, is a naturally occurring
a-carboxylic acid that can be artificially synthesized or obtained through bacterial fermentation
[23]. Since lactic acid possesses an asymmetric carbon atom, it is optically active, and exists in the

form of two enantiomers: the L(+) and the D(-). Most of the commercially manufactured lactic



acid is produced through the bacterial fermentation process since it provides better yields of the
desired L-lactic acid and gives off reduced amount of by-products [13].

PLA was first synthesized by Wallace Carothers in 1932 at DuPont, by heating lactic acid under
vacuum while removing the condensed water [24]. However, it was found that the resulting
product was of low molecular weight and showed poor mechanical properties. PLA can also be
synthesized from lactide, which is the cyclic di-ester of lactic acid. Currently, high molecular
weight PLA is produced by either one of the following processes as shown in Figure 1-3 [12]: (a)
ring-opening polymerization of the lactide monomer, or (b) polycondensation reaction of lactic
acid followed by an azeotropic distillation process using a high-boiling solvent to drive the
equilibrium reaction forward. The former process has been commercialized by Cargill Inc. [25],
and the latter by Mitsui Toatsu Chemicals [26]. A third process involving the use of chain coupling
agents to increase the molecular weight of the initial PLA formed has been explored but has not

been adopted due to several factors such as added costs and presence of unreacted impurities in

the final product [23].
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As shown in Figure 1-4, lactide exists in the form of three stereoisomers [8]: L-lactide, D-lactide

and meso-lactide.
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Figure 1-4: Stereoisomers of lactide [27]

The stereochemical composition of the PLA formed by the ring-opening polymerization of lactide
is determined by the stereochemistry of the lactide monomers [12]. This is of considerable
importance as several properties, including the melting point and the rate and extent of
crystallization, are largely affected by the stereochemical makeup of the final PLA obtained as the
product. Pure poly(L- or D- lactide) has a melting point of around 180°C, which reduces with an
increase in content of a stereochemical impurity. This trend has also been observed for the rate and
extent of crystallization. However, the glass transition temperature has been found to be
independent of the stereochemical composition and lies in the range of 55 — 60°C. The thermal
degradation of PLA sets in about 180 — 190°C, resulting in rapid loss of molecular weight, and is
attributed to chain scission [23].

PLA exhibits excellent mechanical properties that are comparable to those of polystyrene (PS)
[27]. The tensile strength, tensile modulus and flexural modulus of PLA have been found to be in

the range of values for that of PS under similar testing conditions. Due to its similarity in properties



with PS, PLA is increasingly finding use as an environment-friendly substitute for PS. However,
its toughness and elongation at break has been found to be considerably low and limits the use of
PLA in certain applications.

The barrier properties of PLA have been well studied due to its importance as a packaging material
[28]. It has been found that PLA performs better than PS when it comes to the permeability of
oxygen, carbon dioxide and moisture. The migration of chemical species from bulk in PLA has
been studied due to its extensive usage in the packaging of food and biomedical supplies. It was
found that there was almost none to very little migration of lactic acid or its oligomers from the
PLA into the packaged product, thus, granting PLA the status of “Generally Recognized as Safe”
(GRAS) by the United States Food and Drug Administration [29].

Since it is a biobased plastic, the biodegradability of PLA has been thoroughly studied in order to
further establish its standing as an environmentally friendly material [30]. It has been found that
PLA is not readily susceptible to attack by microorganisms in soil and needs to break down to
lower molecular weight oligomers before it starts degrading in a natural environment. However,
there are a handful of known microbes that have been found to degrade PLA through the enzymatic
route [30].

Due to its unique portfolio of properties, PLA has been used in a variety of applications, including
packaging, manufacture of commodity items, and biomedical implants. Despite its versatility, PLA
suffers from a few limitations, which restricts its processability and subsequently its potential
applications. These include an inherently low toughness, low heat deflection temperature, slow
rate of crystallization and poor melt strength. Extensive research has been carried out in order to
resolve these issues [31], however, key issues still remain. Addressing these issues forms the

primary focal point of this thesis.



1.3 Property Modification of PLA

The properties of PLA can be tailored depending on the type of end-use application. Several
strategies have been reported in literature in order to do achieve this [14, 32-34]. Since the key
performance requirement that we have tried to address as a part of this thesis is the low toughness
of PLA, we discuss previously reported strategies in order to develop an understanding of the
processing techniques involved.

Toughness of a material can be defined as its ability to absorb energy and undergo plastic
deformation before reaching its point of fracture [35]. Since the advent of inexpensive methods to
produce PLA commercially, there has been significant attention placed on its commercial
applications. However, the one major issue that has consistently plagued PLA has been its inherent
brittleness or, otherwise stated, its low toughness [34]. This has severely restricted the commercial
applications of PLA in several cases where higher impact strength is required. Several approaches,
including plasticization, copolymerization and melt blending with tougher polymers, have been
tried in order to improve its toughness. The major pitfall associated with each of these methods is
that the increase in toughness is achieved at the expense of the tensile strength and modulus. Thus,
developing a material with a desired balance of strength and toughness has become the subject of
intensive research.

The following is a brief discussion of the various methods that have been implemented to improve
the toughness of PLA in existing literature [14, 32, 33]:

1.3.1 Alteration of Stereochemistry and Processing

It has been well established that the mechanical properties of PLA are strongly dependent on its
stereochemical composition, its percentage of crystallinity and its orientation [36]. The mechanical

properties including toughness were found to increase with an increase in percent crystallinity,



which in turn was found to be directly proportional to the stereochemical purity. Also, the
toughness was found to increase with an increase in orientation. Since both stereochemical
composition and orientation can be manipulated by altering processing conditions, toughness can
be improved upon by utilizing this approach. However, it has been found that the increase in
toughness due to these factors is marginal, and is lost during post-processing of the polymer, thus
negating the use of this approach [33].

1.3.2 Copolymerization

Copolymers of PLA with several other polymers have been synthesized in order to improve their
overall mechanical properties. There are two major methods through which these PLA-based
copolymers are produced: polycondensation reaction of lactic acid and the desired monomer, or
the ring-opening polymerization of lactide with the monomer [33]. The most effective PLA
copolymer systems that have resulted in an improvement in toughness include poly(e-
caprolactone) [37], PLA-poly(hydroxyalkanoate) [38], and PLA-poly(ethylene glycol) [39]. The
toughness of these copolymers has been found to be dependent on the relative content of the
polymers, the use of a catalyst during the copolymerization, and more importantly, the inherent
miscibility between the two polymers [14]. The major complication associated with the studies
conducted on PLA-copolymer systems is that there exists no uniform reporting of the measure of
toughness, due to the use of different testing methods as well as the use of different sample types.
This prevents a comprehensive comparative study of the efficacy of different copolymer systems
in improving the toughness. Also, the repeatability of the properties obtained has been reported to
be relatively low, and since they have been synthesized in small batch processes, few of them have

been commercially viable [33].



1.3.3 Blending

Blending of PLA with a tougher and more flexible polymer is another common route to increasing
the toughness of neat PLA. There are several studies that have reported the blending of PLA with
both biodegradable and non-biodegradable polymers in order to improve the toughness. Some of
the notable PLA blends that have successfully resulted in improving toughness are:
PLA/polycaprolactone [40], PLA/poly(hydroxyalkanoate) [41], and PLA/poly(butylene
succinate) [42] among the biodegradable ones, and PLA/polyethylene [43], and
PLA/Acrylonitrile-butadiene-styrene [32] among the non-biodegradable ones. The improvement
in toughness has been generally found to be dependent upon the content of the modifier added,
and the miscibility between PLA and the modifier [33]. The advantage of blending lies in the fact
that it is less expensive compared to copolymerization. However, its major disadvantage in most
cases is that the immiscibility between PLA and the modifier leads to phase-separation. This occurs
usually with physical aging as well as during processing, leading to loss of the improvement
obtained initially. In order to enhance the miscibility, numerous compatibilizers have been tried
and tested. Yet, this still remains a major setback to the blending approach [33].

1.3.4 Plasticization

The addition of various plasticizers to PLA to make it tougher has been attempted with varying
degrees of success [32]. Plasticizers are quite commonly used to increase the flexibility of a
polymer by increasing its free volume, subsequently reducing its glass transition temperature. The
increase in free volume increases the mobility of the polymer chains leading to better ductility and
toughness. The most effective plasticizers that have been used to improve the toughness of PLA
include: lactide monomer, citrate esters, glycerin triacetate, poly(ethylene glycol) and

poly(ethylene oxide) [14]. The improvement in toughness has been found to increase with the



plasticizer content up to a certain point, beyond which the toughening effect is reversed due to
leaching out of the plasticizer at higher concentrations [33]. Plasticization offers the benefit of ease
of processing and being inexpensive. However, the major drawback with plasticization lies in the
fact that a significant plasticizer content is required to obtain the desired toughness, and also, there
is considerable leaching of the plasticizer with time [14].

The methods outlined above are the major routes to improving the toughness of PLA, however, as
highlighted, each has its own merits and demerits. Also, one major downside that is observed
across all methods is that the increase in toughness obtained is almost always accompanied by a
simultaneous reduction in tensile strength. Thus, designing a PLA-based system with the ideal
balance of both is critical. In the current work, we will explore several techniques to improve the

toughness of PLA and compare them with properties observed in prior studies.
1.4 Reactive Extrusion (REX)

All of the work that will eventually be discussed as a part of this thesis was performed using
extrusion-based processes, more specifically, reactive extrusion (REX). This necessitates the
development of an understanding of this processing technique.

Extrusion-based systems offer a continuous and inexpensive route for the processing of polymers.
Specifically, reactive extrusion (REX) is an extremely versatile method that can be well-adapted
for a wide-range of applications, including polymerization reactions [44], chemical modifications
of polymers through grafting, branching and functionalization reactions, and also physical
modifications such as reactive blending and compatibilization [45, 46].

Figure 1-5 the schematic of a basic REX process. Solid and liquid reactants are fed through a
feeder and an injection pump, respectively. The barrel which consists of individually heated

blocks, also houses the screw elements, where the mixing and conveying occurs. The final product
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exits the extruder through a die at the end of the barrel. The motor at the front of the assembly
powers the screws by providing the necessary torque. Extruders are usually of two major types:
single-screw or twin-screw, and in the case of twin-screw, they are available in two major
configurations, i.e. co-rotating and counter-rotating. As evident, in the co-rotating twin-screw
extruder, the two screws rotate in the same direction, whereas, in the counter-rotating
configuration, the rotation of the screws are in opposite directions to each other [47].

The different components of an extruder give rise to several controllable process parameters
including the screw configuration, the screw speed, the feed rate and the temperature profile.
Through the manipulation of these parameters, we can create a range of unique operating
conditions. The screw configuration is composed of a combination of conveying elements that
carry the reaction mixture forward, and the kneading elements, which apply a shear force on the

reaction mixture thereby providing the thorough mixing needed.

Feeding
systems

Vent port

i Die

Processing section

Figure 1-5: Schematic representation of a reactive extrusion system [47]
Reactive extrusion offers several advantages over conventional polymer processing, such as [48]:
a. Continuous process with significantly low reaction time compared to batch processing. This
prevents prolonged exposure to elevated operating temperatures that could easily lead to the

undesired thermal degradation of the polymer being processed.
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. Being a solvent-free process, it eliminates the added costs of having solvent inlet and recycling
streams, and also avoids the usage of potentially harmful solvents, thus ensuring a safer
approach.

. The shear forces produced by the screw elements spread out the reaction mixture and create
thin layers of the material in the area between the screws. This exposes a high surface area that
is available for the reaction to occur. Furthermore, this minimizes the temperature gradients
developed due to drastic increase in viscosity during polymerization reactions; thus, ensuring
efficient heat and mass transfer within the system.

. It offers efficient downstream devolatilization of the reaction mixture to remove gaseous
byproducts, which drives the reaction forward, thus resulting in a higher efficiency.

. Its modular buildup allows for control over several processing parameters. This along with the
fact that multiple input streams can be incorporated into the system makes the REX ideal for a

diverse range of applications.

REX has been extensively used for the polymerization and property modifications of several

biobased and biodegradable plastics and will be the processing technique-of-choice used for the

entirety of this work [49, 50].

Having taken an in-depth look into the current status of research in PLA, and having developed an

understanding of reactive extrusion, further studies into the property modification of PLA will be

carried out. The first chapter will focus on the synthesis of a novel copolymer for impact

modification of the PLA. The second chapter deals with the use of a biobased plasticizer to

improve the flexibility of PLA. In the third chapter, we explore the use of a biobased chain extender

to improve the melt strength of PLA. Lastly, the fourth chapter focuses on the production of PLA-

12



based direct long fiber thermoplastics for automotive interior applications.

The work done in the first three chapters was carried out in collaboration with Natur-Tec (a
division of Northern Technologies International Corporation), MN, USA. The work in chapters 2
and 3 were also performed in collaboration with the Cardolite Corporation, PA, USA. For the last
chapter dealing with the PLA composite materials, all the work done was in collaboration with the

Ford Motor Company, MI, USA.
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2 POLYLACTIDE-POLYDIMETHYLSILOXANE COPOLYMER FOR

TOUGHENING APPLICATIONS

2.1 Introduction

Due to its unique portfolio of properties, polylactide (PLA) makes for an excellent candidate for
injection-molded disposable articles. Being both biobased and biodegradable, it ensures a lower
carbon footprint while providing for viable end-of-life options. Also, the mechanical properties
including tensile strength and modulus are within the range of polystyrene (PS), thus making it a
suitable option as a potential replacement for PS. However, PLA still faces performance issues
that limit its usage in injection-molded commodity items. These include poor tensile and impact
toughness arising due to a high glass transition temperature, a low heat deflection temperature
preventing its use at elevated temperatures, and last but not the least, a slow rate of crystallization
that further negatively impacts its mechanical performance [15].

Some of the common approaches adopted to increase the toughness of PLA include manipulation
of the stereochemical makeup of the PLA during either the manufacturing or the processing step,
blending of the PLA with an impact modifier, rubber toughening agent or a plasticizer, or using
PLA based copolymers as modifiers to ensure better compatibility thus leading to improved
mechanical properties. There exists a plethora of literature describing means and methods to
successfully improve upon the ductility of PLA, however, only a select few have been found to be
both effective as well as economically viable [14, 32-34, 36, 51, 52].

The objective of this study was to use the copolymerization route to develop a silicone-based PLA
copolymer to act as an impact modifier in a neat PLA matrix. The rationale behind choosing
silicone was to exploit its inherent flexibility to toughen the base PLA resin. PDMS has an

extremely flexible -Si-O-Si- backbone arising due to the fact that the rotational energy around a
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(CH3)2Si-O- bond is only 3.3 kJ/mol whereas in comparison it is 13.8 kJ/mol around a CH>-CH»
bond in polyethylene [53]. This is also evidenced by the fact that the glass-transition temperature
of PDMS is around -120°C, and further supports the hypothesis that the incorporation of a PDMS
phase in PLA would make it more ductile [54]. However, PLA and PDMS are both highly
incompatible with each other owing to their difference in solubility parameters, (Hildebrand
solubility parameter 5, dpra = 19.8 MPa!? and Sppms = 15.1 MPa'’?), which hinders their
miscibility [55]. This justifies the requirement for a PLA-PDMS copolymer which would instead
have a & value that would be closer to the average of dpLa and dppwms, (considering the formation
of a diblock copolymer), thus resulting in improved compatibility with a PLA matrix as opposed
to direct blending of PLA and PDMS. Based on these theoretical assumptions, the current study
focuses on first synthesizing a PLA-PDMS block copolymer, followed by blending of the
copolymer with neat PLA in order to achieve the desired improvement in properties.

Reactive extrusion (REX) was chosen as the preferred technique for carrying out the
transesterification reaction leading to the formation of the block copolymer. REX provides an
expeditious, solvent-free, and cost-efficient method, that also offers enhanced mass and heat
transfer during the reaction as opposed to a batch process [44, 56]. Since the residence time during
the REX process is in the order of 2~3 minutes, the use of amine-terminated PDMS was proposed
due to the higher reactivity of primary amines, as opposed to the unreactive methyl end groups in
regular PDMS. Thermal annealing was used as a post processing method for introducing higher
crystallinity into the PLA matrix, since the injection molding process does not allow for sufficient

time for the PLA to fully crystallize, thus leading to poor mechanical properties [57].
2.2 Experimental

The experimental work on this project was carried out under two distinct sections: the first part
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involved the synthesis of a range of copolymers by reacting a particular grade of PLA with varying
molecular weights of the NHPDMS, followed by their characterization. The second part involved
the selection of the copolymer with the optimal mechanical performance and melt blending it with
a specific injection-molding grade of PLA to obtain the desired improvements in mechanical
performance.

2.2.1 Synthesis and Characterization of Copolymer

2.2.1.1 Materials

The 3051D commercial grade of PLA was used for this section and was sourced from
NatureWorks LLC (Minnesota, USA). This grade has a weight-average molecular weight of
~130,000 g/mol and a meso-lactide content of ~8% [58]. Aminopropyl-terminated
polydimethylsiloxane (NHPDMS) of three different molecular weights, 1000, 5000 and 30,000
g/mol, were purchased from Gelest Inc. (Pennsylvania, USA). The transesterification catalyst,
tin(I)-ethylhexanoate or Sn(Oct),, was purchased from Sigma-Aldrich (Wisconsin, USA), along
with the other required reagents including dichloromethane and methanol. Deuterated chloroform
(CDCl3) which was used as the solvent for NMR analysis, was purchased from Cambridge Isotope
Laboratories (Massachusetts, USA).

2.2.1.2 Synthesis via REX

The copolymer was synthesized via a transesterification reaction between the PLA and the
NHPDMS using reactive extrusion as a facile technique to carry out the reaction. Since PLA is
easily susceptible to hydrolytic degradation, especially in the presence of elevated temperatures
and shear forces in an extruder, the PLA pellets were dried at 60°C in an oven for 24 hours prior
to being extruded. The NHPDMS and Sn(Oct), were mixed along with the PLA pellets before

being fed into the hopper. A Century ZSK-30 (Michigan, USA) co-rotating twin screw extruder
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with a screw diameter of 30mm and a L/D ratio of 42 was used for the process. The temperature
profile used on the extruder going from the feed section to the die was as follows:
140/150/160/160/160/170/170/170/160°C. The screw speed and throughput were 125 rpm and 150
gm/min respectively. The extrudate in the form of a strand was quenched by passing it through a
cold-water bath and then pelletized. The pellets were then dried in an oven at 60°C for 24 hours
before being characterized.

In order to remove any unreacted NHPDMS from the extrudate, a precipitation method was
adopted for the purification of the sample [59]. The extrudate was first dissolved in
dichloromethane, which dissolves the neat PLA, the copolymer and the unreacted NHPDMS. This
was followed by the addition of an excess quantity of methanol which precipitates out the PLA
and the copolymer leaving the unreacted NHPDMS in solution. This process was repeated for at
least three times to ensure complete purification. The purified sample was then used for Fourier
Transform Infrared Spectroscopy (FT-IR) and NMR studies. It should be noted that the
purification step was not used for the copolymer while preparing injection molded samples.
2.2.1.3 Characterization

FT-IR spectra of neat PLA and the purified product were recorded using the ATR mode of a
Shimadzu IRAffinity-1 spectrometer (Shimadzu Co., Japan) equipped with a single reflection
MIRacle ATR attachment (PIKE Technologies, USA). The spectra were obtained in the absorption
mode within the spectral range of 4000-600 cm.

'"H NMR analysis of the samples were performed by first dissolving the purified extrudate in a
deuterated chloroform (CDCIs) solvent. The spectra were recorded on a 500 MHz Varian Unity
Plus NMR spectrometer (Varian Associates Inc., USA) at room temperature. Spectra of the

purified extrudate were compared with that of neat PLA to observe for peak shifts post-reaction.
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The thermal degradation properties were evaluated using a thermogravimetric analyzer, TGA Q50
(TA Instruments, USA), by heating the sample from room temperature to 550°C at a rate of
10°C/min under a nitrogen atmosphere. Also, the thermal transitions of the samples were obtained
by using a differential scanning calorimeter, DSC Q20 (TA Instruments, USA). The samples were
heated up to 200°C starting at room temperature at a rate of 10°C/min under a nitrogen atmosphere.
Injection molded tensile test bars were prepared using a table-top DSM micro-injection molding
machine. The neat copolymer pellets, as well as the mixture of neat PLA and copolymer pellets in
the required weight ratio, were mixed and fed into the co-rotating twin-screw DSM Micro 15cc
compounder (DSM Research B.V., The Netherlands) at a temperature of 190°C and a screw speed
of 100 rpm. After attaining a constant level of torque which ensures thorough mixing, the polymer
melt is transferred to a DACA Micro injector (DACA Instruments, USA) with a barrel temperature
of 190°C. The melt is then injected into the appropriate mold, which is maintained at a temperature
of 50°C, at an injection pressure of ~10 bar, and then held for ~15 seconds inside the mold to cool
down before being removed.

The tensile testing was carried out on an Instron model 5565-P6021 (Instron, USA) mechanical
testing fixture setup with a 5 kN load cell. The testing was carried out in accordance with the
ASTM D882-12 standard test method for tensile properties of thin plastic sheeting[13]. The rate
of grip separation was set at 12.5 mm/min which was as per the ASTM D882 specifications. A
minimum of six replicates were used to ensure repeatability of the test data.

Transmission electron microscopy (TEM) was used to study the dispersion of the NHPDMS within
the PLA phase in the copolymer samples. An ultra-high resolution JEOL 2200FS (JEOL Ltd.,
USA) transmission electron microscope was used to perform the imaging on the samples at an

accelerating voltage of 200 kV. The images were collected using a Gatan Multiscan camera (Gatan
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Inc., USA). Ultrathin sections (~100 nm) of the copolymer samples were cut from the injection
molded tensile test bars using a Leica CM 1850 Cryostat cryo-ultramicrotome (Leica Biosystems
Inc., USA).

2.2.2 Melt Blending and Injection Molding of Copolymer with Neat PLA

2.2.2.1 Materials

The 3001D injection-molding grade of PLA, supplied by NatureWorks LLC (Minnesota, USA)
was used for this section of the study. The 3001D grade has a similar molecular weight to that of
the 3051D grade, however, its meso-lactide content is around 1~2% as opposed to the 8% in the
3051D, thus making the 3001D much more thermally stable [58]. This is clearly demonstrated by
the fact that the melting point (Twm) of the 3051D grade is ~150°C, whereas that of the 3001D grade
is ~170°C. For this section of the study, only the 30,000 g/mol grade of the NHPDMS from Gelest,
Inc. was used. The other reagents used were the same as those used in the previous section. Three
different nucleating agents were used for the in-mold annealing experiments. A talc masterbatch
was procured from Natur-Tec (Minnesota, USA). The masterbatch was composed of PLA with a
talc loading level of 10% by weight. A high purity grade of poly(D-lactide), PDLA — D070, was
obtained from Total-Corbion PLA (The Netherlands). Licomont Nav10l, a commercially
available proprietary nucleating agent was obtained from Clariant AG (Switzerland). The PDLA-
D070 and the Licomont Nav101 were used as is, and also in the form of a masterbatch during the
molding process. The masterbatch for each of the nucleating agents with PLA was prepared via
twin-screw extrusion at our lab.

