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Abstract

The objective of this thesis is to improve the melt and solid-state properties of poly (propylene) (PP)
and poly(lactide) (PLA) by reactive extrusion. Peroxide-mediated melt-state reactive extrusion in the
presence of mesate and acrylate-based coagents was implemented to introduce branching and enhance the
strain hardening, crystallization kinetics and solid state properties of these commodity polymers, to make
them conducive to more high-value applications. The coagent modified PP possessed bimodal molecular
weight and branching distributions, whose population varied with coagent structure. Besides changing
polymer chain architecture, chemical modification generated a small amount of well-dispersed, coagent-
derived nanoparticles. When compared with the parent material and PP samples treated with peroxide alone,
coagent-modified materials demonstrated significantly higher crystallization temperatures and
crystallization rates, as well as a finer spherulitic structure. Crystallization studies showed that whereas
branching had a moderate effect on crystallization kinetics, heterogeneous nucleation effects dominated the
crystallization of coagent-modified PP materials. Coagent modified PP specimens prepared by injection
molding retained the modulus and tensile strength of the parent PP, in spite of their lower molar mass and
viscosities, whereas their elongation at break and the impact strength were improved. This was attributed
to the finer spherulitic structure of these materials, and to the disappearance of the skin-core layer that
typically forms during the injection molding process.

In the second part of this thesis, structure-property relations of PLA, branched by peroxide-mediated
reactive extrusion in the presence various coagents was carried out. The coagent modified PLA, consisted
of mixtures of linear, and long chain branched (LCB) PLA chains. A trifunctional coagent (triallyl
trimesate, TAM) was extremely effective in producing LCB structures, which promoted substantial
increases in viscosity, elasticity, as well as strain hardening characteristics. The reactively-modified
injection molded branched PLA formulations had improved Izod impact strength, while maintaining their
capacity to degrade hydrolytically were maintained. Furthermore, these materials developed high amounts
of crystallinity, when cooled under controlled conditions, revealing a nucleating effect. The improvements
in strain hardening resulted in microcellular foams with very high cell densities and sub-micron sized cell
size, when these formulations were foamed at temperatures close to the crystallization temperature of the

polymer.
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Chapter 1

Introduction-Literature Review

Commaodity and biobased/biodegradable thermoplastics

Plastics are among the most commaon synthetic materials available nowadays, with a cumulative
annual growth rate of 8.6% [1]. Based on cost and mechanical property considerations,
thermoplastics can be divided into two major categories: commodity plastics and engineering
plastics. Generally commodity plastics such as poly(ethylene) (PE), poly (propylene) (PP), poly
(vinylchloride) (PVC), poly(styrene) (PS) etc. have low cost and provide a range of mechanical
properties, depending upon their structure [2-5]. On the other hand engineering plastics possess
exceptional mechanical properties, including excellent balance of rigidity and toughness. Due to
the higher cost of engineering plastics compared to commodity plastics, they are selectively used
in applications requiring high mechanical strength and heat stability[2—6].

The extensive use of plastics during the last century has led to severe accumulation of plastic
waste in landfills and the natural environment [7,8]; this is exacerbated by their non-biodegradable
character. One of the larger markets for plastics is packaging, whose growth has accelerated by the
shift from reusable to single use containers [9]. This has resulted in an increase the share of plastics
in municipal solid waste [9]. The available means to deal with plastic waste disposal are: i)
combustion, ii) recycling, and iii) landfilling [9,10]. Though thermal means such as pyrolysis or
combustion can permanently eliminate the plastic waste , the economics of such disposal means is
not profitable [9,10]. Recycling of thermoplastics is practiced by many municipalities and is an
effective means of waste diversion, however the diversion rates remain inconsistent within the
various jurisdictions [2]. On the other hand the disposal of plastic via land filling is problematic
because of high cost of disposal and issues related to ground water pollution [2,7,8,11] .

In addition to the concerns about disposal, the accumulation of plastics in the environment, which
results in contamination of terrestrial habitats and the marine environment, is posing serious
challenge to the health of various ecosystems [8,11,12]. These environmental and disposal
concerns, together with the move to reduce over-reliance on fossil-fuel derived products has

boosted interest in bio-based and biodegradable plastics.

Plastics are classified as biobased and /or biodegradable when the monomers used to produce

them are derived from bio-resources and/ or have the capability to degrade under various conditions
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[2,3,5]. The bioplastics are classified, depending upon the feedstock and ability to degrade, into

various sub-sections as shown in Figure 1.1[5]:

Renewable resource based

biodegradable plastics

Example: poly(lactide), poly(hydroxyalkanoates),
thermoplastic starch, etc.

Petroleum based biodegradable plastics

Example: poly (caprolactone), poly(vinyl alcohol), etc.

Bioplastics

Mixed sourced plastics,

may or may not be biodegradable

Example: poly(trimetheylene terapthalate),bio-
poly(ethylene), etc.

Figure 1.1 Classification of bioplastics with examples [5].

Bio-based and biodegradable plastics support the concept of carbon neutrality. The monomers
that are used to synthesize bio-based and biodegradable polymers maybe derived from sustainable
resources and at the end of life cycle of the articles, the polymers are degraded in suitable disposal
conditions (compost, etc.). Thus the carbon is returned back to nature and the whole cycle can be
repeated again [2,3,5]. Greater emphasis has been put on growth of biobased and / or biodegradable
polymer with a forecasted growth in global production of 7.8 million tonnes in 2019 from 1.7
million tonnes in 2014 [4,5].

However many inherent challenges have limited the growth of bioplastics in various sectors.
Biopolymers generally compete with petroleum based polymers and hence cost is an important
criterion for the wide spread market acceptance [2,4]. In addition to their higher cost the mechanical
and thermo-mechanical properties have to be matched with the petroleum based polymers to
replace them in certain applications. End-of-life issues such as lack of composting facilities and

policy development have also limited the acceptance of bioplastics [2,4-6].



Effect of branching on processing of thermoplastics

Whether biobased/bioderived or conventional, the conversion of thermoplastics to finished
products is governed by the same polymer processing principles. Successful production of
polymeric products requires a specific set of properties, which include suitable melt-state
characteristics, crystalline structure, and mechanical properties. For example articles fabricated by
injection molding generally require good melt flow properties, fast crystallization and solidification
in the mold, while products produced through extrusion blow-molding, film blowing/casting or
foaming require sufficient melt strength. Furthermore production rates during extrusion are largely
dictated by the degree of shear thinning, which promotes lower viscosities during extrusion
conditions. These properties largely depend upon the chain architecture of the polymers, which is
further dictated by their method of synthesis. Thus the structure-property relations must be carefully
understood.

In addition to the well-known effects of short-chain branching and long-chain branching on the
rheology of polyethylenes [13-18], various types of specialty branched chain topographies,
including stars, comb-like and hyperbranched (branch-on-branch), have been researched to
promote shear thinning and improve extensional strain hardening (melt strength). The degree,
length, and structure of branching affect profoundly the rheological properties [18,19]. Model
polymers such as stars or combs (Figure 1.2) have been synthesized, to study the structure —

property relationships [19-21].

4 arm star shaped branches Comb like branches Hyperbranched structure

Figure 1.2 Examples of branched architectures in polymers.

The presence of branched architectures changes the linear viscoelastic (LVE) properties of
linear polymers. The branched polymers have higher zero-shear viscosities and exhibit intensified
shear thinning when compared to linear polymers (Figure 1.3a) [19]. The effect of branch length is
prominent on shear thinning behaviour, owing to chain disentanglement [13-15,20,21].

The branches also have significant effect on extensional viscosity (Figure 3b). Linear polymers

follow a Trouton-type stress-growth pattern, while the branched polymers, depending on the branch



architecture, show strain hardening which has been attributed to the reduced rate of chain

disentanglements because of the presence of branches [13-15,19-24].
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Figure 1.3 (a) Complex viscosity as a function of frequency and (b) extensional viscosity at
Hencky strain of 1s for various chain architectures of PLA [19].

Chain branching can be introduced during synthesis of the polymer; however this is not always
possible without costly changes in the manufacturing method/polymerization conditions or
expensive catalyst systems [25]. Grafting in the solvent or melt state is frequently used to modify
the chain architecture of the polymers[26], post-synthesis. Solvent-state grafting involves
dissolution of the polymer in a suitable solvent and then reacting the polymer with certain chemical
species to incorporate branching [26]. The solvent state grafting requires costly removal of solvents,
and the residual solvent may exclude the application of modified polymers in certain sectors such
as biomedical, food contact etc. Melt-state grafting, accomplished by reactive extrusion, is a
straightforward method to introduce chain branching and thus manipulate the rheological properties
of linear polymers, such as PP and PLA.

Reactive extrusion is a continuous or semi-continuous process which involves reaction of the
molten plastic with reactive chemical species. This is accomplished within an extruder, which
essentially acts as a chemical reactor. The advantages of reactive extrusion are that it is generally
solvent free, it involves short reaction time, and it is a continuous process that can be implemented
industrially. Melt state grafting is the most commonly used post-reactor modification of
polyolefins, such as PP, and polyesters, such as PLA to introduce long chain branching (LCB)[27—
30] . Branching can be accomplished by introducing chain extenders, silane grafting, grafting of
multifunctional monomers, and through various peroxide-mediated mechanisms.

Zhang et al. [31] used a mediating agent viz N,N-dimethyldithiocarbamate, ZDMC along with

multifunctional monomer (1,6 —hexanediol diacrylate; HDDA) and dicumyl peroxide, to promote
4



the long chain branching in PP. The presence of LCB improved melt strength, resulting in foams
having high cell density of 2.53x10*2 cells/cm?® as well as better expansion ratios.

PP grafted with glycidyl methacrylate (PP-GMA) was modified by using poly
(hexamethylendiamine-guanidine hydrochloride), PHGH in a static mixer [32]. Branched PP
showed high melt strength and enhanced elastic response at low frequencies under dynamic
oscillatory studies, compared with linear PP. The foams produced by extrusion of branched PP with
CO; as blowing agent, exhibited expansion ratio of 40 with cell density of 2.7x107 cells/cm?,
whereas the linear PP showed poor expansion ratio of 3 with cell density of 1.8x10° cells/cm?®.

Reactive extrusion of PP has also been performed with silanes, such as ethenyl unsaturated
silane, as crosslinking agent [33] and in the presence of a peroxides, and multifunctional monomers
[34]. These techniques result in increased melt viscosity, and extensional strain hardening
characteristics. Instead of using peroxides, branching and/or crosslinking reactions can also be
initiated by exposing PP mixed with multifunctional monomer, to high energy radiation.

Reactive extrusion of PLA in the presence of chain extenders (1, 4 butanediol and 1, 4 butane
diisocynate), and a catalyst tin(ll) 2-ethylhexanoate, led to enhanced melt viscosity, molecular
weight, and elasticity [35] and improved foaming characteristics. Researchers have accomplished
chain extension with the help of a multifunctional epoxide, Joncryl® 4368, via reactive extrusion
in the melt state using a twin screw extruder[36-38]. Increase in viscosity and molecular weight
of modified PLA was observed owing to chain branching and crosslinking reactions. The foams
made of branched PLA had higher expansion ratio due to better melt strength.

Mihai et al. used multifunctional styrene-acrylic-epoxy copolymer to introduce branching in
PLA [39]. Foaming and reactive extrusion were performed in one step extrusion process with CO;
as a blowing agent. Typical strain hardening characteristics were observed with branched PLA and
also, the shear viscosity was found to increase with the reactive extrusion. The authors observed a
decrease in foam density, by nearly half, with reactively modified PLA. Crystallization and chain
branching played critical role in obtaining low density foam at low CO- concentration of 5 wt.%.
This thesis will specifically focus on peroxide-mediated mechanisms, which are described in more

detail below:

Peroxide-mediated reactive extrusion:

Polymers, such as polyolefins, can be branched, or cross-linked through peroxide-mediated
reactions in the melt state. Scheme 1.1 shows the dominant pathways of peroxide modification. In

a typical melt state modification in the presence of peroxides, hydrogen is abstracted to produce



macroradicals. These macroradicals are unstable and have a tendency to degrade through p-scission
pathways [40-42] or to recombine to form C-C crosslinks.

Peroxide thermolysis

PhooJfPh _ .Ph o
0
Ph o )K v CH;

Ph

Hydrogen atom abstraction

Ptho' + P-H ———» Ph }0H+ P’

CH; + P-H ——» CH, + p

Recombination reaction

2P —— P,

PP+ CHy > P-CH,

Fragmentation / Degradation reaction- Disproportionation reaction

P’ —_— P= + P

Scheme 1.1: Mechanism for free radical mediated systems [42—44].

The balance of chain scission and cross-linking reactions control the product’s branching
distributions and molecular weights. PE is known to cross-link[45-48], whereas PP has been shown

to degrade in the presence of peroxides [49,50].

In systems that are prone to degradation, such as PP, it is common practice to use multifunctional

coagents, in an effort to counteract chain scission and introduce branching (Scheme 1.2) [51-53]



X X
P w + PH — P\ + P
X X

Scheme 1.2: Peroxide-mediated reaction in presence of a multi-functional coagent [49].

There is a vast amount of literature on coagent modification of PP, much of it targeting melt
strength improvements to stabilize cell growth during foaming, and therefore to produce good
guality foams. Rheological studies of coagent-modified PP [49,54,55] under steady shear [56,57],
oscillatory shear [54,56] and extensional deformation [34,49] have demonstrated enhanced melt
elasticity and extensional strain hardening behavior, owing to the presence of a hyper-branched
chain population in the chemically-modified material [58].

In addition to affecting melt-state rheological properties, coagent-modification has been
reported to increase the crystallization temperature and degree of crystallinity of PP [34,59-61],
while also affecting isothermal and non-isothermal crystallization kinetics [61-63]. Most accounts
of these phenomena focus on branched chains residing in the high molecular weight portion of the
molecular weight distribution [61-64], with some researchers proposing that the material’s gel
fraction provides a “nucleating” effect on crystallization dynamics [65-67]. However these
phenomena have not been explained unambiguously, and their consequences on the mechanical
properties of PP parts produced by injection molding are not understood.

Coagent modification of PLA is not as widespread. PLA can be branched through free-radical
mediated mechanisms, through reactive extrusion in the presence of organic peroxides [68,69] and
multifunctional coagents, such as pentaertythritol triacrylate (PETA) and triallyl isocyanurate
(TAIC) [70-73]. Recent work in our group showed that in addition to substantial improvements in
the strain hardening characteristics of PLA solvent-free, peroxide-initiated grafting of the multi-
functional co-agent triallyl-trimesate (TAM) [43,44] results in faster crystallization rates, both
under isothermal and non-isothermal conditions.

The structure of PLA branched by reactive extrusion has attracted considerable interest.
However the structure-mechanical property relations of these coagent-modified PLAs have not
been studied adequately. Given the importance of both melt-state properties, and crystallization
kinetics on PLA processing, these coagent modified PLAs emerge as ideal candidate materials for

new applications.



1.1 Thesis objectives

Reactive modification of polyolefins is a mature subject. However, in spite of the vast amounts
of literature on the topic, the effects of these modifications on the crystallization characteristics and
resulting mechanical properties have received sparse attention. The first objective of this thesis is
to conduct an in-depth study of the crystallization properties of coagent-modified PP, and to
investigate the structure-property relations of these materials. This knowledge will allow the
implementation of a single step reactive extrusion process, which will allow tailoring of both the
chain architecture and the crystallization properties of the polymers, to achieve substantial
improvements in the properties of injection molded and foamed parts.

PLA is abio-derived and biodegradable/compostable biopolymer, with great potential to replace
conventional thermoplastics in many applications, including packaging, consumer goods, as well
as specialty applications, such as biomedical, tissue engineering and 3D printing. Like most
biopolyesters, PLA suffers from drawbacks, including low melt strength, due to its linear structure
and slow crystallization kinetics. In order for biopolyesters such as PLA to become economically
viable and succeed in replacing conventional thermoplastics, their processability and properties
must be improved, to meet the requirements of the manufacturing sector.

The second objective of this research is therefore to upgrade the melt-state and crystallization
properties of PLA by reactive extrusion. This will be accomplished by studying in detail the
reaction parameters, including coagent type and amount on the molecular weight and rheological
properties of the polymers, and by establishing rigorous relations between the structure and

properties of injection molded parts and foams.

1.2 Thesis organization

This thesis consists of eight chapters. Chapter 1 gives introduction and deals with literature
review. Chapter 2 investigates the effect of reactive extrusion in the presence of multi-functional
coagents and foaming of PP. Chapter 3 examines the origins of these enhancements. Chapter 4
establishes relations between the thermal mechanical properties of coagent-modified PP. Foams
prepared from these coagent modified PP are examined in Appendix A. Chapter 5 describes the
effects of various multi-functional coagents (allylic vs acrylic) on the rheological properties of
reactively modified PLA and uses this information to infer the type of branching. Chapter 6
examines the evolution of molecular weight, branching, thermorheological, and mechanical
properties of PLA, prepared by reactive extrusion using various amounts of peroxide and coagent.

Chapter 7 exploits the changes in the rheological and crystallization to produce foams of uniform
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cell structure and controlled cell sizes. Chapter 8 serves as a summary of the entire work, where

conclusions are drawn and recommendations on future work are made.
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Chapter 2
Crystallization of coagent-modified polypropylene: Effect of polymer

architecture and cross-linked nanoparticles*

2.1 Introduction

Linear isotactic polypropylene (L-PP) is valued for its chemical resistance, high strength and
stiffness, but its low melt strength limits its utility for processes that involve extensional flow, such
as thermoforming, film extrusion, and foaming [1]. Significant improvements can be gained by
peroxide-initiated graft-modification of L-PP with multifunctional coagents [2, 3] to yield long
chain branched (LCB) derivatives. Rheological studies of coagent-modified PP [4-6] under steady
shear [7, 8], oscillatory shear [5, 7] and extensional deformation [4, 9] have demonstrated enhanced
melt elasticity and extensional strain hardening behavior, owing to the presence of a hyper-

branched chain population in the chemically-modified material [10].

In addition to affecting melt-state rheological properties, coagent-modification has been
reported to increase the crystallization temperature (T.) and degree of crystallinity of PP [3, 9, 11,
12], while also affecting isothermal and non-isothermal crystallization kinetics [12-14]. Most
accounts of these phenomena focus on branched chains residing in the high molecular weight
portion of the molecular weight distribution [12-15], with some researchers proposing that the
material’s gel fraction provides a “nucleating” effect on crystallization dynamics [16-18]. It should
be noted, however, that branched materials prepared by alternate technologies, including LCB-PP
prepared by metallocene polymerization [19], electron beam irradiation [20] and silane crosslinking
[21], do not show significant shifts in Tc. Therefore, crystallization of coagent-modified LCB-PP
materials has not been explained unambiguously. Recent studies of the products derived from
coagent-based processes have shed light on the architecture and morphology of these LCB-PP
materials. Parent and co-workers have shown that graft modification with triallyl trimesate (TAM)
involves simultaneous chain scission and crosslinking to generate bimodal molecular weight and

branching distributions.

*A version of this chapter has been published: Ying Zhang, Praphulla Tiwary, Hua Gui, Marianna
Kontopoulou, JS Parent, Industrial & Engineering Chemistry Research, 2014, 53 (41), 15923-
15931.
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These distributions are typically comprised of a linear PP matrix whose molecular weight is
significantly lower than that of the parent material, and a small population of highly branched
chains [4]. Furthermore, these materials can contain a small amount of well-dispersed, rigid
nanoparticles derived from coagent oligomerization [22, 23].

The present report clarifies and differentiates the effects on crystallization kinetics of cross-
linked particles dispersed throughout LCB-PP materials from those generated by the polymer’s
long chain branch population. Four classes of PP samples with different architectures and
nanoparticle content are prepared, including peroxide degraded PP, coagent-modified LCB-PP
prepared from TAM and TMPTMA, and particle-free LCB-PP synthesized by silane grafting and
moisture curing chemistry. These are further characterized by differential scanning calorimetry
(DSC) and optical microscopy studies of their phase transition temperatures and crystallization

Kinetics.
2.2 Experimental
2.2.1 Materials

Triallyl trimesate (TAM, 98%, Monomer Polymer Inc.), trimethylolpropanetrimethacrylate
(TMPTMA, 98%), vinyltriethoxysilane (VTES, 97%), and dicumyl peroxide (DCP, 98%) were
used as received from Sigma-Aldrich. Dibutyltindilaurate (DBTDL, 98%) was used as received
from Alfa Aesar. ESCORENE™ PP 1042, an isotactic linear polypropylene homopolymer (PP)
(MFR = 1.9 g/10 min), with a number average molecular weight (M) of 96 kg/mol and a weight
average molecular weight (My), of 460 kg/mol, as determined by triple detector gel permeation
chromatography (GPC), was obtained from ExxonMobil.

2.2.2 PP-g-TAM and PP-g-TMPTMA preparation

Peroxide-degraded PP (PP-DCP) was prepared by coating ground PP powder with an acetone
solution containing DCP, according to the formulations shown in Table 2.1, and allowing the
solvent to evaporate. The resulting mixture was charged to a Haake Polylab R600 internal batch
mixer at 180°C at 60 rpm for 10 min, yielding DCP-PP. Coagent-modified PP samples were
prepared as described for PP-DCP from mixtures of PP, DCP and TMPTMA or TAM to yield PP-
g-TMPTMA and PP-g-TAM respectively, according to the formulations shown in Table 2.1. PP

was processed under identical conditions, to ensure a consistent thermal history.
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Table 2.1 Formulations and molecular weights of PP and its derivatives

Sample DCP TAM TMPTMA M, My MM
Designation (phr*)  (phr)  (phr) (kg/mol)  (kg/mol)

PP 0 0 0 96.2 458 4.8
PP-DCP 0.1 0.1 0 0 60.9 211 3.5
PP-DCP 0.3 0.3 0 0 51.6 126 2.4
PP-g-TAM 0.3 6 0 95.2 266 2.8
PP-g-TMPTMA 0.3 0 6 69.1 183 2.6

*part per hundred resin
2.2.3 PP-g-VTES- XL preparation

PP powder (40 g) was tumble-mixed with a solution of DCP (0.04 g, 0.1 wt.%) in VTES (1.2
g, 3 wt.%). The resulting mixture was charged to a HaakePolylab R600 internal batch mixer
maintained at 180°C and screw speed of 60 rpm. After a reaction time of 7 min, Irganox B225 (500
ppm) and DBTDL (0.2 ml) was added and mixing was continued for a further 3 min, yielding PP-
g-VTES. This material was compressed into thin films, immersed in boiling water for 15h, and
dried under vacuum at 60 °C to give cross-linked PP-g-VTES-XL.

2.2.4 Gel Permeation Chromatography (GPC)

Molecular weight distributions were measured using a triple detector GPC (GPCIR by
PolymerChar) at 145°C, employing 1,2,4-trichlorobenzene (TCB) as the mobile phase. Polymer
samples were dissolved in TCB at a concentration of 1 mg mL™* and held at 150 °C for 60 min.
Samples with an injection volume of 200 pL were eluted through three linear Polymer Laboratories
columns at a flow rate of 1 ml min™t. The light scattering (LS) detector at 15° from the incident

beam was used for molecular weight determinations.
2.2.5 Gel content analysis

Gel content analysis was conducted by extraction into boiling xylenes from a 120 mesh stainless
steel sieve for 6 hours, according to ASTM D 2765. The residual polymer was dried to constant
weight, with gel contents reported as a weight percentage of unextracted material.

In addition, polymer samples were subjected to hot xylenes extraction from Soxhlet cellulose

thimbles to capture insoluble particles that could not be isolated using the ASTM method described
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above. Solvent was replaced every 3 hours, and after 10 hours no residual polymer could be
recovered from the extraction solution by precipitation from acetone. The thimble was cut into
pieces, soaked in acetone and sonicated. The resulting dispersion was deposited onto glass slides,
acetone was removed by evaporation, and the sample coated with gold for characterization with a
JEOL JSM-840 Scanning Electron Microscope (SEM) instrument. Image analysis of the isolated

particles was done using SigmaScan Pro® 5.0 (SPSS Inc.).
2.2.6 Rheological Characterization

Compression moulded discs of 20 mm in diameter were prepared for dynamic shear rheology
measurements. A controlled stress rheometer, ViscoTech by Reologica, equipped with parallel
plate fixtures was operated with a 1 mm gap at180 °C under a continuous nitrogen purge. Stress
sweeps were performed to ensure that all data were acquired within the linear viscoelastic regime.

Samples were further characterized in simple uniaxial extension using an SER-2 universal
testing platform from Xpansion Instruments hosted on the MCR-301 Anton Paar rheometer.
Measurements were conducted at 170 °C at Hencky extension rates ranging between 0.01 and 10s
1. Specimens were prepared by compression molding material into 1mm thick plaques between
polyester films, from which 6.8 mm wide test strips were cut. Linear viscoelastic (LVE) oscillatory
measurements obtained at 170 °C were used to calculate the LVE stress growth curve and check

the consistency of the extensional measurements.
2.2.7 Thermal Analysis

Crystallization temperature (T¢), heat of fusion (AHf) and melting temperature (Tm) were
determined using a TA Instruments DSC Q 100. Weighed samples were sealed in aluminum
hermetic pans and analyzed between -30 and 210 °C at a heating/cooling rate of 5 °C/min. After
the first heating, each sample was held isothermally at 210 °C for 3 minutes before cooling,
followed by a second heating step. The data from the second heating were used for the
determination of Tm and AHr Percent crystallinity was determined by using 209 J/g as the
enthalpy of fusion of 100% crystalline PP [24].

Isothermal studies involved heating the sample to 220 °C at 20°C/min (isothermal for 5 min),
followed by cooling at 20°C/min to 136°C. The relative crystallinity as a function of time was
expressed as

_ J(aHc/avat

Xe = Jo2 (dHc/at)at

1)
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where dH. denotes the enthalpy of crystallization during an infinitesimal time interval, dt.

The Avrami equation [25] was used to fit the data obtained isothermally. The time-dependent
relative volumetric crystallinity X(t) for an isothermal crystallization process was expressed as [26]
Xe(t) = 1- exp[-(Kt)'] )
where n is the Avrami constant, whose value depends on the form and mechanism of crystal growth

and K is the rate constant, containing the nucleation and growth parameters [14].

Data obtained from the cooling scans were used for the non-isothermal crystallization kinetics

analysis. The actual crystallization times were calculated from the crystallization temperature T,

the onset temperature T, where crystallization began, and the cooling rate a, according to equation
t=(To-Tc)/ 3)

2.2.8 Hot stage Microscopy

Isothermal crystallization experiments were performed using a Linkam CSS 450 hot stage
mounted on an Olympus BX51 optical microscope. Thin films were first heated to 200 °C at a
rate of 30 °C /min and held for 10 minutes to eliminate their heat history. The melt was then
cooled to 140 °C at 30 °C/min and the temperature was kept constant for 1 hour. Images of the

sample undergoing crystallization were acquired using a Sony ExwaveHAD 3 CCD digital

recorder.

2.2.9 Transmission Electron Microscopy (TEM)

Compression molded samples were cryosectioned at -90°C and 90nm thickness on a Leica
Ultracut UCT equipped with a Leica EMFCS cryo-system. The sections were placed on 400 mesh
copper grids coated with a carbon film and viewed on a FEI Tecnai 20 TEM operated at 200kV.

Images were captured on an AMT 16000 camera.
2.2.10 X-Ray diffraction

X-ray diffraction analysis of compression molded discs (1.25 mm thick, 15 mm dia) was conducted
with a Philips X'pert pro diffractometer using Cu ka radiation (A\=1.5406A). Measurements were
performed at 45 kV and 40 mA, with data recorded in reflection mode in the range of 26 = 10 -
30°.
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2.3 Results and Discussion
2.3.1 Material Characterization
Linear PP materials

Our starting material was a commercial grade of linear PP homopolymer that had a M, of 96.2
kg/mol and dispersity of 4.8. Its unimodal molecular weight distribution is revealed by the light
scattering detector plot of Figure 2.1a, while its linear architecture is demonstrated by the intrinsic
viscosity data plotted in Figure 2.1b, which abided by a standard Mark-Houwink relationship to
molar mass.

Reaction of L-PP with different amounts of dicumyl peroxide (DCP) at 180°C provided two
derivatives, PP-DCP-0.1 and PP-DCP-0.3. GPC confirmed that the extent of molecular weight
degradation scaled with peroxide loading (Table 2.1), and that the samples retained a linear chain
architecture (Figure 2.1b). Melt-state dynamic rheological analysis of PP-DCP-0.1 and PP-DCP-
0.3 confirmed these conclusions regarding molecular architecture, as both samples demonstrated
reduced complex viscosity throughout the entire frequency range, and a pronounced Newtonian
plateau (Figure 2.2a). Terminal slopes of 2 in the elastic modulus vs. frequency curves
(Figure2.2b) provided further evidence of a linear polymer structure [18]. The van-Gurp Palmen

plots (Figure 2.2c) also confirm the linear architecture as the terminal angle tends to 90°.
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Figure 2.1 (a)Light scattering intensity as a function of retention volume; - L-PP (M, = 96.2
kg/mol, Myw/M, = 4.8), o PP-DCP 0.1 (M, = 60.9 kg/mol, My/M, = 3.5), A PP-DCP 0.3
(Mn=51.6 kg/mol, Mw/M,=2.4), ¢ PP-g- TMPTMA (M\=183 kg/mol, Mw/M»=2.6) and e PP-
g-TAM (My=266 kg/mol, Mw/Mn=2.8); Figure 2b Intrinsic viscosity as a function of

molecular weight; The solid line represents the Mark-Houwink relation [n] = KM“®
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Figure 2.2 (a) Complex viscosity and (b) storage modulus as a function of angular frequency
, and (c) van-Gurp Palmen plots at 180 °C. O PP, x PP-g-TMPTMA, & PP-g-TAM, A PP-

VTES-XL, ® PP-DCP 0.1, and ® PP-DCP 0.3.
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Coagent modified LCB-PP

Chemical modification of PP using 0.3 phr DCP and 6.0 phr of TAM or TMPTMA produced
coagent-modified derivatives, PP-g-TAM and PP-g-TMPTMA, respectively. Both materials
possessed My, and zero shear viscosities that were lower than those of their parent material (Table
2.1), indicating that chain scission was dominant over polymer cross-linking in both cases.
However, M, values were greater than those observed when PP was treated with peroxide alone.
This is the expected result, since radical addition and hydrogen transfer reactions involving a
coagent decrease the population of PP backbone macroradicals, thereby suppressing -scission of
tertiary alkyl radical intermediates [22].

The graft modification of PP with TAM has been well described in the literature, and proceeds
efficiently to yield a hyper-branched chain population that can progress beyond the gel point. The
resulting products have bimodal molecular weight and branch distribution. The light scattering data
plotted for PP-g-TAM demonstrate a strong response at high molar mass (Figure 2.1a), while the
intrinsic viscosity data provide evidence of the hyper-branched character of this chain population
in the form of a deviation from the Mark-Houwink relation [10, 22] (Figure 2.1b). In contrast,
GPC analysis of the soluble component of PP-g-TMPTMA revealed molecular weight and
branching distributions resembling those of PP-DCP-0.1. That is, the methacrylate-based coagent
did not produce a hyper-branched chain population that could be detected by either light-scattering
or intrinsic viscosity analysis (Figure 2.1a,b). Given that allylic hydrogen atom abstraction is
known to reduce the efficiency of methacrylate grafting to polyolefins, the relative inefficiency of
LCB creation by TMPTMA relative to TAM is predictable [27,28].

Dynamic oscillatory and extensional rheometry studies of the coagent-modified samples
confirmed conclusions drawn from GPC analysis. PP-g-TAM exhibited greater shear thinning
character and a deviation from terminal flow behavior when compared to its peroxide-degraded
analogue, PP-DCP-0.1 (Figure 2.2a,b); this is attributed to the presence of LCB [10,29,30].
Moreover, PP-g-TAM demonstrated pronounced strain hardening under extensional deformation
(Figure 2.3). In contrast, strain hardening was absent for PP-g-TMPTMA due to its lack of a

significant LCB chain population.
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Figure 2.3 Tensile stress growth coefficient (n7) as a function of time at Hencky strain rates
of 1 and 10s. Curves are shifted by an arbitrary factor for the sake of clarity. Solid lines

represent the LVE envelope.

Although TAM and TMPTMA differ in terms of their ability to produce LCB, both coagents
produced a population of cross-linked nanoparticles within their PP derivatives. This is easily
recognized by the unaided eye from the creamy appearance of PP-g-TAM and PP-g-TMPTMA in
their melt state, which results from scattering of light by a dispersed particle phase [23]. SEM
images of particles isolated by extraction from a Soxhlet thimble (Figures 2.4a,b) and TEM images
of microtomed PP-g-TMPTMA (Figure 2.4¢) showed the dimension of these particles to be on the
nanometer scale. The pronounced tendency of oligomerization of TMPTMA is revealed by the
relatively higher amount of coagent-derived particles generated within the PP-g-TMPTMA

material.
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Figure 2.4 SEM images of particles isolated from (a) PP-g-TAM and (b) PP-g-TMPTMA,; (c)
TEM image showing particles generated in situ in PP-g-TMPTMA samples

Silane-modified LCB-PP

An alternate approach to the preparation of long chain branched materials involves the radical
addition of a vinyltrialkoxysilane monomer to PP, followed by moisture-curing of pendant silane
groups. This two-step process produces a more uniform branching distribution than coagent-based
processes, and does not yield a dispersed particle phase [31]. As such, the PP-g-VTES-XL sample
prepared and analyzed in this work served as a control material that contained no particles, but a
substantial LCB content. The latter is evident from the enhanced shear thinning and elasticity
(Figure 2.2), as well as extensive strain hardening characteristics (Figure 2.3) demonstrated by

this reference material.
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2.3.2 Crystallization Kinetics

The three classes of materials described above (linear, branched with particles, branched without
particles) provide an opportunity to determine why LCB-PP materials demonstrate such a wide
range of crystallization behaviour. Table 2.2 provides a summary of phase transition data measured
by non-isothermal crystallization studies of all six PP samples. Our peroxide treated materials, PP-
DCP-0.1 and PP-DCP-0.3, responded in a manner that is consistent with literature reports on
degraded PP, as they exhibited a double melting peak, lowered crystallization temperature, and
depressed degree of crystallinity [17,32]. This is generally attributed to an increase in the number
of chain ends, causing the formation of crystals with different levels of imperfections and structural

defects.

Table 2.2 Melting points (Tm), crystallization points (T¢) and % crystallinity and
crystallization half-times, recorded during non-isothermal crystallization experiments at a

cooling a rate of 5°C.min.

Sample Taee) O Tepeak o Crystallinity 2 (M)
(°C) (°C)
PP 163 121 118 47 2.3
PP-DCP-0.1 158/164 119 113 43 1.9
PP-DCP 0.3 154/163 118 113 43 1.9
PP-g-TAM 163 132 130 45 1.8
PP-g-TMPTMA 164 131 130 45 2.2
PP-g-VTES-XL 162 123 118 45 23

Both coagent-modified samples responded differently, with onset and peak crystallization
temperatures exceeding those of the unmodified PP by 12°C, and those of the degraded PPs by
17°C (Table 2.2 and Figure 2.5). The behaviour of PP-g-TMPTMA is particularly interesting,
since it displayed a substantial enhancement in T. while containing little, if any, long chain
branching. On the other hand, the T, of the highly branched sample, PP-g-VTES-XL, was not
different from that of the linear PP parent material. This indicates that long chain branching alone
cannot account for the unique crystallization dynamics generated by coagent-modified PP.

Shifts in the crystallization temperature in coagent modified PPs have been extensively reported
in the literature [12, 14], but these reports may have potentially overlooked the formation of

secondary, insoluble phases, such as gels, in coagent modified PPs. Kim et al.,[16] and more
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recently Wan et al. and Zhang et al., [17, 18] alluded to the potential effects of gels, or other by-
products stemming from the grafting reaction of the coagent. In the present work, in spite of the
absence of gel, both PP-g-TAM and PP-g-TMPTMA contained a small population of cross-linked
nanoparticles (Figure 2.5) whose dimensions are comparable to those of common nucleating agents
[33,34] Given their nature, these particles may influence PP crystallization through heterogeneous
nucleation that is independent of long chain branching effects. We suggest that the pronounced
shifts in crystallization temperature for coagent modified PPs, which are often attributed to polymer

branching, are actually due to heterogeneous nucleation by the cross-linked particle phase.
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Figure 2.5 DSC exotherms for — L-PP; x PP-g-TMPTMA; e PP-g-TAM and A PP-g-VTES-
XL.

In spite of the significant difference in the onset temperature of crystallization, the
crystallization half-times (ti2), defined as the time needed for the materials to reach relative
crystallinity of 50%, remained relatively unaffected in non-isothermal kinetics experiments (Table
2.2 and Figure 2.6).



Relative crystallinity, %

Cooling time, min

Figure 2.6 Relative crystallinity as a function of cooling time (time recorded from the start of
the cooling cycle) obtained from non-isothermal studies at cooling rate of 5°C/min; @ PP,
xPP-g-TMPTMA, o PP-g-TAM, A PP-g-VTES-XL and - PP-DCP 0.1. For comparison

purposes, the x-axis depicts the time elapsed after the beginning of the cooling cycle.

Further insight into crystallization dynamics was gained from isothermal crystallization
experiments. Plots of relative crystallinity as a function of time at 136°C revealed three distinct
patterns (Figure 2.7). PP and its degraded derivative had a crystallization half-time on the order
of 100 min. At this temperature, excessive chain mobility of linear PP inhibits the formation of
stable nuclei, thereby resulting in a slow crystal growth rate.

The half-time of PP-g-TAM and PP-g-TMPTMA was an order of magnitude smaller, at 2.5 min
(Table 2.3), consistent with the heterogeneous nucleation effects described above. It is interesting
to note that PP-g-VTES-XL lied in between, at 54 min. The enhancement observed for this material
is consistent with previous literature reports on the isothermal crystallization kinetics of branched
polypropylene [12], and may be attributed to the presence of branching that restricts movement of
the chains in the melt, thus generating a higher number of more stable nucleation sites. According
to Wang et al.[35] the presence of long chain branching in polyolefins may affect the crystallization
kinetics in opposing ways. Generally, longer branches and low levels of LCB tend to promote
nucleation, whereas higher amounts of LCB result in entanglements, slowing down the

rearrangement of chains and therefore the crystallization rate.
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Figure 2.7 Evolution of relative crystallinity as a function of time obtained from isothermal
crystallization experiments at 136°C, in which PP, xPP-g-TMPTMA, o PP-g-TAM, A PP-
g-VTES-XL and - PP-DCP 0.1.

Pronounced differences in isothermal crystallization kinetics are also evident in the Avrami
plots provided in Figures 2.8a and b. A linear region can be clearly identified for PP, PP-DCP 0.1
and PP-g-VTES-XL (Figure 2.8a), providing Avrami exponent values in the range of 3-3.5 for PP
and PP-DCP 0.1 (Table 2.3). These are indicative of sporadic spherulitic crystal growth. The
presence of extensive branching within PP-g-VTES-XL may have limited somewhat the direction

of crystal growth, as suggested by the lower Avrami exponent recorded for this sample (Table 2.3).
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Figure 2.8 Avrami plots of isothermal crystallization at 136°C, (a) PP, — PP-DCP 0.1, A PP-
VTES ; (b) X PP-g-TMPTMA and o- PP-g-TAM.
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In contrast, a linear region could not be identified in the Avrami plots generated for coagent-
modified PPs (Figure 2.8b). Non linearity in the Avrami plots, combined with exponents higher
than 4, is consistent with transient nucleation [36] whose crystallization parameters are time-
dependent [37]. This can occur when nucleation consists of instantaneous and spontaneous modes,
as well as in composite systems [38] and suggests a complex crystallization pattern and different
spherulitic development in the coagent-modified PPs. Furthermore, the values of the crystallization
rate parameter, K, were much higher than those of the linear PPs, in the range of 0.35-0.39,
depending on the region of the plot, for both coagent modified PPs, reflecting the much faster rate

of nucleation and growth at this temperature.

Table 2.3 Avrami parameters and crystallization half-time for isothermal crystallization at
136°C of PP derivatives.

PP PP-DCP0.1 PP-g-TAM PP-g-TMPTMA PP-g-VTES-XL
n 3.6 3.3 3.2-48 2.85 25

K, min‘t 0.009 0.009 0.35-0.38 0.35-0.39 0.016

tyz, Min* 110 96 2.6 2.5 54

* 112 has been calculated experimentally from isothermal experiments.

Direct evidence of differences in spherulitic development was gained by optical microscopy
studies of isothermal crystallization (Figure 2.9). Linear PP materials displayed spherulitic
structure that is typical of isotactic PP (Figure 2.9a and b). The PP-g-VTES-XL sample produced
a similar pattern, with more nuclei formed slightly earlier, and a higher amount of spherulites
forming within the time-frame of the experiment (Figure 2.9¢).

The images presented in Figure 2.9 (¢ and d) show that PP-g-TAM and PP-g-TMPTMA
produced higher nucleation rates when compared to all the PP materials examined in this study.
Moreover, the coagent-modified samples demonstrated entirely different crystal growth habits, as
evidenced by repeated rapid branching along the axis of crystal formation. Because of the formation
of a large quantity of nucleating sites, spherulite growth was restricted, eventually leading to
smaller sizes and a grainy spherulitic structure. This type of spherulitic structure is likely

responsible for improvements reported in the impact strength of coagent modified materials [6].
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Figure 2.9 Hot stage microscopy of a) L-PP, b) PP DCP-0.1, c) PP-g-TMPTMA, d) PP-g-
TAM, e) PP-g-VTES-XL at 140°C; the scale bar represents 60 microns.

Despite the clear differences in crystallization kinetics and spherulite size, the XRD patterns
plotted in Figure 2.10 show that all of our PP materials contained primarily monoclinic form a-
crystals ((110), (040), (130), (111) and (131) planes, located at 26 of 14.1, 16.9, 18.6, 21.1, 21.8
and 25.3° respectively) and small amounts of pseudohexagonal, g-crystals ((300) plane at 16.12°)
[14,39,40].
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Figure 2.10 XRD patterns for PP and its derivatives. -s- PP, —PP-DCP 0.1, x PP-g-TMPTMA,
o PP-g-TAM

Therefore, differences in crystallization between linear, branched and coagent-modified PPs lie
in their crystallization peak temperature, crystallization kinetics and spherulitic structure, whereas
the ultimate degree of crystallinity and crystalline structure remained similar. Improvements in the
crystallization kinetics, and finer spherulitic structure are attributes typically associated with the
addition of common nucleating agents [33,34,40,41].

These results suggest that even though these coagent modifications are typically used to
improve melt strength, the enhancement in crystallization kinetics may be exploited in
applications such as injection molding. Whereas controlled rheology polypropylenes generated by
peroxide degradation are commonly used in injection molding processes, in-situ generation of the
nucleating nanoparticles by peroxide-initiated coagent modification may provide the desired melt

rheology as well as crystallization rates, without need for the addition of nucleating agents.

2.4 Conclusions

Four classes of PP samples with different architectures were prepared using a linear PP as the
starting material. These included unmodified linear PP, peroxide degraded PP, coagent-modified
LCB-PP prepared from TAM and TMPTMA, and LCB-PP synthesized by silane grafting and
moisture curing chemistry. In addition to changing polymer chain architecture, these chemical
modifications generated a small amount of well-dispersed, coagent-derived nanoparticles. When
compared with the parent material and with PP samples treated with peroxide alone, coagent-

modified materials demonstrated significantly higher crystallization temperatures. Furthermore it
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was demonstrated that the cross-linked nanoparticle phase formed within coagent-modified PP is
as efficient nucleating agent for crystallization, resulting in significantly higher onset crystallization
temperatures, faster crystallization kinetics and a finer spherulitic structure. The influence of LCB
on the crystallization behavior of polypropylene, while significant, is considerably weaker than the
heterogeneous nucleation mechanism.

The next chapter of this thesis examines and differentiates the effects on crystallization kinetics of
cross-linked particles dispersed throughout the PP material from those generated by LCB
population. Also, the effect of coagent modification on foaming behavior of PP is thoroughly dealt
with.
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Chapter 3

Crystallization and foaming of coagent-modified polypropylene:

Nucleation effects of cross-linked nanoparticles*

3.1 Introduction

The chemical modification of linear, isotactic PP (L-PP) by peroxide-initiated grafting of
coagents can provide long-chain branched derivatives with improved melt elasticity and
extensional viscosity [1]. These solvent-free processes involve simultaneous chain scission and
cross-linking, the balance of which controls the product’s molecular weight and branching
distributions [2,3]. In general, products derived from coagents bearing multiple acrylate, allylic or
styrenic groups are comprised of a linear chain population of relatively low molecular weight, and
a high molecular weight chain population containing a disproportionate amount of long chain
branching. The effect of these microstructure changes on melt-state rheological properties are well
documented, with several groups reporting losses in complex viscosity as well as enhanced
elasticity and strain hardening characteristics [4-7]. However, only recently has the generation of
cross-linked particles within coagent modified PP (CM-PP) been identified [8]. These nanoparticles
are produced by a precipitation polymerization mechanism wherein coagent oligomerization yields
adducts that are insoluble in the polymer melt, leading to the separation of a coagent-rich phase
that cross-links to a very high extent [9]. As a result, CM-PP samples prepared by this chemistry
can contain small, rigid particles that are well-dispersed throughout the polymer matrix.

A prime motivation for preparing CM-PP is to develop the extensional strain hardening
characteristics needed to suppress cell coalescence during melt foaming processes. When
compared to L-PP materials, CM-PP derivatives provide higher volume expansion ratios and more
uniform cell sizes [4, 10]. These improvements to foam properties have, to date, been attributed to
the melt state rheology, while the potential of coagent-rich nano-particles to affect the foaming of
CM-PP has been overlooked. Similarly, significant differences in the crystallization behavior of

linear and coagent-modified PP samples have been observed [4,11,12].

*A version of this chapter has been published: Ying Zhang, Praphulla Tiwary, J. Scott Parent,
Marianna Kontopoulou, Chul B. Park, Polymer, 2013, 54 (18), 4814-4819
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Whereas branching in homogeneous polyethylenes is usually associated with lower
crystallization rates and crystallinities [13, 14], CM-PP materials are reported to crystallize at
higher temperatures. Knowledge of the origin of these differences is currently incomplete.