2.2.2.2 Synthesis via REX and Injection Molding

The PLA-NHPDMS copolymer was synthesized using the same reactive extrusion procedure as

described earlier. However, for this section, a LabTEch LTE-26 (LabTEch, Thailand) co-rotating
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twin screw extruder with a screw diameter of 26mm and a L/D ratio of 44 was used. The
temperature profile used on the extruder going from the feed section to the die was as follows:
170/175/180/180/180/185/185/185/185°C. The screw speed and throughput were 100 rpm and 150
gm/min respectively. The appropriate composition, i.e. 95% by weight of dried PLA pellets along
with 5% by weight of the 30,000 g/mol NHPDMS were premixed along with 0.1% of the catalyst,
Sn(Oct),, before being fed into the hopper. The synthesized copolymer was used as-obtained for
melt blending and injection molding with the neat PLA 3001D without any additional purification
steps.

A thermal annealing step was introduced in this section of the study to increase the amount of
crystallinity in the samples. This was achieved by placing the injection molded article, either the
tensile test bar or the notched Izod test specimen, in a vacuum oven (no vacuum was applied during
the process), while laying them out on a flat tray. The temperature of the oven was uniformly
maintained at 95°C for the entire duration of the annealing process which lasted for 1 hour. At the
end of 1 hour, the tray holding the samples was carefully removed from the oven and the samples
were allowed to cool down slowly to room temperature. The samples were allowed to equilibrate
for at least a day before any testing was performed on them.

2.2.2.3 Characterization

The tensile test specimens needed to study the mechanical behavior of the blends were prepared
using a DSM micro-injection molding machine by following the same methodology and
equipment as used in the earlier section. Also, injection molded test bars required for the notched
Izod impact testing were prepared using an 82-ton Toshiba EC85SX (Toshiba Machine Co., USA)
injection molding machine. The barrel and the mold temperatures were set at 190°C and 24°C

respectively. The injection pressure used was 330 psi and the holding time was set at around ~30s.
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The tensile testing was performed using an Instron test setup in accordance with the ASTM D882
standards as described earlier.

The notched Izod impact properties were studied using a Tinius Olsen Model IT504 (Tinius Olsen,
USA) pendulum impact tester equipped with a Tinius Olsen Model Impact 104 test controller. The
testing was carried out in accordance with the ASTM D256 standard test method for determining
the 1zod pendulum impact resistance of plastics [60]. The samples were notched using a Tinius
Olsen Model 899 Specimen Notcher. The test specimens had dimensions of 0.5 X 0.125 inches
and the notch marked was 0.1 inch deep. A minimum of six replicates were used to ensure
repeatability of the test data.

A JEOL 6610LV scanning electron microscope (SEM) was employed to obtain the surface
morphology images for the fracture surfaces of the tensile and impact test specimens. The fractured
surfaces were mounted vertically, and a carbon coating was applied for conductivity.

Dynamic mechanical analysis (DMA) was carried out on the samples using an RSA-G2 Solids
Analyzer (TA Instruments, USA) to evaluate the storage modulus, loss modulus and the loss factor
(tan 9) as a function of temperature. The gage section of the tensile test specimens was used as the
test sample. Testing was carried out using the three-point bending mode, going from 25 - 160°C
at a constant heating rate of 3°C/min and frequency of 1 Hz.

Gel swell analysis was performed on the samples in order to observe if there was any development
of cross-linking following the annealing process. The analysis was performed in accordance with
the ASTM D2765 standard test method for determination of gel content and swell ratio [61].
Samples measuring 0.5 X 0.5 inches were cut from injection molded test bars and were secured by

pouches made using a fine wire mesh. Each of the pouches was then placed inside a jar containing

21



dichloromethane for 24 hours, after which they were removed and completely dried. The dry
sample weights were measured before and after placing them in the solvent.

The crystallization kinetics of the samples were evaluated using a differential scanning calorimeter
(DSC Q20, TA Instruments, USA). The isothermal melt crystallization behavior was studied using
the following procedure: the samples (~10 mg) were heated from room temperature up to 200°C
at 10°C /min, where they were isothermally held for 10 minutes to eliminate any previous thermal
and stress history. The samples were then cooled down to one of five different isothermal
temperatures (90, 95, 100, 105 and 110°C) at a rate of 20°C/min where they were set to equilibrate
and were held for a sufficient amount of time to allow for the crystallization process to reach

completion. The simulated in-mold annealing using the DSC also followed a similar route.

2.3 Results and Discussion

2.3.1 Synthesis and Characterization of Copolymer

Reactive extrusion (REX) was used to achieve the transesterification reaction between the PLA
and the NHPDMS resulting in an amide linkage between the two blocks. The Sn(Oct),, a
commonly used transesterification catalyst for PLA was used to aid the reaction through chain
scission of the PLA. Figure 2-1 shows a schematic description of the reaction resulting potentially

in a diblock or triblock structure.
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Figure 2-1: Schematic of transesterification reaction between PLA and the NHPDMS

The screw configuration used on the co-rotating twin screw extruder included two kneading blocks
in order to introduce additional shear forces, thereby enhancing the mixing of the reactants. The
temperatures of the blocks were predetermined using previous studies from our group involving
the reactive extrusion of PLA as a reference [62]. Figure 2-2 shows a schematic of the screw

configuration used for the REX process.
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Figure 2-2: Screw configuration used on the extruder (feed to die - left to right)

The effect of the amount of catalyst used as well as the torque generated by the extruder, which
can be controlled by the feed rate of the reactants, were studied prior to this report and can be
summarized as follows: an increasing level of polydispersity in the copolymer samples were
observed with an increase in the Sn(Oct) catalyst content from 0.1 to 0.2% by weight of the

reactant mixture. Also, the residence time which varied with the torque, was found to have a
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directly proportional effect on the molecular weight of the resultant copolymer and the ~2-minute
residence time corresponding to a torque value of 35% was found to be optimal. Consequently,
0.1% by weight of catalyst and a ~2-minute residence time was adopted for the rest of the study.
Also, the reaction of the PLA with the catalyst showed a drastic decrease in molecular weight due
to the chain scission of the PLA by the Sn(Oct),. However, upon the introduction of the NHPDMS,
along with the PLA and catalyst, the molecular weights were found to be significantly higher, thus
providing the first confirmation of the reaction between the PLA and the NHPDMS [62].

FT-IR spectroscopy was used to provide further validation for the transesterification reaction. The
FT-IR analysis was carried out on the purified copolymer sample in order to prevent any unreacted
NHPDMS from interfering with the results. Figure 2-3 shows a comparative FT-IR spectra of neat
PLA (3051D) and the PLA-NHPDMS copolymer. The peak at 800 c¢cm™ and 1750 cm’!
corresponding to the —Si-C- bond on the NHPDMS and the C=0O bond on the PLA clearly
demonstrates the presence of both the blocks in the purified copolymer sample [63]. This provides
conclusive evidence of the reaction between the PLA and the NHPDMS blocks, thus establishing
that it is not simply a direct blend of the two components.

"H NMR spectroscopy was used to further validate the occurrence of reaction between the PLA
and the NHPDMS. As shown in Figure 2-4, three distinct peaks corresponding to the two blocks
of PLA and PDMS were observed with a sample of the purified extrudate. The characteristic peaks
of PLA at 1.6 ppm and 5.2 ppm corresponding to the methyl and methylene protons respectively
were observed. Also, a peak at ~0.1 ppm corresponding to the methyl protons on the -Si-O-Si-
backbone were observed [64]. The presence of these peaks corresponding to the individual blocks

in a purified sample was used as a secondary confirmation for the reaction between them.
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Figure 2-3: Comparative FT-IR Spectra of neat PLA and the PLA-NHPDMS copolymer
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Figure 2-4: 'H NMR spectra of purified PLA-NHPDMS copolymer

Thermogravimetric analysis was used as a simple yet effective tool in order to identify the

characteristic peak thermal degradation temperature of the neat PLA as well as the copolymer.
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Figure 2-5 shows the derivative thermal gravimetric (DTG) curve of the both. The peak thermal
degradation of the neat PLA was found to be at approximately 367°C whereas that of the PLA-
NHPDMS copolymer was at around 309°C. The loss of thermal stability can be attributed to the

loss in molecular weight of the PLA after reaction with the NHPDMS.

3.50 -
——Neat PLA
_ [e]
o 300 Copolymer (= 309°C s670C
)
£ 250 -
=P
é’ 2.00 -
2 150 |
~—
<
2 1.00 -
o
D
A 0.50 - \
0.00 - T T JI T T
25 125 225 325 425 525
Temperature (°C)

Figure 2-5: DTG curve comparing neat PLA with the PLA-NHPDMS copolymer
The thermal properties of neat PLA and the copolymer were measured by performing a standard
heating scan using a DSC. Figure 2-6 shows the DSC curves obtained from the first heating scan
carried out at 10°C /min. It can be observed that the glass transition temperature (T) and the
melting temperature (Tm) of the neat PLA remain unchanged at around ~58°C and ~170°C
respectively after the reaction with the NHPDMS, however the cold crystallization temperature
(Tec), was found to reduce from ~111°C to ~99°C. This behavior can be attributed to the fact that
the NHPDMS induces a certain degree of branching in the PLA matrix which could potentially

behave as nucleation sites, thus resulting in the onset of cold crystallization at a lower temperature

[65].
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Figure 2-6: DSC curves of neat PLA and the copolymer

TEM images of the copolymer samples were obtained in order to observe the dispersion of the
NHPDMS phase in the PLA matrix. Figure 2-7 shows the TEM images of the copolymer samples.
The NHPDMS phase can be observed as the dark spheres in the image. This is because of the
heavier Si atoms in the NHPDMS which can scatter the electrons more efficiently thus providing
a difference in contrast. Since the molecular weights of the individual blocks are high, a spherical
morphology of the NHPDMS blocks can be observed. This is found to be consistent with existing
literature on PLA-PDMS block copolymers, and is attributed to reduced chain mobility, thereby
preventing the formation of long-range ordered structures [55].

The tensile properties of the copolymer samples were studied by testing the injection molded
specimens of the same. Table 2-1 gives an overview of the properties obtained as a result of the
tensile testing [62]. As would be expected, the incorporation of the flexible NHPDMS component
into the brittle PLA matrix improves the elongation at break values of the samples, thus resulting

in an improved ductility of the PLA.
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Figure 2-7: TEM images of the copolymer obtained at X20,000 magnification

Although the improvement in the strain at break values were achieved at a slight loss of modulus
and yield stress, the overall toughness of the copolymer samples was found to be higher as
compared to neat PLA. Considering the data from Table 2-1, it was hypothesized that the
copolymer containing 5% of the 30,000 g/mol NHPDMS would give the maximum improvement
in toughness upon addition to the neat PLA, since it had resulted in the greatest improvement in

strain at break. Thus, this was the grade of copolymer chosen for the next section of the study.

Table 2-1: Tensile properties of the PLA-NHPDMS copolymers

NH- Yield
NH-PDMS PDMS Modulus Stress Strain at % Strain
MW [g/mol] [%] [|GPa] [MPa] Break [%] Improvement
PLA 3051D 0 1.57 66.9 8.76 -
1000 3 1.43 61.7 10.10 15.19
1000 5 1.39 554 10.82 23.47
5000 3 1.56 63.8 11.39 29.96
5000 5 1.47 59.4 12.89 47.06
30000 3 1.46 59.4 13.13 49.86
30000 5 1.38 57.6 14.27 62.86
30000 7 1.37 52.5 12.86 46.69
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2.3.2 Characterization of Blends of Copolymer with Neat PLA

This section of the report focuses on the evaluation of the properties of the blends of neat PLA
with the copolymer. For this part, the PLA used was the 3001D grade as mentioned earlier. The
copolymer formulation used was the grade having 5% by weight of the 30,000 g/mol NHPDMS.
Hereafter, they are referred to as “neat PLA” and “copolymer” respectively. All the requisite
samples for the melt blended neat PLA and copolymer compositions were prepared by injection
molding, where the neat PLA and copolymer pellets were manually pre-mixed in the appropriate
ratio and then fed. Thermal annealing of the injection molded blend samples were carried out in
order to eliminate any cold crystallization present, thereby increasing the final percent crystallinity
of the samples.

Thermal annealing of the samples was found to be a pivotal point in the study of the blend
formulations due to the unique properties that were observed post the annealing process. In order
to evaluate the phenomenon causing this change in properties, all further analyses involved the
characterization of the annealed blend samples as well.

Tensile properties of the samples were evaluated and are presented in Table 2-2. As is clearly
evidenced by the data, the annealing process brings about a considerable improvement in the
elongation at break values over the neat PLA. The improvement in the elongation at break is
realized at a minimal loss of modulus and yield stress, and as a matter of fact, the annealing process
results in values of modulus and yield stress for the blend samples that are slightly higher than that
of neat PLA. Also, the addition of the copolymer by itself causes only a marginal improvement in
the properties, however, in combination with annealing, a synergistic effect of the two phenomena

are observed resulting in a significant enhancement in the overall toughness of the material.
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Table 2-2: Tensile properties of the annealed (A) and non-annealed blend formulations

Sample Modulus | Yield Stress | Elongation at Impr:éemen ¢
[GPa] [MPa] Break [%] . .
in Strain
Neat PLA —3001 D 1.75 83.84+193 | 7.56+0.19 _

Neat PLA - A 1.89 88.17+535 | 7.98+0.66 5.55

PLA + 10% Copolymer 1.65 80.71+1.22 | 8.88+0.42 17.46
PLA +10% Copolymer - A 1.89 84.11 £3.58 | 14.11+241 86.64
PLA +20% Copolymer 1.6 7899+044 | 9.20+0.77 21.69
PLA +20% Copolymer - A 1.94 82.51+1.78 | 21.59+3.11 185.58
PLA + 30% Copolymer 1.64 80.37+0.92 | 8.64+0.73 14.29
PLA +30% Copolymer - A 1.87 80.21 £ 1.88 | 24.71 £4.87 226.85

Figure 2-8 shows the elongation at break values for the blend samples, and Figure 2-9 shows the

stress-strain curves obtained for the same. It is evident from the data that neither the addition of

the copolymer nor the annealing process by themselves are responsible for the improvement in the

toughness. However, the combined effect of both processes results in almost up to a 200% increase

in the elongation at break value (at 30% by weight of copolymer loading). Also, the values were

found to increase uniformly with an increase in the copolymer content in the samples.
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Figure 2-8: Comparison of elongation at break values for the blend samples
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Figure 2-9: Stress-strain curves for the copolymer blended with neat PLA (A - annealed)

Figure 2-10 shows the notched Izod impact strength for the blend samples. Again, a trend similar
to that observed with the elongation at break values was seen with the impact strength values as
well. The impact strength values were found to increase with an increase in the amount of
copolymer introduced into the system. The synergistic effect of the addition of the copolymer
followed by the annealing process, was also observed with the impact testing results. The addition
of the copolymer by itself was actually found to have decreased the impact strength marginally.
However, upon annealing, a substantial improvement was observed (almost a 500% increase over
neat PLA at 30% by weight loading of the copolymer). Annealing of the neat PLA by itself showed
only a slight increase in its impact strength, but the addition of the copolymer followed by
annealing resulted in a significant improvement, thus clearly demonstrating the interdependence

of the two phenomena in obtaining the desired mechanical properties.
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Figure 2-10: Comparison of the notched 1zod impact strength for the blend samples

Although there exist several reports individually relating to either the addition of an impact
modifier to neat PLA [32, 33], or the use of thermal annealing to obtain a toughened PLA product
[66-69], there have only been a few studies that have considered adopting a two-step approach by
incorporating both the processes in order to toughen PLA [70-73]. Even amongst these, only four
report having achieved an improvement in impact strength [74-77], however, after a thorough
review of existing literature, no studies were found where both tensile as well as impact toughness
of PLA were found to be greatly improved with the adoption of this two-step approach. Thus, this
makes the PLA/PLA-NHPDMS blend a unique system to investigate. All further characterization
was performed in order to find a suitable rationale to explain for the changes in behavior observed.
Since the major changes in mechanical behavior were observed post-annealing, a closer look was
taken at the physical changes that could possibly occur in the PLA/PLA-NHPDMS system during
the annealing process.

Thermal annealing essentially allows sufficient time for slow-crystallizing polymers to attain

maximum extent of crystallinity. Since PLA happens to have slow crystallization kinetics, the
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injection molding process does not allow for complete crystallization to occur, thus giving rise to
cold crystallization in the as-molded product. The annealing process at temperatures above the Ty
of the PLA allows the chains to attain the required thermal energy to slowly rearrange themselves
thus removing any cold crystallization developed during the molding process. This is shown in the
DSC curves of the annealed samples which are presented in Figure 2-11 clearly showing the
absence of a cold crystallization peak at around 100~110°C.

FT-IR spectroscopy has been used as a quick and effective means to identify modifications in the
crystal structure of PLA brought about by thermal annealing. Figure 2-12 shows the peak at 921
cm’! observed in only the PLA and copolymer samples that have been annealed. This peak has
been attributed to the presence of the more stable o-form of PLA crystal structure thus, suggesting
that the PLA chains in the matrix have achieved a long-range order through the annealing process
[78]. This could further imply that the more ordered PLA chains would cause crystallization

induced phase separation between the PLA and NHPDMS phases.
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Figure 2-11: DSC curves comparing annealed (A) and non-annealed formulations
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Figure 2-12: Comparison of FT-IR spectra of annealed PLA and copolymer samples
Dynamic mechanical analyses of the blend samples were performed in order to correlate the
thermal transitions observed in the sample with the physical structure. Figure 2-13 shows the
storage and loss modulus curves, along with the tan & (damping factor) as a function of
temperature. For the storage modulus (E’), it is observed that the annealed samples displayed
higher moduli values at elevated temperatures as opposed to the non-annealed ones. This is as
expected since the thermal stability of PLA has been found to increase with an increase in the
crystallinity of the samples [68]. The loss modulus (E”) and tan & showed predictable behavior as
well in terms of exhibiting a distinct peak at the T, of PLA. The E” peak for the annealed samples
was found to shift to a higher temperature and also broaden, suggesting improved thermal stability
and the improved ability for energy absorption respectively [79]. This corroborates the fact that
the annealed samples had higher impact strength as compared to non-annealed ones. The tan 6
curve for the annealed sample displayed a reduction in height as well as the broadening of the
peak. This is commonly attributed to a more densely packed structure which could arise due to the

PLA chains being packed more closely post-annealing (much higher extent of crystallinity) [60].
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An anomaly was however noticed with the E” and tan § curves. A shoulder was observed in the
E” peaks for the non-annealed samples at around ~65°C which corresponded to the major E” peak
position for the annealed samples. A similar shoulder was observed in the tan 6 peaks for the non-
annealed samples at around ~57°C which corresponded to the major peak position of the non-
annealed samples in the E” curve. This could be attributed to the crystalline and amorphous regions
in the sample behaving differently under the applied load. The fact that the small shoulder in the
E” curves for non-annealed samples transitions to the major peak for the annealed samples would

validate this observation (due to the shift to a higher crystallinity system).
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Figure 2-13: DMA analysis of the blend samples showing storage modulus, loss modulus and
tan delta
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SEM images of the fracture surfaces of the tensile and notched Izod impact tested samples are
shown in Figure 2-14 and Figure 2-15 respectively. Looking at the fracture surfaces of the tensile
tested samples, it can be observed that for both the annealed and non-annealed samples, the
morphology became increasingly “rough” with the increase in the amount of copolymer added to
the blends, thus suggesting a gradual transition towards a more plastic deformation and ductile
fracture [80, 81]. Also, for each composition, the non-annealed sample displayed a more uniform
and smoother surface, indicating a more brittle fracture and thus low toughness as compared to its
annealed equivalent. Thus, the fracture morphology of the samples was found to be consistent with

the results obtained from the tensile testing.

Figure 2-14: SEM images of fracture surfaces of tensile tested samples - neat PLA, 10, 20 and
30% copolymer blended samples (from top to bottom), non-annealed on left and annealed on
right
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The SEM images of the fractured surface of the notched 1zod impact tested samples, as shown in
Figure 2-15, followed a similar trend. The formation of fibrils was observed along the direction of
the crack propagation. The density and fineness of the fibrils was found to increase in samples
with higher impact strength, thus enabling them to absorb and dissipate energy more effectively.
As can be observed from the images, the fibrils become finer and denser with the annealed samples
which follows the trend from the impact test data. This is in agreement with existing literature that

shows similar fracture morphology [80, 82, 83].

Figure 2-15: SEM images of fracture surfaces of notched Izod impact tested samples - neat
PLA, 10, 20 and 30% copolymer blended samples (from top to bottom), non-annealed on left and
annealed on right, notch is at bottom of image
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After evaluating all the mechanical and thermal characterization data, it can be clearly observed
that the thermal annealing step almost exclusively results in a significant improvement in the
toughness of the PLA. This necessitated a closer look at the physical changes brought about by the
annealing process in order to account for the changes in properties observed. Since annealing
involved a heat treatment process, two hypotheses were tested to justify for the behavior of the
samples. First, the assumption that the heat treatment was introducing a certain crosslinking
mechanism through the -Si-O-Si- backbone, which in turn could result in the improvement in
properties, was proposed. Second, the theory that the copolymer particles dispersed through the
PLA matrix were acting as nucleating sites to promote rapid crystallization was studied.

The possibility of formation of a crosslinked network was negligible owing to the fact that there
was no active silicone functionality to initiate it. The assumption was tested out regardless to
completely ensure that no crosslinking was present. This was done through the gel swell analysis
method by soaking the samples in dichloromethane (DCM). All of the samples, regardless of
whether they were annealed or not, were found to completely dissolve in the DCM solvent, thus
proving that no crosslinked network was developing.