The present work involves the comparison of an isotactic L-PP with two of its derivatives:
peroxide degraded PP (DCP-PP), and CM-PP modified with trimethylolpropane trimethacrylate
(TMPTMA, Scheme 3.1) [11]. These materials are subjected to standard characterization
techniques including molecular weight distribution as well as oscillatory shear and extensional
rheometry. CM-PP is subjected to further analysis by FT-IR to confirm TMPTMA graft content,
as well as SEM studies of the sub-micron particles dispersed throughout the sample. Careful studies
of CM-PP crystallization and foaming are presented, with the objective of discerning the effect of
coagent-rich nano-particles on phase nucleation phenomena. Further insight is gained through
studies of L-PP compounds containing small amounts of independently synthesized coagent nano-
particles.
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Scheme 3.1 Molecular structure of TMPTMA

3.2 Experimental
3.2.1 Materials and reactive modification

Trimethylolpropane trimethacrylate (TMPTMA, 98%) and dicumyl peroxide (DCP, 98%) were
used as received from Sigma-Aldrich. ESCORENE™ PP 1042, an isotactic linear polypropylene
homopolymer (L-PP) (MFR = 1.9 g/10 min), with a number average molecular weight (M,) of 96
kg/mol and a weight average molecular weight (My), of 460 kg/mol, as determined by triple
detector gel permeation chromatography (GPC), was obtained from ExxonMaobil.

Peroxide-degraded PP (DCP-PP) was prepared by coating ground L-PP powder (40 g) with an
acetone solution containing DCP (0.08 g, 296 umole) and allowing the solvent to evaporate. The
resulting mixture was charged to a Haake Polylab R600 internal batch mixer at 180°C at 60 rpm
for 10 min, yielding DCP-PP with a M, = 63.1 kg/mol and a My= 159 kg/mol. Coagent-modified
PP (CM-PP) was synthesized as described for DCP-PP from a mixture of L-PP (40 g), DCP (0.08g,

296umole) and TMPTMA (2.4g, 7.1mmole). The product had a M, = 77.5 kg/mol and a My= 209
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kg/mol. Gel content analysis was conducted by extraction into boiling xylenes from a 120 mesh
stainless steel sieve for 6 hours, according to ASTM D 2765. Residual polymer was dried to
constant weight, with gel contents reported as a weight percentage of unextracted material.

Isolation of particles from CM-PP was accomplished by hot xylenes extraction of the polymer
from Soxhlet cellulose thimbles. Solvent was replaced every 3 hours, and after 10 hours no residual
polymer could be recovered by precipitation from acetone. The thimble was cut into pieces, soaked
in acetone and sonicated. The resulting dispersion was deposited onto glass slides, and coated with
gold after solvent evaporation. A JEOL JSM-840 Scanning Electron Microscope (SEM) instrument
was used to view the isolated particles.

Cross-linked particles were prepared according to the method proposed by Wu et al [9]. A
homogeneous solution of dodecane (49.3 g, 290.3 mmol), TMPTMA (0.5 g, 1.5 mmol) and DCP
(0.05 g, 0.2 mmol) was heated at 170°C for 10 min, cooled to room temperature and left standing
for 12 hr to allow particles to settle. Residual liquid was decanted carefully from a minimal volume
of suspended solids, a portion of which were deposited on a glass slide and dried under vacuum at
100°C for 12 hr. prior to SEM characterization. The total particle yield was 0.2 g (40% based on
TMPTMA).

A L-PP based compound containing 1 wt. % TMPTMA particles was prepared as follows. L-
PP (1 g) was dissolved in boiling xylenes (20 mL) before adding to a suspension of particles (0.2
g) in dodecane (10 mL). Residual dodecane and xylene were removed under vacuum at 100°C for
12hr, and the resulting masterbatch mixture (0.2 g) was mixed further with L-PP (2.8 g) using a
DSM 5 ml microcompounder, equipped with co-rotating screws, and operating at 230°C and 150

rpm for 5 min.
3.2.2 Characterization

Molecular weight distributions were measured using a triple detector GPC (GPCIR by
PolymerChar) at 145°C, employing 1,2,4-trichlorobenzene (TCB) as the mobile phase. Polymer
samples were dissolved in TCB at a concentration of 1 mg mL* and held at 150 °C for 60 min.
Samples with an injection volume of 200 pL were eluted through three linear Polymer Laboratories
columns which were operated at a flow rate of 1 ml min. The light scattering (LS) detector at 15°
from the incident beam was used for molecular weight determinations.

FT-IR measurements were carried out in transmittance mode with an Avatar 360 FT-IR ESP
spectrometer. Samples were purified by dissolving in boiling xylene and precipitating from acetone

prior to drying under vacuum and melt pressing into thin films.
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A controlled stress rheometer (ViscoTech by Rheologica) with parallel plate fixtures was used
in the oscillatory mode at 180 °C with a gap of 1 mm under a nitrogen purge. Stress sweeps were
used to ensure that measurements were made within the linear viscoelasticity region. Samples were
further characterized in uniaxial extension using an SER-2 universal testing platform from
Xpansion Instruments hosted on an MCR-501 Anton Paar rheometer [15]. Measurements were
conducted at 170 °C at extension rates ranging from 0.010 to 10 s under nitrogen purge.

Differential scanning calorimetry (DSC) was conducted using a DSC Q 100 by TA Instruments.
Samples were scanned between -30 and 210 °C at a heating rate of 5 °C/min. After the first heating,
each sample was held isothermally at 210 °C for 3 min before cooling at 5°C/min, to determine the
crystallization onset and peak temperatures according to ASTM D3418.

Isothermal crystallization experiments were performed using a Linkam CSS 450 hot stage
mounted on an Olympus BX51 optical microscope. Thin films were first heated to 200 °C at a rate
of 30 °C /min and held for 10 minutes to eliminate their heat history. The melt was then cooled to
140 °C at 30 °C/min and the temperature was kept constant for 1 hour. The crystallization process

was recorded using a Sony ExwaveHAD 3 CCD digital recorder.

3.2.3 Foaming visualization

Foaming visualization experiments, using N» as the blowing agent, were conducted using a
batch foaming simulation system, consisting of a pressurized chamber equipped with a sapphire
glass window, and a high speed camera/imaging system, at 180°C at 203 MPa of N [16]. Disks (7
mm diameter x 200 um thickness) were heated to 180°C at 203 MPa of N». The temperature and
pressure in the simulation chamber were regulated using a thermostat and a syringe pump,
respectively. A program based on Labview® was used to open the solenoid valve and record the
pressure decay after the pressure within the chamber had been maintained for 30 minutes of
saturation, while simultaneously, a high speed camera recorded the cell growth and collapse
phenomena at 500 hundred frames per second. For each sample, at least three separate experiments
were run, and the images were extracted using the Sigma Scan Pro Plus 6.0® image analysis

software.
3.3 Results and Discussion
3.3.1 Material Characterization

Our investigation examined three materials, unmodified linear PP (L-PP) and two of its
chemically modified derivatives, peroxide-degraded PP (DCP-PP), and coagent-modified PP (CM-

PP). The parent material, L-PP, had a unimodal molecular weight distribution (Figure 3.1a) with
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M. = 460 kg/mole and a polydispersity of 4.8. Its melt-state rheological properties were typical of
an unbranched polymer of relatively high molecular weight. Oscillatory shear rheometry
demonstrated conventional shear thinning behavior (Figure 3.1b), while no evidence of strain
hardening was observed when the sample was subjected to an extensional deformation (Figure
3.1¢).
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Figure 3.1 (a) GPC light scattering detector response profiles; (b) complex viscosity; (c)
tensile stress growth coefficient at 1s-1 (nE+). The dotted lines indicate the LVE envelope; (d)
crystallization exotherms — L-PP; ¢ DCP-PP; X CM-PP; B L-PP/ TMPTMA particles.

Treatment of PP with peroxide alone leads to a loss of molecular weight and a narrowing of the
molecular weight distribution, as has been well documented for the production of “controlled
rheology polypropylene” [17]. In the present case, the thermolysis of 0.2 wt. % of dicumyl peroxide
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(DCP) in the starting material at 180 °C gave DCP-PP with M, = 160 kg/mole and a polydispersity
of 2.5. This loss of molecular weight substantially reduced the complex viscosity, while facilitating
relaxation to yield a pronounced Newtonian plateau (Figure 3.1b). Note that the zero-shear
viscosity of 587 Pa-s recorded for DCP-PP is below the threshold needed to support extensional
viscosity analysis.

Both L-PP and DCP-PP are control samples for use in evaluating the properties of the coagent-
modified derivative, CM-PP. Whereas most PP branching reactions are designed to maximize the
extent of long chain branching, we sought a material containing a small branch content, but a
significant particle concentration. As such, the influence of dispersed nano-particles could be
examined without significant contribution from the rheological effects of a branched polymer chain
population. To achieve this sample morphology, a relatively high concentration of trimethacrylate
coagent was used. It is well known that acrylate-based coagents require small amounts of peroxide
to achieve full C=C conversion, but their cross-linking efficiency is compromised by a pronounced
tendency to homopolymerize [1]. The grafting efficiency of methacrylate-based systems is further
compromised by allylic hydrogen atom abstraction from the monomer. These effects make
TMPTMA a relatively poor choice for L-PP branching, but well-suited for the objectives of this
work.

The CM-PP prepared by treating L-PP with 0.2 wt. % DCP and 6 wt. % TMPTMA had a My=
210 kg/mole and a polydispersity of 2.7. The light scattering (LS) detector response is a sensitive
indicator of the presence of hyperbranched material, which typically generates a bimodal response
with an intense peak at low retention volumes [8]. The LS response of our CM-PP (Figure 3.1a)
showed no evidence of a hyperbranched population. Solvent extraction of the sample according to
ASTM D 2765 did not recover a measurable gel fraction, indicating that the entire sample could
escape from the 74 micron pores in the stainless steel mesh. FT-IR analysis of purified material
revealed a significant carbonyl absorption derived from converted TMPTMA in the product. The
higher M., coupled with the presence of some long chain branching, resulted in a significantly
higher complex viscosity over DCP-PP (Figure 3.1b). However, branching within CM-PP was
not sufficient to generate strain hardening characteristics under an extensional deformation (Figure
3.1c).

Although extraction of CM-PP from wire mesh did not isolate insoluble material, extraction
from a Soxhlet thimble was capable of separating particles from most of the polymer matrix. An
SEM image of the nano-particles separated by this technique is provided in Figure 3.2a. Note that
these particles are similar in dimension to those observed previously for atactic-PP modified by

DCP and triallyl trimesate, with average diameters on the order of 500 nm [8]. However, unlike
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this previous work, particles were coated with insoluble material that could not be removed from
the thimble. Therefore, we conclude that CM-PP contained a small amount of gel as well as a
significant population of cross-linked particles.

Figure 3.2 SEM image of (a) nanoparticles extracted from CM-PP; (b) TMPTMA particles.

3.3.2. Crystallization Behaviour

The potential for the dispersed solid phase within CM-PP to affect crystallization was examined
through DSC studies and optical microscopy analyses. The crystallization exotherms illustrated in
Figure 3.1d show that the onset of L-PP crystallization was at 122°C (crystallization peak
temperature of 116°C), whereas CM-PP crystallization began at 132°C (fully 10°C higher than L-
PP), with a peak temperature at 126 °C. Higher crystallization temperatures are not unique to our
CM-PP material, as our finding is consistent with reports of other coagent-modified PP
formulations [4,11,12]. However, the underlying cause of these shifts in coagent-modified PP
crystallization temperatures has not been defined unambiguously.
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Insight into the potential for coagent-rich particles to affect PP crystallization was gained by
compounding L-PP with solids that were prepared separately. To facilitate the isolation of
TMPTMA particles in high yield, they were prepared from dodecane solution as opposed to a PP
matrix. Figure 3.2b provides an SEM image of these solids, which demonstrates the similarity of
particle size and shape when compared to material isolated from an L-PP modification reaction
(Figure 3.2a). When compounded into L-PP to give a 1 wt. % composite, these TMPTMA particles
increased the onset of crystallization by 4°C, and the peak crystallization temperature of the
polymer by 4.5°C compared to L-PP (Figure 3.1d). This suggests that coagent-rich nano-particles
influence crystallization of L-PP by creating an enhanced heterogeneous nucleation effect. Their
effect is not as dramatic as the shift seen in CM-PP, presumably due to differences in the amount
of particles, as well as the different state of dispersion of the TMPTMA particles within L-PP,
compared to the nanoparticles that are generated in-situ from a PP matrix during coagent
modification.

Further evidence of the enhanced heterogeneous nucleation in CM-PP and in L-PP doped with
TMPTMA particles was gained by optical microscopy studies of isothermal crystallization. The
images presented in Figure 3.3 show the advanced rate of spherulite formation in CM-PP and L-
PP/ TMPTMA particles (Figures 3.3(c) and (d) respectively) relative to L-PP and DCP-PP
(Figures 3.3(a) and 3(b) respectively), leading to significantly smaller spherulites in the coagent-
modified sample (Figure 3.3(c)).
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Figure 3.3 Optical microscope images of (a) L-PP; (b) DCP-PP; (¢) CM-PP and (d) L-PP/
TMPTMA particles during isothermal crystallization at 140 °C. The scale bar represents
60pm.

We note that increases in crystallization temperature, crystallinity and crystallization rate are
commonly observed in formulations containing small amounts (0.1 - 0.3 wt. %) of organic
nucleating agents such as carboxylate salts [18] and sorbitol-based clarifiers [19]. Talc and other
inorganic fillers provide similar effects, albeit at higher solids loading due to their lower nucleating
efficiency [20, 21]. In the present context, the solid phase in our CM-PP material has dimensions
that are consistent with common nucleating agents, and a defined interface between the melt-state
and the cross-linked particle [21, 22]. The notion that nanoparticles formed during the coagent
modification of PP affect crystallite nucleation has significant implications for material processing
operations such as injection molding.
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3.3.3 Foaming Behaviour

Given the importance of nucleation on foaming dynamics and final properties [23], the performance
of CM-PP relative to L-PP and DCP-PP was investigated in a simple batch foaming process. The
sequence of images shown in Figure 3.4 reveals clear evidence of improved nucleation rates and
cell densities in the coagent-modified material. Consistent with the enhanced nucleation effect
reported in crystallization, we suggest that nanoparticles provide sites for heterogeneous nucleation
in foaming, resulting in more efficient initial nucleation, as well as sustained cell nucleation

throughout the foaming process, thereby providing foams of higher cell density.

Figure 3.4 Images of cell nucleation sequence of (a) L-PP, (b) DCP-PP and (c) CM-PP.

3.4 Conclusions

Cross-linked nanoparticles generated in situ during coagent-modification of PP can serve as
heterogeneous nucleation sites for crystallization from the melt, and for gas phase formation during
batch foaming. Therefore, the performance of these materials is dictated not only by the rheological
properties brought about by chemical modification, but also through the enhanced nucleation
generated by the dispersed solid phase.

The findings presented in the chapter is expected to play a significant role in the structure-
property characterizations. In the next chapter of the thesis, the detailed characterization of these
coagent modified PPs are performed with special focus on thermal and mechanical properties.
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Chapter 4
Coagent Modified Polypropylene Prepared by Reactive Extrusion: A
New Look into the Structure-Property Relations of Injection Molded

Parts*

4.1 Introduction

Isotactic polypropylene (PP) is valued in engineering and commaodity applications for its high
stiffness, chemical and thermal resistance and low cost. To make PP more conducive to a wider
variety of processing techniques, such as injection molding, thermoforming, film and foam
extrusion, a variety of modification techniques are used in industry. Peroxide-assisted reactive
extrusion is widely used to prepare controlled-rheology PP [1-4] having low molar mass, narrow
molar mass distribution and thus suitable rheological properties for injection molding applications.
Nucleating agents, such as sorbitol and sodium benzoate [5,6] are commonly used to improve the
crystallization kinetics and to alter the crystalline structure of the polymer. Cheap fillers, such as
talc are effective in improving crystallization rate and modulus, while reducing material costs, but
may have detrimental effects on ductility and impact strength.

PP homopolymer produced by Ziegler-Natta polymerization typically has a linear architecture.
This results in low melt strength, which limits the utility of PP in processes that involve extensional
flow, such as foaming, thermoforming and film extrusion [7,8]. Peroxide-initiated graft-
modification in the presence of multifunctional coagents [3,9] leads to the introduction of long
chain branching (LCB), causing significant improvements in melt strength, as confirmed by
various rheological studies [10-15]. In addition to altering the melt-state rheological properties,
coagent modification has been reported to increase the crystallization temperature and/or degree of
crystallinity of PP [9,14,16,17]. Furthermore, it has been demonstrated that these materials may
contain small amounts of well-dispersed, rigid sub-micron sized particles derived from coagent
oligomerization [18]. In the previous chapters we have shown that these particles may influence
the rheology of these materials, but most importantly they act as nucleating agents and cause

significant increases in the crystallization temperature, as well as enhancements in the

*A version of this chapter has been published: Praphulla Tiwary, Hua Gui, Pedro Luiz Ferreira,

Marianna Kontopoulou, International Polymer Processing, 2016, 31 (4), 433-441.
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crystallization kinetics of CM-PP. Additionally CM-PP exhibited a finer and denser spherulitic
structure. It is well known that molar mass, molar mass distribution, chain branching and crystalline
structure affect the macroscopic mechanical properties of PP [19]. It is therefore intuitive that the
changes in the architecture, crystalline structure and crystallization kinetics should have a
pronounced effect on the mechanical properties of injection molded CM-PP. Even though a great
deal of literature exists on the CM-PP, this manuscript examines for the first time the effect of
coagent modification on the various physical properties of injection molded specimens, in light of
our findings in last two chapters of this thesis that reactive modification of PP not only influences
the rheological properties, but also yields a matrix which contains uniformly dispersed in-situ

generated coagent-rich nanoparticles, which induce an enhanced nucleation effect.
4.2. Experimental
4.2.1 Materials

Polypropylene, Pro-fax® 6523 (Melt flow rate (MFR) = 4 g/ 10 min @ 230°C, general purpose
extrusion grade) was obtained from LyondellBasell. Triallyl trimesate (TAM, 98%) was purchased
from Monomer Polymer and Dajac labs Inc. Trimethylolpropane trimethacrylate (TMPTMA,
98%), and dicumyl peroxide (DCP, 98%) were purchased from Sigma-Aldrich. All reagents were

used as received.
4.2.2 Reactive extrusion

Reactive extrusion was conducted in a Coperion ZSK 18 ML twin screw co-rotating extruder
equipped with a strand die, water cooling bath, and pelletizer, using the screw design shown in
Figure 5.1. The temperature profile was 160/180/180/190/200/200/210 °C (feed to die). The
extrusion was performed at a feeder RPM of 60 with a screw RPM of 120 (average throughput:
0.54 kg/ hr), and average residence time of 3 min 50 sec, to allow for the complete reaction of PP

with various amounts of DCP and coagents. The detailed formulations are shown in Table 4.1.
,!’,‘T " J' | TR YWY
AEANRARIEAN

Figure 4.1 Screw design used in reactive extrusion (left most is the feed port)
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Table 4.1 Formulations and rheological properties

DCP TAM TMPTMA  n¥ )
(phr)  (phr) (phr) (Pa.s) (s)

L-PP 0 0 0 15900 216
0.1DCP 01 0 0 350 1.3
0.1/ 1.5 TAM 01 15 0 700 43
0.1/1.5 TMPTMA 01 0 15 1,050 56
0.3/6 TAM 03 6 0 1,050 123
0.3/6 TMPTMA 03 0 6 1,700 115

phr — Parts per hundred resin, n* — complex viscosity at 0.1 rad s?, A - relaxation time at frequency
of 0.1 rad s%, calculated from equation (1).

4.2.3 Gel content analysis and gel permeation chromatography (GPC)

Gel content analysis, conducted by extraction into boiling xylenes from a 120 mesh stainless
steel sieve for 6 hours, according to ASTM D 2765 revealed that all the samples were gel free. High
temperature gel permeation chromatography (GPC) was performed in an Agilent Cirrus multi-
detector GPC at 150°C and solvent flow rate of 1 ml.min™. The samples were dissolved in
trichlorobenzene (TCB) at a concentration of 0.1 mg.ml* and stabilized with 0.0125 % butyrated

hydroxytoluene.
4.2.4 Injection molding

Injection molding was done in a Nissei ES 200 ELJECT injection molder with a fixed mold
temperature of 25°C and mold cooling time of 30 s. The injection pressure was set to 1000 psi with
an injection speed of 30 mm.min. The temperature of the injection molding machine was kept

constant to 190 °C, from hopper to nozzle.
4.2.5 Mechanical testing

Tensile tests were performed in an Instron 3369 universal testing machine equipped with 50 N
load cell. Tensile tests were done on injection molded samples according to ASTM D 638 (type IV

sample, cross head speed of 50 mm.mint). An impact tester from Satec System Inc. equipped with
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a 7 Ibs. hammer was used to perform notched lIzod test according to ASTM D 256. A Qualitest
notch cutter was used to make the notch. All the mechanical tests were done after 48 hours of
molding.

4.2.6 Optical microscopy

A Leica microtome was used to prepare 30 um — thick sections from the injection molded Izod
samples. These sections were observed under an Olympus BX51 polarized optical microscope

equipped with cross polarizers.
4.2.7 Differential scanning calorimetry (DSC)

Differential scanning calorimetry was conducted using a DSC Q1000 by TA instruments.
Thermal cycles were performed between -30 to 210°C, at heating and cooling rates of 5°C.min.
After the first heating scan, the samples were held isothermally at 210°C for 3 min before cooling
at 5°C.min to -30°C, to determine the peak crystallization temperatures according to ASTM
D3418. The heats of fusion and melting temperatures were determined from the melting endotherm
obtained from the first heating scan, to better reflect the thermal history of the samples. Two sets
of measurements were performed on thin sections obtained from the skin layer of injection molded

specimens, and from the bulk “core” layer.
4.2.8 Rheological characterization

A controlled stress rheometer, ViscoTech by Rheologica, with 20-mm parallel plate fixtures
was used in the oscillatory mode with a gap of 1 mm to measure the linear viscoelastic properties
at 180°C. Stress sweeps were conducted to ensure that the measurements were within the linear
viscoelastic region.

Samples were further characterized in a uniaxial testing platform from Xpansion instruments hosted
on a MCR-301 Anton Paar rheometer [20] The measurements were conducted at 170°C at an
extension rate of 1 s. The linear viscoelastic (LVE) oscillatory measurements obtained at 170 °C
were used to calculate the LVE stress growth curve, n*, and to check the consistency of the
extensional measurements. The curve corresponding to 3n* represents the LVE envelope in uniaxial

extension, according to Trouton’s law.
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4.3. Results and Discussion

4.3.1 Rheological Characterization

The starting material was a commercial grade linear PP (L-PP) homopolymer with weight-
average molar mass (M) of 340 kg.mol and dispersity (D) of 5, as determined by GPC. Reaction
of L-PP with 0.1 phr DCP produced DCP-PP (sample 0.1 DCP) with reduced M, and narrower
dispersity (Mw=170 kg.mol* and D=3.6), due to degradation attributed to B-scission of tertiary
alkyl radical intermediates. This translated to significantly lower viscosity compared to the original
L-PP, as shown in Figure 4.2a. The linear architecture of DCP-PP is confirmed by the presence of
a pronounced Newtonian plateau (Figure 4.2a), the terminal slope of 2 in the elastic modulus vs.
frequency curves (Figure 4.2b), and the Van Gurp-Palmen plot (Figure 4.3), which shows that the
phase angle tends to the limit of 90°.

Radical addition and hydrogen transfer reactions involving a coagent decrease the population
of PP backbone macroradicals, thereby suppressing p-scission of tertiary alkyl radical
intermediates [21]. Therefore all CM-PPs had higher viscosities, compared to DCP-PP (Figure
4.2(a)), and longer terminal relaxation times, A, as calculated by equation (1) [22].

A= )
where G’ is storage modulus and G” is loss modulus at the given frequency of ® (rad/s). The
rheological properties are summarized in Table 4.1.

The viscosities of all CM-PPs remained significantly lower than those of the parent L-PP
material, indicating that vis-breaking due to B-chain scission was still dominant. The highly
modified 0.3/6 TMPTMA had the highest molar mass among the CM-PP samples (M»=199 kg.mol
1 D=3.3), and consequently the highest viscosity (Table 4.1 and Figure 4.1(a)). It should be noted
that in all cases extraction of coagent modified PP from wire mesh did not isolate insoluble material,
therefore excluding the presence of gels that would affect these results.

PP modified with the highest amounts of DCP and TAM showed unique behaviour among the
CM-PPs. Specifically, the 0.3 DCP/6 TAM sample exhibited a significant upturn in zero shear
viscosity, with loss of the Newtonian plateau, pronounced shear thinning, and deviation from
terminal flow (Figures 4.2a and b). The latter is more obvious in the Van Gurp-Palmen plot, shown
in Figure 4.3. It should be noted that at high frequencies the values of the complex viscosity of this
sample approached those of the 0.1 DCP material, indicative of a highly degraded matrix (having

M, =158 kg.mol* and D =4), whereas the upturn of the complex viscosity at low frequencies
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represents a highly-branched, or hyperbranched fraction [10]. We have demonstrated previously
that the graft modification of PP with TAM coagent proceeds efficiently to yield a hyper-branched
chain population and that the resulting products have bimodal molecular weight and branch
distribution [23].
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Figure 4.2 (a) Complex viscosity and (b) storage modulus of L-PP, DCP-PP and CM-PPs as

a function of angular frequency at 180°C.
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The GPC results shown in Figure 4.4 confirmed the presence of such bimodality in the highly-
modified 0.3 DCP/6 TAM only. The presence of strain hardening under extensional deformation
provides further evidence of branching in this sample only (Figure 4.5).

100
90 ‘_ * o, .. .
L *
[ | I .
80 § 3(8<3<.x ..
«O B a<:><‘x‘0
70 o xAv,
@ o X'
o o X
2 60 - o XA
£ o A,
50 + (Y A
AL-PP e X A
X A
[ °
40 1+ eo01DCP X AA
: A
[ 03/6TAM
30 ¢ g
[ X0.3/6TMPTMA
20 F———y ey ey ey
10 100 1000 10000 100000 1000000
IG*[ (Pa)

Figure 4.3 Van Gurp-Palmen plot at 180°C L-PP, DCP-PP and selected CM-PPs.
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Figure 4.4 Molecular weight distribution of L-PP, DCP-PP and selected CM-PPs.
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Figure 4.5 Tensile stress growth coefficient (nE+) of L-PP and CM-PPs as a function of
strain rate and time at a Hencky strain rate of 1s-1. Curves are shifted by an arbitrary

factor for the sake of clarity. Solid lines represent the LVE envelope at 170°C.
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4.3.2. Thermal properties and crystalline structure of the skin and core layers

The existence of temperature gradients inside the injection mold [24], and consequently the
differences in cooling and crystallization rates within the thickness of the polymer [25] result in the
formation of a skin-core structure in injection molded products [19,26-28]. The presence of skin
and core layers with a thick skin layer, approximately 72 um wide is clearly seen in the injection
molded L-PP specimens (Figure 4.6(a)). Typical PP spherulitic structure is evident in Figure 4.7(a)
obtained from the core layer of these samples. On the contrary the skin, which crystallizes faster
because of its proximity to the mold walls, consists of much smaller and denser spherulites.

Examination of the heats of fusion obtained during the first DSC heating scan (Table 4.2)
confirmed that the heat of fusion of the skin layer was lower, indicative of lower crystallinity
compared to the core layer, because of the rapid cooling of the portion of the material that is
adjacent to the mold [29]. The width of the skin layer was reduced considerably to about 40 um in
the 0.1 DCP specimen (Figure 4.6(b)), consistent with the decrease in viscosity and the narrower
molecular weight distribution [30]. The DCP-PP sample maintained large spherulites in the core
layer (Figure 4.6(b)) and the distinction between skin and core layers is still evident in Figure
4.6(b) and Table 4.2.

Coagent modification influenced substantially the thermal properties of PP. PP-TAM and PP-
TMPTMA exhibited significant increases in crystallization temperature, by 10°C at the highest
loadings of peroxide and coagents, whereas the increase was more modest in the lightly modified
CM-PPs (Table 4.2). Additionally the core of specimens injection molded from the heavily
modified CM-PP samples consisted of very small spherulites, and had a denser, grainier structure
(Figures 4.6(e) and (f)).

These observations are in agreement with our previous reports that irrespective of their
efficiency in producing branching, grafting of both types of coagents resulted in increases in the
crystallization temperature of PP. Even though CM-PP samples were gel-free, scanning electron
and transmission electron microscopy revealed the presence of well-dispersed particles, with sub-
micron dimensions, comparable to the dimensions of common nucleating agents (shown in
previous chapters). This small population of particles is probably derived from coagent
oligomerization [18], and influences the crystallization properties of the polymer, by acting as
nucleating agents.

The fact that the shifts are most pronounced at the highest loadings of peroxide and coagents
provides further proof that this effect is related to the amount of coagent, which oligomerizes when

in excess, thus forming a coagent-rich secondary phase. The formation of a large quantity of
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nucleating sites, attributed to the presence of in-situ generated coagent-rich nanoparticles, nucleates
a large amount of crystals, and restricts spherulite growth, eventually leading to the grainier
spherulitic structure shown in Figures 4.7(e) and (f). Such reductions are typical of nucleated PP,
wherein the addition of nucleating agents promotes a finer spherulitic structure [5,31].

Moreover, as a result of the enhanced nucleation effect, CM-PPs crystallize faster (shown in
previous chapters), and therefore they should not be as sensitive to the different temperature
gradients during cooling. Because of the factors described above, the boundaries between the skin
and core layers became more diffuse in the samples modified by 0.1 phr DCP and 3 phr coagent
(Figures (c) and (e), and disappeared completely in the CM-PPs containing 0.3 phr DCP and 6 phr
coagent. (Figures 4.6 (e) and (f)). These findings are consistent with literature observations that
addition of nucleating agents suppresses the skin-core morphology and causes a uniform

distribution of spherulite size along the sample thickness [32,33].
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Figure 4.6 Polarized optical microscopy images of skin layer of L-PP, DCP-PP and CM-PP
(all samples imaged at same magnification, scale bar represents 204m). The inset shows the

direction of the sectioning.
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Figure 4.7 Polarized optical microscopy images of core layer of L-PP, DCP-PP and CM-PPs
(all samples imaged at same magnification, scale bar represents 20um)
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Table 4.2 Thermal properties of skin and core layer of L-PP, DCP-PP and CM-PPs. The
melting temperatures and heats of fusion are obtained from the first heating scan.

T Tt AHg
(°C) (1stscan),°C  (1stscan), J/g
L-PP Skin 120 165 78
L-PP Core 121 168 85
0.1DCP Skin 121 167 78
0.1DCP Core 121 167 82
0.1/ 1.5 TAM Skin 125 167 80
0.1/ 1.5 TAM Core 125 167 85
0.3/ 6 TAM Skin 131 166 78
0.3/ 6 TAM Core 131 167 81
0.1/1.5 TMPTMA Skin 124 166 79
0.1/1.5 TMPTMA Core 123 166 83
0.3/6 TMPTMA Skin 131 167 82
0.3/6 TMPTMA Core 130 168 80

T. — crystallization temperature, Tm — melting point peak first heating, AHs; — heat of fusion for
first heating.

4.3.3 Mechanical Properties

It is well-known that the intricate microstructure of injection-molded parts controls their
mechanical properties [26]. The three classes of materials described above (L-PP, DCP-PP, CM-
PP modified with two different types of coagents) provide an opportunity to examine and interpret
the effects of these modifications on the mechanical properties of injection molded products and to
establish structure-property relationships.

Reaction with peroxide only resulted in a drop in the Young’s modulus (Figure 4.8a) and tensile
stress at yield (Figure 4.8b), compared to the neat material, consistent with the degradation and
decrease in molecular weight of DCP-PP [34]. CM-PPs containing small amounts of peroxide and
coagent (0.1 phr DCP/ 1.5 phr coagent) resulted in a minor increase in Young’s modulus compared

to 0.1 DCP (Figure 4.8a). On the other hand both CM-PPs modified by 0.3 phr DCP and 6 phr
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coagent exhibited a substantial increase in their Young's modulus compared to 0.1 DCP (Figure
4.8a).
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Figure 4.8 (a) Young’s modulus and (b) tensile stress at yield of L-PP, DCP-PP and CM-PP.
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In fact, the modulus, as well as the tensile strength of these heavily-modified PPs appeared to
fully recover to the values of the unmodified L-PP, even though their molecular weight was lower.
Such increases in Young’s modulus are typically observed in nucleated systems containing sorbitol,
talc etc., due to the formation of smaller and more uniform crystals, which contribute to better
distribution of applied stresses [35,36]. This is obviously the case in our system, where the
improvement observed can be related to the formation of small spherulites in the core layer,
attributed to the nucleating effects of the in-situ generated coagent rich nanoparticles, as discussed
earlier (Figure 4.6).

The elongation at break of the peroxide modified DCP-PP increased, when compared to neat
PP (Figure 4.9). This may be related to plasticization ability of the smaller molecular weight
fractions created by vis-breaking of the PP chains [34]. The elongation at break of all the CM-PPs
remained higher than the neat PP; however 0.3/ 6 TAM had decreased ductility compared to the
rest of the formulations. This is consistent with previous reports that branched PPs generally have

lower elongation at break [37].
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Figure 4.9 Elongation at Break of L-PP, DCP-PP and CM-PP.
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The presence of uniform and small crystals, which are homogeneously distributed throughout
the areas, and the absence of skin and core layers is also expected to influence positively the impact
properties. Evidence of this is provided by the notched Izod impact strength measurements, shown
in Table 4.3. As expected, the degraded DCP-PP, as well as the lightly modified CM-PPs had lower
impact strength than L-PP. The smaller spherulites and improved sample uniformity afforded in
the presence of high amounts of coagents improved significantly the notched Izod impact strengths,
which surpassed the impact strength of neat L-PP. It is also noted that the fracture behavior of the
samples modified with high amount of coagents changed from complete break (CB) in to hinged
break (HB).

Table 4.3 Notched Izod impact strength of various PPs (CB: complete break, HB: Hinge
break)

Formulation Notched lzod impact
strength (J3/m)
L-PP 25+ 5 (CB)
0.1 DCP 21+ 4 (CB)
0.1/15TAM 18 +1 (CB)
0.1/1.5 TMPTMA 19+ 3(CB)
0.3/6 TAM 28 +1 (HB)
0.3/6 TMPTMA 31+ 1 (HB)

These coagent modified PLAs are expected to have significant differences in cell size during
foaming process owing to differences in crystallization rates and viscosities. This is dealt in

Appendix A.
4.4, Conclusions

Reactive extrusion of linear isotactic polypropylene in the melt state in the presence of peroxide
and coagents produced materials that had lower viscosity and molar mass, narrower molar mass
distribution and chain branching, depending on the type and amount of coagent. Additionally CM-
PPs had higher crystallization temperatures and a finer spherulitic structure, consistent to the

properties commonly seen in nucleated PP. The altered crystallization kinetics of these materials
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resulted in the disappearance of the distinctive core-skin layer in injection molded specimens, and
consequently in a significant enhancement in their mechanical properties.

The production of controlled rheology and nucleated PP is generally a two-step process, which
involves a first reactive extrusion step to obtain controlled rheology PP and a second compounding
step where nucleating agents are added, to enhance the crystallization kinetics and alter the
crystalline structure. In addition to being more costly and energy intensive, this procedure often
results in a significant deterioration of the mechanical properties of the material. The solution
proposed in this work is a one-pot approach to produce controlled rheology and/or branched
nucleated polypropylene formulations with mechanical properties that match closely those of
polypropylenes of much higher molecular weight. This research implements therefore a practical
and industrially relevant reactive processing technique to upgrade the properties of an important
commodity thermoplastic and thus make it more applicable in common processing techniques such
as injection molding, which require fine-tuned rheological and thermal properties. As shown in
Appendix A, the cell size of coagent modified PPs were observed to be significantly lower than
linear counterparts owing to the differences in crystallization kinetics and viscosities.

In the next chapter of this thesis, the process of peroxide mediated reactive extrusion is applied
to a biopolymer: poly(lactide), PLA.
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Chapter 5

Rheological Characterization of Long-Chain Branched Poly(lactide)
prepared by reactive extrusion in the presence of allylic and acrylic

coagents

5.1 Introduction

Thermoplastic polyesters, such as poly(ethylene terephthalate) (PET), and more recently
polylactide or polylactic acid (PLA) are widely used in the packaging industry and other
commodity applications, due to their suitable mechanical and barrier properties, and transparency.
PLA has additional advantages, being bio-derived and biodegradable/compostable under certain
conditions. Polyesters lack strain hardening, because of their linear structure. This limits their
applicability in processes that require extensional flows, such as film casting and blowing, foaming
and blow molding. Polyesters are also prone to thermal/hydrolytic degradation, which makes their
processing more challenging. These deficiencies are commonly addressed by reactive processing,
which aims at modifying the polymer architecture by introducing chain extension and/or branching,
thus limiting the loss in molecular weight and improving the strain hardening behavior.

Polyesters, such as PET, poly(butylene terephthalate) (PBT), and PLA are commonly modified
using multifunctional chain extenders, that react with the end groups and create branched structures.
Pyromellitic dianhydride (PMDA), epoxy-based tetraglycidyl diamino diphenyl methane
(TGDDM), and multi-functional styrene-acrylic oligomers are commonly used chain extenders for
PET and PBT . In addition to PMDA, PLA has been modified using polyisocyanates 82 which
have been essentially abandoned in favour of the less toxic multifunctional epoxy-based chain
extenders $3-1°. Free radical-mediated reactive extrusion in the presence of peroxides has been
employed extensively to achieve branching of PLA 225, Addition of multifunctional coagents,
such as (PETA), triallyl isocyanurate (TAIC), and triallyl trimesate (TAM) further facilitates the
formation of branches 262,

Branched structures can be characterized using rheological means, especially measurements in
the linear viscoelastic (LVE) regime, as well as in the non-linear regime, using shear and
elongational flow experiments, which are very sensitive to shear thinning and strain hardening
effects respectively. The rheological properties of branched polymer melts are correlated with their

molecular properties, such as molar mass and molar mass distributions, radius of gyration, intrinsic
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viscosity that can be characterized through triple detection (light scattering, concentration,
viscosity) size-exclusion chromatography (SEC) measurements. These evaluations are very
sensitive to the presence of branching, which is manifested through broadening of the molar mass

distribution, appearance of high molar mass tails, deviations in the Mark-Houwink plots, etc. 2223
32

Careful studies of the relation between rheological properties and chain structure of PLA have
been conducted by various researchers 219263341 A variety of LVE responses have been reported,
depending upon the type of PLA branched structure (star, comb, hyperbranched etc.). Branching
by functional end groups, such as styrene-glycidyl acrylate oligomer (Joncryl®) allows for the
formation well-controlled comb-like chain structures **. On the other hand given the random
character of free-radical mediated reactions, allowing for each chain to be branched at multiple
locations, mixtures of structures, including linear, star, comb or tree-like molecules may be
obtained 264243, These materials have been modeled successfully by the branch on branch model %,
which employs the idea of hierarchical relaxation of branched structures, to model the LVE
properties of branched polymers 4%, You et al. described a branching mechanism involving
macroradicals originating from a PLA chain scission mechanism in the presence of peroxide and
pentaeythritol triacrylate (PETA) coagent %. Free-radical mediated branching by irradiation, in the
presence of trimethylolpropane triacrylate (TMPTA) coagent produces bimodal architectures,
consisting of mixtures long-chain branched macromolecular structures and some degraded material
38,39,46.

In the present work we compare the effect of the type (allylic versus acrylic) and amount of tri-
functional coagents on the LVE properties of PLA branched in the presence of dicumyl peroxide
Furthermore we use these results, together with detailed characterization of the molar mass
distributions using triple-detector gel permeation chromatography (GPC), to infer the branched
architecture of these coagent modified PLAS.

5.2. Experimental
5.2.1 Materials

PLA (grade 3251D, MFI 35 g/10 min at 190°C/2.16 kg) was obtained from Natureworks® LLC.
Triallyl trimesate (TAM, 98%) was obtained from Monomer Polymer and Dajac Labs Inc.,
Trevose, USA.). Trimethylolpropane triacrylate (TMPTA), trimethylolpropane trimethacrylate
(TMPTMA), pentaeythritol triacrylate (PETA) and dicumyl peroxide (DCP, 98% purity) were used

as received from Sigma-Aldrich, Oakville, Canada. The chemical structures of all the coagents used
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in this work are shown in Scheme 5.1. Methanol (HPLC grade), tetrahydrofuran (THF, HPLC
grade), and chloroform (HPLC grade) were also obtained from Sigma-Aldrich.

(a) (b) o (c) (d) o

o

Vo OM 31/ Z o
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Scheme 5.1: Chemical structure of coagents used in the present work: (a) TAM, (b) TMPTA,
(c) TMPTMA, and (d) PETA.

5.2.2 Reactive extrusion

To prepare reactively modified PLA formulations, PLA was ground into powder, mixed with
appropriate ratios of DCP and coagent then coated with an acetone solution to yield a batch size of
30 g. Samples were dried in a vacuum oven at 60 °C for 12 hours to remove residual solvent and
moisture. The formulations, containing between 0.1 — 3.0 wt.% coagent and 0.3 — 0.6 wt.% DCP
were charged to a DSM micro-compounder, equipped with twin-co-rotating screws, at 180 °C and
100 rpm for 6 minutes. After compounding, the strands were chopped into pellets for further
characterization. The sample designation used in this work was ‘a/b coagent’ where ‘a’ denotes the
concentration of DCP in wt.% and ‘b’ denotes concentration of coagent in wt.%. Neat PLA was

processed under the similar conditions outlined above, to provide a suitable basis for comparison.
5.2.3 Gel Permeation Chromatography (GPC)

GPC characterization was performed in a Viscotek 270max separation module equipped with
triple detectors as differential refractive index (DRI), viscosity (IV), and light scattering (low angle,
LALS and right angle, RALS). The separation module was maintained at 40 °C and contained two
porous PolyAnalytik columns in series with an exclusion molecular weight limit of 209,106 Da.
Distilled THF was used as the eluent at a flow rate of 1 mL min. The PLA samples (5 g) were
purified by dissolving in chloroform (20 ml) and precipitating with excess methanol. The purified
samples were further dissolved in THF for GPC characterization. The dissolved samples were
filtered through a 0.22 um nylon filter before passing though the column. The refractive index,
dn/dc was determined to be 0.0482 ml.gm™. The results from the triple detector train and Viscotek
Omnisec software were used to determine polymer molecular weight distribution (MWD) and

molecular weight (MW) averages. Gel content was measured by extracting samples in boiling THF
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and chloroform as solvents. Samples were sealed in 120 mesh stainless steel sieve and extracted
for 6 hours. The samples which were free of gels in THF were used for GPC measurements. Table
5.1 shows the data on all the gel-free samples on which GPC measurements could be performed.

Table 5.1: Molecular weight distributions and Cross model parameters for

PLA samples

Sample Muw b M: Mo A
Designation (kg.mol?) (kg.mol ) (Pas) (s)
PLA 83 1.7 130 370* -
0.1/0.1 TAM 84 25 240 570 0.003
0.1/0.3 TAM 102 2.9 300 1,530 0.025
0.2/0.2 TAM 110 4.0 540 1,800 0.04
0.2/0.3 TAM 120 3.6 1100 2,400 0.04
0.3/0.1TAM 94 34 400 2,200 0.02
0.3/0.2 TAM 130 34 1100 2,410 0.02
0.3/3 TMPTMA 94 1.7 230 520 0.003
0.3/3 TMPTA 100 2 400 2,500 0.06
0.3/3 PETA 90 25 250 1, 300 0.01

Mu- weight average molecular weight, B — dispersity, M,- Z-average molecular weight, n, — zero
shear viscosity, and A — relaxation time, *Denotes plateau values as the samples exhibited

Newtonian behaviour.

5.2.4 Rheological Characterization

Compression molded discs of 25 mm in diameter were prepared in a Carver hydraulic press at 180
°C and were used for rheological characterization. The linear viscoelastic (LVE) properties of the
prepared PLA samples as a function of angular frequency (@) were measured in the oscillatory
mode at 180, 200 and 220 °C using MCR-301 Anton Paar rheometer equipped with 25 mm diameter

parallel plates at a gap of 1 mm. Time sweeps performed at 180°C for 15 min. at frequency of 1 Hz

confirmed that all samples were thermally stable during the duration of the experiments.Stress
sweeps were performed to ensure that all the measurements were within linear viscoelastic regime.
The average of three measurements are reported throughout this work. The obtained data was fitted

to a modified Cross model.

Mo

—_— 1
1+ |[Aw|t" 1)

In"(w)| =
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where 7 is the shear viscosity, n, is the zero shear viscosity, A is the relaxation time, n is a constant
related to the shear thinning behaviour, and w is the frequency in rad.s™.

Time-temperature superposition was performed based on the unified framework proposed by
Mavridis and Shroff 47 to study the temperature dependence of rheological data and calculate
activation energies. Small amplitude oscillatory shear rheology (SAOS) data obtained at different
temperatures were shifted to the temperature of 180 °C. A horizontal shift was adequate for all

samples and resulted in the estimation of the horizontal activation energy of the flow (En).

E 1 1
ar (T) = exp [ (7 - )] )
where T, is reference temperature, T is temperature, a; (T) is horizontal shift factor, and R is

universal gas constant.

5.3. Results and discussion
5.3.1 Thermorheological behaviour through LVE characterization

The thermorheological behaviour of polymer melts has emerged as a powerful tool to gain
insight into the molecular structure of polymers “¢. While linear and short-chain branched molecules
are thermorheologically simple, branched polymers, such as metallocene/single-site catalyzed
linear low density polyethylenes (LLDPE) containing long side branches, may exhibit
thermorheological complexity “°. However the highly branched long-chain branched low-density
polyethylenes (LDPEs) showed thermorheological simplicity “¢, because every molecule in the
tree-like LDPEs is long-chain branched, and consequently there is no distribution of relaxation
strengths. Cailloux et al. and Kruse et al. also saw thermorheological simplicity in branched PLA
and polyester samples respectively, depending upon the type and degree of modification 2,

The well-known vanGurp-Palmen plots 5! plot the phase angle versus the complex modulus at
different temperatures to detect whether a polymer melt follows thermorheologically simple or
complex behaviour. The plots of samples that are thermorheologically simple have similar shape,
irrespective of the temperature, resulting in the curves coinciding. Such is the case for the PLA
formulations modified by various coagents as shown in Figure 5.1.