2.3.2.1 Avrami Model Analysis

The second hypothesis proposing that the copolymer particles were acting as nucleating sites was
based on the assumption that they would result in a much faster rate of crystallization and would
potentially cause the growth of spherulites (3-dimensional growth of crystals). These spherulites
would then act as stress concentrators in the PLA matrix and could thus account for the improved
absorption and dissipation of energy in the bulk material. This theory was tested by monitoring the
isothermal melt crystallization kinetics of the neat PLA and the blend formulation having 30% of

the copolymer in it, through an Avrami-style kinetics approach. An Avrami exponent (n) value of
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~3 would typically imply a spherulitic growth [84, 85]. The isothermal melt crystallization kinetics
were studied at five different isothermal temperatures (90, 95, 100, 105 and 110°C), and the data
was modeled in accordance with the Avrami equation [65]:
X(t) = 1—exp (—kt")
In[-ln(1-X@®)] =nint+Ink

where, X(t) is the fractional crystallinity at a given time t during the crystallization from melt
process, n is the Avrami exponent indicating the mechanism of nucleation and growth of the
crystals, and k is the crystallization kinetic constant for nucleation and growth rate. The X(t) and t
data was collected using the results from the DSC experiments. The In[-In(1-X(t))] vs. In t values
were then plotted and the values for In k and n were derived by linear fitting of the experimental
data. The results of the analyses are shown in Figure 2-16, Figure 2-17, and Figure 2-18, and the

half-time values for the melt crystallization process of the samples, and the Avrami constants are

reported in Table 2-3.
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Figure 2-16: DSC isothermal melt crystallization times for different temperatures
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From the Avrami analysis, two deductions become evident: first, the melt crystallization kinetics
for the blend samples were definitely slower as compared to neat PLA, and second, the addition

of the copolymer does not affect the growth mechanism of the crystals.

Table 2-3: Crystallization half-time values and Avrami constants for the samples at different

isotherms
Sample t12 (min.) n In k k
3001D —90°C 6.68 2.3856 -4.8973 7.47E-03
3001D —95°C 3.17 2.075 -2.7632 6.31E-02
3001D — 100°C 2.07 2.1168 -1.9067 1.49E-01
3001D — 105°C 1.87 2.0448 -1.6431 1.93E-01
3001D - 110°C 2.54 2.155 -2.3773 9.28E-02
3001D+Cop —90°C 8.20 2.1487 -4.889 7.53E-03
3001D+Cop —95°C 4.80 2.1773 -3.7813 2.28E-02
3001D+Cop — 100°C 3.39 2.2229 -3.0797 4.60E-02
3001D+Cop — 105°C 2.84 2.106 -2.565 7.69E-02
3001D+Cop — 110°C 3.72 2.308 -3.3958 3.35E-02
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Figure 2-17: Variation of fractional crystallization with time for the samples at different
isotherms
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Figure 2-18: Avrami double-log plots for the melt crystallization of the samples at different
isotherms

The first conclusion can be inferred from the fact that at all the isothermal temperatures, the half-
time needed to attain crystallization was found to be uniformly higher for the blend samples as
opposed to the neat PLA. This could be attributed to the fact that the copolymer domains in the
PLA matrix were in fact preventing the PLA from crystallizing faster, thus defeating our notion
that they would act as nucleation sites which could promote faster crystallization kinetics. Also,
the second conclusion can be deduced by looking at the Avrami constant, n, values for all the
formulations at the different isotherms. Since all of the values lie within the 2<n<3 range, the
crystal growth can be assumed to be 2-dimensional in nature [86]. This clearly shows that the
addition of the copolymer was not affecting the shape or growth of the crystals formed, and thus,
was most likely not contributing to any sort of toughening mechanism involving spherulites as the
load bearing components in the matrix. The data obtained from the isothermal melt crystallization
studies however were fundamental to understanding the relation between time and temperature

conditions for optimizing the annealing process. Since annealing requires a significant input of
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thermal energy, the optimization of the process in terms of time required is a critical requirement
for commercial scale-up. As is evident from the study, a higher annealing temperature would
require a reduced time period for complete crystallization. However, since PLA might suffer from
degradation at elevated temperatures of above 100°C, the recommended ceiling temperature for

annealing should be at 100°C.

2.3.2.2 “Crystallization Induced Phase Segregation” Model

Considering all of the characterization and analyses done thus far, a satisfactory explanation for
the significant improvement in properties required further study of the system. Since there have
been no prior reports of similarly behaving PLA-based systems so far, the study was extended to
look at other polymeric based systems exhibiting similar properties. It was found that a relatively
similar synergistic effect had been reported in a few polymeric systems and was referred to as the
“crystallization-induced phase segregation” effect [87-90]. The phenomenon was reported in
binary polymeric blends where during the annealing process, one of the components of the blend
would crystallize to form well-ordered domains thereby causing the other component to coalesce
and form a greater particle size. The conclusions from these studies were adapted to the PLA-
PDMS system, and a representative schematic of the model can be seen in Figure 2-19. The blue
chains and the red dots represent the PLA chains and the dispersed PDMS domains respectively.
Since the PLA phase is a semi-crystalline material, the annealing process initiates the formation
of ordered structures of the PLA chains leading to the coalescence of the PDMS domains. This
leads to an increase in the particle size of the PDMS which would account for the improvement in
the overall toughness of the material. It has been widely reported that a primary criterion for rubber
toughening is that the particle size of the dispersed rubber phase must lie within a particular range

in order for the toughening behavior to take effect [91-93]. It is likely that the coalescing of the
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PDMS domains results in a particle size that is within range of this critical value for the PLA-
PDMS system. Also, the retention of the tensile modulus could be attributed to the presence of the
well-ordered PLA crystallites that would impart stiffness. This hypothesis very accurately
accounts for the behavior observed in this system; however, this still needs experimental validation

through appropriate imaging techniques such as TEM.
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Figure 2-19: Schematic of model demonstrating the "Crystallization Induced Phase Segregation"
behavior (PLA is shown in blue and PDMS is shown in red)

2.3.2.3 Single Step In-Mold Annealing

The study so far has looked at effectively improving the properties of neat PLA by incorporating
a PLA-PDMS impact modifier followed by thermal annealing. The next step for this study was to
convert this two-step process where the annealing was done post-processing to a single-step
approach where the annealing could be done in-mold. This would reduce overall processing costs
as well as prevent the need for a separate oven or heating apparatus to anneal the samples.
However, in order to achieve this, the molded part would ideally have to completely crystallize
before being ejected from the mold. This is a major issue with PLA since it is a slow-crystallizing
polymer and would thus prevent processing via the single-step in-mold annealing route. Thus, in

order to successfully adopt the in-mold annealing method, the effect of the use of nucleating agents
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was investigated. The nucleating agents would enhance the rate of crystallization thus enabling the
in-mold annealing approach. The effect of using three different nucleating agents were investigated
for the study, namely, talc, poly(d-lactide) (PDLA), and Licomont Nav101 from Clariant. The talc
was added in the form of a masterbatch during the molding process to an effective loading level
of 2% by weight. The PDLA was used as received in the form of pellets during molding, as well
as in the form of a masterbatch, both at an effective loading level of 5% by weight. The Clariant
Licomont Nav101 was also used as received, as well as in the form of a masterbatch, both at an
effective loading level of 0.5% by weight, as per manufacturer’s specifications. All of the
formulations, apart from the neat PLA, were molded with a 30% addition of the PLA-PDMS
copolymer during molding along with the required amount of the nucleating agent and the balance
being neat PLA.

Initially, the molding of the samples was carried out using a mold heated to 90, 100 and 110°C. It
was found that despite the proper ejection of the part itself from the mold at 90 and 100°C, the
sprue would still remain at a high temperature, thus preventing the complete separation of the part
from the mold. This was observed with holding and cooling times as much as 50% more than that
needed for molding at room temperature. It should be noted that with an appropriate molding setup
with cooling lines attached to the sprue, it should be possible to mold at temperatures up to 100°C.
At 110°C, it was observed that the part would not eject even after increasing holding times and
would remain stuck to the mold.

Since it was not feasible to prepare test specimens using the hot mold, the samples with nucleating
agents were prepared with the mold at room temperature first. Next, they were tested under
simulated annealing conditions using the DSC. For this study, the room-temperature molded

samples were first heated up to 200°C to erase any associated thermal history. They were then
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rapidly cooled down to a fixed isothermal annealing temperature of 90, 100 and 110°C, and held

there till complete crystallization occurred. The time taken for the complete crystallization to occur

was recorded for each sample. The data obtained is as follows.
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Figure 2-20: Time taken for complete isothermal melt crystallization at 90°C

Figure 2-20, Figure 2-21 and Figure 2-22 show the relative time taken for crystallization at the

three different temperatures. Table 2-4 lists these times as a comparison.

It can be clearly observed for all samples that with an increase in temperature from 90°C to 100°C,

the time taken for crystallization was significantly reduced, however, the time slightly increased

with a rise of temperature to 110°C.
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Figure 2-22: Time taken for complete isothermal melt crystallization at 110°C
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Also, the samples with the talc masterbatch, the PDLA, and the PDLA masterbatch, were found to
crystallize faster than could be detected by the DSC, thus indicating their efficacy at nucleating
the PLA + Copolymer formulation. Thus, in order to successfully incorporate the one-step in-mold
annealing process, it is recommended to use either of these three formulations. The Licomont
Nav101 was found to be moderately effective at reducing the crystallization time, however, unlike

the PDLA and talc, it did not completely eliminate the detected crystallization peak.

Table 2-4: Time taken for complete isothermal melt crystallization as simulated in the DSC

Sample Components Isothermal Anne;lling Simulzfted An.nealing
Temperature (°C) Time (min)
90 24.6
Neat PLA 100 9.2
110 10.0
90 17.8
PLA + Copolymer (30%) 100 5.0
110 8.0
90 /
PLA + Copolymer + Talc 100 /
110 /
90 /
PLA + Copolymer + PDLA 100 /
110 /
90 /
PLA + Copolymer + PDLA (MB) 100 /
110 /
PLA 4 C _ 90 12.8
110 8.0
_ 90 13.6
PLA + Cop(()%\}/}r];l;:r + Clariant 100 101
110 9.2
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Despite the advantages of the in-mold annealing route, there are certain disadvantages associated
with it. First, due to the longer cycle times during the molding process, the PLA would degrade
further and lose molecular weight thereby leading to poor mechanical properties. Second, the
nucleating agent could interfere with the formation of the “crystallization-induced phase
segregated” structure that was observed with the PLA-PDMS system, thus resulting in
insignificant improvements in mechanical properties over that of neat PLA. Initial mechanical
characterization confirms these arguments by demonstrating poor properties resulting from the
one-step in-mold annealing process. Further optimization of the process conditions is critical for

the adoption of the one-step process and forms the basis for the future study of the work.
2.4 Conclusion and Future Work

In conclusion, a PLA-NHPDMS copolymer was synthesized via a transesterification reaction
involving PLA and amine-terminated PDMS, following a reactive extrusion route. A class of
copolymers were synthesized by varying the molecular weight and amount of NHPDMS used. The
purified copolymer was then characterized to confirm the occurrence of reaction by utilizing FT-
IR spectroscopy. The thermal properties of the copolymer were measured using TGA and DSC
techniques. The presence and morphology of the NHPDMS phase in the PLA matrix was
confirmed using TEM imaging. Lastly, the mechanical properties of the copolymers were studied
using tensile testing to determine the composition of copolymer that would result in the maximum
improvement in toughness.

In the second part of the study, the copolymer synthesized using 5% by weight of the 30,000 g/mol
NHPDMS, which was found to have the highest value of toughness, was melt blended with neat
PLA and then injection molded into test bars for further characterization. Thermal annealing of the

injection molded specimens was then carried out to maximize the percent crystallinity and remove

48



traces of cold-crystallization formed during the molding process. DSC studies were employed to
measure the thermal properties of the blends, and also to monitor the crystallization kinetics of the
samples. FT-IR spectroscopy was used as a simple tool to identify the changes in the crystal
structure brought about by annealing. The tensile and notched Izod impact testing of the samples
revealed an unprecedented improvement in the tensile and impact toughness caused due to a
synergistic effect of the addition of the copolymer and the annealing process. DMA studies
confirmed that the annealing process resulted in higher crystallinity and improved heat stability.
Gel swell analysis, and the study of isothermal melt crystallization kinetics using the Avrami
model, done in order to find a suitable rationale behind the improvement in mechanical properties
were inconclusive.

A model describing the behavior shown by the PLA-PDMS system was proposed. The
“crystallization-induced phase segregation” model was presented to account for the unique
behavior demonstrated by the two-step approach of first incorporating the modifier followed by
thermal annealing that resulted in a significant improvement in tensile and impact toughness.

The future work related to this study would involve using TEM as an imaging technique to observe
the “crystallization induced phase segregation” effect by comparing particle sizes of the PDMS
phases before and after the annealing process. This would provide conclusive evidence that this
effect was being observed in this system and thereby experimentally prove the proposed
hypothetical model. Also, possible techniques to be explored would be XRD analysis of the
specimens to determine more precisely the changes in the crystal structure of the PLA caused by
the annealing process.

Optimization of process conditions for the adoption of the one-step in-mold annealing method also

needs to be performed. The amount of nucleating agent, temperature setting for the mold and
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holding/cooling times need to be optimized to provide the optimum amount of mechanical

performance.
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3 REACTIVE BLENDING OF MONOFUNCTIONAL EPOXY

MODIFIERS AS PLASTICIZERS FOR POLYLACTIDE

3.1 Introduction

Polylactide (PLA) is currently the most commercially successful biobased plastic in production.
There has been a significant investment in terms of capital and research in order to expand the
portfolio of commercial applications for PLA. Despite having similar mechanical properties as
that of polystyrene and PET and having a lucrative price point of ~$1/1b., PLA suffers from key
disadvantages that restrict its commercial adoption for certain applications [52, 94-96]. PLA has a
high glass-transition temperature of ~60°C and thus exists as a brittle polymer at room temperature.
This prevents its applications in areas where toughness is desired as a material characteristic. Also,
PLA has a low elongation to break when subject to a tensile load and thus this restricts its
applications where a high structural strength is required. There are several strategies that have been
aimed at improving the toughness and ductility of PLA for high strength and flexibility
applications [32-34, 97-99]. These approaches have mostly focused on either one of the following:
(1) addition of a plasticizer to reduce T, and thus improve flexibility, (ii) blending with a more
ductile polymer, or (iii) manipulation of stereochemistry and processing. Each of these methods
has shown a varying degree of success at achieving the desired toughness, however, not necessarily
in a cost-effective manner. The current study focuses on improving the flexibility of PLA through
the addition of a plasticizer.

Plasticizers are ubiquitously used within the polymers and plastics industry to impart flexibility.
They usually tend to be low molecular weight compounds that are directly blended with the
polymer via extrusion-based processes. The improvement in flexibility through the incorporation

of a plasticizer is brought about by the fact that these small plasticizer molecules disperse
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themselves within the polymeric matrix creating additional free volume which becomes available
for the polymer chains to move around more freely. This increase in chain mobility is reflected as
an improvement in flexibility or ductility of the polymer and a reduction in the T, of the polymer
[100-102].

Several studies have focused on incorporating plasticizers in PLA in order to improve its flexibility
and its overall mechanical performance. The plasticizers used have included both biobased as well
as fossil-fuel based compounds. Also, the plasticizers used were either monomers or oligomeric
molecules. In terms of biobased plasticizers, the most common ones that have been used include
esters derived from biobased sources such as citrate esters[103-109]. The most commonly used
fossil-fuel based plasticizers is poly(ethylene glycol), which has been used at its various molecular
weights as an effective plasticizer [110-113]. Despite the numerous studies that have been done to
incorporate plasticizers into PLA, there has been little success through this approach. This is
primarily due to the fact that the plasticizers being small molecules tend to leach out of the
polymeric matrix over time and thus negate the improvements achieved through their addition.
Leaching out of the plasticizer results not only in loss of mechanical properties but it also affects
the surface of the plastic part, becoming tacky to the touch due to the migration of the plasticizer
to the surface. This is observed to proceed further with aging of the sample [114, 115]. The
leaching out of the plasticizer can be significantly reduced if the plasticizer molecules are
covalently bonded to the PLA chain. Few studies have focused on achieving this via reactive
blending of the plasticizers with the PLA [116-118].

The current study aims to adopt a similar approach wherein the plasticizer is reacted with PLA
using reactive extrusion as a facile technique. Two different epoxy-based plasticizers will be used

for this study. First, a biobased epoxy derivative of cardanol, UL-513, will be used as a potential
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plasticizer. Cardanol, which has been extensively explored as a biobased platform for performance
chemicals, is derived from cashew nut shell liquid (CNSL) which is a by-product of the cashew
nut industry [119]. Thus, the UL-513 can be considered a more sustainable choice of plasticizer.
Cardanol and its derivatives have previously been looked into as potential plasticizers for PLA
with promising results [120-124]. However, their reactive blends with PLA has not been studied
so far and warrants further investigation. Figure 3-1 shows the chemical structure for the UL-513
molecule. It is hypothesized that the presence of elevated temperatures and shear within the
extruder would cause the epoxy ring to open and react with the carboxylic end group of a PLA

chain.

2 d
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Figure 3-1: Chemical structure of the Cardolite UL-513
Another epoxy-based plasticizer, NT-3000, in this case non-biobased, will be used to improve the
flexibility of the PLA. The NT-3000 is an aliphatic monoglycidyl ether containing alkyl chains of
length C12 to C14. Both the UL-513 and NT-3000 are produced by Cardolite Corporation and are
typically used for applications in the coatings and adhesives industry. Figure 3-2 shows the

chemical structure of the NT-3000.

53



N e VN T
o/\<l

Figure 3-2: Chemical structure of the Cardolite NT-3000 (final product is a mixture of both
compounds)

Apart from the source from which they are derived, a fundamental difference between the UL-513
and the NT-3000 is that the UL-513 is an aromatic compound whereas the NT-3000 is an aliphatic
compound. The current study would also serve as a comparison between the plasticizing effects of
the two types. An additional aspect that would be considered of interest would be to see if the end-
capping of the carboxylic groups in the PLA would result in an improvement in the hydrolytic
stability of the PLA since the hydrolysis of PLA has been known to be self-catalyzed by its

carboxylic end groups [125].
3.2 Experimental

3.2.1 Materials

A commercially available semi-crystalline grade of PLA, 3001D, was used for this study. The PLA
was sourced from NatureWorks LLC (Minnesota, USA). The 3001D grade of PLA has a weight
average molecular weight of ~150,000 g/mol and a meso-lactide content of around ~2%. Two
different monofunctional epoxy compounds, Ultra LITE 513 and NT-3000, were kindly provided
by Cardolite Corporation (Pennsylvania, USA). The UL-513 is a low-viscosity monofunctional
epoxy reactive diluent used for coatings and adhesives applications. It has a viscosity of 20-35 cPs
at 25°C, and an epoxy equivalent weight (EEW) of 350-425. It has a density of 0.95-0.98 kg/m? at

room temperature. The NT-3000 is an aliphatic monoglycidyl ether containing C12-C14 alkyl
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chains. It has an even lower viscosity of 5-10 cPs at 25°C and an EEW of 275-300. Other reagents
and NMR solvents used were purchased from Sigma-Aldrich (Wisconsin, USA) and Cambridge
Isotope Laboratories (Massachusetts, USA) respectively.

3.2.2 Reactive Blending

The reactive blends of the PLA with the two monofunctional epoxy compounds were carried out
using reactive extrusion. Identical processing conditions were used for both the epoxy modifiers
to maintain uniformity during comparison of properties. The PLA pellets were dried overnight in
a convection oven at 60°C prior to the extrusion process. This was done in order to remove residual
moisture in the PLA which might accelerate its degradation under shear in the extruder. The epoxy
compounds in the form of low-viscosity fluids were premixed with the PLA pellets before being
fed into the hopper. A Century ZSK-30 co-rotating twin-screw extruder with a screw diameter of
30 mm and a L/D ratio of 42 was used for the reactive blending. The temperature profile used for
this process was as follows: 140/150/160/170/180/185/185/185/180/175°C. The screw speed was
set at 100 rpm, and the throughput for the UL-513 and NT-3000 were set at 200 and 160 gm/min
respectively. A higher throughput was used for the UL-513 to enable faster pelletization. The
extrudate in the form of a strand was quenched by passing through an ice-cooled water bath and
subsequently pelletized. The pellets were then dried overnight in a convection oven at 50°C to
remove excess moisture prior to characterization.

Two different sample purification methods were used to remove the unreacted epoxy compounds
from the extrudate. First, a Soxhlet extractor was used with toluene as the solvent. Approximately
2.5 gm of the extrudate was placed inside a cellulosic thimble, which was then introduced into the
extractor setup. The toluene was heated to its boiling point and an attached condenser was used to

condense the toluene vapors back into the extractor. The extraction was carried out over a period
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of 24 hours. In this manner, the extrudate sample passed through several solvent washing cycles
to remove traces of the unreacted epoxy compound. In the second technique, a certain amount of
the extrudate was dissolved in DCM, which would dissolve the PLA, the unreacted epoxy, and the
reacted PLA-epoxy blend. Once the sample was completely dissolved, an excess of n-hexane was
added to the solution which would leave behind the unreacted epoxy in solution and would
precipitate out the PLA and the PLA-epoxy reacted blend. This purification process was repeated
for at least three times to remove all traces of the unreacted epoxy. The purified and solvent washed
extrudate was then used for FT-IR and '"H NMR analysis.

3.2.3 Model Compound Study

A model compound study was performed to evaluate the reactivity of the epoxy compounds with
the end-groups of the PLA chain. For the study, stearic acid with two terminal carboxylic acid
groups was used to evaluate reactivity of the -COOH termination of the PLA with the epoxy,
whereas, polyethylene glycol (PEG-400) with two terminal hydroxyl groups was used to evaluate
reactivity of the -OH termination of the PLA with the epoxy. The stearic acid, PEG-400 and the
epoxy compounds were thoroughly mixed in appropriate ratios using a mortar and pestle. A small
sample (~10-15 mg) of the reaction mixture was then placed in a DSC hermetic pan and then
sealed. The pan was then introduced into the DSC oven. The oven was equilibrated to 10°C before
placing the pan inside. The sample was then heated to 250°C at 10°C/min and the heat flow vs.
temperature data was recorded. A DSC Q20 (TA Instruments, USA) setup was used to carry out
the experiments.

3.2.4 Characterization of Reactive Blends

FT-IR spectra of neat PLA and the purified extrudate in the form of a film were recorded using the

ATR mode of a Shimadzu IRAffinity-1 spectrometer (Shimadzu Co., Japan) equipped with a
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single reflection MIRacle ATR attachment (PIKE Technologies, USA). The spectra were obtained
in the absorption mode within the spectral range of 4000-600 cm™ . The film samples were prepared
by the solvent-casting method, wherein the samples were dissolved in DCM and were cast on to
petri dishes. The solvent was then allowed to evaporate at 40°C in a convection oven.

'"H NMR analysis of the sample was performed by first dissolving the purified extrudate in a
deuterated chloroform (CDCIs) solvent. The spectra were recorded on a 500 MHz Varian Unity
Plus NMR spectrometer (Varian Associates Inc., USA) at room temperature. Spectra of the
purified extrudate were compared with that of neat PLA to observe for peak shifts post-reaction.
The thermal degradation properties were evaluated using a thermogravimetric analyzer, TGA Q50
(TA Instruments, USA), by heating the sample from room temperature to 550°C at a rate of
10°C/min under a nitrogen atmosphere. The thermal transitions of the samples were obtained by
using a differential scanning calorimeter, DSC Q20 (TA Instruments, USA). The samples were
first heated up to 200°C starting at room temperature at a rate of 10°C/min under a nitrogen
atmosphere to erase any thermal history associated with processing. They were then heated back
up to 200°C at 10°C/min. The heat flow vs. temperature data was then recorded and plotted.