In addition to its usefulness to establish thermorheological behaviour, the vanGurp plot is very
sensitive to the dispersity, and the type of branched architecture. Different shapes have been
reported, for linear, star, comb, and hyperbranched polymers %2, Qur linear, unmodified PLA
showed terminal flow behaviour, indicative of its linear structure. (Figure 5.1). On the other hand,
even though the modified samples shown in Figure 5.1 were thermorheologically simple, they
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deviated substantially from terminal flow, suggesting the presence of branched architectures. Such
deviations have been reported extensively in low density polyethylene (LDPE) “, LCB PP ** and
LCB PLA ¥,

100
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80 ¢ ® PLA 200°C
e : X PLA 220°C
= 70
I i ©0.3/3 TMPTA 180°C
= 60
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8 50 =0.3/3 TMPTA 220°C
[~ L
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40 4
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30 ¢ W 0.3/0.2 TAM 220°C
20 t t t t
10" 102 10? 10t 10° 108

Complex modulus, 1G*| (Pa)

Figure 5.1: Van Gurp-Palmen plot of thermorheologically simple samples

Activation energies for all the thermorheologically simple formulations were calculated by
applying the Arrhenius relation, which relates the horizontal shift factor, ar with temperature
(equation 2) and are summarized in Figure 5.2. Formulations reacted with DCP and TAM exhibited
the largest values of the activation energy, which was as high as 112 kJ/mol in the formulations
reacted with the highest amount of DCP and TAM (formulation 0.3/0.2 TAM) (Figure 5.2a). In
thermorheologically simple samples the increases in the activation energies provide strong
evidence of branching, as long branches are known to affect strongly the flow energy. This has
been demonstrated in the case of polyolefins, such as short-chain and long-chain branched
polyethylene 14853 and polypropylene 22304854 as well as thermoplastic polyesters, such as PET
and PLA 12131° Cailloux et al. reported energy of about 120 kJ.mol™* for star-shaped PLA *°.

Significantly larger amounts of the acrylate-based TMPTA coagent were needed to produce the
same effect at similar DCP loadings (Figure 5.2b), whereas PETA produced only modest increases
in the activation energy, and TMPTMA was totally ineffective. These results suggest that acrylate

coagents are much less efficient in introducing branching.
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Figure 5.2: Activation energy of flow for a) TAM coagent at various DCP and TAM contents,
(b) comparison of coagents at 0.3 wt.% DCP.

It must be noted that increasing the TAM amount beyond 0.3 resulted in thermorheologically
complex melts, with the appearance of additional relaxation modes (Figure 5.3). This suggests
that increasing the amount of the trifunctional coagent resulted in more complex branched
structures, manifested by the appearance of additional relaxation modes as the samples approach
the gel point. Fang et al %, also reported thermorheological complexity in gamma-ray irradiated
PLA in the presence of TMPTA coagent.
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Figure 5.3: Van Gurp-Palmen plot of a thermorheologically complex sample
(0.3/0.5 TAM)
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5.3.2. SAOS characterization

Depending upon the coagent type and amount, branched architectures have a profound effect
on the complex viscosity of the coagent modified system, as shown by the master curves in Figure
5.4. The modified samples exhibited increases in zero shear viscosity and enhanced shear thinning
depending upon the concentration of peroxide and coagent, compared to the starting PLA, which
showed essentially Newtonian behaviour. It must be noted that reaction of PLA with DCP alone
did not produce measurable differences compared to neat PLA, and therefore the results are not

shown here.
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Figure 5.4: Complex viscosity as a function of angular frequency for various TAM
formulations, at a reference temperature of 180°C; solid lines represent respective Cross
model fits, solid lines represent experimental data for neat PLA as samples exhibited

Newtonian behavior

As mentioned in section 5.3.1 above, increasing the amount of TAM beyond 0.3 wt.% resulted
in loss of thermorheological simplicity. In this case it was impossible to construct master curves.
The SAOS frequency sweeps obtained at 180°C are shown in Figure 5.5a, and the corresponding

VanGurp plots are shown in Figure 5.5b.
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Figure 5.5: (a) Complex viscosity as a function of angular frequency and (b) VanGurp-

Palmen plots of thermorheologically complex samples at 180°C.

These samples demonstrated a gradual loss of the Newtonian plateau, whereas the 0.3/1 TAM
formulation approached the gel point, based on the phase degree values. It must be noted that these
samples appeared gel-free in chloroform, but did have gels in THF, thus inhibiting further GPC
characterization.

Plots of complex viscosity with respect to angular frequency for various coagents reveal further
interesting insights (Figure 5.6). At similar concentration of DCP (0.3 wt.%), and coagent loading,
TMPTA influenced the oscillatory response most, followed by PETA, whereas TMPTMA had
negligible effect. Comparison with a composition containing 0.3 wt.% DCP and only 0.1 wt.%
TAM, demonstrates the overwhelming effectiveness of the allylic-based TAM, compared to the
acrylate coagents. These findings are consistent with the activation energy results, presented in
Section 5.3.1.
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Figure 5.6: Complex viscosity with respect to angular frequency for allylic and acrylic
coagents reacted with 0.3 wt % DCP. Solid lines represent corresponding Cross model fits.

To facilitate comparisons, Figures 5.7 (a) and (b) summarize the zero shear viscosities (Table
5.1), and Figures 5.7(c) and (d) the relaxation times (Table 5.1), obtained by fitting the Cross
model (Equation 1) to the master curves shown in Figure 5.4 and 5.6. For the neat PLA and 0.3/1
TAM, the viscosity cannot be described by the Cross model therefore the viscosity at the lowest
measured frequency is shown.

While the zero shear viscosities should be influenced by both the increase in the molar mass and
branching, the relaxation times provide an indication of the degree of shear thinning, attributed to
changes in the polydispersity and/or the presence or branching. The increase of the relaxation time
by orders of magnitude in the modified samples confirms the presence of branching. These figures
show clearly the effectiveness of TAM compared to the other coagents, and the profound effects

of increasing the amount of DCP and TAM coagent on both parameters.
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eye.
5.3.3 Molar Mass Distributions

The LVE properties presented above are influenced by the molecular architecture of the
polymers. Even though SEC characterization is not always fully capable of characterizing branched
structures in polymer melts, it can still provide instructive insights. The SEC results showed that
the neat linear PLA had M,, of 83 kg.mol* (Figure 5.8a, Table 5.1) and followed a linear relation
between radius of gyration and M,, calculated through light scattering (Mcs), which follows a
scaling law shown in equation (3) % (Figure 5.8b).

(R2)0S = KMfs 3
The value of a was found to be 0.58 from Figure 5.8b, in good agreement with the theoretical value

38
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Figure 5.8: (a) Light scattering response of PLAs reacted with various amounts of TAM
coagent plotted against retention volume; the secondary abscissa shows molecular weight
calculated from universal calibration corresponding to retention volume on primary abscissa
and (b) Radius of gyration as a function of molecular weight. PLA/0.3 DCP follows the same
trend as PLA, formulations 0.2/0.3 TAM, 0.3/0.1 TAM, and 0.3/0.2 TAM follow the same
trend as 0.2/0.2 TAM and hence are not shown here.

In Figure 5.8a we present the unprocessed results obtained from light scattering results, as they
are more sensitive to the presence of branched structures 6. Modification of the PLA with peroxide
alone did not result in significant changes in chain architecture (see PLA/0.3DCP in Figure 5.8a).
This is in contrast with reports by Fang et al ®, who used irradiation to generate free-radicals and
reported the presence of degraded structures, attributed to chain scission.

Reaction in the presence of both peroxide and TAM resulted in increased molecular weight
when compared to neat PLA. The light scattering curve of all samples modified by TAM and
peroxide showed shifts toward higher molecular weight regions with a minor peak appearing at
retention time of 14 min (shown by a vertical line in Figure 5.8a) which is reflected in the higher
z-average molecular weight (M) values and broadening of distribution peak when compared to
neat PLA (Table 5.1). These results suggest that high molecular weight fractions were produced in
the presence of TAM and peroxide, and that there is no evidence of degradation.

The pronounced deviations of the radius of gyration of the branched polymers from the radius
of gyration of the linear counterparts can be expressed by using a coil contraction factor g which

relates the mean square radius of linear polymer, (R;lin), to that of branched polymer, (Rgz,br), of

equal molar mass 2%
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glin

The deviation from the linear reference toward lower values suggests contraction of the coiling
chains, as expected in the case of branched polymers. The slopes of the linear portion for the
branched PLA samples (a in equation 3) varied between 0.4-0.44. The deviation from the slope of
0.58 corresponding to linear PLA provides solid evidence of branching.

Comparison of the light scattering response of samples modified by the three acrylic (TMPTA,
TMPTMA, and PETA) coagents showed that they did not produce shifts of similar degree as the
TAM coagent (Figure 5.9). Interestingly however, a very pronounced peak appears at very short
elution times in unpurified samples (Figure 5.9a). This peak, which appears at short elution times
and was absent in the purified samples, corresponds to the presence of very high molar mass
material (Figure 5.9b). It is well known that acrylic coagents, which are very reactive, oligomerize
in the presence of peroxide °’; in doing so they would create cross-linked structures, which further
elute at short times without grafting onto the PLA chain. Even though we have alluded to this before
in the previous chapters of this thesis, this is the first time that evidence of these structures has been
demonstrated using GPC. This may explain the apparent lack of efficiency of these coagents in
generating branches, when contrasted with TAM. This mechanism would be absent in the case of

irradiated PLA, thus explaining that TMPTA coagent was more efficient in the work by Fang et al
38
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Figure 5.9: (a) Light scattering response of PLAs reacted by various coagents before
purification plotted against retention volume; the secondary abscissa shows molecular weight
calculated from universal calibration corresponding to retention volume on primary abscissa,
and (b) Light scattering response of PLAs reacted by various coagents after purification (c)
Radius of gyration as a function of molecular weight.

Figures 5.10 (a)-(d) and Table 5.1 serve to present a comparison between the molar mass
measurements obtained for the various coagents, at different coagent loadings. Even though the My,
increased only modestly upon modification with coagents, there is a very pronounced effect in the
M., suggesting that the branching effects are represented by this quantity. These figures
demonstrate once more that TAM is much more effective compared to the acrylate coagents, which
have more modest effects, and that Mz is particularly affected by the coagent amount. It becomes
apparent here that, consistently with previous findings the TMPTA coagent was more effective
compared to the rest of the acrylate ones, whereas TMPTMA and PETA did not alter the PLA
structure substantially. The ineffectiveness of TMPTMA in engaging in branching reactions has

been demonstrated previously in PP due to stearic hindrance of methyl group 5”8
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Figure 5.10: (a) My, as a function of DCP and TAM content (b) M, as a function of DCP and
TAM content (c) My as a function coagent type and amount (d) M, as a function coagent type

and amount.

5.3.4 Branched PLA Structure

The structure of PLA branched through free-radical means, in the presence of coagents has been
studied previously 26383, The presence of mixtures of linear and long-chain branched
macromolecular structures have been speculated in PLA irradiated by electron beam and gamma
ray radiation **°. In these reports, there is also evidence of chain scission, which generates a
distribution of branch lengths. In fact comb-like structures were also reported in the presence of
PETA coagent %, stemming from the presence of macroradicals generated through chain scission.

However, in the present case, we saw no evidence of chain scission. Therefore, given the most
likely mechanism for free-radical reaction suggested by Nerkar et al. *°, a plausible chain structure
would consist of mixtures of linear PLA chains that are unreacted, and LCB structures that are

generated through combination of the tri-functional coagent with the PLA macroradicals. This type
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of branched structure would be very prone to network formation through cross-linking as the
amount of the trifunctional coagents increases further. This conceptual branched structure is
supported by the LVE characterization, and specifically the activation energy measurements, which
follow the behaviour that is expected for uniformly long-chain branched melts. The presence of
LCB is also supported by the enhanced shear thinning behaviour seen in coagent modified samples
(Figure 5.6), and the pronounced deviations seen in the plots of radius of gyration versus molar
mass (Figure 5.8b and 5.9b).

Even though not strictly applicable for the types of complex structures generated through free-
radical reactions, the Zimm-Stockmeyer equation has been used extensively as a means to compare
the amount of branching between different samples in PP €6 and PLA *°. According to the model
the contraction factor, g (equation 5) can be used to calculate branch points per molecule, m. For a

trifunctional randomly branched polymer, g can be related to m by equation 5 as %:

m\%°>  am 05
g=[(1+3)" +57] ©)
These evaluations applied to the GPC data obtained for the purified samples are shown in Figure

5.11, and show clearly that increasing the amount of TAM in the formulations resulted in more

branching, and that among the acrylate coagents, TMPTA was the most effective
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Figure 5.11: Branch points per molecule (m) plotted against weight average molecular weight

for (a) Allylic coagent, (b) Acrylate coagents.

Whereas SEC characterization by itself cannot provide evidence of the type of branching, the
combination of the zero shear viscosity measurements with the SEC results, in the form of a plot
of zero shear viscosity versus My, provides useful insight (Figure 5.12). In this plot the dependence

of n, on M,, is well-established for linear PLA as °2:
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Mo = K. My, (6)
where 1, is zero shear viscosity, M,, is weight average molecular weight of linear PLA, and logkK
=-14.2 while a=3.4 for PLA.
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Figure 5.12: Zero shear viscosity, obtained from oscillatory measurements with
respect to weight average molecular weight, obtained from light scattering
measurements for (a) PLAs modified with TAM, (b) PLAs modified with other

coagents.

PLA formulations reacted with DCP and TAM (Figure 5.12(a)) showed positive deviation from
the power-law dependence. Positive deviations are usually ascribed to a high degree of

entanglements in the presence of LCB, 1333860
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It is interesting to note that samples modified with the acrylate coagents PETA, TMPTA showed
deviations as well, whereas TMPTMA did not deviate from the linear fit (Figure 5.12(b)). This
corroborates that the TMPTMA was able to introducing LCB. This may be attributed to the low
grafting efficiencies, owing to the oligomerization side-reaction, which results in the formation of
a separate phase % eluting as high molar mass material (Figure 5.9a), as explained earlier

In spite of the moderate effects seen in these charts, it is worth noting that the zero shear
viscosity had a very pronounced dependence on M;, following a power-law trend, up to an M; of
about 108, before leveling off (Figure 5.13a). This suggests that the branching is mostly reflected
in the high molecular weight tail and influences profoundly the LVE properties. Similar is the case
for relaxation time calculated from the Cross model which shows a strong dependence on M;
(Figure 5.13b).
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Figure 5.13: (a) Zero shear viscosity as a function of M, (b) Relaxation time as a function of

M.. The solid line in (a) represents a power-law trendline
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5.4. Conclusions

This chapter has compared the effect of the type (allylic versus acrylic) and amount of tri-
functional coagents on the LVE properties of PLA branched in the presence of dicumyl peroxide.
Based on detailed rheological and size exclusion chromatography measurements, differences
between the activity of allylic and acrylic coagent in introducing long chain branching (LCB) was
evident. PLA modified with allylic coagent (TAM) in the presence of peroxide exhibited higher
zero shear viscosity, more pronounced shear thinning, and higher activation energy of flow when
compared to neat PLA. In PLA modified with TAM, the broadening of molecular weight
distribution peak and deviation from linearity in the radius of gyration versus molecular weight
graph as well as deviation from power-law dependence of zero shear viscosity versus molecular
weight suggested formation of LCB architecture in the high molecular weight fractions. The three
acrylate coagents studied (TMPTA, TMPTMA, and PETA) generated more moderate effects, when
compared to TAM, suggesting relatively poor grafting efficiency.

In the next chapter of this thesis, the most efficient coagent TAM is further studied for its ability
to influence the thermal and sold-state properties of branched PLA.
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Chapter 6

Tuning the rheological, thermal and solid-state properties of branched

PLA by free-radical-mediated reactive extrusion

6.1 Introduction

Poly(lactide), or poly (lactic acid) (PLA) is a biobased and biodegradable aliphatic polyester. In
spite of its potential to replace petroleum derived polyesters in commodity applications, its slow
crystallization kinetics and low melt strength limit its application in common polymer processing
methods, such as injection molding, blow molding, film processing, foaming, etc. *2.

The crystallization kinetics of PLA can be improved by adding nucleating agents such as

inorganic fillers, nano-particles, organic nucleants, PLA stereocomplex, etc °. To address the lack
of melt strength, chain extenders, such as polycarbodiimide, tris (nonylphenyl) phosphite,
pyromellitic dianhydride (PMDA), triglycidyl isocyanurate (TGIC) and epoxy-functionalized
oligomeric acrylic copolymer (trade name Joncryl® from BASF) have been used to introduce
branching, and counteract the degradation of PLA 1025,
Various structures like star, pom-pom, comb, tree, or highly dense networks have been reported in
the resulting products 2%, PLA can be also be branched or crosslinked through free-radical
processing, initiated by organic peroxides 222 or irradiation 222, in the presence multifunctional
coagents, such as pentaertythritol triacrylate (PETA), trimethylolproprane triacrylate (TMPTA),
and triallyl isocyanurate (TAIC) 2324.26-29,

In comparison to the commonly used acrylate-based coagents an allylic coagent, triallyl
trimesate (TAM) has emerged as a particularly potent coagent, at relatively low concentrations, as
demonstrated in Chapter 5.

*A version of this chapter has been accepted for publication: Praphulla Tiwary, Marianna
Kontopoulou, ACS Sustainable Chemistry & Engineering 2017 (DOI:
10.1021/acssuschemeng.7b03617)
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A recent communication by our group *° has shown that in addition to substantial improvements
in the elasticity and strain hardening characteristics of PLA, grafting with TAM resulted in faster
crystallization rates, both under isothermal and non-isothermal conditions. Similar improvements
have been reported in TAM-modified polypropylene (PP) in the previous chapters of this thesis
(Chapters 2-4). The potential of using low amounts of peroxide and coagents in these
modifications is very attractive, given the desire to keep additives at a minimum level to maintain
the designation of a fully bio derived polymer

Given that the macroscopic mechanical properties of polymers are intimately related to their
molar mass distribution, chain branching, and crystalline structure, it is expected that the
modifications reported earlier will affect profoundly the properties of these coagent-modified
formulations. In this chapter we examine in detail the evolution of molecular weight,
thermorheological, and mechanical properties of PLA, prepared by reactive extrusion using various
amounts of peroxide and TAM coagent, and we present short-term data for their hydrolytic
degradation profile. An additional contribution of this chapter is that a more industrially-applicable
reactive extrusion process is adopted.

6.2 Materials and Methods
6.2.1 Materials

PLA 3251D, MFI80g.10 min* at 210°C/2.16 kg, injection moulding grade, designated as PLA1
and PLA 2500 HP, MFI 8 g.10 min' at 210°C/2.16 kg, extrusion grade, designated as PLA2 were
obtained from NatureWorks®. Triallyl trimesate (TAM, 98% purity, Monomer-Polymer and Dajac
labs.), dicumyl peroxide (DCP, 98% purity), tetrahydrofuran (THF, HPLC grade), chloroform
(HPLC grade), and acetone were used as received. The solvents and peroxide were obtained from

Sigma-Aldrich Canada. All the chemicals and the polymers were used as received.
6.2.2 Reactive Extrusion

Reactive extrusion was conducted using a twin screw co-rotating extruder (Coperion ZSK 18
ML) equipped with a strand die, water cooling bath, and pelletizer, using the low shear screw design
shown in Fig. 6.1. A masterbatch was prepared by coating ground PLA powder with an acetone
solution containing DCP and coagent and allowing the solvent to evaporate. This masterbatch was
mixed with dried neat PLAL in appropriate ratios to yield the desired concentration of DCP and

coagent (Table 6.1) in the system. The sample designation is PLA/a/b where ‘a’ denotes
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concentration of DCP in weight percentage and ‘b’ denotes concentration of TAM in weight
percentage (Table 6.1). The temperature profile was 170/190/190/190/190/190/190 °C (hopper to
die). The extrusion was performed at a feeder speed of 30 min™ with screw speed of 120 min*
(corresponding to an average throughput of 1.5 kg.hr?) and average residence time of 2 min 30 s,
(the half-life time of DCP is t12= 0.3-0.8 min at 190°C %) to allow for the complete reaction of

PLAL. The neat PLAS, were processed in similar fashion.

Feeding zone Conveying and reaction | Kneading and mixing zones Compression Final conveying
zone zone

AN K MAMA
I
vy

Figure 6.1 Screw design used in the reactive extrusion.

6.2.3 Spectroscopic characterization

To confirm grafting of TAM, a UV-Vis Agilent Cary 100 spectrophotometer equipped with
Agilent Cary WinUV software was used. The scans were performed from 800 to 200 nm at the rate
of 600 nm.min. The PLA samples (5 g) were purified by dissolving in chloroform (20 ml) and
precipitating with excess methanol. The purified samples were further dissolved in chloroform at a
concentration of 20 mg.ml* and transferred to quartz cuvettes. Baseline scans with only chloroform
were performed. Different concentrations of pure TAM in chloroform were used to obtain a
calibration curve relating to the peak height at 241 nm, which corresponds to the aromatic ring
present in the TAM molecule. The quantitative information of the percentage grafting was obtained
for all formulations by using the calibration curve, and is shown in Table 6.1.

Representative spectra for PLA 0.3/0.1, (Fig. 6.2) show a distinct peak corresponding to the
aromatic ring, confirming that TAM is grafted on PLA. The amount of graft thus estimated for all
the formulations reacted with DCP and TAM ranged between 0.1-0.3 wt.% of the amount of TAM

originally added, suggesting that the grafting efficiency was very low.
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Figure 6.2 UV-Vis spectra of neat TAM, PLA1, and PLA1/0.3/0.1. Inset shows the chemical
structure of TAM. Curves have been shifted by arbitrary factor.

6.2.4 Gel Content Analysis and Gel Permeation Chromatography (GPC)

Gel content analysis was conducted by extraction within boiling THF from a 120 mesh stainless
steel sieve for 6 h, according to ASTM D 2765. The samples were dried overnight in a vacuum
oven at 60° C to remove the residual solvent. The residual polymer was dried to constant weight,
with gel contents reported as a weight percentage of unextracted material.

GPC characterization was performed in a Viscotek 270max separation module equipped with
triple detectors as differential refractive index (DRI), viscosity (IV), and light scattering (low angle,
LALS and right angle, RALS). The separation module was maintained at 40 °C and contained two
porous PolyAnalytik columns in series with an exclusion molecular weight limit of 209,106 Da.
Distilled tetrahydrofuran (THF) was used as the eluent at a flow rate of 1 mL.min. The results
from the triple detector train and Viscotek Omnisec software were used to determine polymer molar

mass distributions using the value of the refractive index (dn/dc) as 0.0478 ml.mg™.
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6.2.5 Rheological characterization

A 25mm parallel plate fixture hosted on a MCR-301 Anton Paar rheometer was used in the
oscillatory mode with a gap of 1.2 mm to measure linear viscoelastic properties at 180°C under
nitrogen atmosphere. Stress sweeps were performed to ensure that all the measurements were
within linear viscoelastic regime.

The complex viscosity data were fitted to the Cross model given by equation (3) to estimate the
zero shear viscosities.

In*(w)| = W 1)
where n* is the complex viscosity, n, is the zero shear viscosity, A is the relaxation time, n is the
constant related to shear thinning behavior, and w is the frequency in rad.s™.

Equation (4) was used to describe the rheology of formulations that followed a power-law
dependence:

In"(w)] = Ko™ )
where n* is the complex viscosity, K is consistency index, n is the constant related to shear thinning
behavior, and w is the frequency in rad.s™.

Samples were characterized in a uniaxial testing platform from Xpansion instruments hosted on
a MCR-301 Anton Paar rheometer 2. The measurements were conducted at 180°C at an extension
rate of 0.1, 1, and 10 s*. The linear viscoelastic (LVE) oscillatory measurements obtained at 180
°C were used to calculate the LVE stress growth curve, n*, and to check the consistency of the
extensional measurements. For a more quantitative estimation of the strain hardening phenomena,
the strain hardening coefficient, S, was calculated according to

_ nE(té0)
5= 3 (t) ©)

The curve corresponding to 3n* represents the LVE envelope in uniaxial extension, according to

Trouton’s law.