The tensile test specimens for the reactive blends were prepared using an 85-ton Cincinnati
Milacron (Ohio, USA) injection molding machine. The barrel and nozzle temperatures were set at
380/350/350°F and 375°F respectively. The mold was held at room temperature. The screw speed
was set to 100 rpm and the injection pressure used was 800 psi. The total cycle time was set at
around ~90s. Thermal annealing of the injection molded test specimens was performed using a
regular lab-scale convection oven. The oven was heated to 95°C before introducing the samples,
which were placed in an aluminum tray. Samples were placed in a manner to minimize warpage

during the annealing process.
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The tensile testing was carried out on an Instron model 5565-P6021 (Massachusetts, USA)
mechanical testing fixture setup with a 5 kN load cell. The testing was carried out in accordance
with the ASTM D638-14 (Type I sample size) standard test method for tensile properties of plastics
[126]. The rate of grip separation was set at 5 mm/min which was as per the ASTM D638
specifications. A minimum of six replicates were used to ensure repeatability of the test data.

A JEOL 6610LV scanning electron microscope (SEM) was used to obtain the surface morphology
images for the fracture surfaces of the tensile test specimens. The fractured surfaces were mounted
vertically using a two-part epoxy, and a carbon coating was applied for conductivity. The mounted
samples were then imaged under a high vacuum.

The notched 1zod impact properties were studied using a Ray-Ran RR-IMT (Warwickshire, UK)
pendulum impact tester equipped with a Techni-Test test software. The testing was carried out in
accordance with the ASTM D256 standard test method for determining the 1zod pendulum impact
resistance of plastics [32]. The samples were notched using a Tinius Olsen Model 22-05-03
Motorized Specimen Notcher (Pennsylvania, USA). The test specimens had dimensions of 63.5
mm X 12.7 mm and the notch marked was 2.54 mm deep. A minimum of six replicates were used
to ensure repeatability of the test data.

Dynamic mechanical analysis (DMA) was performed on the samples using a RSA-G2 Solids
Analyzer (TA Instruments, USA) to evaluate the storage and loss modulus, as well as the tan delta
phase lag factor as a function of temperature. The gage section of the tensile test specimens was
cut out into segments of length 50 mm using a bandsaw for the testing. The tests were carried out
using the three-point bending mode, within a range of 30°C — 150°C at a heating rate of 3°C/min

and a frequency of 1 Hz.
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3.3 Results and Discussion

3.3.1 Model Compound Study

A model compound study was performed in order to demonstrate reactivity of the epoxy group
with the carboxylic and hydroxyl end groups of the PLA, using stearic acid and PEG-400 to
simulate the respective end groups, following a procedure as described earlier. The results of the
DSC scans are as shown in Figure 3-3 and Figure 3-4.

The studies were carried out using 10% by weight of the epoxy in stearic acid and PEG-400 in
order to simulate the actual extrusion process. As can be seen from the curves of the runs with
stearic acid, no discernible exothermic peak was observed in the 150 — 200°C range, which is
typically the temperature range in which the reaction occurs. This is attributed to the fact that there
is most likely a very low concentration of the epoxy in the reaction mixture, especially considering

the fact that the sample size for a DSC run is in the order of ~10 mg.
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Figure 3-3: DSC scans showing the reaction behavior between the UL-513 with stearic acid
(blue) and PEG (orange)
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Figure 3-4: DSC scans showing the reaction behavior between the NT-3000 with stearic acid
(blue) and PEG (orange)

For the runs with the PEG, it is expected that there is likely no reaction within the temperature
range used for our extrusion process. Reaction of the epoxy groups with the PEG, if any, occurs at
temperatures at above 220°C. Thus, it would be a safe assumption to state that the epoxy groups
would just be reacting with the -COOH end groups of the PLA in our case. Despite the model
compound not yielding any conclusive results, there is sufficient evidence in literature to establish
that the reaction between the -COOH and the epoxy group is thermodynamically feasible within
that temperature range [127-130], and gives us proper justification to proceed with the study.
3.3.2 Reactive Blending

Reactive extrusion was used as a facile technique to carry out the reactive blending of the epoxies
with the PLA. A screw configuration with two kneading blocks was used for the extrusion in order
to increase residence time and ensure proper mixing of the reaction mixture. Kneading blocks

create additional shear forces and consistently generate new surfaces within the reaction mixture
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to enhance the extent of the reaction [45]. A schematic of the screw configuration used is shown
in Figure 3-5. The temperature profile, screw speed and throughput were optimized based on prior
work done in the group on reactive extrusion with PLA [131]. Due to the rubbery nature of the
extrudate in the case of the reactive blends for the UL-513 and NT-3000, the water bath was
maintained at a temperature of around ~1-2°C in order to properly pelletize the extrudate strand.
The torque was monitored during the extrusion process and was found to be around 40% and 50%
for the NT-3000 and UL-513 respectively. A higher torque was observed for the UL-513 owing to

the higher throughput of the reaction mixture.
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Figure 3-5: Screw configuration used on the extruder (feed to die - left to right)

It has been well established in existing literature that the carboxylic end group of the PLA chain
reacts in the presence of an epoxide group, resulting in its ring-opening and leading to the
formation of an ether linkage between the two reacting groups [132-135]. In our study, the
monofunctional epoxy compounds are expected to behave in a similar manner and react with the
carboxylic end group of the PLA during the reactive extrusion step. No catalysts were used for
carrying out this reaction. Figure 3-6 and Figure 3-7 provide a schematic representation of the

reaction mechanism between the PLA and the epoxy compounds.
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Figure 3-7: Schematic of the reaction between PLA and the NT-3000

Prior studies have shown that adopting a two-step extrusion procedure for the reaction of PLA

with epoxy compounds generates a greater extension of reaction [135, 136]. The two-step process
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involves producing a masterbatch of the PLA with a higher loading level of the epoxy compound,
followed by a subsequent let down in concentration of the epoxy by extrusion of the masterbatch
with neat PLA. This enables the unreacted epoxy groups which are in a molar excess compared to
carboxylic groups in the first step to react further when more carboxylic groups become available.
In order to achieve that greater extension of reaction and to observe if this contributed to
differences in mechanical performance, a similar two-step procedure was adopted for our process.
First, a masterbatch with 10% by weight of the monofunctional epoxy compounds was prepared
with the PLA. This was then diluted to 1, 2.5, 5 and 7.5% by weight of the epoxy during the
injection molding process, where pellets of the 10% masterbatch were added in with pellets of the
neat PLA in the appropriate ratio during the single-screw extrusion process prior to the molding.
Also, in order to compare properties of the single-step vs. the two-step approach, a direct blend of
5% by weight of epoxy was prepared using the standard extrusion process. The properties of the
two 5% by weight epoxy formulations, one obtained through the two-step masterbatch process and

the other obtained through the direct blending process were then compared.

3.3.3 Characterization of Reactive Blends

The FT-IR spectra of the epoxy compounds and their purified blends with PLA are shown in Figure
3-8 and Figure 3-9 respectively. Comparing the spectra of the epoxy compounds, several distinct
differences can be noted. The peak observed at ~1600 cm™ in the UL-513 spectrum can be
attributed to the aromatic ring stretch of the cardanol molecule. Also, the peak at ~3000 cm!
corresponds to cis-/trans- C-H stretch observed in alkenes. For the NT-3000, a peak is observed at
~1370 cm! that corresponds to the methyl C-H group stretching. In terms of similarity, peaks at
2850 and 2920 cm! are observed in both the compounds that correspond to methylene C-H

stretching [137]. Also, peaks in the range of 830 to 930 cm™! are observed in both that correspond
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to epoxy (oxirane ring) [138-140].
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Figure 3-8: FT-IR spectra of the UL-513 and the NT-3000

For the FT-IR spectra of the purified blends of the epoxies with PLA, no major differences were
noted, primarily due to the fact that the extent of the reaction was likely low enough not to warrant
sufficient grafting of the epoxy on to the PLA chain. Thus, post-purification, most of the epoxy
ought to have been removed from the reacted blends. Looking at the spectra for the blends at 10%
by weight, only two minor peaks at 1335 cm! and 1415 cm™ were marked as key differences when
compared with the spectrum for neat PLA. Both of these peaks have been previously attributed to
the C-H bending of the methylene group in epoxides and ethers [141, 142]. However, the
intensities of these peaks are quite minimal and thus cannot be considered as conclusive evidence

of the reaction between the PLA and the epoxy compounds. Near infrared spectroscopy of epoxy
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based systems have been found to provide more accurate and could be used as an additional means

to study this PLA-epoxy system [143].
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Figure 3-9: Comparative FT-IR Spectra of neat PLA and the purified blends of UL-513 and NT-
3000 with PLA

Figure 3-10 and Figure 3-11 and show the '"H NMR spectra of the purified blends of PLA with
the UL-513 and the NT-3000 respectively. Each of the spectrums has been overlaid with that of
the spectrum for neat PLA to provide clarity for comparison. In both the spectra, the characteristic
peaks of PLA at 1.6 ppm and 5.2 ppm corresponding to the methyl and the methine protons on the
PLA backbone are distinctly visible. For the purified UL-513 blend, there are noticeable changes

with respect to the spectrum for neat PLA. The peaks observed at 7.18 ppm and 6.75 ppm indicates
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the presence of the protons from the benzene ring of the UL-513. Similarly, the peaks at 4.19 ppm
and 3.96 ppm originate from the methylene protons of the glycidyl group in the UL-513 that
connects the phenolic oxygen with the epoxy ring. Similarly, the peaks at 3.36 ppm, and 2.77 and
2.91 ppm, correspond to the methine and methylene protons of the epoxy ring. Multiple peaks
corresponding to the methylene protons on the aliphatic chain linked to the benzene ring are
observed at 2.02, 1.31 and 1.25 ppm. The signal from the protons of the methyl group at the end
of the aliphatic chain is seen at 0.88 ppm [144, 145]. The presence of all of the characteristic peaks
from the UL-513 in a sample of the purified reactive blend provides sufficient evidence to conclude

that there is indeed reaction between the PLA and the UL-513.
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Figure 3-10: Comparative NMR Spectra of neat PLA and the purified blend of UL-513
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Figure 3-11: Comparative NMR Spectra of neat PLA and the purified blend of NT-3000

Similar characteristics were observed with the NT-3000 purified blend. Upon comparison with the
spectrum of neat PLA, peaks at 3.65 ppm and 3.55 ppm corresponding to the methylene protons
of the glycidyl linkage in the NT-3000 are observed. The peaks at 2.61 ppm and 2.80 ppm
correspond to the methine and methylene protons present in the epoxy ring respectively. The broad
peak observed at 1.26 ppm corresponds to the methylene protons in the backbone of the NT-3000
whereas the peak at 0.885 ppm corresponds to the methyl group. Again, the spectrum for the
purified NT-3000 blend provides sufficient conclusive evidence to claim that the PLA has reacted
with the NT-3000. Thus, the NMR approach appears to be more effective at demonstrating the
occurrence of reaction between the two components as compared to the previously studied FT-IR
results.

The thermal degradation behavior of the epoxy compounds and their blends with PLA was
recorded using a TGA analysis in a nitrogen atmosphere. Figure 3-12 and Figure 3-13 show the

degradation behavior as a function of temperature. The UL-513 had a peak degradation
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temperature of 318°C whereas the NT-3000 had a peak degradation temperature of 220°C. This
follows an expected trend since the UL-513 has a higher molecular weight than the NT-3000 and

also possesses an aromatic component that provides additional thermal stability.
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Figure 3-12: DTG curve comparing thermal degradation behavior of neat PLA and UL-513 with
their reacted blends

The thermal degradation behavior for both the UL-513 and NT-3000 blends remained mostly
unaffected on comparison with the behavior of neat PLA. For the UL-513 as well as the NT-3000,
the blends with 5% of the epoxy compound in PLA showed a single peak that was almost centered
on the peak degradation temperature for neat PLA. However, with the incorporation of 10% by
weight of the epoxy, a small shoulder was observed in the blends of both the epoxy compounds.
This is most likely attributed to the fact that there is a higher percentage of unreacted epoxy in the
system which degrades at a lower temperature compared to the reacted blend. Also, comparing the
behavior of UL-513 vs. the NT-3000 blends, no significant change was observed, although at a

loading level of 10%, the UL-513 blend showed the maximum increase in the peak degradation
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behavior by almost 5°C. A similar behavior was shown at 5% of the NT-3000. This was considered

within experimental margin of error and not an actual improvement in the heat stability of the

PLA.
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Figure 3-13: DTG curve comparing thermal degradation behavior of neat PLA and NT-3000
with their reacted blends

The thermal transitions of the blends were studied using standard DSC scans. Figure 3-14 shows
the behavior of the UL-513 and NT-3000 blends vs. neat PLA. It can be clearly observed that with
the UL-513, the incorporation of 5% by weight in PLA results in a decrease of the T from ~62°C
for neat PLA to ~50°C. Similarly, the addition of 10% by weight of the UL-513 results in the
depression of the T, by almost 30°C (to a final Ty of ~30°C). With the NT-3000 there is a drop in
the Tg of neat PLA by ~20°C to a final value of ~40°C at both the 5% and 10% by weight loading
levels. This provides clear evidence that both the UL-513 as well as the NT-3000 behave as

effective plasticizers for neat PLA. Following the free-volume theory of polymers, the UL-513
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and NT-3000 being small molecules, disperse themselves within the PLA chains and successfully
increase the free volume available for the motion of the chains, thereby increasing chain mobility
and decreasing the overall Ty of the polymer [116, 146-148]. Since, the T, of the PLA was
successfully reduced using this approach, using these formulations would result in PLA based
materials with higher flexibility and ductility. Subsequent mechanical characterizations were

performed on this basis.
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Figure 3-14: DSC curves of neat PLA and the reactive blends with UL-513 and NT-3000
(pellets)

Figure 3-15 show the DSC scans of injection molded tensile test specimens of the UL-513 and
NT-3000 at 5% prepared from the masterbatch. It gives a comparison of the changes observed due
to the annealing process. PLA, being a slow crystallizing polymer, is unable to completely
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crystallize during the injection molding process where it goes from melt temperature (~190°C) to
room temperature in a matter of seconds. This time period is insufficient for it to fully crystallize
and thus results in a less crystalline part with poor mechanical properties. The residual domains
that are unable to crystallize during the molding process often begin to crystallize when subject to
a heating cycle, due to the availability of sufficient thermal energy for the chains to move and
arrange themselves forming an ordered arrangement. Thermal annealing is done in order to remove
traces of cold-crystallization developed during the injection molding process, thereby leading to a
part with higher crystallinity and improved mechanical properties [68, 149-151]. As shown in
Figure 3-15 and Table 3-1, the annealing process removes the cold crystallization peak seen at

~110°C for neat PLA and ~95°C for the epoxy modified samples.

Table 3-1: Values for thermal transitions points and % crystallinity of the non-annealed and
annealed (A) test bars

Sample Ty Tee AHcc Tm AHy | % Crystallinity
Neat PLA 63.65 113.09 28.1 174.47 37.36 9.94
Neat PLA (A) 64.27 - 0 169.28 42.1 45.22
PLA+513 10-5% 50.22 96.97 23.17 170.86 39.77 17.83
PLA+513 10-5% (A) | 49.19 - 0 17136 | 41.01 44.04
PLA+3000 10-5% 53.16 93.74 22.88 170.77 | 41.74 20.25
PLA+3000 10-5% (A) | 53.66 - 0 17136 | 41.01 44.04
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Figure 3-15: DSC curves of neat PLA and the reactive blends with UL-513 and NT-3000 (test

bars) - non-annealed and annealed (A)

This effect is seen for all samples regardless of the addition of the epoxy modifier. The major

difference with the incorporation of the epoxy modifier is seen in the earlier onset of the cold

crystallization peak. Prior studies have associated this effect of faster cold crystallization with the

incorporation of either nucleating agents or plasticizers [65, 152-155]. Considering the successful

plasticizing effect of the epoxy modifiers in our system, the earlier onset of the T can be attributed

to the enhanced mobility of the PLA chains. Having successfully demonstrated the efficacy of the

annealing process with respect to achieving maximum percent crystallinity for the injection

molded samples, we now proceed to evaluate how the incorporation of the epoxy modifiers
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followed by the annealing process affect mechanical properties of the neat PLA.

Figure 3-16 and Figure 3-17 show the storage and loss modulus of the epoxy modified non-
annealed and annealed samples as a function of temperature. Looking at the curves for storage
modulus for the epoxy modified samples first, it can be observed that with the incorporation of 1%
of the epoxy modifiers, there was a slight increase in the storage modulus of the material at room
temperature. However, with the addition of 5% of the modifier, the values were similar to that of
neat PLA. Also, with increase in the content of the epoxy modifiers, the heat deflection temperature

was seen to reduce. This is attributed to the presence of the plasticizing epoxy modifier.

1E+10 ——Neat PLA
Neat PLA_A
9E+09 513 10_1
SE+09 513_10_1_A
——513 10 5
E TE+09 ——513 10 5 A
= ——3000 10 1 A
Z 5E+09 ——3000_10_5
= ——3000 10 5 A
< 4E+09
o0
S 3E+09
S
@2 2E+09
1E+09
0 T | | | | |
30 50 70 90 110 130 150
Temperature (°C)

Figure 3-16: DMA analysis of the blends showing storage modulus for the samples (A —
annealed)

The annealed samples followed a similar trend amongst themselves, in that, with increase in

content of the modifier, the HDT was seen to reduce. Also, the samples with 1% modifier exhibited
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a higher storage modulus as compared to the annealed neat PLA [156-158].
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Figure 3-17: DMA analysis of the blends showing loss modulus for the samples (A — annealed)
The loss modulus of the samples showed similar trends as observed in the storage modulus. The
non-annealed samples exhibited two peaks with the smaller peak corresponding to the T, obtained
from the DSC results. With the increase in content of the epoxy modifier, the T, as noted from the
second peak was seen to reduce, in agreement with the DSC results. The T, dropped by 2~3°C and
up to 10°C with the addition of 1% and 5% of the modifiers respectively. The annealed samples
showed a single broadened peak with the peak temperature corresponding to the Tg. The
broadening of the peak has been known to indicate the formation a well-ordered crystalline
structure [159, 160]. Within the annealed samples, the trend in reduction of T, was similar to that

of the non-annealed samples, with the most notable difference being the further lowering of the T,
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in the case of the 5% samples. The annealed samples with 5% of the modifier in them were seen
to have a further depression in Ty by around ~10°C when compared to their non-annealed
counterparts. The DMA analysis provides a secondary confirmation of the thermal transitions
observed for the samples. It also provides an initial insight on how the mechanical performance of
the samples would be affected as a result of change in temperature.

Tensile testing of the samples was done in order to evaluate the effects of increasing modifier
loading as well as to monitor the effect of annealing on the samples. Figure 3-18 and Figure 3-19
show the elongation at break values for the UL-513 and the NT-3000 samples respectively. First,
considering the non-annealed samples with the UL-513 modifier in them, it was found that the
elongation at break was largely unaffected with an increase in the amount of modifier loading.
Starting with 1% and going up till 7.5% by weight of the modifier, the elongation at break values
were actually observed to be getting marginally lower when compared with that of neat PLA. Also,
as discussed earlier, the effect of using a masterbatch to achieve 5% loading level of the modifier
as opposed to direct blending at 5% was studied. There appeared to be negligible difference in
mechanical properties of samples prepared using either approach. This was contradictory to our
initial assumption that using a two-step approach would enhance mechanical performance due to
higher extent of reaction. Also, the trend in properties observed for the non-annealed samples
seemed to deviate from theoretical assumptions that the incorporation of a plasticizer would lead
to a more ductile or flexible material [114, 161-163]. This is most likely due to the fact that despite
being a small molecule plasticizer and successfully reducing the T, of the material, the UL-513
possesses an aromatic component which has been known to impart stiffness to materials due to the
inherent rigidity of the benzene ring [164-167]. Compared to the non-annealed samples, the

annealed counterparts were shown to follow an unprecedented trend. Following the annealing of
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the samples, with increase in the content of the UL-513, the samples initially did not exhibit any
improvements in terms of the elongation at break till up to 2.5% by weight. However, at a loading
level of 5% and 7.5% by weight, the annealed samples showed a drastic improvement in
performance as opposed to the non-annealed counterparts. The sample prepared by the direct
blending of the modifier at 5% was also found to exhibit similar behavior. The elongation at break

was found to increase almost by a factor of 5 for the annealed samples at 5% and 7.5% by loading.
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Figure 3-18: Comparison of strain at break values for the UL-513 blend samples

A very similar trend was seen in the samples modified with the NT-3000. For the non-annealed
samples, there was a marginal drop in the elongation at break values with increasing content of the
modifier. However, unlike the non-annealed UL-513 samples, the NT-3000 specimens were
shown to have a gradual improvement with increase in modifier content at and above 5% by
weight. This is most likely due to the fact that unlike the presence of a stiffness-imparting aromatic
component in the UL-513, the NT-3000 happens to be a low molecular weight aliphatic compound,

and thus exhibits properties as would be predicted due to the addition of a regular plasticizer [109,
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168]. With the annealed samples for the NT-3000 modifier, an almost identical trend in properties
was observed, where there was no improvement in performance with annealing at a loading level
ofup to 1%. However, starting at 2.5% by weight, a significant improvement in elongation at break
was observed. This trend continued till 5% by weight, after which with the 7.5% sample, a slight
drop in the trend was observed. Again, as with the UL-513, there was almost negligible difference
between the 5% sample prepared through the masterbatch route and through direct blending. For
both the UL-513 and the NT-3000, the two-step approach of first incorporating the modifier, and
then followed by thermal annealing, was shown to generate an unprecedented synergistic
improvement in the elongation at break for the samples. An explanation for the behavior will be

discussed in the following section.
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Figure 3-19: Comparison of strain at break values for the NT-3000 blend samples

Figure 3-20 and Figure 3-21 show the tensile stress-strain curves for the UL-513 and the NT-3000
samples respectively. Looking at the plots for the UL-513 modifier, it becomes apparent that with

an increase in the amount of incorporation of the modifier, the modulus (slope of the stress-strain
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curve) and tensile strength of the samples decrease in a constant manner. Although annealing
results in an increase in the modulus and tensile strength for the neat PLA, there seems to be no
similar effect on samples modified with the UL-513. This behavior follows a predictable trend
since incorporation of a plasticizer is typically shown to be accompanied by a simultaneous loss

in the stiffness of the specimen [159, 162, 163].
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Figure 3-20: Stress-strain curves for the UL-513 blends with neat PLA (A - annealed)

For the samples modified with the NT-3000, the stress-strain curves were found to follow an
identical trend to that of the samples with the UL-513. With increase in modifier content, the value
of modulus and tensile strength were observed to consistently decline. This was in agreement with
existing literature where incorporation of a plasticizer is followed by increase in flexibility but

reduction in stiffness of the sample [161, 162].
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Figure 3-21: Stress-strain curves for the NT-3000 blends with neat PLA (A - annealed)

The fracture morphology of the tensile tested specimens with the epoxy modifiers were studied to
observe the evolution in the type of fracture with the incorporation of the modifier and the
subsequent annealing. Figure 3-22 and Figure 3-23 present the images taken of the fracture
surfaces for the UL-513 and the NT-3000 respectively. Identical behavior was observed in samples
of both the modifiers. First, comparing the non-annealed samples, the fracture surface of the
specimens became progressively “rougher” with an increase in the modifier content. For polymer
fracture surfaces, a clean and smooth surface is usually indicative of a brittle fracture whereas a
rough or more artefact-ridden surface indicates a ductile fracture [169-172]. Thus, with increasing
addition of each modifier, the samples were progressing towards a more ductile behavior as

compared to neat PLA. Similarly, looking at the annealed samples, the specimens showed a
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progressively rougher surface with increase in the modifier content. Also, comparing annealed
specimens with their non-annealed counterparts, the annealed samples were found to have a more
uneven surface indicating a transition to a more ductile fracture.

All of the images obtained from the fracture surface morphology were found to be in perfect

agreement with the tensile test data studied earlier.
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Figure 3-22: SEM images of fracture surfaces of tensile tested samples - neat PLA, 10-1, 10-2.5,
10-5, 10-7.5,and 5% UL-513 blend samples (from top to bottom), non-annealed on left and
annealed on right
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Figure 3-23: SEM images of fracture surfaces of tensile tested samples - neat PLA, 10-1, 10-2.5,
10-5, 10-7.5, and 5% NT-3000 blend samples (from top to bottom), non-annealed on left and
annealed on right
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Notched Izod impact properties of the epoxy modified samples were studied in order to investigate
the effect of the plasticizers on the impact properties of neat PLA. The results are as shown in
Figure 3-24 and Figure 3-25. Impact performance or the resistance to the propagation of fracture
when subject to a directional load is typically found to improve with the incorporation of a
plasticizer [173-177]. Considering the non-annealed specimens with the UL-513 modifier first, it
can be observed that the impact strength was found to gradually increase with the increase in
modifier content from 1 through 5%, however, there was a drop in the value at 7.5%. This follows
an expected trend as seen typically with the addition of a plasticizer. Now looking at the annealed
samples, a similar trend was observed where the impact strength gradually increased with modifier
content but the suffered a decline at the 7.5% level. Also, the values for the annealed samples were
found to be consistently higher compared to the non-annealed samples. This increase in value for
the annealed vs. the non-annealed samples remained almost identical throughout all samples,

including that of neat PLA.
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Figure 3-24: Comparison of the notched I1zod impact strength for the UL-513 blend samples
Also, the non-annealed sample with 5% of the epoxy modifier produced by the masterbatch route
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was found to exhibit a higher value, almost up to 1.5 times as much of the sample prepared via the
direct blending approach. It would appear that the greater extent of reaction most likely generated
in the improvement. However, upon annealing the sample with 5% of the modifier, it had identical

values with either of the production routes.
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Figure 3-25: Comparison of the notched 1zod impact strength for the NT-3000 blend samples

Considering the NT-3000 samples, the trend observed differed from that seen with the UL-513
samples. With the non-annealed samples of the NT-3000, the increase in the modifier content had
almost a negligible effect in the values for the impact strength. However, a drastic change was
observed with all the annealed samples for the NT-3000. It was noted that with the addition of the
modifier followed by thermal annealing, a synergistic effect similar to the one observed with the
tensile test specimens was seen. Although annealing of the neat PLA sample results in an increase
in the impact strength, the increase found in the annealed specimens with the modifier in them was
more pronounced and significant. Again, the non-annealed sample with 5% loading had almost
identical properties, regardless of the route of production used. The annealed values however were

seen to be slightly higher for the direct blending process as opposed to using the masterbatch.
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Overall the trends observed for the UL-513 samples appeared to be tending towards a more

predictable behavior as compared to the NT-3000.

3.3.4 “Crystallization Induced Phase Segregation” Model

Considering all the mechanical characterization performed so far, a striking similarity can be
observed with the PLA-PDMS copolymer system that was discussed in Chapter 1. The synergistic
effect of the incorporation of a modifier, followed by thermal annealing resulting in improvements
in tensile and impact properties was precisely the summary for the PLA-PDMS system. Looking
at how identical these systems are in terms of mechanical behavior, a closer study of the similarities
and dissimilarities between the two systems needs to be done in order to arrive at a holistic model
that would have an accurate explanation for the behavior of these two systems.

First, in terms of similarities, the two systems had PLA being covalently reacted with a modifier,
followed by the preparation of injection molded test specimens, which were then subjected to
thermal annealing in order to completely crystallize the PLA domains in the sample. This two-step
approach resulted in a trend of mechanical properties where the non-annealed samples showed
little or no improvement with just the incorporation of the modifier, however, showed significant
improvements in properties once the annealing step was carried out.

Next, let us consider the dissimilarities in the system. First, the PDMS used in the PLA-PDMS
system had a considerably higher molecular weight as compared to that of the UL-513 and the NT-
3000. The PDMS had a molecular weight of 30,000 g/mol as opposed to 370 g/mol and 270 g/mol
of the UL-513 and NT-3000 respectively. Further, no catalyst was used in the synthesis of the
epoxy modified resins, whereas a transesterification catalyst was used in the production of the
PDMS copolymer. The other major difference was the final amount of modifier loading in the

samples. For the PLA-PDMS system, the PLA-PDMS copolymer had a 5% by weight of the
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PDMS in the PLA. A minimum of 10% and a maximum of 30% by weight of the copolymer was
used during the injection molding with neat PLA. This would essentially translate to a final loading
level of 0.5% at minimum and 1.5% at maximum by weight of the PDMS in PLA. For the epoxy
modified resins, a minimum of 1% and a maximum of 7.5% by weight of the epoxy modifiers
were used in PLA.

Having considered the similarities and dissimilarities in properties of the PLA-PDMS system with
that of the PLA-epoxy modified resins, we can arrive at a final model incorporating the conclusions
derived from each of the systems. First, we start by slightly modifying the schematic for our

proposed model from Chapter 1. Figure 3-26 shows an updated schematic of the same.
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Figure 3-26: Schematic demonstrating the "Crystallization Induced Phase Segregation"
phenomena in the PLA-epoxy blend samples

Now, looking at the mechanical properties of both systems, it can be seen that the “crystallization
-induced phase segregation” theory could offer a comprehensive explanation to properties
observed in both systems. The crystallization-induced phase segregation theory is based on the
fact that provided there are two phases in a system, one being a semi-crystalline polymer which

possesses the ability to crystallize in the presence of sufficient thermal energy, and the other phase
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has sufficient mobility to move within the bulk of a polymeric system, the semi-crystalline polymer
would start forming highly ordered crystalline domains when subject to a heat treatment step, and
in the process would cause the mobile phase to initiate coalescence to form a larger particle size
[87-90]. This particle size, which has been established as a primary criterion for polymer
toughening, needs to be within a certain range of value for each polymer system in order to
demonstrate the optimum improvement in properties [91-93, 178]. Considering a certain fixed
range of values for the toughening to be effective, the amount of modifier needed would be
dependent on the molecular weight since a higher molecular weight modifier would achieve the
minimum threshold of the particle size with a lower quantity of material as opposed to a lower
molecular weight modifier. Keeping this theory in mind, the theoretical prediction would be that
even at lower loading levels of the PDMS, the minimum particle size in order to achieve
toughening would be met. However, to achieve the same particle size, a much higher loading level
of the UL-513 and the NT-3000 would be required. The experimental data lines up in agreement
with this prediction. It can be seen from the data that significant improvements are observed with
the PDMS system even at 0.5% by weight, however with the UL-513 system, improvements are
observed only at a loading level of 5%, whereas in the case of the NT-3000, the improvements
were observed even at 2.5%.

Furthermore, despite the UL-513 having a higher molecular weight as compared to the NT-3000,
the onset of improvements in properties occurred at 2.5% whereas in the UL-513 it was at 5% by
weight. As per our proposed model, this is very likely attributed to the relative mobility of the
modifier molecule. In this case, the UL-513 with an aromatic group is less mobile compared to the
aliphatic NT-3000, thus resulting in a system where the NT-3000 is able to coalesce faster even at

lower loading levels to achieve improvements in the properties.
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Another distinct difference between the two systems is the fact that the toughness improvements
over neat PLA, including both tensile toughness as well as impact properties, recorded with the
PLA-PDMS system significantly outweighs the values observed with the epoxy modified resins.
This is attributed primarily due to the fact that the PDMS not only has a higher molecular weight
but also possesses a -Si-O-Si- backbone which is extremely flexible (rotational energy around the
bond is close to 0 kJ/mol) [54]. Also, it is a well-established concept that there tends to be a
significant improvement in the toughness of a material once its molecular weight goes beyond its
entanglement molecular weight (M.) [179-186]. In existing studies, PDMS has been reported to
have an entanglement molecular weight of 24,500 g/mol [187-190]. Since the PDMS that is used
for our study to synthesize the PLA-PDMS copolymer has a molecular weight of 30,000 g/mol, it
clearly is above its entanglement molecular weight and is expected to exhibit superior tensile
toughness as well as enhanced resistance to fracture. In the case of the epoxy modifiers, the
molecules tend to have low molecular weight molecules and thus despite undergoing a phase
segregation effect and having an increased particle size, the mechanical properties are not as
greatly improved as with the PDMS based system. This clearly demonstrates the efficacy of the
phase segregation model in accounting for the improvements in toughness observed for both
systems.

Another point of difference is that with the PLA-PDMS system, even after the incorporation of the
PDMS phase followed by annealing, there was virtually no loss, in fact there was a marginal gain
in the modulus and peak load of the material. This was not something that was observed with the
epoxy modified PLA, which actually showed a gradual decrease in the moduli and peak load with
an increase in the modifier content. Again, the crystallization-induced phase segregation theory

can be used to account for this behavior. This behavior can be attributed to the fact that the semi-
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crystalline PLA which is the stiffness-imparting part in the all the blends is present at a higher
loading level in the PLA-PDMS blends as opposed to the PLA-epoxy blends. Especially after the
annealing step during which PLA attains a more crystalline form, the greater the amount of PLA
present, the higher should be the modulus and peak load of the specimen. This is another instance
where theoretical prediction is validated by the experimental data obtained.

Considering all of the above points where clear validation with experimental data is shown, the
“crystallization-induced phase segregation” model is hereby proposed as a holistic model to
account for mechanical performance behavior in any similarly designed polymeric system with
two components having a semi-crystalline polymeric phase and a mobile phase. Extrapolating to
multi-component polymeric blends would require further validation of the model with additional

experimental data.
3.4 Conclusions and future work

In summary, novel epoxy-based plasticizers were incorporated into neat PLA to observe their
effect on the Ty of the PLA, as well as to investigate their effect on the mechanical properties. A
biobased epoxy derived from cashew nut-shell liquid (CNSL) and a fossil-fuel based epoxy were
used for the study. Epoxy based plasticizers were chosen in order to covalently link them with the
PLA chain through a reaction between the epoxy ring with the carboxylic end group of the PLA
resulting in the formation an ether linkage. This method was adopted since the most common issue
with plasticizers is that they tend to leach out of the polymeric matrix due to their low molecular
weight. The covalent linkage would ideally prevent the leaching. The reaction between the PLA
and the epoxy modifiers were carried out using the reactive extrusion process. The reactive blends
were then purified, and characterization was performed to study the occurrence of the reaction, as

well as to evaluate mechanical performance of the epoxy modified resins. The epoxy modified
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resins were injection molded into test specimens, and thermal annealing was done in order to study
its effects on the mechanical behavior.

FT-IR results proved inconclusive, however 'H NMR spectra were used to conclusively determine
the reaction between the epoxy group and the carboxylic group. Further, thermal degradation
behavior was found to be unaffected with respect to neat PLA upon addition of the epoxy modifier.
Thermal transitions were recorded using standard DSC scans. The T, of the PLA was seen to drop
by ~10°C and ~20°C with addition of 5 and 10% by weight of the epoxy modifiers, respectively.
This clearly demonstrated the plasticizing behavior of the epoxy compounds. Also, the T, was
found to be unaffected by the addition of the epoxy, however, the T.c was seen to have an earlier
onset indicating an increase in free volume of the sample. Thermal annealing resulted in samples
with a higher percent crystallinity overall by eliminating traces of cold crystallization formed
during the molding process.

DMA studies of the epoxy modified PLA samples revealed similar trends in thermal properties as
observed from the DSC scans. The storage modulus and HDT were found to decrease with the
addition of the modifier, however the annealing process resulted in samples with higher storage
modulus and elevated HDT. The epoxy modification seemed to have little or no effect on the
tensile elongation at break for the samples. However, post-annealing, the elongation at break
values were seen to rise steadily after attaining a certain threshold loading level. Notched Izod
impact studies revealed similar trends as well. Surface morphology of the tensile tested injection
molded samples were found to be in agreement with the trends exhibited during the tensile tests.
In order to account for the behavior demonstrated by the epoxy modified PLA samples, a
crystallization-induced phase segregation theory was proposed which provides a satisfactory

explanation for the improvements seen in the mechanical performance of the samples. However,
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a suitable imaging technique such as TEM is still required to physically observe the phenomenon
described by this model.

In terms of future work, the effect of incorporating even higher amounts of the plasticizers into
neat PLA needs to be studied. Typical applications of plasticizers involve a loading level of up to
30% by weight which results in significant reduction of the T, of the material and subsequently a
more flexible material. This would involve the use of a liquid injection pump in order to feed the
plasticizers during the reactive extrusion process since they are low viscosity fluids and above 10%
by weight tend to leak out through the feeder. Thus, further process optimization needs to be

performed in order to incorporate higher loading levels of the plasticizer.
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4 REACTIVE BLENDING OF MULTIFUNCTIONAL EPOXY
MODIFIERS FOR RHEOLOGICAL ENHANCEMENT OF

POLYLACTIDE

4.1 Introduction

Plastic based packaging materials continue to be one of the largest consumers of commercially
produced plastics, with more than a third of the amount of plastics produced going towards the
development of packaging [191]. Packaging also happens to be the single biggest contributor
towards plastic waste mostly due to the fact that most packaging solutions are intended for single-
use [192]. Growing consumer awareness and enactment of legislature have been significant drivers
in developing more sustainable packaging materials with a viable end-of life option [193-197].

PLA, being both biobased and biodegradable under suitable conditions, has long been explored as
a sustainable alternative to existing packaging plastics such as LDPE [198-201]. Despite
significant research efforts, a cost-effective solution towards PLA-based packaging materials is
still lacking. Most packaging materials are produced using processing techniques such as film
blowing, blow molding etc., where sufficient melt strength of the polymeric material becomes a
critical requirement. Since PLA has an inherently poor melt strength owing to its linear aliphatic
structure, its usage in such processing techniques is greatly hindered. A conventional approach
towards improving melt strength of a polymer involves the use of suitable modifiers to induce
branching of the polymeric chains resulting in a polymer that can withstand the shear forces
encountered during the above processing techniques [202]. Specifically, epoxy-based modifiers
have previously been used to similar effect in various thermoplastic polyester materials [129, 203].
A similar approach is adopted in the current study to improve the rheological performance of the
PLA for its increased adoption as a material of choice for packaging applications. Two different
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epoxy compounds will be used as the modifiers for the study. First, Joncryl-4368-C, a multi-
functional epoxy-based modifier commercially available from BASF, and second, NC-547, a
biobased multifunctional epoxy modifier available from the Cardolite Corporation, will be used
for the study. The NC-547 is derived from cardanol which in turn is derived from cashew nut shell
liquid (CNSL). Thus, the NC-547 is considered a more sustainable choice of modifier between the
two. It is hypothesized that the carboxyl end group of the PLA would react with the epoxy groups
of the modifiers leading to the formation of a branched structure. The chemical structures of the

Joncryl and the NC-547 are as shown in Figure 4-1 and Figure 4-2 respectively.

Figure 4-1: Chemical structure of the BASF Joncryl-4368-C
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Figure 4-2: Chemical structure of the Cardolite NC-547
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The reactivity of the epoxy groups with the end-groups of the PLA will be first confirmed through
a model compound study. This will be followed by the preparation of the reactive blends of the
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epoxy modifiers with PLA in a twin-screw extruder. FT-IR and '"H NMR analysis of the samples
will be performed in order to prove the occurrence of reaction between the PLA and the epoxy
modifiers. Molecular weight distributions and melt flow properties will be studied and recorded,
followed by rheological characterization.

Similar studies involving the use of epoxy modifiers to induce branching in PLA have been
reported [204-208]. However, none of these studies have looked into the effect of varying molar
ratios of the reactants on the final properties of the PLA, which can be critical while commercially
scaling up a formulation. Thus, a major objective for the current study was to observe the effects
of using different molar ratios of the epoxy modifiers to PLA in the final rheological properties of
the samples. Also, the effect of using a two-step reactive blending procedure as opposed to a single-
step will be studied. No prior study has looked into using biobased epoxy modifiers derived from
sustainable resources as an alternative to the fossil-fuel based modifiers typically used. Hence, this

study will provide a unique insight into the use of biobased epoxy modifiers for PLA modification.

4.2 Experimental

4.2.1 Materials

A commercially available semi-crystalline grade of PLA, 3001D, was sourced from NatureWorks
LLC (Minnesota, USA) for this study. The 3001D grade of PLA has a weight average molecular
weight of ~150,000 g/mol and a meso-lactide content of around ~2%. A multifunctional epoxy
compound, Joncryl ADR-4368-C was obtained from BASF (Michigan, USA). It has a molecular
weight of 6800 g/mol and is available in the form of solid flakes. It has an epoxy equivalent weight
(E.E.W) of 285 g/mol and contains an average of ~9 epoxy groups per Joncryl molecule [209]. A
biobased multifunctional epoxy compound, NC-547, was obtained from the Cardolite Corporation

(Pennsylvania, USA). The NC-547 has a molecular weight of 1715 g/mol and exists in the form
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of a highly viscous fluid, with viscosity at 25°C being 20,000-50,000 cPs. It has an E.E.W of 550-
850 g/mol and contains ~3 epoxy groups per molecule. All other reagents were obtained through
Sigma-Aldrich (Wisconsin, USA) or Fisher Scientific (New Hampshire, USA) and were used as
received. The solvents used for NMR were procured from Cambridge Isotope Laboratories

(Massachusetts, USA).

4.2.2 Model Compound Study

A model compound study was performed to evaluate the reactivity of the epoxy compounds with
the end-groups of the PLA chain. For the study, stearic acid with two terminal carboxylic acid
groups was used to evaluate reactivity of the -COOH termination of the PLA with the epoxy,
whereas, polyethylene glycol (PEG-400) with two terminal hydroxyl groups was used to evaluate
reactivity of the -OH termination of the PLA with the epoxy group. The stearic acid, PEG-400 and
the epoxy compounds were thoroughly mixed in appropriate ratios using a mortar and pestle. A
small sample (~10-15 mg) of the reaction mixture was then placed in a DSC hermetic pan and then
sealed. The pan was then introduced into the DSC oven. The oven was equilibrated to 10°C before
placing the pan inside. The sample was then heated to 250°C at 10°C/min and the heat flow vs.
temperature data was recorded. A DSC Q20 (TA Instruments, USA) setup was used to carry out
the experiments.

4.2.3 Reactive Blending

The reactive blends of the two multifunctional epoxy compounds with PLA were carried out using
reactive extrusion. Identical processing conditions were used for both the epoxy modifiers to
maintain uniformity during comparison of properties. The PLA pellets were dried overnight in a
convection oven at 60°C prior to the extrusion process. This was done in order to remove residual

moisture in the PLA which might accelerate its degradation under shear in the extruder. The epoxy
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modifiers were premixed in the appropriate ratio with the PLA pellets before being fed into the
hopper. A Century ZSK-30 co-rotating twin-screw extruder with a screw diameter of 30 mm and
a L/D ratio of 42 was used for the reactive blending. The temperature profile used for this process
was as follows: 140/150/160/170/180/185/185/185/180/175°C. The screw speed was set at 100
rpm, and the throughput of the runs for both of the epoxy compounds were set at ~100-110 gm/min.
The extrudate in the form of a strand was quenched by passing through an ice-cooled water bath
and subsequently pelletized. The pellets were then dried overnight in a convection oven at 60°C
to remove excess moisture prior to characterization. Two different masterbatches of each of the
Joncryl and the NC-547 were prepared. The Joncryl masterbatches had a loading level of 5 and
10% by weight, whereas the NC-547 masterbatches contained 1.5 and 3.5% of the epoxy modifier
by weight.

4.2.4 Characterization

Two different sample purification methods were tested to remove the unreacted epoxy modifiers
from the extrudate. First, a Soxhlet extractor was used with toluene as the solvent. Approximately
2.5 gm of the extrudate was placed inside a cellulosic thimble, which was then introduced into the
extractor setup. The toluene was heated to its boiling point and an attached condenser was used to
condense the toluene vapors back into the extractor. The extraction was carried out over a period
of 24 hours. In this manner, the extrudate sample passed through several solvent washing cycles
to remove traces of the unreacted epoxy compound. In the second technique, a certain amount of
the extrudate was dissolved in DCM, which would dissolve the PLA, the unreacted epoxy, and the
reacted PLA-epoxy blend. Once the sample was completely dissolved, an excess of methanol was
added to the solution which would leave behind the unreacted epoxy in solution and would

precipitate out the PLA and the PLA-epoxy reacted blend [210]. This purification process was
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repeated for at least three times to remove all traces of the unreacted epoxy. The purified and
solvent washed extrudate was then used for FT-IR and '"H NMR analysis.

FT-IR spectra of neat PLA and the purified extrudate in the form of a film were recorded using the
ATR mode of a Shimadzu IRAffinity-1 spectrometer (Shimadzu Co., Japan) equipped with a
single reflection MIRacle ATR attachment (PIKE Technologies, USA). The spectra were obtained
in the absorption mode within the spectral range of 4000-600 cm’'. The film samples were prepared
by the solvent-casting method, wherein the samples were dissolved in DCM and were cast on to
petri dishes. The solvent was then allowed to evaporate at 40°C in a convection oven.

'"H NMR analysis of the samples were performed by first dissolving the purified extrudate in a
deuterated chloroform (CDCI3) solvent. The spectra were then recorded on a 500 MHz Varian
Unity Plus NMR spectrometer (California, USA) at room temperature. Spectra of the purified
extrudate were compared with that of neat PLA to observe for peak shifts post-reaction.