6.2.6 Injection Molding

Injection molding was done using a Nissei ES 200 ELJECT injection molder with a fixed mold
temperature of 25°C and mold cooling time of 30 s. The injection pressure was set to 1000 psi with
injection speed of 30 mm.min*. The injection molding temperature was kept constant at 190°C,

from hopper to nozzle. Minor adjustments in injection pressure were done to achieve complete

filling of the mold.
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6.2.7 Mechanical Properties and heat deflection temperature (HDT) testing

Tensile tests were performed in an Instron 3369 universal testing machine equipped with a 50
N load cell. Tensile tests were done on injection molded samples according to ASTM D 638 (type
IV sample, cross head speed of 5 mm.min). An impact tester from Satec System Inc. equipped
with a 7 Ibs. hammer was used to perform unnotched Izod impact tests of injection molded
specimens according to ASTM D 256. Flexural tests were performed on compression molded
specimens according to 1SO 178 (cross head speed of 2 mm.min). All the mechanical tests were
performed after 48 hours of injection molding.
For heat deflection temperature (HDT) measurements, specimens (127 mm x 13 mm x 3 mm) were
prepared by compression molding using a Carver press under 5000 N force, at 200 °C with a
residence time of 3 min. Specimens were lowered in a silicon oil bath and the temperature was

increased from 23°C at a heating rate of 120°C/h until 0.25 mm deflection occurred under a load

of 1.82 MPa, in accordance with ASTM D648. At least three specimens were tested and the average

value was reported.
6.2.8 Hot stage Microscopy

A Linkam CSS450 hot stage setup mounted on Olympus BX51 optical microscope was used to
observe the growth of crystals under crossed polarizers. Thin films were heated to 200°C at a rate
of 30°C/min and held for 10 min to eliminate their thermal history. The melt was then cooled to
155°C at 30°C/min and the temperature was kept constant for 1 hr. The crystallization process was
recorded through Sony ExwaveHAD 3 CCD digital recorder.

6.2.9 Differential scanning calorimetry (DSC)

Differential scanning calorimetry was conducted using a DSC Q1000 by TA instruments.
Thermal cycles were performed between -30 to 210°C at heating and cooling rates of 5°C.min.
After the first heating scan, the samples were held isothermally at 210°C for 3 min before cooling
at 5°C.min! to -30°C, to determine the peak crystallization temperatures according to ASTM D
3418. The heats of fusion and melting temperatures were determined from the melting endotherm
that were obtained from the first and second heating scans. The percent crystallinity of the polymer,
X, was estimated using Equation 4.

_ AHp—AH,,

X
¢ AHqg9

x 100 (4)
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where AH,, is the apparent fusion enthalpy, AH,. stands for all cold crystallization transitions
recorded during the heating scan, and AH, ( is the theoretical fusion enthalpy of a 100% crystalline

polymer, which is 93 J.g* for PLA %,

6.2.10 Hydrolytic Degradation

Short-term hydrolytic degradation tests were conducted on compression molded discs (25 mm
diameter, 1.5 mm thickness), immersed in distilled water, which was maintained at a constant
temperature of 60°C. The total duration of the experiment was 5 days (120 hours), with sampling
intervals of 12 hours. Discs were dried in a vacuum oven at 60°C for 12 hours to remove residual
moisture. The degradation medium was also archived and replaced with fresh distilled water upon
each extraction.

Samples were prepared for GPC by dissolving a 25 mg PLA disc cross-section in 10 ml of THF,
yielding a solution of 2.5 mg.ml* concentration which presented good detector response. The
details of GPC characterization are mentioned above.

6.3. Results

6.3.1 Effect of reactive modification on molecular weight and linear viscoelastic properties

The starting material, PLAL was a linear PLA with weight average molar mass (Mw) of 83 kg.
mol* and dispersity of 1.7 (Table 6.1) and (Fig. 6.3a). This material was modified using various
amounts of peroxide and coagent, to produce branched or cross-linked derivatives having higher
molar mass. PLAZ2 is a linear polymer having higher molar mass than PLAL (Table 6.1), which
serves as a suitable comparison to the modified PLAL. The molar mass distributions, light
scattering detector responses and Mark-Houwink (M-H) plots of these formulations are
summarized in Fig. 6.3 (a) to (c) respectively.

The differences in molar mass are reflected in the rheological behavior of these materials; PLA2
exhibited higher complex viscosities than PLA1 throughout the measured frequency range (Fig.
6.4a). Both linear PLAS had a pronounced Newtonian plateau, with minimal shear thinning, and a
slope of 2 in the terminal region of the storage modulus vs. frequency plot, which is typical of a

linear polymer behavior (Figs. 6.4a and b).
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Table 6.1 Molecular weight and rheological properties

Sample My b M, o A n
Designation (kg.mol?) (kg.mol)  (Pa.s) (s)
PLA1 83 1.7 129 400* - -
PLA2 126 1.6 189 2,410 2x10°® 0.4
PLA1/0.3/0 119 2.2 267 700 1x107 0.5
PLA1/0/0.3 82 1.7 124 360" - -
PLA1/0.1/0.1 117 2.8 480 1,070 3x10°3 0.4
PLA1/0.3/0.1 150 4.3 127 3,100 0.15 0.6
PLA1/0.1/0.3 170 3.9 1000 12,000 3 0.6
PLA1/0.3/0.3* Power law fit: K =20,000 Pa.s"
, N=0.476

M. — Weight average molecular weight, M,- Z-average molecular weight, B — Dispersity, o — Zero
shear viscosity, A - relaxation time, n — constant related to shear thinning behavior, *Denotes
plateau values as the samples were Newtonian in nature, *GPC measurements could not be
performed because of the presence of gels in the formulation.

The zero-shear viscosities of PLAL and PLA2 followed a linear trend with respect to My (Fig.
6.5) further confirming the linear structure of the chains . Processing in the presence of peroxide
only (sample PLA1/0.3/0) increased the molar mass and resulted in slightly broadened molar mass
distribution when compared to neat PLA1 (Fig. 6.3b). Reaction of PLA with peroxide generates
macroradicals 2%, which may terminate by recombination resulting in branching. Since free-
radical reactions occur randomly along the polymer backbone, a branch-on-branch structure has
been suggested for these formulations 2. However in the present case, the amount of peroxide is
low, resulting in negligible amount of branching, when analyzing the M-H plot. These samples
exhibited marginal increase in viscosity, attributed to the higher molar mass, and minor deviation
from terminal flow (Fig. 6.4a and b), which is most likely attributed to the slight increase in

dispersity, due to macroradical recombination.
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Figure 6.5 Zero shear viscosity obtained through Cross model plotted against weight
average molecular weight obtained through light scattering. PLA1 and PLAZ2 followed the
linear fit between Mw and 10 with value of log k=-14.2 and a= 3.4

On the contrary reaction with peroxide and coagent altered the molar mass distributions and the
rheological response substantially. In addition to the increase in M, and My, the formation of high
molar mass fractions is evident by the increase in the M; value (Fig. 6.3a and b, Table 6.1). Close
inspection of the light scattering detector responses (Fig. 6.3b), shows broadening in the curves
corresponding to the coagent-modified formulations (PLA1/0.1/0.1, PLA1/0.3/0.1) and eventually
bimodality when the TAM content increases to 0.3 wt% (PLAZL/0.1/0.3), revealing the presence of
structures having high molar mass. The corresponding MH plots (Fig. 6.3c) deviate from the linear
fit beyond My=10° g.mol* suggesting that the intrinsic viscosity decreased in the high molar mass
region, consistent with the formation of branched structures 23363,

The coagent-modified formulations exhibited significant increases in the zero shear viscosity,
enhanced shear thinning, and deviation from terminal flow, when compared to the starting PLA1
(Figure 6.4a, b). The deviation from the terminal angle of 90° in the VVan Gurp-Palmen plot (Fig.
6.4c) is indicative of branching. It is interesting to note that both the increases in molar mass and
in the viscosity were much more pronounced in formulations prepared in the twin-screw extruder
(TSE) in this chapter, compared with the same formulations presented in Chapter 5. This suggests
that the improved mixing conditions in the TSE resulted in improved reaction efficiency.
Nevertheless, the deviations from the linear fit of logn, vs. logM., were rather moderate and became

more significant only at the highest coagent loading. Auhl et al. *° have discussed the opposing
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effects of the increasing concentration of branched chains, which serves to increase zero shear
viscosity, and the decreasing arm length, in the presence of many branches, which results in fewer
entanglements and a decrease in viscosity. Harth et al. ** and Fang et al. 2 showed deviations only
when large amounts of branching were present in PET and PLA respectively. This analysis suggests
that a relatively small amount of long-chain branches are present in the current system, together
with the linear PLA chains that remain unmodified. This is consistent with the very small amounts
of TAM that is grafted on the PLA chains (Table 6.1)

The system is susceptible to cross-linking upon increasing the amount of the tri-functional
coagent 242°, Indeed, increasing the amount of DCP and TAM resulted in substantial increases in
the viscosity of PLAL 0.3/0.3 and the formation of gels (3 wt.%), signifying the onset of cross-
linking, thus making it impossible to measure the molar mass distribution by GPC. The complex
viscosity versus frequency data in Fig. 6.4(a) could only be fitted using the power-law equation (4).
The 0.3/0.3 TAM formulation showed terminal phase angle below 50°, in the VanGurp plot (Fig.
6.4¢) right at the onset of gelation, which is also reflected by the power-law type dependence of the
complex viscosity versus frequency curve. Increasing TAM content even further, in PLA1 0.3/1
resulted in high gel content (25 wt.%), indicative of high cross-link density, and could not be
characterized by GPC or rheology.

6.3.2 Strain hardening

As expected, branching had profound effects on the tensile stress growth coefficient of the
modified PLA. (Fig. 6.6, Table 6.2). The degree of strain hardening is strain dependent; branches
have a stronger effect at low strain rates, whereas the non-strain hardening linear PLA chains
dominate at high strain rates 2°. The PLA1 0.3/0.1 formulation, exhibited a small degree of strain
hardening at high strain rates only. For the later sample, chain entanglements due to branching were
not sufficient to achieve strain hardening, and that the response of the linear PLA chains dominated.
Increasing the amount of TAM resulted in more branches (sample PLA1/0.1/0.3, PLA1/0.3/0.3),

and a higher strain hardening coefficient.
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Figure 6.6 Tensile stress growth coefficients of various coagent modified PLAs at various
strain rates at 180°C. Measurements on neat PLA, PLA1/0.3DCP, and PLA1/0.1/0.1 could
not be performed due to sample sagging. PLA1/0.3/1 could not be loaded, because it was

crosslinked. Some samples have been shifted by an arbitrary factor for clarity

Table 6.2 Strain hardening coefficients of coagent modified PLAs at 180°C.

Sample /Strain rate 0.1s* 1st 10s?
PLA1/0.3/0.1 -- 5 5
PLAL1/0.1/0.3 20 14 6
PLA1/0.3/0.3 17 20 8

6.3.3 Thermal Properties

It is well known that linear PLA crystallizes very slowly. PLAL did not show a distinct
crystallization peak during the cooling cycle, whereas PLA2 exhibited a subtle transition. In the
absence of crystallization upon cooling, these materials typically exhibit pronounced cold

104



crystallization transitions in the DSC endotherms that are followed by melting. (Fig. 6.7a and c,
Table 6.3). These characteristics were essentially unaltered upon reaction with DCP or TAM only.

Subtle differences were observed in the thermal properties of the coagent-modified PLAs during
the 1% heating scan (Table 6.3 and Fig. 6.7a). Both cold crystallization temperatures were slightly
shifted toward lower values as the amount of TAM increased, and became less pronounced in the
crosslinked PLA1/0.3/1 formulation. The Ty of the latter also increased by 4°C, indicative of
restricted motion of the chains. Neat PLAs and other coagent modified samples (except
PLAZ1/0.3/1) showed negligible crystallinity values, whereas the crystallinity of the PLA1/0.3/1
formulation increased substantially to 31%, consistent with the reduction in the magnitude of the

cold crystallization peak.

Table 6.3Thermal properties of PLA formulations.

1% heating Cooling 2" heating
Sample Tex Te Tm Ty Ae T Teer  Te Tm Ty Ae
G (°C) (°C) (C) (%) | (°C) |(°C) (°C) (°C) (°C) (%)
PLAl 95 156 171 60 5 9% 154 170 60 5
PLA2 94 162 179 60 8 - 96 154 177 60 15
PLA1/0.3/0 98 154 170 60 1 102 154 168 60 3
PLA1/0/0.3 95 155 171 60 1 96 154 170 60 1
PLA1/0.1/0.1 97 155 171 60 5 124 167 59 47
PLA1/0.1/0.3 90 154 170 60 2 135 169 62 52
PLA1/0.3/0.1 90 153 170 60 4 130 _ - 167 61 52
PLA1/0.3/0.3 90 151 167 60 4 135 167 61 50
PLA1/0.3/1 91 148 165 64 31 132 167 62 45

Te- crystallization peak temperature measured in cooling, Te1 — cold crystallization peak
temperature measured in heating, T2 — cold crystallization peak temperature measured in heating
just before melting, Tm-melting peak temperature measured in heating, y.— percentage crystallinity.

Even though the neat PLASs did not have a crystallization peak during the cooling sequence, the
crystallization exotherms of the coagent-modified PLAs displayed sharp crystallization peaks
(Table 6.3 and Fig. 6.7b). The crystallization temperature, T increased with increasing amounts
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of TAM. These responses are indicative of improved nucleation in the system, which is capable of
nucleating crystals during cooling. Consistently with the observations during the cooling scan, the
thermal transitions of the TAM-modified PLA were altered significantly during the 2" heating
scan; the cold crystallization transitions disappeared from the second heating endotherm. (Fig.
6.7¢). The crystallinity of these polymers increased impressively, by as much as 900%. The changes
in the crystallization mechanism produced different types of crystals, affecting slightly their
melting temperature, and shifting it below the melting temperature of PLAL. It is noteworthy that
the lightly modified PLA1/0.1/0.1 had a broader peak, suggesting the presence of two types of
crystals.

Shifts in the cold crystallization temperature, enhanced crystallization Kinetics and higher
crystallinity have been observed previously upon coagent modification of PLA 242, However the
presence of a sharp exothermic crystallization peak, followed by complete disappearance of the
cold crystallization in the second heating sequence has never been reported before.

It is well-known that LCB facilitate the formation of stable nucleation sites during
crystallization, and therefore induce a nucleating effect in semi-crystalline thermoplastics, such as
polyolefins and PLA 44244 Previous work has shown that PLA branched with Joncryl had
improved nucleation capacity®, but retained the typical characteristics of cold crystallization. Liu
etal. %2 speculated that the LCB backbones are likely to act as nucleating sites. The higher segmental
mobility of the linear chains facilitates folding of the chains, and thus accelerates the crystallization
kinetics. You et al.* further attributed the improved nucleation to hydrogen bonding that is
established between the PETA coagent and the PLA chains and forms clusters of chains. However
in the present PLA/TAM system hydrogen bonding is not possible.

The profound changes in crystallization properties observed in the TAM-modified system
observed herein are akin to those characteristic of nucleated systems, similar to what has been
observed in our previous work (chapters 2-4), in the presence of a secondary phase consisting of

oligomerized coagent.
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Further insight into the crystallization of the coagent-modified formulations was obtained
through isothermal experiments, using hot stage microscopy at 155°C, to enable us to visualize the
process of crystallization (Fig. 6.8). It is noted that the neat PLAs did not crystallize under these
conditions. The lightly modified sample, PLA/0.1/0.1 showed slow crystallite development and a
wider distribution of crystal size. This might be the underlying reason behind the broad melting
peak observed in the DSC endotherm (Fig. 6.7c). On the other hand, the samples modified with
higher loadings of TAM crystallized faster, and the crystallization process was essentially complete
in 10 min. The resulting microstructure was grainy, with smaller crystallites and higher density of

crystals in highly modified sample, consistent with the enhanced nucleation effect.

0 min 10 min 15 min 20 min 30 min

Figure 6.8 Hot stage microscopy images of a) PLA1/0.1/0.1, b) PLA1/0.3/0.1, ¢) PLA1/0.1/0.3,
d) PLA1/0.3/0.3,e) PLA1/0.3/1 at 155°C; the scale bar represents 60£n. Neat PLA, PLA1/0.3/0,

and PLAL1/0/0.3 did not crystallize under these conditions.

The results analyzed above confirm that the coagent-modified system behaves similarly to
nucleated PLA systems. It should be noted that the effects on crystallinity are only pronounced
when the polymer crystallizes slowly, at temperatures above the T4 Under normal processing
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conditions, which include fast crystallization rates the nucleation effect was not evident. This is the
case in the injection molded specimens, discussed in Section 6.3.4.

6.3.4 Mechanical properties

The mechanical properties of polymers depend on their molecular weight, chain architecture
and crystalline microstructure “°. In this section we investigate whether the changes in chain
architecture imparted by coagent modification, affects the resulting mechanical properties.

Comparing the properties of the two linear PLAs shows that the higher molar mass in PLA2 had
higher impact strength, whereas the rest of the properties were similar (Table 6.4). The formulation
with 0.3/0.3 TAM and 0.3/1 TAM could not be injection molded into parts due to their high

viscosity, and are therefore not included in this analysis.

Table 6.4 Mechanical properties of PLAS.

Sample TSat Young’s Flexural Elongation Unnotched HDT (°C)
Break Modulus Modulus atBreak lzod impact at 1.82
(MPa) (MPa)  (MPa) (%) strength MPa
(kJ.m?)*
PLAL 60+6  1230+54  2670+40 6+1 17£0.5 55
PLA2 65+2  1260+45 2610+115 8+1 32+3 56
PLA1/0.3/0 62+2  1170+46 2400£100 7+0.5 18+0.9 55
PLA1/0/0.3 61+5  1190+44  2600+50 6+0.5 18+0.7 55
PLA1/0.1/0.1 61+6 1220452 2600+100 7+0.5 34+0.5 55
PLA1/0.1/0.3 633  1260+29 2890190 7+1 23+0.3 56
PLA1/0.3/0.1 62+6  1280+16 25504100 71£0.5 34+1 55

*All the Izod impact specimen exhibited complete break.
It must be noted that a cold mold was used in our injection molding process. The PLA samples
were therefore cooled fast, at a temperature below their T4. Under these conditions, the samples did

not crystallize, and exhibited similar thermal properties to those of the neat PLA (Table 6.3 1%
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heating and, Fig.6.7a). Therefore the changes observed in the lzod impact strength are only
attributed to differences in the PLA chain structure, and specifically to the higher molar mass of
the coagent modified samples compared to the parent PLA1. On the other hand the Young’s and
flexural moduli, elongation at break, tensile stress at break and HDT, were retained upon coagent
modification.

The mechanical properties of these TAM modified systems may be altered significantly if the mold
is maintained at a temperature above the Tg, to allow for crystals to form during the cooling process.

This should be the subject of further investigation.

6.3.5 Hydrolytic degradation

The hydrolytic degradation behaviour of PLA largely depends on the molecular weight,
crystallinity, geometry, and the surrounding environment (temperature, moisture, pH, presence of
micro-organisms, etc.) . In this work we conducted some preliminary investigations to investigate
the effect of the chemical modifications described above on the short-term hydrolytic degradation
profiles of the modified PLAs.

As shown in Fig. 6.9 and Table 6.5, the molecular weights of the final samples were lower than
those of the initial samples for all formulations, indicating that hydrolytic degradation occurred
during this time frame.

200,000

HPLAL
M PLAZ
PLA1/0.1/0.1
PLA1/0.1/0.3
®PLAL1/0.3/0.1

100,000 -

Mw (g.mol1)

"

/NN
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Figure 6.9 Weight average molecular weight of various PLAs on initial (day 0) and final
(day 5) day.
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The dispersity index of the coagent-modified formulations also decreased significantly,

suggesting that the molecular weight distribution was narrowed due to the decrease in high

molecular weight fractions. Hydrolysis and cleavage of ester bonds of PLA is considered to occur

randomly, with longer chains being more susceptible to cleavage than the shorter chains #’. On the

contrary the observed increase in the dispersity index in the unmodified formulations represents a

broadening of the molecular weight distribution peak. This could be ascribed to partial cleavage of

some of the amorphous regions and recombination reactions that lead to the addition of low

molecular weight crystalline fractions in the polymer #’.

A long-term degradation study was not undertaken in the present work. The preliminary results

from the short-term degradation experiment presented here show that the hydrolysis of modified
PLA is unaffected by TAM addition at least during the initial stages. Therefore, the modified PLAs

should be subjected to further long-term degradation studies.

Table 6.5 Dispersity and molecular weight difference observed during hydrolytic

degradation of PLAs

Formulation Mw b Mw Percent
(kg.mol?) Difference

PLA1 day 0 80 1.7

PLA1l day 5 45 2.5 >0

PLA2 day 0 130 1.6

PLA2 day 5 90 1.9 >0

PLA1/0.1/0.1 day O 160 3.3

PLA1/0.1/0.1 day 5 50 2.4 105

PLA1/0.1/0.3 day O 170 4.1 130

PLA1/0.1/0.3 day 5 50 2.8

PLA1/0.3/0.1 day O 180 4.2

PLA1/0.3/0.1 day 5 40 2.5 %0

6.4. Discussion

The mechanism of TAM grafting on PLA in the presence of peroxide has not been studied in

detail, but it is evidently a free-radical mediated reaction 8. It should be noted that reaction of PLA

with coagent alone (PLAZ1/0/0.3) did not result in measurable changes in molar mass, or rheology
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(Table 6.1). The absence of grafting was confirmed by UV-Vis analysis. Therefore in the absence
of peroxide, there is no grafting or transesterification reaction between TAM and PLA. This
confirms that grafting of TAM onto the PLA backbone relies on a free-radical mediated
mechanism.

In free-radical mediated modifications termination by chain scission and/or crosslinking is
possible. In the PLA under investigation herein there is no evidence of a degradation pathway
occurring through chain scission (see sample PLA1/0.3/0), and the dominant mechanism in the
presence of peroxide only appears to be macroradical recombination. As explained in Chapter 5,
the most likely conceptual model is that of two types of chain populations in coagent-modified
PLA, comprises of linear chains, which remain unaffected by the modifications, and chains
containing long-chain branching. The latter form in the presence of the multifunctional coagent,
and cause bimodality in the molar mass distributions that result in deviations from the M-H
relationship, and chain entanglements in the melt state, which are responsible for the high
viscosities and melt elasticities, and strain hardening (Fig. 6.4 and 6.6); these formulations can be
further pushed beyond gelation, when the TAM content increases even further.

According to the UV-Vis results the amount of branching present in coagent-modified PLA is
low (0.1-0.3 wt.% of added TAM); the analysis of the intrinsic viscosity data revealed that branches
are only present in the high molar mass fractions (Fig. 6.3c). Looking at both the intrinsic viscosity
and zero shear viscosity dependence on molar mass (Figures 6.3(c) and 6.5), we conclude that
there is a significant reduction in intrinsic viscosity of the higher molar mass fractions, whereas the
deviations of the zero shear viscosity from linearity are not very pronounced. This confirms that
small amounts of long-chain branched material form, causing a significant reduction in low
intrinsic viscosity, manifested as deviation in the M-H plot, while the zero shear viscosity does
deviate substantially from the linear logn, vs. logM., dependence .

It must be noted that in addition to the reaction pathways discussed in the section above, TAM
is prone to oligomerization reactions in the presence of free radicals %!, and has also been known
to form highly crosslinked structures °%°. It is conceivable that in the presence of high amounts of
peroxide and TAM, the free radicals formed will tend to react directly with the aliphatic unsaturated
sites present in TAM, rather than abstracting hydrogen from the PLA chain. This would favour the
oligomerization side-reaction, and could contribute to the formation of complex hyperbranched
TAM structures, interpenetrated with the PLA matrix. This side reaction appears to be dominant,
since the amount of TAM grafted on PLA was very low. The rest of the ungrafted coagent, may be

subject to the oligomerization reactions mentioned above. We suggest that these structures are
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responsible for the altered thermal properties described in section 6.3.4, by acting as nucleating
agents.

The intricate microstructure of these coagent-modified PLAs can affect profoundly all facets of the
properties of these systems, including thermal, mechanical, as well as their degradation profiles,
providing interesting possibilities to tailor the structure to suit various polymer processing

applications.
6.5. Conclusions

Reactive extrusion PLA in the presence of peroxide and coagent yielded branched formulations
with broad molecular weight distributions, depending on the concentration of peroxide and coagent.
In spite of its low grafting efficiency, TAM was very effective in producing LCB PLA
formulations, having increased viscosity, elasticity, as well as strain hardening characteristics. At
high DCP and TAM loadings cross-linked structures were obtained.

The reactively-modified formulations had increased molar mass, which resulted in improved
Izod impact strength, whereas the rest of the properties, including their capacity to degrade
hydrolytically were maintained. The coagent modified derivatives exhibited a crystallization peak
upon cooling in the DSC, higher crystallinity, and a finer and denser spherulitic structure.

These results demonstrated that reactive extrusion of PLA in the presence of peroxide and
coagent provides a simple method to produce materials with improved melt strength and
crystallization kinetics, without affecting the mechanical properties and the short-term degradation
profiles. The present study demonstrates that the rheological and thermal properties of coagent-
modified PLA can be modified to suit various polymer processing sectors, by using very small
amounts of cross-linking agents. These altered solid and melt state properties of coagent modified
PLAs are expected to play a significant role in foaming which is dealt in the next chapter of the

thesis.
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Chapter 7
Transition from microcellular to nanocellular PLA foams by controlling

viscosity, branching and crystallization*

7.1. Introduction

Polylactide, or poly(lactic acid) (PLA) is a renewable-resource based aliphatic polyester, which
can be biodegradable and compostable under favourable conditions [1]. Being a thermoplastic with
properties that are comparable to some commodity polymers, it is viewed as a viable alternative to
petroleum-sourced plastics. As part of the drive for renewable-source based products, thermoplastic
foams made out of PLA have attracted considerable attention in sectors such as packaging,
cushioning, thermal and sound insulation [1].

PLA is a linear polyester, which crystallizes slowly. Its chain architecture dictates its melt-state
rheological properties, which are characterized by low melt elasticity and melt strength. The slow
crystallization rates and low melt strength pose major obstacles in conventional polymer processing
operations. Specifically in foaming, it is challenging to generate uniform cell morphology, because
the low melt strength and slow crystallization kinetics lead to cell rupture and coalescence during
the cell growth process, resulting in gas loss and foams with low expansion ratios [1-3].
Incorporation of branching through reactive extrusion is a cost-effective and versatile means to
enhance melt viscosity, molecular weight, and elasticity in PLA [4-8]. In terms of foam processing
the improved melt strength, which hinders cell coalescence and prevents gas from escaping from
the cells, results in decreased foam cell size, higher cell density, and increased expansion ratio [6,9—
12].

Supercritical foam processing involves rapid decrease in the pressure or temperature of the
molten polymer to generate thermodynamic instabilities, leading to the formation of a cellular
structure. Crystalline nucleation and growth are highly influential in this process, when it takes
place at the vicinity of the crystallization temperature [5,13]. The formation of a network of
nucleated crystals during foaming and stabilization increases the expansion ratio by minimizing
gas loss and cell coalescence [1,6,14,15]. These benefits can be accomplished through careful
choice of processing conditions, and addition of nucleating agents, such as talc and nanosilica
[1,16].

*A version of this chapter has been published in: Praphulla Tiwary, Chul B. Park, Marianna

Kontopoulou, European Polymer Journal 2017, 91, 283-296
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In addition to promoting crystallization of the matrix, nucleating agents also help in the generation
of nucleation sites from where the cells grow [17,18].

However, excessive crystallization may prevent, or even inhibit completely foam expansion,
due to diminished gas diffusion and increased matrix stiffness; therefore, this process must be fine-
tuned [1].

Nano-cellular polymers may offer improved properties compared to commodity foams for high
value-added applications in the field of membranes, sensors and insulation materials and have
therefore been the subject of intense research. By fine-tuning the crystallization properties,
Fujimoto et al. [19] prepared PLA/silicate nanocomposite foams ranging from micro-cellular
(average size of 2.6 um) to nano-cellular (average size 360 nm) dimensions, having homogeneous
cell morphology. Furthermore, multi-modal cell structures in PLA foams are advantageous in
various applications involving sound and thermal insulation [20—22]. Such bimodal structures can
be obtained through using mixture of gases or using etching techniques, which are however difficult
to scale up to bulk production platforms [20,22]. From the above, it is obvious that the ability to
control and fine-tune the cellular morphology and structure of PLA foams is pertinent in the effort
to develop biodegradable foams suitable not only for commodity, but also for high-value added
applications.

Recent work in our group [7,8] and in the previous chapters (Chapter 5 and 6) employed a
simple reactive modification approach, utilizing solvent-free, peroxide-initiated grafting of the
multi-functional co-agent triallyl-trimesate (TAM) to introduce branching and achieve substantial
improvements in the strain hardening characteristics of PLA. This approach also resulted in faster
crystallization kinetics, under both isothermal and non-isothermal conditions. This gives us an
opportunity to carefully fine tune the rheological and thermal properties of the PLA matrix to attain
foams of uniform cell structure and controlled cell sizes. In this manuscript, PLA formulations
having well-controlled structure, rheological and thermal properties are selected to investigate
systematically the effect of these properties on the resulting foams. The ultimate objective is to
provide guidelines on the ranges of material property values that are most conducive to the

production of micro- and sub-micron sized foams.
7.2. Materials and Methods

7.2.1 Materials
Two PLA grades, PLA 3251 D (Melt flow index 80 g/10 min at 210°C / 2.16 kg) and PLA 2500
HP (Melt flow index 8 g/10 min at 210°C / 2.16 kg) were obtained from Natureworks®. These are
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denoted as PLA 1 and PLA 2 respectively. Joncryl ® ADR 4368, which is a multifunctional epoxide
styrene-acrylic oligomeric chain extender with Glycidyl methacrylate (GMA) functionality of 9
and epoxy equivalent weight 285 g.mol*, and molecular weight of 6,800 g.mol*, was supplied by
BASF®. TAM (98% purity, Monomer-Polymer and Dajac labs.), dicumyl peroxide (DCP, 98%
purity, Sigma Aldrich), tetrahydrofuran (THF, HPLC grade, Sigma Aldrich), and dichloromethane
(DCM, HPLC grade, Sigma Aldrich) were used as received. Boron Nitride (BN) powder
(CarboTherm®, Grade CTP 05) was obtained from Saint-Gobain Ceramics and was used as a

nucleating agent.
7.2.2 Reactive modification

PLA was dried in a vacuum oven at 100°C for 3 h, following standard recommended procedures.
PLAL/TAM was prepared by coating PLA 3251 D powder (14.8 g) with an acetone solution
containing TAM (0.15¢g, 0.11 wt.%) and DCP (0.045¢g, 0.3 wt.%) and allowing the solvent to
evaporate. The resulting mixture was charged to a co-rotating DSM micro-compounder which was
operated at 100 rpm at the temperature of 180°C. The reaction was carried out for 6 min. Neat PLA
was processed under similar conditions. A compound containing 1.2 wt. % of GMA (PLA1/GMA),
which was required to yield similar zero shear viscosity at 180°C as PLA1/TAM, was prepared
under similar conditions, and was used for comparison. Boron Nitride (0.5 ppm) was added to
powdered PLA and was extruded in similar fashion to give PLA1/BN for low molecular weight
PLA and PLA2/BN for high molecular weight PLA.

7.2.3 Rheological Characterization

Compression molded discs of 25 mm in diameter at 180 °C were prepared in a Carver hydraulic
press and were used for rheological characterization. The linear viscoelastic properties of the
prepared PLA samples as a function of angular frequency (o) were measured in the oscillatory
mode at 140, 160, and 180 °C using MCR-301 Anton Paar rheometer equipped with 25 mm-
diameter parallel plates at a gap of 1 mm. Stress sweeps were performed to ensure that all the
measurements were within linear viscoelastic regime. The samples were loaded at 180 °C and
cooled down to the measuring temperature for the frequency sweep measurements, to better
simulate the thermal history experienced during foaming experiments. The measurements were
performed after thermal equilibrium was achieved. The average of three measurements is reported
throughout this work. Time sweeps, to detect shear-induced crystallization were performed at 0.1

rad.s? and 140°C by loading samples at 180°C and cooled to perform the tests. Samples were
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characterized in a uniaxial testing platform from Xpansion instruments hosted on a MCR-301
Anton Paar rheometer [23]. The measurements were conducted at 180°C at an extension rate of
0.1, 1, and 10 s, The linear viscoelastic (LVE) oscillatory measurements obtained at 180 °C were
used to calculate the LVE stress growth curve, n*, and to check the consistency of the extensional
measurements. The curve corresponding to 3n* represents the LVE envelope in uniaxial extension,

according to Trouton’s law.
7.2.4 Batch Foaming

Compression molded sheets 0.75 mm - thick were prepared at 180 °C for 2 min in a Carver
hydraulic press. These sheets were cut into small specimens (0.5 X 0.5 cm?) and loaded into a high
pressure cylindrical chamber (radius: 1 cm, length: 8 cm). A schematic of the batch foaming setup
is shown in Figure 7.1a. The chamber was heated to saturation temperature of 180 °C through a
heat gun. The samples were saturated at 180°C with N2 at 2,000 psi for 30 min. These conditions
were chosen following a series of preliminary experiments.

The pressure cell was cooled with a spray of water. Once the desired foaming temperature was
reached (within 5 sec, as monitored by a thermocouple), the pressure was released to allow the
samples to foam. The samples were then quenched to room temperature to freeze in the foam
morphology. A detailed schematic of the processing conditions is shown in Figure 7.1(b).

(a) (b)

Inlet Valve (V1) Sample Container

Middle Valve (V2) OutletValve (V3) o0 3,, e R T T il iii
2 L el [

ﬂ

Heat Gun

Nitrogen Cylinder

(’b/'h } 40 0 Q‘e

Figure 7.1 a) Schematic of setup used for batch foaming, (b) Schematic of the processing
conditions used for batch foaming at a representative foaming temperature of 140°C; the

dashed black line represent the process; arrows are used to guide the eye.
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7.2.5 Foam characterization

The samples were cryogenically fractured under liquid nitrogen and sputtered with gold. A
JEOL JSM-840 scanning electron microscope was used to observe the morphology of the foams.
The cell size was determined by using ImageJ software (version 1.48). At least three images from
each formulation were used to calculate averages. The volume expansion ratio (VER) was

calculated as the ratio of bulk density of pure PLA material p, to the bulk density of the foam
sample py :

VER = ‘;—" 1)
f

The void fraction (Vr), which is the ratio of the volume of the gas phase contained in a foam sample

to the total volume of the foam, was calculated by

_ 1
Vf - 1 - VE (2)
The cell density of the foams with respect to the unfoamed polymer volume (N) was calculated by

the following equation:
— (No\ 3/2
N= (") 3/2 VER 3)
where Ng is the number of cells in a specified area A. At least three images from each formulation

were used to calculate the cell density.
7.2.6 Molecular weight characterization

Gel permeation chromatography (GPC) was performed in a Viscotek 270max separation
module equipped with triple detectors as differential refractive index (DRI), viscosity (IV), and
light scattering (low angle, LALS and right angle, RALS). The separation module was maintained
at 40 °C and contained two porous PolyAnalytik columns in series with an exclusion molecular
weight limit of 209,106 Da. Distilled tetrahydrofuran (THF) was used as the eluent at a flow rate
of 1 mL.min%, All the samples were passed through a 0.22 um filter to remove gels before injecting
in to the column. The results from the triple detector train and Viscotek Omnisec software were
used to determine polymer MWDs and MW averages using the values of the refractive index (dn.dc
. The refractive index values were measured by a Wyatt Optilab DSP refractometer at 40 °C and
690 nm calibrated with sodium chloride. Five samples of 3-18 mg.mL"* were prepared in THF for
each polymer and injected sequentially to construct a curve with slope dn.dc [24]. The refractive
index values for PLA, PLA-TAM, and PLA-GMA were determined to be 0.0482 ml.gm?, close

to values reported in the literature [25].
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7.2.7 Gel content measurement and characterization of dissolved particles

Gel content analysis was conducted by extraction into boiling THF from a 120 mesh stainless
steel sieve for 6 hours, according to ASTM D 2765. The residual polymer was dried to constant
weight, with gel contents reported as a weight percentage of unextracted material.

To detect the presence of gels or particles within the sample, which could not be isolated using
the ASTM method described above, PLA samples were dissolved in dichloromethane, DCM (0.01
wt.%) and deposited on carbon grids. The grids were then dried in vacuum oven for 3 hours at 60°C
to remove all the solvent. The deposited samples were imaged, using a Hitachi H-7000 TEM,
operated at 75 kV. The size of the dissolved particles was estimated by Dynamic Light Scattering
(DLS), using a MalvernZetasizer Nano ZS equipped with 633nm laser. PLA samples were
dissolved in THF (0.01 wt.%) for 5 hours and the resulting solution was transferred to quartz

cuvettes to perform DLS measurements.
7.2.8 Differential Scanning Calorimetry (DSC)

DSC was performed on a Q100 DSC from TA Instruments, under dry nitrogen. All samples
were first heated to 200 C at a heating rate of 5°C-minto erase previous thermal history, then
cooled to 0 °C and reheated to 200 “C at 5°C-min™. The % crystallinity of the polymers, ¢, was

estimated using equation (4)

_ AHpm—4H,c
Xe = g X 100 4)

where, AH,, is the enthalpy of fusion, AH.. is the exothermic enthalpy (cold crystallization)
recorded during DSC heating cycle and 4H,, is the theoretical enthalpy of a 100% crystalline
polymer, which is equal to 93.6 J.g* [26].

To compare the nucleation capacity of the various formulations, the nucleation activity, ¢, was
calculated. This quantity reveals whether a foreign substrate introduced into a polymer aids in
nucleation from the melt state. As nucleation activity approaches 0, the foreign substrate is
increasingly active in nucleation. As suggested by Dobreva et al. [27], nucleation activity is
calculated by comparing nucleation between homogeneous materials (B) and those with nucleating

agents (B*) through the following ratio:

122



o=Z ©)

where B can be experimentally determined from the slope of a In 8 versus 1 /ATZ,2 graph as shown

in equation 6

B
Inf = Const —— (6)

AT?

with AT# as the squared degree of supercooling (ATp = T,,, — T},) and S is cooling rate of the cycle
and Ty is the crystallization temperature of the polymer measured during second heating. Equation
6 holds for homogeneous nucleation near the melting temperature. Heterogeneous nucleation

achieved by using a nucleating agent results in the following equation:

Ing = Const —— 7
np ons AT? (7)
Linear plots are obtained for In 8 versus 1/AT;; for all samples. Using the slopes of the lines, values

for B and B* were obtained for all the samples.
7.3. Results
7.3.1 Effect of PLA viscosity and temperature on foaming

When foaming takes place in the molten state, the viscosity of the polymer melt largely controls
the cell size, with lower viscosities promoting cell growth and resulting in larger cells [28]. PLA1
and PLA 2, with low and high molar mass respectively (Table 7.1) serve as our two reference linear
polymer samples, having high and low viscosity, respectively. Their viscosity curves at the foaming
temperatures of 140, 160, and 180°C are shown in Figure 7.2.

Figure 7.3 (a-f) compares the cell sizes PLAL and PLA2 foams. The insets in Figure 3 show
the cell size distribution, and the average cell sizes. The average cell sizes at the foaming
temperature of 180°C were 51 um (Figure 7.3a), and 32 um for PLAL and PLA2, respectively.
This confirms that the lower viscosity of PLA1 facilitated the cell expansion process and led to
large cell diameter when compared to PLA2. Foams based on PLA 2 had a broad cell size
distribution, indicative of coalescence, and unfoamed regions. These characteristics are also
reflected by the lower VER, void fraction and cell density in PLA2 (Figures 7.4a and b, 7.5). The
lower void fraction in PLA2 may be attributed to the lower gas solubility, because of its higher

viscosity [1]. In all experiments the saturation time was maintained at 30 min at a temperature of
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180°C. This saturation time might not have been sufficient in the case of PLA2, which has a higher

melt viscosity.

Table 7.1 Molecular weight and thermal properties of PLA formulations

Sample My (kg.mol?) b T. Tec Tm Ac
) (6 () (W)

PLA1 71 1.7 - 109 170 24
PLA2 140 1.9 - 106 175 29
PLAL/TAM
(0308, %DCP! 138 2 135 - 170 52
0.1wt.% TAM)
PLAL/GMA 157 3 - 94 170 35
(1.2 Wt.% GMA)
PLA1/BN 166,

71 1.7 115 - 43
(500ppm BN) 172
PLAZ/BN 140 1.9 128 - 175 53

(500ppm BN)

wt.% — weight percentage, Mw — Weight average molecular weight, B — Dispersity, Tm — Melting
peak temperature, T.— Crystallization peak temperature, T..— Cold crystallization peak temperature

measured on 2" heating, y. — percentage crystallinity.
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Figure 7.2 Complex viscosity vs frequency plots of various PLAs at three foaming
temperatures a) 140°C, b) 160°C and c) 180 °C. The nucleated and PLAL/TAM samples are
not shown in Figure a), due to intense crystallization phenomena which prevented reliable

measurements (see also section 7.3.2)
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Decreasing the temperature resulted in higher viscosity (Figures 7.2 and 7.6), which had a
substantial effect on the cell size, thus confirming that controlling the temperature provides a
powerful means to tailor the cellular structure [29,30]. In both materials, the cells became smaller
and more uniform with decrease in the foaming temperature. The higher viscosity suppressed cell
growth; at the same time the melt strength would increase, thus preventing coalescence during the

later stages.
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Figure 7.4 (a) VER as a function of foaming temperature and (b) void fraction as a function
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Figure 7.6 Complex viscosity at 0.1 rad.s*as a function of foaming temperature
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PLA1 foams retained much larger VER, cell density and void fraction than PLA2 at all
temperatures, whereas these quantities in PLA2 showed strong temperature dependence, with the
VER and void fraction dropping substantially at 140°C (Figure 7.4). Figure 7.4 shows the volume
expansion ratio (VER) and void fraction as a function of foaming temperature. Both followed a
decreasing trend with decrease in the foaming temperature. The controlling mechanism governing
the volumetric expansion of the foam is either through crystallization and melt stiffening, or
through gas loss occurring via diffusion [6,31,32]. High foaming temperatures lead to longer
solidification times, allowing the gas to escape from the cells by diffusing to the melt. When this
mechanism dominates, the expansion ratio decreases at higher foaming temperatures. On the other
hand, VER also depends on the stiffness of the matrix; expansion is facilitated as the stiffness drops,
upon increasing the foaming temperature. This is apparently the case in the present study, where
VER increases as foaming temperature increases (Figure 7.4a). The VER of PLA-2 shows much
greater sensitivity as a function of temperature, apparently because its viscosity, and therefore
matrix stiffness is also more sensitive to temperature (Figure 7.6).

The downward trend in cell size and VER as viscosity increases is summarized in Figures 7.7a
and b, which show the average cell diameter of foams obtained from all the formulations as a
function of their viscosity. A corresponding figure of VER versus viscosity is presented in Figures
7.7c and d. The shear rate profile during cell growth is complex, and varies with location and time
[33,34]. Here the viscosities at shear rates of 0.1 and 40 rad.s™* were chosen to cover the entire range

of deformation rates happening during cell growth [35].
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Figure 7.7 Average cell diameter of various PLAs as a function of complex viscosity at 0.1
and 40 rad.s™. Nucleated PLAs (PLA1/BN and PLA2/BN) did not foam at 140°C while the
complex viscosity values for PLAL/TAM, PLAL/BN, and PLA2/BN was not measured due to
fast crystallization (refer to Fig. 7.9)

7.3.2 Effect of nucleating agents

Enhancing foaming by adding nucleating agents is a common approach in foaming technology
[34,36]. Nucleating agents affect the crystallization properties of the polymeric matrix, with
potentially important consequences in the foaming characteristics, especially when foaming takes
place at the proximity of the crystallization temperature.

In this section, PLA was modified with a boron nitride (BN) nucleating agent, and the foaming
performance is compared with the systems shown previously. BN was chosen as it is a very
effective nucleating agent for thermoplastics at low contents, and therefore, it would not affect
other important properties of the compounds, such as rheology. Introduction of very low mounts

of BN (500 ppm) altered drastically the thermal properties of the PLA, as shown in Table 7.1. The
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main difference was that an exothermic crystallization peak appeared at 128 °C for PLA2 and 115
°C for PLA1, whereas the cold crystallization peak diminished. The crystallinity of the materials
also increased. The Dobreva analysis (Equation 6 and 7) revealed enhanced nucleation activity in
these materials (Figure 7.8). It must be noted that the lower the value of nucleation activity, the

higher is the ability of the samples to crystallize.
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Figure 7.8 Nucleation activity of various PLAS

In terms of viscosities, the nucleated PLASs had slightly lower viscosity than the respective neat
PLAs (Figure 7.2), due to the lubricating effect of the BN on the PLA chains [16]. This small
decrease in viscosity should not play an important role in the overall analysis.

The enhanced nucleation activity in these samples gives rise to shear induced crystallization
phenomena at temperatures below the melting and above the crystallization point [6,37]. These
phenomena were pronounced at the foaming temperature of 140°C, as revealed by the time sweep
experiments of these samples at 140°C (Figure 7.9), which demonstrated a dramatic increase in
the complex viscosity throughout the experimental time frame. This is the reason why reliable data
for these nucleated samples could not be obtained in frequency sweeps at this temperature (and
therefore they are not shown in Figure 7.2). The fact that the increase starts right away suggest that

crystallization was a factor, even during the short foam processing times.
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Figure 7.9 Time sweep of various PLAs at 140°C at a frequency of 0.1 rad.s

In the presence of nucleating agents, the quality of the cells changed, as shown in Figures
7.3(9)-(I). More cells were heterogeneously nucleated, but this also brought increased chance of
coalescence. This resulted in a coarse and irregular cellular structure, with a broad cell size
distribution. The VER and void fractions showed the same trend as the respective non-nucleated
material, suggesting that the foaming behaviour is governed mostly by viscosity factors (Figure
7.4a and b).