The thermal degradation properties were evaluated using a thermogravimetric analyzer, TGA Q50
(TA Instruments, USA), by heating the sample from room temperature to 550°C at a rate of
10°C/min under a nitrogen atmosphere. The thermal transitions of the samples were obtained by
using a differential scanning calorimeter, DSC Q20 (TA Instruments, USA). The samples were
first heated up to 200°C starting at room temperature at a rate of 10°C/min under a nitrogen
atmosphere to erase any thermal history associated with processing. They were then heated back
up to 200°C at 10°C/min. The heat flow vs. temperature data was then recorded and plotted.

Gel swell analysis was performed on the samples in order to observe if there was any formation of
cross-linking. The analysis was performed in accordance with the ASTM D2765 standard test
method for determination of gel content and swell ratio [61]. ~2.5 gm of each of the samples in

the form of pellets were secured by pouches made using a fine wire mesh. Each of the pouches
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was then placed inside a jar containing dichloromethane for 24 hours, after which they were
removed and completely dried. The dry sample weights were measured before and after placing
them in the solvent.

Molecular weight distributions of the modified PLA resins were obtained by using the gel
permeation chromatography (GPC) technique. A Waters GPC (Massachusetts, USA) equipped
with a Waters 1515 isocratic HPLC pump, a Waters 717+ autosampler, Waters Styragel columns,
and a Waters 2414 refractive index detector were used for the study. Tetrahydrofuran (THF) was
used as the mobile phase with a flowrate of ImL/min. The detector and columns were maintained
at 35°C throughout the runs. The samples were dissolved in tetrahydrofuran (THF) at a
concentration of 2mg/mL at room temperature. The solution was then filtered using a PTFE
syringe filter into vials which were then loaded on to the autosampler plate. A runtime of 50
minutes was used for each sample. Each sample was run in triplicate to establish repeatability of
the data. Polystyrene calibration standards were used as references for the final molecular weight
calculations.

4.2.5 Rheological Characterization

Melt flow index (MFT) of the modified PLA resins were measured using a TMI XNR-400 setup
(TMI, New York, USA) in accordance with the ASTM D1238-13 standard test method for melt
flow rate of thermoplastics by extrusion plastometer [211]. The samples were tested at 190°C with
a load of 2.16 kg as per the standard. The material being extruded within a 30 or 60 second time
interval was collected and weighed and then extrapolated to a time period of 10 minutes as per the

equation below:
MFI (in g/10 min) = %tref (Equation 1)

where, m = mass of sample collected in the cut-off time interval, t..r = reference time of 10 min
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(600 s) and, t = cut-off time interval in seconds (either 30 or 60 s depending on the sample).
Complex viscosity of the samples was measured using a TA Discovery-HR2 rheometer (TA
Instruments, USA) with a parallel-plate geometry and a plate separation of 0.9 mm. Injection
molded disks of appropriate dimensions were prepared for the experiments. A dynamic frequency
sweep was performed in the range of 1 — 100 rad/s. The samples were tested at two different
temperatures, 180 and 200°C, and the complex viscosity was recorded over the frequency range
as a function of shear rate.

Extensional viscosity of the epoxy modified PLA samples was measured using an extensional
viscosity fixture (EVF) on an ARES-G2 rheometer (TA Instruments, USA). Test specimens with
dimensions of 18 X 10 X 1 mm were prepared using compression molding prior to the testing. The
tests were conducted at a temperature of 180°C and using three different strain rates of 0.5, 1.0
and 5.0 rad/s. The following equation was used to calculate the extensional viscosity of the PLA

at a steady strain rate:

T

/
ZXRXEHonx(pS/pm)Z 3><exp(—sH(t))

77,;': = (Equation 2)

where, n7 is the value of the tensile stress growth, &y is the applied Hencky strain rate, T is the
torque measured by the instrument, R is the radius of the drum of the EVF, A, is the initial area of
the sample in its solid state, and ¢t is the time in seconds. pg and p,,, corresponding to the density
of the PLA in its solid state and melt state at 180°C respectively are assumed to be 1.25 g/cm? and
1.115 g/cm? based on values reported in previous literature [212, 213].

4.3 Results and Discussion

4.3.1 Model Compound Study

In order to establish the feasibility of reaction between the PLA and the multifunctional epoxy
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modifiers, a set of model compound studies were performed. Similar model compound studies
have been reported with PLA-based systems previously, however, these were carried out in
significant excess of both the reacting groups and did not provide an accurate representation of the
molar ratios of the reactants used during the actual synthesis process [62, 135]. It is critical that
these studies be carried out in terms of actual molar ratios used during synthesis since the final
properties of the epoxy modified materials have been reported to be strongly dependent on these
ratios. Thus, each of the model compound studies was carried out at three different molar ratios of
the reactants: 1:1, 1:2 and 2:1. The actual modification of the PLA with the epoxy compounds
were later performed based on these values. For the model compound studies, stearic acid with
two terminal carboxyl groups and poly(ethylene glycol) (PEG-400) with two terminal hydroxyl
groups were used to simulate the carboxyl and hydroxyl end-groups of the PLA respectively. It is
predicted based on prior literature that the epoxy would preferentially react with the carboxyl
groups over hydroxyl groups within the temperature range studied [127-130]. The reaction should
be indicated by an exothermic peak in the DSC scan which should increase in intensity with a
higher content of carboxyl groups, owing to an increase in the extent of reaction due to greater
availability of reaction sites. This is because even at a 1:2 molar ratio of the epoxy to the model
compound, the number of epoxy groups still remain in excess. The results obtained from these
studies are described as follows.

Figure 4-3 shows the data obtained from DSC scans of the reaction between Joncryl and stearic
acid at 1:1, 1:2 and 2:1 molar ratio. The presence of an exothermic peak centered at ~165°C is
observed for the samples at all the three ratios. Further, it is clearly observed that the intensity of
this peak increases with the increase in content of the carboxyl group containing reactant. This

provides sufficient evidence to support the claim that not only is the reaction between the carboxyl

100



and epoxy groups of the Joncryl feasible, but also that the extent of reaction would increase with
a higher molar ratio of the carboxyl groups.

Given a PLA chain and a multifunctional epoxy modifier, if both the carboxyl and hydroxyl end-
groups of the chain were each to react with an epoxy group, a cross-linked network would
eventually develop due to extensive branching. This is highly undesirable for the production of
blown films since the formation of these gels lead to defects and failure in the blown film [214].
Thus, it is essential to ensure that the hydroxyl group of the PLA does not react with an epoxy
group within the range of processing temperatures. Figure 4-4 shows the model compound study
between the PEG-400 and the Joncryl at the three different molar ratios. It can be clearly observed
that there is an absence of any exothermic peak up to 200°C. Since the highest temperature attained
during processing is 185°C, it can be safely assumed that there is no likelihood of reaction between
the hydroxyl group of the PLA with the Joncryl. A minor elevation in the curves is observed
~220°C, however, this is mostly attributed to an irregular baseline and not an indication of a

reaction.
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Figure 4-3: Model compound study showing the reaction between Joncryl and stearic acid using
a DSC scan

Similar model compound studies were performed with the NC-547. Looking at the DSC curves
generated for the reaction between the stearic acid with the NC-547 in Figure 4-5, an exothermic
peak can be observed at ~190°C, thus confirming the occurrence of a reaction between the carboxyl
groups and the epoxy group of the NC-547. The effect of varying molar ratios however was not as
apparent as the stearic acid-Joncryl mixture, mostly due to the fact that the NC-547 being a very
highly viscous fluid, prevented the formation of a well-mixed system with the solid powder form
of the stearic acid. Considering the small sample size used for DSC experiments, samples that are

not completely well-mixed would not provide a good quantification of the enthalpy of reaction.
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Figure 4-4: Model compound study showing the reaction between Joncryl and PEG using a DSC
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Figure 4-5: Model compound study showing the reaction between NC-547 and stearic acid
using a DSC scan
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For the study of the NC-547 with the PEG-400 as shown in Figure 4-6, no discernible exothermic
peak was observed for the entire range of the testing till up to 250°C, at all molar ratios used. Thus,
it could be safely assumed that there would be no reaction between the hydroxyl group of the PLA

with the epoxy groups of NC-547.
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Figure 4-6: Model compound study showing the reaction between NC-547 and PEG using a
DSC scan

4.3.2 Reactive Blending

Having successfully established the preferential reactivity of the epoxy groups with the carboxyl
group, the reactive blends of the epoxy modifiers with PLA were prepared using reactive extrusion.
It has been previously claimed that using a molar excess of the Joncryl results in a linear chain
extension behavior whereas using an excess of PLA results in a long-chain branching effect as
shown in Figure 4-7 [135]. This is due to the fact that with an excess of Joncryl molecules, there
is a greater probability of each PLA chain reacting with a new Joncryl molecule, than with a

molecule where an epoxy group has already reacted. However, with an excess of PLA, multiple
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PLA chains would react with multiple epoxy groups on a single Joncryl molecule, leading to a
branching effect. This hypothesis needed further validation, and the subsequent experimental plan

involved reacting the PLA with the epoxy modifiers at fixed molar ratios.
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Figure 4-7: Predicted structures formed due to the reaction between the PLA and Joncryl at less
than 1 molar ratio of Joncryl to PLA (left), and at a greater than 1 molar ratio for Joncryl to PLA

(right)

Two blends each of the Joncryl and the NC-547 were prepared, with one at <1 and the other at >1
molar ratio of the epoxy modifiers to PLA. This was done to study the effect of using different
molar ratios on the final properties of the material. For the PLA-Joncryl blends, 5% and 10% by
weight of the Joncryl was used, which represented a <1 and >1 molar ratio respectively of the
epoxy to PLA. Similarly, for the PLA-NC-547 blends, 1.5% and 3.5% by weight of the NC-547
was used, which represented a <1 and >1 molar ratio respectively.

Further, it has been shown that using a two-step process for the reactive blending of the epoxy

modifiers with PLA, first involving the synthesis of a high loading level masterbatch, followed by
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dilution with neat PLA in a second step, results in a greater extent of reaction between the epoxy
and PLA since any unreacted epoxy content becomes available as additional reaction sites during
the second extrusion step [135, 136]. Thus, a similar approach was adopted for our study to
maximize the extent of reaction of the epoxy with PLA. Following this route, the Joncryl
masterbatches at 5 and 10% loading levels were each diluted to 0.5 and 1.0 % by weight. Similarly,
the NC-547 masterbatches at 1.5 and 3.5% loading levels were diluted to 0.5 and 1.0% by weight
respectively.

Reactive extrusion was used to carry out the reactive blending of the epoxies with the PLA. A
screw configuration with two kneading blocks was used for the extrusion in order to increase
residence time and ensure proper mixing of the reaction mixture. A schematic of the screw
configuration used is shown in Figure 4-8. The temperature profile, screw speed and throughput
were optimized based on prior work done in the group on reactive extrusion with PLA [131]. The
torque was monitored during the extrusion process and was found to consistently increase with the
addition of the Joncryl. This is attributed to a significant increase in the molecular weight of the

PLA upon reaction with the Joncryl.
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Figure 4-8: Screw configuration used on the extruder (feed to die - left to right)

Figure 4-9 and Figure 4-10 provide a schematic representation of the proposed reaction mechanism

between the PLA and the epoxy modifiers leading to the formation of an ether linkage.
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Figure 4-10: Schematic of reaction between PLA and NC-547
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4.3.3 Characterization
Following the extrusion process, the extrudates underwent a sample purification step where traces

of the unreacted epoxy modifiers were removed using techniques described earlier in the chapter.
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Figure 4-11: Comparative FT-IR Spectra of neat PLA and the blends with Joncryl and NC-547

FT-IR spectra of the purified samples were then recorded and then compared against the spectrum
for neat PLA as shown in Figure 4-11 to observe for any changes brought about by the reaction.
No major differences were noted between the spectra. Also, since post-purification, most of the
epoxy ought to have been removed from the reacted blends, there were no peaks from the epoxy
groups. Looking at the spectra for the blends, only two minor peaks at 1335 cm™! and 1415 cm’!
were marked as key differences when compared with the spectrum for neat PLA. Both of these

peaks have been previously attributed to the C-H bending of the methylene group in epoxides and
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ethers [141, 142]. However, the intensities of these peaks are quite minimal and thus cannot be
considered as conclusive evidence of the reaction between the PLA and the epoxy compounds.

Figure 4-12 and Figure 4-13 show the 'H NMR spectra of the purified blends of PLA with the
Joncryl and the NC-547 respectively. Each of the spectrums has been overlaid with that of the
spectrum for neat PLA to provide clarity for comparison. In both the spectra, the characteristic
peaks of PLA at 1.6 ppm and 5.2 ppm corresponding to the methyl and the methine protons on the
PLA backbone are distinctly visible. For the purified Joncryl blend, there is a noticeable change
with respect to the spectrum for neat PLA. A broad peak centered at around 7.1 ppm can be clearly
observed. This has been previously attributed to the protons in the aromatic rings of the Joncryl
[134]. The presence of a characteristic aromatic peak from the Joncryl in a sample of the purified

reactive blend provides conclusive evidence that there is reaction between the PLA and the Joncryl.
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Figure 4-12: Comparative 'H NMR spectra of neat PLA and the reactive blend with Joncryl at
10 % by weight
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Looking at the "TH NMR spectrum for the purified NC-547 sample, 2 distinct peaks can be observed
that are absent in the spectrum for the neat PLA. These two peaks centered at 1.25 and 0.88 ppm
correspond to the methylene protons on the aliphatic chain linked to the benzene ring, and the
methyl group at the end of the aliphatic chain [144, 145]. The presence of these two peaks from
the NC-547 in a sample of the purified reactive blend provides sufficient evidence to conclude that

there is reaction between the PLA and the NC-547.
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Figure 4-13: Comparative '"H NMR Spectra of neat PLA and the reactive blend with NC-547 at
3.5 % by weight

Thermal degradation behavior of the epoxy modifiers by themselves, and those of the modified
samples were studied and compared with that of neat PLA and are shown in Figure 4-14 and Figure
4-15. An interesting trend was observed in the case of both the Joncryl and the NC-547. It was
seen that for the samples with lower concentration of the modifier, i.e., at 5% for the Joncryl and
1.5% for the NC-547, the peak temperature for thermal degradation was found to remain
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unaffected by the addition of the modifier. However, at a higher content of 10% for the Joncryl
and 3.5% for the NC-547, the peak degradation temperature was found to reduce by ~40 and 30°C
respectively. This was an unexpected observation since the peak degradation for both the epoxy
modifiers by themselves were higher than the neat PLA itself. There was no particularly
satisfactory explanation for this trend. It is predicted to be mostly due to the presence of elevated

levels of oligomers and unreacted epoxy molecules in the system.
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Figure 4-14: DTG curves comparing neat PLA and Joncryl with their blends
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Figure 4-15: DTG curves comparing neat PLA and NC-547 with their blends

The thermal transitions of the epoxy modified PLA compounds were studied using the heat flow
vs. temperature data from the second heating cycle of the DSC scans and are as shown in Figure
4-16. The reaction with the epoxy compounds did not bring about any noticeable change in the T,
and Tm of the PLA. However, the most apparent difference was the shifting of the cold
crystallization peak of the PLA to higher values with the addition of the epoxy modifier. This was
found to be in complete contradiction with existing literature, where branching and chain extension
of PLA has been found to have a faster onset of the cold crystallization peak [65, 215-218].
However, there exists a simple rationale for the behavior shown in our system. The delay in the
onset of cold crystallization in the Joncryl and NC-547 modified PLA could be attributed to the
presence of a significant amount of bulky aromatic groups in the compound which hinders chain

mobility of the PLA thereby delaying the crystallization process.
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Figure 4-16: DSC curves of neat PLA and the blends with Joncryl and NC-547

Gel swell measurements were performed as a precautionary measure to ensure that there was no
formation of crosslinking in the samples leading to the formation of gels. The tests following the
procedure described earlier, clearly showed that all of the epoxy modified samples were
completely soluble in the solvent, thus proving that were no crosslinking in the samples.

The molecular weight distributions of the samples as shown in Table 4-1 provided a preliminary
insight into the effects of using the multifunctional epoxy modifiers as chain extenders or
branching agents for the PLA. Comparing the neat PLA with PLA extruded under similar
processing conditions used for the synthesis of the epoxy modified samples, it can be seen that

there is a loss of molecular weight in the PLA due to chain scission in the presence of elevated
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temperature and shear within the extruder. Looking at the Joncryl modified PLA, it can be seen
that the sample with 5% by weight had a higher molecular weight (by almost ~30,000 g/mol) as
compared to the 10% sample. This provides initial confirmation of the fact that using a molar ratio
of <1 of the epoxy to PLA results in a more branched structure. However, upon dilution of the 5
and 10% of the Joncryl samples to 0.5 and 1.0% each, there was only a marginal increase observed
in the molecular weight for the 5% vs. the 10%. Thus, despite the initial difference in the branching
mechanism, there did not seem to be much effect of using the different molar ratios after the final
concentration of the samples had been achieved. However, at all loading levels of the Joncryl, the
molecular weights were found to be higher than that of the extruded PLA, thus indicating that the
loss of molecular weight during processing had been successfully recovered. The 5 and 10%
samples and their respective dilutions to 1% were found to have a higher molecular weight
distribution than the neat PLA, thus suggesting successful chain extension.

For the NC-547 samples however, there was no observed increase in the molecular weights when
compared to even the extruded PLA. This was attributed to the fact that the NC-547 had a
significantly lower number of epoxy groups per molecule as compared to the Joncryl (3 vs. ~9).
Also, considering the fact that since the NC-547 was used at lower loading levels in order to be
consistent with the molar ratios used, and partly due to processing issues, it would explain why
there was no major change observed with the molecular weights of the NC-547 modified samples.
Even the diluted samples of the NC-547 which would ideally have a greater extent of reaction with

the PLA showed no improvement.
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Table 4-1: Molecular weight distributions of neat and extruded PLA, and the blends of PLA
with Joncryl and NC-547

Sample M., (g/mol) My (g/mol) PDI
Neat PLA 97956 + 2519 151552 + 3997 1.55+0.01
Extruded PLA 83835 + 707 139457 + 2406 1.66 £0.03
PLA-J5 130188 = 10297 229473 + 27844 1.76 £0.07
PLA-J5-0.5 92840 + 5424 167684 + 21278 1.81+£0.13
PLA-J5-1.0 107361 £4076 220821 + 2644 2.06 £0.05
PLA-J10 114309 + 8899 194498 + 21903 1.7+£0.07
PLA-J10-0.5 88575 + 2547 171744 + 4933 1.94 £ 0.04
PLA-J10-1.0 105595 + 4463 217044 + 11538 2.06 £0.02
PLA-NC547-1.5 81603 + 1198 132970 + 1290 1.63 £0.03
PLA-NC547-1.5-0.5 81346 + 1078 131827 + 754 1.62 +£0.02
PLA-NC547-3.5 82935 £+ 2415 133259 + 3205 1.61 £0.07
PLA-NC547-3.5-1.0 76369 + 1813 131835 + 860 1.73 £0.04

4.3.4 Rheological Characterization

The melt flow index (MFI) or melt flow rate (MFR) of a sample provides a rudimentary
understanding of its rheological behavior by measuring its ability to flow in the melt condition
when subject to an applied load. An increase in molecular weight or viscosity of a polymeric
sample due to linear chain extension or branching typically results in a decrease in MFR of the
sample due to an increased resistance to flow [219-223]. Figure 4-17 presents the MFR values
obtained for all of the Joncryl and NC-547 samples. It is observed that extruded PLA has a greater
value compared to the neat PLA, ~29 g/10 min as opposed to ~27 g/10 min, due to a lower
molecular weight. Further, the Joncryl sample at 5% had a lower value (~1.5 g/10 min) than the
sample at 10% (~2.7 g/10 min). This again suggests that using the molar ratio at <1 resulted in a
more branched structure. The Joncryl samples diluted to 1% using either the 5 or 10% formulations
showed negligible difference. However, with the dilutions to 0.5%, the sample made using the 5%

masterbatch had a slightly lower value (~4.2 g/10 min) as opposed to the one made with the 10%
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masterbatch (~5.9 g/10 min). This showed that using the molar ratio of the epoxy to PLA at <I
might be marginally more beneficial at higher dilutions (0.5%) but did not make a major difference
at lower dilutions (1%). For the NC-547 samples at 1.5 and 3.5%, the MFR values were actually
found to be lower than that of extruded PLA and almost equal to that of neat PLA, thus suggesting
that they could potentially be used as a processing aid to improve melt viscosity during processing.
With the diluted samples of the NC-547 at 0.5 and 1.0%, the MFR values were observed to drop
even further resulting in values considerably lower than that of neat PLA (18-19 g/10 min vs. 27
g/10 min). These observations provided conclusive proof that there was indeed an occurrence of
chain extension of the PLA, however nominal, due to reaction with the epoxy groups of the NC-
547. Overall, the MFR data for the Joncryl samples was found to be in perfect agreement with the
molecular weight distribution results obtained earlier, however, the NC-547 results seemed to vary
in trend. This could be attributed to a more accurate representation of the behavior of the samples
using the MFR since the properties are measured using a greater sample size. Also, GPC
measurements have not been established to be the most accurate when it comes to distinguishing
linear and branched PLA samples [218]. A common observation for both the Joncryl and the NC-
547 samples was that a lower MFR was recorded for the samples produced using the two-step
processing method thus confirming the fact that residual epoxy groups from the first processing

cycle react with more PLA chains during the second processing cycle.
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Figure 4-17: Melt flow rates of the samples, tested at 190°C with a load of 2.16 kg

Having successfully proven that the reaction between the epoxy modifiers and PLA was leading
to a chain extension effect, the complex viscosity of the epoxy modified samples was studied as a
function of shear rate in order to establish a better understanding of the type of chain extension
being developed. Long chain branching in thermoplastics, specifically PLA, has been shown to
produce a non-Newtonian effect by demonstrating significant shear thinning behavior, whereas
regular linear chain extension produces a more Newtonian flow where the viscosity is mostly
independent of shear rate [130, 224-227]. Long chain branching is essential to processing
techniques such as blown films since it allows for greater blow-up ratios enabling the production
of films with lower thickness. Hence, it becomes necessary to establish the type of chain extension

developed during the reactive extrusion process. The complex viscosity as a function of varying
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shear rate between 1 to 100 rad/s was studied for each of the samples. The curves for the Joncryl
and the NC-547 are presented on separate plots for better visual clarity.