The results however were completely different when foaming at 140°C. The images in figure 3(i)
and (1) show that many cells nucleated, however growth was severely inhibited, because of the
crystallization that took place at this temperature (Figure 7.9). The formation of crystals suppressed
cell growth and hindered the diffusion of the gas, to only a few pockets, resulting in very non-

uniform pores (Figure 7.3 (i) and (1)).
7.3.3 Effect of branching

In addition to the addition of nucleating agents, it is well known that branched polymers have

enhanced foaming behaviour. Epoxy-based chain extenders, containing glycidyl methacrylate
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(GMA) functionality have been used in the past to improve the melt strength of PLAs and thus
limit cell coalescence and produce better quality foams [9-12,33].

In the present work PLA1 was modified with GMA to produce a product with comparable My,
and viscosity as PLA2, and thus provide a direct comparison with the linear PLA2 (Table 7.1,
Figure 7.2). Modification with GMA resulted in broader molar mass distribution and branching,
as evident by the deviation from the linear trend in the double-log plot of polymer intrinsic viscosity
[n] versus molecular weight (Mw), (Mark-Houwink plot) (Figure 7.10b), and the pronounced shear

thinning in the complex viscosity versus frequency curves (Figure 7.2).
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Figure 7.10 (a) Molecular weight distribution graph and (b) MH fit of various PLAs. PLA1
and PLA2 follow power-law relation (solid line) with Mark-Houwink (MH) constants of a =
0.609 and log k = -3.96 dl.gm™,
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The enhanced strain hardening of this branched material under uniaxial extension (Table 7.2)
suggests improved melt strength, which in turns resulted in a finer cell structure compared to the
linear material, which is within the limits of microcellular foams (Figure 7.3m, n, and o) [4,39].
These foams also had enhanced VER, higher void fraction and higher cell densities (Figures 7.4
and 7.5). Decreasing the foaming temperature to 140°C resulted in a further refinement of the
cellular structure. It should be noted that for this material there was no evidence of shear-induced

crystallization, therefore these results scale with the effects of viscosity (Figure 7.7).

Table 7.2 Strain hardening coefficient of branched PLAs at different strain rates at 180°C

(data obtained from reference (original data from Nerkar et al.[8])

Sample/Strain rate 0.1s* 1s? 10s?
PLA1L/TAM 3.4 2.4 2.1
PLA1/GMA 2.3 2 3

Free-radical initiated reaction of PLA with peroxides and multi-functional coagents is an
alternative effective means to produced PLA having a branched structure [40,41]. Reaction of
PLA1 with DCP and TAM resulted in a product having comparable My, with PLA1/GMA and
PLAZ2 (Figure 7.2 and Table 7.1). This material showed deviations from the M-H plot, pronounced
high molecular weight tail in the molar mass distribution, and enhanced shear thinning, which has
been commonly reported in polyolefins branched following this method, and is attributed to the
presence of a highly branched population (Figure 7.10 a and b) [42,43].

Foaming of PLAL/TAM at 180 and 160°C generated very fine micro-cellular foams (Figure
7.3p and q), with comparable VER and void fraction as PLAL/GMA (Figure 7.4). The average cell
sizes were smaller than those of the respective foams made of PLAL/TAM, and the cell density
was higher. At 140°C a transition to sub-micron size foams, with very high cell density, in the order
of 10! cells/cm? is seen (Figure 7.5). For this material the VER dropped drastically, which is a
characteristic of nanocellular foams [43]. Comparison of the data shown in Figure 7.7 shows that
the points corresponding to the cell diameter of PLAL/TAM were consistently lower compared to
what is expected based on viscosity alone.

These differences cannot be attributed to branching, as this material had similar strain hardening
characteristics as PLAL/GMA (Table 7.2). We suggest that altered crystallization kinetics, brought
upon by the chemical modification were responsible for these effects, as described in the next

section.
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7.3.4 Combined branching and nucleation effect on foaming

It is well-known that long chain branches facilitate the formation of stable nucleation sites
during crystallization, and therefore they have a nucleating effect in semi-crystalline
thermoplastics, such as polyolefins and PLA [6]. Whereas the non-isothermal properties of
PLA1/GMA were not altered substantially compared to PLAL (Table 7.1), the crystallinity of the
material was higher than the parent PLA, and its crystallization half-time was lower [8].
PLA1/GMA also had lower nucleation activity, compared to the linear PLA (Figure 7.8). However
in this material there is no strong evidence of crystallization [8], or shear-induced crystallization at
140°C (Figure 7.9) during the time frame of the experiment.

PLAL/TAM, on the other hand, had the lowest nucleating activity compared to all other
formulations, including the nucleated ones (Figure 7.8). This material demonstrates an intense
exothermic peak, disappearance of the cold crystallization peak and higher crystallinity, together
with significantly enhanced crystallization kinetics [8]. The highly branched chain population,
characteristic of materials modified through this approach, may enhance crystallization as
mentioned above. In addition, even though the material was gel free when tested using the standard
test methods for gels, careful solvent extraction experiments revealed the presence of sub-micron
particles dispersed within the modified PLA matrix (Figure 7.11). Dynamic light scattering (DLS)

analysis confirmed that these particles had size of 200 + 35 nm.

Figure 7.11 Coagent rich particles (~200 nm) observed in TEM micrograph of PLAL/TAM

Whereas this is first time that the formation of such nanoparticles is demonstrated in a reactively
modified PLA system, we have reported previously that the modification of polypropylene by

allylic coagents, not only results in the formation of significant amounts of long chain branching,
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but also generates a population of coagent-rich submicron-sized particles, resulting from the
homopolymerization side-reaction of the coagent (dealt in previous chapters). Owing to their size
and shape, these particles have the potential to act as nucleating agents for PLA crystallization, thus
explaining the enhanced crystallization kinetics reported previously [8].

This material is very prone to shear induced crystallization, as demonstrated by the intense
increase in viscosity during the time sweep conducted at 140°C (Figure 7.9). Together with
branching, this enhanced nucleation effect is responsible for the profound effects on the foam
properties of L-TAM, through two mechanisms: Firstly an enhanced heterogeneous cell nucleation
effect at the interface between the dispersed particles and polymer would lead to the increased cell
densities observed at all temperatures [34]. Secondly, the transition from micro to sub-micron
cellular foams observed at 140°C (Figure 7.3r) is associated to the shear-induced crystallization
and, consequently, the appearance of crystallites at this temperature. These crystallites act to
stabilize the foams, and prevent coalescence during the stabilization stage [29,36]. Stabilization
during the cell growth/coalescence stage is also facilitated by the higher viscosity, which results
from the onset of crystallization.

Based on the above findings, we suggest that the increase in viscosity, together with the presence
of branching and the enhanced crystallization ability at low temperatures are responsible for the
very fine cellular structure obtained in PLAL/TAM, compared to PLA1/GMA, which only has

branching.
7.4. Discussion

The phenomena involved in the foaming of thermoplastics are very complex, and involve the
interplay between material properties (rheological and thermal), which depend intimately upon the
polymer structure, foaming conditions (temperature, pressure, and saturation time), and transport
properties (diffusivity, and thermal conductivity). In this work, we focus on the material properties,
while keeping the foaming conditions constant. A careful review of the ranges of values of the
materials tested provides the means to predict the quality of the foams that can be achieved.

First of all, the effect of viscosity is dominant, as discussed in Figure 7.7, which shows a
pronounced downward trend in cell size and VER, due to hindrance in cell growth and expansion
as viscosity increases. Figure 7.7 inherently includes the effect of temperature as well, as viscosity
depends strongly on temperature. The decrease in the cell size as viscosity increases implies a
limiting effect, wherein very high viscosities might completely suppress cell growth and VER [1].

Indeed, modification of PLA2 with DCP and TAM (results now shown here) resulted in compounds
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with viscosities of the order of 10° which could not be foamed, suggesting that this would be the
upper limit of viscosity. This region is highlighted in Figure 7.12.
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Figure 7.12 Cell diameter vs complex viscosity at 0.1 rad.s* graph summarizing all
experimental data. The solid line is used to guide the eye.

Addition of a NA alone in this work did not generate better foams, as the improved cell-
nucleating capacity was counteracted with increased coalescence, without net improvement in foam
guality. The enhanced crystallization inhibited significantly foam growth at the lowest temperature
tested. This suggests that there may be a region between 140-160°C, which could be further
optimized to generate foams with improved cell structure out of these nucleated samples.

The cell size versus viscosity trends were followed in samples branched by GMA, confirming
that cell growth depends mainly on viscosity. However, the VER and void fractions were
substantially higher in these branched samples, when compared to the linear samples of similar
viscosity, revealing the dominant effect of strain hardening, which enables expansion of the
material without cell rupturing. Our experimental data suggest that branched PLAs with strain
hardening coefficients between 2 and 3 at strain rates of 10 s can generate foams with average cell
diameters between 10-20 um, and VERs between 2.5 and 4, respectively, depending on the foaming
temperature, with cell densities between 108-10° cells/cm?.

Branching through a free-radical technique generally results in bimodal structures, comprising of

linear material and a small fraction of LCB polymer. PLAL/TAM had similar strain hardening

characteristics as the PLA1/GMA, and produced similar VERs. However, its cell densities were

significantly higher, of the order of 10! cells/cm?® and it produced outliers in the cell diameter vs.
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viscosity trends. The only other property that differentiates PLAL/TAM is its enhanced nucleation
capacity (denoted by a nucleation activity below 0.5) (Figure 7.8), which is comparable to that of
materials containing conventional nucleating agents. In addition to promoting cell nucleation, the
enhanced strain hardening, attributed to the formation of crystallites at foaming temperatures close
to the exothermic crystallization temperature of PLA/TAM (Table 7.1), hinders the loss of gas, thus
facilitating cell stabilization.

Given that the nucleated materials alone did not produce such results, it is evident that the presence
of both nucleation and strain hardening aides in generating foams with sub-micron cell sizes and
very high cell densities, bordering those observed in nanocellular foams.

In summary, the pertinent material properties that can be used to select industrial materials
suitable for foaming are viscosity, strain hardening and nucleation activity. Out of these, the
viscosity can be a predictor of cell size, whereas strain hardening can ensure higher VERS. On the
other hand, nucleation activities below 0.5 can generate higher cell densities and smaller cell sizes
in branched polymers, if the foaming conditions are within the range where active polymer matrix
crystallization takes place.

It should be noted that the fact that dissolved gas at high pressures plasticizes the polymer and
thus alters dramatically the rheological and thermal/crystallization properties complicates the
phenomena even further. This is not considered in the present analysis, but the trends observed

should be consistent to what would happen at high pressures.
7.5. Conclusions

This study investigated systematically the effects of viscosity, crystallization properties, and
strain hardening on the cellular structure of PLA foams, prepared through a batch foaming process
in the presence of N.. These material parameters were manipulated through the choice of
formulations having different molar mass, degree of branching, as well as through the addition of
nucleating agents and choice of foaming temperature.

Viscosity (which in turn is influenced by temperature) was the main factor determining the cell
size of the foams. Depending on the viscosity, foams having average cell sizes between 20 and 50
um were obtained for low and high viscosities respectively. High viscosities hindered cell growth
and VER,; viscosities of the order of 10° Pa.s completely suppressed cell growth.

Branched PLAs with strain hardening coefficients between 2 and 3 at strain rates of 10 s* generated

foams with average cell diameters between 10-20 um, VERSs between 2.5 and 4 respectively, and
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cell densities between 108-10° cells/cm?®, depending on the foaming temperature. These results
confirmed the beneficial effect of branching.

Coagent-modified PLA displayed not only strain hardening, because of its branched structure,
but, owing to the presence of sub-micron coagent-rich particles, it also had enhanced nucleation
activity. The cell densities of foams made out of this formulation were significantly higher
compared to the rest of the formulations, of the order of 10! cells/cm3. Very fine, sub-micron sized
foams were obtained when this material was foamed at temperatures close to its crystallization

temperature.
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Chapter 8
Discussion, Conclusions, Significant Contributions and

Recommendation for Future Work

8.1 Discussion

This research implemented a practical and industrially relevant reactive processing technique to
upgrade the properties of two important commodity thermoplastics, PP and PLA, thus making them
more applicable in common processing techniques such as injection molding, which require fine-
tuned rheological and thermal properties. The solution proposed in this work is a one-pot approach
to produce controlled rheology and/or branched nucleated PP and PLA formulations with
mechanical properties that match closely those of materials of much higher molecular weight.

Reactive extrusion of linear isotactic polypropylene in the melt state in the presence of peroxide
and coagents produced materials that had lower viscosity and molar mass, narrower molar mass
distribution and presence of chain branching when compared to neat PP, depending on the type and
amount of coagent. Furthermore it was demonstrated that a separate phase, consisting of cross-
linked sub-micron sized particles formed within coagent-modified PP. This separate phase acted as
efficient nucleating agent for crystallization, resulting in significantly higher onset crystallization
temperatures, faster crystallization kinetics and a finer spherulitic structure. These cross-linked
nanoparticles also served as heterogeneous nucleation sites for gas phase formation during batch
foaming. Therefore, the performance of these coagent modified foamed materials is dictated not
only by the rheological properties brought about by chemical modification, but also through the
enhanced nucleation generated by the dispersed solid phase. The altered crystallization kinetics of
these materials resulted in the disappearance of the distinctive core-skin layer in injection molded
specimens, and consequently a significant enhancement in their mechanical properties.

This peroxide mediated reactive extrusion approach was also applied to a thermoplastic
biopolyester, PLA, which is used extensively in commodity applications. Reactive extrusion of
PLA in the presence of peroxide and coagent yielded branched formulations having broad
molecular weight tails, depending upon the concentration of peroxide and coagent. One of the
allylic coagent, TAM was found to be particularly effective in producing long chain branched
structures, having increased viscosity, elasticity, as well as strain hardening characteristics. Based
on the rheological and GPC characterization, we infer that modified PLA consisted of mixtures of

linear, and long-chain branched chains, depending upon the amount of the peroxide and coagent.
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The propensity of acrylic (TMPTA, TMPTMA, and PETA) to oligomerize resulted in poor
efficiency for LCB generation.

In addition to improved strain hardening characteristics, the reactively-modified PLA
formulations displayed altered thermal properties, including capability to crystallize upon cooling,
higher crystallinity, and a finer and denser spherulitic structure. The altered chain architecture did
not compromise the capacity of the material to degrade hydrolytically. The mechanical properties
of the base material were maintained, whereas impact strength was improved. This thesis also
demonstrated the beneficial effects of branching and crystallization on the cellular structure of PLA
foams, prepared through a batch foaming process in the presence of a supercritical gas.

The branched PLAs generated microcellular foams with high VERs and very high cell
densities. This work demonstrated that reactive extrusion of PP, and PLA in the presence of
peroxide and coagent provides a simple method to produce materials with improved melt strength
and crystallization kinetics, while having beneficial mechanical properties. Additionally these
modifications did not compromise the hydrolytic degradation profile of PLA, suggesting that a
completely biobased and biodegradable compounds can be prepared following this technique.

8.2 Conclusions

Reactive extrusion in the presence of peroxide and tri-functional coagents provides an effective
and industrially applicable means to introduce branching in linear polymers, such as PP and PLA.
Depending upon the amount of peroxide and coagent, the branched polymers exhibited increases
in their molar mass, high molecular weight tails, increases in the linear viscoelastic properties, and
enhanced extensional strain hardening. The allylic-based coagent, TAM was most effective in
introducing LCB, whereas the acrylate coagents were not efficient in introducing branches, alluding
to the prevalence of an oligomerization side-reaction, which consumes the free-radicals added to
the system.

PP is prone to chain scission in the presence of peroxide, therefore the results of chemical
modification with TAM were mixtures of linear and degraded chains, together with small amounts
of hyperbranched materials. However there was no evidence of degradation in PLA, therefore a
mixture of linear and long-chain branched chains is a more suitable conceptual model to
characterize the coagent-modified materials.

In addition to the positive effects of branching on the rheological properties, coagent-modified
materials experience significantly higher onset crystallization temperatures, faster crystallization

kinetics and a finer spherulitic structure. Whereas it is known that LCB can promote nucleation in
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polymer melts, these effects were significantly more pronounced than the ones obtained simply by
branched polymers. It was suggested therefore that a separate phase consisting of oligomerized or
cross-linked coagent, that form in situ during the reactive extrusion process may have served as
heterogeneous nucleation sites for crystallization from the melt. The altered crystallization kinetics
of coagent-modified PP resulted in the disappearance of the distinctive core-skin layer in injection
molded specimens, and consequently resulted in significant enhancement of their mechanical
properties.

On the other hand TAM-modification influenced positively the impact strength of the material,
whereas the rest of the properties remained unaffected. It is noteworthy that these modifications
did not affect the capacity of the material to degrade, during short term degradation experiments.

The separate phase formed during reactive extrusion also facilitated gas phase formation during
batch foaming in the presence of supercritical nitrogen. Microcellular foams were prepared, having
cell densities of the order of 10! cells/cm?® when coagent modified PLA was foamed at temperatures
close to the crystallization point.

Despite the thermal property enhancements achieved in PLA-TAM, the mechanical properties
such as modulus and strength which are influenced by improved crystallization kinetics and
crystallinity were retained in PLA-TAM owing to quick cooling achieved in injection molding
process. The Izod impact strength of PLA-TAM was found to increase when compared to neat PLA
which could be related to increase in the molecular mass of PLA modified with TAM.

In addition, the hydrolytic degradation was found to be unhindered with coagent modification
of PLA.

8.3 Significant Contributions

This thesis implemented an easy to implement, industrially relevant one-pot approach to
produce branched and nucleated PP and PLA. The coagent modified materials had substantially
improved melt and solid state properties that can prove beneficial in a range of polymer processing
operations.

It was demonstrated that the allylic coagent — TAM was discovered to be was extremely
effective, compared to the more commonly used acrylate coagents in modifying the melt and solid
state properties of PP and PLA. It should be therefore the material of choice in these processes.

One of the major findings of this work is that besides long-chain branching, coagent
modification results in significant improvements in thermal properties. Specifically for PP these

were: Shifts in the crystallization peak of PP to higher temperature, significant acceleration of the
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crystallization kinetics, and finer spherulitic structure. The enhanced crystallization kinetics
improved significantly the mechanical properties of specimens prepared by injection molding.

In PLA the observations include appearance of crystallization peak, disappearance of cold
crystallization peak, and enhanced crystallinity when compared to neat PLA. It is the first time that
PLA is transformed to exhibit ability to crystallize upon cooling within the timeframe allowed
during typical polymer processing applications. This should have significant implications in
processes such as injection molding.

Finally sub-micron sized foams of PLA were demonstrated for the first time, without the need
to add external nucleating agents. The ranges of material property values that are most conducive

to the production of micro- and sub-micron sized PLA foams were identified.
8.4 Recommendations for Future Work

I. An interesting contribution would be to study the effect of various peroxide types in the presence
of a coagent on the chain branching of PLA and PP. One of the approaches can be to select a
particular processing temperature to have a comparative analysis of the efficiency of peroxides and
peroxide types. The interaction between processing temperature and peroxide degradation will

result in various amounts of chain grafts.

Il. Scale-up to industrial scale foam processing machine will enhance the foam production and
yield more uniform cell sizes. This prospect opens up significant opportunities where the various
foam properties like thermal and mechanical properties can be measured. The sub-micron size

foams obtained from coagent modified PLA are expected perform better when compared to PLA.

I11. Further detailed investigation of the improvements in crystallization and mechanical properties
in the presence of coagents should be carried out. The effect of cooling rates on the crystallization
of injection molded specimen should be investigated. The different crystallization rate is expected

to have significant effect on mechanical properties, if conducted under well controlled conditions.
IV. The environmental effect of coagent modification on PLA can be explored through various

degradation studies. A long term hydrolytic degradation will highlight the degraded products and

outline the degradation mechanism.
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V. After studying hydrolytic degradation, degradation under composting condition presents a lot
of opportunities. This step will help in completing the assessment of coagent modified PLA in
various applications as a sustainable material for replacement of fossil fuel based polymer.
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Appendix A — PP foams

In this appendix foams prepared by batch foaming of the various PP formulations discussed in

Chapter 4 are examined.

A.1 Batch foaming methodology

Compression molded sheets 0.75 mm - thick were prepared at 180 °C for 2 min in a Carver
hydraulic press. These sheets were cut into small specimens (0.5 X 0.5 cm?) and loaded into a high
pressure cylindrical chamber (radius: 1 cm, length: 8 cm). A schematic of the batch foaming setup
is shown in Fig. A.1(a). The chamber was heated to saturation temperature of 180 °C through a
heat gun. The samples were saturated at 180°C with N2 at 2,000 psi for 30 min. These conditions
were chosen following a series of preliminary experiments.

The pressure cell was cooled with a spray of water. Once the desired foaming temperature was
reached (within 5 sec, as monitored by a thermocouple), the pressure was released to allow the
samples to foam. The samples were then quenched to room temperature to freeze in the foam
morphology. A detailed schematic of the processing conditions is shown in Figure A.1(b)
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Figure A.1 a) Schematic of setup used for batch foaming, (b) Schematic of the processing
conditions used for batch foaming at a representative foaming temperature of 140°C; the

dashed black line represent the process; arrows are used to guide the eye.
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A.2 Foams of PPs

The SEM Images for the different poly (Propylene) (PP6532, chapter 4) foams for a foaming
time of 30 minutes are shown in Fig.A.2. It can be clearly seen that the cellular structure for the
neat PP foams was not significantly influenced by the decrease of foaming temperature. Expanded
closed-cells were obtained for the neat PP foam at each foaming temperature. The addition of 0.1
wt.% of DCP in the polymer blend showed some positive impact on the cell morphology of the
foam. For the foaming temperature of 140°C and 150°C, the cell size seems to get reduced as
compared to that for the neat PP foam. A significant increase in the cell density was observed for
the DCP modified PP foam at the foaming temperature of 140°C. The addition of 6 wt.% of
TMPTMA in the polymer blend dramatically reduced the cell size and increased the cell density
for the foam obtained at 150°C temperature. At foaming temperatures of 160 °C and 180 °C, the
addition of TMPTMA caused the cell morphology to become irregular in shape, while at 140 °C,
no foam was obtained. For the TAM modified PP foam, the cellular structure was irregular at a
foaming temperature of 160°C and 180°C, while at 150°C, the cell morphology was observed to
become quite regular with hexagonal closed-cells. The cell size was reduced considerably at the

foaming temperature of 140°C with a dramatic increase in the cell density.
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Figure A.2 SEM Image comparison of different poly (propylene) foams for 30 min foaming

time (Scale given in yellow boxes)

A histogram is presented in Fig.A.3 which clearly compares the average cell diameter of the
neat and modified PP foams with respect to the foaming temperatures for a foaming time of 30
minutes. A downward trend was observed for the average cell diameter when the foaming
temperature was decreased from 180°C to 140°C respectively. The modified PP foams showed
reduced cell diameter as compared to that for the neat PP foams for each foaming temperature
except for 160°C, for which the average cell size was lower for neat PP foams. The maximum cell
size reduction of approximately 89% was observed for TAM modified PP foam at 140°C
temperature, with an average cell diameter value of 3.1 pm as compared to that of neat PP foam.
The TMPTMA modified PP foam also showed reduced average cell size of 3.4 um at a foaming
temperature of 150°C, with approximately 88% cell size reduction as compared to the neat PP
foam. No foam was obtained at 140°C for the TMPTMA modified PP which reflects towards the

occurrence of the crystallization of the polymer at this temperature. The increase in viscosity and
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the strain hardening effect might also be a reason due to which the polymer samples were not
foamed at the respective foaming temperature.
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Figure A.3 Cell Size comparison of different poly (propylene) foams for 30 min foaming
time.

The results show that the careful choice of foaming temperature as well as formulation plays a

critical role in controlling the cell size of PP foams.
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