Figure 4-18 and Figure 4-19 present the results of the complex viscosity of the Joncryl samples as
a function of shear rate at 180 and 200°C respectively. It can be clearly observed that neat and
extruded PLA demonstrate a Newtonian plateau which is typical of linear polymers. Also, as
expected, the extruded PLA is found to have a lower viscosity as compared to the neat PLA. Upon
the addition of Joncryl, an immediate transition to a more shear thinning behavior was clearly
observed. The values of the viscosities as well as the shear thinning behavior was found to be more
pronounced at 5% of Joncryl than at 10%, thus, clearly establishing the formation of a structure
predicted earlier in Figure 4-7 with the use of the epoxy modifier at a molar ratio of <1. However,
at the final dilution levels of 0.5 and 1.0%, there seemed to be no effect of using either of the
masterbatches, with the curves for the 0.5% samples and 1.0% samples almost resulting in an
overlap on one another. Thus, this implies that once all residual epoxy groups are reacted through
the second processing step, there is no difference in the type of branching developed, regardless
of the type of branching present in the previous processing step. Considering the fact that in
industrial applications, a masterbatch is usually prepared first with only 0.5~1.0% of the modifier
being required in the final formulation, the loading level of the initial masterbatch is not a critical
factor in the final rheological properties of a given formulation. Typically, since masterbatches
with higher loading levels are preferable at the commercial scale due to ease of processing and
cost-effectiveness, a masterbatch at 10% of Joncryl can be prepared and used for subsequent
dilution without fear of loss in rheological performance. The trends in the complex viscosities

observed at 200°C for the Joncryl samples were found to be exactly similar to that observed at

180°C, however, with a shift to lower values due to the higher testing temperature. Both the diluted
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samples at 0.5% and 1.0% were found to be slightly more dependent on the masterbatch from
which they were derived, with the ones derived from the 10% masterbatch showing slightly more
enhanced properties. However, this improvement was negligible. Overall, these results clearly
establish the presence of a long chain branching structure in the Joncryl samples.

The complex viscosities of the NC-547 modified PLA samples at 180°C and 200°C are presented
in Figure 4-20 and Figure 4-21. The curves for all the NC-547 modified samples were found to lie
within the curves for extruded and neat PLA, thus indicating that there was a low degree of chain
extension during processing leading to an improvement over extruded PLA. However, there was
no improvement in properties when compared to the neat PLA. Also, the behavior shown was
more in the form of a Newtonian plateau than any actual shear thinning, thus confirming that there
was no long chain branching being developed. Within the samples, the NC547 masterbatch at 3.5%
was found to have consistently higher values of viscosity as compared to the rest of the samples.
This is most likely attributed to the fact that it is the formulation with maximum content of epoxy
groups thus resulting in the greatest extent of reaction. Thus, the NC547 samples did not provide
any evidence of long-chain branching, showing just a maximum likelihood of linear chain

extension.
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Figure 4-18: Comparison of complex viscosity at varying shear rates for Joncryl blends (180°C)
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Figure 4-19: Comparison of complex viscosity at varying shear rates for Joncryl blends (200°C)
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Figure 4-20: Comparison of complex viscosity at varying shear rates for NC547 blends (180°C)
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Figure 4-21: Comparison of complex viscosity at varying shear rates for NC547 blends (200°C)
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Extensional viscosity (meg") of a polymer in its melt state is critical for its processability in
techniques such as blown films, blow molding etc. Extensional viscosity is strongly dependent on
the presence of branching and entanglements within the polymeric sample with long chain
branching being primarily responsible for an increase in the properties [202, 228-230]. The ng* for
all the epoxy modified samples were studied at 180°C at three different strain rates (0.5, 1.0 and
5.0 s!). The data obtained from the studies are presented as follows. Figure 4-22, Figure 4-23, and
Figure 4-24 show the uniaxial extensional viscosity behavior for the Joncryl samples under
different conditions of strain rate.

For the Joncryl samples, a near identical behavior was observed at all three strain rates. For the
Joncryl masterbatch samples, the sample at 5% was found to have a higher ng* and better strain
hardening as compared to the 10% at all three strain rates. Similarly, for the diluted samples, the
formulations at 1% had a higher value of nr" and displayed marginal strain hardening behavior as
compared to the 0.5% formulations. Also, as observed earlier with the complex viscosity studies,
the effect of using different molar ratios for the masterbatches had no discernible effect on the
uniaxial extensional behavior of the final diluted formulations. The strain hardening behavior for
all samples were seen to be more pronounced at higher strain rates of testing. Overall, the values
for the Joncryl modified PLA samples were found to be considerably higher than that of neat and
extruded PLA, showing the efficacy of Joncryl in producing a branched structure. The results were

found to be in good agreement with all the characterization done so far.
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Figure 4-22: Comparison of extensional viscosity at a strain rate of 0.5 s™! for Joncryl blends at
180°C
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Figure 4-23: Comparison of extensional viscosity at a strain rate of 1.0 s™! for Joncryl blends at
180°C
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Figure 4-24: Comparison of extensional viscosity at a strain rate of 5.0 s™! for Joncryl blends at
180°C

The ne" data for the NC-547 modified PLA samples are presented in Figure 4-25, Figure 4-26,
and Figure 4-27 . There was negligible effect of the addition of the NC-547 modifier to the PLA
regardless of the amount added and the method of processing used. This behavior was found to be
consistent at all the three strain rates of testing. This coupled with the observations from the

complex viscosity experiments, clearly shows that there is negligible presence of branching in the

PLA samples modified with the NC-547.
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Figure 4-25: Comparison of extensional viscosity at a strain rate of 0.5 s™! for NC-547 blends at

180°C

Extensional Viscosity (Pa.s)

100000 1

NC547-1.0 s!

—o— Extruded PLA
{ —¢=Neat PLA
PLA-NC547-1.5
1 —+—PLA-NC547-1.5-0.5
| —%—PLA-NC547-3.5
10000 ; —a— PLA-NC547-3.5-1.0
1000 -
100 T T T T T T 1717 T T T T T T TT17 T T T T T T 1717 T T T T 1T 171771
0.001 0.01 0.1 1 10

Time (s)

Figure 4-26: Comparison of extensional viscosity at a strain rate of 1.0 s™! for NC-547 blends at

180°C
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Figure 4-27: Comparison of extensional viscosity at a strain rate of 5.0 s™! for NC-547 blends at

180°C

Figure 4-28 shows the ng* for each sample tested at the strain rates of 0.5, 1.0 and 5.0 s’'. The

strain hardening behavior for a sample, if any, was observed at the higher strain rates.
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Figure 4-28: Extensional viscosity of each
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Figure 4-28 (cont’d)
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Figure 4-28 (cont’d)
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The study of the ng* data for the epoxy modified PLA samples established that the reaction with
Joncryl could lead to a branched structure of the PLA, and thus Joncryl could be used as a modifier
for PLA in applications such as blown films, foams, etc. However, the NC-547 showed no
indication of branching and thus, would be a poor substitute for Joncryl in such applications. The
primary reason behind these observations is the low potential for branching sites on a given NC-
547 molecule since each molecule possesses only 3 epoxy groups whereas Joncryl contains ~9
epoxy groups per molecule. Also, a maximum of only 3.5% by weight of the NC-547 was used
for the study since this was already at a molar ratio of 2:1 of epoxy modifier to PLA, which was
set as an upper limit for the interest of our study. The other limitation was that NC-547 being a

highly viscous fluid presented a processing issue in terms of feeding and proved difficult to process
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at loading levels of above ~3.5% by weight. However, optimizing process conditions to increase

the loading level of the NC-547 needs to be performed to investigate any additional improvements.
4.4 Conclusions and Future Work

In conclusion, two different multifunctional epoxy compounds were used to modify the rheological
properties of PLA. BASF Joncryl-4368-C, a fossil-fuel based chain extender, and a chemically
similar bio-based alternative Cardolite NC-547 were the two epoxy modifiers used. First, the
reactivity of the two modifiers with PLA was investigated by using stearic acid and poly(ethylene
glycol) as model compounds to mimic the carboxyl and hydroxyl end-groups of the PLA. Once
reactivity of the epoxy group with the carboxyl end group was successfully established, the
reactive blends of the epoxy modifiers with PLA were carried out using a twin-screw extruder. A
major objective of the study was to investigate the difference in rheological properties caused due
to using different molar ratios of the modifier to the PLA during the reactive blending process.
Molar ratios of greater than and less than 1 of the epoxy modifiers to PLA were used to prepare
the initial masterbatch for each modifier. The masterbatches were then diluted with neat PLA to
final formulations containing 0.5% and 1.0% by weight of the modifiers. The extrudate of the
reactive blends were purified and then characterized using FT-IR and 'H NMR to prove the
occurrence of reaction between the PLA and the modifiers. Thermal degradation and thermal
transitions of the samples were studied. The T.. of the samples were found to have a delayed onset
with the addition of the modifier. This was attributed to the presence of bulky aromatic groups in
the modifiers which hinder the PLA chain mobility. Gel swell analysis of the samples were
performed in order to ensure that there was no formation of crosslinking in the system.

Molecular weight distributions for the samples revealed a significant increase in molecular weights

of the Joncryl modified PLA samples. At a molar ratio of less than 1 (5% by weight) of epoxy to
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PLA, a higher molecular weight was observed. This suggested the formation of a more branched
structure as opposed to the sample at a molar ratio of greater than 1 (10% by weight). However,
there was negligible difference in molecular weights between using the 5% or 10% masterbatch
when the samples were diluted to 0.5% and 1.0% by weight. The NC-547 modified samples,
including the final diluted formulations, had a lower molecular weight compared to even extruded
PLA. MFI studies showed a similar trend with drastic reduction in the melt flow rates for the
Joncryl samples. Again the 5% masterbatch was found to have the lowest MFI, however, again
upon dilution, there was no difference in properties of the diluted samples based on the masterbatch
used. The NC-547 diluted samples showed lower values of melt flow rate as compared to their
masterbatches, proving greater extent of reaction due to the two-step processing method.
Complex viscosity of the samples was studied as a function of shear rate to study the type of chain
extension mechanism present in the system. The Joncryl sample at 5% showed the most
pronounced shear thinning behavior, confirming the presence of long chain branching. The NC-
547 samples however displayed a more Newtonian behavior with viscosity being nearly
independent of the shear rate, thus implying that there might only be regular chain extension but
no branching. Uniaxial extensional viscosity of the samples confirmed that the Joncryl modified
PLA samples developed long chain branching. In both the complex and extensional viscosity
studies, the masterbatch with molar ratio at less than 1 for epoxy to PLA was found to have superior
rheological performance compared to the sample at a molar ratio of greater than 1. However, upon
dilution to final loading levels there was negligible difference in the type of masterbatch used.
Overall the study established that Joncryl is highly effective at creating long chain branched
structures with PLA, and can be successfully used as a rheological modifier in applications such

as blown films, blow molding, foams etc. On the other hand, the NC-547 could at best be used as
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a processing aid for PLA to build back molecular weight lost during processing. However, this
was attributed to current loading levels of the NC-547 used. Using appropriate feeding techniques
for high viscosity fluids, a higher content of the NC-547 could be used to investigate if there would
be any further improvements. This would form the basis for future investigations relating to this
study. Further, blown films using the epoxy modified masterbatches are going to be produced to

observe for improvements in performance properties of the films due to the epoxy modification.
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S POLYLACTIDE BASED DIRECT-LONG FIBER THERMOPLASTICS

(D-LFTs) FOR AUTOMOTIVE INTERIOR APPLICATIONS

5.1 Introduction

Despite its commercial acceptance in low-end single-use plastic applications, PLA has not been
considered a viable material-of-choice for applications requiring durability and high structural
strength. This is primarily due to its poor impact strength and high sensitivity to thermal and
moisture conditions [11, 98, 231, 232]. The sensitivity to heat and moisture is strongly dependent
on the crystallinity of the PLA part, and has been successfully addressed in a cost-effective manner
by adopting processing techniques such as thermal annealing and addition of nucleating agents
during the molding process [233-235]. Improving impact strength and modulus of the PLA for
structural applications, however, remains a key issue. A conventional approach to improving these
two key performance parameters involves the addition of fiber reinforcements to the polymeric
matrix [236-238]. PLA based fiber reinforced composites have been previously developed,
however, with the primary intention of producing biodegradable natural fiber composites [239-
242]. Hence producing more durable and structurally superior composite materials using PLA is a
primary focal point for this study.

One of the most critical factors governing the mechanical performance of a given composite
material is the aspect ratio of the reinforcing fiber in the matrix [243-245]. Aspect ratio is defined
as the ratio of the length of the fiber to its diameter (I/d), thus indicating that a higher aspect ratio
results in a greater surface area of the fiber being exposed at the fiber-matrix interface. Since,
reinforcing fibers are the primary load-bearing components within the polymeric matrix, a higher
aspect ratio of the fiber would indicate a greater surface area available at the fiber -matrix interface

thus enabling a more efficient transfer of the applied load [246, 247]. This phenomenon has been

132



well-studied with several fiber reinforced polymer composites with consistent conclusions that a
higher aspect ratio resulted in a greater improvement in mechanical performance as opposed to
lower aspect ratio [238, 248]. Thus, an attempt was made in this study to obtain higher aspect
ratios of the fiber in the PLA by using continuous rovings of the fibers as opposed to using chopped
fiber. This was achieved by adopting a processing technique referred to as Direct-Long Fiber
Thermoplastics (LFTs) wherein continuous fiber reinforcements are directly incorporated into the
melted polymeric matrix in an extruder. The D-LFT process is a fairly recent development in the
composite fabrication industry and has been consistently shown to produce composite materials
with high aspect ratios of the reinforcing fibers [249-251]. The D-LFT process also offers the
distinct advantage of being a continuous process, thus enabling cost-effective scale-up for
commercial production. The D-LFT technique has been successfully adopted for the production
of various thermoplastic-based composite materials, however, only one prior study exists where it
has been used to produce a PLA-jute composite [252]. Although this study provided promising
results, the equipment used was highly specialized requiring a significant capital investment, also,
the study does not elaborate on processing conditions and the process optimization required to
produce these composites. Further, there have only been a few reports of producing D-LFTs at a
lab or pilot scale without using a specialized setup [253-256]. These studies utilized extremely
poor techniques for feeding of the fiber and did not investigate the effects of processing parameters
on the composites produced. Thus, the focus of our study was not only to develop the first ever
reported PLA-based D-LFT, but also to design a highly optimized and cost-effective pilot scale
D-LFT production technique that could be easily scaled to produce D-LFTs for other thermoplastic
materials with any given reinforcing fiber.

Basalt fiber is derived from the basalt rock, which is a type of igneous rock formed due to the rapid
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cooling of volcanic lava. Since it is found in abundance in the Earth’s crust and is relatively easily
converted into the form of a fiber by melt spinning (Figure 5-1), it is a sustainable choice for use
as a reinforcing fiber. It has a modulus and tensile strength higher than that of glass fiber (Table
5-1), and reportedly has an excellent thermal and chemical resistance, thus making it a superior
choice over glass fiber as a reinforcement for PLA [257]. Basalt fiber has gained traction as a
reinforcing fiber only recently over the past decade with several studies reported in literature [258-
261]. Also, there have only been a handful of reports where basalt fiber has been used as a
reinforcement for PLA with promising results [262-264], however all of these studies used
chopped fiber resulting in a low aspect ratio. Thus, our study constitutes the first-ever reported

instance of a long-fiber reinforced PLA-basalt composite produced using the D-LFT approach.

Figure 5-1: Schematic showing the production of basalt fiber from basalt rock by melt spinning
(Image sourced from www.basaltlft.com)

Table 5-1: Comparison of properties of basalt fiber against glass and carbon fiber [260]

E-Glass Fiber | Basalt Fiber | Carbon Fiber
Tensile Strength [MPa] 2700~3000 3100 3800~4400+
Elastic Modulus [GPa] 72~76 88~92 230+
Elongation at break [%] 4.8 3.5 0.5~1.5
Density [g/cm?’] ~2.6 ~2.6 ~1.8

In our study, we will adopt the D-LFT technique to use basalt fiber as a reinforcement to enhance
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the mechanical performance of the PLA matrix. E-glass fiber will also be used as a reinforcement
to serve as a comparison to the basalt-fiber properties. For both of these long fibers, their chopped
short fiber counterparts will also be used to investigate the difference in properties observed. The
D-LFT technique will also be studied in-detail and optimization of process parameters will be

performed as required.
5.2 Experimental

5.2.1 Materials

A commercially available semi-crystalline injection-molding grade of PLA, 3001D, was used for
this study. The PLA was sourced from NatureWorks LLC (Minnesota, USA). The 3001D grade
of PLA has a weight average molecular weight of ~150,000 g/mol and a meso-lactide content of
around ~2%. Four different types of fibers were used for the study. Continuous (direct) rovings
and chopped strands of basalt fiber were kindly provided by Mafic (Meath, Ireland). Both the
rovings as well as the chopped fiber had a filament diameter of 13 pum and a proprietary silane-
based sizing for polyester resins. The direct rovings had a linear density of 300 tex, and the
chopped fibers had a cut-length of 6 mm. Continuous rovings of glass fibers (corrosion resistant
E-glass) were kindly provided by Owens Corning (Ohio, USA). These rovings had a filament
diameter of 13 um, a linear density of 1100 tex, and also had a proprietary sizing for polyester
resins. Chopped strands of glass fibers (E-glass) with a filament diameter of 13 um and a cut-
length of 6 mm were purchased from Fibre Glast Developments Corporation (Ohio, USA). The
chopped strands were sized with a proprietary silane-based agent. Other reagents used were

purchased from Sigma-Aldrich (Wisconsin, USA).
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5.2.2 D-LFT Extrusion Process

The synthesis of the PLA-based composite materials was carried out using a twin-screw extruder.
Identical processing conditions were used for each set of fiber samples to maintain uniformity
during comparison of properties. The PLA pellets were dried overnight in a convection oven at
60°C prior to the extrusion process. This was done in order to remove residual moisture in the PLA
which might accelerate its degradation under shear in the extruder. For both the chopped fiber
samples, the fibers were premixed with the PLA pellets prior to being fed in the hopper. In the
case of the continuous fiber rovings, a purposefully designed setup as shown in Figure 5-2, was
prepared to hold the roving in place at a fixed height above the barrel of the extruder as the fiber
was being fed in. A Century ZSK-30 co-rotating twin-screw extruder with a screw diameter of 30
mm and a L/D ratio of 42 was used for the processing. The temperature profile used for this process
was as follows: 170/175/180/180/180/185/185/185/180/175°C. The screw speed was set at 200
rpm, and the throughput for the basalt fiber samples and the glass fiber samples were set at 100
and 160 gm/min respectively. The extrudate in the form of a strand was quenched by passing
through an ice-cooled water bath and subsequently pelletized. The pellets were then dried

overnight in a convection oven at 50°C to remove excess moisture prior to characterization.
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Figure 5-2: Setup showing the fiber feeding mechanism for the D-LFT preparation

5.2.3 Characterization

Fiber loading levels were measured by using a resin burn-off method or ash-test. A known amount
of the extruded pellets was placed in ceramic crucibles which were then placed into a muffle
furnace. The temperature in the furnace was then ramped up to 600°C at 40°C/min to burn off the
PLA matrix. The residual weight of the crucible was measured and the weight of the fibers present

in each sample was calculated using the following gravimetric formula:

Wc,after—Wc,before
Weight of sample used

Fiber content (% by weight) = (Equation 1)

where, W atier 1s the weight of the crucible containing residual matter after the burn-off test, and
W before 18 the weight of the dried empty crucible before the test.

Fiber length distributions were obtained by cutting a long strand (~3 m) of the extrudate of each
sample prior to pelletization. This ~3 m long strand was then cut to pieces of 15 cm in length and
placed in ceramic dishes. This was done in order to ensure that pelletization would not contribute
to reduction in fiber length distributions. A resin burn-off procedure as described earlier was
performed to remove the PLA matrix leaving behind only the reinforcing fibers. These fibers were
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then placed in a vial containing acetone to separate them out. The mixture was poured out on to a
glass petri dish which was then placed in an oven at ~60°C to remove the acetone. The fibers
collected on the petri dish were then studied under a Keyence VHX-6000 digital light microscope
equipped with a Keyence VHX software which was used to measure the fiber lengths. A minimum
of 250 fibers were used for the calculation of the fiber length distribution for each sample.

The tensile test specimens for the composite samples were prepared using an 85-ton Cincinnati
Milacron (Ohio, USA) injection molding machine. The barrel and nozzle temperatures were set at
380/350/350°F and 375°F respectively. The mold was held at room temperature. The screw speed
was set to 100 rpm and the injection pressure used was 800 psi. The total cycle time was set at
around ~90s.

The thermal transitions of the samples were observed using a differential scanning calorimeter,
DSC Q20 (TA Instruments, USA). The samples were first heated up to 200°C starting at room
temperature at a rate of 10°C/min under a nitrogen atmosphere to erase any thermal history
associated with processing before being cooled down to 20°C. They were then heated back up to
200°C at 10°C/min. The heat flow vs. temperature data was then recorded and plotted.

Tensile testing was carried out on an Instron model 5565-P6021 (Massachusetts, USA) mechanical
testing fixture setup with a 5 kN load cell. The testing was carried out in accordance with the
ASTM D638-14 (Type I sample size) standard test method for tensile properties of plastics [126].
The rate of grip separation was set at 5 mm/min which was as per the ASTM D638 specifications.
A minimum of six replicates were used to ensure repeatability of the test data.

The notched 1zod impact properties were studied using a Ray-Ran RR-IMT (Warwickshire, UK)
pendulum impact tester equipped with a Techni-Test test software. The testing was carried out in

accordance with the ASTM D256 standard test method for determining the 1zod pendulum impact
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resistance of plastics [32]. The samples were notched using a Tinius Olsen Model 22-05-03
Motorized Specimen Notcher (Pennsylvania, USA). The test specimens had dimensions of 63.5
mm X 12.7 mm and the notch marked was 2.54 mm deep. A minimum of six replicates were used
to ensure repeatability of the test data.

Dynamic mechanical analysis (DMA) was performed on the samples using an RSA-G2 Solids
Analyzer (TA Instruments, USA) to evaluate the storage and loss modulus, as well as the tan delta
phase lag factor as a function of temperature. The gage section of the tensile test specimens was
cut out into segments of length 50 mm using a bandsaw for the testing. The tests were carried out
using the three-point bending mode, within a range of 30°C — 150°C at a heating rate of 3°C/min
and a frequency of 1 Hz.

A JEOL 6610LV scanning electron microscope (SEM) was used to obtain the surface morphology
images for the fracture surfaces of the tensile and impact test specimens. The fractured surfaces
were mounted vertically using a two-part epoxy, and a carbon coating was applied for

conductivity. The mounted samples were then imaged under a high vacuum.

5.3 Results and Discussion

5.3.1 D-LFT Extrusion Process

The primary objective of the study was to produce long fiber reinforced PLA-based composites
with a higher aspect ratio of the reinforcing fibers. In order to achieve this, continuous rovings of
the fibers were used instead of chopped fibers. The rovings of the fibers were directly fed into an
exposed port of the extruder where the fibers were drawn in through the conveying motion of the
screws. This posed a significant challenge in terms of processing since optimization of the
processing conditions involved a greater number of process variables as opposed to using chopped

fibers. The process variables were dependent on optimizing two primary criteria: fiber breakage
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and fiber dispersion. These are two contradictory principles yet are vital to the fabrication and
performance of composite materials [265-268]. An optimum amount of fiber breakage is essential
in order to ensure uniform dispersion of the fiber in the matrix leading to better properties.
Excessive fiber breakage results in a reduction in the aspect ratio of the fiber, thus defeating the
purpose of using a long fiber reinforcement. On the other hand, not having enough breakage of the
fiber results in the formation of “clumps” of fiber which prevents impregnation of the matrix
leading to failure of the part. In order to optimize fiber breakage and subsequent dispersion, the
two most critical process variables were the screw configuration of the extruder and the point of
entry for the fiber feed. Initially, the fiber was fed in at Zone 8 as shown in Figure 5-3 (top). This
setup was used in order to introduce the fiber downstream thus minimizing excessive fiber
breakage as opposed to feeding it further upstream. A kneading block similar to the one shown in
Figure 5-4 was used at the point of introduction of the fiber at Zone 8 in order to have optimum
fiber breakage. However, this setup was found to be ineffective since there was less than optimal
fiber breakage resulting in clumping of the fibers. In order to alleviate this, the setup was changed
to the one shown in Figure 5-3 (bottom). In this case, the fiber was introduced upstream at Zone
4. To ensure proper impregnation of the fiber by the resin, the PLA needs to be completely melted
before the introduction of the fiber. Hence, the temperatures for Zones 1-4 were set to 180°C. Also,
a kneading block was used at Zones 2-4 to create additional shear along with the elevated
temperatures to achieve complete melting. The screw configuration for this setup also had a
kneading block at Zone 8 to ensure proper dispersion of the fiber. Further, it was studied and found
that conveying elements were more efficient than kneading elements at maintaining the uptake of
the fiber at its feeding point. This setup provided the most optimal conditions for the continuous

fiber to be processed and was used for the synthesis of all the composite samples prepared for this
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study. The samples with short fibers were also processed using the same screw configuration to

compare the effects of processing on the fiber breakage.

Polymer
Feed

Continuous Fiber
Roving

m ﬂ :l lExtr;(ii:te at

Polymer
Feed

Continuous Fiber
Roving

Extrudate at
H A HE B[ |-

Figure 5-3: Schematic showing the extrusion setup used for the D-LFT preparation. Fiber feed
point at Zone 8 was used initially (top) and later optimized to feed at Zone 4 (bottom)

Since the fibers were fed into the extruder due to the conveying motion of the screws, the amount
and rate of fiber being fed was dependent on the screw speed and the feed rate of the polymer, thus
resulting in two additional process parameters that were required to be optimized. A higher screw
speed causes faster drawing of the fiber resulting in a higher loading level of fiber. However, an
upper bound for the screw speed is set at around ~200 rpm due to a reduction in residence time
above that limit resulting in incomplete melting of the PLA. An increase in feed rate of the polymer
also contributed to an increase in the feed rate of the fiber since the conveying motion was

enhanced with a greater amount of material flow. However, its effect on the feed rate of the fiber
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was not as pronounced as the screw speed. For all processing conditions tested, a screw speed of
200 rpm was found to be most optimal in terms of fiber feeding and was used for the synthesis of
all the samples prepared, including the ones with short fiber.

The amount of fiber being fed in was monitored using two different methods: first, using a simple
gravimetric approach, the fiber roving was directly weighed before and after each run to measure
the quantity of fiber that had been used. The second technique involved measuring the amount of
polymer being fed at the hopper and then the actual throughput at the pelletizer. The difference

between the two values per unit time would provide the rate at which the fiber was being fed.

Figure 5-4: Two kneading blocks as shown above were used to effectively melt PLA before
fiber feed and break down fiber after fiber feed

Five different samples were prepared in total. For the short fiber processing, first the amount of
fiber loading achieved in their long fiber counterpart was measured. An equal amount of short
fiber was fed along with the PLA in order to closely simulate the effects of similar processing on
the short fibers. The continuous glass fiber used had a higher linear density than the continuous
basalt, thus resulting in higher loading levels of the glass fiber under similar processing conditions.
In order to attain a higher loading level of the basalt, two different rovings were fed in

simultaneously. This sample is referred to as “Long Basalt X2” for the rest of the study.
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5.3.2 Characterization

Ash testing of the samples provided an accurate representation of the loading levels in terms of
weight % achieved during the processing. Figure 5-5 shows the setup used for the testing. The
results obtained are provided in Table 5-2. Volume fractions of the fiber are derived from the

weight fractions obtained experimentally using the given formula:

fw .
f = — _pr (Equation 2)
fw+(1_fw)ﬁ

Where, f is the fiber volume fraction, fy, is the fiber weight fraction, and prand pm are the densities
of the fiber and matrix respectively. A value of 1.25 g/cm? was used for PLA, whereas both glass
and basalt fibers had a density of 2.6 g/cm?. It can be observed that starting with the same amount
of fiber during feeding, a lower amount of fiber loading is found in the samples with short fiber.
This is attributed to the fact that a small amount of fiber is lost during processing due to adhesion
to screws etc. This effect is seen to be amplified with the short fiber samples due to more breakage
of the fiber as compared to the long fiber. Also, with the D-LFT processing method, the loading
levels for glass fiber were found to be higher than that of the basalt fiber under similar processing
conditions. This was due to the fact that the glass fiber roving had a linear density of almost 3

times that of the basalt fiber roving (1100 tex vs. 300 tex) leading to a lower amount of fiber being

fed.
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Figure 5-5: Ash testing of the samples to measure fiber loading content (before, during and after
test)

Table 5-2: Fiber weight fractions as obtained from ash test. Fiber volume fractions as calculated
using Equation 2

Sample .Fiber Cont.ent .Fiber Content
(in % by weight) | (in % by volume)
Neat PLA B _
PLA + Short Basalt 3.47 1.68
PLA + Long Basalt 4.62 2.25
PLA + Long Basalt X2 8.05 3.99
PLA + Short Glass 8.85 4.38
PLA + Long Glass 10.18 5.07

Fiber length distributions of the samples are presented in Figure 5-6. The aspect ratio (length of
fiber/fiber diameter) for each sample was calculated by using the mean length obtained from the
distribution divided by the fiber diameter, which was 13 pum for all samples. It can be clearly
observed that there was an increase in aspect ratio by using the continuous fiber method as opposed

to using chopped fibers. The increase was more pronounced in the case of the basalt fiber than the
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glass fiber, mostly due to the fact that the glass fibers are more brittle and are more prone to suffer

from excessive fiber breakage compared to the basalt fiber.
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Figure 5-6: Optical micrographs of fiber specimens used for measuring fiber length distribution
(left) with the corresponding distribution (right)
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Figure 5-6 (cont’d)
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The thermal transitions of the composite samples, as shown in Figure 5-7, revealed no major
changes when compared to those of neat PLA apart from a delayed onset of cold crystallization
with incorporation of the fiber. This was in direct contradiction with results obtained from previous
studies [241, 269, 270]. This observation could be attributed to the presence of longer fiber
segments which hinder the chain mobility of the PLA, thus delaying the onset of the cold
crystallization. Melting and glass transition values were however found to be unchanged with the

addition of the fiber.
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Figure 5-7: DSC scans of the composite samples showing thermal transitions

Tensile test data provided the first confirmation of the improvement in properties caused due to
the use of the long fiber processing method resulting in a greater aspect ratio. The modulus and
tensile strength as seen from the stress-strain curves in Figure 5-8 were found to significantly
improve upon using the long fiber. This was mostly due to the increase in the aspect ratio of the
fibers, and partially due to a marginally higher loading level of the long fibers as compared to that
of the short fibers. However, the effect of the aspect ratio is seen to be more predominant on the
mechanical performance of the composite material. The maximum difference in properties
between the use of long and short fibers was observed for the glass fiber reinforced samples. The

sample reinforced with the short glass fiber had a tensile strength of ~72 MPa, whereas, the sample
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with the long glass fiber had a tensile strength of ~86 MPa. This clearly demonstrated the efficacy
of the long fiber processing technique at obtaining composite samples with significantly improved

mechanical performance.
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Figure 5-8: Comparative stress-strain curves of the composite samples
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Figure 5-9: Strain at break values for the composite samples
The elongation at break, as presented in Figure 5-9, was seen to drop in value with addition of the
fiber. This trend was expected since the fibers by themselves have elongation at break values lower

than that of neat PLA, and thus would reduce the overall property of the composite.
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Figure 5-10: Tensile moduli of the composite samples
Tensile modulus as shown in Figure 5-10, was found to be dependent on the aspect ratio and the

amount of fiber. Comparing the short fiber with their long fiber equivalents, it can be seen that
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there is a distinct increase in the modulus of the material. This effect was more pronounced in the
glass fiber samples due to higher loading levels.
Three empirical relations were used to predict the tensile modulus of the PLA composite samples.
The data from the theoretical predictions were then compared to that obtained experimentally to
get additional insight into the type of fiber geometry that exists in a given sample. First, the Halpin-
Tsai model for aligned continuous fiber was studied using the following equation [271-273]:
Eyr—acr = ViEp + (1 = Vp)Ep, (Equation 3)
where, Vi is the fiber loading fraction by volume, and Er and En, are the moduli of the fiber and
matrix respectively. The value of Er anf En used were 88 GPa for basalt, 72 GPa for glass, and
3.18 GPa for the PLA.

Next an inverse-rule-of-mixtures (IROM) model was used via the formula below [237]:

ve , 1-Vp\71 :
Eirom = (E_i + —Emf) (Equation 4)

where, the variables indicate the same values as described in the previous step.
Lastly, the Halpin-Tsai model for a randomly oriented short fiber composite sample was used to

predict the behavior. The equations for the model are as follows [274]:

E = %EL + ZET (Equation 5)
1+(E)nLv
E, =E, M (Equation 6)
1-nLVy¢
14207V )
E; =E, [ 1—11LTfo] (Equation 7)
(5_5’)_1 (Equation 8)
L E I
E)*(3)
= (EE_;)_I (Equation 9)
nr (5_;)_'_2 q



Where, Er and Et represent the longitudinal and transverse moduli, ; and n; are constants and
1/d is the aspect ratio of the fiber in the composite sample.

The data obtained from the theoretical predictions were plotted against the experimental data and
the behavior was compared. The results are presented in Figure 5-11. It was observed that the
closest fit to the experimental data was obtained using the inverse-rule-of-mixtures (IROM) model.
The IROM model often indicates the transverse loading of the fiber, thus implying that the fibers
were not uniaxially oriented within the final molded part. This remains to be addressed by varying
process conditions to obtain samples with even higher aspect ratio which would retain alignment

during processing.
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Figure 5-11: Comparison of the experimental moduli data with the theoretical predictions using
semi-empirical models available in existing literature

The notched Izod impact properties of the samples, shown in Figure 5-12, followed a similar trend

to the tensile modulus of the samples, where increase in aspect ratio resulted in an improvement
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in the impact strength of the sample. The only exception was the long fiber of the basalt which
showed a slight drop. This is mostly attributed to the lower loading level of the fiber in the sample.

Again, the long glass fiber sample showed the maximum improvement in the impact properties.
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Figure 5-12: Impact strength of the composites samples as obtained from notched Izod test
The dynamic mechanical properties of the composite samples were studied as a function of
temperature and are presented in Figure 5-13 and Figure 5-14. The trends shown in the tensile and
impact studies were mirrored in the dynamic mechanical properties as well. The storage modulus
of the samples at room temperature was seen to consistently increase with the increase in aspect
ratio of the fibers as well as the amount of fiber loading. There was a sharp drop in the storage
modulus values at the heat deflection temperature of PLA at around ~60°C, irrespective of the

addition of the fiber.
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Figure 5-13: Storage moduli for the composite samples as a function of temperature
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Figure 5-14: Tan Delta for the composite samples as a function of temperature
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The tan delta plots revealed a marginal increase of about ~5°C in the Ty of the fiber reinforced
PLA samples over neat PLA. The area under the peak for the fiber reinforced samples was found
to be significantly lower than that of neat PLA. This is attributed to the fact that chain mobility of
the PLA is greatly restricted with the addition of the fiber samples and also signifies less
dampening or more elastic behavior, which is in perfect agreement with the tensile and thermal
testing performed so far [239, 275-277].

Figure 5-15 and Figure 5-16 show the fracture surface morphologies of the tensile and Izod impact
tested samples respectively. For the tensile test specimens, an evolution of a “rougher” surface is
observed with the incorporation of the reinforcing fiber indicating a transition to a more ductile
fracture. Fiber separation and pullout from the PLA matrix can also be distinctly observed. The
separation or pullout is a typical cause for the failure of composite materials [269]. An early
separation also indicates poor compatibility between the matrix and fiber that can be improved by
using appropriate surface treatments such as chemical sizing on the fibers.

For the notched Izod impact tested samples, significant fibril formation was observed in the
direction of propagation of the failure. The fibril formation was increasingly pronounced with
increase in fiber content. Similar to the tensile test specimens, fiber pullout and separation from

the matrix was observed which was attributed to poor adhesion between the matrix and the fiber.
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Figure 5-15: SEM images of fracture surfaces of tensile tested samples — (a) neat PLA, (b) SB,
(c) LB, (d) LBx2, (e) SG and (f) LG. The images on the left are at a magnification of x70 and the
ones on the right are at x200
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Figure 5-16: SEM images of fracture surfaces of Izod impact tested (impact direction <)
samples — (a) neat PLA, (b) SB, (c) LB, (d) LBx2, (¢) SG and (f) LG. The images on the left are
at a magnification of x70 and the ones on the right are at x200
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5.4 Conclusions and Future Work

In conclusion, this study was undertaken with an objective of developing basalt and glass fiber
reinforced PLA-based D-LFT composite materials, which was successfully achieved.
Optimization of process parameters including screw configuration, point of entry for feeding of
the fiber, screw speed and the feed rate of the resin, was performed prior to the synthesis of the
PLA composite materials. Along with continuous rovings of the fibers, chopped fibers were also
used to serve as a point of comparison in terms of mechanical properties.

Ash testing of the composite samples was performed in order to measure the amount of fiber
incorporated during the extrusion processing. With the D-LFT processing samples, loading levels
of glass fiber were significantly higher than those for basalt fiber due to a higher linear density of
glass fiber roving being used. Fiber length distributions revealed that the aspect ratio was nearly
doubled in the case of basalt fibers with the use of the D-LFT technique. Similar improvements
were observed for the glass fiber samples; however, the effect was not as pronounced. Thermal
properties were largely unchanged due to the incorporation of the fibers apart from a slightly
delayed onset of cold crystallization. Mechanical performance characterized by tensile and impact
studies revealed a significant improvement in the modulus, tensile strength and impact energy of
the D-LFT processed samples due to an increase in aspect ratio over their short fiber counterparts.
DMA analyses were found to be in agreement with tensile and DSC data with a steady increase in
storage modulus with incorporation of fibers with higher aspect ratios and loading levels.

This work shows great promise in terms of offering a novel, cost-effective method for the
fabrication of thermoplastic based fiber reinforced composites with a high aspect ratio. Despite the
work done in this study, we feel that we have barely scratched the surface in terms of utilizing the

full potential of the D-LFT process. Significantly higher loading levels need to be achieved for the
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maximum improvement in properties. This can be done through a combined approach of using a
fiber roving with an even higher linear density coupled with appropriate optimization of processing
conditions. Specialized screw elements such as the Zahn-Mische element can also be used to
improve uptake of the fiber during the feeding [278]. Also, a very critical factor that needs to be
evaluated is the role of using a sizing agent best suited for PLA based matrices in order to improve

fiber dispersion and adhesion at the fiber-matrix interface.
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6 SUMMARY AND FUTURE WORK

The work done as a part of this thesis has been solely motivated by the need for development of
unique, cost-effective strategies to successfully expand the portfolio of commercial applications
of PLA. Four different approaches were used throughout the work in order to achieve that purpose
— synthesis of a novel silicone-based modifier to improve toughness, use of a unique biobased
plasticizer to impart flexibility, use of epoxy modifiers to enhance melt strength, and last, use of
long fiber reinforcements to increase the strength and modulus. Each section of the work was
carried out in collaboration with an industrial partner in order to have a viable path towards
commercialization.

Chapter 1 focuses on the development of a PLA-PDMS copolymer synthesized via a
transesterification chemistry using reactive extrusion as a facile technique. The copolymer was
added to neat PLA during the injection molding as an impact modifier. Thermal annealing of the
injection molded part resulted in an increase in the percent crystallinity and by extension the heat
deflection temperature of the molded part. The addition of the copolymer followed by the
subsequent annealing was observed to have an unprecedented synergistic effect on both the tensile
and impact toughness of the PLA, which were improved by up to 200 and 500% respectively at a
loading level of only 1.5% by weight of the PDMS. This far exceeded the performance
requirements for typical applications of injection-molded PLA articles such as single-use cutlery
etc. In terms of cost, it had a projected savings of up to 5 cents per pound due to the low amount
of modifier needed, which considering economics of scale was quite significant. Further, a model
was proposed to explain the unique behavior shown by the annealed PLA-PDMS system. In order

to provide a viable route towards commercialization, optimization of molding and annealing
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conditions were performed and the use of nucleating agents was explored to convert the two-step
process of molding followed by annealing to a one-step process with in-mold annealing.

In Chapter 2, we discuss the use of a biobased mono-functional epoxy modifier derived from
cardanol, which in turn is sourced from cashew nut shell liquid (CNSL), thus making the modifier
a “green” plasticizer. Reactive extrusion was used for the reaction between the epoxy modifier and
PLA resulting in a reduction in the glass transition temperature of the PLA which was reflected in
enhanced flexibility of the injection molded PLA specimens. Thermal annealing of these
specimens was found to improve heat deflection temperature by ~20°C and the percent
crystallinity by ~100%. The tensile and impact properties of the annealed samples were observed
to closely mimic the unique synergistic trend shown by the PLA-PDMS system. The model that
was developed in Chapter 1 for the PLA-PDMS system was suitably modified to take into account
the behavior of the PLA-epoxy plasticized system. This inexpensive biobased plasticizer showed
great promise for replacing conventionally used fossil-fuel based plasticizers such as PEG.

For Chapter 3, multifunctional epoxy-based chain extenders were reactively blended with PLA via
twin-screw extrusion to improve the melt strength of PLA for applications in blown films. A
petroleum-based epoxy modifier and a biobased substitute derived from cardanol were used for
the study. The effects of varying molar ratios of the modifiers to PLA were first evaluated using
model compounds to simulate PLA and then validated by reactions with PLA. Two processing
techniques — first, by producing a high loading level masterbatch subsequently diluted to the
required concentration, and second, producing a direct blend, were studied to observe their impact
on final performance properties. Melt strength as characterized using dynamic oscillatory shear
and uniaxial extensional viscosity measurements, showed that the fossil-fuel based modifier was

highly effective at inducing long-chain branching in the PLA samples, whereas the biobased
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modifier was successful at developing linear chain extension in PLA, and thus could be used as a
processing aid to recover molecular weight lost during processing.

Lastly, with Chapter 4, the work involved the use of basalt and glass fibers to reinforce the PLA
matrix by adopting the Direct-Long Fiber Thermoplastic (D-LFT) approach, wherein continuous
rovings of the fibers were directly fed into a twin-screw extruder. The D-LFT technique allowed
for a higher aspect ratio of the fiber in the matrix leading to improved load transfer at the fiber-
matrix interface. Optimization of the process parameters, including screw configuration, was
performed to ensure desired level of fiber breakage and dispersion, and to maximize the fiber
content in the final composite material. PLA-based short fiber composites were prepared under
similar processing conditions to serve as a comparison to their long fiber counterparts. Fiber length
distributions revealed that a higher aspect ratio of fibers was obtained using the D-LFT technique.
The implication of this observation was shown to be quite apparent with the mechanical
characterization of the fiber reinforced samples which showed that the tensile strength, modulus
and impact strength were found to increase significantly with an increase in aspect ratio of the
fibers in samples. It was also observed that with equal amounts of fiber being fed, the short fiber
samples had a lower level of fiber loading in the final composite material as opposed to the long
fibers. This study was the first ever report on producing D-LFT composites in the most cost-
effective and scalable manner.

In terms of future work, this thesis serves as a primary guide for the commercial scale-up of each
technology developed. In terms of fundamental understanding of polymeric and composite
materials, the work offers novelty in two key areas — first, in the development of a model to
describe the behavior of two-phase polymeric systems when subjected to thermal annealing, and

second, in the design of a unique processing method for incorporating high-aspect ratio reinforcing
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fibers in any given thermoplastic matrix. Both of these concepts have never been directly addressed
in existing literature thus adding more value to the current work.

The “crystallization induced phase separation” model as initially described in Chapter 1 and then
modified in Chapter 3 offers key insights into the behavior of a two-phase polymeric system where
one component can undergo crystallization upon heat treatment, whereas the second component
possesses sufficient chain mobility to coalesce into a bigger particle size as the first component
undergoes crystallization. This phenomenon was observed to have a drastic influence on
mechanical properties of the resultant polymer material, resulting in multifold improvements over
the properties of the original polymer. Using this model, a number of two-phase polymer systems
can be investigated to achieve significant improvements in mechanical performance. Through the
use of controlled heating and cooling cycles, the crystallinity of the semi-crystalline polymer
domains can be finely tuned to give materials with well-defined microstructures and thus,
completely tunable properties depending upon application.

In terms of processing, the D-LFT process described in Chapter 4 can be scaled and optimized for
any given combination of fiber and thermoplastic matrix, without the need for specialized
equipment of any kind thus eliminating significant capital costs associated with the production of
composites. Apart from the general advantages associated with this processing technique, two key
areas have been identified which can add significantly more value to the process. First, the existing
process can be very easily scaled to produce hybrid composites by using continuous rovings of
two different fibers. Hybrid composites are the new frontier in composite materials with
applications ranging from automotive parts to aerospace materials [279-283]. These composite
materials tend to have superior properties over conventional composites since they use more than

one reinforcing fiber to attain synergistic improvements in properties. Our current process has
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already been scaled to run two different rovings of fiber with relative ease thus serving as a proof-
of-concept for future studies into the development of hybrid composites using this process. The
second key area where this processing technique holds promise is the production of in-situ polymer
composites, where the fiber is reinforced into the matrix as it undergoes polymerization. There
have only been scattered reports of such a processing technique, however, they were prepared in a
very small scale using batch reactors and used particulate reinforcements [284, 285]. Using our D-
LFT processing technique, a suitable monomeric feed can be introduced upstream in the extruder.
Once sufficient polymerization to have a threshold molecular weight has occurred, continuous
fiber reinforcements can be introduced, resulting in impregnation of the fiber by the just-
polymerized sample. This would of course pose a significant challenge in terms of process
optimization, however, through a careful study, this can definitely be achieved making it a
pioneering technique to produce continuous fiber reinforced polymers starting with a monomer as
feedstock.

As a concluding remark, it would suffice to say that with the completion of this work, a few

milestones have been achieved, yet a lot remains to be explored and studied.
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